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This Thematic Series is dedicated to the memory of Professor
Peter Hofmann (Figure 1) whose research work included many
seminal contributions to the field of organometallic chemistry
[1-3]. Organometallic chemistry has therefore been chosen as
the topic of this Thematic Series of the Beilstein Journal of
Organic Chemistry. Over a period of many decades, the chem-
istry of metal-carbon bonds has given rise to an ever-growing
field of fundamental research and applied science, merging the
reactivity of inorganic complexes with the structural diversity of
organic compounds. The contributions in this Thematic Series
reflect the broad impact of organometallic compounds in
various fields of modern chemical research. These include the
tailoring of new ancillary ligands, the investigation of more
active and more selective homogeneous catalysts, catalytic
transformations in the total synthesis of natural products, the
theoretical and kinetic unravelling of reaction mechanisms, and
the verification of rare coordination modes. These various
facets underline the importance of organometallic chemistry in
its own right, but also demonstrate the vital role that research in
organometallic chemistry plays as a provider of invaluable tools
for other chemistry sub-disciplines.

We thank the authors for their excellent contributions and are
grateful for the commitment and the support of the Beilstein-
Institut and its staff who made this Thematic Series possible.
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Figure 1: Peter Hofmann.

Peter Hofmann, a multifaceted organo-

metallic chemist

Peter Hofmann died unexpectedly in Heidelberg on August 15,
2015, having retired from his chair position of organic chem-
istry at Heidelberg University just a few months before [4-155].
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Peter Hofmann was born on January 12, 1947 in the Fran-
conian city of Nuremberg, Germany, where he spent most of his
youth. After the Abitur, his final secondary school examina-
tions in 1966, he studied chemistry at the University of
Erlangen-Nuremberg. In 1973, he received a doctorate with
honors for his research on photochemical reactions of oxepin
and thiepin derivatives in the group of Hans Hofmann
[4-8,10,12,18]. Despite their identical family names, he and his
doctoral supervisor were not related; Hof(f)mann is an unusu-

ally prevalent surname among distinguished German chemists.

In the time between his Ph.D. and postdoctoral research, he
began his studies on vicinal triketones and their electronic struc-
ture [13,33,41].

Peter Hofmann joined the research group of Roald Hoffmann,
the chemistry Nobel laureate of 1981, where he studied the
electronic structure of organo-transition metal complexes by ex-
tended Hiickel model calculations [14,17,20,28,39,49,50,54,57].
In 1978, he completed his habilitation in Erlangen, mentored by
Paul von Ragué Schleyer, and was promoted to professor in
1980. Following a three-month visiting professorship in
Berkeley in 1980, he was appointed to a visiting professorship
in Munich in 1981 that was converted into a permanent academ-
ic position. Working with Ernst Otto Fischer, the chemistry
Nobel laureate of 1973, he benefited from an ideal research
environment that enabled him to compare his theoretical
analyses and predictions with experimental data [34-
38,40,42,43,45-60,62,63,65,74]. As an accomplished communi-
cator of his research results, Peter Hofmann was a much
sought-after visiting professor in the following years,
which led to stints at the Universities of Bern, Ulm,
TU and FU Berlin, Heidelberg, Rennes, Strasbourg, and
Madison Wisconsin. In 1995, he declined the offer of
a professorship from the Free University of Amsterdam
and accepted a call to a chair position at Heidelberg University.
He thus became one of the very few chemists with a
history of research and teaching in theoretical, organic
and inorganic chemistry. His research interests combined
all three fields, with a focus on homogeneous catalysis with
transition metal complexes. Bidentate donor ligands with a
small bite angle such as bis(di-fert-butylphosphino)methane
(dtbpm) were a unique feature of his work [61,67,70-
72,80,81,84,86,93,94,97,100,101,103,107,124,128,148,149]
that ultimately enabled C—Si activation of organosilanes and the
C—C activation of oxiranes by coordinatively unsaturated plati-
num species [66,149]. In the mechanism of the D6tz reaction,
he found that chromacyclobutene structures were unrealistic
intermediates and instead proposed vinylcarbene complexes as
much more stable isomers [64,68,88]. Other research projects of

his group included the synthesis of ruthenium—carbene com-
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plexes with cis-dichloro ligands for olefin metathesis catalysis
[86,87,90,91,98-100,108,132,138,147], the characterization of
copper—carbene complexes as intermediates in the cyclopropan-
ation of alkenes [102,106,113,119,120], as well as detailed
studies into the mechanism of the hydroformylation of alkenes.
An improved understanding of this industrially important
process was achieved by a combination of ligand design for the
rhodium catalysts, kinetic studies, and high-level quantum-
chemical calculations [126,135,142,145,146,152,155].

In 2006, he initiated the foundation of the “Catalysis Research
Laboratory” (CaRLa), a cooperation of Ludwighafen’s BASF
and Heidelberg University, for which he acted as scientific head
until October 2014. Postdocs from all over the world studied
industrially important processes focusing on their fundamental
principles [110,112,115,121,123,126,127]. The biennial
“Heidelberg Forum of Molecular Catalysis” (HFMC), orga-
nized by Peter Hofmann until 2013, has been one of the most
visible scientific events of Heidelberg’s chemical institutes.

Peter Hofmann was initiator, and until July 2009 chairman, of
the SFB 623 “Molecular Catalysts: Structure and Functional
Design”. As dean and vice-dean, he was actively involved in the
affairs of the Heidelberg Faculty of Chemistry and Geosciences
for six years. He received numerous awards and distinctions, in-
cluding 2008 the Emil-Fischer medal of the GDCh and
memberships in the Heidelberg Academy of Science and
Humanities as well as the Academy of Science of North Rhine-
Westphalia.

Peter Hofmann was an archetypical scientist and teacher, and in
many respects a role model for colleagues and students. His
scientific work revealed a high degree of intellectual creativity
and deep chemical understanding, leading to modern and orig-
inal research. He was reliable, honest and forthright in the inter-
action with his colleagues and students and enthusiastic when
discussing any scientific problem. He preferred science over
science politics and found it difficult to hide an aversion
towards pomposity and concealed mediocrity, while being
supportive towards less established junior colleagues.

We will remember Peter Hofmann as a tolerant, cooperative and
amiable colleague.

Bernd F. Straub, Rolf Gleiter, Claudia Meier and Lutz H. Gade

Heidelberg, September 2016
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We report the modular synthesis of three different types of neutral «2-P,N-ligands comprising an imine and a phosphine binding

site. These ligands were reacted with rhodium, iridium and palladium metal precursors and the structures of the resulting com-

plexes were elucidated by means of X-ray crystallography. We observed that subtle changes of the ligand backbone have a signifi-

cant influence on the binding geometry und coordination properties of these bidentate P,N-donors.

Introduction

P,N-ligands have been applied in a wide variety of chemical
reactions ranging from hydrogenations [1,2] and allylic substi-
tutions [3,4] to Heck reactions [5] and conjugate additions to
enones [6]. Their popularity arises from the inherent electronic
disparity of the phosphorus and the nitrogen donor groups,
rendering one binding site a soft m-acceptor featuring a pro-
nounced trans effect and the other site a hard c-donor [7]. In ad-
dition, the steric and electronic properties of both donor groups
can in principle be varied separately, rendering modular con-
struction approaches particularly appealing [8].

Driven by our recent efforts to provide easily accessible,

modular ligand families [9,10], we have explored three differ-

ent possibilities to expand the portfolio of P,N-ligands (L1-L3,
Figure 1). We reasoned that suitable candidates should be
accessible on a multigram scale in excellent yields starting from
commercially available reagents and ideally involving a maxi-
mum of two steps. In addition, the resulting ligand families

ArzFl’ AryP (D;PAQ
N N N N
Ar” N TSAr 4\& SAr Z A
L1 L2 L3

Figure 1: P,N-ligand frameworks studied in this work.
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should provide nitrogen and phosphorus donors with varying
donor strength (amidine vs imine, phosphine vs heteroatom-
bound phosphorus) and different bite angles (five- vs six-mem-
bered chelate rings).

Results and Discussion

Ligand synthesis

We based the preparation of the ligand systems L1-L3 on a
simple construction principle, i.e., only reactions of carbon- or
nitrogen-nucleophiles with chlorophosphines, and condensa-
tions of amines with aldehydes were employed. For the synthe-
sis of the N-phosphanylformamidine derivatives 2 and 3 we pre-
pared a set of three aromatic formamidines (1a—c) starting from
triethyl orthoformate and aromatic amines. Low-temperature
lithiation of 1 and addition to achiral (R = Ph) and axially chiral
(R, = BINOL) chlorophosphines R,PCl gave ligands 2 and 3 in
excellent yields (Scheme 1) [11]. If the correct stoichiometry is
maintained throughout the reaction, the resulting mixtures do
not require a purification step beyond a filtration from toluene
or hexane to remove residual lithium chloride. As has been
pointed out by Dyer et al. for the structurally related N-phos-
phanylamidines, there are several distinct conformers of ligands
2a—c and 3a—c that can exist in solution, depending on the ori-
entation of the phosphorus lone pair, the geometry of the C=N
double bond and the orientation of the substituents of the C—-N
single bond [12]. Notably, all synthesized derivatives feature a
single signal in the 3'P NMR spectrum at room temperature, in-
dicating that a relatively fast interconversion of the different

R
H i, i R-p
N N !
Ar” N A lll _N
. Ar” > Ar

iPr,
A | — )-F
iPr
2a, 97% 2b, 90% 2c, 84%
3a, 92% 3b, 91% 3c, 87%

Scheme 1: Synthesis of N-phosphanylformamidines 2 and 3. Reac-
tion conditions: (i) t-BuLi, THF, =78 °C to rt, 1 h; (ii) RoPCI, THF,
—78 °C to rt, overnight.
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conformers occurs at ambient conditions. However, with in-
creasing steric bulk of the aromatic nitrogen substituents, a sub-
stantial line broadening is observed, indicating the rise of the
isomerization barrier through steric repulsion of the neigh-
boring groups [11].

The methodology for the synthesis of compounds 2 and 3 was
also applied to the preparation of phosphine imine ligand 5.
Instead of a formamidine precursor, imine 4 was employed as
the nucleophile. Deprotonation of 4 at low temperature and ad-
dition of the resulting C-nucleophile to chlorodiphenylphos-
phine gave the desired product in good yield (Scheme 2) [13].
This modification renders the phosphorus donor site more elec-
tron rich and also results in a more robust P-C bond compared
to ligands 2 and 3.

Ph
Ph-p
i, ii N.
*&N‘Mes 4\% Mes
4 5, 80%
PPh; ii <LPth
N.
ELO Z“Mes
6 7, 89%

Scheme 2: Synthesis of phosphanylformamidines 5 and 7. Reaction
conditions: (i) t-BuLi, THF, =78 °C to rt, 1 h; (ii) PhoPCl, THF, -78 °C to
rt, overnight; (i) NH,Mes, toluene, 135 °C, 20 h.

For the preparation of ligand 7 the order of bond formations
of the previous protocols was reversed, that means, the
carbon—nitrogen bond was formed in the second step of the syn-
thesis. Condensation of aldehyde 6 with mesitylamine gave
ligand 7 in good yield [14-16].

The connectivity of the ligands 2, 3, § and 7 imposes a varying
level of rigidity on these bidentate donors, with distinct conse-
quences for their coordination chemistry (vide infra).

Complex synthesis

In the next step of our study we set out to explore the coordina-
tion chemistry and structural properties of the synthesized
ligands with rhodium(I/III), iridium(I/III) and palladium(II)
precursors. Reaction of ligands 2 and 3 with (i) preformed
[Rh(cod),;]BF4 and (ii) stoichiometric amounts of [Ir(cod)Cl],
in the presence of AgBF, gave the corresponding rhodium(I)
and iridium(I) complexes [2,3-M(cod)]BF, in good to excellent
yields (Scheme 3). In a similar fashion, analogous complexes of

ligands 5 and 7 were prepared.
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Scheme 3: Synthesis of complexes [2-M(cod)]X, [3-M(cod)]X,
[5-M(cod)]X and [7-M(cod)]X. M = Rh, Ir; X = BF4~ or OTf". Reaction
conditions: (i) [Rh(cod),]BF4, DCM, rt, 30 min; (ii) [Ir(cod)Cl]2, AgBF4
or AgOTf, DCM, rt, 30 min. Ar = mesityl, 2,6-diisopropylphenyl,
4-fluorophenyl; R = phenyl or BINOL. Yields: [2a-Rh(cod)]|BF4 = 85%,
[2b-Rh(cod)]BF4 = 75%, [2c-Rh(cod)]BF 4 = 88%, [3a-Rh(cod)]BF4 =
74%, [3b-Rh(cod)]BF4 = 90%, [3¢-Rh(cod)]BF4 = 81%,
[2a-Ir(cod)]BF4 = 77%, [2b-Ir(cod)]BF4 = 80%, [2c-Ir(cod)]BF4 = 88%,
[3a-Ir(cod)]BF 4 = 65%, [3b-Ir(cod)]BF4 = 81%, [3c-Ir(cod)]BF4 = 82%,
[5-Rh(cod)IBF4 = 52%, [5-Ir(cod)]OTf = 67%, [7-Rh(cod)]BF 4 = 92%,
[

7-Ir(cod)]BF4 = 85%.

Beilstein J. Org. Chem. 2016, 12, 846—-853.

It should be noted that ligands 2, 5, and 7 feature a distinct shift
of the 3!P NMR resonance to lower fields upon complexation of
a rhodium(I) or iridium(I) center, whereas a shift to higher
fields is observed for ligand 3 [11]. We were able to obtain sin-
gle crystals of compounds [2a-Rh(cod)]BFy, [2b-Rh(cod)]BF4,
of the corresponding iridium complexes and of complexes
[5-Rh(cod)]BF4, [5-Ir(cod)]OTf and [7-Rh(cod)]BF4 suitable
for X-ray analysis by layering solutions of the complexes in
dichloromethane with toluene and pentane. Instructive exam-
ples of the structural properties of selected complexes are illus-
trated in Figure 2. An overview of characteristic bonding prop-
erties of all crystallized compounds can be found in Table 1.

The five-membered metallacyclic derivatives of ligands 2 and 5
feature an almost planar k2-P,N chelate ring with bite angles of
approx. 81-82°. Notably, increasing the number of atoms that
are part of the chelate ring leads to a slightly folded structure
with only minor changes in the bite angle (87°). The nitrogen-
attached aryl substituent typically displays an orientation which
is perpendicular to the plane of the metallacycle [17]. The P-M
bond lengths in all complexes are within the expected range of
2.23-2.27 A, as are the metal-imine bonds (2.08-2.15 A)
[18,19]. The close structural resemblance between the rhodium

(C)

(D)

Figure 2: Molecular structures of [2a-Rh(cod)]* (A), [5-Ir(cod)]* (B), and [7-Rh(cod)]* (C,D). Anisotropic displacement ellipsoids are set at the 50%
probability level. Hydrogen atoms have been omitted for clarity. For selected bond lengths and angles see Table 1.
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Table 1: Selected structural parameters of the crystallized complexes?.

P-M [A] N-M [A] o [ B[]
[2a-Rh(cod)]BFs 2.2338(10)[2.2351(10)]  2.0890(19) [2.0885(19)]  122.25(19) [122.35(19)]  81.69(5) [81.60(5)]
[2b-Rh(cod)]BF,  2.2487(10) [2.2452(10)]  2.0981(18) [2.0907(18)]  122.57(17)[122.55(17)]  81.42(5) [81.75(5)]
[2a-Ir(cod)]BF,  2.2447(18)[2.2389(17)]  2.083(6) [2.082(6)] 122.4(7) [122.3(6)] 81.49(16) [81.94(16)]
[2b-Ir(cod)|BFs  2.2522(7) [2.2473(7)] 2.088(2) [2.080(2)] 123.1(3) [122.9(3)] 81.83(7) [81.89(7)]
[5-Rh(cod)]BF,  2.2580(10) 2.1128(12) 122.24(11) 81.49(3)
[5-Ir(cod)]OTf  2.2698(9) 2.1087(15) 122.33(13) 81.59(4)
[7-Rh(cod)]BFs  2.2653(12) 2.131(4) 129.1(4) 86.65(10)

[2.2587(12), 2.2654(12)]  [2.129(4), 2.155(4)] [128.9(4), 130.0(4)] [87.32(10), 87.66(10)]

aWhere applicable, values for crystallographically independent molecules are provided in square brackets. Pa Denotes the N-C-N angle (complexes
derived from ligands 2) or the N-C—C angle (complexes derived from ligands 5 and 7), respectively. °3 Denotes the N-M-P angle.

and iridium complexes is notable and can be attributed to the
similar atomic radii of these metals [20].

Moreover, the N-C—N angles of the formamidine unit closely
resemble those found in related amidinium salts, thus indicat-
ing that no significant ring strain is present. The M—C_,q bonds
located trans to the P atoms are slightly longer (av 2.11 A) than
the M—C,oq bonds trans to the imino group (av 2.04 A),
suggesting a dominant trans influence of the phosphorus donor
function compared to the imino group. The differing bond
lengths within the N-C—N unit (mean 1.30 vs 1.35 A) may indi-
cate little or no delocalization of the positive charge via the
metallacycle. Remarkably, introduction of the sterically more
demanding 2,6-di(isopropyl)phenyl group as the N-aryl substit-
uent induced only slight structural changes (complexes of
ligand 2a vs 2b), mostly in the orientation of the phenyl rings of
the phosphorus donor and the position of the cyclooctadiene

co-ligand.

To further explore the binding properties of the P,N-ligand scaf-
fold, ligands 2a and 5 were reacted with the Lewis-acidic pre-
cursors [Cp*RhCl,]; and [Cp*Irl;], (Figure 3). As has been
pointed out for the analogous Rh(I) and Ir(I) compounds, com-
plexation is accompanied by a 3P NMR shift to lower fields
(from 49.7 ppm to 108.9 ppm and 80.6 ppm for the Rh(III) and
Ir(IIT) complexes of 2a, respectively). The structures of [2a-

Cp*Irl]BFy, and [5-Cp*IrI|BF4 were confirmed unambiguous-
ly by single-crystal X-ray diffraction. The solid-state structure
of [2a-Cp*Irl]BF4 confirms the tetrahedral environment of the
iridium center, rendering the two faces of the complex inequiva-
lent (Figure 4, left). Similar findings were made for complex
[5-Cp*Irl|BF4 (Figure 4, right). This is also reflected in the
NMR spectra of both complexes, featuring a distinct set of reso-
nances for each methyl group of the mesityl substituent.

Despite the changes in the oxidation state of the metal center,
only subtle deviations in the bond lengths of the chelate ligands
were observed upon going from the Ir(I) to the Ir(IIl) com-
plexes (in complexes of ligand 2a: avg. 2.418 A to 2.270 A for
the P—Ir bond and 2.083 A to 2.132 A for the N—Ir bond; in
complexes of ligand 5: 2.270 A to 2.305 A for the P-Ir bond
and 2.109 A to 2.136 A for the N-Ir bond). Similarly, no major
structural changes of the ligand backbone were detected for the

different oxidation states.

Furthermore, due to the importance of palladium in common
transition-metal-catalyzed transformations [21], we decided to
explore the reactivity of the three P,N-ligand families with the
widely used precursors [Pd(cod)Cl,] and [Pd(allyl)Cl],
(Figure 5). Addition of ligand 2a to a solution of [Pd(cod)Cl,]
in DCM gave complex [2a-PdCl,] in good yield. In the pres-
ence of AgBF4 complex [2a-PdCl;] was converted to the

PhPh . Ph j@é\
P [Cp*MXalp, AgZ Ph-p_ [ Jo
' ~
Y\&Nﬁ rt, DCM, 30 min Y\illl X
M =Rh, Ir;
X =Cl, I; Z=BFy, OTf
Y = NMes, 2a Y = NMes, [2a-Cp*MX]BF4
Y = C(CHj3),, 5 Y = C(CHjs)s,, [5-Cp*IrlJOTf

Figure 3: Coordination of ligands 2a and 5 to Rh(lll) and Ir(lll) precursors. Yields: [2a-Cp*RhCI|BF4 = 87%, [2a-Cp*Irl]]BF4 = 76%,

[5-Cp*Ir]OTf = 80%.
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Figure 4: Molecular structures of [2a-Cp*Irl]* (left) and [5-Cp*Irl]* (right). Anisotropic displacement ellipsoids set at the 50% probability level. Hydro-
gen atoms have been omitted for clarity. For selected bond lengths and angles see Table 2.

Table 2: Selected structural parameters of the crystallized complexes [2a-Cp*Irl]BF4 and [5-Cp*Irl]JOTf.

P-Ir [A] N-Ir [A]
[2a-Cp*Irl]BF4 2.2695(7) 2.1322(15)
[5-Cp*Irl]OTf 2.3052(8) 2.136(2)

a?[7] P[]
122.05(14) 80.42(4)
124.4(2) 79.75(6)

aq Denotes the N-C—N angle ([2a-Cp*Irl]BF ) or the N-C—C angle ([5-Cp*IrlJOTf), respectively. °8 Denotes the N—Ir—P angle.

cationic palladium species [2a-PdC1]BF,4, which is dimeric in
the solid state [11]. Similarly, Pd(allyl) complexes of ligands
2a, 5 and 7 were obtained from mixtures of the respective
ligand, [Pd(allyl)Cl], and AgBF4 or AgOTf as the chloride
scavenger in DCM (Figure 5B).

We were able to obtain single crystals of [2a-PdCl,] and
[5-Pd(2-Me-allyl)]OTf suitable for X-ray diffraction analysis
(Figure 6). For an overview of metric parameters of all palla-
dium complexes see Table 3.

The solid-state structures of [2a-PdCl,] (Figure 6, left) and its
cationic congener [2a-PdCl],(BFy), (Figure 5) show distinct
similarities. Bond lengths and bond angles of the chelate ring
agree well, underlining that halide abstraction is effectively
compensated by the bridging chlorides (Table 3). Significant
structural deviations are only observed for the Pd—Cl bonds,
where significantly longer bonds were found for the cationic
species (trans-nitrogen 2.31 A vs 2.33 A and trans-phosphorus
2.33 A vs 2.42 A). As has been observed for the corresponding
rhodium and iridium complexes (vide supra), the structure of
complex [5-Pd(allyl)]OTf is slightly folded, which is also
accompanied by longer P-Pd and N-Pd bonds (cf. Table 2 and
Table 3).

Conclusion

The work described in this paper shows that three related
neutral «2-P,N-ligand families L1-L3 are accessible via
straightforward condensation protocols. All ligand classes can
be synthesized starting from cheap, commercially available
reagents on a multigram scale. Notably, relatively small
changes in the ligand backbone, i.e., C/N-exchange or increas-
ing the chelate ring size, have a significant impact on the ligand
geometry and its coordination properties. Thus, complexes of
L1 with rhodium, iridium and palladium form planar chelate
rings, structures based on L2 are slightly folded, whereas com-
plexes of L3 exhibit a strong deviation from planarity. In
summary, these results may be utilized for the design, prepara-
tion and structural elucidation of novel late transition metal
complexes. Investigations into their potential as precatalysts for
organic transformations are currently underway in our laborato-

ry and will be reported in due course.

Experimental
General procedure for the preparation of
ligands 2, 3 and 5

To a solution of the formamidine or imine (15.0 mmol,
1.0 equiv) in 150 mL of THF at —78 °C was added dropwise a

solution of fert-butyllithium in pentane (15.0 mmol, 1.0 equiv,
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Figure 5: Formation of palladium complexes of ligands 2a, 5 and 7. (A) Formation of [2a-PdCl,] and [2a-PdClI]>(BF4),, and molecular structure of the
dimer [2a-PdCl],%*. Anisotropic displacement ellipsoids set at the 50% probability level. Hydrogen atoms have been omitted for clarity. (B) Formation
of Pd(allyl) complexes of ligands 2a, 5, and 7. Reaction conditions: (i) DCM, [Pd(cod)Cly], rt, 30 min; (ii) DCM, AgBFy4, rt, 30 min; (iii) DCM,
[Pd(allyl)Cl], or [Pd(2-Me-allyl)Cl],, AgBF4 or AgOTH, rt, 30 min.

»_C|2
Pd

Figure 6: Molecular structures of [2a-PdCly] (left) and [5-Pd(2-Me-allyl)]* (right). Anisotropic displacement ellipsoids set at the 50% probability level.
Hydrogen atoms have been omitted for clarity.

1.9 M). The reaction was left at this temperature for 30 min, 150 mL of THF at —78 °C, stirred for 30 min at this tempera-
warmed to rt and stirred for 1 h. This mixture was added to a  ture and warmed to rt overnight. The solvent was removed

solution of the chlorophosphine (15.0 mmol, 1.0 equiv) in  under reduced pressure and the residue was taken up in 300 mL
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Table 3: Selected structural parameters of the crystallized complexes [2a-PdCl,], [2a-PdCl]»(BF4), and [5-Pd(allyl)]OTf.

P—Pd [A] N—Pd [A] @[] B8 [°]
[2a-PdCly] 2.1823(7) 2.043(2) 121.5(2) 83.59(7)
[2a-PdCI],BF 4° 2.1861(11) [2.1848(10)]  2.007(2) [2.019(2)] 121.4(2) [121.4(3)] 83.62(7) [83.69(7)]
[5-Pd(2-Me-ally)JOTf  2.2806(14) 2.107(3) 122.2(3) 82.24(8)

aa Denotes the N-C—N angle ([2a-PdCly], [2a-PdCI],BF,4) or the N-C—C angle ([5-Pd(allyl)JOTf), respectively. g Denotes the N-Pd—P angle. ®Values
for the second palladium center of the dimer are provided in square brackets.

of toluene. The mixture was then filtered through a plug of
Celite® and the solvent was evaporated in vacuo yielding the
desired product which was used without further purification in
the subsequent metalation steps. For compound numbering and

the preparation of ligand 7, see Supporting Information File 1.

General procedure for the preparation of metal complexes:
A solution of the ligand (100 pmol, 1.0 equiv) in 5 mL of DCM
was added to the metal precursor [M]-X (100 umol, 1.0 equiv)
and the mixture was stirred for 30 minutes. At this point, the
product was either isolated by layering with toluene and
pentane yielding the desired neutral product or AgBF, (alterna-
tively AgOTY) (100 umol, 1.0 equiv) was added to produce the
cationic complex. The suspension was then stirred in the dark
for another 30 minutes, the solid residue was filtered off and the
filtrate was layered with toluene and pentane, and stored at
—40 °C. This procedure yielded a powder or in several cases
single crystals suitable for X-ray diffraction. The solid was then
washed with pentane and dried under high vacuum for several
days to remove residual solvent. Alternatively, the complexes
can be synthesized starting from a preformed cationic precursor
[M]-BF,4 (or [M]-OTY). In this case, a solution of the ligand
(100 pmol, 1.0 equiv) in 5 mL DCM was added to the metal
precursor [M]-BF,4 (100 pmol, 1.0 equiv). The mixture was
stirred for 30 minutes, filtered, layered with toluene and pentane
and stored at —40 °C. Additional purification steps were carried
out as described above. For details see Supporting Information
File 1.
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The design, development and application of an efficient procedure for the concise synthesis of the 1,3-syn- and anti-tetrahydro-

pyrimidine cores of manzacidins are reported. The intramolecular allylic substitution reaction of a readily available joint urea-type

substrate enables the facile preparation of both diastereomers in high yields. The practical application of this approach is demon-

strated in the efficient and modular preparation of the authentic heterocyclic cores of manzacidins, structurally unique bromo-

pyrrole alkaloids of marine origin. Additional features of this route include the stereoselective generation of the central amine core

with an appending quaternary center by an asymmetric addition of a Grignard reagent to a chiral fert-butanesulfinyl ketimine

following an optimized Ellman protocol and a cross-metathesis of a challenging homoallylic urea substrate, which proceeds in good

yields in the presence of an organic phosphoric acid.

Introduction

Chiral pyrimidine motifs constitute prevalent structural features
in a variety of potent natural products and bioactive agents
[1-5]. As exemplified by the marine natural products
manzazidins A and C [2-5], they may be characterized by
diverse configurations, including synthetically challenging

quaternary centers. Owing to their pronounced biological activi-

ties, several synthetic routes have been reported to access these
important substructures [6-22]. The manzacidins have first been
isolated by the group of Kobayashi from the marine sponge
Hymeniacidon sp. in the early nineties of the last century [2].
The compounds have demonstrated potent antifungal activity

[3], and acted as a-adrenoceptor blockers, antagonists of the
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serotonergic receptor and/or actomyosin ATPase activators [23-
25]. As shown in Figure 1 for the most prominent representa-
tives, manzacidins A (1) and C (2), their unique architecture is
characterized by an ester-linked bromopyrrole carboxylic acid
and a tetrahydropyrimidine ring in which one of the amino
groups is attached to a quaternary carbon center. Due to their
intriguing structures in combination with the promising biologi-
cal properties this class of bromopyrrole alkaloids has attracted
great interest from synthetic chemists and a variety of elegant
total syntheses has been reported [6-22]. Inspired by an innova-
tive concept for heterocycles synthesis recently developed in
our group [26-31], we became interested to devise a novel and a
more versatile route to the central heterocyclic core of these
marine metabolites. The method is based on a late-stage diversi-
fication strategy involving a Tsuji-Trost reaction of the urea-
type joint precursor 5. In contrast to existing routes, this ap-
proach enables a more versatile elaboration of different configu-
rations as present in the manzacidins and/or originally postu-
lated for this class of marine natural products. Notably, the

Beilstein J. Org. Chem. 2016, 12, 1111-1121.

absolute configuration of manzacidin C was initially proposed
as shown in Figure 1 [2] and subsequently revised by a total
synthesis [6] which adds to the importance of a flexible route to
such substructures. Herein we report in full detail the design,
development and application of an innovative strategy for the
high-yielding synthesis of 1,3-syn- and anti-configured tetra-
hydropyrimidinones, based on an allylic substitution reaction of
a joint precursor 5. Subsequently this strategy is successfully
applied to the synthesis of the authentic pyrimidine cores 3 and
4 of manzacidin A (1) and ent-manzacidin C (2).

Results and Discussion
General synthetic concept

As part of our ongoing efforts to the design of novel tandem
reactions for the synthesis of complex natural products [29,32-
37], we have developed an innovative concept for heterocycles
synthesis [26-31]. As shown in Scheme 1, this approach that
further advances and generalizes several individual reports by
other groups [38-43], is based on a sequential nucleophilic addi-

Br Tt 1 Br T N

CHNTN TNEC N
/ \ :__(_)_, HN N L . / \ :__(_)_, HN N L .
N "\ MCOZH E H "\ \M\COZH E
[0 L A [0 N I

manzacidin A (1) ent-manzacidin C (2)

o o
HNJ\NH HNJ\NH
TBSO OH TBSO = OH
H Tsuji-Trost H
3 diversification strategy 4
\ " /
HNJ\NHTS
TBSO
X-"oco,Me
5
Figure 1: Modular concept for manzacidin synthesis based on a Tsuji—Trost coupling of joint intermediate 5.
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Scheme 1: General concept for heterocycles synthesis based on a nucleophilic addition and Tsuji—Trost coupling.
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tion and an intramolecular allylic substitution reaction. It relies
on the coupling of different homoallylic nucleophiles of general
type 6 to diverse electrophiles 7 such as Michael acceptors, or
heteroolefins as for example imines, carbonyls or allene
homologs. The resulting homologated nucleophile 8 may then
be trapped in an intramolecular fashion by a m-allyl complex,
which may concomitantly form from 6 through activation of the
homoallylic functionality with a suitable transition metal cata-
lyst. According to this concept, variously substituted 6-mem-
bered heterocycles of type 9 may be obtained in a general and
concise fashion. Notably, this anionic relay process may
directly generate up to four new stereogenic centers and thus
demonstrates a high increase in structural complexity from

readily available starting materials.

Evaluation of the concept by a model study

As a prelude to the targeted substitution pattern of the
manzacidins, we first evaluated the applicability of this process
for a modular synthesis of 1,3-syn- and anti-tetrahydropyrimidi-
nones using the simplified amine substrate 12. Parts of this
model study have already been reported in preliminary form
[31]. Homoallylic amines of type 12 may be efficiently ob-
tained through multicomponent reactions. These involve the
nucleophilic allylation of imines which may be generated in situ
by the condensation of an amine and a carbonyl compound. As
shown in Scheme 2, two such procedures were evaluated within
the preliminary study. The first protocol that we analyzed was
reported by the group of Tian. It involves a four-component
coupling of aldehyde 10 with CbzCl for activation of the
nitrogen source, HMDS and allyltrimethylsilane (11) in the
presence of catalytic amounts of FeSOy4 [44]. In our hands, this
process enabled an efficient access to the desired homoallylic
amine 12 in essentially quantitative yields. The other protocol
was reported by Phukan and involves an iodine-catalyzed con-
densation of aldehyde 10 with benzylcarbamate and allyltri-
methylsilane (11) [45]. Unfortunately, this route was found to
be less effective in terms of isolated yields and scalability.
Thus, the iron-catalyzed procedure was applied and multigram

quantities of 12 were readily obtained.
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As shown in Scheme 3, we next focused on the further derivati-
zation of amine 12 towards suitably functionalized urea sub-
strates 15 or 19. Inspired by a work of Garcia [39], we initially
intended to use isocyanate for both, the introduction of the urea
motif and for the functionalization of the terminal homoallylic
alcohol. Consequently, we evaluated the conversion of 14 to 15.
The required substrate 14 was prepared from amine 12 by cross-
metathesis with 2-butene-1,4-diol (13) in the presence of
Grubbs-1II catalyst 21. However, in the subsequent coupling
reactions of 14 with TsNCO it became apparent that this
homoallylic amine was too unreactive to enable a double addi-
tion to access 15 directly. Therefore, a stepwise approach
towards 19 was pursued instead. This involved either a cou-
pling of 12 first with isocyanate to give 16 followed by a cross-
metathesis or starting with the cross-metathesis to 18 and subse-
quent installment of the urea motif. As shown in the table
inserted in Scheme 3 for selected cross-metatheses of Cbz-pro-
tected amide 12 and its urea-derivative 16 with butene 17, a dif-
ferent reactivity of 12 and 16 was observed. While 16 proved
too unreactive for the coupling reaction under various condi-
tions (e.g., entries 1 and 2), the homologation of the Cbz-pro-
tected amine 12 to 18 could be realized. Preparative useful
yields (69%) were obtained with Grubbs-II catalyst (21) in tolu-
ene at elevated temperatures (entry 3), while lower conversions
were observed with other catalysts (20, 22) or in dichloro-
methane (entries 4 and 5). Finally, for the installment of the re-
quired urea motif into 18, tosylisocyanate in combination with
strong bases was required to achieve useful degrees of conver-
sion towards the desired precursor 19. The best results were ob-
tained with BuLi, as previously communicated [31], while
weaker bases (NEt;, LHMDS, DBU, proton sponge) and less
electron-deficient isocyanates resulted in lower yields.

We then turned our attention to the pivotal intramolecular
allylic substitution reaction of 19 to access syn- and anti-pyrim-
idinones 23 and 24. As previously reported [31], this diastereo-
divergent coupling could indeed be realized as shown in
Scheme 4. Based on a report of Garcia for a related system we
first evaluated Pd,(dba); with different phosphite ligands [39].

0} NHCbz
see table insert
H 4 /\/TMS X
CH3CN
10 11 12
entry reagent catalyst yield (%)
1 CbzCl/HMDS FeSO, 95 [44]
2 CbzNH, I 66 [45]

Scheme 2: Synthesis of homoallylic alcohol 12 by multi-component reactions.
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O
NHCbz TSNCO, BuLi CszJ\NHTs o)
X 77
Ph OH Ph "0 “NHTs
14 15
HO—/;\—OH
23%
° 21, DCM, rt 0
NHCbz TsNCO, BuLi CbzN" "NHTs
Ph X Et,0, 78 °C Ph A
12 36% (43% brsm) 16
MeOZCO—/_\—OCOZMe
17
(see table insert) (0]
NHCbz )
TsNCO, BuLi CbzN NHTs
Ph X OCO,M
2V Et,0,-78°C  Ph 1o X 0C0;Me
18 53%
entry substrate catalyst conditions yield (%)
1 16 20 (5 mol %) toluene, 80 °C -(19)
2 16 22 (5 mol %) toluene, 80 °C -(19)
3 12 21 (5 mol %) toluene, 80 °C 69 (18)
4 12 22 (5 mol %) DCM, 50 °C 60 (18)
5 12 22 (5 mol %) toluene, 80 °C 43 (18)
~N_ N-
Mes Mes
PCys Mes~N~_N~Mes cl
CI,’“‘RJ’ cl ;Ru_
u=\ "Ru= cr”
cI” | ph cr| b o@
PCy; PCys \<

Grubbs-1 (20)  Grubbs-Il (21)

Scheme 3: Preparation of urea-type cyclization precursor 19.

)

CbzN" "NHTs

0CO,Me
19

THF / Pd(PPha)s \ pcm
95% 99%

CbzN” “NTs CbzN” “NTs
= =
H H H H
23 24

Scheme 4: Stereodivergent synthesis of 1,3-syn- and anti-tetrahydro-
pyrimidinones [31].

Hoveyda—Grubbs-Il (22)

However, the best results were obtained with the stable catalyst
Pd(PPh3)4 and depending on the solvent used, either the syn-

isomer 23 or the anti-isomer 24 could be selectively obtained.

Application of the concept for manzacidin

core synthesis

After proofing the general adaptability of our synthetic concept,
we next evaluated the applicability of this procedure for the
synthesis of the authentic manzacidin substrate. As shown in
Scheme 5, we first focused on the stercoselective synthesis of
the chiral amine core of these alkaloids. For the synthesis of the
nitrogen appending the quaternary center we tested a method
developed by the Ellman group [46,47], which relies on an
asymmetric addition of organometallic reagents to enantiopure
tert-butanesulfinyl ketimines of type 29 and 30. Although the
group of Lee had already communicated the synthesis of 33
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O;\/OTBS
26

Q
Ti(OiPr), S.
THF, 70 °C NH;
55% 28
Q
~ S., = OoTBS
30
/\/MgBr
toluene, -78 °C

33 (37%)

+
¢
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Lr °N
H

34 (27%)

AIw
1k
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, \f\~
- c4\i§\%/ \
‘/}_;1.
[ §
X-ray of 28

Scheme 5: Stereoselective synthesis of all possible stereoisomers of the manzacidin core amine by asymmetric addition to chiral tert-butanesulfinyl

ketimines.

using this approach [48], no full details have been given. In ad-
dition, the reported yields were only moderate and the stereo-
chemistry appeared not to have been rigorously assigned.
Therefore, we evaluated this type of asymmetric addition in
more general terms and analyzed the addition reactions of allyl-
magnesium bromide both to 29 and 30. Notably, this route
would allow to access all possible stereoisomers of the
manzacidins, in agreement with the stereochemical diversity of
this class of natural products. In detail, the synthesis of 29 and

30 involved a condensation of hydroxyacetone (25)-derived ke-
tone 26 [49] with Sg- and Rg-tert-butanesulfinamides 27 and 28,
respectively. As an improvement to the original procedure [46-
48], we applied Ti(OiPr)4 as Lewis acid instead of the reported
Ti(OEt)4, which resulted in higher yields and a more reliable
process in our hands. In agreement with the results of Lee the
addition of allylmagnesium bromide to 30 lead to 33 in only
moderate yields and low selectivity towards 34. We then

studied the coupling of 29 in more detail to target amine 31 that
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bears the correct configuration required for manzacidin A.
Possibly, the higher selectivity observed for the conversion of
29 as compared to 30 may be due to initial problems during the
work-up. Finally, the addition could be effected giving the
desired diastereomer 31 in high yields (72%) and the minor
isomer 32 that was likewise obtained (24%) could be readily re-
moved by column chromatography. The configuration of 31
was initially assigned by Mosher ester analysis of the free
amine 36 (Scheme 6) and finally proven in an indirect manner
by an X-ray crystallography of the minor diastereomer 32.
Within the course of this study also an X-ray structure of tert-
butylsulfinylamine 28 was obtained. Remarkably, these types of
substances have not been broadly evaluated by X-ray structural

Beilstein J. Org. Chem. 2016, 12, 1111-1121.

analysis which adds to the importance of this general evalua-

tion.

Next, we focused on further homologation towards a suitably
functionalized urea precursor 5 for the envisioned Tsuji—Trost
cyclization. As shown in Scheme 6, this involved an acidic
cleavage of the sulfinamide followed by basic treatment to give
free amine 35. After protection of the primary hydroxy group as
TBS ether, we first evaluated the synthesis of derivative 40, in
analogy to our model study. Accordingly, the free amine 36 was
Cbz-protected following the Schotten—Baumann method [50].
The obtained amide 37 was then homologated by cross-metath-
esis with butenedicarboxylate 17 in the presence of Grubbs-II

</ 1. HCl/dioxane </
.CS.’ ¢ orgs  2KOHHO
} \H 99% HoN _-OH
31 (2 steps) 35
TBSCI l DCM, rt
NEts;, [DMAP] v 99%

</ CbzCl, K,CO;4 </

cbzin” ~OTBS  DCMH,0, 35 °C HZN}\/OTBS
37 quant. 36
17, cat 21 l 71% TsNCO, THF l 96%
toluene, 80 °C y (E:Z = 5:1) 0°Ctort
o)
NHCbz
TBSO HNJ\NHTS
" "0CO,Me TBSO N
38 39
TsNCO ; 17 l see inset table
0 o}
CszJ\NHTs HNJ\NHTS
B B
o SO X7 "0C0o,Me

X-""Noco,Me
40

5

entry catalyst

additive
(mol %) (mol %)

conditions yield
(%)

1  21(10) - toluene, 80 °C 30
2 21 (10) Ti(OiPr)4 (20) toluene, 80 °C —
3 20(10) - DCM,50°C -
4 22 (10) Ti(OiPr)4 (20) toluene, 80 °C -
5 21(10) 41 (50) DCM,50°C 67

MeOzCO—/_\—OC02Me

17

Scheme 6: Synthesis of the authentic cyclization precursor 5.

O.__OH
P~oH
0

41
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catalyst (21) applying our conditions developed above
(Scheme 3). However, with the resulting homologated amide 38
in hand we were not able to install the required urea moiety
with tosylisocyanate, despite considerable efforts with various
bases, solvents or variation of temperature and equivalents.
These results again demonstrated the difficulties to install the
urea function in a sterically hindered and electronically unreac-
tive Cbz-protected amine substrate, which is in agreement with
our observations above. Therefore, we decided to continue our
route with the free amine 36 instead, which was directly
coupled with TSNCO to give 39 in high yield. The reaction
took place even without an additional base, which shows the
strong influence of the amine protective group on this type of
condensation. Importantly, at this stage, the structure of 39 was
fully confirmed by X-ray crystallography. As shown in
Figure 2, this urea derivative is present as an unsymmetrical
dimer in the crystal lattice, which is stabilized by two hydrogen
bonds between the urea oxygen atoms and the tosyl-protected
nitrogens. This also unambiguously confirms the absolute con-
figuration of 39 and corroborates our prediction of the asym-

metric adduct 31.

C12

Figure 2: X-ray structure of 39.

We then attempted the installation of the required allylic
carbonate on 39 by cross-metathesis with 17. However, initial
attempts following our protocol developed above with Grubbs-
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II catalyst (21) resulted in only moderate conversion (inserted
table in Scheme 6, entry 1). Also, the application of other cata-
lysts with or without additional additives to impede a possibly
unfavorable amine coordination of the reactive ruthenium inter-
mediates [51] did not improve the reaction outcome (entries
2-4). Following reports from Nolan and Prunet [52], as well as
from Steinke and Vilar [53] we finally evaluated tricyclo-
hexylphosphane oxides and organic phosphoric acid, which had
been reported to have beneficial effects in the cross-metathesis
of related substrates. In the presence of catalytic amounts of
phosphoric acid 41 [53], the coupling of 39 with 17 could
indeed be realized in useful yields in a reliable fashion. Optimal
results included treatment of 39 with 2.5 equiv of dicarbonate
17, 50 mol % naphthylphosphoric acid and 10 mol % Grubbs-II
catalyst, giving the desired urea derivative 5 in good yield
(67%), considering the general difficulties observed for such

substrates in cross-metathesis reactions.

With precursor 5 in hand the desired cyclization towards 42 and
43 could then be efficiently realized in a straightforward
manner giving the desired syn- and anti- tetrahydropyrimidi-
nones in a joint fashion with a ratio of 1.5:1. Following the
protocol developed above, excellent yields (94%) were ob-
tained in this coupling. As compared to the model substrate 19
(see Scheme 4) no selectivity was observed in this coupling,
which could also not be modified by other solvents. Possibly
this may be due to the missing Cbz group of 5 as compared to
19. The configuration of both products was assigned by NMR
methods based on characteristic NOE correlations and vicinal
coupling constants as shown in Scheme 7. For further conver-
sion to key intermediates 3 and 4, the tosyl groups of 42 and 43
were removed with Sml, [54,55] giving the free amides 44 and
45. The terminal double bonds were then oxidized by di-
hydroxylation with OsO4 and periodate cleavage [56,57], and
the resulting aldehydes (not shown) were reduced to the termi-
nal alcohols with NaBHy, giving the desired pyrimidinones 3
and 4. These compounds represent key intermediates which
may be transformed into the targeted natural products 1 and 2

following previously established protocols [6,31].

Conclusion

In summary, we have reported in full details the design, devel-
opment and application of an efficient method for the synthesis
of the tetrahydropyrimidinone core of the manzacidins by a
divergent intramolecular allylic substitution reaction. The appli-
cation of this approach enabled a highly concise access to the
authentic heterocyclic cores of the manzacidins, structurally
unique natural products of marine origin. Additional notable
features of our modular route also include the generation of an
amine appending quaternary center by an optimized Ellman
protocol for the asymmetric allyl-Grignard addition to enan-
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Scheme 7: Divergent Tsuji—Trost coupling and completion of the syn-
thesis of authentic pyrimidinones 3 and 4.

tiopure tert-butanesulfinyl ketimines and an efficient cross-
metathesis of an unreactive urea substrate in the presence of an
organic phosphoric acid. It is expected that these strategies and
tactics will find applications in functional target synthesis and
stimulate further studies for modular heterocycle synthesis.

Experimental

Preparation of 31 by asymmetric addition of
allylmagnesium bromide to 29

In a flame-dried flask (Sg)-N-(1-((tert-butyldimethyl-
silyl)oxy)propan-2-ylidene)-2-methylpropane-2-sulfinamide
(29, 1.37 g, 4.70 mmol, 1.0 equiv) was dissolved in 12 mL tolu-
ene and the solution was cooled to =78 °C. To this mixture
allylmagnesium bromide (1.0 M in Et,O, 7.05 mL, 7.05 mmol,

1.5 equiv) was slowly added and the reaction was stirred for 1 h

Beilstein J. Org. Chem. 2016, 12, 1111-1121.

at =78 °C. The reaction was quenched with a solution of satu-
rated NaySOy4, warmed to rt, filtered, washed with ethyl acetate
and finally purified by column chromatography on silica gel
(120 g) with ethyl acetate/hexane 1:9 as eluent, which yielded
the desired diasteromers 31 (major diastereomer) and 32 (minor
diastereomer) as light yellow oils (96 %, dr = 1:3). Major dia-
stereomer SgR (1.13 g, 3.39 mmol, 72%): Ry 0.1 (ethyl acetate/
hexane 1:9); [0]2%p +58.2 (¢ 1.00, CHCl3); '"H NMR (300.13
MHz, CDCl3) 6 0.06 (s, 6H), 0.91 (s, 9H), 1.19 (s, 12H), 2.48
(dd, J=4.1 Hz, 7.4 Hz, 2H), 3.32 (d, /= 9.3 Hz, 1H), 3.49 (d, J
=9.3 Hz, 1H), 3.72 (bs, 1H), 5.11 (d, /= 10.4 Hz, 1H), 5.12 (d,
J=16.7 Hz, 1H), 5.80 (ddt, /= 7.4 Hz, 10.4 Hz, 17.8 Hz, 1H);
13C NMR (75.47 MHz, CDCls) § —5.5, 18.2, 22.1, 22.6, 25.8,
43.0, 55.5, 58.1, 69.2, 118.7, 133.8; HRMS-FAB (m/z): [M +
H]" calcd for C14H36NO,SSi, 334.2231; found, 334.2227.
Minor diastereomer SgS (371 mg, 1.11 mmol, 24%): Ry 0.13
(ethyl acetate/hexane 1:9); [a]*%p +39.2 (¢ 1.00, CHCl3); 'H
NMR (300.13 MHz, CDCl3) § 0.07 (s, 3H), 0.08 (s, 3H), 0.91
(s, 9H), 1.20 (s, 9H), 1.28 (s, 3H), 2.22 (dd, /= 8.0 Hz, 13.7 Hz,
1H), 2.37 (dd, J = 6.7 Hz, 14.0 Hz, 1H), 3.48 (d, J= 9.3 Hz,
1H), 3.53 (d, J= 9.6 Hz, 1H), 3.77 (bs, 1H), 5.09 (d, /= 17.8
Hz, 1H), 5.10 (d, /= 10.7 Hz, 1H), 5.78 (ddt, /= 8.0 Hz, 10.7
Hz, 17.3 Hz, 1H); 13C NMR (75.47 MHz, CDCls) § 5.6, 18.2,
22.3, 22.7, 25.8, 43.1, 55.6, 58.1, 69.9, 118.5, 133.6;
HRMS-ESI (m/z): [M + H]" caled for C;gH34NO,SSi,
334.2231; found, 334.2231.

Preparation of 39 by addition of TsSNCO to

amine 36

p-TsNCO (0.6 mL, 4.13 mmol, 1.1 equiv) was slowly added to
a stirred solution of (R)-1-((tert-butyldimethylsilyl)oxy)-2-
methylpent-4-en-2-amine (36, 902 mg, 3.93 mmol) in dry THF
(3.9 mL) at 0 °C and stirring was continued at rt for 5 h. The
solvent was removed under reduced pressure and purification of
the residue by column chromatography on silica gel (cyclo-
hexane/ethyl acetate 4:1) yielded the desired product (1.61 g,
3.77 mmol, 96%) as a colorless solid. Ry 0.29 (cyclohexane/
ethyl acetate 4:1); mp 84 °C; [0]2°p —2.3 (¢ 0.5, CHCl3); 'H
NMR (300.13 MHz, CDCl3) 6 0.09 (s, 6H), 0.93 (s, 9H), 1.24
(s, 3H), 2.43 (d, J = 8.0 Hz, 2H), 2.44 (s, 3H), 3.44 (d, J=9.8
Hz, 1H), 3.58 (d, /= 9.8 Hz, 1H), 4.99 (dd, /= 10.1, 2.1 Hz,
1H), 5.04 (dd, J=17.2, 2.1 Hz, 1H), 5.58 (ddt, J=17.2, 10.1,
8.0 Hz, 1H), 6.84 (brs, 1H), 7.30 (d, /= 8.1 Hz, 2H), 7.77 (d, J
= 8.1 Hz, 2H); 13C NMR (75.47 MHz, CDCls) 5 —5.4, 18.5,
21.4,21.8, 26.0, 40.1, 57.3, 67.8, 118.8, 127.2, 129.9, 133.3,
137.0, 144.7, 150.3; HRMS-ESI (m/z): [M + Na]" calcd for
C,oH34N,NaO4SSi, 449.1901; found, 449.1892. CCDC
1461909 (39) contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via http://

www.ccdc.cam.ac.uk/data request/cif.
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Preparation of 5 by cross-metathesis of 39

with 17

To a solution of (R)-N-((1-((tert-butyldimethylsilyl)oxy)-2-
methylpent-4-en-2-yl)carbamoyl)-4-methylbenzenesulfon-
amide (39, 50.0 mg, 0.12 mmol, 1.0 equiv), (2)-(but-2-ene-1,4-
diyl)dimethyl dicarbonate (17, 60.0 mg, 0.29 mmol, 2.5 equiv)
and naphthylphosphoric acid (41, 15.0 mg, 67.0 pmol,
0.5 equiv) in dry and degassed dichloromethane (1 mL) was
added Grubbs-II catalyst (21, 10.0 mg, 11.8 pmol, 10 mol %)
and the resulting mixture was stirred overnight at 50 °C under
an argon atmosphere. Concentration in vacuo and purification
by column chromatography on silica gel (10 g) with ethyl
acetate/hexane 1:9 as eluent yielded the desired allylic
carbonate as brown oil (41.3 mg, 80.4 pmol, 67%): R 0.30
(ethyl acetate/hexane 1:3); [a]*"p —2.9 (¢ 1.00, CHCl3); 'H
NMR (300.13 MHz, CDCl3) 6 0.09 (s, 6H), 0.93 (s, 9H), 1.24
(s, 3H), 2.44 (m, 5H), 3.44 (d, J=9.8 Hz, 1H), 3.56 (d, J=9.8
Hz, 1H), 3.79 (s, 3H), 4.49 (d, J = 4.7 Hz, 2H), 5.60 (m, 2H),
6.87 (s, 1H), 7.31 (d, J= 8.1 Hz, 2H), 7.77 (d, J = 8.3 Hz, 2H),
8.42 (bs, 1H); 13C NMR (75.47 MHz, CDCl3) & —5.6, 18.3,
21.3, 21.6, 25.8, 38.5, 54.8, 57.1, 67.7, 68.2, 127.0, 127.5,
129.9, 131.0, 136.7, 144.8, 149.8, 155.6; HRMS-ESI (m/z): [M
+ H]" calcd for Co3H39N,05SSi, 515.2242; found, 515.2247;
HRMS-ESI (m/z): [M + Na]* caled for C53H35N,07SSiNa,
537.2061; found, 537.2065.

Tsuji—Trost coupling of 5 to 42 and 43

A solution of Pd(PPh3)4 (432 mg, 3.73 umol, 20 mol %) in dry
THF (300 mL) was added to a stirred solution of (R,E)-6-((tert-
butyldimethylsilyl)oxy)-5-methyl-5-(3-tosylureido)hex-2-en-1-
ylmethyl carbonate (5, 959 mg, 1.86 mmol) in dry THF
(300 mL) at rt and stirring was continued for 18 h until the color
of the solution changed from yellow to red. The solvent was re-
moved under reduced pressure and purification of the residue
by column chromatography on silica gel (cyclohexane/ethyl
acetate 4:1) yielded the desired products 42 and 43 (766 mg,
1.75 mmol, 94%, dr 1:1.5 anti/syn) as off-white solids. 42: mp
129 °C; [a]*°p —20.3 (¢ 0.5, CHCl3); 'H NMR (400.13 MHz,
CDCl3) 5 0.00 (s, 6H), 0.86 (s, 9H), 1.18 (s, 3H), 1.92 (dd, J =
14.2, 6.3 Hz, 1H), 2.10 (dd, J = 14.2, 3.6 Hz, 1H), 2.39 (s, 3H),
3.35-3.43 (m, 2H), 5.12-5.16 (m, 1H), 5.18 (dd, J = 10.5, 1.5
Hz, 1H), 5.25 (dd, J = 17.2, 1.5 Hz, 1H), 5.45 (brs, 1H), 5.79
(ddd, J=17.2, 10.5, 5.4 Hz, 1H), 7.25 (d, /= 8.3 Hz, 2H), 7.89
(d, J = 8.3 Hz, 2H); 13C NMR (100.62 MHz, CDCl3) 5 5.4,
-5.4,18.2,21.7,25.9,27.1,35.8, 55.1, 56.3, 69.1, 116.8, 129.0,
129.1, 137.1, 137.2, 144.2, 151.4; HRMS-EI (m/z): [M —
C4Hg]" calcd for Cy7H,5N,NaO;SSi, 381.1304; found,
381.1307. 43: mp 127 °C; [a]**p —12.8 (¢ 0.5, CHCl3); 'H
NMR (400.13 MHz, CDCl3) § 0.02 (s, 3H), 0.03 (s, 3H), 0.85
(s, 9H), 1.20 (s, 3H), 1.89 (dd, J=13.9, 3.2 Hz, 1H), 2.05 (dd, J
=13.9, 5.8 Hz, 1H), 2.05 (dd, J = 13.9, 5.8 Hz, 1H), 2.39 (s,
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3H), 3.25 (d, J = 9.4 Hz, 1H), 3.34 (d, J = 9.4 Hz, 1H),
5.30-5.17 (m, 4H), 5.88 (ddd, J = 16.9, 10.5, 6.0 Hz, 1H), 7.25
(d, J=8.3 Hz, 2 H), 7.90 (d, J = 8.3 Hz, 2H); 13C NMR (100.62
MHz, CDCl3) § —5.4, —5.5, 18.3, 21.7, 25.6, 25.9, 36.3, 55.0,
56.3,71.6, 117.0, 129.0, 129.2, 137.1, 144.2, 151.3; HRMS—EI
(m/z): [M - C4Hg]+ caled for C17H25N2NaO7SSi, 381.1307;
found, 381.1309.
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Full experimental details, characterization data of all
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A full account of our efforts toward an asymmetric redox bicycloisomerization reaction is presented in this article. Cyclopentadi-

enylruthenium (CpRu) complexes containing tethered chiral sulfoxides were synthesized via an oxidative [3 + 2] cycloaddition

reaction between an alkyne and an allylruthenium complex. Sulfoxide complex 1 containing a p-anisole moiety on its sulfoxide

proved to be the most efficient and selective catalyst for the asymmetric redox bicycloisomerization of 1,6- and 1,7-enynes. This

complex was used to synthesize a broad array of [3.1.0] and [4.1.0] bicycles. Sulfonamide- and phosphoramidate-containing prod-

ucts could be deprotected under reducing conditions. Catalysis performed with enantiomerically enriched propargyl alcohols

revealed a matched/mismatched effect that was strongly dependent on the nature of the solvent.

Introduction

Due to their prevalence in natural products [1], medicinal
targets [2], and materials [3], organic chemists have made the
construction of cyclic, organic molecules one of the most im-
portant areas of research in their discipline. Of the available
methods to affect cyclization, transition metal-catalyzed enyne
cycloisomerizations [4] have been recognized as an atom- [5],
step- [6], and redox-economical [7] class of reactions that are
able to stitch together cyclic molecules quickly and efficiently.

The very first enyne cycloisomerization reactions were re-

ported by the Trost group while they were synthesizing sub-

strates intended for thermal Alder—ene reactions [8]. They
serendipitously discovered that palladium(II) salts catalyzed the
cyclization of 1,6-enynes at much lower temperatures com-
pared to the thermal process [9], which normally requires tem-
peratures in excess of 200 °C (Scheme 1, path a).

More recently, the same research group disclosed a
CpRu(MeCN);PF¢-catalyzed variant of the same reaction that
proceeds even at room temperature [10]. The ruthenium process
differs from the initially-discovered palladium reaction in that it

produces cyclic 1,4-dienes exclusively; no olefin isomerization
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5 mol % (Ph3P)2Pd(OAC)2, 5 mol % PPhs MeOZC =
C@Hs, 66 °C MeOzC
(@) 1,3-diene,
MeO,C 7 64% yield
MGOQC
=
(b)
10 mol % CpRu(MeCN)3PFg MeO,C
DMF, rt MeO,C
1,4-diene,
MeO,C MeO,C _— 82% yield
[Pd] [Ru]
MeO,C MeO,C
H H  versus H H

Scheme 1: Divergent behavior of the palladium and ruthenium-catalyzed Alder—ene reaction.

is detected (Scheme 1, path b). Moreover, ruthenium can
tolerate many sensitive functional groups, such as free alcohols,
silyl enol ethers, and ketones, which makes it an attractive metal
for late stage functionalization and elaboration of complex mol-
ecules. It is thought that the origin of ruthenium’s divergent be-
havior stems from a difference in reaction mechanism. Where-
as the palladium-catalyzed Alder—ene reaction proceeds through
an initial hydrometallation of a palladium hydride intermediate,
ruthenium is speculated to first form a ruthenacyclopentene
prior to B-hydride elimination. Since the hydrogen leading to
the 1,3-diene is inaccessible to the ruthenacyclopentene, it must
exclusively abstract the exocyclic hydrogen, which results in
1,4-diene formation. Palladium, which is not restricted to a
metallacycle, is free to choose either hydrogen, and therefore

performs B-hydride elimination on the allylic hydrogen.

Recognizing that enantioenriched, cyclic molecular architec-
tures hold a particular interest to the chemical community, espe-
cially in the fields of natural product synthesis and drug design,
researchers have made a significant effort to discover asym-
metric variations of enyne cycloisomerization reactions [11,12].
Researchers have used a variety of transition metals to affect
asymmetric enyne cycloisomerization [13-23].-In particular,
Mikami has disclosed a palladium-catalyzed asymmetric enyne
cycloisomerization where a tetrahydrofuran containing a quater-
nary, all-carbon stereocenter is created in excellent yield and

selectivity [24] (Scheme 2a). Unfortunately, the scope of this

reaction is rather limited, as this is the only example presented
in the paper. Mechanistic studies performed by the same group
on this system support a hydropalladation/cyclization/B-hydride
elimination mechanism. Rhodium catalysis of simple 1,6-
enynes displayed a broader scope than Mikami’s palladium
system, although none of the examples contained a quaternary
stereocenter [25].

Asymmetric enyne cycloisomerization reactions can be extend-
ed beyond the construction of 1,4-dienes, depending on the
transition metal used and the adjacent functionality on the sub-
strate in question. For example, Hayashi has shown that a
rhodium/phosphoramidite catalysis is particularly effective for
asymmetric [5 + 2] cycloaddition reactions (Scheme 2b). The
(S,R,R)-diastereomer of the Feringa-style phosphoramidite
ligand proved to be crucial to both the yield and enantioselectiv-
ity of this reaction, as there was a severe matched/mismatched
effect observed with another diastereomer. In contrast to the ru-
thenium-catalyzed [5 + 2] cycloaddition of enynes, which is
thought to proceed through a ruthenacyclopentene intermediate
[26], it has been proposed that rhodium first undergoes oxida-
tive cyclization with the vinylcyclopropane prior to alkyne
insertion.

The asymmetric enyne cycloisomerization reaction has been

shown to be instrumental in the construction of medicinal

chemistry targets. For example, the Fiirstner group realized that
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Ar = 2-naphthyl HN ?‘ cl
“OMe
GSK1360707

Scheme 2: Some asymmetric enyne cycloisomerization reactions.

gold catalysis would be particularly suited for the construction
of the [4.1.0] bicyclic piperidine core of GSK1360707 [27], a
triple-uptake inhibitor developed by GlaxoSmithKline [28,29]
(Scheme 2c¢). The construction of this interesting molecular
scaffold was a motivator of much of our early work on the ru-
thenium-catalyzed redox bicycloisomerization reaction (vide
infra). Unlike ruthenium and palladium enyne cycloisomeriza-
tion, which operate via metallacycle formation or hydrometalla-
tion, gold acts as a m-acid, increasing the electrophilicity of the
alkyne by 12 coordination. The pendant alkene cyclizes on the
alkyne, and the resulting tertiary carbocation is trapped by a

gold carbenoid intermediate to form the fused cyclopropane.

While there had been reports of utilizing chiral ruthenium com-
plexes for asymmetric catalysis prior to our studies [30-40],
there had previously been no reported examples of asymmetric
ruthenium-catalyzed cycloisomerization reactions in the litera-

ture. In 2011, our research group disclosed the ruthenium-cata-

lyzed redox bicycloisomerization of 1,6- and 1,7-enynes to
construct structurally complex [3.1.0] and [4.1.0] bicycles con-
taining vicinal, quaternary all-carbon stereocenters [41]
(Figure 1a). The proposed mechanism of this fascinating reac-
tion involves chloride abstraction of the ruthenium catalyst by
indium(III) triflate and phosphine ligand dissociation. The
propargyl alcohol then coordinates to the now coordinatively
unsaturated cyclopentadienylruthenium (CpRu) fragment in a
bidentate fashion and undergoes a redox isomerization reaction
wherein the carbinol proton performs a 1,2-hydride shift. The
resulting vinylruthenium intermediate can be seen as a reso-
nance structure of a ruthenium carbene, which coordinates to a
pendant alkene, performs a [2 + 2] cycloaddition to form a
ruthenacyclobutane, and reductively eliminates to generate the
bicyclic product.

Intrigued by the possibility of rendering this reaction asym-

metric, we wondered if an appropriate choice of catalyst,
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(a) /\/ Oy Me
TsN
Me 5mol % CpRu(PPha),Cl M

._OH 3mol % CSA, 5 mol % In(OTf);

M acetone, 0.25 M, 16 h "I\'l

e ; s

85% yield
alcohol reductive
coordination elimination
Me [Ru]
Meml\ﬂe
Ru]--0-
TsN \Rul--0 H oy
a Me Ts
redox [2 +2]
isomerization M M cycloaddition
e e
| |
TSN [Ru]- '|O - [Ru]—O

|
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+

“ PFe
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MeCN™" /s

/ s

MeCN f "0
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1

chiral-at-Ru complexes
L" = chiral ligand

Figure 1: (a) Mechanism for the redox biscycloisomerization reaction. (b) Ruthenium catalyst containing a tethered chiral sulfoxide. (c) Possible dia-

stereomeric complexes formed from alcohol coordination.

namely the chiral CpRu-sulfoxide catalysts 1 our group de-
veloped for asymmetric allylic substitution reactions [42]
(Figure 1b), would be able to impart sufficiently useful enantio-
selectivities on these complex, drug-like molecules. While the
idea certainly was appealing at first glance, this reaction is
complicated by the fact that the 1,6- and 1,7-enyne substrates
contain a stereogenic center that, upon coordination to rutheni-
um, create diastereomeric, chiral-at-ruthenium complexes
(Figure Ic). It was unclear a priori whether this transfer of
stereochemical information would have an adventitious, negli-
gible, or detrimental impact on the enantioselectivity of the

reaction. With this important consideration in mind, we began

our search for an asymmetric ruthenium-catalyzed redox bicy-

cloisomerization reaction [43].

Results and Discussion
Catalyst synthesis

Synthesis of CpRu-sulfoxide complexes requires a six-step se-
quence that was developed in our group [44]. Scheme 3 outlines
the synthetic sequence of p-anisyl catalyst 1. In situ reduction of
4-methoxysulfonyl chloride by triphenylphosphine and trap-
ping with (—)-menthol affords diastereomerically pure sulfinate
ester 2 after enrichment by recrystallization [45]. Grignard addi-
tion attaches a TMS-protected alkyne of appropriate tether

1139



iPr
S0,ClI PPhs, NEt3, (—)-menthol
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|
CF.CH0H 11 _0 2) NH,PFg, MeOH/H,0,
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MeO
5
85% yield
(1:1 dr)

Scheme 3: Synthesis of p-anisyl catalyst 1.

length via stereospecific nucleophilic displacement of the chiral
auxiliary with complete inversion of configuration at the sulfur
center [46,47]. Sulfoxide 3 is incorporated into the catalyst via a
[3 + 2] oxidative cycloaddition with allylruthenium complex 4.
Desilylation of cationic complex 5, ion exchange, and photoly-
sis of 6 completes the synthesis of catalyst 1. Using this
strategy, a variety of catalysts including p-tolyl, 2-naphthyl,
1-naphthyl, and tert-butyl sulfoxide complexes were all synthe-
sized in an analogous fashion. This method has a distinct advan-
tage over a traditional CpRu catalyst synthesis in that the com-
plexes can be made quickly and efficiently without relying on
toxic thallium salts to transfer substitutionally complex cyclo-
pentadienyl ligands to ruthenium.

Beilstein J. Org. Chem. 2016, 12, 1136-1152.

0] N
X Mgl (0] = Cl
\Ma g / /'/\Ru/
Et,Oftoluene, /\/\ S,"' +
—-78°Ctort,16 h TMS ‘e
OMe MeO 3
91% yield, 4
100% inversion at S
41 PFg ‘lPFs_
R v (350 nm) +R|
\ O ‘MeCN, 24 h MeCN >8]
@ recry. from eCN 0
/©/ : MeCN/Et,0
MeO MeO
6 1
49% over 44% vyield
two steps after recry.

While certainly attractive, the main limitation to this synthetic
route is that the diastereomeric mixture of sulfinate esters made
in the first step is required to either be a solid that can be recrys-
tallized to diastereomeric purity or be separable by column
chromatography. Figure 2 contains the attempted sulfinate
ester syntheses that failed using the method described in
Scheme 3. An alternate method to synthesize these chiral
sulfoxides needed to be explored, preferably one that did not
rely on crystallization.

In 2005, the Senanayake group described a process in which
(+)-norephedrine-derived oxathiazolidine 2-oxides are used as
sulfinyl transfer agents in the synthesis of optically pure sulfox-

o o o
A A A
~OX R 277 >ox S~opDG
F F
CF3 F F F

} }
Ssox '~“"'S\0Menthy|
Cl MeO
I\E/Ie
X=
ﬁ%‘\‘
Me~™ "Me
Menthyl

DDG

X indicates both Menthyl and DDG auxilliary tried.

Figure 2: Failed sulfinate ester syntheses.
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ides and sulfinamides [48]. The application of this method to
the synthesis of our chiral sulfoxide tethers is presented in
Scheme 4. Tosyl protection of the primary amine of (+)-nor-
ephedrine and treatment with thionyl chloride furnishes chiral
oxathiazolidine 2-oxide 7 as a single diastereomer in 87% yield
over two steps. Heterocycle 7 is a bench stable white powder
that can be stored indefinitely in a dessicator without any
noticeable decomposition. The sulfonamide moiety activates
sulfur towards nucleophilic addition, making the first addition
of an organometallic reagent faster than the second. By per-
forming two successive organometallic additions to 7, one
could in principle obtain any desired chiral sulfoxide. Addition
of a slight excess of (5-trimethylsilyl)-4-pentynylmagnesium
iodide to the auxiliary at =78 °C affords sulfinate ester 8 in a
66% yield and as a single diastereomer. Organocuprate addi-
tion to 8 completes the synthesis of tether precursors 9 and 10.
The use of an organocuprate is essential in order to obtain good
yields of the desired sulfoxides; the enantiospecificity of this
organocuprate addition was checked by comparison of the
optical rotation of 3 synthesized by this method with 3 synthe-
sized by the menthyl sulfinate ester method used in Scheme 3.
The o-anisyl sulfoxide 12 had to be synthesized in a slightly dif-
ferent manner because the organocuprate addition to 8 failed,
most likely due to deactivation of the organometallic by the
proximal methoxy group. Instead, sulfinate ester 11 was synthe-
sized and subjected to alkylation with (5-trimethylsilyl)-4-
pentynylmagnesium iodide. Because the order of addition was
reversed, it is important to note that 12 has the opposite absolute
configuration. In this way, sulfoxides containing m-xylyl,
o-methoxyphenyl, and cyclohexyl groups have been made and
carried through the remainder of the standard catalyst synthesis
as outlined in Scheme 3. None of the catalysts made through
this method could be synthesized through separation of sulfi-

nate ester diastereomers.

Beilstein J. Org. Chem. 2016, 12, 1136-1152.

Substrate synthesis

The substrates for the enyne bicycloisomerization reaction can
be readily accessed in two steps. Alkylation of a secondary
propargylamide can be achieved by sodium hydride deproton-
ation of its acidic proton and SN2 substitution of a substituted
propargyl bromide (Scheme 5a). Alternatively, the same
propargylamide can be alkylated under Mitsunobu conditions
with a desired primary alcohol. One such alcohol, 2-cyclo-
propylprop-2-en-1-ol, can be synthesized using a modified
Suzuki coupling procedure developed by Soderquist [49]
(Scheme 5b). A cyclopropyl boronate can be generated from
propargyl bromide, 9-BBN, and aqueous sodium hydroxide.
This reactive intermediate can be used in situ for the subse-
quent coupling reaction, which constructs the desired allyl
alcohol after deprotection in a 52% yield over two steps. After
alkylation, the newly-formed enynes can then be deprotonated
with either n-BuLi or LIHMDS and trapped with an aldehyde to
form a substituted propargyl alcohol. With a convenient route
towards these enyne substrates in hand, we set our sights on op-

timizing the asymmetric enyne bicycloisomerization reaction.

Initial experiments and reaction optimization

Due to the similarity of 14 to the triple-uptake inhibitor
GSK1360707 (see Scheme 2), we decided to initiate our efforts
on 1,7-enyne sulfonamide 13 for reaction optimization. Table 1
showcases our initial experiments. With 3 mol % of CpRu-sulf-
oxide catalyst 1 in THF at 40 °C, 14 could be obtained in a 69%
yield and a promising 26.5:73.5 er (Table 1, entry 1). This im-
portant first experiment establishes that 1 not only efficiently
catalyzes redox bicycloisomerization, but also that the ligated
chiral sulfoxide can induce asymmetry in the [4.1.0] bicyclic
product. Indeed, we have shown through control experiments
that CpRu(MeCN)3;PF¢ does not catalyze this reaction without
added ligands, implying that the sulfoxide must be bound to the

0, o, s
Mgl '«.s/ o)
oS NTs  TMS—=—+H); ((127Q NHTs _RwmgBr, CuBrDMS A v\/TMS
‘ THF/Et,0, -78 °C, 3 h THF,-78°Ctort,3h R™
o Me I Ph Me /
™S o R= m-xylyl, 9, 72% yield
7 66% yield, >99:1 dr cyclohexyl, 10, 70% yield
o] / MgBr o
5 s- Mot 2 ™S
Q" 7 NTs OMe R°TQ NHTs  qus—+), g v\/
Ph/—\Me THF, -78°C,3h PH  Me THF/Et,0,-78°Ctort,3h *
OMe
7 R = o-anisyl, 11 12
66% yield, >99:1 dr 85% yield

Scheme 4: Using norephedrine-based oxathiazolidine-2-oxide 7 for chiral sulfoxide synthesis.
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Conditions: i. NaH, DMSO, rt, then alkyl bromide, 14 h. ii) NaH, DMF, 0 °C, then alkyl bromide,
0 °C to rt, 17 h. iii) Alcohol, PPhs, DIAD, THF, rt, 17 h. iv) LIHMDS, THF, —78 °C, 30 min then
R3CHO, -78 °C, 1 h. v) n-BuLi, THF, =78 °C, 30 min then R3CHO, -78 °C, 1 h.

.
Na |
A ~_OH
1) 2 equiv 9-BBN, THF, reflux, 2 h B 3) 3 mol % Pd(PPh3)4,/I\/OTBS

/\Br

2)3MNaOH, rt, 1 h

iOTBS

5 mol % CSA
MeOH, rt, 1 h

THF, reflux, 17 h

(b)

Lo

2-cyclopropylprop-2-en-1-ol

52% yield (2 steps)

Scheme 5: (a) General synthetic sequence to access enyne bicycloisomerization substrates (b) Synthesis of 2-cyclopropylprop-2-en-1-ol using a

modified Suzuki coupling reaction developed by Soderquist.

Table 1: Initial result for the asymmetric redox bicycloisomerization of 1,7-enyne 13 with chiral CpRu-sulfoxide complex 1 and the effect of added

ligands.
‘\PF{
A +R ) 0]
«-Ru
TsN o MeCN* / \S., H Me
~_ OH 3 mol % MECN__ 0 ,3mol %L
THF, temp., \ / 0.25M,16 h
Me Ts
13
MeO 14
entry ligand temp. (°C) conversion (%)? yield (%) erb
1 none 40 100 69 26.5:73.5
2 none 60 100 89 26.0:74.0
3 PPh3 60 0 n.r. -
4 P(OPh)3 60 0 n.r. -
5 (+)-(R)-methyl p-tolyl sulfoxide 60 100 74 28.0:72.0
6 (+)-(R)-methyl p-tolyl sulfoxide 40 50 22 41.5:58.5
7 (=)-(S)-methyl p-tolyl sulfoxide 40 0 N.R. -
8 (£)-N-(p-tosyl) methyl p-tolyl sulfimide 40 50 22 50.0:50.0

aDetermined by NMR integration. PDetermined by chiral HPLC.

metal in order for the reaction to proceed. Raising the tempera-
ture to 60 °C had a negligible impact on enantioselectivity
(Table 1, entry 2).

Our proposed mechanism of the racemic redox bicycloisomer-

ization reaction necessitates the decomplexation of one phos-

phine ligand before catalysis can occur (vide supra). In other
words, ruthenium must have two open coordination sites in
order to bind the substrate. To test if there is a similar require-
ment for 1, we decided to add one catalyst equivalent of an
auxiliary ligand to test its impact on reaction rate, conversion,
and enantioselectivity. Added phosphorous-based ligands only
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served to completely shut down all reactivity (Table 1, entries 3
and 4). At 60 °C, 3 mol % of chiral (+)-(R)-methyl p-tolyl sulf-
oxide had no impact on the reaction, indicating negligible
binding of the ligand to the metal (Table 1, entry 5). In general,
untethered, exogenous sulfoxides are poorer ligands to rutheni-
um than phosphines or phosphites. As the reaction temperature
is lowered to 40 °C, however, one begins to see a significant de-
crease in reaction rate and conversion (Table 1, entry 6). The
enantioselectivity of the reaction also drops to 41.5:58.5 er
Interestingly, (—)-(S)-methyl p-tolyl sulfoxide completely inhib-
ited any reaction at 40 °C (Table 1, entry 7). Finally, the more
electron-withdrawing (+)-N-p-tosyl methyl p-tolyl sulfimide
(p-CH3Ph(S=NTs)CH3) also reduced both conversion and er.

As seen in Table 2, the redox bicycloisomerization reaction is
compatible with a number of solvents that have vastly different
steric profiles and dielectric constants. The nature of the
solvent also had a significant impact on the enantiomeric ratios.
Switching from THF to acetone, we observed a dramatic
reversal in enantioselectivity, going from 26.5:73.5 to
67.0:33.0, respectively (Table 2, entry 2). Changing the reac-
tion temperature had no impact on the er, similar to the temper-
ature studies done in THF (Table 2, entries 3 and 4).

Beilstein J. Org. Chem. 2016, 12, 1136-1152.

Initially, we thought that this difference in selectivity between
acetone and THF was due to their drastically different steric
profiles, so we tested bulkier analogues of these solvents, 2,5-
dimethyl THF (mixture of cis and trans, entry 5) and 3-methyl-
2-butanone (Table 2, entry 6). Complex 1 catalyzed the redox
bicycloisomerization reaction less efficiently in both solvents.
Chlorinated (Table 2, entry 7), aromatic (entry 8), ester (entry
9), and alcohol (entry 10) solvents were all tried, with inferior
results to acetone and THF and without any obvious trends in
selectivity apparent. Finally, alternative ethereal solvents like
1,4-dioxane (Table 2, entry 11) and DME (entry 12) were
checked, as well as the effect of adding a small volume percent-
age of N,N-dimethylformamide (Table 2, entries 13 and 14). No

improvement in enantioselectivity was observed.

The effect of catalyst structure on the selectivity of the redox
bicycloisomerization reaction was explored in both acetone and
THF, due to the differential nature of both of these solvents
(Table 3). p-Tolyl and 2-naphthyl sulfoxide complexes 15 and
16 were both able to catalyze the reaction to complete conver-
sion, although the enantiomeric ratios of 14 were lower than in
the p-anisyl case. Curiously, the bulkier 1-naphthyl sulfoxide
complex 17 was completely ineffective, most likely due to deli-

Table 2: Solvent effects on asymmetric redox bicycloisomerization reaction as described in [43].

—]PFﬁ‘
+R O
TN TS MeCN™/3 j H

S Me

%,

\\( on _3mol % MeCN o
solvent, 40 °C, 0.25M,16 h
Me
13 Med ™ 1

entry solvent conversion (%)@ yield (%) erb

1 THF 100 69 26.5:73.5
2 acetone 100 72 67.0:33.0
3¢ acetone 100 69 67.0:33.0
4d acetone 91 n.d.e 66.0:34.0
5¢ 2,5-Me, THFf 50 17 26.5:73.5
6¢ iPr Me ketone 70 47 57.5:42.5
7 DCE 100 66 60.5:39.5
8 toluene 59 n.d.t 31.5:68.5
9 EtOAc 100 65 37.0:63.0
10 MeOH 100 80 45.0:55.0
11 1,4-dioxane 100 59 32.0:68.0
12 DME 100 56 27.0:73.0
13 THF9 62 13 41.0:59.0
14 acetoned 88 56 61.0:39.0

aDetermined by NMR integration. PDetermined by chiral HPLC. cReaction performed at 60 degrees. YReaction performed at room temperature. ®Not
determined due to inseparability from starting substrate. "Mixture of cis and trans. 92 vol % DMF added.

1143



Beilstein J. Org. Chem. 2016, 12, 1136-1152.

Table 3: Effect of the catalyst structure on the redox bicycloisomerization as described in [43].

jPFG-
. (@)
tRU\ j H Me

TSN/\/\ \
MeCN"/ ~S.
X_OH 3mo% MeCN ¢ ©
Me solvent, 40 °C, 0.25 M, 16 h [I\_ls
13 14
entry R solvent conversion (%)2 yield (%) erb
.
1 | acetone 100 72 67.0:33.0
MeO 5 THF 100 69 26.5:73.5
1
) /©/ acetone 100 72 64.5:35.5
Me THF 100 53 41.0:59.0
15
3 acetone 100 72 60.5:39.5
THF 100 58 31.5:68.5
16
4 acetone 0 n.r -
THF 0 n.r —
17
Me zs
. Me>f acetone 100 69 40.5:59.5
Me THF 93 44 43.5:56.5
18
6 acetone 50 11 52.0:48.0
M M THF 82 36 54.0:46.0
€ e
19
MeO
7c acetone 100 50 27.5:72.5
THF 63 30 22.0:78.0
20
By
8 acetone 100 70 73.5:26.5
THF 100 57 47.5:52.5
21

aDetermined by NMR integration. PDetermined by chiral HPLC. Catalyst enantiomer opposite to the one shown.

gation of the sulfoxide prior to coordination of the substrate
(Table 3, entry 4). The more electron-rich, bulky #-butyl sulf-
oxide catalyst 18, was able to maintain coordination to rutheni-
um, though the enantiomeric ratios obtained were unsatisfac-
tory (Table 3, entry 5). m-Xylyl 19 was similarly disappointing
(Table 3, entry 6). However, o-anisyl 20 was interesting in that

it was able to maintain high enantiomeric ratios of 14 in both

THF and acetone and with the same absolute configuration
(Table 3, entry 7). This could possibly be due to a chelation
effect wherein the o-methoxy group acts as a hemilabile ligand,
changing the steric and electronic environment around the metal
center. Since 20 displayed inferior conversions and yields, how-
ever, it was eschewed in favor of complex 1. Cyclohexyl 21

was also an excellent catalyst in terms of reactivity, but again
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this system did not prove to be differential towards the enan-

tiomeric ratio of 14.

Before moving forward with complex 1, we wondered how
these complexes compare to other catalyst/ligand systems in
terms of reactivity (Table 4). After all, complexing an achiral,
commercially available catalyst CpRu(MeCN);PFg with a chiral
ligand would constitute a much simpler solution to the develop-
ment of an asymmetric redox bicycloisomerization reaction. To
compare the efficiency of each catalyst system, we decided to
run the reaction for a shorter period of time, stop the reaction,
and check the conversion by proton NMR.

As seen in Table 4, when this experiment is performed with
3 mol % complex 1, a 54% conversion is observed after
1.5 hours (entry 1). When the same experiment is conducted
with 3 mol % of CpRu(MeCN)3;PF¢4 and 3 mol % triphenyl-
phosphine, the reaction only proceeds to 15% conversion, indi-
cating that the tethered sulfoxide complex is much more effi-
cient at catalyzing redox bicycloisomerization (Table 4, entry
2). As one would expect from the lessons learned in the
previous studies, chiral bidentate (R)-BINAP completely
inhibits any reactivity (Table 4, entry 3). Surprisingly,
monodentate (S,S,R)-Feringa was also an ineffective ligand for
this process, which underscores the stringent electronic require-
ments a ligand must have in order to promote redox bicycloiso-
merization (Table 4, entry 4). To date, the only effective ligands
for redox bicycloisomerization have been triaryl phosphines,
biaryl sulfoxides, or monoaryl monoalkyl sulfoxides. After
1.5 hours, (S)-methyl p-tolyl sulfoxide also showed no conver-
sion (Table 4, entry 5).

Beilstein J. Org. Chem. 2016, 12, 1136-1152.

Since subtle changes in the structure of the enyne substrate
could have a significant impact on enantioselectivity, variations
of the substituent on nitrogen were examined (Table 5). These
reactions were conducted in THF, as this solvent provided the
highest enantioselectivities in the [4.1.0] system. Incorporating
electron rich or electron poor aromatics on the sulfonamide
resulted in diminished reactivities and selectivities, as seen in
the cases of entries 2 and 3 (Table 5). Surprisingly, 2-biphenyl
sulfonamide 26 gave an unimproved 26.0:74.0 er, despite the
increased steric bulk on the substrate (Table 5, entry 4). Further
increasing the Lewis basicity of the nitrogen completely shuts
down catalyst activity, as can be seen in the case of the
benzhydryl tertiary amine 28 (Table 5, entry 5). Phosphor-
amidate 31 could be obtained in good yield and with an in-
creased enantioselectivity when compared to the parent sulfon-
amide (Table 5, entry 6). Amide 32 also reacted, but with a
lower conversion and yield, possibly due to increased coordina-
tion of the amide to the Lewis acidic ruthenium center (Table 5,
entry 7). Gratifyingly, utilizing the bulkier 2,4,6-triisopropyl-
benzenesulfonyl group (Tris) significantly improved the er of
protected piperidine 35 to 15.0:85.0. Because of its differential
impact on selectivity, this protecting group was pursued more
broadly in the substrate scope.

Substrate scope

Unfortunately, the conditions developed for the Tris-protected
[4.1.0] bicycle 35 did not extend to other similarly protected
1,7-enynes [43]. We decided to shift our focus from 1,7- to 1,6-
enynes to determine if bicyclic [3.1.0] pyrrolidines are more
broadly accessible to our synthetic method (Table 6). While the
1,6-enyne substrates 36 and 38 exhibited the desired reactivity

Table 4: Comparison of complex 1 to other catalyst systems as described in [43].

T N/\/\
S 3 mol % [Ru], 3 mol % ligand
\(OH THF, 40 °C, 0.25 M, 1.5 h
Me
13
entry [Ru]
1 1
2 CpRu(MeCN)3PFg
3 CpRu(MeCN)3PFg
4 CpRu(MeCN)3PFg
5 CpRu(MeCN)3PFg

aDetermined by 'H NMR.

Ho o Q OO e
Me =N >"'"Ph
PN
o )—Ph
N Me
Ts

14

(S,R,R)-Feringa

ligand conversion (%)@
none 54
PPh3 15
(R)-BINAP 0
(S,S,R)-Feringa 0
(S)-methyl p-tolyl sulfoxide 0
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Table 5: Effect of the nitrogen protecting group on reactivity and enantioselectivity as described in [43].

*lPFe'
+

w-RU o)
RN/\/\ MeCN® / \Su H Me
. OH 3mol % MeCN 0
THF, 40 °C, 0.25M,16 h
Me Q
MeO
entry R substrate product yield (%) era.b
0
1 §—§@Me 13 14 69 26.5:73.5
o]
CF3
0
2 §—§ 22 23 21 31.5:68.5
0
CF;
0
3 §—§ OMe 24 25 n.d.c 43.5:56.5
o)
0
1"
4 g_ﬁ 26 27 59 26.0:74.0
0
Ph
Ph
5 § 28 29 n.rd -
Ph
1 .
6 E—P(OPh)Z 30 31 52 21.0:79.0
0
7 < 32 33 450 26.5:73.5
Ph
iPr,
0
8 S iPr 34 35 56 15.0:85.0
iPr

aDetermined by chiral HPLC. P(Enantiomer A:Enantiomer B). Absolute configuration not determined. Bold indicates major enantiomer. °n.d.= not de-

termined. Conversion ~30%. 9n.r. = no reaction. €Conversion ~50%.

in THF, the enantioselectivities for the process were poor.
Considering how impactful a judicious choice of solvent had on
the enantioselectivity of the [4.1.0] bicycles, we decided to try
the same reactions in acetone. Pleasingly, exceptional yields
and enantioselectivities of 37 and 39 were obtained in this sol-
vent, surpassing those obtained for 35. Catalyst 1 exhibits
excellent functional group compatibility. Substrates containing
remote electron-neutral aromatic rings 40, alkenes 42, and
alkynes 44 are all tolerated and remain intact under the reaction

conditions. The reaction can also tolerate branching at the

internal position of the pendant olefin, as polycyclic 46 and 48
displayed excellent enantiomeric ratios. It is also important to
point out that no ring opening of either 49 or its vinylcyclo-
propane precursor 48 was observed. Finally, styrenyl substrates
like 50 can be used for redox bicycloisomerization, but
their pyrrolidine products are isolated in somewhat diminished
enantioselectivities.

After examining the scope of the redox bicycloisomerization
reaction for the synthesis of Tris-protected [3.1.0] pyrrolidines,
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Table 6: Tris-protected [3.1.0] bicyclic pyrrolidines made by redox bicycloisomerization?@.

“PF(;
+ 1 O R'
MeCN™/ U j

7/ S

TisN R oy _3mol% MeCN /g R
— acetone, 40 °C, 0.25M, 16 h N
R MeO 'i'ris
entry R R’ enyne product Yield (%) er

1 Me Me 36 37 78 56.0:44.0°
85 90.5:9.5

2 Me iPr 38 39 47 64.0:36.0°
75 98.5:1.5

3¢ Me Bn 40 41 88 92.0:8.0

4 Me -(CH2)gCH=CH, 42 43 57 93.0:7.0

5d Me -(CH2)4C=CHg3 44 45 48 90.0:10.0

6 cyclopentyl iPr 46 47 42 94.0:6.0

7 cyclopropyl cyclohexyl 48 49 75 90.0:10.0

8 p-tolyl Me 50 51 50 82.5:17.5

aTris = 2,4,6-triisopropylbenzenesulfonyl. PReaction conducted in THF. 5 mol % of catalyst used. 98.5 mol % of catalyst used.

it occurred to us that protecting groups other than Tris may be
equally effective for the [3.1.0] system. The Tris group was
chosen during our optimization of the six-membered ring
system (Table 5), which may have significantly different
requirements necessary to achieve high enantioselectivity.

Table 7: Other substrate tethers for redox bicycloisomerization.

Indeed, when tosyl- or phosphoramidate-protected 1,6-enynes
were tested, excellent yields and enantioselectivities were ob-
served (Table 7). Like the Tris substrates, branching at the
propargylic and alkenyl positions were well tolerated. Carbo-
cyclic 69 could also be isolated with similar results, although

“PFG-

+ O ]
] R
4 MeCN™/ U

S R
X R OH 3mol % MeCN 0
\%< acetone, 40 °C, 0.25M, 16 h "
R'
MeO
entry X R R’ enyne product yield (%) er
1 -NTs Me Me 52 53 81 94.0:6.0
2 -NTs Me Bn 54 55 84 95.0:5.0
3 -NTs cyclopentyl iPr 56 57 56 91.0:9.0
4 -NP(O)(OPh), Me Me 58 59 84 98.0:2.0
52 -NP(O)(OPh), Me Bn 60 61 61 97.0:3.0
6 -NP(O)(OPh), cyclopentyl iPr 62 63 64 96.0:4.0
7 -NP(O)(OPh), Me cyclohexyl 64 65 51 96.0:4.0
8 -NP(O)(OPh), Ph Me 66 67 69 88.0:12.0
9b -C(CO,Bn), Me iPr 68 69 49 92.0:8.0

a5 mol % of catalyst used. 7.5 mol % of catalyst used.
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the catalyst loading for this substrate had to be increased to
7.5 mol %. This is most likely due to the tendency of rutheni-

um to coordinate to certain aromatic rings in a n° fashion.

There were a few substrate classes that were not amenable to
redox bicycloisomerization (Figure 3). For example, we thought
that by increasing the steric bulk on styrenyl-substituted com-
pound 50, either on the aromatic ring or at the propargylic posi-
tion, the enantioselectivity would also increase. On the contrary,
neither substrate 70 or 71 reacted at all, which indicated to us
that this substrate class is very sensitive to steric substitution
and where it is placed on the enyne. In other words, while both
phenyl substitution and branching at the propargylic position
are tolerated on separate enyne substrates (see for example 48
and 50), putting both moieties on the same substrate results in
no reaction. Increasing steric congestion near the sulfonamide
(substrate 72) also inhibits enyne bicycloisomerization, as does
placing an additional alkyne in conjugation with the pendant
alkene (substrate 73). Both cis- and trans-1,2-disubstituted
alkenes 74 and 75 were observed to decompose under the stan-

dard reaction conditions.

The tosyl and 2,4,6-triisopropylbenzenesulfonyl groups on
nitrogen can be removed after protection of the ketone as the
cyclic acetal by using sodium naphthalide in THF (Scheme 6).
After protection, the diphenylphosphoramidate group can also

Me Me

RN

Me

76 R= —Tris, 83% yield
77 R=-Ts, 75% yield
78 R=—P(O)(OPh),, 70% yield

i) TSOHH,0, (MeO)sCH, (CH,OH),, 1t, 3 h

ii) sodium naphthalide, THF, —78 °C to rt, 5 min

iii) LiAlH4, E,0, 1t, 17 h

Scheme 6: Deprotection of [3.1.0] bicycles and X-ray crystal structure of 76.

0/2 iii

Beilstein J. Org. Chem. 2016, 12, 1136-1152.

Ph
Me /_‘< /_/
TrisN
OH
Me — TrisN
TrisN o OH Me/\MS . <
Me
70 71 72
no reaction no reaction no reaction
TMS
Vi e Me Me,
TrisN Y
TrisN \—<
L OH TrlsN OH
Et T Me
73 E 74 75
no reaction decomposition decomposition

Figure 3: Failed bicycloisomerization substrates. Reactions per-
formed at 40 °C for 16 hours with 3 mol % of catalyst 1 in acetone at a
0.25 M concentration relative to substrate.

be removed with lithium aluminum hydride in excellent yield.
The absolute configuration of the [3.1.0] pyrrolidines was
assigned by analogy to 76, which was determined to be (R,R) by
single crystal X-ray crystallography.

ifR=—Tsor—Tris N

@

if R = —P(O)(OPh),

= —Tris, 91% yleld
R= -Ts, 85% yield
R=—P(O)(OPh),, 78% vyield

-
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Mechanistic studies

After having successfully developed this synthetic methodolo-
gy, a few questions still remained pertaining to the mechanism
of the reaction. First, does the propargylic stereocenter on the
enyne substrate have a significant impact on the enantioselectiv-
ity of the reaction, despite it being destroyed during redox isom-
erization? Second, what role does the nature of the solvent play
in determining enantioselectivity? To answer these questions,
we synthesized a 1,6-enyne containing an enantioenriched
propargyl alcohol using our group’s zinc ProPhenol chemistry
(Scheme 7). By employing the opposite enantiomers of the
ProPhenol catalyst, either enantiomer of propargyl alcohol can
be accessed with this methodology. Additionally, no other
attempted synthetic strategy was able to provide (R)-52, includ-
ing Noyori and CBS reduction, which highlights the utility of

this asymmetric transformation.

In acetone, the nature of this stereocenter had very little impact
on the enantiomeric ratio of the final product, as both (R)- and
(S)-52 gave results that were almost identical to the racemic

substrate (Table 8). Interestingly, however, switching to THF

" O OW
AN OH N

Ph Ph

Ph Ph

20 mol %

Me , 40 mol % (O)PPh3

Beilstein J. Org. Chem. 2016, 12, 1136-1152.

provided drastically different results. While redox bicycloiso-
merization of (R)-52 was very enantioselective, affording 53 in
a 92.0 to 8.0 enantiomeric ratio, (S)-52 performed much worse.
Product 53 was isolated in a 68.0 to 32.0 enantiomeric ratio in
this case. The same matched/mismatched effect was observed
for chiral 1,7-enynes in THF [44]. Based on these results, it is
clear that the high enantioselectivity of the redox bicycloiso-
merization reaction of 1,6-enynes is due to acetone’s ability to
override any impact the propargylic stereocenter has on the
course of the reaction.

Considering the data presented in Table 8, we now propose a
working mechanism for the origin of enantioselectivity in the
redox bicycloisomerization reaction. There are two important
factors to consider when putting together such a mechanism:
coordination of the propargyl alcohol on the metal center and
facial selectivity for the [2 + 2] cycloaddition. We will look at
each in turn. First, coordination by the propargyl alcohol creates
four possible diastereomeric, chiral-at-ruthenium intermediates
(Figure 4). As long as the metal does not epimerize over the

course of the reaction, this transfer of stereochemical informa-

OH

TsN OH

3 equiv ZnMe,, 0 °C, 15 min Me
cool to —20 °C then slow addition of
4 equiv MeCHO, 2 h

(R)-52
79% yield, 97.0:3.0 er

Scheme 7: ProPhenol-catalyzed addition of zinc acetylide to acetaldehyde for the synthesis of a chiral 1,6-enyne substrate.

Table 8: Effect of propargylic stereocenter on enantioselectivity.

“PFG—
1 O

M
Ru_ €

/__% MeHCN*" S Me
TN Me , _3mol% MeCN 0
— solvent, 40 °C, 0.25M, 16 h
: Me Ts
52 MeO 53
entry solvent alcohol configuration yield (%) er

1 acetone rac 81 94.0:6.0
2 acetone (R)2 84 93.5:6.5
3 acetone (S)2 81 96.5:3.5
4 THF rac 52 80.0:20.0
5 THF (R)2 61 92.0:8.0
6 THF (82 52 68.0:32.0

aStarting alcohol has a 97.0:3.0 er.
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(R)-propargyl alcohol

MeO

syn (disfavored) anti (favored)

(S)-propargyl alcohol

—OH o] vs

MeO
syn (disfavored)

anti (favored)

Figure 4: Diastereomeric metal complexes formed after alcohol coor-
dination.

tion can then be transferred back to the substrate following
redox isomerization, influencing the overall enantioselectivity
of the process. For both the (R)- and the (S)-propargyl alcohols,
the CpRu-sulfoxide catalyst prefers to place the stereocenter
away from the steric bulk of the sulfoxide (anti configuration).
Both syn configurations are disfavored, but the syn-(R)-configu-
ration is energetically more taxing than the syn-(S)-configura-
tion, creating a larger energy difference between syn-(R) and
anti-(R). This larger energy difference is reflected in the higher
enantioselectivities obtained for the (R) enantiomer in THF
(Table 8, entry 5). The smaller energetic difference between
syn-(S) and anti-(S) means that there is less of a preference for
either coordination mode, which leads to poorer enantioselectiv-
ities in THF (Table 8, entry 6).

We propose that acetone, being more Lewis basic than THF,
has the effect of epimerizing the chiral-at-ruthenium intermedi-
ates formed prior to [2 + 2] cycloaddition. The rate of epimeri-
zation is much faster than the [2 + 2] cycloaddition, creating a
classic Curtin-Hammitt scenario wherein all of the substrate is
funneled into the observed enantiomer of product (Scheme 8).
Rate k; is much slower than &k, due to the severe steric hin-
drance imposed by the ligated chiral sulfoxide, which block
alkene coordination. The pendant olefin prefers to approach the
carbene anti to the aforementioned sulfoxide, resulting in the
observed enantiomer of 53. In THF, the rate of epimerization is
significantly slower than the [2 + 2] cycloaddition, which means
that the enantiomeric ratios observed in the products are
affected more by the initial coordination of the propargyl

alcohol.

Beilstein J. Org. Chem. 2016, 12, 1136-1152.

o Me _
K:DQS‘PFB “PFG_
+ o
Ru Me#"""RU
M —_ ~ ~
S, fast O S
K 0o === o 7
TsN N (0] (0]
\)\/2/ (@) Me. ) @

)k TsN
Me Me
MeO MeO
k1 l slow ko l fast
O?/Me O Me
Me,,A_,‘\ Me

N N

Ts Ts

ent-53 53

Scheme 8: Curtin-Hammitt scenario of redox bicycloisomerization in
acetone.

Conclusion

In conclusion, we have developed a ruthenium-catalyzed asym-
metric redox bicycloisomerization utilizing a chiral CpRu—sulf-
oxide complex 1. This constitutes the first example of an asym-
metric ruthenium-catalyzed redox isomerization known to date.
We were able to demonstrate that the nitrogen protecting group
on the 1,7-enynes had a significant impact on the enantioselec-
tivity of the redox bicycloisomerization as did the choice of sol-
vent. Extending the chemistry to the 1,6-enynes, we showed
that these substrates were much more amenable to a wider range
of groups on nitrogen, though a significant solvent effect was
still observed in these cases. The mechanism of the reaction was
then probed by performing the redox isomerization reaction on
enantioenriched propargyl alcohols. While a significant
matched/mismatched effect was observed in THF, no such
effect was seen in acetone. We postulate that there are two dif-
ferent enantiodetermining steps that center around a chosen
solvent’s ability to epimerize a metal center following redox
isomerization.

Supporting Information

Supporting Information File 1

Experimental details and NMR data of new catalysts.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-110-S1.pdf]

Supporting Information File 2

X-ray crystallography data for 76.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-110-S2.cif]
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Starting from y-ketoesters with an o-iodobenzyl group we studied a palladium-catalyzed cyclization process that stereoselectively

led to bi- and tricyclic compounds in moderate to excellent yields. Four X-ray crystal structure analyses unequivocally defined the

structure of crucial cyclization products. The relative configuration of the precursor compounds is essentially transferred to that of

the products and the formed hydroxy group in the newly generated cyclohexane ring is consistently in trans-arrangement with

respect to the methoxycarbonyl group. A transition-state model is proposed to explain the observed stereochemical outcome. This

palladium-catalyzed Barbier-type reaction requires a reduction of palladium(Il) back to palladium(0) which is apparently achieved

by the present tricthylamine.

Introduction

For our systematic studies on samarium diiodide promoted
cyclizations leading to benzannulated medium-sized rings [1-4]
we required starting materials such as alkenyl-substituted com-
pounds B (Scheme 1). Obvious precursors for B are aryl iodides
A that smoothly undergo palladium-catalyzed coupling reac-
tions to provide the desired products. However, in one case

[A: RI-R2 = (CH,)4] typical Heck reaction conditions employ-
ing styrene as olefin component not only led to the desired
styrene derivative B but mainly to the cyclized product C. If the
reaction was performed without the olefin it provided only the
tertiary alcohol C in reasonable yield [5]. Similar C—C bond
forming reactions of aryl halides that involve an insertion of the
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Scheme 1: Planned Heck reaction of A to compound B and serendipi-
tous discovery of the palladium-catalyzed cyclization to products C.

intermediate aryl palladium species into a carbonyl group are
relatively rare (see discussion below). Therefore this serendipi-

tous discovery led us to investigate the reaction in more detail.

Results

The required y-ketoesters A bearing the aryl iodide substituent
were prepared following our well-established route via 2-sil-
oxycyclopropane carboxylates D [6,7] that allows a regioselec-
tive introduction of the benzylic substituents at the a-carbon
[8,9] to give intermediates E (Scheme 2). After fluoride-pro-
moted ring opening [10] the desired precursor compounds A
(1-6) were obtained in reasonable overall efficacies (for details
see Supporting Information File 1).

We start our report with the palladium-catalyzed reactions of
simple alkyl ketones 1 and 2 leading to bicyclic products and
then continue with the transformations of cyclic ketones 3—6
that led to tricyclic compounds. Methyl ketone 1 provided under
the reaction conditions (2 mol % Pd(PPhs)4, 3.5 equivalents

MGOZC
2 mol % Pd(PPhg3),
o) 3.5 equiv NEt3
| DMF, 110 °C, 3d
1 35%
MeO,C
(0]
|
2 8

1%

Beilstein J. Org. Chem. 2016, 12, 1236-1242.

1 1
N 1) LDA R s
R -  + R co,Me R
2) R3
MesSio ~ CO2Me Me,SiO
D | E
|
EtsN-3HF
R?
R'=HRZ=Me, Ri=H 1 "
R'=H,RZ=iPr, R®=H 2 o2
R'-R2=(CHp);, R3=H 3 R3 o)
R'-R?=(CHy)s, R®=H 4
R'-R?=(CHy)s, R3=H 5 |
R'-R2=(CHp);, R3=OMe 6 A

Scheme 2: Synthesis of compounds A (1-6) via methyl 2-siloxycyclo-
propanecarboxylates D, their alkylation to E and fluoride-induced ring
opening.

NEt;, DMF, 110 °C, 3 d) that had been optimized with com-
pound 4 a moderate yield of the tetralin derivative 7 formed as a
single diastereomer (Scheme 3). Although the configurational
assignment is ambiguous in this case, the NMR data and the
fact that no y-lactone is formed strongly support the trans-
arrangement of the two functional groups as depicted. Under
similar conditions (5 mol % Pd(PPhj3)4, 90 °C, 3 d) the iso-
propyl-substituted ketone 2 furnished a mixture of the related
trans-compound 8 (11%) together with the de-iodinated prod-
uct 9 (25%) and the indane derivative 10 as major component
(62%). The C—C coupling reaction to 8 seems to be hindered in
this case, probably due to the steric bulk of the isopropyl group.
The formation of indane derivative 10 occurs by an intramole-
cular enolate arylation, a reaction that has been discovered by
our group some years ago [11,12]. Apparently, under the reac-
tion conditions a ketone enolate of 2 reacts with the iodoarene
moiety to form the five-membered ring of 10. The configura-

CO,Me N
. MeOzC]/\")\ + ();>—C02Me
Ph ° //\(
6]

9 25% 10 62%

Scheme 3: Palladium-catalyzed reactions of methyl ketone 1 to tetralin derivative 7 and of isopropyl-substituted ketone 2 to compounds 8, 9 and 10.
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tional assignments of compounds 7 and 8 are in agreement with
those discussed below, where X-ray crystal structure analyses
unequivocally confirmed the relative configurations of cycliza-
tion products.

With the cyclic ketones in part considerably higher yields of
tricyclic products could be obtained (Schemes 4-6). The
cyclopentanone derivative 3 (Scheme 4) had to be used as a
mixture of two diastereomers (ca. 2:1) since these were not
separable in our hands. Under the standard reaction conditions
this ketone furnished a mixture of two diastereomeric tricyclic
products 11a and 11b in 35% combined yield. The configura-
tion of 11a was unequivocally determined by an X-ray crystal
structure analysis of the corresponding p-nitrobenzoate 12a ob-
tained by esterification of the tertiary alcohol under standard
conditions (Scheme 4, Figure 1) [13]. The configuration of the
second product 11b is only tentatively assigned as depicted
since the available data do not allow an unambiguous determi-
nation. Considering the result obtained with the cyclohep-
tanone derivative where two diastereomers could be assigned by
X-ray crystal structure analyses make the proposed frans-annu-
lation of the five- and six-membered rings fairly likely.

The palladium-catalyzed cyclization discussed in this report
was discovered with cyclohexanone derivative 4 and we there-
fore tried to optimize the reaction conditions with this substrate.
After extensive studies investigating different palladium cata-
lysts, bases, additives, temperatures (with and without micro-
wave) and reaction times we found the recorded conditions to
be most reliable. A mixture of the two diastereomers 4a/4b (ca.
1:1) furnished the two isomeric cyclization products 13a and

13b in varying yields and in several experiments only com-

Beilstein J. Org. Chem. 2016, 12, 1236-1242.

Figure 1: Molecular structure (ORTEP, [14]) of compound 12a (ther-
mal ellipsoids at 50% probability).

pound 13a was isolated. Fortunately, diastereomers 4a and 4b
could be separated by conventional column chromatography
and hence a detailed analysis of the stereochemical features of
this transformation was possible. Configurationally homoge-
neous compound 4a furnished diastereomerically pure cycliza-
tion product 13a in excellent yield, whereas epimer 4b was con-
verted into product 13b in 80% yield, again formed as a single
isomer (Scheme 5). An unequivocal configurational assignment
of 13a was possible by the X-ray crystal structure analysis of its
corresponding p-nitrobenzoate 14a (Figure 2) [15]. The config-

H
MeO,C 5 mol % Pd(PPhs)s
3.5 equiv NEt3
O  DMF,110°C, 3d
|
3al/3b 11a 15% 11b 20%
-O,NCgH,4COCI
73% P-OaNCgHy

p-0O,NCgH,COs™

NEt;, DMAP

COzMe
wH

12a

Scheme 4: Palladium-catalyzed cyclization of diastereomeric cyclopentanone derivatives 3a/3b to products 11a and 11b and synthesis of p-nitro-

benzoate 12a.
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3 equiv NEt;3

DMF, 110 °C, 3d
86%

2 mol % Pd(PPhg),
3 equiv NEt3

DMF, 110 °C, 3d
I 80%

4b

Beilstein J. Org. Chem. 2016, 12, 1236-1242.

13a 14a

13b

Scheme 5: Palladium-catalyzed cyclizations of diastereomeric cyclohexanone derivatives 4a and 4b leading stereoselectively to products 13a and

13b and structure of p-nitrobenzoate 14a.

Figure 2: Molecular structure (ORTEP, [14]) of compound 14a (ther-
mal ellipsoids at 50% probability).

uration of compound 13b was tentatively assigned in analogy to

its lower and higher homologs.

With cycloheptanone derivatives 5a/b less efficient cycliza-
tions were observed. The mixture of diastercomers 5a/5b (ca.
1:1) provided a mixture of compounds containing the two
isomers 15a and 15b, from which pure 15a could be isolated
(Scheme 6). A diasterecomerically enriched sample of 5b
afforded compound 15b in 45% yield as a single isomer. These
results were obtained employing microwave irradiation (400 W)
that allowed considerably shorter reaction times, however, the
yields were not strongly influenced by this modification. From
both product diastereomers crystals suitable for X-ray crystal
structure analyses could be obtained (Figure 3 and Figure 4)

[16,17]. Again, the configurations of the precursors are re-

2 mol % Pd(PPh3)4
3.5 equiv NEt;

DMF, 120 °C, 1.5 h
microwave (400 W)

26%

15a (+ 15b)

2 mol % Pd(PPhs)s COMe

3.5 equiv NEt3
DMF, 120 °C, 1.5 h
microwave (400 W)

45% 15b

Scheme 6: Palladium-catalyzed cyclizations of cycloheptanone deriva-
tives 5a and 5b leading to products 15a and 15b.

Figure 3: Molecular structure (ORTEP, [14]) of compound 15a (ther-
mal ellipsoids at 50% probability).
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Figure 4: Molecular structure (ORTEP [14]) of compound 15b (ther-
mal ellipsoids at 50% probability).

flected in the product structure. Compound 5b provided prod-
uct 15b with frans-annulation of the two rings and we assume
that compound 15a with cis-annulated rings was formed selec-
tively from precursor Sa.

We also briefly studied the palladium-catalyzed cyclization of
p-methoxy-substituted aryl iodide 6a/b that led under the
standard conditions to a mixture containing compound 16
(Scheme 7). We cannot exclude that other regioisomers or even
primarily formed tetralin derivatives are in the crude product
mixture, but we isolated only compound 16 in pure form in 24%
yield. Not surprisingly, the p-methoxy substituent favored the
elimination of water from the primary addition product to
generate the central double bond of 16.

Discussion

The nucleophilic addition of organometallics such as lithium,
magnesium or zinc organic compounds to carbonyl groups
leading to alcohols is an important standard operation in organic
synthesis providing high stereoselectivities in many cases. The
in situ generation of the nucleophilic species from the corre-
sponding organic halides in the presence of the carbonyl com-
pound is also known, e.g., the Barbier reaction employing

Beilstein J. Org. Chem. 2016, 12, 1236-1242.

magnesium. The related transformation described in this report
very likely involves an arylpalladium species as nucleophile
that is in situ generated from the aryl iodide moiety. Similar
palladium-catalyzed processes (palladium Barbier reactions) are
relatively rare (for a review, see [18]). Early studies were re-
ported by Y. Yamamoto et al. [19] and this group also
published examples involving an alkyne palladation step to
vinyl palladium intermediates that are able to undergo addi-
tions to carbonyl groups [20,21]. Very extensive investigations
with a variety of o-haloaniline derivatives as precursors have
been reported by the group of Solé, Bonjoch and Fernandez
[22,23]. They also analyzed this reaction and the competing
enolate arylation by computational studies [24,25] (for a review,
see [26]). Singular contributions employing different systems
were contributed by other groups [27-29]. Scheme 8 shows a
typical example of Solé et al. [23], related to our systems,
furnishing a tricyclic compound in good yield with moderate

diastereoselectivity.
CH, 20 mol % PdCly(PPhs), CHs
N\ 3 equiv Cs,CO3 (\ N
@ o 10 equiv NEt3 =
| toluene HO
100-110°C, 2d
73% dr 3.5:1

Scheme 8: Typical palladium-catalyzed cyclization of an o-iodoaniline
derivative to a tricyclic tertiary alcohol as reported by Solé et al. [23].

The transformations described in the present report are highly
stereoselective (we hesitate to use the term stereospecific here
since the mass balances are often too low to rigorously exclude
the formation of other diastereomers) since the configuration of
the cyclic precursor ketones 3—-5 is transferred to that of the
cyclization products as shown in Schemes 4—6. Surprisingly, the
presence of excess of the base triethylamine and the fairly long
reaction times do not lead to noticeable epimerization of the
precursor y-ketoesters that would lead to an erosion of the ob-
served stereoselectivity. In all examples the methoxycarbonyl
group and the hydroxy group are arranged frans to each other
irrespective of the configuration of the third stereogenic center

MeO,C 2 mol % Pd(PPhg3),
3.5 equiv NEts MeO N CO,Me
MeO o)
| N DMF, 110 °C, 3d =z
ZN| 24%
6al6b 16

Scheme 7: Palladium-catalyzed cyclization of p-methoxy-substituted aryl iodide 6a/6b to compound 16.

1240



at the bridgehead. A transition-state model that rationalizes this
observation is depicted in Scheme 9. We propose a four-center
interaction of the carbonyl moiety with the carbon—palladium
bond in the transition state (TS) and due to this highly ordered
arrangement only a boat-like transition state with a pseudo-
equatorial position of the methoxycarbonyl group seems to be
possible. The rigid benzene backbone further restricts the flexi-
bility of the system. This model explains the observed trans-
arrangement of the methoxycarbonyl group and the hydroxy
group leading to diastereomers a, if the hydrogen at C-1’ is in a
pseudo-equatorial position and diastereomers b if this atom
occupies a pseudo-axial position. This transition state is in
accordance with the model that has been proposed on the basis
of DFT calculations by Solé and Fernandez [24-26].

diastereomers b

Scheme 9: Proposed transition state (TS) explaining the stereoselec-
tive formation of cyclization products.

The intermediate arylpalladium species is certainly generated by
the standard oxidative insertion of palladium(0) into the C-I
bond of the aryl iodide moiety. After the C—C bond formation
leading to the bi- or tricyclic products, palladium(II) has to be
reduced back to a palladium(0) species in order to allow a cata-
lytic use of the metal. It is well known that several reagents
(alkenes or alcohols [19]) are able to achieve this reduction. We
therefore assume that triethylamine is the reducing reagent
under the conditions employed in this study [30]. Possible
mechanisms for this process leading to the formation of an
iminium intermediate or a dehydrogenation of the amine are

depicted in Scheme 10.

Conclusion

We have found new examples of intramolecular palladium-cata-
lyzed nucleophilic additions of aryl iodides to alkyl ketones.
These additions proceed in the presence of only 2—5 mol %

Pd(PPh3)4 and afford bi- and tricyclic compounds with excel-

Beilstein J. Org. Chem. 2016, 12, 1236-1242.

Il LNJ—> I\,Cl‘:l)J Ie_,LﬁJ 1©
RO-Pd-I  + ¢ Ro-Pal L

\ —Hi RO+—Pd"—H
o

Pd+ ROH + N
N R—o—Pd”J\

H

ROH + Pd°

Scheme 10: Possible mechanism of the reduction of palladium(ll) to
palladium(0) by triethylamine (additional ligands at palladium are not
depicted for clarity of the presentation).

lent stereoselectivity and in moderate to very good efficacy. The
low mass balance observed in several cases may be due to
subsequent reactions such as simple de-iodination of the precur-
sor compounds or elimination of water in the products. How-
ever, in general none of these byproducts has been isolated. For
compound 2 the bulky isopropyl group slows down the addi-
tion to the carbonyl group and an enolate arylation was ob-
served instead as major reaction pathway. Although the scope
of the discovered aryl iodide addition to carbonyl groups may
be limited it is attractive since only low catalyst loadings are re-
quired and interesting products are formed with high stereose-
lectivity.
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Copper(I) and copper(Il) complexes were covalently linked to an engineered variant of the transmembrane protein Ferric hydroxa-

mate uptake protein component A (FhuA ACVF™). Copper(I) was incorporated using an N-heterocyclic carbene (NHC) ligand

equipped with a maleimide group on the side arm at the imidazole nitrogen. Copper(Il) was attached by coordination to a terpyridyl

ligand. The spacer length was varied in the back of the ligand framework. These biohybrid catalysts were shown to be active in the

Diels—Alder reaction of a chalcone derivative with cyclopentadiene to preferentially give the endo product.

Introduction

So-called artificial metalloenzymes have attracted attention over
the last decade [1-9]. Incorporation of an organometallic
cofactor into proteins offers new possibilities to expand the
reaction repertoire catalyzed by natural enzymes to non-natural
reactions. With this approach man-made metalloproteins as
asymmetric transfer hydrogenases [10,11], Suzukiases [12],
metatheases [13-20], epoxidases [21], Diels—Alderases [22-27]
and others have been reported. The Diels—Alder reaction is a
powerful C—C bond formation reaction, widely used in organic

chemistry, e.g., for the synthesis of natural products [28]. This

reaction is known to be catalyzed by Lewis acids such as a
Cu(II) complex [29]. Additionally, structurally defined cata-
lysts are found to influence the endo/exo ratio as well as the en-
antioselectivity [30]. Artificial Diels—Alderases have also been
reported to show good endo/exo selectivities as well as high en-
antioselectivities in a benchmark reaction of azachalcone with
cyclopentadiene [22-27].

The artificial Diels—Alderases reported so far used soluble pro-

teins, where the binding site of Cu(Il) was formed either by site-
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directed mutagenesis [22,23], by incorporation of a suitable
ligand, or copper complex in an apo-protein [24-27]. Here we
report on the use of the robust transmembrane protein Ferric
hydroxamate uptake protein component A (FhuA) as host for
defined Cu(I) NHC or Cu(Il) terpyridyl complexes with a male-
imide moiety. By covalently bonding these copper complexes to
the protein artificial Diels—Alderases based on a membrane pro-

tein have been obtained.

Results and Discussion

Synthesis of the metal complexes

As the protein host, the FhuA ACVF' variant of the Ferric
hydroxamate uptake protein component A (FhuA) was chosen
[31]. This protein was shown to be suitable to harbor

Grubbs—Hoveyda type catalysts for olefin metathesis [17,18].

o)
Br/\/\N
//
2 o

Beilstein J. Org. Chem. 2016, 12, 1314-1321.

To anchor Cu(I) in the protein FhuA ACVF'*V that contains a
cysteine residue at position 545 for conjugation [31], an NHC
ligand containing a maleimide function was prepared
(Scheme 1).

The imidazolium salt 3 was synthesized by nucleophilic substi-
tution of mesityl imidazol 1 with maleimide derivative 2. These
salts were used to generate the Cu(I) NHC complexes 4 upon
deprotonation with K,COj3. Complex 4 contains only one NHC
ligand at the copper, as shown by elemental analysis and
ESIMS. Attempts to coordinate Cu(II) to the NHC ligand failed.
However, the terpyridyl (terpy) ligand is a promising candidate
to support Cu(Il) ions. Therefore, the terpy framework contain-
ing an alcohol function on the 4 position of the central pyridine

was chosen (Scheme 2).

O
— o ﬁQ
- N
MeS’N\yN\/\/

_N__N
Mes™""~\~o o
1 toluene, 24 h, 110 °C 3 o
0 THF, K,CO >
N\ » RabLU3 [\ N
/= Br N N_ N ™
t o~ 24h,23°C Mes™™ ©
Cul + Mes’N\7N e} ’ Cu
3 — HBr ~| 4

Scheme 1: Syntheses to Cu(l) complex bearing a NHC ligand.

o o]
Cl)kt/);\b
n=1.6 o
n=2.17
THF, NEt3, 4 h, 23 °C
—HCI
OH
\ p—
»
E\ N N
¢N 5 N~
3 steps

Scheme 2: Synthesis of Cu(ll) terpyridyl complexes.

CU(NO3)2'3H20

EtOH, 2 h, 23 °C
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By either esterification or nucleophilic attack, the spacer with
the maleimide group was attached. The ligand was treated with
one equivalent of Cu(NO3),-3H,0 leading to the Cu(Il) com-
plexes 10-12.

By using the established anchoring strategy, the Cu(I) and
Cu(Il) complexes (4 and 10-12) were anchored covalently
inside the B-barrel structure. After anchoring, the protein was
refolded by dialysis (Scheme 3).

Anchoring of all complexes was successful. Titration of the free
cysteine with the fluorescence dye ThioGlo® indicated that
more than 95% of the cysteine residues were conjugated for

each catalyst.

Renaturing of the protein was successful in the case of the terpy
ligand framework (for clarity of the location of the catalyst, see
Figure S1 in Supporting Information File 1). After 3 days of di-
alysis against SDS-solution, excess catalyst 10-12 was re-
moved. Additional 3 days of dialysis against PE-PEG solution
renatured the protein structure to give the expected B-barrel
structure, as indicated by CD spectra (Figure 1).

The CD spectra show a minimum at around 215 nm and a
maximum at 195 nm, as expected for -barrel proteins such as
FhuA [17,18,31]. This finding suggests correct refolding of the
protein. Additionally, the temperature stability of the new
conjugate 17 was evaluated.

Beilstein J. Org. Chem. 2016, 12, 1314-1321.
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Figure 1: CD spectra of refolded catalysts 17-19 (red: 17, black: 18,
blue: 19).

The temperature-dependent CD spectra indicate correct folding
of the catalyst in the temperature range from 4 °C to 64 °C
(Figure 2). This is in agreement with previously reported
stability analysis of the wild-type FhuA and the FhuA mutant
with its “cork” domain removed (FhuA A1-159) [31].

The Cu(I) NHC-containing protein could not be renatured. We
speculate that during the refolding procedure Cu(l) was
oxidized to Cu(Il) by contamination with air. Cu(Il) led to pro-
tein aggregation and precipitation. This was shown in an inde-

pendent experiment. When one equiv of Cu(NOj3),-3H,0 was

o 1) FhuAACVF®Y o FhuA
N water, NaHCOg3, pH 8 S/
[\ N 1% (w/w) SDS, 10% (v/v) THF [\ N
Mes/N\(N\/\/ O 23°C,16h Mes/NYN\/\/ o
Cu_ Cu__
I 4 2) lyophilization and THF washing I 13
3) resolubilization in water
+ +
X 0 | (NOz-) 0 | (NOs-)
T ﬁf S
% FhuAACVFtev S FhuA
water, NaHCO3, water, NaP;
pH 8 (10 mM, pH 7.4)
1% w/w SDS PE-PEG (0.125 M)

23°C,3x24h

n=1,X=0:10
n=2,X=0:11
n=0,X=2H: 12

Scheme 3: Anchoring and refolding of the biohybrid copper complexes.

23°C,3x24h
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Figure 2: Temperature-dependent CD spectra of catalyst 17.

added to a solution of FhuA ACVF™V, the protein precipitated
rapidly and quantitatively.

MALDI-TOF-MS analysis for the whole biohybrid catalyst
was difficult due to the high mass of approximately 64 kDa.
However, digestion into smaller fragments is possible with the
deliberately introduced TEV cleavage site [17,18]. The frag-
ment containing the Cu complex was cut out and analyzed sepa-
rately (Figure 3).

7000
5925.7

6000

Intensity

Mg o

1000

T
6000
mlz

Figure 3: MALDI-TOF mass spectra (black: 17, red: FnuAACVFteV).

Digestion of biohybrid catalyst 17 was successful. Comparison
of the MALDI-TOF— MS spectrum with FhuA ACVF'V (caled
(M + Na™): m/z = 5925 Da; found: m/z = 5925 Da) indicates

Beilstein J. Org. Chem. 2016, 12, 1314-1321.

30

-20

80 93.97

60
20 40

Temperature [C]

successful coupling. The signal of m/z = 6301 Da indicates the
FhuA fragment with the attached ligand framework (calcd (M):
6302 Da; found: m/z = 6301 Da). The signal of
m/z = 6111 Da results from saponification of the ester and the
maleimide moiety (caled (M + H,O + Na™): m/z = 6111 Da,
found: m/z = 6111 Da). We were unable to detect the copper ion
in the MALDI-TOF-MS.

mlz =

The isolated biohybrid catalysts were tested in the Diels—Alder
reaction of azachalcone 20 and cyclopentadiene (21, Table 1).
We evaluated first the background reaction of this Diels—Alder
reaction in the detergents and buffer solutions we used for the
biohybrid catalysts. Since SDS precipitates at 4 °C and the solu-
tion becomes heterogeneous, we decided to perform the reac-
tions in SDS at 23 °C. After 3 days, the reaction showed
62% conversion with an endo to exo ratio of 70:30 (Table 1,
entry 2). Since detergents such as SDS influences the reaction
significantly, this value is in good agreement with previously
reported results [32]. In PE-PEG at 4 °C the conversion was
lower; the endo/exo ratio was ca. 55:45 (Table 1, entry 1).
Using Cul in SDS, the conversion increased slightly, showing
the same selectivity (Table 1, entry 5). When using Cu(Il) as a
catalyst, the conversion was complete in both detergent solu-
tions, but no change in selectivity was observed (Table 1,
entries 3 and 4). Cul NHC complex 4 showed the same activity
and selectivity as Cul (Table 1, entry 6). By using the bioconju-
gate 13, the conversion with 62% is comparable with the pro-
tein-free catalysts or Cul itself, but the selectivity significantly
changed the endo product preferred (Table 1, entry 7). By using
the Cu(Il) complexes 10-12 in the refolding buffer: the conver-
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Table 1: Diels—Alder reaction catalyzed by the biohybrid catalysts.

Beilstein J. Org. Chem. 2016, 12, 1314-1321.

0
N
1 mol % catalyst . 4 i AN
water, buffer, =
20% (viv) THF
20 21 40r23°C,72h 22 endo 22 exo

Entry Catalyst Buffer Temp. [°C] Conv.2 [%] endolexoP

1 - PE-PEG® 4 20 55/45

2 - sDsd 23 62 70/30

3 Cu(NO3)2:3H,0 PE-PEG® 4 95 54/46

4 Cu(NO3)2:3H,0 sDsd 23 94 65/35

5 Cul spsd 23 78 70/30

6 4 sDsd 23 75 67/33

7 13 sDsd 23 62 90/10

8 10 PE-PEG® 4 21 65/35

9 11 PE-PEG® 4 33 56/44

10 12 PE-PEG® 4 12 66/34

11 14 sDsd 23 92 90/10

12 15 sSDsd 23 87 89/11

13 16 sDsd 23 91 89/11

14 17 PE-PEG® 4 69 96/4

15 18 PE-PEG® 4 15 66/34

16 19 PE-PEG® 4 64 98/2

aDetermined by "H NMR in CDCl3 and HPLC. PDetermined by HPLC. °PE-PEG (0.125 M), sodium phosphate buffer (100 mM, pH 7.4).

dSDS (1% wiw), pH 7.5 (adjusted with NaHCO3).

sion decreased with an endo/exo ratio of approximately 60/40
(Table 1, entry 8—10). Upon attaching the catalyst to the protein
in the partially folded state, the selectivity increased to
90% endo with high conversions independent of the spacer
length (Table 1, entry 11-13). The refolded biohybrid catalysts
17 and 19 showed good conversion with almost quantitative
endo product formation (Table 1, entries 14 and 16). Catalyst 18
with the longest spacer unit, however, showed moderate activi-
ty and loss of endo selectivity. This is explained by the high
flexibility of this catalyst within the B-barrel structure of the
refolded protein (Table 1, entry 15). Based on these catalysis
results, we hypothesize that the protein environment is steri-
cally rather demanding, which is even more pronounced in the
refolded state. The absence of any enantioselectivity suggests
that no preferential orientation of the substrate at the active site
within the barrel structure is possible. Notably, no protein pre-
cipitated during catalysis, showing the advantageous feature of
membrane proteins in terms of robustness as compared to

soluble proteins [15].

Conclusion
Herein, we report the synthesis of Cu(I) NHC and Cu(Il)
terpyridyl complexes equipped with a maleimide moiety

which underwent covalent conjugation at the cysteine
residue 545 of the transmembrane protein FhuAACVFt®V,
These biohybrid conjugates were analyzed by CD spectros-
copy, MALDI-TOF-MS, ThioGlo fluorescence titration,
and BCA assay. All employed methods indicate the folded
structure of FhuA ACVF'®Y and a high occupancy
of the only accessible cysteine residue within this B-barrel
protein.

The biohybrid catalysts showed high activity and high endo
selectivity in the Diels—Alder reaction of substrate 20 with
cyclopentadiene (21). A comparison with other reported artifi-
cial Diels—Alderases is not meaningful because of the utiliza-
tion of detergents in the present case, which increases the
stability towards the Diels—Alder reaction conditions. However,
similar trends with respect to both activity and endo selectivity
were observed. The cavity of FhuA appears to enhance the
reaction as reported by Hayashi et al. for nitrobindin [26],
Reetz et al. for serum albumin [22,23], and Roelfes et al.
for Lactococcal multidrug resistance Regulator (LmrR)
[25]. Furthermore, the increased endo selectivity is in
agreement with other protein-modified catalysts reported so far
[22-27].
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Experimental
General considerations

All manipulations were performed under argon atmosphere
using standard Schlenk or glove box techniques. Prior to use,
glassware was dried overnight at 130 °C and solvents were
dried, distilled and degassed using standard methods. Catalysis
with Cu(Il) complexes were performed under ambient condi-
tions. NMR measurements were performed on a Bruker Avance
IT 400 or a Bruker Avance III HD 400 spectrometer at ambient
temperature unless otherwise mentioned. The chemical shifts
(3 ppm) in the 'H and 13C NMR spectra were referenced to the
residual proton signals of the deuterated solvents and reported
relative to tetramethylsilane [33]. Abbreviations for NMR spec-
tra: s (singlet), d (doublet), t (triplet), quint (quintet), m (multi-
plet). Elemental analyses were performed on an elementar vario
EL machine. CD spectra were recorded on a JASCO J-1100
equipped with a single position Peltier cell holder.
MALDI-TOF spectra were recorded on an Ultraflex III TOF/
TOF mass spectrometer (Bruker Daltonics). High resolution
ESI-TOF-MS were performed on a Thermo Finnigan LCQ
Deca XP Plus spectrometer. Cul and Cu(NO3),-3H,0 were pur-
chased from Sigma-Aldrich and used as recieved. Cyclopenta-
diene was freshly distilled before used. Compounds 1 [34], 2
[351, 5 [36], 6 [37], 7 [37], 12 [26], 20 [32] and FhuAACVF®Y
[17] were synthesized according to literature procedures.

Syntheses

Synthesis and characterization of IMesBr 3

A solution of 1-(3-bromopropyl)-1H-pyrrol-2,5-dione (1.69 g,
7.75 mmol, 1.00 equiv) and 1-(mesityl)-1H-imidazole (1.66 g,
8.91 mmol, 1.10 equiv) in toluene (35 mL) was stirred in a
closed Schlenk tube for 24 h at 110 °C. The colorless precipi-
tate was filtered, washed with toluene (3 % 15 mL) and dried
under vacuum to afford analytically pure imidazolium salt 1
(2.58 g, 6.40 mmol, 83%) as colorless powder. 'H NMR
(400 MHz, CD,Cl,) 6 10.32 (s, 1H, NCHN), 8.07 (s, 1H,
CH=CH), 7.28 (s, 1H, CH=CH), 7.05 (s, 2H, aryl CH), 6.73 (s,
2H, CH=CH), 4.68 (t, 3Jyyy = 6.85 Hz, 2H, CH>), 3.58 (t, 3Jupy
= 6.42 Hz, 2H, CH,), 2.35 (s, 3H, p-CH3), 2.34 (quint,
3Juqn = 6.72 Hz, 2H, CH,), 2.10 (s, 6H, o-Me); 13C NMR (100
MHz, CD,Cly) 8 171.5 (C=0), 141.9, 139.0 (NCHN), 135.0
(CH=CH), 134.9, 131.3, 130.2, 123.8 (CH=CH), 123.7, 48.0
(CH,), 34.5 (CHy), 30.2 (CHy), 21.4 (p-Me), 18.0 (0-Me);
ESIMS (+) m/z (%): calcd for (C19H2oN305)*t, 324.171; found,
324.170 (100).

Synthesis and characterization of NHC-Cu(l)l
complex 4

The Imidazolium salt 3 (200 mg, 0.495 mmol, 1.00 equiv),
K»,CO3 (280 mg, 2.02 mmol, 4.00 equiv) and Cul (95 mg,
0.495 mmol, 1.00 equiv) was stirred in THF (5 mL) for 24 h at
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23 °C. The solvent was evaporated under vacuum and the
residue was dissolved in dichloromethane (4 mL). After
filtering over Celite® the solvent was evaporated under vacuum
and the residue dried under vacuum to afford Cul NHC com-
plex 6 (150 mg, 0.292 mmol, 59%) as orange powder. 'H NMR
(400 MHz, CDCl3) 8 7.19 (s, 1H, CH=CH), 7.28 (s, 1H,
CH=CH), 6.93 (s, 2H, aryl CH), 6.83 (s, 2H, CH=CH), 4.21 (t,
3Jyn = 6.72 Hz, 2H, CH>), 3.58 (t, 3Jyp = 6.72 Hz, 2H, CH>),
2.31 (s, 3H, p-Me), 2.16 (quint, 3Jy; = 6.72 Hz, 2H, CH,), 2.00
(s, 6H, 0-Me); 13C NMR (100 MHz, CDCl3,) 8 181.7 (NCN),
170.6 (C=0), 139.0, 135.4, 134.9, 134.2, 129.1 121.7, 120.6,
48.3 (CHy), 34.7 (CH,), 30.5 (CHy), 21.0 (p-Me), 17.9 (0-Me);
Anal. caled for C19HyCuIN3O,, C, 44.41; H, 4.36; N, 8.18;
found: C, 44.02; H, 4.01; N, 7.75; ESIMS (+) m/z (%): calcd for
(C19H,1CuN30,)* 388.092; found, 388.106 (100).

Synthesis of terpyridyl ligands 8 and 9

A solution of terpyridine 5 (200 mg, 0.803 mmol, 1.00 equiv) in
THF (10 mL) was treated with acid chloride 6 (165 mg,
0.884 mmol, 1.10 equiv) or 7 (177 mg, 0.884 mmol, 1.10 equiv)
in THF (5§ mL). Triethylamine (NEt3) (222 pL, 1.61 mmol,
2.00 equiv) was added to the solution and the mixture was
stirred for 16 h at 23 °C. The solution was filtered and all vola-
tiles evaporated. The residue was dissolved in dichloromethane
(50 mL), washed twice with water (50 mL), and once with brine
(50 mL). The organic layer was dried over Na;SO,4 and the sol-
vent removed under vacuum affording the terpyridine ligand 8
(285 mg, 0.715 mmol, 89%) or 9 (280 mg, 0.699 mmol, 87%).
TH NMR (8, 400 MHz, CD,Cl,) & 8.69 (m, 2H, aryl CH), 8.60
(dt, 3Jup = 8.0 Hz, 3Jy = 1.0 Hz, 2H, aryl CH), 8.26 (s, 2H,
aryl CH), 7.86 (m, 2H, aryl CH), 7.34 (ddd, 3Jyg = 7.4 Hz,
3Jum = 4.8 Hz, 3Jyp = 1.1 Hz, 2H, aryl CH), 6.75 (s, 2H,
HC=CH), 4.00 (t, 3Jyg = 7.0 Hz, 2H, CH>), 2.99 (t,
3 Jttrr = 7.0 Hz, 2H, CH,) ppm; 'H NMR (9, 400 MHz, CD,Cl,)
5 8.69 (m, 2H, aryl CH), 8.61 (dt, 3Jgyg = 7.8 Hz,
3Jim = 1.1 Hz, 2H, aryl CH), 8.25 (s, 2H, aryl CH), 7.85 (m,
2H, aryl CH), 7.34 (ddd, 3y = 7.4 Hz, 3Jyp = 4.9 Hz, 3Jyp =
1.0 Hz, 2H, aryl CH), 6.75 (s, 2H, HC=CH), 3.71 (t, *Jyp = 6.8
Hz, 2H, CH,), 2.67 (t, 3Jyy = 7.4 Hz, 2H, CH>), 2.09 (pent,
3Jun = 7.2 Hz, 2H, CH,) ppm.

Synthesis of Cu(ll)-terpyridine complexes 10 and 11

To a solution of terpyridine ligand 8 (200 mg, 0.500 mmol,
1.00 equiv) or 9 (207 mg, 0.500 mmol, 1.00 equiv) in ethanol
(10 mL), Cu(NO3);,:3H,0 (120 mg, 0.500 mmol, 1.00 equiv) in
ethanol was added. The solution was stirred for 2 h at 23 °C.
The blue precipitate was collected and washed generously with
cold THF (20 mL), cold ethanol (50 mL) and cold dichloro-
methane (10 mL). The residue was dried under vacuum, to give
the copper complex 10 (214 mg, 0.365 mmol, 73%) or 11
(207 mg, 0.345 mmol, 69%). ESIMS (10) (+) m/z (%): calcd for
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(CpH¢CuN404)", 463.0468; found, 463.0459 (35); caled for:
(C15H[oCuN30)", 311.0125; found, 311.0118 (43); ESIMS
(11) (+) m/z (%): caled for (Co3H gCuN4O4)", 477.0624; found,
477.0624 (7); caled for (C;sH;oCuN30O)*; 311.0125; found:
311.0114 (36).

General procedure: Conjugation of the

catalysts to FRuAACVF! and refolding

To a degassed solution of FuAACVF®V in water (5 mg/mL,
pH = 8 (NaHCO3)) containing 1% (w/w) SDS, 10 equiv of cata-
lyst 4 in degassed THF (10% (v/v)) or 10 equiv of catalyst 10,
11, 12 in water (10% (v/v)) was added. The solution was
allowed to stir 16 h.

In the case of catalyst 4, water was removed in vacuum, and the
residue was washed with degassed THF (4 x 15 mL) to remove
excess of catalyst 4. The residue was dried in vacuum and dis-
solved in water.

In the case of catalyst 10-12, the solution was transferred into a
dialysis tube and the solution was dialyzed for 3 days against
200 fold volume containing SDS (1% (w/w)) and water (pH =~ 8
(NaHCO3)). The dialysis solution was changed every 12 hours.
Afterwards, the sample was dialyzed for 2 days against 200 fold
volume containing the refolding detergent PE-PEG (0.125 mM,
average M, = 2250 g/mol), sodium phosphate buffer (10 mM,
pH 7.4), and water. The dialysis solution was changed every
12 h.

The protein concentration was analyzed by BCA assay, the cou-
pling efficiency was determined by ThioGlo fluorescence titra-
tion, and correct refolding was determined by CD spectroscopy,
as previously reported [17,18]. Digestion of the proteins was
performed as previously reported [17].

General procedure: Diels—Alder reaction

To the corresponding catalyst (1 mol %) in 2 mL of buffer solu-
tion (0.125 mM PE-PEG, sodium phosphate buffer (100 mM,
pH 7.4), 1 mM EDTA) at 4 °C or 23 °C azachalcone 20 (4 mg,
0.02 mmol) in THF (10% (v/v)) and freshly distilled cyclopen-
tadiene (40 uL, 50 uM, 33 equiv) was added subsequently. The
reaction mixture was stirred for 72 h. Afterwards, the mixture
was extracted with Et,O (3 X 10 mL), the combined organic
phases were dried over Nay;SOy4 and the solvent removed under
reduced pressure. The residue was analyzed by 'H NMR spec-
troscopy and chiral phase HPLC using heptane/isopropanol
(98:2) as eluents. All reactions were carried out in triplicates.

Abbreviations
PE-PEG (polyethylene-polyethylene glycol), SDS
(sodium dodecyl sulfate), TEV (Tobacco Etch Virus),
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MALDI-TOF-MS (matrix-assisted laser desorption/ionisation
and time-of-flight mass spectrometry), FluAACVF'V (FhuA
A1-159 _C545_V548 F501_tev), CD (circular dichroism), ESI-
MS (electrospray ionization-mass spectrometry), NaP; (sodium
phosphate buffer).
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Ilustration of the catalyst 2 and NMR spectra of
synthesized compounds.
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Abstract

(Aminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)tungsten(0) (CO)s W=C(NHFc)Fc (W(COQO)s(E-2)) is synthesized by nucleo-
philic substitution of the ethoxy group of (CO)sW=C(OEt)Fc (M(CO)s(1EY) by ferrocenyl amide Fc-NH~ (Fc = ferrocenyl).
W(CO)s(E-2) thermally and photochemically eliminates bulky £-1,2-diferrocenylimine (E-3) via a formal 1,2-H shift from the N
to the carbene C atom. Kinetic and mechanistic studies to the formation of imine E-3 are performed by NMR, IR and UV-vis spec-
troscopy and liquid injection field desorption ionization (LIFDI) mass spectrometry as well as by trapping experiments for low-co-
ordinate tungsten complexes with triphenylphosphane. W(CO)s(E-2) decays thermally in a first-order rate-law with a Gibbs free
energy of activation of AG¥yggx = 112 kJ mol™!. Three proposed mechanistic pathways are taken into account and supported by
detailed (time-dependent) densitiy functional theory [(TD)-DFT] calculations. The preferred pathway is initiated by an irreversible
CO dissociation, followed by an oxidative addition/pseudorotation/reductive elimination pathway with short-lived, elusive seven-
coordinate hydrido tungsten(Il) intermediates cis(N,H)-W(CO)4(H)(Z-15) and cis(C,H)-W(CO)4(H)(Z-15).

Introduction

Since the first example of a Fischer carbene complex
(CO)5W=C(OMe)Me [1] in 1964, these compounds have
evolved into a huge substance class with versatile applications
as chemical multitalents in organic synthesis [2-5] as well as in
light-driven organic reactions [6-8]. Carbene complexes of

pentacarbonyl metal fragments (M = Cr, Mo, W) have further

proven to be effective carbene transfer agents to late transition
metals in transmetalation reactions [9-15]. The manifold synthe-
tic access routes to carbene complexes even allows the
assembly of multicarbene and multimetal carbene complexes
[16,17]. First representatives of multimetal carbene complexes
M(CO)s(1R) bear o-ferrocenyl alkoxy carbenes :C(OR)Fc (1R,
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M = Cr, Mo, W; R = Me, Et; Fc = ferrocenyl) [18-22]. Nucleo-
philic substitution of the alkoxy substituent OR by amines gives
access to a-ferrocenylamino Fischer carbene complexes
[18,20,21,23-27], according to the classical Fischer route [28-
31]. In contrast to conventional aromatic substituents, the Fc
unit in M(CO)s(1R) is characterized by its redox activity and its
large cylindrical steric bulk [32,33]. The electrochemical behav-
iour of ferrocenyl carbene complexes has been extensively in-
vestigated [25-27,34-39]. A second ferrocenyl unit can be incor-
porated by employing aminoferrocene (Fc-NH>) [40,41] in a
nucleophilic substitution reaction [27]. The trimetallic complex
Cr(CO)s(E-2) with the (aminoferrocenyl)ferrocenylcarbene
ligand E-2 is readily synthesized from Cr(CO)s(1¥Y by nucleo-
philic substitution of the ethoxy group with in situ generated
ferrocenyl amide Fc-NH™. Unlike the facile synthesis of the
diphenyl derivative Cr(CO)s(E-4) from Cr(CO)s(1Ft) and

a) Cr(CO)s

N/Fc
H

Cr(CO)s(E-2)

KHMDS, THF, rt

Fc
E-3

Cr(CO)s
exc. py, hexane

- P Y
reflux, 18 h Ph

Ph™ “N(H)Ph

Cr(CO)s(E/Z-4) E-5

c) Cr(CO)s
H

Ph N~
I

Me
Cr(CO)s5(Z-6)

M(CO)s /U\
Me’ ~Me

170°C, 3d

E-7
d) M(CO
NaOt-Bu (COls

N

98 bar CO, benzene . Ph/%N
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aniline [30,42], the preparation of the diferrocenyl derivative
Cr(CO)5(E-2) from bulky Fc-NH; [40,41] requires the pres-
ence of a base to increase the nucleophilicity of Fc-NH, by de-
protonation. In the presence of base, Cr(CO)s(E-2) decom-
poses readily in solution at room temperature releasing £-1,2-
diferrocenylimine [43] E-3 (Scheme 1a) [27]. Base assisted
imine formation of NH carbene complexes typically occurs
under rather harsh conditions. Thermal treatment of the signifi-
cantly less encumbered complex Cr(CO)s(E/Z-4) for 18 hiin a
1:10 (v:v) pyridine (py)/hexane mixture yields imine E-5 and
fac-[Cr(CO)3(py)s] as side-product (Scheme 1b) [44]. Forma-
tion of the imine E-7 and Cr(CO)¢ from the carbene complex
Cr(CO)5(Z-6) requires heating to 170 °C for 3 days under CO
pressure (Scheme 1c) [42]. At room temperature and in the
presence of base (KOz-Bu), M(CO)5(Z-8) (M = Cr, W) simply
isomerize to a mixture of E/Z isomers M(CO)s5(E-8)/

/%N/Fc

~Ph 4 facCr(CO)5(py)al

-

® + crco

/% /Me

H
- N
N H

Me
M(CO)5(Z-8) M(CO)s(E-8)
M=Cr, W
. M(CO)s
PSP

| |
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Me’

e)
THF, Et,0

—Co o |

M(CO)5(10)
M = (Cr), Mo, W

" W(CO)s

MeOH, KF
_FSiMe;

OSiMe3

W(CO)s(1,2-CN-CgH4-OSiMe;)

iPr .-
iPr

M(CO)4(kC,kN-10)

5

W(CO0)5(12)

> Me” SN + M(CO)s

M(CO)4

N/iPr
| 2.2\
iPr %Pr

(OC)sM
HNAN/iPr

Y

M(CO)5(11)
M = Mo, W
W(CO)s

o

W(CO)5(13)

Scheme 1: Imine formation and isomerization reactions from NH carbene complexes Cr(CO)s5(E-2) (a) [27], Cr(CO)s(E/Z-4) (b) [44], Cr(CO)s5(Z-6) (c)
[42], M(CO)5(Z-8) (d) [45,46], M(CO)5(10) (e) [50-52] and during Si—O cleavage in the isonitrile complex W(CO)s(1,2-CN-CgH4-OSiMe3) (f) [53].
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M(CO)5(Z-8) without ligand loss or formation of imine E-9
(Scheme 1d) [45,46]. It appears that the bulky diferrocenylcar-
bene E-2 facilitates formation of imine E-3. Mechanistically, a
base-assisted 1,2-H shift can be conceived either at the coordi-
nated carbene or at the free carbene [47,48] after ligand
exchange at chromium (by py or CO) for Cr(CO)s(E/Z-4) and
Cr(CO)5(Z-6). Both pathways are compatible with the forma-
tion of the metal-containing products fac-[Cr(CO)s3(py)3] and
Cr(CO)g by dissociation of the imines E-5 or E-7 or by dissoci-
ation of the carbenes E-4 or E-6, respectively (Scheme 1b,c)
[42,44].

The related pentacarbonyl complexes of bis[di(isopropyl)ami-
no]carbene 10 [49] M(CO)5(10) (M = Cr, Mo, W) readily
decarbonylate at room temperature to give the tetracarbonyl
complexes M(CO)4(kC,kN-10) with a side-on coordinated
carbene ligand (Scheme 1¢) [50-52]. Under CO atmosphere, the
molybdenum and tungsten complexes M(CO)4/5(10), (M = Mo,
W) eliminate two equivalents of propene giving the imine
complexes M(CO)5(11). Formation of the imine complex
tungsten(benzoxazole)(pentacarbonyl) W(CO)5(13) has been
reported by Tamm and Hahn during the synthesis of the carbene
complex tungsten(benzoxazolin-2-ylidene)(pentacarbonyl)
W(CO)5(12) (Scheme 1f) [53].

In principle, the formation of imines from NH carbene com-
plexes can occur by three conceivable fundamental pathways.
The first pathway starts with the dissociation of the carbene fol-
lowed by a 1,2-H shift at the free carbene (elimination—migra-
tion). The second one operates via a hydrogen atom shift at the
coordinated carbene followed by dissociation of the resulting
imine (migration—elimination). A third conceivable pathway
could start with CO loss, followed by H atom migration. To the
best of our knowledge, the mechanism of the imine formation
from NH carbene complexes is not yet established.

In the absence of a base, the bulky diferrocenylcarbene com-
plex Cr(CO)s(E-2) is stable even in refluxing toluene and
hence, a simple migration—elimination or elimination—migra-
tion reaction is not anticipated in this case. We report here the
heavier tungsten analogue W(CO)s(E-2) which is thermally
reactive and smoothly forms the imine E-3 without the need of
prior deprotonation. This apparently simpler reaction allows the
investigation of the mechanism of imine formation from NH

carbene complexes.

Herein, the synthesis and characterization of W(CO)s(E-2) fol-
lowed by detailed mechanistic studies regarding the formation
of imine E-3 are presented including mass spectrometric, NMR,
IR and UV-vis spectroscopic kinetic studies in combination
with (TD)-DFT methods.

Beilstein J. Org. Chem. 2016, 12, 1322-1333.

Results and Discussion

Synthesis of W(CO)s(E-2)

The diferrocenyl NH carbene complex W(CO)5(E-2) is ob-
tained by treating W(CO)s(1E%) [20,21] with aminoferrocene
(Fc-NH;) [40,41] in the presence of potassium hexamethyldisi-
lazide (KHMDS) in tetrahydrofuran at room temperature
(Scheme 2). In an analogous reactivity to Cr(CO)s(E-2)
(Scheme 1a) [27], the formation of the imine E-3 is observed as
a side-reaction under the alkaline conditions. Due to this reac-
tivity, W(CO)s(E-2) is obtained in only 28% yield as a deep-
red crystalline compound after purification via column chroma-

tography.
W(CO)s5 @
HoN
OEt + 2 Fe
Fo 2
S w(co)s(15y
4 equiv KHMDS, THF
rt, 8 h
12
1 C|30
OC.. W ~CO
oc” || >co Cs N =)
e Ch \N
2 H Fe + 2 Fe

<
S T

W(CO)s(E-2)

<

E-3

Scheme 2: Synthesis of W(CO)5(E-2) from W(CO)s(1EY) [20,21] and
aminoferrocene [40,41] with concomitant formation of E-1,2-diferro-
cenylimine E-3 [43] as side-product and atom numbering of
W(CO)5(E-2) for NMR assignments.

Characterization of W(CO)5(E-2)

The composition and purity of W(CO)s(E-2) is ascertained by
mass spectrometry, showing the expected molecular ion peak at
m/z = 721 with appropriate isotopic pattern, and elemental
analysis (Experimental section and Supporting Information
File 1). At increasing temperature in the FD mass spectrometer,
peaks at m/z = 397 appear which can be assigned to a molecu-
lar ion of the composition Cy H gNFe,. A tiny peak cluster at
m/z = 693, assignable to the loss of CO from W(CO)s(E-2), and
peaks at higher m/z ratios, assignable to tungsten clusters, are
also observed when traces of oxygen/water were present. Using
'H and '3C NMR spectroscopy as well as 2D NMR ('H,'H
COSY, 'H,'H NOESY, 13C,'H HSQC, !3C,'H HMBC tech-
niques), all 'H and !3C NMR resonances of W(CO)s(E-2) are
assigned based on coupling patterns and NOE contacts (Experi-
mental section and Supporting Information File 1). Only the
resonances of the unsubstituted CsHs ligands (H!, H'? and C!,
C'%) could not be discriminated. The proton resonances are
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found in a similar region as for other (pentacarbonyl)tungsten
complexes W(CO)s(E-14R) with the a-ferrocenyl NH carbene
ligand :C(NHR)Fc E-14R (R = Me, Et, n-Pr [23], n-Bu [25],
n-Pent [21]). Due to additional ring-current effects and non-
classical NH---Fe hydrogen bonding [54-59] of the NH-Fc¢
moiety, the resonance for the amine proton NH® (8 = 10.50 ppm
in CD,Cly) is shifted to lower field as compared to that of alkyl-
amine substituted NH carbene complexes M(CO)s(E-14R) (5 =
9.00-9.11 ppm in CDCl3) [21,23]. The NH---Fe interaction is
also supported by the low-energy NH stretching vibration of
W(CO)5(E-2) at 3240 cm™! in CD,Cl,, which matches to that
of Cr(CO)s(E-2) (3233 cm™!) [27] (Experimental section and
Supporting Information File 1). A weak absorption band at
3439 cm ™! is tentatively assigned to some W(CO)s(Z-2) isomer
lacking the NH---Fe interaction. In the solid state (KBr) the NH
stretching vibration appears at 3335 cm™! (Experimental section
and Supporting Information File 1). The C-N—H bending vibra-
tion is observed as a single sharp relatively strong band at
1508 cm™!. These IR data reveal that the main isomer in solu-
tion as well in the solid state is the £ isomer in accordance with
the IR data of W(CO)s(E/Z-8) [46]. The carbonyl region of IR
spectra of W(CO)s(E-2) are in accordance with those of
Cr(CO)s5(E-2) [27] and related amino(ferrocenyl)car-
bene(pentacarbonyl)tungsten complexes W(CO)s(E-14R)
(R = Me, Et, n-Pr [23], n-Bu [25], n-Pent [21]). The UV—vis
spectrum of W(CO)5(E-2) (Supporting Information File 1) is

co . EIZ co
OC.4,«CO isomerization QC.,!,.CO
OC’WJJ:CO — OC'WJ]:CO
o Fe” ~N—H
|
H Fc

W(CO)5(E-2) W(CO)5(Z-2)

1,2-H shift
co co
0C.,[.CO 0C.\[2CO
oc’|co  —=  0c7|co
C)——‘N - H>___N
H “Fe F¢  “Fe

W(CO)5(E-3) W(CO)s5(Z-3)
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similar to that of Cr(CO)s5(E-2) [27] and to those of
carbene(pentacarbonyl)metal complexes (Cr, W) [60,61].

Thermolysis of W(CO)s(E-2) in refluxing toluene gives imine
E-3 [43] after ca. 24 h in almost quantitative yield, as moni-
tored by "H NMR spectroscopy. Accordingly, W(CO)s(E-2) is
a suitable candidate to investigate the imine formation from NH
carbene complexes in a simple one-component system under
relatively mild conditions and, importantly, in the absence of a
base.

DFT studies on the formation of imine E-3
from W(CO)s(E-2)

Three conceivable reaction pathways for the formation of imine
E-3 have been considered. For each pathway, density func-
tional theory (DFT) calculations on the B3LYP/LANL2DZ
(IEF-PCM toluene) level of theory have been performed to
localize minimum structures and energies of the intermediates
which are connected by transition states. The Gibbs free ener-
gies are reported at 298 K.

The first pathway comprises the migration—elimination mecha-
nism involving a 1,2-H shift at the coordinated carbene ligand
E-2 or Z-2 in W(CO)5(E-2) or W(CO)5(Z-2) followed by
dissociation of the respective imine E-3 (pathway la,
Scheme 3) or Z-3 (pathway 1b, Scheme 3), respectively. In the

Elz

co , - ¢o
0OC..},.CO isomerization OC.,«CO
ocjvjv\‘co OC'WJJ:CO
Fo N/FC Feo ~N—H
|
H Fc

W(CO)s(E-2)

c]

W(CO0)s(Z-2)

carbene dissociation

FC/"\N/FC _ FC/"\N/H
I
H Fc
E-2 Z-2
\ 1,2-H shift
H H
ey . FCA\N
Fc
E-3 Z-3

Scheme 3: Reaction pathways 1a/1b (migration—elimination) and 2a/2b (elimination—migration) for the formation of imine E-3 from W(CO)s(E-2).
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latter case, Z-3 isomerizes to the thermodynamically preferred
isomer E-3. The second pathway (carbene elimination—migra-
tion) starts with the elimination of the carbenes E-2 or Z-2 fol-
lowed by an 1,2-H shift to give the imines E-3 (pathway 2a,
Scheme 3) or Z-3 (pathway 2b, Scheme 3). In the latter case, a

Z-3 — E-3 isomerization follows.

The initial step of the third pathway is a CO dissociation
yielding the tetracarbonyl complexes W(CO)4(E-2) or
W(CO)4(Z-2). This elimination is followed by a hydrogen atom
shift at the coordinated carbene ligands E-2 or Z-2 (pathway 3a
and 3b, Scheme 4) giving W(CO)4(E-3) or W(CO)4(Z-3),
respectively. Furthermore, the free coordination site in
W(CO)4(E-2) or W(CO)4(Z-2) offers an oxidative addition/
pseudorotation/reductive elimination pathway via the hydrido
tungsten(Il) complexes W(CO)4(H)(Z-15) with the formally
anionic ligand [Fc-C=N-Fc]~ (157) as further alternative (path-

way 3c, Scheme 4).

co _EIz
OC.,,,«CO isomerization
OC'W)J:CO
Fc N/FC
H

W(CO)s5(E-2)

CO dissociation

QO
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1,2-H shift

H

W(CO)4(E-3)

imine dissociation

H

FC)QN/FC

E-3
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The calculated Gibbs free energies for W(CO)s(E-2) and
W(CO)5(Z-2) are basically identical (Supporting Information
File 1, Figure S16, Scheme 3). The calculated barrier for the
E/Z isomerization W(CO)5(E-2) — W(CO)5(Z-2) amounts to
AG* =108 kJ mol™!. This barrier is significantly higher than
that reported for (methoxy)(methyl)carbene(pentacarbon-
yl)chromium(0) Cr(CO)5(C(OMe)Me) (52 kJ mol™! (experi-
mental) and ca. 61 kJ mol™! (theoretical)) due to the larger
steric bulk of the (aminoferrocenyl)ferrocenylcarbene 2, the
higher n-donating character of the amino substituent vs the
alkoxy substituent thus increasing the C(carbene)-X double
bond character (X =N, O) [62-64] and the loss of some attrac-
tive NH**Fe interaction (HFe(Fc-C) = 2.98 A) in
W(CO)5(E-2) [27,54-59]. The Gibbs free energy of activation
for the 1,2-H shift in W(CO)5(Z-2) to give the imine complex
W(CO0)s(Z-3) amounts to AG = 333 kJ mol~! which is pro-
hibitively large. For W(CO)s(E-2) — W(CO)s(E-3), this
barrier is somewhat smaller (AG* =284 kJ mol™!), yet this 1,2-

co
OC.;<CO
oc”||>co
FCJJ\N/H
Fc
W(CO)5(Z-2)

co oxidative Co
OC.w+CO  addiion ~ OC:wE0
oc I OC™/\ *H
Fe~ N1 N.
) Fc Fc
Fc

W(CO)4(Z-2) cis (N,H)-W(CO) 4(H)(Z-15)

\ pseudorotation

OCAVQVE\)CO reductive co
oc” ‘ elimination OC”‘VIV"‘“CO
H\FN H( \\CO
F¢  “Fc Fo” e

W(CO)4(Z-3) cis (C,H)-W(CO) 4(H)(Z-15)

H
Fc)§N
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Z-3

Scheme 4: Reaction pathways 3a/3b/3c (CO dissociation) for the formation of imine E-3 from W(CO)5(E-2).
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H shift initially only leads to a van-der-Waals adduct of the
imine E-3 [W(CO)s'"E-3]. Hence, this hydrogen atom shift is
coupled with a W—C(carbene) bond dissociation.

The turn over frequency (TOF) of catalytic cycles can be esti-
mated from the energies of the TOF-determining transition state
(TDTS) and the TOF-determining intermediate (TDI) [65]. The
given energy difference between TDTS and TDI is the
maximum energy span between a given intermediate and all
following transition states of the cycle and can be understood as
the overall Gibbs free energy of activation of the whole catalyt-
ic cycle [65]. This procedure can be translated to competing
reaction paths. For pathways 1a and 1b (Scheme 3), the rate-de-
termining intermediate (RDI) is W(CO)5(Z-2) and the rate-de-
termining transition states (RDTS’s) are TS(W(CO)s(E-2) —
W(CO)5E-3) (pathway la) and TS(W(CO)5(Z-2) —
W(CO)5(Z-3) (pathway 1b) giving the overall Gibbs free ener-
gies of activation AG¥,,,,; = 287 kI mol™! and AGH,,,,; =
333 kJ mol™!, respectively. The lower energy pathway 1a is as-
sociated with the dissociation of the carbene ligand (Supporting
Information File 1, Figure S16). Hence, the initial dissociation
of the carbenes E-2 and Z-2 is considered in pathways 2a and
2b (Scheme 3).

Dissociation of the carbenes E-2/Z-2 from W(CO)5(E-2)/
W(CO)5(Z-2) is calculated endergonic (AG = 141 kJ mol ! and
AG =167 kI mol™!, respectively, Scheme 3). Transition states
for the carbene dissociation could not be identified. Hence, this
initial dissociative step is probably not the one with the lowest
energy. Nonetheless, the 1,2-H shift in the free carbenes has
been calculated as well (Scheme 3).

The carbene E-2 is 23 kJ mol™! more stable than the Z-2 isomer
(Supporting Information File 1, Figure S17). The interconver-
sion between these isomers E-2 — Z-2 (AG* = 130 kJ mol™!)
proceeds via a bending vibration of the Cp—C(carbene)-N
moiety. This reaction coordinate is fully analogous to the pro-
posed mechanism of the £/Z isomerization of imines [66,67].
During the 1,2-H-shift of E-2 to E-3, the migrating hydrogen
atom interacts with the empty p,-type orbital of the carbene car-
bon atom (AG* = 250 kJ mol™!), which is in accordance with
the established mechanism of 1,2-migration reactions of
carbenes [47,48,68-71]. Interestingly, the 1,2-H-shift of Z-2
(Z-2 — Z-3: AG* = 179 kJ mol™!) with a lower barrier occurs
within the C—C(carbene)-N plane via a direct interaction of the
ng orbital at the carbene carbon atom with the hydrogen 1s
orbital. Because of the non-crossing rule, this path is symmetry
forbidden for aromatic carbenes [47,72]. The calculated barrier
of the E/Z isomerization Z-3 — E-3 (AG* = 52 kJ mol™!) is in
good agreement with experimental data for other imines with
similar steric bulk, e.g., (Fc),C=NAr, leading to the global

Beilstein J. Org. Chem. 2016, 12, 1322-1333.

minimum E-3 of pathways 2a and 2b (Scheme 3) [66,67].
E-2 is the RDI for pathways 2a and 2b. The transition states
TS(E-2 — E-3) (AG%,4,0 = 250 kJ mol™!, pathway 2a) and
TS(Z-2 — Z-3) (AGY 0 = 202 kJ mol™!, pathway 2b) are the
RDTS’s. The 1,2-H-shift of the free carbenes 2 preferably
proceeds via pathway 2b (Supporting Information File 1, Figure
S17).

Compared to the carbene dissociation, significantly smaller
endergonicities are calculated for the dissociation of a carbonyl
ligand (pathways 3a and 3b, Scheme 4) giving the tetracar-
bonyl complexes W(CO)4(E-2) and W(CO)4(Z-2) with AG =
86 kJ mol™! and 115 kJ mol™!, respectively (Scheme 4). The
W(CO)4(E-2) isomer is stabilized with respect to W(CO)4(Z-2)
by 26 kI mol™L. The E/Z isomerization of W(CO)4(2) proceeds
via an intermediate W(CQO)4(xC,k/N-2) with a side-on coordina-
tion of the carbene ligand 2 exploiting the free coordination site
at tungsten similar to M(CO)4(kC,kN-10) [50-52] (Scheme 1,
Supporting Information File 1, Figure S18). The barrier for this
E/Z carbene isomerization amounts to only AG* = 99 kJ mol™!.
This represents the lowest barrier for the E-2/Z-2 isomerization
calculated in the systems W(CO)s(E-2/Z-2), W(CO)4(E-2/Z-2)
and E-2/Z-2 (vide supra). However, the following 1,2-H shifts
have high barriers of 294 and 248 kJ mol™! for W(CO)4(E-2)
— W(CO)4(E-3) and W(CO)4(Z-2) — W(CO)4(Z-3), respec-
tively. For the former reaction and similar to the 1,2-H shift in
W(CO)s5(E-2) (vide supra), the van-der-Waals adduct
[W(CO)4**E-3] is the initial product implying the dissociation
of the W—C(carbene) bond. The RDI for pathways 3a and 3b is
W(CO)4(E-2). The RDTS’s are TS(W(CO)4(E-2) —
[W(CO) 4 E-3]) (AG*,5101 = 294 kJ mol™!, pathway 3a) and
TS(W(CO)4(Z-2) — W(CO)4(Z-3)) (AGHp101 = 274 kJ mol ™!,
pathway 3b). Both pathways 3a and 3b are quite energy
demanding and require even more energy than the E-2 — E-3
and Z-2 — Z-3 hydrogen atom migrations in the free carbenes
(vide supra). The free coordination site at tungsten in
W(CO)4(Z-2) provides a third sequence for the formation of
imine E-3 (Scheme 4, Figure 1). Oxidative addition of the NH
bond to the unsaturated tungsten center (AG+ = 157 kJ mol™!)
gives the seven-coordinate hydrido tungsten(Il) complex
cis(N,H)-W(CO)4(H)(Z-15) with formally anionic [Fc-C=N-
Fc]™ (157) and hydrido ligands (Scheme 4, Figure 1 and
Figure 2).

A similar oxidative addition has been proposed in the
literature for the iron (aminophenyl)phenylcarbene complex
[Cp(CO)(S(SiEt3))Fe(4)] leading to an intermediate hydrido
species followed by the elimination of £-1,2-diphenylimine E-5
[73]. Pseudorotation of cis(N,H)-W(CO)4(H)(Z-15) to
the isoenergetic rotamer cis(C,H)-W(CO)4(H)(Z-15) (AGH =
86 kJ mol™!) enables a low-energy reductive elimination
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Figure 1: DFT calculated oxidative addition/pseudorotation/reductive elimination pathway 3c from W(CO)4(E-2) to W(CO)4(Z-3).
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Figure 2: DFT calculated geometries of the two hydrido intermediates cis(N,H)-W(CO)4(H)(Z-15) and cis(C,H)-W(CO)4(H)(Z-15) and selected bond

distances in A.

(AG* = 40 kJ mol™!) to give the imine complex W(CO)4(Z-3)
(Figure 1).

The overall Gibbs free energy of activation amounts to only
AGH 501 = 183 kJ mol™! with the RDI W(CO)4(E-2) and the
RDTS TS(W(CO)4(Z-2) — cis(N,H)-W(CO)4(H)(Z-15))
(pathway 3c) for this preferred reaction sequence (Figure 1 and
Supporting Information File 1, Figure S19).

All overall Gibbs free energies of activation for the discussed
pathways la/lb and 3a/3b in the coordination sphere of the
metal center are higher than for the carbene — imine isomeriza-
tion in the metal-free systems E-2 — E-3 and Z-2 — Z-3 (path-
ways 2a/2b). This suggests that W(CO)5 or W(CO)4 coordina-
tion to E-2 or Z-2 kinetically stabilizes the carbene ligand. All
pathways la/1b, 2a/2b and 3a/3b have large overall Gibbs free
energies of activation with AG¥,5,,; > 200 kJ mol™'. The alter-
native pathway 3c via CO dissociation, oxidative addition,

pseudorotation and reductive elimination features the lowest
overall Gibbs free energy of activation of AG¥,,,,; =
183 kJ mol™!. Although activation barriers for CO and carbene
ligand dissociation steps could not be determined by DFT
calculations, the formation of tetracarbonyl complexes is very
probable, while the carbene dissociation is less likely. The ex-
perimentally determined barrier for CO dissociation from tung-
sten hexacarbonyl amounts to 193 kJ mol™! [74]. According to
the calculations, the W(CO)4(Z-2) isomer is accessible from the
thermodynamically preferred W(CO)4(E-2) isomer. The
following oxidative addition pathway 3c from W(CO)4(Z-2)
via the hydrido complexes cis(NV,H)-W(CO)4(H)(Z-15) and
cis(C,H)-W(CO)4(H)(Z-15) provides the lowest energy path-
way for the formation of the imines Z-3 and E-3. Important
calculated bond distances in these key intermediates amount to
W—C(carbene) = 2.19, 2.15 A, W-N =2.16, 2.21 A, W-H =
1.78, 1.77 A and C-N = 1.29, 1.29 A for cis(N,H)-
W(CO)4(H)(Z-15) and cis(C,H)-W(CO)4(H)(Z-15), respec-
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tively (Figure 2). These hydrido intermediates act as hydrogen
atom shuttle from the nitrogen to the carbon atom in NH
carbene tetracarbonyl tungsten complexes. Oxidative additions
of XY bonds to low-coordinate W(CO),, fragments is a common
reactivity pattern for tungsten carbonyl complexes [75-80] and
appears to be operative in the present case as well.

Experimental studies on the formation of
imine E-3 from W(CO)5(E-2)

Heating of a toluene solution of W(CO)s(E-2) results in the for-
mation of the imine E-3 according to '"H NMR spectroscopy
(monitored by the NH proton resonance of W(CO)s(E-2) at
6 = 10.16 ppm and the CH proton resonance of E-3 at
6 = 8.33 ppm; Supporting Information File 1, Figures
S20-S24). The appearance of a resonance at 6 = 9.68 ppm is
assigned to a trace amount of W(CO)5(Z-2). A dark precipitate
(possibly tungsten nanoparticles [81,82]) forms during the
thermolysis. The half-lives at 60, 70, 80, 90 and 100 °C
amount to 145.9, 39.4, 28.9, 16.2 and 12.2 h. The time traces
fit to a first order kinetics as anticipated in the absence of a
base. An Eyring—Polanyi plot gives an activation enthalpy of
AH* =54.5 + 10.4 kJ mol™! and an activation entropy of
ASt=-193 £ 30 J mol~! K™! (Supporting Information File 1,
Figure S25). These values give a Gibbs free energy of activa-
tion of AG¥y9gx = 112 kJ mol ™.

The "H NMR spectra during thermolysis provide no hint for a
long-lived intermediate and the reaction cleanly proceeds from
the starting material W(CO)5(E-2) to the product E-3. No
hydride resonances have been detected up to 6 = =30 ppm in the
'H NMR spectra. This suggests that subsequent reactions after
ligand dissociation proceed faster and the irreversible ligand

dissociation is the rate-determining step.

Attempts to intercept low-coordinate tungsten intermediates
were conducted by thermolysis of W(CO)s(E-2) in the pres-
ence of triphenylphosphane. In case of aminocarbenes,
experiments on the synthesis and decomposition of

carbene(tetracarbonyl)(phosphane) complexes of chromium
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and tungsten revealed the exclusive formation of cis-
M(CO)4(PR3)(carbene) (R = n-Bu, Ph) [83-85].
M(CO)s5(PR3) and trans-M(CQO)4(PR3); (M = Cr, W) have
been detected as side-products [83,84].

W(CO)s(PPh3) gives a 3P resonance at 5 = 20.9 ppm
(1-]WP = 243 Hz) in CDClj3 and trans-W(CO)4(PR3); at
5 = 27.4 ppm (1Jwp = 282 Hz) [86], while reported
W(CO)4(PPhs)(carbene) complexes resonate in CD,Cl, at
8 =24-25 ppm (' Jywp = 232-236 Hz) (cis) and at & = 23 ppm
(IJwp = 209 Hz) (trans) and exhibit significantly smaller LJyp
coupling constants [85]. A 31p NMR resonance of a toluene-dg
solution of W(COQ)5(E-2) with one equivalent PPh3 heated to
100 °C for 1 h was observed at & = 27.3 ppm with '#3W satel-
lites (!Jwp = 238 Hz) fitting to the carbene tetracarbonyl phos-
phane complex cis-W(CO)4(PPh3)(E-2) (23%) in addition to
residual PPhs (6 = —4.2 ppm, 73%) (Scheme 5, Supporting
Information File 1, Figure S13). A less intense resonance (4%)
at & = 28.9 ppm (!Jwp = 283 Hz) is assigned to trans-
W(CO)4(PPh3); [86]. At later stages of the reaction, isomeriza-
tion to another cis isomer of cis-W(CQO)4(PPh3)(E-2) with
8 =24.0 ppm (Lwp = 234 Hz), according to the LJyp coupling
constant [85], probably occurs. After 4 h another 3!P resonance
appears at & = 22.2 ppm (\Jwp = 244 Hz). Comparison of Liyp
coupling constants confirms the presence of W(CO)5(PPhj3)
[86], with up to 67% spectroscopic yield after 25 h. Hence,
the 3'P NMR data suggest the following sequence as a main
pathway: The sequence starts with initial loss of a CO ligand
from W(CO)s(E-2), followed by formation of cis-
W(CO)4(PPh3)(E-2) complexes. Substitution of imine E-3 by a
second PPhj ligand gives trans-W(CO)4(PPh3),. Finally,
W(CO)5(PPhj) is formed, presumably along with elemental
tungsten (Scheme 5).

FD mass spectrometry confirms the most probable decomposi-
tion of W(CO)4(PPh3)(E-2) to trans-W(CO)4(PPh3), (m/z =
820), W(CO)s(PPh3) (m/z = 586) and imine E-3 (m/z = 397)
(Supporting Information File 1, Figure S14). The carbonyl and
CN stretching frequencies (2072, 2018, 1982, 1938, 1889,

ocC c';OCO PPh ocC (':OCO ocC (':OCO PhsP. COCO ocC (':OCO
SW + 3 MW AW + PPhy 3 ,M,V'V.,m MW
7y —_— CAS v~ PAALS — N +W+CO+ ..
0C” || ~PPh . — )
OC GO —co PRPUUCO | 0 TR “Ea O coPPhe OC” &oPPhs
; ; ;

W(CO)s(E-2) cis -W(CO) 4(PPhs)(E-2)
8 =27.2 ppm ("Jywp =238 Hz)

5=24.0 ppm ("Jwp = 234 Hz)

trans -W(CO) 4(PPh3), W(CO)5(PPhj3)

5 =28.9 ppm ("Jwp = 283 Hz) & =22.2 ppm ('Jyp = 244 Hz)

Scheme 5: Proposed reaction sequence from W(CO)5(E-2) to W(CO)s(PPh3) in the presence of triphenylphosphane.
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1614 cm™) and relative intensities of partially overlapping
bands obtained by IR spectroscopy (Supporting Information
File 1, Figure S15) fit to a mixture of W(CO)s(PPh3) (v =
2072, 1982, 1938 cm™') [87,88], W(CO)4(PPh3); in cis (V =
2018 cm™!) and trans (v = 1938, 1889 cm™!) configuration
[89,90] as well as imine E-3 (v = 1614 cm™!). Hence, the initial
thermally induced dissociation of a CO ligand is more
favourable than carbene dissociation in agreement with the DFT

calculations (vide supra).

Similarly, photochemical activation (400 nm LEDs) in toluene
produces imine E-3 in 31% yield after 120 h from
W(CO)s(E-2) already at room temperature, while only 1% E-3
is formed in the dark at room temperature. This observation ad-
ditionally supports the hypothesis that the key initial step is the
dissociation of CO from W(CO)5(E-2) to give W(CO)4(E-2)
(Scheme 4).

Attempts to observe the tetracarbonyl intermediates in the
absence of PPh; by LIFDI mass spectrometry were unsuccess-
ful. The mass spectra recorded at several time intervals during
the heating procedure (reflux in toluene under strictly inert
conditions) display the peak of the starting material at m/z = 721
and the peak of the imine product E-3 at m/z = 397. The former
peak decreases while the latter one increases during the heating
process (Supporting Information File 1, Figure S26). No other
intermediates appear in the FD mass spectra. Tentatively, the
concomitantly formed tungsten species aggregate under these
conditions and form the observed dark precipitate. This further
supports the hypothesis that no intermediates accumulate during
the reaction and that the rate-determining step is the CO ligand
dissociation.

IR spectroscopic monitoring of a W(CQ)s(E-2) solution in
1,2-dichloroethane under reflux (ca. 84 °C) shows that
W(CO)s(E-2) simply decays to a carbonyl-free species (likely
the dark precipitate) and no soluble CO-containing intermedi-
ates such as W(CO)4(E-2), W(CQO)4(Z-2) or hydrido carbonyl
complexes are detected (Supporting Information File 1, Figure
S27).

In full accordance with the above observations, UV—vis spectra
recorded during the thermal treatment of W(CQO)s(E-2) in tolu-
ene (100 °C) show the clean decay of the characteristic bands of
W(CO)s(E-2) at 360 and 391 nm. The ferrocene based absorp-
tion band around 500 nm remains essentially constant indicat-
ing the stability of the Fc units. Isosbestic points are observed at
337 and 500 nm corroborating the clean conversion of
W(CO)s(E-2) to E-3 without long-lived soluble intermediates
(Supporting Information File 1, Figure S28). The final UV—vis
spectrum after 6 h closely resembles that of the calculated
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TD-DFT spectrum of imine E-3 (Supporting Information File 1,
Figure S29). All spectroscopic and analytical data suggest that
the imine formation is faster than the CO dissociation.

Conclusion

The thermally induced formation of E-1,2-diferrocenylimine
E-3 from the NH carbene pentacarbonyl tungsten complex
W(CO)s5(E-2) was investigated by density functional theory
methods and mechanistic experimental studies (NMR, IR,
UV-vis spectroscopy, FD mass spectrometry, kinetic studies,
trapping of intermediates). All available data support the initial
dissociation of a CO ligand to give the tetracarbonyl complex
W(CO)4(E-2). Isomerization to the W(CO)4(Z-2) isomer
allows for an oxidative addition of the NH bond to give the
seven-coordinate hydrido tungsten(II) complex cis(N,H)-
W(CO)4(H)(Z-15). After pseudorotation to the cis(C,H)-
W(CO)4(H)(Z-15) rotamer, a reductive elimination yields the
imine complex W(CO)4(Z-3). All other conceivable pathways,
namely 1,2-H shifts within the free carbene or within the car-
bonyl complexes W(CO)s(E-2) or W(CO)4(E-2), are signifi-
cantly more energy demanding. The possibility of a seven-coor-
dinate tungsten(II) intermediate opens the oxidative addition/
pseudorotation/reductive elimination pathway shuttling the
hydrogen atom from the nitrogen atom via the W atom to the
carbene carbon atom. This pathway is unfeasible for homolo-
gous chromium complexes and explains the resistance of
Cr(CO)5(E-2) towards thermal E-3 formation. A base-assisted
pathway for imine formation is operative both for
Cr(CO)s(E-2) and W(CO)s(E-2), but the thermal imine forma-
tion is only feasible for W(CO)s(E-2).

Experimental

General procedures: All reactions were performed under
argon atmosphere unless otherwise noted. A glovebox of the
type UniLab/MBraun (Ar 4.8, O, < 1 ppm, H,O < 1 ppm) was
used for storage and weighing of sensitive compounds. All ana-
lytical samples that required the absence of oxygen were pre-
pared in the same glovebox. Dichloromethane and 1,2-dichloro-
ethane were dried with CaH; and distilled prior to use. THF and
toluene were distilled from potassium. All reagents were used
as received from commercial suppliers (ABCR, Acros
Organics, Alfa Aesar, Fischer Scientific, Fluka and Sigma-
Aldrich). Deuterated solvents were purchased from euriso-top.
(Ethoxy)(ferrocenyl)carbene(pentacarbonyl)tungsten(0)
W(CO)s(1E%) [21] and Fc-NH; [40,41] were prepared accord-
ing to literature procedures.

NMR spectra were recorded on a Bruker Avance DRX 400
spectrometer at 400.31 MHz ('H), 100.07 MHz (}3C{'H}) and
162.05 MHz (3'P{'H}). All resonances are reported in ppm vs
the solvent signal as internal standard [CD,Cl, ({H: & =
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5.32 ppm; 13C: & = 53.8 ppm), toluene-dg ('H: & = 2.08 ppm)]
[91] and versus external H3PO4 (85%) (3!P: & = 0 ppm). IR
spectra were recorded with a BioRad Excalibur FTS 3100 spec-
trometer as KBr disks or by using KBr cells in CH;Cl, or in
CD;Cl,. Electrochemical experiments were carried out on a
BioLogic SP-50 voltammetric analyzer by using a platinum
working electrode, a platinum wire as counter electrode and a
0.01 M Ag/AgNOs electrode as reference electrode. The mea-
surements were carried out at a scan rate of 100 mV s~ ! for
cyclic voltammetry experiments and at 50 mV s~ ! for square
wave voltammetry experiments in 0.1 M [n-BugN][B(CgF5)4]
as supporting electrolyte in THF. Potentials are referenced
against the decamethylferrocene/decamethylferrocenium couple
(Evy, =—525 £ 5 mV vs ferrocene/ferrocenium under our experi-
mental conditions) and are given relative to the ferrocene/
ferrocenium couple. UV—vis/NIR spectra were recorded on a
Varian Cary 5000 spectrometer by using 1.0 cm cells (Hellma,
suprasil). FD mass spectra were recorded on a Thermo Fisher
DFS mass spectrometer with a LIFDI upgrade. Elemental
analyses were performed by the microanalytical laboratory of

the chemical institutes of the University of Mainz.

Density functional theory calculations were carried out with the
Gaussian09/DFT series [92] of programs. The B3LYP [93]
formulation of density functional theory was used employing
the LANL2DZ [94-97] basis set. No symmetry constraints were
imposed on the molecules. The presence of energy minima of
the ground states was checked by analytical frequency calcula-
tions. The calculated transition states exhibit a single imaginary
frequency and they were additionally verified by intrinsic reac-
tion coordinate (IRC) calculations. Solvent modelling was done
employing the integral equation formalism polarizable continu-
um model (IEFPCM, toluene). The approximate free energies at
298 K were obtained through thermochemical analysis of the
frequency calculation, using the thermal correction to the Gibbs
free energy as reported by Gaussian09.

(Aminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)tung-
sten(0) (W(CO)5(E-2)): 402 mg (2.0 mmol) of Fc-NH, and
1132 mg (2.0 mmol) of W(CO)s(1Et) where dissolved in dry
THF (40 mL). 1595 mg (8.0 mmol) of potassium hexamethyl-
disilazide (KHMDS) in dry THF (40 mL) were added within
5.5 h while stirring at room temperature. The reaction was
monitored by TLC to check the reaction progress and to stop
the reaction before extensive imine formation occurs. After 8 h,
the solvent was removed under reduced pressure and an
aqueous saturated NaHCO3 solution (100 mL) was added.
The aqueous phase was extracted with dichloromethane
(3 x 100 mL) and the combined organic phases were washed
with aqueous saturated NaHCOj solution (2 x 100 mL) and
brine (2 x 100 mL). The organic phase was dried over MgSQOj,.

Beilstein J. Org. Chem. 2016, 12, 1322-1333.

After evaporation of the solvent under reduced pressure, a crude
red product was obtained (1.04 mg). Purification by column
chromatography (SiO;; 40 cm x 5.5 cm; petroleum ether (40/
60):CH;,Cl, 1:1; Re(Fc—NHj,) = 0.0, R¢(E-3) = 0.5,
Re(W(CO)5(E-2)) = 0.8) yielded 403 mg (0.56 mmol, 28%) of
deep red crystalline needles. '"H NMR (CD,Cl,): § 10.50 (s, 1H,
Ho), 4.73 (pt, 2H, HB), 4.71 (pt, 2H, H3), 4.62 (pt, 2H, H2),
4.37 (s, 5H, H1/10), 4.33 (pt, 2H, H9), 4.32 (s, 5H, H1/10) ppm;
13C NMR (CD;,Cly) & 259.6 (C5), 204.4 (C12), 199.3
(CI1, Lwe = 127 Hz), 99.7 (C7), 97.7 (C4), 72.1 (C2), 70.7
(C3), 70.6 (C1/10), 70.2 (C1/10), 69.1 (C8), 67.8 (C9) ppm; MS
(FD) m/z (int.): 721.0 (100, [M]"); IR (KBr) v: 3335 (m, NH),
3107 (s, CH), 2058 (vs, CO), 1977 (vs, CO), 1899 (br, CO),
1508 (s), 1350 (m), 1238 (m), 1057 (m), 822 (m), 600 (s), 579
(m), 480 (m) cm™'; IR (CH,Cly) v: 2060 (vs, CO 44), 1975 (s,
CO By), 1921 (br, CO E, 4;), 1503 (m) cm™!; IR (CD,Cl,) v:
3439 (w, NH(W(CO)5(Z-2))), 3240 (m, NH(W(CO)5(E-2)))
em™!; UV—vis (CH,Cly) Amax (€): 290 sh (15370), 355 (11020),
387 (11680), 468 sh (2570 M~! cm™!) nm; CV (THF, vs FcH/
FcHY): Ey)p = —2.38 V (qrev.), Epox =0.26,0.48 V, Ep req =
0.17, =0.15, —0.76 V; Anal. calcd for CysH 9Fe,NOsW
(720.95): C, 43.31; H, 2.66; N, 1.94; found: C, 43.30; H, 2.69;
N, 1.91.

Supporting Information

Supporting Information File 1
Experimental spectra and DFT derived data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-125-S1.pdf]
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A series of Cr(III) complexes based on quinoline-cyclopentadienyl ligands with additional hemilabile side arms were prepared and

used as single-site catalyst precursors for ethylene polymerization. The additional donor functions interact with the metal centers

only after activation with the co-catalyst. Evidence for this comes from DFT-calculations and from the differing behavior of the

complexes in ethylene polymerization. All complexes investigated show very high catalytic activity and the additional side arm

minimizes chain-transfer reactions, leading to increase of molecular weights of the resulting polymers.

Introduction

Chelate ligands with both, a strongly coordinating moiety and a
weakly coordinating donor function allow the stabilization of
vacant coordination sites at metal centers and may act as place-
holders for external substrates. The concept of hemilabile
ligands has been introduced in 1979 [1] and has been applied
for the development of improved transition metal catalysts
[2-7]. The donor—acceptor interaction of the hemilabile moiety
with the metal center should be weak enough to allow the dis-
placement by a substrate, which should itself be transformed
during the catalytic reaction. The bonding ability of internal or

external stabilizing ligands in relation to the substrate plays a

crucial role. In contrast to external donors, a special feature of a
hemilabile donor is the fact that only one stabilizing ligand per
metal center is available. Consequently, a large excess of
external donors (e.g., solvent molecules, substrates, additives,
etc.) may displace a relatively strong intramolecular donor func-
tion. Several examples for olefin polymerization catalysts with
hemilabile ligands are known and the impact of the hemilabile
group on the polymerization behavior can be immense [8-12].
Examples are the switching from polymerization to trimeriza-
tion selectivity [13] or the suppression of chain termination by

weak interactions with fluorine substituents [14-17]. The inter-
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action with fluorine atoms from fluorinated borate anions have

also shown to play a role in olefin polymerization [18-24].

Cyclopentadienyl (Cp)-based chromium complexes exhibit very
good ethylene polymerization properties, when the coordina-
tion sphere of the chromium center is completed by an addition-
al ligand. Improved stability and hence polymer productivities
are obtained when the donor is tethered to the Cp ring [25-36].
However, the tethered donor usually does not act as a hemi-
labile ligand as it remains coordinated during the catalytic
process. Many cyclopentadienyl (Cp) ligands where an addi-
tional neutral donor function is covalently bonded have been re-
ported [37-39]. Some of those donors bind strongly, others
weakly, to a particular transition metal ion. Examples, which
are related to the work described here, are Cp ligands with
olefinic [40-52] or with a nitrile side arm [53,54].

We have recently described how external modifiers combined
with Cp-chromium polymerization catalysts influence the
chain-termination process and hence the molecular weight of
the produced polyethylene [55]. This paper describes our results
with covalently linked modifiers and their influence on the
ethylene polymerization behavior. There is neither experimen-
tal nor theoretical evidence for a substantial beta-H elimination
or beta-H transfer in such catalyst systems so that chain termi-
nation is dominated by chain-transfer reactions to the alumi-
num based co-catalysts [56,57]. Consequently, any component,
which modulates the interaction of Al-alkyls with the catalyst
center, can influence the molecular weight of the resulting poly-
ethylene. The concept of the present investigation is sketched in
Scheme 1. The pre-catalysts feature covalently bonded neutral
donor functions (D) which do not interact with the coordina-

tively saturated chromium centers. The coordination ability of

D = donor function

Beilstein J. Org. Chem. 2016, 12, 1372-1379.

the chosen donors D range from very weak (organofluorine) to
medium (olefinic or aryl, respectively) and strong (nitrile). Acti-
vation with methylaluminoxane (MAO) leads to the formation
of monomethyl complexes and the active species is a cationic
alkylchromium complex with one remaining ,,vacant“ coordina-
tion site. This site can bind one of the following donors: ethyl-
ene, internal labile donor D, alkylaluminium compound, etc. If
the internal donor binds, the cationic chromium center is stabi-
lized but ethylene can displace the donor and insert into the
chromium alkyl bond leading to polyethylene. In the presence
of aluminum alkyls like trimethylaluminum chain termination
may occur by addition of AlMej to the cationic chromium alkyl
species. A simultaneous coordination of the internal donor D
and alkylaluminum is not possible or at least very unlikely so
that interaction of the hemilabile donor D can suppress chain
transfer. Another possibility is that the donor D directly inter-
acts with AlMes, which also reduces the chain-transfer rate.
Both types of interaction lead to an increase in molecular
weight of the polyethylene.

We have synthesized a number of ligands as presented in
Scheme 2 and evaluated the interaction of the donor units with
the Lewis acidic chromium center by DFT methods. The syn-
thesized complexes where then tested in ethylene polymeriza-
tion in order to evaluate the influence of the hemilabile donor in

terms of catalyst activity and molecular weight of the polymer.

Results and Discussion

It is well known that early transition metal single-site polymeri-
zation catalysts can interact with organofluorine groups
[15,17,20,22]. In FI-type catalysts the interaction of fluorine
substituents with the catalyst center leads to a suppression of

chain termination so that living olefin polymerization is

j@

CoHy l D
olefin
insertlion \ /N#C")\//
()
CH;
+ AlMe,

~  D—AIMe;
(er,\//

CH,

Scheme 1: Influencing catalyst stability, olefin coordination and chain-transfer reactions by hemilabile donor functions.

1373



HiC.  CHs
=X 1. KH
O T CHs 5 CisiMe,R
NN THF A

L1-L8

7>
O H S|M82R 2. CrCI3(THF)3

Beilstein J. Org. Chem. 2016, 12, 1372-1379.

1. KH

THF

CFy R F
R -CH, {% AQF (CHCFs ) S _@ {(CHz)sCN
CFs F F

1 2 3 4

Scheme 2: Synthesis of ligands L1-L8 and chromium complexes 1-8.

possible [15]. The experimental verification of such an interac-
tion was demonstrated by NMR of an MAO activated complex
[17]. Consequently, we envisaged the synthesis of ligands
where an organofluorine substituent is connected by a side arm
with suitable length. In addition to that we choose side arms
with olefinic groups, a benzyl unit and a stronger nitrile donor
group, respectively. The synthesis of the new ligand derivatives
and the corresponding Cr complexes follows known procedures
(Scheme 2) [29,58]. The key step for the introduction of the
hemilabile donor function is the electrophilic attack of a
chlorosilane derivative at quinolyl-functionalized cyclopentadi-
enides (CpQ). We used the trimethyl CpQ derivative as this
leads to a single acidic proton in the ligands L1-L8. By this
procedure we could introduce side arms with fluorine (L2-L4)
or olefinic donor groups (L5, L6) as well as benzyl (L7) or
nitrile (L8) moieties. Deprotonation with potassium hydride and
subsequent reaction with chromium trichloride leads to the
chromium complexes as green-blue solids in yields ranging
from 21% (3) to 81% (6).

5 6 7 8

The ligand L3 as well as the pre-catalysts 4-8 were studied by
single crystal X-ray analysis. A selection of molecular struc-
tures is presented in Figure 1 and details of the structure deter-
mination are presented in Table S1 (see Supporting Informa-
tion File 1). Due to the rigid and predefined geometry of the
CpQ ligand, the coordination environment around the chromium
centers is very similar in all cases and in line with previously

published structures of such complexes [29,59,60].

As the metal center in the pre-catalysts 1-8 is coordinatively
saturated, the additional side arm functionality cannot interact
with the metal. However, after activation with a co-catalyst, the
complexes become cationic with a vacant coordination site so
that the side arms could interact with the metal centers. Crys-
tals of an activated complex could not be obtained. Only very
few examples are known where X-ray diffraction data could be
obtained from the active form of chromium polymerization
catalysts [61-63]. However, DFT calculation is well suitable for
studying such interactions. By such methods it is not only

Figure 1: Solid-state molecular structures of selected complexes 4, 7 and 8 (left, middle and right, respectively). Probability level: 50%. Hydrogen

atoms and carbon labels are omitted for clarity.
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possible to estimate the binding energy but also to compare it
with that of ethylene or interaction with solvent molecules like
toluene.

All DFT calculations were performed with the B3LYP func-
tional and the 6-311g* basis set. This theoretical level has
shown to reproduce well paramagnetic NMR shifts in such
compounds [58,64,65]. As we compare only relative energies of
the complexes, the errors in the absolute energy values will
compensate considerably. As a model for the activated cata-
lysts we calculated the cationic monomethyl complexes
1a*-8a™. The complexes with ligands with a suitable geometry
for intramolecular coordination indeed showed minima struc-
tures (as shown by the absence of imaginary frequencies) where
the functionalized side-arms interact with the metal center
(complexes 3a*—8a*, see Figure 2, for the analogous com-

plexes 1a* and 2a*, respectively, no reasonable minima struc-

a)

Beilstein J. Org. Chem. 2016, 12, 1372-1379.

tures were obtained). We did not consider the conformers where
the growing chain is on the “other” site (i.e., oriented in the
direction of the Si substituent). From earlier theoretical work on
related chromium complexes we know that the chain can move
easily from one site to the other so that the hemilabile donor
may interact easily [57].

The Cr—F distances in 3a™ and 4a™ are with 2.24 A and 2.21 A,
respectively, in the range of non-covalent Cr—F interactions as
exemplified by a cationic chromium complex with BF4~ anion
(2.37 A) [66] and a typical covalent Cr—F bond (~1.95 A) [67].

According to calculations the distances of the two carbon atoms
of the coordinating unit to the Cr centers in 5a*, 6a™ and 7a*
are approximately 2.5 A (shortest of the two Cr—C distances).
No X-ray data are available for olefin complexes of chromium
in oxidation state +3 whereas solid state molecular structures of

[4a]" (0.0 kcal mol™)

[4b]* (-0.2 kcal mol™)

Figure 2: a) Calculated structures of cationic chromium complexes. Chromium—donor distances [A]: 3a* [2.21], 4a* [2.24], 5a* [2.53/2.51], 6a* [2.75/
2.46], 7Ta* [2.58/3.17], 8a* [2.06]. b) Displacement of hemilabile donor by ethylene under formation of the ethylene complex 4b*. (Energies for the for-
mation of the analogous ethylene complexes 3b* [-1.3], 5b* [-4.5], 6b* [+2.9], 7b* [-2.9], 8b* [+15.2].)

1375



Cr0 and Cr!* complexes have been reported with C—Cr dis-
tances of 2.1 A—2.2 A (Cr!") [68,69] and 2.3 A-2.4 A (C1¥)
[70,71], respectively.

As an alternative to the intramolecular coordination of the
hemilabile donor to the vacant coordination site at the
chromium center, a dimerization of the cationic methyl-
chromium fragment could occur and examples of such dicat-
ionic dimers have been reported [72-75]. We were able to iden-
tify local minimum structures of dimers of compounds 3a*-8a™
but the calculated energies lie considerably higher compared to
monomeric forms. Consequently, the saturation by the weak
hemilabile donor is energetically preferred over dimerization.
Another possible interaction is the coordination of Al-alkyls to
the chromium centers. This has been addressed in detail in our
previous work, where we could show that the energies of such
adducts are similar compared to chromium complexes with
olefin coordination [55,57]. For complex 8a*, however, the situ-
ation is different: the interaction energy of the nitrile group with
the chromium center leads to an energy gain which is
15.2 kcal mol™! higher compared to the energy of the corre-
sponding ethylene complex. Consequently, the ethylene can
hardly displace the nitrile. However, addition of Al-alkyls leads
to a strong interaction of the Al center with the nitrile group so
that ethylene can coordinate. Related to this behavior is a report
of an acetonitrile-stabilized chromium complex which upon ac-
tivation with MAO leads to a highly active catalyst and even the
addition of up to 4 equivalents of acetonitrile to the catalyst
solution did not lead to lower catalyst activities [76].

Polymerization results
The ethylene polymerization behavior of all new chromium
complexes has been evaluated and compared with the perfor-

mance of the known derivative 1 as well as with zirconocene

Beilstein J. Org. Chem. 2016, 12, 1372-1379.

dichloride (Cp,ZrCly). The results are summarized in Table 1
and the exact procedure is described in the experimental part
(Supporting Information File 1). The pre-catalysts were acti-
vated with PMAO, which is a non-hydrolytically prepared
variant of MAO from the company Akzo Nobel (also called
PMAO-IP for “polymeric MAO-improved properties”) [77]. All
polymerizations were conducted at atmospheric ethylene pres-
sure. The catalytic activities are very high for all derivatives
ranging from 1400 to 3900 g polyethylene per mmol catalyst
per hour. The lowest activities are obtained with the derivatives
with fluorine substituents (complexes 2—4, entries 2—4 in
Table 1) whereas all other complexes show considerably higher
activities in the range from 2800-3900 g (PE) mmol ™! (cat) h™1.
Polymerization under only 1 bar of ethylene pressure may lead
to artifacts coming from limitations of ethylene transport into
the solution and this may lead to biased turnover numbers.
More interesting in terms of the concept of this work is the mo-
lecular weight of the polymers. The derivative 1 leads to a mo-
lecular weight of 530 000 g mol™!. Introduction of the 3,5-
bis(trifluoromethyl)phenyl group lowers the molecular weight
drastically to 90 000 g mol~!. In this derivative the electron-
withdrawing CF3 groups cannot coordinate to the cationic Cr
center in the active catalyst form. Apparently the electron with-
drawing CgHj3(CF3), substituent leads to lower molecular
weight. However, when the fluoro substituents are able to coor-
dinate (complexes 3 and 4, respectively) the polymer molecular
weight is much higher compared to the results obtained with 2
and slightly higher compared to 1. When the side-arm function-
alities possess better donor properties the molecular weight in-
creases considerably up to the UHMW-PE range (entries 5-8,
Table 1). With pre-catalysts S or 6 it is also possible that the
side arm (vinyl or allyl side arm, respectively) is incorporated
into the polymer but we cannot verify this by our experimental
data.

Table 1: Results of the ethylene-polymerization tests with complexes 1-8 and Cp,ZrCl, as catalyst precursors.

entry? catalyst  Ngat activity M,P
[umol]  [grmmol™*h7"]  [10% g-mol™]

1 1 4.42 3240 530
2 2 6.37 1590 90
3 3 6.88 1450 660
4 4 7.82 1910 610
5 5 4.30 3130 900
6 6 7.68 2780 1070
7 7 3.76 3940 1140
8 8 4.14 3560 1450
9  CpyZrCl 10.30 2330 600

PE[g] polym.- [My/Mp] degr. of cryst.® T [°C]
time [min] [%]
2.87 12 3.1 65 135.5
3.37 20 3.2 —d 132.5
2.32 14 2.2 62 133.0
4.48 18 3.5 66 135.5
3.37 15 3.5 59 135.5
4.99 14 4.0 56 132.5
2.96 12 3.0 54 133.5
2.46 10 4.9 64 133.0
478 12 2.4 57 132.5

aStandard conditions: co-catalyst: PMAO (7% solution in toluene), Al:Cr = 1000:1, room temperature, 150 mL of toluene, atmospheric pressure, all
reactions were performed with identical flasks and stirring bars. P°GPC-measurements. °DSC measurements, for details see Supporting Information
File 1. 9The determined crystallinity was unexpectedly high which could be due to artifacts. Therefore, this value is not tabulated.
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Figure 3 shows the effect on molecular weight of the produced
polyethylene when comparing the known pre-catalyst deriva-
tive 1 with the new derivative 8. As mentioned in the Introduc-
tion, the dominating chain termination pathway in olefin
polymerization with Cp-chromium catalysts is chain transfer to
aluminum alkyls and our results clearly show that this process
can be suppressed efficiently by using the donor functions
in the side arms of the silyl substituents. It has already been
shown that external modifiers are also able to suppress
chain termination. However, much higher amounts of such
modifiers are necessary in order to give considerable effects
[55,78].
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Figure 3: Comparison of GPC traces of polyethylene produced by
1/PMAO and 8/PMAO respectively (entries 1 and 8 in Table 1).

Conclusion

We have shown that weak donor groups, which are covalently
bound to the metal complex can efficiently modulate chain
termination processes in chromium-catalyzed ethylene polymer-
ization catalysis. These hemilabile donors are able to protect
coordinatively unsaturated metal centers against coordination of
aluminum alkyls and hence reduce chain transfer to aluminum.
On the other hand, the donors are weak enough in order to be
displaced by ethylene monomers so that the insertion polymeri-
zation can proceed with high turnover numbers. With this
concept, it is possible to tune the catalyst behavior in terms of
the molecular weight they produce without lowering their very
high catalytic activity.

Supporting Information

Supporting Information File 1
Experimental part.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-131-S1.pdf]
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Ring-whizzing was investigated by hybrid DFT methods in a number of polyene—Pt(diphosphinylethane) complexes. The polyenes

included cyclopropenium®, cyclobutadiene, cyclopentadienyl*, hexafluorobenzene, cycloheptatrienyl*, cyclooctatetraene, octafluo-

rooctatetraene, 6-radialene, pentalene, phenalenium®, naphthalene and octafluoronaphthalene. The HOMO of a d!0 ML, group

(with by symmetry) interacting with the LUMO of the polyene was used as a model to explain the occurrence of minima and

maxima on the potential energy surface.

Introduction

Polyene—transition metal complexes were found to undergo
fluxional rearrangements as early as 1956 with the preparation
of CpoFe(CO), [1]. The migration of an ML, unit around
the periphery of a cyclic polyene is commonly called ring-
whizzing, purportedly ascribed to Rowland Pettit [2]. A more
inclusive term is haptotropic rearrangement [3] wherein a metal
atom changes its hapticity along the reaction path. Haptotropic
rearrangements in ML3 and MCp complexes are numerous [4-9]
and have found use in synthetic strategies [10], switching
devices [11-13] and energy storage [14,15]. Much less is known
about the polyene-ML; analogs. There are two classes of com-

pounds; one set consists of d® ML, compounds [16-19] and the
other, which we will be concerned with, are the d!° ML, class.
There is ample precedent for four basic coordination geome-
tries exhibited by these compounds. These are shown in
Figure 1. Notice that in each case the orientation of the ML,
unit is tied to the coordination number of the polyene and total
electron count. One of us undertook a theoretical survey of
these compounds at the extended Hiickel level a number of
years ago [20,21]. In the present contribution we shall revisit
some of these rearrangements using DFT theory, as well as, in-

vestigate some new compounds.
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Figure 1: The four coordination geometries for d'° polyene-ML, com-
plexes along with their hapto numbers and electron count.

A d!0 ML, fragment possesses a high-lying HOMO, shown by
5 in Figure 2, which has b, symmetry and a low-lying LUMO,
6, of a; symmetry [22]. An energetically favorable reaction path
will be one that maximizes the interactions of these orbitals
with the orbitals of a coordinated polyene. The lowest occupied
polyene 7 level is fully symmetric and, therefore, 6 can always
interact with it. On the other hand, the LUMO in the 7 system
may not always have the correct symmetry to interact with the
b, orbital on ML, and it is the evolution of this overlap that has
an important impact on the reaction path and activation energy.
We will also have an occasion to consider a lower lying filled
orbital of b; symmetry, 7.

LUMO a,

HOMO b

HOMO'1 b-|

7

Figure 2: The important valence orbitals of a d'® ML, group, 5-7,
along with the computed structures of Pt(PH3), and Pt(dpe).

Polyene—ML, complexes are very fragile which in turn
makes it somewhat difficult to compute the reaction path. The
bond dissociation energy for ethylene—Pt(PH3), is only about
17 kcal/mol [23]. There are two ways in which the
metal-polyene bond can be strengthened. The electron affinity
for C¢Fg is much larger than that for benzene [24]. Conse-
quently interaction of the filled b, fragment orbital with the
LUMO of CgFg is expected to be larger and the binding energy

Beilstein J. Org. Chem. 2016, 12, 1410-1420.

larger than that for benzene. The M and L that we shall use in
this work is Pt and a phosphine. The second method employs
the use of a bidentate phosphine. In this regard we have chosen
diphosphinylethane (dpe). This idea here is that the P-Pt-P
angle is around 100° in polyene—ML, complexes. Upon dissoci-
ation the 14 electron PtL, complex strongly prefers to be linear
[22]. So the computed ground state for Pt(PH3),, shown in 8, is
calculated to be 29 kcal/mol more stable than one where the
P—Pt—P bond angle was constrained to be 99°. This of course is
not the case for Pt(dpe), 9. The P-Pt-P angle remains at 98°.
Thus, the bond dissociation energy in polyene—Pt(dpe) com-
plexes rises along with the attendant barriers for haptotropic re-
arrangements. This has been analyzed and quantified in detail
by Massera and Frenking [23] for olefin—-ML, compounds.

Computational Details

All geometries for the L = PH3 complexes were optimized with-
out symmetry constraints within the DFT framework first using
the B3LYP functional [25-27] in combination with the
LANLDZ2 [28] basis sets. Single point calculations were
carried out using the triple zeta d plus f polarization functions
on Pt [29]. The geometry optimizations were then repeated
using the M06 functional [30] along with the Def2-SV(P) basis
set [31] for Pt, C, H and P except that the d functions on C were
left off. Single point calculations used the Def2-TZVP basis
[31] on Pt, P, C and H except for removing the f functions on C.
F used a 6-31G basis [32] for the geometrical optimizations and
6-311G [33] in the single point calculations. Analytical frequen-
cies were computed to determinate the nature of the stationary
points. The Gaussian 09 software suite [34] was used in all of
the calculations. The plots of the molecular structures utilized
CYLview [35]. For brevity we will report the structures and
Gibbs free energy differences in the standard state only for the
polyene—Pt(dpe) complexes using frequencies from the Def2-
SV(P) optimizations for the corrections to the Def2-TZVP ener-
gies. The geometries and total electronic energies are given as
Supporting Information File 1.

Results and Discussion

A. Cyclic polyene—Pt(dpe) examples

The most simple of the cyclic polyenes is the cyclopropenium
cation. Its LUMO is a degenerate par of 7 orbitals, labeled e”5
and e”g in Figure 3. It is easy to see that e’ interacts with the
b, orbital of ML, at an n? geometry. Indeed this is the com-
puted group state for CsH3—Pt(dpe)” as shown from a side view,
10, in Figure 3. The transition state for shifting Pt(dpe) from
one C—C bond to another passes through a geometry very close
to 11 3, as shown by 11. Here b, interacts with ”g and along the
reaction path a combination of the e” degenerate set. The essen-
tial features can be found elsewhere [21]. The Gibbs free energy

difference between the two structures is small: 4.1 kcal/mol
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Figure 3: The empty degenerate set of 1 orbitals in the cyclopropenium cation is shown on the left side. On the right are the two optimized structures

of C3H3—Pt(dpe)*.

(2.4 kcal/mol for L = PHj3). This is in accord with four struc-
tures of (Ph3C3)M(PPh3),* X~ where M = Ni, Pd, and Pt and
X" = ClOy4 and PFg, which show a progressive movement of the
ML, unit over the face of the cyclopropenium ring [36]. These
structures serve to chart this reaction path and this is consistent
with a small reaction barrier with the resultant structure being
determined by crystal packing effects. The details have been re-
ported previously [21,36]. The optimizations reveal that the co-
ordinated C—C bond is much longer, 1.62 A, than the other two,
1.38 A. This compares favorably to the M = Pt, X~ = PF struc-
ture [37] where the C—C distances are 1.58(2) and 1.39 A, re-
spectively.

The situation for Cp—Pt(dpe)* is very similar to the cycloprope-
nium case. Counting this as Cp* means that there are two unoc-
cupied orbitals that the by HOMO on ML, can interact with.

Each is one member of a degenerate set and they are shown on
the left side of Figure 4. The two stationary points on the poten-
tial energy surface are displayed from a top view on the right
side of Figure 4. The e”, fragment orbital can interact with b, to
form an 1> complex as shown in 13. An n° geometry, 14, will
be favored using the empty e”; orbital. The computed Gibbs
free energy difference between the two is very small, namely
1.5 kcal/mol favoring 13. A recent search of the Cambridge
crystallographic database [38] reveals 29 structures of the Cp-
and indenyl-M(PR3)," type where M = Ni, Pd, Pt. For the more
general CpML, case where M = Fe through Pt there are 1074
hits. The majority of these structures are close to the 1)° type al-
though most have a significant range of M—C bond distances.
For example, in cyclopentadienyl-platinum-bis(diphenylphos-
phinobiphenyl) [39] there are two Pt-C distances at 2.26(1) A
and one at 2.33(1) A. The conformation of the PtL, unit with

Figure 4: Two unoccupied MOs for Cp* are shown on the left side. The two stationary points for Cp—Pt(dpe)* are given by 13 and 14. To conserve

space the groups around the phosphorus atoms have been removed.
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respect to the Cp ring is approximately that given by 13. Ac-
cordingly, the remaining two Pt—C distances are 2.37(1) A. For
optimized 13 the corresponding set of distances is 2.29, 2.34
and 2.45 A, respectively. The indenyl-M(PR3)," examples are
decidedly 1?3 as a consequence of the perturbation generated by
the benzo substituent. Normally one would do the electron
counting in these molecules as Cp~ and d® ML, yielding an
18-electron complex. The b, fragment orbital is now formally
empty and the ¢”; set is filled. A full discussion of the bonding
in these compounds may be found elsewhere [22].

Another polyene with two coordination geometries is cyclobu-
tadiene. The eg set shown on the left side of Figure 5 is half-
filled. It is easy to see that one member has the correct
symmetry to interact with by ML, at both the n? and n* geome-
tries. We found for cyclobutadiene—Pt(dpe) that the n2 geome-
try, 15, is 6.5 kcal/mol more stable than the n* geometry, 16.
For L = PHj the energy difference is even larger, 10.5 kcal/mol.
These results are a little surprising in that the energy difference
is larger than what we expected. We are aware of only one
structure at this electron count, PhsC4—Ni(PEt3); [40], and it is
clearly n*. As we shall see later, the difference between Ni and
Pt can be significant but for the time being, experiment and
theory are not in agreement with each other.

Benzene—Ni(PR3), compounds have been known for some time
[41]. An n? geometry has been observed to be the precursor to
C-F bond insertion for FzCg complexes [42] and a number of
theoretical studies have been carried out [43-46] which address
this reaction. There are two arene—Pt(PR3), structures in the lit-
erature [47,48] and both have n2 geometries. The barrier for
ring whizzing in (CF3)sCs—Pt(PEt3), has been measured to be

Beilstein J. Org. Chem. 2016, 12, 1410-1420.

=11 kcal/mol [41]. One member of the LUMO ey, set in
benzene has a large overlap with the b, ML, MO. The com-
puted ground state structure for n? FgC¢—Pt(dpe), 17 in Figure 6
agrees well with the experiment. The issue is whether the transi-
tion state for ring whizzing favors the interaction between €g
and by shown from a top view in 18 or 19. Extended Hiickel

Figure 6: The ground and transition state for ring whizzing in
FeCs—Pt(dpe), 17 and 20, respectively. The dominant bonding interac-
tion for two possible transition states, 18 and 19 along with the HOMO,
21 and LUMO, 22, in the n' transition state.

Figure 5: The half-filled degenerate T orbitals in cyclobutadiene. The computed ground state (15) and transition state (16) for cyclobutadiene—Pt(dpe)

on the right.
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calculations favored the former [20,21]. Our present day calcu-
lations, however, favor 19. The structure is shown in 20. Special
care was taken to search for a transition state where the Pt(dpe)
group was rotated by 90° but none was found. The activation
barrier was computed to be 7.4 kcal/mol. Reinhold, McGrady
and Perutz [46] obtained a barrier of 6.4 kcal/mol for the same
molecule using the B3LYP hybrid functional and a different
basis set. The computed geometric parameters for the mole-
cules are very close to each other. One Pt—C bond is short
(2.10 A) while the other two flanking bonds are 2.52 A. Thus,
20 strongly resembles an 1! 14 electron complex with a “T”
shaped geometry. An easy way to view these results is to take a
linear combination of by (5) and a; (6). This will generate two
equivalent dsp hybrids. One will be filled and can interact with
one component of the e;;, LUMO, 21, in Figure 6 and the other
will remain empty, 22.

Another highly fluxional molecule is cycloheptatri-
enyl-Pt(dpe)" which exhibits a situation similar to that de-
scribed for Cp—Pt(dpe)™. The ground state is again an 13 struc-
ture. This is in agreement with several substituted cyclohepa-
trieneyl-PdL, complexes [49]. We looked hard for an 1>
species but instead found an n? structure which serves as a tran-
sition state for ring whizzing. The activation barrier was com-
puted to be 3.2 kcal/mol. Barriers from 10.5 to 7.6 kcal/mol
were found for the Pd complexes [49]. Interestingly an 0! tran-
sition structure with one imaginary frequency was also discov-

ered. It was found to be 7.2 kcal/mol above the ground state.

We thought that radialenes would be an attractive candidate as a
ligand and would exhibit a facile haptotropic rearrangement
when coordinated to Pt(dpe). The LUMO is all-in phase combi-
nation of olefinic n* as shown for 6-radialene by 23 in Figure 7.
Therefore, the ML, b, fragment would retain a sizable portion
of its overlap on going from an 2 to n* geometry. For some
time 6-radialene and many alkyl derivatives have been known
[50]. It is extraordinarily reactive and a bis-Fe(CO)3 derivative
of 5-radialene has recently been prepared [51]. The structure of
6-radialene is strongly distorted into a chair form with a boat
conformation slightly higher in energy [51]. The Dg, structure
lies higher in energy by 17.1 kcal/mol [51]. Our optimization of
the 12 ground state shows a twisted boat conformation to be the
most stable, 24, in Figure 7. The activation barrier was found to
be 13.7 kcal/mol. We thought that by tying the ends of the
olefins together via a CH, group would force the ligand to be
flat. In fact there are compounds analogous to this having O, S
and Se as the linker that are in fact flat [52]. Our calculations
reveal that the n2 ground state, 25, and the n* transition state,
26, are essentially flat, but the energy difference is only lowered
to 13.0 kcal/mol. In 25 the two Pt—C bond distances are 2.17 A,
however, in 26 they are considerably lengthened. The inner

Beilstein J. Org. Chem. 2016, 12, 1410-1420.

Pt—C distances are 2.36 A and the ones adjacent to the CH,
group are 2.61 A! The principal destabilization in 26 is due to
the interaction between by (7) and the HOMO on 6-radialene,
which is the totally antibonding combination of « orbitals, 27.

Figure 7: The LUMO, 23, and HOMO, 27, in 6-radialene. The opti-
mized n? ground states are shown in 24 and 25 while 26 shows the ge-
ometry for one n* transition state.

B. The strange case of cyclooctatetraene

Cyclooctatetraene (COT) has been a favorite ligand since the
dawn of organometallic chemistry [2]. Figure 8 shows two
representations for the half-filled e, set of @ orbitals in the flat
Dgj, geometry. One can see from the representation in a) that an
12 or n* conformation are possibilities. In b) one can envision
n! or n? as potential structures. The optimized structures for
CgFg—Pt(dpe) are illustrated in Figure 9. To conserve space the
groups around the phosphorus atoms have been removed. COT
and CgFg have a tub shaped structure with D,; symmetry
[53,54]. As expected an n2 structure, 28, was found to be a
minimum. A 1,4-diyl minimum was also found where there are
two Pt—C o bonds, 30. This structure has also been suggested by
means of the low temperature 3!P and 13C NMR of COT-
Pt(R,PCH,CH;,PRj), R = iPr [55]. The transition state that
interconnects 28 to 30 is shown in 29. The coordination geome-
try around Pt is typical of that in n? olefin complexes. What is
novel is that the COT (and CgFg) ring is essentially flat with the
uncoordinated portion of the polyene having alternating C—C
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bond lengths of ~1.45 and 1.35 A. This is in fact the structure of
an analogous Ni complex as determined by X-ray crystallogra-
phy [56]. The haptotropic rearrangement of 28 to 30 does not
permute all of the carbon atoms in the COT ring. There is a mir-
ror plane in the plane of the paper for all of the structures in
Figure 9. This equivalences the carbons on the front side of the
paper with those on the back side. Compounds 28-30 do not
have a mirror plane perpendicular to this and, therefore, C2 (see
28) does not become equivalent to C3, etc. As we shall see, a
structure akin to 35 would accomplish this. In searching for
another structure that accomplishes this we discovered tricyclic
32. The transition state that converts 28 into 32 is 31. For the
CgFg complex, 28, the Pt—C distances are 2.08 A. In 31 the cor-
responding distances are 2.11 and 2.26 A with the dashed green

Figure 8: Two representations for the half-filled ey, set of 1 orbitals in
cyclooctatetraene.

1 2

28
R=H 0.0 3.8
R=F 0.0 25.6
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bond being formed measuring at 2.32 A. In COT—Pt(dpe) the
transition state 31 is akin to an 13 complex with the three Pt-C
bond lengths calculated to be 2.22-2.26 A. Since 32 has Cj
symmetry (discounting the dpe ligand), it serves as a way-point
for ring-whizzing. It is easy to see the electronic basis for ring
folding and construction of the tricyclic molecule. Consider that
in 28 the filled ML, b, orbital coordinates to the two lower p
AOs in the upper component of e,,, in Figure 8a. Then empty a;
interacts with the lower component in Figure 8a. As ML, slips
over the polyene in a clockwise motion the appropriate ey,
representations become those in Figure 8b. The empty orbital at
the top right in Figure 8 interacts with the filled by ML, orbital
and a; interacts with the filled e,,,. This is explicitly drawn in 33
and 34, respectively, of Figure 10. The important consequence
of this motion is that the p AO on the opposite side of the ring
in 34 has the correct phase to generate a C—C o bond and this
collapses to bicyclic 32.

33 34

Figure 10: The two important bonding interactions for transition state
31 are drawn in 33 and 34.

31}
12.0

32
-4.2 kcal/mol

134 -17.0 kcal/mol

Figure 9: The stationary points found on the potential energy surface of CgFg—Pt(dpe). For clarity the groups around the phosphines have been re-
moved. The relative energies for this compound, as well as COT-Pt(dpe) are given below each structure.
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Our calculations find that CgFg—Pt(dpe) will be caught in the
deep potential energy well of the tricyclic isomer, 32. Hughes
and co-workers have shown that experimentally this is indeed
the case [57,58]. With PPh; and AsPhj ligands compounds
analogous to 30 are initially formed from the reaction of CgFg
and a Pt(0) precursor. 30 then irreversibly rearranges in solu-
tion to 32 overnight at room temperature. This is also in accord
with our calculations. Notice that going from 30 to 32 requires
the passage through transition state 29, which requires
29 kcal/mol. We think that the reason why 29 lies much higher
in energy than the COT analog is due to the energy cost associ-
ated with flattening the ligand to a Dyj, type of geometry. For
COT itself this entails an energy cost of 10—13 kcal/mol [59].
We find that the conversion for CgFg is nearly triple this
amount, namely 29.9 kcal/mol [60].

The picture for COT—Pt(dpe) is not so clear. Our calculations
would have 28, 30 and 32 in rapid equilibrium with the over-
whelming majority of the equilibrium shifted to the tricyclic
compound. The low temperature 3!P and '3C NMR of
COT-Pt(R,PCH,CH;,PRj), R = iPr [55], clearly shows that
either 28 or 31 (the authors prefer 31) is in rapid equilibrium
with 30. There is no spectroscopic evidence consistent with the
existence of 32. It may well be the case that bulky iPr groups in
place of hydrogens alter the relative energetics. Perhaps compu-
tations with a different functional and/or a larger basis set might
bring theory and experiment into agreement. Furthermore,
moving from Pt to the isoelectronic Ni also can have a signifi-
cant impact. An X-ray of the COT-Ni complex [56] reveals the
structure is analogous to that for 29. An X-ray of another Ni
complex [60] produces a bis-n? isomer, 35. This is also true for
CgFg—Ni complexes with certain ligand sets [57,58]. We carried

out a number of potential energy minimizations as shown in

38

ANG=7.7
41*

0.0
40
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Figure 11 starting from 35, as well as, nl, 36, and n3, 37. Unfor-
tunately none of these produced new stationary points. We will

return to this Ni versus Pt issue later.

36 37

Figure 11: Three other coordination geometries that did not lead to
new stationary points are shown in 35-37.

C. Polycyclic examples

Pentalene metal complexes have been the subject of a number
of investigations [61], as well as, theoretical explorations of
haptotropic rearrangements with ML3 and MCp [62,63]. How-
ever, we are not aware of any complexes with a 419 ML, group.
Pentalene has an energetically low-lying LUMO and close to it
another empty orbital. These are shown in 38 and 39, respec-
tively, in Figure 12. It is easy to see that in 38 the by ML, frag-
ment orbital can interact in an 13 mode both within the five-
membered ring, as well as, between the two. 39 has the correct
topology to interact with b, in 12 and 1> modes. We were able
to locate four stationary points on the potential energy surface
of pentalene—Pt(dpe). These are shown from a top view along
with their relative energies in Figure 12. Here again the hydro-

gens and ethano-bridge connected to the phosphorus atoms has

39

8.6
43*

2.4 kcal/mol
42

Figure 12: The LUMO and LUMO+1 shown in 38 and 39, respectively. The four stationary points found for pentalene—Pt(dpe) are displayed in 40—43
along with their relative energies. The groups connected to the phosphorus atoms are not shown.
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been removed for clarity. We find that the n? structure, 40, to be
the ground state. A low energy 1> transition state, 41, at
7.7 kcal/mol serves to equivalence the top and bottom halves of
the pentalene ligand. The Pt(dpe) group can migrate from one
ring to the other via the 1> structure, 42. Again the activation
energy associated with the transition state 43 is predicted to be
small at 8.6 kcal/mol. We anticipate that pentalene—Pt(PR3),

will be a highly fluxional molecule.

The situation for phenalenium—Pt(dpe)” is very similar. The
LUMO for phenalenium* is a rigorously non-bonding MO, 44
in Figure 13. One expects and finds n° structures both within
and between rings as given by 45 and 46, respectively, with
essentially identical relative energies. Experimentally, all
known complexes [64-67] are akin to 45. Our calculated barrier
of 14.7 kcal/mol via 47 seems a bit too low. The measured
barrier in two Pd(tmeda) complexes was 21.4 and 21.6 kcal/mol
[66]. No signs of fluxionality was found in a substituted
phenalenium—Pt(PPh3)," complex [67].

Figure 13: The LUMO of the phenalenium cation is given in 44. The
structures of the three stationary points found for phenaleni-
um-Pt(dpe)* along with their relative energies are shown from a top
view in 45-47. Again the groups connected to the phosphorus atoms
are not shown.

Naphthalene and anthracene—Ni(PRj3), compounds have been
known and studied for some time [45,46,68-75]. We are, how-
ever, unaware of any Pt(PRj3), examples. The ground state

structures of the Ni compounds possess an 12 geometry where

Beilstein J. Org. Chem. 2016, 12, 1410-1420.

the Ni is coordinated to a carbon—carbon bond adjacent to the
ring fusion. Our calculations on octafluoronaphthalene—Ni(dpe)
and —Pt(dpe) (as well as naphthalene—Pt(dpe) itself) are in good
agreement with experiment. A top view of the structure is
shown by 48 in Figure 14. This offers a good overlap between
the LUMO in CoFg, 49, and the by HOMO, 5, in Pt(dpe). It
was thought [20] that migration of an ML, unit from one ring to
another would involve an 0 structure where Pt would bond to
C(1), C(9) and C(8). For the carbon numbering system please
see 48. Bonding between b, ML, and the bjz MO would be
retained. Unfortunately this is not quite the entire story. One of
the stationary points is shown by 50. The a, HOMO, 51, in
CoFg also has a significant overlap with b, at this geometry.
Since these two fragment orbitals are both filled, there is also
considerable destabilization. What we find is that this expanse
of the potential energy surface is a twixtyl intermediate [76]. At
the stationary point given by 50 there is one imaginary frequen-
cy of 17i cm™; at another closer to n? the computed frequen-
cies are all positive but one is tiny, 15 cm™!. So this region of
the coordinate space is analogous to a plateau; the potential
energy is essentially flat. The activation energy to attain 50 in
CioFg—Pt(dpe) was computed to be 13.7 kcal/mol; in
CoHg—Pt(dpe) the barrier was 14.8 kcal/mol. This is in line
with an NMR derived barrier of about 15 kcal/mol for
C1oHgNiL, [74] and 15-20 kcal/mol for anthracene—Ni(PR3);
[69,70]. Oprunenko and Gloriozov [75] have calculated the n3
tranisition state to lie at a relative energy of 12.2 kcal/mol for
naphthalene—Ni(PEt3), using the PBE functional and a differ-
ent basis set than that employed here. Jones and co-workers
[45] have undertaken an exhaustive study of ring whizzing and
oxidative addition in a series of cyano and methyl substituted
naphthalene—Ni(dmpe) complexes at the B3LYP level. Struc-
tures analogous to 50 were reported at relative energies of
12—17.5 kcal/mol. We do find in C;¢Fg—Pt(dpe) that there is a
second path for the haptotropic rearrangement from one ring to
the other. Here the Pt(dpe) group migrates further in towards
the ring junction with a weakly bound transition state of
21.9 keal/mol and ending at an n? minimium where the C(9)
and C(10) atoms are coordinated to Pt at a relative energy of
17.9 kcal/mol. The latter structures were also computed to lie at
high energies by Jones and co-workers [45]. So, at this point
theory and experiment appear to be in agreement for the NiL,
and PtL, cases.

But the story does not end here. Experimentally there is a low
energy process that converts, 48, to the equivalent n? complex
where the ML, group is coordinated to C(3) and C(4). This is
also the case for anthracene—NiL,. The experimental barriers
range ~5-6 kcal/mol [69,70,74]. The aforementioned calcula-
tions [45,75] yield barriers of 4.2-9.5 kcal/mol in reasonable
agreement with the experiment. The structures of these
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Figure 14: A top view of two stationary points found for FgC419—Pt(dpe); 48 is the ground state and 50, represents one point on the plateau. The

LUMO and HOMO in naphthalene are drawn in 49 and 51, respectively.

transition states resemble 1* species with the geometry akin to
52 in Figure 15. This is not the case for C;yFg—Pt(dpe) or
CioHg—Pt(dpe). The barriers are calculated to be 17.1 and
17.4 kcal/mol, respectively. Furthermore, the barrier for
CoHg—Pt(dpe) using the B3LYP function generates a barrier of
17.8 kcal/mol. Using the M06 functional for C;yFg—Ni(dpe)
yields a barrier of 6.1 kcal/mol which is in line with the calcula-
tions by others. Therefore, the discrepancy must lie in the
difference between Pt and Ni. There is also a difference in the
metrical details of these transition states. For the Ni examples
the Ni-C(1) and Ni—C(4) distances are ~0.3 A longer than the
Ni—C(2) and Ni—(3) ones (see 48 for the numbering scheme).
For the Pt complexes we find this difference to be about twice
as large. In other words, the Pt cases are closer to 12 complexes
where the olefinic portion of the ligand is rotated by 90° from
the minimum energy conformation given in 1. We will return to
this point shortly. One might think that the overlap between b,
ML, and the LUMO, 49, from the n? ground state to n* will be
retained and, thus, the activation energy will be small. Howev-
er, note that at n* the overlap between the filled b; fragment
orbital, 7, and the a, HOMO on C(Fg is turned on and this is
repulsive. With this in mind it is tempting to put forward the
hypothesis that the 3d AOs in Ni are very contracted and their
overlap at 52 is not so large. Hence the a, — b; repulsion is not
so large and it is the mixing of 4p character in the Ni b, orbital
that retains reasonable overlap with byg. On the other hand, the
Pt 5d AO is more diffuse and consequently more bonding is lost
at n* than its Ni congener. But this cannot be the whole story.
Massera and Frenking [23] have shown that there is essentially
no energy difference between the bond dissociation energy
(BDE) in ethylene—Ni(dpe) and the Pt analog. Furthermore,
their calculated BDE for ethylene—Pt(PH3), is in very good

agreement with that found [23] at the CCSD(T) level with a
large basis set. On the other hand, Reinhold, McGrady and
Perutz have reported [46] that C¢Hg and C¢F¢—Pt(dpe) BDEs
are about 8 kcal/mol less than that for the Ni(dpe) analogs.

Figure 15: At top view of the n?, 52, and n?, 54, transition states along
with the n2, 53, intermediate.

A close examination of the potential energy surface in
CoFs—Pt(dpe) revealed the existence of another 12 minimum,
53, in Figure 15. It lies 13.7 kcal/mol above the ground state.
This is in line with the corresponding minima found by Jones
and co-workers [45] in the substituted naphthalene—Ni(dmpe)
compounds (=13 kcal/mol). So our calculations put the n?
minimum, 53, to be 3.4 kcal/mol more stable than the n4 transi-

tion state, 52. However, the latter does not serve as the
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waypoint for the former. An 0! structure, 54, was found to be
the transition state for the haptotropic rearrangement of 48 to
53. Notice that passage through the n? intermediate causes the
phosphines to become equivalent. Benn and co-workers [74] in
fact observe phosphine equivalence with a barrier of approxi-
mately 13 kcal/mol for the naphthalene—Ni(PR3); compounds.
Our calculations put 54 to be 14.9 kcal/mol above the ground
state, 48. This is in reasonable agreement with the NMR results
[74]. The reaction path and associated electronic details for
the 48 to 54 to 53 haptotropic shift is precisely analogous
to ring-whizzing in C¢Fg—Pt(dpe) that was covered previously.
In summary we find the potential energy surface for
naphthalene—Pt and —Ni complexes to be quite different. In
CoFg—Pt(dpe), haptotropic rearrangement from one ring to
another is energetically similar to that within one ring, whereas,
in the Ni analog the former is much slower than the latter.

Conclusion

Our original thesis that the ML, b, interaction with the LUMO
of the polyene dictated the reaction path was largely fulfilled.
Often this guided our exploration of the potential energy sur-
faces. But molecules, like life, sometimes yield unexpected
conclusions. We miss you, Peter Hofmann.

Supporting Information

Supporting Information File 1

The molecular geometry and total electronic energy for the
molecules in this work are given in .xyz format. The file
may be opened as a text file to read the coordinates, or
opened directly by a molecular modeling program such as

Mercury (http://www.ccdc.cam.ac.uk/pages/Home.aspx).

Molecular geometry and total electronic energy data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-135-S1.xyz]
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Stereodynamic ligands offer intriguing possibilities in enantioselective catalysis. “NU-BIPHEPs” are a class of stereodynamic

diphosphine ligands which are easily accessible via rhodium-catalyzed double [2 + 2 + 2] cycloadditions. This study explores the

preparation of differently functionalized “NU-BIPHEP(O)” compounds, the characterization of non-covalent adduct formation and

the quantification of enantiomerization barriers. In order to explore the possibilities of functionalization, we studied modifications

of the ligand backbone, e.g., with 3,5-dichlorobenzoyl chloride. Diastereomeric adducts with Okamoto-type cellulose derivatives

and on-column deracemization were realized on the basis of non-covalent interactions. Enantioselective dynamic HPLC (DHPLC)
allowed for the determination of rotational barriers of AG¥y9gx = 92.2 £ 0.3 kJ mol™! and 99.5 + 0.1 kJ mol~! underlining the
stereodynamic properties of “NU-BIPHEPs” and “NU-BIPHEP(O)s”, respectively. These results make the preparation of tailor-

made functionalized stereodynamic ligands possible and give an outline for possible applications in enantioselective catalysis.

Introduction

Axially chiral biaryl compounds such as BINAP (2,2’-bis(di-
phenylphosphino)-1,1’-binaphthyl) represent widely used and
highly efficient ligands that can be applied in a variety of enan-
tioselective catalytic transformations. Unlike BINAP, the
related stereodynamic BIPHEP (2,2’-bis(diphenylphosphino)-
1,1’-biphenyl) ligands have a significantly lower barrier of rota-

tion around the central C—C bond regarding the conversion of
the enantiomers into one another. This enables fast enantiomer-

ization at room temperature.

This, however, does not conflict with their usage in enantiose-

lective catalysis. Noyori and Mikami reported the stereochemi-
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cal alignment of BIPHEP ligands in ruthenium complexes upon
addition of chiral diamine co-ligands [1,2]. The resulting com-
plexes were successfully employed in enantioselective ketone
hydrogenation. Further examples of such systems are BIPHEP
complexes of rhodium [3-6], palladium [7,8], platinum [9,10]
and gold [11-13] in combination with chiral co-ligands or
counter ions that are used after alignment of the ligand’s axial
chirality.

One major advantage of stereodynamic ligands is that there is
no need for separate preparation of one ligand enantiomer as
long as their chirality can be controlled by chiral additives or
auxiliaries. In addition, the simultaneous presence of both
axially chiral BIPHEP enantiomers can be beneficial as this
allows bidirectional control of enantioselectivity depending on
temperature [14,15]. In this approach, both product enantio-
mers of an enantioselective transformation can be addressed
selectively by fine tuning of the conditions prior to and during
catalysis.

The rotational barrier around the central C—C bond of BIPHEP
ligands is a key property of stereodynamic ligands that deter-
mines the temperature required for ligand enantiomerization as
well as the half-life of isolated enantiomers. The latter are of
particular importance if chiral co-ligands are cleaved off prior
to catalysis and if the remaining stereochemically aligned
BIPHEP complex fragment serves as the active species. There-
fore, detailed knowledge of the interconversion barriers of
stereodynamic ligands is crucial for the choice of conditions
used for stereochemical alignment and subsequent application
in catalysis. A rotational barrier of 92 kJ mol™! for the unsubsti-
tuted BIPHEP was determined by NMR coalescence of a
partially deuterated derivative [16]. However, this method does
not fulfil the requirements for a reliable rapid screening of novel
stereodynamic ligands due to harsh conditions such as isotope
exchange. We recently reported the rotational barriers of 3,3’
and 5,5’ substituted BIPHEP and BIPHEP(O) compounds based
on enantioselective DHPLC by evaluation of elution profiles
using the unified equation [17-20]. Rotational barriers were
found to be between AGyogx = 86.8 kJ mol™! (unsubstituted
BIPHEP) and AGegx = 100.4 kJ mol”!. BIPHEP(O) deriva-
tives (unsubstituted BIPHEP(O): AGyggx = 88.6 kJ mol™1)
were observed to exhibit slightly increased (approximately
2 kJ mol™1) barriers.

Functionalization of stereodynamic BIPHEP ligands at the
biaryl core offers multiple possibilities. The introduction of
achiral, non-covalent interaction sites allows for ee determina-
tion of chiral analytes via NMR spectroscopy [21] as well as de-
racemization of the BIPHEPs with HPLC stationary phases
[22].

Beilstein J. Org. Chem. 2016, 12, 1453—-1458.

However, introduction of functional groups which enable a
modular derivatization approach is often hampered by long and
tedious synthetic procedures. Doherty et al. reported a rhodium
catalyzed double [2 + 2 + 2] cycloaddition strategy for a
convergent synthesis of “NU-BIPHEP”s [23].

In this paper, we describe the application of Doherty’s synthe-
tic strategy for the synthesis of stereodynamic tetrahydrobi-
isoindole “NU-BIPHEP(O)” compounds bearing secondary
amino groups for functionalization. The attachment of a 3,5-
dichlorobenzoyl binding site is reported and non-covalent inter-
actions as well as rotational barriers are studied in solution by
(D)HPLC techniques.

Results and Discussion

Synthesis of tetrahydrobiisoindole
“NU-BIPHEP(O)s”

The rhodium catalyzed double [2 + 2 + 2] cycloaddition of 1,4-
bis(diphenylphosphinoyl)buta-1,3-diyne and a variable diyne
compound is the key step in the preparation of “NU-BIPHEPs”
[23] and related biaryls [24]. Doherty et al. reported the use of
various diynes yielding for instance tetrahydrobiindene 1a and
N-tosyl-protected tetrahydrobiisoindole 1b as the only N-hetero-
cyclic compound (Figure 1A).

Aiming at facile deprotection and enabling subsequent functio-
nalization at the secondary amine position, we changed the
strategy and used N-Boc dipropargylamine as the diyne com-
pound (Figure 1A). The double cycloaddition product 1¢ was
obtained in 77% yield. In accordance with the report of Doherty
et al., very slow addition of the diyne compound via syringe

pump was crucial.

In contrast to 1a and 1b, three coexisting isomeric species were
observed with NMR spectroscopy in CDClj for tetrahydrobi-
isoindole “NU-BIPHEP(O)” 1c. This behaviour originates from
an increased interconversion barrier between the £/Z isomers of
the carbamate N—C(O) unit that is derived from a secondary
amine. Deprotection of 1¢ proceeds smoothly with 5-6 M HCl
in 2-propanol and the tetrahydrobiisoindole “NU-BIPHEP(O)”
2 can be isolated as hydrogen chloride salt in 93% yield
(Figure 1B).

Tetrahydrobiisoindole “NU-BIPHEP(O)” 2 offers various pos-
sibilities for functionalization with chiral and achiral auxiliaries
or binding sites. In this study, we chose amide bond formation
with 3,5-dichlorobenzoyl chloride (Figure 2B) in connection
with our recent report [21] on non-covalent interaction proper-
ties of stereodynamic BIPHEP ligands with this binding site
that is well known in HPLC stationary phase design. The “NU-
BIPHEP(O)” 3 was isolated in 49% yield and again three
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Figure 1: Synthetic overview of “NU-BIPHEP(O)s”. A) Rhodium catalyzed double [2 + 2 + 2] cycloaddition. B) Acidic deprotection of tetrahydrobiisoin-
dole “NU-BIPHEP(O)” 1¢ and subsequent amide bond formation with 3,5-dichlorobenzoyl chloride.

isomeric species were observed by NMR spectroscopy in
CDCl3 due to hindered rotation of the tertiary amide bond
(Figure 2A).

Intriguingly, only two peaks were observed upon investigation
of 3 by enantioselective HPLC applying n-hexane/2-propanol as
mobile phase and a normal phase Okamoto-type stationary
phase (CHIRALPAK® IA-3). Opposing signals in HPLC—CD
coupling corroborated the assumption that the peaks corre-

spond to two axially chiral enantiomers (Figure 2B).

When left on the chiral stationary phase (n-hexane/2-propanol
50:50, CHIRALPAK® IA) for seven days in a stopped-flow ex-
periment, partial deracemization of 3 was observed. The final
enantiomeric ratio (absolute configurations were not deter-

mined) was observed to reach approximately 72:28.

Non-covalent interactions in solution

Non-covalent interactions are not only a key step in deracemi-
zation of stereodynamic compounds but they also allow ee de-
termination in solution by NMR spectroscopy. However, the
formation of diastereomeric adducts between chiral compounds
and BIPHEP(O) [25] or BINAP(O) [26] has so far rarely been

investigated. In a subsequent part of our study, we explored the
non-covalent interactions of tetrahydrobiisoindole “NU-
BIPHEP(O)s” in solution since they exhibit very strong interac-
tions with Okamoto-type chiral stationary phases (CSPs) in
HPLC.

Okamoto et al. reported the preparation of short CSP-analogue
cellulose and amylose compounds with carbamate selector units
that are soluble in organic solvents [27-30]. We prepared cellu-
lose derivative 4 which bears 5-fluoro-2-methylphenylcarba-
mate binding sites [27] and investigated the formation of dia-
stereomeric adducts with 1b and 3 by 3!P{!H} NMR spectros-
copy in anhydrous CDCl3. Significant signal splitting was ob-
served for both “NU-BIPHEP(O)s” due to strong non-covalent
interactions. However, detailed analysis of 3 was hampered due
to overlaying multiple signal sets caused by E/Z isomerism of

the tertiary amide unit.

Adding 4 to a solution of 1b (Figure 3A, solid-state structure) in
CDClj resulted in significant signal splitting of A3 = 0.30 ppm
(G'P{'H} NMR). This effect could be intensified by adding
n-pentane which increased the splitting to AS = 0.41 ppm al-
though signal broadening rose simultaneously (Figure 3B).
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Figure 2: Investigation of 3,5-dichlorobenzoyl modified tetrahydrobiisoindole “NU-BIPHEP(O)” 3. A) Three signal sets are observed in 3'P{'H} NMR
spectroscopy (CDCl3). B) HPLC—-CD chromatogram (n-hexane/2-propanol 50:50, CHIRALPAK® IA-3, 1 mL/min, 20 °C). Red: UV trace, black: CD
trace. C) On-column deracemization of 3 (n-hexane/2-propanol 50:50, CHIRALPAK® |A). Chromatogram with (black) and without (red) the analyte

after being kept on the stationary phase for seven days.

Determination of rotational barriers by

enantioselective DHPLC

To the best of our knowledge the enantiomerization properties
of “NU-BIPHEP(O)s” have not yet been studied. Therefore, we
investigated the rotational barriers of 1a and 3 by enantioselec-
tive DHPLC. Elution profiles of 3 were obtained in a tempera-
ture range between 50.0 °C and 80.0 °C (CHIRALPAK® I1A-3,
tret (50 °C) = 4.25 and 8.87 min, o = 2.42, Figure 4A). All rate
constants and corresponding Gibbs free energies of activation
were directly calculated using the unified equation and the
Eyring equation. This elution profile evaluation was done using
the DCXplorer software which can be obtained from the corre-
sponding author upon request. A rotational barrier of AG2198K =
99.5 + 0.1 kJ mol™! was determined for the interconversion of

3. This is a significant increase compared to unsubstituted

BIPHEP(O) (AG2198K = 88.6 kJ mol !). Eyring plot analysis
allowed the determination of the activation parameters
AH* =963 + 1.2 kJ mol™ and AS* =-10.9 £ 0.2 J (K mol)~!
(Figure 4B). The increased rotational barrier of 3 can be ratio-
nalized according to additional interactions and steric repulsion
of the large 3,5-dichlorobenzoyl amide binding sites. It has to
be noted that the entropic contribution to the enantiomerization

barrier is exceptionally low.

For comparison, we investigated tetrahydrobiindene “NU-
BIPHEP(O)” 1a in a similar way (see Supporting Information
File 1 for details). The elution profiles were evaluated in a tem-
perature range between 20.0 °C and 45.0 °C (CHIRALPAK®
IE-3, #e (20 °C) = 14.2 and 26.6 min, o = 1.94). A rotational
barrier of AGyogx = 92.2 £ 0.3 kJ mol™! was determined and
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Figure 3: Investigation of “NU-BIPHEP(O)” 1b. A) Solid-state structure determined by X-ray crystallography. Hydrogen atoms and methanol solvent
molecules are omitted for clarity. B) Interaction studies in solution with soluble Okamoto phase 4 by 3'P{'"H} NMR spectroscopy. Black: spectrum of
4.7 mg (5 pmol) 1b in 0.5 mL anhydrous CDCl5 (filtered through basic alumina). Red: spectrum after addition of 20 mg 4. Blue: spectrum after addi-

tion of 0.1 mL anhydrous n-pentane. All NMR samples were completely dissolved.
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Figure 4: Enantioselective DHPLC investigation of tetrahydrobiisoindole “NU-BIPHEP(O)” 3. A) Elution profiles at various temperatures with increas-
ing plateau formation. B) Eyring plot analysis for the determination of the activation parameters AH* and AS.

subsequent Eyring plot analysis gave the activation parameters
AH* = 68.4+ 1.9 kJ mol™! and AS* =-79.9 £4.5 ] (K mol)"L.
Interestingly, the activation parameters of 1a are 51m11ar to
those reported for 5,5’-dimethoxy BIPHEP(O) (AG298K =
93.0 kJ mol™ 1) [20] which is in accordance with a barrier
increase caused by small substituents in the 5,5 positions.

Conclusion

We report a strategy to use unprotected tetrahydrobiisoindole
“NU-BIPHEP(O)” for functionalization with substituents at the
secondary amine position, in this study namely by formation of
tertiary amide binding sites with 3,5-dichlorobenzoyl chloride.
Non-covalent interactions of “NU-BIPHEP(O)s” with
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Okamoto-type cellulose derivatives resulted in the formation of

diastereomeric adducts which led to significant NMR signal

splitting in solution and additionally enabled successful

on-column der?cemization. Furthermore, interconviersion
barriers of AGyogx = 92.2 + 0.3 kJ mol™! and AG,ggx =
99.5 + 0.1 kJ mol™! were determined by evaluation of enantio-

selective DHPLC elution profiles quantifying the stereody-
namic properties of “NU-BIPHEP(O)” compounds. These
results help understanding the influence of substitution patterns

on the enantiomerization barrier of BIPHEP ligands and open

up new possibilities towards designing tailor-made stereody-

namic compounds used as smart ligands in enantioselective ca-

talysis.

Supporting Information

Supporting Information File 1
Experimental procedures, data for the determination of

rotational barriers and copies of NMR spectra.
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supplementary/1860-5397-12-141-S1.pdf]

Acknowledgements

Generous financial support by the European Research Council
(ERC) for a Starting Grant (No. 258740, AMPCAT) is grate-
fully acknowledged. G.S. acknowledges the Fonds der Chemis-
chen Industrie for a Ph.D. fellowship.

References

1.

Mikami, K.; Korenaga, T.; Terada, M.; Ohkuma, T.; Pham, T.;

Noyori, R. Angew. Chem., Int. Ed. 1999, 38, 495.
doi:10.1002/(SICI)1521-3773(19990215)38:4<495::AID-ANIE495>3.0.
CO;2-0

. Mikami, K.; Aikawa, K.; Korenaga, T. Org. Lett. 2001, 3, 243.

doi:10.1021/010068896

. Mikami, K.; Kataoka, S.; Yusa, Y.; Aikawa, K. Org. Lett. 2004, 6, 3699.

doi:10.1021/0l048604I

. Mikami, K.; Kataoka, S.; Wakabayashi, K.; Aikawa, K.

Tetrahedron Lett. 2006, 47, 6361. doi:10.1016/j.tetlet.2006.06.179

. Aikawa, K.; Takabayashi, Y.; Kawauchi, S.; Mikami, K.

Chem. Commun. 2008, 5095. doi:10.1039/b809683j

. Punniyamurthy, T.; Mayr, M.; Dorofeev, A. S.; Bataille, C. J. R;;

Gosiewska, S.; Nguyen, B.; Cowley, A. R.; Brown, J. M.
Chem. Commun. 2008, 5092. doi:10.1039/b807669¢c

. Mikami, K.; Aikawa, K.; Yusa, Y. Org. Lett. 2002, 4, 95.

doi:10.1021/010169675

. Mikami, K.; Aikawa, K.; Yusa, Y.; Hatano, M. Org. Lett. 2002, 4, 91.

doi:10.1021/0l016969p

. Becker, J. J.; White, P. S.; Gagné, M. R. J. Am. Chem. Soc. 2001, 123,

9478. doi:10.1021/ja016167p

10. Mikami, K.; Kakuno, H.; Aikawa, K. Angew. Chem., Int. Ed. 2005, 44,

7257. doi:10.1002/anie.200502682

11

12

13
14

15

16

17

18
19

20.

2

=

22.

23.

24,

25.

Beilstein J. Org. Chem. 2016, 12, 1453—-1458.

.Aikawa, K.; Kojima, M.; Mikami, K. Angew. Chem., Int. Ed. 2009, 48,
6073. doi:10.1002/anie.200902084

.Kojima, M.; Mikami, K. Chem. — Eur. J. 2011, 17, 13950.
doi:10.1002/chem.201103023

.Kojima, M.; Mikami, K. Synlett 2012, 57. doi:10.1055/s-0031-1289875
.Storch, G.; Trapp, O. Angew. Chem., Int. Ed. 2015, 54, 3580.
doi:10.1002/anie.201412098

.Oczipka, P.; Miiller, D.; Leitner, W.; Francié, G. Chem. Sci. 2016, 7,
678. doi:10.1039/C5SC03465E

.Desponds, O.; Schlosser, M. Tetrahedron Lett. 1996, 37, 47.
doi:10.1016/0040-4039(95)02080-2

.Trapp, O. J. Chromatogr., B 2008, 875, 42.
doi:10.1016/j.jchromb.2008.07.047

.Trapp, O. Anal. Chem. 2006, 78, 189. doi:10.1021/ac051655r

.Maier, F.; Trapp, O. Angew. Chem., Int. Ed. 2012, 51, 2985.
doi:10.1002/anie.201107907

Maier, F.; Trapp, O. Chirality 2012, 25, 126. doi:10.1002/chir.22125
.Storch, G.; Siebert, M.; Rominger, F.; Trapp, O. Chem. Commun.
2015, 51, 15665. doi:10.1039/C5CC06306J

Maier, F.; Trapp, O. Angew. Chem., Int. Ed. 2014, 53, 8756.
doi:10.1002/anie.201402293

Doherty, S.; Knight, J. G.; Smyth, C. H.; Harrington, R. W.; Clegg, W.
Org. Lett. 2007, 9, 4925. doi:10.1021/01702390p

Mori, F.; Fukawa, N.; Noguchi, K.; Tanaka, K. Org. Lett. 2010, 13, 362.
doi:10.1021/01102927y

Demchuk, O. M.; Swierczynska, W.; Michat Pietrusiewicz, K.;
Woznica, M.; Wojcik, D.; Frelek, J. Tetrahedron: Asymmetry 2008, 19,
2339. doi:10.1016/j.tetasy.2008.10.001

26. Hatano, B.; Hashimoto, K.; Katagiri, H.; Kijima, T.; Murakami, S.;

27.

28.

29.

30

Matsuba, S.; Kusakari, M. J. Org. Chem. 2012, 77, 3595.
doi:10.1021/j0202630p

Yashima, E.; Yamamoto, C.; Okamoto, Y. J. Am. Chem. Soc. 1996,
118, 4036. doi:10.1021/ja960050x

Yamamoto, C.; Yashima, E.; Okamoto, Y. J. Am. Chem. Soc. 2002,
124, 12583. doi:10.1021/ja020828g

Ye, Y. K, Bai, S.; Vyas, S.; Wirth, M. J. J. Phys. Chem. B 2007, 111,
1189. doi:10.1021/jp0637173

.Ikai, T.; Okamoto, Y. Chem. Rev. 2009, 109, 6077.
doi:10.1021/cr8005558

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.12.141

1458


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-141-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-141-S1.pdf
http://dx.doi.org/10.1002%2F%28SICI%291521-3773%2819990215%2938%3A4%3C495%3A%3AAID-ANIE495%3E3.0.CO%3B2-O
http://dx.doi.org/10.1002%2F%28SICI%291521-3773%2819990215%2938%3A4%3C495%3A%3AAID-ANIE495%3E3.0.CO%3B2-O
http://dx.doi.org/10.1021%2Fol0068896
http://dx.doi.org/10.1021%2Fol048604l
http://dx.doi.org/10.1016%2Fj.tetlet.2006.06.179
http://dx.doi.org/10.1039%2Fb809683j
http://dx.doi.org/10.1039%2Fb807669c
http://dx.doi.org/10.1021%2Fol0169675
http://dx.doi.org/10.1021%2Fol016969p
http://dx.doi.org/10.1021%2Fja016167p
http://dx.doi.org/10.1002%2Fanie.200502682
http://dx.doi.org/10.1002%2Fanie.200902084
http://dx.doi.org/10.1002%2Fchem.201103023
http://dx.doi.org/10.1055%2Fs-0031-1289875
http://dx.doi.org/10.1002%2Fanie.201412098
http://dx.doi.org/10.1039%2FC5SC03465E
http://dx.doi.org/10.1016%2F0040-4039%2895%2902080-2
http://dx.doi.org/10.1016%2Fj.jchromb.2008.07.047
http://dx.doi.org/10.1021%2Fac051655r
http://dx.doi.org/10.1002%2Fanie.201107907
http://dx.doi.org/10.1002%2Fchir.22125
http://dx.doi.org/10.1039%2FC5CC06306J
http://dx.doi.org/10.1002%2Fanie.201402293
http://dx.doi.org/10.1021%2Fol702390p
http://dx.doi.org/10.1021%2Fol102927y
http://dx.doi.org/10.1016%2Fj.tetasy.2008.10.001
http://dx.doi.org/10.1021%2Fjo202630p
http://dx.doi.org/10.1021%2Fja960050x
http://dx.doi.org/10.1021%2Fja020828g
http://dx.doi.org/10.1021%2Fjp0637173
http://dx.doi.org/10.1021%2Fcr8005558
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.12.141

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Methylpalladium complexes with pyrimidine-functionalized

N-heterocyclic carbene ligands

Dirk Meyer and Thomas Strassner S

Full Research Paper

Address:

Physikalische Organische Chemie, TU Dresden, Bergstralle 66,
01062 Dresden, Germany

Email:
Thomas Strassner” - thomas.strassner@chemie.tu-dresden.de

* Corresponding author
§ Tel.: +49 351 4633 8571; Fax: +49 351 4633 9679

Keywords:
alkane activation; alkyl complex; NHC; palladium; solid state structure

Abstract

Beilstein J. Org. Chem. 2016, 12, 1557—-1565.
doi:10.3762/bjoc.12.150

Received: 27 April 2016
Accepted: 29 June 2016
Published: 21 July 2016
This article is part of the Thematic Series "Organometallic chemistry".

Guest Editor: B. F. Straub

© 2016 Meyer and Strassner; licensee Beilstein-Institut.
License and terms: see end of document.

A series of methylpalladium(Il) complexes with pyrimidine-NHC ligands carrying different aryl- and alkyl substituents R
([((pym)N(NHC-R))PdI{(CH3)X] with X = CI, CF3COO, CHj3) has been prepared by transmetalation reactions from the
corresponding silver complexes and chloro(methyl)(cyclooctadiene)palladium(Il). The dimethyl(1-(2-pyrimidyl)-3-(2,6-diiso-

propylphenyl)imidazolin-2-ylidene)palladium(II) complex was synthesized via the free carbene route. All complexes were fully

characterized by standard methods and in three cases also by a solid state structure.

Introduction

Palladium complexes have been shown to be versatile homoge-
neous catalysts in a variety of reactions [1]. One of the most
prominent examples are the palladium catalyzed cross-coupling
reactions [2], but in addition palladium complexes recently
received much attention also in the field of selective CH oxida-
tions [3-6]. The catalytic conversion of alkanes and especially
of methane into a value-added products while avoiding over-
oxidation to carbon dioxide is still one of the most difficult
tasks and considered to be one of the “Holy Grails” of chem-
istry [7]. Early work by Bergman [8,9] and Graham [10,11]
showed that the activation of methane is possible, but their
systems provided only stoichiometric reactions. The Shilov

system [12-17], had the disadvantage of using stoichiometric

amounts of platinum for the reoxidation of the active catalyst
and the platinum bispyrimidine system [18-20] was not success-
ful because of the large amounts of diluted sulfuric acids as the
byproduct of the methanol synthesis. Sen reported the activity
of palladium(Il) catalysts for the oxidation of methane [21] and
several groups contributed to the progress in the field which is
summarized in recent reviews [22,23]. The system based on
N-heterocyclic carbene (NHC) ligands developed in our group
uses a mixture of trifluoroacetic acid (TFA) and its anhydride
(TFAA) as solvents. It has the advantage that the formed ester
can be separated and hydrolyzed, followed by recycling of the
free acid which potentially can be reused in the process [24-30].

Contrary to the “Catalytica” bispyrimidine system, for the
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biscarbene system the palladium complexes turned out to be
more stable than the corresponding platinum complexes under
the reaction conditions [31,32], although Peter Hofmann had
recently shown the stability and reactivity of the platinum-alkyl
complexes with bis-NHC ligand [33]. To study the differences
between both systems we synthesized palladium [34] and plati-
num [35] “hybrid complexes” with ligands combining both
structural elements the pyrimidine as well as the NHC fragment.
We also used density functional theory (DFT) calculations to
investigate the mechanism and potential intermediates.

Quantum chemical (QC) investigations have been very helpful
during the last years in elucidating the mechanisms of palla-
dium-catalyzed reactions [26,36]. According to our QC calcula-
tions the catalytic cycle for the alkane activation by bis(NHC)
palladium complexes like the bis(1,1'-dimethyl-3,3'-meth-
ylenediimidazoline-2,2'-diylidene)palladium(Il) dibromide
[L,PdBr,] consists of three steps: electrophilic substitution, oxi-
dation and reductive elimination involving a palladium(IV)
intermediate [26]. But we also experimentally set out to investi-
gate potential intermediates of the catalytic cycle [37]. One of
the proposed intermediates in the catalytic cycle is a mono-
methyl complex which is formed from the starting material after
methane activation and which could either carry a bromo
[L,PdBr(CHj3)] or a trifluoroacetato [L,Pd(CF3COO)(CH3)]
ligand. These intermediates should be active according to the
proposed catalytic cycle, which starts with an electrophilic sub-
stitution reaction. We therefore set out to synthesize the corre-
sponding methyl complexes for the “hybrid ligand” with chloro-
and trifluoroacetato ligands.

Results and Discussion

Synthesis

Some time ago we reported the synthesis of the imidazolium
salts 1-4 and their corresponding silver complexes 5-8.
The reaction with dichloro(cyclooctadiene)-palladium(II)

NO N - \N+ 0.55 equiv Ag,0 N N
N "
Q R Themom 120 QY
=N ¢ Ag
1-4 5—8

Beilstein J. Org. Chem. 2016, 12, 1557-1565.

[(COD)Pd'ICl,] allowed for the isolation and characterization of
the [((pym)“(NHC-R))PdICl,]-complexes [34]. For the synthe-
sis of the corresponding monomethyl complexes we could rely
on earlier work by Byers and Canty which reported the synthe-
sis of methyl- and dimethylpalladium(II) complexes with
various nitrogen donor systems [38]. The palladium complexes
[(pym) (NHC-R)PdIl(CH3)CI] 9-12 have been synthesized in
good yields from the corresponding silver complexes 5—8
by transmetalation with chloro(methyl)(cyclooctadiene)palla-
dium(II) [(COD)Pd(CH;3)CI] either in dichloromethane (A) or
acetonitrile (B, Scheme 1).

Although two isomers could be formed we only observed the
isomer B, where the methyl group is located cis to the carbene
carbon atom (Figure 1). This can be explained by the strong
donor character of the carbene which makes the trans isomer
less favorable. NMR analysis of the reaction products confirms
that only one complex is formed. Additional proof comes from
density functional theory (DFT) calculations which predict
isomer B to be more stable for all complexes 9—12. At the
B3LYP/6-311+G** level of theory the isomer with the methyl
group coordinated cis to the carbene carbon atom the B isomers
are thermodynamically favored by 5-11 kcal/mol (Table 1).

UV L

A B

CH3

Figure 1: Possible isomers.

For complexes 9 and 12 (Figure 2 and Figure 3) we were able to
obtain solid state structures, which show the predicted geome-
try and confirm that the B isomers are formed.

e
[ IPd\
o CH

A) DCM, rt, 9 h
B) CHsCN, rt, 72 h

N N/:\N
| X h
g 7

CI CH3

9-12

1—5— 9 R = tert-butyl (A, 78%)

2—6— 10 R = cyclohexyl (A, 97%)

3—7— 11 R = 2,6-diisopropylphenyl (A, 84%)
4—8— 12 R = 4-bromophenyl! (B, 48%)

Scheme 1: Synthesis of the monomethylpalladium(ll) complexes 9—11 (in DCM) and 12 (in CH3CN).

1558



Table 1: Calculated free energy differences (AG in kcal/mol) between
the trans- (A) and cis- (B) isomers (B3LYP/6-311+G(d,p)).

Complex Substituent R AG
9 tert-butyl 4.7
10 cyclohexyl 7.3
11 diisopropylphenyl  10.7
12 4-bromophenyl 10.0

C5
Pd1
Cc12

d O ci

Figure 2: ORTEP [39] style plot of complex 9 in the solid state. Ther-
mal ellipsoids are given at the 50% probability level. Selected bond
lengths in angstrom and angles in degrees: Pd—C1 2.031(4), Pd—N3
2.137(2), Pd-C12 2.030(2), Pd—CI1 2.342(1), C1-Pd-N3 80.1(1),
C1-N1-C4-N3 -9.7(3).

Figure 3: ORTEP [39] style plot of complex 12 in the solid state. Ther-
mal ellipsoids are drawn at the 50% probability level. Selected bond
lengths in angstrom and angles in degrees: Pd—C1 1.966(4), Pd—N3
2.145(3), Pd-C14 2.035(3), Pd—CI1 2.341(1), C1-Pd-N3 79.0(1),
C1-N1-C4-N3 -5.9(5).

It is interesting to note that the two structures show very similar
bond lengths and angles with the exception of the
palladium—carbene bond lengths (9: 2.03 A; 12: 1.97 A), which
might be an indication of the different donor character. The ex-
perimentally determined geometrical parameters are in good

agreement with the computed results.

Beilstein J. Org. Chem. 2016, 12, 1557-1565.

Interestingly, complexes 9, 10 and 12 show only one discrete
doublet for the m-pyrimidine proton signals in the 'H NMR
spectrum in DMSO-d indicating that the pyrimidine ring might
rotate at room temperature and therefore a weak coordination of
the pyrimidine nitrogen atom to the palladium center. The
broader signal in case of complex 11 indicates a stronger coor-
dination of the nitrogen and a hindered rotation of the pyrimi-
dine ring. Within some hours, complexes 9 and 12 decompose
in DMSO-dg by reductive cis-elimination [40] leading to imida-
zolium salts with the methyl group on the former carbene car-
bon atom and palladium black. The weaker coordination is most
probably caused by the stronger trans effect of the methyl
group. The decomposition is significantly slower in CDCl3,
where two different signals for the m-pyrimidine protons are

observed.

We recently reported that the dihalogenato complexes are active
catalysts of the methane CH activation in trifluoroacetic acid
[34]. Under the reaction conditions it seems likely, that an
exchange of the chloro against a trifluoroacetato ligands occurs
[29], which is present in the solution in large excess. This
potential intermediate of the catalytic cycle, the [(pym)*(NHC-
R)PAI(CH;3)(CF3CO0)]-complex 13 (with R = 2,6-diisopropyl-
phenyl), could be synthesized by the reaction of complex 11
with silver trifluoroacetate (Scheme 2). We could also confirm
the formation of the desired product by a solid state structure
(Figure 4).

—\ [—\ —~—

CNYNYN p AgOOCCF, /NYNYN

) |

== Q==

N\Pd\ DCM, rt N\Pd\

cf Cha 2% Eccod CHe
1 13

Scheme 2: Synthesis of complex 13.

Typical reaction conditions of the catalytic CH activation are
30 atmospheres of methane under strongly oxidizing conditions
(potassium peroxodisulfate, trifluoroacetic acid and its an-
hydride), where methane is converted into methyl trifluoro-
acetate catalyzed by a Pd(Il) complex. To examine if a methyl-
ated Pd(II) complex like 13 can be an intermediate of this reac-
tion, potassium peroxodisulfate and sodium trifluoroacetate
were added to a solution of 13 in DMSO-dg or CDCl;.
Analyzing the solution we could confirm the formation of
methyl trifluoroacetate and a ‘methyl free’ Pd(I) complex. This
complex showed similar NMR spectra like the bistrifluoroace-
tate complex 14 (Scheme 3), which was prepared by the reac-
tion of the corresponding dichloro complex [34] with silver tri-

fluoroacetate for comparison (see experimental details). The
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Figure 4: ORTEP [39] style plot of complex 13 in the solid state. Ther-
mal ellipsoids are drawn at the 50% probability level. Selected bond
lengths in angstrom and angles in degrees: Pd—C1 1.956(2), Pd—N3
2.151(2), Pd-C20 2.015(2), Pd—0O1 2.098(2), C1-Pd—N3 79.6(1),
C1-N1-C4-N3 -3.3(3).

result indicates that an oxidation/reductive elimination cycle
took place (Scheme 3, upper pathway). The direct reductive
elimination of methyl trifluoroacetate from complex 13 by
heating complex 13 in DMSO-dg up to 90 °C in the presence of
sodium trifluoroacetate [30,34], yielding complex 15, could not

Beilstein J. Org. Chem. 2016, 12, 1557-1565.

be observed (Scheme 3). This indicates that a P(II)/Pd(0)-
mechanism is unfavorable. A more representative simulation of
the reaction conditions of the catalytic methane activation by
using trifluoroacetic acid as solvent was not possible as the pro-
tonation and dissociation of the methyl group occurs very
quickly and quantitatively. The results obtained are in agree-
ment with the computational results [41] that for this ligand
system a Pd(II)/Pd(IV)-mechanism might be more favorable
than a Pd(II)/Pd(0)-pathway for the formation of methyl tri-
fluoroacetate from methylpalladium(Il) complexes like 13
(Scheme 3).

It has previously been shown that the oxidation of palladium(II)
complexes is feasible [42]. Several papers reported the success-
ful oxidation of Pd(II) complexes by hypervalent iodo reagents
[43-48]. Sanford, Arnold and co-workers could also show, that
the PA(IV)(NHC) complexes prepared by this reaction tend to
reductively eliminate at temperatures around —35 °C [49]. As
we also consider a Pd(IV) intermediate, the corresponding com-
plex [(pym)*(NHC-R)PdIY)(CH3)(CF3C00);] was synthe-
sized by reaction of 13 with iodobenzene bistrifluoroacetate at
room temperature. We observed the formation of complex 14 as
the only product (Scheme 4), while at a temperature of —78 °C
no reaction was observed and complex 13 was reisolated from
the reaction mixture.

OOCCF,4
-R _R
N N
oxidation L _Pd>-CHs —J\ pd/OOCCF3
R =N | “ooccFs “OOCCF;
< N7 N \//
— OOCCF,4
dJ’CH3 CF3COOCH; 14
N=">N"

N

CF3COOCH;
=4 N~

NG/

15

“O0CCF;3
13 >\ /\N/R

R = 2,6-diisopropylphenyl

Scheme 3: Possible pathways of methyl trifluoroacetate formation starting from complex 13.

F3CCOO

\I/

OOCCF3;

o ;@ O QoY==

F3CCOO Ha
13

DCM, rt

/
F,CCOG ~OOCCF,4

14

Scheme 4: Synthesis of complex 14 by conversion of complex 13 with iodobenzene bistrifluoroacetate.
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We followed the reaction by NMR by mixing the reagents at
—78 °C while measuring the "H NMR spectra at —10 °C. After
5 minutes we observed a 1:1 mixture of complexes 13 and 14.
When the mixture warmed up to room temperature, the forma-
tion of complex 14 and methyl trifluoroacetate was detected.
We believe that the reaction mechanism is similar to what was
observed before by Sanford, Arnold and co-workers [49].

After we could successfully synthesize all the monomethyl
complexes we were curious whether also the corresponding
dimethyl complex is accessible. For this synthesis we
decided to use the reaction of the free carbene with
dimethyl(N,N,N',N'-tetramethyl-1,2-diaminoethylene)palla-
dium(II), [(tmeda)Pd(CH3);], an approach which is frequently
used to synthesize dimethyl Pd complexes [50-53]. Deproton-
ation of the imidazolium salt 3 and subsequent conversion of
the free carbene with [(tmeda)Pd(CH3),] gave the desired
dimethylpalladium(II) complex 15 (Scheme 5) in 47% yield.

Conclusion

Methylpalladium(II) complexes are discussed as possible inter-
mediates of the methane activation reaction. Herein, we present
the synthesis of the potential intermediates ([((pym) (NHC-
R))PA(CH3)CI] 9-12 with different substituents R (+-Bu, Cy,
DIPP, 4-bromophenyl) of the corresponding catalytically active
palladium dichloro complexes [(pym)(NHC)PAM(CI),] [34].
As the methane activation is carried out in a mixture of tri-
fluoroacetic acid and its anhydride, another potential intermedi-
ate could be the [((pym) (NHC-DIPP))Pd(CH;)(CF3;C00)]
complex 13. Formation of methyl trifluoroacetate and the bistri-
fluoroacetate complex 14 from this complex under oxidizing
reaction conditions points to a Pd(II)/Pd(IV)-mechanism for
the reductive elimination of the observed product methyl
trifluoroacetate. The dimethyl complex [((pym)*(NHC-
DIPP))Pd[(CH3),] 15 could be synthesized to demonstrate the
accessibility of these complexes as well.

Experimental

'H and 13C NMR spectra were obtained on a Bruker AC 300 P
(*H: 300.1 MHz, 13C: 75.5 MHz, !°F: 282.4 MHz) or a Bruker
DRX 500 ('H: 500.1 MHz, 13C: 125.8 MHz, '°F: 470.3 MHz)

Beilstein J. Org. Chem. 2016, 12, 1557-1565.

spectrometer at 298 K. Elemental analyses were performed by
the microanalytical laboratory of our institute using an
EuroVektor Euro EA-300 Elemental Analyzer. Chemicals were
supplied by Acros, Fluka and Aldrich and used as received;
solvents were dried by standard procedures before use.
Imidazolium salts 1-4 [34], silver complexes 5-8 [27],
chloro(methyl)(cyclooctadiene)palladium(II) [54] and dimethyl-
(N,N,N',N'-tetramethyl-1,2-ethylendiamine)palladium(II) [38]
were prepared according to literature procedures.

Chloro(methyl)(1-(2-pyrimidyl)-3-(tert-
butyl)imidazolin-2-ylidene)palladium(ll) (9)
0.20 g (0.6 mmol) of the silver complex 5 and 0.16 g
(0.6 mmol) chloro(methyl)(cyclooctadiene)palladium(Il) are
dissolved in 30 mL dichloromethane. Under exclusion of light
in an argon atmosphere the reaction mixture is stirred for 9 h at
room temperature. The resulting suspension is filtrated over a
celite pad and concentrated in vacuo. The product is precipitat-
ed by the addition of diethyl ether, filtrated, washed with diethyl
ether and dried in vacuo. The product is obtained as a yellow
solid (0.16 g, 78%). Mp 165 °C (dec); 'H NMR (CDCls,
300 MHz, ppm) & 1.27 (s, 3H, Pd-CHj3), 1.81 (s, 9H, CHj3 t-Bu),
7.26 (d, J = 2.2 Hz, 1H, NCH), 7.43 (t, J = 5.1 Hz, 1H, p-H
pym), 7.91 (d, J = 2.2 Hz, 1H, NCH), 9.21 (bs, 2H, m-H pym);
13C NMR (DMSO-dj, 75.5 MHz, ppm) 8 —1.5 (Pd-CH3), 31.2
(CH3), 59.9 (ipso-C t-Bu), 116.0 (p-CH pym), 120.1 (NCH),
120.9 (NCH), 156.4 (ipso-C pym), 159.4 (m-CH pym), 170.0
(carbene-C); anal. calcd for Cj,H;7CIN4Pd-0.2CH,Cl,: C,
39.34%; H, 4.63%; N, 14.80%; found: C, 39.68%; H, 4.46%; N,
15.32%.

Chloro(methyl)(1-(2-pyrimidyl)-3-
(cyclohexyl)imidazolin-2-ylidene)palladium(ll)
(10)

0.10 g (0.3 mmol) of the silver complex 6 and 0.08 g
(0.3 mmol) chloro(methyl)(cyclooctadiene)palladium(Il) are
dissolved in 30 mL dichloromethane. Under exclusion of light
in an argon atmosphere the reaction mixture is stirred for 9 h at
room temperature. The resulting suspension is filtrated over a
celite pad and concentrated in vacuo. The product is precipitat-
ed by the addition of diethyl ether, filtrated, washed with diethyl

a) KO-t-Bu

b) \N/
J— . CHs —

NN N [ P, NN NS
NS @ N_ CHs b Y :<©
Ci
—78°C— rt, Ar, 2 h H3C/ “CHs

3 47% 15

Scheme 5: Synthesis of the [((pym)*(NHC-R))Pd'/(CH3),] complex 15.
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ether and dried in vacuo. The product is obtained as a yellow
solid (0.10 g, 97%). Mp 167 °C (dec); 'H NMR (DMSO-dj,
300 MHz, ppm) $ 0.87 (s, 3H, Pd-CH3), 1.23-1.96 (2m, 10H,
cyc), 4.45 (m, 1H, NCH cyc), 7.70 (t, J = 5.1 Hz, 1H, p-H
pym), 7.80 (d, J=2.3 Hz, 1H, NCH), 8.16 (d, J=2.3 Hz, 1H,
NCH), 9.07 (d, 5.1 Hz, 2H, m-H pym); 3C NMR (DMSO-dj,
75.5 MHz, ppm) & —11.6 (Pd-CH3), 24.4 (p-CH; cyc), 25.0
(m-CH; cyc), 32.5 (o-CH; cyc), 57.7 (NCH cyc), 117.2 (p-CH
pym), 120.2 (NCH), 120.7 (NCH), 155.4 (ipso-C pym), 158.4
(m-CH pym), 159.6 (m-CH pym), 167.3 (carbene-C); anal.
caled for C14H 9CIN4Pd-0.1AgCl: C, 42.09%; H, 4.79%; N,
14.02%; found: C, 42.27%; H, 4.71%; N, 13.70%.

Chloro(methyl)(1-(2-pyrimidyl)-3-(2,6-diiso-
propylphenyl)imidazolin-2-
ylidene)palladium(ll) (11)

0.04 g (0.1 mmol) of the silver complex 7 and 0.03 g
(0.1 mmol) chloro(methyl)(cyclooctadiene)palladium(II) are
dissolved in 30 mL dichloromethane. Under exclusion of light
in an argon atmosphere the reaction mixture is stirred for 9 h at
room temperature. The resulting suspension is filtrated over a
celite pad and concentrated in vacuo. The product is precipitat-
ed by the addition of diethyl ether, filtrated, washed with diethyl
ether and dried in vacuo. The product is obtained as a white
solid (0.04 g, 84%). Mp 158 °C (dec); 'H NMR (DMSO-dj,
300 MHz, ppm) 8 0.04 (s, 3H, Pd-CH3), 1.12 (d, J = 6.8 Hz,
6H, CH3), 1.22 (d, J = 6.8 Hz, 6H, CH3), 2.59 (m, 2H, CH),
7.36 (d, J=17.7 Hz, 2H, o-H ph), 7.53 (t, J= 7.7 Hz, 1H, p-H
ph), 7.75 (t, J= 5.1 Hz, 1H, p-H pym), 7.77 (d, J=2.3 Hz, 1H,
NCH), 8.33 (d, J = 2.2 Hz, 1H, NCH), 9.09 (bs, 2H, m-CH
pym); 13C NMR (DMSO-dg, 75.5 MHz, ppm) 5 —10.7 (Pd-
CHj3), 22.8, 24.3 (CHj iPr), 27.9 (CH), 117.1 (p-CH pym),
120.7 (NCH), 123.7 (m-CH ph), 126.8 (NCH), 130.3 (»-CH
ph), 134.4 (ipso-C ph), 144.5 (o-C ph), 155.3 (ipso-C pym),
156.7 (m-CH pym), 160.4 (m-CH pym), 170.7 (carbene-C);
anal. caled for CyoH,5CINg4Pd: C, 51.85%; H, 5.44%; N,
12.09%; found: C, 51.66%; H, 5.73%; N 11.65%.

Chloro(methyl)(1-(2-pyrimidyl)-3-(4-bromo-

phenyl)imidazolin-2-ylidene)palladium(ll) (12)
0.05 g (0.1 mmol) of silver complex 8 and 0.03 g (0.1 mmol)
chloro(methyl)(cyclooctadiene)palladium(II) are dissolved in
30 mL acetonitrile. Under exclusion of light the reaction mix-
ture is stirred in an argon atmosphere for 72 h at room tempera-
ture. The resulting suspension is filtrated over a celite pad and
the solvent is removed in vacuo. The product is recrystallized
from acetonitrile and dried in vacuo. The product is obtained as
a white solid 0.02 g (48%). Mp 202 °C (dec); 'H NMR (CDCls,
300 MHz, ppm) & 0.04 (s, 3H, Pd-CH3), 7.01 (d, J = 2.2 Hz,
1H, NCH), 7.37 (d, J= 8.7 Hz, 2H, 0-H ph), 7.48 (t, J= 5.1 Hz,
1H, p-H pym), 7.66 (d, J = 8.7 Hz, 2H, m-H ph), 7.99 (d, J =

Beilstein J. Org. Chem. 2016, 12, 1557-1565.

2.2 Hz, 1H, NCH), 8.83 (bs, 1H, m-H pym), 9.39 (bs, 1H, m-H
pym); 13C NMR (CDCls, 75.5 MHz, ppm) & —7.4 (Pd-CH3),
116.8 (p-CH pym), 120.2 (NCH), 124.2 (p-C ph), 124.8 (NCH),
125.9 (ipso-C ph), 128.0 (o-CH ph), 132.8 (m-CH ph), 154.9
(m-CH pym), 155.6 (ipso-C pym); anal. calcd for
C14H,BrCIN4Pd-0.1AgCl: C, 35.60%; H, 2.56%; N, 11.86%;
found: C, 35.98%; H, 2.14%; N, 12.16%.

Methyl(trifluoroacetato)(1-(2-pyrimidyl)-3-
(2,6-diisopropylphenyl)imidazolin-2-
ylidene)palladium(ll) (13)

0.10 g (0.2 mmol) of 11 and 0.05 g (0.2 mmol) silver trifluoro-
acetate are dissolved in 100 mL dichloromethane. Under exclu-
sion of light the reaction mixture is stirred under an argon atmo-
sphere for 9 h at room temperature. The resulting suspension is
filtrated over a celite pad and concentrated in vacuo. The prod-
uct is precipitated by the addition of diethyl ether, filtrated,
washed with diethyl ether and dried in vacuo. The product is
obtained as a white solid (0.08 g, 82%). Mp 232 °C (dec);
TH NMR (DMSO-dg, 300 MHz, ppm) & 0.09 (s, 3H, Pd-CH3),
1.13 (d, /= 6.8 Hz, 6H, CH3), 1.23 (d, J = 6.8 Hz, 6H, CH3),
2.55 (sept, J = 6.8 Hz, 2H, CH), 7.39 (d, J = 7.8 Hz, 2H, o-H
ph), 7.56 (t, J = 7.8 Hz, 1H, p-H ph), 7.79 (t, J = 5.2 Hz, 1H,
p-H pym), 7.89 (d, J = 2.1 Hz, 1H, NCH), 8.43 (d, J = 2.1 Hz,
1H, NCH), 8.99 (bs, 2H, m-CH pym); 13C NMR (DMSO-d,
75.5 MHz, ppm) & —6.9 (Pd-CH3), 23.0 (CHj3 iPr), 24.3 (CHj3
iPr), 28.0 (CH), 118.1 (p-CH pym), 121.1 (NCH), 124.0 (m-CH
ph), 127.4 (NCH), 130.7 (p-CH ph), 134.2 (ipso-C ph), 144.6
(0-C ph), 155.0 (ipso-C pym), m-CH pym and carben-C not ob-
served in DMSO-d.

Bis(trifluoroacetato)(1-(2-pyrimidyl)-3-(2,6-di-
isopropylphenyl)imidazolin-2-ylidene)palla-
dium(il) (14)

Synthetic pathway 1: 0.05 g (0.1 mmol) of 13 and 0.08 g
(0.2 mmol) iodobenzene bis(trifluoroacetate) are dissolved in
10 mL dichloromethane. The reaction mixture is stirred for 12 h
at room temperature. The solvent is removed in vacuo, the re-

sulting solid is washed with THF. The product is obtained as a
white solid (quant.). Mp 259 °C (dec).

Synthetic pathway 2, starting from dichloro(1-(2-pyrimidyl)-3-
(2,6-diisopropylphenyl)imidazolin-2-ylidene)palladium(II) [34]:
0.03 g (0.1 mmol) dichloro(1-(2-pyrimidyl)-3-(2,6-diisopropyl-
phenyl)imidazolin-2-ylidene)palladium(II) and 0.05 g
(0.2 mmol) silver trifluoroacetate are dissolved in 10 mL
dichloromethane at 0 °C. The reaction mixture is allowed to
warm up to room temperature and stirred for another 4 h. The
resulting suspension is filtrated over a celite pad, the solvent is
removed in vacuo and the resulting solid washed with THF. The
product is obtained as a white solid (quant.). Mp 259 °C (dec);
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'H NMR (DMSO-dg, 300 MHz, ppm) & 1.08 (d, J= 6.6 Hz, 6H,
CH3), 1.28 (d, J= 6.6 Hz, 6H, CH3), 2.62 (sept, J= 6.6 Hz, 2H,
CH), 7.29 (d, J= 7.8 Hz, 2H, o-H ph), 7.46 (t, J = 7.7 Hz, 1H,
p-H ph), 7.79 (t, J = 5.2 Hz, 1H, p-H pym), 7.93 (s, 1H, NCH),
8.50 (d, J = 1.3 Hz, 1H, NCH), 8.68 (m, 1H, m-CH pym), 9.19
(m, 1H, m-CH pym); '3C NMR (DMSO-dg, 75.5 MHz, ppm) &
22.4 (CHj iPr), 24.8 (CHj iPr), 27.9 (CH iPr), 118.1 (p-CH
pym), 120.4 (NCH), 123.7 (m-CH ph), 127.2 (NCH), 130.4
(p-CH ph), 131.7 (ipso-C ph), 144.3 (o-C ph), 156.2 (ipso-C
pym), 162.1 (m-CH pym), carbene-C not observed; 1F NMR
(DMSO-dg, 75.5 MHz, ppm) & —72.54 (CF3), —73.47 (CF3);
anal. calcd for Cy3HyFgN4O4Pd: C, 43.24%; H, 3.47%; N,
8.77%; found: C, 42.73%; H, 3.67%; N, 8.38%.

Dimethyl(1-(2-pyrimidyl)-3-(2,6-diisopropyl-
phenyl)imidazolin-2-ylidene)palladium(ll) (15)
0.18 g (0.6 mmol) of the imidazolium salt 3 and 0.07 g
(0.6 mmol) potassium tert-butanolat are suspended in dry THF
at =78 °C under an atmosphere of argon. Over a period of 2 h,
the reaction mixture is allowed to warm up to 0 °C. Afterwards
the solution is again cooled to —78 °C. A cold solution
(=78 °C) 0of 0.10 g (0.4 mmol) dimethyl(N, N, N’ N'-tetramethyl-
1,2-diaminoethylene)palladium(II) in 20 mL THF is added. The
reaction mixture is allowed to warm up to 0 °C over a period of
2 h, the solvent is removed in vacuo and the resulting precipi-
tate is extracted with dry toluene (2 x 10 mL). The solvent is
concentrated in vacuo again and the product is precipitated by
the addition of 20 mL pentane. The solid is filtrated, washed
with cold pentane and dried in vacuo. Yield: 0.13 g (47%).
TH NMR (C¢Dg, 300 MHz, ppm) & 0.68 (s, 3H, Pd-CHz), 0.94
(s, 3H, Pd-CH3), 1.04 (d, J = 6.9 Hz, 6H, CH3), 1.41 (d, J =
6.9 Hz, 6H, CH3), 2.85 (sept, J = 6.8 Hz, 2H, CH), 5.94 (t, J =
5.9 Hz, 1H, p-H pym), 6.17 (d, J = 2.0 Hz, 1H, NCH), 7.12 (d,
J=17.6 Hz, 2H, m-H ph), 7.26 (t, J = 7.3 Hz, 1H, p-H ph), 7.49
(d, J =2.0 Hz, 1H, NCH), 7.67 (m, 1H, m-CH pym), 8.53 (m,
1H, m-CH pym); 13C NMR (C¢Dg, 75.5 MHz, ppm) & =—10.9
(Pd-CHj), 1.7 (Pd-CH3), 23.9 (CH3 iPr), 24.3 (CHj3 iPr), 28.9
(CH iPr), 115.3 (p-CH pym), 118.9 (NCH), 124.0 (m-CH ph),
124.5 (NCH), 130.4 (p-CH ph), 135.8 (ipso-C ph), 145.6 (o-C
ph), 155.3 (ipso-C pym), 156.1 (m-CH pym), 157.0 (m-CH
pym), 194.7 (carbene-C). ESIMS: 444.1 [M + H]".

Computational details

All calculations were performed with the Gaussian 09 software
[55]. The geometries were optimized using the density func-
tional hybrid model B3LYP [56-60] together with the split
valence double-{ 6-31G(d) [61-66] and triple-C 6-311+G(d,p)
[67-74] basis sets. All reported structures were verified as true
minima by the absence of negative eigenvalues in the vibra-
tional frequency analysis. All energies reported are Gibbs free
energies at standard conditions (7 = 298 K, p = 1 atm) using

Beilstein J. Org. Chem. 2016, 12, 1557-1565.

unscaled frequencies. For visualization GaussView [75] was
used.

Solid-state structure determination of 9, 12
and 13

Preliminary examination and data collection were carried out on
an area detecting system (Kappa-CCDj; Nonius) at the window
of a sealed X-ray tube (Nonius, FR590) and graphite monochro-
mated Mo Ka radiation (A = 0.72073 A). The reflections were
integrated. Raw data were corrected for Lorentz and polariza-
tion and, arising from the scaling procedure, for latent decay.
An absorption correction was applied using SADABS [76].
After merging, the independent reflections were all used to
refine the structures, which were solved by a combination of
direct methods and difference Fourier synthesis. All non-hydro-
gen atoms were refined with anisotropic displacement parame-
ters. All hydrogen atoms were placed in calculated positions
and refined using the riding model. Full-matrix least-squares
refinements were carried out by minimizing Ew(F,2 — F.2)2.
Details of the structure determinations are given in Table S1
(Supporting Information File 1). Neutral atom scattering factors
for all atoms and anomalous dispersion corrections for the non-
hydrogen atoms were taken from the International Tables for
Crystallography [77]. All calculations were performed with the
SHELXL-97 [78] package and the programs COLLECT [79],
DIRAX [80], EVALCCD [81], SIR-92 [82], SADABS [76],
ORTEP III [83] and PLATON [84].

Supporting Information

Supplementary crystallographic data can be obtained free
of charge from The Cambridge Crystallographic Data
Centre via http://www.ccde.cam.ac.uk/data_request/cif.

Supporting Information File 1

Details of the DFT calculations and additional
crystallographic data for 9 (CCDC 1484282), 12 (CCDC
1484281) and 13 (CCDC 1484283).
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-150-S1.pdf]

Supporting Information File 2

CIF file for compound 9.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-150-S2.cif]

Supporting Information File 3

CIF file for compound 12.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-150-S3.cif]
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Supporting Information File 4

CIF file for compound 13.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-150-S4.cif]
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A dinuclear N-heterocyclic carbene (NHC) copper complex efficiently catalyzes azide—alkyne cycloaddition (CuAAC) “click” reac-

tions. The ancillary ligand comprises two 4,5-dimethyl-1,3-thiazol-2-ylidene units and an ethylene linker. The three-step prepara-

tion of the complex from commercially available starting compounds is more straightforward and cost-efficient than that of the pre-

viously described 1,2,4-triazol-5-ylidene derivatives. Kinetic experiments revealed its high catalytic CuAAC activity in organic sol-

vents at room temperature. The activity increases upon addition of acetic acid, particularly for more acidic alkyne substrates. The

modular catalyst design renders possible the exchange of N-heterocyclic carbene, linker, sacrificial ligand, and counter ion.

Introduction

The copper-catalyzed azide—alkyne cycloaddition (CuAAC) is
one of the most important “click” reactions for the facile cova-
lent linking of two molecules [1-3]. In 2002, the research
groups of Meldal and Sharpless independently discovered
the strongly rate-enhancing effect of copper(I) salts for
azide—alkyne cycloadditions. The 1,4-disubstituted 1,2,3-tri-
azoles are formed exclusively with essentially quantitative
conversion and under mild reaction conditions [4-6]. The
CuAAC reaction has found broad application in the preparation
of peptide-conjugates [7,8], multicomponent syntheses [9],
preparation of hydrogels, microgels and nanogels [10], (anion)

supramolecular chemistry [11,12], in medicinal chemistry [13],

therapeutics, biomaterials and bioactive surfaces [8,14],
imaging of biochemical processes [15], localization of bioac-
tive compounds inside living cells [16], syntheses of small-mol-
ecule screening libraries [17], catenane and rotaxane syntheses
[18], in reactions under continuous flow processing [19],
polymer and surface science [20-26], nucleoside, nucleotide,
and oligonucleotide chemistry [27-29], in fluorogenic reactions
[30], and in the syntheses of dendrimers [25,31]. The detailed
mechanism of this reaction and the exact role of copper(I) and
the species involved in the catalytic cycle had remained unclear
for many years. The first proposals for the mechanism sug-

gested the participation of only one copper(I) atom in the key
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elementary steps. In 2005, Fokin and Finn determined the reac-
tion rate of a CuAAC reaction to be second order in the concen-
tration of copper [32]. Since then, the understanding of the
mandatory role of dinuclear copper complexes as catalyst inter-
mediates has vastly improved (Scheme 1) [33-37]. In 2013, the
Fokin group provided evidence for the dicopper pathway of
CuAAC reactions by a series of kinetic and isotopic labeling
studies [34]. In 2015, the Bertrand group prepared, isolated,
and structurally characterized molecular dicopper acetylide
complexes, and investigated their reactivity towards azide
substrates [36].

For standard CuAAC reactions, copper(l) carboxylates [5,38],
mononuclear copper(I) phosphine carboxylate complexes [39]
or copper(l) salts are an ideal compromise of low catalyst cost
and high catalyst activity. However, CuAAC reactions of some
substrates are not compatible with heterogeneous catalysis at
the surface of insoluble copper(I) compounds. Instead, they
depend on highly active molecular catalysts under homoge-
neous reaction conditions. Our research group has already
established molecularly defined dicopper catalysts with
unprecedented activity under diluted conditions with low cata-
lyst loading [37,40]. Thus, we aimed at an even more facile syn-
thesis of dicopper complexes with bis-N-heterocyclic carbene
ancillary ligands.

Results and Discussion

We herein report the synthesis of an ethylene-linked bisthiazol-
2-ylidene dicopper(I) complex 2 that features high catalytic ac-
tivity in CuAAC reactions. The advantage of this new complex

Beilstein J. Org. Chem. 2016, 12, 1566-1572.

2 in comparison to dicopper complexes previously described by
our research group [40] is its less time-consuming and more
cost-efficient synthesis. Commercially available, inexpensive
4,5-dimethylthiazole is used as azole starting material instead of
4-aryl-1,2,4-triazoles. The precursor 1a for the NHC ancillary
ligand is synthesized via a double Sy2-reaction of two equiva-
lents of thiazole derivative with 1,2-dibromoethane. In order to
avoid the presence of halide ions as inhibitory ligands for
copper(I) [2,41], bisthiazolium hexafluorophosphate 1b was ob-
tained by a salt metathesis from bromide salt 1a with aqueous
hexafluorophosphoric acid (Figure 1).

> J

Figure 1: Ball-and-stick model [42,43] of a single crystal X-ray struc-
ture of hexafluorophosphate salt 1b (CCDC 1472789). Color code:
black carbon, grey hydrogen, yellow sulfur, blue nitrogen, magenta
phosphorus, green fluorine.
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Scheme 1: Disfavored mononuclear pathway and favored dinuclear pathway in the CUAAC click reaction, according to the mechanistic proposal of
reference [37]. R, R’ = alkyl, aryl, silyl, carbonyl groups; L = NHC; L’ = NHC or solvent; L” = solvent, acetylide, carboxylate, halide.
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Scheme 2: Synthesis of dinuclear copper complex 2.

The final step is the reaction with copper(I) acetate and sodium
acetate as additional base in order to deprotonate the thiazolium
salt 1b and to form the bisthiazolylidene copper(I) complex 2.
Due to the relatively high acidity of the thiazolium precursor
(pK, = 18 [44]), a weak base such as sodium acetate yields
small equilibrium concentrations of thiazol-2-ylidene. The latter
then irreversibly binds to copper(I) ions (Scheme 2). The struc-
ture of the resulting complex 2 is presumably similar to the pre-
viously reported dinuclear bis(1,2,4-triazol-5-ylidene)copper(I)
complexes that had been synthesized, characterized, and struc-
turally characterized in our group [40]. The similarity of NMR-
spectroscopic data of the 1,2,4-triazol-5-ylidene and the 1,3-
thiazol-2-ylidene dicopper complex indicate that the complexes
of both NHC ligand types consist of a bis-NHC ligand, two
copper(l) ions and a labile acetate ligand that bridges the metal
centers. The thiazolylidene complex 2 is air-stable in the solid
state for at least several days. Stability tests in solution were
taken under an atmosphere of nitrogen. Small amounts of a

brown precipitate were formed in solution after one day. How-
ever, the NMR spectra showed no changes even after one week
and in the presence of acetic acid. Therefore, we assume that

complex 2 is quite robust against oxidization.

To test the catalytic performance of complex 2 with the help of
continuous NMR spectroscopy, the reaction of benzyl azide
with either phenylacetylene or ethyl propiolate in deuterated
dichloromethane at room temperature was used (Table 1 and
Figure 2). Due to the highly exothermic nature of the triazole
formation, a high dilution of the reaction mixture and low cata-
lyst loadings are necessary to prevent a thermal runaway. In
order to compare the catalytic activity of complex 2 with
conventional catalysts a kinetic study with copper(I) acetate was
performed. All kinetic experiments were carried out under an
atmosphere of nitrogen because of the air-sensitivity of com-
plex 2 in solution (see Supporting Information File 1 for the
detailed procedure).

Table 1: CUAAC reaction of benzyl azide and terminal alkynes with complex 2 or CuOAc as catalyst in absence or presence of added acetic acid.

complex 2 or CuOAc

——H

CD4Cly, Ny, rt

©/\N3+ R

a) without HOAc
b) HOAc (9 mol %)

N,
©/\'\\l\\<N
R

Entry Alkyne Catalyst Additional HOAc Half conversion time
1 phenylacetylene 1.8 mol % complex 2 - 37 min

2 phenylacetylene 1.8 mol % complex 2 9 mol % 22 min

3 phenylacetylene CuOAc (homogeneous solution) - 166 min

4 ethyl propiolate 0.9 mol % complex 2 - ~15h"

5 ethyl propiolate 0.9 mol % complex 2 9 mol % 6 min

6 ethyl propiolate CuOAc (homogeneous solution) - ~19h"

*extrapolated half conversion time.
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The reaction with phenylacetylene and 1.8 mol % copper com-
plex 2 (Table 1, entries 1 and 2) reaches 50% conversion within
37 min (without acetic acid, green triangles in Figure 2) and is
slightly accelerated by addition of acetic acid (half conversion
within 22 min, blue dots). In contrast, the half conversion time
for this reaction catalyzed by a saturated homogeneous solution
of copper(l) acetate in deuterated dichloromethane is about 3 h
(Table 1, entry 3, black dots in Figure 2). Therefore, the reac-
tion with complex 2 is about 4.5 times (without HOAc) to
7.5 times (with HOAc) more effective compared to the homoge-
neous reaction with copper acetate. Under heterogeneous cata-
lytic conditions, however, larger amounts of commercially
available CuOAc powder with vivid stirring or shaking of the
reaction mixture give rise to rapid CuAAC conversion. Thus,
the molecular NHC dicopper catalyst complexes excel in homo-
geneous CuAAC reactions [40], while CuOAc excels in hetero-
geneous catalysis and in cost-effectiveness [38].

The reaction with ethyl propiolate in the presence of 0.9 mol %
catalyst is very slow with a half conversion time of more than
nine hours (Table 1, entry 4, yellow diamonds). We attribute
this poor catalytic activity to the formation of copper acetylide
clusters or even coordination polymers. Analogous dicopper
complexes of more sterically demanding bis-1,2,4-triazolyl-
idene ancillary ligands are quantitatively converted to octa-
copper hexaacetylide clusters under the same conditions [37].
To date, we have not been able to characterize thiazolylidene
copper acetylides. Addition of acetic acid greatly increases the
rate of the CuAAC reaction with ethyl propiolate, so that half-

Beilstein J. Org. Chem. 2016, 12, 1566-1572.

conversion is reached after 6 min (Table 1, entry 5, red
squares). These observations are again consistent with the for-
mation of a thermodynamically stable copper acetylide species
[37], which are regenerated in the presence of acid to catalyti-
cally active dicopper acetylide intermediates [36]. The reaction
catalyzed by copper acetate proceeds very slow. The extrapo-
lated half-conversion is reached within approximately one day
(Table 1, entry 6, grey triangles).

Conclusion

In summary, we have presented a molecularly defined bisthia-
zolylidene dicopper(I) complex that features high catalytic ac-
tivity in CuAAC reactions. Its three-step synthesis is straight-
forward and cost-efficient. The modular design of this class of
catalysts renders possible the tuning of the complex’s proper-
ties and its features according to specific demands. Dicopper
complexes with thiazolylidene ancillary ligands provide for im-
proved availability, air-stability and convenience for the
growing community of CuAAC users.

Experimental

General methodology

All reactions were carried out, unless described otherwise,
under normal laboratory conditions under air. Reactions involv-
ing air-sensitive reagents were carried out in an atmosphere of
argon using standard Schlenk techniques or in an MBraun
LABmaster 130 glove box operated with nitrogen. Chemicals
and solvents used in this work were supplied by the Depart-
ment of Chemistry at the Ruprecht-Karls-University Heidel-

conversion [%]

0 T T T

—a—phenylacetylene
—e—phenylacetylene, 9 mol% HOAc
—e—phenylacetylene, CuOAc
ethyl propiolate
—a— ethyl propiolate, 9 mol% HOAc
ethyl propiolate, CuOAc

0 30 60 90

120 150 180 210

time [min]

Figure 2: Time-conversion-diagram of the CUAAC reaction of benzyl azide with either phenylacetylene or ethyl propiolate in the presence of copper
complex 2 (1.8 mol % for reaction with phenylacetylene, 0.9 mol % for reaction with ethyl propiolate) or in presence of CuOAc (saturated homoge-
neous solution) under an atmosphere of nitrogen in CD,Cl; at rt (conversion referred to benzyl azide); reaction with phenylacetylene: green triangles
(complex 2 without additional HOAc), blue dots (complex 2 in presence of 9 mol % additional HOAc) and black dots (CuOAc solution); reaction with
ethyl propiolate: yellow diamonds (complex 2 without additional HOAc), red squares (complex 2 in presence of 9 mol % additional HOAc) and grey tri-

angles (CuOAc solution).
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berg or bought directly from Acros Organics, Fisher Scientific,
Sigma Aldrich, Strem Chemicals, and TCI. Anhydrous solvents
were taken from an MBraun MB SCS-800 solvent purification
system containing appropriate drying agents. Deuterated sol-
vents for the use of NMR spectroscopy were obtained from
Deutero GmbH and Euriso-Top.

TH NMR spectra were recorded at room temperature and the
following instruments were employed: Bruker ARX-250
(250 MHz), Bruker Avance 300 (300 MHz), Bruker Avance
400 (400 MHz), Bruker Avance 500 (500 MHz). Chemical
shifts 8 are indicated in ppm and were determined by reference
to the residual 'H solvent peaks (acetone: 2.05 ppm; chloro-
form: 7.26 ppm; dichloromethane: 5.32 ppm; DMSO:
2.50 ppm). Coupling constants J are given in Hz. The following
abbreviations describe the observed multiplicities: s = singlet,
d = doublet, t = triplet, q = quartet, quin = quintet, sext = sextet,
sept = septet, m = multiplet (composed abbreviations refer to
multiple coupling patterns with the first letter indicating the
greater coupling constant). 3C{!H} NMR spectra were re-
corded at room temperature with the following spectrometers:
Bruker Avance 300 (75 MHz) and Bruker Avance 500
(125 MHz). The spectra were calibrated with respect to the sol-
vent (acetone: 29.84 ppm, 206.26 ppm; chloroform: 77.16 ppm;
dichloromethane: 53.84 ppm; DMSO: 39.52 ppm). For process-
ing, analysis and interpretation of NMR spectra, the program
TopSpin 3.2 by Bruker was used. All observed signals are
singlets. Elemental analyses were carried out in the Department
of Chemistry at the University of Heidelberg on the instru-
ments vario EL and vario MICRO cube by Elementar Analy-
sensysteme GmbH. Infrared spectra were recorded on a Bruker
Lumos instrument with a Germanium ATR-crystal. The posi-
tions of the peaks are indicated in wavenumbers v in cm™!. The
following abbreviations were used to describe both the intensi-
ty and profile of the signals: w (weak), m (medium), s (strong),
br (broad). Mass spectra were recorded by the Mass Spectrome-
try Service Facility of the Organic-Chemical Department of the
University of Heidelberg using the following instruments:
Vacuum Generators ZAB-2F, Finnigan MAT TSQ 700, JEOL
JMS-700, Bruker ICR Apex-Qe hybrid 9.4 T FT-ICR. In
general the ionization method was specified. Apart from the
method of ionization and the peak of the molecular ion, the base
peak and characteristic fragmentation peaks with their relative

intensities are reported.

Syntheses
3,3'-(Ethane-1,2-diyl)bis(4,5-dimethylthiazolium)
dibromide (1a)

A Schlenk flask was charged with 3.00 equiv 4,5-dimethylthia-
zole (1.00 g, 8.84 mmol) and 1.00 equiv 1,2-dibromoethane
(0.55 g, 2.95 mmol). The mixture was stirred at 115 °C for 3 d.

Beilstein J. Org. Chem. 2016, 12, 1566-1572.

After cooling to room temperature, the resulting solid was
suspended in ethanol (2 mL) and the mixture was filtered. The
solid residue was washed with ethanol (3 x 2 mL) and diethyl
ether (3 x 3 mL) and dried in vacuo to give the beige product 1a
(1.05 g, 2.53 mmol, 86%). 'H NMR (400.33 MHz, DMSO-dj,
300.0 K) 3 9.90 (s, 2H, NCHS), 5.04 (s, 4H, CH>), 2.52 (s, 6H,
NCCH3), 2.47 (s, 6H, SCCH3) ppm; 3C{!H} NMR (100.66
MHz, DMSO-dg, 295.0 K) 6 157.1 (NCHS), 141.9 (NCCH3),
133.7 (SCCH3), 50.6 (CHj), 12.1 (NCCHj3), 11.1 (SCCH3)
ppm; elemental analysis calculated: C, 34.80; H, 4.38; N, 6.76;
found: C, 34.69; H, 4.63; N, 6.64; HRMS (ESI", DMSO/
MeOH) m/z (%): 253.0827 (100.0) [M — H — 2Br]*, 352.9222
(41.3), 746.9344 (35.0) [2 M("°Br) — Br]", calculated for [M —
H — 2Br]": 253.0833, found: 253.0827; IR (ATR) v = 3400 (w,
br), 3070 (s), 2970 (s), 1738 (m), 1583 (s), 1443 (s), 1405 (s),
1189 (s), 798 (s) cm™{; mp 255 °C dec.

3,3'-(Ethane-1,2-diyl)bis(4,5-dimethylthiazolium)
bis(hexafluorophosphate) (1b)

1.00 equiv 3,3'-(ethane-1,2-diyl)bis(4,5-dimethylthiazolium)
dibromide (1a, 1.50 g, 3.62 mmol) was dissolved in 75 mL
H,0. The solution was added slowly to aqueous 55% hexafluo-
rophosphoric acid (3.00 equiv, 2.88 g, 10.9 mmol) in 50 mL
H,0. The mixture was stirred at room temperature for 3 h. The
formed precipitate was filtered and washed with water
(3 x 25 mL) and diethyl ether (5 x 20 mL). It was dried in
vacuo to give the colourless product 1b (1.50 g, 2.75 mmol,
76%). Single crystals of salt 1b that were suitable for an X-ray
structure analysis were obtained from acetone/diethyl ether.
'H NMR (400.33 MHz, acetone-dg, 295.0 K) 5 9.88 (s, 2H,
NCHS), 5.42 (s, 4H, CH>), 2.68 (s, 6H, NCCH3), 2.66 (s, 6H,
SCCHs3) ppm; 3C{'H} NMR (100.66 MHz, acetone-ds,
295.0 K) 5 157.1 (NCHS), 143.7 (NCCH3), 136.1 (SCCH3),
52.4 (CHy), 12.6 (NCCH3), 11.6 (SCCH3) ppm; elemental anal-
ysis calculated: C, 26.48; H, 3.33; N, 5.15; found: C, 26.50; H,
3.34; N, 5.37; HRMS (ESI*, CH,Cl,/MeOH) m/z (%):
253.0828 (14.0) [M — H — 2PF¢]*, 399.0548 (100.0) [M —
PF¢]™, 683.1201 (15.7), 943.0741 (73.0) [2 M — PF¢4]*; calcu-
lated for [M — PF¢]": 399.0548, found: 399.0548; IR (ATR) v =
3132 (w), 1739 (w), 1595 (w), 1453 (w), 1211 (w), 828 (s), 740
(w) em™!; mp 220 °C dec.

p-Acetato-kO,kO'-p-[3,3'-(ethane-1,2-diyl)bis(4,5-
dimethylthiazol-2-ylidene)]-k C,k C'-dicopper(l)
hexafluorophosphate (2)

A Schlenk flask flushed with argon was charged with 3,3'-
(ethane-1,2-diyl)bis(4,5-dimethylthiazolium) bis(hexafluoro-
phosphate) (1b, 0,10 g, 0.18 mmol, 1.00 equiv) and anhydrous
sodium acetate (0.04 g, 0.42 mmol, 2.30 equiv). The reaction
mixture was stirred under reduced pressure overnight. In a

glove box, copper(I) acetate (0.05 g, 0.40 mmol, 2.20 equiv)
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and dichloromethane or tetrahydrofuran (3 mL) were added.

The suspension was stirred at room temperature for 5 d.

a) Procedure for the reaction in dichloromethane: The suspen-
sion was filtered over a frit and the solution was concentrated
by reducing the solvent in vacuo to 2 mL. Diethyl ether (4 mL)
was added and the formed precipitate was filtered, washed with
diethyl ether (3 x 2 mL) and dried in vacuo to give the light
beige product 2 (0.06 g, 0.10 mmol, 56%).

b) Procedure for reaction in tetrahydrofuran: The solvent was
removed under reduced pressure and dichloromethane (4 mL)
was added in the glove box. The suspension was filtered over a
frit and the solution was concentrated by reducing the solvent in
vacuo to 2 mL. Diethyl ether (4 mL) was added and the formed
precipitate was filtered, washed with diethyl ether (3 x 2 mL)
and dried in vacuo to give the light beige product 2 (0.09 g,
0.16 mmol, 86%). 'H NMR (600.24 MHz, CD,Cl, 295.0 K) &
4.85 (s, 4H, CH>), 2.47 (s, 6H, NCCH3), 2.38 (s, 6H, SCCH3),
2.13 (s, 3H, H;CCOO) ppm; 3C{'H} NMR (150.95 MHz,
CD;Cly, 295.0 K) 6 197.7 (NCCuS), 182.7 (H3CCOO), 141.2
(NCCH3), 133.6 (SCCH3), 55.3 (CHy), 22.9 (H3CCOO), 12.7
(NCCHj3), 12.1 (SCCHj3) ppm; elemental analysis calculated: C,
28.82; H, 3.28; N, 4.80; found: C, 28.70; H, 3.61; N, 4.84;
HRMS (ESI, DMSO/MeOH) m/z (%): 251.0672 (42.3) [M —
2Cu — H — Oac — PF¢]", 283.0935 (100.0) [M — 2Cu — Oac —
PF¢ + CH301", 397.0392 (17.7), 599.0698 (69.9); calculated for
[M — 2Cu — Oac — PFg + CH30]": 283.0949, found: 283.0935.
IR (ATR) v = 1594 (w), 1555 (m), 1447 (m), 1397 (w), 1328
(w), 835 (s), 691 (m) cm™!; mp 175 °C dec.
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The reaction of CpPd(n3-C3Hs) with the new diphosphinoborane ligand derivative (0-PCy,-CgHa);BPh CYDPBPM affords the
T-shape complex (SYDPBPMPA(0) 9, which was characterized by X-ray analysis.

Introduction

The amplification of traditional bidentate chelating L,-type
ligands with a tethered borane functionality (e.g., Bourissou’s
diphospinoborane (0-PR,-CgH4);BR’ ligand RppBR’)
has received considerable attention [1-3], with first catalytic
applications emerging [4]. The acyclic boron group in these
ligands can adopt a variety of coordination modes (Figure 1)

(5]

The borane can act as a o-acceptor ligand in case of n!-B coor-
dination (e.g., 1 [6] and 2 [7]), or as a boron containing n-ligand
adopting 12-B,C (3) [8] or n3-B,C,C coordination (4 and 5)
[5,9,10]. Changes of the hapticity appear to have significant in-
fluence onto the reactivity of the coordinated transition metal
towards substrates [8]. For zerovalent palladium complexes
only few examples featuring a n!-type Pd—B interaction have

been reported [6,7]. However, these complexes require phos-

phines or pyridines as a stabilizing co-ligand, which can act as
an inhibitor in catalytic transformations [7]. Similarly,
monometallic 14 VE palladium complexes featuring a chelating
diphosphine, such as in Hofmanns Rucaphos complexes 6, are
very scarce [11]. While the dative Pd—B bond is strong in
zerovalent Pd(0) DPB complexes such as 2, only weak Pd—B
interactions have been observed for the respective Pd(II) com-
plexes [7,12]. Discrimination by the borane functionality be-
tween the oxidations states Pd(0)/Pd(I) is of potential interest
for organometallic transformations involved in homogeneous
catalysis, such as the reductive elimination. Here we report the
synthesis of the diphosphinoborane (0-PCy,-C¢Hy4),BPh ligand
CyppBPh, CYDPBPh reacts with CpPd(n3-C3Hs) yielding
monometallic zerovalent palladium complex 9 featuring a
distinct 1!-B coordination mode, without the need of a stabi-

lizing co-ligand.
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Figure 1: Selected M—B coordination modes 1-5 [6-10] and Hofmann’s Rucaphos complex 6 [11].

Findings

For the synthesis of YDPBP! we adapted the known reaction
sequence for the production of Bourissou’s (0-PPh,-CgHy4),BPh
ligand PPDPBP! (Scheme 1) [13,14].

Starting material (2-bromophenyl)dicyclohexylphosphine (7)
was produced by palladium catalyzed coupling of dicyclo-
hexylphosphine with 1-iodo-2-bromobenzene [15]. Phosphine 7
was lithiated in diethyl ether with n-BuLi [16,17], affording the
diethyl ether adduct 8. Reaction of 8 with 0.5 equiv of PhBCl,
in toluene at —78 °C produced the desired ligand YDBPP! in
86% isolated yield. Typical resonances for a DPB ligand were
observed in the 3'P NMR spectrum at & 1.70 and in the
1B NMR spectrum at d 41 (wy, = 1300 £+ 120 Hz), which are
indicative for a dynamic P—B bond in solution [18].

CYDPBPM was reacted with 1 equiv of CpPd(n3-C3Hs) in
benzene. Complete conversion towards complex 9 with
equimolar formation of 5-allylcyclopenta-1,3-diene was reached
within 18 h at 50 °C. Complex 9 showed a singlet resonance at
3 41.0 in the 3'P NMR spectrum and a broad resonance at § 22
(W12 = 800 + 50 Hz) in the ''B NMR spectrum. High field shift
and narrowing of the 1'B NMR with respect to the free

CYDPBP! Jigand indicated the presence of a strong dative
Pd(0)—B bond [7]. Despite the absence of a stabilizing
co-ligand, we found complex 9 to be very stable in solution.
The coordinating properties of CYDPBP! deviate from those ob-
served for its aryl derivatives (P"DPBPP ((0-PPh,-CgHy4),BPh)
and PADPBMeS ((o-PPh,-CgHy4),B(Mes))). For these ligands the
reaction with one equivalent of CpPd(n3-C3Hs) leads to 50%
consumption of CpPd(n3-C3Hs) with simultaneous formation of
5-allylcyclopenta-1,3-diene, but complete conversion of the
ligand pointing towards the formation of a bisligand complex
(DPB),Pd [7]. Unlike complex 2 we were unable to form a pyri-
dine adduct complex by treatment of 9 with 10 equiv of pyri-
dine. Single crystals of complex 9 suitable for X-ray diffraction

analysis were grown from hexane (Figure 2).

The solid-state structure of 9 displayed a slightly distorted
T-shape geometry around the palladium center. A short Pd1-B1
distance of 2.243(2) A (cf. complex 2: 2.194(3) A) and a signif-
icant pyramidalization at the boron center (£B, = 341°) is ob-
served, indicating a strong Pd(0)—B bond. The distance be-
tween C20 and Pd1 was found to be 3.0805(22) A. The n'-B
coordination mode was well reproduced by DFT calculations
(Supporting Information File 1). DFT calculations predict

PCy> CpPd(n3-C3Hs), oh
PCy, n-BulLi, Et,0 PhBClI,, toluene ﬁ’h benzene Q\é@
73% .- 86% B 91% }
Br PCy,  PCy, CyoP—Pd—PCy;
Et,O
7 8 CyppBPh 9

Scheme 1: Synthesis of diphosphinoborane ®YDPBP" and complex 9.
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Figure 2: Thermal ellipsoid plots of complex 9 at the 50% probability
level. H atoms and one molecule of hexane have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Pd1-B1
2.243(2), Pd1-P1 2.2761(6), Pd1-P2 2.3084(6), B1—Pd1-P1 85.82(6),
B1-Pd1-P2 82.49(6), P1-Pd1-P2 157.72(2), C15-B1-C20
110.94(18), C15-B1-C35 116.58(18), C20-B1-C35 112.56(18).

T-shape complexes with an almost linear P-Pd—P angle for
model complexes (PMej3),Pd — EX;3 (E =B; X =H, F, Cl, Br,
I) [17]. In complex 9 the trans-coordinated palladium center
featured an obtuse P1-Pd1-P2 angle of 157.72(2)°.

Conclusion

In conclusion we synthesized the zerovalent palladium com-
plex [{(0-PCy;-CcH4),BPh}Pd(0)] 9. Complex 9 supplements
the few known examples (e.g., 6 [11]) of 14 VE palladium com-
plexes bearing a chelating diphosphine ligand by introduction of
a borane acceptor functionality.

Supporting Information

Supporting Information File 1

Experimental procedures and characterization data;
crystallographic information for 9; 'H, "B, 13C and 3'P
NMR spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-152-S1.pdf]

Supporting Information File 2

CIF file of 9, CCDC 1471929.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-152-S2.cif]
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Abstract

Rh(CO),CI(NHC) complexes of dipyrido-annelated N-heterocyclic carbenes were prepared. From the C—H coupling constant of the
respective imidazolium salts and the N—C—N angle of the N-heterocyclic carbene (NHC), a weaker 6-donor character than that of
typical unsaturated NHCs is expected. However, the IR stretching frequencies of their Rh(CO),Cl complexes suggest an electron-
donor character even stronger than that of saturated NHCs. We ascribe this to the extremely weak m-acceptor character of the
dipyrido-annelated NHCs caused by the conjugated 14 me™ system that thus allows for an enhanced Rh—CO backbonding. This
extremely low 7m-acceptor ability is also corroborated by the 77Se NMR chemical shift of —55.8 ppm for the respective selenourea,
the lowest value ever measured for imidazole derived selenoureas. DFT-calculations of the free carbene confirm the low c-donor
character by the fact that the 5-orbital of the carbene is the HOMO-1 that lies 0.58 eV below the HOMO which is located at the
n-system. Natural population analysis reveals the lowest occupation of the p-orbital for the saturated carbene carbon atom and the
highest for the pyrido-annelated carbene. Going from the free carbene to the Rh(CO),CI(NHC) complexes, the increase in occu-
pancy of the complete n-system of the carbene ligand upon coordination is lowest for the pyrido-annelated carbene and highest for

the saturated carbene.

Introduction

N-Heterocyclic carbenes form a ligand class that is typically  years many varieties of N-heterocyclic carbenes have been syn-
characterized by a strong o-donor and a weak or even negli- thesized [7,8], focusing mainly on a strong c-donor character,
gible m-acceptor effect [1-3], although Meyer has shown pro-  for example by increasing the ring-size [9-15], substituting one
nounced m-acceptor ability in Cu complexes [4-6]. In recent nitrogen atom by carbon [16,17] or using diamido backbones
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[18,19] and only rarely on enhancing the n-donor character by
using m-electron donating backbones [20]. Many efforts have
been made to determine and compare the donor abilities of
N-heterocyclic carbenes including DFT calculations [2-6,21-
24], among which are the most prominent examples: the
Tolman-parameter [25-28], the 13C NMR chemical shift of
special PA(NHC);, complexes [29,30], and electrochemical
properties [31-33] (see [34,35] for reviews). In all these cases,
only the overall donor-abilities of the NHC ligand are obtained.
In the case of the Tolman parameter, not only the electronic
properties of the carbene influence the CO stretching modes,
but also steric effects and the coupling of stretching modes. The
latter two drawbacks have recently been overcome by calcu-
lating the metal-ligand electronic parameter (MLEP) [36].
Separating the influence of the o-donor and m-acceptor abilities
was limited to determining the overall donor character and
taking into account the o-donor character. The latter is depen-
dant on the s-character of the c-orbital and thus can be obtained
directly from the 'Jcg coupling constant of the imidazolium salt
[37-39] (which can be regarded as the H* complex of the
carbene and therefore m-influences are avoided) or by the
N—C-N angle at the carbene [40], which also correlates with the
13C NMR chemical shift [41]. In 2013, Ganter presented the
77Se NMR chemical shift of the respective selenoureas as a suit-
able probe to determine directly the m-influence of the carbene
[42,43], as the paramagnetic shift tensor has the largest influ-
ence on the 7’Se NMR chemical shift. This method is so far
redundant [44] to the method of determining the 3!P NMR
chemical shifts of the respective NHC—phosphinidene adducts
[45,46].

For some years we have worked with pyrido-annelated
N-heterocyclic carbenes, an NHC class that was introduced by
Weiss and co-workers (Figure 1) [39,47]. They pointed out the
unusual high s-character of that carbene c-orbital by a Ly
coupling constant of 232.6 Hz, which corresponds to a hybridi-
zation of only sp!-15. Although they had prepared the respec-
tive selenourea, the 77Se NMR chemical shift was not reported
[39,47,48]. We showed that the ferz-butyl substituted dipyrido-

tBu

carbene dipiy'™™" exhibits an unusual high thermal stability and

proofed the alternating bond lengths in the conjugated m-system

Beilstein J. Org. Chem. 2016, 12, 1884—1896.

of this carbene (similar to heptafulvalene) as well as the very
low N—C-N angle by X-ray structure analysis [41]. Weiss pro-
posed this carbene to have a “built-in umpolung” [39] ability
which means that there could be a participation of the dica-
tionic bisylidene resonance form as it is usually described for
carbodiphosphoranes [49] and carbodicarbenes [50,51], in
which the carbon atom has a formal oxidation state of £0
(Figure 1) [52-54]. Earlier, we had prepared their tungsten and
chromium carbonyl complexes, but could not find deviations of
the CO stretching frequencies from those of analogous NHC
complexes [55]. As this might be due to the distribution of
the effect on five carbonyl ligands, we now prepared the
[Rh(CO),Cl(dipiy)] complex to obtain a more sensitive probe.
In the following we will provide the experimental evidence that
dipyrido-annelated carbenes are indeed not only weak o-donors
but also the weakest m-accepting carbenes derived from imida-
zole so far. This overcompensates even the lower 6-donor char-
acter, so that their overall electron-donating ability lies in be-
tween that of acyclic diaminocarbenes and saturated NHCs.

Results and Discussion
Synthesis of the rhodium CO and 3CO

complexes 2a and 2b

We generated the desired carbonyl complexes 2a and 2b from
the respective COD complex 1 [56] by ligand exchange under a
13CO atmosphere of 6 bar in CD,Cl, in a pressure-NMR tube

according to Scheme 1.

13C2 R = H (a), t-Bu (b)

Scheme 1: Preparation of the 13CO substituted rhodium complexes 2
bearing the dipyrido-annelated carbenes dipiy (a) and dipiyB! (b).

At first, a precipitate forms which is redissolved shortly after
and a color change of the solution from light yellow to greenish

R R
\ NN N\_N__N-7 \N_N-/
\C/ —\g/— + \Q/ +
=2 <
R = H (dipiy), ylidene dicationic
t-Bu (dipiyBY) bisylidene

Figure 1: Left: resonance hybrid of the dipyrido carbenes dipiy and dipiyBY. Right: two canonical forms of the dipyridocarbene according to Weiss and

co-workers.
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yellow occurs. The "H NMR spectrum confirms full conversion
and release of the COD ligand. Due to a fast exchange with the
13CO atmosphere, the respective '3C NMR carbonyl signals
were not detected. Therefore, we measured the '3C{/H} NMR
spectra at —30 °C. The doublet at 185.9 ppm with a gy cou-
pling constant of 53.6 Hz refers to one 13CO ligand, while a
broad peak at 183.0 ppm indicates fast exchange of the second
13CO ligand with non-coordinated 13CO (Figure 2). Neither
cooling down the sample to —50 °C nor the release of the 13CO
pressure to 1 bar changed the spectrum qualitatively. The sam-
ple was then shaken in an open atmosphere of nitrogen to
remove the non-coordinated '3CO. This led to a substantial de-
crease of the intensity of the broad peak, but only after three
freeze-pump-thaw cycles to fully remove residual !3CO the
former broad signal turned into a sharp doublet of doublets at
183.2 ppm with a LJgpc coupling of 72.8 Hz and a ZJ¢¢ cou-
pling to the second 13CO ligand of 6.1 Hz. Consequently,
the former doublet at 186.3 ppm for the second 3CO ligand

Beilstein J. Org. Chem. 2016, 12, 1884—1896.

appears now as a doublet of doublets (!Jgnc = 54.5 Hz and
2Jcc = 6.1 Hz).

A comparison of the !Jppc coupling constants with those of cis-
and trans-CO Rh-NHC complexes bearing an additional P
donor reveals a smaller 'Jgpc coupling constant for the trans-
CO ligand and a larger coupling constant for the cis-CO ligand
(relative to the NHC ligand) [57]. This trend is also observed
for the /gy coupling constants of carbonyl complexes with
phosphine ligands [58,59]. Consequently, the signal at
186.3 ppm can be assigned to the trans-CO ligand and that at
183.2 ppm to the cis-CO ligand (relative to NHC). Thus, it is
the cis-CO ligand that undergoes a fast CO exchange. The same
dynamic behavior is observed for complex '3€2b containing the
tert-butyl substituted dipyridocarbene ligand dipiyB". For
iridium complexes [Ir(CO),CI(NHC)] (NHC = imidazolidin-2-
ylidene) a preferred cis-CO exchange was reported and an acti-
vation energy of 12.7-12.9 kcal/mol was determined by NMR

Iy 1

187.5 185.0 182.5

chemical shift (ppm)

180.0

Figure 2: 13C NMR spectra (carbonyl region, 125 MHz) of the reaction of 1a with 3CO under variable pressure and temperature: left: a) 6 bar '3CO,
-30 °C; b) 6 bar 13CO, -50 °C; ¢) 1 bar '3CO, -30 °C; d) 1 bar '3CO, -50 °C; e) grey: 1 bar N, and residual 13CO, rt; f) red: '3CO-free solution, rt, 75

MHz.
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spectroscopy for this process [60]. However, an exchange of the
CO ligand by phosphines in [M(CO),CI(NHC)] complexes
(M =Rh, Ir) or even by DMSO [60-62] occurs at the trans-CO
ligand. In some cases, loss of CO upon formation of dimers can
be observed for rhodium NHC complexes [63-65].

Ligand exchange in square planar Rh(I) carbonyl complexes
was shown to occur by an associative mechanism via a trigonal
bipyramidal intermediate [66,67], which was also crystallo-
graphically characterized in the case of a cationic Rh complex
bearing a bidentate phosphine ligand [68]. Our DFT-calcula-
tions for the tricarbonyl complex 3a bearing the dipiy ligand
show that the pentacoordinated intermediate 3a NHC/COapic,
in which the NHC and the former #rans-CO ligand take in the
apical positions, is energetically favored over that with CI™ and
the former cis-CO ligand in the apical positions (3a CI/COapic)
by 16.9 kJ/mol (Scheme 2). The calculated data is similar for
complexes with the unsaturated NHC ligand III, which favors
the respective NHC/COapic intermediate by 14.9 kJ/mol.
Assuming similar low activation barriers for the CO associa-
tion and the dissociation, release of the CO ligand from the trig-
onal plane in the intermediate 3a NHC/COapic leads to the
preferred exchange of the cis-CO ligand (Scheme 2). This is in
accordance with the experimental observation of the
13CO exchange. Although the formation of 3a NHC/COapic
from 2a and CO is exothermic (AH,9gK 1bar = —11.4 kJ/mol),
considering the entropy leads to an endergonic reaction
29.4 kJ/mol), even at =50 °C and 6 bar
15.7 kJ/mol).

(AG298K, 1bar =
(AG223K,6bar =

On a preparative scale, complexes 2a and 2b were synthesized
in a glass autoclave with a CO pressure of 8§ bar. In both cases
the carbene 13C NMR signals (—30 °C, CD,Cl,) could be
detected at 152.2 ppm (Lrnc = 43.6 Hz) (2a) and at 150.3 ppm
(1Jrnc = 44.4 Hz) (2b). The carbonyl signals are detected

A Cl
N |
N)>_F\Ih_cotrans
Cocis
2a

3a NHC/COapic

Beilstein J. Org. Chem. 2016, 12, 1884—1896.

at 182.5 (MJrnc = 72.7 Hz; cis-CO) and 185.9 ppm
(Mrnc = 54.0 Hz; trans-CO) for complex 2a and at 182.8
("Jrnc = 75.8 Hz; ¢is-CO) and 186.1 ppm (Jgnc = 53.6 Hz;
trans-CO) for complex 2b.

To compare the IR stretching frequencies with other Rh-com-
plexes in literature, we determined the symmetric and asym-
metric CO stretching modes of complex 2a in dichloromethane
(Vv =2082 and 2003 cm™!), dimethyl sulfoxide (v = 2064 and
1984 cm™!) and as a KBr pellet (v = 2073 and 1993 cm™ ).
This large medium dependence shows that it is mandatory to
compare the stretching frequencies analyzed in the same medi-
um. As the difference of the symmetric and the asymmetric CO
stretching frequencies is not constant, it is common to compare
the average value of these two bands. Table 1 gives an overview
of the CO stretching frequencies of [Rh(CO),CI(L)] complexes
with the most common types of NHC ligands L.

A graphical illustration of these values is depicted in Figure 3. It
shows that the dipyrido-annelated carbenes have an overall
donor capacity that lies in between that of acyclic (Ia) or ferro-
cene bridged (Ib) diaminocarbenes and saturated imidazolidin-
2-ylidenes (II). This is surprising, as the c-donor character of
dipyridocarbenes is lower than that of the unsaturated imida-
zolin-2-ylidenes (III) and triazolinylidenes (IV), as it can be
derived from the low N—-C—N angle (99.6°) which enhances the
s-character of the carbene c-orbital and thus reduces the
o-donor character (deduced directly from the larger Joy cou-
pling constant of the respective imidazolium salts that corre-
lates with the higher s-character in the C—H bond). Therefore,
we expected the average CO stretching frequencies to lie about
15 cm™! higher at around 2050 cm™! for complexes 2a and 2b.

This discrepancy can be explained by a substantial lower
m-acceptor character than the generally low m-acceptor char-

2a cis CO exchanged

Scheme 2: Proposed mechanism for the preferred exchange of the cis-CO ligand based on DFT-calculations (BP86 / def2-TZVP) with the dipiy
ligand. Intermediate 3a NHC/COapic is lower in energy by 16.9 kdJ/mol compared to intermediate 3a Cl/COapic.
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Table 1: IR carbonyl stretching frequencies of [Rh(CO),CI(L)] complexes bearing various diaminocarbenes (L).

L in [Rh(CO),CI(L)] L
N R dipiy [39]
NvN
t-Bu t-Bu
= dipiyBY [41]
NN~
7 — N
N V [69]

Ph
=N

IV [70]
ph-NxZN-ph
NN~ I [72]
Ne s =N
,iBu

)>| Ib [14]
< >—N

iBu

<

NazN

T

la [76]

acter of carbenes. This may even be considered as a n-donor
character — as proposed by Weiss and co-workers — to overcom-
pensate the reduced o-donor property. The description of
Weiss and co-workers that dipyridocarbenes had a structural
relationship “with “true” bis(ylides) such as carbodiphospho-
ranes” [39] illustrates very nicely the experimentally deter-
mined high overall donor effect of the dipyridocarbene re-

ported herein.

The reason for this behavior seems to be the cross-conjugated
14 me™ system into which the “empty” p,-orbital of the carbene
is embedded and therefore, could also act as a n-electron donor.
To obtain further experimental evidence for this unusually weak
n-acceptor (or already weak n-donor character), we determined
the 77Se NMR chemical shift of the respective selenourea 4b to
be —55.8 ppm [77]. This value is the most negative reported so
far for imidazole derived selenoureas and therefore, is another

vem™! Vavem™ 1 @ method
2072.8
1993 2 2033.0 KBr, rt
2082.1
20051 2042.6 CH,Cly, 1t
2064
1984 2024 DMSO, rt
2074.5
1996.6 2035.6 KBr, rt
2079.0
50000 2039.5 CH,Cly, rt
2089.0
2009.0 [71] 2049.0 KBr, rt
2076
2006 [73] 2041.0 KBr, rt
2081.0
1997.0 [75] 2039.0 KBr, rt
2072
1994 2033 KBr, rt
2075
“90s 2035 CH,Cly, rt
2056.0
1985.0 [75] 2020.5 KBr, rt

hint for the unusually low m-accepting quality of the dipyrido-
carbene family dipiy.

To rationalize these strong overall donating properties we per-
formed DFT calculations of the free dipyridocarbene dipiy and
its Rh(CO),Cl complex 2a, as well as the acyclic (I, I-Rh, Ia,
Ia-Rh), saturated (II, II-Rh) and unsaturated (II1, ITI-Rh)
diaminocarbenes and their rhodium complexes.

Firstly, we could confirm the trend of the IR stretching frequen-
cies for the calculated complexes although the differences are
smaller between Ia-Rh, 2a, II-Rh and III-Rh (Table 2) than
observed experimentally. The complex with the isopropyl
acyclic carbene Ia-Rh shows its unique electron donating effect
also in the calculations. The smaller differences found for the
calculated CO stretching frequencies are independent of the
used functionals (BP86 and B3LYP). Both functionals lead to
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iBu” X~ “iBu
120.3° (adamantyl [15]) 100.5° (calcd)
Ib dipiy

=N

Ne g e \
Ph~NszN~ph

104.71° 100.6°
lla v

Figure 3: IR scale (cm™") to determine the overall electron-donor capacity of various N-heterocyclic carbenes based on the average wavenumber
Vav Of the CO stretching frequencies of their respective Rh(CO),Cl complexes. The strongest donating NHCs are found on the left side (lower V,y ),
the weakest on the right side (higher V,y ). In addition the N-C—-N angles are given (from X-ray, if not marked otherwise. For Ib the mean value for the

N-adamantyl substituted species is given).

Table 2: Calculated values V for the symmetric and asymmetric CO stretching frequencies as well as the average \73\, of various
Rh(CO),Cl(Carbene) complexes (BP86/def2-TZVP or B3LYP/def2-TZVP) and numbering scheme for the DF T-calculations of the respective carbene.

iPr iPr \ |
Na~N Na—~N
L iPr = i AN
la |

Rh(CO),CI(L) la-Rh I-Rh
1

V@sym/cm | 1972.4 1979.7

"S@npgg 2047.3 2052.6
1

Vg‘gé?g”;) 2009.8 2016.1
Vasym/cm™!

v e

(B3LYP) '

Yy lom™? B
(B3LYP) 2098.0

comparable results with respect to the experimental values
when calibrated to free CO (2125 cm™! (BP86), 2208 cm™!
(B3LYP), exp. 2143 cm™).

To obtain information to which extent the carbene ligands act as
an overall n-electron acceptor (or m-donor), we analyzed the
electron occupation of the respective pp-orbital at the carbene
performing a natural population analysis [78] (Table 3). As ex-
pected the stronger stabilization of the p, orbital within the
conjugated 14 me™ system results in a higher occupation for the
carbene dipiy (0.738) at C3, which decreases in the order 6 me™
carbene III (0.687), 4 me™ carbene II (0.592) and the acyclic
4me” carbene I (0.618) (Table 3). For the rhodium complexes

— _ — — —
N\ Ns N Y/ —NysN— —NyN—
7 = -
dipiy Il ]|
2a II-Rh llI-Rh
1983.8 1984.1 1984.1
2055.4 2056.5 2056.8
2019.6 2020.3 2020.5
2062.4 2062.2 2062.3
21415 2142.5 2143.2
2102.0 2102.4 2102.7

these values are higher, so that an overall n-electron-with-
drawing character of the carbene ligand can be concluded. It is
surprising that the largest increase in electron occupancy
(ARh-NHC e~ (C3)) is found for the dipyridocarbene dipiy
(0.16) and the weakest for the acyclic carbene (I) (0.12). How-
ever, the increase must not necessarily stem from electron den-
sity of the metal center. It could also originate from the
n-system of the respective carbene. Therefore, we also calcu-
lated the sum of the p,-electron occupancy for the free carbene
as well as for the complex (which should sum up to 4 ¢~ (I and
II), 6 e~ (III) or 14 e~ (dipiy), respectively). It now becomes
clear that the overall gain in m-electron occupancy Arp.NHC €
is highest in the case of the saturated carbene II (0.08) and
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Table 3: Electron occupation (e7) of the py; orbital at the carbene atom C3 and at the other atoms of the T-system in the free carbenes I-lll and dipiy

and in their Rh carbonyl complexes.

15 6
— 5 1 14 7
>\1 1\4 Ny_N N =
U N7\ B 17 —
T4 =N T4 72 NN~ N\ Ny\_N—7
3 3 3 16 42 9
| I} 3
i dipiy

| I-Rh Il II-Rh 1 1I-Rh dipiy 2a

C1 1.09029 1.07851 1.08021 1.07529
N2 1.63207 1.60438 1.64093 1.61073 1.54167 1.51623 1.47370 1.45994
C3 0.61791 0.73749 0.59200 0.72812 0.68712 0.82047 0.73731 0.89882
N4 1.63228 1.60384 1.64069 1.61126 1.54169 1.51738 1.47369 1.46334
C5 1.09032 1.07994 1.08021 1.08121
C6 1.00124 1.00100
Cc7 1.03216 1.00947
C8 1.03375 1.01227
C9 0.98590 0.97578
Cc14 1.03216 1.01769
C15 1.00123 0.99519
Cc16 0.98589 0.99538
c17 1.03375 1.01041
> e~ 3.88226 3.94571 3.87362 3.95011 5.95109 6.01253 13.95120 13.99579
Arn-NHe € (C3) 0.11958 0.13612 0.13335 0.16151
Arh-NHC € (TT) 0.06345 0.07649 0.06144 0.04459

smallest for the dipyridocarbene dipiy (0.04). It may therefore
be concluded that dipiy is the carbene with the weakest
m-acceptor character. In addition, the role of a potential net
n-donor character of the dipyridocarbene dipiy can be ruled out
in the Rh complex 2a. A less electron-rich metal center might

induce a net n-donor property in this carbene.

It is known from theoretical studies that a reduction of the
N—-C-N angle leads to a stabilization of the carbene c-orbital
[40]. At the same time the extended conjugated m-system leads

to an energy increase of the highest occupied m-orbital and a

HOMO
-4.60 eV

smaller HOMO-LUMO gap. Analyzing the molecular orbitals
of the free carbenes I-III and dipiy reveals that in dipiy the
carbene c-orbital is no longer the highest occupied orbital, but it
is found stabilized by 0.58 eV as the HOMO-1 (-5.18 eV). The
HOMO at —4.60 eV is located at the n-system (see Figure 4).
This has only been observed for the bisoxazoline-derived
IBioxMe4 carbene before, whose calculated N-C—N angle of
98.6° is even more acute than that of dipiy [79]. For dipiy the
other 6 occupied MOs of the 14 ne™ system are found between
—6.28 eV and —11.7 eV (HOMO-2 to HOMO-5, HOMO-10
and HOMO-14, see Supporting Information File 1 for a graphi-

HOMO-1
-5.18 eV

Figure 4: Highest occupied molecular orbitals for the dipyrido-annelated carbene dipiy. The o-type carbene lone pair is not the HOMO but the

HOMO-1.
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cal comparison of the highest occupied MOs of I-III and
dipiy).

The energy gain (AEj) of the c-orbitals upon coordination to
the rhodium fragment is by far highest for the acyclic carbene I
(4.14 eV) and lowest for the dipyridocarbene carbene dipiy
(3.30 eV) (II: 3.57 eV; III: 3.66 eV) which displays the order of
decreasing c-donor character (and the decreasing N—C—N angle)

of these carbenes.

For the Rh-complexes I-Rh-III-Rh two type of orbitals that in-
dicate a ligand to metal n-donor bond are revealed. One is found
for the II-Rh complex between the HOMO—-2 of the ligand and
the dyy orbital of Rh (plus contributions of the chlorido and the
antibonding m-orbital of the cis-CO ligand) at —9.07 eV
(HOMO-9) (Figure 5). The other is found between the
HOMO-1 of the carbene ligand and the dyy orbital of Rh in
complex ITI-Rh (plus contributions of the chlorido and the
antibonding m-orbital of the cis- and trans-CO ligands) at
—7.85 eV. In the case of the dipiy ligand both of these orbital
types are recognized at —7.61 eV (HOMO-8) and —9.13 eV
(HOMO-12). Tentatively, this could indicate an overall
stronger m-donor contribution of this ligand. A molecular orbital
that shows an in plane metal-to-ligand m-interaction with the
carbene 6*(C—N) orbitals [79] was not observed.

Explaining the observed CO stretching

frequencies
The CO stretching frequencies of imidazolium-derived carbene
complexes of Rh are influenced by the sum of ¢ and n-donor as

HOMO-9 (49), -9.07 eV

1I-Rh

HOMO-8(49),-7.85 eV

IlI-Rh

Beilstein J. Org. Chem. 2016, 12, 1884—1896.

well as the m-acceptor character of the carbenes. In acyclic
diaminocarbene complexes of type I the strong o-donor char-
acter dominates as evidenced by the large N-C—N angles and
the high lying c-orbital (HOMO). In the case of complex Ia-Rh
bearing the isopropyl substituted carbene Ia, the steric
hindrance of the N-isopropyl substituents causes an even larger
N—C-N angle. This leads to a further reduction of the s-char-
acter and thus an increased c-donor character that explains the
pronounced shift to smaller wavenumbers. According to our
DFT calculations, the saturated and unsaturated carbenes have
an almost similar donor character so that the weaker o-donor
character is almost compensated by a reduced m-acceptor
character. In complexes 2a and 2b bearing the pyrido-
annelated carbenes dipiy and dipiy'BY, the extremely weak
m-acceptor character overcompensates the weaker o-donor
effect, so that the overall donor property of the carbene in-
creases and results in CO stretching frequencies that lie in be-
tween those of the acyclic (I-Rh) and the saturated carbene
complex (II-Rh).

Conclusion

We prepared and analyzed both experimentally and theoretical-
ly the dipyridocarbene rhodium carbonyl complexes 2a and 2b.
We showed that the CO exchange of the cis-CO ligand is en-
hanced over that of the trans-CO ligand. The unusually high
overall donating property of the dipyridocarbenes dipiy exceeds
that of imidazolidinylidenes (II) and was revealed by IR spec-
troscopy. The unusually weak m-acceptor character of the
dipyridocarbenes was evidenced by the so far lowest 7’Se NMR
chemical shift for imidazole-derived carbenes. Comparing the

HOMO-8 (67), -7.61 eV

HOMO-12(63), -9.13 eV
2a

Figure 5: Molecular orbitals of the Rh complexes II-Rh, llI-Rh and 2a that show ligand-metal 1-bonds.
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electron occupancy in the n-system of the free and the coordi-
nated carbene revealed still a, although very low, net n-acceptor
character of the dipyridocarbene. We are convinced that less
electron-rich metal fragments could induce an overall n-donor
character in dipyridocarbenes and could thus proof the “built-in
umpolung” [39] ability proposed by Weiss and co-workers.
This property might be advantageous to stabilize low coordinat-
ed metal fragments in higher oxidation states, for example inter-

mediates of catalytic reactions.

Experimental

General information. All reactions were carried out under an
inert argon atmosphere in dried and degassed solvents
using standard Schlenk techniques. All metal complexes were
handled in an MBraun glovebox with a nitrogen atmosphere.
Solvents were dried according to standard procedures.
[Rh(dipiy)Cl(cod)] (1a), [Rh(dipiy®®B®)Cl(cod)] (1b) [56] and
the dipyridoimidazolium salt dipiy®™"*HBF, [41] were pre-
pared according to literature procedures. NMR spectra were re-
corded using Bruker instruments (DRX-250, 300 or 500). 'H
and '3C NMR spectra were referenced to TMS on the basis of
the (residual) signal of the deuterated solvent. 7’Se NMR shifts
were calibrated towards Ph;Se, (463 ppm) in CDClj3 as an
external standard [80]. Medium-wall NMR tubes with a PTFE
valve from Wilmad were used for the NMR experiments under
CO pressure. IR spectra were recorded on a Bruker Equinox 55
FTIR spectrometer as a KBr pellet or in solution. Mass spectra
were recorded on a Jeol JIMS-700 and the melting point was de-
termined with a Biichi Melting Point B 540 apparatus. The
elemental analysis was carried out at Mikroanalytisches Labora-
torium der Chemischen Institute of Heidelberg University. All
experiments except for the synthesis and the analysis of the
selenourea 4 (Institut fiir Anorganische Chemie of the Univer-
sity of Tiibingen) were carried out at the Organisch-Che-
misches Institut of Heidelberg University.

Calculations. All calculations were performed based on densi-
ty functional theory at the BP86/def2-TZVP [81-85] or B3LYP/
def2-TZVP [86-88] level implemented in Turbomole [89-97].
The RI-approximation [98-103] and def2-ecp [104] for Rh were
used all over (in case of compounds 3a also the D3-correction
[105]). All structures were verified to be minimum structures by
calculating Hessian matrices and ensuring that they have no
imaginary frequency. Graphics of the MOs were prepared using
POV-Ray™ [106].

NMR experiment for the in situ generation of
[Rh(13CO),CI(dipyrido[1,2-¢;2',1'-e]imidazolin-6-ylidene)]
(13€2a). A medium wall NMR tube was charged with a yellow
solution of 6.0 mg (15 pumol) [RhCI(COD)(dipiy)] (1a) in
0.4 mL CD,Cl, and pressurized with 6 bar of 13CO upon which
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a yellow precipitate formed that dissolved immediately and the
solution turned greenish yellow. The signals of non-coordinat-
ed COD were observed as the only side product. '"H NMR
(300.13 MHz, CD,Cl,) 6 7.07-7.13 (m, 4H, 2-H, 3-H, 9-H,
10-H), 7.92-7.97 (m, 2H, 1-H, 11-H), 8.92-8.97 (m, 2H, 4-H,
8-H); Contains free COD: 6 = 2.31-2.36 (m, 8H, CHjy),
5.54-5.57 (m, 4H, CH); 13C{'H} NMR (75.5 MHz, CD,Cl5) &
117.6 (C3, C9), 118.2 (C1, C11), 120.7 (C2, C10), 127.3 (C4,
C8), 184.3 (free CO), 186.3 (d, 'Jrpc = 54.6 Hz, trans-'3CO).
The signals of C6 and C11a/11b were not detected; contains
free COD (5 28.6 (CH,), 184.3 (CH)).

NMR experiment of in situ generated (13€2a) at variable
temperature. The experiment was repeated with a sample con-
taining 7.0 mg (17 pmol) [RhCI(COD)(dipiy)] (1a) in
0.4 mL CD,Cl, at 6 bar 13CO. NMR spectra were recorded at
—30 °C and —50 °C. Then the pressure was released and NMR
spectra were recorded at —50 °C and —30 °C. Afterward the
sample was opened under nitrogen atmosphere and shaken to
release free 13CO. NMR spectra were recorded at room temper-
ature. Finally the solution was transferred to a regular
J. Young® NMR tube and any residual 13CO removed by three
freeze-thaw cycles using liquid nitrogen. The NMR spectra of
the sample were then recorded at room temperature. All spectra
BC{'H} NMR (125.8 MHz, CD,Cl,, only carbonyl region)
243 K, 6 bar 13CO: & 183.0 (broad peak, free and cis-13CO),
185.9 (d, 'Jrne = 53.6 Hz, trans-'3C0); 223 K, 6 bar '3CO:
5 182.8 (broad peak, free and cis-13C0O), 185.7 (d,
Lrhc = 53.6 Hz, trans-13C0); 223 K, 1 bar 13CO: § 182.8 (free
and cis-13C0O), 185.7 (d, 'Urnc = 53.6 Hz, trans-13C0O); 243 K,
1 bar 13CO: & 182.9 (free and cis-13CO), 185.9 (d,
Lrne = 53.6 Hz, trans-13C0); 298 K, 1 bar Nj: 5 183.5 (free
and cis-13C0O), 186.3 (d, 'Urnc = 55.5 Hz, trans-13C0); 298 K,
1 bar N, after freeze-thaw cycles: & 183.2 (dd,
Lrhe = 72.8 Hz, 2Jcc = 6.1 Hz, cis-13C0), 186.3 (dd,
1Jrhe = 54.5 Hz, 2Jcc = 6.1 Hz, trans-'3CO).

NMR experiment for the in situ generation of
[Rh(13CO),CI(2,10-di-tert-butyldipyrido[1,2-¢;2',1'-e]imida-
zolin-6-ylidene)] (13€2b). A medium-wall NMR tube was
charged with a yellow solution of 10.0 mg (20.0 pmol)
[RhCI(COD)(dipiy™®")] (1b) in 0.4 mL CD,Cl, and pressurized
with 6 bar of 13CO. The signals of non-coordinated COD were
observed as the only side product. 'H NMR (300.13 MHz,
CD,Cly) & 1.39 (s, 18H, C(CH3)3), 7.13 (dd, SJyy = 7.5 Hz,
4Jin = 1.9 Hz, 2H, 3-H, 9-H,), 7.76 (bs, 2H, 1-H, 11-H), 8.82
(d, 3Jyp = 7.5 Hz, 2H, 4-H, 8-H). Contains free COD (5 2.35
(br m, 8H, CH,), 5.55 (br m, 4H, CH); 13C{!H} NMR
(75.5 MHz, CD,Cly) & 30.6 (C(CH3)3), 35.4 (C(CH3)3), 112.0
(CI, Cl11), 117.2 (C3, C9), 123.9 (Cl1a, Cl1b), 126.7 (C4, C8),
143.9 (C2, C10), 184.1 (broad peak, free and cis-13C0O) 186.6
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(d, 1JRhC = 55.4 Hz, trans-13CO). The carbene signal C6 was
not detected; contains free COD (3 28.6 (CHj), 129.2 (CH)).

Synthesis of [Rh(CO),Cl(dipyrido[1,2-¢;2°,1’-¢]imidazolin-
6-ylidene)] (2a). In a 25 mL-size glass autoclave was dissolved
[RhC1(COD)(dipiy)] (1a) (60.0 mg, 150 pmol) in 5§ mL
dichloromethane and pressurized with CO (8 bar) upon which
an immediate color change to green was observed. Afterwards
the pressure was released and all volatiles removed in vacuo.
The light yellow residue was washed two times with pentane
(1 mL each) and dried in vacuo to obtain the carbonyl complex
2a in 93% yield (47.0 mg, 130 pmol). Mp 259-262 °C (dec);
TH NMR (300.13 MHz, CD,Cl,) 6 7.07-7.14 (m, 4H, 2-H, 3-H,
9-H, 10-H), 7.93-7.96 (m, 2H, 1-H, 11-H), 8.93-8.96 (m, 2H,
4-H, 8-H); 3C{'H} NMR (=30 °C, 75.5 MHz, CD,Cl,) § 117.3
(C3, €9), 117.8 (C1, C11), 120.2 (C2, C10), 123.4 (Clla,
Cl1b), 126.4 (C4, C8), 152.2 (d, "Jrnc = 43.6 Hz, C6), 182.5
(d, Cco, Jrne = 72.7 Hz, cis-CO), 185.9 (d, “Jrnc = 54.0 Hz,
trans-CO); IR (KBr, cm™1) ¥: 3105 (w), 3058 (w), 2963 (w),
2073 (s, CO), 1993 (s, CO), 1622 (w), 1355 (w), 1331 (w), 739
(m), 704 (w); (CH,Cly, cm™) ¥: 2082 (m, CO), 2003 (m, CO);
(DMSO, cm™ 1) ¥: 2064 (m, CO), 1984 (m, CO); MS (FD*,
LIFDI* in CH,Cly) m/z: 362.0 [M*]; anal. calcd for
C;3HgCIN,O,Rh: C, 43.06; H, 2.39; N, 7.73; found: C, 42.88;
H, 2.22; N, 7.65.

Synthesis of [Rh(CO),CI1(2,10-di-zert-butyldipyrido[1,2-
¢;2’,1’-elimidazolin-6-ylidene)| (2b). [RhCl(COD)(dipiy'BY)]
(1b) (15.0 mg, 30.0 umol) was dissolved in 2.5 mL dichloro-
methane and pressurized with CO (8 bar) in a 10 mL-size glass
autoclave. After 10 min the pressure was released and all vola-
tiles were removed in vacuo. The residue was washed with
pentane (1 mL) and dried in vacuo to obtain about 50% (7.0 mg,
15 umol) of the carbonyl complex 2b as a yellow solid.
BC{IH} NMR (243 K, 125.8 MHz, CD,Cly) & 30.0 (C(CH3)3),
35.0 (C(CH3)3), 111.5 (C1, C11), 116.9 (C3, C9), 123.2 (Cl1a,
Cl1b), 126.1 (C4, C8), 143.2 (C2, C10), 150.3 (d,
I Jrnc = 44.4 Hz, C6), 182.8 (d, ‘Jppc = 75.8 Hz, cis-CO),
186.1 (d, ‘Jgnc = 53.6 Hz, trans-CO); IR (KBr, cm™!) v: 2962
(s), 2868 (m), 2075 (s, CO), 1997 (s, CO), 1659 (w), 1533 (w),
1475 (w), 1366 (w), 1335 (w), 1300 (w), 1267 (m), 964 (m),
873 (w), 789 (m), 638 (m), 590 (m); HRMS (FAB™ in NBA)
mlz: 446.0612 [M(33Cl) — CO™] (calcd 446.0632), 448.0596
IM(C7Cl) — CO™] (caled 448.0603), 474.0584 [M(3>C1)™] (caled
474.0581), 476.0581 [M(37C1)*] (calcd 476.0552).

Synthesis of 2,10-di-zert-butyldipyrido[1,2-c:2’,1'-¢]imida-
zolin-6-selenone (4b). A suspension of 2,10-di-tert-
butyldipyrido[1,2-¢:2’,1'-e]imidazolium tetrafluoroborate [41]
(40.5 mg, 110 umol) and selenium (32.1 mg, 407 pmol) in
3 mL of tetrahydrofuran was cooled to =35 °C and a solution of
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potassium fert-butoxide (14.9 mg, 133 umol) in 1 mL tetraydro-
furan was added. After 30 min the deep red suspension was
warmed up to room temperature and stirred overnight. The sol-
vent was removed in vacuo and the residue suspended in 7 mL
of dichloromethane. After filtration through a pipette contain-
ing glass wool and 3 cm of Celite®, the red solution was
concentrated to dryness in vacuo to yield 33.2 mg (84%) of the
product as a red solid. 'H NMR (250.13 MHz, CDCl3) & 1.38
(s, 18H, #-Bu), 7.19 (dd, 3Jyy = 7.7 Hz, “Jyy = 1.9 Hz, 2H,
3-H, 9-H), 7.65 (dd, *Jyy = 1.9 Hz, SJyy = 1.0 Hz, 2H, 1-H,
11-H), 8.73 (dd, 3Jyy = 7.7 Hz, >Jyy = 1.0 Hz, 2H, 4-H, 8-H);
BC{'H} NMR (62.9 MHz, CDCl3) § 30.2 (C(CH3)3), 34.8
(C(CH3)3), 111.0 (C1, CI11), 116.2 (C3, C9), 120.6 (Clla,
Cl11b), 124.2 (C4, C8), 131.9 (C6), 142.6 (C2, C10); "7Se NMR
(47.70 MHz, CDCl3) 8 —55.8 (s, Se); HRMS (ESI") m/z:
360.11023 [M*] (caled 360.10992).

Supporting Information

Supporting Information File 1

NMR spectra of compounds 2a, 2b and 4b as well as
details of the DFT calculations.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-178-S1.pdf]
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The pseudo five-component Sonogashira—Glaser cyclization synthesis of symmetrically 2,5-diaryl-substituted thiophenes is excel-

lently suited to access thienyl-bridged oligophenothiazines in a one-pot fashion. Three thienyl-bridged systems were intensively

studied by UV-vis and fluorescence spectroscopy as well as by cyclic voltammetry. The oxidation proceeds with lower oxidation

potentials and consistently reversible oxidations can be identified. The Stokes shifts are large and substantial fluorescence quantum

yields can be measured. Computational chemistry indicates lowest energy conformers with sigmoidal and helical structure, similar

to oligophenothiazines. TD-DFT and even semiempirical ZINDO calculations reproduce the trends of longest wavelengths absorp-

tion bands and allow the assignment of these transitions to possess largely charge-transfer character from the adjacent phenothia-

zinyl moieties to the central thienyl unit.

Introduction

Oligothiophenes [1-8] have adopted a dominating role among
functional m-electron systems [9]. In particular, they have
received attention as hole-transport materials in organic light
emitting diodes [10-15], organic field-effect transistors [16-22],
and organic photovoltaics [23-26]. Likewise their smaller
congeners, 2,5-di(hetero)aryl substituted thiophenes [4,5], are
equally relevant as charge-carrying materials [2,3,27,28] and
organic semiconductors [29,30] in electronic [31] and optoelec-

tronic devices [32-34]. As reversibly oxidizable units 2,5-

di(hetero)aryl-substituted thiophenes are additionally interest-
ing as redox switchable molecular wires [35,36] in unimolecu-
lar electronics [37-40].

In comparison to thiophene, phenothiazine, a tricyclic dibenzo-
1,4-thiazine, possesses a significantly lower oxidation potential,
similar to aniline. However, phenothiazine derivatives form
stable deeply colored radical cations with perfect Nernstian re-
versibility [41-44]. Over the past one and a half decades the
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synthetic and physical organic chemistry of oligophenothia-
zines have been intensively studied in linear [45] and cyclic
[46] topologies, as diphenothiazinyl dumbbells brigded by
heterocycles [47-49], and as acceptor [50,51], ferrocenyl [52],
and alkynyl [53-55] substituted (oligo)phenothiazines. Their
pronounced reversible oxidation potentials, their electro- and
photochromicity [56], and their luminescence [57,58] have
rendered (oligo)phenothiazines interesting candidates as donors
in donor—acceptor conjugates with photo-induced electron-
transfer characteristics [59-63], as hole-transport materials [64],
for applications in mesoporous organo silica hybrid materials
[65], and as chromophores in dye-sensitized solar cells [66-68].
Furthermore, (oligo)phenothiazines in their native reduced
forms display a pronounced ability to form self-assembled
monolayers on gold [69-71] as well as on zinc and iron oxide

surfaces [72].

Conceptually, thienyl-bridged oligophenothiazines can be
considered as a novel type of structurally well-defined electron-
rich oligophenothiazine—thiophene hybrids (Figure 1). Thereby,
the strong intramolecular electronic coupling of (oligo)pheno-
thiazines [45,64] and the low torsional displacement from a
coplanar arrangement of both redox moieties of the dumbbells
might represent conjugatively linked nanometer-scaled novel
multistep redox active oligomers.

H s R

N I\
R (hetero)aryl/o\(hetero)aryl

n S

(oligo)phenothiazines  2,5-di(hetero)aryl-substituted thiophene

n n
thienyl-bridged (oligo)phenothiazines

Figure 1: Thienyl-bridged oligophenothiazines as topological hybrids
of (oligo)phenothiazines and 2,5-di(hetero)aryl substituted thiophene.

As part of our concept to develop novel multicomponent strate-
gies for the synthesis of functional n-electron systems [73], we
reasoned that our recently reported one-pot consecutive Sono-
gashira—Glaser sequence [74] and the resulting application to
pseudo five-component syntheses of 2,5-di(hetero)arylthio-

phenes [75,76] as well as intensively blue luminescent 2,5-

Beilstein J. Org. Chem. 2016, 12, 2055-2064.

di(hetero)arylfurans [77] could open a highly convergent thio-
phene forming approach to the proposed title compounds. Here,
we report the pseudo five-component synthesis of three thienyl-
bridged oligophenothiazines by a one-pot Sonogashira—Glaser
cyclization sequence and the electronic characterization by elec-
tronic spectroscopy, cyclic voltammetry, and quantum chemi-
cal computations.

Results and Discussion

Synthesis of thienyl-bridged
oligophenothiazines

Although the thienyl bridge can be introduced by Suzuki cou-
pling as previously reported [48], we decided to transpose a
methodology initiated by a Sonogashira—Glaser sequence [74]
also for probing delicate oxidative dimerization conditions with
easily oxidizable phenothiazinyl moieties. According to our
recent study on the formation of butadiynyl-bridged dipheno-
thiazines [54] we were optimistic to probe this unusual ap-
proach. First, three different bromo-substituted (oligo)pheno-
thiazine substrates 1 had to be prepared. 3-Bromo-10-hexyl-
10H-phenothiazine (1a) was synthesized according to the litera-
ture by hexylation of 3-bromo-10H-phenothiazine [45]. The
7-bromo-substituted phenothiazines 1b and 1¢ were prepared in
good yields according to our one-pot bromine-lithium-
exchange-borylation-Suzuki (BLEBS) sequence [78], employ-
ing an excess of 3,7-dibromo-10-hexyl-10H-phenothiazine (3)

[45] as a coupling component in the Suzuki step (Scheme 1).

With three bromo-substituted (oligo)phenothiazines 1 in hand
the consecutive pseudo five-component Sonogashira—Glaser
cyclization synthesis [75] was successfully performed furnish-
ing three symmetrical thienyl-bridged oligophenothiazine
dumbbells 3 as yellow greenish resins in yields of 34-54%
(Scheme 2). The molecular composition of the thienyl-bridged
oligophenothiazines 3 is unambiguously supported by mass
spectrometry (MALDI-TOF). The proton and carbon NMR
spectra unambiguously support the formation of the oligomers
3, and expectedly, in agreement with the molecular symmetry,
the appearance of one (3a), two (3b), and three (3¢) distinct
resonances for the nitrogen-bound methylene carbon nuclei in
the 13C NMR spectra additionally supported the assigned struc-
tures. Combustion analyses of compounds 3b and 3¢ indicate
that water and THF (compound 3b) and water (compound 3c)
are present as solvent inclusion in the resins that cannot be re-
moved even upon extensive drying under vacuo. However,
HPLC traces with UV detection support that the materials
consist of single specimen with over 99% purity. Taking into
account that five new bonds are being formed in this consecu-
tive pseudo five-component process the yield per bond forming
step counts for 81-88%, albeit a Pd/Cu mediated air oxidation

step is involved.
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n-hlexyl
N
n-BulLi (1.10 equiv), THF, —=78 °C, 15 min H s O :@\
H S Br  then: B(OMe); (1.15 equiv), =78 °C, 15 min O s Br
N then: 5.00 mol % Pd(PPhs)s, KOt-Bu (1.10 equiv) N

|
n-hexyl n Br. N S Br
| (3.0 equiv), 60 °C, 48 h
1a(n =1) ¥ N

I
n-hexyl
2

|
n-hexyl n

1b (n =1, 78%)
1c (n = 2, 67%)

Scheme 1: One-pot bromine-lithium-exchange-borylation-Suzuki (BLEBS) synthesis of 7-bromo-substituted phenothiazines 1b and 1c¢ with 3,7-

dibromo-10-hexyl-10H-phenothiazine (2).

4 mol % PdCly(PPhs),,
4 mol % Cul, 4 mol % PPhg,
TMSA (1.50 equiv)

| THF/piperidine 1:1, 55 °C, 16 h

N then: TBAF (1.00 equiv), air, rt, 16 h

|
n-hexyl then: Na,S-9H,0 (4.00 equiv)
1a 1) NaOH (4.00 equiv)
a n = o .
1b (n = 2) 120 °C (MW), 30 min
1c (n =3)

H H
S
N
n-hexyl n

3a(n =1, 34%)
3b (n =2, 36%)
3c (n =3, 54%)

Scheme 2: Pseudo five-component Sonogashira-Glaser-cyclization synthesis of thienyl-bridged oligophenothiazine dumbbells 3.

Electronic spectra and oxidation potentials
The electronic properties of the three thienyl-bridged oligo-
phenothiazines 3 were experimentally investigated by absorp-

tion and emission spectroscopy and by cyclic voltammetry
(Table 1).

Cyclic voltammetry discloses the oxidation potential as an elec-
tronic ground state property. Therefore, the ease of oxidation of

the title compounds 3 in comparison to the model 10-hexyl-
10H-phenothiazine with E¢”*! = 730 mV was measured. All
three thienyl-bridged oligophenothiazines 3 display cathodi-
cally shifted first oxidations in comparison to the model, how-
ever, with significantly more complex cyclovoltammetric signa-
tures (Figure 2). The simplest representative, 2,5-bis(phenothia-
zinyl)thiophene 3a, possesses two reversible oxidation waves at
E1p =650 and 760 mV with Nernstian behavior (Figure 2, top),

Table 1: UV-vis and emission data and oxidation potentials of thienyl-bridged oligophenothiazines 3 (recorded in CH2Clp, T = 298 K; bold values:

absorption and emission maxima used for determining the Stokes shift).

compound absorption Amax,abs (€) [nm]  emission Amax em [nM] (Py) [%]2 Stokes shift? AV [cm™] Eq/2[mV]
246 (39600), 261 (39100),
3a 318 (27000), 395 (33100) 506 (18) 5600 650, 760
266 (52100), 284 (45900), 620-1010,°
3b 319 (32500), 404 (27700) 502 (16) 4800 1320-1520¢.4
267 (103000), 283 (116200), orne
3¢ oy (51000, 270 (51000 521 (15) 7200 550-950
10-hexyl-10H- 258, 312 444 () 9600 730
phenothiazine

aRecorded in CH,Cl, at ¢(3) = 1077 M with coumarin 151 in ethanol/water 1:1 (w/w) as a standard (®f = 0.88). bAV = 1/Amax,abs = 1/Amax,em [cm™);
the UV-vis and emission data in bold face were applied for calculating the corresponding Stokes shifts. °Oxidation and reduction half-waves are not
resolved but superimpose. 9Shoulder. €Position of the oxidation half-wave without distinct reduction half-wave.
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Figure 2: Cyclic voltammograms of compounds 3 (recorded in CHoCly, T = 293 K, electrolyte n-BusN*PFg™, Pt working electrode, Pt counter elec-
trode, Ag/AgCl reference electrode, v = 50 mV/s (3a and 3b), v =100 mV/s (3c, multisweep experiment, 1. cycle (black), 2. cycle (red), 3. cycle

(blue)).

indicating that the thiophene bridge enables electronic commu-
nication between both electrophore moieties. The first oxida-
tion potential of 2,5-bis(diphenothiazinyl)thiophene 3b
is cathodically shifted and appears at a peak potential of
E1p = 620 mV, however, without displaying Nernstian behav-
ior (Figure 2, center). Two further oxidation waves can be
detected; yet, the corresponding reduction half-waves are
absent. Only an increased reduction half wave indicates the
presence of multiply oxidized specimens that are reduced at the
same potential as a consequence of electrode deposition. For the
2,5-bis(triphenothiazinyl)thiophene 3¢ no distinct reversible ox-
idation waves can be identified but rather a continuous oxida-
tion window ranging from 500 to 1000 mV (Figure 2, bottom).
Yet, the multisweep experiment indicates that within this

window oxidation and reduction occurs in a reversible fashion.

However, the cyclic voltammograms of this system containing
six phenothiazines conjugatively linked via a symmetrically
substituted thiophene bridge do not obey a strictly Nernstian be-
havior. Thereby, a first oxidation potential of £/, = 550 mV
was estimated. Interestingly, by carefully selecting the applied

reversal voltage thienyl-bridged oligophenothiazines 3 can be
reversible charged and discharged, a property that is highly
desired for molecular electronics applications.

The absorption spectra undoubtedly follow the Lambert—Beer
law in a broad concentration range (as studied for compounds
3b and 3¢, see Supporting Information File 1, Figures S3 and
S4). In addition this behavior underlines that no aggregation of
the molecules has to be taken into account at the concentration
level of absorption and emission spectroscopy. In the UV-vis
spectra, most characteristically, four absorption bands are
found, three at shorter wavelengths arising from the phenothia-
zinyl moieties and the longest wavelength maximum can be
assigned to the central 2,5-di(hetero)aryl-substituted thiophene
part (Figure 3). This assignment is based on the molar decadic
extinction coefficients that increase with the number of pheno-
thiazinyl units (Table 1). However, the increasing number of
phenothiazinyl moieties enhances the donor character of the
substituents on the thiophene core. In turn the thienyl moiety
behaves as an acceptor due to its higher oxidation potential.

Interestingly, the redshift of the longest wavelength absorption
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Figure 3: UV-vis (solid lines) and fluorescence spectra (dashed lines) of the thienyl-bridged oligophenothiazines 3 (recorded in CHCly, T =298 K).

band is relatively moderate, presumably as a consequence of
only a modest delocalization of the complete n-electron systems
in the electronic ground state.

In the emission spectra broad shortest wavelength bands appear
in a region from 502 to 521 nm with large Stokes shifts AV be-
tween 4800 and 7200 nm (Figure 2), which are typical for
oligophenothiazines [45]. However, the lack of a systematic
trend with the numbers of phenothiazinyl units indicates that the
excited state property is strongly affected by local conforma-
tional biases arising from the planarization of electronic ground
state butterfly conformation of phenothiazines in the excited
state [57,79]. Also the fluorescence quantum yields ®¢ with 15
to 18% essentially remain constant within this series, although,
the increasing number of sulfur-containing heterocycles sug-
gests an increase in fluorescence deactivating spin—orbit cou-
pling. In comparison to the consanguineous oligophenothia-
zines [45] the compounds 3 display considerable lower fluores-

cence quantum yields.

Computations and electronic structure

The electronic properties of the three thienyl-bridged oligo-
phenothiazines 3 were further investigated by computational
studies on the DFT level of theory. First the ground state
geometries of structures 3a, 3b, and 3¢ (the n-hexyl substitu-
ents were truncated to ethyl groups for reducing the computa-
tional time) were optimized by DFT calculations with the
B3LYP functional and the 6-311G(d,p) basis set as imple-
mented in the program package Gaussian 09 [80]. In addition
the minima structures were confirmed by the absence of imagi-
nary vibrations in the analytical frequency analyses. The inspec-

tion of the computed molecular structures 3 indicates that these

molecules adopt sigmoidal and helical minimum conformers
(Figure 4) as already shown for consanguineous series of higher
oligophenothiazines [45].

With these geometry-optimized structures in hand the elec-
tronic absorptions were calculated with the semiempirical
ZINDO-CI, and TD-DFT (B3LYP and CAM-B3LYP, an imple-
mented hybrid exchange-correlation functional [81], using the
polarizable continuum model (PCM) [82] applying dichloro-
methane as solvent) methods and the results were compared
with the experimentally obtained UV—vis absorption spectra
(see Supporting Information File 1, Table S2) and the calcu-
lated energies of the FMOs (frontier molecular orbitals) (see

Supporting Information File 1, Table S3).

Although a perfect numerical match of experimentally and
computationally determined absorption bands cannot be ex-
pected for conformationally flexible complex molecules with
extended m-conjugation, the trend of the longest wavelength
absorption bands from the UV—vis spectra is correctly repro-
duced. Furthermore, for all three methods and for all three
structures this longest wavelength absorption can be assigned to
S states that predominantly consist of HOMO to LUMO transi-
tions with dominant oscillator strengths. For the thienyl-bridged
2,5-bis(terphenothiazinyl)thiophene 3¢, containing the symmet-
rical conjugative ligation of two terphenothiazinyl moieties to
the thienyl bridge, in the TD-DFT methods significant contribu-
tions of HOMO-2 to LUMO transitions contribute to the corre-
sponding S; states. The inspection of the Kohn—Sham FMOs,
contributing to the Sy states and representing the longest wave-
length absorption bands, indicates that the nature of these transi-

tions possesses predominantly a charge-transfer character from
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Figure 4: DFT-calculated minimum conformer of the 2,5-bis(terphenothiazinyl)thiophene 3c (calculated with the B3LYP functional and the

6-311G(d,p) basis set).

the adjacent phenothiazinyl moieties to the central thiophene
part. The intense coefficient density in the center of the struc-
tures in both HOMO (HOMO-2) and LUMO additionally
supports and rationalizes the dominant magnitude of the oscil-
lator strengths f, corresponding with significant decadic molar
extinction coefficients of the associated bands (Figure 5). In
principle these phenothiazine conjugates can be considered as

EleV]
A+

LUMO -1.495

A\
A\

o A

’“% " Howo -5.389

HOMO -6.916
3a 3b

donor—acceptor—donor systems, a topology that can be favor-
ably developed further in molecular electronics.

Conclusion

In summary, we could show that the pseudo five-component
Sonogashira—Glaser cyclization synthesis of symmetrically 2,5-
diaryl-substituted thiophenes can be efficiently transposed to

¥ ] )
< “” = f:: e '
HOMO-2 -5.215 ®

LUMO -1.534
o,

Doy Ry Qe
A4eed o8y
HOMO -4.979
L. o880
gost iy,

23

3c

Figure 5: Relevant Kohn—Sham FMOs contributing to the S4 states that are assigned to the longest wavelengths absorption bands of thienyl-bridged
oligophenothiazines 3 (calculated with the B3LYP functional in vacuo and the 6-311G(d,p) basis set).
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access thienyl-bridged oligophenothiazines in a one-pot fashion
starting from 3-bromo(oligo)phenothiazines. Most remarkably,
the oxidative conditions of the central Glaser step employing air
as oxidant does not interfere with the oxidation sensitive
(oligo)phenothiazinyl moieties. The electronic properties of the
obtained three thienyl-bridged systems were intensively studied
by UV-vis and fluorescence spectroscopy as well as by cyclic
voltammetry. With increasing numbers of phenothiazinyl elec-
trophore units the oxidation proceeds with lower oxidation
potentials and for the 2,5-bis(terphenothiazinyl)thiophene even
a consistently reversible oxidation area can be found. As
already shown for oligophenothiazines and typical for many
3-(hetero)arylphenothiazines the Stokes shifts are large and sub-
stantial fluorescence quantum yields can be measured. Compu-
tational chemistry supports lowest-energy conformers with
sigmoidal and helical structure, similar to oligophenothiazines.
Furthermore, TD-DFT and even semiempirical ZINDO calcula-
tions on geometry-optimized simplified structures of the title
compounds nicely reproduce the trends of longest wavelength
absorption bands and allow the assignment of these transitions
to be largely charge-transfer from the adjacent phenothiazinyl
moieties to the central thienyl unit. This represents in principle
a donor—acceptor—donor topology, suitable for further develop-
ment toward molecular electronics. Studies employing the
presented synthetic methodology and the concept of bridging
oligophenothiazines with conjugating bridges of variable elec-

tronic nature are currently underway.

Experimental

3a (general procedure GP): 3-Bromo-10-hexyl-10H-phenothi-
azine (1a) (725 mg, 2.00 mmol) and dry THF (10.0 mL) were
placed in a microwave vessel with septum (80 mL) and the mix-
ture was deaerated by a constant stream of nitrogen through a
syringe for 10 min. Then PdCl,(PPhj3), (56.0 mg, 0.08 mmol),
Cul (15.0 mg, 0.08 mmol), PPh; (21 mg, 0.08 mmol), (tri-
methylsilyl)acetylene (0.56 mL, 2.00 mmol), and piperidine
(5.00 mL, 50.4 mmol) were added. The closed vessel under
nitrogen was heated at 55 °C (oil bath) for 16 h. Next,
TBAF-3H;0 (631 mg, 2.00 mmol) was added and the vessel
open to ambient atmosphere was then stirred at room temp for
16 h. Then, sodium sulfide nonahydrate (960 mg, 4.00 mmol)
and potassium hydroxide (224 mg, 4.00 mmol) were added and
the reaction mixture in the closed vessel was heated at 120 °C in
the microwave cavity for 30 min. After cooling to room temper-
ature the solvents were removed in vacuo and the residue was
filtered with THF through a short plug of Celite® and silica gel.
The solvents were removed in vacuo and the residue was puri-
fied by chromatography on silica gel (hexane/dichlormethane
10:1) giving 218 mg (34%) of compound 3a as a yellow
greenish resin. Ry 0.53 (hexane/acetone 10:1); 'H NMR (300
MHz, acetone-dg) & 0.84 (t, 3/ = 7.1 Hz, 6 H), 1.21-1.33 (m,
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8H), 1.39-1.51 (m, 4H), 1.78 (quint, 3J = 7.5 Hz, 4H), 3.92 (t,
3J=17.0 Hz, 4H), 6.90-6.97 (m, 2H), 6.97-7.03 (m, 4H), 7.14
(dd, 37 =17.7 Hz, 4J = 1.5 Hz, 2H), 7.16-7.23 (m, 2H), 7.29 (s,
2H), 7.41 (d, *J = 2.1 Hz, 2H), 7.44 (dd, 3J = 8.4 Hz, *J =222
Hz, 2H); !3C NMR (75 MHz, acetone-dg) & 14.3 (2CH3), 23.3
(2CHy), 27.1 (2CHy), 27.5 (2CHy), 32.2 (2CH,), 47.9 (2CH,),
116.7 (2CH), 116.8 (2CH), 123.4 (2CH), 124.5 (2CH), 124.5
(2CH), 124.8 (2Cqua), 125.4 (2CH), 126.1 (2Cquap), 128.1
(2CH), 128.4 (2CH), 129.6 (2Cquar), 142.5 (2Cqua), 145.5
(2Cqua)s 145.8 (2Cqua); MS (MALDI) m/z: 646.3 ([M]");
UV-vis (CH,Cly), Amax [nm] (£): 246 (39600), 261 (39100),
318 (27000), 395 (33100); IR (KBr) v [em™']: 3057 (w), 2951
(W), 2926 (w), 2851 (w), 1917 (w), 1597 (w), 1576 (w), 1539
(w), 1489 (w), 1458 (s), 1398 (w), 1362 (w), 1331 (m), 1285
(w), 1248 (m), 1238 (m), 1225 (w), 1192 (w), 1161 (w), 1134
(w), 1103 (w), 1038 (w), 1022 (w), 968 (W), 926 (W), 908 (W),
874 (w), 793 (s), 745 (s), 704 (w), 681 (W), 669 (W), 646 (W),
625 (w); anal. calcd for C49H4oN»S3 (647.0): C, 74.26; H, 6.54;
N, 4.33; found: C, 74.17; H, 6.79; N, 4.05.

3b: According to the GP by reaction of 7-bromo-10,10'-dihexyl-
10H,10'H-3,3'-biphenothiazine (1b, 1.29 g, 2.00 mmol) after
chromatography on silica gel (hexane/THF 20:1) gave 435 mg
(36%) of compound 3b as a yellow greenish resin. '"H NMR
(600 MHz, CDCl3) 6 0.65-0.82 (m, 12H), 1.10-1.23 (m, 16H),
1.26-1.36 (m, 8H), 1.62-1.76 (m, 8H), 3.62-3.79 (m, 8H),
6.64-6.84 (m, 10H), 6.93-7.09 (m, 6H), 7.09-7.26 (m, 12H);
13C NMR (151 MHz, CDCl3) § 14.1 (CH3), 22.7 (CHy), 26.7
(CH,), 26.7 (CHy), 26.8 (CHj), 26.9 (CHy), 31.5 (CHy), 47.5
(CH,), 47.6 (CHy), 115.3 (CH), 115.4 (CH), 115.5 (CH), 115.5
(CH), 122.4 (CH), 123.1 (CH), 124.2 (CH), 124.4 (Cgya), 124.4
(Cquat), 124.6 (CH), 124.8 (Cqyar), 125.1 (CH), 125.1 (CH),
125.2 (CH), 125.3 (CH), 127.3 (CH), 127.5 (CH), 128.9 (Cquar),
134.2 (Cqua)s 134.4 (Cqua), 141.9 (Cquar), 143.7 (Cquar), 144.2
(Cquat)» 144.3 (Cqua),145.1 (Cqua); MS (MALDI) m/z: 1208.5
(IM]%); UV—vis (CH,Cly), Amax [nm] (g): 266 (52100), 284
(45900), 319 (32500), 404 (27700); IR (KBr) v [em™']: 2951
(w), 2922 (w), 2853 (w), 1456 (s), 1416 (w), 1375 (w), 1364
(W), 1331 (m), 1292 (w), 1238 (m), 1192 (w), 1138 (w), 1105
(w), 1063 (w), 1040 (w), 872 (m), 797 (s), 745 (s), 727 (W), 706
(w), 611 (w); anal. calcd for C76HggN4S5-H,O-2C4HgO (1209.8
+ 18.0 + 144.2): C, 73.53; H, 7.20; N, 4.08; found: C, 73.39; H,
7.36; N, 4.29; HPLC (n-hexane) tg [min] (%) = 4.49 (99).

3c: According to the GP by reaction of 7-bromo-10,10",10"’-
trihexyl-10H,10°H,10°°H-[3,3°,7°,3” " Jterphenothiazin (1c,
1.85 g, 2.00 mmol) after chromatography on silica gel (hexane/
THF 7:1 to 3:1) gave 955 mg (54%) of compound 3c as a
yellow greenish resin. 'H NMR (600 MHz, CDCl3) & 0.75-0.88
(m, 18H), 1.08-1.33 (m, 24H), 1.31-1.40 (m, 12H), 1.66-1.81
(m, 12H), 3.60-3.89 (m, 12H), 6.68—6.88 (m, 14H), 7.00-7.11
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(m, 6H), 7.13=7.37 (m, 20H); '3C NMR (151 MHz, CDCls) &
14.05 (CH3), 14.06 (CH3), 22.64 (CHj), 22.66 (CH,), 26.69
(CHy), 26.72 (CHy), 26.8 (CH,), 26.88 (CH,), 26.90 (CH,),
31.5 (CHy), 47.5 (CHy), 47.6 (CHy), 47.63 (CH>), 115.31 (CH),
115.37 (CH), 115.42 (CH), 115.46 (CH), 115.48 (CH), 122.3
(CH), 123.1 (CH), 124.2 (CH), 124.42 (Cqyar), 124.44 (Cgyat),
124.57 (CH), 124.68 (Cquat), 124.72 (Cquat), 124.8 (CH),
125.12 (CH), 125.14 (CH), 125.18 (CH), 125.19 (CH), 125.25
(CH), 125.29 (CH), 127.25 (CH), 127.5 (CH), 128.9 (Cquay),
134.18 (Cquat)> 134.23 (Cguar), 134.30 (Cquay), 134.37 (Cquar)
141.9 (Cquap)> 143.7 (Cquar)> 143.9 (Cquar), 144.0 (Cquar), 144.20
(Cquat)s 144.22 (Cguap), 145.1 (Cquar); MS (MALDI) m/z: 1770.7
(IMT"); UV—vis (CH»Cly), Amax [nm] (£): 267 (103000), 283
(116200), 327 (61000), 379 (51900); IR (KBr) ¥ [cm™']: 3024
(w), 2951 (w), 2922 (w), 2851 (w), 1603 (w), 1574 (w), 1454
(s), 1416 (w), 1377 (w), 1331 (w), 1294 (w), 1238 (m), 1190
(w), 1140 (w), 1105 (w), 1063 (w), 1038 (w), 968 (w), 928 (W),
910 (w), 872 (w), 802 (s), 745 (m), 729 (w), 691 (w); anal.
calcd for C112H118N6S7'H20 (1772.63 + 180) C, 75.13; H,
6.76; N, 4.69; found: C, 74.89; H, 6.50; N, 4.53; HPLC
(n-hexane/THF 99.5:0.5) ¢z [min] (%) = 2.92 (99).

Supporting Information

The Supporting Information contains all experimental
procedures, spectroscopic and analytical data of compounds
3, and copies of NMR spectra of compounds 3, copies of
the HPLC-traces of compounds 3b and 3¢, Lambert-Beer
plots of compounds 3b and 3¢, computed xyz-coordinates
of the thienyl-bridged oligophenothiazines 3a, 3b, and 3c,
computed UV-vis spectra of ZINDO-CI and TD-DFT
(B3LYP, CAM-B3LYP) calculated structures of 3a, 3b,
and 3¢, computed FMOs (frontier molecular orbitals) of the
calculated structures 3a, 3b, and 3c.

Supporting Information File 1
Experimental and analytical data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-194-S1.pdf]
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