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Long-thriving movements often have a habit of continually
reinventing themselves in a process called renaissance. The
word itself is an English reinvention (some would say theft) of
the French word for “rebirth”. Renaissances often occur in
waves with each new wave typically building on the prior one.
The European Renaissance is a perfect example, occurring in
waves over about three centuries. Quoting from Yogi Berra,
after a few of these waves that bear certain resemblances, it
starts to feel like “deja vu all over again” [1].
The discipline of organic radical chemistry dates back over
110 years, and it has been thriving for decades because it
continuously reinvents itself. Often this happens when groups
of researchers with different interests and expertise immigrate
to the field.
About 30 years ago there began a flourishing period in the field
of organic radical chemistry that delivered groundbreaking
results, especially in organic synthesis. By the 1990’s, radical
reactions (especially cyclizations) were broadly recognized as

powerful tools to make molecules. This Renaissance I in
organic radical chemistry was built on prior renaissances in
polymer and physical (especially physical organic) chemistry of
radicals. In turn, the knowledge gained during Renaissance I
was diverted to spark new waves of developments in neighboring disciplines such as biology and materials science. A
comprehensive overview of the various aspects of modern
radical chemistry addressing all these major fields can be found
in the recently published four-volume “Encyclopedia of
Radicals in Chemistry, Biology and Materials” [2].
Over the past few years, the process has again come full circle
as research in organic radical chemistry, especially synthetic
radical chemistry, has been reignited. This renaissance, Renaissance II if you will, is documented by the many exciting contributions recently published in high impact journals. This
Thematic Series on radical chemistry in the Beilstein Journal of
Organic Chemistry brings together papers from top research
groups and representing many of the most significant themes in
the current field of radical chemistry.
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A partial list of topics that have seen new developments in the
past few years follows. Many of these themes are represented
once or multiple times in papers of the Thematic Series:
a) Base mediated homolytic aromatic substitution (BHAS) [3],
b) photoredox catalysis [4-8],
c) redox chemistry using Bu4NI in combination with t-BuOOH
[9],
d) transition metal catalyzed processes where radicals are
suggested to interact directly with copper, nickel, zinc, palladium, gold and so on [10-16],
e) radical trifluoromethylation [17] and radical fluorination [1820],
f) natural product synthesis [21],
g) new main group radical chemistry involving elements like
boron [22], phosphorous [23] and selenium [24], tellurium [25],
among others,

drive organic radical research in new directions. Like old maps
of the earth, these maps are also inevitably incomplete and at
times inconsistent. But they are powerful aids to help you
understand both where you are and where you are going. Or,
you can forget the maps and wander out on your own. But to
again quote Yogi, “if you don’t understand where you are
going, you might end up someplace else [1].” To all those new
folks joining the field, we welcome you to the world of organic
radical chemistry. Get yourself a good set of maps and start
exploring.
There is one final parallel to draw between Renaissance I and
Renaissance II in organic radical chemistry. In 1985, a thematic
special issue on organic radical chemistry in Tetrahedron organized by Bernd Giese [32] brought many of the advances of
radical chemistry to a wider audience. Similarly, this Thematic
Series edited by Corey Stephenson advances the same goal.
Take some time to read a few of the papers in this Thematic
Series. Think of the papers as evolving maps of regions of
radical chemistry under exploration. Allow yourself to be drawn
into the exciting world that is modern organic radical chemistry.
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Abstract
An iron(II)-mediated aminohalogenation of a cyclopentenyl N-tosyloxycarbamate provided new access to the key intermediate for
the synthesis of (−)-agelastatin A (AA, 1), a potent antiproliferative alkaloid. The present synthetic endeavour offered an insight
into the mechanism underlying the iron(II)-mediated aminohalogenation of N-tosyloxycarbamate, in which the radical properties of
the N–iron intermediates in the redox states were operative.

Introduction
Marine organisms often produce bioactive substances that
potentially serve as attractive resources for drug discovery.
(−)-Agelastatin A (AA, 1), a cytotoxic alkaloid isolated from
marine sponges Agelas dendromorpha and Cymbastela sp., is
one such substance, which has drawn considerable attention due
to its potential applicability in the development of anticancer
agents [1-5]. The intriguing biological activity of 1 has stimulated interest in developing various chemical accesses to the
natural product [6-25]. Our previous synthetic endeavours have
established two approaches to 1, in which cyclopentenyl azidoformates 2 and 3 were utilized as the pivotal intermediates
(Scheme 1).

The first-generation strategy employed a stereoselective thermal
aziridination of azidoformate 2 and a subsequent aziridineopening reaction to establish the vicinal trans nitrogen motif 4
[26]. The second-generation strategy involved the radical
aminobromination of azidoformate 3 followed by lactamization
of the resultant bromide 5a to furnish a tetracyclic compound
(structure not shown), which was transformed into the natural
product [27]. In the present study, we disclose a new approach
to the key intermediate for AA synthesis in which N-tosyloxycarbamate 8, a nonhazardous azidoformate surrogate, is transformed into aminohalogenated compounds 5a and 5b by FeBr2/
Bu 4 NBr [28,29], FeCl 2 /Bu 4 NCl, or FeCl 2 /TMSCl [30-35]
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Scheme 1: Our first- [26] and second-generation [27] approaches to (−)-agelastatin A (1).

(Scheme 2). Moreover, a plausible mechanism of the present
iron(II)-mediated aminohalogenation, which is inferred from
the unique reactivity of N-tosyloxycarbamate 8 with the
reagents, is discussed.

Scheme 2: The present iron(II)-mediated aminohalogenation of
N-tosyloxycarbamate 8 providing key intermediates 5a/5b for
(−)-agelastatin A synthesis.

Results and Discussion
N-Tosyloxycarbamate 8 was prepared from alcohol 6, which
was obtained by a previously reported protocol (Scheme 2)
[26,27]. Alcohol 6 was first treated with CDI (N,N’-carbonyldiimidazole) and then with hydroxylamine hydrochloric acid salt
to afford N-hydroxycarbamate 7 in 67% yield [36]. Thereafter,
N-hydroxycarbamate 7 was reacted with TsCl and triethylamine in THF to furnish N-tosyloxycarbamate 8 in 92% yield.

With this carbamate 8, we examined the iron(II)-mediated
cyclization under various conditions (Table 1).
The application of FeBr2 (0.5 equiv)/Bu4NBr (1.5 equiv) in
EtOH effected cyclization, but the yield of 5a was poor due to
the concomitant formation of carbamate 9 (39%) and enone 10
(30%) (Table 1, entry 1). This was in marked contrast to
the observation that the same reagent system, i.e., FeBr 2
(0.5 equiv)/Bu4NBr (1.2 equiv), allowed the efficient conversion of azidoformate 3 (2 g scale) in EtOH to afford 5a in 70%
yield (Scheme 3). The distinct yields of the cyclized materials
obtained from N-tosyloxycarbamate 8 and azidoformate 3
suggested the unique reactivity of each substrate towards the
iron(II) halide (see below). An aminochlorination reagent
system, i.e., FeCl2 (0.5 equiv)/Bu4NCl (1.2 equiv) in EtOH, in
turn, furnished the corresponding chloride 5b in 39% yield as
the major product (Table 1, entry 2). Our recent studies on the
iron(II)-mediated aminobromination reactions of structurally
simple N-tosyloxycarbamates with FeBr 2 /Bu 4 NBr revealed
significant solvent effects on the product yields [28]. This was
also the case in the present study: FeBr2 (0.5 equiv)/Bu4NBr
(1.2 equiv) in t-BuOH successfully improved the yield of 5a
relative to the reaction in EtOH (Table 1, entry 3). FeCl 2
(0.5 equiv)/Bu4NCl (1.2 equiv) in t-BuOH culminated in the
highest yield of 5b among the examined conditions (Table 1,
entry 4) However, a reduction of FeX2 loading even in t-BuOH
led to erosion of the yields of halides 5a and 5b with recovery
of the substrate (Table 1, entries 5 and 6). With the FeCl 2 /
TMSCl reagent system [30-35], chloride 5b was accessible
from N-tosyloxycarbamate 8 in 29% yield, along with 9 in 12%
yield (Table 1, entry 7). In this particular case, cyclopentanone
derivative 11 (16%) and diethyl ketal 12 (14%) were produced
as well (Figure 1). An additional experiment to elucidate the
origin of their formation provided evidence that these byproducts were generated by the intramolecular cyclization of enone
10 with TMSCl in EtOH, suggesting that the FeCl2/TMSCl
system also gave enone 10 in ca. 30% yield [37].
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Table 1: Aminohalogenation of N-tosyloxycarbamate 8 by iron(II) catalysis.

entry

conditionsa

products (%)

1
2
3
4
5
6
7

FeBr2 (0.5 equiv), Bu4NBr (1.5 equiv), EtOH, rt, 1.75 h
FeCl2 (0.5 equiv), Bu4NCl (1.2 equiv), EtOH, rt, 0.75 h
FeBr2 (0.5 equiv), Bu4NBr (1.2 equiv), t-BuOH, rt, 0.5 h
FeCl2 (0.5 equiv), Bu4NCl (1.2 equiv), t-BuOH, rt, 2.5 h
FeBr2 (0.2 equiv), Bu4NBr (1.2 equiv), t-BuOH, rt, 3.3 h
FeCl2 (0.2 equiv), Bu4NCl (1.2 equiv), t-BuOH, rt, 3.3 h
FeCl2 (0.5 equiv), TMSCl (1.5 equiv), EtOH, 0 °C to rt, 16 h

5a (13), 9 (39), 10 (30)
5b (39), 9 (20), 10 (19)
5a (38), 9 (22), 10 (19)
5b (48), 9 (9), 10 (9)
5a (25)b, 9 (16), 10 (5)
5b (31)c, 9 (9), 10 (14)
5b (29), 9 (12)d

aAll

reactions were conducted using 20 mg of substrate 8. b22% of 8 was recovered. c35% of 8 was recovered. dCompounds 11 (16%) and 12 (14%)
were obtained.

Scheme 3: Aminohalogenation of azidoformate 3 (2 g scale) under FeBr2/Bu4NBr conditions.

Figure 1: Byproducts formed by aminohalogenation of N-tosyloxycarbamate 8 with FeCl2/TMSCl in EtOH (see Table 1; entry 7).

The present study on the aminohalogenation reaction of carbamate 8 has inspired mechanistic insights that deserve discussion (Scheme 4). We hypothesize that cyclized material 5a/5b,
reduced material 9, and enone 10 are generated from an N–iron

complex (i) that has free-radical character, as previously
proposed in the catalytic cyclization of azidoformates [30,3840]. The contrasting yields obtained from N-tosyloxycarbamate
8 and azidoformate 3 under FeBr2/Bu4NBr in EtOH conditions
(see Table 1, entry 1 versus Scheme 3) likely originate from the
distinct chemical property of the N–iron species (i) generated
from each substrate. The possible coordination of tosylate anion
to the N–iron after the N–O bond cleavage with FeX2 may have
affected the electronic and steric characters of intermediate (i),
leading to retardation of the subsequent cyclization. Because of
the low cyclization rate, the production of reduced carbamate 9
and enone 10 became pronounced. This is consistent with the
observation that the relatively efficient production of cyclized
material 5a was observed for azidoformate 3, where N–iron
intermediate (i) was free from such interactions. One of the
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other characteristics found in the present transformations was
the incomplete consumption of substrate 8 by lowering FeBr2/
Bu4NBr loading (e.g., Table 1, entry 5), which, in turn, enabled
the efficient conversion of structurally simple N-tosyloxycarbamates into the corresponding cyclic aminobromides [28]. This
poor conversion under conditions of less FeX2/Bu4NX loading
may be attributable to the decrease of the concentration of
reactive FeX2 through capture with the polar amide functionality of 8.

ates two equivalents of iron(III) species per one equivalent of
vii. Given the observation that FeCl3/Bu4NCl gave none of the
products shown in Table 1, an iron(III) species possibly generated via the halogen exchange of vii with Bu4NX, if any, no
longer has catalytic activity and thus the catalytic cycle is terminated. Therefore, active FeX 2 species should somehow be
regenerated to maintain the catalysis. One possible pathway that
may account for the production of carbamate 9 through the
regeneration of FeX2 species is the intermolecular hydrogen
abstraction from substrate 8 by N–iron species (i) (Scheme 5).
The intermediacy of the intermolecular hydrogen abstraction of
N–iron species (i) is supported by the fact that the production of
9 was more pronounced in EtOH having a C–H bond α to the
oxygen, which likely served as a hydrogen donor (Table 1,
entries 1 and 2). It should be mentioned that reduced material 9
may also be produced by Bu4NBr alone as observed in our
previous study [28]. To elucidate the contribution of this
pathway, compound 8 was treated with Bu 4 NX in t-BuOH.
However, no reduced material was obtained within the reaction
times depicted in Table 1 [for instance, 0.5 h stirring for
Bu 4 NBr (Table 1, entry 3) and 2.5 h stirring for Bu 4 NCl
(Table 1, entry 4)], indicating that the non-iron-mediated
process is not significant [42]. Various yields of 9 obtained by
loading consistent amounts (1.2–1.5 equiv) of Bu4NX salts also
indicated the poor contribution of the pathway. Chan and
co-workers demonstrated that an iron–imido complex generated from FeCl2/PhI=NTs underwent radical hydrogen abstraction from a formyl group, and combined the resultant radicals
(hydrogen atom abstraction/radical rebound pathway) to
provide amides [43,44]. The involvement of such an iron complex (shown in brackets in Scheme 4) that features radical/
metal–nitrenoid properties can be considered in our reactions. A
recent study by Betley and co-workers on high-spin iron–imido
complexes generated by the reactions of alkyl azides with FeCl2
bearing dipyrromethene ligands revealed the radical character of
the complex [39,40], harmonizing well with our result, which
implies the intermediacy of the nitrogen radical species.

Scheme 4: Plausible reaction pathways in the aminohalogenation of
N-tosyloxycarbamate 8 with FeX2/Bu4NX.

It is speculated that product 9 may be produced by trapping
N–iron complex (i) with another FeX2 (i→vii→9), whereas
enone 10 is likely to be generated via intramolecular allylic
hydrogen abstraction followed by halogen transfer to regenerate iron(II) species (i→iv→v→10) and/or by directly
releasing FeX 2 (i→iv→vi→10) [41]. However, it is worth
discussing the process for yielding 9, which theoretically gener-

Scheme 5: Plausible reaction pathway to produce compounds 9 and
10.
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Conclusion
We have developed a new approach to key compounds 5a/5b
for (−)-agelastatin A (1) synthesis, which features the iron(II)mediated radical cyclization of N-tosyloxycarbamate, a safe
azidoformate surrogate. Although somewhat moderate chemical yields of the compounds were obtained in this study, the
elimination of hazardous synthetic processes enables the establishment of more robust strategies to access 1. Furthermore, the
present study has allowed us to obtain mechanistic insights
suggesting that N–iron species (i) has a metal-radical character.
Much work is currently being undertaken to comprehend fully
the unique properties of the present reactions.
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Abstract
Eleven di- and trifunctional compounds based on a core-pyrene π structure (Co_Py) were synthesized and investigated for the formation of free radicals. The application of two- and three-component photoinitiating systems (different Co_Pys with the addition of
iodonium or sulfonium salts, alkyl halide or amine) was investigated in detail for cationic and radical photopolymerization reactions under near-UV–vis light. The proposed compounds can behave as new photocatalysts. Successful results in terms of rates of
polymerization and final conversions were obtained. The strong MO coupling between the six different cores and the pyrene moiety
was studied by DFT calculations. The different chemical intermediates are characterized by ESR and laser flash photolysis experiments. The mechanisms involved in the initiation step are discussed, and relationships between the core structure, the Co_Py
absorption property, and the polymerization ability are tentatively proposed.

Introduction
Free radical sources are encountered in various areas such as
organic chemistry, biochemistry and polymer chemistry. In the
field of polymer photochemistry applied to photopolymerization reactions, they are referred to as photoinitiators (PI) [1].
These PIs are usable in two scenarios, both of which are light
induced. Firstly, they are usable in free radical polymerization

(FRP), where the PIs work as either cleavable type I PIs or
uncleavable type II PIs in dependence of couples formed by the
PI and hydrogen or electron donors (r1 in Scheme 1). Secondly,
PIs may be used in free-radical-promoted cationic polymerization (FRPCP), in which the produced radical R• is oxidized by
an onium salt, e.g., Ar2I+, to form Ar2I• and a cation R+ suit877
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Scheme 1: Typical reactions for photoinitiated cationic polymerization.

able for the ROP reaction. The Ar2I• species is readily decomposed into ArI and Ar• (r2 in Scheme 1). There is also an usual
cationic polymerization (CP; r3 in Scheme 1) [1,2]. When the
PIs exhibit a catalytic behavior analogous to a photocatalyst
(PC) in organic chemistry, they are designed as photoinitiator
catalysts (PIC). PIs as well as PICs are based on pure organic,
that is, metal free, or organometallic compounds. In the presence of additives, they constitute a photoinitiating system (PIS).
Among others, two points of interest in the photopolymerization area are (i) the reactivity and efficiency of the PIs and PICs
and (ii) the irradiation conditions. Indeed, the absorption properties (wavelengths λ, molar extinction coefficients ε), the
excited-state processes, the reactivity of the produced radicals,
and the characteristics of the light sources (emission spectra,
available luminous power density) govern the polymerization
efficiency (rate of polymerization, final monomer conversion).

The photopolymerization reactions in radiation curing technologies are often carried out under high-intensity light sources
(>1000 mW cm−2). Applications in this area and in other fields
may require to avoid the use of UV rays delivered by Hg lamps
or to irradiate with visible light (400–700 nm) and low photon
fluxes (~2–10 mW cm−2). Recent works have aimed at working
under soft irradiation conditions (near-UV–vis light, low light
intensity), which allows the use of Xe lamps, laser diodes, solar
radiation, household halogen lamps, fluorescent bulbs and blue,
green and white LEDs (see a recent review in [1]).
New high-performance PIs and PICs are continuously being
developed [1-10] through the design of novel structures (e.g.,
novel chromophores, novel cleavable bonds) and the modification ofexisting structures by using the classical introduction of
electron-donating or -withdrawing substituents, conjugated
groups or moieties, and more complex changes on the skeleton
(see typical recent examples in [11-41]). To meet the challenge
of designing efficient PIs and PICs under soft irradiation, we
have recently started the search for suitable multifunctional
arrangements exhibiting a strong coupling of the molecular
orbitals MOs [42,43]. Improved absorption properties (redshifted λ, higher ε) while keeping a high reactivity have been
already achieved. Examples of these investigated architectures
(Scheme 2) [42-44] are linked PI–PI units (e.g., PI = pyrene) or
PI-PI’ (e.g., PI = pyrene and PI’ = 2,2’-dimethoxy-2-phenylace-

Scheme 2: Examples of previously investigated architectures.
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tophenone) and PI moieties (e.g., PI = benzophenone, thioxanthone, 2,2’-dimethoxy-2-phenylacetophenone, pyrene) linked to
a trifunctional core (truxene, triazine, benzene); the same could
be expected by using a difunctional core.
In the present paper, we consider a series of eleven di- and
trifunctional core-pyrene π compounds Co_Py, where the
pyrene moiety is used as a PI. The cores include a functional-

ized truxene (Py_5), several substituted phenyl rings (Py_2,
Py_3, Py_4, Py_9, Py_10) two functionalized triazines (Py_7,
Py_12), a triphenylamine (Py_6), a carbazole (Py_11) and a
benzothiadiazole (Py_8) (Scheme 3). The idea is to get a high
absorption around 380–410 nm where Xe–Hg lamps, Xe lamps,
LED, laser diodes and even household halogen lamps are
usable. The large choice of Co_Pys should allow for studying
the effect of the core on the MO coupling and the resulting

Scheme 3: Investigated Co_Pys.
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Scheme 4: Other chemical compounds.

absorption properties. The activity of these Co_Py compounds
in the FRP of acrylates and the FRPCP (and eventually the
cationic polymerization CP) of epoxides through a ring-opening
polymerization (ROP) under exposure to the near-UV–vis light
delivered by a Hg–Xe lamp (~30 mW cm−2) and the visible
light of a halogen lamp (soft irradiation conditions;
~10 mW cm −2 ) is investigated. The Co_Pys are used in
combination with additives: iodonium or sulfonium salts for
ROP and amine or/and alkyl halide for FRP. The monomers
investigated are given in Scheme 4. The mechanisms are
analyzed by electron spin resonance (ESR), steady-state photolysis, fluorescence and laser flash photolysis (LFP). The ability

of Co_Pys to behave as new organophotocatalysts is also
discussed.

Results and Discussion
Light absorption, redox properties and MO
calculations
The UV absorption spectra of the different pyrene derivatives
are depicted in Figure 1. The solvents were selected for good
solubility of the Co_Pys. Absorption maxima are located at
~350 nm for Py_2, Py_3, Py_4, Py_5, Py_12, Py_8, Py_9,
Py_10, Py_11, ~370 nm for Py_6, Py_7, and 330 nm for Py_1
(Table 1). This corresponds to a red shift of the absorption for

Figure 1: UV–vis absorption spectra of the investigated compounds: (A) In acetonitrile for Py_1 and acetonitrile/toluene (50/50) for the other molecules, (B) in toluene.
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Table 1: Properties of the pyrene derivatives in acetonitrile (*) and toluene. Light absorption and emission properties (experimental λmax,abs,exp and
calculated λmax,abs,calc maximum absorption wavelengths, emission wavelengths λmax,em), excited-state energy levels (ES), oxidation potentials (Eox)
and free-energy changes ΔG (see text) [1].

λmax,abs,exp
(nm)

λmax,abs,calca
(nm)

λmax,em
(nm)

Eox
(V/SCE)

ES
(eV)

ΔGPBr
(eV)

ΔGIod
(eV)

Py_1*
Py_2
Py_3
Py_4
Py_5
Py_6

334
344
351
351
353
365

393
380
393
423
404
441

1.33
0.8
0.9
0.6
0.7
0.9

3.44
3.45
3.36
3.21
3.24
3.04

−1.33
−1.87
−1.68
−1.83
−1.76
−1.36

−1.9
−2.45
−2.26
−2.41
−2.34
−1.94

Py_7
Py_8
Py_9
Py_10
Py_11
Py_12

367
344
346
347
346
346

327 (f = 0.27)
334 (f = 0.41)
356 (f = 0.50)
373 (f = 0.3)
387 (f = 1.16)
344 (f = 0.52);
403 (f = 0.74)
344 (f = 0.68)
365 (f = 0.39)
336 (f = 0.44)
376 (f = 0.51)
370 (f = 0.4)
377 (f = 1.00)

440
530
428
425
409
397

–
0.7
0.8
0.9
−
0.6

3.02
2.6
3.2
3.2
3.22
3.22

–
−1.12
−1.62
−1.52
–
−1.84

–
−1.7
−2.2
−2.1
–
−2.42

aMolecular

orbital MO calculations (using the time-dependent density functional theory at B3LYP/6-31G* level on the relaxed geometries calculated at
UB3LYP/6-31G* level); f = oscillator strength.

Py_2 to Py_12 compared to the reference compound Py_1. At
365 nm, the maximum emission wavelength of the Hg–Xe
lamp, the molar extinction coefficients εmax of the different
Co_Pys follow the order Py_5 > Py_7 > Py_11 > Py_9 > Py_6
> Py_12 > Py_3 > Py_10 > Py_8 > Py_4 > Py_1 = Py_2. The
highest εmax is obtained for Py_5 (ε353 = 13 × 104 M−1 cm−1,
ε346 = 6 × 104 M−1 cm−1 versus ε334 = 6 × 104 M−1 cm−1 for
Py_5, Py_9 and Py_1, respectively). Py_4 exhibits low ε
values, and thus a low efficiency can be expected for this compound.
The oxidation potentials of the Co_Pys (Table 1) range from
1.33 V (Py_1) to 0.6 V (Py_4, Py_12). The singlet-state energy
is also affected by the core of the structure, i.e., 2.6 eV for Py_8
versus 3.44 eV for the reference Py_1. The free-energy change
ΔG of the Co_Py/phenacyl bromide PBr (or the iodonium salt,
Iod) interaction is very favorable (ΔG << 0). Py_2 exhibits the
most favorable ΔGs: −2.45 eV (Iod) and −1.87 eV (PBr).
MO calculations show that the calculated and experimental
values (Table 1) are approximately the same, e.g., a difference
of 5 to 10 nm is observed for Py_2 and Py_3. The oscillator
strengths (noted f in Table 1) are higher for the new proposed
structures than for Py_1 in agreement with their better light
absorption properties (Figure 1). A strong coupling of the π
MOs of the core with those of the pyrene substituents is shown
supporting a clear ππ* character of the HOMO–LUMO transition, as evidenced in Figure 2 for the investigated derivatives.
For the various π-core/pyrene substituent combinations,
different coupling strengths can be observed (Figure 2). Strong

couplings of the MOs lead to red-shifted transitions compared
to Py_1 and enhanced absorption coefficients (Figure 1), e.g.,
for Py_3, Py_5, Py_6, Py_8, Py_11 and Py_12. A strong
delocalization of the HOMOs and LUMOs is observed in line
with their better absorption properties. For Py_2, the coupling is
weak and the absorption properties are moderately affected
compared to Py_1.

Photochemical reactivity
Fluorescence experiments
A strong quenching of the Co_Py singlet states by PBr, amine
(MDEA), Iod and the sulfonium salt TH is found. Py_3 is
selected for this mechanistic study (Figure 3) because of the
high reactivity of this compound in photopolymerization experiments (see below). The rate constants in that case are 1.5 ×
1010, 9 × 109, 1 × 1010 and 3.7 × 109 M−1 s−1, respectively. The
1Py_3/PBr, 1Py_3/Iod and 1Py_3/TH interactions are diffusioncontrolled in full agreement with the highly favorable ΔGs (Table 1; the reduction potential for TH is −1.3 V [1]; the calculated ΔG is −1.16 eV). They correspond to an efficient electron
transfer followed by the usual fast generation of radicals from
the radical anion species (r5–r7 in Scheme 5) or an electron/
proton transfer with the amine (r8 in Scheme 5).

ESR spin trapping experiments
In ESR spin trapping experiments upon UV light exposure, the
interaction of the Co_Pys with the iodonium salt Iod
(Figure 4A) or the sulfonium salt TH (Figure 1 in Supporting
Information File 1) leads to an aryl radical Ar• (e.g., hyperfine
coupling constants hfcs of the PBN adduct: aN = 14.2 G and aH
881
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Figure 2: HOMO–LUMO orbitals for Py_2, Py_3, Py_5, Py_6, Py_8, Py_11 and Py_12 involved in the π–π* transition (calculated at UB3LYP/6-31G*
level; for Py_5 and Py_11, the alkyl chains have been simplified to reduce the computational cost).

Scheme 5: Photochemical processes for the different Co_Pys.
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The short S1 lifetime (e.g., ~55 ns under N2 for Py_3) and the
diffusion controlled interactions of S1 with Iod, PBr or MDEA
(see above) prevent a significant production of T1 in Co_Py/Iod
(PBr or MDEA). Therefore, a triplet-state pathway can be
neglected in the investigated systems.

Thermal processes

Figure 3: Fluorescence quenching of 1Py_3 by the phenacylbromide
(PBr) in acetonitrile/toluene (50/50). Insert: Stern–Volmer plot (the
concentrations used are given in this plot).

= 2.2 G in agreement with known data [22-25,45]) in line with
(r5). In the same way, phenacyl radicals and α-aminoalkyl radicals (r7 and r8 in Scheme 5) are observed in 1Py_3/PBr and
1Py_3/EDB (a = 14.6 G, a = 4.5 G and a = 14.3 G, a = 2.5
N
H
N
H
G, respectively; Figure 4B and Figure 4C; ethyldimethylaminobenzoate (EDB) instead of MDEA is used to avoid a high
polarity of the sample preventing an ESR investigation). The
Py_3/Iod or the Py_3/TH couple generates a cation radical
(Py_3•+) that can initiate a cationic polymerization whereas the
phenacyl and aminoalkyl radicals formed in Py_3/PBr or Py_3/
MDEA are susceptible to radical polymerization.

For some Co_Py/Iod couples, a slow thermal redox process can
also occur. Indeed, in ESR–ST experiments, aryl radicals are
generated without irradiation within 24 h (no free radical was
observed in Py_9 or Iod alone). For example, in Py_9/Iod, the
same radicals as in r5 are produced (Figure 5; hfccs: aN = 14.2
G and aH = 2.2 G for the PBN radical adduct). Peroxyl radicals
are also observed, as aryls easily add to O2 (aN = 13.3 G and aH
= 1.6 G for the PBN radical adduct, in agreement with [45]). As
in r5 in Scheme 5, a cation radical Py_9•+ is concomitantly
formed. This thermal process is slow as Eox(Py_9) > Ered(Iod)
(Table 1). The formation of radical cations can be worthwhile to
initiate cationic polymerization at room temperature (see
below).

Laser flash photolysis
Upon laser excitation of Py_3 at 355 nm, a triplet state T1 characterized by a maximum absorption at ~420 nm and a rather
long lifetime is formed (t > 4 μs) (Figure S2 in Supporting
Information File 1). This T1 state is similar to that of Py_1 [31].

Figure 5: ESR-spin trapping spectra of Py_9/Iod in tert-butylbenzene
(storage at rt for 24 h); (a) experimental and (b) simulated spectra.

Figure 4: ESR spectra obtained upon irradiation of (A) Py_3/Iod, (B) Py_3/PBr and (C) Py_3/EDB in tert-butylbenzene. Phenyl-N-tert-butylnitrone
(PBN) is used as a spin trap; (a) experimental and (b) simulated ESR spectra.
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Figure 6: Photopolymerization profiles of EPOX upon Xe–Hg lamp irradiation (λ > 340 nm) under air for different photoinitiating systems: (A) (a) Iod
(2% w/w); (b) Py_3/Iod (1%/2% w/w); (c) Py_1/Iod (1%/2% w/w); (B) (a) TH (2% w/w); (b) Py_3/TH (0.2%/2% w/w); (c) Py_8/TH (0.2%/2% w/w); (d)
Py_9/TH (0.2%/2% w/w); (e) Py_10/TH (0.2%/2% w/w); (f) Py_11/TH (0.2%/2% w/w).

Ability of the different pyrene structures in
photopolymerization reactions
Cationic photopolymerization (CP)
The ring-opening polymerization profiles of EPOX upon exposure to the Xe–Hg lamp under air using two-component PISs
are shown in Figure 6, Figure 7 and Figure 8. A comparison of
the photopolymerization profiles using the Py_1 (to Py_12)/Iod
couples (Figures 6–8) shows that the fastest polymerization
rates (Rp) and the highest final conversion (conv) are obtained
with Py_11/Iod and Py_3/Iod. No polymerization is observed in
the presence of Iod alone Figure 6A and Figure 8A, curves a.)
Py_3/Iod leads to a conv ~90% (Figure 6A, curve b) compared
to Py_1/Iod (conv ~50%; Figure 6A, curve c). Almost all the
new proposed structures are better than the starting structure
Py_1 (Figure 7, curve b). This highlights the interest of the
present approach associated with the modification of the Py
chromophore. CP can also be initiated in the presence of the
sulfonium salt TH, e.g., with Py_3, Py_8, Py_9, Py_10 and
Py_11 (Figure 6B). The conversions reach 80% and 75% with
Py_3/TH and Py_11/TH, respectively (after 200 s light exposure). EPOX-Si can also be easily polymerized (Figure 8).
Py_3/Iod (Figure 8A) is still efficient (conv ~50%).
Co_Py•+

In these systems, the
generated in r5,r6 (Scheme 5) can
initiate the CP process. The relative efficiency of these Co_Py/
Iod (or TH) combinations will be affected by different parameters: (i) their relative light absorption properties, (ii) the
quantum yields of radical or radical cation formation in the
singlet state (the singlet state is predominant, see above), (iii)
the rate constants for reactions r5 and r6 and (iv) the ability of
Co_Py •+ to initiate a ring-opening polymerization process.
Structure–reactivity relationships for the different derivatives
can hardly be extracted. This is probably ascribed to a strong
interplay between (i) to (iv).

Figure 7: Photopolymerization profiles of EPOX upon a Xe–Hg lamp
irradiation (λ > 340 nm) under air for different photoinitiating systems:
(a) Iod (2% w/w); (b) Py_1/Iod (0.2%/2% w/w); (c) Py_3/Iod (0.2%/2%
w/w); (d) Py_4/Iod (0.2%/2% w/w); (e) Py_5/Iod (0.2%/2% w/w); (f)
Py_6/Iod (0.2%/2% w/w); (g) Py_7/Iod (0.2%/2% w/w); (h) Py_8/Iod
(0.2%/2% w/w); (i) Py_9/Iod (0.2%/2% w/w); (j) Py_10/Iod (0.2%/2%
w/w) ; (k) Py_11/Iod (0.2%/2% w/w).

A cationic photopolymerization profile of EPOX under very
soft irradiation (halogen lamp exposure) is represented in
Figure 8B. In the presence of Iod, several Co_Pys exhibiting an
acceptable absorption at λ > 380 nm lead to efficient polymerization reactions. For example, conv = 40 and 55% within 200 s
with the Py_7/Iod and Py_11/Iod couples.
The three-component PIS (Py_11/Iod/NVK) (Figure 8B, curve
5) allows an increase of the EPOX conversion up to 75%. A
consumption of the NVK double bond is observed (Figure S3 in
Supporting Information File 1). As known in other systems, this
is accounted for by the addition of Ar• to the NVK double bond
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Figure 8: (A) Photopolymerization profiles of EPOX-Si upon a Xe–Hg lamp irradiation (λ > 340 nm) under air for different photoinitiating systems: (A)
(1) Iod (2% w/w); (2) Py_3/Iod (1%/2% w/w); (B) Photopolymerization profiles of EPOX under air upon halogen-lamp irradiation in the presence of (1)
Py_6/Iod (0.2%/2% w/w); (2) Py_7/Iod (0.2%/2% w/w); (3) Py_10/Iod (0.2%/2% w/w); (4) Py_11/Iod (0.2%/2% w/w); (5) Py_11/Iod/NVK (0.2%/2%/
2% w/w).

(formation of an Ar–NVK• radical) (r9 in Scheme 5). This electron rich radical is easily oxidized (r10 in Scheme 5) by Iod, the
resulting cation Ar–NVK+ being able to initiate the cationic
polymerization.

Scheme 5). For the other Co_Py, a good thermal stability is
found. This dual behavior of some Co_Pys, which are able to
initiate both a thermal and a photochemical cationic polymerization, can be very useful to initiate the polymerization in the
shadow areas.

Thermal polymerization at room temperature
Remarkably, the thermal polymerization of EPOX can also be
initiated by different Co_Py/Iod (1%/2% w/w) systems. This
reaction proceeds smoothly at rt but is completed after 24 h,
e.g., with Py_9, Py_6, Py_10 or Py_11/Iod, the final conversion is >55%. As supported by the ESR experiments (see
above), the presence of, e.g., Py_9•+ explains the thermal initiation of the cationic polymerization of the epoxide (r11 in

Free radical photopolymerization (FRP)
Typical free radical polymerization profiles of TMPTA upon
the Xe–Hg lamp exposure in laminate by using the Co_Py/
MDEA (or PBr) two-component PISs are represented in
Figure 9. In the presence of Co_Py alone, FRP occurs but the
inhibition time is high and the final conversion is low (50 s;
35% with Py_3). The addition of PBr (Figure 9A) or MDEA

Figure 9: Photopolymerization profiles of TMPTA upon Xe–Hg lamp irradiation (λ > 340 nm) in laminate for different photoinitiating systems: (A) (a)
PBr (2% w/w); (b) Py_2 (0.2% w/w); (c) Py_3 (0.2% w/w); (d) Py_5 (0.2% w/w); (e) Py_2/PBr (0.2%/2% w/w); (f) Py_3/PBr (0.2%/2% w/w); (g) Py_5/
PBr (0.2%/2% w/w); (h) Py_3/MDEA/PBr (0.2%/2%/2% w/w); (B) (a) MDEA (2% w/w); (b) Py_2 (0.2% w/w); (c) Py_3 (0.2% w/w); (d) Py_5 (0.2% w/
w); (e) Py_2/MDEA (0.2%/2% w/w); (f) Py_3/MDEA (0.2%/2% w/w); (g) Py_5/MDEA (0.2%/2% w/w); (h) Py_3/MDEA/PBr (0.2%/2%/2% w/w).
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Figure 10: Photolysis of (A) the Py_3/PBr couple, (B) the Py_3/Iod couple, and (C) the Py_3/MDEA couple; Xe–Hg lamp irradiation. In acetonitrile/
toluene (50/50); from t = 0 to 5 min.

(Figure 9B) shortens the inhibition time and increases the final
conversion to ~55%. For the Co_Py/amine or Co_Py/PBr twocomponent systems, the radicals generated in r7 and r8 in
Scheme 5 can initiate the FRP process. Due to its absorption in
the UV, PBr alone initiates the acrylate photopolymerization
(conv = 45%; Figure 9A, curve a). No striking improvement of
the final conversion is observed when using the Py_3/MDEA/
PBr three-component PIS instead of Py_3/PBr (~55%;
Figure 9A, curve f versus h), but both Rp and conv are better
when comparing to Py_3/MDEA.

Py_3/Iod, Py_3/MDEA couples highlights the consumption of
the pyrene moiety under light exposure (Figure 10). In Py_3/
PBr and Py_3/MDEA, isosbestic points are present at 330 nm
(Figure 10A) and 315 nm (Figure 10B), respectively, suggesting
stoichiometric reactions and no other side reactions.

Photocatalyst behavior of the Co_Pys

The addition of NVK to Py_11/Iod shows that the photolysis is
faster with Py_11/Iod than with Py_11/Iod/NVK couples
(Figure 11A versus Figure 11B). This difference highlights that
in the presence of NVK, Py_11 is regenerated according to an
oxidation cycle (Scheme 6). Therefore, Py_11 behaves as a new
photocatalyst in agreement with (r12 in Scheme 5).

The photocatalytic behavior of the Co_Pys is investigated in the
most interesting compounds reported above for the photopolymerization reactions. The steady-state photolysis of Py_3/PBr,

In the Co_Py/PBr/MDEA three-component system, reactions
(r7, r8) are probably competitive (e.g., k[MDEA] ~ k[PBr]

Figure 11: Photolysis of (A) the Py_11/Iod and (B) the Py_11/Iod/NVK couple. Halogen lamp irradiation. In acetonitrile/toluene (50/50); from t = 0 to 5
min.
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Conclusion
In this paper, the core-pyrene π structures Co_Pys appear as
interesting photoinitiators. Successful cationic and radical
photopolymerization reactions were carried out under nearUV–vis irradiation. A photocatalytic behavior is noted, that is,
an oxidation cycle for Co_Py/Iod/NVK and a partial oxidation
cycle for Co_Py/MDEA/PBr. These experimentally and
theoretically investigated di- and trifunctional compounds
outline the interest in a suitable strong MO coupling. This could
open the way to an a priori choice of absorption spectra driven
by the theoretical design of chemical compounds. Other
proposals will be provided in the future.

Experimental
Scheme 6: The oxidative cycle.

using Py_3). As a consequence, both a reduction and an oxidation cycle could simultaneously proceed (Scheme 7).
However, the ESR and polymerization results (see above) (i)
suggest that the contribution of the reduction cycle should be
weak and (ii) confirm that the regeneration in the oxidation
cycle has a low efficiency. This might be due to a MDEA•+ →
MDEA–H• process (in r8 in Scheme 5) less efficient than PBr•−
→ phenacyl radical (in r7 in Scheme 5). Nevertheless, such an
oxidation cycle that can contribute here to some extent appears
as one of the rare examples observed in photocatalyst (PC)/PBr/
amine systems, because most of them work according to a
reduction cycle [30,46] (see other examples in [47]; in a related
system, still unpublished, based on another PC, we have demonstrated the true occurrence of a unique oxidation cycle).

Co_Pys
The synthesized compounds are presented in Scheme 3. The
procedures are presented in detail in Supporting Information
File 1. 1 H and 13 C NMR spectra and HRMS mass spectral
analysis are also given. Py_1 was purchased from Aldrich. 1,4Di(pyren-1-yl)benzene (Py_4) was prepared by adapting a
literature procedure [48]. Py_12 was synthesized as previously
reported [49]. The syntheses of Py_2 [50], Py_3 [51], Py_6
[52] and Py_7 [53] were already reported under reaction conditions different to the ones reported in this article and in lower
yields. The results obtained in our work agree with the previously reported characterization of these products.

Other chemical compounds
The [methyl-4-phenyl (methyl-1-ethyl)-4-phenyl] iodonium
tetrakis(pentafluorophenyl)borate [54,55] (Iod; PI 2074 from
Bluestar Silicones - France) was used as the iodonium salt
(Scheme 4). Phenacyl bromide (PBr), N-methyldiethanolamine
(MDEA) and N-vinylcarbazole (NVK) were obtained from
Aldrich and (4-hydroxyethoxyphenyl) thianthrenium hexafluorophosphate (TH; recrystallized form of Esacure 1187) from
Lamberti Spa. The (epoxycyclohexylethyl)methylsiloxanedimethylsiloxane copolymer (EPOX-Si) was obtained from
Bluestar Silicones-France (Silcolease UV POLY 200);
trimethylolpropane triacrylate TMPTA and (3,4-epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX or
UVACURE 1500) were provided by Cytec.

Photopolymerization procedures

Scheme 7: Oxidation versus reduction cycles.

TMPTA was irradiated at room temperature under lamination
conditions: the formulation (25 μm thick) is sandwiched
between two polypropylene films. The weight percentages for
the photoinitiators are given in the figure captions. The evolution of the acrylate content was continuously followed by realtime FTIR spectroscopy (FTIR NEXUS 870) at ~1620 cm−1.
The formulations (25 μm thick) based on the cationic monomers
(EPOX, EPOX-Si) deposited on a BaF2 pellet were irradiated
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under air inside the IR spectrometer cavity at room temperature
[56,57]. The evolution of the epoxy content was also continuously followed by real-time FTIR spectroscopy (FTIR NEXUS
870). A Xe–Hg lamp (Hamamatsu, L8252, 150 W, filtered light
at λ > 340 nm; intensity ~ 30 mW/cm²) and a halogen lamp
(intensity ~10 mW/cm²; the emission spectrum is given in [43])
were used as the irradiation sources.

Supporting Information
Supporting Information File 1
Experimental procedures, characterization data, and
additional spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-101-S1.pdf]

ESR experiments
ESR spin-trapping (ESR-ST) experiments were carried out by
using a X-Band ESR spectrometer (EMX-plus from Bruker
Biospin or MS400 from Magnettech). The radicals were
produced at RT under Xe–Hg lamp exposure and trapped by
phenyl-N-tert-butylnitrone (PBN) according to a procedure
described in detail in [58,59].
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Abstract
Sensitised photolyses of ethoxycarbonyl oximes of aromatic and heteroaromatic ketones yielded iminyl radicals, which were characterised by EPR spectroscopy. Iminyls with suitably placed arene or heteroarene acceptors underwent cyclisations yielding
phenanthridine-type products from ortho-additions. For benzofuran and benzothiophene acceptors, spiro-cyclisation predominated
at low temperatures, but thermodynamic control ensured ortho-products, benzofuro- or benzothieno-isoquinolines, formed at higher
temperatures. Estimates by steady-state kinetic EPR established that iminyl radical cyclisations onto aromatics took place about an
order of magnitude more slowly than prototypical C-centred radicals. The cyclisation energetics were investigated by DFT computations, which gave insights into factors influencing the two cyclisation modes.

Introduction
Radical cyclisations onto aromatic acceptors take place readily,
even though disruption of the 6π-electron system necessarily
occurs. The most commonly encountered type is C-centred
radical addition (often an aryl radical) to an aromatic or
heteroaromatic ring ortho to the point of attachment of the
tether. In Pschorr and related processes re-aromatisation follows
with production of phenanthrene-type derivatives [1,2]. Spirocyclisations in which tethered radicals add to the ipso-C-atoms
of the rings are less common, although minor spiro-products not
infrequently accompany the main ortho-ones in Pschorr
syntheses [3-5]. Cyclisations onto arenes by N-centred radicals

are rarer, but iminyl radical ArC(R)=N• closures are well documented. Forrester and co-workers were probably the first to
utilise iminyl radicals synthetically. They obtained iminyls by
persulfate oxidation of imino-oxyacetic acids in aqueous
solvents and prepared azines [6], N-heterocycles [7,8], and
other derivatives [9]. This research initiated spiralling interest
by synthetic chemists in iminyl radical-mediated preparations.
Recently iminyls have been generated from quite a variety of
precursors [10-15], and their cyclisations onto arenes [16-21]
and heteroarenes [22-24] have attracted attention. Iminyl
cyclisations have also been utilised in natural-product syntheses
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[10,16,25,26]. Iminyl radical spiro-cyclisations onto aromatics
have been reported in a few cases, and spiro-intermediates have
occasionally been proposed in mechanistic explanations
[15,18,27-29].
Although a moderate amount of information about iminyl
radical structure and reactivity exists, few conceptual tools to
help predict their cyclisation selectivity are available. EPR spectroscopic and other evidence established that iminyl radicals
behave as σ-type species with their unpaired electrons in
orbitals in the nodal plane of their C=N π-systems [30-32]. This
precludes substantial delocalization of the unpaired electron
into the ring π-system of aryliminyls. Consequently, strong
effects from ring substituents of aryliminyls are not expected to
come into play. Small to moderate size iminyl radicals
terminate rapidly at diffusion-controlled rates by N–N coupling
to give azines [32]. β-Scission reactions yielding nitriles do
occur, but are not important at T < ~420 K for aryliminyls or for
iminyls with primary alkyl substituents [32]. The rate constants
for H-abstraction by iminyls yielding imines are more than an
order of magnitude slower than for C-centred analogues [33].
Iminyls undergo 5-exo-ring closures onto alkenes about a factor
of 25 more slowly than C-centred analogues [34]. Since ring
closure is often in competition with H-abstraction, the comparatively slow H-abstraction by iminyls is important for the
success of many heterocycle syntheses.
Spiro-cyclisations of iminyls lead to formation of strained
quaternary C-atoms, and the spiro-intermediates have no
straightforward reaction channel for return to aromaticity. The
process might be reversible, depending on the architecture of
the chain and the extent of strain in the spiro-radical. On the
other hand ortho-cyclisations can easily be followed by return
to aromaticity of the cyclohexadienyl radicals, either by transfer
out of the labile H-atom, or by transfer of an electron to a suitable sink with generation of the corresponding carbocation, followed by proton loss. Kinetic or other data to help predict
which mode would be favoured for a novel iminyl radical is
essentially nonexistent.
We discovered recently that oxime carbonates
ArC(R)=N–OC(O)OR’ are clean and convenient precursors for
iminyl as well as O-centred radicals [26,35]. Their weak N–O
bonds selectively cleave on UV photolysis, particularly when
sensitised with 4-methoxyacetophenone (MAP), thus facilitating investigations of the behaviour of both iminyl and
alkoxycarbonyloxyl radicals R’OC(O)O•. A distinct advantage
of these precursors is that they enable the iminyl radical intermediates to be directly monitored by EPR spectroscopy. We
have now prepared a representative set of oxime carbonates
with the aim of studying competition between ortho- and spiro-

ring closures of the released iminyl radicals. Precursors 1a–f,
2a,b, 3 and 4, consist of O-ethoxycarbonyl derivatives of
oximes with various aromatic and heteroaromatic architectures
(Figure 1). Compounds 1a–f contain comparatively rigid arms
and their aromatic acceptors range from electron-withdrawing
to electron-releasing in character. In compounds 2a,b and 3
heteroarenes replace the benzene rings and in 4 the arm is much
more flexible.

Figure 1: O-Ethoxycarbonyl oximes prepared.

This paper reports our study of the chemistry of these compounds by means of product analyses, solution EPR spectroscopy and DFT computations. We encountered an intriguing
interplay between spiro-cyclisation and ortho-cyclisation of the
iminyl intermediates and factors affecting this are weighed up.

Results and Discussion
The arene and heteroarene-based oxime carbonates 1 and 2
were prepared as described previously by reaction of the corresponding aromatic ethanone oximes with ethyl chloroformate
[26]. Precursors 3 and 4 were made in a similar way from the
oximes of 2-furanylphenylethanone and 1,3-diphenylpropan-1one.

Ring closures of aryl-iminyl radicals
Individual members of the set of substituted biphenyl O-ethoxycarbonyl oximes 1a–f were UV irradiated for 3 h at ambient
temperature in deoxygenated benzotrifluoride solutions with 1
equiv wt/wt of MAP as a photosensitizer. As communicated
previously, 3-substituted phenanthridines 10a–f were isolated in
good to quantitative yields (52–99%, Scheme 1) irrespective of
the nature of the 4-substituent [26]. No spiro-products were
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detected even by GC–MS analyses of reaction mixtures.
Byproducts included traces of imines ArC(R2)=NH (ImH) and
the ketones ArC(R2)=O from imine hydrolyses. Photolysis of
the more flexible precursor 4 gave a complex mixture of
products. The MS and NMR data indicated that the main
components were probably the corresponding imine ImH and
ketone together with the iminyl radical dimer (Im2). Neither
spiro- nor ortho-cyclised products had formed. Therefore, for 4
in PhCF3 solvent, iminyl radical ring closures were too slow to
compete with H-atom abstractions and terminations.

unfiltered Hg lamp directly in the spectrometer resonant cavity.
The spectrum obtained from precursor 1f (Figure 2) shows a
central 1:1:1 triplet from iminyl radical 5f together with a
second species. Similar spectra were obtained, in the temperature range 210 to 270 K, from all the other members of the set,
including 4, showing the corresponding iminyl radicals plus the
same second radical. The EPR parameters of all the iminyls
were very similar [g = 2.0030¸ a(N) = 10.0 G] and closely in
line with literature data for ArCMe=N• type radicals [36,37].

Figure 2: EPR spectrum during photolysis of 1f in t-BuPh at 240 K.
Top (black): experimental spectrum. Bottom (red): computer
simulation.

Scheme 1: Photochemical reactions of biphenyl oxime carbonates.

The photolytic reactions of oxime carbonates 1a–f and 4 were
next investigated by 9 GHz EPR spectroscopy. Deaerated
samples of each oxime carbonate, plus 1 equiv of MAP, in
t-BuPh or cyclopropane solvent, were irradiated with a 500 W

Simulation of the second species indicated one large and four
smaller doublet hyperfine splittings (hfs) characteristic of a
cyclohexadienyl type radical (Table 1). This spectrum was evidently due to the intermediate from addition of some radical
meta to the tert-butyl substituent of the solvent. It is known that
ArCMe=N • type radicals do not add to t-BuPh under EPR
conditions [19,37] neither do EtO• radicals (from dissociation of
6), and hence, we assign this spectrum to the ethoxycarbonyloxyl adduct 9a. This identification was supported by a DFT
computation [38] that gave hfs in close agreement with experiment (Table 1). This was a surprising result because previously
the only radicals of type 9 that had been spectroscopically
detected had resulted from additions of phenyl [34] or bridge-

Table 1: EPR parameters of cyclohexadienyl radicals 9 from meta-additions to t-BuPha.

Radical

T/K or method

g-factor

a(H1)

a(H2)

a(H4)

a(H5)

a(H6)

9a
9a
9bc
9(Ph)d
9(222)e

240
DFTb
210
220
220

2.0025
–
2.0026
2.0030
2.0030

34.6
35.0
33.5
35.5
42.6

8.1
−8.3
8.1
8.1
8.1

13.1
−12.8
13.1
13.3
13.1

2.8
3.5
2.7
2.7
2.8

9.2
−9.8
9.3
9.1
9.0

aAt

9.4 GHz in t-BuPh solution; hfs in Gauss. Note that the signs of hfs cannot be obtained from isotropic EPR spectra. bUB3LYP/6-311+G(2d,p); hfs
computed with the epr-iii basis set [42] designed for EPR hfs, were virtually identical. cR. T. McBurney and J. C. Walton unpublished. dAs 9 but with
Ph in place of OC(O)OEt [34]. eAs 9 but with bicyclo[2.2.2]oct-1-yl in place of OC(O)OEt [39].
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head radicals (bicyclo[2.2.2]oct-1-yl and adamantyl) [39].
These are localized σ-type radicals with bent or pyramidal
centres and significant s-character. Ethoxycarbonyloxyl (6) is
planar with a SOMO delocalized over the whole OC(O)O unit.
The observation of 9a at temperatures below 273 K is dramatic
evidence of the exceptionally high reactivity of alkoxycarbonyloxyl radicals. An interesting feature was that addition
was selective for meta to the t-Bu group; as was previously
observed with the σ-radicals. Product studies with bridgehead
radicals at higher temperatures (80 °C) had also revealed this
preference for meta-attack [40,41]. The selectivity for metaaddition may result from the electron-releasing character of the
t-Bu substituent. The SOMO in 9a has a node at C(3) so electron–electron repulsion is smaller than in the SOMOs for paraor ortho-attack. This will lower the activation energy for metaaddition relative to para- or ortho-addition.
For all precursors 1a–f the EPR spectra revealed uncyclised
iminyls (5a–f) together with 9 up to T ~270 K. Above this
temperature the EPR spectra became too weak for radical identification. No cyclohexadienyl type radicals from either spiro or
ortho ring closure (7 or 8) were detected. It can be concluded
that the iminyl cyclisations are comparatively slow and, based
on the previous product analyses, the ortho- (Ar 1 -6) mode
predominates at room temperature and above.

Figure 3: EPR spectrum during photolysis of 2a in t-BuPh at 230 K.
Top (blue): experiment; bottom (red): simulation.

not consistent with structure 13, which was not spectroscopically detected. It is evident therefore that iminyl radical 11a
rapidly and selectively undergoes spiro-cyclisation with the
benzofuran acceptor.

Spiro-cyclisations with benzofuran and
benzothiophene acceptors
EPR spectra from oxime carbonate 2a, containing a benzofuran
acceptor, gave well resolved spectra only at 230–235 K
(Figure 3). The corresponding benzofuranyl-iminyl was not
detectable at 230 K or above.
The EPR hfs obtained from simulation of the spectrum
(Table 2) show this to be a benzyl type radical and we assign it
structure 12a (Scheme 2). A DFT computation for 12a at the
UB3LYP/6-311+G(2d,p) level of theory gave hfs in close
agreement with experiment (Table 2). The EPR hfs are certainly

Scheme 2: Ring closure of iminyl radicals derived from 2a,b.

Table 2: EPR parameters of spiro-benzyl radicals 12 derived from 2a,ba.

aAt

Radical

T/K or DFT method

g-factor

a(Hα)

a(H3)

a(H4)

a(H5)

a(H6)

a(N)

12a
(X = O)
12a
(X = O)
12b
(X = S)
12b
(X = S)

230

2.0025

14.9

1.4

6.3

1.4

5.0

5.4

UB3LYP/6-311+G(2d,p)

–

−14.2

1.6

−5.9

1.6

−5.0

5.2

230

–

13.0

1.5

6.0

1.5

5.3

4.1

−13.9

2.0

−5.9

2.0

−5.1

5.8

UB3LYP/6-311+G(2d,p)

9.4 GHz in t-BuPh solution; hfs in Gauss.
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Rate constants of ring-closure reactions can be determined for
sterically unhindered radicals by measurements of the concentrations of the ring-open and cyclised radicals under EPR conditions [43-45]. Steady-state concentrations of 12a were determined in the usual way from the spectra [46].
We estimated that the concentration ratio [12a]/[11a] > 4
at 230 K, and hence k sc (230 K) > 55 s −1 (see Supporting
Information File 1 for details). Most radical cyclisations have
Arrhenius log(Ac) ≈ 10.5 s−1 [47,48] and, by assuming that this
holds for 12a, an activation energy Esc < 9 kcal mol−1 and
ksc(300 K) > 5 × 103 s−1 are obtained (see Supporting Information File 1). The rate constant for 5-exo-cyclisation of the
phenylpentenyliminyl radical 15 was reported [34] to be
kc(300 K) = 8.8 × 103 s−1 with Ec = 8.3 kcal mol−1 and therefore, particularly in view of the large resonance stabilisation of
spiro-cyclised radical 12a, these rate parameters seem to be
very reasonable estimates (Table 3).
Curiously, analysis of the products from a photolysis of 2a
carried out at higher temperature (rt) in benzotrifluoride solvent,
showed benzofuro[3,2-c]isoquinoline derivative 14a to be the
main product (65%) [26]. This implied ortho-radicals 13 as
intermediates and appeared to conflict with the EPR result. The
most likely explanation is that, at the temperature of the preparative experiments (~100 K higher than the EPR study) the

spiro-cyclisation is reversible whereas the 6-ortho-process is
not. The ortho-product then accumulates because of thermodynamic control. Alternatively, spiro-radical 12a might rearrange
via a tetracyclic aziridinyl intermediate (or transition state) at
higher temperatures. DFT computations (see below) undermined this possibility however.
EPR experiments with the benzothiophene-containing precursor
2b showed a complex spectrum from at least two radicals. A
reasonable simulation (see Supporting Information File 1) was
obtained as a combination of the spiro-radical 12b (hfs in
Table 2) and the solvent-derived adduct 9a. Most likely therefore spiro-cyclisation predominates at low temperature but
again thermodynamic control takes over at higher temperatures
because 14b was isolated as the main product.
EPR spectra from the furan-containing precursor 3, and from
the more flexible aromatic precursor 4, revealed only the corresponding ring-open iminyl radicals and neither spiro- nor orthoradicals in the temperature range 230–260 K. It can be
concluded that the rates of their iminyl ring closures are significantly slower. This accords with expectation, because the
cyclised radical from 3, without the benzo-ring of 12, would be
less thermodynamically stabilised. The iminyl radical from 4
has a more flexible chain and this probably accounts for its
slower ring closure.

Table 3: Rate data for spiro- and other cyclisations of C- and N-centred radicals.

Mode

log(Ac/s−1)a

Ec/kcal mol−1

16

5-exo

10.4

6.85

2.3 × 105

[49]

15

5-exo

[10.0]

8.3

8.3 × 103

[34]

Entry

Radical

1

2

Structure

kc(300 K)/s−1

Ref.

3

spiro

<5 × 104 (323 K)

[50]

4

spiro

<104 (353 K)

[51]

<5 × 103

this work

>5 × 103

this work

5

5b

ortho

6

12a

spiro

aValues

[10.5]

<9

in parenthesis assumed.
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Kinetic data for iminyl radical ring closures is compared with
analogous data for model C-centred radicals in Table 3. As
mentioned above, biphenyl-iminyl radicals 5 were spectroscopically detectable at 270 K; well above the temperature at which
12a underwent spiro-cyclisation. It follows that kc(300 K) for
5b must be < kc for 12a and this information is included in
Table 3.
The rate constant for 5-exo-cyclisation the archetype iminyl 15
(Table 3, entry 2) is more than an order of magnitude smaller
than the rate constant for hex-5-enyl (16, Table 3, entry 1) [49].
Our rates for ortho- (Table 3, entry 5) and spiro- (Table 3, entry
6) cyclisations of iminyls onto aromatics were also slower than
for C-centred radicals (Table 3, entries 3 and 4) [50,51]. The
pattern of slower cyclisations for iminyls compared with alkyls
seems established for both alkene- and arene-type acceptors.

QM Computations
To shed further light on the spiro versus ortho alternatives we
computed the activation parameters [ΔE ‡ 298 ] and reaction

enthalpies [ΔH298], corrected to 298 K for thermal effects, for
the spiro- and ortho-cyclisation modes of a representative set of
aryliminyl radicals (Table 4). It was known that the DFT
UB3LYP/6-31+G(d) and UB3LYP/6-311+G(2d,p) methods
gave results in reasonable harmony with experiment for related
iminyl radicals [34] and therefore these methods were adopted.
For each process the two basis sets gave results in reasonable
agreement (Table 4). The cyclisations of the flexible iminyl
radicals 4Im (Tabel 4, entries 1 and 2) were predicted to have
the highest activation energies in either mode and to be strongly
endothermic. This accords well with the absence of cyclised
species in the EPR spectra and with the lack of cyclised
products.
For the parent biphenyliminyl radical 5a the ortho-ring closure
(Table 4, entry 5) was computed to have a lower activation
energy than spiro-cyclisation (Table 4, entry 4) and to be
exothermic in comparison with the endothermic spiro-mode.
This was in good accordance with the observed exclusive formation of phenanthridines derived from radicals 5a–f for these

Table 4: DFT computed activation energies (ΔE‡298) and reaction enthalpies (ΔH298) in kcal mol−1 for aromatic iminyl radicals.

Entry

Iminyl

Product

1
4Im

2

Methoda

ΔE‡298

ΔH298

A
B

16.6
16.9

6.6
7.3

B

19.9

8.0

4sp

4Im
4or

3

4Im

B

32.9

4az

4
5a

5

A
B

14.7
15.0

7.0
7.6

A
B

11.3
11.6

−2.8
−2.1

7a

5a
8a

6

5a

B

29.5

5az
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Table 4: DFT computed activation energies (ΔE‡298) and reaction enthalpies (ΔH298) in kcal mol−1 for aromatic iminyl radicals. (continued)

7
3Im

8

A
B

11.6
12.1

−1.1
−0.5

A
B

14.2
14.7

−2.3
−1.8

A
B

8.9
9.3

−7.8
−6.9

A
B

12.6
13.1

−8.6
−8.1

B

9.5

−6.2

B

10.5

−11.3

3sp

3Im
3en

9
11a

10

12a

11a
13a

11
11b

12

12b

11b
13b

aA

= UB3LYP/6-31+G(d), B = UB3LYP/6-311+G(2d,p).

compounds. The possibility of the rearrangement of spiro- to
ortho-species via aziridinyl intermediates (or transition states)
(az) which contain benzyl stabilization was examined. However, the computations for 4az (Table 4, entry 3) and 5az
(Table 4, entry 6) found these processes to be strongly endothermic, so they can probably be ruled out of consideration.
Predicted activation energies and reaction enthalpies for spiro(Table 4, entry 7) and ortho-ring closure (Table 4, entry 8) of
the furanyl-iminyl 3Im, suggested spiro-closure would be
favoured. However, the magnitude of ΔE‡298 is close to that for
ortho-closure of the biphenyl analogue 5a. Thus cyclised
products might be obtainable from photolyses of 3 at higher
temperatures.
For the benzofuranyl- and benzothiophenyl-iminyl radicals 11a
and 11b (Table 4, entries 9–12) the computations predicted a
reversal in the preferred mode of ring closure: ΔE‡298 values for
spiro-cyclisation were significantly lower than for orthocyclisation and lower than for 5a. This agreed well with the

EPR detection of the spiro-intermediates 12a and 12b. From the
EPR experiments the Esc of < 9 kcal mol−1 for spiro-cyclisation
of 11a (see above Table 3) was close to the computed ΔE‡298
values of 8.9 and 9.3 kcal mol−1 (Table 4, entry 9). For both
11a and 11b, although the computed ΔE‡298 values for orthoring closure are significantly higher than for spiro-ring closure,
the ortho-processes are computed to be more exothermic. Thus,
theory supports the idea, derived from the isolation of products
from ortho-closure of 14a,b, that thermodynamic control supervenes at higher temperatures.
Some clues as to why the biphenyl-iminyls 5 prefer the ortho
mode whereas the benzofuranyl- and benzothiophenyl-iminyls
11 prefer the spiro mode can be obtained by consideration of
the structures of the transition states (TS, Figure 4). The top line
shows the computed spin density (ρ) maps for the reactant
iminyls. In agreement with the EPR spectra, the spin density is
largely concentrated in orbitals in the plane of the iminyl units.
The middle line of Figure 4 shows the TS structures and
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SOMOs for spiro-cyclisations of 5a and 11a. For both radicals
the iminyl units approach the acceptor rings from vertically
above; the angle between the ArC(R)=N unit and the plane of
the acceptor ring is ~90° for both TSs. This ensures that overlap
between the incoming iminyl orbital and the acceptor ring
orbitals is optimum. The bottom line shows the TS structures
and SOMOs for the ortho-cyclisations of 5a and 11a. For both
radicals the architectures oblige the iminyl units to approach the
acceptor rings at much more oblique angles. Thus, overlap of
the in-plane iminyl orbital with the acceptor ring orbitals is
poorer than for spiro-cyclisation. However, this is offset by the
greater resonance delocalisation in the TS frontier orbitals for
ortho-cyclisation (see Figure 4). There is a trade-off between
these two factors and the default is that the resonance delocalisation factor in ortho-cyclisation prevails. Evidently 11a,b, are
exceptional in that the iminyl/acceptor overlap factor outweighs
the resonance delocalisation factor.

Figure 4: DFT computed structures for 5a, 11a and their cyclisation
transition states (TS). Top line: spin density distribution maps for
iminyls 5a and 11a. Middle line: spiro TSs, r(N···C) for 5a = 1.928 and
for 11a = 2.064 Å. Bottom line: ortho TSs, r(N···C) for 5a = 1.954 and
for 11a = 2.027 Å.

Conclusion
Ethoxycarbonyl oximes of aromatic and heteroaromatic ketones
are easily made and handled and have long shelf lives. We have
found them to be outstanding precursors for the photochemical
generation of aromatic iminyl radicals. Product analyses,
EPR spectroscopic observations and DFT computations all

converged in indicating that the “default” ring closure mode for
iminyl radicals is ortho-cyclisation onto suitably situated
aromatic rings. The exception to this rule was spiro-cyclisation
onto benzofuran and benzothiophene rings at low temperatures.
Even for these acceptors, however, thermodynamic control
ensured that the only isolable products were from ortho-closures. Rate parameters for the spiro-cyclisation of 11a, estimated by the steady-state kinetic EPR method, showed the
process to be about an order of magnitude slower than for
archetype C-centred radicals. This was in harmony with the
generally slower reaction rates of iminyl radicals compared with
alkyl radicals. DFT-computed energetics were in good agreement with experiment and supported the idea of thermodynamic control for the cyclisation of 11a,b.

Experimental
EPR spectra were obtained at X-Band on Bruker EMX 10/12
spectrometers at St. Andrews and Manchester. Oxime carbonates (2 to 15 mg) and MAP (1 equiv wt/wt) in t-BuPh or
benzene (0.5 mL) were prepared in quartz tubes and deaerated
by bubbling with nitrogen for 15 min. Photolysis in the resonant
cavity was by unfiltered light from a 500 W super-pressure
mercury arc lamp or, in the Manchester experiments, from a
Luxtel CL300BUV lamp. EPR signals were digitally filtered
and double integrated by using the Bruker WinEPR software,
and radical concentrations were calculated by reference to the
double integral of the signal from a known concentration of the
stable radical DPPH run under identical conditions. The
majority of EPR spectra were recorded with 2.0 mW power,
0.8 Gpp modulation intensity and gain of 106.
QM calculations were carried out by using the Gaussian 09
program package. Geometries were fully optimised for all
model compounds. Optimised structures were characterised as
minima or saddle points by frequency calculations. The experimental kinetic and spectroscopic data was all obtained in the
nonpolar hydrocarbon solvents t-BuPh or cyclopropane. Solvent
effects, particularly differences in solvation between the neutral
reactants and neutral transition states, were therefore expected
to be minimal. In view of this, no attempt was made to model
the effect of the solvent computationally.

Supporting Information
Supporting Information File 1
General procedures. Preparation and characterization data
of oxime carbonates. Sample EPR spectra and kinetic data.
1H and 13C NMR spectra for novel compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-120-S1.pdf]
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Abstract
A novel method of photoinduced synthesis of unsymmetrical diaryl selenides from triarylbismuthines and diaryl diselenides has
been developed. Although the arylation reactions with triarylbismuthines are usually catalyzed by transition-metal complexes, the
present arylation of diaryl diselenides with triarylbismuthines proceeds upon photoirradiation in the absence of transition-metal
catalysts. A variety of unsymmetrical diaryl selenides can be conveniently prepared by using this arylation method.

Introduction
A number of organoselenium compounds are known to be biologically active [1-4]. In particular, diaryl selenides are known
to have antioxidative effects [5]. Therefore, many studies on the
synthetic methods for unsymmetrical diaryl selenides have
recently been reported [6-32]. Most of these methods use
coupling reactions catalyzed by transition-metal complexes. To
avoid the contamination of product selenides with transitionmetals, the development of synthetic methods for unsymmetrical diaryl selenides in the absence of transition-metal catalysts
is desirable. On the other hand, triarylbismuthines are gaining
interest as useful arylation reagents, because organobismuth
compounds are nontoxic and have excellent reactivity, which

has led to several applications in organic synthesis [33]. Therefore, numerous transition-metal-catalyzed coupling reactions
with organobismuth compounds have been reported [34-53].
Although triphenylbismuthine can generate a phenyl radical
[33,54] in the absence of a radical initiator simply by photoirradiation, few arylation reactions using this mechanism have been
reported [55,56]. We presume that a phenyl radical generated
from triphenylbismuthine can be captured by organic diselenides, which have a high carbon-radical-capturing ability [5764] and as a result, diaryl selenide will be generated
(Scheme 1). In 1999, Barton and co-workers reported that diaryl
selenide was obtained by the reaction of triarylbismuthine with
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diphenyl diselenide under heating at high temperature (140 °C)
[65], but the photoinduced reaction was not investigated. In this
letter, we will report the radical reaction of diaryl diselenides
with triarylbismuthines from the viewpoint of a photoinduced
reaction in the synthesis of unsymmetrical diaryl selenides.

Scheme 1: Photoinduced radical reaction of diaryl diselenide with
triphenylbismuthine.

Results and Discussion
First, we investigated the photoinduced reaction of diphenyl
diselenide with triphenylbismuthine. Diphenyl diselenide (1a,
0.1 mmol) and triphenylbismuthine (2a, 0.5 mmol) were placed
in a Pyrex test tube ( = 9 mm) with CHCl3 (4 mL), and the
mixture was irradiated by a xenon lamp for 5 h at room
temperature. As a result, 0.042 mmol (21% yield based on the
amount of selenium atoms) of diphenyl selenide (3aa) was
obtained after the isolation by silica gel chromatography (the
yield was determined by HPLC). Next, optimization of the reaction conditions was investigated as shown in Table 1. Irradiation by a tungsten lamp instead of a xenon lamp did not in-

duce the desired arylation reaction (Table 1, entry 2), and in the
dark, the reaction did not proceed at all (Table 1, entry 3).
When 2,2′-azobis(isobutyronitrile) (AIBN) was used as a
radical initiator, the desired reaction proceeded ineffectively
(Table 1, entry 4). Among several solvents, such as benzene,
DMSO and CH3CN, the use of CH3CN improved the yield of
3aa (Table 1, entries 5–7). Although the solubility of 2a is
different depending on the solvent, the yield of 3aa is not correlated with the solubility of 2a. It may be more important to
choose a solvent that does not react with the generated aryl
radical. Moreover, a lower amount of solvent and the utilization of a quartz test tube ( = 9 mm) contributed to the increase
in the yield of 3aa (Table 1, entries 8 and 9).
Next, we investigated the scope of the synthesis of unsymmetrical diaryl selenides by using different diaryl diselenides and
triarylbismuthines (Table 2). The employed diaryl diselenides
were diphenyl diselenide (1a), bis(4-fluorophenyl) diselenide
(1b), bis(4-(trifluoromethyl)phenyl) diselenide (1c), bis(1-naphthyl) diselenide (1d), and bis(2-naphthyl) diselenide (1e). The
used triarylbismuthines were triphenylbismuthine (2a), tris(4methylphenyl)bismuthine (2b), tris(4-chlorophenyl)bismuthine
(2c), and tris(4-fluorophenyl)bismuthine (2d). A number of
combinations of 1 and 2 were examined and as a result, unsymmetrical diaryl selenides 3 were obtained in moderate to high
yields (45–86%) in every case (Table 2, entries 1–10) after the
isolation by preparative TLC on silica gel. The chemical shifts
of 77Se NMR spectra of diaryl selenides 3 are also shown in

Table 1: Reaction of diphenyl diselenide with triphenylbismuthine under different conditions.

entry

reaction conditions

yield of 3aaa

1
2
3
4
5
6
7
8
9

CHCl3 (4 mL), xenon lamp, Pyrex test tube, 5 h
CHCl3 (4 mL), tungsten lamp, Pyrex test tube, 5 h
CHCl3 (4 mL), dark, 24 h
C6H6 (5 mL), AIBN (1.5 mmol), 80 °C, two-necked flask, 8 h
C6H6 (4 mL), xenon lamp, Pyrex test tube, 5 h
DMSO (4 mL), xenon lamp, Pyrex test tube, 5 h
CH3CN (4 mL), xenon lamp, Pyrex test tube, 5 h
CH3CN (2 mL), xenon lamp, Pyrex test tube, 5 h
CH3CN (2 mL), xenon lamp, quartz test tube, 5 h

0.042 mmol, 21%
0.004 mmol, 2%
0%
0.012 mmol, 6%
0.102 mmol, 51%
0.034 mmol, 17%
0.114 mmol, 57%
0.126 mmol, 63%
0.138 mmol, 69%

aThe

yields were determined by HPLC.
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Table 2: Syntheses of unsymmetrical diaryl selenides.

entry

(ArSe)2 1

Ar’3Bi 2

product 3 (ArSeAr’)

1b

77Se

NMR,
δ ppm

yielda

407

65%

416

45%

411

66%

411

57%

404

86%

3ab

1a
2b

2b
3ac

1a
2c

3c
3ad

1a
2d

4b
3ba

1b
2a

5b
3bb

1b
2b

1143

Beilstein J. Org. Chem. 2013, 9, 1141–1147.

Table 2: Syntheses of unsymmetrical diaryl selenides. (continued)

6b
1c

427

67%

418

51%

355

51%

418

71%

354

57%

3ca
2a

7b
1c

3cb
2b

8c
3da
2a

1d

9c
3ea
1e

2a

10c
3dc
1d
aThe

yields were determined after isolation.

2c
b0.5

mmol of triarylbismuthine was used. c0.3 mmol of triarylbismuthine was used.

Table 2, because 77Se NMR is a tool well suited to identify
diorganyl monoselenides.
To get information about the reaction pathway of this arylation,
we first investigated the arylation of diphenyl diselenide by
varying the 1a/2a molar ratio (Table 3). When excess amounts
of either starting substrate were employed, the yields of 3aa
increased (Table 3, entries 1, 2 and 5).
In the case of the reaction of triphenylbismuthine with diphenyl
disulfide (4) instead of diphenyl diselenide, diphenyl sulfide 5
was obtained in lower yield with unidentified byproducts,
unlike in the case of diphenyl selenide 3aa (Scheme 2).

Additionally, air is entrained in the reaction system, since a test
tube with a septum was used in which a needle was inserted.
When the reaction of diaryl diselenide with triarylbismuthine
was conducted with a strictly sealed tube in Ar atmosphere, a
bismuth mirror was observed and the yield of 3aa decreased.
We assume that the reaction proceeds with bismuth residue
getting oxidized.
A plausible reaction pathway for the photoinduced reaction of
diaryl diselenide with triarylbismuthine is shown in Scheme 3.
First, an aryl radical is generated from triarylbismuthine by
near-UV light irradiation [33,54,55]. The generated aryl radical
is captured by diaryl diselenide to produce diaryl selenide and a
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Table 3: The yield of diphenyl selenide 3aa upon changing the ratio 1a/2a.

entry

amount of 1a

amount of 2a

1

0.1 mmol

0.5 mmol

2

0.1 mmol

0.3 mmol

3

0.1 mmol

0.1 mmol

4

0.1 mmol

0.067 mmol
(2/3 equiv)

5

0.2 mmol

0.1 mmol

aThe

yield of 3aaa
69%
0.138 mmol
69%
0.138 mmol
59%
0.118 mmol
57%
0.118 mmol
88%b
0.263 mmol

yields were determined by HPLC based on the amount of 1a. bThe yield was calculated based on the amount of 2a.

Scheme 2: Photoinduced reaction of diphenyl disulfide with triphenylbismuthine.

seleno radical. The seleno radical may dimerize to re-form diselenide. Diphenyl diselenide has its absorption maximum (λmax)
at 340 nm (ε = 103) [66] and accordingly, the seleno radical
could be produced by the irradiation with a tungsten lamp.
However, the irradiation by a tungsten lamp instead of a xenon
lamp did not result in the desired reaction (Table 1, entry 3).
This fact strongly suggests that the formation of a phenylseleno
radical is not important for the formation of diphenyl selenide.
Conceivably, when the reaction proceeds, a phenyl radical may
be formed directly from triphenylbismuthine upon photoirradiation. Moreover, the use of an excess amount of 1, which has a
relatively high carbon-radical-capturing ability, increased the
yield of 3, and the use of diphenyl disulfide (4), which has a
lower carbon-radical-capturing ability than diselenide,
decreased the yield of 5. (The exact capturing abilities of diselenide and disulfide toward the phenyl radical are not known,
but they have been reported toward vinyl radicals, where diselenide has a higher capturing ability than disulfide: kSe/kS = 160

[57-59].) These facts also support that the reaction starts from
the generation of an aryl radical. On the other hand, a pale
yellow solid, insoluble in organic solvents, was obtained as a
byproduct after the reaction. We assume that this solid is a
bismuth residue, which can consist of bismuth oxides and/or
bismuth selenides. Moreover, it may form biaryls (Ar–Ar) as
byproducts, but no biaryl was observed after the reaction.

Scheme 3: A plausible reaction pathway for the photoinduced reaction of diaryl diselenide with triarylbismuthine.
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Conclusion
We have found that the photoinduced reaction of diaryl diselenides with triarylbismuthines affords unsymmetrical diaryl
selenides in good yields. This method is efficient, because two
arylseleno groups from diaryl selenides can be used as a selenium source, and its advantage is that the reaction proceeds in
the absence of transition-metal catalysts.
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Abstract
The limitation of hydroxamate ester as a chiral Lewis acid coordination moiety was first shown in an intermolecular reaction
involving a radical addition and sequential allylation processes. Next, the effect of hydroxamate ester was studied in the cascade
addition–cyclization–trapping reaction of substrates with a carbon–carbon triple bond as a radical acceptor. When substrates with a
methacryloyl moiety and a carbon–carbon triple bond as two polarity-different radical acceptors were employed, the cascade reaction proceeded effectively. A high level of enantioselectivity was also obtained by a proper combination of chiral Lewis acid and
these substrates.

Introduction
Strategies involving a cascade process offer the advantage of
multiple carbon–carbon and/or carbon–heteroatom bond formations in a single operation. Radical chemistry has been developed as one of the most powerful tools for carbon–carbon bond
formation in organic synthesis [1-20]. Particularly, the advantages for utilizing the radical methodologies are the high functional group tolerance and the mild reaction conditions, because
radical intermediates are not charged species. Therefore, a
number of extensive investigations into sequential radical reactions have been reported over the past fifteen years and significant progress has been made in recent years [21-36]. We have

also directed our efforts toward the development of new and
efficient cascade approaches for the construction of
carbon–carbon/heteroatom bonds based on radical chemistry.
These approaches can be classified into two categories
according to their reaction mechanism (Figure 1) [37-43].
Enantioselective radical reactions have been intensively studied
over the past fifteen years. Compared with stereocontrol studies
on intermolecular radical reactions, the enantioselective stereocontrol in radical cyclizations still remains a major challenge
[44-68]. We have also investigated a new type of chiral Lewis
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Figure 1: Cascade bond formation based on radical reactions.

acid mediated cyclization approach for cascade bond-forming
reactions via sequential radical–radical processes (Figure 2)
[39-43]. In these studies, the control of the enantioselectivities
was achieved by the introduction of a hydroxamate ester as a
two-point-binding coordination tether into the middle of
substrates A, together with the control of the rotamer population of substrates [39,42]. In this paper, we describe in detail the
cascade addition–cyclization–trapping reaction of substrates
with a carbon–carbon triple bond as a radical acceptor as well
as the effect of hydroxamate ester as a Lewis acid coordination
moiety. Some results have been reported in our preliminary
communication [39].

uated in CH 2 Cl 2 at −78 °C by employing isopropyl iodide,
allyltin reagent, and Et 3 B as a radical initiator. The enantiomeric purities of products were checked by chiral HPLC
analysis. The effect of the substituents R1 and R2 of hydroxamate esters 3A–C on yield and selectivity was evaluated in the
presence of a chiral Lewis acid prepared from box ligand L1
and Zn(OTf)2. The results are shown in Scheme 1. Although
good enantioselectivities were not observed, the size of the
substituents had an impact on enantioselectivity with the larger
group leading to lower ee. These observations indicate that the
formation of the rigid ternary complex of hydroxamate ester,
Zn(OTf)2 and the ligand L1 is required for enantioselective
transformation. A similar trend was observed in our studies on
the addition–cyclization–trapping reaction of hydroxamate
esters [39,42]. The chiral Lewis acid promoted the reaction of
substrate 3A having a bulky 2-naphthylmethyl group as
substituent R2 to form the product 4A in 40% yield with 7% ee.
Moderate enantioselectivity was observed by employing the
substrate 3B having a benzyl group as R1 and a methyl group as
R2. Particularly, the steric factor of the fluxional substituent R1
affected not only enantioselectivity but also the chemical efficiency. The use of 3C having a 2-naphthylmethyl group as R1
led to a decrease in the chemical yield, probably because of the
steric repulsion by a bulky substituent R1 leading to the dissociation of the chiral Lewis acid. In these studies, the absolute configuration at newly generated stereocenters has been not determined.
We recently reported in detail the cascade
addition–cyclization–trapping reaction of substrates with

Figure 2: Our method for controlling the geometry of substrates and
the stereochemistry of cyclization.

Results and Discussion
Renaud’s group showed in 2002 that hydroxamic acid derivatives are useful achiral templates in enantioselective
Diels–Alder reactions [69,70]. To study the effect of hydroxamate ester as an achiral template in the intermolecular radical
reaction, our experiments began with the investigation of
cascade radical addition–allylation of hydroxamate esters 3A–C
having an acryloyl moiety (Scheme 1). The reactions were eval-

Scheme 1: Effect of hydroxamate ester on intermolecular C–C bondforming reactions.
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carbon–carbon double bonds as two kinds of polarity-different
radical acceptors [42]. On the basis of these results, the possibility of the carbon–carbon triple bond as a radical acceptor and
the hydroxamate ester functionality as a two-point-binding
coordination tether was next studied in detail. To understand the
scope and limitation of the cascade transformation of hydroxamate esters with carbon–carbon triple bonds, the substrates of
choice were 5, 6A–C, 7 and 8 having hydroxamate ester functionality (Figure 3).

Scheme 2: Cascade radical addition–cyclization–trapping reaction of 5
and 6A–C.

Figure 3: Substrates for testing the cascade transformation.

At first, we studied the cascade reaction of 5 with an acryloyl
moiety and 6A–C with a methacryloyl moiety as an electrondeficient acceptor in the absence of a chiral ligand (Scheme 2).
To control the rotamer population of substrates, Zn(OTf)2 was
used as a Lewis acid to coordinate the hydroxamate ester functionality. The reactions were evaluated in CH2Cl2 at 20 °C
under the tin-free iodine atom transfer conditions by using isopropyl iodide and Et3B. The reaction of hydroxamate ester 5 did
not give the desired product probably due to polymerization of
5 through the labile acrylamide moiety. In contrast, the reaction
of 6A–C proceeded effectively to give the cyclic products
9Aa–9Ca in good yields. Among them, hydroxamate esters 6A
and 6B, which have a small methyl or benzyl group as R1, have
shown a high reactivity, although a 76% yield of product 9Ca
was obtained even when hydroxamate ester 6C having a
2-naphthylmethyl group was used. Furthermore, the regiochemical course of the initial radical addition to 6A–C was well
controlled. The nucleophilic isopropyl radical reacted selectively with the electron-deficient methacryloyl moiety to give
the single isomers 9Aa–9Ca.
It is also important to note that Z-isomers 9Aa–9Ca were selectively obtained without the formation of corresponding
E-isomers. The E,Z-selectivities are determined by capturing
the intermediate vinyl radicals with an atom-transfer reagent

such as isopropyl iodide (Figure 4). These selectivities are
controlled by the steric factor around vinyl radicals. The vinyl
radicals are σ-radicals in a very fast equilibrium between
E-isomer B and Z-isomer C. The steric hindrance between the
substituents on the α-carbon atom of radical C and isopropyl
iodide is assumed to lead to selective iodine atom-transfer in
radical B giving 9Aa–9Ca as single Z-isomers.

Figure 4: E/Z-selectivity of 9Aa–Ca.

On the basis of the above results, we next studied the reaction
of 6A–C at −78 °C in the presence of Zn(OTf)2 and chiral box
ligands L1–L3 (Scheme 3 and Table 1). A stoichiometric
amount of chiral Lewis acid prepared from Zn(OTf)2 and ligand
L1 accelerated the reaction of hydroxamate ester 6A having a
methyl group as substituent R1 (Table 1, entry 1), although the
reaction of 6A did not proceed effectively at −78 °C in the
absence of box ligand L1. The desired product 9Aa was
isolated as a single isomer in 51% yield with 60% ee after being
stirred for 10 h. The use of hydroxamate ester 6B having a
benzyl group led to not only an enhancement in chemical yield
but also to an improvement in enantioselectivity to give the pro-
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Scheme 3: Enantioselective cascade reaction of 6A–C.

duct 9Ba in 87% yield with 80% ee (Table 1, entry 2). Next, the
catalytic nature of the reactions was examined (Table 1, entries
3–5). The reactions proceeded equally well with 50 and 30 mol
% of chiral Lewis acid as with a stoichiometric amount
(Table 1, entry 3 and 4). Further reduction of the chiral Lewis
acid load to 10 mol % resulted in a decrease of both the chemical yield and enantioselectivity (Table 1, entry 5). In the case
of 10 mol % of the chiral Lewis acid, the ternary complex of the
ligand, the Lewis acid and the substrate were not effectively
formed, and the background reaction giving the racemic product proceeded. Additionally, the high Z-selectivity of product
9Ba indicates that the stereoselective iodine-atom transfer from
isopropyl iodide to an intermediate radical proceeded effectively under these catalytic reaction conditions. The reaction
using box ligand L2 instead of L1 attenuated the enantioselectivity (Table 1, entry 6). A somewhat lower enantio-

selectivity was obtained by using ligand L3, surprisingly
resulting in antipode product 9Ba (Table 1, entry 7). The
representative effect of the solvent is shown in Table 1, entries
8–10. No reaction occurred in toluene, owing to the low solubility of the chiral Lewis acid in toluene (Table 1, entry 8).
When the reaction was carried out in toluene/CH2Cl2 (4:1, v/v),
the cyclic product 9Ba was obtained in 67% yield with 77% ee
(Table 1, entry 9). The reaction in the protic solvent MeOH
gave the nearly racemic product, although the high Z-selectivity was maintained (Table 1, entry 10). These results suggest
that the rigid chelation of the chiral Lewis acid to the hydroxamate ester functionality occured in CH2Cl2. In the presence of
chiral Lewis acid, hydroxamate ester 6C had also shown good
reactivity, although the enantioselectivity diminished to 75% ee
(Table 1, entry 11). We next studied the reaction of substrate 6B
with other radical precursors (Table 1, entries 12–14). Reactions with cyclohexyl and cyclopentyl radicals were also facile.
Under analogous reaction conditions, an outstanding level of
enantioselectivity was observed on employing the bulky tertbutyl iodide as a radical precursor (Table 1, entry 14). A good
yield of the product 9Bd was obtained with 92% ee and high
Z-selectivity.
The absolute configuration at the newly generated stereocenters
of 9Aa–Bd was assumed by similarity between the present
reaction and the previously reported reaction of substrates
having the carbon–carbon double bond [39,42]. In these reactions, a ternary complex of ligand, Lewis acid and substrate
would control the three-dimensional arrangement of two radical
acceptors. A tetrahedral or cis-octahedral geometry around the
zinc center was proposed [71,72]. In Figure 5, a tentative model

Table 1: Reaction of 6A–C in the presence of chiral ligand.

entry

substrate

R2

ligand

Lewis acid
(equiv)

product
(% yield)

Z/E

ee (%)

1
2 [39]
3 [39]
4 [39]
5 [39]
6
7
8b

6A
6B
6B
6B
6B
6B
6B
6B

iPr
iPr
iPr
iPr
iPr
iPr
iPr
iPr

L1
L1
L1
L1
L1
L2
L3
L1

1.0
1.0
0.5
0.3
0.1
1.0
1.0
1.0

9Aa (51)
9Ba (87)
9Ba (85)
9Ba (82)
9Ba (49)a
9Ba (76)
9Ba (81)
no reaction

>98:2
>98:2
>98:2
>98:2
>98:2
>98:2
>98:2

60
80
81
81
47
71
–69

9c
10d
11
12 [39]
13
14 [39]

6B
6B
6C
6B
6B
6B

iPr
iPr
iPr
c-Hex
c-Pent
t-Bu

L1
L1
L1
L1
L1
L1

1.0
1.0
1.0
1.0
1.0
1.0

9Ba (67)
9Ba (63)
9Ca (83)
9Bb (82)
9Bc (83)
9Bd (85)

>98:2
>98:2
>98:2
>98:2
>98:2
>98:2

77
rac
75
81
79
92

astarting

substrate 6B was recovered in 29% yield; bin toluene; cin toluene/CH2Cl2 (4:1, v/v); din MeOH.
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in 78% yield. The results from these studies show that a
carbon–carbon double bond, e.g., a methacryloyl group, of the
electron-deficient acceptor is essential for the successful
cascade transformation.

Figure 5: Model for the enantioselective reaction.

of an octahedral complex is shown, in which two oxygen atoms
of the hydroxamate ester functionality occupy two equatorial
positions.

To gain further insight into the stereocontrol in the cyclization
step, we next studied the opposite regiochemical cyclization by
using the substrate 12 via the intermediate radical F
(Scheme 5). The reaction was carried out in the presence of
Bu3SnH under asymmetric reaction conditions. Although the
reaction proceeded even at −78 °C, the nearly racemic product
13 was isolated in 60% yield. This observation indicates that the
regiochemical course of the cyclization step is an important
factor to achieve the highly asymmetric induction.

To study the effect of an electron-deficient acceptor on the
cascade process, the reactions of propiolic acid derivatives 7
and 8 were tested (Scheme 4). At first, the reaction of 7 was
evaluated under asymmetric reaction conditions. However, the
cascade addition–cyclization–trapping reaction did not proceed,
and the simple adduct 10 was formed in 57% yield by the
addition–trapping process. Next, the reaction of propiolic acid
derivative 8 was tested, because we expected the [1,5]-hydrogen
shift from 1,3-dioxolane ring into the reactive vinyl radical as
shown as D. However, the simple adduct 11 was only obtained
Scheme 5: Opposite regiochemical cyclization using substrate 12.

We next investigated the reactivity of internal alkynes as electron-rich acceptors (Scheme 6). The internal alkyne 14 has
shown a good reactivity comparable to that of the terminal
alkynes 6A–C. In the absence of a chiral ligand, the zinc Lewis
acid accelerated the reaction of alkyne 14 with an isopropyl
radical at 20 °C to give the desired cyclic product 15a in 73%
yield. Under analogous reaction conditions, both cyclohexyl
iodide and cyclopentyl iodide worked well to give 15b and 15c

Scheme 4: Reaction of propiolic acid derivatives 7 and 8.

Scheme 6: Cascade reaction of 14.
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in 65% and 68% yields, respectively. However, the reaction
with a bulky tert-butyl radical did not proceed effectively, probably due to side reactions such as polymerization.
We finally investigated the enantioselective reaction of internal
alkynes 14 and 16 (Scheme 7). The reaction of 14 proceeded
with good enantioselectivities (Table 2). When a stoichiometric
amount of chiral Lewis acid was employed, the reaction with an
isopropyl radical gave the desired product 15a in 86% yield
with 83% ee (Table 2, entry 1). The reaction proceeded equally
well with 30 mol % of chiral Lewis acid as with a stoichiometric amount (Table 2, entry 2). The secondary radicals,
generated from cyclohexyl iodide or cyclopentyl iodide, reacted
well to afford 15b and 15c with 85% ee and 83% ee, respectively (Table 2, entry 3 and 4). In marked contrast to the reaction in
the absence of a chiral ligand (Scheme 6), the use of bulky tertbutyl iodide led to not only an enhancement in chemical yield
but also to an improvement in enantioselectivity (Table 2,
entry 5). These observations indicate that the combination of
chiral Lewis acid and hydroxamate ester functionality led the
rigid complex promoting the cyclization step and suppressing
the background reaction or the undesired side reactions. High
chemical yield and enantioselectivity were observed with
50 mol % of chiral Lewis acid (Table 2, entry 6), although
further reduction of the catalyst load to 30 mol % resulted in a
decrease of yield and enantioselectivity (Table 2, entry 7). Both
chemical yield and enantioselectivity decreased by changing
Lewis acid from Zn(OTf)2 to MgI2 (Table 2, entry 8). When the
more nucleophilic and stable tert-butyl radical was employed,
the reaction of substrate 16 having a phenyl group at the
terminal position proceeded smoothly to give the desired product 17 in 89% yield with 67% ee (Table 2, entry 9). It is also
important to note that the high Z/E-selectivity of products was
observed even when internal alkynes 14 and 16 were employed.
These results indicate that the iodine atom-transfer from R2I to
the substituted vinyl radicals proceeded stereoselectively.

Scheme 7: Enantioselective cascade reaction of 14 and 16.

Particularly, the substrate 16 having a phenyl group gave the
intermediate linear π-radical. Thus, the capture of linear vinyl
radical with atom-transfer reagent would be influenced by the
steric hindrance around the quaternary carbon atom [43].

Conclusion
We have shown the cascade radical addition–cyclization–trapping reaction of substrates with a carbon–carbon triple bond as
a radical acceptor as well as the scope and limitation of hydroxamate ester as a coordination site with a chiral Lewis acid. Synthetic strategies involving enantioselective radical cyclizations
would be desirable tools for preparing functionalized cyclic
compounds with multiple stereocenters. These studies offer
opportunities for further exploration of fascinating possibilities
in the realm of cascade radical reactions.

Supporting Information
Supporting Information File 1
General experimental procedures, characterization data of
obtained compounds, and preparation of substrates.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-128-S1.pdf]

Table 2: Reaction of 14 and 16 in the presence of a chiral ligand.

entry

substrate

R2

Lewis acid
(equiv)

yield (%)

ratio

ee (%)

1 [39]
2 [39]
3 [39]
4
5 [39]
6
7
8
9

14
14
14
14
14
14
14
14
16

iPr
iPr
c-Hex
c-Pent
t-Bu
t-Bu
t-Bu
t-Bu
t-Bu

Zn(OTf)2 (1.0)
Zn(OTf)2 (0.3)
Zn(OTf)2 (1.0)
Zn(OTf)2 (1.0)
Zn(OTf)2 (1.0)
Zn(OTf)2 (0.5)
Zn(OTf)2 (0.3)
MgI2 (1.0)
Zn(OTf)2 (1.0)

86
74
87
77
94
94
75
20
89

>98:2
>98:2
>98:2
>98:2
>98:2
>98:2
>98:2
>98:2
>98:2

83
81
85
83
90
91
61
54
67
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Abstract
We report herein Cu-catalyzed aerobic oxygenation of aliphatic C–H bonds with hydroperoxides, which proceeds by 1,5-H radical
shift of putative oxygen-centered radicals (O-radicals) derived from hydroperoxides followed by trapping of the resulting carboncentered radicals with molecular oxygen.

Introduction
Aliphatic sp3 C–H bonds are ubiquitous components in organic
molecules but rather inert towards most of the chemical reactions. It thus remains as one of the most challenging topics in
organic synthesis to develop catalytic oxidative sp3 C–H functionalization with predictable chemo- and regioselectivity [1-4].
To achieve this goal, we have recently utilized 1,5-H-radical
shift [5,6] with iminyl radical species (N-radicals) generated
under Cu-catalyzed aerobic reaction conditions, in which the
resulting carbon-centered radicals (C-radicals) could be trapped
by molecular oxygen to form new C–O bonds. For instance, the
Cu-catalyzed aerobic reaction of N-alkylamidines afforded
aminidyl radicals (N-radicals) by single-electron oxidation and
deprotonation of the amidine moiety, which was followed by
1,5-H-radical shift to generate the corresponding C-radicals
(Scheme 1a) [7]. The successive trapping of the resulting

C-radicals with molecular O2 forms peroxy radicals (the C–O
bond formation). Reduction of peroxy radicals generates alkoxides, cyclization of which with the amidine moiety finally
affords dihydrooxazoles. Similarly, it was also revealed that the
sp 3 C–H oxygenation could proceed directed by the N–H
ketimine moieties under Cu-catalyzed aerobic conditions via the
corresponding iminyl radical species, where 1,2-diacylbenzenes and amino endoperoxides could be synthesized by C–H
oxygenation of secondary and tertiary C–H bonds, respectively
(Scheme 1b) [8,9].
Stimulated by these remote sp3 C–H oxidation reactions using
the nitrogen-centered radicals derived from amidines and
ketimines, we became interested to utilize oxygen-centered
radicals (O-radicals) for the sp3 C–H functionalization. In this
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Scheme 1: Aliphatic C–H oxidation with amidines and ketimines by 1,5-H radical shift.

context, we envision employing hydroperoxides as precursors
for O-radicals in the presence of Cu salts. The lower valent
Cu(I) species could potentially undergo single-electron reduction of hydroperoxides to produce the corresponding O-radicals
[10-13]. Ball recently reported CuCl-catalyzed aliphatic C–H

chlorination using hydroperoxides as the O-radical source, in
which the C-radicals generated by the 1,5-H radical shift were
chlorinated (Scheme 2a) [14]. If reductive generation of the
O-radicals from hydroperoxides could be achieved under an O2
atmosphere, the C-radicals generated by 1,5-H radical shift

Scheme 2: Aliphatic C–H oxidation with hydroperoxides.
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could be trapped by O2 to form the new C–O bonds. Herein, we
report the realization of this concept mainly for the aerobic synthesis of 1,4-diols from hydroperoxides, which could be
catalyzed by the Cu(OAc)2-1,10-phenanthroline system in the
presence of Et3N as a terminal reductant of the Cu(II) species
(Scheme 2b).

Findings
We commenced our investigation with the Cu-catalyzed aerobic
reactions of hydroperoxide 1a in the presence of Et3N as a

terminal reductant [15] to keep lower valent Cu(I) species in the
reaction mixture (Table 1). As expected, when 1a was treated
with Cu(OAc)2 (20 mol %) in the presence of Et3N (2 equiv) in
DMF, the reaction proceeded at room temperature for 17 h to
afford C–H oxygenation products, cyclic hemiacetal 2a and
1,4-diol 3a in 49% and 8% yields, respectively (Table 1,
entry 1). It was found that addition of nitrogen ligands such as
2,2’-bipyridine and 1,10-phenanthroline (1,10-phen) accelerated the reaction (Table 1, entries 2 and 3). The reactions with
CuCl2 (Table 1, entry 4) as well as CuCl (Table 1, entry 5)

Table 1: Optimization of the reaction conditions.a

Entry

1
2
3
4
5
6
7
8
9
10
11
12
13
14c
15d

Cu salts
(mol %)

Cu(OAc)2
(20)
Cu(OAc)2
(20)
Cu(OAc)2
(20)
CuCl2
(20)
CuCl
(20)
Cu(OAc)2
(20)
Cu(OAc)2
(20)
Cu(OAc)2
(20)
Cu(OAc)2
(20)
Cu(OAc)2
(20)
Cu(OAc)2
(20)
Cu(OAc)2
(10)
Cu(OAc)2
(5)
Cu(OAc)2
(5)
Cu(OAc)2
(5)

Additive
(mol %)

Et3N
(equiv)

Solvent
(0.1 M)

Yield (%)b

Time
(h)
2a

3a

4a

–

2.0

DMF

17

49

8

0

2,2’-bipyridine
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(20)
1,10-phen
(10)
1,10-phen
(5)
1,10-phen
(5)
1,10-phen
(5)

2.0

DMF

3

49

9

0

2.0

DMF

3

53

12

0

2.0

DMF

6

52

10

0

2.0

DMF

3

52

10

0

2.0

MeCN

2

55

20

0

2.0

benzene

5

71

13

0

2.0

toluene

9

70

14

0

2.0

benzene/MeCN
(5:1)
benzene/MeCN
(5:1)
toluene/MeCN
(5:1)
toluene/MeCN
(5:1)
toluene/MeCN
(5:1)
toluene/MeCN
(5:1)
toluene/MeCN
(5:1)

2

76

11

0

3

74

9

0

3

74

10

0

3

75

16

0

3

75

14

0

3

–

90

0

1

0

0

47

0.5
0.5
0.5
0.5
0.5
0.5

aReactions

were carried out using 0.3 mmol of hydroperoxide 1a in solvents (3 mL, 0.1 M) at room temperature under an O2 atmosphere. bIsolated
yields are recorded. cAfter stirring 5 h, the volatile materials were removed in vacuo, and the resulting crude materials were further treated with LiAlH4
(1.2 equiv) in THF at rt for 1 h. dThe reaction was conducted under a N2 atmosphere.
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resulted in comparable results with that by Cu(OAc)2. Further
optimization of the reaction conditions by the solvent screening
(Table 1, entries 6–11) revealed that the co-solvent system
(benzene/MeCN or toluene/MeCN) performed best to give the
highest yield (83–87% combined yields of 2a and 3a, Table 1,
entries 9–11), in which the amount of Et3N could be reduced to
0.5 equiv (Table 1, entries 10 and 11). It is worthy of note that
the catalytic loading of Cu(OAc)2-1,10-phen could be lowered
to 5 mol % while maintaining good combined yields of 2a and
3a (89%, Table 1, entry 13). Upon completion of the C–H
oxygenation under the reaction conditions in entry 13, the
resulting crude residue after removal of the solvents was treated
with LiAlH4 in THF, affording 1,4-diol 3a as the sole product
in 90% yield (Table 1, entry 14). The Cu-catalyzed reaction of
1a under an inert (N2) atmosphere gave an intramolecular C–H
oxygenation product, dihydroisobenzofuran 4a in 47% yield
(Table 1, entry 15).
The proposed reaction pathways for the formation of 2a, 3a,
and 4a were described in Scheme 3. Single-electron reduction
of the starting Cu(OAc) 2 by Et 3 N forms the Cu(I) species,
which reduces hydroperoxide 1a to give O-radical I along with
the generation of the Cu(II) species. 1,5-H-Radical shift of

O-radical I generates C-radical II, which is trapped by molecular O2 to give peroxy radical III. Probably further reaction of
III with Cu(I) species gives Cu(II)-peroxide IV, which undergoes fragmentation to give aldehyde V [16-18], which in turn
cyclizes to afford hemiacetal 2a. Protonation of Cu(II)-peroxide
IV followed by the reduction of the resulting hydroperoxide
deliver 1,4-diol 3a. In the absence of molecular O2 (under a N2
atmosphere, Table 1, entry 15), the resulting C-radical I is
oxidized by the Cu(II) species to give carbocation VI [19],
which is trapped by the intramolecular hydroxy group to give
4a.
We next explored the substrate scope of the present aerobic
strategy for the synthesis of 1,4-diols by targeting methylene
C–H oxygenation with various tertiary hydroperoxides 1
(Table 2). Generally, oxygenation of benzylic methylene C–H
bonds proceeded smoothly to give the corresponding 1,4-diols 3
in good to moderate yields (77–51% yields) (Table 2,
entries 1–7). Moreover, the present method allowed for
oxygenation of nonbenzylic methylene C–H bonds, while yields
of obtained 1,4-diols 3 were relatively low (65–40% yields)
(Table 2, entries 8–13). In most cases (except for Table 2,
entries 3, 6, 7 and 11), either reduced alcohols 5 (up to 23%

Scheme 3: Proposed reaction mechanisms for the formation of 2a, 3a, and 4a.
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Table 2: Substrate scope: oxygenation of secondary C–H bonds.a

Entry

Hydroperoxides
1

1,4-Diols
3

Others
Alcohols 5

Alcohols 6

1
2
3

1b (R2 = Ph)
1c (R2 = Me)
1d (R2 = Et)

3b 77%
3c 72% (1:1)
3d 51% (1:1)

–
–
–

6b 8%b
6c 8%b
–

4
5
6

1e (R2 = 2-naphthyl)
1f (R2 = 4-Br-C6H4)
1g (R2 = CH2CH2Ph)

3e 62% (1:1)
3f 70% (1:1)
3g 51% (1:1)

5e 9%
5f 15%
–

6e 17%b
6f 15%b
–

–

–

5i 18%
5j 23%

6b 14%b
6c 20%b

7

8
9

1h

3h 56%

1i (R2 = Ph)
1j (R2 = Me)

3i 65%
3j 62% (1.27:1)

10

–
1k

3k 40% (1:1)

11

5k 16%

–
1l

–

3l 48%
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Table 2: Substrate scope: oxygenation of secondary C–H bonds.a (continued)

12
1m

3m 45% (1.27:1)

5m 18%

1n

3n 51%
(trans/cis = 1.37:1)

5n 13%

6c 20%b

13
6b 23%b

aReactions

were carried out using 0.5 mmol of hydroperoxides 1 with Cu(OAc)2 (5 mol %), 1,10-phen (5 mol %), and Et3N (0.5 equiv) in toluene/
MeCN (5:1, 0.1 M) at room temperature under an O2 atmosphere. After stirring for 4–7 h, the volatile materials were removed in vacuo, and the
resulting crude materials were further treated with LiAlH4 (1.2 equiv) in THF at rt for 1 h. Isolated yields are recorded. The ratio in parentheses is the
diastereomer ratio of the products 3, where available. b 1H NMR yields with 1,1,2,2-tetrachloroethane as an internal standard.

yield) or fragmented alcohols 6 (up to 23% yield), or both were
observed as minor products. The formation of alcohols 5 occurs
by two-electron reduction of hydroperoxides 1 followed by
protonation or by H-radical abstraction of the transient
O-radical generated by one-electron reduction of hydroperoxides 1 prior to the 1,5-H radical shift (Scheme 4). Presumably, radical fragmentation of O-radicals occurs to give the
corresponding ketones 7, which are reduced by LiAlH4 in the
next step to give alcohols 6 (Scheme 4).

The reaction of a secondary hydroperoxide such as 1o,
however, afforded C–H oxygenation product 2o (as a keto
form) only in 30% yield along with the formation of the corresponding reduced alcohol 5o and ketone 8o in 10% and 43%
yields, respectively (Scheme 5).
Oxygenation of tertiary C–H bonds was also examined under
the present aerobic conditions (Table 3). In these cases, the
Cu-catalyzed aerobic reactions afford hydroperoxides 9 as an

Scheme 4: Proposed reaction mechanisms for the formation of 5 and 6.

Scheme 5: The reaction of secondary hydroperoxide 1o.
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Table 3: Substrate scope oxygenation of tertiary C–H bonds.a

Entry

1
2

Hydroperoxides
1

1p (R2 = Ph)
1q (R2 = Me)

1,4-Diols
3

3p 52%
3q 45%

3

Others
Alcohols 5

Ketones 7

5p 16%
5q 23%

7b 28%b
7c 24%b

–
1r

7b 12%b

3r 47%

4

–
7b 12%b
1s

3s 23%

aReactions

were carried out by using 0.5 mmol of hydroperoxides 1 with Cu(OAc)2 (5 mol %), 1,10-phen (5 mol %), and Et3N (0.5 equiv) in toluene/
MeCN (5:1, 0.1 M) at room temperature under an O2 atmosphere. After stirring for 5–7 h, the reaction mixture was further treated with PPh3 (1 equiv)
at rt. Isolated yields are recorded. b 1H NMR yields with 1,1,2,2-tetrachloroethane as an internal standard.

initial aerobic C–H oxygenation product. After stirring for
5–7 h, the reaction mixtures were successively treated with
PPh 3 (1 equiv) for the reduction of 9 to obtain 1,4-diols 3.
Although the desired 1,4-diols 3 were formed with this two-step
one-pot procedure, the isolated yields of 3p–3r were moderate
(45–52% yields) (Table 3, entries 1–3). The oxygenation of the
adamantyl C–H bond was especially sluggish, giving the
desired 1,4-diol 3s in only 23% yield (Table 3, entry 4). Similarly, in these reactions, the formation of reduced alcohols 5 (for
Table 3, entries 1 and 2) and fragmented ketones 7 (for Table 3,
entries 1–4) were observed as minor products.
Our next challenge was to develop direct aerobic dioxygenation of alkanes using the present radical strategy. The generation of C-radicals from alkanes at C–H bonds bearing relatively
weak bond-dissociation enthalpies (i.e., tertiary alkyl C–H
bonds, benzylic C–H bonds, etc.), by phthalimide N-oxyl radicals generated oxidatively from N-hydroxyphthalimide (NHPI),
has been reported [20-22]. The resulting C-radicals could be
trapped with molecular oxygen to form hydroperoxides. It could

be envisioned that this aerobic C–H bond oxygenation could be
combined with the present remote C–H oxygenation with
hydroperoxides, presumably resulting in direct formation of
1,4-dioxygenated compounds from nonoxygenated alkanes
(Scheme 6).
With this hypothesis, alkane 10 bearing a dibenzylic tertiary
C–H bond (marked in green) was treated with the catalytic
system of CuCl-1,10-phen (20 mol %) with NHPI in benzene/
MeCN solvent under an O2 atmosphere (1 atm) (Scheme 7).
The reaction with 20 mol % of NHPI proceeded as expected at
50 °C to afford a mixture of lactol 2i and 1,4-diols 3i in 29%
and 3% yields, respectively, via the desired 1,4-dioxygenation,
while benzophenone (7b) was also formed in 30% yield through
fragmentation of the transient alkoxy radical (Scheme 4). Use of
40 mol % of NHPI slightly improved the yields of 1,4-dioxygenation products 2i and 3i (40% and 4% yields, respectively).
In conclusion, we have developed the Cu-catalyzed aerobic
oxygenation of aliphatic C–H bonds using hydroperoxides by a
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Scheme 6: 1,4-Dioxygenation of alkanes.

Scheme 7: Aerobic 1,4-dioxygenation of alkanes in the CuCl–NHPI catalytic system.

1,5-H radical shift of putative O-radicals derived from hydroperoxides followed by trapping of the resulting C-radicals with
molecular oxygen. A preliminary result involving the direct 1,4dioxygenation of alkane 10 was demonstrated by using the
present method. Further studies will be carried out to develop
more robust and efficient catalytic aerobic radical transformations for polyol synthesis from rather simple alkanes.
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Abstract
We describe the use of one of the most advanced radical polymerization techniques, the reversible addition fragmentation chain
transfer (RAFT) process, to produce highly functional core–shell particles based on a silica core and a shell made of functional
polymeric chains with very well controlled structure. The versatility of RAFT polymerization is illustrated by the control of the
polymerization of vinylbenzyl chloride (VBC), a highly functional monomer, with the aim of designing silica core–poly(VBC) shell
nanoparticles. Optimal conditions for the control of VBC polymerization by RAFT are first established, followed by the use of the
“grafting from” method to yield polymeric brushes that form a well-defined shell surrounding the silica core. We obtain particles
that are monodisperse in size, and we demonstrate that the exceptional control over their dimensions is achieved by careful tailoring
the conditions of the radical polymerization.

Introduction
The versatility of organic free radical chemistry in terms of
functionality and reaction conditions makes it a technique of
choice for the synthesis of functional polymeric materials.
However, the lack of control over the chain length and chain
end of the final polymeric material makes conventional radical
processes unsuitable for specific targeted applications. The

establishment in the 1990s of living radical polymerization
(LRP, defined as reversible deactivation radical polymerization
by the IUPAC), has dramatically changed the polymer-synthesis landscape allowing the easy production of well-defined
polymeric materials of desired molecular weights with narrow
dispersity (<1.5) and complex architectures (i.e., block copoly-
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mers) [1]. By exploiting a dormant state of the propagating
radical of a growing chain, it is possible to limit the proportion
of irreversibly terminated chains in a radical polymerization,
and thus to control the final structure of the resulting polymeric
chain. Among the many techniques of LRP reported to date, reversible addition–fragmentation chain transfer (RAFT) polymerization is one of the most versatile processes, both in terms
of tolerance towards a wide range of monomer functionality and
reaction conditions [2]. RAFT polymerization employs a chain
transfer agent (CTA, or RAFT agent), which is reversibly transferred from one propagating chain to another in a degenerative
process. The rapid exchange of the RAFT agent between propagating chains ensures that each chain grows simultaneously
over the course of the polymerization and a final narrow molecular weight distribution of the polymer product ensues. Moreover, the molecular weight of the final material can be easily
tuned depending on the amount of CTA initially introduced.
This degenerative process is triggered by the presence of radicals, typically obtained from thermal or photoinitiators, the
amount of which is kept low in comparison with the amount of
CTA introduced (i.e., high ratio CTA/initiator) in order to
minimise the fraction of dead chains produced. Therefore, it is
commonly assumed that the ratio of monomer to RAFT agent
gives the average degree of polymerization (DP, i.e., the
number of monomers per chain) [3,4].
RAFT polymerization has been used to generate a very large
range of materials ranging from polymeric architectures to
nanomaterials and hybrid materials [5-9]. In particular, RAFT
has had a major impact in addressing the challenge of preparing highly monodisperse core–shell nanoparticles, which
hold great promise for a range of applications such as drugdelivery vectors or colloidal-crystal self-assemblies [10,11].
RAFT polymerization initiated from preformed inorganic
nanoparticles enables the grafting of polymer shells from the
particle surface and yields well-defined particles from a range
of monomeric precursors [12]. While initial work focussed on
common monomers such as styrene [13-15] and (meth)acrylates [14-16], several recent papers seek to extend this work to a
greater variety of monomers [17-22]. One particular motivation
has been the post-polymerization functionalization of the
grafted chains to yield functional nanoparticles. Therefore,
monomers that allow such post-polymerization functionalization are beginning to attract greater research attention [23,24].
4-Vinylbenzyl chloride (VBC) is one such monomer that offers
ready post-polymerization functionalization through the
pendant chloride group [25-31], which can readily undergo
nucleophilic substitution [25-29] or be used as an initiating site
for another LRP system, i.e., atom transfer radical polymerization (ATRP) [30,31]. It has, therefore, been used in a variety of

systems as a precursor to glycopolymer stars [29], photo- and
pH-responsive nanoparticles [30], nanofibres [28], comb, graft
and star polymers [27], and triblock copolymers [26]. While
there have been reports of the (co)polymerization of VBC by
RAFT techniques [25-30,32], the polymerization of this highly
versatile monomer onto solid scaffolds has, thus far, not been
described. RAFT polymerization is an ideal radical process
technique for VBC as side reactions (such as dissociation of the
C–Cl bond, which would be expected if ATRP were used to
polymerize VBC) can be avoided [27,32]. For the purposes of
this study, high-molecular-weight chains (ca. 20 to 100 kg/mol)
are of importance, as the ability to grow high-molecular-weight
chains from the surface of the silica particles allows us to
increase the number of functionalizable benzyl chloride groups
present. Additionally, having a large amount of polymer grown
from the particle will allow fine control over the effective diameter of the particle by merely tuning the polymerization conditions to dictate the size of the polymer shell. This cannot be
achieved if low molecular weights are targeted, as their comparative contribution to the diameter of the particle is negligible.
This manuscript focuses on two aspects of RAFT polymerization. In the first instance, we explore the use of RAFT polymerization with either thermal autoinitiation of VBC or thermal
initiation by an azoinitiator to achieve a well-controlled polymerization of the monomer in solution (Scheme 1). We then use
the latter approach to form well-defined core–shell nanoparticles wherein the size of the polymer shell can be varied by
changing the degree of polymerization of the grafted polymer
chains.

Results and Discussion
Previous literature on the RAFT-mediated polymerization of
vinylbenzyl chloride has utilized either thermal autoinitiation
[29], or azoinitiators [25-28,32] and photoinitiators [33]. Of
these investigations only two were concerned with polymers
greater than 20 kg/mol, and hence, our studies focussed on the
RAFT polymerization of VBC using either thermal autoinitiation or an azoinitiator [26,29]. The former method is reported to
yield faster kinetics due to the higher kp at elevated temperatures [29] and, thus, initial experiments in this study were
conducted at 110 °C in the presence of the RAFT agent
2-(butylthiocarbonothioylthio)propionic acid (PABTC) without
any additional initiator. In addition to targeting a high-molecular-weight polymer by choosing a high degree of polymerization (DP), we also prepared polymers of lower molecular
weights (DP 100) to serve as a point of comparison.
The two polymerizations showed conventional kinetics features
for a radical polymerization, i.e., increase of the monomer
conversion with increasing reaction time and linear semilog
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Scheme 1: RAFT polymerization and silica-supported RAFT polymerization of vinylbenzyl chloride (VBC).

kinetics plots (Supporting Information File 1, Figure S1),
although significant rate retardation, typically observed in
RAFT polymerization [34], was noted for lower DP targeted.
Size-exclusion chromatography (SEC) analysis of the polymer
chains showed that for both DPs targeted, a linear increase of
the molecular weight was noted with increasing conversions of
up to ca. 20%. After this point, however, the molecular weights
taper off or steadily decrease for polymers of DP 100 and DP
2,500, respectively (Figure 1). We hypothesise that this negative deviation of the experimental molecular weight derived
from the large number of thermally initiated chains in solution.
In fact, in the case of thermal autoinitiation, since the monomer
plays also the role of the initiator, the concentration of initiator
would be intimately linked to the monomer concentration. Thus,
when high DP are targeted (i.e., low [CTA]0), it is expected that

the concentration of monomer-initiated chains (i.e., VBCderived chains) would greatly outnumber the chains initiated by
the R-group of the RAFT agent (i.e., CTA-derived chains). If
the number of thermally initiated chains is not negligible in
comparison with the number of CTA-derived chains (typically,
<10% of the total number of chains is considered negligible) a
negative deviation of the theoretical molecular weight is
expected, as seen in Equation 1 where [VBC]0 and [PABTC]0
are the initial concentration in VBC and RAFT agent, [thermally initiated chains] is the concentration of generated VBC
initiator species, C is the monomer conversion, and M(VBC) and
M(PABTC) are the molar masses of monomer and chain transfer
agent, respectively.

(1)

Figure 1: Evolution of number-average molecular weight (Mn) and
Mw/Mn values of the poly(VBC) chains obtained by RAFT polymerization with PABTC as CTA and thermal autoinitiation. Dashed lines
depict the theoretical molecular weights obtained from Equation 1
without taking into account the thermally initiated chains.

This important feature would also explain the poor uniformity
of the final material obtained (cf. the high Mw/Mn values in
Figure 1) as the final number of dead chains (chains not
possessing a trithiocarbonate, from the RAFT agent ω-end
group and thereby nonliving) is related to the total number of
VBC-initiated chains. Therefore, when high DPs are targeted,
the fraction of VBC-initiated chains (i.e., dead polymer chains)
is expected to be very large. It is worth noting that this negative
deviation of the experimental molecular weight with the monomer conversion together with high Mw/Mn values when high
DPs are targeted has also been previously observed by Chen et
al. who prepared star polymers of VBC using thermal autoinitiation [29].
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Since thermal autoinitiation resulted in poor control over the
polymer chains, we next investigated the use of an azoinitiator,
2,2′-azobis(2-methylpropionitrile) (AIBN). For these experiments, two DPs (100 and 4,100) were targeted, keeping the
initial concentration of AIBN and monomer constant so as to
obtain similar kinetics for each experiment. As seen in Figure 2,
the polymerizations in each case proceeded at almost identical
rates (although Figure 2B shows slight retardation at DP 100, as
expected for RAFT polymerization targeting lower DPs, see
above), irrespective of the DP, while similar linear semilog
kinetics plots for each experiment suggest that the radical flux is
constant over the time scale of the experiments.

For both polymerizations, the molecular weights of the
poly(VBC) chains are close to the theoretical molecular weights
(see Table 1). There were two important considerations associated with this finding: (1) the experimental molecular weights
of the polymers (Mn(Exp.)) were determined by using a SEC
system calibrated with narrow-molecular-weight poly(styrene)
standards. Since this system results in Mn(Exp.) values relative to
poly(styrene), these M n(Exp.) were corrected by taking into
account the difference in molecular weight between VBC and
styrene (see Table 1, footnote b). (2) In order to accurately
determine the theoretical molecular weight for each experiment,
it is crucial to also take into account the concentration of AIBN-

Figure 2: Conversion and ln([M]0/[M]) versus time for AIBN-initiated, PABTC-mediated polymerization of VBC at DP 100 (squares) and DP 4,100
(circles): (A) monomer conversion versus reaction time; (B) semilog kinetics plots with dashed lines indicating linear fits of the data (DP 100, long
dashes; DP 4,100, short dashes).

Table 1: Characteristics of polymers produced by the AIBN-initiated, PABTC-mediated polymerization of VBC at 60 °C.

Expt. No.

Time (h)

Conversiona

Mn (Theory) (g/mol)

Mn (Exp.) (g/mol)b

Mw/Mn

AIBN-initiated chains (%)c

1d
2d
3d
4d
5d
6e
7e
8e
9e
10e

2
4
7
16
21
2
4
8
16
21

6%
13%
26%
46%
56%
8%
13%
25%
54%
62%

2,000
2,400
3,600
6,000
7,800
40,800
50,900
74,700
113,200
113,300

2,300
2,700
4,000
6,500
8,400
42,800
50,000
72,900
98,800
110,200

1.36
1.42
1.39
1.32
1.27
1.84
1.95
1.77
1.91
1.97

1%
1%
2%
4%
5%
24%
38%
53%
67%
71%

aDetermined
bDetermined

by 1H NMR.
by SEC:

.
the ratio of AIBN-initiated chains (calculated in a similar manner as in Equation 2) to total chains.
dPolymerizations carried out at 60 °C in DMF (10 wt %) and [VBC] /[PABTC] /[AIBN] = 100/1/0.1.
0
0
0
ePolymerizations carried out at 60 °C in DMF (9 wt %) and [VBC] /[PABTC] /[AIBN] = 4,100/1/5.
0
0
0
cFrom
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initiated chains generated by the decomposition of AIBN
throughout the polymerization (see Equation 2 where f is the
initiator efficiency (assumed to be 0.5 for AIBN), the term “2”
means that 1 molecule of azoinitiator gives two primary radicals, kd is the dissociation constant of AIBN at 60 °C (9.8 ×
10 −6 s −1 ), t is the time in seconds, and f c is the coupling
constant (fc = 1 for 100% termination by combination and fc = 0
for 100% termination by disproportionation), assumed to be 1 in
this case since poly(VBC) and poly(styrene) are considered to
terminate primarily by combination). This is especially true in
the case when high DPs are targeted (for instance 4,100) where
the ratio of AIBN to PABTC is 5:1, which results in a substantial proportion (71%) of AIBN-derived chains after 21 h.

(2)

As seen in Table 1, the contribution of the AIBN-initiated
chains to the total number of chains becomes significant at
higher DPs and explains the negative deviation of M n(Exp.)
under these conditions. The presence of these AIBN-initiated
chains also adversely affects the Mw/Mn values of the polymers
at DP 4,100, which are consistently higher than those at DP 100
(compare experiments 6–10 with experiments 1–5 in Table 1).
However, this is an unavoidable consequence of RAFT polymerization under these conditions, when targeting such
extremely high DPs. Nonetheless, since a predictable increase
in Mn with conversion was demonstrated (a key requirement for

the controlled synthesis of core–shell particles), we proceed to
undertake the polymerization in the presence of silica-supported
RAFT agents.
In the preparation of the silica–polymer hybrid particles, our
aim was to form polymer brushes on the surface of the particles.
Thus, the so-called “grafting from” approach, where the
R-group of the RAFT agent is attached to the silica particle
[12,35], was used to obtain a high grafting density [36]. The
sulfur content of the particles (hereby SiP–RAFT) was determined by elemental microanalysis, and the grafting density of
RAFT–agents on the surface of the particles was calculated to
be 0.4 groups·nm−2 (see Supporting Information File 1, Equation S1). SiP–RAFT particles were added into the polymerization media such that the particles accounted for 1 wt % of the
total mass of the reactants. In addition to the silica-supported
RAFT agent, free PABTC was also added to the system in order
to maintain control over the polymerization, as previously
described [37]. Using the grafting density of the SiP–RAFT, we
calculated that the tethered RAFT agent accounts for ca. 10% of
the total RAFT agent in the reaction. Thus, two distinct types of
RAFT-mediated chains are present in the solution. The first
type is derived from the free RAFT agent, while the second type
is anchored to the silica surface.
The silica-supported RAFT polymerization was performed
at a DP of 4,400 and an initiator concentration of
7.22 × 10 −3 mol·L −1 (CTA/AIBN ratio of 1/5), conditions
analogous to experiments 6–10 in Table 1 above. As seen in
Figure 3, the addition of the SiP–RAFT particles to the polymerization media does not have any deleterious effect on the

Figure 3: AIBN-initiated, PABTC-mediated polymerization of VBC with (triangles, DP 4,400) and without (circles, DP 4,100) SiP–RAFT particles: (A)
monomer conversion versus reaction time; (B) pseudo-first order plots with dashed lines indicating linear fits of the data (long dashes, with particles,
DP 4,400; short dashes, without particles, DP 4,100).
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polymerization, and similar kinetics are observed in the experiments with and without particles, as expected since SiP–RAFT
only accounts for ca. 10% of the total RAFT agent in the reaction.
The free polymer chains are readily separated from the silica
particles by dilution of the polymerization mixture with THF
and subsequent centrifugation. SEC analysis shows that there is
a very close adherence of the molecular weight of the free
chains to the theoretically expected values at each step of the
polymerization (Figure 4) and the chains maintained a
monomodal size distribution throughout the polymerization (see
Supporting Information File 1, Figure S2). Grafted chains were
liberated from the particles (before being subjected to SEC
analysis) by using hydrofluoric acid (HF) to destroy the silica
core by etching. These chains show higher Mn(Exp.) than the
theory and higher M w /M n values than for the free polymer
chains, particularly at higher conversions. This observation can
be attributed either to a poorer control over the RAFT process,
for instance the possible occurrence of branching due to chain
transfer between grafted polymeric chains and other side reactions occurring during the RAFT process and enhanced by the
high local concentration of grafted chains [34,38,39], or the
result of the harsh conditions used to etch the silica, which may
affect the polymeric chains. Indeed, there were several difficulties encountered during the etching experiments with high pressures being noted in the SEC system when eluting samples. In
addition, in contrast to the free polymer chains some bimodality
was observed in the etched polymer chains (see Supporting
Information File 1, Figure S3 cf. Figure S2). No conclusive
elucidation of any degradation to degrafted chains was possible,
as the amount of material recovered was insufficient for
1H NMR analysis. The high pressures in the SEC were particularly prevalent in the two samples taken later in the polymeriza-

Figure 4: Evolution of molecular weights of free and grafted poly(VBC)
chains with conversion.

tion (at 16 hours and 21 hours). Thus, the SEC data for these
two samples may be underestimated (i.e., the longest polymer
chains may have been removed during the filtration). What is
evident, however, is that in nearly every sample, the molecular
weight of the grafted polymer is higher than that of the free
polymer. This is similar to what was previously observed in the
thermally autoinitiated SiP–RAFT-mediated polymerization of
styrene, since the molecular weight of the grafted chains is not
affected by the thermally initiated free chains, the presence of
which contributes to lower the molecular weight of the
nongrafted chains [36]. A thorough analysis of the hybrid
nanoparticles at each of the kinetic points was then carried out.
The particles were washed by repeated centrifugation–redispersion cycles in THF in order to completely remove free polymer
chains adsorbed onto the particles. The particles (henceforth
SiP–p(VBC) particles) were studied by dynamic light scattering (DLS), which showed a monomodal peak indicating
well-defined particles with no aggregation (Supporting Information File 1, Figure S4). There is a clear increase in the diameters of the particles as the reaction proceeds, indicating a growth
of the polymer shell surrounding the silica core. Plotting the
average diameter and polydispersity index (PDI) of the particles against monomer conversion (Figure 5), shows an increase
in particle size with increasing conversion. This continues past
the first three data points in stark contrast to the Mn of the
polymer chains degrafted from the particles. This strongly
suggests that the grafted chains do indeed continue to increase
in size, despite the plateau observed in the SEC (which could be
an artefact of the SEC analysis and the loss of higher-molecular-weight chains on the SEC filters, thereby resulting in the
high system pressures mentioned previously). Alternatively,
assuming the SEC analysis is an accurate depiction of the
polymer chains, it is possible that even though the growth of the

Figure 5: Plot of the average diameter and PDI of particles recovered
from silica-supported RAFT polymerization of VBC.
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polymer chains slows down at higher conversions, the particles
in solution continue to increase in size due to the solvent
swelling the grafted polymer chains, thus increasing the
apparent particle diameter.
It is also noteworthy that the PDI of the particles remains low
throughout the reaction (PDI < 0.2), in contrast to the relatively
high PDIs obtained for both the grafted and free polymeric
chains from this reaction (Figure 4). This observation shows
that despite the high Mw/Mn values for the poly(VBC) chains
and the number of initiator-derived chains in the system, a very
well controlled growth of particles is achievable and the size of
the hybrid particle can be dictated as desired.
Thermogravimetric analysis (TGA) of the hybrid nanoparticles
recovered from the reaction showed a steady increase in mass
loss with increasing monomer conversion (Supporting Information File 1, Figure S5). Plotting the mass lost against conversion shows an almost linear trend indicating that the addition of
polymer to the silica particles proceeds in a controlled manner,
thus allowing precise incorporation of the required amount of
VBC onto the silica particle. The mass loss on TGA, accompanied with the Mn of the (cleaved) chains measured by SEC
allows calculation of the grafting density of the particles (See
Supporting Information File 1, Equation S2). As seen in
Supporting Information File 1, Figure S5, this remains nearly
constant throughout the polymerization with an average value
of 0.11 chains/nm2 (compared to 0.18 chains/nm2 if the Mn of
the free chains is used for calculation).
Transmission electron microscope (TEM) analysis of the particles recovered from the reaction shows that as the reaction
proceeds, the polymer shell around the particles increases in

size (Figure 6). The polymer shell is visible as the dark grey
region between the particles, and it increases in size from 10%
conversion (57,600 g/mol, grafted polymer) to 54% conversion
(208,000 g/mol, grafted polymer). TEM samples of particles
recovered from intermediate stages of the polymerization are
included in Supporting Information File 1, Figure S6. It should
be noted that TEM images of the particles show the average
diameter of the particles to be smaller than that measured by
DLS. We ascribe this to the fact that the polymer shell on the
particles in DLS analysis is measured in a swollen state with a
presumably fully extended chain, whereas the shell visible in
the TEM images is desolvated and consequently appears in a
shrunken state. We consider the size obtained by DLS as a more
accurate depiction of the particles, as this technique assays a
much greater number of particles and provides fuller information regarding the distribution of particle sizes in the samples.
The pervasive presence of these polymer shells, keeping the
particles from aggregating, is evidenced by the uniform distance between the particles. Thus, well-defined core–shell
nanoparticles of tunable sizes are readily available using
surface-initiated RAFT of VBC.

Conclusion
We have demonstrated the controlled polymerization and
grafting onto silica nanoparticles of 4-vinylbenzyl chloride
using RAFT polymerization. Whilst thermal autoinitiation of
VBC does not lead to well-controlled molecular weight at high
conversions, the control is improved by using AIBN as initiator
and lower temperatures for DPs around 100, whilst targeting
DPs of an order of magnitude higher in similar conditions lead
to poorer molecular-weight control, mainly due to the large
contribution of terminated polymeric chains. When polymerising VBC in the presence of SiP–RAFT, using AIBN as an

Figure 6: TEM micrographs of particles (A) after 2 hours and (B) after 21 hours of VBC polymerization. Scale bars represent 0.1 μm.
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azoinitiator in the reaction medium resulted in a linear evolution of the final particle sizes with conversion. This allowed the
desired particles size to be reliably synthesised with a high
degree of monodispersity. Indeed, the particles recovered show
monomodal particle-size distribution and very low dispersities.
Their uniformity results in the formation of well-ordered films,
showing long-range two-dimensional order.
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Abstract
Organophosphorus compounds are important in organic chemistry. This review article covers emerging, powerful synthetic
approaches to organophosphorus compounds by homolytic substitution at phosphorus with a carbon-centered radical. Phosphination reagents include diphosphines, chalcogenophosphines and stannylphosphines, which bear a weak P–heteroatom bond for
homolysis. This article deals with two transformations, radical phosphination by addition across unsaturated C–C bonds and substitution of organic halides.

Introduction
Organophosphorus compounds constitute an important class of
compounds in a wide range of applications in organic chemistry, as reagents, intermediates, ligands, bioactive agents, and
functional materials [1-4]. The synthesis of organophosphorus
compounds has therefore been extensively investigated
(Scheme 1). Classical methods to form a C–P bond include
ionic reactions such as nucleophilic substitution of P–X compounds with organometallic reagents, nucleophilic substitution
of alkyl halides with phosphorus nucleophiles, and nucleophilic
addition to polar unsaturated bonds. Recent advances in transition-metal catalysis have realized catalytic cross-coupling
reactions of aryl halides with H–P compounds [5-7] and
catalytic addition to nonpolar unsaturated carbon–carbon bonds

Scheme 1: Representative C–P bond-forming reactions.
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[8-11]. In the field of radical chemistry, the addition of phosphorus radicals, mainly from H–P compounds, onto
carbon–carbon multiple bonds [12-15] has held a special position since they provide transformations unattainable by polar
reactions.
Homolytic substitution is a reaction in which a radical (R•)
attacks a saturated atom (X) in a molecule with the liberation of
a leaving radical (L•) from the atom (Scheme 2). Homolytic
substitution at halogen and chalcogen atoms is well known to
proceed and hence has been widely used in organic synthesis
[16-19]. In contrast, applications of homolytic substitution to
C–P bond formation have been rarely explored. With the
growing importance of organophosphorus compounds,
increasing attention has been paid to homolytic substitution at
phosphorus. The new tool for C–P bond formation has achieved
interesting transformations that ionic reactions cannot. This
review summarizes homolytic substitution at phosphorus for
C–P bond formation in organic synthesis while the relevant
mechanistic studies are found in the literature [19-21]. This
review deals with two transformations, radical phosphination by
addition across unsaturated C–C bonds and substitution of
organic halides.

Scheme 3: Addition of diphenyl(triphenylstannyl)phosphine.

Scheme 4: Addition of diphenyl(trimethylstannyl)phosphine.

Scheme 2: General equation of homolytic substitution.

Review
Radical addition of phosphination agents
Stannylphosphines of the type R 3 Sn–PR’ 2 are known to
undergo radical addition to carbon–carbon unsaturated bonds.
Schumann reported the addition of diphenyl(triphenylstannyl)phosphine to allyl chloride, styrene, and phenylacetylene (Scheme 3) [22,23]. The addition is most likely to proceed
via a radical process as the absence of AIBN leads to considerable decreases in yield. Mitchell then reported that
diphenyl(trimethylstannyl)phosphine reacts not only with
terminal alkynes but also with internal alkynes and allenes
(Scheme 4) [24,25]. It is noteworthy that the regioselectivity of
the radical addition to propynamide is opposite to that of the
relevant ionic Michael addition. Considering the regioselectivity, these addition reactions naturally involve C–P bond formation by homolytic substitution at phosphorus (Scheme 5).
Studer recently reported similar silylphosphination of phenyl
vinyl sulfone with Me3Si–PPh2 [26].
Tzschach reported that tetraorganodiphosphines R2P–PR2 add
to phenylacetylene under UV irradiation or upon heating in the
presence of AIBN (Scheme 6) [27]. The reaction consists of the

Scheme 5: Plausible mechanism of addition of R3Sn–PPh2.

Scheme 6: Addition of tetraorganodiphosphines to phenylacetylene.

addition of a diorganophosphanyl radical to phenylacetylene
and the homolytic substitution of tetraorganodiphosphine with
the resulting vinyl radical to afford the adduct and to regenerate
the initial diorganophosphanyl radical (Scheme 7). The high E
selectivity is attributable to kinetic control of the homolytic
substitution, where R2P–PR2 preferentially approaches the vinyl
radical from the roomier side. Although the transformation
looks useful to construct an (E)-1,2-diphosphanylethene
skeleton, the scope of alkyne is limited to phenylacetylene and
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Scheme 7: Plausible mechanism of anti-diphosphination.

the reactions result in unsatisfactory yields because of the instability of the products as well as the diphosphines in air.
A more general, facile, and reliable method for diphosphination
was later reported by Yorimitsu and Oshima, which utilizes
diphosphines generated in situ from chlorophosphine and
hydrophosphine in the presence of triethylamine [28]. A variety
of terminal alkynes undergo the radical diphosphination
(Table 1). The diphosphination was applicable to the synthesis
of a new push–pull-type molecule that emits blue fluorescence
(Scheme 8). The initially formed diphosphanylethylene derivatives are not very stable in air, and therefore sulfidation or oxidation was performed to accurately assess the efficiency of the
diphosphination reactions.
Ogawa independently reported similar diphosphination under
UV irradiation (Table 2) [29,30]. The reactions favor the formation of Z isomers, which results from photoinduced isomeriza-

Scheme 8: Radical diphosphination for synthesizing fluorescent material.

Table 2: Photoinduced radical diphosphination of terminal alkynes.

R

Time (h)

Yield (%)

E/Z

CH2CH2CHMe2
(CH2)3Cl
Ph

39
18
1

62
55
45

18:82
42:58
<1:99

tion of initially formed E isomers. Ogawa’s diphosphination is
thus potentially useful for the synthesis of (Z)-1,2-diphosphanyl-1-alkenes, which can serve as bidentate ligands.

Table 1: Radical anti-selective diphosphination of terminal alkynes.

Morse developed photoinduced addition of tetrafluorodiphosphine to alkenes and alkynes in the gas phase (Table 3) [31-34].
The addition provides a series of intriguing bidentate phosphine ligands. The addition to alkynes yields 1:1 mixtures of
E/Z isomers. Due to the high reactivity of a difluorophosphanyl
radical, considerable polymerization takes place unless
substrates or olefinic products are reasonably inert.

R

Yield (%)

C10H21
Ph
C6H4-p-OMe
C6H4-p-CO2Me
C6H4-p-I
C6H4-p-COMe
(CH2)3OBn
(CH2)6CO2Et
(CH2)9SCOMe
(CH2)9Cl

84
87
89
95
83
96
78
86
80
86

Yorimitsu and Oshima reported radical addition of a P–S bond
across alkyne by using diphenyl(organosulfanyl)phosphine (Table 4) [35]. The addition proceeds mainly in an anti fashion to
afford the adducts bearing a sulfanyl group at the terminal
carbon and a phosphanyl group at the internal carbon. The reaction mechanism is similar to that in Scheme 7 (Scheme 9). The
regioselective outcome suggests that the homolytic substitution
occurs exclusively at phosphorus, not at sulfur. A sulfanyl
radical is liberated to add the terminal carbon of alkyne. To
reverse the regioselectivity in radical addition of a P–S bond,
S-thiophosphinyl O-ethyl dithiocarbonates were created,
although the reversed addition excludes homolytic substitution
at phosphorus (Scheme 10) [36].
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Table 3: Photoinduced radical diphosphination with tetrafluorodiphosphine.

Product

Table 4: Thiophosphination of terminal alkynes.

Yield (%)

R1

R2

Yield (%)

50

C10H21
c-C6H11
Ph
C6H4-p-OMe
C6H4-o-OMe
C6H4-p-COMe
C6H4-p-CO2Me
C6H4-p-CF3
C6H4-p-NH2
(CH2)3OH
C6H4-p-OMe
C10H21
C10H21

Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
C12H25
C12H25
t-Bu

75
61
83
75
85
69
73
69
80
66
70
42
51

62

<10

13

52

0

5

10

65

25

Kawaguchi, Nomoto, and Ogawa seminally studied the photoinduced radical chalcogenophosphination of alkynes and allenes
by means of PhCh–ChPh/Ph2P–PPh2 binary systems (Ch = S,
Se, Te) [30,37-39]. The regioselective outcome of the photoinduced thio- and selenophosphination of terminal alkynes
(Table 5) is similar to that of the thermal thiophosphination
(Scheme 9). Detailed mechanistic studies revealed that comproportionation between PhSe–SePh and Ph 2 P–PPh 2 occurs
smoothly to generate PhSe–PPh2 as the actual reactive species.
Selenophosphination of terminal allene affords (2-phenylselenyl-2-alkenyl)diphenylphosphine regioselectively
(Scheme 11). Notably, the sense of the regioselectivity of

Table 5: Photoinduced thio- and selenophosphination by dichalcogen/
diphosphine binary system.

Scheme 9: Mechanism of thiophosphination with diphenyl(organosulfanyl)phosphine.

Scheme 10: Thiophosphination with S-thiophosphinyl O-ethyl dithiocarbonate.

R

Ch

Yield (%)

C6H13
C6H4-p-OMe
1-cyclohexenyl
C6H4-p-Br
C6H4-p-OMe
1-cyclohexenyl

S
S
S
Se
Se
Se

77
91
87
96
78
83
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Scheme 11: Photoinduced selenophosphination of allenes.

tellurophosphination by a PhTe–TePh/Ph2P–PPh2 system is
opposite to those of the thio- and selenophosphination
(Scheme 12). This reversal indicates that homolytic substitution at tellurium overwhelms that at phosphorus and that a
diphenylphosphanyl radical is more reactive than a phenyltelluranyl radical.

Scheme 14: Plausible mechanism of decarboxylative phosphorylation.

white phosphorus followed by oxidation with hydrogen
peroxide yields alkylphosphonic acid. The efficient phosphination would stem from the highly strained structure and the weak
P–P bonds of white phosphorus.

Scheme 12: Photoinduced tellurophosphination.

Substitution of halides (X), carboxys (COOR),
or carboxylates (OCOR) with phosphorus
After scattered research efforts into the uncontrolled radical
C–H phosphination under harsh reaction conditions [40], Barton
elegantly devised radical decarboxylative phosphorylation of
carboxylic thiohydroxamic mixed anhydrides (Scheme 13) [41].
Radical addition of a phenylsulfanyl radical to the thiocarbonyl
generates the corresponding alkyl radical R•, which undergoes
homolytic substitution at the phosphorus of P(SPh)3 to furnish
(PhS)2P–R as the initial product (Scheme 14). Oxidative addition of the disulfide byproduct to the initial product furnishes a
pentavalent phosphorus species that is eventually hydrolyzed to
an S,S-diphenyl dithiophosphonate upon workup.

Scheme 13: Decarboxylative phosphorylation of carboxylic acid
derivatives.

Barton also reported that white phosphorus reacts with
N-acyloxythiopyridones, so-called Barton PTOC esters
(Scheme 15) [42]. Photolysis of the esters in the presence of

Scheme 15: Radical phosphination of PTOC esters with white phosphorus.

After 13 years of silence, radical substitution reactions of
organic halides and related compounds with phosphination
agents have now been rapidly developing since 2006. Yorimitsu and Oshima invented radical phosphination of organic
halides with tetraphenyldiphosphine (Table 6) [43].

Table 6: Radical phosphination of aryl iodides.

R

Yield (%)

H
2,4,6-Me3
2-MeO
4-MeO
4-CF3
4-Br
4-CN
4-COCH3
4-OTf
4-CO2CH2CH=CH2

88
63
65
75
78
66
69
47
68
78
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Tetraphenyldiphosphine is generated in situ by radical reduction of chlorodiphenylphosphine with tris(trimethylsilyl)silane
followed by condensation of the resulting diphenylphosphine
with the remaining chlorophosphine (Scheme 16, equation 1
and 2). An aryl radical reacts with tetraphenyldiphosphine to
liberate a diphenylphosphanyl radical, which abstracts hydrogen
from tris(trimethylsilyl)silane to sustain the chain propagation
(Scheme 16, equation 3–5). The in situ formations of
diphenylphosphine and of tetraphenyldiphosphine can exclude
the handling of pyrophoric diphenylphosphine and air-sensitive
tetraphenyldiphosphine. The user-friendly conditions are also
suitable for dicyclohexylphosphination with ClP(c-C6H11)2.

Scheme 17: Stereoselective phosphination leading to (S,S)aminophosphine derivative.

Diphosphine approaches the resulting radical from the opposite
side of the NHBoc group to invert the original stereochemistry.
Studer developed in 2007 new elegant reagents Me3Sn–PPh2
and Me3Si–PPh2 for radical phosphination [44]. The scope of
his phosphination with Me3Sn–PPh2 is wide as summarized in
Table 8. Although the low toxicity of Me3Si–PPh2 is advantageous, phosphination with Me 3 Si–PPh 2 is limited to alkyl
halides or imidazole-1-carbothioate. Density functional theory
calculations have clarified the homolytic substitution process is
a two-step mechanism via a tetracoordinated phosphorus atom
(Figure 1). The spin density in the tetracoordinated phosphorus
intermediate is localized mostly on the Sn atom while the
remaining spin density is found in the equatorial position of the
distorted trigonal prismatic P atom.

Scheme 16: Plausible mechanism of radical phosphination (Si =
(Me3Si)3Si).

Phosphination of alkyl halides as substrates results in unsatisfactory yields. Instead, Barton’s alkyl imidazole-1-carbothioates are good substrates for this radical phosphination (Table 7).
Conversion of an optically pure cis-carbothioate leads to transaminophosphine of potential use as a ligand (Scheme 17).

Table 7: Radical phosphination of alkyl imidazole-1-carbothioates.

R1

R2

Yield (%)

c-C6H11
c-C6H11
EtOCOCH2CH(CH3)
3-oxacyclopentyl
C6H13

Ph
c-C6H11
Ph
Ph
Ph

87
68
89
87
63

Table 8: Radical phosphination with Me3Sn–PPh2.

R–X

Yield (%)

p-MeOC6H4–I
p-NCC6H4–I
p-CF3C6H4–I
p-ClC6H4–I
o-MeOC6H4–I
o-MeO2CC6H4–I
CH3CBr=CH2
C5H11–I
c-C6H11–I
C11H23–Br
t-Bu–Br
C5H11–SePh
c-C6H11–OCS-1-imidazole

73
79
75
72
59
73
76
79
94
54
83
60
57

The rate constant for phosphination of an aryl radical with
Me3Sn–PPh2 is calculated to be ca. 9 × 108 M−1s−1 by competition kinetics with Bu 3 SnH reduction [45]. This large rate
constant allows for stereospecific trapping of axially chiral acyl
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Table 9: Phosphinative radical addition of alkyl iodides to activated
alkenes.

Figure 1: Calculated reaction profile of homolytic substitution between
Ph• and Me3Sn–PPh2 at the B2-PLYP-D/TZVVP//PBE-D/TZVP level.
Gray lobes indicate major spin densities.

radicals with Me3Sn–PPh2 (Scheme 18). Chemodivergent trapping of diastereomers of an N-(2-cyclohexenyl)acetanilide
derivative is interesting (Scheme 19). One isomer undergoes
direct phosphination while the other cyclizes prior to phosphination.

Scheme 18: Phosphination with retention of axial chirality.

R

M

EWG

Yield (%)

c-C6H11
c-C6H11
t-Bu
t-Bu
C5H11
C5H11
c-C6H11
c-C6H11
c-C6H11

Si
Sn
Si
Sn
Si
Sn
Sn
Sn
Sn

CO2t-Bu
CO2t-Bu
CO2t-Bu
CO2t-Bu
CO2t-Bu
CO2t-Bu
SO2Ph
CONMe2
CN

72
64
76
69
<5
<5
48
44
79

Studer’s stannylphosphine technology is reliable enough to be
applied to the construction of interesting π-conjugated frameworks. In collaboration with Yamaguchi, Studer invented a new
radical reagent (Me3Sn)2PPh for the synthesis of highly strained
bis(phosphoryl)-bridged biphenyls (Scheme 20) [46]. Subsequently, Liu reported an efficient synthesis of bis(phosphoryl)bridged ladder triphenylene by means of the radical clipping
with (Me3Sn)2PPh (Scheme 21) [47]. In light of the increasing
importance of phosphoryl-bridged π-conjugated skeletons in
organic material sciences, (Me3Sn)2PPh will serve as a key
reagent.

Scheme 19: Chemodivergent phosphination.

Intermolecular phosphinative radical addition of alkyl iodides to
activated alkenes proceeds in the presence of Me3M–PPh2 (M =
Sn, Si) and V-40 (Table 9) [26]. Secondary and tertiary alkyl
iodides participate in the addition reaction while primary alkyl
iodide results in direct phosphination prior to the expected addition. Not only acrylate ester but also acrylamide, vinyl sulfone,
and acrylonitrile are good radical acceptors in this addition.

Scheme 20: Bis(phosphoryl)-bridged biphenyls by radical phosphination.

Ogawa developed photoinduced phosphination of perfluoroalkyl iodides with tetraorganodiphosphines (Scheme 22) [48].
Remarkably, the phosphination proceeds quantitatively. The
phosphine ligands thus synthesized are fluorophilic. Particu-
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phorus always culminates in difunctionalization of a multiple
bond. Therefore this methodology will find application in the
synthesis of complex phosphines including bidentate ones.
Radical substitution of halogen in organic halide with phosphorus will be an alternative to classical ionic substitution.
Advantageously, it requires neither highly basic conditions nor
transition metals. Homolytic substitution at phosphorus is still
in its infancy. In light of the rich chemistry of organophosphorus compounds, it will find wider application in organic synthesis in the future.
Scheme 21: Bis(phosphoryl)-bridged ladder triphenylene by radical
phosphination.

Scheme 22: Photoinduced phosphination of perfluoroalkyl iodides with
tetraphenyldiphosphine.

larly, two molecules of perfluorodecyldiphenylphosphine coordinate to palladium dichloride to form a catalytically active
palladium complex that is useful for a fluorous/organic biphasic
system.
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Abstract
Since the beginning of the century, N-hydroxyphthalimide and related compounds have been revealed to be efficient organocatalysts for free-radical processes and have found ample application in promoting the aerobic oxidation of a wide range of organic
substrates. When combined with different co-catalysts, they are activated to the corresponding N-oxyl radical species and become
able to promote radical chains, involving molecular oxygen, directly or indirectly. Most of the examples reported in the literature
describe the use of these N-hydroxy derivatives in the presence of transition-metal complexes. However, eco-friendly standards,
including the demand for highly selective transformations, impose the development of metal-free processes, especially for largescale productions, as in the case of the oxygenation of hydrocarbons. For this reason, many efforts have been devoted in the past
decade to the design of new protocols for the activation of N-hydroxy imides in the presence of nonmetal initiators. Herein we
provide a concise overview of the most significant and successful examples in this field, with the final aim to furnish a useful
instrument for all scientists actively involved in the O2-mediated selective oxidation of organic compounds and looking for environmentally safe alternatives to metal catalysis.

Introduction
The development of efficient and cheap catalytic systems for
the selective oxidation of organic substrates under mild and
environmentally benign conditions represents one of the major
challenges in organic synthesis [1]. In this context, the replacement of traditional oxidants, often used in stoichiometric
amounts, with molecular oxygen is mandatory in order to

improve the beneficial impact of selective oxidation on industrial chemistry [2-5]. Nevertheless, classical autoxidation is
usually very slow at low temperatures, and catalysis is required
to activate O2. Transition-metal salts are particularly effective
for this scope [6], but their use is often detrimental for the selectivity of the process and they would not meet the standards of
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“green chemistry”. An alternative catalytic route is based on the
use of N-hydroxy imides (NHIs), and in particular
N-hydroxyphthalimide (NHPI), which have found ample application as ideal catalysts for the aerobic oxidation of organic
substrates [7-11].
NHPI acts as a precursor of the phthalimide N-oxyl (PINO)
radical, which is the effective catalyst promoting hydrogenabstraction processes (Scheme 1).
The reactivity of NHPI and PINO is related to the bond dissociation energy (BDE) of the O–H group, which was estimated at
88.1 kcal/mol [12]. This value is similar to the BDE of O–H in
hydroperoxides, suggesting that the faster reactivity of PINO
compared to peroxyl radicals should be attributed to an
enhanced polar effect involved in the hydrogen abstraction by
this nitroxyl radical [13]. Furthermore, NHPI also behaves as a
relatively good hydrogen donor even at low temperatures (kH =
7.2 × 103 M−1s−1) [12], trapping peroxyl radicals before they
undergo termination.
PINO generation represents the key step of the overall process.
Many transition metal salts and complexes have been successfully used as co-catalysts for NHPI activation. However, once
again their use should be avoided in order to improve the
sustainability of the process. For this reason, in the past decade

several efforts have been devoted to the development of
catalytic systems for the metal-free activation of NHIs under
mild conditions. With an overview on the results reported in the
literature in the past decade, we aim to describe herein the most
significant examples related to the selective oxidation of
organic molecules with molecular oxygen, catalyzed by NHIs in
the presence of nonmetal cocatalysts. After briefly describing
the role of classical radical initiators obtained by thermal
decomposition, we will focus on some intriguing redox systems,
including nitric oxides, laccase, quinones and aldehydes, which
allow operation under very mild conditions, offering efficient
alternative solutions to the classical autoxidation processes,
especially in the field of the selective oxygenation of hydrocarbons.

Review
Radical initiation by thermal decomposition
Thermal decomposition of peroxides and azo-compounds is a
well-known technique generally used to generate radicals in
solution. Ishii and co-workers widely investigated the key role
of these initiators in promoting the formation of PINO,
performing several selective transformations under aerobic or
anaerobic conditions.
The combination of NHPI with tiny amounts of dibenzoyl
peroxide (BPO) under an atmosphere of argon led to the

Scheme 1: Catalytic role of NHPI in the selective oxidation of organic substrates.
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hydroacylation of simple alkenes by addition of acyl radicals
derived from aldehydes and masked aldehydes, such as 1,3dioxolanes (Scheme 2) [14,15].

temperatures for the NHPI-catalyzed oxidation of cyclohexylbenzene (CHB) to the corresponding hydroperoxides, finding a
high selectivity in the oxygenation at the 1-position (CHBHP,
Scheme 4) [18]. The selectivity decreased rapidly with
increasing conversion and temperature. The use of CHBHP
itself as radical initiator in place of azo-compounds required
higher temperatures (100–120 °C), leading to conversions up to
20%, but to the detriment of the selectivity (72%).

Scheme 2: Radical addition of aldehydes and analogues to alkenes.

The mediating role of NHPI allowed this approach to be
extended to electron-deficient olefins [15], preventing the polymerization that easily occurs with these substrates in the presence of radical initiators.
Azo-initiators were mainly employed for the synthesis of
phenol derivatives by aerobic oxidation of isopropyl aromatics.
For example, the oxidation of 2,6-diisopropylnaphthalene with
air in the presence of α,α’-azobisisobutyronitrile (AIBN) and
NHPI, followed by decomposition with sulfuric acid of the
dihydroperoxide oxidation product, gave the corresponding 2,6naphthalenediol in 92% yield (Scheme 3) [16].
As expected, the replacement of AIBN with a transition-metal
complex (Co(OAc)2) resulted in a collapse of selectivity due to
the redox decomposition of the hydroperoxides. This catalytic
system was also applied to the oxygenation of 1,3,5-triisopropylbenzene [17]. However, in this case the conversion of all isopropyl groups was far from being reached, with mono- and
di-phenols being the major products, while the yield in benzene1,3,5-triol was close to 1%.
Sheldon and co-workers tested several commercially available
azo-compounds (including AIBN and 2,2’-azobis(2,4-dimethylvaleronitrile) (AMVN)) as radical initiators at different

Scheme 4: NHPI/AIBN-promoted aerobic oxidation of CHB.

An analogous catalytic system was employed by Punta et al.
[19] for the selective peroxidation of polyunsaturated fatty acids
(PUFA), a transformation of high biological interest [20]. The
combination of N-methylbenzohydroxamic acid (NMBHA)
with 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) (MeOAMVN), an azo initiator that decomposes at physiological
temperatures 15 times faster than the corresponding AMVN,
allowed the trans,cis conjugated hydroperoxides to be obtained
exclusively and in good yields by direct oxygenation of the
corresponding lipids. In fact, due to its ideal O–H BDE value
(79.2 kcal/mol [12]), NMBHA turned out to be a better candidate than NHPI to act both as autoxidation catalyst, promoting
the hydrogen abstraction from the bisallylic C–H position of the
fatty esters by means of the corresponding amidoxyl radical,
and as a good hydrogen donor (kH = 1.2 × 105 M−1s−1 [19])
trapping trans,cis peroxyl radicals before they underwent
β-fragmentation (Scheme 5).
In accordance with this free-radical mechanism, Schmidt and
Alexanian more recently reported the aerobic dioxygenation of
alkenyl N-aryl hydroxamic acids (Scheme 6) [21]. In this case
dioxygenation proceeded under 1 atmosphere of O 2 alone,
without any additional initiator being required.

Scheme 3: NHPI/AIBN-promoted aerobic oxidation of 2,6-diisopropylnaphthalene.
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Scheme 5: NMBHA/MeOAMVN promoted aerobic oxidation of PUFA.

proceeds via the formation of a carbocation intermediate
(Scheme 7).

Scheme 6: Alkene dioxygenation by means of N-aryl hydroxamic acid
and O2.

The same research group also reported the efficient air-assisted
nitration of alkanes [24] and alkyl side-chain aromatic compounds [25] by nitrogen dioxide and nitric acid, under NHPI
catalysis (Scheme 8).

Radical initiation by redox processes
Nitrogen oxides and nitric acid
The PINO activation by means of nitric oxide was first reported
by Ishii et al. in 1997 [22]. By reacting adamantane in a mixed
solvent of benzonitrile and acetic acid under an atmosphere of
NO and in the presence of catalytic amounts of NHPI he
observed the formation of 1-N-adamantylbenzamide as a principal product (Scheme 7), while when operating under the same
conditions but in the presence of molecular oxygen,
1-nitroadamantane was achieved in good yields.
Moreover, by simply moving into acetonitrile, they observed
the selective oxygenation of phthalane to the corresponding
phthalaldehyde in 80% yield [23]. In both cases the reaction

Scheme 8: Nitration of alkanes and alkyl side-chains of aromatics.

Both HNO 3 and NO 2 are able to promote the formation of
PINO according to path (a) and (b) reported in Scheme 9. These
initiation steps lead to the formation of HNO2 which, in turn, is

Scheme 7: NHPI-catalyzed reaction of adamantane under NO atmosphere.
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converted into HNO3, H2O, and NO. The latter is oxidized by
molecular oxygen back to NO2, thus justifying the higher efficiency of the NO2/air system if compared with anaerobic conditions.

Scheme 9: Radical mechanism for the nitration of alkanes catalyzed
by NHPI.

In this context, we reported in 2004 that the HNO3/O2/I2 system
could promote the nitric aerobic oxidation of alkylbenzenes
under NHPI-catalysis, leading to the selective formation of
benzyl alcohols through the corresponding acetates, if operating in acetic acid solution (Scheme 10) [26]. According to the
proposed mechanism, being that the concentrations of NO2 and
O2 are much lower than that of I2, benzyl radicals generated
from hydrogen abstraction by PINO react faster with the latter
one, forming benzyl iodides selectively. Under the described
reaction medium benzyl iodides undergo solvolysis, affording
the corresponding benzyl acetates in excellent yields.

Enzyme laccase
Enzyme laccase is a family of “blue-copper” oxidase proteins,
containing four copper ions in the active site, which cooperates
in the degradation of the biopolymer lignin in woody tissues.
With respect to other powerful oxidant enzymes, laccase has a
lower redox potential. For this reason, its catalytic action by
promoting single-electron oxidation steps is effective only on
the phenolic moieties of lignin, with the concomitant reduction
of oxygen to water.
Nevertheless, the use of suitable mediators allowed the field of
application of this enzyme to be extended to the catalytic oxidation of a wider range of nonphenolic substrates. Among the
huge number of mediators, N-hydroxy derivatives (NHDs)
turned out to be particularly valuable and have been widely
investigated. The role of NHDs-mediators in the laccase oxidation is outlined in Scheme 11. They act as electron carriers
that, once oxidized by the enzyme, diffuse in the reaction
medium and in turn oxidize those organic substrates unable to
enter the enzymatic pocket due to their size. Even if the activity
of laccase should be ascribed to the Cu(I) inner core, the enzymatic nature of this oxidizing system allows us to consider this
approach as an example of the metal-free activation of NHIs, as
no further addition of transition-metal complexes is required.
Galli and co-workers [27,28] significantly contributed over the
years to the interpretation of the reaction mechanism by
comparing NHPI and many other NHDs (Figure 1) with 2,2’azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS), which was

Scheme 10: Benzyl alcohols from alkylbenzenes.

Scheme 11: Catalytic cycle of laccase-NHDs mediator oxidizing system.
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the first to be used among mediators of laccase [29]. LaccaseNHDs mediator systems were successfully employed for the
aerobic oxidation of nonphenolic substrates such as benzyl alcohols [27,28,30,31] and ethers [32].

hols, while it gave poor performances when applied in the presence of ethers. In contrast, laccase-NHPI and laccase-HBT
systems, which follow a radical mechanism, showed high
catalytic activity for the oxidation of ethers.

Quinones and analogous derivatives
As stressed before, the promotion of biological oxygenation is
usually mediated by one-electron transfers, which lead to the
formation of radicals. On the basis of this consideration, Xu and
co-workers suggested that quinones, ubiquitous in nature and
often involved in ET chains, could be employed to design
biomimetic oxygenation models for the activation of NHPI
[33]. The catalytic redox cycle is reported in Scheme 12.

Figure 1: Mediators of laccase.

Whereas laccase-ABTS follows an electron transfer (ET) mechanism, NHPI, VLA, HBT, and NHAmediators promote a
hydrogen atom transfer (HAT) route through the formation of
the corresponding N-oxyl radicals as NHDs-Med ox species
(Scheme 11). The same research group also emphasized the
specialization of mediators versus the substrate. In fact, the
laccase-TEMPO system, which operates through an ionic route
by formation of oxammonium ion as NHDs-Medox, resulted in
particularly efficient promotion of the oxidation of benzyl alco-

The one-electron-transfer interaction of antraquinone (AQ) with
NHPI in zeolite HY, followed by hydrogen-atom transfer,
successfully led to the formation of the PINO radical, which in
turn was responsible for the propagation of the radical chain in
the selective oxidation of ethylbenzene to the corresponding
acetophenone [33]. Among the different AQ derivatives that
were tested, 1,4-diamino-2,3-dichloro-antraquinone
(DADCAQ) was the most effective in terms of both conversion
and selectivity of the ketone product.
The potential of this catalytic system was proved by extending
its application, in the absence of zeolite, for the oxygenation of
a wider range of hydrocarbons [34].
Moreover, the electronic effect of substituents on quinones and
on the aromatic ring of NHPI was also investigated.

Scheme 12: DADCAQ/NHPI-mediated aerobic oxidation mechanism.
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Quinones bearing halogen groups were used in the selective
oxidation of alkylarenes, alkenes and alkanes [35], revealing
how the moderate electron-withdrawing power of the
substituents had a beneficial effect on the ET process. The
combined activity of tetrabromo-1,4-benzoquininone (TBBQ)
and NHPI afforded the best results.
Aryl-tetrahalogenated NHPI derivatives were also prepared and
used in combination with DADCAQ for the oxidation of ethylbenzene [36]. In particular, aryl-tetrachloro-NHPI (TCNHPI)
allowed significantly higher conversion and selectivity with
respect to the NHPI/DADCAQ classical system (Scheme 13).

Scheme 14: NHPI/xanthone/TMAC mediated aerobic oxidation of
ethylbenzene.

The NHPI-activation by AQ has been also adopted by other
research groups. Li and co-workers applied the NHPI/AQ
system to promote the metal and solvent-free oxidation of
α-isophorone to ketoisophorone, preventing the isomerization
process of the substrate to β-isophorone (Scheme 15) [42,43].

Scheme 13: DADCAQ/TCNHPI mediated aerobic oxidation of ethylbenzene.
Scheme 15: NHPI/AQ-mediated aerobic oxidation of α-isophorone.

More recently, analogous results were achieved by combining
NHPI with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) [37].
Xu et al. also reported a similar one-electron-transfer activation
of NHPI promoted by nonmetal xanthone and tetramethylammonium chloride (TMAC), for the selective oxidation of hydrocarbons (Scheme 14) [38]. In the proposed mechanism, TMAC
has the unique role of decomposing the hydroperoxide intermediate, prolonging the free-radical chain [39-41].

Very recently, Coseri et al. reported that NHPI [44] and other
nonpersistent nitroxyl radical precursors, such as VLA, HBT
and N-hydroxy-3,4,5,6-tetraphenylphthalimide (TPNHPI) [45],
were suitable catalysts for the selective oxidation of cellulose
fibers promoted by the NaClO/NaBr system (Scheme 16).
According to the proposed mechanism PINO radical is oxidized
to the corresponding N-oxammonium cation, which in turn is
responsible for the oxidation of the C6 alcoholic function.

Scheme 16: NHPI/AQ-mediated oxidation of cellulose fibers by NaClO/NaBr system.
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The surface modification of cellulose fibers by selectively
converting primary hydroxyl groups to the corresponding
carboxylic functions, maintaining the original backbone of the
polysaccharide, is of major interest for different applications
[46,47].
By comparing different activation approaches, including transition-metal complexes, Coseri found that the NHPI/AQ
catalytic system allowed higher conversion of hydroxyl groups.
A comparison study on the effect of TEMPO and PINO radicals on the oxidation efficiency toward cellulose led to the
conclusion that the NHPI/AQ oxidation mediator affords the
highest content of carboxylic groups and better preserves the
morphology and the molecular weight of the starting material
[48].
Moreover, this catalytic system could be employed with
dioxygen in place of NaClO as the ultimate oxidizing agent
[49]. In this case, the mechanism follows a radical chain via
classical HAT by PINO abstraction (Scheme 17).

Aldehydes and the molecule-induced homolysis
Sacrificial reductants have been widely reported in the literature as reactive agents able to promote the autoxidation reaction of less-reactive hydrocarbons. In this context, aldehydes
have attracted increasing attention [50].
In principle, the aerobic co-oxidation promoted by aldehydes
could be considered a nongreen and expensive process, due to

the need for sacrificial reagents. However, this approach for
oxygen activation could become competitive for practical application if the high efficiency in substrate conversion, the high
selectivity in the final product, and/or the field of application,
together with the low cost and environmental impact of the
selected aldehyde, were significant enough to justify the reagent
sacrifice. Moreover, co-oxidation of aldehydes would become
attractive also if the acyl derivatives were not used as stoichiometric reagents, but just in catalytic amounts as initiators of
free-radical chains.
The use of aldehydes for the activation of NHPI in an aerobic
co-oxidative process was first reported by Einhorn and
co-workers in 1997 [51]. The combination of stoichiometric
amounts of acetaldehyde with catalytic quantities of NHPI
promoted the oxidation of a wide range of hydrocarbons,
including cumene and ethylbenzene, to the corresponding carbonyl groups. Under these operative conditions, peracetic acid
was directly responsible for the substrate oxidation.
More recently we suggested that the NHPI/aldehyde system
could promote the formation of PINO radical following a molecule-induced homolysis mechanism [52]. Molecule-induced
initiation is a process driven by a thermodynamic effect and
consists of a bimolecular reaction according to which an OH
radical, generated from hydroperoxides or peracids, undergoes
hydrogen abstraction from a suitable molecule bearing relatively weak X–H bonds. The result is the formation of two
radical species and a molecule of water (Scheme 18) [53-55].

Scheme 17: NHPI/AQ mediated aerobic oxidation of cellulose fibers.

Scheme 18: Molecule-induced homolysis by peracids.
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We assumed that an analogous homolysis induced by peracids
could occur for this NHPI, leading to the formation of PINO
radical under mild and metal-free conditions.

We suggested a free-radical mechanism according to which the
acyl peroxyl radical generated in situ is the real epoxidizing
agent (Scheme 20).

This hypothesis was supported by spectroscopic and analytical
evidence. By simply adding NHPI to a solution of acetonitrile
containing m- chloroperbenzoic acid we could observe the characteristic Electron Paramagnetic Resonance (EPR) spectrum of
PINO radical, while m-chlorobenzoic acid (90%) and
Cl-benzene (10%) resulted as the unique reaction products
(Scheme 19, path a) [52]. When the analogous experiment was
conducted in benzene as solvent, m-chlorobenzoate and
m-chlorobiphenyl were also detected (Scheme 19, path b).

This protocol was successfully applied on a larger scale (1 liter
Büchi glass vessel) for the synthesis of propylene oxide from
the corresponding propene [56], and more recently under
continuous-flow conditions, by means of a new multijet oscillating disk (MJOD) reactor, designed and developed by
Bjørsvik and co-workers [57]. In this latter case we succeeded
in accelerating the overall process, shortening the residence
time with respect to the batch protocol.

On the basis of these experimental results, we suggested that the
aerobic oxidation of aldehydes could be performed for the in
situ generation of the corresponding peracids in the presence of
NHPI, promoting co-oxidative processes catalyzed by PINO.
In an early protocol, we reported the NHPI-catalyzed selective
aerobic epoxidation of α-olefins and cyclic olefins in the presence of stoichiometric amounts of aldehydes [52].
The experimental results revealed an opposite selectivity with
respect to classical epoxidation by peracids, with internal
olefins, which were unreactive under our operating conditions.

On the basis of this mechanistic evidence, we also decided to
investigate the Einhorn’s process for the oxidation of cumene
and ethylbenzene more thoroughly, as we were expected to find
a high selectivity in the corresponding hydroperoxides, which
were not mentioned in the first report.
Moreover, we also assumed that high amounts of aldehyde were
detrimental for the selectivity of the process, the aldehyde
having the unique role of initiating the radical chain by generating PINO radical by molecule-induced homolysis.
Indeed, our hypotheses were confirmed and we succeeded in
increasing the selectivity in hydroperoxides up to values higher

Scheme 19: Molecule-induced homolysis of NHPI/m- chloroperbenzoic acid system.
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Scheme 20: Proposed mechanism for the NHPI/CH3CHO/O2-mediated epoxidation.

than 80% by simply reducing the amount of acetaldehyde to
10% mol ratio with respect to the alkyl aromatic [58,59]
(Scheme 21).

ethylbenzene/CH3CN of 1/1. These results are objects of two
patent applications [60,61].

Light-induced activation
The first example of light-induced in situ generation of PINO
radical was reported in 2007 by Lucarini and co-workers [62].
Irradiation of N-alkoxyphthalimides with filtered light (λ >
300 nm) from a mercury lamp promoted the selective homolysis of the O–C bond, leading to the formation of the N-oxyl
radical, as documented by the strong characteristic EPR signal.
The efficiency of the initiation approach was documented by
measuring the dioxygen consumption during the aerobic oxidation of cumene. In the absence of light, cumene was
completely inert, thus proving the intervention of the catalysts
in the oxidative cycle.
Scheme 21: NHPI/CH3CHO-mediated aerobic oxidation of alkyl
aromatics.

Thus, while the NHPI/AQ catalytic system was particularly
effective in converting alkylaromatics to the corresponding carbonyl derivatives, this approach represents a valuable alternative when hydroperoxides are the desired products.
Even if the presence of a polar solvent is crucial to maintain the
polar catalyst in solution, it was possible to conduct the aerobic
oxidation of cumene at 70 °C in the presence of 1% NHPI, 2%
of acetaldehyde, and with a volume ratio cumene/CH3CN of 5/
2, achieving the desired hydroperoxide in 28% yield with 84%
of selectivity. Similarly, ethylbenzene was oxidized to the
corresponding hydroperoxide with a lower yield (13%), but a
higher selectivity (91%), by operating at the same temperature
with 2% NHPI, 2% acetaldehyde, and with a volume ratio

This process was successfully employed in the selective oxidation of benzyl alcohol at room temperature, affording the
corresponding aldehyde in 4 h, in accordance with the results
previously reported by our group operating under NHPI/
Co(OAc) 2 catalysis [63,64] (Scheme 22).
Even if this procedure seems to be particularly valuable, as no
further radical mediators or initiators are required, it cannot be
applied directly to NHPI.
More recently, Antonietti and co-workers have reported the
photocatalytic oxidative activation of NHPI by graphitic carbon
nitride (g-C3N4) and visible light irradiation [65].
g-C3N4, the most stable allotrope of carbon nitride, is a twodimensional polymer with a tri-s-triazine ring unit and a
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Scheme 22: Light-induced generation of PINO from N-alkoxyphthalimides.

π-conjugated layered structure similar to graphene. It is a
medium-band-gap semiconductor and has proved to be an efficient photocatalyst for synthetic purposes [66,67].

This approach was successfully applied to promote the visiblelight-induced metal-free oxidation of allylic substrates
(Scheme 23).

It has been demonstrated that the excited state of g-C 3 N 4,
obtained by irradiation with visible light, is able to activate O2
to the corresponding superoxide radical. The latter could
undergo hydrogen abstraction from NHPI, leading to the generation of PINO.

Other initiators
In their ongoing research dedicated to NHPI activation towards
the aerobic oxidation of hydrocarbons, Xu and co-workers
developed other redox initiators in addition to the NHPI/
quinone systems previously described.

Scheme 23: Visible-light/g-C3N4 induced metal-free oxidation of allylic substrates.
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Scheme 24: NHPI/o-phenanthroline-mediated organocatalytic system.

In 2005 they reported the selective oxygenation of ethylbenzene to the corresponding acetophenone by means of a NHPI/ophenanthroline-mediated organocatalytic system, in the presence of molecular bromine as a co-catalyst [68] (Scheme 24).
According to the proposed mechanism, Br 2 generates ET
processes by oxidizing the o-phenanthroline to the corresponding cation radicals. The latter promote in turn ET and HAT
processes with NHPI, leading to the formation of PINO.
In 2009 the same research group also performed the oxidation
of ethylbenzene and other hydrocarbons by combining NHPI
with alkaline-earth chlorides under an aerobic atmosphere [69].
The intervention of the PINO radical in the oxidation mechanism was confirmed by UV–vis and FTIR spectroscopy. MgCl2
was found to be the most effective salt among those tested for
this purpose.
An efficient and selective aerobic oxidation of hydrocarbons to
their oxygenated products was also achieved by Zheng et al. by
combining NHPI with dimethylglyoxime (DMG) [70]. The
suggested mechanism is depicted in Scheme 25.
Once again all the approaches described above led to the formation of acetophenone as the major product of ethylbenzene oxidation.
A different result was achieved by Fierro et al. who, in the same
year, reported the ethylbenzene oxidation to its hydroperoxide

by operating in the presence of NHPI (or other NHIs, i.e.,
N-hydroxysuccinimide, N-hydroxymaleimide and N-hydroxynaphthalimide) and tiny amounts of sodium hydroxide (5 × 10−3
mol % with respect to ethylbenzene) at 421 K and 0.3 MPa
[71]. The addition of NaOH determined a significant increase of
selectivity in hydroperoxide (77.3%), while the ethylbenzene
conversion slightly decreased from 24.5 to 21.3%.
Very recently NHPI was reported to catalyze selective transformations without requiring additional initiators. Jiao et al.
described the catalyzed oxidative cleavage of C=C double
bonds using molecular oxygen as the final oxidant [72].
Following this approach α-methylstyrene was converted to
acetophenone in 80% yield by operating at 80 °C in N,Ndimethylacetamide (DMA) as solvent. A plausible mechanism
is shown in Scheme 26. It is based on three experimental data
sets collected by the research group: (i) The occurrence of a
free-radical initiation. In fact, in the presence of the radical
scavenger BHT no conversion was observed. (ii) The exclusion
that epoxide could be an intermediate of the process. When
2-methyl-2-phenyloxirane was used in place of α-methylstyrene, poor results were obtained in terms of yield in acetophenone. (iii) The proof that the oxygen atom in acetophenone
originated from molecular oxygen, by conducting the oxygenation in the presence of 18O2.
Finally, Inoue and co-workers reported an efficient C(sp3)–N
bond-forming method consisting of the chemoselective conversion of C(sp 3 )–H bonds in the presence of stoichiometric

Scheme 25: NHPI/DMG-mediated organocatalytic system.

1307

Beilstein J. Org. Chem. 2013, 9, 1296–1310.

Scheme 26: NHPI catalyzed oxidative cleavage of C=C bonds.

amounts of dialkyl azodicarboxylate reagent [73]. The proposed
mechanism (Scheme 27) suggests a double function of the
dialkyl azodicarboxylate, which acts both as an oxidant,
promoting the oxidation of NHPI to PINO by ET process, and
as acceptor of carbon radicals generated via HAT by PINO,
leading to the formation of hydrazine derivatives. The scope of
the reaction was investigated and its applicability was extended
to different C–H bonds, including benzylic, propargylic, and
aliphatic ones.
Furthermore, the hydrazine compounds were readily converted
to the corresponding carbamates and amines.

Conclusion
Metal-free oxidation catalyzed by N-hydroxyphthalimide and
analogous N-hydroxy imides is becoming an essential tool for
all research groups directly involved in the development of
selective transformations mediated by molecular oxygen. This
increasing interest is testified by several papers that have
appeared in the past few years in this field and are herein
discussed, describing intriguing free-radical routes for the
generation of N-oxyl active species under mild conditions. The
fields of application range from large-scale production, such as
the selective oxidation of alkyl aromatics, to the synthesis of
fine chemicals.

Scheme 27: Synthesis of hydrazine derivatives.
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Metal-free PINO activation represents another decisive step
towards the consecration of NHPI as the mediator of first choice
to perform green and selective aerobic oxidations. The next one
would be the engineering of valuable solutions for the complete
recovery and recycle of this homogeneous organocatalyst. Once
reached, this final goal, combined with the use of molecular
oxygen as stoichiometric oxidant under mild operative conditions, would definitely open the way towards much more costeffective and environmentally friendly oxidative processes.
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Abstract
Bicyclodihydrosiloles were readily prepared from optically active enyne compounds by a radical cascade reaction triggered by
tris(trimethylsilyl)silane ((Me3Si)3SiH). The reaction was initiated by the addition of a silyl radical to an α,β-unsaturated ester,
forming an α-carbonyl radical that underwent radical cyclization to a terminal alkyne unit. The resulting vinyl radical attacked the
silicon atom in an SHi manner to give dihydrosilole. The reaction preferentially formed trans isomers of bicyclosiloles with an
approximately 7:3 to 9:1 selectivity.

Introduction
Radical cyclization occupies a unique position in organic synthesis because it is a useful reaction for the construction of
cyclic molecules [1-10]. The radical cascade cyclization process
is also an interesting synthetic reaction that often provides an
efficient method [11-13]. Recently, we reported a new type of
higher-order radical cascade reaction between chiral enyne
compounds and Bu 3 SnH, which is recognized as a useful
reagent in radical reactions [14]. In this reaction, radical
addition–cyclization cascade followed by intramolecular radical
substitution (SHi) occurred in one-pot to give optically active

bicyclostannolanes in good yields [15]. We are interested in
whether such a cascade SHi process might occur with other
radical species. We have found that a methylthiyl radical also
undergoes such a radical cascade reaction to stereoselectively
give bicyclic dihydrothiophenes [16]. We expected that
tris(trimethylsilyl)silane (Me3Si)3SiH [17], which is a wellknown alternative to Bu 3 SnH in radical reactions [18-22],
would be a good promoter of a similar cascade SHi reaction,
because there were several reports so far that show such SHi
reaction on silicon atoms progressing efficiently [23-28]. In this
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paper, we report a new synthesis of chiral bicyclodihydrosiloles
through an addition–cyclization–SHi cascade reaction in onepot treatment of chiral enyne compounds. A good trans-selectivity was observed in the reaction.

Results and Discussion
We examined the cascade process using optically active enyne
precursor 1a, which was prepared by a Michael/aldol domino
reaction to chiral sulfinimines followed by thermal elimination
and N-propargylation [29,30]. We first optimized the reaction
conditions. The results are summarized in Table 1.
Treatment of 1 with (Me3Si)3SiH in the presence of catalytic
amounts of AIBN at 110 °C resulted in the formation of the
desired bicyclodihydrosilole 2a in 14% yield (Table 1, entry 1).
The use of one equivalent of AIBN improved the yield of 2a to
39% (Table 1, entry 2). These results suggest that the radical
chain reaction insufficiently progressed during the reaction
initiated by AIBN. The product contained two diastereomers,
which were separated by chromatography. The use of Et3B/air
as an initiator enhanced the yield of 2a to 58% (Table 1, entry
3). The enantiomeric excess of trans-2a was estimated to be
95% by HPLC analysis, which was the same ee level of
precursor 1a. Thus, no epimerization at the C3 chiral center
occurred during the reaction. The stereoselectivity was improved to 8:2. The stereoselectivity was sensitive to the reaction
temperature, and an 86/14 mixture of trans-2a and cis-2a was
obtained when the reaction was performed at 0 °C, although the
yield was less than that obtained when the reaction was
performed at room temperature (Table 1, entry 4).
Having determined the optimized reaction conditions, we examined the generality of the reaction. The results are summarized
in Table 2.

For example, the reaction of 1b smoothly occurred, giving
bicyclic dihydrosilole 2b in 60% yield. HPLC analysis of the
reaction mixture revealed that the diastereomeric ratio of 2b
was 84/16. Dihydrosiloles 2c–2j were isolated in good yields
from other precursors in a trans-selective manner (Table 2,
entries 2–9). Their diastereomeric ratios ranged from 9/1 to 7/3.
Although we could not determine the enantiomeric excesses for
some compounds of 2 because of insufficient separation by
chiral HPLC analyses using ChiralPak ID and IC (Table 2,
entries 1, 2, and 4), the enantiomeric excesses of most of products 2 were high, and their original values were maintained (Table 2, entries 3, 5, 6, 8, and 9). Interestingly, significant epimerization occurred during the reaction of 1h; the enantiomeric
excess of 2h was only 68% ee (Table 2, entry 7).
The configuration of 2 was determined in the following manner:
The major isomer of 2a was highly crystalline, which allowed
the performance of X-ray crystallography. The observed data
clearly showed a trans- 2a structure [31]. The ORTEP structure
of major 2a, which unambiguously indicates a trans
configuration, is shown in Figure 1. The 1H NMR spectra of
trans-2a and other major 2 showed similar trends, and
trans configurations for other major 2 were determined unambiguously.
Unfortunately, none of the minor 2 formed suitable crystals,
which precluded X-ray analysis of the minor isomers. However,
their 1H NMR spectra showed several diagnostic points. For
example, the tert-butyl group in the ester at the C3a position in
minor 2a appeared at 1.17 ppm; this peak was substantially
shifted toward higher field than trans-2a. Compared with X-ray
data for the sulfur analogue of cis-2a, the tert-butyl ester group
is located above the aromatic ring at C3, and expected to introduce an anisotropic effect that subsequently causes a high-field

Table 1: Radical cascade reaction under various reaction conditions.

Entry

Initiator (equiv)

Temp (°C)

2a; Yield (%)a

trans/cisb

1
2
3
4

AIBN (0.1)
AIBN (1.0)
Et3B (3.0)
Et3B (3.0)

110
110
25
0

14
39
58
48

n/a
69/31
80/20 (95)c
86/14

aIsolated

yield. bDetermined by HPLC analyses. cEnantiomeric excess for trans-2a. Determined by chiral HPLC analysis using ChiralPak ID.
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Table 2: Preparation of pyrrolidinodihydrosiloles 2.

Entry

Ar

Product

Yielda (%)

trans/cisb

ee for trans-2c

1
2
3
4
5
6
7
8
9

2-MeC6H4
4-MeC6H4
4-MeOC6H4
3-ClC6H4
4-ClC6H4
4-FC6H4
4-CF3C6H4
2-thienyl
2-naphthyl

2b
2c
2d
2e
2f
2g
2h
2i
2j

60
53
42
42
51
61
61
48
51

84/16
91/9
86/14
71/29
81/19
80/20
80/20
75/25
81/19

ndd
ndd
97
ndd
90
97
68
98
99

aIsolated

yield. bDetermined by HPLC analyses. cDetermined by HPLC analyses with a Chiral-Pak-ID. dNot determined owing to insufficient separation by chiral HPLC analyses with ChiralPak ID and IC.

shift for the tert-butyl protons [28]. Other typical differences
between the 1H NMR spectra of minor 2a and major 2a (=
trans-2a) included the following: The peaks of the CH2Si group
at the C4 position in minor 2a appeared at 0.92 and 2.00 ppm,
whereas the corresponding peaks of trans-2a were observed at
0.49 and 1.14 ppm. In addition, we found that H6 and H3
appeared at 5.51 and 4.46 ppm, respectively, in the spectrum of
minor 2a. The corresponding protons in trans-2a appeared at
substantially lower-field positions at 5.86 and 5.53 ppm. We
assumed that this shift was caused by another anisotropic effect
of the Ts group at N2. These trends in the 1H NMR spectra
were also observed in the sulfur analogues of cis-2. Thus, we
concluded that the minor isomer of 2 exhibited cis configuration.

Figure 1: ORTEP structure of trans-2a.

To explore the reaction mechanism, we examined the reaction
of 1a without additional solvents (Scheme 1).

Scheme 1: Formation of bicyclic dihydrosilole 2a under high concentration conditions.
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Scheme 2: Plausible reaction mechanism.

The treatment of 1a, (Me3Si)3SiH, and Et3B in hexane under an
air atmosphere gave 2a in 72%. To our surprise, this yield was
better than that of the reaction performed under the usual conditions. We expected that exo-methylenepyrrolidine 4 would be a
side product under these conditions, and we indeed detected an
exo-methylene compound in 5% yield in the reaction mixture.
However, NMR spectra and HRMS results indicated that the
isolated product was compound 3, which contained a
Me3SiCH2- group instead of a (Me3Si)3SiCH2- group. These
results suggest that Me3Si radicals were generated during the
cascade reaction, and that a small part of the radical was subsequently trapped by 1 under such conditions.
We believe this process progressed in a similar manner to our
previously investigated reaction that involved tributyltin radicals [15]. A plausible reaction mechanism is depicted in
Scheme 2.
The (Me3Si)3Si radical attacks the β-carbon of the α,β-unsaturated ester in 1, and α-carbonyl radical A is generated. Intermediate A undergoes radical cyclization in a 5-exo-dig mode
giving vinyl radical intermediate B, which is potentially reactive for attacking the silyl group in an SHi manner to give a
Me3Si radical and 2. The process from B to 2 should be very
rapid. Giese and co-workers have reported that the reaction rate
for a similar SHi process reaches 2.4 × 105 s−1 at 80 °C [25].
Although most of the Me3Si radicals undergo hydrogen abstraction from (Me3Si)3SiH to yield a new (Me3Si)3Si radical and
Me 3 SiH, a small fraction of the Me 3 Si radicals compete to

attack 1; a similar cascade reaction progresses consequently,
and compound 3 is formed in 5% yield under very high concentration conditions. We assume that compound 4 was not
detected in the reaction product under such conditions for two
reasons: first, as previously mentioned, the SHi process from
intermediate B to 2 is very rapid, and the process occurs faster
than intermolecular hydrogen abstraction from (Me3Si)3SiH,
even under high concentration conditions. Second, the addition
rate of (Me3Si)3Si radicals to alkenes should be relatively slow;
the rate competes with the addition rate of Me3Si radicals to
alkenes. This reason is supported by the results that indicated
the yield of 2a to be much improved under high (Me3Si)3SiH
concentration conditions because the addition rate should be
accelerated as the concentration of (Me3Si)3SiH increased.
We examined whether a germyl radical might undergo a similar
reaction with 1. Treatment of 1 with Et3GeH in the presence of
Et3B, however, failed in the formation of the corresponding
compound 5. This failure was probably because a
carbon–germanium bond, which is supposed to be stronger than
a Si–Si bond, was never cleaved under these conditions
(Scheme 3). Another possibility of this failure might be that the
addition rate of a triethylgermyl radical to enyne 1a was slow
and less efficient.

Conclusion
In conclusion, we have successfully converted chiral enyne
compounds 1, which were readily available from an asymmetric aza-Morita–Baylis–Hillman equivalent reaction, into
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Scheme 3: Reaction 1a with Et3GeH.

bicyclic pyrolidinodihydrosiloles 2 in good yields. These reactions progressed in a highly stereoselective manner. Further
application of the present silole synthesis is now underway in
our laboratory.

Experimental
General methods: All 1H and 13C NMR spectra were recorded
on a JEOL JNM-ECA500 Delta2 (500 MHz for 1H, 126 MHz
for 13 C) spectrometer. All the reactions in this study were
performed under nitrogen atmosphere unless otherwise noted.
CH 2 Cl 2 was dried over CaH 2 , and distilled under nitrogen
before use. High-resolution mass spectra (HRMS) were
measured at the Tokiwa Instrumentation Analysis Center,
Yamaguchi University.
Preparation of (3S)-tert-butyl 3-phenyl-2-tosyl-5,5bis(trimethylsilyl)-1,2,3,3a,4,5-hexahydrosilolo[3,4c]pyrrole-3a-carboxylate (2a). A solution of 1a (85 mg,
0.201 mmol, 95% ee), (Me3Si)3SiH (0.06 mL, 0.195 mmol),
and Et3B (1.0 M in hexane, 0.60 mL, 0.60 mmol) in toluene
(20 mL) was stirred at room temperature under air for 15 min.
The reaction mixture was concentrated in vacuo, and the residue
was purified by flash chromatography (silica gel/hexane–EtOAc
15/1 to 10/1, v/v) to give 2a in 58% yield (70.2 mg,
0.117 mmol). The two diastereomers, trans-2a and cis-2a, were
separated by further careful chromatography.
(3S,3aS)-tert-Butyl 3-phenyl-2-tosyl-5,5-bis(trimethylsilyl)1,2,3,3a,4,5-hexahydrosilolo[3,4-c]pyrrole-3a-carboxylate
(trans-2a). White solid; mp 144–145 °C; [α]D −31.8 (c 0.68,
CHCl 3 ); the enantiomeric purity was determined by HPLC
analysis, t R 10.0 min (major), t R 11.5 min (minor)
[CHIRALPAK ID (0.46 cm × 25 cm), hexane/iPrOH, 95/5,
40 °C, 1.0 mL/min] to be 95% ee; 1H NMR (500 MHz, CHCl3)
δ 7.32 (d, J = 8.2 Hz, 2H), 7.26 (s, 3H), 7.24–7.07 (m, 2H), 7.03
(d, J = 7.8 Hz, 2H), 5.86 (s, 1H), 5.23 (s, 1H), 4.42 (d, J =
13.0 Hz, 1H), 3.95 (d, J = 13.0 Hz, 1H), 2.32 (s, 3H), 1.51 (s,
9H), 1.15 (d, J = 14.9 Hz, 1H), 0.50 (d, J = 14.8 Hz, 1H), 0.07
(s, 9H), −0.20 (s, 9H); 13C NMR (126 MHz, CHCl3) δ 173.9,
157.6, 142.6, 138.6, 137.1, 129.1 (2C), 128.3 (br, 4C), 127.5,

127.0 (2C), 124.2, 82.3, 71.1, 69.7, 50.5, 28.0 (3C), 21.5, 12.2,
−0.3 (3C), −0.9 (3C); HRMS–ESI (positive mode; M + Na) m/z
622.2282, calcd for C30H45NNaO4SSi3, 622.2275.
(3S,3aR)-tert-Butyl 3-phenyl-2-tosyl-5,5-bis(trimethylsilyl)1,2,3,3a,4,5-hexahydrosilolo[3,4-c]pyrrole-3a-carboxylate
(cis-2a). Pale yellow oil; [α]D +97.3 (c 0.27, CHCl3); 1H NMR
(500 MHz, CHCl3) δ 7.63 (d, J = 7.8 Hz, 2H), 7.57–7.50 (m,
2H), 7.33–7.22 (m, 5H), 5.51 (s, 1H), 4.60 (d, J = 14.3 Hz, 1H),
4.23 (s, 1H), 4.11 (dd, J = 14.3, 1.6 Hz, 1H), 2.39 (s, 3H), 2.00
(d, J = 12.8 Hz, 1H), 1.17 (s, 9H), 0.92 (d, J = 15.0 Hz, 1H),
0.04 (s, 9H), −0.11 (s, 9H); 13C NMR (126 MHz, CHCl3) δ
169.5, 157.8, 143.8, 138.1, 133.1, 129.9 (2C), 128.0 (2C), 127.7
(2C), 127.7, 127.1 (br, 2C), 122.8, 82.1, 75.2, 72.5, 53.7, 27.9
(3C), 21.6, 17.4, 0.3 (3C), −1.4 (3C); HRMS–ESI (positive
mode; M + Na) m/z 622.2292, calcd for C30H45NNaO4SSi3,
622.2275.
Preparation of 2a under no solvent conditions (Scheme 3,
neat condition). A solution of 1a (85 mg, 0.201 mmol),
(Me 3 Si) 3 SiH (0.07 mL, 0.228 mmol), and Et 3 B (1.0 M in
hexane, 0.60 mL, 0.60 mmol) was stirred at room temperature
for 15 min under air. The reaction mixture was concentrated in
vacuo, and the yellow residue was purified by flash chromatography (silica gel/hexane–EtOAc 30/1 to 20/1 v/v) to give 2a in
72% yield (85.6 mg, 0.143 mmol). The trans-2a/cis-2a ratio
was determined to be 84/16. Careful separation of these two
diastereomers gave pure trans-2a and minor isomers that
contained cis-2a and 3 in a 74/26 ratio. The separation of 3 was
achieved using a recycling GPC apparatus, giving pure 3 in 5%
yield (5.1 mg, 0.011 mmol).
(2S,3S)-tert-Butyl 3-((trimethylsilyl)methyl)-4-methylene-2phenyl-1-tosylpyrrolidine-3-carboxylate (3). Pale yellow oil;
[α] D +3.0 (c 0.01, CHCl 3 ); 1 H NMR (500 MHz, CHCl 3 ) δ
7.20–7.09 (m, 5H), 7.00–6.94 (m, 4H), 5.36 (s, 1H), 5.21 (t, J =
1.8 Hz, 1H), 5.14 (dd, J = 2.7, 1.5 Hz, 1H), 4.36 (dt, J = 13.0,
2.5 Hz, 1H), 3.90 (dt, J = 13.0, 1.5 Hz, 1H), 2.29 (s, 3H), 1.50
(s, 9H), 0.90 (d, J = 14.6 Hz, 1H), 0.48 (d, J = 14.7 Hz, 1H),
−0.13 (s, 9H); 13C NMR (126 MHz, CHCl3) δ 172.4, 148.8,
1330

Beilstein J. Org. Chem. 2013, 9, 1326–1332.

142.4, 138.2, 136.7, 129.0 (4C), 128.1 (2C), 127.8, 127.0 (2C),
110.0, 82.4, 70.2, 61.0, 51.5, 27.9 (3C), 21.5, 19.6, 0.7 (3C);
HRMS–ESI (positive mode; M + Na) m/z 522.2108, calcd for
C27H37NNaO4SSi, 522.2110.
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Abstract
A straightforward synthesis of 4,4-spirocyclic indol γ-lactams by tandem radical cyclization of iodoaryl allyl azides with CO was
achieved. The reaction of iodoaryl allyl azides, TTMSS and AIBN under CO pressure (80 atm) in THF at 80 °C gave the desired
4,4-spirocyclic indoline, benzofuran, and oxindole γ-lactams in moderate to good yields.

Introduction
4,4-Spirocyclic oxindole γ-lactams containing a quaternary
carbon center are key structures for the synthesis of biologically active natural products and the related analogues [1-4].
Therefore, the development of an efficient synthesis of this
spiro structure is of continued interest for synthetic chemists.
Recently, Comesse and Daïch reported the synthesis of 4,4spirocyclic oxindole γ-lactams by tandem spirocyclization via
nucleophilic halide displacement and amide coupling [4]. Shaw
and co-workers reported the synthesis of 4,4-spirocyclic oxindole γ-lactams by the cycloaddition of imines and succinic

anhydrides [5]. Tandem radical cyclization can also provide a
powerful tool for the construction of heterocycles [6-12]. One
of us previously reported on the construction of spirocyclic
pyrrolidinyl oxindoles by the tandem reaction of iodoaryl
alkenyl azides under radical conditions (Scheme 1) [13,14].
Curran et al. reported the synthesis of spirocyclic pyrrolidinyl
dihydroquinolinones by tandem radical cyclization [15,16].
In this study we report a radical cyclization/annulation approach to 4.4-spirocyclic γ-lactams in which CO was intro-
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Scheme 1: A construction of spirocyclic pyrrolidinyl oxindole by tandem radical cyclization with azide [14].

duced as the lactam carbonyl moiety [17-23]. Our approach
consists of a sequence of aryl radical cyclization, radical
carbonylation [24-27], and spirocyclization of the resulting acyl
radical onto an azide group, which can give 4,4-spirocyclic
γ-lactams (Scheme 2).

Results and Discussion
For the first model reaction in our investigation of the development of a novel tandem radical cyclization/annulation strategy,
we prepared N-(2-(azidomethyl)allyl)-N-(2-iodophenyl)-4methylbenzenesulfonamide (1a) according to the methods
shown in Scheme 3. The reaction of 1a with Bu 3 SnH
(2.0 equiv) and AIBN (2,2’- azobisisobutyronitrile, 0.3 equiv)
was carried out under CO pressure (80 atm) in THF (0.02 M) at
80 °C for 12 h, which gave the desired 4,4-spirocyclic indoline

γ-lactam 2a in 48% yield (Scheme 4). We found that the modest
improvement in the yield of 2a to 53% was achieved by
changing the mediator from Bu 3 SnH to TTMSS [tris(trimethylsilyl)silane].
The tandem spirocyclization with CO was investigated with
several 2-iodoaryl compounds having an allyl azide moiety.
Results are summarized in Table 1. The reaction of N-(2-(azidomethyl)allyl)-N-(2-iodo-5-methoxyphenyl)-4-methylbenzenesulfonamide (1b) with CO gave the corresponding spiro lactam
2b in 53% yield (Table 1, entry 2). N-(2-(Azidomethyl)allyl)-N(2-iodophenyl)methanesulfonamide (1c) showed a comparable
reactivity with 1a and 1b (Table 1, entry 3). The reaction of
1-(2-(azidomethyl)allyloxy)-2-iodobenzene (1d) also gave the
spiro benzofuran lactam 2d in 58% yield (Table 1, entry 4). On

Scheme 2: A tandem radical cyclization/annulation strategy for the synthesis of 4,4-spirocyclic γ-lactams with the incorporation of CO.
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Scheme 3: The synthetic methods of 1a.

Scheme 4: The tandem radical spirocyclization reaction of N-(2-(azidomethyl)allyl)-N-(2-iodophenyl)-4-methylbenzenesulfonamide (1a) with CO.

Table 1: Synthesis of 4,4-spirocyclic γ-lactams 2 by tandem radical spirocyclization of 1 with CO.a

Entry

Substrate (1)

Product (2)

1b

Yield (%)

53

1a

2a

2b

53

1b

2b
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Table 1: Synthesis of 4,4-spirocyclic γ-lactams 2 by tandem radical spirocyclization of 1 with CO.a (continued)

3

55

1c

2c

4

58
1d

2d

5c

19
1e

2e

6

62

1f

2f

60d

7
1g

3

aReaction

conditions: 1 (1.0 equiv), CO (80 atm), AIBN (0.3 equiv), TTMSS (2.0 equiv), THF (0.02 M), bath temperature 80 °C, 12 h. bReaction time:
24 h. cThe reaction was carried out at a bath temperature of 110 °C. dYield of 3.

the other hand, 2-(azidomethyl)allyl(2-iodophenyl)sulfane (1e)
gave a low yield of the corresponding spiro thiobenzofuran
lactam (19%, Table 1, entry 5), which may be rationalized by
the less effective cyclization due to the longer C–S bonds.
We then tried to extend the tandem spirocyclization approach to
obtain 4,4-spirocyclic oxindole γ-lactam and tested two
substrates, 2-(azidomethyl)-N-benzyl-N-(2-iodophenyl)acrylamide (1f) and the nitrogen-unprotected analogue 1g. The reaction of 1f was smooth to give the desired 4,4-spirocyclic oxindole γ-lactam 2f in 62% yield (Table 1, entry 6). On the other
hand, the reaction of 1g gave the cyclized product in only a
trace amount, and instead THF-incorporating 6-endo cyclization product 3 was obtained in 60% yield (Table 1, entry 7)
[28].

Based on the known chemistry of radical cyclization and
carbonylation reactions, a possible mechanism for the spirocyclization of 1f with CO is shown in Scheme 5. The iodoaryl
allyl azide 1f is converted to an aryl radical A via the iodine
atom abstraction by the (TMS)3Si radical. The subsequent 5-exo
cyclization of aryl radical A gives an alkyl radical B, which
adds to CO to give an acyl radical C. Finally, the 5-exo addition of acyl radical C onto an azide group takes place with the
liberation of dinitrogen to give a cyclized amidyl radical D
[29,30], which abstracts hydrogen from TTMSS, affording the
4,4-spirocyclic indoline γ-lactam 2f and a (TMS)3Si radical,
thus creating a radical chain.
On the other hand, the unusual formation of THF-incorporating
lactam 3 from 1g may be rationalized by the consecutive 6-endo
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Scheme 5: Proposed mechanism for a construction of 4,4-spirocyclic
indoline γ-lactam 2f by the tandem radical cyclization of 1f with CO.

cyclization of E and β-elimination of an azidyl radical from the
resulting F, to give 2-methylene lactam G (Scheme 6). Then,
the THF radical is formed via the α-hydrogen abstraction by the
azidyl radical [31-34], which is attached to G to give α-carbonyl radical H. Finally, H abstracts hydrogen from TTMSS,
affording the THF-incorporating product 3 and the (TMS)3Si
radical, which participates in the next chain reaction.

Scheme 6: Proposed mechanism for the formation of THF-incorporating product 3 from 1g.

We have examined a TTMSS-mediated 5-exo radical cyclization/carbonylation/spirocyclization sequence to synthesize 4,4spirocyclic rings. By using this protocol, indoline, benzofuran
and oxindole γ-lactams can be conveniently prepared in
moderate to good yields. As shown in the contrasting results of
acrylic amides 1f and 1g, to cause the requisite 5-exo cyclization of aryl radicals onto allylic azide in preference to the
6-endo cyclization, the angle compression caused by the substitution on the nitrogen has to be considered carefully. Nevertheless, our method can provide a steady tool for the ring formation of 4,4-spirocyclic γ-lactams with the incorporation of CO
as a carbonyl group.

magnetic stirring bar, 2-(azidomethyl)-N-benzyl-N-(2iodophenyl)acrylamide (1f) (150.0 mg, 0.36 mmol), AIBN
(2,2’-azobisisobutyronitrile, 17.7 mg, 0.11 mmol), TTMSS
([tris(trimethylsilyl)silane], 178.3 mg, 0.72 mmol) and THF
(17.9 mL; 0.02 M) were placed in a 50 mL stainless steel autoclave. The autoclave was closed, purged three times with CO,
pressurized with 80 atm of CO, and then heated at 80 °C (bath
temperature) for 12 h. Excess CO was discharged after the reaction. The reaction mixture was concentrated in vacuo. The
resulting residue was purified by column chromatography on
silica gel (hexane/EtOAc 2:1) to give the desired 4,4-spirocyclic oxindole γ-lactam product 2f as a colorless oil in 62%
yield (65.3 mg, 0.22 mmol). ¹H NMR (400 MHz, CDCl3) δ
7.39–7.16 (m, 7H), 7.07 (t, J = 7.6 Hz, 1H), 6.79 (d, J = 7.6 Hz,
1H), 5.89 (s, 1H), 4.93 (s, 2H), 3.91 (d, J = 9.2 Hz, 1H), 3.50 (d,
J = 9.2 Hz, 1H) 3.02 (d, J = 16.8 Hz, 1H), 2.51 (d, J = 16.8 Hz,
1H); 13C NMR (100 MHz, CDCl3) δ 177.5, 175.4, 141.9, 135.5,
133.2, 129.1, 129.0, 128.0, 127.4, 123.6, 122.3, 109.7, 51.1,
49.7, 44.3, 40.4; IR (neat): 3418, 3061, 2927, 1696, 1613, 1488,
1467, 1455, 1380, 1368, 1177 cm −1 ; HRMS–FAB (m/z):
[M + H]+ calcd for C18H17N2O2, 293.1290; found, 293.1299.
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Abstract
Copper(II)-salt-promoted oxidative ring-opening reactions of bicyclic cyclopropanol derivatives were investigated. The regioselectivities of these processes were found to be influenced by the structure of cyclopropanols as well as the counter anion of the
copper(II) salts. A mechanism involving rearrangement reactions of radical intermediates and their competitive trapping by copper
ions is proposed.

Introduction
Radical ions are key intermediates in electron-transfer (ET)
reactions of organic molecules [1-5] and they often undergo
fragmentations to yield free radicals and ions [6-10]. The
ensuing reaction pathways followed by the resulting radicals are
governed not only by their intrinsic nature but also by the nature
of co-existing redox reagents. In principle, radical intermediates in ET-promoted reactions have a tendency to participate in
further ET processes to generate ionic species when stoichiometric amounts of redox reagents are used (Scheme 1) [1-10].
In contrast, radical intermediates formed by a photoinduced ET
(PET) are less likely to undergo these secondary reactions,
because steady-state concentrations of PET-generated redox

Scheme 1: Comparison of fragmentation reaction pathways of organic
radical ions generated under the redox-reagent-promoted ET and PET
conditions.
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reagents are low [11-19]. When radical intermediates and
ions derived from their precursor radical ions undergo
different rearrangement reactions, it is often possible to distinguish respective reaction pathways of radicals and ions by
examining the product distributions of the reactions of
substrates that contain appropriate probe moieties (Scheme 2).
In past studies, we developed unique families of substances
(exemplified by probes I and II in Figure 1) that act as radical
ion probes [20] and found that radical intermediates in their
reaction pathways undergo efficient 5-exo hexenyl radical
cyclization reactions [21], (Figure 1) [22-30]. For example, PET
reactions of probe I with amines were observed to produce a
spirocyclic ketone product while its reduction reaction induced
by samarium diiodide (SmI2) gives rise to a cyclopropanol (left
in Scheme 3) [22,24,27]. On the other hand, the same spirocyclic ketone is obtained in the 9,10-dicyanoanthracene (DCA)
and biphenyl (BP) sensitized PET reaction of probe II, while
reactions of this substrate with certain oxidants afford ringexpanded ketone and enone products (right in Scheme 3)
[23,25,26,28-30].
Careful examination of the reaction of probe II with FeCl3
revealed that a small quantity of the spirocyclic ketone was also
formed [23,28]. This observation prompted us to explore the
possibility that the free radical rearrangement route becomes

Figure 1: Radical anion and cation probe substances I and II,
possessing 5-hexenyl structures.

more predominant when oxidizing reagents weaker than Fe(III)
are used to promote the reaction. Based on a consideration of
the redox potentials of Fe and Cu ions (Eº in H2O, V versus
NHE), +0.77 for Fe(III)/Fe(II), +0.17 for copper(II)/copper(I)
[31], we chose to explore the use of copper(II) reagents in this
effort. Although various ET reagents have been employed to
promote reactions of cyclopropanol derivatives [32-47], the
employment of copper(II) reagents to induce reactions has not
been extensively studied [36,39]. In the investigation described
below, we have explored copper(II)-salt-promoted oxidative
ring-opening reactions of selected bicyclic cyclopropanol
derivatives.

Scheme 2: Using rearrangements of radicals and ions to distinguish mechanistic pathways for ET-reactions.

Scheme 3: Reductive ET reactions of the probe I (left) and oxidative ET reactions of probe II (right).
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Results and Discussion
In the initial phase of this effort, we examined the reaction of
cyclopropyl silyl ether 1a (0.40 mmol) with copper(II) acetate,
Cu(OAc)2 , (1.1 equiv) for 1 h at room temperature (Scheme 4).
Under these conditions no reaction takes place, which we
attribute to the steric bulk of the silyl substituent causing interference in the reaction of the substrate with Cu(OAc)2. In accordance with this reasoning, we found that inclusion of n-Bu4NF
(1.2 equiv) in the reaction mixture led to a reaction that
completely consumes 1a and produced the expected spirocyclic
ketone 2, albeit in low yield, and spirocyclic ketone 3
possessing an exo-methylene moiety as the major product.
Interestingly, ketone 3 was previously observed as a product of
the DCA–BP-sensitized PET reaction of 1a in the presence of
Cu(OAc)2 [25]. Only a trace amount of ring-expanded enone 4
along with small amounts of desilylated alcohol 1b (ca. 8%)
and ketone 5 were detected in the product mixture by using
1H NMR analysis. Treatment of 1a (0.19 mmol) with n-Bu NF
4
(2.0 equiv) in THF for 1 h followed by hydrolysis gave a mixture of 1b and 5 (12:88). Therefore, 5 may not result from the
copper(II)-oxidation reaction.
Based on the above observations, we anticipated that sterically
less hindered cyclopropanols would more efficiently undergo
copper(II)-induced oxidation reactions than the corresponding
silyl ethers. To probe this prediction, cyclopropanols 1,
prepared by SmI2-promoted intramolecular Barbier reaction of
the corresponding α-bromomethyl cycloalkanones 6 [28], were
subjected to reactions promoted by various copper(II) salts,
CuX2 (Scheme 5).

Scheme 5: SmI2-promoted preparation of 1 and subsequent reaction
with CuX2.

The results of the reaction of 1b with Cu(OAc)2 (Scheme 6) are
summarized in Table 1. As expected, this process produces
ketone 3 as the major product along with both 2 and ringexpanded enone 4 as minor products. Moreover, the order of
addition of 1b and Cu(OAc)2 does not significantly affect the
product distribution (compare Table 1, entry 1 to entry 2). An
exploration of solvent effects revealed that MeCN is more suitable than DMF while the solubility of Cu(OAc)2 is higher in the
latter solvent (compare Table 1, entry 1 to entry 5). In entry 5
(Table 1), ring-opened ketone 5 was obtained. In other experiments (see below), the formations of 5 (see Table 2), and other
ring-opened ketones 22 (see Table 3) and 25 (see Scheme 11)
are also observed. These products might be formed by deprotonation of the corresponding cyclopropanols 1. It should be
noted that THF is not an appropriate solvent for this reaction
(Table 1, entry 8), a finding that is in contrast to the previous

Scheme 4: Reaction of silyl ether 1a with Cu(OAc)2 in the absence or presence of n-Bu4NF.

Scheme 6: Reaction of cyclopropanol 1b with Cu(OAc)2.
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Table 1: Reaction of cyclopropanol 1b with Cu(OAc)2.a

entry

1
2e
3
4e
5f
6
7e
8

Cu(OAc)2 (equiv)

1.1
1.1
0.5
2.2
1.1
2.2
1.1
1.1

solvent

MeCN
MeCN
MeCN
MeCN
DMF
DMF
CH2Cl2
THF

conv of 1bb (%)

91
100
82
100
60
69
85
28

yieldsc (%)
2

3

4

0
0
5
0
0
1
10
trace

70
70
47
62
35
40
38
6

~5d
~8d
~2d
4
trace
~1d
trace
trace

a1b

derived from 6b (0.40 mmol) was added to Cu(OAc)2 in a solvent (4 mL). bDetermined by 1H NMR based on the yield of the isolated products
(see Experimental). cIsolated or determined by 1H NMR. dCrude yields. eCu(OAc)2 was added to 1b in a solvent. fKetone 5 (~5%) was obtained.

observation that ether is a better solvent than MeCN and DMF
in Cu(BF4)2-promoted ring-opening reactions of cyclopropylsilyl ethers [39]. When CH2Cl2 is employed as solvent, formation of 2 becomes more efficient while the yield of 3 remains
moderate (Table 1, entry 7). Although the effect of the quantity
of Cu(OAc)2 on the reaction is not great, a decrease in the
amount of Cu(OAc)2 causes a small increase in the yield of 2
and a decrease in the yield of 3 (compare Table 1, entry 3 to
entry 1). By using more Cu(OAc)2, the yield of 3 is increased in
DMF (compare Table 1, entry 6 to entry 5) while it is decreased
in MeCN (compare Table 1, entry 4 to entry 2).

The observations described above suggest that the mechanism
for this reaction shown in Scheme 7 is plausible. Because
copper(II) is a relatively weak outer-sphere SET oxidant [1],
addition of the hydroxy group of 1b to Cu(OAc)2 takes place
initially to produce Lewis base–acid complex 7, followed by
inner-sphere ET involving elimination of CuOAc and AcOH,
which gives cyclopropoxy radical 8. Either external or internal
bond cleavage of 8 generates the respective primary alkyl
radical 9 or tertiary alkyl radical 10. An equilibrium interconverting 9 and 10 through 8 [22-30] might occur (see below).
A mechanism on the fragmentation of initially formed

Scheme 7: Plausible reaction pathways for the reaction of 1b with Cu(OAc)2.
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metal–organic complexes, giving β-ketoalkyl radicals [40],
cyclopropoxy radicals [25,28,48-50], or β-metalated carbonyls
[39], is still controversial [35-47]. Thus, we believe the reaction follows the pathways shown in Scheme 7 although the
possibility of direct formations of 9 and 10, a concerted ET and
cyclopropane ring opening, cannot be ruled out. Rapid 5-exo
cyclization of hexenyl radical moiety in 9 produces spirocyclic
primary alkyl radical 11. Hydrogen-atom abstraction by 11 then
leads to formation of spirocyclic ketone product 2, while trapping of 11 by CuOAc followed by β-H elimination (either
hydride elimination or deprotonation) [39] of the resulting
organocopper intermediate 12 generates the exocyclic methylene analogue 3 as the major product [25]. Protonation of 12
might be an alternative route for the formation of 2 (not shown
in Scheme 7). Reactions of alkyl radicals with copper(II) are
well documented [51,52], and it has been also suggested that
copper(I) efficiently reacts with alkyl radicals [39]. As
described, 1.1 equiv of Cu(OAc)2 leads to nearly complete reaction of 1b (see entry 1 and entry 2 in Table 1). Thus, CuOAc
which is generated after initial ET between Cu(OAc)2 and 1b
may capture the primary alkyl radical 11. In addition, although

not predominant, oxidation of 10 by Cu(OAc)2 gives rise to
tertiary carbocation 13 [51,52], which is then deprotonated to
form enone 4.
Studies of the effect of the counter ion on copper(II)-promoted
reactions of 1b (Scheme 8) gave the results summarized in
Table 2. While no reaction occurred when copper(II) acetylacetonate, Cu(acac)2, is used, (Table 2, entry 1), copper(II) 2-ethylhexanoate, Cu(ehex)2, serves as an effective oxidant in transforming 1b to 3 in a yield that is comparable to the process
promoted by Cu(OAc)2 (compare Table 2, entry 2 to entry 3).
Noticeable amounts of 2 are also generated in this reaction.
When CuCl2 is employed to oxidize 1b, only ring-expanded
ketones 4 and 14 are produced along with a lesser amount of
chloro ketone 15, and competitive formation of 2 and 3 does not
occur (Table 2, entry 4). An increase in the amount of CuCl2
causes a slight increase in the conversion of 1b and the total
yield of ring-expanded products 4 and 14 (compare Table 2,
entry 5 to entry 4). Interestingly, CuCl2 (1.1 equiv) could also
promote the reaction of silyl ether 1a to produce 4 (23%), 14
(4%) and 15 (3%) at 89% conversion of 1a. Although the origin

Scheme 8: Reaction of cyclopropanol 1b with various copper(II) salts (CuX2).

Table 2: Reaction of cyclopropanol 1b with various copper(II) salts (CuX2).a

entry

X

Conv of 1bb (%)

yieldsc (%)
2

1

acetyl acetonate (acac)

0

2d
3f
4g
5i
6j

2-ethyl hexanoate (ehex)
OAc
Cl
Cl
OTf

94
91
63
71
77

3

4

No reaction
5
0
0
0
trace

63
70
0
0
0

~4e
~5e
~25e(9)h
34(6)h
~11e(34)k

a1b

derived from 6b (0.40 mmol) was added to CuX2 (1.1 equiv for entries 1–4,6; 2.2 equiv for entry 5) in MeCN (4 mL). bDetermined by 1H NMR
based on the yield of the isolated products (see Experimental). cIsolated or determined by 1H NMR. dKetone 5 (13%) was obtained. eCrude yield.
fSame as entry 1 in Table 1. gKetone 5 (9%) and chloro ketone 15 (4%) were obtained. hNumber in the parenthesis is the yield of chloro adduct 14.
iKetone 5 (13%) and chloro ketone 15 (11%) were obtained. jKetone 5 (~2%) was obtained. kNumber in parentheses is the yield of acetoamide 16.
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Scheme 9: Formation of acetoamide 16 from the cation 13.

of 15 is uncertain, one possibility is that it is formed by halogen
substitution of unconverted bromide 6b to 1b by SmI2. The formation of chloro ketone 23 (see Table 3) may be similarly
explained. Finally, reaction of 1b with Cu(OTf)2 leads to formation of ring-expanded products 4 and 16 and a negligible
amount of 2 (Table 2, entry 6). Acetamide 16 is probably
produced in this process through a Ritter reaction between
cation 13 and the solvent acetonitrile (Scheme 9).
Hypothetically, both the Lewis acidity and oxidizing ability
of CuX 2 should depend on the basicity of the counter ion
(X−: conjugate base of HX). Based on the acidity order HX,
TfOH > HCl > AcOH ~ 2-ethyl hexanoic acid > acetylacetone
[53,54], it is possible to assign Cu(acac)2, which is ineffective
in promoting the reaction, as the weakest oxidant. On the other

hand, CuCl 2 and Cu(OTf) 2 induce reactions that follow a
different pathway from those promoted by copper(II) carboxylates. These observations suggest that a rapid equilibrium does
indeed exist between isomeric radical intermediates 9 and 10
(Scheme 7) and that the thermodynamically less stable isomer 9
undergoes fast hexenyl-radical cyclization leading to the formation of 11 in reactions promoted by copper(II) carboxylates. On
the other hand, a fast oxidation of the more stable isomer 10 by
stronger oxidants such as CuCl2 or Cu(OTf)2 occurs to give the
stable tertiary carbocation 13, which is then captured by Cl− or
MeCN.
In order to explore the generality of the proposed counteranion-dependent reactivity switch in the nature of copper(II)promoted reactions of 1, the pentenyl-substituted cyclo-

Scheme 10: Reaction of cyclopropanol 1c with various copper(II) salts (CuX2).

Table 3: Reaction of cyclopropanol 1c with various copper(II) salts (CuX2).a

entry

1
2
3
4e
5

X

OAc
OAc
ehex
Cl
OTf

additive

–
pyridine (1.2 equiv)
–
–
–

conv of 1cb (%)

95
~65d
100
63
~93d

yieldsc (%)
19

20

55
33
33
0
0

0
0
0
28(8)f
13(33)g

aCuX

b
1
2 (1.1 equiv) was added to 1c derived from 6c (0.4 mmol) in MeCN (4 mL). Determined by H NMR based on the yield of the isolated products
(see Experimental). cIsolated or determined by 1H NMR. dBased on the crude yield of 1c. eKetone 22 (14%) and chloro ketone 23 (5%) were
obtained. fNumber in parentheses is the yield of chloro adduct 21. gNumber in parentheses is the yield of acetoamide 24.
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propanol 1c was employed as the substrate (Scheme 10 and
Table 3). A major product of the reaction of 1c promoted by
Cu(OAc)2 was observed to be the exo-methylene containing
spirocyclic ketone 19 (Table 3, entry 1), which is produced in
the DCA–BP sensitized PET reaction of silyl ether of 1c in the
presence of Cu(OAc)2 [25]. Contrary to the expectation that a
base could assist the deprotonation of the complex between
copper and 1c (similar to 7 in Scheme 7), the addition of pyridine was found to decelerate the reaction (Table 3, entry 2).
This observation suggests that coordination of pyridine to
copper reduces the oxidizing ability of Cu(OAc)2. Cu(ehex)2
was also effective to give 19 although the yield was relatively
low (Table 3, entry 3). Reaction of 1c with CuCl2 was observed
to form ring-expanded ketones 20 and 21, along with small
amounts of 22 and 23. However, competitive generation of 19
does not take place (Table 3, entry 4). Finally, reaction of 1c
with Cu(OTf)2 leads to the formation of ring-expanded enone
20 and acetoamide 24 (Table 3, entry 5).
As described above, observation of the occurrence of hexenylradical cyclization processes serves as good evidence for the
involvement of radical intermediates in mechanistic pathways
for reactions of 1b and 1c. In order to gain more information
about these processes, we explored an oxidation reaction of substrate 1d, which does not contain an alkene tether and whose
reaction pathway, thus, cannot involve radical intermediates
that undergo hexenyl-radical cyclization. We observed that
reaction of the methyl-substituted cyclopropanol 1d with

Cu(OAc)2 leads to formation of the ring-expanded enone 25 as
a major product along with a trace amount of ketone 26
(Scheme 11).
The Cu(OAc)2-promoted reactions of 1c and 1d are compared
in Scheme 12. The ring-expanded tertiary alkyl radical
27, formed as an intermediate in the reaction of 8
(R = (CH2)3CH=CH2), undergoes rapid 5-exo hexenyl cyclization along the route for the production of spirocyclic ketone 19.
Thus, oxidation of 27 followed by deprotonation to give enone
20 is a minor contributor. If an external bond cleavage of 8
occurs, cyclization of heptenyl-radical moiety in the resulting
primary alkyl radical (not shown in Scheme 12) is expected.
However, the exo-cyclization of heptenyl radical is two orders
of magnitude slower than that of the hexenyl radical [55]. In
contrast, because no competitive radical-rearrangement process
exists, the corresponding radical intermediate 28 formed from 8
(R = Me) undergoes sequential oxidation and deprotonation to
give enone 25 as a major product.

Conclusion
Various copper(II) salts promote ring-opening reactions of
bicyclic cyclopropanol derivatives. Using substrates that possess hexenyl moieties, we observed that the nature of the
counter anion of copper(II) salts has a significant impact on the
product distributions. The results suggest that reaction pathways followed by radical intermediates derived from these
substrates are strongly influenced by post ring-opening steps.

Scheme 11: Reaction of cyclopropanol 1d with various Cu(OAc)2.

Scheme 12: Comparison of reaction pathways of ring-expanded radical 27 and 28.
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Thus, cyclopropane bond cleavage, which is reversible, does
not serve as a product-determining step if a rapid follow-up
reaction like hexenyl-radical cyclization does not exist. The
results show that by using a proper choice of copper(II) salts it
is possible to control the reaction pathways followed by radical
and ionic intermediates derived from the initially formed Lewis
base–acid complexes if the radicals and ions are capable of
undergoing different rearrangement reactions.

Experimental
General: NMR spectra were recorded in CDCl3 with Me4Si as
an internal standard at 400 MHz for 1H NMR and 100 MHz for
13C NMR. Column chromatography was performed with silica
gel (Wakogel C-200). Preparative TLC was performed on
20 cm × 20 cm plates coated with silica gel (Wakogel B-5F).
MeCN was distilled over P2O5 and subsequently distilled with
K2CO3. CH2Cl2 was treated with H2SO4, water, 5% NaOH,
water, and CaCl 2 , and then distilled with CaH 2 . THF was
distilled over sodium benzophenone under N2. Anhydrous DMF
was purchased and used without distillation. Other reagents and
solvents were purchased and used without further purification.
Substrates 1a [25], 1b [29], 1d [29], 6b [24], and 6d [28] and
products 2 [24], 3 [25], 4 [25], 5 [29], 19 [25], 20 [26], 25 [25],
and 26 [25] are known compounds. Spectral data of 1c, 6c, 14,
15, 16, 21, 22, and 23 are presented below.
Preparation of cyclopropanols 1: Cyclopropanol derivatives 1
were prepared from the corresponding bromo ketones 6 by
using SmI2 following previously reported procedures [25,28].
Silyl ether 1a was prepared by the treatment of alcohol 1b with
TMSCl and Et3N. The synthesized alcohols 1b, 1c and 1d were
directly used for the reactions owing to their instabilities during
silica-gel chromatography.
1-Hydroxy-3-(4-pentenyl)-6,7-benzobicyclo[4.1.0]heptane
(1c): White solid; mp 71.5–72.9 °C; 1 H NMR (400 MHz,
CDCl3) δ 7.67–7.64 (m, 1H), 7.23–7.17 (m, 1H), 7.11–7.05 (m,
1H), 7.03–6.99 (m, 1H), 5.88–5.76 (m, 1H), 5.05–4.93 (m, 2H),
2.62 (ddd, J = 15.2, 5.2, 1.6 Hz, 1H), 2.52 (bs, 1H), 2.38 (td,
J = 15.2, 5.2 Hz, 1H), 2.14–2.04 (m, 2H), 1.96 (ddd, J = 12.8,
5.6, 2.0 Hz, 1H), 1.66–1.46 (m, 5H), 1.20 (d, J = 6.0 Hz, 1H),
0.81 (d, J = 5.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 140.8,
138.9, 133.0, 127.9, 126.2, 125.3, 123.8, 114.4, 58.6, 33.9, 32.1,
30.5, 26.9, 26.4, 23.3, 21.3; IR (neat) νmax (cm−1): 3278, 3188,
3072, 2921, 1640, 1444, 1278, 1228, 1194, 990, 908, 740;
LRMS–EI m/z (% relative intensity): 228 (M+, 6), 160 (100);
HRMS–EI (m/z): [M]+ calcd for C16H20O, 228.1514; found,
228.1511.
2-Bromomethyl-2-(4-pentenyl)-1-tetralone (6c): Pale yellow
oil; 1 H NMR (400 MHz, CDCl 3 ) δ 8.05–8.02 (m, 1H),

7.51–7.46 (m, 1H), 7.34–7.23 (m, 2H), 5.77–5.70 (m, 1H),
5.00–4.91 (m, 2H), 3.77 (d, J = 10.4 Hz, 1H), 3.64 (d,
J = 10.4 Hz, 1H), 3.13–2.90 (m, 2H), 2.34–2.16 (m, 2H),
2.04–1.98 (m, 2H), 1.78–1.24 (m, 4H); 13C NMR (100 MHz,
CDCl 3 ) δ 198.7, 143.0, 138.0, 133.5, 131.3, 128.8, 128.1,
126.8, 115.0, 48.6, 39.3, 33.9, 32.7, 30.9, 24.8, 22.7; IR (neat)
νmax (cm−1): 2938, 1680, 1600, 1454, 1304, 1224, 991, 910,
743; HRMS–ESI (m/z): [M + H] + calcd for C 16 H 19 O 79 Br,
307.0692; found, 307.0687; [M + H]+ calcd for C16H19O81Br,
309.0672; found, 306.0665.
Reaction of cyclopropanols 1 with copper(II) salts: A typical
experiment using 1b is described (Table 1, entry 1). To
Cu(OAc)2 (79.9 mg, 0.44 mmol) in MeCN (4 mL) was added
1b (85.7 mg, 0.40 mmol). In some experiments, the order of
addition was reversed (see entry 2 in Table 1 and Table 3). The
resulting mixture was stirred under N2 at room temperature for
1 h, diluted with water and extracted with Et2O. The extract was
washed with water, saturated aqueous Na 2 S 2 O 3 , saturated
aqueous NaHCO3, and brine, dried over anhydrous MgSO4, and
concentrated in vacuo giving a residue that was subjected to
TLC (AcOEt:n-hexane 20/1), and 3 (59.3 mg, 0.28 mmol, 70%)
and 4 (~5 mg, ~0.02 mmol, ~5%) were obtained. Other reactions were performed in a similar manner. Because cyclopropanols 1 have a tendency to partially decompose during
silica-gel chromatography, their conversion in reactions was
determined by using 1H NMR analysis of the crude reaction
mixtures. When product isolations were not performed, yields
were also determined by 1 H NMR, and crude yields are
reported in some cases.
3-(3-Butenyl)-3-chloro-1-benzosuberone (14): Brown liquid;
1H NMR (400 MHz, CDCl ) δ 7.80 (d, J = 7.6 Hz, 1H), 7.41 (t,
3
J = 6.6 Hz, 1H), 7.32–7.29 (m, 2H), 5.88–5.78 (m, 1H),
5.10–4.98 (m, 2H), 3.51–3.40 (m, 2H), 3.16 (dd, J = 12.0,
1.6 Hz, 1H), 3.03 (dd, J = 17.0, 8.2 Hz, 1H), 2.55 (dd, J = 15.4,
8.2 Hz, 1H), 2.47–2.38 (m, 1H), 2.34–2.25 (m, 1H), 2.10–1.96
(m, 3H); 13C NMR (100 MHz, CDCl3) δ 197.8, 143.9, 137.5,
137.2, 132.0, 130.3, 128.9, 126.5, 115.2, 72.8, 55.8, 43.1, 42.8,
31.0, 28.7; IR (neat) ν max (cm −1 ): 2939, 1681, 1602, 1453,
1299, 1226, 915, 749; HRMS–ESI (m/z): [M + H]+ calcd for
C15H17O35Cl, 249.1041; found, 249.1038; [M + H]+ calcd for
C15H17O37Cl, 250.1074; found, 250.1071.
2-(3-Butenyl)-2-chloromethyl-1-tetralone (15): Colorless oil;
1H NMR (400 MHz, CDCl ) δ 8.03 (d, J = 8.4 Hz, 1H), 7.48 (t,
3
J = 6.8 Hz, 1H), 7.31 (t, J = 7.6 Hz, 1H), 7.23 (d, J = 7.6 Hz,
1H), 5.78–5.68 (m, 1H), 5.01–4.91 (m, 2H), 3.87 (d,
J = 11.6 Hz, 1H), 3.79 (d, J = 11.2 Hz, 1H), 3.13–3.05 (m, 1H),
2.96 (dt, J = 17.4, 5.0 Hz, 1H), 2.35–2.28 (m, 1H), 2.22–2.06
(m, 2H), 2.01–1.92 (m, 1H), 1.88–1.72 (m, 2H); 13C NMR
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(100 MHz, CDCl3) δ 198.8, 142.8, 137.6, 133.5, 131.3, 128.7,
128.0, 126.8, 115.0, 49.1, 49.0, 31.6, 29.9, 27.7, 24.7; IR (neat)
ν max (cm −1 ) 2940, 1680, 1601, 1453, 1225, 914, 748;
HRMS–ESI (m/z): [M + H]+ calcd for C15H17O35Cl, 249.1041;
found, 249.1041; [M + H]+ calcd for C15H17O37Cl, 251.1011;
found, 251.1006.
3-(Acetylamino)-3-(3-butenyl)-1-benzosuberone (16): Yellow
solid; mp 105.0–107.0 °C; 1H NMR (400 MHz, CDCl3) δ 7.77
(d, J = 6.4 Hz, 1H), 7.41 (t, J = 6.8 Hz, 1H), 7.30 (t, J = 6.4 Hz,
1H), 7.25 (d, J = 8.0 Hz, 1H), 5.87–5.77 (m, 1H), 5.56 (bs, 1H),
5.06–4.95 (m, 2H), 3.12–2.97 (m, 4H), 2.46–2.40 (m, 1H),
2.27–2.20 (m, 1H), 2.10–2.03 (m, 3H), 1.99–1.95 (m, 4H); 13C
NMR (100 MHz, CDCl3) δ 201.3, 169.9, 144.2, 138.2, 138.1,
132.1, 130.3, 128.6, 126.6, 115.0, 57.5, 50.9, 39.3, 36.1, 31.2,
28.3, 24.2; IR (neat) νmax (cm−1) 3308, 3209, 2246, 1665, 1599,
1548, 1450, 1298, 1232, 912, 732; HRMS–ESI (m/z): [M +
Na]+ calcd for C17H21NO2, 271.1567; found, 294.1463.
3-Chloro-3-(4-pentenyl)-1-benzosuberone (21): Brown oil;
1H NMR (400 MHz, CDCl ) δ 7.81 (d, J = 7.6 Hz, 1H), 7.42 (t,
3
J = 7.6 Hz, 1H), 7.32–7.26 (m, 2H) , 5.87–5.76 (m, 1H),
5.07–4.96 (m, 2H), 3.51–3.41 (m, 2H), 3.16 (dd, J = 12.0,
1.6 Hz, 1H), 3.03 (dd, J = 16.0, 8.0 Hz, 1H), 2.55 (dd, J = 15.4,
8.4 Hz, 1H), 2.13–2.08 (m, 2H), 1.98–1.62 (m, 5H); 13C NMR
(100 MHz, CDCl3) δ 198.0, 144.0, 138.0, 137.6, 132.0, 130.3,
128.9, 126.5, 115.0, 73.3, 55.8, 43.2, 43.1, 33.4, 31.1, 23.6; IR
(neat) νmax (cm−1) 2943, 1680, 1600, 1449, 1297, 913, 751;
HRMS–ESI (m/z): [M + H]+ calcd for C16H19O35Cl, 263.1197;
found, 263.1191; [M + H]+ calcd for C16H19O37Cl, 265.1168;
found, 265.1168.

131.4, 128.7, 128.0, 126.8, 115.0, 49.2, 49.1, 33.9, 31.9, 29.9,
24.7, 22.7; IR (neat) ν max (cm −1 ): 2939, 1680, 1600, 1454,
1222, 911, 746; HRMS–ESI (m/z): [M + H] + calcd for
C16H19O35Cl, 263.1195; found, 263.1197; [M + H]+ calcd for
C16H19O37Cl, 265.1168; found, 265.1168.
3-(N-Acetylamino)-3-(4-pentenyl)-1-benzosuberone (24):
Viscous yellow oil; 1H NMR (400 MHz, CDCl3) δ 7.77 (d,
J = 7.6 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.28 (t, J = 7.6 Hz,
1H), 7.24 (d, J = 7.2 Hz, 1H), 5.84–5.74 (m, 1H), 5.55 (bs, 1H),
5.04–4.94 (m, 2H), 3.11–2.96 (m, 4H), 2.42–2.36 (m, 1H),
2.11–2.04 (m, 4H), 1.93 (s, 3H), 1.91–1.83 (m, 1H) , 1.43–1.35
(m, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 201.3, 169.8,
144.2, 138.4, 138.2, 132.0, 130.3, 128.5, 126.5, 114.8, 57.6,
50.9, 39.2, 36.6, 33.7, 31.2, 24.2, 23.1 ppm; IR (neat) νmax
(cm−1): 3301, 3204, 2246, 1660, 1599, 1547, 1449, 1298, 1229,
912, 731; HRMS–ESI (m/z): [M + Na]+ calcd for C18H23NO2,
308.1621; found, 308.1622.
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Abstract
The cis- and trans-stereoselective radical additions to α-methylene-γ-alkyl- γ-lactams were investigated and the scope and limitation of the reaction were also revealed. This stereoselective radical reaction was used for synthesis of chiral pyroglutamic acid
derivatives starting from a commercially available chiral amino acid.

Introduction
γ-Lactams exist in many natural products and biologically
active compounds and are one of the most important classes of
compounds for drug discovery [1-3]. Substituted γ-lactams, in
particular, have potential application in drug synthesis, but the
development of stereoselective synthesis of chiral γ-lactams
remains a challenge [4,5]. Developing effective and simple synthetic methods is important so that the drug candidates can be
screened. A stereoselective addition to a γ-lactam skeleton
provides a direct and efficient method for synthesizing various
γ-lactam derivatives. However, the most commonly used
methods for synthesizing chiral γ-lactams are based on the
cyclization or cycloaddition of N-containing precursors, which
are synthesized stereoselectively, and there are limited studies

on the stereoselective additions to γ-lactam skeletons [6-8] and
no reports on radical addition.
We have already investigated diastereoselective alkyl radical
additions to α-methylene-γ-phenyl- γ-lactam and reported that
the N-unsubstituted lactam yields cis-α,γ-disubstituted lactams
using (Me3Si)3SiH under UV irradiation, whereas the reactions
of N-pivaloyllactams with Et3B and Bu3SnH in the presence of
Yb(OTf)3 yields trans-α,γ-disubstituted lactams, both reactions
involving various alkyl radicals (Scheme 1) [9]. Although this
method allows the stereoselective introduction of various
substituents into γ-lactams, only γ-phenyl-γ-lactam was used as
a substrate. Therefore, we were interested in whether our reac-
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pyroglutamic acid derivatives using our reaction, starting from a
commercially available chiral amino acid.

Results and Discussion

tion conditions would be suitable for γ-alkyl substrates and
would allow the efficient synthesis of chiral N-containing compounds.

First, cis-selective isopropyl radical additions to α-methylene-γalkyl-γ-lactams were investigated (Table 1). The lactams 1a–1d
were synthesized following published procedures [10]. The
conditions used in our previous study [9] were used as the
starting point, and the reactions of 1a–1d (1 equiv) with isopropyl iodide (3 equiv) in CH2Cl2 by using AIBN (0.2 equiv) as
a radical initiator and (Me3Si)3SiH (TTMSS) (2 equiv) as a
H-donor were performed at room temperature under UV irradiation. The reactions of 1a and 1b yielded strong cis-diastereoselectivities, but the reactions of 1c and 1d were less diastereoselective.

Here, we report cis- and trans-stereoselective radical additions
to α-methylene-γ-alkyl- γ-lactams and the synthesis of chiral

Next, isopropyl radical additions to N-pivaloyl substrates 3a–3d
in the presence of a Lewis acid were investigated (Table 2). The

Scheme 1: Radical addition to α-methylene-γ-phenyl-γ-butyrolactams.

Table 1: Radical addition to 1 under non-chelating conditions.

entry

1

R

2

yield (%)

cis/trans

1
2
3
4

1a
1b
1c
1d

iPr
c-Hex
iBu
PhCH2CH2

2a
2b
2c
2d

82
55
52
49

91:9
92:8
80:20
84:16

Table 2: Radical addition to 3 under chelating conditions.

entry

3

R

4

yield (%)

cis/trans

1
2
3a
4b
5
6

3a
3b
3b
3b
3c
3d

iPr
c-Hex
c-Hex
c-Hex
iBu
PhCH2CH2

4a
4b
4b
4b
4c
4d

90
42
62
46
85
71

45:55
75:25
88:12
80:20
36:64
50:50

aWithout

Yb(OTf)3. b1.0 equiv of Yb(OTf)3 was used.
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reactions of 3a–3d (1 equiv) with isopropyl iodide (3 equiv) in
CH2Cl2 in the presence of Et3B (1 equiv), Bu3SnH (2 equiv),
and Yb(OTf)3 (0.5 equiv) were performed at −78 °C. The reactions of 3a, 3c, and 3d were almost nondiastereoselective, while
that of 3b was cis-selective. The selectivity was almost the
same as when the reaction was performed without a Lewis acid
(Table 2, entry 3). Using an excess of Yb(OTf)3 did not affect
the diastereoselectivity (Table 2, entry 2).

disturbs chelation. Using the acetyl group, which is less sterically hindered than the pivaloyl group, improved the chelate
formation of γ-isobutyl or γ-phenethyl substrates and the reactions of 5c and 5d were trans-selective. In contrast, relatively
bulky isopropyl or cyclohexyl groups could not form the sixmembered chelate because of the steric repulsion between the
acetyl and tertiary alkyl group (Figure 1).

We then changed the protecting group of the lactam nitrogen
from the pivaloyl to the acetyl group and investigated the reaction in the presence of a Lewis acid (Table 3). The reactions of
5c and 5d yielded strong trans-selectivities, but cis-selectivities
were observed in the reactions of 5a and 5b. The use of
MgBr2–OEt2 instead of Yb(OTf)3 enhanced the yield but did
not affect the diastereoselectivity (Table 3, entry 2).
The direction of hydrogen transfer from the H-donor
(n-Bu3SnH or TTMSS) to the intermediate radical determined
the stereochemistry of the product. In the case of the reaction of
unprotected lactam by using a bulky H-donor (Table 1),
hydrogen transferred from the opposite side of the γ-alkyl group
and the cis-product was obtained. The less hindered primary
isobutyl or phenethyl substrates (1c or 1d) yielded poorer stereoselectivities than did 1a or 1b. Trans-selectivity was
expected for the amide type N-protecting group reaction
because of the coordinating carbonyl oxygens. The carbonyl
oxygen of lactam and that of the N-protecting group (pivaloyl or
acetyl) bidentately coordinate to the Lewis acid to form a sixmembered chelate. The Lewis acid coordinates from the opposite side of the γ-alkyl group, and hydrogen transfer occurred
from the same face as the γ-alkyl substituent to give trans-selectivity. However, strong trans-selectivities were not observed for
substrates with pivaloyl groups, and it appears that steric
hindrance between the pivaloyl group and the lactam γ-alkyl

Figure 1: Chelation of 5a and 5d.

Finally, we attempted to synthesize the chiral pyroglutamic acid
derivatives starting from a commercially available chiral amino
acid. The reaction of benzaldehyde and (S)-phenylglycinol in
the presence of MgSO4 (used as a dehydrating reagent) gave a
chiral imine, and the subsequent Reformatsky reaction with bromide 7 afforded butyl acrylate 8 as a single diastereomer
[11,12] (Scheme 2). Hydrolysis with CF3CO2H and converting
the hydroxy group to the chloride yielded the corresponding
lactam 9 [13]. The chiral auxiliary was removed by DBUassisted elimination to the enamine and subsequent hydrolysis
[14]. Introducing the pivaloyl group, because N-pivaloyl gave
high trans-selectivity of γ-phenyl substrate, yielded the chiral
radical substrate 10.
The trans-selective ethyl radical addition proceeded, yielding
11 with high diastereoselectivity, as we previously reported [9].
The trans-isomer was isolated by silica-gel column chromatography. The N-pivaloyl group on 11 was converted to the Boc

Table 3: Radical addition to 5 under chelating conditions.

entry

5

R

6

yield (%)

cis/trans

1
2a
3
4
5

5a
5a
5b
5c
5d

iPr
iPr
c-Hex
iBu
PhCH2CH2

6a
6a
6b
6c
6d

37
84
51
97
92

78:22
66:39
62:38
20:80
25:75

a3.0

equiv of MgBr2–OEt2 was used instead of Yb(OTf)3.
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Scheme 2: Synthesis of chiral substrate 10.

Scheme 3: Synthesis of chiral 4-butyl-L-pyroglutamic acid 13.

group, because ruthenium oxidation did not proceed on using
the pivaloyl-protected substrate 11. The phenyl group was
oxidized to the carboxylic acid by using ruthenium trichloride
[15,16], and the benzylation of the carboxyl group yielded the
pyroglutamic acid derivative 13 as a single stereoisomer
(Scheme 3).
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Abstract
Studies on SmI2-mediated spirocyclisation and lactone reduction culminate in a telescoped sequence in which additives are used to
“switch on” individual steps mediated by the electron transfer reagent. The sequence involves the use of two activated SmI2 reagent
systems and a silicon stereocontrol element that exerts complete diastereocontrol over the cyclisation and is removed during the
final stage of the sequence by Peterson elimination. The approach allows functionalised cyclopentanols containing two vicinal
quaternary stereocentres to be conveniently prepared from simple starting materials.

Introduction
Samarium diiodide (SmI2) has become an essential tool for
chemists since its introduction by Kagan [1,2], efficiently mediating a wide range of reductive transformations [3]. The
reagent’s versatility and the high degree of control usually
observed in SmI2-mediated reactions make it the first choice for
an array of reductive electron transfer processes [4-13]. Cyclisations are one of the most notable classes of transformation
induced by SmI2 and have been widely employed in naturalproduct syntheses [8-10]. Importantly, fine tuning of the
reagent’s reduction potential through the use of additives allows

complex, polyfunctionalised starting materials to be manipulated selectively [3-16].
Recently, we reported the use of a C–Si bond to control the
stereochemical course of SmI 2 -mediated cyclisations. For
example, complete diastereocontrol was achieved in the
construction of cyclobutanols [13,17-22] and spirocyclopentanols (Scheme 1) [23-28]. The use of MeOH
as an additive with SmI 2 was key to the success of these
cyclisations [24].
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Scheme 1: SmI2-mediated cyclisations directed by a C–Si bond.

In the case of spirocyclopentanol products 2, further manipulation was hampered by their sensitivity to standard reductive
conditions, and initially their reduction could only be achieved
in two steps via the corresponding lactols [28]. An alternative
solution for the manipulation of spirocyclopentanols 2
arose from our recent introduction of SmI2−H2O−amine [29-39]
as a mild and efficient reagent system for the electron
transfer reduction of carboxylic acid derivatives [40-42]. Pleasingly, SmI 2 −H 2 O−amine provided direct access to highly
functionalised triols such as 3b from spirocyclopentanol 2b
(Scheme 2) [42].

Scheme 2: Reduction of a spirocyclic lactone using SmI2−H2O−Et3N.

In this manuscript, we report studies on SmI2-mediated cyclisation and lactone reduction that culminate in a “telescoped”
sequence, i.e., a sequence of steps carried out on a single reaction mixture by the sequential addition of various reagents. In
the sequence, additives are used with SmI2 to “switch on” individual steps: spirocyclisation, lactone reduction and Peterson
elimination allow rapid access to functionalised cyclopentanols,
containing two vicinal quaternary stereocentres, from simple
starting materials. The sequence involves the use of two activated SmI2 reagent systems, and a silicon stereocontrol element
exerts complete diastereocontrol over the cyclisation and is
removed during the final stage of the sequence.

Results and Discussion
Spirocyclisation
We first set out to examine the scope of the reductive-aldol
spirocyclisation [23-27] directed by a C–Si bond, by varying the
nature and functionalisation of the side chain. The ratio of
2b/4b was optimized by adjusting the SmI2/MeOH ratio and the
reaction time to minimise retro-aldol reaction and the formation of saturated ketolactone byproduct 4b (Table 1). Lowering
the amount of SmI2 and MeOH used and shortening the reaction time resulted in improved selectivity for spirolactone 2b.
We believe that spirolactones such as 2b undergo retro-aldol
fragmentation (to give products such as 4b) upon prolonged
exposure to Lewis acidic Sm(II)/(III)-species present in the
reaction mixture.
Pleasingly, the process proved general, affording the desired
spirocycles 2 in good yields and as single diastereoisomers with
only small amounts of saturated ketolactone byproducts (cf. 4b)
observed. No byproducts arising from reaction of the additional
functional groups present were formed (Scheme 3). Of particular note, keto-lactone 1f bearing an ester-containing side chain
gave the expected spirocycle 2f, albeit with low conversion
(unoptimized). As expected, no products arising from the reduction of the ester were observed [40-42].

Telescoped spirocyclisation/lactone reduction
Although the reduction of the spirocycles 2 proceeds smoothly
with SmI2−H2O−Et3N [40-42], we recognised the advantages
of performing both SmI 2 -mediated steps in a telescoped
fashion. The strongly coordinating H2O and amine additives
used to activate SmI2 [29-42] in the second lactone reduction
step suggested that this far more reducing system would tolerate
the presence of samarium(III) salts and a less-activating additive (MeOH) from the first reduction step. Pleasingly, when
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Table 1: Optimisation of SmI2–mediated spirocyclisation conditions.

a0.1

Entry

SmI2a (equiv)

MeOH (equiv)

SmI2/MeOH

2b/4bb

1
2
3
4
5
6
7
8c
9c

2.2
2.5
3
4
2.2
2.5
3
2.5
2.5

128
128
128
128
70
80
96
80
96

1:58
1:52
1:43
1:32
1:32
1:32
1:32
1:32
1:38

1.8:1
1.9:1
2.4:1
2.6:1
3.2:1
3.3:1
3.2:1
4:1
4:1

M solution in THF. bFrom 1H NMR of crude product mixture. cReaction time 3–5 min.

The process is carried out by transferring the reaction mixture
after the first reduction stage (SmI2–MeOH) to a preformed
solution of SmI2−H2O−Et3N. The telescoped procedure proved
robust and was scaled up to 1.2 g (3.5 mmol) without any drop
in yield.

Telescoped spirocyclisation/lactone reduction/Peterson elimination
With an efficient process combining spirocyclisation and
lactone reduction in hand, we proposed that manipulation of the
triol products by Peterson elimination [43,44] could be added to
the telescoped sequence. Crucially, Peterson elimination of
triols 3 would result in removal of the silicon stereocontrol
element used to control the stereochemical course of C–C bond
formation. In early studies, treatment of triol 3b with t-BuOK
gave vinyl cyclopentanol 5b in moderate yield [45], but the
reaction suffered from poor reproducibility. Following a screen
of reaction conditions, moderate but consistent yields were
obtained when eliminations were performed in an open vessel,
using undried solvents.

Scheme 3: Stereoselective spirocyclisation of functionalised ketolactone substrates directed by a C–Si bond.

subjected to the telescoped sequence, substrates 1 gave the
desired triols 3 in comparable yields to those obtained from the
stepwise process, without any need for further optimisation
(Scheme 4).

When combined with the spirocyclisation and lactone reduction
sequence, the Peterson elimination gave diols 5, with good
overall yields comparable to those obtained for the stepwise
process (Scheme 5).
We are currently exploring the use of the telescoped route to
cyclopentanols 5 in an asymmetric approach [46] to the antitumor natural product pseudolaric acid B [47].
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Scheme 4: Telescoped stereoselective spirocyclisation/lactone reduction.

Scheme 5: Telescoped stereoselective spirocyclisation/lactone reduction/Peterson elimination.

Conclusion
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Abstract
The synthesis of 2-tetralones through the cyclization of δ-aryl-β-dicarbonyl substrates by using CAN is described. Appropriately
functionalized aromatic substrates undergo intramolecular cyclizations generating 2-tetralone derivatives in moderate to good
yields. DFT computational studies indicate that successful formation of 2-tetralones from δ-aryl-β-dicarbonyl radicals is dependent
on the stability of the subsequent cyclohexadienyl radical intermediates. Furthermore, DFT computational studies were used to
rationalize the observed site selectivity in the 2-tetralone products.

Introduction
2-Tetralones are important intermediates or components of
several natural products and biologically relevant molecules
[1-7]. They are typically synthesized through transition-metalmediated processes or preformed tetralin or naphthyl precursors [8,9]. Radical approaches can also be used to synthesize
substituted 2-tetralones, and single-electron oxidations
employing δ-aryl-β-dicarbonyl compounds have been carried
out on arenes containing pendant β-ketoesters [10,11]. When
Mn(III)-based oxidants are employed, secondary oxidations of
the 2-tetralone products can occur [10,11].
Cerium(IV) ammonium nitrate (CAN) is a versatile, inexpensive and nontoxic single-electron oxidizing reagent commonly

used in organic synthesis [12-14]. In a previous study, we
showed that when 6-phenyl-2,4-hexanedione (1a) is oxidized by
CAN in MeCN in the absence of a radicophile, 3-phenylpropionic acid (2a*) is obtained exclusively over the cyclized
2-tetralone product 2a (Scheme 1) [15]. Using this method, a
variety of 1,3-dicarbonyl compounds can be mildly converted to
carboxylic acids in moderate to excellent yields. In follow up
studies, we found that 2-tetralone 2a could be obtained as the
major product when 1a was oxidized by CAN in MeOH [16]. In
addition, when 2.2 equivalents of CAN were employed, no
products of secondary oxidations were obtained. Based on this
observation, the single-electron oxidations of a variety of
δ-aryl-β-dicarbonyl substrates with CAN in MeOH were
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Table 1: CAN-mediated oxidation of δ-aryl-β-dicarbonyl compounds in
MeOHa.

Entry

Substrate

Productb

1

Yield
(%)c

73
1a
2a

Scheme 1: Oxidative conversion of 1,3-dicarbonyl compounds to
carboxylic acids with CAN.

performed to determine the scope of the reaction. DFT calculations were used to rationalize the observed impact of substitution on the δ-aryl ring on cyclization. The results of the synthetic and computational studies are presented herein.

Results and Discussion
In an initial experiment, compound 1a was treated with
2.2 equivalents of CAN in MeOH producing 2-tetralone 2a in a
73% yield. To examine the breadth of this method, a series of
δ-aryl-β-dicarbonyl substrates was prepared by a previously
reported procedure [17]. As shown in Table 1, the intramolecular cyclization of δ-aryl-β-diketones with unsubstituted aryl
rings (Table 1, entries 1 and 3) afforded 2-tetralone products in
moderate to good yields. Additionally, cyclization of the
β-ketoester 1b proceeded efficiently, generating 2b in an 85%
yield.
Previous work by Rickards and co-workers on a related system
reported strong electronic effects when electron-donating
substituents were incorporated onto the δ-aryl ring of the
starting material [10,11]. To probe the impact of electron
density of the δ-aryl ring on intramolecular cyclization, several
substrates with either electron-donating or electron-withdrawing groups were synthesized and subjected to our reaction
conditions. The results of these experiments are summarized in
Table 2. As shown in Table 2, entry 1, dimethoxylated substrate 1d oxidatively cyclized to the 2-tetralone derivative in a
76% yield. However, when only one methoxy group was incorporated onto the δ-aryl ring, the expected 2-tetralone derivative
was obtained only when the methoxy group was at the meta
position (Table 2, entry 4). For substrates 1e and 1f with the
methoxy group at either the ortho or para position, respectively,
methyl esters 2e and 2f (Table 2, entries 2 and 3) were the
major products. Additionally, intramolecular cyclizations with
electron-deficient δ-aryl rings (Table 2, entries 5 and 6) did not
occur, and oxidation of 1h and 1i instead favored the formation
of methyl esters 2h and 2i. Finally, the tricyclic product 2j was
generated in an isolated yield of 61% when substrate 1j was

2

85
1b
2b

3

59
1c
2c

aReaction

conditions: 1 equiv δ-aryl-β-dicarbonyl, 2.2 equiv CAN,
MeOH, rt, N2, 4 h. bProducts exist predominantly in the enol form by
1H NMR. cIsolated yield.

oxidized. It is important to note that products 2g and 2j were
isolated as single isomers. Moreover, the isomers formed from
these reactions result from cyclization occurring at the more
hindered carbon atom of the δ-aryl ring. This observed site
selectivity is consistent with previous research by both
MacMillan and Nicolaou on the α-arylation of aldehydes
through organo-SOMO activation [18-21]. The preferential formation of these isomers will be discussed below.
While the nucleophilicity of alkyl radicals is well-documented
[22-24], the radicals generated from β-dicarbonyl compounds
have been shown to display more electrophilic character [2527]. As a consequence, these radicals should favor coupling
with more nucleophilic, electron-rich carbon centers. The observation that intramolecular cyclization did not occur in either of
the electron-deficient substrates (compounds 1h and 1i) is
consistent with electrophilic radical intermediates.
To obtain a better understanding of the impact of arene substitution on the intramolecular cyclization, DFT calculations were
performed at UB3LYP/6-31G(d) level by using Gaussian 03/09
[28]. Previous research from our group has shown that the oxidation of the enol tautomer of a diketone initially forms a
radical cation, which is deprotonated readily by MeOH to form
the radical under the reaction conditions [15,16].
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Table 2: Impact of ring substituents on the CAN-mediated oxidation of δ-aryl-β-dicarbonyl compounds in MeOHa.

Entry

Substrate

Productb

1

Yield (%)c

76

1d

2d

–d

2
1e

2e

–d

3
1f

2f

4

83
1g
2g

–d

5
1h

2h

–d

6
1i

2i

7

61
1j
2j

aReaction

bProducts

conditions: 1 equiv δ-aryl-β-dicarbonyl, 2.2 equiv CAN, MeOH, rt, N2, 4 h.
exist predominantly in the enol form by 1H NMR.
yield. dGC data indicated that the major products (50–80% conversion) were the methyl esters. Attempts were not made to isolate the
methyl esters.
cIsolated

To probe the origin of the effect of substitution on cyclization,
the key step of the reaction, namely the cyclization of the
β-dicarbonyl radical onto the aromatic ring, was investigated.
Energy barriers for the transition structures of the ortho cyclization leading to their corresponding product cyclohexadienyl
radicals were determined.

All structures were fully optimized and identified as minima on
potential energy surfaces with frequency calculations. Transition structures were identified with one imaginary frequency.
Intrinsic reaction coordinate (IRC) calculations were performed
to connect the transition structures to their respective minima on
either side of the first-order saddle point. In some cases, the
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lowest energy structures obtained from IRCs were further optimized to obtain the minima.
For the aryl diketone radical, two conformers for the ketones
were considered, one with the carbonyl groups syn to each other
and the other with the carbonyl groups in the anti orientation.
For every substrate, two transition structures were identified on
the energy surface along the reaction coordinate. The first one is
a rotational transition structure for the rotation around the C–C
bond beta to the dicarbonyl to go from the minimum to a geometry from which an addition to the aromatic ring is viable. The
second transition structure corresponds to the addition of the
radical intermediate to the aromatic ring.
Recently, Houk, MacMillan and co-workers showed that for the
organo-SOMO-catalyzed oxidative α-arylation of aldehydes,
the preference for the attack of the intermediate enamine radical
cation on the substituted aromatic ring leading to ortho/para
cyclization depends on the greater stabilization of the intermediate cyclohexadienyl radical [19]. The oxidative cyclization of
δ-aryl-β-dicarbonyl substrates should proceed through a similar
intermediate. As a result, the same rationale can be applied here.
While MacMillan and Houk performed detailed computational
studies to explain the site-selective radical cyclizations with
m-methoxylated rings, the selectivity of naphthyl substrates was
not investigated.
The energy values for the cyclization of all substituents are
given in Table 3, and their corresponding energy diagrams are
given in Figure 1. For unsubstituted 1a’, the initial rotational
transition structure TS1a’ has a barrier of 2.5 kcal/mol, and the
corresponding radical intermediate 2a’ is 0.6 kcal/mol above
1a’. For the radical addition to the aromatic ring, the energy
barrier is 15.8 kcal/mol, and the product cyclohexadienyl
radical 3a’ is 8.8 kcal/mol higher in energy. The syn isomer of
1a’ is 4.5 kcal/mol higher in energy compared to the anti isomer
(see Table S2 in Supporting Information File 1). Only the energies of the anti isomers are discussed here.
In the case of the electron-rich m-methoxy substituent 1g’, the
energy barrier for the cyclization is 12.0 kcal/mol, which is
approximately 4 kcal/mol lower than TS2a’. Due to the electrophilic character of the diketo radical intermediate, electronrich systems are expected to favor cyclization. Similarly,
the cyclized cyclohexadienyl radical 3g’ is approximately
3.0 kcal/mol more stable compared to 3a’. The stability of the
cyclized radical is reflected in the activation barrier, and rotational transition structure TS1g’ has a barrier of 2.5 kcal/mol.
For the electron-withdrawing chloro-substituted arene 1h’, the
energy barrier for the cyclization on the aromatic ring is
16.9 kcal/mol, nearly 5 kcal/mol higher compared to the

Table 3: Energies (R. E. kcal/mol) of calculated structures. Energies
are relative to the open form of the radical.

1a'
TS1a'
2a'
TS2a'
3a'
1g'
TS1g'
2g'
TS2g'
3g'
1g''
TS1g"
2g"
TS2g"
3g"
1f'
TS1f'
2f'
TS2f'
3f'
1h'
TS1h'
2h'
TS2h'
3h'
1j'
TS1j'
2j'
TS2j'
3j'
1j"
TS1j"
2j"
TS2j"
3j"

R. E.a

R. E. + ZPVEb

low frequencyc

0.0
2.3
0.2
15.0
7.7
0.0
2.4
0.4
11.0
4.2
0.0
2.3
0.3
13.1
7.3
0.0
2.4
0.2
15.8
9.1
0.0
2.3
0.2
16.2
8.8
0.0
2.4
0.2
11.8
2.4
0.0
2.2
0.3
13.4
4.9

0.0
2.5
0.6
15.8
8.8
0.0
2.5
0.7
12.0
5.7
0.0
2.4
0.6
13.9
8.5
0.0
2.4
0.5
16.4
10.0
0.0
2.4
0.4
16.9
10.2
0.0
2.5
0.5
12.6
4.0
0.0
2.3
0.6
14.1
6.2

21.4
46.7i
19.7
477.2i
35.4
13.30
41.8i
16.6
446.3i
37.5
13.3
45.0i
13.5
437.5i
34.2
21.3
42.3i
15.9
473.0i
36.1
15.1
40.3i
19.1
489.8i
36.2
17.45
42.1i
16.5
445.9i
34.9
17.5
41.3i
11.5
463.8i
35.7

aUB3LYP/6-31G(d)

geometry optimized. bFrom (a) with unscaled zeropoint vibrational energy (ZPVE) corrections. cLow or imaginary
frequencies (cm−1).

m-methoxy substituent. The corresponding cyclohexadienyl
radical 3h’ is 10.2 kcal/mol higher in energy compared to the
parent β-dicarbonyl radical 1h’. The rotational transition structure has an energy barrier of 2.4 kcal/mol, which is similar to
other radical intermediates. The higher barrier for cyclization is
consistent with synthetic data showing that no cyclized product
is obtained in this case. In the case of the naphthyl system (1j’),
the energy barrier for the cyclization is 12.6 kcal/mol. The
cyclized product radical 3j’ is only 4.0 kcal/mol higher in
energy when compared to the parent aryl diketone radical, and

1475

Beilstein J. Org. Chem. 2013, 9, 1472–1479.

Figure 1: Energy diagram for the unsubstituted arene with the carbonyl groups anti to each other. For TS1a’ the dihedral angle between atoms
abcd = 6.4°. *The energy values for 1a’, 1g’, 1h’ and 1j’ are shown. 1g”, 1f’ and 1j” were not included for clarity.

the rotational transition structure has a comparable barrier of
2.5 kcal/mol.
While it is evident why electron-rich systems should more
readily cyclize, the observed site selectivity in products 2g and
2j warranted further investigation. For these substrates, there
are two possible sites of ortho cyclization (Figure 2). For the
m-methoxy substrate 1g, the energy barrier for the cyclization
(TS2g’’), which would lead to product 2g”, is 1.9 kcal/mol
higher relative to the other ortho cyclization (TS2g’). This
finding is consistent with the synthetic observation that 3g’ is
the only product observed. A similar trend was observed for the
2-naphthyl substrate 1j. The barrier for TS2j”, which would
form anthracene-derived product 2j”, is 1.5 kcal/mol higher

Figure 2: Possible products from the ortho cyclization of 1g and 1j.
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than TS2j’ and provides a rationale for the selective formation
of the phenanthrene-derived product (2j).
Finally, in order to better understand how the position of the
methoxy group on the δ-aryl ring affects the formation of the
β-tetralone product, the energies of the intermediates for the
p-methoxy substrate 1f were calculated. The energy barrier for
the cyclization (TS2f’) is 16.4 kcal/mol, 4.4 kcal/mol higher
than the corresponding TS2g’. Furthermore, the product cyclohexadienyl radical 3f’ is 10.0 kcal/mol less stable than the
parent 1f’, a value very close to the 10.2 kcal/mol for the electron-poor m-chloro substrate 3h’. Taken together, these data
support the experimental observations that oxidative cyclization occurs only for the methoxy substrate substituted at the
meta position.
Overall the DFT calculations show that the origin of the reactivity as well as the selectivity in these reactions depends on the
stability of the product cyclohexadienyl radical, which is
reflected in the activation barriers (TS2’s) for the cyclization,
consistent with previous studies of MacMillan and Houk [19].
The m-methoxy substituent on the aromatic ring provides the
lowest barrier for cyclization, and the corresponding cyclized
cyclohexadienyl radical is more stable. Conversely, the electron-withdrawing m-chloro substituent has the highest barrier
among the systems studied and leads to the least stable cyclohexadienyl radical. For the unsubstituted arene substrate, the
energy barrier to cyclization as well as the energy of the cyclo-

hexadienyl radical intermediate falls between the calculated
values for the m-chloro and m-methoxy systems. For the
2-naphthyl system, delocalization of the cyclized radical intermediate results in a more stable product and hence a lower
barrier providing a pathway to formation of phenanthrenederived 2j.
In a previous study by our research group, the rates of oxidation of several β-diketones and their related silyl enol ethers
by CAN and the more lipophilic ceric tetra-n-butylammonium
nitrate (CTAN) were measured in MeOH, MeCN and CH2Cl2
by using stopped-flow spectrophotometry [16]. In these experiments, initial oxidation of substrates generated radical cation
intermediates. The rates of formation and subsequent decay of
these radical cations were measured in all three solvents. The
results from these studies [15,16] provide two important
insights into the mechanism of the oxidation of δ-aryl-β-dicarbonyl compounds in MeOH. First, MeOH is intimately involved
in the decay of the initial radical cation through solvent-assisted
deprotonation. Second, intramolecular cyclization of 1a’ occurs
after the rate-limiting step of the reaction.
Based on the synthetic and computational data presented herein
and findings from previous studies, the mechanism in Scheme 2
is proposed for the oxidation of δ-aryl-β-dicarbonyl compounds
in MeOH with CAN. Initial oxidation of the enol tautomer (4’)
by CAN produces protonated radical 5. Intermediate 5 is deprotonated by MeOH to radical species 6. When the radical

Scheme 2: Proposed mechanism for the conversion of δ-aryl-β-dicarbonyl compounds to β-tetralones (path A) and methyl esters (path B).
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contains a δ-aryl group with an appropriate substitution at the
meta position, path A is followed. Intramolecular cyclization of
7 occurs through radical addition to the aromatic ring forming
intermediate 8. As demonstrated by the oxidation of substrate
1j, intramolecular cyclization of this radical occurs at the more
electron-rich carbon atom of the δ-aryl rings. A second equivalent of CAN oxidizes 8 to cation 9. Rearomatization through
deprotonation of intermediate 9 yields the 2-tetralone derivative 10. Conversely, when the δ-aryl ring has electron-withdrawing substituents (Table 2, entries 5 and 6), the reaction
follows path B [16,29-31].

was added dropwise forming a clear yellow solution, which was
stirred for an additional 10 min. The appropriate organohalide
(11 mmol) was dissolved in 2 mL of THF and rapidly injected
into the reaction at 0 °C. The reaction mixture was warmed
gradually to room temperature over 30 min. The reaction was
slowly quenched with an HCl solution (2 mL of concentrated
HCl in 5 mL H2O). The organic layer was separated, and the
aqueous layer was washed three times with ether. The organic
layers were combined, washed with brine, dried with MgSO4,
filtered, and concentrated. The crude product was purified by
automated flash chromatography.

Conclusion

General procedure for the oxidation of δ-aryl-β-dicarbonyl
compounds with CAN in MeOH. CAN (1.1 mmol) was
dissolved in 4 mL MeOH. This CAN solution was then added
dropwise in 1 min to the δ-aryl-β-dicarbonyl compound (0.5
mmol), which was dissolved in 15 mL of MeOH. The reaction
was stirred for 30 min. The solvent was then removed
by rotary evaporation. Ice-cold H 2 O (15 mL) was poured
into the reaction and extracted three times with ether. The
organic layers were combined, dried with MgSO4, filtered, and
concentrated. The crude product was purified by automated
flash chromatography.

A protocol for the conversion of δ-aryl-β-tetralones using CAN
has been developed. The Ce(IV)-mediated synthesis of
2-tetralones has short reaction times and affords the desired
products in moderate to very good yields under mild conditions.
While 2-tetralones were not generated for all substrates, cyclization does occur for the unsubstituted arene 1a suggesting that
the electrophilicity of the radical provides some driving force
for the cyclization. The DFT computational studies indicated
that the formation of 2-tetralones from the cyclization of δ-arylβ-dicarbonyl radicals is dependent on the stability of the product cyclohexadienyl radicals.

Experimental
General methods and materials. Methanol (MeOH) was
degassed with argon and dried with activated 3 Å molecular
sieves prior to use. THF was purified with a Pure Solv solvent
purification system from Innovative Technology Inc. CAN was
purchased commercially and used without further purification.
The glassware was flame dried prior to use. Unless otherwise
stated, reactions were performed under an inert atmosphere of
nitrogen. Products were separated by using prepacked silica gel
columns with a gradient elution of ether/hexanes in an automated CombiFlash® Rf system from Teledyne Isco, Inc. All
new compounds were characterized by 1H NMR, 13C NMR,
GC–MS, IR, and LC–HRMS. Known compounds were characterized by 1 H NMR, 13 C NMR and GC–MS. 1 H NMR and
13C NMR spectra were recorded on a Bruker 500 MHz spectrometer. Mass spectra were obtained by using a HP 5890 series
GC–MS instrument. A Satellite FTIR from Thermo-Mattson
was used to obtain IR spectra. LC–HRMS data were recorded at
the Mass Spectrometry Facility at Notre Dame University.
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Abstract
The range of applications of cellulose, a glucose-based polysaccharide, is limited by its inherently poor mechanical properties. The
grafting of synthetic polymer chains by, for example, a “grafting from” process may provide the means to broaden the range of
applications. The nitroxide-mediated polymerization (NMP) method is a technique of choice to control the length, the composition
and the architecture of the grafted copolymers. Nevertheless, cellulose is difficult to solubilize in organic media because of interand intramolecular hydrogen bonds. One possibility to circumvent this limitation is to solubilize cellulose in N,N-dimethylformamide (DMF) or N,N-dimethylacetamide (DMA) with 5 to 10 wt % of lithium salts (LiCl or LiBr), and carry out grafted polymerization in this medium. The stability of nitroxides such as SG1 has not been studied under these conditions yet, even though
these parameters are of crucial importance to perform the graft modification of polysaccharide by NMP. The aim of this work is to
offer a model study of the stability of the SG1 nitroxide in organic media in the presence of unprotected glucose or cellobiose (used
as a model of cellulose) and in the presence of lithium salts (LiBr or LiCl) in DMF or DMA.
Contrary to TEMPO, SG1 proved to be stable in the presence of unprotected sugar, even with an excess of 100 molar equivalents of
glucose. On the other hand, lithium salts in DMF or DMA clearly degrade SG1 nitroxide as proven by electron-spin resonance
measurements. The instability of SG1 in these lithium-containing solvents may be explained by the acidification of the medium by
the hydrolysis of DMA in the presence of LiCl. This, in turn, enables the disproportionation of the SG1 nitroxide into an unstable
hydroxylamine and an oxoammonium ion.
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Once the conditions to perform an SG1-based nitroxide-mediated graft polymerization from cellobiose have been established, the
next stage of this work will be the modification of cellulose and cellulose derivatives by NMP.

Introduction
With the rising costs and prospective shortage of fossil fuels, an
increasing interest is dedicated to the elaboration of materials
derived from renewable resources and in particular from natural
polysaccharides [1,2]. However, one of the main drawbacks of
polysaccharides is their inherently poor mechanical properties
and heat resistance. To circumvent these limitations, one solution is the modification of polysaccharides by grafting synthetic polymers [3]. Three main strategies are generally reported
to graft polymer chains onto polysaccharides, namely (i) the
“grafting to” approach based on the end-functionalization of a
preformed synthetic polymer chain grafted to the polysaccharide backbone, (ii) the “grafting through” method, which
consists of copolymerizing premade vinyl-functionalized polysaccharides with a comonomer and (iii) the “grafting from”
strategy where the grafted polymer chains grow from the polysaccharide backbone. This last method is the most convenient
one as it is less sensitive to steric hindrance problems, which
can limit the grafting process. The development of controlled/
living radical polymerization (CLRP) techniques, such as atom
transfer radical polymerization (ATRP) [4-7], reversible addition-fragmentation chain transfer (RAFT) [8-10], and nitroxidemediated polymerization (NMP) [11], has opened new
prospects in this research field, and permits precise tailoring of
the synthetic chain length, the composition and the architecture
[12].
Contrary to pullulan, dextran and locust bean gum, cellulose is
not soluble in water and hardly soluble in few organic media.
Consequently, its modification by polymer grafting proceeds
either in organic media under homogeneous conditions or under
heterogeneous conditions (surface-initiated polymerization from
cellulose fibre, pulp, nanocrystals, etc. ) [2,13]. Working under
homogeneous conditions allows for following the kinetics of the
grafting copolymerization by size-exclusion chromatography
(SEC) or NMR for instance. This is of crucial importance to
prove the living/controlled character of a polymerization
performed by a CLRP technique. A strategy to modify cellu-

lose by polymer grafting under homogeneous conditions
consists in previously modified cellulose into organosoluble
cellulose-derivatives such as cellulose acetate, methyl, ethyl or
hydroxypropylcellulose. The main drawback of this method of
cellulose solubilisation is the loss of the initial polysaccharide,
namely cellulose. Another strategy that has drawn interest in the
scientific community is the use of ionic liquids [14]. However,
these solvents usually are very expensive or must be specifically synthesized. A more convenient media, which has proven
to be efficient to solubilize polysaccharides, is DMA in the
presence of LiCl (generally 5 to 10 wt % versus DMA) [15].
This system has already been reported to successfully solubilize cellulose before grafting modification by ATRP in dimethyl
sulfoxide (DMSO) [16], but not in the case of NMP yet. Indeed,
to our knowledge, only hydroxyisopropylcellulose (HPC) has
been modified by NMP under homogeneous conditions with the
2,2,6,6-tetramethyl-1-piperidinyloxy radical (TEMPO)
(Figure 1) as a control agent and by using Barton ester intermediates [17]. Several hydroxyisopropylcellulose-grafted polystyrene (HPC-g-PS) were reported and the grafted PS chains,
analysed by SEC after acid hydrolysis of the cellulose backbone, proved to be efficient to control the polymerization
(number-average molar mass M n ranging from 28,000 to
62,000 g·mol−1 and polydispersity index PDI ranging from 1.28
to 1.52). To our knowledge, the modification of free cellulose,
i.e., cellulose with unprotected hydroxy groups, by NMP graft
polymerization has not been studied yet. It has to be noted that
sugar and in particular glucose have been used by Georges and
co-workers [18] to degrade the TEMPO nitroxide to enhance
the kinetics of styrene polymerization mediated by this
nitroxide. In the case of a polysaccharide, this degradation reaction could be detrimental to the success of the grafted polymerization. In particular, the stability of the acyclic β-phosphorylated nitroxide N-(2-methylpropyl)-N-(1-diethylphosphono-2,2dimethylpropyl)-N-oxyl) named SG1 by Tordo et al. [19,20],
which is now recognized as the most potent nitroxide for NMP,
in the presence of sugar and lithium-containing solvents has

Figure 1: Structure of the SG1, TEMPO and DBN nitroxides and the BlocBuilder MA alkoxyamine.
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never been reported (Figure 1). It is noteworthy that the SG1
stability is a crucial parameter to ensure the success of the
nitroxide-mediated polymerization.
The aim of this work is to propose a model study of the modification of unprotected cellulose by SG1-based nitroxide-mediated graft polymerization. In this study, glucose and cellobiose
were used as a model of cellulose. The stability of the SG1
nitroxide was studied in the presence of unprotected glucose
and lithium salts (LiBr and LiCl) in DMF or DMA by electron
spin resonance (ESR). NMP of styrene was then performed with
two SG1-based alkoxyamines (BlocBuilder MA alkoxyamine
(BB)) and a cellobiose-BB alkoxyamine (called cello-SG1) with
or without lithium salts. This study clearly proves that SG1 is
stable in the presence of unprotected hydroxy functions, but that
lithium salts in DMF or DMA degrade SG1. Two degradation
mechanisms have been investigated, namely (i) redox reactions
involving the SG1, (ii) the acid-catalyzed disproportionation of
SG1 nitroxide into an unstable hydroxylamine and an oxoammonium ion.

Results and Discussion

Several nitroxides have been synthesized since their first development in the 1980s [11]. In particular, the cyclic nitroxide
TEMPO has been intensely studied [21,22] in the polymerization of styrene derivatives. Another important property of
TEMPO is that it is reduced by reducing sugars such as glucose
[18]. The consumption of nitroxides by reducing agents such as
a sugar or a polysaccharide is of prime importance when aiming
at the synthesis of glycopolymers or the graft polymerization
onto polysaccharides. To our knowledge, Fukuda et al. were the
only ones to polymerize by NMP an unprotected glycomonomer
[23]. N-(p-Vinylbenzyl)-[O-β-D-galactopyranosyl-(1→4)]-Dgluconamide (VLA), a styrene derivative with an oligosaccharide moiety, was polymerized in DMF solution at 90 °C with
di-tert-butyl nitroxide (DBN) as a control agent (Figure 1). The
acetylation of VLA enabled the synthesis of well-defined
glycopolymers with molar mass ranging from 2,000 to
40,000 g·mol−1 along with PDI values of about 1.1, whereas the
NMP of VLA could not exceed Mn higher than 6,000, with PDI
values increasing with conversion. According to the authors,
chain transfer to the hydroxy groups of VLA was responsible
for this phenomenon and lead to dead polymer chains and broad
PDI values.

Stability of SG1 in presence of glucose
The NMP is based on a dynamic equilibrium between a propagating radical (P•) and a dormant form unable to propagate
(alkoxyamine, i.e., radical end-capped by a nitroxide) in the
presence of a nitroxide, which acts as a control agent (Figure 2).
This reversible termination decreases the propagating radical
concentration in the media and consequently the occurrence of
irreversible terminations. Once the equilibrium between the
dormant and active species is established, namely, the activation–deactivation equilibrium, all the chains grow at the same
rate affording a living/controlled polymerization.

Figure 2: Key equilibrium between active and dormant species
involved in the nitroxide-mediated (NMP) polymerization technique.

The first part of this work was devoted to studying the stability
of SG1 in the presence of D-glucose. SG1 (1.5 × 10−2 mol·L−1)
in DMA was heated at 120 °C for 5 hours in the presence of
different amounts of D-glucose. Samples were regularly withdrawn from the media and diluted in tert-butylbenzene (t-BuPh)
before analysis by ESR. Irrespective of the number of molar
equivalents of glucose (from 1 to 100 versus SG1), an increase
of the SG1 consumption was not observed when compared to
the experiment without glucose (Figure 3). In contrast, the
concentration of TEMPO decreased by 50% after 5 hours in the

Figure 3: Degradation of the SG1 nitroxide versus time in the presence of 0 (empty stars), 1 (filled squares), 10 (filled triangles) and 100
(filled circles) mol equivalents of D-glucose as measured by ESR in
t-BuPh at 25 °C (samples heated in DMA at 120 °C and then diluted in
t-BuPh).
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presence of 10 mol equivalents of D-glucose (Figure 4). These
ESR results prove the lack of interaction of the SG1 with unprotected sugars leading to extra degradation of the nitroxide.
Furthermore, these results are very encouraging to envision the
modification of unprotected polysaccharides by grafting synthetic polymer chains by the SG1-based NMP technique.

Figure 5: Degradation of the SG1 nitroxide versus time in DMA (filled
squares), DMF (filled triangles), MeOH (filled circles) and t-BuPh
(empty triangles) as measured by ESR in t-BuPh at 25 °C (samples
heated in DMA, DMF, MeOH or t-BuPh at 120 °C, removed after 1 to
5 hours and diluted in t-BuPh).

Figure 4: Degradation of the SG1 (triangles) and TEMPO (squares)
nitroxides versus time in the presence of 0 (empty symbols) and 10
(filled symbols) mol equivalents of D-glucose as measured by ESR in
t-BuPh at 25 °C (samples heated in DMA at 120 °C and then diluted in
t-BuPh).

Stability of SG1 in the presence of lithium
salts
The system DMA/LiCl has been largely reported for the
analysis of cellulose and for the preparation of a wide variety of
its derivatives [15]. This system is of particular interest for
analysis as it is colourless and efficient to dissolve polysaccharides without or at least with negligible degradation even in the
case of high molar mass. Even though it is not proven yet,
replacing the DMA molecules as complexing agents around the
Li+ ions by cellulose-hydroxy groups is the proposed mechanism to explain the cellulose dissolution [14].
Although many nitroxide-mediated polymerizations were
performed in pure DMA or DMF [24-27], such polymerizations have never been performed in DMF or DMA in the presence of LiCl or LiBr. In particular, the stability of SG1
nitroxide has never been studied in DMA or DMF in the presence of LiCl or LiBr. The stability of the SG1 nitroxide in
various solvents (DMA, DMF, MeOH and t-BuPh) without

lithium salt was first investigated by ESR (Figure 5). In accordance with previous experiments, SG1 solutions in DMA,
DMF, MeOH or t-BuPh (1.5 × 10−2 mol·L−1) were heated at
120 °C and then diluted in t-BuPh for ESR analysis at 25 °C.
The SG1 degradation is clearly faster in DMA or DMF
compared to t-BuPh and MeOH. After 5 hours of heating at
120 °C, only 10 and 25% of SG1 were consumed in MeOH and
t-BuPh, respectively, whereas 50 and 60% of SG1 degraded in
DMF and DMA, respectively. SG1 is therefore less stable in
DMF or DMA than in MeOH or t-BuPh.
The influence of the lithium salt concentration (LiCl or LiBr)
was then investigated at 4.5 and 10 wt % in DMF and DMA
(Figure 6).
Figure 6 clearly proves that irrespective of the counter ion (Cl−
or Br−), SG1 was totally consumed within 1 hour with 4.5 or
10 wt % of lithium salt in DMF or DMA. In contrast to LiCl
and LiBr, NaCl did not seem to catalyse the SG1 degradation. It
is noteworthy that this experiment was performed under heterogeneous conditions since NaCl is not soluble in DMA.
Although LiCl or LiBr degrades the SG1 nitroxide in DMF or
DMA, degradation does not occur when these lithium salts are
dissolved in methanol (Figure 6). The combination of the
solvent (DMF or DMA) with the lithium salt (LiCl or LiBr) is,
thus, responsible for the SG1 degradation and not the lithium
salt alone. Two possible SG1 degradation mechanisms will be
discussed in the last part of this work. Nevertheless, one notices
that contrary to SG1, the TEMPO nitroxide proved to be stable
in DMA even with 4.5 wt % of LiCl (Figure 7). The instability
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of a controlled polymerization (PDI values < 1.5, linear increase
of Mn values with conversion (Figure 8a), and a regular shift of
the molar mass distribution towards high Mn (Figure 8b)). In
contrast, the control of the polymerization was lost under the
same conditions after 1.5 hours in the presence of 4.5 wt % of
LiCl (PDI > 1.5, M n values constant around 8,000 g·mol −1
(Figure 8c), and a broadening of the molar mass distribution
(Figure 8d)).

Figure 6: Degradation of the SG1 nitroxide versus time in the presence of 0% of lithium salt in DMA (empty squares); DMF (empty triangles) and MeOH (empty diamonds), 4.5 or 10 wt % of LiCl in DMA or
DMF (filled triangles), 4.5 wt % of LiBr in DMA (reverse filled triangles),
4.5 wt % of LiCl in MeOH (filled diamonds) and 4.5 wt % of NaCl in
DMA (empty stars) as measured by ESR in t-BuPh at 25 °C (samples
heated in DMA, DMF or MeOH at 120 °C, removed after 1 to 5 hours
and diluted in t-BuPh).

Figure 7: Degradation of the TEMPO nitroxide versus time in DMA in
the presence of 0% lithium salt (empty squares) and 4.5 wt % LiCl
(filled squares) as measured by ESR in t-BuPh at 25 °C (samples
heated at 120 °C in DMA, removed after 1 to 5 hours and diluted in
t-BuPh).

of SG1 in lithium-containing solvents such as DMF, DMA/LiCl
or LiBr can consequently not be extended to all nitroxides.
According to these ESR results, it is not a good option to carry
out a controlled/living polymerization by SG1-based NMP in
DMA/LiCl or DMF/LiCl. As expected, with the BlocBuilder
MA alkoxyamine as an initiator (Figure 1), the NMP of styrene
performed in DMA at 120 °C without LiCl fulfilled the criteria

To mimic a cellulose chain functionalized by a SG1-based
alkoxyamine, we coupled the commercially available
BlocBuilder MA alkoxyamine and cellobiose to prepare a compound called cello-SG1 (Scheme 1). As the aim was to prepare
a model of cellulose, we targeted the grafting of one BB unit
onto cellobiose but without selecting one specific position.
Indeed, in the case of cellulose polysaccharide, it is very challenging to selectively modify only one type of hydroxy function (C2-OH, C3-OH or C6-OH).
The procedure of elaboration of this alkoxyamine has already
been described elsewhere [28]. Briefly, the synthesis of the
cello-SG1 alkoxyamine is performed in two steps: (i) acroylation of one hydroxy function of cellobiose to graft one acrylate
function, (ii) intermolecular 1,2-radical addition (1,2-IRA) of
the SG1-based BlocBuilder MA alkoxyamine onto the acrylate
function. Nevertheless, in the case of cellobiose the first step of
acroylation has to be performed in DMA with a minimal
amount of LiCl to ensure the cellobiose solubilization. The
cello-SG1 alkoxyamine was then used to initiate the NMP of
styrene in DMA at 120 °C. Figure 9a and Figure 9b prove that a
successful controlled/living polymerization could be achieved
in these conditions (linear increase of the number-average molar
mass with conversion, PDI values < 1.5, and regular shift of the
molar mass distribution) until 40% of conversion. For higher
conversion values, the PDI values increase (>1.5), and the
molar mass distribution broadens because of SG1 degradation
due to residual lithium salt in the media that is very difficult to
fully eliminate after the 1,2-IRA step.
This study therefore clearly proves that lithium salt can be used
to solubilize sugar, oligo- or polysaccharides, but that they have
to be carefully removed before performing a SG1-based NMP.
In addition, the successful NMP initiated by the cellobiosederivative alkoxyamine is a very promising result to envision
the modification of fully or partially unprotected polysaccharide by SG1-based nitroxide-mediated graft (co)polymerization.

Mechanism of the degradation of the SG1
nitroxide in DMF or DMA/LiCl or LiBr solvent
ESR experiments proved that the SG1 nitroxide was degraded
in DMF or DMA with 4.5 wt % of LiCl or LiBr. Two

1593

Beilstein J. Org. Chem. 2013, 9, 1589–1600.

Figure 8: NMP of styrene initiated by the BlocBuilder MA alkoxyamine at 120 °C in DMA without LiCl salt. (a) Evolution of the number-average molar
mass (Mn: filled symbols, linear fit: dash lines) and polydispersity indexes (PDI: empty symbols) with conversion. (b) Molar mass distribution (w(logM)
versus logM) of the polystyrene chains at various conversions. NMP of styrene initiated by the BB alkoxyamine at 120 °C in DMA with 4.5 wt % of
LiCl. (c) Evolution of the number-average molar mass (Mn: filled symbols) and polydispersity indexes (PDI: empty symbols) with conversion. (d) Molar
mass distribution (w(logM) versus logM) of the polystyrene chains at various conversions.

Scheme 1: Synthesis of the cellobiose and SG1-based alkoxyamine (cello-SG1). The shown regioisomer exhibits an acroylation in C1 since this OH
group is known to be more reactive, but all regioisomers are possible.
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Figure 9: (a) Evolution of the number-average molar mass (Mn: filled symbol, linear fit: dash lines) and polydispersity index (PDI: empty symbols) with
styrene conversion by using cello-SG1 as initiator. (b) Molar mass distribution (w(logM) versus logM) of the polystyrene chains at various conversions
(DMA, 120 °C, [cello-SG1]0 = 1.5 × 10−2 mol·L−1, [styrene]0 = 1.4 mol·L−1).

hypotheses could be postulated to explain this degradation: (i)
the SG1 undergoes an oxidation reaction, (ii) LiCl catalyses the
hydrolysis of DMA (or DMF) that degrades the SG1 into
unstable species.

Table 1: Experimental redox potential of the oxidation (Eox) and of the
reduction (Ered) in DMF and MeOH.a

Eox or Ered (vs Ag/AgCl)

Oxidation of the SG1 nitroxide

SG1 (DMF)

Nitroxide can be readily oxidized into an oxoammonium ion
and reduced to hydroxylamine (Scheme 2) [29]. This feature
was extensively used by many researchers for developing a pure
organic battery based on the nitroxide functionality [30]. The
redox potentials of cyclic nitroxides and in particular TEMPO
are well-known in acetonitrile, but there was only one measurement for SG1 in acetonitrile and no measurement in DMA or
DMF as a solvent. The aim of the study was to measure the
redox potentials of the SG1 and LiCl/solvent and to conclude if
a redox reaction could happen between these species.

Cl2/Cl− (DMF)
SG1 (MeOH)

Scheme 2: (Reversible) redox system of nitroxide.

The redox potentials of SG1 and LiCl (4.5 wt %) in DMF and
MeOH were then determined by cyclic voltammetry with a
platinum electrode and are listed in Table 1. The cyclic voltammograms of SG1 and LiCl in DMF and MeOH are presented in
Figure 10. The redox potential of the reduction of Li+/Li in
DMF is around −2.1 V as already reported [31].

Cl2/Cl− (MeOH)
aGlassy

Eox = 0.64
Ered = 0.00
Eox / Ered = 0.86
Eox = 0.64
Ered = 0.00
Eox = 1.10
Ered = 0.84

carbon electrode, Ag/AgCl, Pt, sweep rate 50 mV·s−1.

Initially only the SG1 nitroxide, Li+ and Cl− were present in the
media. The only possible redox reaction is the one involving the
reduction of the in situ formed Cl2 to Cl− and the oxidation of
the nitroxide to an oxoammonium ion. In conclusion, if Cl2 can
be formed in the system, then the oxidation of the SG1 nitroxide
is possible. However, this hypothesis is challenging to validate
since Cl2 is a gas and thus difficult to quantify. We tried to
prove the formation of Br2 by heating DMF/4.5 wt % LiBr
solutions for 14 hours. A comparison with the same solution but
with heating for only 30 min did not show any difference by
cyclic voltammetry. In particular, the reduction wave of Br2
into Br − did not increase with prolonged heating time
(Figure 11). Since the formation of Cl2 or Br2 in the case of
DMA/LiCl or DMA/LiBr was not straightforward, the hypothesis of the SG1 degradation by a redox phenomenon was hardly
acceptable. A different explanation was then investigated,
namely the disproportionation of the SG1 nitroxide into
unstable species in acidic media.
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Figure 10: Cyclic voltammograms in DMF of (a) SG1 (10−2 M)/ NaClO4 (10−1 M) and (b) LiCl (10−2 M)/TBAPF6 (10−1 M). Cyclic voltammograms in
MeOH of (c) SG1 (10−2 M)/TBAPF6 (10−1 M) and (d) LiCl (10−2 M)/TBAPF6 (10−1 M). Glassy carbon electrode, Ag/AgCl, Pt, sweep rate 50 mV·s−1.

dimethylammonium acetate and its conjugated base dimethylamine (Scheme 3). The DMA/LiCl solution becomes more
acidic with time as the dimethylamine is volatile and gradually
evaporates, and the acetic acid accumulates (pH decreases from
7 to 4–5). The increase of the acidity accelerates the DMA
hydrolysis since the reaction mechanism between water and
DMA becomes an acid-catalyzed process.

Scheme 3: Hydrolysis of DMA in the presence of LiCl.
Figure 11: Cyclic voltammograms of DMF/4.5 wt % LiBr solution
heated at 80 °C for 30 min (plain line) and 14 hours (dotted line).
Glassy carbon electrode, Ag/AgCl, Pt, sweep rate 50 mV·s−1.

Disproportionation of SG1 nitroxide into unstable
species in acidic media
LiCl has proven to catalyze the hydrolysis of DMA [32]. In particular, heating wet DMA in the presence of LiCl produces

The disproportionation of TEMPO nitroxide in acidic media is a
well-documented degradation process [33,34]. In particular, in
the presence of an excess of acid HX (X = BF4, Cl−, Br−, Br3−,
OCl4−), the disproportionation of TEMPO gives rise to the oxoammonium salt along with the protonated hydroxylamine
(Scheme 4).
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Scheme 4: Disproportionation of nitroxide 1 by acid treatment.

Concerning the hydrolysis of DMA and the disproportionation
of TEMPO in acidic media, we could postulate that the hydrolysis of DMA in the presence of LiCl forms HCl, which in turn,
degrades SG1 into oxoammonium salt and hydroxylamine.
However, Bagryanskaya et al. [35] proved that the hydroxylamine derivative from SG1 is unstable. The cyclic voltammogram of SG1 also proved the instability of the SG1 oxoammonium cation since its reversible reduction is not observed
(Figure 10). In conclusion, the degradation of SG1 in DMA/
LiCl solutions could be explained by a disproportionation
mechanism in the presence of HCl giving rise to an unstable
hydroxylamine and an oxoammonium cation. It is noteworthy
that the instability of SG1 has already been observed at 75 °C at
pH 3.5 in the presence of methacrylic acid [36].
To confirm the instability of the SG1 in acidic media and to
explain the difference between SG1 and TEMPO when heated
in DMA/LiCl (see ESR experiments and Figure 6 and Figure 7),
SG1 and TEMPO MeOH solutions (1.5 × 10−2 mol·L−1) were

heated at 120 °C in the presence of HCl (3.7 mol %
equivalents). Samples were withdrawn regularly and diluted in
t-BuPh for ESR analysis (Figure 12). In accordance with
previous observations in DMA/LiCl, the kinetics of the
consumption of SG1 and TEMPO in the presence of HCl are
very different. TEMPO degrades very quickly in the first
seconds of the experiment (Figure 12c) to reach an equilibrium
(TEMPO concentration constant with time for 5 h, Figure 12a),
whereas the SG1 consumption is slower (Figure 12c) but
complete since all the nitroxide is consumed after 5 h at 120 °C
(Figure 12b). This experiment proves that the acidity of the
media (DMA/LiCl) is responsible for the SG1 degradation. The
difference between TEMPO and SG1 nitroxides could be
explained by a disproportionation mechanism that quickly gives
a stable hydroxylamine and an oxoammonium ion in the case of
TEMPO and slowly gives the same but unstable species in the
case of SG1. The equilibrium (1) and (3) (Scheme 4) are then
shifted towards (1H+) and (3H+) formation up to the complete
consumption of the SG1 nitroxide.

Conclusion
This study proved that contrary to TEMPO nitroxide, SG1 was
stable in the presence of unprotected glucose. More specifically,
SG1 was stable in the presence of up to 100 mol equivalents of
glucose when heated at 120 °C in DMA. In contrast, SG1
degraded in DMF or DMA in the presence of LiCl or LiBr
lithium salts, whereas TEMPO remained stable. ESR analyses
proved that the lithium salt itself was not responsible for the
nitroxide degradation, but that the degradation was caused by
the combination of the solvent (DMF or DMA) with the lithium
salt (LiCl or LiBr).
The first hypothesis to explain the SG1 consumption in DMA/
LiCl was based on the SG1 oxidation by Cl2 (or Br2 in the case
of LiBr lithium salt). However, the study by cyclic voltammetry of the redox potential of SG1 and LiCl could not attest to

Figure 12: Degradation of the nitroxides (SG1 and TEMPO) in the presence of HCl. (a) TEMPO ESR signal in the presence of 3.7 mol % equivalents
of HCl at t = 0 (thick line) and t = 5 h (thin line). (b) SG1 ESR signal in the presence of 3.7 mol % equivalents of HCl at t = 0 (thick line) and t = 5 h
(thin line). c) SG1 (filled triangles) and TEMPO (empty stars) initial degradation (t = 0) in the presence of 0, 1 and 3.7 mol % equivalent of HCl versus
nitroxide (ESR in t-BuPh at 25 °C, samples heated at 120 °C in MeOH, and diluted in t-BuPh).
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this hypothesis, since the presence of Cl2 (or Br2) in the media
could not be proven.
Ultimately, the instability of SG1 in DMA/LiCl was attributed
to the disproportionation of the nitroxide in acidic media
forming hydroxylamine and an oxoammonium ion, which
were stable in the case of TEMPO and unstable in the case of
SG1.
The successful nitroxide-mediated polymerization of styrene in
DMA from an alkoxyamine based on cellobiose and SG1
confirmed the ability to perform SG1-based NMP in DMA
(without lithium salts) in the presence of unprotected sugars,
and consequently opened the way to the modification of cellulose polymer chains by NMP.

Experimental
Materials and general experimental details
Triethylamine (Et 3 N, Aldrich, 99+%), acryloyl chloride
(Aldrich, 97+%), D-glucose (Aldrich, 99.5%), D-cellobiose
(Alfa Aesar, 98+%), lithium chloride (LiCl, Aldrich, 99+%),
lithium bromide (LiBr, Aldrich, 99+%), sodium perchlorate
(NaClO4, Aldrich, ACS reagent ≥98%), tetrabutylammonium
hexafluorophosphate (TBAPF 6 , Fluka, 98+%), TEMPO
(Aldrich, 98%), styrene (Aldrich, 99+%), N,N-dimethylformamide (DMF, SDS, Analytical grade), N,N-dimethylacetamide (DMA, Aldrich, 99.5+%), sodium chloride (NaCl, Carlo
Erba), ethyl acetate (EtOAc, Carlo Erba), triethyl phosphite
(P(O)(OEt)3, Aldrich, 99+% ), and tert-butylbenzene (t-BuPh,
Aldrich, 99%) were used as received. The 2-methyl-2-(N-tertbutyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl)aminoxy)propionic acid alkoxyamine (BlocBuilder MA, BB) was kindly
supplied by Arkema.
The styrene conversion was estimated by 1H NMR experiments
on a Bruker Avance 400 spectrometer (DMSO-d6 as solvent,
400 MHz; chemical shifts are given relative to TMS used as an
internal reference). 31P and 1H NMR analyses were performed
on a Bruker Avance 400 spectrometer in DMSO-d6.
The size-exclusion chromatography analyses were performed
by using an EcoSEC system from TOSOH equipped with a
differential refractometer detector. THF was used as an eluent
with 0.25 vol % toluene as a flow marker at a flow rate of
0.3 mL·min−1 after filtration on Alltech PTFE membranes with
a porosity of 0.2 µm. The column oven was kept at 40 °C, and
the injection volume was 20 µL. One ResiPore Pre-column
(50 mm, 4.6 mm) and two ResiPore columns (250 mm, 4.9 mm)
from Polymer Laboratories were used in series. The system was
calibrated by using polystyrene standards in the range
100–400,000 g·mol −1 , purchased from Agilent.

Electron spin resonance experiments were performed on a
Bruker EMX 300 spectrometer and t-BuPh was used as a
solvent. SG1 (or TEMPO) solutions (1.5 × 10−2 mol·L−1) were
deoxygenated under argon and then heated at 120 °C for
5 hours in Schlenk tubes. Samples (134 μL) were regularly
withdrawn and diluted in 20 mL of t-BuPh for analysis at 25 °C
under air.
The electrochemical experiments were conducted in a threeelectrode glass cell. A glassy carbon disk electrode (1 cm2) and
a platinum wire were used as the working and the counter electrodes, respectively. The potentials were referred to Ag/AgCl.
The cyclic voltammograms were collected at room temperature
and atmosphere at a potential sweep rate of 50 mV·s−1 generated by a potentiostat/galvanostat (Solartron analytical SI 1287).
In all the experiments, the concentration of SG1 and LiCl was
10−2 mol·L−1 and that of the supporting electrolyte (NaCLO4 or
TBAPF6) 0.1 mol·L−1.
High-resolution mass spectrometry experiments were
performed by using a QStar Elite mass spectrometer (Applied
Biosystems SCIEX, Concord, ON, Canada) equipped with an
electrospray ionization source operated in the positive mode.
The capillary voltage was set to +5,500 V and the cone voltage
to +20 V. Air was used as the nebulizing gas (10 psi), while
nitrogen was the curtain gas (20 psi). In this hybrid instrument,
ions were measured by using an orthogonal acceleration timeof-flight (oa-TOF) mass analyser. Instrument control, data
acquisition, and data processing were achieved by using
Analyst software (QS 2.0) provided by Applied Biosystems.
The sample solution (i.e., cello-SG1 diluted in methanol
containing 3 mM of ammonium acetate) was introduced in the
ionization source at a 5 μL min−1 flow rate by using a syringe
pump.

Synthesis of the cellobiose and SG1-based
alkoxyamine (Cello-SG1)
D-cellobiose (10 g, 29 mmol) was dissolved in a solution of
DMA/LiCl (94 mL/1.5 g) at 100 °C for 20 min under argon
atmosphere. After cooling, Et3N (4.5 mL, 32 mmol) was added
at room temperature, and acryloyl chloride (2.4 mL, 29 mmol)
was introduced dropwise at 0 °C for 10 min (0.24 mL/min). The
temperature was kept at 0 °C for 20 min. The mixture was then
heated at 40 °C for 2 h. Triethylammonium chloride was
removed by filtration at room temperature and the filtrate
(98 mL) was kept for the next step. ESI+ (mass spectrometry)
analyses proved the presence of a mixture of cellobiose mono,
di- and tri-acroylated, acrylic acid (resulting from the hydrolysis of acryloyl chloride), and free cellobiose. It is noteworthy
that this reaction is not regioselective, so that several regioisomers are formed, which are very difficult to separate and quan-
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tify. BB (4.8 g, 12.6 mmol) was added to the previous filtrate
(50 mL). After deoxygenation by argon bubbling for 20 min at
room temperature, the solution was heated at 80 °C for 3 h.
After cooling, EtOAc was added to the media and the product
was recovered by precipitation. The obtained white solid was
dried under reduced pressure to give the cellobiose-based
alkoxyamine cello-SG1 (two steps yield reaction: 13%,
measured by 31P NMR with P(O)(OEt)3 as an internal reference).

8. Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P. T.;
Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad, G.; Rizzardo, E.;
Thang, S. H. Macromolecules 1998, 31, 5559–5562.
doi:10.1021/ma9804951
9. Destarac, M.; Charmot, D.; Franck, X.; Zard, S. Z.
Macromol. Rapid Commun. 2000, 21, 1035–1039.
doi:10.1002/1521-3927(20001001)21:15<1035::AID-MARC1035>3.0.C
O;2-5
10. Moad, G.; Rizzardo, E.; Thang, S. H. Aust. J. Chem. 2005, 58,
379–410. doi:10.1071/CH05072
11. Nicolas, J.; Guillaneuf, Y.; Lefay, C.; Bertin, D.; Gigmes, D.;
Charleux, B. Prog. Polym. Sci. 2013, 38, 63–235.

The Ea value of the cello-SG1 homolysis was determined by
31P NMR as already described (E = 122 kJ·mol−1) [37,38].
a

doi:10.1016/j.progpolymsci.2012.06.002
12. Tizzotti, M.; Charlot, A.; Fleury, E.; Stenzel, M.; Bernard, J.
Macromol. Rapid Commun. 2010, 31, 1751–1772.

P+,

The protonated molecule (C32H61NO18
m/ztheo 778.3621)
was accurately mass measured with a relative error of ±0.3 ppm
by using two reference ions from a poly(propylene glycol) as
internal standards.

doi:10.1002/marc.201000072
13. Stenstad, P.; Andresen, M.; Tanem, B. S.; Stenius, P. Cellulose 2008,
15, 35–45. doi:10.1007/s10570-007-9143-y
14. Lindman, B.; Karlström, G.; Stigsson, L. J. Mol. Liq. 2010, 156, 76–81.
doi:10.1016/j.molliq.2010.04.016
15. Heinze, T.; Liebert, T. Prog. Polym. Sci. 2001, 26, 1689–1762.

Nitroxide-mediated polymerization of styrene
in N,N-dimethylacetamide
After the addition of styrene (2.16 g, 20.7 mmol) to the
alkoxyamine solution (BB or Cello-SG1, 0.23 mmol, previously dissolved in 15 mL of DMA), the solution was deoxygenated by argon bubbling for 20 min at room temperature and
then heated at 120 °C for 5 h. Aliquots were periodically withdrawn during the reaction time and cooled in an iced water bath
to quench the polymerization. For all of them, the monomer
conversion was determined by 1H NMR analysis of the raw
polymerization medium in DMSO-d6 solution, whereas the Mn
and the PDI of the polystyrene chains were measured by SEC/
THF.

doi:10.1016/S0079-6700(01)00022-3
16. Yan, L.; Ishihara, K. J. Polym. Sci., Part A: Polym. Chem. 2008, 46,
3306–3313. doi:10.1002/pola.22670
17. Daly, W. H.; Evenson, T. S.; Iacono, S. T.; Jones, R. W.
Macromol. Symp. 2001, 174, 155–164.
doi:10.1002/1521-3900(200109)174:1<155::AID-MASY155>3.0.CO;2O
18. Keoshkerian, B.; Georges, M.; Quinlan, M.; Veregin, R.; Goodbrand, B.
Macromolecules 1998, 31, 7559–7561. doi:10.1021/ma971686r
19. Finet, J.-P.; Grimaldi, S.; Le Moigne, F.; Nicol, P.; Plechot, M.;
Tordo, P. Polymerisation en presence d'un radical nitroxide
β-substitue. WO Patent WO 1996/024620 A1, Aug 15, 1996.
20. Benoit, D.; Grimaldi, S.; Robin, S.; Finer, J.-P.; Tordo, P.; Gnanou, Y.
J. Am. Chem. Soc. 2000, 122, 5929–5939. doi:10.1021/ja991735a
21. Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K.
Macromolecules 1993, 26, 2987–2988. doi:10.1021/ma00063a054
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Abstract
A low-intensity (6 W) light-emitting diode (LED) effectively activated an organotellurium chain transfer agent and the dormant
species, promoting well-controlled radical polymerization. The use of the LED provided many advantages over the previously
reported high-intensity Hg lamp, including high energy efficiency during the polymerization, and easy availability of the low-cost
light source. Structurally well-defined poly(methyl methacrylate), poly(methyl acrylate), and polystyrene, with narrow molecular
weight distributions, were synthesized under LED irradiation with or without a neutral density filter.

Introduction
Living radical polymerization (LRP) is one of the most
powerful methods for the synthesis of structurally well-defined
polymers because of its robustness and high versatility, which
allows for the polymerization of a wide variety of vinyl
monomers with various functionalities [1-3]. LRP relies on the
reversible generation of polymer-end radicals from a dormant
species. One approach to the activation of the dormant species
is the use of photostimulation. This has been widely employed
in conventional radical polymerization for various applications
such as coatings, adhesives, gels and microelectronics [4-7].
The major motivation for the utilization of photochemistry in
LRP is that it enables the dormant species to be activated under

mild thermal conditions [8-11]. In addition, photochemical activation is beneficial for increasing the fidelity of the polymerend structure [12]. However, the experimental setup required
for the reaction provides problems, as distinctive light sources
such as γ-rays or high-intensity UV irradiation are required [1321].
We have previously developed organotellurium-mediated LRP
(TERP), which has several synthetic advantages over other LRP
methods [22-24]. These include high monomer versatility [2527], good compatibility with polar functional groups and
solvents [28,29], and facile living-end transformation for the
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synthesis of block copolymers [30-34] and end-functional polymers [35,36]. Furthermore, we recently reported that photochemical stimuli were efficient in the activation of organotellurium dormant species, and that TERP proceeded under mild
thermal conditions to give highly controlled polymers [37]. The
polymerization proceeded by irradiation with a weak-intensity
light source such as a 60–100 W black lamp or sunlight, but we
routinely used a high-intensity light source, namely, a 500 W
high pressure Hg lamp, combined with a light cutoff filter.
However, control of the light intensity was difficult under such
conditions. For example, when light of a relatively high intensity was used to prepare a polyisoprene using TERP, a radical
coupling reaction occurred because of the efficient formation of
the polymer-end radical [38]. In addition, when ditellurides
were added to the TERP reaction in order to increase the level
of control over the polymerization of methacrylates, optimization of the conditions was difficult, because ditellurides have a
stronger absorption coefficient than the organotellurium compounds (Figure 1). This resulted in the generation of tellurium
radicals, which activate the organotellurium dormant species
[30,39]. Therefore, the development of new photochemical
conditions which employ a weak-intensity, readily available
light source is necessary for expanding the utility of photoTERP. We focused on a light emitting diode (LED) due to its
high power conversion efficiency, low heat generation, narrow
and tunable wavelength range of the emitted light, and ease of
availability. Herein, we report on the use of photo-TERP with a
6 W white, household LED (Scheme 1). Attention was focused
on the TERP of methyl methacrylate (MMA) in the presence of
ditelluride, but other typical conjugated monomers, namely,
methyl acrylate and styrene, were also evaluated. TERP of these
monomers proceeded efficiently in a controlled manner by
adjusting the light intensity using ND filters. The results clearly
demonstrate the extremely high sensitivity of organotellurium
compounds for generating radical species by photostimulation.

Figure 1: UV–vis absorption spectra of organotellurium chain transfer
agent 1 and dimethyl ditelluride in toluene.

Scheme 1: Photopolymerization in the presence of organotellurium
chain transfer agent 1.

Based on these findings, we also adjust our previous statements
regarding the effect of ditelluride on TERP.

Results and Discussion
The polymerization of MMA (100 equiv) was first conducted in
the presence of organotellurium chain transfer agent 1 (1 equiv)
and dimethyl ditelluride (1 equiv) under 6 W white LED at
70 °C (Scheme 1 and Table 1, run 1). The polymerization
progressed rapidly, reaching 93% monomer conversion after
1 h. However, the number-average molecular weight (Mn) of
the resulting polymer (2a, Mn(exp) = 11900) deviated slightly
from the theoretical value, as calculated from the monomer/1
ratio and the monomer conversion (Mn(theo) = 9400). In addition, the control of molecular weight distribution (MWD,
Mw/Mn = 1.26; Mw refers to weight average molecular weight)
was moderate.
We have previously reported that the intensity of irradiating
light is critical for gaining control of the polymerization [37].
Therefore, we investigated the effect of the light intensity by
using ND filters (Figure 2). When a 50% transmittance ND
filter was used, the MWD improved to 1.20 from 1.26, while
2 h was required to reach >90% monomer conversion (Table 1,
run 2). The MWD control was further improved when the light
intensity was reduced by using 30% and 20% transmittance ND
filters (Mw/Mn = 1.18–1.19), although the monomer conversion
further slowed down with this order (Table 1, runs 3 and 4). The
MWD control reached a plateau when a 10% transmittance ND
filter was used, while the polymerization rate was further decelerated (Table 1, run 5). In the absence of light irradiation, the
polymerization was extremely slow, reaching only 36% monomer conversion, even after 12 h (Table 1, run 6). These results
clearly demonstrate that weak light intensity was sufficient for
activating the organotellurium compounds. The concentration
of the radical species was roughly proportional to the light
intensity. The monomer conversion after 1 h increased nearly
linearly by the use of ND filters with higher transmittance (25,
36, 47, 62, and 93% monomer conversion by using 10, 20, 30,

1608

Beilstein J. Org. Chem. 2013, 9, 1607–1612.

Table 1: Photopolymerization of MMA in the presence of 1 under LED irradiation.a

Run

MMA/1 ratio

ND filterb

Time (h)

Conv. (%)c

Mn(theo)

Mn(exp)d

Mw/Mnd

1
2
3
4
5
6e
7f
8g
9h
10
11
12i
13i

100
100
100
100
100
100
100
100
100
200
300
500
1000

none
50
30
20
10
none
20
20
20
20
20
10
10

1.0
2.0
2.5
4.0
5.5
12
6.0
3.0
2.5
4.0
4.5
5.0
5.5

93
92
93
92
93
36
94
91
93
92
94
94
91

9400
9300
9400
9300
9500
3700
9500
9200
9400
18500
28400
47200
91200

11900
10700
9800
9500
10400
2500
10400
9600
9900
20500
31900
52400
109700

1.26
1.20
1.19
1.18
1.18
1.27
1.18
1.19
1.19
1.17
1.14
1.14
1.25

aA

solution of 1, dimethyl ditelluride (1 equiv) and monomer (100 equiv) was irradiated with a 6 W LED with or without a ND filter at 70 °C. b% Transmittance is shown. cDetermined by 1H NMR. dDetermined by GPC calibrated with PMMA standards. eThe reaction was carried out in the dark. fThe
polymerization was carried out at 60 °C. gThe polymerization was carried out at 80 °C. hThe polymerization was carried out at 90 °C. i2 equiv of
dimethyl ditelluride was used.

50% ND filter and direct irradiation, respectively). The poor
MWD control under high-intensity light is probably due to the
increase in undesired termination reactions of the polymer-end
radicals. When the termination is negligible, the level of MWD
control is determined by the rate of deactivation of the polymerend radicals by ditelluride forming a dormant species [39]
which is independent of the light intensity.

(Table 1, runs 7–9). The conversion of the monomer was slow
at lower temperatures because of the decrease in propagation
rate, but the MWDs were identical in all cases, within the
experimental error. Due to the high propagation rate at high
temperatures the polymerization at 90 °C reached >90% monomer conversion within 2.5 h, affording PMMA with a narrow
MWD (Mw/Mn = 1.19, Table 1, run 9).
Structurally well controlled, high-molecular-weight PMMAs
were also prepared by changing the monomer/1 ratio (Table 1,
runs 10–13). When 200–1000 equivalents of MMA over 1 were
employed, monomer conversion reached >90% in all cases
within 5.5 h, and PMMAs with a Mn, of 20500–109700 with a
narrow MWD (Mw/Mn ≤ 1.25) were synthesized. When more
than 500 equivalents of monomer were employed, the addition
of two equivalents of dimethyl ditelluride, as well as the use of
a 10% transmittance ND filter, resulted in improved MWDs
(Table 1, runs 12 and 13).

Figure 2: GPC traces for the polymerizations of MMA (Table 1). The
percentages in the legend refer to the ND filters used.

The synthetic scope of MMA polymerization was next examined (Table 1, runs 7–13). As the generation of the polymer-end
radical from the organotellurium dormant species does not
require thermal stimuli, the reaction temperature can be arbitrarily selected depending on the propagation rate of the particular monomer. For example, the same polymerization proceeded
over the range of 60–90 °C under otherwise identical conditions, affording structurally well controlled PMMAs in all cases

The use of the LED was also found to be effective for the efficient and controlled polymerization of other monomers
(Table 2). For example, TERP of methyl acrylate (100 equiv)
without ditelluride reached 91% monomer conversion after
1.6 h irradiation with the LED without an ND filter at 50 °C.
Structurally well-defined poly(methyl acrylate) (PMA) with
Mn = 10100 and a narrow MWD (Mw/Mn = 1.11) was obtained
(Table 2, run 1). High-molecular-weight PMAs with narrow
MWDs (M n = 90200, M w /M n = 1.13 and M n = 166000,
Mw/Mn = 1.15) were also prepared by changing the monomer/1
ratio under LED irradiation through a 50% transmittance ND
filter (Table 2, runs 2 and 3).
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Table 2: Photopolymerization in the presence of 1 under LED irradiation.a

Run

Monomer
(equiv)b

ND filter
(% transmittance)

Temp. (°C)

Time (h)

Conv. (%)c

Mn(theo)

Mn(exp)d

Mw/Mnd

1
2
3
4
5
6
7

MA (100)
MA (1000)
MA (2000)
St (100)
St (100)
St (500)
St (1000)

none
50
50
none
20
10
10

50
50
50
90
90
90
90

1.6
5
8
6
9
14
16

91
93
86
96
98
95
83

8000
80100
148100
10100
10300
49500
86500

10100
90200
166000
18200
11600
47400
87500

1.11
1.13
1.15
1.36
1.09
1.18
1.33

aA

solution of 1 and monomer (100 equiv) was irradiated with a 6 W LED with or without a ND filter. bMonomer abbreviations: MA, methyl acrylate; St,
styrene. cDetermined by 1H NMR. dDetermined by GPC calibrated with PMMA or polystyrene standards.

Next, the polymerization of styrene was examined at 90 °C, as
the propagation rate constant of styrene is much lower than
those of acrylates and methacrylates. Polymerization in the
absence of a filter quantitatively converted the monomer to the
polymer within 6 h (96%), but the Mn(exp) of the resulting polystyrene (18100) was significantly different from the Mn(theo)
(10100), and the MWD control was unsatisfactory (Mw/Mn =
1.36) (Table 2, run 4). On the other hand, when the polymerization was carried out through a 20% transmittance ND filter,
although the monomer conversion was slower, the resulting
polystyrene had a Mn(exp) close to Mn(theo), and a very narrow
MWD (Mw/Mn = 1.09) (Table 2, run 5). High-molecular-weight
polystyrene of Mn = 47400 and 87500, with narrow MWDs
(M w /M n = 1.18 and 1.33, respectively) were successfully
synthesized by using a 10% transmittance ND filter (Table 2,
runs 6 and 7).
When the ditelluride is absent, polymerization is initiated by the
direct photolysis of the carbon–tellurium bond of the organotellurium dormant species, P–TeMe (Scheme 2, reaction 1,
P denotes polymer) [37]. Once the polymer radical is generated,
it predominantly undergoes a degenerative chain transfer-mediated polymerization reaction (Scheme 2, reaction 2, P′ refers to
a polymer with either the same or different chain length as P)
[25,40]. When the ditelluride is present, its activation produces
two molecules of methyltellanyl radical (Scheme 2, reaction 3).
As ditelluride possesses a higher absorption coefficient in the
UV region than organotellurium compounds such as 1
(Figure 1), the preferential activation of ditelluride over organotellurium compounds should occur. Once a methyltellanyl
radical forms, it activates P–TeMe, giving a polymer endradical and a ditelluride (Scheme 2, reaction 4).
We have previously reported that the addition of ditelluride
accelerates the TERP and that the activation of P–TeMe by a
methyltellanyl radical is the origin of this rate enhancement
[39]. However, the mechanism by which this occurs has not

Scheme 2: Activation and deactivation mechanism of dormant
(P-TeMe) and ditelluride.

been fully elucidated. As we have deduced that the activation of
ditelluride successfully proceeds under very weak intensity light
irradiation, the tellanyl radical should also be formed by the
photons from interior fluorescent lighting. Indeed, TERP of
MMA in the presence of ditelluride completed in approximately 13 h at 80 °C, without any special caution under interior
fluorescent lighting [30], whereas the same experiment
completely protected from all light sources took 22 h.

Conclusion
A new and efficient procedure for photoinduced TERP was
developed by using a low energy (6 W) visible LED as the light
source. Compared to previously employed photoinduced TERP
by using a 60–500 W light source, the energy efficiency was
significantly improved. As the TERP of MMA and styrene was
best controlled in combination with 10 or 20% transmittance
ND filters, light with an intensity below 6 W should also be
usable. Improvement in the MWD could be achieved by appropriate tuning of the light intensity. As activation of the organotellurium compounds has been shown to be possible with a low
power and readily available LED, implementation to large scale
synthesis should be feasible. Furthermore, the activation of the
dormant species does not require thermal stimuli, and so independent control of the initiation (radical generation) and the
propagation should be possible.
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Experimental
General: All reactions involving oxygen and moisture sensitive compounds were carried out in a dry reaction vessel under
a nitrogen atmosphere. A 6 W white LED (Panasonic) was used
as the light source in combination with a neutral density (ND)
filter (Sigma Koki). 1 H NMR (400 MHz) spectra were
measured for a CDCl3 solution of the sample and are reported
in ppm (δ) from an internal of tetramethylsilane. Gel permeation chromatography (GPC) was performed on a machine
equipped with two linearly connected polystyrene mixed gel
columns (Shodex LF-604) at 40 °C by using UV and refluctive
index (RI) detectors with chloroform as the eluent. The numberaverage molecular weight (Mn) is reported in g·mol−1. PMMA
and poly(methyl acrylate) were calibrated with PMMA standards, and polystyrene was calibrated with polystyrene standards.

small portion of the reaction mixture was then removed, and the
conversion of the monomer (92%) was determined by using
1H NMR spectroscopy. The reaction mixture was analyzed by
using GPC, and the Mn (9500) and Mw/Mn (1.18) were determined. Chloroform was subsequently added to the mixture, and
the resulting solution was poured into hexane with vigorous
stirring. The product was collected by suction filtration and
dried under vacuum to give the final PMMA product (810 mg).
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Abstract
The intramolecular radical addition to aniline derivatives was investigated by DFT calculations. The computational methods were
benchmarked by comparing the calculated values of the rate constant for the 5-exo cyclization of the hexenyl radical with the
experimental values. The dispersion-corrected PW6B95-D3 functional provided very good results with deviations for the free activation barrier compared to the experimental values of only about 0.5 kcal mol−1 and was therefore employed in further calculations.
Corrections for intramolecular London dispersion and solvation effects in the quantum chemical treatment are essential to obtain
consistent and accurate theoretical data. For the investigated radical addition reaction it turned out that the polarity of the molecules
is important and that a combination of electrophilic radicals with preferably nucleophilic arenes results in the highest rate constants.
This is opposite to the Minisci reaction where the radical acts as nucleophile and the arene as electrophile. The substitution at the
N-atom of the aniline is crucial. Methyl substitution leads to slower addition than phenyl substitution. Carbamates as substituents
are suitable only when the radical center is not too electrophilic. No correlations between free reaction barriers and energies
(ΔG‡ and ΔGR) are found. Addition reactions leading to indanes or dihydrobenzofurans are too slow to be useful synthetically.
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Introduction
The development of efficient catalytic reactions is one of the
central issues of chemistry [1,2]. Radical-based transformations
are amongst the most attractive methods for the use in catalytic
cycles due to the ease of radical generation, high functional
group tolerance, and selectivity in C–C bond formation [3-5].
Recently, we have reported a novel catalytic reaction, a radical
arylation of epoxides [6-8] proceeding via catalysis in single
electron steps (for experimental results see Scheme 1) [9,10].
The C–C bond forming step of the catalytic cycle is an intramolecular alkyl radical addition to substituted anilines. Even
though only rarely used, reaction sequences employing such
steps in an intermolecular or intramolecular manner have been
employed in some transformations that are highly useful.
Prominent examples are the Minisci reaction [11-15] for the
preparation of mainly nitrogen heterocycles and Zard’s
homolytic substitution reactions at nitrogen heterocycles with
xanthates as radical precursors [16-20].

Scheme 1: Experimental results for the radical arylation of epoxides.

Despite this usefulness only few studies have been concerned
with the determination of absolute rate constants of radical
additions to arenes. These were carried out in mechanistic
studies of the Minisci reaction [21,22]. It was found that
the butyl radical adds to benzene with a rate constant of
3.8 × 102 M−1 s−1 at 79 °C. In this study it was also demonstrated that the rate constants for addition reactions to electron
deficient (protonated) heteroarenes can be much higher due to
polar effects. Despite these insightful investigations a more
general picture of the kinetics of radical addition to arenes is
still elusive and, to the best of our knowledge, thermodynamic
data (free energies) for radical additions to arenes are not available.
In this study, we have investigated the rate constants and free
energies of intramolecular radical addition to substituted
anilines that constitutes the C–C bond forming event of indoline synthesis via homolytic substitution with computational
methods. The results are of general interest for the understanding of radical addition to electron rich arenes and should
be helpful in the design of novel radical reactions.

The aim of theoretical thermochemistry is to describe the energetics of a chemical process with an accuracy of 1 kcal mol−1 or
even better. At the same time, the methods applied should not
be too demanding in terms of computational costs in order to be
still applicable to chemically interesting systems. Kohn–Sham
density functional theory (KS-DFT) has been proven to yield
good accurate thermochemical properties within acceptable
computation times [23-25]. However, the number of the
proposed approximate exchange–correlation functionals to
choose from is huge and they can suffer from severe problems,
e.g., self-interaction error (SIE) leading to underestimated reaction barriers and the lack of long-range electron correlation
(London dispersion) effects. Regarding the latter problem, one
of the most successful and widely used dispersion correction
schemes is DFT-D3, in which a damped, atom-pair wise potential is added to a standard DFT result [26]. A thorough energy
benchmark study of various density functionals for general
main group thermochemistry, kinetics and non-covalent interactions (GMTKN30 benchmark set) [27] showed that Zhao and
Truhlar’s PW6B95 functional [28] in combination with DFTD3 (termed PW6B95-D3 from now on) is the most robust and
accurate general purpose hybrid functional and is therefore used
also in this work. As a meta-hybrid functional it partially avoids
the SIE by admixture of non-local Fock-exchange (28%)
leading to reasonable reaction barriers [27] which are normally
underestimated (in particular for radical species) with semilocal GGAs.
We conducted a DFT study using the above mentioned state-ofthe-art quantum chemical methods which are applied successfully to various thermochemical problems in our group since
several years. This well established protocol consists of gas
phase structure optimization at the dispersion-corrected DFTD3 level using large triple-zeta AO basis sets (TPSS-D3/def2TZVP) followed by accurate single-point energy calculations at
the meta-hybrid level with a further extended AO basis set
(PW6B95-D3/def2-QZVP), thermo-statistical corrections from
energy to free energy at a given temperature and corrections for
solvation free energy by the reliable (DFT-based) COSMO-RS
continuum solvation model [29,30]. For recent applications
of this procedure see [31-33]. The estimated accuracy is
1–2 kcal mol−1 for absolute free enthalpies and relative values
for different compounds (trends) should have an error
<1 kcal mol −1 .

Results and Discussion
Theoretical methods and benchmarking
Computational details
The quantum chemical calculations have been performed with
the TURBOMOLE 6.4 suite of programs [34]. All geometry
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optimizations were performed on the DFT level using the TPSS
density functional [35] along with the polarized triple-zeta def2TZVP basis set [36]. This choice avoids major basis set superposition errors (BSSE) without employing counter-poise corrections and gives theoretically consistent energies and structures.
Single point energies were obtained on the PW6B95 [28] level
together with the extended quadruple-zeta basis set def2-QZVP
[36]. For the small benchmark on the 5-exo cyclization of the
5-hexenyl radical the functionals BP86 [37,38] and B3LYP [3941] also have been applied together with the def2-QZVP basis
set. CCSD(T) calculations with the def2-TZVPP[36] basis set
have been performed and extrapolated to the complete basis set
limit (CBS) [42] via MP2 [43] calculations with the def2TZVPP and def2-QZVPP basis sets. CCSD-F12 [44] calculations with perturbative triples (CCSD-F12(T)) together with the
correlation-consistent basis set cc-pVDZ-F12 [43] for explicitly correlated wave function methods have been calculated
using TURBOMOLE 6.5 [45].
For all calculations the resolution-of-identity (RI) approximation for the Coulomb integrals [46] with matching default auxiliary basis sets [47] was applied. The numerical quadrature grid
m4 was employed for integration of the exchange-correlation
contribution. For all geometry optimizations as well as singlepoint calculations the D3 dispersion correction scheme [26]
applying Becke–Johnson (BJ) damping [48-50] was used.
Computations of the harmonic vibrational frequencies were
performed analytically using the TURBOMOLE module
aoforce. Thermal corrections from energy to free enthalpy were
calculated within the standard harmonic-oscillator approximation for each molecule in the gas phase. The vibrational
frequencies were used unscaled. The HOMO–SOMO energy
gaps were evaluated using the TPSS-D3/TZVP orbitals. The
COSMO-RS model [29,30] was used as implemented in
COSMO therm [51] to obtain all solvation free energies. Single
point calculations employing the default BP86 [37,38]/defTZVP [52] level of theory were performed on the optimized gas
phase geometries. The solvation contribution was then added to
the gas phase free energies.

Scheme 2: 5-exo cyclization of the hexenyl radical.

the kinetics of the 5-exo cyclization has been studied very thoroughly and the rate constant has been determined by a number
of approaches. The value currently accepted as ‘best’ for the
rate constant is k = 2.2 × 105 s−1 at 25 °C [53]. The Arrhenius
equation for the 5-hexenyl cyclization has been determined
to be log k 10 /s −1 = (10.37 ± 0.32) − (6.85 ± 0.42)/θ with
θ = 2.3 RT/ kcal mol −1 . This implies that k lies between
5.1 × 104 s−1 and 9.3 × 105 s−1 at 25 °C and 6.1 × 105 s−1 and
8.2 × 106 s−1 at 100 °C.
Moreover, the geometry of the transition state of the 5-exo
cyclization has been the subject of investigation [54,55]. In the
transition state, the length of the forming C–C bond is assumed
to be 2.341 Å and the attack of the radical at the olefin occurs at
an angle of 105.8°. This value is close to the tetrahedral angle
and the Bürgi–Dunitz angle [56].
In this study, the absolute free energy of activation as well as
the free energy of the 5-exo cyclization of the hexenyl radical
were calculated using the TPSS and PW6B95 functionals as
described in computational details. From these values the
absolute rate constants at 298 K (25 °C) in benzene were
computed as summarized in Table 1 together with the experimental value for k at 25 °C. The experimental free enthalpy of
activation was derived from the rate constant. We furthermore

Table 1: Experimental and computed rate constants and free energies
of activation of the 5-exo cyclization of the hexenyl radical in benzene
at 25 °C.

ΔΕ
[kcal mol−1]

ΔG‡
[kcal mol−1]

k
[s−1]

10.18

2.20 × 105

8.07
7.52
13.28
10.94
11.33
10.63
12.93
13.02

7. 83 × 106
1.99 × 107
1.18 × 103
6.18 × 104
3.19 × 104
1.03 × 105
2.12 × 103
1.83 × 103

The 5-exo cyclization as benchmark
In order to find reliable computational methods for the description of the radical additions, we sought for systems for benchmarking that are structurally related to our system and that are
experimentally well investigated. An ideal radical reaction in
this respect is the 5-exo cyclization (Scheme 2) of the 5-hexenyl
radical.
The reaction is preparatively highly important and has been
used in many syntheses of complex molecules [3-5]. Moreover,

Experiment
TPSS-D3
BP86-D3
B3LYP
B3LYP-D3
PW6B95
PW6B95-D3
CCSD(T)/CBS
CCSD-F12(T)

4.60
4.05
9.81
7.46
7.86
7.16
9.46
9.51
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give zero-point and solvation exclusive pure electronic activation energies which are more convenient for a straightforward comparison of theoretical methods.
From our data it is clear that the semi-local TPSS and BP86
functionals strongly underestimate the activation energy of the
5-exo cyclization (by about 3 kcal mol−1) due to the SIE but this
behavior is as expected for functionals of this type. The hybrid
functional B3LYP slightly overestimates the activation barrier
when the D3 correction is used and highly overestimates the
barrier (by about 3 kcal mol−1) without the D3 correction. The
plain PW6B95 functional without the dispersion correction still
overestimates the barrier by 0.7 kcal mol−1. However, the use of
PW6B95-D3 provided an energy of activation that differs from
the experimental value by only 0.5 kcal mol−1. This deviation
(about 5%) is within the typical error limits of DFT-D3 and the
experimental methods. In passing it is noted that the D3-dispersion correction to the barrier even for this relatively small molecule is substantial (decrease by 0.7 kcal mol−1 for PW6B95 and
2.4 kcal mol−1 for B3LYP, respectively) and quantitative agreement between theory and experiment cannot be obtained with
uncorrected standard density functionals. The encouraging
observation that two different hybrid density functionals yield
the same barrier to within 0.3 kcal mol−1 is mainly an effect
of the D3-correction (plain PW6B95 and B3LYP differ by
2 kcal mol−1). Although the stabilizing influence of intramolecular London dispersion on the transition state due to its
‘closer’ (more dense) structure is partially quenched by solvation, we think that reliable predictions (‘the right answer for the
right reason’) can only be achieved when both effects are
accounted for by, e.g., the D3 and COSMO-RS models.
Extrapolated CCSD(T)/CBS via MP2/CBS calculations and
estimating the basis set limit by explicitly correlated CCSDF12(T)/cc-pVDZ-F12 yield an almost identical energy of activation of 12.93 and 13.02 kcal mol−1, respectively, which is
very encouraging. Presently the origin of the difference to the
experimental barrier of 2.4 kcal mol−1 is not clear to us. We
noted some spin contamination of the Hartee–Fock reference
wave function for the transition state structure (S2 ≈ 1) but it
seems unlikely that this influences the highly accurate CCSD(T)
calculations so significantly.
We also investigated the influence of the choice of the geometries and vibrations on the energy of activation and optimized
the 5-hexenyl radical as well as the transition state also on the
B3LYP-D3/def2-TZVP level. The obtained thermal correction
to the free energy of activation is 2.44 kcal mol−1 compared to
the value based on TPSS geometries of 2.84 kcal mol−1. Singlepoint calculations on the PW6B95/def2-QZVP level for the
electronic barrier show that this change by 0.4 kcal mol−1 is

compensated by a higher ΔE of 7.58 kcal mol−1 compared to
7.16 kcal mol−1 for the TPSS geometries. With an almost identical solvation free enthalpy for the activation process (0.62 and
0.64 kcal mol−1) the free energy of activation is practically the
same for the TPSS structures (10.63 kcal mol −1 ) and the
B3LYP geometries (10.67 kcal mol−1). The total influence of
the geometries and vibrations on ΔG ‡ is therefore small
(0.1–0.2 kcal mol−1 at most) and this technical detail cannot
explain the discrepancy of the CCSD(T) barrier and the experimental value.
The 5-exo cyclisation of 5-hexenyl has been studied before
using the G3-(MP2)-RAD protocol and a value of 7.6 × 104 s−1
was reported for the rate constant at 21 °C [57]. This high-level
composite method was designed to yield accurate gas-phase
thermochemical data for free radicals [58]. Nevertheless this
protocol does not include solvation effects, which might be an
explanation for the better agreement of the rate constant
presented in this work compared to the experimental value [53].
In order to increase the validity of the benchmarking, the rate
constants k were calculated for a number of temperatures and
compared to the values obtained from the Arrhenius equation
reported as most reliable (Table 2).

Table 2: Rate constants of the 5-exo cyclization of the hexenyl radical
in benzene at different temperatures calculated at the PW6B95-D3/
QZVP//TPSS-D3/def2-TZVP level of theory.

T
[°C]

kexp.
[s−1]

kcalc.
[s−1]

25
40
60
80
100

2.20 × 105
3.83 × 105
7.43 × 105
1.34 × 106
2.26 × 106

1.02 × 105
1.99 × 105
4.36 × 105
8.76 × 105
1.62 × 106

The results demonstrate that the agreement between calculated
and experimental values is becoming even better with
increasing temperature. This suggests that the (small) error in
the calculated values is due to a slight overestimation of the
enthalpy of activation. When employing the COSMO-RS model
to simulate different media (THF and benzene) we found that
the rate constant at 40 °C for the two solvents is almost identical (2.02 × 105 s−1 and 1.99 × 105 s−1). This is in agreement
with experimental results indicating the insensitivity of k to
solvent effects. On an absolute scale, however, inclusion of
these effects is important as the free energy barrier computed
for the gas phase is increased by about 0.6 kcal mol–1 in THF or
benzene. This improves the agreement between theory and
experiment. As documented in the Supporting Information,
even the sign of solvent correction varies for different systems
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and differences on the order of 1 kcal mol–1 are found and it
hence can be concluded that they should be included by default
in accurate computational work.
Finally, the literature transition state geometry and our geometry are very similar. The length of the forming bond is 2.30 Å
and the angle of attack to the double bond is 108.2° in our treatment. These values are slightly different than the values used in
the modeling based calculations of radical cyclization (2.34 Å
and 105.8°) that were derived from values of the attack of alkyl
radicals on ethane and propene, however [54,55].
In summary, it can be concluded that the calculations
employing the PW6B95-D3/QZVP//TPSS-D3/TZVP method on
the 5-exo cyclization of the hexenyl radical are in excellent
agreement with the experimental and previous computational
results. Therefore, this approach was employed in the investigations of the following intramolecular radical additions to
arenes.

Investigation of the radical addition to substituted anilines
In our preparative work, we have been mostly concerned with
the catalytic synthesis of indolines via addition reactions of
epoxide derived radicals [59,60] and thus, radical additions to
substituted anilines are investigated in this study.

Substitution at nitrogen
Radicals 1–3 (Scheme 3) are simple models for the addition
steps of these sequences and were therefore studied first
(Table 3).

Scheme 3: Intramolecular radical additions of simple aniline derivatives.

Table 3: Calculated kinetic and thermodynamic data (on the PW6B95D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO-SOMO gap ΔEH-S
(on the TPSS-D3/TZVP level) of the reactions of 1–3 in benzene at
40 °C.

Subst. k
[s−1]
1
2
3

3.56 × 103
5.62 × 103
3.88 × 102

ΔG‡
[kcal mol−1]

ΔGR
[kcal mol−1]

ΔEH-S
[eV]

13.3
13.0
14.7

−10.3
−9.9
−10.2

−0.77
−1.40
−1.14

Somewhat surprisingly for us, all addition reactions are considerably exergonic and all ∆GR values are fairly similar. Thus,
radical stabilization in 4–6 provides a substantial thermodynamic driving force for the addition. Despite the similarity of
the ∆GR values the rate constants of the addition differ significantly. For 1 and 3 the difference in k can be ascribed to the
lower HOMO–SOMO gap and hence more favorable polar
effects for 1. For 2 having the highest rate constant this is not
the case. We suggest that the electron withdrawing substituent
on N reduces the aromaticity of the aniline and hence facilitates
radical attack.
For 1 and 2 the addition is about as fast as the 6-endo cyclization of the hexenyl radical. Such reactions and other even
slower cyclizations are well documented in titanocene mediated and catalyzed radical processes [61-69]. Therefore, the
relatively high computational rate constant for the addition of 1
readily explains the excellent synthetic results with epoxides
derived from aryl substituted anilines in the radical arylation of
epoxides. The reaction of 3 is too slow to be useful in typical
radical chain reactions. However, reactions under our catalytic
reaction conditions [6] with radicals similar to 3 were
successful, too (see Scheme 4). Nevertheless, the transformations are, in agreement with the calculations, clearly more
demanding than those with radicals similar to 1 and thus, more
elaborate catalysts and the use of additives to enhance catalyst
stability is essential.
In accordance with intuition, all transition states are ‘later’ than
that of the 5-exo cyclization as indicated by the shorter
distances between the radical center and the C-atom attacked for

Scheme 4: Successful catalytic radical addition to an N-methyl substituted aniline.
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1–3 (2.15–2.17 Å vs 2.30 in the 5-exo cyclization). Moreover,
the trajectory of attack on the arene is very similar for 1–3
(121–123°). This angle is substantially larger than for the 5-exo
cyclization (108.2°). This is shown for the addition of 1 in
Figure 1.

Substitution at the radical center
We investigated the influence of radical substitution on the rate
and the free energy of the addition reaction next. In order to
ensure comparability the examples were chosen with phenyl
substitution at N. They are shown in Scheme 5 and the results
are summarized in Table 4.
The notion that the radical acts as an electrophile and the arene
as nucleophile is further corroborated by the highest rate
constant for the addition reaction of 9 that has the most electrophilic radical center due to ester substitution. The more nucleophilic radicals 8 and 10 react slower than 1. The –OMe group in
10 is a better electron donor than the –Me group in 8, which
should make it more nucleophilic and lead to a slower radical
addition. The calculated rate constant for 10 still is higher than
for 8, which leads to the conclusion that the electron withdrawing inductive effect of the –OMe group overcomes its
+M-effect. However, the difference in ΔG ‡ is below
0.5 kcal mol−1 and thus within the error margin of the theoretical method. The addition of the stabilized benzyl radical is
slowest and also endergonic. As above, no correlation between
k and ∆GR is obvious. The polarity of the radical [70-72] and
the arene is reversed in comparison with the Minisci reaction
[11]. With alkyl substitution at N (as in 3) similar trends are
observed. This indicates that for compounds derived from 3 the

Scheme 5: Intramolecular radical additions of simple aniline derivatives.

Table 4: Calculated kinetic and thermodynamic data (on the PW6B95D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO–SOMO gap ΔEH-S
(on the TPSS-D3/TZVP level) of the reactions of 7–10 in benzene at
40 °C.

Subst. k
[s−1]

ΔG‡
[kcal mol−1]

ΔGR
[kcal mol−1]

ΔEH-S
[eV]

7
8
9
10

17.2
14.2
12.2
13.8

+2.7
−6.7
−3.3
−3.9

−1.07
−0.90
−0.83
−1.14

7
8.94 × 102
2.17 × 104
1.70 × 103

SOMO–HOMO interaction is decisive, too. Finally, care has to
be taken in transferring effects from one series of substrates to
another. As shown in Scheme 6, radical 15 adds to the arene to
give 16 substantially slower than 9. Thus, the combination of an
electron deficient radical with an electron withdrawing
substitution on N leads to a mismatching of polar effects with
respect to k.

Figure 1: Optimized structure of the transition state of the radical addition of 1 (left: spin density plot and atomic spin-density populations; right:
SOMO).
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and within the error margin of the computational method. Electron withdrawing substituents (20 and 21) strongly retard the
addition. In these cases larger SOMO–HOMO gaps are
involved. The radicals act as electrophiles in all cases. Thus,
compared to the Minisci reaction our addition has a reversed
polar effect.
Changing the substituent at N from Ph to CH3 leads to similar
trends with lower absolute values of k as expected. These
results are summarized in Supporting Information File 1.

Scheme 6: Mismatching of polar effects.

Effect of arene substitution

Effect of m,m’-disubstitution

The results obtained so far strongly suggest that a matching of
the nucleophilicity of the arene and the electrophilicity of the
radical center are decisive for the magnitude of k. We investigated this issue by the introduction of substituents either in the
p-position or both m-positions of the anilines.

The second substitution pattern investigated is the m,m’-disubstitution. By adding both substituents, the problem of the
regioselectivity of addition to the arene is circumvented. The
examples and results are summarized in Scheme 8 and Table 6.

Effect of p-substitution
The examples of p-substitution investigated are summarized in
Scheme 7 and Table 5.

Scheme 8: Examples of m,m’-disubstituted anilines investigated.

Table 6: Calculated kinetic and thermodynamic data (on the PW6B95D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO–SOMO gap ΔEH-S
(on the TPSS-D3/TZVP level) of the reactions of 27–29 in benzene at
40 °C.

Subst.

k
[s−1]

ΔG‡
[kcal mol−1]

ΔGR
[kcal mol−1]

ΔEH-S
[eV]

27
28
29

1.01 × 104
5.46 × 102
1.62 × 102

12.6
14.5
15.2

−10.2
−9.8
−8.7

−0.80
−1.46
−1.30

Scheme 7: Examples of p-substituted anilines investigated.

Table 5: Calculated kinetic and thermodynamic data (on the PW6B95D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO–SOMO gap ΔEH-S
(on the TPSS-D3/TZVP level) of the reactions of 17–21 in benzene at
40 °C.

Subst.

k
[s−1]

ΔG‡
[kcal mol−1]

ΔGR
[kcal mol−1]

ΔEH-S
[eV]

17
18
19
20
21

2.52 × 104
7.25 × 103
5.54 × 103
9.04 × 102
5.44 × 102

12.1
12.8
13.0
14.1
14.5

−11.2
−9.4
−11.4
−8.7
−8.9

−0.77
−0.74
−0.70
−0.89
−0.98

As above, methyl substitution (in 27) leads to a higher value for
k. The introduction of two –OCH 3 (in 28) or two –F
substituents (in 29) results in a reduction of the value of k
compared to 1. While this could be indicative of a weak negative inductive effect, the differences in ΔG‡ are low and within
the errors of the computational method.

Radical additions leading to dihydrobenzofurans
and indanes
Methyl substitution in 17 leads by far to the highest value of k.
For 18 and 19 higher values than for 1 were obtained. However,
the effect of –OCH3 and –F substitution is surprisingly small

So far, all radicals investigated contained a substituted aniline
and the importance of the nucleophilicity of the arene has
become obvious for a number of examples. To conclude our
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study we therefore investigated an O atom and a CH2 group in
the chain linking the radical center and the arene as shown in
Scheme 9. The results are summarized in Table 7.

Scheme 9: Addition reactions leading to dihydrobenzofuran and an
indane.

reaction. The substitution at the N-atom of the aniline is crucial.
Methyl substitution leads to slower addition than phenyl substitution. Carbamates as substituents are suitable only when the
radical center is not too electrophilic. Concerning the substitution pattern of the arene it was found that electron releasing
substituents accelerate the addition whereas strongly electron
withdrawing substituents like acyl groups retard the addition.
Para-substitution has a stronger influence than meta-substitution. Addition reactions leading to indanes or dihydrobenzofurans are too slow to be useful.

Supporting Information
Supporting Information File 1

Table 7: Calculated kinetic and thermodynamic data (on the PW6B95D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO–SOMO gap ΔEH-S
(on the TPSS-D3/TZVP level) of the reactions of 33 and 34 in benzene
at 40 °C.

Subst.

k
[s−1]

ΔG‡
[kcal mol−1]

ΔGR
[kcal mol−1]

ΔEH-S
[eV]

33
34

51
2

15.9
17.9

−6.0
−1.8

−1.61
−2.22

Energies and coordinates of all radicals and transition
states, tables with data on radicals with Me-substitution on
N analogous to Tables 4, 5, and 6.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-185-S1.pdf]
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For both 33 and 34 the calculated rate constants are substantially lower than for 1 and 3. This can be attributed to the much
higher SOMO–HOMO gap that indicates much weaker polar
effects for the reactions of 33 and 34. Thermodynamically, both
addition reactions are favorable and once again, no correlation
between ∆G r and k is obvious. Thus, for our simple model
systems the combination of only weakly nucleophilic arenes
and an electrophilic radical center is disadvantageous. This is in
agreement with preliminary synthetic results that suggest that
dihydrobenzofurans and indanes are not accessible via the
titanocene catalyzed radical arylation.

Conclusion
The intramolecular radical addition to substituted anilines was
studied computationally with the aid of the PW6B95-D3 functional in combination with the large quadruple-zeta basis set
def2-QZVP. This method was chosen after benchmarking on
the 5-exo cyclization of the hexenyl radical. It provides sufficiently accurate values for the rate constant of the cyclization
over a wide range of temperatures.
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Abstract
Carboxylic acids have been electro-oxidatively coupled to electron-rich olefins to form lactones. Kolbe decarboxylation does not
appear to be a significant competing pathway. Experimental results indicate that oxidation occurs at the olefin and that the reaction
proceeds through a radical cation intermediate.

Introduction
Anodic cyclization reactions of the general type shown in
Scheme 1 can provide a powerful method for the synthesis of a
variety of ring systems [1,2]. The reactions effectively reverse
the polarity of an electron-rich functional group and in so doing
open up entirely new opportunities for bond formation. In addition, the oxidative reactions lead to products that either preserve
or increase the level of functionality found in the initial substrate. This provides synthetic handles for further development
of the cyclic products generated.
Such reactions can be used to build a variety of fused, bridged,
and spirocyclic carbocyclic systems [3], cyclic amino acid
derivatives [4], cyclic ethers [5,6], and lactones [7,8]. In most of

these examples, the reactions can be viewed as arising from an
oxidation that forms an olefinic radical cation that is then
rapidly trapped by a nucleophile. This triggers a cascade of
reactions that typically involve the loss of two protons (or a
silyl group), a second oxidation of a radical intermediate, and
solvent trapping. This reaction cascade leads to formation of the
final product.
A combination of computational studies and competition experiments has begun to identify both cyclization reactions that
proceed through different mechanistic pathways and cyclization reactions where the cascade of reactions downstream from
the cyclization plays an important role in product formation [9].
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Scheme 1: General scheme for anodic cyclization reactions.

For example, consider the competition experiment highlighted
in Scheme 2. In this experiment, an electron-rich olefin was
coupled to one of two competing nucleophiles, a sulfonamide
and an alcohol (5). When the oxidation was run with 2,6-lutidine as a base (not shown), the reaction led to the formation of a
radical cation from the electron-rich olefin followed by
trapping by the alcohol nucleophile to form product 9. No product from sulfonamide trapping (8) was observed. However,
when the reaction was run under more basic conditions
(0.5 equivalents of lithium methoxide) cyclic voltammetry data
indicated that the oxidative cyclizations were initiated by the
oxidation of sulfonamide anion. This led to initial formation of
N-localized radical 6. Depending on the reaction conditions, the
experiment favoured either a sulfonamide or alcohol based

cyclization. Density functional theory (DFT) calculations
suggested that sulfonamide based cyclizations proceed by addition of the N-localized radical to the electron-rich double bond,
a reaction that led to product 8. In a competitive process, an
intramolecular electron-transfer reaction occurred that led to
formation of a radical cation from the olefin 7 and regeneration
of the sulfonamide anion. Formation of a radical cation from the
olefin led to the possibility of alcohol trapping and the formation of cyclic ether product 9. Experimental data suggested that
the alcohol trapping pathway provided the kinetic product but
that the cyclization was reversible. The sulfonamide radical
pathway afforded the thermodynamic product. In a very
interesting development, we found that the reaction could be
shifted toward the alcohol-trapping product by increasing the
current passed through the cell. The increased current appeared
to accelerate the removal of a second electron from an initial
cyclic product like 3 (Scheme 1), a change that reduced the reversibility of the cyclization.
Clearly, the use of basic reaction conditions with the acidic substrate led to dramatic mechanistic changes to our early, simplified view of the reactions. It is tempting to suggest that similar
situations would arise with other acidic substrates. For example,
would the oxidation of a substrate having a carboxylic acid and
an electron-rich olefin lead to a carboxy radical pathway or a
radical cation type reaction? To date, we have been hesitant to
try such an experiment, and in fact we typically avoid substrates
with carboxylic acid functional groups [5]. This action was
taken because of the well-known Kolbe electrolysis reaction
(Scheme 3) [10,11]. In the Kolbe electrolysis (Scheme 3, reac-

Scheme 2: Anodic cyclization competition study.
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minimize the risk of decarboxylation and lead to carboxylate
trapping of the radical cation to again form the cyclic radical 12.

Scheme 3: Kolbe electrolysis reactions.

tion 1), a carboxylic acid is oxidized. A decarboxylation reaction then leads to the formation of a radical that is subsequently
trapped by a second radical formed in solution. The reaction has
been used to form dimers [12], as well as in some cases cyclic
products (Scheme 3, reaction 2) [13-15].

A third mechanistic possibility is a direct oxidation of the
elctron-rich olefin to form radical cation 11 followed by
carboxylate trapping. All three mechanistic variations would
then require a successful single-electron oxidation of 12 to ultimately lead to 13, the product of a direct oxidative coupling
between the carboxylic acid moiety and the electron-rich olefin.
We report here that this is the case and that the direct oxidative
coupling of a carboxylic acid and an electron-rich olefin can be
accomplished in good yield. In all cases, the reactions appear to
proceed through an olefinic radical cation intermediate.

Results and Discussion
Initial cyclization studies

However, the chemistry highlighted in Scheme 2 suggests that a
Kolbe-type decarboxylation reaction might not interfere at all
with an oxidative coupling reaction between a carboxylic acid
and an electron-rich olefin. Examples in the literature of the
coupling of carboxylic acids to aromatic rings, though limited in
scope, were also encouraging [16-20].
There are three mechanistic possibilities which would allow for
a successful reaction. First, if the carboxy radical 10 is formed,
then it may simply add to the electron-rich olefin to give 12
faster than it undergoes a decarboxylation reaction (Scheme 4).
Second, it is possible for a carboxy radical like 10 to undergo an
intramolecular electron-transfer reaction analogous to that
observed in the case of the sulfonamide-based radical. One
might suspect the electron-transfer to form radical cation 11 to
be even more favorable in the present case due to the stability of
the resulting carboxylate anion. The electron-transfer would

The compatibility of the carboxylic acid with the anodic
cyclization was initially studied by examining the anodic oxidation of substrates 14a–c (Table 1). The oxidation of 14a
nicely afforded the five-membered ring product using either
lithium methoxide or 2,6-lutidine as a base. Clearly, decarboxylation of the carboxylate anion was not a problem. In fact,
cyclic voltammetry data suggest that the reaction originated
from an oxidation of the ketene dithioacetal. The oxidation
potential (Ep/2) for 14a was measured to be +0.68 V versus
Ag/AgCl. For comparison, the oxidation potential measured for
10-undecenoic acid was +1.91 V versus Ag/AgCl in DMF
solvent and +1.85 V versus Ag/AgCl in acetonitrile. When
0.5 equivalents of benzyltrimethylammonium hydroxide was
added to the cyclic voltammetry solutions in order to generate
the carboxylate and mimic the preparative oxidation conditions
used for the reaction originating from 14a, the oxidation potential of the 10-undecenoic acid fell to 1.36–1.40 V versus
Ag/AgCl for the DMF solution and 1.38 V versus Ag/AgCl for

Scheme 4: Oxidative coupling between a carboxylic acid and electron-rich olefin.

1632

Beilstein J. Org. Chem. 2013, 9, 1630–1636.

Table 1: Anodic coupling of ketene dithioacetals and carboxylic acids.

Substrate

n

Ep/2a

Base (0.5 equiv)

Yield (15)

14a
14a

1
1

0.68

LiOMe
2,6-lutidine

87%
74%

14b
14b

2
2

0.71

LiOMe
2,6-lutidine

0%b
72%

14c
14c

3
3

1.06

LiOMe
2,6-lutidine

0%c
0%

aCyclic

voltammetry data were obtained relative to a Ag/AgCl reference electrode with a sweep rate of 50 mV/s. b87% of the ring opened methyl ester
16b was obtained. c30% of the ring opened methyl ester 16c was obtained.

the acetonitrile solution. The carboxylate was only partially
soluble in acetonitrile. While the formation of the carboxylate
significantly lowered the oxidation potential of the acid moiety,
it did not lower it close to the oxidation potential measured for
substrate 14a or even the oxidation potential of a ketene dithioacetal (ca. +1.06 V versus Ag/AgCl) [21]. Hence, the oxidation
potential measured for 14a is most consistent with a fast
cyclization originating from oxidation of the olefin. Fast
cyclization reactions are known to significantly lower the oxidation potential of a ketene dithioacetal. For example, the trapping of a ketene dithioacetal derived radical cation by an amine
was shown to lower the oxidation potential measured for the
ketene dithioacetal by 460 mV [21], a value consistent with the
potential measured here for 14a.
The oxidation of 14b to afford the six-membered ring product
also proceeded well. When 2,6-lutidine was used as the base for
the reaction, a 72% isolated yield of the desired product was
obtained. In this case, the use of the more nucleophilic lithium
methoxide as the base led to cyclization followed by opening of
the lactone ring to form methyl ester product 16b. This product
did have the olefin functionalized with an alcohol and a
methoxy group indicating that the initial oxidative cyclization
had occurred. In this case, the slightly higher oxidation potential measured for the substrate (+0.71 V versus Ag/AgCl) is
consistent with a slightly slower cyclization reaction.
Attempts to generate seven-membered ring products using the
oxidative cyclization were not successful. While 30% of a
methoxide opened product 16c could be obtained with lithium

methoxide as the base, no cyclic product was observed when
2,6-lutidine was employed. The reactions were quite messy and
consistent with the formation of a radical cation followed by a
cyclization that was too slow to compete with decomposition.
The cyclic voltammetry data obtained were consistent with this
observation. The +1.06 V versus Ag/AgCl oxidation potential
measured for substrate 14c was the same as that measured for
the ketene dithioacetal in the absence of a trapping group [21].
The anodic coupling of a carboxylic acid group with a vinyl
sulfide and an enol ether were also examined (Table 2). As with
earlier alcohol and amine based cyclizations, reactions with the
vinyl sulfide coupling partner proceeded much better than did
their enol ether counterparts [21,22]. In the previous cases, the
argument was made that less polar radical cations underwent
better trapping reactions with heteroatomic nucleophiles [23],
and a similar argument can be made here.

Table 2: Extension to other electron-rich olefins.

substrate

-X

Yield

17a
17b

-SMe
-OMe

74%
66%
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The oxidation potential for the vinyl sulfide used in substrate
17a is +1.08 V versus Ag/AgCl [9] and the oxidation potential
of the enol ether in substrate 17b is +1.18 versus Ag/AgCl [9].
Both oxidation potentials are lower than the potential measured
for the carboxylate suggesting that both reactions proceed
through the olefinic radical cation. While an intramolecular
electron-transfer to form the carboxy radical can occur, the
difference in oxidation potentials suggests that the equilibrium
would lie on the side of the oxidized olefin.

Styrene substrates and additional insights
With the ketene dithioacetal, vinyl sulfide, and enol ether
substrates, it appeared clear that the initial oxidation was occurring at the olefin instead of at the carboxylate. We wondered
how the reaction might change if the olefin had a higher oxidation potential. With this in mind, a series of carboxylic acid
substituted styrene substrates were examined (Table 3).
The first substrate studied was the simple styrene derivative 19a
(R = H). Cyclic voltammetry suggested that in the presence of
base the initial oxidation should occur at the carboxylate

(Ep/2 = +1.38 in acetonitrile) since the Ep/2 value measured for
substrate 19a under neutral conditions was +1.52 V versus
Ag/AgCl. Several sets of conditions were attempted to achieve
the cyclization. However, in no case was the yield of cyclic
product obtained more than 33%. Proton NMR data taken of the
crude reaction mixture showed no evidence for decarboxylation.
Instead, all products appeared to arise from a styrene derived
radical cation, an intermediate that might be formed by an
intramolecular electron-transfer. Furthermore, the recovery of
starting material after 2 F/mol of current had been passed
through the reaction mixture indicated poor current efficiency.
Why might an increase in the oxidation potential of the olefin
hurt the reaction?
Past experience suggests that in such cases the low yield of
product obtained might arise from either a slow initial cyclization or the formation of a stable cyclic radical that then struggles to undergo the second oxidation. Both pathways might lead
to the formation of a polymer or decomposition, and in so doing
lower the mass balance for the reaction as observed. Also, diffusion of a stable radical or radical cation to the cathode would

Table 3: Extension to styrene derivatives.

Substrate

R

n

Ep/2a

Base/Temperature

F/mol

Yield

19a
19a
19a
19b
19c
19c
19d
19e
19e
19f
19g
19g
19g
19h
19i
19i
19i
19j

H
H
H
H
4-OMe
4-OMe
4-OMe
2-OMe
2-OMe
2-OMe
3-OMe
3-OMe
3-OMe
3-OMe
2,4-OMe
2,4-OMe
2,4-OMe
2,4-OMe

1
1
1
3
1
1
3
1
1
3
1
1
1
3
1
1
1
3

1.52
1.52
1.52
1.73
1.31
1.31
1.42
1.39c
1.39c
1.39c
1.42c
1.42c
1.42c
1.50
1.09
1.09
1.09
1.11

0.5 equiv LiOMe/rt
0.5 equiv LiOMe/rt
None/40 °C
NAb
0.5 equiv LiOMe/rt
None/40 °C
NA
0.5 equiv LiOMe/rt
None/40 °C
NA
0.5 equiv LiOMe/rt
0.5 equiv LiOMe/rt
None/40 °C
NA
0.5 equiv LiOMe/rt
None/40 °C
1.0 equiv LiOMe/rt
NA

2
10
10
NA
2
2
NA
2
2
NA
2
10
10
NA
2
2
2
NA

15%
27%
33%
NA
56%
76%
NA
48%
59%
NA
4% (NMR)
35%
23%
NA
48%
45%
74%
NA

aConditions:

Substrates were dissolved in acetonitrile to a concentration of 0.025 M in a solution that contained 0.1 M tetraethylammonium tosylate.
Cyclic voltammetry was performed at a sweep rate of 50 mV/s using a platinum anode. Half-wave oxidation potentials were measured versus a
Ag/AgCl reference electrode. bNot applicable. cLithium perchlorate was used as the electrolyte.
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result in a reduction to give the starting material, a scenario that
would lead to low current efficiency. Of the two mechanistic
explanations for these observations, we believe that a slow
second oxidation step is the problem.
The possibility of a slow cyclization was eliminated by consideration of the observed half-wave oxidation potential measured
for 19a. The oxidation potential (E p/2 ) of +1.52 V for 19a
(measured under neutral conditions) was significantly lower
than that measured for 19b (+1.73 V), a similar styrene with a
longer tether between the coupling partners. This observation is
consistent with the oxidation of 19a leading to a fast cyclization that rapidly removes the radical cation from the electrode
surface, resulting in a lower observed oxidation potential [21].
The seven-membered ring cyclization arising from the oxidation of 19b would be significantly slower, giving rise to a
higher oxidation potential.
Given the evidence for a fast cyclization reaction, we attributed
the challenges associated with the styrene cyclizations to a
problem with the second single-electron oxidation. This idea
was supported by our next set of experiments. Methoxy-substituted styrenes 19c (R = 4-OMe), 19e (R = 2-OMe), and 19g
(R = 3-OMe) were prepared. Substrate 19c has a p-methoxy
substituent positioned perfectly for aiding in the removal of a
second electron from cyclic radical 21a (Scheme 5). Indeed, the
reactions of 19c proceeded better than the cyclizations originating from 19a, giving acceptable yields and complete
consumption of the starting material after 2 F/mol of current
had been passed. In this case, the reaction benefited strongly
from using less basic reaction conditions and slightly elevated
temperatures. When more basic reaction conditions were used,
an overoxidized product derived from the elimination of the
lactone ester to form a methoxy styrene from product 20c was
obtained. The elevated temperatures are known to assist the
intramolecular cyclization. The significantly lower oxidation
potential measured for 19c relative to that measured for its
seven-membered ring counterpart 19d was again consistent
with a fast initial cyclization.
We believe that the primary advantage of the methoxy group is
to facilitate the second electron oxidation, rather than merely
stabilizing an olefinic radical cation. To demonstrate this, the
position of the methoxy group on the ring was altered systematically (see Table 3). Cyclic radical 21b, arising from the reaction of m-methoxy substituted styrene 19g (Table 3), would not
be expected to oxidize as readily as radical 21a. Indeed, the
anodic oxidation of 19g gave low yields and poor current efficiency, mirroring the results obtained from the oxidation of
unsubstituted styrene 19a. As with other substrates, the oxidation potential of 19g was lower than that of its seven-

Scheme 5: Predicted relative rates of single-electron oxidation based
on resonance stabilization of the resulting cation.

membered ring counterpart 19h, indicating a fast cyclization.
Hence, the poor yield obtained from the oxidation of 19g was
not due to a problem with the first step.
Good yields and efficient consumption of starting material were
regained upon moving the methoxy group to the ortho position
(19e). Interestingly, 19e showed no oxidation potential drop
from the analogous long-chain substrate 19f. It is tempting to
assign this to a slow cyclization, but we do not believe that this
is necessarily the case. The relatively low oxidation potentials
for 19e and 19f (as well as the potentials measured for 19i and
19j) may be due to an interaction between the o-methoxy
substituent and the radical cation (Figure 1). Such a stabilizing
interaction would be expected to lower the oxidation potential
of the olefin.

Figure 1: Radical cation stabilization by an o-methoxy substituent.

We also investigated the reactivity of the o,p-dimethoxy substituted styrene 19i towards the coupling reaction. This reaction
also led to a good yield of product and efficient consumption of
the starting material. Surprisingly, the optimized conditions for
the oxidation of 19i were different from those optimized for the
oxidation of either 19c or 19e, and the initial yields for the
cyclization of 19i were not good. The cyclization originating
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from 19i benefited from the use of more base. It appears that the
use of base reduced the formation of a quinone methide from
the product. For example, when a full equivalent of base was
used for the reaction, the desired product was obtained in 74%
isolated yield.
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Abstract
The bromination of hydrocarbons with CBr4 as a bromine source, induced by light-emitting diode (LED) irradiation, has been
developed. Monobromides were synthesized with high efficiency without the need for any additives, catalysts, heating, or inert
conditions. Action and absorption spectra suggest that CBr4 absorbs light to give active species for the bromination. The generation
of CHBr3 was confirmed by NMR spectroscopy and GC–MS spectrometry analysis, indicating that the present bromination
involves the homolytic cleavage of a C–Br bond in CBr4 followed by radical abstraction of a hydrogen atom from a hydrocarbon.

Introduction
Bromination reactions of organic compounds are fundamental
reactions for providing a wide variety of organic precursors for
industrial materials [1-8]. Generally, the bromination of saturated hydrocarbons proceeds through radical abstraction of
hydrogen atoms and trapping with bromide, whereas the bromination reactions of aromatic and unsaturated hydrocarbons
are induced by electrophilic addition of bromine and/or a
cationic bromide. Combinations of N-bromosuccinimide (NBS)
with azobisisobutyronitrile or benzoyl peroxide as radical initiators are typical conditions for Wohl–Ziegler bromination [9-12]
and are widely used for the bromination of benzylic and allylic
positions, despite the need for heating and the generation of
equimolar amounts of waste. To avoid these drawbacks, several

efforts have been focused on benzylic bromination using Br2 or
bromide salts as highly efficient bromine sources [13-17].
However, the direct bromination of non-activated C–H bonds is
still a challenging task. Although Br 2 [13], CBr 4 [18-20],
R4NBr [21,22] and LiBr [23] have been reported to serve as
bromine sources for the bromination of saturated hydrocarbons,
these reactions exhibit low selectivity or reactivity. Efficient
bromination using Br2 as a bromine source combined with a
stoichiometric base [24], an excess of MnO2 [25], or a catalytic
amount of Li2MnO3 [26] has been reported to give high reactivity and selectivity. The combination of CBr4 with a copper catalyst at high temperature also achieves effective bromination of
hydrocarbons [27].
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We have focused on CBr4, which is solid and easy to handle, as
a bromine source. CBr4 has been used in organic synthesis to
give useful bromide-containing precursors. For instance, alkyl
alcohols can be converted to alkyl bromides in the presence of
CBr4 and triphenylphosphine; this is known as the Appel reaction [28]. This combination can also be used to transform aldehydes into dibromoalkenes, which are useful precursors for the
Corey–Fuchs reaction [29], to obtain terminal alkynes.
Although CBr4 has been used for various bromination reactions
including radical brominations, these reactions need further
additives to proceed. Here, we disclose the efficient bromination of saturated hydrocarbons, using CBr4 as a bromine
source without any additives, through radical reactions induced
by irradiation with light from commonly used light-emitting
diodes (LEDs) [30]. In this reaction, additives, catalysts,
heating, and inert reaction conditions are all unnecessary.

Results and Discussion
First, the bromination of cyclohexane under LED irradiation
was investigated using 1.0 mL of cyclohexane with 0.20 mmol
CBr 4 (Table 1). The desired monobrominated product was
obtained in 77% yield, based on CBr4, after 2 h, and no dibromide was observed (Table 1, entry 1). It was found that the
yield of cyclohexyl bromide exceeded 100% after 3 h (Table 1,
entry 2). When the mixture was irradiated for 4 h, the product

Table 1: Bromination of cyclohexane using CBr4 under LED irradiation.a

entry

bromination source (mmol)

time (h) yield (%)b

1
2
3
4
5
6
7
8
9
10
11
12
13c
14d

CBr4 (0.20)
CBr4 (0.20)
CBr4 (0.20)
CBr4 (0.20)
CBr4 (0.20)
CHBr3 (0.20)
CH2Br2 (0.20)
NBS (0.20)
Bu4NBr (0.20)
CBr4 (0.02)/CHBr3 (0.20)
CBr4 (0.02)/CH2Br2 (0.20)
CBr4 (0.02)/NBS (0.20)
CBr4 (0.20)
CBr4 (0.20)

2
3
4
5
24
24
24
24
24
24
24
24
24
24

aConditions:

77
108
148
148
150
27
0
31
0
39
16
79
0
87

1.0 mL of cyclohexane, bromination sources, under LED
irradiation, rt. bYields were determined by GC analysis based on the
mole of CBr4. cIn the presence of 0.10 mL water. dUnder Ar.

yield reached 148% and had almost peaked (Table 1, entry 3).
Further improvements were not observed, even after 24 h
(Table 1, entry 5). These results indicate that during the reaction one or more bromine atoms originated from one CBr4. It is
considered that CHBr3 generated through radical abstraction of
a hydrogen atom by a tribromomethyl radical served as a
bromine source. To test this hypothesis the reaction was
repeated with CHBr 3 instead of CBr 4 and the product was
obtained in a low yield (Table 1, entry 6), whereas the reaction
with CH2Br2 produced no bromination product at all under
these conditions (Table 1, entry 7). Other bromination reagents
such as NBS also gave the desired product in moderate yield
(Table 1, entry 8). In the case of tetrabutylammonium bromide,
no brominated product was obtained (Table 1, entry 9), showing
that the present reaction was a radical reaction. Based on the
assumption that the initial formation of bromine radicals would
be important, addition of catalytic amounts of CBr4 along with
various bromination sources was examined (Table 1, entries
10–12). The combination of catalytic CBr 4 with CHBr 3 or
CH2Br2 resulted in slight improvements in the yields (Table 1,
entries 10 and 11), showing these bromides also could serve as
bromination sources in the presence of the radical species. The
combination of CBr4 with NBS gave the desired product in a
moderate yield (Table 1, entry 12). On the other hand, the reaction was inhibited by the addition of water (Table 1, entry 13)
and performing the reaction under inert argon atmosphere led to
a decreased yield of 87% (Table 1, entry 14).
Based on the above experiments, the bromination of other
substrates was examined with CBr 4 under LED irradiation.
Cyclooctane underwent bromination under the optimized conditions to furnish the monobromide in 178% yield, based on
CBr4, without contamination by dibromide (Table 2, entry 1).
The bromination of n-hexane produced three bromides:
1-bromohexane (14%), 2-bromohexane (84%), and 3-bromohexane (41%) (Table 2, entry 2). On the other hand, no bromination of toluene occurred under LED irradiation. In this
case, light would be absorbed by the aromatic ring of toluene,
suppressing the activation of CBr4. Using sunlight in place of
LED light, however, resulted in the bromination of the benzylic
position to give benzyl bromide in 140% yield (Table 2,
entry 3).
To investigate the wavelength dependency of the present reaction, the action spectrum of the bromination of cyclohexane in
the presence of CBr4 was obtained by plotting the apparent
quantum efficiency against wavelength (Figure 1, red line) [31].
It was found that the present reaction was promoted by irradiation with ultraviolet (UV) light and deactivated under visiblelight (>475 nm) irradiation. CBr4 shows strong absorption in
the UV region (Figure 1, blue line), and this overlaps with the
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Table 2: Bromination of other substrates using CBr4 under LED irradiation.a

entry

substrate

product

yield (%)

1

178

2

14

A plausible mechanism for the present bromination is illustrated in Scheme 1. First, photo-irradiation generates a bromine
radical and a CBr 3 radical (Scheme 1, reaction 1), which
abstracts a hydrogen atom from the substrate to form CHBr3
(Scheme 1, reaction 2). Finally, the radical species derived from
the substrate reacts with the bromine radical or CBr4 to afford
the brominated product (Scheme 1, reactions 3 and 4). Additionally, the in situ generated CHBr3 releases a bromine radical
upon LED irradiation, thus serving as a bromine source
(Scheme 1, reaction 5). Alternatively the radical species derived
from the substrate abstracts a bromine atom from CHBr 3
(Scheme 1, reaction 6).

84

41

3

140b

aConditions:

1.0 mL of substrate, 0.20 mmol of CBr4, under LED irradiation. Yields were determined by GC using dodecane as an internal
standard. bUnder sunlight irradiation.

above-mentioned action spectrum. The activation of CBr4 is
therefore considered to be induced by photo-irradiation, initiating the reaction. Although other light sources could also activate CBr4, we adopted LED light due to safety, mildness, and
availability. We have confirmed that fluorescent room light
could also promote the reaction.

Scheme 1: Plausible mechanism for bromination of cyclohexane with
CBr4 induced by LED irradiation.

Figure 1: Action spectrum of bromination with CBr4, induced by LED irradiation (red line), and absorption spectrum of CBr4 (blue line).
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Figure 2: 13C NMR monitoring of reaction mixtures: (a) 0.50 mmol of CBr4, 0.10 mL of cyclohexane, and 0.40 mL of CDCl3, (b) 0.5 mmol of CHBr3,
0.10 mL of cyclohexane, and 0.40 mL of CDCl3, (c) 0.50 mmol of CBr4 and 0.10 mL of cyclohexane, LED irradiation for 24 h, and then addition of
0.40 mL of CDCl3.

To examine the above hypothesis, the bromination of cyclohexane was monitored using 13C NMR spectroscopy (Figure 2).
CBr4 (0.50 mmol) dissolved in cyclohexane (0.10 mL) and
CDCl3 (0.40 mL) was observed at −29.7 ppm (Figure 2a). After
stirring a reaction mixture of CBr4 (0.50 mmol) and cyclohexane (0.10 mL) under LED irradiation for 24 h, peaks
assigned to bromocyclohexane (53.4, 37.6, 25.9, and 25.1 ppm)
and another strong peak at 9.6 ppm appeared (Figure 2c). The
latter peak was found to be consistent with the peak of CHBr3
(0.50 mmol) dissolved in cyclohexane (0.10 mL) and CDCl3
(0.40 mL) (Figure 2b). Additionally, the generation of CHBr3 in
the present bromination was confirmed by 1 H NMR spectroscopy and GC–MS spectrometry. These results support the
reaction pathway described above, although the chemical
species after the second bromination was not assigned at this
point.

Conclusion
In conclusion, we have developed a method for the hydrocarbon bromination induced by LED irradiation using CBr4 as a
bromine source. The present reaction system did not require any
additives, catalysts, heating, or inert conditions, and is therefore an extremely simple procedure. An action spectrum and
NMR measurements showed that the LED irradiation activates

CBr 4 to generate bromine radicals, which initiate the bromination reaction. Further elucidation of the detailed mechanism and the use of LED irradiation in other reaction systems
are under investigation in our laboratory.

Experimental
General information
All commercially available compounds were purchased and
used as received. Cyclohexane, cyclooctane, n-hexane, and
toluene were purchased from Wako Pure Chemical Industries
and used as received. 1H (400 MHz) and 13C (100 MHz) NMR
spectra were recorded using a JEOL JNM-LA400 spectrometer.
Proton chemical shifts are reported relative to residual solvent
peak of CDCl 3 at δ 7.26 ppm. Carbon chemical shifts are
reported relative to CDCl 3 at δ 77.00 ppm. Gas chromatographic analysis was conducted with Shimadzu GC-2014
equipped with FID detector. The chemical yields were determined using dodecane as an internal standard. The NMR data of
all brominated products match those reported.

General procedure for the bromination
induced by LED irradiation
A reaction tube was charged with CBr4 (66.33 mg, 0.20 mmol)
and a hydrocarbon (1.0 mL). The reaction mixture was stirred
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under white LED (7 W) irradiation. To this was added dodecane (45.2 μL, 0.20 mmol) and the yield was determined by GC
analysis with dodecane as an internal standard.
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Abstract
Water induces a change in the product of radical multifunctionalization reactions of aliphatic alkenes involving an sp3 C–H functionalization by an 1,5-hydrogen shift using tert-butyl nitrite and molecular oxygen. The reaction without water, reported previously, gives nitrated γ-lactols, whereas the reaction in the presence of water produces 4-hydroxy-5-nitropentyl nitrate or 4-hydroxy3-nitropentyl nitrate derivatives.

Introduction
Multifunctionalization reactions of simple organic molecules
are useful methods because they can provide a shortcut to
desired products. Various methods used widely, such as organometallic reactions, cycloaddition reactions and multicomponent
reactions, are utilized for multifunctionalization [1-5]. If direct
functionalization reactions of inactivated bonds, such as simple
multiple bonds or C–H bonds, are combined with multifunctionalization processes, they would become more efficient synthetic methods [6-9]. In this regard, radical reactions are
capable of realizing multifunctionalization of inactivated
organic molecules due to their high reactivity. Addition reactions of radical species to multiple bonds in the presence of
appropriate trapping reagents give double functionalized com-

pounds [10,11]. In addition, a radical methodology is a
powerful tool for sp3 C–H functionalization [12-16]. It is frequently achieved by intramolecular radical hydrogen transfer
reactions. An 1,5-hydrogen shift is the most favourable process
[17], and useful methods such as the Barton reaction and the
Hofmann–Löffler–Freytag reaction have been reported [18-20].
Recently, we reported a novel radical multifunctionalization
reaction of aliphatic alkenes using tert-butyl nitrite (t-BuONO)
and oxygen [21]. In this reaction, three positions including an
unreactive sp3 C–H bond are functionalized in alkenes to produce nitrated γ-lactols in one step. For instance, treatment of
alkene 1 with 5 equivalents of t-BuONO in a dried solvent
under an oxygen atmosphere directly gave γ-lactol 2
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(Scheme 1). On the other hand, we found in the course of this
study that addition of water altered the products to a non-cyclic
functionalized compound 3 (Scheme 1). In this letter, we report
water-induced multifunctionalization reactions of alkenes by
aerobic radical oxynitration.

Table 1: The effect of solvents.

Results and Discussion
Our investigation started with the screening of solvents in the
reaction of alkene 1 with t-BuONO (3 equiv) and oxygen in the
presence of water (3 equiv). Although dimethyl sulfoxide
(DMSO) was the best solvent in the reaction without water to
obtain γ-lactol 2 [21], it worked inefficiently in the presence of
water, and triple functionalized product 3 was obtained in low
yield along with a large amount of oxynitration product 4
(Table 1, entry 1). The use of other polar solvents such as N,Ndimethylformamide (DMF) and tetrahydrofuran (THF) also did
not give better results (Table 1, entries 2 and 3), whereas the use
of dichloromethane (CH2Cl2) improved the ratio of 3 and 4 (ca.
1:2), though the isolated yield of 3 was still low (entry 4).
Encouraged by this observation, we tested the reaction in
pentane and obtained an improved ratio (ca. 1:1) and improved
yield (26%) of 3 (entry 5). Eventually, the reaction with an
excess of water (30 equiv) and with a longer reaction time (12
h) somewhat improved the yield (33%) of 3. This reaction was
reproducible on a larger scale (6 mmol) and gave 3 in 37%
yield. Water was insoluble in the organic solvent, but it seemed
to cause no problem with the reproducibility. Although we tried
to further optimize the conditions, such as amounts of reagents,
concentration, temperature and sonication, no better results
were obtained. Efforts for optimizations are still being
continued.
Next, our interest focused on the multifunctionalization reactions of various alkenes 5–14 (Table 2). The oxynitration of
olefins and the direct oxygenation of methyl C–H bonds of
branched aliphatic alkenes 5–10 occurred to afford triple functionalized products 15–20 (Table 2, entries 1–6). In the reactions of alkenes 5 and 7, a remarkable diastereoselectivity was
observed (Table 2, entries 1 and 3, and vide infra). We found
that the multifunctionalization of monosubstituted alkene 8 took
place to give 18 unlike the reaction without water [21], though
the yield was not high (entry 4). The reaction of 1,1,3,3-tetramethyl-5-methylenecyclohexane (9) gave the mutifunctional-

entry

solvent
3

1
2
3
4
5
6b
aIsolated

DMSO
DMF
THF
CH2Cl2
pentane
pentane

yield (%)a
4

15
15
18
13
26
33 (37)c

54
43
52
28
28
37 (38)c

yield. b30 equiv of H2O, 12 h. c6.0 mmol scale.

ized product 19 as a single isomer. The stereochemistry of 19
could be presumably assigned by considering the 1,5-hydrogen
shift mechanism (entry 5) [17]. The reaction of alkene 10
bearing a methyl ester moiety gave γ-lactone 20 by intramolecular transesterification with a tertiary hydroxy group arising
from hydration of the olefin (entry 6). Functionalization reactions involving oxygenation of methylene C–H bonds of
alkenes 11–13 also proceeded to afford secondary nitrate compounds 21–23, though no diastereoselectivity was observed
(Table 2, entries 7–9). Unfortunately, no tertiary nitrate ester 24
was detected in the reaction of 14. This implies that the
1,5-hydrogen shift on the methine site is not so fast (entry 10).
Typically, in the radical hydrogen abstraction, a methine C–H
bond is more reactive than methyl and methylene sites, whereas
it might be difficult for substrates having a methine group to
form an organized transition state to induce the 1,5-hydrogen
shift because they have only one hydrogen atom that can be
abstracted [17]. In short, entropy factors might be dominant in
the present reaction.
We attempted to transform the product obtained by the present
reaction into a valuable compound. As a represent example,

Scheme 1: The effect of water in radical multifunctionalization reactions.
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Table 2: Reactions of various alkenesa.

entry

alkene

product

1

yieldb

40%; dr, 90:10
5

15

2

29%
6
16

3

38%; dr, >95:5
7
17

4c

16%
8

18

5c

28%
9

19

6b

31%; dr, 50:50
10

20

7

31%; dr, 50:50
11
21

8

33%; dr, 50:50
12
22

9

37%; dr, 50:50
13
23

10

not detected
14

24

aReaction
bIsolated

conditions: alkene (1.0 mmol), t-BuONO (3.0 mmol), H2O (30 mmol) in pentane (5 mL) under an oxygen atmosphere (balloon) for 12 h.
yield. Diastereomeric ratio (dr) was approximately estimated by 1H NMR analysis. c3 equiv (3.0 mmol) of H2O was used.
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compound 3 was exposed to typical hydrogenation conditions
using 10% palladium on carbon to obtain the corresponding
5-amino-1,4-diol compound. Since this is a highly polar compound, diol 25 was isolated after protection of the amino group
by subsequent treatment of the crude product with di-tert-butyl
dicarbonate (Boc2O) (Scheme 2). This experiment emphasised
the potential of the present multifunctionalization method
because the simple unsaturated hydrocarbon 1 can be converted
into the highly polar amino-1,4-diol compound in only two
steps.

Scheme 2: Transformation of 3 into 5-amino-1,4-diol derivative 25.

The plausible mechanism is fundamentally the same as the
previously proposed one (Scheme 3) [21-23]. Certainly, the
present reaction is triggered by addition of nitrogen dioxide
(NO2) generated by aerobic decomposition of t-BuONO to the
olefin of 1. After the resultant tertiary carbon radical has been
trapped by molecular oxygen, an alkoxy radical 26 is formed
from the peroxynitrite intermediate (ROONO) generated by the
reaction of the peroxy radical (ROO•) intermediate with
t-BuONO. The alkoxy radical causes an 1,5-hydrogen shift to

give the corresponding alkyl radical 27 followed by formation
of another alkoxy radical 28 through a similar process. An
important issue in the current work is the effect of water to
determine the destiny of 28. In the absence of water, the alkoxy
radical 28 was merely oxidized to aldehyde 29, which was
converted into γ-lactol 2 [21]. On the other hand, if 28 is caught
by NO 2 more rapidly than the oxidation, nitrate ester 3 is
produced, and it was really observed in the presence of water.
These observations clearly indicate that a difference in the
concentration of NO2 in situ affects the results of each reaction.
In other words, water may promote the generation of NO2 from
t-BuONO, and this observation has already been reported in
previous radical oxynitration reactions of alkenes [22]. In addition, when alkene 1 was subjected to nitrous acid (HNO2), that
was formed from sodium nitrite (NaNO2; 3 equiv) and acetic
acid (3 equiv), and oxygen in water (30 equiv) and pentene
(0.2 M), production of compound 3 was observed, though the
yield was low (7%). Since this system is an alternative method
for the generation of NO2, this may support the formation of
same intermediate species such as HNO2 and NO2 in the reaction using t-BuONO, oxygen and water [24].
The high diastereoselectivity in reactions of alkenes 5 and 7
could be rationalized by six-membered transition states 30 and
31 in the 1,5-hydrogen shift. If chair forms were postulated in
both cases, more substituents should be arranged at equatorial
positions to form more stable transition states. According to this
presumption, the configurations of the major isomers of
products 15 and 17 can be tentatively assigned as shown in
Scheme 3.

Scheme 3: Proposed reaction mechanism.
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Conclusion
We found in multifunctionalization reactions of alkenes with
t-BuONO and oxygen that water induced the production of
another triple functionalized compound that is a nitrate ester.
This can be a precursor of a 5-amino-1,4-diol, and the access
from simple aliphatic alkenes in one step is unprecedented. The
functionalization of unreactive sp3 C–H bonds using a radical
1,5-hydrogen shift is an old methodology compared with
modern transition metal-catalyzed C–H activation reactions [2527], but the current work has shown that this old methodology
still has a large potential. The development of other direct C–H
functionalization reactions based on radical chemistry is
currently on-going together with further optimization of the
presented reaction in our laboratory.
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Abstract
A Fe(acac)3-catalyzed decarboxylative coupling of 2-(aryl)vinyl carboxylic acids with cycloalkanes was developed by using DTBP
as an oxidant through a radical process. This reaction tolerates a wide range of substrates, and products are obtained in good to
excellent yields (71–95%). The reaction also shows excellent stereoselectivity, and only trans-isomers are obtained.

Introduction
Direct C–H functionalization has become one of the most useful
and attractive tools in organic chemistry because it can
construct carbon–carbon or carbon–heteroatom bonds in a
highly atom economical manner [1-8]. Among all these C–H
functionalization methods, the direct C(sp3)–H functionalization attracts particular attention due to its low reactivity and
challenging activation [9-11]. In previous studies, numerous
transition-metal-catalyzed processes, such as Pd [12-18], Cu
[19-23], Ru [24-27], Rh [28-31], Co [32-34], Au [35,36], Ir [3739], Fe [40-43] and other metals [44-47], have been developed
for sp 3 C–H activation reactions. Additionally, metal-free
methodologies, which use TBHP, PhI(OAc) 2 , TBAI, I 2 or

Lewis/Brønsted acids, have also been employed for cross-dehydrogenative coupling reactions [48-57].
Owing to the general low reactivity of cycloalkane C(sp3)–H
bonds, the direct alkenylation of cycloalkanes with high selectivity and stereospecificity remains a great challenge and
attracted a lot of attention in the past years. In 1996, the Fuchs
group described the alkenylation of cyclohexane by a radical
reaction with vinyl triflone [58]. In 2003, the Yao group
reported that styryl cycloalkanes were prepared based on a
radical substitution of cyclohydrocarbon units to (E)-βnitrostyrenes by using the radical initiator benzoyl peroxide
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[59]. Recently, the Liu group developed a copper-catalyzed decarboxylative coupling of vinylic carboxylic acids with simple
alcohols and ethers in high yields. Cycloalkanes were also
investigated in this catalytic system, though only moderate
yields were obtained [60].
Several other groups have also found that Pd, Ag or Cu could
catalyze the decarboxylative coupling of various aromatic,
alkenyl, and alkynyl carboxylic acids [61-68]. Our group was
surprised to find that low-cost Fe(acac)3 could catalyze the
direct alkenylation of cyclohexane sp3 C–H bonds by decarboxylative couplings with high efficiency.

Results and Discussion
We initiated our investigation by reacting cinnamic acid (1a,
0.3 mmol) with cyclohexane (2a, 2 mL) in the presence of
iron(II) chloride tetrahydrate (20 mol %) and 2.0 equiv of
di-tert-butyl peroxide (DTBP) as the oxidant at 120 °C under
nitrogen, which provided the expected (E)-(2cyclohexylvinyl)benzene (3a), but in a moderate 54% yield
(Table 1, entry 1). The use of aqueous TBHP as oxidant instead
of DTBP reduced the yield to only 38% (Table 1, entry 2). With
the help of 1,10-phenanthroline (30 mol %) as the ligand, the

yield could be slightly improved to 68% (Table 1, entry 3).
Iron(III) acetylacetonate provided a superior yield (91%)
compared to the other Fe salts such as FeCl3, ferrocene, Fe2O3
and Fe3O4 tested (Table 1, entries 4–8). Application of other
oxidants such as K2S2O8, H2O2 (30% aqueous solution) or
TBPB did not afford any improvements (Table 1, entries 9–11).
A decreased loading of Fe(acac)3 to 10 mol % or an increased
amount of DTBP to 5.0 equiv and a lower temperature (110
°C), decreased the yield to 63%, 69% and 79%, respectively
(Table 1, entries 12–14). The reaction did not proceed without
the iron catalyst or DTBP (Table 1, entries 15 and 16).
We then examined the substrate scope and limitation of the
procedure by reacting cyclohexane with a variety of substituted
cinnamic acid derivatives under the optimized conditions
(Table 1, entry 8). As shown in Scheme 1, almost all of the
tested substrates worked well in this reaction. Several
substituents on the aromatic ring were tolerated and the position of these substituents showed almost no effect on the chemical yield. We also observed that electron-donating substituents,
such as methyl or methoxy groups at any position of the ring,
efficiently took part in the reaction with a slightly decreased
yield in case of ortho-substituted products (Scheme 1, 3b–g).

Table 1: Optimization of typical reaction conditions.a

Entry

cat. (mol %)

oxidant

yield (%)b

1
2
3
4
5
6
7
8
9
10
11
12
13f
14
15
16

FeCl2·4H2O (20)
FeCl2·4H2O (20)
FeCl2·4H2O (20)
FeCl3 (20)
Ferrocene (20)
Fe2O3 (20)
Fe3O4 (20)
Fe(acac)3 (20)
Fe(acac)3 (20)
Fe(acac)3 (20)
Fe(acac)3 (20)
Fe(acac)3 (10)
Fe(acac)3 (20)
Fe(acac)3 (20)g
Fe(acac)3 (20)
–

DTBP
TBHP
DTBP
DTBP
DTBP
DTBP
DTBP
DTBP
K2S2O8
H2O2d
TBPB
DTBPe
DTBP
DTBP
–
DTBP

54
38
68c
Trace
74
78
80
91
N.D.
21
49
63
69
79
N.D.
N.D.

aCatalytic

conditions: cinnamic acid (0.3 mmol), cyclohexane (2 mL), iron catalyst (20 mol %), oxidant (2.0 equiv), 120 °C, 24 h, N2. bIsolated yields
based on cinnamic acid. cUsing 1,10-phenanthroline (30 mol %) as the ligand. d30% aqueous solution. e5 equiv. f12 h. g110 °C.
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Furthermore, a reaction of 2,6-disubstituted cinnamic acid 1m
lead to the expected product 3m, which was obtained in a lower
yield due to steric hindrance. In addition, heteroaryl-substituted
acrylic acids can also be efficiently converted under these
conditions. This was shown by the reaction of 3-(thiophen-2yl)acrylic acid (1p) with cyclohexane furnishing the product 3p
in 89% yield. In general, the stereoselectivity of this reaction
was excellent and only trans-isomers were obtained in all cases.
Next, other cycloalkanes, including cyclopentane, cycloheptane
and cyclooctane, were reacted with different cinnamic acids 1,
giving products 4a–f in 83–95% chemical yield (Scheme 2). As
already shown for cyclohexane as a substrate, the reaction of
other cycloalkanes performs equally well with a variety of
cinammic acid derivatives under these conditions. It is noteworthy, that the decarboxylative cross-coupling with cyclooctane showed a higher efficiency than with smaller cycloalkanes.

Finally two control experiments were carried out to shed light
on the reaction mechanism. Addition of the radical scavenger
2,2,6,6-tetramethylpiperidine N-oxide (TEMPO) or azobisisobutyronitrile (AIBN) completely inhibited the reaction, and
almost no desired product was obtained. Based on these results
and literature reports [69,70], a plausible mechanism for
the radical oxidative coupling is illustrated in Scheme 3. At the
beginning, Fe-catalyzed cleavage of DTBP by Fe(III) in
the presence of cinnamic acid, gives tert-butoxy radical A,
intermediate B and one acac. Next, a cyclohexane radical C is
generated by the reaction between tert-butoxy radical A and
cyclohexane. Subsequently, addition of cyclohexane radical C
to the α-position of the double bond in B gives intermediate D.
Finally, the radical intermediate D is oxidatively decarboxylated by Fe(III) to give product 3, Fe(II) and carbon
dioxide. The Fe(III) catalyst is then reformed via DTBP oxidation [71].

Scheme 1: Fe(acac)3-catalyzed alkenylation of cyclohexane. Catalytic conditions: cinnamic acid (1) (0.3 mmol), cyclohexane (2 mL), Fe(acac)3 (20
mol %), DTBP (2.0 equiv), 120 °C, 24 h, N2. Yields are isolated yields based on cinnamic acid.
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Scheme 2: Fe(acac)3-catalyzed alkenylation of cyclopentan, cycloheptane and cyclooctane. Catalytic conditions: cinnamic acid (1) (0.3 mmol),
cycloalkanes (2.0 mL), Fe(acac)3 (20 mol %), DTBP (2 equiv), 120 °C, 24 h, N2. Yields are isolated yields based on cinnamic acid.

Scheme 3: A plausible pathway for the reaction.

Conclusion
In conclusion, an efficient procedure for the Fe(acac)3-catalyzed
direct alkenylation of sp 3 C–H bonds of cycloalkanes with
DTBP as an oxidant has been reported. This method provides a

useful strategy for the stereospecific synthesis of substituted
E-alkenes. Various cinnamic acids and cycloalkanes are welltolerated in this catalytic system with good to excellent chemical yields. The mechanism of this reaction has also been
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studied, and a radical mechanism was proposed. Further studies
on the alkenylation of other sp3 C–H substrates are currently
investigated in our laboratory.

Experimental
General procedure for the iron-catalyzed decarboxylative
alkenylation of cycloalkanes: To a Schlenk tube equipped with
a magnetic stir bar were added Fe(acac)3 (21.2 mg, 0.06 mmol)
and cinnamic acid (0.3 mmol) under a nitrogen atmosphere.
Cycloalkane (2.0 mL, 15–25 mmol) and DTBP (di-tert-butyl
peroxide, 0.6 mmol, 113 μL) were added under a nitrogen
atmosphere and the resulting reaction mixture was stirred at 120
°C for 24 h. After cooling to room temperature and removal of
volatiles, the products were isolated by flash column chromatography (PE).
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Abstract
Manufactured polymer materials are used in increasingly demanding applications, but their lifetime is strongly influenced by environmental conditions. In particular, weathering and ageing leads to dramatic changes in the properties of the polymers, which
results in decreased service life and limited usage. Despite the heavy reliance of our society on polymers, the mechanism of their
degradation upon exposure to environmental oxidants is barely understood. In this work, model systems of important structural
motifs in commercial high-performing polyesters were used to study the reaction with the night-time free radical oxidant NO3• in
the absence and presence of other radical and non-radical oxidants. Identification of the products revealed ‘hot spots’ in polyesters
that are particularly vulnerable to attack by NO3• and insight into the mechanism of oxidative damage by this environmentally
important radical. It is suggested that both intermediates as well as products of these reactions are potentially capable of promoting
further degradation processes in polyesters under environmental conditions.

Introduction
Polymers are without doubt the most important industrial materials, which have benefited our society in numerous ways.
Improving the performance of polymers by making them long
lasting and durable is therefore highly desirable not only for the
consumer but also for the environment, because expensive
waste removal strategies can be avoided or at least reduced. The

most important way to improve polymer longevity is a detailed
knowledge of the mechanism by which they undergo degradation upon exposure to the environment. It is quite surprising
that, despite the heavy reliance of our society on polymeric materials, the chemical mechanism of polymer degradation is by
far not fully understood.
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It has generally been assumed that polymer degradation
involves a radical-mediated autoxidation mechanism, which
propagates through hydrogen abstraction by an intermediate
peroxyl radical ROO•. Although this autoxidation mechanism
was initially proposed only for a limited number of polymers
that contain activated allylic hydrogen atoms (for example
rubber materials) [1-5], it has been universally adapted as
general mechanism for polymer degradation. However, recent
comprehensive high-level theoretical studies by Coote et al.
clearly revealed that polymers possessing only saturated alkyl
chains, for example polyesters, will not propagate autoxidation,
particularly because the ROO–H bond-dissociation energy
(BDE) is usually less than the BDE for unactivated R–H bonds
[6].
Polymer surface coatings, which are widely used in the
building, automotive and aircraft industries to protect the underlying material from degradation, are commonly highperforming polyesters, which are exposed to significant environmental stress, in particular high temperatures, humidity and
UV irradiation. These materials are in direct contact with the
troposphere, which is the lowest part of the atmosphere and a
highly oxidizing environment. While the oxidation power
during daytime can be assigned to the presence of hydroxyl
radicals, HO•, the highly electrophilic nitrate radical, NO3•, is
responsible for the tropospheric transformation processes at
night. NO3•, which is formed through reaction of the atmospheric pollutants nitrogen dioxide, NO 2 • , with ozone, O 3
(Scheme 1a) [7,8], reacts with organic compounds through
various pathways, such as hydrogen abstraction (HAT) and addition to π systems. Most importantly, NO 3 • is one of the
strongest free-radical oxidants known [E(NO 3 • /NO 3 − ) =
2.3–2.5 V vs NHE] [9], and recent product studies by us
revealed that NO3• readily damages aromatic amino acids and
pyrimidine nucleosides through an oxidative pathway [10-13].
Thus, the ease by which model compounds of biologically
important macromolecules are attacked by NO 3 • leads
inevitably to the question, how resistant synthetic polymers are
towards oxidative damage by this environmental free-radical
species, in particular in conjunction with other atmospheric
radical and non-radical oxidants, which are in direct contact
with these materials. Is it possible that such reactions could lead

Scheme 1: Generation of NO3• (a) in the atmosphere, (b) under
experimental conditions.

to structural modifications in the polymer that may render the
material more susceptible to further damage, for example
through photodegradation and/or autoxidation? To our knowledge, the role of environmental free-radical oxidants as mediator of polymer degradation has barely been assessed so far.
In light of this, we have now performed the first product study
of the reaction of NO3• with model substrates relevant to the
polymeric structures in high-performing polyesters in the presence and absence of other oxidants, in particular NO2•, O2 and
O3. This work not only reveals new insight into the degradation
mechanism in polyesters upon exposure to important environmental oxidants, but it also enables identification of vulnerable
sites (‘hot spots’) in the polymer, which could open up new
pathways to polyester degradation under environmental conditions that have not been considered before. This study might
therefore be regarded as a first step on a long journey towards a
revised mechanistic scheme for polymer degradation, which is
crucial for the development of improved materials.

Results and Discussion
Experimental conditions
The compounds that served in this work as models for substructures typically found in surface-coating polyesters are shown in
Figure 1. These comprise aromatic moieties, such as phthalic
and benzoic esters 1 and 3, respectively, as well as aliphatic
diesters of type 2. The esters were used as methylates or
neopentylates, where the latter provided a simplified model for
diesters of neopentyl glycol, which is the commonly used diol
component in such polyesters.

Figure 1: Polyester-model systems studied in this work.

All experiments were performed in solution, using two different
methods to produce NO3• in situ in the presence of the respective substrate 1–3. In experiments where NO3• was used in the
absence of other radical and non-radical oxidants, NO3• was
generated at room temperature from cerium(IV) ammonium
nitrate (CAN) through photo-induced electron transfer at an irradiation wavelength of λ = 350 nm (Scheme 1b) [11-13].
In a typical experiment, the polyester-model substrate and four
equivalents of CAN were dissolved in acetonitrile and the solu-
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tions degassed by sonicating under a continuous argon stream,
followed by irradiation and aqueous work-up. Control experiments performed under exclusion of light showed no reaction,
which ensured that the observed products indeed resulted from
the reaction involving NO3• and not from CAN, which is also
an oxidizing agent [E0(Ce4+/Ce3+) = 1.61 V vs. NHE] [14].
In another set of experiments, NO3• was obtained through the
reaction shown in Scheme 1a, where to a solution of the respective polyester-model substrate in anhydrous dichloromethane at
10 °C an excess of liquid NO2• was added and ozonized O2 was
bubbled through the mixture at a low flow rate, followed by
aqueous work-up. Through control experiments it was revealed
that none of the various polyester-model compounds reacted to
a noticeable extent with NO2• or ozonized O2 in isolation. Reactions with this NO3• source in acetonitrile gave identical products to those in dichloromethane. However, additional products
were also obtained in small amounts, which could not be identified. It is possible that these resulted from hydrolysis of dinitrogen pentoxide, N2O5, which is formed through reversible
recombination of NO2• with NO3•, by trace amounts of water
present in acetonitrile, but this was not further explored. By
performing the radical reactions in dichloromethane, potentially interfering reactions involving the solvent, which could
complicate the reaction outcome and mechanic considerations,
were avoided. It should also be noted that NO2• is in equilibrium with its dimer dinitrogen tetroxide, N2O4. In solution the
NO2•/N2O4 equilibrium constant favours the dimer [15], and
N2O4 can be oxidized with O3 to give N2O5. Gas-phase kinetic
studies revealed that N2O5 reacts with unsaturated compounds
several orders of magnitude slower than NO3• [16] and does not
readily nitrate deactivated aromatic compounds in solution [17].
In all experiments we have used NO3• in excess in order to
obtain sufficient amounts of material to enable product separation by preparative HPLC using UV detection at wavelengths of λ = 214 and 230 nm and identification by spectroscopic characterization. Details are given in the Experimental

section. HPLC chromatograms of the relevant raw reaction
mixtures are shown in Supporting Information File 1. Although
under natural conditions NO3• will be present in much lower
concentrations compared to the polyester, our experimental
procedure ensured that vulnerable sites in the polyester-model
systems could be located with certainty. Due to the repeated
purification by HPLC, yields could not be obtained for any of
these reactions. However, since this study is aimed at obtaining
insight into the nature of the products in order to qualitatively
assess how such chemical modifications might affect polymer
stability under environmental conditions, exact yields are not
required. It is reasonable to assume that only very few damaged
sites are initially required in the polyester to promote further degradation on a large scale through chain and other processes.

Reaction of polyester-model compounds 1–3
with NO3• from CAN photolysis
Study of the products formed in the reaction of NO3• obtained
from CAN photolysis provides the opportunity to gain insight
into the mechanism of oxidative damage in the absence of other
radical and non-radical oxidants. In Scheme 2 the products of
the reaction of the polyester-model compounds 1–3 with NO3•
are shown.
It was interesting to note that no reaction occurred with the
isomeric phthalates 1 and the adipic acid derivatives 2. In the
case of the former this could be explained by the fact that the
aromatic ring is very deactivated due to the two electron-withdrawing ester substituents, so that oxidative electron transfer
(ET) by NO3• is not possible. Also, NO3• induced HAT from
the ester, particularly the neopentyl moiety, which is a potential
pathway that should most likely occur at the methylene groups
α to the ester oxygen atom [18-20], is apparently not a feasible
pathway. This finding is of potential relevance for the autoxidation mechanism, which proposes hydrogen abstraction by ROO•
as propagating step. Thus, although NO3• is not only much
more reactive than ROO• [7,8], and the BDE for the O2NO–H
bond is with 427 kJ mol−1 also considerably higher than that of

Scheme 2: Products of the reaction of polyester model compounds 1–3 with NO3• in the absence of other radical and non-radical oxidants.
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the ROO–H bond (which is about 360 ± 20 kJ mol−1) [21], the
fact that no hydrogen abstraction from the ester units was
observed in the reactions with NO3• demonstrates that saturated
alkyl groups are quite inert to radical attack.
On the other hand, in the case of neopentyl ester of m-toluic
acid (3), which differs from the phthalates by replacement of
one ester group by a σ-donating methyl group, reaction with
NO3• leads to selective oxidative modification of the methyl
side chain, while a reaction at the ester moiety was, again, not
observed. Analytical HPLC of the raw reaction mixture
recorded at λ = 230 nm revealed besides unreacted starting material 3 (which was identified by comparison with an authentic
sample but not isolated), nitrate 4, aldehyde 5 and carboxylic
acid 6 as most important products (see Supporting Information
File 1). Other products were formed in too minor amounts to
enable isolation. Further, HPLC analysis revealed that shorter
reaction times or a smaller excess of CAN shifted the product
ratio towards the nitrate 4 at expense of the higher oxidized
products 5 and 6 (data not shown).
The observed side-chain oxidation in 3 by NO3• is similar to the
outcome of the reaction of thymidine nucleosides with NO3•,
where oxidative transformation of the methyl substituent in the
heterocyclic base occurs exclusively [13]. Concentration–time
profiles revealed for the latter reactions that formation of a
nitrate occurs first, which is converted to an aldehyde and
subsequently into a carboxylic acid [13]. It is not unreasonable

to assume that such a step-wise oxidation also occurs in the
reaction involving 3, which could be rationalized by the mechanism shown in Scheme 3.
Because of the high oxidation power of NO3•, it is proposed
that the reaction is initiated by ET at the aromatic ring through
an addition–elimination pathway, as has been suggested from
time-resolved transient spectroscopic studies for the reaction of
NO3• with alkylaromatic compounds [22,23]. In the absence of
any reactants the resulting radical cation 3•+ undergoes deprotonation to give benzyl radical 7, in analogy to the mechanism of
the NO3•-induced oxidation of aromatic amino acids and nucleosides [10-13]. This mechanism is supported by findings by
Steenken et al., who showed that in the reaction of alkylaromatic compounds with NO3• ET and deprotonation can occur
practically in a concerted fashion in the case of highly electronrich arenes, while in the case of less activated alkylaromatic
compounds the intermediate radical cation has a lifetime on the
nanosecond time scale [23]. It was further demonstrated that
deprotonation of arylradical cations is accelerated by nitrate
(NO3−) that is present in the reaction system as ‘byproduct’ of
the oxidation process and as ligand in CAN, and which acts as a
Brønsted base [23]. It is important to note that the formation of
radical intermediate 7 could principally also occur in one step
through NO 3 • -induced benzylic HAT in 3 (not shown).
However, it appears from the outcome of the reactions with the
neopentyl derivatives of 1 and 2 that HAT by NO 3 • is not
competitive with NO3•-induced ET in these systems [7,8,24,25].

Scheme 3: Proposed mechanism for the reaction of m-toluic acid neopentyl ester (3) with NO3• in the absence of radical and non-radical oxidants.

1910

Beilstein J. Org. Chem. 2013, 9, 1907–1916.

An initial ET step and formation of an intermediate radical
cation 3•+ is further supported by the outcomes of the reaction
of 3 with NO3• in the presence of NO2•, which will be outlined
below.
Formation of nitrate 4 could principally occur via two different
pathways, e.g. through direct trapping of 7 by NO3• or in a twostep process by first NO3• or CAN-induced ET, followed by
quenching of the resulting benzyl cation 8 through ligand
exchange from CAN. Although the nature of the intermediate
was not further explored in this work, our previous experiments
involving thymidines provided strong indications that the reaction likely involves a cationic intermediate [13].
Conversion of the nitrate ester 4 into the aldehyde 5 could
proceed through either an intermediate benzyl radical 9, which
could be formed through a direct HAT by NO3• [26], or through
a sequential ET–deprotonation pathway in analogy to the initial
reaction step. The labile O–NO 2 bond in 9 is expected to
undergo rapid β-scission to give aldehyde 5 with release of
NO2• [27,28]. The latter is too unreactive to initiate a radical
process in this system, which has been confirmed through independent control experiments.
Oxidation of aldehyde 5 to the carboxylic acid 6 under the
experimental conditions could by initiated through abstraction
of the aldehyde hydrogen atom by NO3• [29], followed by trapping of the resulting acyl radical 10 by NO3• to give the mixed
anhydride 11, which could be hydrolysed to the acid 6 during
aqueous work-up and/or purification by HPLC.
The mechanism in Scheme 3 shows that more than one equivalent of NO3• is required to produce the observed products 4–6.
Such multiple attacks seem unlikely under environmental
conditions, where [NO 3 • ] is low [7,8]. However, from the
previous work on NO3•-induced oxidative damage of biological
molecules, it appears that an already damaged compound is
more prone to attack by another NO3• than an undamaged substrate [11-13].

Reaction of polyester-model compounds 1–3
with NO3• from NO2•/O3
Under environmental conditions, however, NO 3 • is not an
isolated reactant, but is always accompanied by other radicals
and non-radical oxidants, such as NO2•, O3, and O2, respectively, which principally could become involved in these reactions
through trapping of reactive intermediates. Thus, in order to
explore the role of such additional reactants on the outcome of
NO 3 • -induced oxidative damage of polyester-model compounds, we have used the reaction in Scheme 1a to produce
NO3•.

Similar to the reaction with NO3• in isolation, no reaction of
NO3• with phthalates 1 and adipic esters 2 was observed in the
presence of NO2•, O3, and O2, which is a further confirmation
for the low reactivity of saturated alkyl chains. On the other
hand, the reaction with the m-toluic acid ester 3 was very fast.
According to the HPLC spectrum of the raw reaction mixture
(see Supporting Information File 1), the starting material was
completely consumed and considerably more products were
obtained in the presence of NO2•, O3, and O2 compared to the
reaction of NO3• in isolation.
The main reaction pathways lead to products possessing a
nitroaromatic ring, such as the isomeric mono-nitroaromatic
compounds 12a–d, the dinitrated product 13 and two isomeric
species 14a,b, which carry both a nitro and a hydroxy
substituent (Scheme 4). The nitro compound 15 appears to be
the only product that results from oxidative modification of the
methyl substituent at the aromatic ring. HPLC analysis indicated that additional products were formed in this reaction (see
Supporting Information File 1), but their amounts were too
small to enable isolation and identification. The proposed mechanism leading to the various products 12–15 is outlined in
Scheme 5.
Similar to the mechanism shown in Scheme 3, initial ET should
lead to the radical cation 3•+. However, in contrast to the reaction with NO 3 • in isolation, where benzylic deprotonation
occurred exclusively, in the presence of excess NO2• the radical
cation 3•+ is trapped prior to deprotonation to form the isomeric
σ-complexes 16 [30]. The aromatic ring is restored through loss
of a proton, which leads to the nitroaromatic products 12a–d.
The proposed competition in radical cation 3•+ between trapping by NO2• and benzylic deprotonation is supported by the
fact that the nitromethylene compound 15 is obtained as
byproduct in this reaction. The latter likely results from recombination of NO2• with benzyl radical 7, which is obviously
formed in small amounts. Thus, in contrast to the reaction of 3
with NO3• in isolation, formation of stable reaction products in
the presence of NO2•, O3 and O2, such as the nitroaromatic
compounds 12, requires only one equivalent of NO 3 • and
should readily occur even at low atmospheric [NO 3 • ].
Formation of the tetrasubstituted products 13 and 14 proceeds
likely through a second NO3•-induced ET in the mono-nitrated
compounds 12a,b, where the intermediately formed radical
cation 12•+ can be trapped by NO2• to give the dinitro compound 13 after deprotonation. This mechanism is supported by
previous findings in the reaction of aromatic amino acids with
NO3• in the presence of NO2•, O3, and O2, where it was shown
that dinitrated products result from a step-wise nitration of the
aromatic ring [10]. On the other hand, to our knowledge, forma-
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Scheme 4: Products of the reaction of polyester-model compounds 1–3 with NO3• in presence of NO2•, O3, and O2.

in a subsequent step by either NO3• or NO2• [E(NO2•/NO2−) =
1.04 V vs NHE] [31], which is followed by deprotonation to
restore the aromatic system.

Conclusion

Scheme 5: Proposed mechanism for the reaction of m-toluic acid
neopentyl ester (3) with NO3• in presence of NO2•, O3 and O2.

tion of hydroxylated products of type 14 in the reaction of NO3•
with aromatic compounds is unprecedented. We propose that
these compounds result from hydrolysis of the corresponding
nitrates 18 during work-up and/or HPLC purification. Potential
pathways to the latter could involve either trapping of the
radical cation 12 •+ by NO 3 • , followed by deprotonation, or
recombination of 12•+ with NO3− (the byproduct of the NO3•induced ET). The resulting radical adduct 17 could be oxidized

We have shown for the first time that certain aromatic moieties
in commercial polyesters (e.g. alkylated benzoic acid derivatives of type 3) are vulnerable to damage by the environmental
free-radical oxidant NO3•. The reaction is most likely initiated
by ET to give a highly reactive aryl radical cation intermediate
3•+, whose fate depends strongly on the reaction conditions. In
the absence of radical-trapping agents, in particular NO 2 • ,
benzylic deprotonation is the exclusive pathway that ultimately
leads to oxidative functionalization of the alkyl side chain
through formation of nitrates 4, aldehydes 5 and carboxylic
acids 6. In this work we have not specifically explored the role
of O2 on the reaction outcome, but our recent studies on the
NO3•-induced oxidative damage in thymidines showed that any
residual O2 present in the system solely accelerates production
of the higher oxidized compounds 5 and 6, while no different
products are formed [13]. It is reasonable to expect a similar
outcome for the reaction of NO3• with 3 in the presence of O2.
On the other hand, when the reaction of NO 3 • with 3 is
performed in the presence of NO2•, benzylic deprotonation in
radical cation 3•+ can hardly compete with trapping of the latter
by NO2•, which leads to formation of the isomeric nitroaromatic compounds 12a–d as well as the dinitro and hydroxylated products 13 and 14, respectively, that result from further
NO3•-induced oxidation of 12. An additional, however only
minor pathway yields the nitromethylene compound 15, which
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is formed via benzyl radical 7. Although we have not studied
the nature of the reactive intermediates formed in these reactions, it is difficult to rationalize formation of the ring-substituted products 12–14 through a mechanism that involves
benzylic HAT by NO3•. The reaction must therefore be initiated by oxidation of the aromatic ring, which is in accordance
with literature findings [22,23].
The different outcome of the reaction of NO3• with 3 under the
various conditions could be explained by the different concentration of NO2• and NO3− in these systems. Thus, CAN photolysis generates NO3• in the presence of excess NO3−, which acts
as Brønsted base and mediates deprotonation of the initial
radical cation 3•+ to give benzyl radical 7 [23], followed by
transformation to the products 4–6. In the NO2•/O3 system, on
the other hand, [NO3−] = [3•+] and deprotonation in 3•+ cannot
complete with its trapping by excess NO2•, which leads to the
nitroaromatic species 12–14.
In contrast to the high reactivity of the aromatic ring in 3,
phthalate-building blocks as well as ester moieties possessing
only saturated alkyl chains appear to be inert to attack by NO3•
through either ET or HAT, respectively, under the various
conditions explored. Our observation that NO3•-induced HAT
in the ester moieties does not occur, although NO3• is much
more reactive than ROO• and the O2NO–H bond is considerably stronger than the ROO–H bond, could be taken as indication that an autoxidation mechanism involving ROO• as chain
carrier cannot operate in intact polyesters with saturated alkyl
chains, which is in support of the theoretical findings by Coote
et al. [6].
None of the various polyester-model compounds explored in
this work reacted with NO2• and O3 in isolation. However, this
outcome is not unexpected, since the reactivity of NO2• is much
lower than that of NO3•. In particular, the oxidation power of
NO2• is not sufficient to induce ET in deactivated aromatic
compounds [31]. Likewise, although O3 is a strong oxidant, it
does not react via ET transfer. Rapid reactions are only
expected for π systems, such as alkenes, which are not present
in intact polyester materials (however, it should be noted that
these structural motifs may be formed in the polymer through
degradation processes).
What are the potential implications of NO3•-induced oxidative
damage in aromatic building blocks for polyester stability?
Although there are no experimental data available yet, it is
possible to make some predictions from the outcome of this
work, which can be used to guide future studies on polyester
stability upon exposure to the environment. It is important to
realize that under environmental conditions only few sites of

initial damage are required to trigger degradation of the
polymer material on a large scale. Identification of the reaction
products using simplified model systems enables to obtain some
general insight into the mechanism of radical-induced oxidative
damage in these materials. Thus, in the reaction of the aromatic
ester 3 with NO3• it could be speculated that both intermediates
as well as products could principally promote further damage in
the polymer. For example, the radical cation 3 •+ is itself a
highly oxidizing intermediate, which could, when embedded in
the polyester matrix, induce an ET cascade across the polymer
involving aromatic moieties, where oxidative damage may end
up at positions remote from the initial site of attack. The benzyl
radical 7 resulting from deprotonation in 3•+ on the other hand,
could be trapped by O2 and be involved as chain carrier in
subsequent transformations that lead to degradation.
Of the various products formed in the reaction of NO3• with 3
under the different reaction conditions, in particular the aldehyde 5 and the nitroaromatic species 12–14 are expected to be
photochemically active compounds. Exposure of the carbonyl
or nitro moieties to UV light leads to photoexcited intermediates, which are strong hydrogen-atom abstractors in Norrishtype II photoreactions [32,33]. In the polymer matrix, where the
various polyester chains are tightly packed, both intra- and
interstrand reactions are likely to occur, such as photo-induced
hydrogen abstractions, which could provide pathways to C-radicals in unactivated alkyl chains that would usually be inert to
attack by peroxyl radicals.
To conclude, this work provides strong indications for a number
of so far unexplored pathways that could promote degradation
of high-performing polyesters under environmental conditions.
It is obvious that detailed kinetic data and product analyses
from exposure studies involving both simple as well as more
complex model systems, including melamine cross-linker
moieties, are required (for example from smog chamber experiments), to obtain further insight into the role of environmental
free-radical oxidants, such as NO3• and HO•, in promoting polyester degradation.

Experimental
General procedures
The irradiations were performed under a continuous gas flow
(argon) in a Rayonet photochemical reactor (λ = 350 nm).
Before the irradiations, residual oxygen was removed from the
reaction mixture by bubbling argon through the solution while
sonicating. 1H and 13C NMR spectra were taken on a Varian
Unity Inova 500 spectrometer [500 MHz (1H), 125 MHz (13C)]
or on an Agilent MR 400 spectrometer [400 MHz ( 1 H),
100 MHz (13C)] in deuterated DMSO. If necessary the assignment of the chemical shifts was confirmed by utilising 2D NMR
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techniques. GC–MS (EI, 70 eV) analysis was run on an Agilent
7890A GC/5975C MSD, column from SUPELCO 30 m,
0.32 mm ID, 0.25 μm film thickness fused silica capillary
column, using the temperature program 705 → 25017 heating
rate 5 ºC min−1 (40 min in total). HRMS was conducted by
ionising the samples via ESI into a Thermo-Finnigan LTQ
FT–ICR hybrid mass spectrometer or an Agilent 6520 LC/QTOF mass spectrometer with an electrospray ionizing source
coupled to an Agilent 1100 LC system equipped with a variable wavelength detector. The crude products were purified by
reversed-phase HPLC (Phenomenex C18, 150 × 21.2 mm,
5 micron, preparative column, 8 mL min−1) using an Agilent
1100 LC system equipped with a variable wavelength detector
by running a gradient from 50% water in acetonitrile to 100%
acetonitrile within 2–3 hours. UV detection was performed at
λ = 214 and 230 nm. Purity was assessed by analytical RP
HPLC on an SGE Protecol C18 5 μM 250 × 4.6 mm column.

Reactions with NO3• from CAN photolysis

7.8, 0.6 Hz, 1H), 4.00 (s, 2H), 0.98 (s, 9H); 13 C NMR
(DMSO-d 6 , 125 MHz) δ 166.9, 165.4, 134.2, 133.6, 131.9,
130.7, 130.1, 129.9, 74.2, 31.8, 26.7; HRMS (m/z): calcd for
C 13 H 16 O 4 + Na, 259.0946; found, 259.0940; HRMS (m/z):
calcd for C 12 13 CH 16 O 4 + Na, 260.0980; found, 260.0974.

Reactions with NO3• generated from NO2•/O3
In a typical experiment 0.5 mL liquid NO2• (15 mmol) was
added to 1.00 mmol of the model substrate in anhydrous
dichloromethane (15 mL) at 10 °C, and ozonised O 2 was
bubbled through the mixture at a low flow rate. After 40 min
the reaction was quenched by addition of 10 mL aq NaHCO3,
the phases were separated and the aqueous phase extracted with
dichloromethane. The combined organic fractions were dried
over MgSO4, concentrated and the reaction products isolated
and purified by repeated preparative HPLC. It was not possible
to state the exact [NO2•] in these experiments, since an indeterminable amount evaporated prior to its reaction with O3.

In a typical experiment 1.0 mmol of the model substrate and
4.0 mmol of CAN were dissolved in 5 and 95 mL of absolute
acetonitrile, respectively, and the individual solutions degassed
by sonicating under a continuous argon stream. The solutions
were combined and irradiated (λ = 350 nm) for a period of 5 h
at room temperature. The reaction was quenched by addition of
brine (50 mL) and water (50 mL) and extracted with ethyl
acetate. The combined organic fractions were dried (MgSO4)
and the solvent removed in vacuum. The crude product mixture
was separated by reversed-phase HPLC.

Neopentyl 5-methyl-2-nitrobenzoate (12a): 1 H NMR
(DMSO-d6, 500 MHz) δ 7.95 (d, J = 8.3 Hz, 1H), 7.65 (dd, J =
1.8, 0.9 Hz, 1H), 7.60 (ddd, J = 8.3, 1.9, 0.9 Hz, 1H), 3.94 (s,
2H), 2.45 (s, 3H), 0.92 (s, 9H); 13 C NMR (DMSO-d 6 ,
100 MHz) δ 165.4, 145.2, 133.3, 130.5, 127.1, 124.6, 75.5,
31.6, 26.5, 21.2. The signal of the carbon atom carrying the
nitro substituent (C-2) could not be observed; MS (EI, 70 eV)
m/z (%): 251.1 (1) [M+], 164.1 (100) [M+ − OCH2C(CH3)3],
57.2 (31) [C(CH3)3+]; IR (cm−1) ν: 2960, 1730, 1527, 1367,
1347, 1257,1200, 1072, 833.

Neopentyl 3-(nitratomethyl)benzoate (4): 1H NMR (DMSO-d6,
500 MHz) δ 8.08 (td, = 1.8, 0.6 Hz, 1H), 8.01 (ddd, J = 7.8, 1.8,
1.2 Hz, 1H), 8.75 (dtd, J = 7.6, 1.2, 0.6 Hz, 1H), 7.60 (td, J =
7.7, 0.5 Hz, 1H), 5.66, (s, 2H), 3.99 (s, 2H), 0.99 (s, 9H);
13C NMR (DMSO-d , 125 MHz) δ 165.7, 134.5, 133.7, 130.7,
6
130.3, 130.2, 129.9, 74.9, 74.2, 31.8, 26.7; HRMS (m/z): calcd
for C13H17NO5 + H, 268.1185; found, 268.1181; HRMS (m/z):
calcd for C1213CH17NO5 + H, 269.1219; found, 269.1212.

Neopentyl 3-methyl-2-nitrobenzoate (12b): 1 H NMR
(DMSO-d6, 500 MHz) δ 7.89 (d, J = 7.7 Hz, 1H), 7.76 (d, J =
7.6 Hz, 1H), 7.67 (d, J = 7.7 Hz, 1H), 3.95 (s, 2H), 2.30 (s, 3H),
0.94 (s, 9H); 13C NMR (DMSO-d6, 100 MHz) δ 163.6, 136.7,
131.4, 130.7, 129.2, 123.1, 75.5, 31.6, 26.5, 16.8. The signal of
the carbon atom carrying the nitro substituent (C-2) could not
be observed; MS (EI, 70 eV) m/z (%): 251.1 (1) [M+], 164.1
(100) [M+ − OCH2C(CH3)3], 57.1 (40) [C(CH3)3+]; IR (cm−1)
ν: 2958, 1727, 1533, 1369, 1287.

Neopentyl 3-formylbenzoate (5): 1H NMR (DMSO-d6, 500
MHz) δ 10.10 (s, 1H), 8.45 (td, J = 1.7, 0.5 Hz, 1H), 8.27 (ddd,
J = 7.7, 1.8, 1.2 Hz, 1H), 8.17 (td, J = 7.7, 1.5 Hz, 1H), 7.77 (td,
J = 7.7, 0.5 Hz, 1H), 4.02 (s, 2H), 1.00 (s, 9H); 13 C NMR
(DMSO-d 6 , 125 MHz) δ 192.8, 164.9, 136.5, 134.5, 133.6,
130.7, 130.0, 129.9, 73.9, 31.4, 26.2; HRMS (m/z): calcd for
C 13 H 16 O 3 + H: 221.1178. Found: 221.1170; HRMS (m/z):
calcd for C 12 13 CH 16 O 3 + H, 222.1211; found, 222.1204.
Neopentyl 3-carboxylbenzoate (6): 1H NMR (DMSO-d6, 500
MHz) δ 13.28 (s(br), 1H), 8.49 (td, J = 1.8, 0.5 Hz, 1H), 8.19
(d, J = 1.7 Hz, 1H), 8.18 (dd, J = 1.8, 0.5 Hz, 1H), 7.66 (td, J =

Neopentyl 3-methyl-4-nitrobenzoate (12c): 1 H NMR
(DMSO-d6, 500 MHz) δ 8.08 (d, J = 8.5 Hz, 1H), 8.06 (d, J =
1.5 Hz, 1H), 8.00 (dd, J = 8.5, 1.9 Hz, 1H), 4.03 (s, 2H), 2.56
(s, 3H), 1.01 (s, 9H); 13C NMR (DMSO-d6, 100 MHz) δ 164.7,
152.2, 138.8, 133.7, 133.5, 128.4, 125.3, 74.6, 31.8, 26.7, 19.5;
MS (EI, 70 eV) m/z (%): 251.1 (4) [M+], 164.1 (100) [M+ −
OCH 2 C(CH 3 ) 3 ], 57.1 (90) [C(CH 3 ) 3 + ]; IR (cm −1 ) ν: 2960,
1723, 1526, 1367, 1259,1192, 118, 1026, 839, 735.
Neopentyl 5-methyl-3-nitrobenzoate (12d): 1 H NMR
(DMSO-d6, 500 MHz) δ 8.45 (m, 1H), 8.35 (ddd, J = 2.5, 1.5,
1914
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0.8 Hz, 1H), 8.20 (dt, J = 1.8, 1.1 Hz, 1H), 4.05 (s, 2H), 2.53 (s,
3H), 1.01 (s, 9H); 13C NMR (DMSO-d6, 100 MHz) δ 164.5,
148.4, 141.7, 136.0, 131.6, 128.4, 121.3, 74.7, 31.8, 26.7, 21.0;
MS (EI, 70 eV) m/z (%): 251.1 (1) [M+], 164.1 (91) [M+ −
OCH2C(CH3)3], 57.1 (100) [C(CH3)3+]; IR (cm−1) ν: 2960,
1656, 1541, 1289.
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Abstract
Amine radical cations are highly useful reactive intermediates in amine synthesis. They have displayed several modes of reactivity
leading to some highly sought-after synthetic intermediates including iminium ions, α-amino radicals, and distonic ions. One
appealing method to access amine radical cations is through one-electron oxidation of the corresponding amines under visible light
photoredox conditions. This approach and subsequent chemistries are emerging as a powerful tool in amine synthesis. This article
reviews synthetic applications of amine radical cations produced by visible light photocatalysis.

Introduction
Amine radical cations, which are an odd-electron species, are of
great utility in amine syntheses [1-8]. They can be formed by
loss of an electron from the corresponding amines. This oneelectron oxidation process has been realized by using electrochemistry [9-11], chemical oxidants [12-14], metal-catalyzed
oxidation [15-18], UV light-mediated photochemistry [7,19-21],
and visible light-mediated photochemistry [22,23]. Recently,
the last approach has become a major research focus in organic
chemistry. The enthusiasm surrounding this approach is
partially driven not only by its green characteristics (i.e. using
visible light), but also more importantly by its unique ability to
achieve unconventional bond formation.

Like most organic compounds, amines do not absorb visible
light efficiently, unless they have a chromophore (e.g., conjugated π-bond systems). Therefore, a photocatalyst is often
required to initialize electron-transfer reactions with amines.
Some of the frequently used photocatalysts include ruthenium
[24-26] and iridium [27,28] polypyridyl complexes as well as
organic dyes [29,30] that are absorbed in the visible-light
region. They all share one common characteristic: a facile intersystem crossing (ISC) that allows the conversion of the initially
formed singlet photoexcited state to the relatively long-lived
triplet photoexcited state. The triplet photoexcited state’s long
lifetime permits it to engage in single-electron transfer with
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organic molecules such as amines. The photoexcited state is
both more oxidizing and more reducing than the ground state. It
can be quenched reductively by accepting an electron from an
electron donor or oxidatively by donating an electron to an electron acceptor. Amines are often used as an electron donor to
reductively quench the photoexcited state while they are
oxidized to amine radical cations. This single-electron transfer
process was investigated intensively in the late 1970s and early
1980s because amines were used as a sacrificial electron donor
in water splitting [31,32] and carbon dioxide reduction [33,34].
Since 2008, seminal works from MacMillan, Yoon, and
Stephenson have reinvigorated the field of visible light
photoredox catalysis [35-42]. The use of amines as both the
electron donor and the substrate, rather than just the electron
donor, has become a major approach to exploit synthetic utility
of photogenically produced amine radical cations.
Reductive quenching of the photoexcited state of a photocatalyst (M) by amine 1 is governed by the reduction potentials of
the photoexcited state and the amine (Scheme 1). The amine’s
reduction potential, which can be readily measured by cyclic
voltammetry, should be less positive than that of the photoexcited M. The solvent also has a significant impact on the oxidation and the subsequent reactions [43,44]. A polar solvent is
generally favored for electron-transfer reactions involving
amine radical cations, but identification of the optimal solvent
requires experimentation. Once formed, amine radical cation 2
has been shown to have four modes of reactivity. The first mode
is the back electron transfer reaction, which involves amine
radical cation 2 giving back one electron to M(n−1). This is a
major side reaction competing against the other productive
downstream reactions of 2. To circumvent this side reaction,

two approaches or a combination thereof can be exploited
[45,46]. One approach involves modifying the structure of the
ligand on M to retard the back electron transfer. The other
involves designing fast and/or irreversible downstream reactions of 2. The second mode involves hydrogen atom abstraction from 2 to produce iminium ion 4, when a good hydrogen
atom acceptor is present in the reaction. The use of amine
radical cation 2 as the source of a hydrogen radical has been
applied to a number of visible light-mediated reductions such as
reductive dehalogenation [47-51], reductive radical cyclization
[52-54], reduction of activated ketones [49], and reduction of
aromatic azides [55]. The third mode involves deprotonation of
amine radical cation 2 to form α-amino radical 3, which is
converted to iminium ion 4 by another one-electron oxidation.
The acidifying effect of one-electron oxidation on the α-C–H
bond remains debatable [56-60]. The rate for deprotonation of
amine radical cation 2 has been measured experimentally by
several groups, and a broad range has been obtained [61,62].
α-Amino radical 3 is strongly reducing [45,63], thus making the
second one-electron oxidation facile. The last mode involves
cleavage of a C–C bond α to the nitrogen atom, yielding a
neutral free radical 6 and iminium ion 5. Iminium ion 4, an
excellent electrophile, is amenable to interception by a variety
of nucleophiles to directly install a new bond at the position α to
the nitrogen atom. In contrast, α-amino radical 3 is nucleophilic.
It tends to add to electron-deficient alkenes to form a C–C bond,
also at the position α to the nitrogen atom.
This review will summarize the work to date on the use of
amine radical cations generated under visible light photoredox
conditions as a key intermediate to trigger downstream reactions. The work is grouped based on the key intermediates

Scheme 1: Amine radical cations’ mode of reactivity.
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(iminium ions and α-amino radicals) or processes (cleavage of
C–C and N–N bonds) involved. The chemistries that have
focused on the use of amines as a sacrificial electron donor only
or as a hydrogen radical donor only will not be discussed in the
review. These chemistries have been recently reviewed
[22,23,35-42]. Photooxidation of amines to amine radical
cations can also be achieved using UV light with a sensitizer.
This approach and subsequent chemistries are also outside the
scope of this review. Interested readers are referred to these
reviews [7,19-21].

Review
Iminium ions
Intercepted by carbon nucleophiles
One of the major modes of reactivity for amine radical cations
is their conversion to the powerful electrophilic iminium ions,
which can be intercepted by a range of pronucleophiles to form
a number of important bonds such as C–C, C–N, C–O, and
C–P. The chemistry involving iminium ions has seen the most
synthetic applications so far.
The Whitten group provided some early studies to establish the
conversion of amine radical cations to iminium ions. In 1980,
Giannotti and Whitten reported that irradiation of triethylamine
with three ruthenium polypyridyl complexes using visible light
in the presence of water yielded acetaldehyde, presumably
formed by the hydrolysis of iminium ion 12 (Scheme 2) [46].
They proposed that reductive quenching of the photoexcited
Ru(II) complex by triethylamine produced Ru(I) and amine
radical cation 9. Then amine radical cation 9 can either abstract
a hydrogen atom from the solvent (CH3CN) to form carbon
radical 10, or lose a proton to another molecule of triethylamine to form α-amino radical 11. Carbon radical 10 is
converted to α-amino radical 11 by abstracting a hydrogen atom
from a second molecule of triethylamine and CH3CN is ultimately regenerated. Finally, one electron oxidation of α-amino

radical 11 furnishes iminium ion 12 that is hydrolyzed to
acetaldehyde. Although the authors were not able to detect
amine radical cation 12 spectroscopically, they were able to use
ESR (electron spin resonance) techniques to detect Ru(I) and
α-amino radical 11 with the aid of a spin trap, nitrosodurene.
In 2010, Stephenson and coworkers reported a visible lightmediated aza-Henry reaction that harnesses the synthetic
potential of iminium ions. Using only 1 mol % of
[Ir(ppy)2(dtbbpy)](PF6) and visible light, a variety of N-aryltetrahydroisoquinolines were oxidatively coupled with
nitroalkanes to provide the aza-Henry products in excellent
yields (Scheme 3) [64]. They suggested that reductive
quenching of the Ir(III) photoexcited state by N-aryltetrahydroisoquinolines 13 leads to the formation of amine radical
cation 14 and the powerful reducing agent Ir(II) (Ir(III)/Ir(II),
−1.51 V vs SCE). The Ir(II) catalyst then reduces nitromethane
or oxygen to a radical anion that may abstract a hydrogen atom
from amine radical cation 14 to form the iminium ion 15. Interception of the iminium ion by the anion of nitromethane affords
the aza-Henry product 16.
Oxygen has been the most often used stoichiometric oxidant in
the formation of iminium ions under photoredox conditions.
However, this use has some limitations. The catalyst turnover
mediated by O2 is often slow, resulting in long reaction time.
O2 can also intercept α-amino radicals, one of the key intermediates in the formation of iminium ions, to produce amides
and thus compromise the formation of iminium ions [65,66].
The Stephenson group sought an alternative stoichiometric
oxidant to overcome the limitations encountered by O 2
(Scheme 4) [58]. BrCCl3 was identified as such an alternative
and iminium ions were produced cleanly within 3 hours. A
broad range of nucleophiles, including nitroalkanes, was shown
to add to iminium ions. The authors proposed two possible
mechanisms for the formation of iminium ions based on the two

Scheme 2: Reductive quenching of photoexcited Ru complexes by Et3N.
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Scheme 3: Photoredox aza-Henry reaction.

divergent pathways for the conversion of amine radical cations
to iminium ions. The first mechanism is based on the pathway
involving abstraction of a hydrogen atom from amine radical
cation 14. The hydrogen atom acceptor is a trichloromethyl
radical, which is formed via one-electron reduction of BrCCl3
by Ru(I). The second is centered on the pathway involving
deprotonation of amine radical cation 14 followed by one-electron oxidation. BrCCl3 is the one-electron oxidant via electron
transfer or atom transfer. The trichloromethyl radical, which is
generated by this oxidation, then abstracts a hydrogen atom of
another molecule of N-aryltetrahydroisoquinoline to produce
the α-amino radical 17, which once again enters the radical
chain process with BrCCl3.
König and coworkers showed that the same aza-Henry reaction
can be catalyzed by the organic dye Eosin Y to afford the azaHenry product 18 (Scheme 5) [67]. In addition to nitroalkanes,
dialkyl malonates and malononitrile can be used as pronucleophiles to provide β-diester amine 19 and α-aminonitrile 20. The
authors proposed a mechanism similar to that proposed by
Stephenson and coworkers for the aza-Henry reaction catalyzed
by the Ir complex (Scheme 3). The Tan group simultaneously
reported that another organic dye, Rose Bengal (RB), can be
used in place of Eosin Y to catalyze the aza-Henry reaction
[68].

The Wu group concurrently developed the Eosin Y-catalyzed
aza-Henry reaction as reported by König and also performed
mechanistic studies on the reaction. Their proposed catalytic
cycle for the reaction is detailed in Scheme 6 [69]. Wu and
coworkers were able to obtain experimental evidence to lend
support to some of the key steps in the catalytic cycle. An
oxygen uptake experiment showed that 0.75 equiv of O2 was
consumed for the complete conversion of N-phenyltetrahydroisoquinoline 13. This data strongly supports the role of O2 as
the stoichiometric oxidant. Flash photolysis studies established
that reductive quenching of the triplet excited state of Eosin Y
by N-phenyltetrahydroisoquinoline 13 produced the Eosin Y
radical anion. An ESR study on the irradiated solution of
DMPO (5,5-dimethyl-1-pyrroline-N-oxide), Eosin Y, and
N-phenyltetrahydroisoquinoline in air-saturated CH 3 CN
detected the adduct of superoxide to DMPO. In contrast, an
ESR study on the same solution but with DMPO being replaced
by TEMP (2,3,6,6-tetramethylpiperidine) did not detect
TEMPO, the oxidation product of TEMP by singlet oxygen.
However, TEMPO was detected in the absence of N-phenyltetrahydroisoquinoline. The results from these ESR studies are
consistent with the notion that singlet oxygen is not formed in
the presence of N-phenyltetrahydroisoquinoline and the Eosin Y
radical anion reduces oxygen to superoxide. Finally, the yield of
the product 18 increased when the reaction mixture was kept
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Scheme 4: Formation of iminium ions using BrCCl3 as stoichiometric oxidant.

Scheme 5: Oxidative functionalization of N-aryltetrahydroisoquinolines using Eosin Y.
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Scheme 6: Synthetic and mechanistic studies of Eosin Y-catalyzed aza-Henry reaction.

stirring in the dark after 4 h irradiation. This observation
supports the formation of hydroperoxide intermediate 21.
Tan and coworkers employed a cocatalyst system composed of
the organic dye Rose Bengal and graphite oxide (GO) for
α-cyanation of N-aryltetrahydroisoquinolines (Scheme 7) [70].
The use of GO as carbocatalyst, pioneered by the Bielawski
group, has been shown to facilitate a variety of reactions
including oxidation, reduction, dehydration, and C–C bond formation [71-74]. GO was found to improve the yields of the

α-cyanation reaction, and this was the first example of using
GO to promote visible light-mediated reactions. The synergistic effect between carbocatalysis and visible light-mediated
photocatalysis has the potential to be further explored in other
photocatalyzed reactions.
Since visible light photocatalysis is often orthogonal to or
compatible with a number of common catalytic processes,
merging it with another type of catalysis has become a recent
development in the field of visible light photocatalysis. One

Scheme 7: Oxidative functionalization of N-aryltetrahydroisoquinolines using RB and GO.
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direct benefit of this dual catalysis approach is to allow expansion of the types of nucleophiles capable of adding to the
iminium ions generated under photoredox conditions.
In 2011, Rueping and coworkers described a dual catalytic
system combining photoredox and Lewis base catalysis for the
functionalization of C–H bonds α to the nitrogen atom of
N-aryltetrahydroisoquinoline 13 (Scheme 8) [65]. In the presence of a Lewis base, a ketone is converted to enamine nucleophile 28 in situ, which is then added to photogenically formed
iminium ion 27 to yield the Mannich product 23. The Mannich
reaction was sluggish without the Lewis base, and a side reaction, formation of the oxidized isoquinoline, became significant.
The choice of Lewis base was found to be also crucial for the
outcome of the reaction and proline was more effective than

pyrrolidine. Additionally, to maximize the yields, the optimal
rates for the two catalytic processes need to be similar. Since
formation of the iminium ions is much faster than the addition
of the enamine nucleophiles, higher yields were realized with
slower formation of the iminium ions. This was achieved by use
of [Ru(bpy)3](PF6)2 in conjunction with a weak light source
(5 W fluorescence bulb).
The Che group synthesized a photoactive gold(III) complex that
was shown to catalyze α-cyanation of N-aryltetrahydroisoquinolines [75]. Very recently, Zhu and coworkers used an analogous gold(III) complex to catalyze the reactions similar to those
reported by the Rueping group (Scheme 9) [76]. A 5 W blue
LED was used as the light source. One advantage of using the
gold complex over [Ru(bpy) 3 ](PF 6 ) 2 is that long-chain ali-

Scheme 8: Merging Ru-based photoredox catalysis and Lewis base catalysis for the Mannich reaction.

Scheme 9: Merging Au-based photoredox catalysis and Lewis base catalysis for the Mannich reaction.
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phatic ketones work much better using the former catalyst.
Other types of pronucleophiles such as malonates are also effective in the Mannich reaction.
The Rueping group extended the concept of dual catalysis by
merging visible light photocatalysis with a metal-catalyzed
process (Scheme 10) [77]. To make this approach work, several
hurdles need to be addressed. First, a labile carbon–metal bond
is desired in order to have an efficient turnover of the metal.
Second, the metal complex needs to be compatible with the
strongly reducing intermediates (e.g., superoxide) produced in
the photocatalytic cycle. Third, the rates of the two catalytic
cycles have to be comparable, as iminium ions are known to be
converted to amides by superoxide [65,66]. Rueping and
coworkers discovered that using a weak light source (5 W fluorescent bulb), copper acetylide 31, formed in situ by
(MeCN)4CuPF6, was added efficiently to the photogenicallyproduced iminium ion 27a, thus achieving the formation of
Csp3–Csp bonds.
Rovis and coworkers recently developed another mode of dual
catalysis involving visible light photocatalysis with chiral
N-heterocyclic carbene catalysis, which allows catalytic asymmetric α-acylation of N-aryltetrahydroisoquinoline 13 with an
aliphatic aldehyde (Scheme 11) [78]. In the presence of a
N-heterocyclic carbene (NHC), the aldehyde is converted to a
chiral acyl anion or homoenolate equivalent 37, which is then
added to the iminium ion 27 to form Csp3–Csp2 bonds asymmetrically. It is interesting to note that the use of m-dinitrobenzene (m-DNB) is critical to achieve the desirable conversion

and yield of the expected product 32. m-DNB is proposed to act
as an electron acceptor to promote an oxidative quenching cycle
of Ru(bpy)32+* to Ru(bpy)33+. N-aryltetrahydroisoquinoline 13
is then oxidized by Ru(bpy) 3 3+ . This is in contrast to the
majority of reported examples in which the conversion to the
iminum ion such as 27 is realized in a reductive quenching
cycle of Ru(bpy)32+* to Ru(bpy)31+, where N-aryltetrahydroisoquinoline 13 is oxidized by Ru(bpy)32+* instead.
Xiao [79] and Rueping [80] independently reported that when
tetrahydroisoquinolines (e.g., 41 and 45) were substituted with a
methylene group attached to one or two esters, the initially
formed iminium ions were readily converted to azomethine
ylides. They subsequently underwent 1,3-dipolar cycloaddition
with a range of dipolarophiles to form fused pyrrolidines 43 and
47 (Scheme 12). Xiao also showed that the pyrrolidine ring of
43 could be further oxidized to a fused pyrrole 44 under the
same photoredox conditions or by treatment with NBS. Both
Ru(bpy)3Cl2 and Ir(bpy)(ppy)2 were found to be effective catalysts.
A plausible mechanism for the 1,3-dipolar cycloaddition is
shown in Scheme 13. The reaction commences with oxidation
of tetrahydroisoquinoline 41 to amine radical cation 48 by the
photoexcited state of Ru 2+ . Subsequently, abstraction of a
hydrogen atom α to the nitrogen atom of 48 yields iminium ion
49, which is then converted to azomethine ylide 50 by loss of a
proton. 1,3-Dipolar cycloaddition of 50 with a dipolarophile 46
furnishes fused pyrrolidine 51 that is further oxidized to pyrrole
52.

Scheme 10: Merging Ru-based photoredox catalysis and Cu-catalyzed alkynylation reaction.
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Scheme 11: Merging Ru-based photoredox catalysis and NHC catalysis.

Scheme 12: 1,3-Dipolar cycloaddition of photogenically formed azomethine ylides.

The Zhu group discovered that the use of α-ketoester 53 as a
pronucleophile to intercept the iminium ion of 13 triggered a
new cascade reaction en route to fused isoxazolidine 54 in
excellent diastereoselectivity (>20:1, Scheme 14) [81]. Alcohols were found to be the solvent of choice for this reaction.

Among the three alcohols screened, iPrOH was more effective
than MeOH or EtOH, resulting in a shorter reaction time. The
addition of a catalytic amount of TfOH had marginally beneficial effects on the reaction time and yields. Interestingly,
depending on the electronic character of the N-aryl group,
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Scheme 13: Plausible mechanism for photoredox 1,3-dipolar cycloaddition.

Scheme 14: Photoredox-catalyzed cascade reaction for the synthesis of fused isoxazolidines.

[Ir(ppy)2(dtbbpy)](BF4) or Ru(bpy)3Cl2 was used to obtain
optimal yields. The former catalyst worked better with electronpoor N-aryl groups while the latter was more effective for electron-rich N-aryl groups.
The authors proposed a possible mechanism that starts with
reductive quenching of the photoexcited state of Ru(II) or Ir(III)
by N-phenyltetrahydroisoquinoline 13 (Scheme 15). The
initially formed amine radical cation 14 is converted to iminium
ion 15 by abstraction of a hydrogen atom directly. The addition
of the enol form of α-ketoester 59 to 15 furnishes the Mannich

adduct 60. A retro-aza-Michael reaction via enol 61 allows
cleavage of the C–N bond to yield secondary aniline 62. Aniline
62 is first oxidized to imine 63, which is further oxidized to
nitrone 64. Finally, an intramolecular 1,3-dipolar cycloaddition
of 64 furnishes isoxazolidine 55.
Tetrahydroisoquinolines are arguably the most exploited amines
in visible light photoredox catalysis. However, efforts towards
expanding the scope of amines have been recently reported. Li
[82] and Rueping [83] independently reported that N-arylglycine derivatives 65 are viable substrates (Scheme 16). They

1986

Beilstein J. Org. Chem. 2013, 9, 1977–2001.

Scheme 15: Plausible mechanism for the photoredox-catalyzed cascade reaction.

Scheme 16: Photoredox-catalyzed α-arylation of glycine derivatives.
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are presumably converted to imines 65a that are intercepted by
indoles to give the Mannich-like adducts 67. The conditions
used by Li were 10 mol % Ru(bpy)3Cl2 and 1 atm O2 at 40 °C
with a 5 W blue LED as the light source. N-arylglycine derivatives 65, including esters and ketones, were successfully
converted to the products 67. Rueping used Ir(ppy)2(bpy)PF6 as
the photocatalyst, air, and an 11 W fluorescent bulb as the light
source. Additionally, Zn(OAc)2 was employed as a Lewis acid
cocatalyst. It was postulated that Zn(OAc) 2 facilitates the
conversion of the initially formed amine radical cation to the
imine 65a and subsequently activates the imine for nucelophilic
attack. N-arylglycine esters and N-arylglycine derived dipeptides worked quite well under these conditions. However, the
ketones failed to provide the desired products.
Amides 68 are generally much more difficult to be oxidized
than amines. Their reduction potentials range from 1.2–1.5 V
(vs SCE) for tertiary amides to 2.0 V (vs SCE) for primary
amides [84] which makes them less susceptible to oxidation by
the photoexcited state of Ru(II) or Ir(III) complexes
(Ru(bpy) 3 2+ */Ru 1+ : 0.77 V vs SCE; Ir(ppy) 2 (dtbbpy) + */
Ir(ppy) 2 (dtbbpy), 0.66 V vs SCE) [35]. Stephenson and
coworkers devised a strategy by reversing the order of oxidation and C–H abstraction to overcome this issue (Scheme 17)
[85]. The first intermediate formed is a strongly reducing
α-amino radical 68a that is oxidizable by the photoexcited state
of Ru(II) or Ir(III). The α-amino radical 68a is formed via C–H
abstraction by the sulfate radical anion (SO4−·), which is gener-

ated by exposure of Ru2+* to persulfate (S2O82−), an oxidative
quencher. Electron-rich arenes and indoles are then added to the
N-acyliminium ions 68b to provide the amidoalkylation products 69. Alternatively, the use of only persulfate at 55 °C
afforded the same products. However, higher yields and better
selectivities were generally observed with the photocatalytic
process.

Intercepted by nitrogen, oxygen, or phosphorus
nucleophiles
In addition to carbon nucleophiles, heteronucleophiles including
nitrogen, oxygen, and phosphorus are susceptible to interception of the photogenically formed iminium ions. The Xiao
group developed a highly diastereroselective route to substituted tetrahydroimidazoles 72 based on intramolecular interception of the iminium ions by a tethered sulfonamide (71,
Scheme 18) [86]. Ru(bpy)3Cl2 was employed as the photocatalyst with oxygen as the stoichiometric oxidant. The use of a
base in an alcohol solvent, such as MeOH, was also the key to
the success of this reaction. The diastereoselectivities were
greatly improved by prolonging the reaction time, which would
allow for epimerization leading to the thermodynamically more
stable products. The starting materials, 1,2-diamines 70, were
readily prepared from natural amino acids in enantiomerically
pure form.
Xiao and coworkers then applied the same strategy to prepare
two other types of heterocycles, isoquino[2,1-a][3,1]oxazine

Scheme 17: Photoredox-catalyzed α-arylation of amides.
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Scheme 18: Intramolecular interception of iminium ions by sulfonamides.

and isoquino[2,1-a]pyrimidine (75, Scheme 19) [87]. The use of
[Ir(ppy)2(dtbbpy)](PF6) with air as the external oxidant was
found to be optimal for catalyzing the reaction. Later, the
Marvin group reported an identical synthesis of isoquino[2,1a][3,1]oxazine using Ru(bpy)3Cl2 instead [88]. The tethered
nucleophiles, primary alcohols or sulfonamides, are part of the
N-aryl group of tetrahydroisoquinolines 73. Similar to the synthesis of tetrahydroimidazoles 72, MeOH was the optimal
solvent. No external base was needed when the alcohol was the
nucleophile. However, if the sulfonamide was the nucleophile,
an external base such as t-BuOK was required presumably to
increase the nucleophilicity of the sulfonamide.
The Rueping group trapped the iminium ions using phosphites
76 to produce α-amino phosphonates 78 (Scheme 20) [89].
[Ir(ppy)2(bpy)](PF6) was found to be the most effective cata-

lyst. Interestingly, a biphasic mixture of toluene and water
turned out to be the optimal solvent. The often-observed
byproducts, amides derived from over-oxidation of the iminium
ions, were suppressed [65,66]. The reactions were also sensitive to the steric and electronic nature of phosphites. Phosphites
are quite acidic; their pKas are similar to alcohols. Less sterically hindered phosphites reacted faster as did more acidic
phosphites (e.g., diphenylphosphite).
The König group applied the organic dye Eosin Y as the photocatalyst to catalyze the same reactions (Scheme 21) [67]. The
reactions were irradiated in DMF with green LED light, which
overlapped with the λmax of Eosin Y. The yields are comparable for the two catalyst systems, but the reactions catalyzed by
Eosin Y are much faster (note: the conclusion is based on
2 mol % Eosin Y vs 1 mol % [Ir(ppy) 2 (bpy)](PF 6 )).

Scheme 19: Intramolecular interception of iminium ions by alcohols and sulfonamides.

Scheme 20: Intermolecular interception of iminium ions by phosphites.
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Scheme 21: Photoredox-catalyzed oxidative phosphonylation by Eosin Y.

α-Amino radicals
α-Amino radicals are another class of downstream intermediates produced from amine radical cations. They are also the key
intermediate in one of two potential pathways for the conversion of amine radical cations to iminium ions (Scheme 1). In
contrast to the electrophilic nature of iminum ions, α-amino
radicals are nulceophilic. They tend to add to Michael acceptors in a 1,4 fashion. Since the addition is overall redox neutral,
no external oxidant is required. Most of these addition reactions are conducted under degassing conditions. This is in
contrast to the chemistries involving iminium ions, which are
often performed with exposure to air or oxygen. The reactivity
umpolung at the carbon α to the nitrogen atom has expanded the
repertoire of amine radical cations’ modes of reactivity.
Compared to iminium ions, α-amino radicals have been much
less exploited as synthetic intermediates. Their synthetic applications remain limited.
Pandey and Reiser revealed that α-amino radicals derived from
N-aryltetrahydroisoquinolines were added intermolecularly to
Michael acceptors (Scheme 22) [66]. A blue LED was used as
the light source. Both Ru(bpy)3Cl2 and [Ir(ppy)2(dtbbpy)](PF6)
were found to catalyze the reactions. However, in some of the
examples, the Ir catalyst gave better yields. Mechanistically,
reductive quenching of the photoexcited Ru(II) or Ir(III) complex by N-aryltetrahydroisoquinolineamine yields amine radical
cation 14, which is converted to α-amino radical 17. Conjugated addition of 17 to methyl vinyl ketone produces radical 79,
which is reduced by the Ru(I) or Ir(II) complex with concomitant regeneration of the Ru(II) or Ir(III) complex. Protonation of
the resulting enolate furnishes the adduct 80, thus completing
the catalytic cycle. The authors performed two control studies to
probe the involvement of the α-amino radical 17. The first study
was to irradiate N-phenyltetrahydroisoquinoline 13 in the
absence of the Michael acceptor under otherwise identical
conditions. The dimer, 81, was formed as a mixture of diastereomers. The second study involved irradiation of N-phenyltetrahydroisoquinoline 13 only without degassing the reaction

solution. The amide, 82, was produced instead. Both findings
lend credence to the intermediacy of the α-amino radical 17.
The Yoon group independently discovered that the efficiency of
the same Michael reaction was greatly improved in the presence of a Brønsted acid (Scheme 23) [90]. Some of the
improvements included shorter reaction time, higher yields, and
use of a weaker light source (CFL). The most effective acid
catalysts, of which TFA was found to be optimal, lie within a
narrow range of pKa values. The authors suggested that TFA
protonates the enone 83, thus accelerating the addition of the
α-amino radical to the enone (84).
The Nishibayashi group reported that α-amino radicals generated from a different class of amines, anilines 87, were also
added intermolecularly to Michael acceptors 86 (Scheme 24)
[91]. In this reaction, the Michael acceptors 86 were limited to
those activated by two electron-withdrawing groups.
[Ir(ppy)2(dtbbpy)](BF4) was found to be the most effective
photocatalyst. Solvents were also critical to the outcome of the
reaction; NMP produced much higher yields of the products 89
than DMF, while no products were formed in MeCN or MeOH.
The authors interrogated the intermediacy of the α-amino
radical 88 by treatment of diphenylmethylaniline with a
Michael acceptor incorporating a cyclopropyl ring 95. The ringopening product 98 was isolated in 64% yield, which is consistent with the involvement of the α-amino radical 88.
Oxygen has been suggested to play multiple roles in the oxidation of amines under photoredox conditions (vide supra). The
Rueping group recently reported a new role that oxygen played
in the intermolecular addition of α-amino radicals to Michael
acceptors (Scheme 25) [92]. Oxygen was found to act as a
chemical switch to two competing reaction pathways from the
same starting anilines. Irradiation of a degassed solution of
aniline 99, 2-benzylidenemalononitrile 100, 5 mol %
Ir(ppy)2(bpy)](PF6) in MeCN furnished the typical Michael
adduct 102. This result is similar to those reported by Pandey
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Scheme 22: Conjugated addition of α-amino radicals to Michael acceptors.

Scheme 23: Conjugated addition of α-amino radicals to Michael acceptors assisted by a Brønsted acid.
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Scheme 24: Conjugated addition of α-amino radicals derived from anilines to Michael acceptors.

and Reiser [66], and Nishibayashi [91]. However, when the irradiation was conducted in the presence of air, a different reaction pathway occurred, resulting in the formation of N-alkyltetrahydroquinoline 101. The two reaction pathways diverge from
the radical intermediate 105 generated from the Michael addition of α-amino radical 104 to 2-benzylidenemalononitrile 100.
Without oxygen, the radical undergoes a one-electron reduction
by Ir(II) to produce a stabilized anion, which is protonated to
afford the Michael adduct 106. Alternatively, the radical is
added onto arene to form a cyclohexadienyl radical 107. This
step is reversible in the absence of oxygen. However, in the
presence of oxygen, superoxide is formed via one-electron
reduction of oxygen by Ir(II). The cyclohexadienyl radical 107
is converted to the cyclization product 108 irreversibly by
giving one electron and one proton to the superoxide.
The Nishibayashi group also successfully trapped α-amino radicals derived from N-aryltetrahydroquinolines and N-arylindolines using di-tert-butyl azodicarboxylate 110 to form N,Nacetal products 111 (Scheme 26) [93]. Functionalization of the
sp3 C–H bond α to the nitrogen atom in tetrahydroquinolines
and indolines via iminium ions is challenging because the

corresponding iminium ions are enolizable and thus tend to
tautomerize to enamines [94,95] and/or aromatize [96,97]. The
authors adopted a strategy to bypass the iminium ions and use
α-amino radicals such as 112 instead to construct C–N bonds.
Treatment of N,N-acetal product 111 with Grignard reagents
(Scheme 26, entry 1) or indoles in the presence of TsOH
(Scheme 26, entry 2) provided nucleophilic substitution products at the α carbon. This provides an indirect approach for
α-C–H functionalization of N-aryltetrahydroquinolines and
N-arylindolines. Based on the feasibility of oxidation of
aromatic amines as well as reduction of di-tert-butyl azodicarboxylate (110) by the photoexcited Ir(III) complex [98,99], the
authors favored a mechanism that does not involve the direct
addition of α-amino radical 112 to di-tert-butyl azodicarboxylate (110). Oxidation of N-phenyltetrahydroquinoline by the
photoexcited Ir(III) complex followed by deprotonation
provides α-amino radical 112 with the concomitant formation of
the Ir(II) complex. Di-tert-butyl azodicarboxylate (110) is
reduced by the Ir(II) complex to generate radical anion 113,
which couples with α-amino radical 112 to yield nitrogen anion
114. Concurrently, the Ir(III) complex is regenerated. Protonation of 114 furnishes N,N-acetal 111.
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Scheme 25: Oxygen switch between two pathways involving α-amino radicals.

α-Amino radicals have been mainly used in conjugate addition
reactions. Recently, the MacMillan group has nicely expanded
the scope of the reactions to include addition of the radicals to
aryl rings (Scheme 27) [100]. Using Ir(ppy)3 as the photocatalyst and a 26 W fluorescent light bulb as the light source, cyclic
amines with a variety of ring sizes and acyclic amines underwent the α-arylation reaction to provide benzylic amines. The
arylating reagents were benzonitriles substituted with an electron-withdrawing group. The nitrile group functioned as the
leaving group. In some classes of five-membered heteroaromatics, a chloride was capable of replacing the nitrile group as
the leaving group.
The authors proposed a mechanistic pathway that is initiated by
oxidative quenching of the photoexcited state of Ir(ppy)3 by
benzonitrile 121 to generate radical anion 123 and Ir4+(ppy)3
(Scheme 28). Amine 122 is then oxidized to amine radical
cation 124 by Ir4+(ppy)3 that is reduced to the initial catalyst,
Ir(ppy)3. Deprotonation of amine radical cation 124 by NaOAc

produces α-amino radical 125, which is coupled with radical
anion 123 to form the key C–C bond in 126. Finally, aromatization via expulsion of the nitrile group provides benzylic amine
127.

Cleavage of C–C and N–N bonds
The dominant reaction pathway involving the photogenically
formed amine radical cations is deprotonation at the carbon α to
the nitrogen atom to produce the strongly reducing α-amino
radicals (e.g., 128 to 129). α-Amino radicals can be then intercepted by Michael acceptors or undergo one-electron oxidation
to yield iminium ions (vide supra). An alternative yet much less
exploited reaction pathway concerning amine radical cations
129 is the cleavage of the C–C bond α to the nitrogen atom to
generate a neutral carbon radical (e.g., 130) and an iminium ion
(e.g., 131). The iminum ion is subsequently reduced to α-amino
radical 132 by Ru(I). Back in 1986, the Whitten group established this pathway by irradiation of three substituted tertiary
amines with Ru[4,4’-CO2Et(bpy)]3(PF6)2 respectively using
1993
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Scheme 26: Interception of α-amino radicals by azodicarboxylates.

Scheme 27: α-Arylation of amines.
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Scheme 28: Plausible mechanism for α-arylation of amines.

visible light (Scheme 29) [101]. The identity of carbon radicals
130a and 130b was established by trapping them with a spin
trap and then analyzing using EPR. Additionally, detection of
benzaldehyde by HPLC and VPC provided further evidence for
their formation. In contrast, no products from the amine half
(e.g., 131 and 132) were detected.
Li and Wang recently applied this cleavage reaction to 1,2-diamines, simultaneously generating two classes of synthetically
useful intermediates, iminium ions (e.g., 133, Scheme 30) and
α-amino radicals (e.g., 134, Scheme 30) [102]. The authors then
exploited the synthetic utility of these two classes of intermedi-

ates. Irradiation of nitroalkanes, TMEDA, and Ru(bpy)3Cl2 in
1 atm oxygen afforded the aza-Henry products 135, presumably by trapping the Me 2 N=CH 2 iminium ion 133 that is
formed by cleaving TMEDA (Scheme 30, entry 1). Separately,
irradiation of 2-hydroxyethylacrylate (HEA), TMEDA, and
Ru(bpy)3Cl2 in air produced a polymer incorporating a dimethylamino group (136, Scheme 30, entry 2). The dimethylamino
radical, the other intermediate generated by cleaving TMEDA,
most likely induced the polymerization. The chemistries
involving the iminium ions and α-amino radicals, generated
under visible light photoredox conditions, are often limited by
the substrate scope of the amine precursors, since aromatic

Scheme 29: Photoinduced C–C bond cleavage of tertiary amines.
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Scheme 30: Photoredox cleavage of C–C bonds of 1,2-diamines.

amines are typically required (vide supra). The cleavage reaction, as demonstrated by Li and Wang’s work, has the potential
to produce different types of iminium ions and α-amino radicals that are not accessible by oxidizing amines directly.
The reaction is proposed to proceed through the initial oxidation of TMEDA to amine radical cation 137 by the photoexcited state of the Ru(II) complex (Scheme 31). Amine radical
cation 137 subsequently induces cleavage of the C–C bond α to
the nitrogen atom to form iminium ion 133 and α-amino radical
134 concurrently. By carefully selecting reagents/conditions,
either reactive intermediate can selectively participate in the
designated reaction. As shown in Li and Wang’s work, iminium
ion 133 is intercepted by nitroalkane to afford the aza-Henry

product 135 while α-amino radical 134 is used to initialize
radical polymerization of HEA.
Because of ring strain, cyclopropanes are prone to ring opening
via cleavage of one of the three C–C bonds. The resulting reactive intermediates have been shown to participate in a number
of synthetic/mechanistic applications [103,104]. One of these
applications is a radical clock, which is centered on the cyclopropylcarbonyl to homoallyl radical rearrangement [105]. A
homologous rearrangement based on the amine radical cation of
N-cyclopropylanilines permits cleavage of the C–C bond α to
the nitrogen atom but generating a γ-carbon radical iminium ion
(distonic ion) [106]. We have applied Ru(bpz)3(PF6)2-catalyzed
photooxidation of N-cyclopropylanilines to induce this

Scheme 31: Proposed mechanism photoredox cleavage of C–C bonds.
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rearrangement reaction. The resulting distonic ion was then
intercepted by alkenes to produce [3 + 2] annulation products
(Scheme 32) [107]. An aryl group on the amine was required
for the reaction. Both mono- and bicyclic cyclopropylanilines
were viable substrates to provide the annulation products in
good to excellent yields. The former gave little to poor diastereoselectivity whereas the later produced modest diastereoselectivity. The reaction has 100% atom economy. It is also
overall redox-neutral and thus does not require an external
oxidant.
We believe that the annulation reaction proceeds first via reductive quenching of the photoexcited state of Ru(II) by cyclopropylaniline 147 to generate amine radical cation 148 and
Ru(I) (Scheme 33). Amine radical cation 148 then triggers the
ring opening to release the ring strain while producing a
distonic ion 149 with a primary radical. Distonic ion 149 is
added via a Giese-type radical addition to an alkene, yielding a
more stable distonic ion 151 with a secondary radical. Intramolecular addition of the secondary radical to the iminium ion
furnishes a new amine radical cation 152. Finally, amine radical
cation 152 is reduced by Ru(I) to provide the annulation prod-

uct 153 and regenerate Ru(II), thus completing the catalytic
cycle.
Our group also realized cleavage of N–N bonds by irradiation
of aromatic hydrazines or hydrazides in the presence of
Ru(bpz)3(PF6)2 and air (Scheme 34) [108]. A 13 W compact
fluorescent light was sufficient as the light source. N,N-disubstituted hydrazines and hydrazides were suitable substrates
provided that at least one of the two substituents on the nitrogen
atom was an aryl group. Electron-richer hydrazines were found
to be more reactive than hydrazides. This is consistent with our
expectation that, similar to amines, hydrazines and hydrazides
act as an electron donor to reductively quench the photoexcited
Ru(II) complex. The photoexcited state of Ru(bpz)3 (E1/2*II/I =
1.45 V vs SCE) is more oxidizing than that of Ru(bpy) 3
(E1/2*II/I = 0.77 V vs SCE). However, the two catalysts showed
a divergent pattern of reactivity in the reaction. Ru(bpy)3 was
the more active catalyst for hydrazines, whereas Ru(bpz)3 was
more active for hydrazides. The use of MeOH in addition to
CH3CN significantly shortened the reaction time for less reactive hydrazides, but showed little effect for hydrazines. We
believe that the cleavage reaction is initialized via the oxidation

Scheme 32: Intermolecular [3 + 2] annulation of cyclopropylamines with olefins.
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Scheme 33: Proposed mechanism for intermolecular [3 + 2] annulation.

Scheme 34: Photoinduced clevage of N–N bonds of aromatic hydrazines and hydrazides.

of hydrazines or hydrazides to a amine radical cation 156 by the
photoexcited Ru(II) complex. Deprotonation of the amine
radical cation 156 produces a neutral nitrogen radical 157 that
reacts with oxygen to furnish the radical 158. The radical 158
then rearranges to a new oxygen-based radical 159, which
undergoes a cleavage reaction to yield nitrous acid and a secondary amine radical 160. Finally, one-electron reduction of the
amine radical by Ru(I), followed by protonation provides a secondary amine 155.

Conclusion
Visible light photoredox catalysis provides a unique way to
activate small molecules such as amines. The dual nature of the
photocatalyst’s photoexcited state as both oxidant and reductant allows accepting or donating one electron strictly dependent upon the small molecules encountered. Amines typically
act as an electron donor to reductively quench the photoexcited
state while they are oxidized to the corresponding amine radical
cations. The resulting nitrogen radical cations are highly useful
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reactive intermediates that are capable of initializing multiple
downstream pathways leading to diverse synthetic intermediates such as electrophilic iminium ions, nucleophilic α-amino
radicals, and distonic ions possessing both an iminium ion and a
carbon radical. Interception of these intermediates allows a
variety of synthetic transformations to produce a diverse array
of amines. Moreover, visible light photoredox catalysis has
been merged with other types of catalysis, including enamine
catalysis, N-heterocyclic carbene (NHC) catalysis, or copper
acetylide formation. This dual catalysis approach has significantly expanded the type of bonds that can be formed, particularly bonds formed asymmetrically. In summary, the utility of
amine radical cations formed via photooxidation of the amines
has been amply demonstrated in a number of synthetic methods.
With the organic community’s increasing interest in visible
light photoredox catalysis, new and innovative applications of
this reactive intermediate will continue to develop.
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Abstract
The incorporation of nitrogen atoms into the aromatic ring of phenolic compounds has enabled the development of some of the
most potent radical-trapping antioxidants ever reported. These compounds, 3-pyridinols and 5-pyrimidinols, have stronger O–H
bonds than equivalently substituted phenols, but possess similar reactivities toward autoxidation chain-carrying peroxyl radicals.
These attributes suggest that 3-pyridinols and 5-pyrimidinols will be particularly effectiveco-antioxidants when used in combination with more common, but less reactive, phenolic antioxidants such as 2,6-di-tert-butyl-4-methylphenol (BHT), which we demonstrate herein. The antioxidants function in a synergistic manner to inhibit autoxidation; taking advantage of the higher reactivity of
the 3-pyridinols/5-pyrimidinols to trap peroxyl radicals and using the less reactive phenols to regenerate them from their corresponding aryloxyl radicals. The present investigations were carried out in chlorobenzene and acetonitrile in order to provide some
insight into the medium dependence of the synergism and the results, considered with some from our earlier work, prompt a revision of the H-bonding basicity value of acetonitrile to β2H of 0.39. Overall, the thermodynamic and kinetic data presented here
enable the design of co-antioxidant systems comprising lower loadings of the more expensive 3-pyridinol/5-pyrimidinol antioxidants and higher loadings of the less expensive phenolic antioxidants, but which are equally efficacious as the 3-pyridinol/5-pyrimidinol antioxidants alone at higher loadings.
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Introduction
Radical-trapping (chain-breaking) antioxidants are arguably the
most important class of compounds used to protect organic
materials from oxidative degradation from autoxidation
(Scheme 1) [1,2]. Phenolic compounds are almost universally
used for this purpose – for industrial/commercial applications as
well as in nature – since they possess inherently high reactivities to chain-carrying peroxyl radicals (ROO•) and are readily
manipulated to adjust their physical properties for use under
specific conditions. The mechanism of the reaction involves the
formal transfer of an H-atom from the phenol (ArOH) to a
peroxyl radical ROO • (reaction 1 in Scheme 2).

Scheme 1: Autoxidation of an organic substrate RH.

Scheme 2: Inhibition of autoxidation by radical-trapping antioxidants
(e.g. ArOH).

In general, the resultant phenoxyl radical (ArO•) is sufficiently
unreactive toward the substrate (RH) that it reacts with a second
peroxyl radical (reaction 2 in Scheme 2), thereby breaking two
oxidative chains per molecule of antioxidant – a ratio
commonly referred to as the stoichiometric factor (n). However,
under some circumstances (e.g. when diffusion of the antioxidant is impeded and it has limited opportunity to encounter
other radical species), it is possible for the antioxidant-derived
phenoxyl radical to propagate the chain reaction (reaction 3 in
Scheme 2). The most relevant example of this is so-called
‘tocopherol mediated peroxidation’ (TMP), which occurs when
α-tocopherol (the most biologically active form of vitamin E) is
left alone to protect the lipid core of low-density lipoproteins
(LDL). LDL is the particle responsible for the distribution of
cholesterol in blood plasma and whose oxidation has been
linked to the development of cardiovascular disease. Under
these conditions, α-tocopherol is not an effective radical-trapping antioxidant [3,4].

For this (and other) reason(s), radical-trapping antioxidants are
rarely used alone – be it in nature or industrial/commercial
applications. Instead, organic substrates are generally protected
from oxidation by the addition of a combination of antioxidants
(or co-antioxidants) that function in a synergistic fashion, i.e.
they inhibit autoxidation more effectively together than would
be expected from the simple additive contributions of their individual antioxidant activities. The interplay of α-tocopherol and
ascorbate (vitamin C) in preventing the oxidation of LDL lipids
is perhaps the best-known example of such synergism, since the
regeneration of α-tocopherol by reduction of the α-tocopheroxyl radical by ascorbate prevents TMP, and effectively
turns a water-soluble reducing equivalent into a lipid-soluble
one [5-7].
In recent years, some of us have worked to understand the
kinetic and thermodynamic basis for synergism among radicaltrapping antioxidants in homogeneous solution, which is
summarized in Scheme 3 [8,9]. When two (or more) antioxidants are present in a system, the principal antioxidant (AH) is
identified as that which reacts most rapidly with peroxyl radicals than the other(s), the so-called co-antioxidant(s) (co-AH),
i.e. kinh’ > kinh’’ in reaction 4 and reaction 5 (Scheme 3), respectively. As a result of its greater reactivity, AH must be
consumed before co-AH. However, if the equilibrium in reaction 6 (Scheme 3) is favourable, co-AH can regenerate AH for
further reaction with ROO•. Of course, this is only true if equilibration is faster than consumption of the AH-derived radical by
reaction with a second peroxyl radical, i.e. k r [co-AH] >
k7[ROO•] for reaction 6 and reaction 7 (Scheme 3), respectively. However, this is a condition that is generally easily met
since [ROO•]ss in the presence of AH/co-AH must be very low
and kr for phenol/phenoxyl couples is normally ≥104 M−1s−1
[8,9].

Scheme 3: Relevant reactions in co-antioxidant systems.

Based on this model, in order for synergism to occur among
equilibrating phenolic antioxidants it is necessary that the principal antioxidant has both a higher reactivity with peroxyl radicals (kinh) and a higher O–H bond dissociation enthalpy (BDE),
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as compared to the co-antioxidant. Unfortunately, this is a
very demanding requirement since k inh and the O–H BDE
are inversely correlated according to well-established
Evans–Polanyi relationships [2,10].
Over the years, our research groups have developed novel airstable and highly reactive radical-trapping chain-breaking
antioxidants based on either 3-pyridinol (1) or 5-pyrimidinol (2)
core structures (Figure 1) [11-17]. Compared to equivalentlysubstituted phenols, these compounds have been shown to possess stronger O–H bonds (e.g. +1.4 kcal/mol for 1 and +2.5
kcal/mol for 2 relative to 3) while maintaining similar or higher
reactivity toward peroxyl radicals [11,13]. As is the case for
phenols, 3-pyridinols and 5-pyrimidinols can be substituted
with electron-donating groups to weaken their O–H bonds and
increase their rates of reaction with peroxyl radicals in a
predictable fashion [11]. Based on these facts, we surmised that
3-pyridinols and 5-pyrimidinols would be ideal principal
antioxidants in synergistic co-antioxidant systems with phenols.
Herein we describe the rational design and kinetic characterization of such systems based on the combination of suitably
substituted 3-pyridinols and 5-pyrimidinols (4–9) with conventional phenolic antioxidants (10–12).

Results and Discussion
Synthesis. The preparation of compounds 4a, 4b and 5–8
involved installation of the aryl alcohol moiety as the final step
via a Cu-catalyzed benzyloxylation/hydrogenolysis sequence on
the corresponding pyri(mi)dyl halides, whereas the preparation
of 4c, 4d and 9 followed a route starting from pyridoxamine,
wherein the aryl alcohol is present throughout the sequence.
Details are provided in the Experimental section and/or the
cited references.
Reactivity with peroxyl radicals. To set up a rational framework for the design of co-antioxidant systems, the rate constants
for the reactions of various pyridinols and pyrimidinols with
peroxyl radicals (kinh) were measured by the well-established
inhibited autoxidation of styrene (or cumene) in chlorobenzene
at 303 K. These measurements also included experiments with
three well-established phenolic antioxidants: 2,6-di-tert-butyl-4methylphenol (BHT, 10), 2,6-di-tert-butyl-4-methoxyphenol
(DBHA, 11), a hindered analogue of the widely employed
BHA, and 2,2,5,7,8-pentamethylchroman-6-ol (PMHC, 12), a
synthetic analogue of α-tocopherol lacking its phytyl sidechain.
While some of these rate constants have been reported in the
literature, we felt it necessary to determine them all under the
exact same conditions in order to be able to predict and/or rationalize observations made when the antioxidants are used in
combinations. The results are given in Table 1. It must be
pointed out that where previous data have been obtained under

Figure 1: Relevant structures 1–12.

comparable conditions, our data are in excellent agreement –
with kinh values usually within a factor of two. As a result, the
reactivity trends parallel those that have been observed before:
the bicyclic naphthyridinol compounds 9a–c generally possess
the highest reactivities, followed by the aminopyridinols 4 and
aminopyrimidinols 6, and finally the alkoxypyridinols 5 and
alkoxypyrimidinols 7. A previously unstudied compound – the
2,4-dimethylpyrrole-substituted pyrimidinol 8 – was the least
reactive pyri(mi)dinol we studied, with a rate constant almost
200 fold lower than that of the analogous dimethylamino-substituted pyrimidinol 6b (kinh = 4.4 × 104 versus 7.4 × 106 M−1s−1,
respectively). Clearly, the 2,4-dimethylpyrrole substituent is not
as electron-donating as a dimethylamino substituent (the O–H
bond in 8 is 6.6 kcal/mol stronger than that in 6b, vide infra).
These results provide an explanation for the significant differences in the radical scavenging activities of pyridinols bearing
these substituents in recently reported cell-based assays [18].
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Table 1: Rate constants for the reactions of 4–12 with peroxyl radicals (kinh) at 303 K obtained from AIBN-initiated inhibited autoxidations of styrene
(50% v/v) in either chlorobenzene (PhCl) or acetonitrile (CH3CN). O–H Bond dissociation enthalpies calculated using CBS-QB3 are given along with
available experimental data where possible.

4a
4b
4c
4d
5a
5b
6a
6b
7a
7b
8
9a
9b
9c
10
11
12

kinh (PhCl)
/M−1s−1
(3.6 ± 0.6) × 106 b
(1.4 ± 0.6) × 107 c
(2.0 ± 1.0) × 106 d
(8.5 ± 2.8) × 106 d
(7.3 ± 0.4) × 104
(4.4 ± 0.7) × 105 c
(2.0 ± 0.6) × 106 b
(7.4 ± 0.6) × 106
(3.1 ± 0.4) × 105
(3.7 ± 0.3) × 105
(4.4 ± 1.0) × 104
(5.5 ± 3.1) × 107 h
(7.8 ± 0.8) × 107 h
(1.5 ± 0.2) × 107 j
(1.1 ± 0.2) × 104 k
(1.1 ± 0.2) × 105 k
(3.2 ± 0.5) × 106 k

n

kinh (CH3CN)
/M−1s−1

n

1.9
1.9
2.1
1.9
2.2e
2.1
2.1
2.1
2.0
2.0
2.0e
1.3
1.5
2.0
2.0e
2.0
2l

(5.4 ± 0.2) × 105
(3.0 ± 0.3) × 106
(3.1 ± 0.6) × 105
(3.0 ± 0.4) × 106
(4.1 ± 0.3) × 104
(3.8 ± 0.9) × 104
(3.0 ± 0.7) × 105
(1.0 ± 0.3) × 106
(1.1 ± 0.6) × 104 f
(1.4 ± 0.5) × 104
(1.3 ± 0.5) × 103
(9.2 ± 1.9) × 106
(1.3 ± 0.3) × 107
(2.9 ± 1.4) × 106
n.d.
(2.5 ± 1.0) × 104 f
(6.5 ± 0.8) × 105 f

2.0
2.0
2.0
2.0
1.9e
1.9e
1.9
1.8
2.1e
2.0e
n.d.
1.7
1.7
2.0
n.d.
n.d.
2m

kinh (PhCl)/kinh (CH3CN)

BDEOHcalc(exp)a
/kcal/mol

7
5
6
3
18
12
7
7
28
26
34
6
6
5
4
5

77.9
74.8 (75.9)
78.0
74.5
82.4
78.9
78.3
75.6 (77.1)
80.9 (81.4)
80.9g
81.8
74.9 (75.2i)
75.0 (75.2i)
75.4
78.7 (79.9l)
75.5 (77.2l)
77.7 (77.1l)

aExperimental

values (in benzene) obtained by REqEPR at 298 K are from [12,13] and have been corrected for the revised O–H BDE of phenol [19].
for 4a and 6a were previously determined as 4.8 × 106 M−1s−1 and 1.1 × 106 M−1s−1 at 303 K from the inhibited oxidation of styrene in PhCl
and as 1.1 × 107 M−1s−1 and 6.5 × 106 M−1s−1 at 310 K in benzene by radical clock [16]. cValues of 1.6 × 107 M−1s−1 and 2.9 × 105 M−1s−1 were
previously reported for 4b and 5b from inhibited styrene oxidation in PhCl at 303 K [14]. dValues for 4c and 4d of 3.3 × 106 M−1s−1 and
8.7 × 106 M−1s−1 measured by inhibited autoxidation of styrene in PhCl and of 1.6 × 106 M−1s−1 and 1.4 × 107 M−1s−1 in benzene at 310 K by radical
clock [17]. eDetermined from the inhibited autoxidation of cumene at 303 K. fValues of 7.9 × 102 M−1s−1, 2.2 × 104 M−1s−1 and 6.8 × 105 M−1s−1were
previously measured for 7a, 11, 12 from the autoxidation of styrene in acetonitrile at 303 K [20]. gAssumed the same as 7a. hValues of
6.1 × 107 M−1s−1 and 5.2 × 107 M−1s−1 for 9a and 9b in benzene at 310 K were obtained by radical clock [15]. iMeasured for the analogue of 9a/b
with R = R’ = H. jThe value of 3.1 × 107 M−1s−1 in benzene at 310 K was obtained by radical clock [15] for an analogue of 9c. kValues of
1.4 × 104 M−1s−1, 1.1 × 105 M−1s−1 and 3.8 × 106 M−1s−1 were previously determined for 10, 11 and 12 in the inhibited autoxidation of styrene in PhCl
at 303 K [21]. lFrom [22]. mUsed as reference value.
bValues

To provide further insight into the relative reactivities of these
compounds we also carried out measurements of kinh in acetonitrile as a representative polar solvent. We felt this was necessary since there is essentially no data available in the literature
for the reactivity of the vast majority of these compounds in any
media other than chlorobenzene (or benzene) and we wanted to
examine the solvent-dependence of any synergism we observed
(vide infra). The results demonstrate a significant kinetic
solvent effect, which was most pronounced for the least reactive compounds. For example, kinh for the methoxy-substituted
pyridinol 5a dropped by a factor of 18 on going from
chlorobenzene to acetonitrile, while the reactivity of the more
reactive N,N-dimethylamino-substituted pyridinol 4a dropped
only a factor of 7. Likewise, while kinh for the 2,4-dimethyl-6methoxy-3-pyridinol (5b) dropped 12-fold with the change in
solvent, the reactivity of the equivalently-substituted, but less
reactive, pyrimidinol 7a dropped 28-fold.
Ingold has clearly demonstrated that formal H-atom transfer
reactions of the type X–H + Y• → X• + H–Y, where X is an

electronegative atom, can experience a large kinetic solvent
effect (KSE). In fact, these reactions are slowed down in
hydrogen-bond accepting (HBA) solvents as a result of H-bond
formation between X–H and the solvent since the H-bonded
complex is essentially unreactive to the abstracting radical;
hence only the “free” fraction of X–H in solution can react [2326]. This KSE (illustrated in Scheme 4) is known to have major
impact on the performance of phenolic antioxidants
[2,10,27,28].

Scheme 4: Model for kinetic solvent effects on the radical-trapping
activity of phenolic antioxidants.
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Since the formation of the H-bonded complex is driven by both
the HBA ability of the solvent and the hydrogen-bond donating
(HBD) ability of the H-atom donor, the KSEs evident in the
data above reflect the H-bond acidity of the various radicaltrapping antioxidants we have studied. On quantitative grounds,
an empirical relationship between Ksolv and the HBD ability of
the compound is provided by Abraham's equation (Equation 1),
where
and
are empirical solvatochromic parameters
(range: 0 to 1) quantifying the HBD and HBA ability of the two
interacting partners (e.g. the phenol and the solvent), respectively, in the formation of a 1:1 H-bonded complex [29,30].

the IR signal corresponding to the “free” O–H stretch
(~3610 cm−1), accompanied by the growth of a broad intense
band at lower frequency attributed to the O–H stretch of the
H-bonded species (Figure 2a). By fitting the data corresponding to the integrated IR signal for the free O–H versus the
concentration of the HBA co-solvent to the expression in Equation 2 as illustrated in Figure 2b, the values of Ksolv collected in
Table 2 could be obtained.

(2)

(1)

An
value of 0.37 [24] has been reported for α-tocopherol
(expectedly identical to PMHC, 12), while they have been estimated as 0.50 and 0.55 for compounds 4a and 6a respectively
[2,10], consistent with the larger KSEs on the reactions of the
latter (ca. 7) relative to the former (ca. 5).
FTIR measurements. To put the HBD ability of the pyridinols
and pyrimidinols on solid quantitative ground, we performed
independent (non-kinetic) measurements of K solv for three
representative compounds (5b, 6b and 7b) in three reference
solvents of different HBA ability [30]: acetonitrile (
= 0.44),
ethyl acetate (
= 0.45), and dimethyl sulfoxide (
= 0.78)
using IR spectroscopy [25]. Representative results are shown in
Figure 2.
Addition of a HBA solvent to solutions of the pyri(mi)dinols in
non-H-bonding CCl4 resulted in the progressive decrease of

It should be noted that, for any of the compounds that were
investigated, there is good agreement between the
values
obtained by Equation 1 from equilibrium constants in ethyl
acetate and DMSO, while the value measured for acetonitrile is
consistently lower. Indeed, for each of these compounds, Ksolv
measured for acetonitrile is lower than that for ethyl acetate
despite the fact that the two solvents are attributed essentially
the same HBA ability by Abraham’s β2H scale (0.44 versus
0.45). A similar trend is observed in available literature kinetic
data; the rate constants for formal H-atom transfer from a
variety of phenols to a variety of radicals (e.g. alkyl, alkoxyl,
peroxyl and DPPH) is consistently higher in acetonitrile than in
ethyl acetate [23-28] strongly suggesting that the
value for
acetonitrile needs revision. As a result, we suggest averaging
the
values determined for 5b, 6b and 7b in EtOAc and
DMSO, resulting in 0.55, 0.53 and 0.65, respectively. Such
values are in line with other phenol-type antioxidants [2,10].
The same values can then be used as inputs in Equation 1 to
obtain an average
of 0.39 for acetonitrile. This value is in

Figure 2: The O–H stretching region of representative FTIR spectra of compound 6b (10 mM) in CCl4 containing increasing amounts of acetonitrile as
co-solvent (a) and corresponding plot of the integrated signal at 3610 cm−1 versus the concentration of acetonitrile, fit to Equation 2 (b).

2785

Beilstein J. Org. Chem. 2013, 9, 2781–2792.

accord with that obtained from kinetic measurements: for
instance, using the reaction of α-tocopherol with tert-butoxyl
radicals as model, it was shown that acetonitrile has the same
HBA ability as water [31], which is attributed a reliable
= 0.38 [29,30]. As such, we recommend a value of
of
0.39 for acetonitrile.

Table 2: FTIR measured equilibrium constants at 298 K for H-bonding
of solvents with selected antioxidants (Ksolv) and corresponding
values calculated by Equation 1.

5b

6b

7b

Solvent

Ksolv/M−1

KSEa

CH3CN

3.1 ± 0.2

0.49

EtOAc

5.5 ± 0.3

0.55

DMSO

116.1 ± 11.2

0.55

averageb

0.55

CH3CN

3.0 ± 0.3

0.49

EtOAc

4.7 ± 0.5

0.53

DMSO

95.0 ± 5.9

0.53

averageb

0.53

CH3CN

6.9 ± 1.8

0.60

EtOAc

14.1 ± 0.9

0.68

DMSO

285.0 ± 9.6

0.62

average2

0.65

12

7

26

aKSE

= kinetic solvent effect, taken from data in Table 1. bAverage of
the data in EtOAc and DMSO only, see text.

Computational thermodynamics. The rational design of
synergistic co-antioxidant mixtures requires knowledge of not
only the kinetics of the reactions of the antioxidants with
peroxyl radicals, but also the relative stabilities of the antioxidant-derived radicals, since synergism relies on the position of
the equilibrium of reaction 6 (Scheme 3) [8,9], which is related
to the difference in the O–H BDEs of the equilibrating antioxidants as in Equation 3.
(3)

In order to complete the necessary framework of kinetic and
thermodynamic data, we computed the O–H BDEs of compounds 4–12 using quantum chemical methods. The calculations were carried out at the CBS-QB3 level of theory [32],
since this approach has been shown to provide highly accurate
O–H BDEs in phenols and related compounds [19,33-35]. The
results of these calculations are given in Table 1 alongside the
limited experimental data obtained using the radical equilibration EPR (REqEPR) technique [12,13,22]. The calculated BDEs
are in very good agreement with the experimental values, with
systematic deviations between 0.2 and 1.7 kcal/mol and, most

importantly, they allow insight into the position of equilibrium
(reaction 6, Scheme 3) unfettered by differing experimental
conditions.
Co-antioxidant systems. Given the foregoing kinetic and thermodynamic data, we next set out to design and test representative co-antioxidant mixtures. For simplicity we investigated
only binary AH/co-AH mixtures. The baseline strategy
consisted of selecting a pyridinol or a pyrimidinol as principal
antioxidant (AH) capable of providing maximum radical-trapping kinetics to the mixture (higher kinh), but at the same time a
sufficiently high O–H BDE to be regenerated by the co-antioxidant, co-AH (vide supra), which was selected among the
conventional phenols 10–12.
The autoxidation of an organic substrate (e.g. styrene) thermally initiated at a constant rate, Ri, by an azo-initiator will
consume oxygen at a constant rate in the absence of an
inhibitor. In the presence of a very effective antioxidant such as
4a (kinh = 3.6 × 106 M−1s−1, see Table 1) a plot of oxygen
uptake versus time shows a clear inhibition period of length τ0
that depends on the concentration of AH and the stoichiometric
factor (n ~ 2 for all tested antioxidants, see Table 1). During the
inhibited period (cf. Figure 3), i.e. until AH has been consumed,
the rate of oxygen consumption is almost completely
suppressed, after which it resumes at the uninhibited rate.
Figure 3 also shows that an equivalent amount of a modest antioxidant such as 11 (kinh = 1.1 × 105 M−1s−1, see Table 1) does
not produce a neat inhibition of the autoxidation under the same
conditions, but instead simply retards oxygen uptake, since the
propagation of autoxidation can compete effectively with inhibition. However, when equimolar amounts of 4a and 11 are
present, a clear inhibited period is observed – as was the case
for 4a alone, but its duration is twice what it was in the absence
of the equivalent of 11. This result implies that 11 can regenerate 4a from its corresponding aryloxyl radical. This reaction is
driven by the fact that 4a has an O–H bond which is
2.4 kcal/mol stronger (77.9 kcal/mol) than the O–H bond in 11
(75.5 kcal/mol). The addition of another equivalent of 11
extends the inhibited period to three times that of 4a alone,
clearly demonstrating that it is effectively used as the sacrificial
reductant during the inhibited period.
The duration of the inhibited period (τ) is related to the concentration ratio of the principal antioxidant and co-antioxidant by a
proportionality constant α (Equation 4), which represents the
efficiency with which AH is regenerated by co-AH, which can
be written in terms of the rate constants of the relevant
competing reactions in Scheme 3 as in Equation 5; thus, its
value may lie between 0 (no regeneration of AH by co-AH) and
1 (complete regeneration of AH by co-AH).
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Figure 3: Oxygen-uptake plots recorded during the AIBN initiated autoxidation of styrene in chlorobenzene (50% v/v) at 303 K in the absence or presence of: (a) 4a (6.2 × 10−6 M), 11 (6.2 × 10−6 M) or a mixture of 4a (6.2 × 10−6 M) with either one or two equivalents of 11; (b) 6b (6.2 × 10−6 M), 10
(6.2 × 10−6 M) or a mixture of 6b (6.2 × 10−6 M) and one equivalent of 10.

(4)

(5)

In other words, α is a measure of synergism in the co-antioxidant system. Since the ratio k8/k7 (see Scheme 3) for phenolic
antioxidants is normally ~1 [8], the efficiency of regeneration
depends almost entirely on Kr. Moreover, since H-atom transfer
between phenols usually proceeds with a negligible change in
entropy, α depends largely on the difference in the O–H BDEs
of the two co-antioxidants (Equation 3). If Kr << 1, regenera-

tion will be inefficient and no synergism will be observed;
under those circumstances the co-antioxidants will simply
behave in an additive fashion, as illustrated in Figure 3b for the
combination of 6b (BDE = 75.6 kcal/mol) and 10 (BDE =
78.7 kcal/mol).
Although, in principle, synergism can occur with any AH/coAH ratio (e.g. Figure 4a), the efficiency often changes to some
extent as a function of such ratio, as well as with the actual
experimental conditions. For simplicity, all co-antioxidant
mixtures were investigated under comparable settings in the low
μM range with AH/co-AH ratios of 1:1 and 1:2. As can be seen
from Table 3, several of the antioxidant mixtures investigated
showed good synergism in chlorobenzene (α > 0.5); particu-

Figure 4: Oxygen-uptake plots recorded during the AIBN initiated autoxidation of styrene in chlorobenzene (50% v/v) at 303 K in the presence of
compound 7b and/or 11 (either 6.1 × 10−6 M) (a) and corresponding plots using compound 10 as co-antioxidant (b).
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larly the couples 4a/11, 6a/11, 6a/12, 6b/11, 6b/12, 7a/11, 7a/
10 (similar to 7b/11, 7b/10), 9c/12. From our results we can
conclude that, in general, ΔBDE needs to be > −1 kcal/mol to
expect synergism based on the equilibrium of reaction 6. Not
surprisingly, regeneration was more efficient when a pyrimidinol was used as the principal antioxidant due to the higher
O–H BDEs of the pyrimidinols relative to equivalently substituted pyridinols. On the other hand, it should be noted that the
efficiency α is not the only relevant parameter in determining
the overall efficacy of a co-antioxidant mixture, since the
apparent kinh of the mixture will be identical to that of the most
reactive antioxidant in the mixture [8]. For instance, the mixture 4a/11 (Figure 3a) is a significantly better antioxidant
system than mixtures of 7b/11 (Figure 4a) and 7b/10
(Figure 4b), despite all systems having α = 1.

Table 3: Regeneration efficiency (α) of a principal antioxidant (AH) by
a co-antioxidant (co-AH) in the inhibited autoxidation of styrene in
chlorobenzene or acetonitrile (50% v/v) at 303 K.a

AH

co-AH

ΔBDE
(AH-CoAH)

α (PhCl)

α (CH3CN)

4a
4c

11
11
11
10
11
12
10
11
10
11
10
11
10
12

+2.4
+2.5
−1.0
−4.2
+2.8
+0.6
−0.4
+0.1
−2.1
+4.4
+2.2
+4.4
+2.2
−2.3

1.0 ± 0.1
~0.1
~0.1
~0
1.0 ± 0.1
0.8 ± 0.2
0.5 ± 0.1
0.7 ± 0.1
~0
0.9 ± 0.1
0.9 ± 0.1
1.0 ± 0.1
1.0 ± 0.1
0.6 ± 0.2

0.5 ± 0.1
~0
~0.1
~0
0.8 ± 0.1
0.4 ± 0.2
~0
0.5 ± 0.1
~0
n.d.b
0.3 ± 0.1
0.7 ± 0.2
n.d.b
0.5 ± 0.1

4d
6a

6b

7a
7b
9c
aValues

are averaged on at least three independent experiments with
AH/co-AH ratios of 1:1 and 1:2, in the concentration range 2–10 μM
both for AH and co-AH. bn.d. = not determined.

Since synergistic activity requires a favourable ΔBDE (vide
supra), it seems reasonable to expect that the values of α should
correlate with ΔBDE. Such a correlation is shown in Figure 5,
in which there appears to be a clear sigmoidal relationship
between α and ΔBDE. The correlation is sigmoidal since below
ΔBDE values of ca. −1 kcal/mol little to no regeneration is
observed, whereas above ca. 1 kcal/mol, regeneration is essentially quantitative.
There are two data points that do not lie on the correlation: the
combinations of 4c with 11, and 9c with 12. The latter has

Figure 5: Regeneration efficiencies (α) observed in autoxidations of
styrene in chlorobenzene (50% v/v) at 303 K inhibited by co-antioxidant mixtures as a function of the difference in the O–H BDEs of the
principal (AH) and co-antioxidant (Co-AH) [ΔBDE = BDE(AH) –
BDE(Co-AH)]. The data highlighted in red correspond to the combinations of 9c/12 and 4c/11.

ΔBDE = −2.3 kcal/mol, implying that 9c should not be regenerated by 12. However, because the phenolic co-antioxidant used
in this case (12) is a very reactive antioxidant itself (kinh =
3.2 × 106 M−1s−1 compared to 1.5 × 107 M−1s−1 for 9c) it also
gives a pronounced inhibited period under the reaction condition (see Supporting Information File 1 for oxygen uptake
plots). As such, the additive contributions of 9c and 12 give the
appearance of synergism where only additivity exists. It should
also be pointed out that although the simple additive contributions of the highly reactive antioxidants should give α = 1, a
value of only ca. 0.6 is observed. This is likely due to the
consumption of some 12 by autoxidation at higher concentrations of 9c due to the longer inhibition period, which is known
to lead to lower stoichiometric factors for highly similar compounds (i.e. 9a, 9b) [17]. This leaves the 4c/11 data point as the
only real outlier; since it has ΔBDE = +2.5 kcal/mol, the much
more reactive 4c should be regenerated by the less reactive 11.
This result is puzzling in light of the fact that the structurally
similar pyridinol 4a, which has an essentially identical O–H
BDE, is fully regenerated by 11. The only structural feature
which distinguishes 4c from the other pyridinols and pyrimidinols in Table 3 (and Figure 5) that have positive ΔBDE values
(and therefore α ~ 1) is in the conformation of the substituent at
the 4-position relative to the reactive hydroxyl moiety. Due to
steric interactions between the adjacent ring methyl, the dimethylamino substituent in 4c is rotated out of the plane of the
aromatic ring [17]. On the basis of theoretical calculations,
H-atom transfer between phenol and the phenoxyl radical is
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believed to be a proton-coupled electron transfer reaction,
occurring via an approximately planar transition state wherein
the unpaired electron is delocalized across both phenyl rings
[36]. As such, it is difficult to envision how the conformation of
the dimethylamino substituent in 4c may slow the analogous
reaction between the radical derived from 4c and 11 relative to
the other reaction couples. However, it should be pointed out
that theoretical calculations on the phenol/phenoxyl H-atom
transfer reaction do not include substituents in the ortho positions relative to the phenolic oxygen, which may change the
transition state structure substantially.
Regardless of whether the foregoing rationalization is in fact
correct, the lower than expected regeneration efficiency
observed for the combination of 4c and 11 underscores the fact
that the actual value of α depends not only on the equilibrium in
reaction 6 (Scheme 3) – and hence the ΔBDE – but also on the
absolute rates of the other reactions depicted in Scheme 3 [8]. In
this connection, it is important to note that the values of α we
measured were generally lower in acetonitrile than in
chlorobenzene despite the fact that ΔBDE is expected to
increase on going from chlorobenzene to acetonitrile due to the
stronger H-bonding of the pyridinols and pyrimidinols
(
~ 0.5–0.7) to acetonitrile (vide supra) as compared to the
sterically hindered phenols such as 10 and 11 (
~ 0.2) [37].
The drop in α can only be explained by considering Scheme 3
in more detail. For regeneration of the principal antioxidant AH
(the pyridinol/pyrimidinol) to occur, it is necessary that equilibrium of reaction 6 is faster than reaction 7 (Scheme 3), i.e.
k7 × [ROO•]SS < kr × [co-AH]. In the presence of a good antioxidant AH (rapidly trapping peroxyl radicals by reaction 4
(Scheme 3)) this condition is easily met [8]. However, if the reactivity of AH is hampered by H-bonding to the solvent, the
steady state concentration of peroxyl radicals may grow sufficiently to react competitively with co-AH, thereby decreasing
the efficiency of regeneration [38].

Conclusion
Herein we have provided the kinetic and thermodynamic rationale for the design of synergistic co-antioxidant systems
employing highly reactive 3-pyridinol or 5-pyrimidinol antioxidants in combination with less reactive, but much less expensive, phenolic antioxidants. In several cases, the approach has
shown to equal the performance of the best co-antioxidant
systems designed by nature, such as the tocopherol/ascorbate
system [5] or the tocopherol/catechol system [8]. In general, the
most effective individual antioxidants, e.g. the bicyclic pyridinols (9a–c), pyridinols (4b) and pyrimidinols (6d) are not good
partners for co-antioxidant systems because their O–H BDEs
(74.8–75.6 kcal/mol) are too low. Instead, the slightly less reactive pyridinols and pyrimidinols (e.g. 4a, 6a, 7a/7b), which

have much stronger O–H bonds (>78 kcal/mol), are the ideal
candidates to be used with abundant, persistent phenols such as
BHT (11). We anticipate that this work will prompt the use of
antioxidant mixtures based on 3-pyridinol and 5-pyrimidinol
antioxidants, in order to take advantage of the greater reactivities of these compounds, but to minimize the cost of doing so
by making use of the inexpensive phenolic antioxidants typically used in industrial/commercial applications to regenerate
them in situ.

Experimental
Materials. Solvents were of the highest grade commercially
available (Fluka/Aldrich) and were used as received. 2,2,5,7,8Pentamethyl-6-chromanol (PMHC, 12, 97%) was commercially available (Aldrich) and used without further purification.
Commercial 2,6-di-tert-butyl-4-methylphenol (BHT, 10, 98%)
and 2,6-di-tert-butyl-4-methoxyphenol (DBHA, 11, 97%) were
re-crystallized from hexane. Commercially available 2,2'-azodiisobutyronitrile (AIBN ≥98%) was recrystallized from hexane
and stored at −20 °C. Cumene (98%) and styrene (≥99%) were
distilled under reduced pressure and percolated twice through
silica and alumina prior to use. All solutions were prepared
fresh immediately prior to use.
Synthesis. Compounds 4a, 4b, 6a and 6b were prepared as
described in [39]. Compounds 4c and 4d were prepared as
described in [17]. Compound 5b was prepared as in [14]. Compound 7a was prepared as in [13]. Compounds 9a and 9b were
prepared as in [15], whereas compound 9c was prepared as in
[40].
3-Hydroxy-6-methoxypyridine (5a). A solution of 3-benzyloxy-6-methoxypyridine [39] in MeOH was treated with 10%
Pd/C and the resulting black suspension was stirred at room
temperature under an atmosphere of H2 (1 atm) overnight. The
catalyst was removed by filtration through a pad of celite and
the filtrate was concentrated under reduced pressure. The crude
residue obtained was subjected to flash chromatography on
silica gel (eluent: ethyl acetate/hexanes) and the product
isolated in quantitative yield. 1H NMR (CDCl3) δ 9.32 (br s,
1H, exchanges with D2O), 7.75 (s, 1H), 7.25 (d, J = 8.6 Hz,
1H), 6.56 (d, 8.6 Hz, 1H), 3.84 (s, 3H); 13C NMR (CDCl3) δ
54.2, 111.0, 128.7, 132.3, 148.2, 158.3; HRMS (EI+) m/z: calcd
for C6H7NO2, 125.0477; found, 125.0484.
5-Hydroxy-2-octyloxy-4,6-dimethylpyrimidine (7b).
O-Octylisouronium trifluoromethanesulfonate (5.1 g,
15.8 mmol) was dissolved in dry DMF (30 mL), and 3-acetoxy2,4-pentanedione (2.5 g, 15.8 mmol) was added along with
sodium acetate (1.14 g, 15.8 mmol), and the mixture stirred for
24 hours at 70 °C. Water (200 mL) was then added, the pH
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adjusted to ~5, and the organics extracted with EtOAc
(3 × 100 mL). The organic layers were combined, dried over
MgSO4 and concentrated under reduced pressure. The product
was then recrystallized from CH3CN to yield 35% 7b. 1H NMR
(CDCl3) δ 4.15 (t, J = 6.6 Hz, 2H), 2.32 (s, 6H), 1.63 (m, 2H),
1.32 (br m, 2H), 1.17 (m, 8H), 0.78 (t, 6.5 Hz); 13 C NMR
(CDCl3) δ 14.1, 18.8, 22.6, 26.0, 29.0, 29.2, 29.3, 31.8, 67.4,
142.5, 156.4, 158.3; HRMS (EI+) m/z: calcd for C14H24N2O2,
252.1838; found, 252.1836.
5-Hydroxy-2-(2,5-dimethyl-1H-pyrrol-1-yl)-4,6-dimethylpyrimidine (8). A solution of 5-benzyloxy-2-(2,5-dimethyl-1Hpyrrol-1-yl)-4,6-dimethylpyrimidine [41] in MeOH was treated
with 10% Pd/C and the resulting black suspension was stirred at
room temperature under an atmosphere of H2 (1 atm) overnight.
The catalyst was removed by filtration through a pad of celite
and the filtrate was concentrated under reduced pressure. The
crude residue obtained was subjected to flash chromatography
on silica gel (eluent: ethyl acetate/hexanes) and the product
isolated in quantitative yield. 1H NMR (CDCl3) δ 2.15 (s, 6H),
2.43 (s, 6H), 5.71 (s, 2H); 13C NMR (CDCl3) δ 13.2, 18.4,
107.4, 128.6, 145.7, 149.3, 155.3; HRMS (EI+) m/z: calcd for
C12H15N3O, 217.1215; found, 217.1217.
Autoxidation studies. The chain-breaking antioxidant activity
of the title compounds was evaluated by monitoring the course
of thermally initiated inhibited autoxidations of either styrene or
cumene (RH) in chlorobenzene or acetonitrile. The autoxidation experiments were performed in a oxygen-uptake apparatus
already described elsewhere [42-44]. In a typical experiment, an
air-saturated mixture of styrene or cumene in acetonitrile or
chlorobenzene (50% v/v) containing AIBN (1–5 × 10−2 M) was
equilibrated with the reference solution containing also an
excess of PMHC (1 × 10−2 M) in the same solvent at 30 °C.
After equilibration, a concentrated solution of the antioxidant
(final concentration 1–10 × 10−6 M) was injected into both the
sample flasks, and the oxygen consumption of the sample was
measured. From the rate of oxygen consumption during the
inhibited period (R inh ), k inh values were obtained by using
Equation 6 [44], where R0 is the rate of oxygen consumption in
the absence of antioxidants, Ri is the initiation rate (in the range
2–10 × 10 −9 Ms −1 ), 2k t is the bimolecular termination rate
constant of styrylperoxyl or cumylperoxyl radicals (4.2 × 107
and 4.6 ×104 M−1s−1 respectively) [21,43] and n is the stoichiometric coefficient of the antioxidant. The n coefficient was
determined experimentally from the length of the inhibited
period (τ) by Equation 7.

(7)

A similar procedure was employed to investigate the kinetics of
the antioxidant mixtures. The efficiency, α, was determined
from the oxygen uptake plots by the extension of the inhibition
period according to Equation 4. In cases where no clear inhibition period was observed, α was obtained by fitting the experimental traces with numerical simulations based on Scheme 3
using Gepasi 3.0 software, as previously described [45].
FTIR spectroscopy. Spectra were recorded at 298 K in a
Nicolet Protegé 460 FTIR spectrometer under nitrogen atmosphere using a sealed KBr cell with optical path of 0.5 mm. Solutions of the test compound (10 mM) in CCl4 and in CCl4/HBAsolvent mixtures were analyzed in absorbance mode and the
blank spectrum of the corresponding solvent mixture was
subtracted. The signal in the “free” O–H stretching region at ca.
3610 cm −1 was manually integrated after manual baseline
correction and plotted versus the concentration of the HBA
solvent and fit to Equation 2 [25]. In the case of compound 6b,
similar analysis was repeated using IR peak height in place of
peak area and essentially indistinguishable results were
obtained. In order to confirm the absence of self-association of
the test compounds and to calibrate the spectrometer response,
linear regression plots (Absorbance versus [ArOH]) in CCl4
were preliminarily recorded in the range 1–10 mM. Deviation
from linearity was observed only in the case of 7b, allowing the
determination of its self-association equilibrium constant as
Kself = 121 ± 10 M−1. Therefore, its H-bonding to the solvent
was analyzed as described above using Equation 8 (see
Supporting Information File 1 for further details).

(8)

Supporting Information
Supporting Information File 1
Additional experimental details, oxygen-uptake plots and
FTIR spectra, as well as cartesian coordinates for calculated
structures.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-313-S1.pdf]
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