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The N-heterocyclic carbenes (NHC) now hold a preferred-
ligand status in organic and organometallic chemistry. Their
role in catalysis continues to grow. When the editorial staff at
the Beilstein Journal of Organic Chemistry contacted me to act
as a guest editor for the thematic series “N-Heterocyclic
carbenes”, I was more than happy to accept what appeared
to me to be a simple and exciting endeavor. Indeed, the job
was made simple as the number of research groups focusing
on this topic continues to grow and today the literature is
flooded with one use or another of these fascinating, stabilizing
ligands.

To state here what a great influence these ligands have had on
modern synthetic chemistry in providing unique catalytic tools
(but also in view of their stabilizing effects due to their steric
and electronic tunable properties) might be unnecessary. The
use of these ligands now extends to numerous fields spanning
from fine chemicals to polymer synthesis. The area of main
group chemistry has also benefited from these ligands as stabi-

lizing entities.

Since the seminal work of Bertrand [1] and Arduengo [2] (and
mostly post-1994-1995) the field has underwent fantastic
advances. Carbenes such as 1,3-dimesityl-1,3-dihydro-2H-
imidazol-2-ylidene (IMes) and the 2,6-diisopropylphenyl
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analogue (IPr) have become commonplace, replacing tertiary
phosphanes as modifying ligands on metals.

The field continues to experience tremendous development,
with a considerable number of publications still reporting new
reactions that are catalyzed and controlled by the carbenes as
ligands or as organocatalysts. The action of state-of-the-art cata-
lysts are nowadays better understood through detailed mecha-
nistic work, which permits the design of ever-better performing
catalytic systems. This design/mechanistic study/redesign cycle
will ensure the continued evolution of the field. The area of
NHC-based research is a worldwide effort, as exemplified by

contributions in this NHC-focused Thematic Series.

This compendium again highlights the diversity of fields that
are affected and enhanced by NHCs. It is my hope that such a
collection of contributions will inspire readers in novel and
exciting directions. I never tire of being amazed at the inge-
nuity of researchers in using these entities as building blocks for
progress.

Steven P. Nolan

Riyadh, November 2015
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Ruthenium complexes [Ru(L1),(CH3CN),](PF¢), (1), [RuL1(CH3CN)4](PF¢); (2) and [RuL2(CH3CN);3](PFg); (3) (L1= 3-methyl-
1-(pyrimidine-2-yl)imidazolylidene, L2 = 1,3-bis(pyridin-2-ylmethyl)benzimidazolylidene) were obtained through a transmetalla-

tion reaction of the corresponding nickel-NHC complexes with [Ru(p-cymene),Cl,], in refluxing acetonitrile solution. The crystal

structures of three complexes determined by X-ray analyses show that the central Ru(Il) atoms are coordinated by pyrimidine- or

pyridine-functionalized N-heterocyclic carbene and acetonitrile ligands displaying the typical octahedral geometry. The reaction of
[RuL1(CH3CN)4](PF¢), with triphenylphosphine and 1,10-phenanthroline resulted in the substitution of one and two coordinated
acetonitrile ligands and afforded [RuL1(PPh3)(CH3CN)3](PF), (4) and [RuL1(phen)(CH3CN),|(PF¢), (5), respectively. The mole-
cular structures of the complexes 4 and 5 were also studied by X-ray diffraction analysis. These ruthenium complexes have proven

to be efficient catalysts for transfer hydrogenation of various ketones.

Introduction

N-Heterocyclic carbenes (NHCs) have been recognized as a
class of strong donating ligands which can stabilize various
metal complexes of catalytic importance. Transition metal
complexes bearing NHCs are more stable to air, moisture, heat,
and tolerant toward oxidation compared to phosphine ligands
[1-7]. Among NHCs, functionalized NHC ligands have been
extensively studied in recent years because of their intriguing

structural diversities and potential applications in coordination
chemistry and homogenous catalysis. NHC ligands containing
additional phosphine, nitrogen, oxygen, and sulfur donating
groups [8-16] have been reported.

In the family of metal complexes supported by functionalized

NHCs, ruthenium complexes have long been a research focus
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on various applications such as catalysis and photochemistry
[17-26]. However, the majority of such ruthenium complexes
often contain coordinated aromatic carbocycles [27-29]. In
contrast, only a few examples Ru(II) complexes of functional-
ized NHCs containing easily dissociating acetonitrile ligands
have been studied [30-32]. We have reported the synthesis of
some pyridine- and phenanthrolin-functionalized Ru(II)-NHC
complexes containing acetonitrile ligands [33,34]. The most
notable example is the acetonitrile-coordinated dinuclear
Ru(II)-NHC complex derived from 3,6-bis(N-
(pyridylmethyl)imidazolylidenyl)pyridazine, which is a very
efficient catalyst for the oxidation of alkenes [35]. In continua-
tion of our studies on functionalized Ru(II)-NHC complexes
containing acetonitrile ligands, we herein report the synthesis
and characterization of three pyrimidine- and pyridine-function-
alized NHC—ruthenium complexes containing two, four, and
three acetonitrile ligands, respectively. These complexes show
good catalytic activity in the transfer hydrogenation of ketones.
The reaction of acetonitrile-coordinated Ru—NHC complex 2
with other donors such as triphenylphosphine and 1,10-phenan-
throline was also studied.

Results and Discussion
Synthesis and characterization of
[Ru(L1)2(CH3CN)](PFg)2 (1),
[RUL1(CH3CN)4](PFg)2 (2) and
[RuL2(CH3CN)3](PFg)2 (3)

The ruthenium—NHC complexes 1 and 2 were synthesized by
using the corresponding nickel-NHC complexes as the carbene
transfer agent [36]. The reaction of imidazolium salt HL1(PF¢)
(L1 = 3-methyl-1-(pyrimidine-2-yl)imidazolylidene) with

Beilstein J. Org. Chem. 2015, 11, 1786-1795.

Raney nickel afforded the nickel-NHC complexes which were
not isolated [30]. The subsequent reaction of the generated
nickel-NHC complexes with a quarter equivalent of [Ru(p-
cymene)Cl,], in refluxing acetonitrile solution afforded bis-
NHC complex [Ru(L1),(CH3CN),](PFg), (1) in a yield of 76%
(Scheme 1). When a half equivalent of [Ru(p-cymene)Cl,],
and an excess of NH4PF¢ were employed under the same
conditions, the reaction afforded the mono-NHC complex
[RuL1(CH3CN)4](PFg); (2) in 53% yield. It is worth noting that
most of the structurally characterized acetonitrile complexes are
obtained through the reaction of halides with silver complexes
(AgPF¢ or AgBF,) in acetonitrile solution [20]. The reaction in
refluxing acetonitrile is more convenient than the above
mentioned procedure. The formulations of complexes 1 and 2
were first characterized by NMR measurements and further
confirmed by elemental analysis and X-ray diffraction. In the
TH NMR spectra of complexes 1 and 2, disappearance of the
resonances assigned to the imidazolium acidic CH and
p-cymene protons were observed. The acetonitrile protons of
complex 1 were found at 2.41 ppm as a singlet. However, the
protons of acetonitrile ligands of complex 2 were found at 2.52,
2.12, and 1.96 ppm as three singlets. This illustrates that the
three acetonitrile ligands in complex 2 are magnetic unequiva-
lent. The '3C NMR spectra of 1 and 2 exhibit resonance signals
at 193.1 and 193.0 ppm ascribed to the carbenic carbons.

The ruthenium—NHC complexes 1 and 2 are stable in air and
under light irradiation. Single crystals suitable for X-ray diffrac-
tion could be obtained by slow diffusion of Et,O into CH3;CN
solutions and the detailed structure of 1 is depicted in Figure 1.
In complex 1, the central ruthenium ion is hexacoordinated by

two bidentate NHC ligands and two acetonitrile ligands in an

N M\
B
1) Raney nickel _N T _
NLUNET 2R
Ru
. SN N
2) 0.25 equiv [(p-cymene)RuCl ], KN /[ N\\\
reflux overnight ,N//L T_/N
= ¥i— 1 760
N\(N\// 1, 76%
~
&N PFe~ N NF\N‘//—|2+
1) Raney nickel ¢ \< N7
ﬂ\\/N\ -
/N TRU—N=  2PFg
2) 0.5 equiv [(p-cymene)RuCl,], S\ T

1.5 equiv NH4PFg

reflux overnight

Scheme 1: Synthesis of complexes 1 and 2.

i \

2, 53%
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octahedral geometry. One NHC ligand, one acetonitrile ligand
and one carbon atom of the other NHC ligand occupy the equa-
torial plane in which two carbon atoms of two NHC ligands are
mutually trans-arranged. The remaining acetonitrile ligand and
one nitrogen atom of the NHC ligand lie on the axial positions.
The angles (N-Ru—N) of adjacent nitrogen atoms and Ru(II) ion
are in the range of 83.9 to 94.0°. The Ru—C distance (2.066 A)
is consistent with the reported values in known Ru—-NHC
complexes [17-29]. The Ru-Npyrimidine distance (2.081 A) is
slightly longer than Ru—N¢eionitrile (2.033 A).

Figure 1: Structural view of 1 showing 30% thermal ellipsoids. All
hydrogen atoms and PFg~ were omitted for clarity. Selected bond
lengths (A) and angles (deg): Ru(1)-N(5) 2.033(4), Ru(1)-C(2)
2.066(5), Ru(1)-N(4) 2.081(4), N(5)#1-Ru(1)-N(5) 83.9(2),
N(5)-Ru(1)-C(2) 87.87(16), C(2)#1-Ru(1)-C(2) 171.2(3),
N(5)-Ru(1)-N(4) 91.12(16), C(2)#1-Ru(1)-N(4) 95.88(17),
N(5)-Ru(1)-N(4)#1 174.20(14). Symmetry code: #1 -x, y, —z+1/2.

The cationic structure of 2 is shown in Figure 2. The central
Ru(II) ion is surrounded by one pyrimidine-functionalized NHC
ligand and four acetonitrile ligands also in a typical octahedral
geometry. The Ru ion lies on a twofold axis. The bidentate
NHC ligand and two cis-arranged acetonitrile molecules form a

1) Raney nickel

Beilstein J. Org. Chem. 2015, 11, 1786-1795.

Ru(L1)(CH3CN), plane, whereas the other two acetonitrile
molecules occupy the axial positions. The bond length of
Ru-Cnpc is 1.989 A, which is slightly shorter than those found
in Ru-NHC complexes [12-18] and in complex 1. The bond
distance of Ru—Nycetonitrile (2.113 A) at the trans-position of the
carbene ligand is longer than the other three Ru—N,¢etonitrile
bonds (2.023-2.033 A) and the Ru—Npyrimidine (2-064 A).

Figure 2: Structural view of 2 showing 30% thermal ellipsoids. All
hydrogen atoms and PFg~ were omitted for clarity. Selected bond
lengths (A) and angles (deg): Ru(1)-C(2) 1.989(7), Ru(1)-N(5)
2.023(5), Ru(1)-N(8) 2.027(5), Ru(1)-N(7) 2.033(6), Ru(1)-N(4)
2.064(5), Ru(1)-N(6) 2.113(6), C(2)-Ru(1)-N(5) 88.3(2),
C(2)-Ru(1)-N(8) 91.2(2), N(5)-Ru(1)-N(8) 179.3(2), C(2)-Ru(1)-N(7)
99.8(3).

Similarly, the reaction of the in situ generated nickel-NHC
complex from imidazolium salt HL2(PF¢) (L2 = 1,3-
bis(pyridin-2-ylmethyl)benzimidazolylidene) with a half
equivalent of [Ru(p-cymene)Cl,], and an excess of NH4PFg in
a refluxing acetonitrile solution afforded the tri-acetonitrile
coordinated Ru(II)-NHC complex [RuL2(CH3CN)3](PFg)> (3)
in a yield of 61% (Scheme 2). The formation of 3 was also
confirmed by the "H NMR and '3C NMR spectra. The "H NMR
spectrum of 3 shows characteristic resonance signals due to the

4
N
PFe N N
Z N =
9

Scheme 2: Synthesis of 3.

2) 0.5 equiv [(p-cymene)RuCl5],
1.5 equiv NH,PFg Il

reflux overnight

I‘I L
// NN
N /k 2 PFs™
N 6
Ru_
/|
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pyridyl, methylene, benzimidazolylidene and acetonitrile
groups. The absence of a benzimidazole acidic C2-H proton
illustrates the formation of the Ru—C bond. The acetonitrile
protons appear at 2.35 and 2.08 ppm as two singlets. The
13C NMR spectrum of 3 exhibits a resonance peak at 190 ppm,
which is ascribed to the carbenic carbon atom. Complex 3 has
been further identified by X-ray crystallography and the
cationic structure of molecular 3 is depicted in Figure 3. The
ruthenium ion is coordinated by a tridentate pincer NHC ligand
and three acetonitrile ligands also in an octahedral geometry.
The symmetrical pincer-type NCN ligand and an acetonitrile
ligand occupy the equatorial plane and the remaining two aceto-
nitrile ligands are located at the axial positions. The N-Ru-N
angles of the three acetonitrile ligands and the Ru(Il) ion are
86.03, 89.12 and 174.99°, respectively. Similar to complex 2,
the bond distance of Ru—N,¢etonitrile (2.130 A) at the trans-posi-
tion of the carbene ligand is slightly longer than the other bond
distances of Ru—N,cetonitrile (2.030 and 2.028 A) and the Ru—C
(1.947 A) is shorter than that of many known Ru—Cgarhence
distances [17-29].

Catalytic transfer hydrogenation reaction

Ruthenium—NHC complexes are known to be efficient catalysts
for transfer hydrogenation reactions [23,37-39]. The
ruthenium—NHC complexes presented above are stabilized by
strong Ru—carbene bonds and contain 2—4 easily dissociating
acetonitrile molecules, and are thus ideal catalysts. We tested

Beilstein J. Org. Chem. 2015, 11, 1786-1795.

Figure 3: Structural view of 3 showing 50% thermal ellipsoids. All
hydrogen atoms and PFg~ were omitted for clarity. Selected bond
lengths (A) and angles (deg): Ru(1)-C(7) 1.947(3), Ru(1)-N(7)
2.028(2), Ru(1)-N(5) 2.030(2), Ru(1)-N(4) 2.104(2), Ru(1)-N(1)
2.105(2), Ru(1)-N(6) 2.130(2), C(7)-Ru(1)-N(7) 94.33(10),
C(7)-Ru(1)-N(5) 90.55(10), N(7)-Ru(1)-N(5) 174.99(9),
C(7)-Ru(1)-N(4) 87.72(10).

their catalytic activities for transfer hydrogenation of ketones.
Firstly, acetophenone was selected as the model substrate to
evaluate the catalytic activities of complexes 1-3. The standard
experiment was carried out at 80 °C with varied Ru loadings
from 1 to 0.01 mol % and the results are summarized in
Table 1. The reaction profiles show that acetophenone could be

reduced to 1-phenylethanol in 89-99% yield within 0.5 h using

Table 1: Catalytic activities of 1-3 in transfer hydrogenation of acetophenone.?

0]

cat (Ru), KOH (20 mol %) OH
iPrOH, 80 °C
Entry Catalyst Catalyst (mol %) Time (h) Yield (%)° TON/TOF (h™1)
1 1 0.5 89 89/172
2 1 0.1 0.5 79 790/1580
3 0.1 1 92 920/920
4 0.01 3 90 9000/3000
5 1 0.5 99 99/198
6 2 0.1 0.5 86 860/1720
7 0.1 99 990/990
8 0.01 3 97 9700/3233
9 1 0.5 99 99/198
10 3 0.1 0.5 89 890/1780
11 0.1 1 99 990/990
12 0.01 3 96 9600/3200

aConditions: acetophenone (1.00 mmol), KOH (20 mol %), and catalyst (1-0.01 mol %) in 3 mL of iPrOH at 80 °C. PThe yields of products were

detected by GC.
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1 mol % of the Ru catalysts (Table 1, entries 1, 5 and 9). When
the amount of catalysts is decreased to 0.1 mol %, the corres-
ponding conversion still reached 79—89% (Table 1, entries 2, 6
and 10). 1-Phenylethanol could also be obtained in excellent
yields using 0.1 mol % and 0.01 mol % Ru catalysts when the
reaction time was extended to 1 and 3 h, respectively (Table 1,
entries 3, 7, 11 and 4, 8, 12). At catalyst loadings of
0.01 mol %, TOF of 1-3 are 3000, 3233, and 3200 h™! for
transfer hydrogenation of acetophenone which are nearly iden-
tical to that of [Ru(MeCC™eth),(CH;CN),](BF,), (Meccmeth =
1,1'-dimethyl-3,3"-methylene-diimidazol-2,2'-diylidene) [40].
Ruthenium picolyl-NHC complex [(#°-CsMes)-
Ru(L)(CH3CN)][PF¢] (L = 3-methyl-1-(2-picolyl)imidazol-2-
ylidene) is so far one of the most efficient catalyst for transfer
hydrogenation of acetophenone which gave 1-phenylethanol in
a conversion of 93% with a catalyst loading of 0.1 mol %
[20,41]. When the same amount of complexes 1-3 was used,
the reaction gave 1-phenylethanol in 89%, 99% and 99% yields,
respectively. These data illustrate that complexes 1-3 are all
quite active catalysts for transfer hydrogenation reactions. It
seems that complexes 2 and 3 are a bit better than 1 for this
transformation. The frans-effect of carbene ligand may promote
the substitution of trans-positioned acetonitrile ligand by other
substrates in the catalytic reaction.

Since complexes 2 and 3 are found to be the efficient catalysts
for transfer hydrogenation of acetophenone, we further explored
their catalytic potential in the reduction of other aromatic and
aliphatic ketones. The reaction conditions are similar as those
described in the transfer hydrogenation of acetophenone and
0.1 mol % of Ru catalyst is utilized. The obtained results are
given in Table 2. Complexes 2 and 3 are found to be very active
in transfer hydrogenation of cyclohexanone, and cyclohexanol
are almost quantitatively yielded within 0.5 h (Table 2, entries 1
and 2). The catalyst systems are also found to be good for the
reduction of aromatic ketones bearing electron-withdrawing
substituents (Table 2, entries 3—8) and electron-donating groups
(Table 2, entries 9 and 10), and the target product could be
obtained in excellent yields (90-99%). Bulkier aromatic ketone
benzophenone is also tested in this reaction with 92% and 94%
conversion after 3 h (Table 2, entries 11 and 12). In addition, it
is worth mentioning that the two ruthenium complexes exhib-
ited a high tolerance towards sulfur species, 2-acetylthiophene
is efficiently hydrogenated (Table 2, entries 13 and 14) with an

increased reaction time of 3 h.

Reactions of tetra-acetonitrile Ru(ll)-NHC
complex 2 with triphenylphosphine and

1,10-phenanthroline
The coordinated acetonitrile ligands could be easily replaced by
various N- and P-donors [22]. The reactions of the acetonitrile-

Beilstein J. Org. Chem. 2015, 11, 1786-1795.

Table 2: Transfer hydrogenation using complexes 2 and 3.2

R' cat (0.01 mol %), KOH (20 mol %) R'
R/go iPrOH, 80 °C R™ "OH
Entry Substrate Catalyst Time (h) Yield (%)°

1 0 2 0.5 99

2 3 0.5 99

3 0 2 1 99

4 /©)‘\ 3 1 98

Br
5 0 2 1 99
6 E:fj\ 3 1 97
Br
7 2 1 96

10 3 1 92
FsC

11 2 3 92

12 3 3 94

13 s O 2 3 83
|

14 w 3 3 80

aConditions: substrate (1.00 mmol), KOH (20 mol %), catalyst
(0.1 mol %) in 3 mL of iPrOH at 80 °C. PThe yields of products were
detected by GC.

coordinated Ru—NHC complexes with other ligands were
studied. The reaction of complex 2 with an excess of triphenyl-
phosphine and 1,10-phenanthroline in heat acetonitrile solution
afforded 4 and 5, respectively. Even excess triphenylphosphine
and 1,10-phenanthroline were used, only one and two coordin-
ated acetonitrile ligands were substituted in complexes 4 and 5.
Crystallization by slow diffusion of diethyl ether into their ace-
tonitrile solutions gave 4 as a yellow solid in 40% yield and 5 as
an orange yellow solid in 63% yield (Scheme 3). The yields of
complexes 4 and 5 are relatively lower than complexes 1-3, but

1790
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— ] 2+
NN N= //
PPhs 1 \\% N
y \/Ri\N:\ 2 PFg
CH3CN N

1,10-phenanthroline

CH3CN

Scheme 3: Synthesis of complexes 4 and 5.

still in the normal range as compared with the similar reaction
[33]. In the 'H NMR of 4, singlets at 2.14 and 2.07 ppm are
ascribed to three CH3CN ligands, and the rest peaks are
belonged to NHC and triphenylphosphine ligand. 'H NMR
investigation of 5 suggests that complex 5 contains one NHC
ligand, one phenanthroline ligand and two acetonitrile ligands.
The CH3CN protons of 5 are founded at 2.53 and 2.28 ppm. In
the 13C NMR, the carbene carbons of complexes 4 and 5 are
found at 190 and 200 ppm, respectively.

The structures of 4 and 5 determined by X-ray diffraction
analysis are shown in Figure 4 and Figure 5. In the cationic
structure of 4, the acetonitrile ligand at the trans-position of the
NHC is substituted by a triphenylphosphine ligand. The CNPN
atoms form the equatorial plane. The other two acetonitrile
ligands are still trans-arranged at the axial positions. The
P—Ru-N angles of three acetonitrile ligands and pyrimidine are
92.91, 92.06, 88.91, and 98.34°. The Ru—C bond distances
being 2.039 A is slightly longer than those of 2 and 3, but
similar to complex 1. The Ru-P bond distance is 2.4080 A,
which are no difference from those of reported Ru(Il)
complexes [3,4]. In complex 5, the central Ru ion is coordin-
ated by one NHC ligand, one 1,10-phenanthroline ligand and
two acetonitrile molecules. The NHC ligand, one acetonitrile
ligand and one nitrogen atom of phenanthroline occupy the
equatorial plane in which the carbon atom of NHC ligand is
trans to the nitrogen atom of phenanthroline with the
C(2)-Ru(1)-N(6) angle of 169.08°, the acetonitrile molecule is
trans to the pyrimidine group with the N(8)—Ru(1)-N(1) angle
of 176.42°. The rest coordination nitrogen atoms of acetonitrile
and phenanthroline lie on the axial positions with the
N(7)-Ru(1)-N(5) angle of 173.74°.

Figure 4: Structural view of 4 showing 30% thermal ellipsoids. All
hydrogen atoms and PFg~ were omitted for clarity. Selected bond
lengths (A) and angles (deg): Ru(1)-N(5) 2.012(4), Ru(1)-N(7)
2.020(4), Ru(1)-N(6) 2.025(4), Ru(1)-C(7) 2.039(4), Ru(1)-N(1)
2.120(4), Ru(1)-P(1) 2.4080(11), N(5)-Ru(1)-N(7) 173.83(16),
N(5)-Ru(1)-N(6) 87.01(16), N(7)—-Ru(1)-N(6) 89.42(15),
N(5)-Ru(1)-C(7) 92.27(17), N(5)-Ru(1)-P(1) 92.91(11),
C(7)-Ru(1)-P(1) 173.12(16).

Conclusion

In summary, Ru-NHC complexes bearing pyrimidine- and pyri-
dine-functionalized NHC ligands have been prepared through a
carbene transfer reaction using nickel-NHC as the carbene
source. Their structures have been definitely determined by
X-ray crystallography. The catalytic behavior of di-, tetra- and
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Figure 5: Structural view of 5 showing 30% thermal ellipsoids. All
hydrogen atoms and PFg~ were omitted for clarity. Selected bond
lengths (A) and angles (deg): Ru(1)-C(2) 2.007(5), Ru(1)-N(8)
2.022(4) Ru(1)-N(7) 2.049(4), Ru(1)-N(5) 2.063(4), Ru(1)-N(1)
2.077(4), Ru(1)-N(6) 2.126(4), C(2)-Ru(1)-N(8) 99.06(18),
C(2)-Ru(1)-N(7) 91.10(17), N(8)-Ru(1)-N(7) 87.76(16),
C(2)-Ru(1)-N(5) 95.03(17), N(8)-Ru(1)-N(5) 90.05(16),
N(7)-Ru(1)-N(5) 173.74(16). Symmetry code: #1 x, —=y+3/2, z.

tri-acetonitrile-coordinated ruthenium complexes in transfer
hydrogenation reactions was studied. These ruthenium
complexes were found to be highly efficient catalysts for
transfer hydrogenation of ketones. The catalytic properties of
the ruthenium complexes in other organic transformation will
be further studied.

Experimental

All chemicals were obtained from commercial suppliers in
reagent grade quality and were used as received. HL1PF4 and
HL2PF4 were synthesized according to the reported method
[42,43]. 'H and 13C NMR spectra were recorded on a Bruker
Avance-400 (400 MHz) spectrometer operating at 400 MHz for
'H and at 100 MHz for !3C. Chemical shifts (8) were expressed
in ppm downfield to TMS at 6 = 0 ppm and coupling constants
(J) were expressed in Hz. Elemental analyses were performed
by a Flash EA 1112 ThermoFinnigan analyzer.

Synthesis of [Ru(L1),(CH3CN);,](PF¢); (1). A mixture of
HL1(PFg) (306 mg, 1.0 mmol), excess Raney nickel (500 mg)
in 10 mL MeCN was stirred at 80 °C for 24 h. After it was
cooled to room temperature, the solution was filtered through
Celite. Then [Ru(p-cymene)Cly], (153 mg, 0.25 mmol)
was added to the solution and stirred at reflux for 12 h.

After filtration through a plug of Celite, the mixture was
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concentrated and poured into Et,O (30 mL) to precipitate the
product. Compound 1 was obtained as a yellow solid.
Yield: 307 mg, 76%. Anal. calcd for CyoH,,F{2N1oP,Ru: C,
30.27; H, 2.79; N, 17.65; found: C, 30.19; H, 2.82; N, 17.55;
TH NMR (400 MHz, DMSO-dg) & 8.77 (d, J = 4.8 Hz, C4H3N,,
2H), 8.31 (d, J = 2.0 Hz, C3H,N,, 2H), 8.09 (d, J = 4.8 Hz,
C4H3N2, ZH), 7.90 (d, J=2.0 HZ, C4H3N2, 2H), 7.27 (t, J=
4.8 Hz, C4H3Nj,, 2H), 4.17 (s, CH3, 3H), 2.41 (s, CH3CN, 6H);
13C NMR (100 MHz, DMSO-dg) & 193.1 (Ru-C), 166.2, 159.8,
158.7, 128.6, 127.0, 120.0, 117.9, 37.7, 4.17.

Synthesis of [RuL1(CH3CN)4](PF¢)2 (2). A mixture of
HL1(PFg) (153 mg, 0.5 mmol), excess Raney nickel (300 mg)
in 10 mL MeCN was stirred at 80 °C for 24 h. After it was
cooled to room temperature, the solution was filtered through
Celite. Then [Ru(p-cymene)Cly], (153 mg, 0.25 mmol) and
NH4PFg (163 mg, 1.0 mmol) was added to the filtrate and
stirred at reflux for 12 h. The mixture was filtered through
Celite to remove precipitated NiCl, and all volatiles were
evaporated under reduced pressure. The residue was washed
with water and dried in vacuo. The yellow residue was
dissolved in MeCN and concentrated to about 2 mL. The addi-
tion of Et,O induced precipitation of the product as a yellow
solid. Yield: 190 mg, 53%. Anal. caled for CgHyoF1,NgP>Ru:
C, 26.86; H, 2.82; N, 15.66; found: C, 26.70; H, 2.90; N, 15.58;
'H NMR (400 MHz, DMSO-dg) 8 9.12 (d, J = 4.8 Hz, C4H3N»,
1H), 8.85 (d, J = 4.8 Hz, C4H3N,, 1H), 8.00 (d, J = 2.4 Hz,
C3H;)N,, 1H), 7.48 (t, J = 2.4 Hz, C4H3N,, 1H), 7.36 (d, J =
2.4 Hz, C3H,N,, 1H), 4.04 (s, CH3, 3H), 2.52, (s, CH3CN, 3H),
2.12, (s, CH;CN, 6H), 1.96, (s, CH;CN, 3H); 13C NMR
(100 MHz, DMSO-dg) 6 193.0 (Ru-C), 180.9, 166.6, 158.4,
158.3, 157.4, 128.7, 125.7, 125.6, 117.7, 116.2, 35.8, 2.64, 2.20,
1.77.

Synthesis of [RuL2(CH3CN)3](PFg); (3). According to the
same procedure as described for 2, complex 3 was obtained
as a yellow soild. Yield: 249 mg, 61%. Anal. calcd for
C29H31F12N9P2Ru ([RULZ(CH:J,CN):',](PF6)2)‘2CH3CNI C,
38.85; H, 3.48; N, 14.06; found: C, 38.70; H, 3.60; N, 14.08;
TH NMR (400 MHz, DMSO-dg) & 8.90 (d, J = 4.4 Hz, CsHyN,
2H), 8.11 (t, J= 6.4 Hz, CsHyN, 2H), 7.95-7.92 (m, C¢Hy, 4H),
7.64 (t, J = 5.2 Hz, CsHyN, 2H), 7.41-7.40 (m, CsH4N, 2H),
5.85 (s, CHp, 4H), 2.35, (s, CH3CN, 6H), 2.08 (s, CH3CN, 3H);
13C NMR (100 MHz, DMSO-dg) 8 192.0 (Ru-C), 154.1, 148.2,
140.5, 134.7, 125.5, 125.3, 125.0, 117.2, 116.6, 111.4, 50.5,
2.80, 2.15.

Synthesis of [RuL1(PPh3)(CH3CN)3](PF¢); (4). A mixture of
2 (142 mg, 0.2 mmol) and triphenylphosphine (262 mg,
1.0 mmol) in 5 mL CH3CN was stirred at 80 °C for 6 h. Then
the mixture was filtered through Celite and all volatiles were
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evaporated under reduced pressure. The residue was washed
with ethyl acetate and dried in vacuo. The yellow residue was
dissolved in CH3CN and crystallization by slow diffusion
of Et;O into the CH3CN solution gave 4 as yellow solid.
Yield: 75 mg, 40%. Anal. calcd for C3,H3,FoN7P3Ru: C,
41.04; H, 3.44; N, 10.47; found: C, 41.10; H, 3.40; N, 10.58;
TH NMR (DMSO-dg) & 8.99 (s, 1H), 8.46 (s, 1H), 8.38 (s, 1H),
7.87 (s, 1H), 7.57(s, 13H), 7.42 (s, 2H), 7.25 (s, 1H), 4.11 (s,
3H), 2.14 (s, 6H), 2.07 (s, 3H); 13C NMR (DMSO-dg) § 192.2
(Ru-C), 183.8, 182.8, 163.4, 158.6, 157.9, 132.0, 131.9, 131.7,
131.5, 129.0, 128.7, 127.9, 127.6, 127.5, 127.4, 127.2, 127.1,
126.3, 125.5, 117.9, 116.4, 116.3, 35.8, 2.15, 1.72.

Synthesis of [RuL1(Phen)(CH3CN),](PF¢); (5). A mixture of
2 (142 mg, 0.2 mmol) and 1,10-phenanthroline-1H,O (198 mg,
1.0 mmol) in 5 mL CH3CN was stirred at 80 °C for 6 h. Then
the mixture was filtered through Celite to afford a yellow solu-
tion. Crystallization by slow diffusion of Et,O into the CH3;CN
solution gave S as an orange yellow solid. Yield: 103 mg, 63%.
Anal. calcd for Co4HpoFpNgPoRu: C, 35.43; H, 2.73; N, 13.77;
found: C, 35.50; H, 2.90; N, 13.80; '"H NMR (DMSO-dj) & 9.77
(dd, J=1.2 and 4.0 Hz, 1H), 9.08 (dd, /= 0.8 and 6.4 Hz, 1H),
8.75 (dd, J= 1.6 and 4.0 Hz, 1H), 8.44-8.38 (m, 3H), 8.32-8.29
(m, 2H), 7.94 (d, J= 1.6 Hz, 1H), 7.73 (dd, J=4.4 and 6.4 Hz,
1H), 7.68 (dd, J = 1.6 and 6.4 Hz, 1H), 7.11 (dd, J = 4.0 and
4.4 Hz, 1H), 4.23 (s, 3H), 4.22 (s, 3H), 2.53, 2.28 (s, CH3CN,
each 3H); 13C NMR (DMSO-dg) 8 192.3 (Ru-C), 161.9, 159.9,
159.0, 157.5, 152.5, 148.0, 146.6, 138.8, 137.4, 130.9, 130.6,

Table 3: Crystallographic data for complexes 1-5.
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128.3, 128.2, 127.4, 127.2, 127.1, 126.4, 119.5, 118.5, 37.1,
4.56, 3.83, 1.62.

Typical procedure for catalytic transfer

hydrogenation reaction

The ketone (1.0 mmol), KOH (0.2 mmol) and 2 mL of iPrOH
were placed in a Schlenk tube. Anisole (0.25 mmol) was added
as an internal GC standard. The mixture was heated at 80 °C
and then catalyst solution (0.01 mmol, 0.001 mmol, or
0.0001 mol of ruthenium complexes in iPrOH (1 mL) was
injected. Aliquots (0.2 mL) were taken at fixed time intervals,
quenched with 1 mL of H,O and extracted with 3 mL of Et,O.
The product yields were determined by GC analysis.

X-ray diffraction analysis

Single-crystal X-ray diffraction data were collected at 298(2) K
on a Siemens Smart-CCD area-detector diffractometer with a
MoKa radiation (A = 0.71073 A) by using a »-20 scan mode.
Unit-cell dimensions were obtained with least-squares refine-
ment. Data collection and reduction were performed using the
Oxford Diffraction CrysAlisPro software [44]. All structures
were solved by direct methods, and the non-hydrogen atoms
were subjected to anisotropic refinement by full-matrix least
squares on FZ using the SHELXTXL package [45]. Hydrogen
atom positions for all of the structures were calculated and
allowed to ride on their respective C atoms with C—H distances
0f 0.93-0.97 A and Ujso(H) = —1.2-1.5 Ueq(C). Details of the
X-ray experiments and crystals data are summarized in Table 3.

1 2 3-2CH3CN 4-CH3CN 5
CCDC number 1407422 1407423 1407424 1407425 1407426
Formula CooH22F12N10P2  C1eH20F12NgP2  C20H31F12NgP2  C34H3sF12NgP3  CosHzoF12NgP2
Ru Ru Ru Ru Ru
Fw 793.49 715.41 896.64 977.68 813.51
crystal system Monoclinic Monoclinic Triclinic Triclinic Monoclinic,
space group C2/c P2/n P-1 P-1 P24/m
a, A 23.240(3) 11.2914(5) 11.4695(12) 9.9130(16) 10.9570(8)
b, A 10.3410(5) 12.7244(6) 13.1322(14) 12.665(2) 22.2567(16)
c, A 16.060(4) 21.4357(11) 13.7721(14) 2 18.222(3) 16.8706(11)
a, deg 90 90 97.7010 90 90
B, deg 130.19(3) 102.469(4) 103.2130 90 97.384(6)
y, deg 90 90 94.0570 66.96 90
v, A3 2948.4(8) 3007.2(2) 1990.1(4) 2105.2(6) 4080.1(5)
V4 4 4 2 2 4
Dealed, Mg/m3 1.788 1.580 1.496 1.542 1.324
Reflections collected 5571 10931 15882 7390 15951
Reflections independent (Rint) 2597 (0.0289) 5299 (0.0492) 7002 (0.0129) 7390 (0.0000) 7385 (0.0278)
Goodness-of-fit on F2 1.059 1.064 1.053 1.050 1.083

R (/> 20l)
R (all data)

0.0539, 0.1465
0.0617, 0.1558

0.0712, 0.2121
0.0913, 0.2322

0.0373, 0.0973
0.0389, 0.0984

0.0418, 0.1020
0.0455, 0.1049

0.0604, 0.1788
0.0794, 0.1904
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Supporting Information

Supporting Information File:

Supporting Information File 1

X-ray crystallographic data CCDC 1407422-1407426.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-194-S1.cif]
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Three new Au(I) complexes of the formula [Au(NHC)(NTf;)] (NHC = N-heterocyclic carbene) bearing bulky and flexible ligands
have been synthesised. The ligands studied are IPent, IHept and INon which belong to the ‘ITent’ (‘Tent’ for ‘tentacular’) family of

NHC derivatives. The effect of these ligands in gold-promoted transformations has been investigated.

Introduction

Homogeneous gold catalysis has witnessed an exponential
growth in the last 15 years [1-12]. Gold complexes have been
shown to be efficient catalysts in a wide variety of transforma-
tions [1-12]. N-heterocyclic carbenes (NHC) have attracted par-
ticular attention as ancillary ligands due to their donating prop-
erties and steric hindrance [13-20]. These can be easily tuned by
modifying the architecture of the imidazole ring, typically, by
changing the N-substituents or the backbone [13-20]. One of
our research interests is the study of the electronic and steric
properties of new N-heterocyclic carbenes and their influence in
catalysis upon coordination to a metal centre. We have recently
reported the synthesis of the ‘ITent’ family (‘Tent’ stands for
‘tentacular’) of NHC carbenes [21] which comprises IPent, first

utilised by Organ, IHept, and INon (Figure 1). IPr [22], which is
one of the most commonly used NHC derivatives, can be
considered as the simplest congener of the ITent family
(Figure 1). These ligands belong to the class of NHC with ‘flex-
ible sterics’, i.e., ligands capable of adjusting their steric
hindrance towards incoming substrates and, at the same time,
stabilising low-valent species. This concept, first proposed by
Glorius [23-26], has been applied by a number of research
groups to metal-catalysed transformations, leading to improve-
ments in catalytic activity over other known systems [27-41].
The ITent ligands have been successfully used in challenging
Pd cross-coupling reactions and other Pd-promoted transforma-
tions [21-41].
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N 4 NN 2/ : ; _2: i ; _j
N i i N
NvN N\/N N\/N NvN
IPr IPent IHept INon
% Vipur 44.5% 1) 49.0% 51.5% 51.3%
11) 48.6%
TEPpcm  2051.5 cm™ 2049.3 cm™’ 2048.6 cm™! 2048.5 cm™!
TEPhex 2055.1 cm™! 2053.1 cm™ 2052.5 cm™! 2052.1 cm™!
Figure 1: ‘ITent’ family of ligands, including IPr. First row: percentage buried volume (% Vy,) calculated in [Au(ITent)Cl] complexes using the

SambVca software [42-45]. Second and third row: Tolman Electronic Parameter (TEP) calculated from IR measurements in solution of the

[Ni(ITent)CO3] complexes [21,42].

The electronic and steric properties of the ITent family have
been determined [21,42,45] and compared to the parent ligand
IPr. The observed trend for both electronic and steric properties
is as follows: IPr << IPent < [Hept ~ INon showing that an
increase in the length of the chain translates into an increase of
the donating properties and the steric hindrance. The limit of
this increment was found to lie between [Hept and INon, where
the additional carbon atoms did not have a significant impact on

the properties of the ligands.

Herein we report the catalytic activity of gold complexes
containing the ITent ligands.

Results and Discussion

Synthesis of complexes

We have recently reported the synthesis of [Au(ITent)Cl] and
[Au(ITent)(OH)] derivatives following the synthetic protocol
shown in Scheme 1 [45].

In order to study the impact of the ITent ligands in gold cataly-
sis, we sought to synthesise the corresponding Gagosz-type
derivatives [46,47]. These complexes, bearing a labile NTf,
group, do not require additives to promote catalytic transforma-
tions. Gagosz-type species have been typically prepared by
reacting the corresponding [Au(L)Cl] derivative (L = PR3,
NHC) with AgNTT, [46,47]. Alternative protocols that avoid
the use of silver salts involve the treatment of gold-hydroxide
[48] or gold-acetonyl [49] complexes with trifluoromethane-
sulfonimide. Following this silver-free procedure,
[Au(ITent)(OH)] complexes 4-6 were reacted with HNTf, to
obtain the corresponding [Au(ITent)(NTf,)] species 7-9 which
were isolated as white solids in good to excellent yields
(Scheme 2).

Complexes 7-9 were characterised by 'H, 13C{!H}, and
I9F{TH} NMR spectroscopies and elemental analysis. The
I3C{TH} NMR spectra of all the complexes showed a singlet in

R R R R
R @ R R R 5 R
\ é CI —
AuCiSMe] + () K2COs NVN 10 KOH : NvN
acetone R
1-3 h, 60 °C 24 h 50 °C
1 NHC = IPent; R= Me 4 NHC = IPent; R= Me
2 NHC = IHept; R = Et 5 NHC = IHept; R = Et
3 NHC =INon; R =n-Pr 6 NHC =INon; R =n-Pr

Scheme 1: Synthesis of gold complexes bearing the ITent ligands.
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toluene

% e ;@ :

R R

Au 1h it
R R

4 NHC =IPent; R = Me
5 NHC = IHept; R = Et
6 NHC =INon; R=n-Pr

Scheme 2: Silver-free synthesis of [Au(ITent)(NTfz)] complexes.

the low field region of the spectra corresponding to the carbenic
carbon atom of the molecule. These signals appear at
167.5-167.8 ppm, in agreement with other [Au(NHC)(NTf5)]
complexes bearing unsaturated NHC ligands [46,50]. Each
19F {IH} NMR spectrum contains a singlet at ca. =76 ppm, in
agreement with the presence of an inner-sphere NTf, ligand
[50].

Catalytic transformations

Once fully characterised, the catalytic activity of the new
complexes was investigated. To this end, three model reactions
were selected: alkyne hydration, nitrile hydration, and the syn-
thesis of homoallylic ketones. To place these results into
context, [Au(IPr)(NTf,)] (10) [46] was also tested under the

same conditions.

Alkyne hydration

Alkyne hydration is an attractive transformation to generate

Beilstein J. Org. Chem. 2015, 11, 1809-1814.

R R

R\g A/R

eS|
NYN
R; § Au % R
R l R

7 NHC =IPent; R= Me 68%
8 NHC =IHept; R= Et 97%
9 NHC =INon; R=n-Pr 99%

gold complexes have been shown to be active in this transfor-
mation [51-58]. Much effort has been devoted to
the development of more sustainable gold-promoted protocols
and several advances have been made in this field, e.g., very
low catalyst loadings (10-1000 ppm) [51-53,56] have been
achieved and the transformation has been successfully
performed in aqueous media [54,57]. Due to its relevance and
importance, the hydration of phenylacetylene was selected as a
model transformation to explore the different activity of
complexes 7-9.

The reactions were performed under the reported optimised
conditions for this transformation: using a 2:1 mixture of 1,4-
dioxane/water at 80 °C [56]. All complexes showed excellent
catalytic activity at 0.5 mol % catalyst loading, after 3 hours,
and full conversion to the ketone was observed in all cases
(Table 1, entries 1-4). In order to determine the influence of the
ligands in the catalytic activity, the catalyst loading was

ketones from alkynes with high atom economy. A number of reduced.
Table 1: Influence of the ITent ligands in gold-catalysed alkyne hydration.?
[Au] O
Ph———Ph Ph
dioxane/water Ph)l\/
80°C,3h
entry complex [Au] (mol %) time (h) conversion (%)P°
1 [Au(IPr)(NTf2)] (10) 0.5 3 >99
2 [Au(IPent)(NTf,)] (7) 0.5 3 >99
3 [Au(IHept)(NTf,)] (8) 0.5 3 >99
4 [Au(INon)(NTf2)] (9) 0.5 3 >99
5 [Au(IPr)(NTf2)] (10) 0.25 3 87
6 [Au(IPent)(NTf,)] (7) 0.25 3 68
7 [Au(IHept)(NTf)] (8) 0.25 3 77
8 [Au(INon)(NTf2)] (9) 0.25 3 70

@Reaction conditions: [AU(NHC)(NTf,)] (0.5 mol %), phenylacetylene (0.5 mmol), 1,4-dioxane/water (2:1, 1 mL), or [Au(NHC)(NTf,)] (0.25 mol %),

phenylacetylene (1.0 mmol), 1,4-dioxane/water (2:1, 2 mL). P°GC conversion, average of at least two runs.
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When the catalyst loading was reduced to 0.25 mol % and the
reactions were analysed after 3 h, the differences between the
ligands became evident. Good conversions were obtained in all
cases (Table 1, entries 5—8). However, the best conversion was
observed when complex 10 bearing the IPr ligand was used
(Table 1, entry 5). Complexes 7-9 afforded lower conversions,
with [Au(IHept)(NTf,)] (8) being the most efficient amongst
them (Table 1, entries 6-9).

Nitrile hydration

Once it was shown that the use of the ITent ligands in the gold-
catalysed hydration of phenylacetylene did not improve upon
the performance of the parent IPr ligand, we explored the
behaviour of the [Au(ITent)(NTf,)] complexes in the hydration
of nitriles. Mono- and digold complexes have been shown to be
efficient catalysts in this transformation [52,59,60] which
proceeds with 100% atom economy. In addition, previous
findings showed that the digold complex, [{Au(NHC)},(u-
OH)][BF4], bearing IPent was more efficient than the IPr
analogue in this reaction [52]. This result encouraged us to test
the influence of the ITent ligands in the hydration of nitriles
promoted by monogold species.

The reactions were conducted in a 1:1 mixture THF/water and
heated at 140 °C under microwave irradiation [60]. Low cata-
lyst loadings were employed in order to observe the differences
between the four catalysts studied. At 1 mol %, the complexes
showed poor to good catalytic activity depending on the ligand
(Table 2). As we observed for the hydration of alkynes, the
ITent series were found to be less active than complex 10,
which afforded the desired product in 56% conversion (Table 2,
entry 1). However, in this case, the gold complex bearing [Pent
(7) was more efficient than the [Hept (8) and INon (9) deriva-
tives (Table 2, entries 2—4).

Table 2: Influence of the ITent ligands in gold-catalysed nitrile hydration.?

Beilstein J. Org. Chem. 2015, 11, 1809-1814.

Synthesis of homoallylic ketones

After the observed trend in hydration transformations, we
focused our attention on non-water inclusive reactions and
decided to explore the catalytic activity of complexes 7-9 in the
synthesis of homoallylic ketones via hydroalkoxylation/Claisen
rearrangement [61,62]. [Au(NHC)(NTf,)] complexes have
proven to be efficient catalysts for this transformation,
promoting the reaction under neat conditions and low catalyst
loadings [61].

The reactions were conducted under the reported optimised
conditions [61] and were analysed after 20 min. An inverse
trend was observed in this case: the increase in the length of the
alkyl chain resulted in lower conversions (Table 3). Complex 10
(Table 3, entry 1) was also found to be more efficient than
complexes 7-9 for this transformation (Table 3, entries 2—4).
Complex 7, containing the IPent ligand, was the most active
catalyst among the ITent series (Table 3, entry 2).

Conclusion

In conclusion, three new gold complexes bearing the ITent
ligands (IPent, IHept, and INon) have been synthesised and
fully characterised. The impact of varying the length of the
alkyl chain of the ligands in gold-promoted transformations has
been explored. All gold complexes were shown to be active in
water inclusive reactions (alkyne and nitrile hydration) and in
the synthesis of homoallylic ketones from allylic alcohols and
alkynes. [Au(IHept)(NTf,)] was the most efficient complex
of the series in the hydration of alkynes while the
[Au(IPent)(NTf,)] analogue was found to be superior in the
hydration of nitriles and in the synthesis of homoallylic ketones.
However, when the performance of the catalysts was compared
to that of the parent [Au(IPr)(NTf,)] complex, this appeared to
be more active than the remaining complexes, showing that an

[Au] ol
/ THF/water / NH,
140 °C, MW, 2 h
entry complex [Au] (mol %) time (h) conversion (%)P
1 [Au(IPr)(NTf2)] (10) 1.0 2 56
2 [Au(IPent)(NTf2)] (7) 1.0 2 38
3 [Au(IHept)(NTf,)] (8) 1.0 2 13
4 [Au(INon)(NTf2)] (9) 1.0 2 16

aReaction conditions: [Au(NHC)(NTf,)] (1.0 mol %), 4-methoxybenzonitrile (0.5 mmol), THF (0.5 mL), water (0.5 mL). ®'H NMR conversion, average

of at least two runs.
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Table 3: Influence of the ITent ligands in the gold-catalysed synthesis of homoallylic ketones.?

Ph— pn OH [Au] 0
p—— +
Z neat Phw
120 °C, 20 min Ph
entry complex [Au] (mol %) conversion (%)°
1 [Au(IPr)(NTf2)] (10) 0.2 98
2 [Au(IPent)(NTf2)] (7) 0.2 81
3 [Au(IHept)(NTf)] (8) 0.2 73
4 [Au(INon)(NTf2)] (9) 0.2 56

aReaction conditions: [Au(NHC)(NTf,)] (0.2 mol %), diphenylacetylene (1.0 mmol), allylic alcohol (3 equiv). °GC conversion, average of 3 runs.

increase of the alkyl chain length of the ligands has a detri-
mental effect in the gold-mediated transformations selected in
this study. Further studies on the catalytic activity of the ITent
ligands with different metals are currently ongoing.
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Two new nickel catalysts have been prepared using a convenient procedure where nickelocene, the NHC-HBF, salts, and [Et4N]Cl

were heated in THF using microwave irradiation. The resulting [NiCl(Cp)(NHC)] complexes are air- and moisture stable in the

solid state, and represent two new members of this valuable and practical class of nickel catalysts. The new species were fully char-

acterised using methods including NMR spectroscopy and X-ray crystallography. When tested in model Suzuki—Miyaura cross-

coupling reactions, these complexes were found to be active for the cross-coupling of aryl bromides and aryl chlorides.

Introduction

Nickel catalysis is currently an area of great interest, due to the
potential for nickel to replace palladium in some catalytic
processes, as well as its ability to perform a much wider range
of reactions [1]. Nickel complexes bearing N-heterocyclic
carbenes (NHCs) [2] are an interesting class of catalysts [3,4],
due to the fascinating characteristics of NHC ligands, which can
be designed to have a wide range of steric and electronic prop-
erties [5-7]. Nickel catalysts of the form [Ni(Cp)X(NHC)] have
been shown to be versatile and relatively easy-to-handle nickel
pre-catalysts for a range of transformations; these species are
typically stable to air and moisture in the solid state and are
therefore practical and accessible catalysts for a range of

researchers [8]. Initial complexes of this motif were disclosed

by Cowley and Jones, who prepared [Ni(n!-Cp)(n>-Cp)(IMes)]
(1) from the reaction of the free carbene with nickelocene
(IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)
(Scheme 1a) [9]. Complexes of the form [NiCI(Cp)(NHC)],
such as complex 2, are typically prepared by simply heating
nickelocene with the corresponding NHC-HCI salt, rendering
these species highly accessible (Scheme 1b) [10]. After the
initial work by Cowley and Jones, various other researchers
have disclosed complexes of this form and tested them in cross-
coupling reactions such as Buchwald—Hartwig amination [11],
Suzuki—Miyaura cross-coupling [12], and ketone a-arylation
[3,13]. These species can also catalyse hydrosilylation reac-
tions [14].
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Scheme 1: Synthesis of [Ni(n'-Cp)(n°-Cp)(IMes)] (1) and [NiCI(Cp)(IMes)] (2).

Chatani and co-workers have recently reported that ICy (ICy =
1,3-dicyclohexylimidazol-2-ylidene) is a superior ligand for the
cross-coupling of aryl and benzyl methyl ethers with aryl-
boronic acid esters, when used as the HCl or HBF4 salt
combined with [Ni(COD),] [15-17]. In addition, a [Ni(OAc),]/
ICy-HCI system was found to allow the cross-coupling of Grig-
nard reagents with aryl ethers [18].

However, the identity of the active catalyst, which is formed in
situ in these reactions, is as yet unknown, and might be a mono-
or bis-NHC complex. We therefore decided to prepare and test
[NiCI(Cp)(ICy)] (3) (closely related to [NiCl(Cp)(IDD)] (4)) in
some model catalytic reactions, to discover whether the
favourable properties of ICy in cross-coupling catalysis could
be combined with the ease of synthesis and handling of the
nickel half-sandwich motif. Advantages to the use of well-
defined catalytic species include that the catalyst and ligand are
delivered in a specific and known ratio (in this case 1:1), and
that there is no need for a ‘pre-reaction’ to combine ligand and
metal which are both typically added in relatively low concen-
trations.

Results and Discussion

Catalyst synthesis

Nolan reported that the ICy and I#-Bu complexes could not be
prepared by heating nickelocene with NHC-HCI salts (I#-Bu =
1,3-di-tert-butylimidazol-2-ylidene) [19]. In addition, these salts

<

BF,

are highly hygroscopic, and therefore difficult to prepare and
purify. The tetrafluoroborate salts can be prepared in a one-pot
procedure and are easy-to-handle non-hygroscopic white
powders, so our first aim was to synthesise the target complexes
from NHC-HBF, and nickelocene. We were pleased to find that
we could prepare [NiCl(Cp)(ICy)] (3) by adding [Et4N]Cl to a
suspension of ICy-HBF, and [Ni(Cp),] in THF and heating the
suspension at reflux for 6 h under an argon atmosphere
(Scheme 2), in a manner analogous to that recently reported by
Albrecht for the synthesis of triazolylidene-based complexes
[20]. However, the yield was rather poor (ca. 20%), so a better
route was desired. Changing the solvent to refluxing anhydrous
1,4-dioxane did not improve yields, nor did increased reaction
times, or the use of a slight excess of nickelocene. We
suspected that the product might be thermally unstable in solu-
tion, and that competing decomposition might be reducing the
yield. To test this, a purified sample of 3 was subjected to
[Et4N]ClI in refluxing anhydrous 1,4-dioxane for 6 h; the deep
red solution turned pale and yielded a black precipitate,
confirming this hypothesis.

Navarro reported that [NiCI(Cp)(NHC)] complexes can be
prepared in much shorter reaction times by using microwave
heating [21]. As the microwave apparatus heats the solvent
directly, rather than applying heat to the outer walls of a glass
vessel, it was proposed that this might allow for better yields.
Optimisation of the reaction conditions (20 min at 110 °C in

%N;\N%

Ni

<&

Scheme 2: Synthesis of [NiCI(Cp)(ICy)] using conventional heating.

Et4NCI, THF, 6 h, reflux

QNFCI
3
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THF with 1.5 equiv nickelocene) allowed complex 3 to be
isolated after work-up in analytically pure form, in 66% yield
(Scheme 3a). Slightly lower yields were obtained when less
nickelocene was added (43% yield, 1.1 equiv), while a further
increase in stoichiometry to 2 equiv did not improve the yield.

With this new complex in hand, structurally similar examples
were approached using the same methodology. IDD is a larger
analogue of ICy (IDD = 1,3-dicyclododecylimidazol-2-ylidene)
[22]; while it typically presents a similar steric profile to ICy in
calculations of percent buried volume (% Vy,,;) using solid state
structures [6], it is much larger and more flexible. 1z-Bu pos-
sesses significant steric bulk close to the metal centre, and has
been known to allow the isolation of the interesting 16 electron
three-coordinated [Ni(CO),(I#-Bu)] complex (I#-Bu = 1,3-di-
tert-butylimidazol-2-ylidene) [23]. It has also been reported to

(@) @ %N&%/Q% N/\:/\N
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trigger spontaneous C—H activation upon coordination to Rh(I)
and Ir(I) complexes, leading to 14 electron Rh(III) and Ir(III)
species [24,25]. While the methodology applied to ICy worked
for IDD (Scheme 3b), repeated attempts to isolate the I#-Bu
analogue were unsuccessful. Similarly, attempts to first prepare
[Ni(n'-Cp)(n°-Cp)(I#-Bu)] by the reaction of free I-Bu with
[NiCp»] (analogous to Cowley’s method) [9], envisaging subse-
quent replacement of the Cp ligand with chloride, were not
successful.

The two new complexes were characterised by 'H and 3C{!H}
NMR spectroscopy, elemental analysis and X-ray crystallog-
raphy (Figure 1). Selected crystallographic data can be found in
Table 1, and some key bond lengths in Table 2. X-ray quality
crystals were obtained by slow diffusion of pentane into a DCM
solution of each complex.

\—/ BF,
Ni
() Et4,NCI, THF
) 20 min, microwave, 110 °C
(1.5 equiv)

Ni-ClI
Q (66%)

Et,NCI, THF

20 min, microwave, 110 °C

(1.5 equiv)

Scheme 3: Synthesis of (a) [NiCI(Cp)(ICy)] (3) and (b) [NiCI(Cp)(IDD)] (4) with microwave heating.

Figure 1: Molecular structures of complexes [NiCI(Cp)(ICy)] (3) (left) and [NiCI(Cp)(IDD)] (4) (right) as determined by single crystal X-ray diffraction.
Displacement ellipsoids are drawn at 50% probability. Most H atoms are excluded for clarity.
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Table 1: Experimental data for single-crystal X-ray diffraction analyses
of [NiCI(Cp)(ICy)] and [NiCI(Cp)(IDD)].

Structure [NIiCI(Cp)(ICy)] (3) [NiCI(Cp)(IDD)] (4)
CCDC ref. 1049879 1049880
Formula CopH29CINoNiI C32H53CIN,NI
Formula wt 391.61 g mol™! 559.92 g mol™!
Crystal system orthorhombic monoclinic

a 16.3306(3) A 8.5685(2) A

b 10.2549(2) A 13.9639(3) A

c 11.1879(2) A 25.1631(6) A

B 90° 97.719(2)°

Y 1873.62(6) A3 2983.48(12) A3
Space group Pca24 P24/n

z 4 4

u 1.182 mm™! 1.912 mm™!
Reflns collected 8979 11638

Reflns unique 4499 5828

Reflns observed 4029 4521

Rint 0.0316 0.0313
Goodness of fit 1.021 1.036

R1 (/> 20(1)) 0.0336 0.0427

wR2 0.0683 0.1145

Table 2: Selected bond distances (units A).

[NiCI(Cp)(ICy)] (3) [NIiCI(Cp)(IDD)] (4)

Ni(1)-CI(1)  2.1884(7) Ni(1)-CI(1)  2.1833(7)
Ni(1)-C(16)  2.136(3) Ni(1)-C(28)  2.181(2)
Ni(1)-C(17)  2.056(3) Ni(1)-C(29)  2.095(2)
Ni(1)-C(18)  2.160(3) Ni(1)-C(30)  2.091(2)
Ni(1)-C(19)  2.137(3) Ni(1)-C(31)  2.181(2)
Ni(1)-C(20)  2.192(3) Ni(1)-C(32)  2.142(2)

The 'H NMR spectra show the expected features; a sharp

singlet for the cyclopentadienyl ligand in each complex

suggests that this ligand rotates faster than the NMR timescale,

while a sharp singlet was also observed for the imidazol-2-
ylidene backbone protons. The cycloalkyl nature of the
N-substituents results in most of the proton signals for these
species appearing as broad multiplets, even at high fields. The

methine signal for the cycloalkyl substituents is discrete,

appearing at oy = 6.01 ppm for ICy and oy = 6.28 ppm for IDD
as a triplet of triplets and an apparent quintet, respectively. In
the carbon NMR spectra, the imidazol-2-ylidene C2 signals

resonate at ¢ = 157.0 ppm (ICy) or 158.0 ppm (IDD),

compared to ca. 200 ppm for complexes of saturated N,N-
diarylimidazol-2-ylidenes and ca. 170 ppm for their unsatu-

rated counterparts [19]. This difference in 3¢ might result from

Beilstein J. Org. Chem. 2015, 11, 2171-2178.

the larger net electron-donating ability of ICy and IDD, as
inferred from their lower TEP compared to IPr, IMes, and IPr*,
for example [7,26,27].

The crystal structure data for [NiCI(Cp)(ICy)] (3) reveal five
different Ni—C distances between the nickel centre and the
cyclopentadienyl ligand, spanning a range of ca. 0.14 A. These
bond lengths are indicative of distortion from ideal 1>-geom-
etry towards n! n*-geometry (Table 2) [28]. In [NiCl(Cp)(IDD)]
(4), the distances span a smaller range (ca. 0.09 A). In both
cases, the CI-Ni—C1 angle is ca. 93-94°. The cyclohexyl rings
adopt a chair conformation, while the cyclododecyl rings droop
down around the metal centre, with the shortest CI-H distance
being ca. 2.9 A, approximately the sum of van der Waals radii

of the two atoms.

Assessment of catalytic activity

With these new complexes in hand, their activity in some model
cross-coupling reactions was examined. Ritleng and Chetcuti
have deployed [Ni(Cp)(X)(NHC)]
Suzuki—Miyaura cross-coupling reactions of 4’-bromoaceto-

complexes in

phenone and 4’-chloroacetophenone with phenylboronic acid
(Scheme 4) [12]. It was therefore decided to study these reac-
tions as part of our preliminary evaluation of these new
complexes as potential pre-catalysts for cross-coupling reac-
tions. The reactions were conducted in duplicate, and were
analysed by '"H NMR methods to calculate conversion. The new
ICy- and IDD-bearing complexes were benchmarked against
[NiCI(Cp)(IPr)] (5) due to the ubiquity of this carbene in tran-
sition metal-mediated catalysis [29,30], and [NiCl(Cp)(IPr¥)]
(6) and [NiCl(Cp)(IPr*OMe)] (7) due to their demonstrated

competence as catalysts for the arylation of anilines [11].

The results from the cross-coupling reactions with 4’-bromo-
and 4’-chloroacetophenone are summarised in Table 3; running
the latter reaction for more than 2 h did not lead to significant
increases in conversion.

Unfortunately, we were unable to reproduce the literature
conversion with [NiCI(Cp)(IPr)] (87%) despite multiple
attempts by different chemists. Different batches of toluene and
base (with different water content) were screened, but we
consistently achieved much lower conversions. Nevertheless,
this provided a platform from which we could assess the new

catalysts.

Surprisingly, the IPr* and IPr*OMe_pearing complexes
performed rather poorly under these conditions. It was noted
that in the Suzuki—Miyaura reactions, the catalysts bearing ICy
or IDD changed colour (pink to orange-brown) more quickly,

which may be suggestive of faster initiation.
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B(OH), 3 mol % [Ni]
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Scheme 4: Model Suzuki—Miyaura reaction for the evaluation of the new complexes as cross-coupling pre-catalysts.

Table 3: Results of test reactions with 4’-bromo- and 4’-chloroacetophenone, conducted using the conditions detailed in Scheme 4.2

Complex X =Br X = Cl
90 °C, 0.5 h 110°C,0.5h 110°C,2h 110°C, 4 h
[NiCI(Cp)(IPr)] (5) 41% 39% 39% 39%
[NiCI(Cp)(ICy)] (3) 69% 38% 49% 65%
[NiCI(Cp)(IDD)] (4) 40% 43% 53% 54%
[NiCI(Cp)(IPr*)] (6) 22% 20% 27% NDP
[NiCI(Cp)(IPr*OMe) (7) 32% NDb NDP NDP

aAll reactions conducted with 3 mol % of pre-catalyst. The conversion to the cross-coupling product was determined in each case by integration of the
TH NMR spectrum of the reaction mixture. Quoted results are an average of at least two independent experiments. PNot determined.

Intrigued as to whether the more electron-donating nature of
ICy and IDD, as inferred from their lower TEP [22,31], might
influence their oxidative addition reactivity, the cross-coupling
of 4’-chloroacetophenone and phenylboronic acid was investi-
gated. These experiments suggest that the ICy and IDD
complexes are indeed slightly better catalysts for the cross-
coupling of more challenging electrophiles. However, exten-
sion of these studies to 4-chloroanisole which is a challenging
and electron-rich aryl chloride substrate, led to disappointing
conversions (ca. 15% with [NiCl(Cp)(ICy)] (3)). This may be
due to the thermal sensitivity of these complexes, or may
suggest that the active species in Chatani’s work is in fact a
bis(NHC) complex. Further work is underway in our laboratory
to understand the effect of NHC structure on cross-coupling re-
activity, and to prepare and evaluate bis(ICy) complexes in
catalysis.

Conclusion
We have prepared two new half-sandwich Ni(Il) complexes,
which until recently had been missing relatives in this practical

and useful family of pre-catalysts. X-ray crystallographic

analyses suggest a tendency towards n!,n*-coordination of the
cyclopentadienyl ligand.

Preliminary catalyst testing in model Suzuki-Miyaura reactions
suggest that these more electron-donating ligands yield
complexes that are slightly more active for the cross-coupling
of aryl chlorides but less thermally stable. Further studies to
fully explore and apply the reactivity of the new complexes are

presently underway in our laboratory.

Experimental

General. ICy'-HBF, and I~-Bu-HBF, were prepared according
to literature procedures [22,25]. Complexes [NiCl(Cp)(IPr)],
[NiCl(Cp)(IPr*)] and [NiCl(Cp)(IPr*OMe)] were prepared
according to literature procedures [11,19]. Nickelocene was
purchased from Strem or Alfa Aesar and stored at —40 °C in the
glovebox freezer. Anhydrous, oxygen-free THF and toluene
were obtained from an Innovative Technologies PureSolv
system (<10 ppm H,O, as measured by regular Karl Fischer
analyses). Anhydrous 1,4-dioxane was obtained from Sigma-

Aldrich and sparged with argon before use. [Et4N]Cl was

2175



purchased from Alfa Aesar and dried by heating under vacuum.
Reactions under microwave irradiation were carried out using a
Biotage apparatus in crimp-cap microwave vials equipped with

magnetic stirrer bars.

NMR spectra were acquired using Bruker AV3-400, AV-400,
AV3-500HD and AVII-600 spectrometers at 300 K. 'H NMR
chemical shifts are reported in ppm referenced to residual
solvent signals, while 13C{'H} NMR chemical shifts are
reported referenced to deuterated solvent signals [32]. 2D
experiments such as ['H,'H] COSY, ['H,!3C] HSQC and
['H,'3C] HMBC were used where necessary to assign chemical
shifts. Elemental analyses were conducted using a Perkin Elmer
2400 Series II instrument. X-ray crystallographic analyses were
undertaken with samples mounted in oil at 123(2) K using an
Oxford Diffraction diffractometer equipped with a CCD
detector. All structures were refined against F2 and to conver-
gence using all unique reflections and the program Shelx1-97
[33].

IDD-HBF4. Paraformaldehyde (411 mg, 13.7 mmol) was
suspended in toluene (25 mL) and cyclododecylamine (2.51 g,
13.7 mmol) was added. The reaction was stirred at room
temperature for 3 h, and then cooled to 0 °C in an ice bath. A
further portion of cyclododecylamine (2.48 g, 13.5 mmol) was
added, followed by the careful addition of aqueous HBF, solu-
tion (48 wt %, 2 mL, 1.34 g, 15.3 mmol). After the reaction was
warmed to room temperature, aqueous glyoxal solution
(40 wt %, 2 mL, 1.01 g, 17.4 mmol) was added and the reac-
tion was heated to 40 °C and stirred vigorously overnight. The
reaction was quenched with sat. aqueous NaHCOj solution and
filtered on a sintered frit. The resulting solid was washed on the
frit with diethyl ether until the solid was white. Drying in a
vacuum oven overnight at 50 °C yielded the title compound as a
free-flowing white solid. Yield: 6.32 g (12.9 mmol, 95%).
TH NMR (CDCl3, 400 MHz) 8y 9.13 (s, 1H, NCHN), 7.30 (s,
2H, N(CH),N), 4.58 (quint., 3Jyy = 5.6 Hz, 2H, NCHR,),
2.16-2.00 (m, 4H, CHj), 1.82-1.71 (m, 4H, CHy), 1.56-1.24
(m, 36H, CH,); 3C{!H} NMR (CDCls, 151 MHz) 8¢ 134.5
(NCN), 120.9 (N(CH),N), 59.0 (NCHR5), 30.4 (CHy), 23.6
(CHy), 23.5 (CHp), 23.4 (CHy), 21.5 (CHj). Even at high field
(14.1 T), not all CH, signals could be successfully resolved.
Anal. caled. for Cp7H49BF4N5: C, 66.39; H, 10.11; N, 5.73;
found: C, 65.96; H, 10.47; N, 5.76;

[NiCI(Cp)(ICy)]. In the glovebox, a microwave vial with stir
bar was charged with nickelocene (75.1 mg, 0.398 mmol,
1.5 equiv), ICy-HBFy4 (84.6 mg, 0.263 mmol, 1 equiv) and
[Et4N]Cl (43.7 mg, 0.264 mmol, 1 equiv) and the cap was
secured with parafilm. Outside the glovebox, under a flow of

argon, anhydrous THF (3 mL) was added and the vial was

Beilstein J. Org. Chem. 2015, 11, 2171-2178.

sealed with a crimp cap. The reaction was heated to 110 °C for
20 min in the microwave, during which time the solution
changed the colour from green to red/purple. The THF was
removed and the residue was taken up in hot toluene and
filtered. The volume was reduced to ca. 1 mL, and then hexane
was added to precipitate the product. The green solution was
decanted, and the solid was washed with hexane and dried
under high vacuum to yield the product as a pink powder.
Yield: 68.6 mg (0.175 mmol, 66%). '"H NMR (CDCl;,
400 MHz) 3y 6.94 (s, 2H, N(CH),N), 6.01 (tt, 3/ = 12, 3.9
Hz, 2H, NCHR)), 5.20 (s, 5H, CpH), 2.49-2.36 (m, 2H, Cy
CHy), 2.10-1.92 (m, 6H, Cy CH>), 1.92-1.83 (m, 2H, Cy CH,),
1.81-1.47 (m, 8H, Cy CHj), 1.38-1.22 (2H, m, Cy CHy);
BC{H} NMR (CDCl3, 101 MHz) 8¢ 157.0 (NCN), 118.9
(N(CH);N), 91.6 (Cp CH), 61.1 (NCHR3), 34.4 (Cy CHy), 34.1
(Cy CH,), 26.0 (Cy CH,), 25.8 (Cy CHy), 25.5 (Cy CH»); Anal.
caled. for CogHy9CINNi: C, 61.34; H, 7.46; N, 7.15; found: C,
61.10; H, 7.41; N, 6.84.

[NiCI(Cp)(IDD)]. In the glovebox, a microwave vial with stir
bar was charged with nickelocene (100.0 mg, 0.529 mmol,
1.5 equiv), IDD-HBF4 (172.6 mg, 0.353 mmol, 1 equiv) and
[Et4N]Cl1 (58.4 mg, 0.352 mmol, 1 equiv) and the cap was
secured with parafilm. Outside the glovebox, under a flow of
argon, anhydrous THF (5 mL) was added and the vial was
sealed with a crimp cap. The reaction was heated to 110 °C for
20 min in the microwave, during which time the solution
changed the colour from green to red. The solvent was removed
and the residue was taken up in hot toluene and filtered. The
volume was reduced to ca. 1 mL, and then hexane was added to
precipitate the product. The green solution was decanted, and
the solid was washed with hexane and dried under high
vacuum, to yield the product as a pink powder. Yield: 81.9 mg
(0.146 mmol, 41%). '"H NMR (CDCls, 400 MHz) 851 6.95 (s,
2H, N(CH);N), 6.28 (app. quint., 2/ = 5.9 Hz, 2H, NCHR)),
5.21 (s, SH, CpH), 2.09-1.91 (m, 4H, CH>), 1.91-1.73 (m, 6H,
CH,), 1.73-1.39 (m, 34H, CH,); 3C{'H} NMR (CDCls,
150 MHz) 8¢ 158.0 (NCN), 119.6 (N(CH),N), 91.8 (Cp CH),
59.2 (NCHRj), 31.4 (CDD CHy), 31.2 (CDD CHy), 24.3 (CDD
CH,), 24.1 (CDD CHjy), 23.9 (CDD CHjy), 23.81 (CDD CH)y),
23.78 (CDD CHy), 23.5 (CDD CH,), 22.5 (CDD CHy), 22.1
(CDD CHy); Anal. calced. for C3,Hs3CIN,Ni: C, 68.64; H, 9.54;
N, 5.00; found: C, 68.54; H, 9.64; N, 4.88.

General procedure for Suzuki-Miyaura reactions. A reac-
tion tube or Schlenk flask was charged with 4’-bromoaceto-
phenone or 4’-chloroacetophenone (I mmol), PhB(OH),
(1.3 mmol, 1.3 equiv), nickel complex and K3POy4 (2.6 mmol,
2.6 equiv) and closed with a septum. Anhydrous toluene (3 mL)
was added via syringe, and the vial was inserted into a pre-

heated oil bath and stirred vigorously. The septum was removed
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and the reaction mixture was filtered through celite and stripped
of solvent. A sample of this was then taken up in chloroform-d
for 'H NMR spectroscopic analysis. Conversion was assessed
from the relative integrals of the resonances corresponding to
the product at 8y = 2.63 ppm (4’-phenylacetophenone) and the
starting material at 8y = 2.56 ppm (4’-bromoacetophenone) or
oy = 2.58 ppm (4’-chloroacetophenone). Slightly lower (by ca.
5%) conversions were obtained in Schlenk flasks versus sealed

tubes.
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Kinetic experiments based on the measurement of nitrogen evolution in the reaction of ethyl diazoacetate (NoCHCO,Et, EDA) and

styrene or methanol catalyzed by the [IPrAu]* core (IPr = 1,3-bis(diisopropylphenyl)imidazole-2-ylidene) have provided evidence

that the transfer of the carbene group CHCO,Et to the substrate (styrene or methanol) takes place in the coordination sphere of

Au(I) by means of an inner-sphere mechanism, in contrast to the generally accepted proposal of outer-sphere mechanisms for

Au(I)-catalyzed reactions.

Introduction

The discovery of the catalytic capabilities of soluble gold(I)
species toward the hydration of alkynes by Teles and
co-workers [1] is considered as the rising of the golden era for
the use of this metal in homogeneous catalysis [2,3]. A number
of transformations have been reported to date [4-13], most of
them based on a particular feature of gold: a singular
carbophilicity that enhances the electrophilic activation of
multiple bonds upon coordination followed by subsequent inter-
or intramolecular reaction with nucleophiles. Most of the
reported systems contain an unsaturated fragment that is acti-

vated upon coordination to the gold center, thus triggering

further transformations, the formation of very reactive
gold—carbene intermediates being proposed [4-14]. As a
representative example, the skeletal rearrangement of the
[2 + 2] cycloaddition of 1,6-enynes [4] is shown in Scheme 1,
where three different gold—carbene intermediates are involved
in the possible transformations.

A different reaction in which the formation of gold—carbene
intermediates has been proposed arises from the interaction of a
gold(I) source and a diazo compound. It was not until 2005 that

the first example of this transformation was reported by our
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Scheme 1: The Au(l)-catalyzed skeletal rearrangement of the [2 + 2] cycloaddition of 1,6-enynes that involves gold—carbene intermediates.

group [15,16], when the complex IPrAuCl (1) (IPr = 1,3-
bis(diisopropylphenyl)imidazole-2-ylidene), in the presence of
NaBArf, (BArF,~ = tetrakis(3,5-bis(trifluoromethyl)phen-
yl)borate) as a halide scavenger, induced the incorporation of
the :CHCO,Et group from N,CHCO,Et to styrene (Scheme 2a)
or methanol (Scheme 2b), among others. With the former, in
addition to the formation of the expected cyclopropanes, a
second type of product was observed, derived from the
incorporation of the carbene :CHCO,Et unit to the C(sp?)-H
bonds. For methanol as the reactant, the ether derived from the
functionalization of the O—H bond was obtained.

A transformation related to this contribution is the reaction
published by Echavarren (Scheme 3). In this reaction, the com-
plex [LAu(NCR)]SbF¢ (L = tertiary phosphine ligand)
abstracted the carbene group :CHPh from a tropilium deriva-

tive, and further transferred the gold-bonded carbene group to
an olefin [17,18]. This contribution constituted a breakthrough
in gold-mediated carbene-transfer reactions since the carbene
source lacks of the well-known instability of some of the diazo
reagents.

Scheme 3: The gold-promoted decarbenation reaction described by
Echavarren and co-workers.

CO,Et
(a)
74 IPrAuCl 74
+ NaBArf,
. = 1L -C(H)HCOEt
N,CHCO,Et N
- N2 cis + trans o-, m-, p-
40% 60%
(b) iPr iPr
IPrAuCl ™\
+ NaBArF, NN
CH3;0H CH3O0C(H)HCO,Et o
N,CHCO,Et iPriPr
-N, IPr

Scheme 2: The catalytic activity of IPrAuCI + NaBArF, in the carbene-transfer reaction to styrene or methanol.
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The reactions shown in Scheme 2 and Scheme 3 have been
explained through the appearance of a [LAu=CR!R2]" inter-
mediate, not detected nor isolated, that further reacts with a
non-coordinated nucleophile (i.e., by means of an outer-sphere
mechanism). Those intermediates are quite reactive, in contrast
to similar but low reactive gold—carbene complexes recently
and independently described by the groups of Fiirstner [19] and
Straub [20]. Scheme 4a shows a generally accepted mechanism
for the metal-catalyzed carbene transfer from diazo compounds
to nucleophiles [21-27], where the formation of C—C or C—X
bonds takes place throughout a transition state in which no
interaction of the substrate and the metal center exists (styrene
is shown as an example). In many cases, a non-desired side
reaction is also observed, in which two molecules of the diazo
compound convert into an olefin and/or an azine (Scheme 4b),
the second acting as a nucleophile attacking the metallocarbene
intermediate [28]. However, our previous studies have shown
that this gold-based catalytic system does not induce such non-
desired carbene homocoupling [15,16].

(a)

L,M

-

R! R2
/‘ ©/\
LR
L,M=—X
n R1
(b)
N, ML, R' R! R R
11]\ , »=  andfor =N—N=(
R R R2 R2 R2 R2

Scheme 4: (a) General representation of the metal-catalyzed carbene-
transfer reaction (olefin cyclopropanation). (b) Side-reactions of
carbene or diazo coupling commonly observed.

In this contribution we report the results obtained from a kinetic
study carried out with the IPrAuCl complex that allows
proposing a plausible inner-sphere mechanism in which the sub-
strate (styrene or methanol) seems to remain coordinated to the
gold center, a feature that could be extended to many of the

reported catalytic systems involving Au(I) complexes.

Beilstein J. Org. Chem. 2015, 11, 2254-2260.

Results and Discussion

The probe reactions

As mentioned above, we have already described the potential of
the system IPrAuCl + NaBArT to promote the catalytic decom-
position of ethyl diazoacetate (N,CHCO,Et, EDA) and func-
tionalize styrene or methanol (see Scheme 2). Since molecular
nitrogen is evolved in these transformations, we have moni-
tored the pressure above the reaction mixtures of EDA and
styrene or methanol in the presence of catalytic amounts
(5 mol %) of IPrAuCl + NaBArF,. It is worth noting that the
catalyst precursors were dissolved in the neat substrate (5 mL)
and stirred for 30 min to ensure halide abstraction prior to EDA
addition. The experiments have been carried out using a flask
connected to a pressure gauge that provides the variation in the
increase of the internal pressure (see Experimental). Figure 1
shows the plots of the N, concentration (mmol) vs time, from
which kq,s for N, liberation have been obtained as
2.17(0.05) x 1073 s7! and 1.34(0.01) x 1073 s™! for styrene and
methanol, respectively. Thus, both reactions decomposed EDA
with similar rates within the same order of magnitude. Given
the experimental fact that this catalytic system does not promote
the carbene coupling side reaction, the amount of measured N,
exclusively corresponds to that evolved from the formation of
the gold—carbene intermediate in the path to the products.

0,5+ Styrene
Methanol
0,4 1 E
S 0,34 4
S
1S
~ [ d
pd 0,2-: E
L]
° =2.17(0.05)x 107 s™
0,14, obs 5 4
’ }‘ k,.=1.34(0.01)x10°s
40
0,0 - .
0

T T
1000 2000 3000

time/s

Figure 1: Plot of evolved nitrogen with time for the reactions of EDA
with styrene or methanol.

The effect of substrate concentration

A second set of experiments has been performed varying the
catalyst to substrate ratio, but maintaining the concentration of
the catalyst as a constant. Thus, 100:0, 80:20 and 60:40 v/v
mixtures of styrene and cyclohexane, respectively, have been
reacted with EDA (0.285 mmol) with the same catalyst
precursor (see Experimental). Under these conditions, cyclo-
hexane is much less reactive than styrene and acts as an inert

solvent [29]. The kinetic curves for these three experiments are
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shown in Figure 2. The plot of kyps Vs substrate concentration
evidences a direct correlation between styrene concentration
and kyps. The same effect is observed in an array of experi-
ments carried out with mixtures of methanol and methylene
chloride (Figure 2). These results unambiguously indicate that
the release of nitrogen takes place at a faster rate when
increasing the amount of the reactant, styrene or methanol.

It is worth mentioning that the addition of 5 equiv of NaBArF,
did not induce any change in the reaction rate compared with
that of one equiv, assessing that the halide-free catalytically-
active gold species is available in the latter case. Also, the fact
that the same behavior regarding the “dilution effect” shown in
Figure 2 is observed with cyclohexane or dichloromethane as
dilution agents must be interpreted as the result of their inde-
pendent behavior in the process, not being involved in any
effect relative to polarity or solubility issues.

Mechanistic interpretation

It has been reported by several authors that the use of LAuX
(X = halide) as catalyst precursor requires the addition of a
halide scavenger with a weekly coordinating ligand (such as

T T T T T T T

034 100/0 80/20 60/40

-, T A
T o S asdsaad™
o~--
- ’ *

2l o f@‘ ]
= :.h mixtures styrene/cyclohexane
£ b
[ | 3
=, R
=z = i

U’-" k, =2.90(0.05)x10"s .

. K, = 1.9(0.07)x10%
. k., =64(03)x107s
.
ry
00 s S e —
0 100 200 300 400 500 600 700
time/s

0,030 4 -

-
100/0

0,025 4

0,020 4
—_ .

‘0 ,
v§ 0,015 8020 J
&
0,010 .
.
%059 60/40 T
T T T T T T T T T
50 55 6.0 65 7.0 75 8,0 85 9.0

[styrene] (M)

Beilstein J. Org. Chem. 2015, 11, 2254-2260.

NTf,, BArf,, SbF¢) [30,31]. Cationic complexes of type
[LAu(NCR)]" have also been isolated previously [32,33]. One
way or the other, the incorporation of the reactant has been
proposed to be associative in most cases, the reaction then being
triggered from there, usually through an outer-sphere mecha-
nism. To the best of our knowledge, there are no evidences
which support the alternative route, the inner-sphere mecha-

nism.

The kinetic data available from the previous section have
provided the following statements: (i) there is only a slight
effect of the nature of the substrate, styrene or methanol,
in the rate of evolution of N,, and (ii) the reaction rate is
affected by the relative substrate:catalyst ratio, both magni-
tudes being directly correlated. Scheme 5 displays a feasible
catalytic cycle for these transformations. The mixture of
IPrAuCl and NaBArF, in styrene or methanol ensures the for-
mation of the cationic species [IPrAu(sty)]BArF, (2) or
[IPrAu(MeOH)|BArY, (3) similar to structurally characterized
[IPrAu(NCMe)|BF,4 [32,33]. The addition of EDA originates
the immediate evolution of N», the gold—carbene intermediate
must form from 2 or 3. Also, this must be the rate determining

0,6 T——————————1——1—

0,54

0,4

©°
£ 034 mixtures MeOH/CH Cl.
£
]
Z 2 -
k =1.34(0.01)x 107§
= 2 g
01 k., =787(0.02)x 10"s" |
0 0 T T T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
time/s
0,0014 4 -
.
0,0012 100/0
0.0010 4 4
—.; 0,0008 . B
= 8020
0,0006 - 4
0.0004 - -
0,0002 T - T - : T T - T T T T
14 16 18 20 22 24 26
[methanol] (M)

Figure 2: Top: Plots of evolved nitrogen with time for the reactions of EDA with styrene (left) or methanol (right) varying the relative substrate:catalyst
ratio, at a constant catalyst value. Bottom: Plots of kyps VS substrate concentration showing a direct correlation between both magnitudes.
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step, efforts to detect such intermediates having proven unsuc-
cessful. The commonly accepted pathway (route A, Scheme 5)
would suppose an exchange of the substrate ligand with the
diazo compound and then evolution of nitrogen. However, that
first step of substrate dissociation would be in disagreement
with the observation of the enhancement of the reaction rate of
nitrogen evolution when increasing the substrate:catalyst ratio,
the dissociation of the substrate should be disfavoured at larger
substrate concentration. Thus, there is only a plausible explan-
ation for the experimental data (route B, Scheme 5): the sub-
strate remains coordinated while the diazo compound coordi-
nates and eliminates nitrogen, the carbene transfer taking place
between two ligands, the carbene and the substrate. This ap-
proach would also explain the lack of formation of the olefins

derived from carbene coupling with this Au(I)-based system.

Conclusion

The experimental results obtained from the measurement of N,
evolution in [IPrAu]"-catalyzed carbene transfer from ethyl di-
azoacetate have allowed proposing that both the carbene and the
substrate (styrene or methanol) are bonded to the Au(I) center
previously to the corresponding coupling, that is, the functional-
ization reaction takes place throughout an inner-sphere mecha-
nism. This is not the commonly proposed mechanism for most
of the different Au(I)-catalyzed reactions, for which an outer-
sphere mechanism has been frequently assumed. We hope that
the findings reported herein could be verified for other Au(I)-
catalyzed transformations.

Experimental
General methods

All preparations and manipulations were carried out under an

Beilstein J. Org. Chem. 2015, 11, 2254-2260.

techniques. Solvents were rigorously dried previously to their
use. The substrates were purchased from Aldrich. The complex
IPrAuCl and NaBArF, were prepared according to the litera-
ture [34,35]. NMR spectra were performed on Agilent 400 MR
and 500 DD2 spectrometers. GC data were collected with a
Varian GC-3900 spectrometer with a FID detector.

Kinetic experiments

The kinetic experiments have been carried out similarly to
previous procedures from our laboratory [36]. For the sake of
clarity, the methodology is briefly described herein. A Manon-
theMoonTech X201 (http://www.manonthemoontech.com)

device consisting of a stainless-steel gas reservoir doubly
connected to a pressure transmitter has been employed for the
measurement of nitrogen evolution. The variation of the inner
pressure inside the reaction flask (Figure 3) is measured with an
electronic pressure meter/controller (EL-Press,Bronkhorst
HI-TEC).

Figure 3: The experimental device for the measurement of N, evolu-

oxygen-free nitrogen atmosphere using conventional Schlenk tion.
F- Fo
N2 BAr 4 + ms
route A [ A:Lu] L [Au= — = products
CO,Et il CO,Et
@A/ %
-EDA
F
NaBAr", N ~ +S
[Au-CIl —— [Au]-S BArf,
neat substrate s 2 +EDA
_ = styrene,
NaCl S = MeOH, 3 N, ) H _
—EDA + BArF, + //LCOzEt BArF,
[Au]” “CO,Et [AU]\ ‘ — > products
route B \S ; S

Scheme 5: The outer- and inner-sphere routes for this transformation.

N2

inner-sphere
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In a typical experiment, the N, pressure change was measured
after the addition of EDA (0.285 mmol) to a stirred solution of
substrate (0. 5 mmol), and a mixture of IPrAuCl and NaBArF4
(5 mol %) in cyclohexane/CH;Cl, (5 mL) at room temperature.
kops Was obtained from experimental curves upon fitting to an
exponential growth equation using ORIGIN software.
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The polymerization of octamethylcyclotetrasiloxane (Dy) is investigated using several five-, six- and seven-membered N-hetero-

cyclic carbenes (NHCs). The catalysts are delivered in situ from thermally susceptible CO, adducts. It is demonstrated that the

polymerization can be triggered from a latent state by mild heating, using the highly nucleophilic 1,3,4,5-tetramethylimidazol-2-

ylidene as organocatalyst. This way, high molecular weight PDMS is prepared (up to >400 000 g/mol, 1.6 < Dy < 2.5) in yields

>95%, using low catalyst loadings (0.2—0.1 mol %). Furthermore, the results suggest that a nucleophilic, zwitterionic mechanism is

in operation, in preference to purely anionic polymerization.

Introduction

N-Heterocyclic carbenes (NHCs) [1-3] have had a resounding
impact on organopolymerization [4,5] during the past fifteen
years. Considerable research effort has steadily deepened the
mechanistic understanding of the polymerization pathways open
to NHCs, while the range of accessible monomer structures has
grown impressively [6,7]. Nowadays, NHC-mediated polymer-
ization can be applied to prepare polymers of high industrial

and commercial importance, such as poly(amide)s [8,9],

poly(ether)s [10], poly(urethane)s [11,12] or poly(acrylate)s
[13-18]. Likewise, poly(siloxane)s are attractive and versatile
macromolecular materials produced on large scale and thus a
rewarding field for the development of new catalysts, the more
so if the added benefit of metal-free conditions can be imple-
mented [19-21]. In spite of this, few investigations regarding
the performance of NHCs in this area have been published. In
2006, Waymouth, Hedrick and co-workers showed that
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poly(carbosiloxane)s can be synthesized efficiently from the
monomer 2,2,5,5-tetramethyl-1-oxa-2,5-disilacyclopentane in
the presence of alcohols as initiators, using two different NHCs
[22]. Control over the molecular weight was good (Dy < 1.2),
but prolonged polymerization led to transetherification. Interest-
ingly, the formation of high molecular weight cyclic
poly(carbosiloxane) was observed in the absence of an initiator
[23]. Additionally, octamethylcyclotetrasiloxane (D4) was used
to prepare poly(dimethylsiloxane) (PDMS), using three
different imidazolium-based free NHCs in combination with
benzyl alcohol or methanol as initiator [24]. There, polymeriza-
tions were conducted at 80 °C for 16 h to achieve conversions
of about 85% (1.5 <Dy < 1.7, 0.1% catalyst loading). Notably,
it was found that steric hindrance of the NHC shut down poly-
merization activity. Finally, a report on the polycondensation of
a,0-disilanols describes the efficient polycondensation via
NHCs in spite of the generation of water during the reaction,
finding that the most basic NHC in the small study delivered the
best results [25]. In view of these promising, yet somewhat
limited, results, the aim for this study was (a) to investigate a
range of structurally diverse NHCs to get more insight into the
influence of NHC structure on catalytic activity for the poly-
merization of Dy, and (b) to generate the NHCs in situ from
thermally labile CO, adducts. This type of NHC delivery offers
the double advantage of improved stability and storability of the
NHC adduct and the possibility to generate “on demand” poly-
merization systems where the catalyst can be activated by

Nl N

Beilstein J. Org. Chem. 2015, 11, 2261-2266.

heating. This way, a latent, easy-to-handle metal-free process
which is more competitive in comparison with other catalytic

systems can be realized [26].

Results and Discussion

Several five-, six- and seven-membered NHCs were prepared
and reacted with carbon dioxide to receive the corresponding
CO, adducts (Scheme 1, top), following literature procedures
(see Supporting Information File 1). Compounds 7-Neo-CO;,
7-iPr-CO, and 5¢;-Me-CO; have not been described before
and full characterization can be found in the experimental part
(Supporting Information File 1). In accordance with previous
findings [17,27], these NHC-carboxylates were stable at room
temperature over long periods of time (observed for up to
2 years) without decomposition, exclusion of humidity
provided.

Polymerization experiments with D4 were conducted solvent-
free at elevated temperature (80 °C, 16 h), both in presence and
absence of an initiator (benzyl alcohol, BnOH). This immedi-
ately revealed sharp differences of reactivity between the indi-
vidual pre-catalysts (Table 1). When the protected NHC was
applied in conjunction with BnOH, only 5y.-Me-CO, showed
relevant activity, albeit a very high one.

At a catalyst loading of only 0.2 mol %, a molecular weight

(My) of 70 000 g/mol was achieved at 94% monomer conver-

N

/_\
/N /N\ /N /N\ N /N N /N
L g 1 TXeT
0% 0° 0% 0@ 0”7 o 0" 0g
5Me-Me-C02 5c|-Me-C02 5-Mes-002 6-iPI’-C02
N__N N_ =N %\/N N
=0 Y Ior 1°
(¢} O@ (o} O@ O O@
6-Cy-CO, 7-iPr-CO, 7-Neo-CO,
2 0O-Si~
n S'i Q D
H H o, Si? TMS-C
/N_/N\ A /N_N\ —pro Sl-/ Sl-/ S|'/ Sl-/ H —_— end-capped
I N o> o000 polymer
0 O@ _COZ BnOH n

PDMS

Scheme 1: NHC-carboxylates part of this study (top) and polymerization scheme with initial thermal decarboxylation and final end-capping with TMS-

Cl.
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Table 1: Polymerization of Dy in bulk using different protected NHCs (80 °C, 16 h).

Entry NHC-CO, NHC/BnOH/D4
1 5me-Me-CO, 1:5:500
2 5me-Me-CO, 1:1:100
3 5me-Me-CO, 1:1:300
4 5me-Me-CO, 1:1:700
5 5pme-Me-CO3 1:1:1000
6 5-Mes-CO, 1:5:500
7 5¢|-Me-CO, 1:5:500
8 6-iPr-CO, 1:5:500
9 6-Cy-CO, 1:5:500
10 7-iPr-CO, 1:5:500
11 7-Neo-CO, 1:5:500
12 5me-Me-CO, 1:0:100
13 6-Cy-CO, 1:0:100
14 7-iPr-CO, 1:0:100

aDetermined by 'H NMR spectroscopy; Pvia GPC (THF, PS standards).

sion. Interestingly, some degree of control over the molecular
weight is possible by adjusting the initiator to monomer ratio
(Table 1, entries 2—-5). This way, up to a target degree of poly-
merization (DP) of 1000, considerable molecular weight can be
built up, ranging from 200 000 g/mol to over 400 000 g/mol
(My). Importantly, in all these cases very high conversion is
observed. Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-ToF MS) and NMR experi-
ments clearly show that BnOH is incorporated in the resulting
PDMS (S1-S3), underlining the defined structure of the
polymer. Contrasting this behaviour of Syje-Me-CO3, its steri-
cally more hindered analogue, 5-Mes-CQ,, only brought about
a low conversion of 7% under identical conditions (Table 1,
entry 6), while its electron-poor derivative 5¢c;-Me-CO;, was
completely inactive (Table 1, entry 7). More surprisingly, the
six- and seven-membered pre-catalysts were all found to deliver
very little or no polymer. Differently, in the absence of BnOH
(1% catalyst loading, Table 1, entries 12—14), application of
both 7-iPr-CO; and 6-Cy-CO; resulted in an insoluble
polymer, most probably because very high molecular weight
was generated. Gratifyingly, under the same parameters Syje-
Me-CO; effected a conversion of 92% (M, = 8 100 g/mol).
Overall, polymerization with this pre-catalyst proceeds notice-
ably faster in the presence than in the absence of an initiator
(Figure 1). At a polymerization setup of NHC/BnOH/D4 =
1:5:500, the conversion is practically complete after only 2.5 h.

Above findings obviously render Spe-Me-CO; the most suit-
able pre-catalyst, but important conclusions with regard to the
polymerization mechanism can also be drawn. In part, the
results nicely mirror findings by Baceiredo and co-workers

[24], who described that steric hindrance eliminates any poly-

Conversion [%]2 M, x103 [g/mol]P By

94 70 1.7

>95 198 1.9

>95 288 1.9

>95 360 2.5

>95 424 2.2

7 — —

0 — —

0 - —

0 _ _

5 — —

0 _ _

92 8 1.3
insoluble n. d. -
insoluble n. d. -

100
I ] ] =
n
80
[ ]
| | [ ]
g 60 °
S .
e | |
2 40 ® NHC/Bn-OH/D4 = 1/5/500
8 ® NHC/Bn-OH/D4 = 1/0/100
20{ m o
L ]
0"
0 é 1I0 1I5 2I0 2I5

time (h)

Figure 1: Comparison of conversion over time for D4 polymerization
(80 °C, bulk) using 5ye-Me-CO2. Note that the fivefold monomer
excess was used in case of BnOH being present.

merization activity of the NHC; the same is found here when
comparing the performance of Syje-Me-CO, and 5-Mes-CO;.
Additionally, electron-withdrawing substituents (as present in
5c1-Me-COy) preclude any activity, emphasizing that nucleo-
philicity is crucial for successful polymerization. Furthermore,
it is interesting to note that the six- and seven-membered NHCs
do not show any reactivity here, in spite of being very strong
bases. While for a compound like 6-iPr a pKa-value of 28.2
(aqueous solution, 25 °C) was found, the five-membered imida-
zolium derivative 5-Mes was determined to have a pKa-value of
only 20.8 (which compares to 15-19 for typical alcohols; in
turn, silanols are even more acidic than the corresponding alco-
hols) [28-32].
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At the same time, Syje-Me-CO; successfully catalyzed PDMS-
formation in the absence of BnOH (see above), and hence a

mechanism for direct Dy polymerization must exist.

Taken together, all above points strongly suggest that nucleo-
philic ring-opening of the monomer by the NHC is the key step,
in agreement with previous proposals [24]. A purely basic
(anionic) pathway (Scheme 2), often preferred by the six-
membered NHCs [7-9,17], seems clearly disfavoured. In the
absence of BnOH, it is therefore reasonable to assume zwitter-
ionic propagation, in analogy to recent findings for NHC-medi-
ated lactone polymerization [33]. The insoluble material
received by the action of 7-iPr-CO; and 6-Cy-CO; could be
connected to a low initiation efficiency and consequently low
ratio of propagating zwitterions to monomer, resulting in high-
molecular weight polymers. In contrast, a sterically uncon-
gested, highly nucleophilic NHC as liberated from Syq.-Me-
CO; (Table 1, entry 12) is more suitable under these conditions.

Finally, a mixture of 5y.-Me-CO,, BnOH and D4 was tested
for thermal latency (Figure 2). Notably, after 72 h at a slightly
elevated temperature of 45 °C only negligible conversion was
observed. A relatively mild increase to 80 °C, however, trig-
gered a clean jump to near quantitative conversion. Hence, with
this catalytic setup it is possible to form one-component, metal-

Beilstein J. Org. Chem. 2015, 11, 2261-2266.

free mixtures which can be activated by mild heating. Polymer-
ization of Dy is entropically driven [21,34] and thus profits from
elevated temperature in any case, rendering the implementation
of thermally labile pre-catalysts both practically feasible and ad-

vantageous.
100 .
S d
1004 5 ] /
S 40 I J
X 754 gzo /
—_— g |
= g oif , .
-09, 0 500 1000 (
q>) 50 - time at 80 °C [min] J
C
o
>
2 heating applied
25
g 45 °C 80 °C
£
L ]
04
— 7T T 1 T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
time [h]

Figure 2: Thermal activation of a 5ye-Me-CO2/BnOH/D4 (1:5:500)
composition after a latency period of 72 h.

BnOH
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J O
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Scheme 2: Discussed mechanisms proposed to operate in NHC-mediated polymerization of D4 in presence/absence of BnOH.
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Conclusion

In conclusion, we have demonstrated the first polymerization of
D4 using NHC-carboxylates. Sterically non-hindered, highly
nucleophilic protected NHCs like Syp.-Me-CO; offer access to
an “on demand”, metal-free and effective preparation of PDMS,
including high molecular weight polymers. The results of a
screening of a range of different NHCs indicate that a nucleo-
philic action of the organocatalyst is preferred over action as a

Bronsted base.

Supporting Information

Supporting Information File 1

Details on the synthesis of NHC-CO, and polymerizations.
[http://www.beilstein-journals.org/bjoc/content/
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Abstract

The one-pot condensation of glyoxal, two equivalents of cyclohexylamine, and paraformaldehyde in the presence of aqueous HBF4
provided a straightforward access to 1,3-dicyclohexylimidazolium tetrafluoroborate (ICy-HBF,). 1,3-Dibenzylimidazolium tetra-
fluoroborate (IBn-HBF,) was obtained along the same lines. To synthesize 1,3-diarylmidazolium salts, it was necessary to isolate
the intermediate N,N'-diarylethylenediimines prior to their cyclization. Although this additional step required more time and
reagents, it led to a much more efficient overall process. It also proved very convenient to carry out the synthesis of imidazolinium
salts in parallel to their imidazolium counterparts via the reduction of the diimines into diammonium salts. The critical assembly of
the C2 precarbenic unit was best achieved with paraformaldehyde and chlorotrimethylsilane in the case of imidazolium derivatives,
whereas the use of triethyl orthoformate under microwave irradiation was most appropriate for the fast and efficient synthesis of
imidazolinium salts. This strategy was applied to the synthesis of six common N-heterocyclic carbene precursors, namely, 1,3-di-
mesitylimidazolium chloride (IMes-HCI), 1,3-dimesitylimidazolium tetrafluoroborate (IMes-HBF,), 1,3-dimesitylimidazolinium
chloride (SIMes-HC1), 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (IDip-HCI or IPr-HCI), 1,3-bis(2,6-
diisopropylphenyl)imidazolinium chloride (SIDip-HCI or SIPr-HCI), and 1,3-bis(2,6-bis(diphenylmethyl)-4-methylphenyl)imida-
zolium chloride (IDip*-HCl or IPr*-HCI).

Introduction

Since Arduengo and co-workers successfully isolated and char-  years, they have evolved from laboratory curiosities to ubiqui-
acterized the first imidazol-2-ylidene derivative in 1991 [1,2], tous ancillary ligands, not only for all the transition metals
stable N-heterocyclic carbenes (NHCs) have become a staple of ~ whether in high or low oxidation state [8-10], but also for

modern synthetic chemistry [3-7]. Over the past twenty five lanthanides and actinides [11,12], as well as for main group
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elements [12,13]. Countless applications in homogeneous cata-
lysis have already taken advantage of the remarkable stereoelec-
tronic properties and structural diversity of these organometallic
species [14-17]. To give just a single example, NHC ligands
played a crucial role in the development of highly efficient
ruthenium initiators for olefin metathesis and related reactions
[18-21]. Lately, these divalent carbon species have also
emerged as powerful nucleophilic organocatalysts for polymer
chemistry [22,23] and organic synthesis [24-26]. In particular,
they were successfully employed for the umpolung of carbonyl
compounds, sometimes in an asymmetric fashion [27-29].

Currently, the NHCs most frequently encountered are based on
the imidazol-2-ylidene and imidazolin-2-ylidene scaffolds,
which are easily accessible via the deprotonation of imida-
zolium or imidazolinium salts with a strong base (Scheme 1,
path A) [26,30]. The reaction is often carried out in situ to avoid
the isolation of air- and moisture-sensitive free carbenes. Thus,
the mixture of an imidazol(in)ium salt and a base serves de
facto as a carbene source for most catalytic and synthetic
purposes. Alternative methods to generate NHCs without the
intervention of a base, which might lead to unwanted side-reac-
tions, include the facile cleavage of NHC-CO, zwitterions
(Scheme 1, path B) [31-35], the thermolysis of labile imidazoli-
dine adducts (Scheme 1, path C) [36-38], or the recourse to
Ag()-NHC complexes as NHC delivery agents (Scheme 1,
path D) [39,40]. In many cases, however, these NHC surro-
gates are obtained from azolium intermediates. Hence, imida-
zolium and imidazolinium salts are the most common NHC
precursors and their synthesis from acyclic starting materials is
of utmost practical importance [41].

N/T\N
R~ +Y “R
H X
base
path A
— (base)H* X-

R’N\/ “R

R/E‘LIN\R

o~ O

path B path D

-CO,

—HX

thC
pa HX = CHCls, CgHFs, ...

I\
R’N><

H X

N-gr

Scheme 1: Various synthetic paths leading to the formation of NHCs.
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One of the most atom-economical and straightforward path to
elaborate symmetrical imidazolium salts involves the combina-
tion of glyoxal, which provides the C*~C> heterocyclic back-
bone of the NHC, two equivalents of a primary alkylamine or
aniline, to introduce the N1 and N3 modular units, and a suit-
able C; building block for joining the precarbenic C? center
(Scheme 2). An additional reduction of the intermediate
diimines into diamines is required prior to the assembly of the
corresponding imidazolinium derivatives. The first embodi-
ment of this general strategy dates back to 1991 when Arduengo
patented the one-pot condensation of glyoxal, two equivalents
of an amine, and paraformaldehyde in the presence of
hydrochloric acid to afford 1,3-disubstituted imidazolium
chlorides [42]. Although this procedure was rather efficient
when applied to simple alkylamines, its extension to the syn-
thesis of 1,3-diarylimidazolium salts usually failed due to the
formation of dark, tarry ionomer byproducts that could only be
painstakingly separated from the desired compounds, thereby
leading to low yields of tainted products [43]. This practical
complication was very unfortunate because bulky aromatic
substituents, such as mesityl (2,4,6-trimethylphenyl) or 2,6-
diisopropylphenyl groups, often provide the right balance of
electronic donation and steric protection to many NHC-based
catalytic systems. Accordingly, it spurred sustained research
efforts to improve and optimize experimental conditions leading
to imidazol(in)ium salts in both academic [43-45] and indus-
trial laboratories [46]. Because of the incremental nature of
these endeavors, a large number of valuable synthetic pro-
cedures have been scattered in the literature, often relegated to
supporting information, and comparison of their respective
merits has become more and more challenging.

rR-Nx N~g R-Nsc N~R

NS NS
./7_')(\\ ‘/7_'/(\\

\ R —
R-N " N-R & R-NH HN-R
7 N\

R-NH, + O O +

Scheme 2: Retrosynthetic path for the preparation of symmetrical
imidazolium and imidazolinium salts from simple acyclic precursors.

In this report, we aimed at collecting a series of efficient syn-
thetic protocols for the preparation of eight common N-hetero-
cyclic carbene precursors differing by the nature of their central

core (imidazolium or imidazolinium), the choice of the asso-
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ciated counterion (chloride or tetrafluoroborate), or the steric
bulk of their nitrogen substituents (ranging from small, flexible
cyclohexyl rings to hefty 2,6-bis(diphenylmethyl)-4-methyl-
phenyl groups, Figure 1). For each target compound, we strove
to put together the most straightforward, detailed experimental
procedure that was checked to afford high yield and purity, and
a full characterization by 'H and 13C NMR spectroscopies.

Results and Discussion
Synthesis of 1,3-dicylohexylimidazolium

tetrafluoroborate

The one-pot synthesis of 1,3-dicyclohexylimidazolium chloride
(ICy-HC1) was first disclosed in the open literature by
Herrmann and co-workers in 1996 [47]. The reaction proceeded
smoothly and the product did not show any tendency to form an
ionic liquid, unlike its lower weight unsymmetrical analogues.
It turned out, however, to be highly hygroscopic, which
hindered its purification and subsequent reactions with mois-
ture-sensitive bases or organometallic compounds. Other coun-
terions were found to alleviate this tendency. In particular, the
replacement of HCl with aqueous HBF, in the original proce-
dure allowed us [48] and others [49] to isolate ICy'HBF, as a
well-behaved, non-hygroscopic solid that could be easily puri-
fied by recrystallization from isopropanol. Typical yields were
in the 70-80% range (Scheme 3).

BF4

H H  pncH, J\ ¢

2 CyNH, + Cy ", Xx""Cy
O 0°Cto50°C ﬂH/
+ (H,CO), + HBF, overnight e
0

Scheme 3: Synthesis of 1,3-dicyclohexylimidazolium tetrafluoroborate
(ICy-HBFy).

e ==Y

ICy-HBF4 IMes-HBF4
IMes-HCI
iy ﬁ ﬁ
H BF4
IBn-HBF4 SIMes-HCI
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Synthesis of 1,3-dibenzylimidazolium tetra-

fluoroborate

At first sight, benzyl chloride or benzyl bromide seem to be
ideal candidates to prepare 1,3-dibenzylimidazolium salts via a
double alkylation of imidazole. Indeed, these primary alkyl
halides are highly reactive toward nucleophiles and do not
undergo elimination reactions. Accordingly, numerous pro-
cedures were reported for the two-step synthesis of 1,3-
dibenzylimidazolium halides via the formation of 1-benzyl-
imidazole [50-53]. In our hands, however, the quaternization of
this intermediate with benzyl chloride or bromide was often
sluggish, which led to incomplete conversions and residues of
unpleasant, lachrymatory reagents. We were very pleased to
find out that the one-pot procedure described above for 1,3-
dicyclohexylimidazolium tetrafluoroborate could be seamlessly
translated to the preparation of 1,3-dibenzylimidazolium tetra-
fluoroborate (IBn-HBF,4) from glyoxal, benzylamine,
paraformaldehyde, and tetrafluoroboric acid (Scheme 4). To the
best of our knowledge, this superior route had not been

explored so far.

BF4
H H  PhCHs NN !
2 PhCH,NH, +
0 0 0°Cto50°C pp +Y
overnight
+ (H,CO), + HBF, 80%

Scheme 4: Synthesis of 1,3-dibenzylimidazolium tetrafluoroborate
(IBn-HBF4).

Synthesis of 1,3-dimesitylimidazolium salts

Although little experimental details were supplied, the prepa-
ration of 1,3-dimesitylimidazolium chloride (IMes-HCI) was
first disclosed by Arduengo et al. in 1992 using a one-pot proce-
dure [54]. Several research groups noticed that this strategy

often led to dark brown molasses out of which a solid product

/\ cr
N N
+Y
H Ph Ph
Ph — Ph cf
IDip-HCI N \N c
(IPr-HCI) +Y
H
Ph Ph
or Ph Ph
’_‘iﬁ/N IDip*-HClI
Y (IPr*-HCl)
SIDip-HCI
(SIPr-HCI)

Figure 1: Structures of the imidazolium and imidazolinium salts discussed in this study and their acronyms.
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could only be painstakingly extracted after extensive washing,
resulting in low yields of rather impure materials [43,55,56]. To
circumvent this problem, Arduengo and co-workers devised a
two-step protocol involving the isolation of N, N'-dimesityleth-
ylenediimine followed by cyclization with chloromethyl ethyl
ether, which slowly reacted to afford both the C2 imidazolium
center and the chloride counterion [43]. While this procedure
remained low-yielding and time-consuming, it significantly
eased the isolation of the final product, which cleanly precipi-
tated from the reaction mixture. Most importantly, this work
demonstrated the importance of isolating the intermediate
Schiff base prior to its cyclization, a feature that proved crucial
to successfully achieve the synthesis of 1,3-diarylimidazolium
salts by late introduction of the precarbenic atom moiety. It
should be pointed out that Nolan et al. also reached this conclu-
sion when they first optimized the synthesis of 1,3-bis(2,6-
diisopropylphenyl)imidazolium chloride in 1999 (vide infra)
[57].

Over the years, several variations were reported on the two-step
route leading to 1,3-dimesitylimidazolium chloride [41]. Only
minor changes concerned the initial condensation between
glyoxal and two equivalents of mesitylamine (Scheme 5). The
reaction proceeds readily in aqueous/alcoholic mixtures at room
temperature and the product begins to separate as a bright
yellow solid after a few minutes. Of note, second and even third
crops of precipitate are usually obtained upon work-up during
the synthesis of diimines. They may be added to the first crop in
order to further increase the yield, but their purity needs to be
checked beforehand. Formic acid is sometimes added as a cata-
lyst but does not seem to be mandatory, maybe because glyoxal
is often contaminated with glyoxylic and oxalic acids, espe-
cially upon prolonged storage under aerobic conditions. More
significant alterations were brought to the cyclization step. In
addition to the use of chloromethyl ethyl ether pioneered by
Arduengo et al. [43], mixtures of paraformaldehyde and HCI in
anhydrous solvents were investigated by Bantreil and Nolan
[45], while Hintermann identified chlorotrimethylsilane as a
convenient source of chloride counterions [44]. Furthermore,
this last reagent does not lead to the formation of water, which
can hydrolyze the starting diimine and has a deleterious influ-
ence on the reaction course. Thus, we adopted the experimental
procedure carefully optimized by Hintermann to obtain
IMes-HCI in ca. 85% yield (Scheme 5).

We were also interested in the preparation of IMes'HBF4
because imidazolium tetrafluoroborates are usually less hygro-
scopic and easier to crystallize than chlorides [45]. Moreover,
when imidazolium salts are used to generate NHCs in situ, for
instance to accomplish organocatalytic transformations, the

exact nature of the counterion may influence the solubility and

Beilstein J. Org. Chem. 2015, 11, 2318-2325.

H H iPrOH, H,0O VY
2 MesNH, + Mes—N N—Mes
o) e} rt, 24 h
>90%
N AcOEt —\ CI-
Mes—-N N—Mes —— ~Na N—
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+ (H2CO), + HBF4  overnight H
80%

Scheme 5: Synthesis of 1,3-dimesitylimidazolium salts (IMes-HCI and
IMes-HBF,).

the deprotonation rate of the carbene precursor [58]. A report
from 2010 had shown that treating N, N'-dimesitylethylenedi-
imine with paraformaldehyde and a 48% aqueous solution of
tetrafluoroboric acid in warm toluene afforded 1,3-dimesityl-
imidazolium tetrafluoroborate without any apparent complica-
tion [59]. We have further optimized this procedure on the
occasion of a mechanistic study of the Staudinger reaction
catalyzed by NHC-ketene zwitterions (Scheme 5) [60].

Synthesis of 1,3-dimesitylimidazolinium
chloride

The “saturated” analogue of the IMes carbene, 1,3-dimesityl-
imidazolin-2-ylidene (SIMes), was first isolated in 1995 by
Arduengo et al. [61] who later disclosed the experimental
details of the synthetic path leading to this stable NHC and its
immediate precursor, 1,3-dimesitylimidazolinium chloride
(SIMes-HCI) [43]. The latter salt was obtained in three steps
starting from widely available, acyclic reagents (Scheme 6).
First, the condensation of glyoxal with two equivalents of
mesitylamine afforded the corresponding diimine, as described
above for the synthesis of IMes-HCI and IMes-HBFy4 (cf.
Scheme 5). Next, the diimine was reduced into a diamine with
sodium borohydride in THF, followed by an acidic work-up
with aqueous hydrochloric acid to quench the excess of hydride
and to precipitate N,N'-dimesitylethylenediammonium
dichloride as a stable white solid. A third step afforded the final
heterocyclic product upon ring-closure with triethyl orthofor-
mate in the presence of a catalytic amount of formic acid. In
this reaction, the orthoester served both as a solvent and a
precarbenic C2 provider.

Following the seminal contribution of Arduengo and

co-workers, several other research groups proposed experi-
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Scheme 6: Synthesis of 1,3-dimesitylimidazolinium chloride
(SIMes-HCI).

mental procedures for the preparation of imidazolinium salts
from N,N'-disubstituted 1,2-ethanediamines or their ammonium
salts and triethyl orthoformate [62-65]. In most cases, prolonged
heating under reflux conditions was necessary to reach satisfac-
tory conversions, even when ethanol was distilled off the reac-
tion mixture to drive the equilibrium toward completion. In
2006, we found that microwave irradiation allowed to dramati-
cally reduce the reaction time from hours to minutes, while
affording very high yields of pure products [66]. We have
applied this procedure to the synthesis of a wide range of cyclic
amidinium salts differing by their ring size, N-substituents, and
counterions [67]. In 2010, we have further optimized the
microwave-assisted synthesis of SIMes-HCI to turn it into a
convenient, laboratory-scale preparation [68]. With the latest
implementation of our protocol, which uses an 80 mL glass
vessel in a monomodal microwave reactor, it took 5 minutes to
perform the cyclization on a 50 mmol batch and the product
was isolated in 70% yield after purification (Scheme 6).

Synthesis of 1,3-bis(2,6-diisopropylphenyl)-
imidazolium chloride

Huang and Nolan first reported the introduction of 2,6-diiso-
propylphenyl groups on an imidazolylidene backbone in 1999
while searching for bulky NHC ligands to coordinate onto
palladium catalysts for Kumada cross-coupling reactions [57].
The resulting carbene was nicknamed IPr and this designation
still persists in the literature, although IDip is a more fitting
acronym to avoid any confusion with 1,3-di(isopropyl)-
imidazol-2-ylidene. Thus, 1,3-bis(2,6-diisopropylphenyl)imida-
zolium chloride (IDip-HCl) was obtained following a two-step
procedure that first involved the condensation of glyoxal and
two equivalents of 2,6-diisopropylaniline into the corres-
ponding diazabutadiene. This intermediate was then cyclized
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into the final product using paraformaldehyde in toluene as the
precarbenic C2 donor reagent and anhydrous HCI in dioxane as
the source of the counterion. Soon thereafter, Arduengo and
co-workers described the synthesis of IDip-HCI using
chloromethyl ethyl ether as a single provider for the azolium
chloride building block [43]. From a practical point of view,
both procedures represented a significant breakthrough, because
the one-pot strategy was largely inefficient for imidazolium
salts bearing bulky aromatic substituents on their nitrogen

atoms.

Over the years, minor changes were brought to the original
protocols of Nolan and Arduengo in order to improve yields
that did not initially pass the 50% threshold [45,69,70]. Yet, the
most convenient preparation available to date for IDip-HCl was
proposed in 2007 by Hintermann [44]. It involved the reaction
of N,N'-bis(2,6-diisopropylphenyl)ethylenediimine with
paraformaldehyde and chlorotrimethylsilane in ethyl acetate
(Scheme 7). In our hands, this procedure proved reliable and
afforded typical yields of 85%. Its major drawback is the neces-
sity to work under high dilution conditions, which implies the
use of large amounts of solvent and hinders scale up.

H H iPrOH, Hzo //—\\
2 DipNH, + Dip-N" 'N—Dip
rt, 24 h
© © >80%
Dip—N N—Dip in—Na N—pi
70°Cto6°c PPy PP
+ (Ho,CO), + (CH3)3SiCl overnight H
85%

Scheme 7: Synthesis of 1,3-bis(2,6-diisopropylphenyl)-imidazolium
chloride (IDip-HCI).

Synthesis of 1,3-bis(2,6-diisopropylphenyl)-
imidazolinium chloride

In most cases, experimental procedures leading to 1,3-di-
mesitylimidazolinium salts could be successfully extended to
their 1,3-bis(2,6-diisopropylphenyl) counterparts without any
adaptation. Thus, the three-step synthesis of SIDip-HCI (also
known as SIPr-HCI) initially reported by Arduengo et al.
closely matched the one defined for SIMes-HCI in terms of
experimental conditions and yields [43]. Likewise, our
microwave-assisted cyclization performed equally well when
applied to N,N'-bis(2,6-diisopropylphenyl)ethylenediammo-
nium chloride instead of the dimesityl intermediate (Scheme 8).
In both cases, the desired product was isolated in (70 + 5)%
yield after a very simple work-up that involved filtration and

washing.
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Scheme 8: Synthesis of 1,3-bis(2,6-diisopropylphenyl)-imidazolinium
chloride (SIDip-HCI).

Synthesis of 1,3-bis(2,6-bis(diphenylmethyl)-
4-methylphenyl)imidazolium chloride

In 2010, the group of Marké designed a very bulky, yet flexible
NHC ligand by replacing the methyl groups of IDip with phen-
yl rings [71]. This new highly hindered carbene that we shall
designate as IDip* (but it is also trivially named IPr*) was
readily obtained by deprotonation of 1,3-bis(2,6-bis(diphenyl-
methyl)-4-methylphenyl)imidazolium chloride (IDip*-HCI).
The synthesis of this stable precursor was accomplished in three
steps starting from commercially available reagents (Scheme 9).
First, p-toluidine was dialkylated with diphenylmethanol
(benzhydrol) in the presence of stoichiometric amounts of HCI
and ZnCl,. This Friedel-Crafts alkylation was carried out under
solvent-free conditions and afforded high yields of the bulky
aniline needed to follow the Arduengo formylative cyclization
path. It was originally performed in a sealed tube under autoge-
neous pressure at 160 °C. We checked that the reaction could be
carried out in an open vessel without any detrimental conse-
quence, thereby leading to a safer experimental procedure. In
the second step, 2,6-bis(diphenylmethyl)-4-methylaniline
(Dip*NH,) was reacted with aqueous glyoxal to form the
corresponding ethylenediimine. Marké et al. performed this
condensation in dichloromethane containing formic acid as a
catalyst and anhydrous magnesium sulfate as a dehydrating
agent. We found this procedure difficult to reproduce. More-
over, a rather tedious work-up was required to separate and to
purify the product. Inspired by a report from Cole and
co-workers on the preparation of another bulky imidazolium
salt [72], we found that acetonitrile was a much more conveni-
ent solvent than dichloromethane to achieve the condensation of
Dip*NH, and glyoxal. Although the reaction was slow and took
about a week to reach completion at 60 °C, the desired diazabu-
tadiene cleanly precipitated from the reaction mixture and could
be isolated in high yield by simple filtration and washing.
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Ph  NH, Ph
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Scheme 9: Synthesis of 1,3-bis(2,6-bis(diphenylmethyl)-4-
methylphenyl)imidazolium chloride (IDip*-HCI).

For the critical cyclization step of IDip*-HCIl, Mark¢ et al.
ingeniously took advantage of the Lewis acidity of zinc chloride
to activate paraformaldehyde and of its coordinating ability to
maintain the intermediate diimine in the required s-cis con-
formation [71]. Concentrated hydrochloric acid was added as
the counterion source and the final imidazolium product was
isolated in 50-60% yield. We further improved this procedure
through the use of chlorotrimethylsilane as the chloride donor to
minimize hydrolysis and other side-reactions of the diimine.
The templating effect of ZnCl, was also maximized by
combining this stoichiometric additive with the diimine and
paraformaldehyde prior to the addition of Me3SiCl. Under these
revised conditions, IDip*-HCI was isolated in 65% yield after

recrystallization.

Conclusion

The one-pot condensation of glyoxal, two equivalents of a pri-
mary alkylamine, and paraformaldehyde in the presence of
aqueous HBF, provided a straightforward access to symme-
trical 1,3-dialkylimidazolium tetrafluoroborates. To achieve the
preparation of 1,3-diarylimidazolium salts, it was necessary to
isolate the intermediate diimines prior to their cyclization.
Although this additional step required more time and reagents,
it led to a much more efficient overall process. It proved also
very convenient to carry out the synthesis of imidazolinium
salts in parallel to their imidazolium counterparts via the reduc-
tion of the diimines into diamines or diammonium salts. The
critical assembly of the C2 precarbenic unit was best achieved
with paraformaldehyde and chlorotrimethylsilane in the case of
the imidazolium derivatives, whereas the use of triethyl ortho-
formate under microwave irradiation was most appropriate for

the fast and efficient synthesis of imidazolinium salts.
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With the possible exception of a monomodal microwave
reactor, all the equipment and glassware needed to carry out the
syntheses outlined in this report are widely available in chem-
ical laboratories and do not require any particular skills from the
experimenter. Furthermore, the detailed experimental pro-
cedures supplied in Supporting Information File 1 of this article
are easy to scale up or down according to the particular needs
for a given compound. Thus, we hope that they will be helpful
to the large community of organic and organometallic chemists
working with NHCs.

Supporting Information

Supporting Information File 1

Full experimental section with detailed synthetic
procedures and analytical data for all the compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-252-S1.pdf]
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Abstract
Complexes of the type (n3-allyl)Pd(L)(CI) and (n3-indenyl)Pd(L)(CI) are highly active precatalysts for the Suzuki—Miyaura reac-
tion. Even though allyl and indenyl ligands are similar to cyclopentadienyl (Cp) ligands, there have been no detailed comparative
studies exploring the activity of precatalysts of the type (n°-Cp)Pd(L)(CI) for Suzuki-Miyaura reactions. Here, we compare the
catalytic activity of (n>-Cp)Pd(IPr)(Cl) (IPr = 1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene, Cp) with two
commercially available catalysts (n3-cinnamyl)Pd(IPr)(Cl) (Cin) and (n3-1--Bu-indenyl)Pd(IPr)(Cl) (tBUInd). We show that Cp
gives slightly better catalytic activity than Cin, but significantly inferior activity than ¥Ind. This order of activity is rationalized
by comparing the rates at which the precatalysts are activated to the monoligated Pd(0) active species along with the tendency of
the starting precatalysts to comproportionate with monoligated Pd(0) to form inactive Pd(I) dimers. As part of this work the Cp
supported Pd(I) dimer (u-Cp)(u-C1)Pd,(IPr); (CpPi™) was synthesized and crystallographically characterized. It does not readily
Dim ;

disproportionate to form monoligated Pd(0) and consequently Cp is a poor catalyst for the Suzuki—Miyaura reaction.

Introduction

The Suzuki—Miyaura reaction is a powerful synthetic method
for forming C—C bonds between aryl halides or pseudo halides
and organoborane containing species [1-5]. The most active
catalysts are generally based on Pd and feature strongly elec-
tron-donating and sterically bulky phosphine or N-heterocyclic
carbene (NHC) ancillary ligands [6,7]. In particular, precata-

lysts of the type (n3-allyl)Pd(NHC)(CI) have shown excellent
activity for the Suzuki—Miyaura reaction, with systems
incorporating an n3-cinnamyl moiety giving the best catalytic
results (Figure 1) [8-12]. Recently, we showed that the excel-
lent activity of the cinnamyl system is related to two factors:
(i) the rate at which the Pd(II) precatalyst is reduced to the
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active monoligated Pd(0) species; and (ii) the difficulty of
comproportionation between L-Pd(0) and the starting precata-
lyst, which generates a Pd(I) p-cinnamyl dimer of the form
(p-cinnamyl)(p-Cl)Pdy(L),, and removes L-Pd(0) from the reac-
tion mixture [13,14]. Furthermore, we used this mechanistic
information to design an improved precatalyst scaffold
featuring an n3-indenyl ligand [15]. In particular, precatalysts
based on the (13-1--Bu-indenyl)Pd(L)(CI) scaffold were highly
active because Pd(I) dimer formation was effectively
suppressed and the rate of reduction from Pd(II) to Pd(0) was
increased [16].

/|\\/R R ‘

I
Pd Pd Pd
NHC/ \CI NHC/ \CI NHC/ \CI
R=HorPh R=HortBu
Nolan Our group Jin

Figure 1: General depictions of allyl and related precatalysts that are
highly active for the Suzuki—Miyaura reaction with NHC ligands.

In organometallic chemistry, allyl and indenyl ligands are
considered to be closely related to cyclopentadienyl (Cp)
ligands [17]. Nevertheless, to the best of our knowledge there
are only two reports describing the catalytic activity of
complexes of the type (n°-Cp)Pd(NHC)(CIl) for the
Suzuki—Miyaura coupling, as well as related cross-coupling
reactions [18,19]. These preliminary reports indicate that (n°-
Cp)Pd(NHC)(C1) precatalysts are highly active. For example,
full conversion at room temperature was achieved using simple
aryl chlorides as the substrate in Suzuki-Miyaura couplings at
relatively low catalyst loadings (1 mol %) [18]. However,
despite this impressive activity, a direct comparison of the
performance of (n>-Cp)Pd(NHC)(CI) type precatalysts with the
related commercially available (33-allyl)Pd(NHC)(CI) and (13-

/CI\ 21P /|\\
r
<<—Pd Pd—>> Pd_
\CI/ Et,0, 1 hour IPr/

iPr iPr,

IPr = NN
\—/
iPr iPr

Scheme 1: Synthesis of Cp.
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indenyl)Pd(NHC)(CI) systems under the same reaction condi-
tions has never been performed. Here, we directly assess the
activity of (n%-Cp)Pd(IPr)(Cl) (IPr = 1,3-bis(2,6-diisopropyl-
phenyl)-1,3-dihydro-2H-imidazol-2-ylidene, Cp) to the analo-
gous (n3-cinnamyl)Pd(IPr)(Cl) (Cin) and (n3-1-¢-Bu-
indenyl)Pd(IPr)(Cl) (tB¥Ind) precatalysts [20]. We show that
the performance of Cp fits into our model of precatalyst perfor-
mance based on the speed at which a scaffold is reduced from

Pd(II) to Pd(0) and its tendency to undergo comproportionation.

Results and Discussion

Catalytic comparison of (n°-Cp)Pd(IPr)Cl,
(n3-cinnamy!)Pd(IPr)Cl and (n3-1-t-Bu-
indenyl)Pd(IPr)CI

The IPr supported precatalyst for the Suzuki—Miyaura reaction
Cp was synthesized using a literature method starting from the
commercially available Pd(I) dimer (u-Cl);Pd,(n3-allyl),
(Scheme 1) [18]. It is notable that in this synthesis dimeric
{(IPr)Pd(Cl)}(n-Cl); is prepared as an intermediate, followed
by treatment with two equivalents of NaCp to generate the
monomer Cp. This synthesis makes rapid ligand screening
using the Cp supported scaffold difficult as the Cp group is
introduced after the ligand. In contrast, the syntheses of both
Cin and BUInd involve the initial preparation of dimers
of the form {(n3-cinnamyl)Pd},(p-Cl)y or {(n3-1-¢-Bu-
indenyl)Pd},(p-Cl),, respectively [11,15], which can then be
treated with a ligand to generate the ligated precatalyst. Despite
repeated attempts we were unable to synthesize a related unli-
gated Cp containing dimer, which could be used for ligand
screening [21].

The catalytic activity of Cp for Suzuki-Miyaura reactions with
different substrates under both strong (KO#-Bu) and weak
(K5CO3) base conditions is compared to Cin and *B"Ind in
Figure 2 and Figure 3. In general, the performance of Cp is
slightly better than Cin, but considerably worse than B¥Ind. At

Cl

excess HCl in Et,0 /

Et,0, 1 hour

IPr Cl
>Pd/ Pd
Cl \CI IPr

2 NaCp
THF, 12 hours

&

|
2 Pd
IPr/ N
Cp

Cl
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Figure 2: Comparison of catalytic performance of Cin, Cp and tBUInd for a series of Suzuki-Miyaura reactions using KO#-Bu as the base. Yields for
Cin and tBYInd are from previous literature results [15]. All yields were determined using GC and are the average of two runs.

times when reactions using the "®¥Ind precatalyst are complete,
between 10 and 60% conversion is achieved with Cp. If reac-
tions catalyzed by Cp are left for longer periods of time
complete conversion occurs, indicating that the difference in
rates is not related to rapid catalyst decomposition in the case of
Cp. These results confirm the previously reported high activity
of Cp supported precatalysts [18]. Although the difference in
performance between Cin, Cp and "¥Ind varies depending on
the specific substrate and catalyst loading, we are not able to
discern any general trends in the data. For example, in some
cases Cp gives better activity than Cin for the synthesis of
di-ortho-substituted biaryls (products 1 and 7), whereas in
another case Cp gives only slightly better activity (product 3).
However, in general, the relative catalytic performance of the

different precatalysts does not vary when the base is changed.

Understanding the relative activity of (n°-
Cp)Pd(IPr)CI (Cp)

In order to understand the relative activity of Cp in comparison
to Cin and B¥Ind, we measured both the rate at which it is acti-
vated to monoligated Pd(0) and its tendency to undergo
comproportionation to a Pd(I) dimer. The rate of activation was
measured using the same procedure that we have previously
used for Cin and "¥Ind [16]. Cp was treated with base in the
presence of ten equivalents of 1,3-divinyl-1,1,3,3-tetramethyl-
disiloxane (dvds) under a variety of conditions which are rele-
vant to the Suzuki—Miyaura coupling and the reaction followed
using '"H NMR spectroscopy (Table 1). The metal containing
product of this reaction is the Pd(0) complex (IPr)Pd(dvds) [22].
The rate of formation of (IPr)Pd(dvds) can be used as a model
for the rate of Pd(0) formation in catalysis. In all cases Cp is
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Figure 3: Comparison of catalytic performance of Cin, Cp and BUInd for a series of Suzuki-Miyaura reactions using K,CO3 as the base. Yields for
Cin and 'BUInd are from previous literature results [15]. All yields were determined using GC and are the average of two runs.

activated slower than BUInd [16], consistent with its inferior
catalytic performance. For example, under the reaction condi-
tions used in Table 1, entry 4, the rate of activation for tBuppq is
7.6 £0.1 x 107* 57! compared to 3.4 £ 0.1 x 107 s™! for Cp
[16]. In contrast, Cp is generally activated faster than Cin. The
rate of activation for Cin under the conditions used in Table 1,
entry 3 is 4.2 + 0.1 x 1074, less than half the rate of that
observed for Cp. The conditions used in Table 1, entry 4 are the
most relevant to the catalysis described above, but although in
this case it appears that Cp is activated faster than Cin
(34+0.1 x10*s ' vs 1.4+0.2 x 107 s7), the relatively
large error associated with these numbers makes a firm conclu-
sion difficult.

The mechanism of activation of Cp appears to be analogous to
that previously described for Cin and *BVInd as the organic
byproducts of Cp activation, cyclopentadiene and either acetone
(in the case of reactions performed in iPrOH) or formaldehyde
(in the case of reaction performed in MeOH), are consistent
with the previously reported pathway (Scheme 2) [16]. In this
mechanism initial substitution of a ClI”~ ligand in Cp by the
solvent gives rise to the alkoxide complex A. Subsequently, the
1°-Cp ring can undergo slippage to form complex B, with an
1!-Cp ligand. The n'-Cp ligand is nucleophilic and can abstract
a B-hydrogen from the alkoxide ligand to generate a Pd(0)
species with a coordinated cyclopentadiene ligand (C). In this
step the formaldehyde or acetone byproduct originating from
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Table 1: Rates of activation of Cp under different conditions in the presence of dvds.?

\¥Si\Me2
Cp + 10 equiv base + 10 equiv /O
/—SiMeg
Entry Base Solvent

1 KOt-Bu iPrOH-dg°®

2 KOt-Bu MeOH-d,

3 KoCO3 MeOH-d,d

4 KoCO3 MeOH-d,d

et /\SiMez
- p—Pd O 4  organic
5°C / yproaucts
\/—SIMQQ
PhB(OH), present Rate of activation kgps (s71)P
No 2.8+0.1x 1073
No 1.1+0.1x 1073
No 9.2+0.2x 1074
Yes® 34+0.1x107

aReaction conditions: 0.0087 mmol Cp, 0.087 mmol of base, 0.087 mmol of dvds in 500 uL of solvent. PAll rates are the average of at least two runs
and were measured using "H NMR spectroscopy. ©100 L of THF-dg was added along with only 400 pL of iPrOH. 9Two equivalents of 18-crown-6
(relative to K,CO3) were added to solubilize the KoCO3. €0.0087 mmol precatalyst, 0.087 mmol phenylboronic acid, 0.096 mmol base, 0.087 mmol

dvds in 500 L MeOH-dj.

| I base p‘du Pd!l
Pd —
i’ N ReCHOH o OCHR, pr” \OCHR2
Cp (solvent; A B
R =H or Me)
+
—R,C=0 ‘ 'T'
. R
Pd—
P O/\R

[(IPr-Pd¥] + @ S |Pr—Pd°—@

Scheme 2: Proposed mechanism for the activation of Cp to monoligated Pd(0).

the solvent is released. Finally, dissociation of the olefin ligand
from C generates the active monoligated Pd(0) species, which
in catalysis undergoes oxidative addition with the aryl halide,
but in the case of our activation experiments is trapped by dvds.

The considerably faster rate of activation for Cp compared to
Cin, suggests that Cp should be a much better precatalyst than
Cin, which is inconsistent with our catalytic results (Figure 2
and Figure 3). In our model for precatalyst performance,
catalytic activity is also related to the ease at which the starting
precatalyst undergoes comproportionation with monoligated
Pd(0) to form a Pd(I) dimer [13]. The reaction of Cp with a
weak base, K,COj3, in an alcohol solvent (MeOH) provided the
dimeric complex, (u-Cp)(n-C1)Pdy(IPr); (CpPim), in excellent
yield (82%, Scheme 3). This is the same procedure we previ-
ously described for the preparation of Pd(I) dimers with a
bridging chloride ligand and one bridging allyl or indenyl
ligand [13].

C
| KQCO3
CK IPr—Pd—Pd—IPr
P cl MeOH, 2 hours e’
Cp chim

Scheme 3: Synthesis of CpPim.

CpPim was characterized by NMR spectroscopy and X-ray
crystallography (see Figure 4). The binding of the bridging Cp
ligand is similar to that observed in other Pd(I) dimers
supported by a bridging Cp or indenyl ligand [23-39]. The two
Pd centers are bound to three carbon atoms of the bridging Cp
ligand. Two of the three carbon atoms are bound to only one Pd
center, while the central carbon atom binds to both Pd centers.
Pd—C bond distances of almost 3 A clearly indicate that there is
no interaction between the Pd centers and the other two carbon
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atoms of the bridging Cp ligand. Consistent with this pseudo
13-binding, the C—C bond distances relating to two long bonds,
two bonds of intermediate length and one short bond in the
bridging Cp ligand are similar to those observed in monomeric
1°-systems [40]. Strong evidence for a Pd—Pd single bond is
provided by the Pd—Pd distance of 2.5669(4) A [41]. Presum-
ably for steric reasons the NHC ligands are bent away from the
bridging Cp ligand and the C—Pd-Pd (C of IPr) bond angles are
significantly less than 180° (Pd(1)-Pd(2)-C(7) 164.9(1) and
Pd(2)-Pd(1)-C(6) 171.1(1)).

To determine if CpPi™ is catalytically relevant modified condi-
tions were used to allow for the reaction to be monitored by
TH NMR spectroscopy (Scheme 4). In order to observe the Pd
containing species, an increased catalyst loading was used,
4 mol % Cp, compared to the loadings described in Figure 2
Dim al

and Figure 3. Peaks consistent with the formation of Cp re

observed during catalysis, and approximately 40% of the Pd is
in the form of CpP™ upon completion of the catalytic reaction.
In contrast, for Cin under the same conditions, only a small
amount of Pd was determined to be in the form of a Pd(I) dimer
[13]. This suggests that Cp is more likely to undergo dimeriza-
tion than Cin. CpP™ was confirmed to be a poor catalyst under
the conditions employed in Figure 2 (Scheme 5). This result is
Dim

indicative of Cp“'™ as an off-cycle deactivation product, which

reduces the amount of the active Pd(0) species in solution.

Previously, we have demonstrated that the comproportionation
of Pd(0) and Pd(II) species to IPr supported Pd(I) dimers with
one bridging allyl and one bridging chloride ligand is reversible
[13,14]. One method to measure the rate of disproportionation

20 equiv 4-chlorotoluene

21 equiv PhB(OH),
| 22 equiv KOt-Bu

P
P’ d\cn 400 pL MeOH-d,/
cp 100 L THF-ds

Scheme 4: Observation of CpP™ under modified catalytic conditions.

1.0 mol % CpPim

Beilstein J. Org. Chem. 2015, 11, 2476-2486.

Figure 4: ORTEP of CpPim at 30% probability. Hydrogen atoms and
isopropyl groups of IPr are omitted for clarity. Selected bond lengths
(A) and angles (°) for: Pd(1)-Pd(2) 2.5669(4), Pd(1)-C(5) 2.102(4),
Pd(1)-C(1) 2.480(4), Pd(2)-C(2) 2.119(4), Pd(2)-C(1) 2.449(4),
Pd(1)-C(6) 2.022(4), Pd(2)-C(7) 2.031(4), Pd(1)-ClI(1) 2.402(2),
Pd(2)-Cl(1) 2.398(1), C(1)-C(2) 1.433(6), C(2)-C(3) 1.463(8),
C(3)-C(4) 1.347(6), C(4)—C(5) 1.465(7), C(1)-C(5) 1.438(7),
Pd(1)-Cl(1)-Pd(2) 64.65(3), Pd(1)-C(1)-Pd(2) 62.8(2),
Pd(1)-Pd(2)-C(7) 164.9(1), Pd(2)—-Pd(1)-C(6) 171.1(1).

of Pd(I) dimers is to react these species with a trapping agent
for Pd(0), such as dvds. This results in the formation of the
Pd(0) species (IPr)Pd(dvds) and a Pd(Il) species of the form
(m3-allyl)Pd(IPr)(Cl). We examined the tendency of CpP™ to
undergo disproportionation in the presence of dvds. The dispro-
portionation of CpPiM is extremely difficult and at 60 °C the

>

IPr—Pd——Pd—IPr + biaryl
Not’ yield > 95%
CpDim
yield 40%

Oa + <j/>|3(0H)2

KOt-Bu, MeOH/THF (19:1)
rt

no product
formation

Scheme 5: CpPiM is not an active precatalyst for a Suzuki—Miyaura reaction at room temperature.
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(¢]] - /—SIMGZ 200 L CgDg \/_SIMGQ IPr Cl
chlm Cp

Scheme 6: Disproportionation of CpPi™ with dvds.

half-life for the formation of Cp and (IPr)Pd(dvds) is
60 minutes (Scheme 6). In contrast, in the presence of dvds
(p-cinnamyl)(n-CI)Pdr(IPr), undergoes full disproportionation
in approximately 40 minutes at 40 °C, while for (p-allyl)(p-
Cl)Pd,(IPr), the reaction is complete in less than 10 minutes at
room temperature [13]. Although these results show that dispro-
portionation of CpPiM is more difficult than related allyl
species, they provide no information on whether this is related

to thermodynamic or kinetic effects.

To probe the relative thermodynamic favorability of dimer for-
mation between allyl and Cp systems we performed a crossover
experiment (Scheme 7a). In this experiment (p-allyl)(p-
CI)Pd;(IPr), was mixed with Cp. The products of crossover are
CpDim and (n3-allyl)Pd(IPr)(Cl) and our experiments indicate
that the equilibrium favors these species. The crossover reac-
tion can be described as the combination of the disproportiona-
tion of the allyl dimer and the comproportionation of Cp with
[Pr-Pd(0) (Scheme 7b). From these results, we conclude
that the comproportionation reaction to form CpPi™ is more
exergonic than in the allyl case (JAG®cpdimerformation| >

|AG®al1yldimerformation| in Scheme 7b). The results of this experi-

tip = 60 min at 60 °C

ment indicate that in part disproportionation of CpPi™ to form
Cp and L-Pd(0) is more challenging than the corresponding
allyl dimer for thermodynamic reasons.

Conclusion

We have performed the first detailed comparative investigation
of the catalytic activity for the Suzuki-Miyaura reaction of (n°-
Cp)Pd(IPr)(Cl) (Cp), with the related commercially available
catalysts (n3-cinnamyl)Pd(IPr)(Cl) (Cin) and (n3-1-z-Bu-
indenyl)Pd(IPr)(CI) (*BUInd). We found that Cp is a slightly
more efficient catalyst than Cin, but significantly less active
than ¥Ind. The low activity of Cp in comparison to *B¥Ind is
related both to its slower rate of activation to the monoligated
Pd(0) active species and its tendency to form a significant
amount of the inactive Pd(I) dimer (p-Cp)(p-Cl)Pd,(IPr);
(CpPi™) under catalytic conditions. The formation of this inac-
tive dimer also explains why Cp is only a slightly more active
precatalyst than Cin, which activates slower than Cp, but is less
likely to form the corresponding inactive Pd(I) dimer. In prin-
ciple, the addition of steric bulk to Cp could prevent the forma-
tion of a Pd(I) dimer and result in a more active precatalyst.

However, an additional challenge that must be overcome if

a)
Py
S | Keq
IPr—Pd—Pd—IPr +  Pd IPr—Pd—Pd—IPr +  Pd
¢ e KCG 611 e’ e el
Cp €q ’ CpDim
b) A
S—r~ | AG®
IPr—Pd—Pd—IPr — Pd—IPr + Pd - allyldimerformation
\CI/ IPr/ \CI
' 0
Pd—IPr + Pd\ — IPr—Pd—Pd—IPr AG® cpdimerformation
IPr Cl Cl

AGocrossover = AGOdeimerformaﬂion - AGOaIIyIdimerformation

Scheme 7: a) Crossover experiment between Cp and (u-allyl)(u-Cl)Pdy(IPr),. b) Crossover experiment expressed as the sum of disproportionation

and comproportionation half reactions.
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practical precatalyst scaffolds based on a Cp ligand are to be
developed is that the synthetic routes to these species are
currently not amenable to rapid ligand screening in an analo-

gous fashion to Cin and BUInd.

Experimental
General methods

As previously described in [13] and [15], experiments were
performed under a dinitrogen atmosphere in an M-Braun dry
box or using standard Schlenk techniques unless otherwise
stated. Under standard glovebox conditions, purging was not
performed between uses of pentane, benzene and toluene; thus
when any of these solvents were used, traces of all these
solvents were in the atmosphere and could be found intermixed
in the solvent bottles. Stainless steel cannulas were used to
transfer moisture- and air-sensitive liquids on a Schlenk line or
in a dry box. THF, diethyl ether, and toluene were dried by
passage through a column of activated alumina followed by
storage under dinitrogen. All commercial chemicals were used
as received; exceptions where noted. MeOH (J. T. Baker) and
iPrOH (Macron Fine Chemicals) were not dried but were
degassed by sparging with dinitrogen for one hour and stored
under dinitrogen. Potassium tert-butoxide (99.99%, sublimed)
was purchased from Aldrich. Potassium carbonate was
purchased from Mallinckrodt and ground up with a mortar and
pestle and stored in an oven at 130 °C prior to use. 1,3-Divinyl-
tetramethyldisiloxane was purchased from TCI. Deuterated
solvents were obtained from Cambridge Isotope Laboratories.
MeOH-d4 and THF-dg were not dried but were degassed prior
to use through three freeze-pump-thaw cycles. Agilent-400,
-500 and -600 spectrometers were used to record NMR spectra
at ambient probe temperatures. Gas chromatography analyses
(GC) were performed on a Shimadzu GC-2010 Plus apparatus
equipped with a flame ionization detector and a Shimadzu
SHRXI-5MS column (30 m, 250 um inner diameter, film:
0.25 pm). The following conditions were utilized for GC
analyses: flow rate 1.23 mL/min constant flow, column
temperature 50 °C (held for 5 min), 20 °C/min increase to
300 °C (held for 5 min), total time 22.5 min. Literature
procedures were used to prepare the following compounds:
(n3-cinnamyl)Pd(IPr)(Cl) (Cin) [11], (n3-1-7-Bu-
indenyl)Pd(IPr)(Cl) (*BUInd) [15], (n3-Cp)Pd(IPr)(CI) (Cp) [18]
(u-allyl)(n-Cl)Pd,(IPr), [13].

X-ray crystallography

X-ray diffraction experiments were carried out on a Rigaku
MicroMax-007HF diffractometer coupled to a Saturn994+ CCD
detector with Cu Ko radiation (A = 1.54178 A) at =180 °C. The
crystals were mounted on MiTeGen polyimide loops with
immersion oil. The data frames were processed using Rigaku

CrystalClear and corrected for Lorentz and polarization effects.
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Using Olex2 [42] the structure was solved with the XS [43]
structure solution program by Patterson methods and refined
with the XL [43] refinement package using least-squares mini-
mization. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were refined using the riding model unless
otherwise stated.

Synthetic procedures and characterizing data
(M-Cp)(k-Cl)Pdy(IPr), (CpPim)

(m-Cp)Pd(IPr)(CI) (Cp) (0.250 g, 0.42 mmol) and K,CO;
(0.116 g, 0.84 mmol) were added to a 100 mL Schlenk flask.
Degassed MeOH (30 mL) was added to the flask via cannula.
The reaction mixture was stirred at room temperature for
2 hours. The precipitate was filtered in air and washed with
water to remove excess salts. The solid was washed with
pentane and dried under vacuum to give CpPi™ as a red solid.
Yield: 0.188 g, 82%. X-ray quality crystals were grown from
a saturated toluene solution layered with pentane
(V(toluene):V(pentane) = 1:2) at —35 °C. TH NMR (CgDg,»
400 MHz) 7.18 (t, J = 7.7 Hz, 4H), 7.11 (d, J = 7.7 Hz, 8H),
6.62 (s, 4H), 4.39 (s, SH), 3.13 (sept, J = 6.8 Hz, 8H), 1.35 (d, J
= 6.9 Hz, 24H), 1.11 (d, J = 6.9 Hz, 24H); '3C{!H} NMR
(Cg¢Dg, 100 MHz) 186.5, 146.0, 137.3, 128.9, 123.4, 122.2,
84.3, 28.5, 25.3, 23.1.

Representative procedures for catalytic
Suzuki—Miyaura reactions with Cp

KOt-Bu conditions

Reactions were performed under dinitrogen in a 1 dram vial
containing a flea stir bar and sealed with a septum cap. To the
vial was added 950 puL of a MeOH stock solution, containing
0.5263 M aryl chloride, 0.5525 M boronic acid, 0.5789 M
KO#-Bu and 0.2632 M naphthalene. The vial was then heated
using an aluminum block heater set to 25 °C. After thermal
equilibration, the reaction was initiated via the addition of
50 pL of the appropriate precatalyst solution in THF (0.1 M
[Pd]). Aliquots (=50—100 pL) were removed at reaction times
indicated. The aliquots were purified by filtration through pipet
filters containing approximately 1 cm of silica and eluted with
1-1.2 mL of ethyl acetate directly into GC vials. Conversion
was determined by comparison of the GC responses of product
and the internal naphthalene standard. Biaryl products were
initially synthesized using literature procedures [15], identified
using NMR spectroscopy by comparison to the literature chem-
ical shifts [11] and then these pure samples used to generate
calibration plots for the GC.

K>CO3 conditions
Potassium carbonate (0.75 mmol) was transferred on the
benchtop into a 1 dram vial containing a flea stir bar. The vial

was sealed with a septum cap, and placed under dinitrogen (by
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cycling three times between vacuum and dinitrogen) on a
Schlenk line through a needle. To the vial was added 950 pL of
a MeOH stock solution, containing 0.5263 M aryl chloride,
0.5525 M boronic acid and 0.2632 M naphthalene. The vial was
then heated using an aluminum block heater set to 25 °C. After
thermal equilibration, the reaction was initiated via the addition
of 50 pL of the appropriate precatalyst solution in THF (0.1 M
[Pd]). Aliquots (=50—-100 pL) were removed at reaction times
indicated. The aliquots were purified by filtration through pipet
filters containing approximately 1 cm of silica and eluted with
1-1.2 mL of ethyl acetate directly into GC vials. Conversion
was determined by comparison of the GC responses of product
and the internal naphthalene standard. Biaryl products were
initially synthesized using literature procedures [15], identified
using NMR spectroscopy by comparison to the literature chem-
ical shifts [11] and then these pure samples used to generate
calibration plots for the GC.

Experiments on activation of Pd(Il) to Pd(0)
Experimental details for Table 1: Rates of activation
of Cp under different conditions in the presence of
dvds

iPrOH-dg/KO¢-Bu experiments: KO¢-Bu (9.8 mg,
0.087 mmol) was dissolved in 300 puL of iPrOH-dg along with
100 pL of a 0.87 M solution of dvds in iPrOH-dg. Cp (5.2 mg,
0.0087 mmol) was dissolved in 100 puL of THF-dg. These solu-
tions were combined in a J. Young NMR tube at =78 °C. The
reaction mixture was degassed on a Schlenk line, after which
dinitrogen was introduced into the NMR tube. An array of
TH NMR spectra was taken at 25 °C over the course of 3 hours.
During this time, the growth of the methyl protons of the
(IPr)Pd(dvds) [22] product were monitored.

MeOH-d4/KOt-Bu experiments: KO¢-Bu (9.8 mg,
0.087 mmol) was dissolved in 300 uL. of MeOH-d, along with
100 uL of a 0.87 M solution of dvds in MeOH-dy. Cp (5.2 mg,
0.0087 mmol) was dissolved in 100 pL. of MeOH-d4. These
solutions were combined in a J. Young NMR tube at =78 °C.
The reaction mixture was degassed on a Schlenk line, after
which dinitrogen was introduced into the NMR tube. An array
of 'H NMR spectra was taken at 25 °C over the course of
3 hours. During this time, the growth of the methyl protons of
the (IPr)Pd(dvds) [22] product were monitored.

MeOH-d4/K,CO3 experiments: K,COj3 (12.0 mg,
0.087 mmol) and 18-crown-6 ether (46.0 mg, 0.174 mmol) were
dissolved in 300 pL of MeOH-d4 along with 100 uL of a
0.87 M solution of dvds in MeOH-d4. Cp (5.2 mg,
0.0087 mmol) was dissolved in 100 pL. of MeOH-d4. These
solutions were combined in a J. Young NMR tube at =78 °C.

The reaction mixture was degassed on a Schlenk line, after
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which dinitrogen was introduced into the NMR tube. An array
of 'H NMR spectra was taken at 25 °C over the course of
3 hours. The strong —CH, peak from the 18-crown-6 ether was
suppressed by presaturating its signal during the experiment.
During this time, the growth of the methyl protons of the
(IPr)Pd(dvds) [22] product were monitored.

MeOH-d4/K,CO3/PhB(OH); experiments: KOz-Bu (10.8 mg,
0.096 mmol) and phenylboronic acid (10.6 mg, 0.087 mmol)
were dissolved in 300 uL of MeOH-d, along with 100 pL of a
0.87 M solution of dvds in MeOH-d4. Cp (5.2 mg,
0.0087 mmol) was dissolved in 100 uL of MeOH-d,. These
solutions were combined in a J. Young NMR tube at —78 °C.
The reaction mixture was degassed on a Schlenk line, after
which dinitrogen was introduced into the NMR tube. An array
of 'H NMR spectra was taken at 25 °C over the course of
3 hours. During this time, the growth of the methyl protons of
the (IPr)Pd(dvds) [22] product were monitored.

Catalysis using Cp under NMR conditions: In a glovebox,
phenylboronic acid (10.0 mg, 0.082 mmol), 4-chlorotoluene
(9.2 puL, 0.0781 mmol), KO#-Bu (9.6 mg, 0.0859 mmol) and
2,6-dimethoxytoluene (6.0 mg, 0.039 mmol) were dissolved in
400 pL of MeOH-dy. Cp (1.8 mg, 0.0031 mmol) was dissolved
in 100 pL of THF-dg. These solutions were combined in a J.
Young NMR tube and the reaction was monitored by 'H NMR
spectroscopy for one hour at 25 °C. After this time, the solvent
mixture was removed on a Schlenk line and benzene-dg was
added. A final 'H NMR spectrum was recorded to identify the
Pd containing products of the reaction. CpPi™ was observed as
the main Pd containing product, with a yield of 40% compared

to the internal standard 2,6-dimethoxytoluene.

Catalysis using CpP™ as precatalyst: 0.05 mmol of CpPim
was transferred into a 1 mL volumetric flask in a glovebox. The
precatalyst was dissolved in THF, and the solution was diluted
to 1 mL. The solution was transferred to a flask with a Kontes
valve. Reactions were performed under dinitrogen in a 1 dram
vial containing a flea stir bar and sealed with a septum cap. To
the vial was added 950 pL of the MeOH stock solution
described above. The vial was then heated using an aluminum
block heater set to 25 °C. After thermal equilibration, the reac-
tion was initiated via the addition of 50 puL of the THF solution
containing CpP™ (0.1 M [Pd]). Aliquots (=50—100 pL) were
removed at 30 and 60 minutes. The aliquots were purified by
filtration through pipet filters containing approximately 1 cm of
silica and eluted with 1-1.2 mL of ethyl acetate directly into GC
vials. Conversion was determined by comparison of the GC
responses of product and the internal naphthalene standard. No
conversion to the biphenyl product was observed at either time

point.
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Disproportionation of CpP™ using dvds: In a nitrogen filled
glovebox, CpPi™ (5.5 mg, 0.005 mmol), dvds (9.2 mg,
0.05 mmol) and 2,6-dimethocytoluene (0.8 mg, 0.005 mmol)
were added to a vial. MeOH-d4 (300 pL) and deuterated
benzene (200 pulL) were added and the homogeneous mixture
was transferred to a J. Young tube and sealed. The contents
were heated at 60 °C for one hour, at which time an NMR spec-
trum was recorded. The methyl protons of the product
(IPr)Pd(dvds) [22] were compared to the internal standard. At
one hour, the reaction had reached 50% conversion.

Crossover experiment using Cp and (p-allyl)(p-
Cl)Pd;(IPr);: In a nitrogen-filled glovebox, (pn-allyl)(p-
Cl)Pd,(IPr), (4.0 mg, 0.00375 mmol) and Cp (2.2 mg,
0.00375 mmol) were added to a vial. C¢Dg (0.5 mL) was added
and the solution was transferred to a J. Young tube and sealed.
The mixture was heated to 60 °C and allowed to equilibrate
over 36 hours. At this time, an NMR spectrum was recorded at
room temperature. The equilibrium constant was calculated by
using relative integrations of the Cp protons from Cp and
CpPim to yield a K of 1.1.

Supporting Information
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crystallographic information for CPDim.
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The coordination versatility of a 1,3,5-triphenylbenzene-tris-mesoionic carbene ligand is illustrated by the preparation of complexes

with three different metals: rhodium, iridium and nickel. The rhodium and iridium complexes contained the [MCI(COD)] frag-

ments, while the nickel compound contained [NiCpCl]. The preparation of the tris-MIC (MIC = mesoionic carbene) complex with

three [IrC1(CO),] fragments, allowed the estimation of the Tolman electronic parameter (TEP) for the ligand, which was compared

with the TEP value for a related 1,3,5-triphenylbenzene-tris-NHC ligand. The electronic properties of the tris-MIC ligand were

studied by cyclic voltammetry measurements. In all cases, the tris-MIC ligand showed a stronger electron-donating character than

the corresponding NHC-based ligands. The catalytic activity of the tri-rhodium complex was tested in the addition reaction of aryl-

boronic acids to o,3-unsaturated ketones.

Introduction

Highly symmetrical poly-NHCs are a very interesting type of
ligands, because they allow the preparation of a variety of
supramolecular assemblies that include molecular squares and
triangles [1-6], cylinder-like structures [7-13], organometallic
polymers [14-22] and even organometallic mesoporous ma-

terials [21,22]. Another interesting feature of this special type of

poly-NHC:s is its ability to form multimetallic catalysts whose
catalytic performances can be compared with analogous
monometallic NHC complexes [23-25]. On several occasions
their activity has proven higher than the activities shown by
their monometallic counterparts [23,26]. In the last few years

we became interested in the design of several types of Csy-
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symmetric tris-NHCs, both for the preparation of self-assembly
molecular cages [12,13,27] and for the design of discrete
trimetallic molecules whose catalytic performances were
explored [23,25,28,29]. Among these ligands, we found those
featuring a nanoscale distance between the metals especially
interesting [13,27] because for these systems a catalytic cooper-
ation between the active metal sites should not be expected. As
a consequence all catalytic improvements should be assigned to
reasons dealing with supramolecular interactions [30] or with
the higher nanolocal concentration of metal sites in the multi-
metallic catalyst [31]. In this context, we obtained the 1,3,5-
triphenylbenzene-based C3-symmetrical tris-NHC ligand A
(Scheme 1), which was coordinated to rhodium and iridium
[25]. The catalytic activity of the trirhodium complex was tested
in the addition reaction of arylboronic acids to 2-cyclohexen-1-
one, where it showed good activity. The same ligand was also
used for the preparation of nanometer-sized cylinder-like struc-
tures of Cu, Ag and Au [13].

As mesoionic carbenes (MICs) are known to be stronger elec-
tron donors compared to NHCs [32-36], and because poly-MIC
ligands are less explored [37-46], we very recently synthesized
the tris-diarylated-(1,2,3-triazol-5-ylidene)-1,3,5-triphenylben-
zene-based ligand (B). This ligand afforded trisilver and trigold
cages with very interesting rearranging properties when mixed
with the related 1,3,5-triphenylbenzene-based tris-NHC Ag
cages [27]. Shortly afterwards, Sarkar and co-workers used a
dialkylated (1,2,3-triazol-5-ylidene)-1,3,5-triphenylbenzene-
based ligand for the preparation of the corresponding tris-Ir(III)
and Pd(II) complexes and tested them for their catalytic activi-
ties [47].

Based on these previous findings, we herein report the syn-
thesis of the tri-metallic complexes of Rh(I), Ir(I) and Ni(II)

Et
N
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Scheme 1: Schematic representation of ligands A and B.
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with the tris-MIC ligand B. The preparation of these complexes
gives us an excellent opportunity to compare the electronic
properties of the tris-MIC ligand B with those of its tris-NHC
analogue, A. The catalytic activity of the tris-MIC-trirhodium
complex was tested in the addition reaction of arylboronic acids
to 2-cyclohexen-1-one and compared to the results obtained
with the tris-NHC analogue.

Results and Discussion

Complex 2 was obtained by the in situ deprotonation of the tris-
triazolium salt 1 with potassium bis(trimethyl)silyl amide
(KHMDS) in the presence of [RhCI(COD)], in THF at =78 °C
(Scheme 2). It was isolated in 84% yield after purification by
column chromatography. For the preparation of the related
iridium(I) complex, we found it more convenient to use a
preparative method inspired by a recent work by Plenio and
co-workers [48]. In this way refluxing a mixture of 1 with
[IrCI(COD)]; in the presence of K,COj3 in acetone for 24 h
gave the triiridium(I) complex 3 in 60% yield after purification.
The complexes 2 and 3 were characterized by NMR and
mass spectrometry. Both, the 'H and the 13C NMR spectra
of the complexes were consistent with the expected
threefold symmetry of the molecules, as exemplified by the
appearance of one only signal for the carbene carbons, at 173.4
(Yrh_c = 41.5 Hz) and 172.1 ppm, for 2 and 3, respectively.
The "H NMR spectra of complexes 2 and 3 exhibited relatively
broad signals, which may indicate a fluxional behavior. This
may be likely caused by the combined rotation around the C-C
sigma bonds of the tris-MIC ligand and the C_,pene—M bond.

In order to widen the coordination scope of the tris-MIC ligand
B, the corresponding Ni(Il) complex was also synthesized. The
reaction of 1 with [NiCp,] in the presence of NEt4Cl in
refluxing dioxane, afforded the tris-MIC complex of Ni(Il) 4, as

Mes

e
: Q,'\l\

Mes

Mes = 2,4,6-trimethylphenyl
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KHMDS, [RhCI(COD)],

1,4-dioxane/A

Mes = 2,4,6-trimethylphenyl

Cp = cyclopentadienyl

—78 °C, THF

[IrCI(COD)],,
K,CO3

acetone/A

CO/CH,Cl,
rt

(forM =1r)

Scheme 2: Synthesis of rhodium(l), iridium(l), and nickel(ll) complexes of ligand B.

a red solid in 40% yield after purification. The three-fold
symmetry of this complex was also confirmed by its NMR
spectra. In the IH NMR a singlet assigned to the equivalent 15
protons of the three cyclopentadienyl rings was observed. As
already indicated for complexes 2 and 3 the "H NMR spectrum
of complex 4 showed broad signals as a consequence of the
fluxionality due to the rotation about the C—C sigma bonds of
the ligand, and the Cyrpene—Ni bond. The '3C NMR spectrum
showed the distinctive signal due to the metalation of the
carbene carbon at 151.4 ppm, which is in the same region of the
previously reported [NiCpCI(MIC)] complex (148 ppm) [49].
The trimetallic nature of the complex was further confirmed by

mass spectrometry, which revealed a peak at m/z 810.7,
assigned to [M — 2CI]2*. Compound 4 is very interesting,
because despite the fact that many [NiCpX(NHC)] complexes
have already been reported [49-53], to our knowledge, this is

the first tris-MIC-trinickel complex described so far.

To further evaluate the electron-donating character of the tris-
MIC ligand B, the iridium hexacarbonyl complex 5 was
obtained by bubbling carbon monoxide into a solution of 3 in
CH;Cl,. The resulting yellow solid was obtained in 93% yield.
The IR spectrum of a CH,Cl, solution of § showed the charac-
teristic CO stretching bands at 2057 and 1972 cm™! from which
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a Tolman electronic parameter (TEP) of 2042 em ! could be
estimated by using the well-accepted correlations [54-56]. This
obtained TEP value is slightly lower than the one shown by the
tris-NHC analogue A, for which the reported TEP was
2045 cm™!, therefore suggesting that the tris-MIC ligand B is a
stronger electron donor than ligand A. However, this compari-
son must be taken with care, because the tris-carbene ligands A
and B, not only differ in the nature of their carbenes (MIC vs
NHC), but also in their substituents at the carbene rings, which
may also affect the electronic nature of the ligands. It worth
mentioning, that the monometallic complex [IrCI(MIC)(CO);]
(MIC = 1,3-bis(2,6-diisopropylphenyl)-4-phenyl-1,2,3-tria-
zolylidene), which may be considered as the monometallic
analogue of complex 5, displays an average CO stretching
frequency at 2018 cm™! [32]. This frequency is 4 cm™! higher
than the average frequency observed for 5 (2014 cm™!), indi-
cating a stronger electron-donating character of the tris-MIC
ligand. In a similar way, the Tolman electronic parameter of
1-ethyl-3-phenylimidazolyidene (which may be considered as
the monocarbene analogue of A) is 2053 em! [57], therefore
8 cm™! higher than that reported for A. Scheme 3 displays the
comparison of the TEP values of the triscarbene ligands A and
B, and their related monocarbenes. The results clearly indicate
that the tritopic nature of ligands A and B is significantly
improving the electron-donating ability of the ligands which by
no means should be regarded as the simple combination of the
three monocarbenes that constitute the branches of these tris-

carbenes.
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To gain further insight into the electronic properties of the tris-
MIC ligand B, cyclic voltammetry studies of 2 and 3 (Figure 1)
and 4 (Figure 2) were performed. The rhodium complex 2
showed an irreversible wave at £, = 0.56 mV, while the
iridium complex 3 displayed a pseudo-reversible wave at a half-
wave potential of E1/; = 0.63 mV. Compared to the cyclic
voltammetry data obtained for the analogous Rh and Ir
complexes with the tris-NHC ligand A (£, = 0.67 mV, for
both complexes) [25], the observed lower Ej,; values for
complexes 2 and 3 are consistent with a stronger electron-
donating character of the tris-MIC ligand B. Further the obser-
vation of only one redox wave for both complexes 2 and 3 is
consistent with the electronic disconnection of the three metals

in both trimetallic complexes.

The cyclic voltammetry diagram of the tri-Ni(II) complex 4 is
shown in Figure 2, together with the differential pulse voltam-
metry (DPV) plot. The complex shows a quasi-reversible wave
at a half-wave potential of £/, = 0.64 mV, which is signifi-
cantly lower than the half-wave potential (E;,; = 0.72 mV)
exhibited by the monometallic NHC-based complex
[NiCpCl(IMes)] [50] (IMes = 1,3-mesitylimidazolylidene). This
is in agreement with the stronger electron-donating character for
the ligand in 4 compared to IMes. From the differential pulse
voltammetry (DPV) analysis generated for 4 it can be seen that
there is only one redox event taking place, thus evidencing that
the trimetallic complex 4 contains three nickel fragments that
are essentially decoupled.

TEP = 2042 cm™
lyles
N
NO)J :
N—*
Meé

TEP = 2045 cm™

Scheme 3: Tolman electronic parameters (TEP) for A, B and their related monocarbenes.
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Figure 1: CV plots of complexes 2 (a), and 3 (b). Experiments were carried out using 1 mM solutions of the complexes in dry CH,Cl, with 0.1 M
[NBu4][PFg] as the supporting electrolyte, 100 mVs~' scan rate, Fc*/Fc used as internal standard with E4/» (Fc/Fc*) = 0.44 V vs SCE.
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Figure 2: CV plot (a) and relevant DPV section (b) of complex 4. Experiments were carried out using 1 mM solution of the complex in dry CH2Cl, with
0.1 M [NBu4][PFg] as the supporting electrolyte, 100 mVs~' scan rate, Fc*/ Fc used as internal standard with E4, (Fc/Fc*)= 0.44V vs SCE.

Since we previously evaluated the catalytic properties of the
tris-NHC Rh(I) complex 6 (Scheme 4) in the rhodium-catalyzed
addition of arylboronic acids to a,B-unsaturated ketones [25] we
decided to study complex 2 in the same reaction. From these
comparative data it was assumed to gaining more information
about the effects of the nature of the carbene ligand while main-
taining a similar structural environment on the catalyst. The
catalytic addition of arylboronic acids to o,B-unsaturated
ketones [58-62] is a process for which several Rh(I)-NHC
complexes have afforded excellent activities and chemoselectiv-
ities [58,63,64].

For the catalytic experiments, the arylation of 2-cyclohexen-1-
one with several arylboronic acids was studied. The results
obtained with 0.066 mol % catalyst 2 were compared with those
previously obtained with catalyst 6. As can be seen from the
data collected in Table 1, the activity of complex 2 is lower than
that shown by complex 6, both in terms of conversion and
selectivity. For all reactions carried out in the presence of cata-
lyst 2, deborylation of the boronic acids took place. This side

Scheme 4: Schematic representation of complex 6.

reaction explains the differences found between conversions
and yields for all reactions performed. This observation is more

relevant for the case of the use of 4-methoxyphenylboronic
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Table 1: 1,4-Addition of arylboronic acids to 2-cyclohex-1-one.2

R
B(OH
o (OH)2 ]
+
KOH, 100 °C
R
(0)
Entry Catalyst R Conversion
(yield, %)
1 6 H 100 (91)P
2 2 H 66 (43)°
3 6 Me 85 (69)P
4 2 Me 63 (34)°
5 6 OMe 48 (16)°
2 OMe 52 (15)¢

@Reaction conditions: Catalyst (0.066 mol %), 2-cyclohexen-1-one
(0.5 mmol), KOH (0.09 mmol), ArB(OH), (0.6 mmol), dry toluene

(3 mL). Conversions were determined by gas chromatography (GC),
using Panisol or 2,4,6-trimethylphenol as internal standards. Yields
are given in parentheses. The results given for the use of complex 6
were taken from reference [25].

acid, for which the formation of anisole is the dominant process
(Table 1, entries 5 and 6).

Conclusion

In summary, this work illustrated the high coordination versa-
tility of a nanosized tris-MIC ligand, by obtaining a series of
Rh(I), Ir(I) and Ni(II) complexes. Interestingly, the tris-MIC
complex of Ni is the first trimetallic Ni complex with a tris-
carbene ligand. The electron-donating properties of the ligand
were assessed by cyclic voltammetry and by IR spectroscopy of
the corresponding carbonylated tris-Ir(I) complex. Both tech-
niques indicate that the ligand is a stronger electron donor than
its related tris-NHC analogue. It is even more important to
mention that the tris-MIC ligand is a stronger electron donor
than its more closely related mono-MIC ligand — a situation that
is also true for the tris-NHC ligand A, compared to its related
mono-NHC counterpart. This indicates that the triphenylben-
zene core is significantly increasing the electron-donating char-
acter of the ligand, compared to the related monocarbenes, thus
proving that the tris-carbene ligands should not be regarded as a
simple combination of three independent monocarbenes.
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Fifteen cyclic and acylic carbenes have been calculated with density functional theory at the BP86/def2-TZVPP level. The strength

of the internal X—p(n) n-donation of heteroatoms and carbon which are bonded to the C(II) atom is estimated with the help of

NBO calculations and with an energy decomposition analysis. The investigated molecules include N-heterocyclic carbenes (NHCs),

the cyclic alkyl(amino)carbene (cAAC), mesoionic carbenes and ylide-stabilized carbenes. The bonding analysis suggests that the

carbene centre in cAAC and in diamidocarbene have the weakest X—p(w) n-donation while mesoionic carbenes possess the

strongest n-donation.

Introduction

Since the isolation and unambiguous characterization of
imidazol-2-ylidene by Arduengo in 1991 [1], the chemistry of
stable singlet carbenes has become a major field of chemical
research [2-4]. The outstanding stability and synthetic utility of
N-heterocyclic carbenes (NHCs) is an ongoing subject to an
ubiquitous number of experimental and computational studies
exploring their structural and electronic properties [5-8]. In the
last two decades, these versatile compounds have been widely

employed in transition metal [9-13] and organocatalysis [14-

16], organometallic [17-19] and main group synthesis [20-26],

and activation of small molecules [27,28].

NHCs possess a divalent C(II) atom which is connected to one
or two nitrogen atoms [2,29]. The adjacent heteroatoms stabi-
lize the singlet form by both their c-electron-withdrawing char-
acter and the n-electron-donation of their lone pairs into the for-
mally empty 2p orbital of C(Il), giving rise to a four n-electron
three-centre system [1,2,30,31]. Thus, the lone pair placed in
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the plane of the ring renders NHCs as nucleophilic compounds
while the partially empty 2p orbital on C.,, provides some
m-acceptor character. It has been initially claimed that the excel-
lent ligand features of NHCs were due to their strong o-dona-
tion abilities [32,33]. However, experimental and computa-
tional evidences have revealed non-negligible w-acceptor prop-
erties [34-38]. In recent years, several strategies have success-
fully been developed for tuning the m-acidity of NHCs by
changing substitution and structural patterns, such as the size of
the backbone ring [39-41], variation of the a-heteroatoms [7],
anti-Bredt NHCs [42,43], mesoionic NHCs [44-47], ylide stabi-
lized carbenes [48-51] and other [52-55]. A remarkable varia-
tion was introduced with the cyclic alkyl(amino)carbene
(cAAC) by Bertrand in 2005 [20,56,57]. The replacement
of one amino substituent by a saturated alkyl group makes
the carbene more nucleophilic and electrophilic at the same
time [20,56,57]. Since then, cAACs have been used as a supe-
rior ligand for the stabilization of unstable chemical species,
radical and main group elements in different oxidation states
[27,34,36,58-60], due to their stronger m-acceptor and c-donor
properties.

With such a wide range of NHCs, a thorough knowledge of the
electronic nature is a prerequisite for a guided design of suit-
able applications. In this regard, a number of techniques have
been developed to quantify the m-acceptor ability of carbenes
[61,62]. Thus, NMR methods have been reported that allow the
measurement of the m-acidity of NHCs [63]. Bertrand et al. and
Ganter et al. have proposed the use of 3'P and 77Se NMR chem-
ical shift of the NHC-phenylphosphinidene and NHC-selenium
adducts, respectively, to determine the m-acceptor strength of

Beilstein J. Org. Chem. 2015, 11, 2727-2736.

the parent NHCs [64,65]. In the same way, Nolan et al. have
applied this technique to a wider range of NHCs and have
established the connection between the n-accepting abilities and
the NMR chemical shift [66]. Furthermore, different theoretical
approaches can be found in the literature where natural bond
orbital calculations (NBO) and energy decomposition analysis
(EDA) have been applied to a broad variety of organometallic
complexes [35,67-72]. Although all the procedures have proven
to be a convenient way to evaluate the m-acceptor capacities of
NHCs, they are limited by the fact that they inherently estimate
properties of the parents systems after complexation. It would
be helpful if the intrinsic n-donor strength of the substituents to
the carbene centre would be directly estimated in the parent
carbenes.

In the quest of a direct estimate of the NHC zn-acceptor prop-
erties and its connection with the n-stabilization exerted by the
adjacent a-heteroatoms to the carbene carbon atom, herein we
report on the use of the EDA-NOCV (energy decomposition
analysis with natural orbitals for chemical valence) method to
evaluate the intrinsic electronic n-donation strength. In this
context, we quantitatively estimate the differences in the elec-
tronic structure of 15 archetypical carbenes (Scheme 1). Here
compounds 1-4, 6, and 7 are typical NHCs while 5 is an acylic
diamidocarbene. Compounds 8-10 are so-called abnormal or
mesoionic carbenes for which no resonance form without
formal charges can be written [73]. Molecules 11 and 12 are
NHCs with one nitrogen donor atom where the carbene centre is
additionally stabilised by another hetero n-donor. Compounds
13 and 14 are ylide-stabilised carbenes while 15 is a diamido-
carbene.
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Scheme 1: Schematic view of the calculated carbenes 1-15.
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Computational Details

All geometries were optimized without symmetry constraint
within the DFT framework using the BP86 functional [74,75] in
combination with the Gaussian basis sets def2-TZVPP [76].
Stationary points were located with the Berny algorithm [77]
using redundant coordinates. Analytical Hessians were com-
puted to determinate the nature of the stationary points [78]. All
geometry optimization computations were performed using
the Gaussian 09 suite of programs [79]. Wiberg Bond Orders
[80] and NPA [81,82] atomic partial charges have been calcu-
lated at the BP86/def2-TZVPP [74-76] level of theory with
GAUSSIAN 09 [79] and GENNBO 5.9 programs [83].

All energy decomposition analyses were carried out using the
BP86 functional in combination with uncontracted Slater-type
orbitals (STOs) as basis function for the SCF calculations [84].
The basis sets for all elements were triple-( quality augmented
by two sets of polarizations functions and one set of diffuse
functions. Core electrons were treated by the frozen-core
approximation. This level of theory is denoted as BP86/TZ2P+.
We did not reoptimize the geometries but used the BP86/def2-
TZVPP optimized structures, because we know from previous
studies that the two basis sets give very similar geometries. An
auxiliary set of's, p, d, f, and g STOs was used to fit the molec-
ular densities and to represent the Coulomb and exchange
potentials accurately in each SCF cycle [85]. Scalar relativistic
effects have been incorporated by applying the zeroth-order
regular approximation (ZORA) [86]. The nature of the
stationary points on the potential energy surface was deter-
mined by calculating the vibrational frequencies at BP86/
TZ2P+. These calculations were performed with the program
package ADF.2013 [87].

The bonding situation of the donor—acceptor bonds was investi-
gated by an energy decomposition analysis (EDA) which was
developed by Morokuma [88] and by Ziegler and Rauk [89,90].
The bonding analysis focuses on the instantaneous interaction
energy AEj, of a bond A-B between two fragments A and B in
the particular electronic reference state and in the frozen geom-
etry AB. This energy is divided into three main components
(Equation 1).

AE;, = AE

elstat T AElz'auli + AEorb (1

The term AE, g, corresponds to the classical electrostatic inter-
action between the unperturbed charge distributions of the
prepared atoms (or fragments) and it is usually attractive. The
Pauli repulsion AEp,y; is the energy change associated with the
transformation from the superposition of the unperturbed wave
functions of the isolated fragments to the wave function

w0 = NA[¥,¥g], which properly obeys the Pauli principle
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through explicit antisymmetrization (A operator) and renormal-
ization (N = constant) of the product wave function. It com-
prises the destabilizing interactions between electrons of the
same spin on either fragment. The orbital interaction AE,y,
accounts for charge transfer and polarization effects [91]. The
AE 1, term can be dissected into contributions from each irre-
ducible representation of the point group of the interacting
system. Further details on the EDA method and its applications
to the analysis of the chemical bond [92-94] can be found in the
literature.

The EDA with natural orbitals for chemical valence (EDA-
NOCV) method [95] combines charge and energy decomposi-
tion schemes to split the deformation density which is asso-
ciated with the bond formation, Ap, into different components
of the chemical bond. The EDA-NOCYV calculations provide
pairwise energy contributions for each pair of interaction
orbitals to the total bond energy. NOCYV is defined as the eigen-
vector of the valence operator, 77, given by Equation 2 [96-98].

VY =0, @

In the EDA-NOCYV scheme the orbital interaction term, AE .y,
is given by Equation 3.

N/2

b 7S 7S
AEy =D AEP™® = 3" v, [_F—k,—k +Fk,k] 3)
% k=1

Where F,T,f,,k and F,fj are diagonal Kohn—Sham matrix
elements corresponding to NOCVs with the eigenvalues —vi
and vy, respectively. The AE,?rb terms are assigned to a particu-
lar type of bond by visual inspection of the shape of the defor-
mation density, Apy. The absolute values |vk | of the eigen-
values of Equation 3 give the charge flow which is associated
with each pairwise orbital interaction. The EDA-NOCV scheme
thus provides information about the charge deformation (Apy;p)
and the associated stabilization energy (AE,,) of the orbital
interactions in chemical bonds. For more details we refer to the
literature [97,98].

Results and Discussion

The optimized geometries at the BP86/def2-TZVPP level of
theory of the calculated carbenes and the most important bond
lengths and angles are shown in Figure 1. Experimental values
of substituted analogues are given in parentheses.

The theoretically predicted structures are in good agreement
with experimental data [31,46,47,56,99-103]. In general the
computed bond lengths are slightly longer than the experi-
mental ones. The X—Cgy,—X (X =N, C, O and S) angle in the
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Figure 1: Optimized geometries of carbenes 1-15 at the BP86/def2-TZVPP level of theory. Bond lengths and angles are given in [A] and [°]. Experi-
mental values are given in parentheses: 1 (Ref. [31]); 3 (Ref. [99]); 4 (Ref. [100]); 5 (Ref. [101]); 6 (Ref. [56]); 7 (Ref. [102]); 8 (Ref. [46]); 10 (Ref.

[47]); 11 (Ref. [103]).

five-membered rings slightly varies between 99.6° (10) and
105.6° (15) and is slightly larger (120.1°) in the acyclic carbene
5. This angle is often associated with the o-donor properties
which are related to the sp* hybridization of the carbene lone
pair orbital [2]. A first hint of the strength of the n-donation is
given by the C.,—N bond lengths. The shortest C,,—N bond
of 1.311 A is calculated for the cAAC species 6, which is close
to a standard C=N double bond (1.30 A), while the longest
value of 1.411 A is calculated for the abnormal carbene 8,
which approaches a standard C-N single bond (1.46 A) [104].
The Ca—N bond lengths exhibit otherwise a remarkable small
range between 1.35-1.38 A. The C—N bond is slightly longer in
the conjugated 6m-electron carbenes which possess some
aromatic character than in the non-aromatic analogues which
previously ascribed to stronger m-conjugation [105-107]. The
introduction of the heteroatoms O and S in compounds 11 and
12 changes the C—N bond only slightly. The C.,,—C bond
lengths in the conjugated carbenes are between 1.404 A
(9)-1.433 A (14) while the cAAC system 6 has a much longer
distance of 1.529 A.

Figure 2 shows the shape and energy of the frontier molecular
orbitals for compounds 1-15 which are relevant for the c-donor
and m-acceptor properties. The HOMO is in all cases a carbon
o-lone pair while the LUMO (LUMO + 1 for 1, 7-10) depicts a
n-orbital which has the largest coefficient at the C.,y, atom that
makes it suitable for n-backdonation. The LUMOs of com-
pounds 1, and 7-10 which are not displayed in Figure 2 are
also m-orbitals which have a node at the C.,, atom. The

HOMO-LUMO energy difference varies considerably between
4.58 eV (4) and 1.55 eV (15). The small HOMO-LUMO gap of
the diamidocarbene 15 comes from the very low lying LUMO
which has been noted before [42]. There is clearly a correlation
between the HOMO-LUMO energy difference and the calcu-
lated singlet—triplet gap of the compounds which are given at
the bottom of Figure 2. The largest singlet—triplet (S/T) gap is
predicted for compound 1 (91.6 kcal/mol) while compound 15
possesses the lowest S/T value (27.5 kcal/mol).

The focus of the present work lies on the n-donation from the
neighboring atoms to the carbene center X(m)—Cecyp. To esti-
mate the size of the charge donation Aq(m) we calculated the
occupation of p() AO of the carbene atom in molecules 1-15
which is available from the NBO analysis. Table 1 gives the
computed values for the atomic charges, the orbital occupation
of the o-lone pair orbital and the occupation of p(r) AO of the
Cecarb atom. We also present the Wiberg Bond Orders for the
Cearb—X bonds.

The NBO data indicate that the occupation of the p(w) AO of
the C.,p atom is between 0.81 e (8, and 9) and 0.49 e (6). The
p(m) occupation at the C,yq, atom is particularly large for the
carbenes which have no heteroatoms bonded to it (9, and 14) or
only one heteroatom as in 8. The special role of the cAAC
species 6 which exhibits particular reactivity [52-55] that has
recently been utilized for the stabilization of unusual com-
pounds [108-117] comes to the fore by the smallest value of the
p(m) occupation. Carbene 6 has also the largest bond order for
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Figure 2: Frontier orbitals (BP86/def2-TZVPP) and eigenvalues (in eV) of the carbenes 1-15. The isosurfaces were taken at the 0.06 isovalue. The

hydrogen atoms are omitted for clarity.

Table 1: Calculated NBO partial charges q(Ccarp) of the carbene
carbon atom, occupation of the lone pair orbital Ccgrp(0) and the p(1r)
AO at Cggrp. Wiberg Bond Orders (WBO) for the Ceaip—X (X =C, N, O
and S) bonds at BP86/def2-TZVPP.

A(Ccarb) Cearb(0) p() WBO
1 0.04 1.91 0.69 1.27
2 0.06 1.88 0.67 1.29
3 0.09 1.91 0.64 1.25
4 0.13 1.86 0.60 1.32
5 0.12 1.84 0.62 1.34
6 0.09 1.87 0.49 1.56/1.002
7 0.05 1.90 0.67 1.22/1.35°
8 -0.19 1.88 0.81 1.14/1.602
9 -0.39 1.83 0.81 1.46
10 -0.17 1.88 0.73 1.44/1.262
1 -0.23 1.89 0.73 1.34/1.382
12 0.19 1.91 0.63 1.33/1.132
13 -0.16 1.88 0.74 1.25/1.372
14 -0.37 1.85 0.80 1.36
15 0.19 1.93 0.51 1.20

8The first value is for the atom on the left side of C¢app @s shown in
Figure 1.

the C.a:p—N bond and the smallest bond order for a Cg,,—C
bond. Note that the C,y, atom carries a negative partial charge
when it is bonded to one or two carbon atoms (8-11, 13, and

14).

The energy contribution of the X(m)—C¢, donation can be
calculated with the EDA-NOCV method which is described in
the method section. We carried out EDA-NOCYV calculations
using a carbon atom in the 3P ground state with the electronic
configuration 2522p612p“12p 19 and the remaining fragment as
interacting moieties with unpaired electrons at X. Scheme 2
shows the directly interacting atoms Cc,,1, and X where the elec-
trons are placed in such a way that the unpaired electrons on
both fragments are in the plane of the molecule yielding the
o-bonds while the lone pair electrons and the vacant p AO of

n-donation n-donation

0
Q. -%

6 U o4 O

Scheme 2: Schematic view of the major orbital interactions between a
carbon atom in the 3P electronic ground state with the configuration
2s22p5"2p)'2p 1° and atoms X which possess a p(1r) lone pair orbital.
There are o(+,+) and o(+,-) interactions which give the two Cggp,—X
o-bonds and the T-donation X(11)—Ccarp.-

o(+,%)
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carbon have n-symmetry with respect to the molecular plane.
This leads to three major orbital interactions for ¢ and
n-bonding between Cg,pp, and X. These are the o(+,+) and
o(+,—) interactions that come from the in-phase and out-of-
phase combinations of the lone-pairs, respectively, which give
the two C,p—X o-bonds and the n-donation X(1)—Cearp.

Table 2 shows the numerical results of the EDA-NOCYV calcu-
lations. The total interaction energy AEj,; between the carbon
atom and the remaining fragment in the frozen geometry [118]
is composed from the stabilizing orbital (covalent) interactions
AE o and the Coulombic term AFEg,¢ and the destabilizing
Pauli repulsion AEp,;. The strongest attraction comes from the
orbital term AE,,. We want to point out that the trend of the
intrinsic bond strength between Cg,y, and the remaining frag-
ment does not correlate with the trend of covalent bonding. The
largest AEj,; values are calculated for compounds 8 and 9 but
the AE, values of the two species are much smaller than those

Beilstein J. Org. Chem. 2015, 11, 2727-2736.

of most other carbenes. The strong net bonding in 8 and 9 is
rather related to the comparatively weak Pauli repulsion AEp,;
which is much weaker than in most other species (Table 2). The
interplay of all three factors AEy, AEpay1i and AE¢g, for
determining the overall net strength of chemical bonding has
been highlighted before [92-94,119,120].

The most important information of the EDA-NOCV calcula-
tions comes from contributions of the pairwise orbital interac-
tions to AEyp. Table 2 shows that there are indeed three major
terms for each molecule which can easily be identified with the
schematic description that is given in Scheme 2. The deforma-
tion densities associated with the three major orbital interac-
tions AE; (+,7), AEs (+,+) and AE;; for compound 1 are shown
in Figure 3. The color code of the charge deformation on bond
formation is red—blue. The largest contributions comes from
the formation of the C,p—X o-bonds while the n-donation
X(n)—Cg¢yrp is much weaker which is reasonable. The AEs

Table 2: EDA-NOCYV calculations at the BP86/TZ2P+ level of theory of compounds 1-15 using C(1l) in the valence configuration 2s22p,'2p" 2p_.°
and the remaining fragment as interacting moieties®. Energy values are given in kcal/mol.

1 2 3 4b
AEint -322.7 -295.2 -309.6 -319.5
AEpauii 759.2 825.7 807.5 804.1
AEgistat® -397.8 -415.2 -413.4 -416.5
(36.8%) (37.1%) (37.0%) (37.1%)
AEgrp? -684.0 -705.7 -703.7 -707.1
(63.2%) (62.9%) (63.0%) (62.9%)
AEg (+,-° -319.3 -331.1 -322.1 -335.9
(46.7%) (46.9%) (45.8%) (47.5%)
AEg (+4)° -233.8 -247.2 -252.2 -242.3
(34.2%) (35.0%) (35.8%) (34.3%)
AErgonation® —93.4 -87.8 -89.3 -86.1
(13.6%) (12.4%) (12.7%) (12.2%)
AEesi® -375 -39.6 -40.1 -42.8
(5.5%) (5.6%) (5.7%) (6.1%)
9P 10 11 12
AEint -336.5 -308.9 -263.9 -285.9
AEpauii 643.5 760.5 715.5 830.2
AEgistat® -377.3 -406.3 -378.1 -397.5
(38.5%) (38.0%) (38.6%) (35.6%)
AEgp2 -602.6 -663.1 -601.4 -718.5
(61.5%) (62.0%) (61.4%) (65.4%)
AEg (4 -285.9 -335.8 -256.9 -361.0
(47.4%) (50.6%) (42.7%) (50.2%)
AEg (+4)° -178.5 -186.6 -219.0 -235.7
(29.6%) (28.1%) (36.4%) (32.8%)
AEq-gonation® —109.9 -100.6 -90.0 -82.4
(18.2%) (15.2%) (15.0%) (11.5%)
AEest® -28.3 -40.2 -35.4 -39.1
(4.6%) (6.1%) (5.9%) (5.4%)

5P 6 7 8
-314.5 -272.3 -302.1 -330.85
814.41 734.7 846.2 669.18
-414.6 -387.1 -426.5 -371.9
(36.7%) (38.4%) (37.2%) (37.2%)
-714.3 -619.9 -721.7 -628.2
(63.3%) (61.6%) (62.9%) (62.8%)
-353.4 -331.7 -338.7 -327.6
(49.5%) (53.5%) (46.9%) (52.1%)
-223.2 -182.6 -241.7 -170.8
(31.2%) (29.5%) (33.5%) (27.2%)
-90.2 -72.2 -92.6 -101.3
(12.6%) (11.6%) (12.8%) (16.1%)
-47.5 -33.4 -48.7 -28.5
(6.6%) (5.4%) (6.7%) (4.5%)
13 14 15

-312.1 -301.6 -280.6

705.4 660.0 805.6

-380.8 -365.2 -406.6

(37.4%) (38.0%) (37.4%)

-636.7 -596.4 -679.6

(62.6%) (62.0%) (62.6%)

-326.8 -283.0 -322.0

(51.3%) (47.5%) (47.4%)

-180.9 -184.9 -242.0

(28.4%) (31.0%) (35.6%)

-96.4 -100.8 -74.0

(15.1%) (16.9%) (10.9%)

-32.7 -27.7 -416

(5.1%) (4.6%) (6.1%)

8The values in parentheses give the percentage contribution to the total attractive interactions AEgjgiat + AEorp- bThe symmetry Cg was enforced. cThe
values in parentheses give the percentage contribution to the total orbital interactions AEqp.
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AE, (+,-) =-319.3 kcal/mol

AE, (+,+) = -233.8 kcal/mol

AE; = -93.4 kcal/mol

Figure 3: Plot of deformation densities Ap of the pairwise orbital interactions between C(P) and N(Me)HC=CHN(Me), associated energies AE in

kcal/mol. The color-code of the charge flow is red—blue.

(+,—) component of the C¢,p—N o-bond (—319.3 kcal/mol,
Figure 3a) is bigger than the AE; (+,+) component
(—233.8 kcal/mol, Figure 3b) which can be explained with the
larger overlap of the former term (see Scheme 2). Note that the
charge flows of the individual (+,+) and (+,~) interactions have
different directions which cannot be easily associated to a phys-
ical meaning. It is the net charge flow which indicates the
overall direction. The red and blue areas at the carbene carbon
in Figure 3b indicates the polarization (change in hybridization)
which takes place during the bond formation. The charge flow
which is associated with the n-donation X(n)—C,, shows the
expected direction from nitrogen to carbon. The charge flow
which is associated with the three dominant orbital interactions
in compound 2-15 is shown in Figure S1 of Supporting Infor-

mation File 1.

Inspection of the strength of AE; should thus reveal informa-
tion about the in internal n-donation to the C.,p, atom in mole-
cules 1-15. Table 2 suggests that the strongest X(m)—Cearp
donation is found in the 6n-conjugated carbenes 8-10, 13, and
14 where the C_,, atom is bonded to two (9, 14) or one (8, 10,
13) carbon atoms. The weakest n-donor contributions are calcu-
lated for the cAAC species 6 and the diamidocarbene 15. It
appears as if the AE;; values which give the energy contribution
of the X(m)—C¢yyp, donation which come from the EDA-NOCV
calculations and the p(m) occupation which is given by the NBO
method correlate. Figure 4 shows a correlation diagram between
AE; and p(m). There is clearly a qualitative correlation between
the two entries, but the correlation coefficient of R2 = 0.89 indi-
cates that charge donation and associated stabilization of the
different systems do not completely agree. Both methods agree
that the molecules of cAAC (6) and the diamidocarbene 15 pos-

sess extremely low nt-stabilization of the carbene carbon atom.

Conclusion

The NBO and EDA-NOCYV calculations of the fifteen carbenes
show that the carbene centre in cAAC and in diamidocarbene
have the weakest X—p(n) n-donation while mesoionic carbenes

possess the strongest n-donation to the carbene centre. There is

-90

-100

AEz(kcal/mol)

-110

0.5 0.6 0.7 0.8 0.9
Pn

-120
0.4

Figure 4: Plot of the AE; values against NBO p; occupation for the
NHC family 1-15.

a reasonable correlation between the occupation of the p(w) AO
at the C.,p atom and the energy which is associated with the

X—p(m) n-donation.
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The synthesis of a new type of Hoveyda—Grubbs 2" generation catalyst bearing a modified N-heterocyclic carbene ligands is

reported. The new catalyst contains an NHC ligand symmetrically substituted with chromanyl moieties. The complex was tested in

model CM and RCM reactions. It showed very high activity in CM reactions with electron-deficient a,p-unsaturated compounds

even at 0 °C. It was also examined in more demanding systems such as conjugated dienes and polyenes. The catalyst is stable, stor-

able and easy to purify.

Introduction

Olefin metathesis is still one of the most intensively studied
transformations in synthetic organic chemistry. It has been
frequently used as a key bond-forming reaction for total
syntheses of many natural products [1]. The study on designing
new metathesis catalysts and their synthesis has been a very fast
developing area of organic chemistry since 1992, when Grubbs
discovered the first well-defined ruthenium catalyst [2]. Nearly
400 ruthenium heterocyclic carbene-coordinated olefin
metathesis catalysts were prepared until 2010 [3]. Since 2011,
when Grubbs reported the synthesis of a Z-selective catalyst [4],
several modified stereoselective catalysts were described [5-8].

Over the last few years, considerable attention has also been

paid to immobilisation and tagging of catalysts and especially
on making them more environmentally friendly [9-14].

Alkene cross-metathesis (CM) is a convenient route to the syn-
thesis of functionalised olefins from simple precursors. Since
the discovery of Grubbs 2™ generation catalyst (1, Figure 1)
[15], Hoveyda—Grubbs 2" generation catalyst (2, Figure 1) [16]
and some successful modifications, e.g., nitro-Grela catalyst (3,
Figure 1) [17] the utility of CM has been continuously
expanded. The synthesis of complex structures bearing polar
functional groups can be accomplished by CM [18]. Grubbs et
al. recognised that CM can be selective when two partners
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showing different reactivity are used, e.g., reactive terminal
olefin (type I) and an electron-deficient olefin (e.g., acrylates or
acrylonitriles, type II or III). In these cases, full conversion and
high yields can be achieved [18]. Although the problem with
the CM reactions of olefins with electron-withdrawing groups,
such as a,B-unsaturated ketones and esters, is partly solved
[19,20], the conditions of the reactions need some improve-
ment (lower catalyst loading, lower temperature). To the best of
our knowledge, there is no such type of reaction performed at
0 °C. A lower temperature of the reaction is important in the
synthesis of unstable and thermally-sensitive natural products.

MesN NMes MesN NMes  MesN NMes
\ﬁCI \ﬁCI \ﬁCI
Ru— Ru— Ru—
' a
of ‘ pn o off e
PCy3 4<) 4<O N02
1: Grubbs 2" 2: Hoveyda-Grubbs 2" 3: Grela

Mes = §
Figure 1: Examples of olefin metathesis ruthenium catalysts.

We previously reported a few catalysts bearing the chromanyl
moiety, derived from vitamin E [21-23]. In such a system as
2,2,5,7,8-pentamethyl-6-hydroxychromane (a-tocopherol model
compound) specific stereoelectronic effects are observed
[24,25], which might improve the activity of the catalyst
bearing the above-mentioned moieties. The ruthenium
complexes 4-6 (Figure 2) that we reported earlier appeared to
be the so-called dormant catalysts. Their activity in RCM reac-
tions was low at room temperature and higher at elevated
temperature [21]. In catalyst 7 the chelating oxygen atom was
provided by the rigid heterocyclic ring of the chromenyl-
methylidene moiety, whereas in the Hoveyda—Grubbs 224
generation catalyst, the complexing oxygen atom comes from
the freely rotating isopropoxy substituent. This complex proved
to be quite efficient and showed activity comparable to that of
commercially available catalysts 1 and 2 [23]. The introduction
of a nitro group into the 6-position of the chromene moiety in

catalyst 8 led to a decrease in the stability of the complex [22].

The aforementioned modifications concerned the benzylidene
moiety of the catalysts and affected the initiation rate of the
metathesis reaction. Changes in the NHC ligand are also very
important because this part of the catalyst participates all along

the metathetic process. As a result, the catalyst may gain new

Beilstein J. Org. Chem. 2015, 11, 2795-2804.
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Figure 2: Selected ruthenium metathesis catalyst bearing chromanyl
moieties.

properties, increased activity or stereoselectivity. Following this
idea, we decided to synthesise a new catalyst bearing two chro-
manyl moieties symmetrically N,N’-disubstituted in the imida-
zolinium ring (9, Figure 2). According to Smith et al. [26]
a-tocopherol and its amino analogue (o-tocopheramine) have
comparable properties, coming from the same stereoelectronic
effects mentioned above [24,25]. We expected that these effects
may confer new properties of the NHC ligand.

Results and Discussion
Synthesis of the carbene precursor

The synthesis of an imidazolinium salt as a carbene precursor
was started from 2,2,5,7,8-pentamethylchromane (10), which
was prepared by the reaction between 2,3,5-trimethylphenol and
3-methylbut-2-enol [27]. Chromane 10 was nitrated with
fuming nitric acid to give 6-nitrochromane 11 in 58% yield
according to Mahdavian [28] (Scheme 1). Nitration using the
Smith procedure [29] led to the expected nitrochromane 11,
however, formation of an admixture of 5a,6-dinitrochromane
was observed. Reduction of the nitro group in 11 was slightly
troublesome, probably due to steric hindrance. The tellurium-
rongalit system was found to be the most efficient [30], and
6-chromanylamine 12 was obtained in 50% yield. Imida-

zolinium salt 14 was prepared according to the classical
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Scheme 1: Synthesis of the new NHC precursor. Reagents and conditions: a) HNO3, CH,Cly,
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0 °C, 58%; b) HOCH,SOONa, Te, NaOH, dioxane,

50 °C, 50%; c) 2,3-dihydroxy-1,4-dioxane, EtOH, HCOOH, rt, then NaBH3CN, rt, 90%; d) NH4Cl, HC(OMe)s3, reflux, 73%; e) |) -AmOK, toluene, rt;

11) Hoveyda—Grubbs 1st generation, toluene, 65 °C, 68%.

protocol. Chromanylamine 12 was subjected to reaction with
2,3-dihydroxy-1,4-dioxane (glyoxal equivalent) followed by
reduction of the intermediate diimines by NaBH3CN to give
ethylenediamine 13 in 90% yield. Usage of the more conveni-
ent sodium borohydride led to a prolonged reaction time (up to
20 h) and a lower reaction yield. Imidazolinium salt 14 was
obtained by treatment of 13 with trimethyl orthoformate in 73%
yield. It is worth noting that ethylenediamine 13 and imida-
zolinium salt 14 were sufficiently pure after precipitation, thus
chromatographic purification was not necessary.

Some specific effects are observed in the NMR spectra of salt
14. In the 'H NMR spectrum, the signals from protons of the
imidazolinium ring have atypical multiplicity. Two neigh-
bouring triplets are also present besides the expected singlet
from the ethylene bridge between the two nitrogen atoms
symmetrically substituted by two identical chromenyl moieties.
Similarly, the C-2 protons give two singlets instead of one. We
suspected that there is a hindered rotation on the N~Ccpromenyl)
bond, so that two conformers are observed by NMR. However,
the 'H NMR spectrum recorded at elevated temperatures (30
and 50 °C) looked the same. In the 13C NMR spectrum, signals
from some of the carbon atoms are doubled. The HSQC correla-
tion confirms that the doubled signals derive from one carbon
atom. This fact also may suggest that two conformers are
observed in the NMR spectra. This issue will be the subject of
future detailed investigations.

Synthesis of the catalyst
The new catalyst, 9, was obtained from imidazolinium salt 14
by deprotonation with potassium terz-amylate followed by the

tricyclohexylphosphine ligand exchange in Hoveyda-Grubbs 15t

generation catalyst to give the target catalyst 9, which was puri-
fied on silica gel. The complex was stable in solid state at 0 °C
for a few weeks (NMR test).

Attempts to obtain a monocrystal that would be suitable for
X-ray analysis failed. The '"H NMR spectrum confirmed the
structure of the catalyst. In the 13C NMR spectrum, some
signals were broad and weak, e.g., signals of the quaternary
aromatic carbon atoms and the primary carbon atoms of the
methyl group attached to the aromatic ring of the chromanyl
moieties. The HSQC correlation confirmed the structure of the
catalyst and showed good correlation of the attached proton
signals with the weak carbon peaks. When the 13C NMR spec-
trum is recorded at 50 °C, the spectrum becomes simpler but
still many signals are almost invisible (at the noise level). The
mass spectrum (HRMS) of 9 clearly evidences the molecular
weight and the elemental composition of the new catalyst. The
most likely unusual NMR spectra of 9 can result from specific
stereoelectronic effects observed in the chromanyl system
[24,25]. The 2p-type lone pair of electrons of the heterocyclic
ring oxygen atom adopts an orientation almost perpendicular to
the plane of the aromatic ring allowing for an electronic inter-
action with the para-substituent of the chromanyl system (-OH
in 6-hydroxychroman and -NH; in 6-aminochroman).

Testing of the new catalyst

The catalyst proved very active in model cross-metathesis reac-
tions, especially with olefins containing electron-withdrawing
groups. For example the reaction of allylbenzene and ethyl
acrylate at room temperature was almost quantitative. These
results prompted us to test this reaction at a lower temperature

(0 °C). Commercially available catalysts 1 and 2 proved inac-
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tive under these conditions, therefore we compared our catalyst
with Grela catalyst 3 [17]. As is shown in Table 1 (entry 1),
both catalysts, i.e., 3 and 9 proved very active. After reduction
of the catalyst loading to 1 mol %, the yields of the ethyl acry-
late reaction with allylbenzene catalysed by both complexes 3
and 9 were still very good (close to 80%, Table 1, entry 2).
Encouraged by these results, we decided to test 9 in a CM reac-
tion with other o,B-unsaturated compounds, e.g., methyl vinyl
ketone (entry 3, Table 1) and acrylonitrile (entry 4, Table 1).
The outcome of these reactions was also very promising for 9. It
should be added that in all cases a dimer of the electron-defi-
cient olefin was not observed. The homodimerisation product of
allylbenzene (entries 1 and 2, Table 1) was formed in less than
10% (in case of the reaction catalysed by 2 no dimeric products
were observed), while the yield of the homodimer of hex-5-enyl
acetate (entries 3 and 4, Table 1) was below 3%. Low conver-
sion (especially that obtained with 1 and 2) was related to
substantial amounts of unreacted substrates.

The high activity of Grela catalyst 3 was a result of faster initia-
tion of the catalytic cycle arising from the electron-with-
drawing effect of the nitro group. Consequently, lowered elec-
tron density at the oxygen atom in the isopropoxybenzylidene
fragment weakens the coordination to the ruthenium atom, and
finally, facilitates the initiating process. In the new catalyst 9,
which is modified in the NHC ligand, different effects are re-
sponsible for its activity. According to Grubbs [31], catalyst 1 is
able to react with o,B-unsaturated carbonyl compounds to form
an enoic carbene [Ru]J=CHCOX, which is kinetically
favourable. As a result, a stronger electron-donating ligand
should stabilise the electron-deficient enoic carbene [31]. One

can speculate that specific stereoelectronic effects occurring in
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the chromanyl system, known from the vitamin E chemistry,
contribute to high activity of 9. The N-(2,2,5,7,8-pentamethyl-6-
chromanyl) substituents, bearing electron releasing methyl
groups as well as interplaying dihydropyranyl oxygen and
nitrogen atoms in the imidazolidine cycle, can stabilise the
enoic carbene (Scheme 2).

stabilization by electron
donating NHC

0

NHC
l Z "R Ru
[Ru]=CHCOX —
enoic carbene R
Z>cox ||
R
l’\lHC COX
[Ru]=CH,

Scheme 2: CM with electron-deficient olefin.

The CM products of terminal olefins (entries 1-3, Table 2) were
obtained in high and very high yields. Alkenes were converted
almost quantitatively and the excess of (£)-but-2-ene-1,4-diol
diacetate was recovered. Some side products of self-metathesis
(SM) of terminal alkenes were isolated. It should be added that
two terminal olefins (entry 4, Table 2) gave also SM products
besides the desired CM products. Furthermore, more dimeric
products gave allyloxybenzene than hex-5-enyl acetate. It is
worth noting that the CM reaction between styrene and (Z)-but-

Table 1: Comparative investigation of catalysts in CM reactions with electron-deficient olefins.

Entry Alkene Electron-deficient Product ConditionsP  Catalyst  Yield (E/Z)°
olefin
_ _ 0°C,3h, 1 11% (E/Z 100:1)
] | X N COOEt  CH,Cly 2 13% (E/Z 32:1)
_ COOEt 2.5 mol % 3 87% (E/Z29:1)
[Ru] 9 91% (E/Z 23:1)
= = 0°C,3h
A COOEt A 3 77%
? (D/\/ # CooEt W CHaCly 9 76%:
= 1 mol % [Ru]
_ AcO / 0°C,3h T 0%
AcO — W A 2 38% (only E
3 ot /\g/ 3 5 ftkocl'g/ Rul 3 o8% Eom§ Eg
° 9 99% (only E)
0°C,1h 1 0%
¢ MU oy MOgon ok 3 SEEEs
1 mol % [Rul] ; o
9 97% (E/Z 2.5:1)

aElectron-deficient olefin was used in excess (2 equiv). Concentration of alkene amounted 0.1 M. ®Determined by 'H NMR.
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Table 2: Comparative investigation of the catalysts’ performance in CM reactions.

Entry Substrates

.o
b o\/\ _/:\_
2 AcO OAc

3b ACOW

O\/\
N AcO =
T o

Product Catalyst  Yield (E/Z)2

X*N0oAc 1 81% (E/Z 58:1)
©/\ 2 80% (E/Z43:1)
9 97% (E/Z 42:1)
O\/\,ﬂa\o Ac 1 76% (E/Z 12:1)
©/ 2 75% (EIZ 12:1)
9 73% (E/Z 18:1)

1 82% (E/Z 5:1)

ACOWWOAC 2 86% (E/Z 5:1)

9 75% (EIZ 6:1)

ORI OAc 1 47% (EIZ 7:1)

O/ Ws 2 53% (E/Z 5:1)

9 83% (E/Z 9:1)

aF/Z ratio determined by "H NMR, isolated yield. PReaction conditions: 20 °C, 3 h, CH,Cl,, 0.1 M (terminal alkene), 2.5 mol % [Ru], (Z)-but-2-ene-1,4-
diol diacetate (2 equiv). “Reaction conditions: 20 °C, 3 h, CH,Cly, 0.1 M (both alkenes), 2.5 mol % [Ru].

2-ene-1,4-diol diacetate (entry 1, Table 2) was highly efficient
(97% yield) using catalyst 9. Moreover, in the CM of allyloxy-
benzene and hex-5-enyl acetate, the yield with 9 was almost
twice higher than that obtained for 1 or 2 (entry 4, Table 2). In
the model RCM, the activity of catalyst 9 was slightly lower
than that of commercial complexes, supposedly due to steric
reasons (Table 3).

The potency of the new catalyst 9 was tested not only in stan-
dard, model metathesis reactions but was also examined in more
demanding systems, such as conjugated dienes and polyenes
(Table 4). The CM reaction between alkene and diene (or
polyene) often suffers from low regio- and stereoselectivity
control. The CM reaction may be accompanied by various self-
metathesis processes. Additionally, due to the competitive
cleavage of both double bonds of the diene substrate, two
different products may be formed in the CM reaction between

Table 3: Comparative investigation of catalysts in RCM.

alkene and diene (Scheme 3). A further complication is a Z/E
isomer mixture formation.

The reactions of ethyl sorbate and its 3-methyl substituted
analogue (ethyl (2E,4Z/E)-3-methylhexa-2,4-dienoate) with
various alkenes were chosen to examine the activity and selec-
tivity profile of catalyst 9 (Table 4). The results clearly indicate
that carbene 9 can promote the CM reactions of dienes with
different olefins as efficiently as commercial Grubbs 2°d gener-
ation and Hoveyda—Grubbs 2¢ generation complexes 1 and 2.
Complex 9 catalysed the reactions of ethyl 3-methylhexa-2,4-
dienoate in a completely selective manner taking into account
product regio- and stereoselectivity. In all reactions the
E-isomer of compound A was formed as a main product
(Table 4, entries 1-3). Homodimerisation products of diene and
alkene were obtained in very small amounts (<2% and <4% for
entry 1 and 2, respectively, Table 4). The SM product of methyl

Entry Substrate Product Conditions Catalyst ~ Conversion@
EtOOC.__COOEt EtOOC.__COOEt 7
1 20 °C, CHClp, 0.1 M, ; ggof’
1h, 1 mol % [Ru] o
P « 9 70%
EtOOC._ __COOEt
Et Et
, 00C,, CO0 20 °C, CH,Cly, 0.1 M, : o
1h, 1 mol % [Ru] o
P 9 65%
EtOOC.__COOEt EtOOC.__COOEt 1 38%
5 80 °C, toluene, 0.06 M, ) 15%
0,
16 h, 5 mol % [Ru] o 229

aDetermined by 'H NMR.
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Table 4: CM reactions between dienes and alkenes in the presence of various 2"9-generation catalysts?.

Entry Diene Alkene Products [Ru] VYield® (E/Z) Yield (E/Z)
product A product B
1 89% (only E) -
AcO N‘"\)V
1¢ M CooEt M a0t R SN COOEt 2 72% (onlyE) -
A 9 70% (only E) -
’ Ph._~ ﬂ\)\/ COOEt 1 (v E) -
2 ﬁ\)% COOE ~7"CHo PR 2 92%(nlyE) -
A 9  94% (only E) -
d (0] ﬁ XX COOEt 1 42% (only E) -
3 f\)y COOEt 40% (only E) -
NN A~ o) 9 51%(onlyE) -
A
A ACO'(/\):;\M COOEt o . o
ACO P 1 40% (E/Z12:1)  10% (only E)
408 X COOEt $4;\«/ 2 20% (E/IZ11:1)  22% (EIZ 8:1)
B Acot Yy COOE 9  17% (E/Z8:1)  49% (E/Z18:1)

aReaction conditions: diene (3 equiv, 0.36 M), alkene (1 equiv, 0.12 M), and 10 mol % of catalyst in DCM or toluene at 45 °C for 16 h. PIsolated yield.
Yields were calculated in relation to alkene. °E/Z ratio determined by GC/MS. 9E/Z ratio determined by TH NMR. ©Isolated as inseparable mixture of A

and B. Yield calculated from TH NMR.

R R
5
ALz ookt s COOE
R!
+ [Ru] A
PN o COOEt
B

CM products

R
Et00C” AN, 000
R

R

‘
N Etoocﬂ\)\/cooa

Erooc X ~COOE!

R1“\N\/R‘1

diene SM products alkene SM product

Scheme 3: Possible products of metathesis reaction between diene and alkene.

vinyl ketone was not observed (entry 3, Table 4). Additionally,
isomerised diene (ethyl (2E,4F)-3-methylhexa-2,4-dienoate,
used in excess) was isolated from the reaction mixture. When
ethyl sorbate was used, the formation of two CM products, A
and B, was observed due to unselective metathetic scission of
the C2—-C3 and C4-C5 double bonds (Table 4, entry 4) [32].
The low product yield was caused not only by the unselective
attack of catalyst on diene substrate but also by competitive SM

reactions of both substrates.

Interestingly, the new ruthenium complex showed a different
regioselectivity compared to catalysts 1 and 2. The metathetic
scission of the less reactive C2—C3 double bond prevailed with
complex 9 (Table 4, entry 4). This result could be explained by
the higher affinity of the new catalyst toward electron-deficient

olefins. It may also be assumed that the presence of the chro-
mane system changes the electronic properties of the complex
compared to other catalysts. It may favour chelation of the
ruthenium centre of the catalyst by the carbonyl ester oxygen
from the diene substrate. It seems that the oxygen—ruthenium
bond is rather labile. The oxygen coordination does not
decrease the activity of the catalyst but rather stabilises the
n-complex and rutenacyclobutane intermediate (Figure 3),
which promotes the metathesis reaction on the C2—C3 double
bond. The formation of four- and five-membered chelates has
been postulated previously [33,34].

The CM reactions of polyenes, B-carotene and retinyl acetate

with ethyl 3-methylhexa-2,4-dienoate in the presence of cata-
lyst 9 were also studied (Scheme 4). A previous investigation of
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OEt OAc

Figure 3: m-Complex and rutenacyclobutane intermediate with a five-
membered ring chelate.

the CM reaction of B-carotene promoted by commercial Grubbs
and Hoveyda—Grubbs 2" generation catalysts (1 and 2) proved
that the two double bonds, C11-C12 and C15-C15’ of the
B-carotene molecule were reactive in CM [35]. In the case of
metathetic fragmentation of B-carotene, the use of 9 instead of 1
or 2 improved the regioselectivity. The product of the central
C15-C15’ double bond scission was formed preferably. The
activity of 9 was comparable to that of 1, albeit lower than 2
(Scheme 4). Regio- and stereoselectivity (>95% E-isomer) of
retinyl acetate CM catalysed by 9 appeared to be the same as in
analogous reactions that were carried out in the presence of

f,\)\ycooa

4 equiv

1"
N YIS

12

15 mol % [Ru],
OAc | toluene, rt, 96 h

retinyl acetate
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catalysts 1 and 2 [36] (Scheme 4). However, the product was
obtained in a slightly lower yield.

Conclusion

In summary, an efficient synthesis of new olefin metathesis
catalyst 9 is reported. The catalyst contains a NHC ligand
generated from the imidazolinium salt 14 bearing two symmet-
rically substituted 6-chromanyl moieties. The catalyst 9 was
tested in model CM and RCM reactions and showed an activity
comparable or superior to that of the commercial Grubbs and
Hoveyda—Grubbs 2™ generation complexes. The new complex
was also active in metathesis of more demanding systems such
as conjugated dienes and polyenes. It proved reactive toward

electron-deficient olefins even at lowered temperature (0 °C).

Experimental

General

All manipulations of organometallic compounds were
performed using standard Schlenk techniques under an atmos-
phere of dry argon. CH,Cl, was dried by distillation over CaHj,
toluene over Na. 1,4-Dioxane, ethanol (96%) and trimethyl
orthoformate were used as received. Melting points were deter-
mined on a Kofler apparatus of the Boetius type and were
uncorrected. 'H and '3C NMR spectra were recorded on a
Bruker Avance II spectrometer (400 and 100 MHz, respective-
ly). Spectra are referenced relative to the chemical shift (8) of
TMS. Mass spectra were obtained with Micromass LCT TOF
and AutoSpec Premier (Waters) spectrometers. IR spectra were

B-carotene

AN _COOEt i\j(\/\/\/\/cooa [R1u] yl\;l/d
(o]

2 0,

ethyl retinoate ethyl retinoate 9 311 02’

[Ru] yield

1 35% .
2 55% N wCOOEt IRy vield
9 21% 1 11%
' , 2 15%

ethyl 12'-apo-p-caroten-12'-oate 9  10%

Scheme 4: CM reaction of B-carotene and retinyl acetate with ethyl (2E,4Z/E)-3-methylhexa-2,4-dienoate. Reaction conditions: diene (4 equiv,
0.325 M), alkene (1 eqiuv, 0.08 M). Yield was obtained by quantative HPLC analysis. Yields were calculated in relation to polyene (retinyl acetate or
B-carotene). In case of the B-carotene reaction, yields were divided by two due to the symmetry of the B-carotene molecule.
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recorded on a Nicolet series II Magna-IR 550 FTIR spectrom-
eter. Flash chromatography (FC) was performed on silica gel
230-400 mesh. Catalysts: 1, 2, 3 and the Hoveyda—Grubbs 15t
generation complex were purchased from Apeiron Synthesis.
2,2,5,7,8-Pentamethylchromane (10) was prepared from 2,3,5-
trimethylphenol analogously to the procedure described for
2,2,5,8-tetramethyl-6-chromanol by Dean [27]. 2,3-Dihydroxy-
1,4-dioxane was obtain according to Venuti [37]. Substrates for
testing catalysts in RCM reactions were prepared by allylation
of commercial diethyl malonate with allyl bromide and/or
3-chloro-2-methylpropene according to Hensle [38]. Their
purity was estimated by 'H NMR spectroscopy and found to be
at least 95%. Other chemicals are commercially available and
used as received. The numbering of carbon atoms in the chro-

manyl moiety was used as shown in Figure 4.

Figure 4: Numbering of carbon atoms in the chromanyl moiety.

6-Nitro-2,2,5,7,8-pentamethylchromane (11)
To the solution of 2,2,5,7,8-pentamethylchromane (10) (2.5 g,
0.012 mol) in dry CH,Cl; (150 mL) cooled to 0 °C fuming
nitric acid (1.5 mL, 3 equiv, 0.036 mol) was added in one
portion. The reaction was carried out at 0 °C for 1.5 h. Next the
reaction mixture was washed with saturated NaHCOj3, dried
over Na;SOy4 and evaporated. The crude product was purified
by column chromatography (hexane/ethyl acetate 20:1) to give
a yellow solid (1.75 g, 58%). Mp 120-123 °C; IR (KBr) v:
2977, 2934, 1522, 1368, 1112 em™!; 'H NMR (400 MHz,
CDCl3) 6 2.64 (t, J = 6.8 Hz, 2H, H-4), 2.15 and 2.12 (2s, 9H,
H-5a, 7a, 8b), 1.83 (t, J = 6.8 Hz, 2H, H-3), 1.33 (s, 6H H-2a,
2b) ppm; '3C NMR (100 MHz, CDCl3) § 152.6 (C-8a), 146.2
(C-6), 126.1 (C-8), 125.0 (C-5), 123.7 (C-7), 117.4 (C-4a), 74.0
(C-2), 32.4 (C-3), 26.7 (C-2a and 2b), 20.8 (C-4), 14.5, 13.7,
11.8 (C-5a, 7a and 8b) ppm. HRMS (ESI): [M + Na]" calcd for
C14H9NNaO3: 272.1257, found: 272.1252. Literature mp
125-126 °C; IR, 'H NMR and 13C NMR data are compatible
with the data in [39].

2,2,5,7,8-Pentamethylchromanyl-6-amine
(12)

To the solution of rongalite (sodium hydroxymethylsulfinate
dihydrate) (4.62 g, 5 equiv, 30 mmol) in a solution of 1 M
NaOH (150 mL) tellurium powder (154 mg, 0.2 equiv,
1.2 mmol) was added. Then the solution of 6-nitro-2,2,5,7,8-

Beilstein J. Org. Chem. 2015, 11, 2795-2804.

pentamethylchromane (11, 1.5 g, 6 mmol) in dioxane (20 mL)
was added to the reaction mixture. The reaction was carried out
at 50 °C for 8 h. The reaction mixture was filtered through a pad
of Celite and the filtrate was extracted with methylene chloride
(3 x 20 mL). The organic layers were combined and washed
with brine and water, dried over Na,SO,4 and evaporated. The
crude product was purified by column chromatography (hexane/
ethyl acetate 8:1) to give a white solid (660 mg, 50%). Mp
38-40 °C; IR (KBr) v: 3455, 3364, 2975, 2921, 1625, 1447,
1420, 1269 cm™!; TH NMR (400 MHz, CDCl3) & 3.31 (s, 2H
NH,), 2.67 (t, J = 6.9 Hz, 2H, H-4), 2.15, 2.12 and 2.08 (3s,
9H, H-5a, 7a, 8b), 1.80 (t, J = 6.9 Hz, 2H, H-3), 1.30 (s, 6H,
H-2a, 2b) ppm; 13C NMR (100 MHz, CDCl3) & 144.9 (C-8a),
134.9 (C-6), 122.2 (C-8), 120.4 (C-7), 117.6 (C-5), 116.9
(C-4a), 72.2 (C-2), 33.3 (C-3), 26.7 (C-2a and 2b), 21.4 (C-4),
13.5, 12.5, 11.9 (C-5a, 7a, 8b) ppm. HRMS (ESI): [M + H]*
calcd for C14HpoNO: 220.1696, found: 220.1691. Literature mp
51.5-53.5 °C; IR, '"H NMR and 13C NMR data are compatible
with the data in [39].

N,N-Bis(2,2,5,7,8-pentamethylchroman-6-
yl)ethane-1,2-diamine (13)

To a solution of 2,2,5,7,8-pentamethylchromanyl-6-amine (12,
500 mg, 2.3 mmol) in ethanol (96%, 20 mL), 2,3-dihydroxy-
1,4-dioxane (138 mg, 1.15 mmol) and two drops of formic acid
were added in a manner similar to a that described in [40]. The
reaction mixture was stirred for 24 h. A yellow precipitate
appeared. Then sodium cyanoborohydride (217 mg, 3 equiv,
3.45 mmol) was added and the reaction mixture was stirred for
1.5 h. The reaction mixture was quenched with water (20 mL)
and extracted with dichloromethane (3 x 20 mL). The organic
layers were washed with brine and water, dried over Na;SOy4
and evaporated to dryness. After crystallization from ethanol a
white solid was obtained (480 mg, 90%). Mp 182-183 °C; IR
(KBr) v: 3369, 2968, 2925, 2779, 1450, 1420, 1265 cm™!;
'H NMR (400 MHz, CDCls) & 3.04 (s, 4H, -NCH,CH,N-),
2.64 (t, J = 6.8 Hz, 4H, H-4), 2.26, 2.22 and 2.13 (3s, 18H,
H-5a, 7a, 8b), 1.81 (t, J= 6.8 Hz, 4H, H-3), 1.31 (s, 12H, H-2a,
2b) ppm; '3C NMR (100 MHz, CDCl3) § 147.9 (C-8a), 137.6
(C-6), 129.1 (C-8), 127.1 (C-7), 122.6 (C-5), 117.2 (C-4a), 72.6
(C-2), 50.4 (-NH-CH,-CH;,-NH-), 33.1 (C-3), 26.8 (C-2a and
2b), 21.4 (C-4), 14.4, 13.5, 12.1 (C-5a, 7a, 8b) ppm. HRMS
(ESI): [M + H]" calcd for C3gH45N,05: 465.3476, found:
465.3465.

1,3-Bis(2,2,5,7,8-pentamethylchroman-6-yl)-
4,5-dihydro-1H-imidazol-3-ium chloride (14)
To a solution of ethylenediamine 13 (200 mg, 0.43 mmol) in
trimethyl orthoformate (5 mL), ammonium chloride (35 mg,
0.65 mmol) was added in a similar manner as described in [40].

The reaction mixture was refluxed for 2 h. Solids were filtered
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off and the filtrate was evaporated to dryness. The resulting oil
was stirred overnight with diethyl ether causing precipitation of
a white solid (160 mg, 73% yield). Mp 246-247 °C; IR (KBr) v:
3397, 2974, 2929, 1626, 1456, 1411, 1269 cm™!; 'H NMR
(400 MHz, CDCl3) 8 8.56 and 8.52 (2s, 1H, N-CH=N),
4.75-4.50 (m, 4H, -NCH,CH;N-), 2.64 (t, J = 6.8 Hz, 4H, H-4),
2.30,2.28 and 2.12 (18H, 3s, H-5a, 7a, 8b), 1.82 (t, /= 6.8 Hz,
4H, H-3), 1.32 (s, 12H, H-2a, 2b) ppm; 13Cc NMR (100 MHz,
CDCl3) 6 159.3, 159.2 (-N=CH-N-), 153.2 (C-8a), 131.8, 131.6
(C-6), 131.3, 131.0 (C-8), 124.4, 124.3 (C-7), 124.2 (C-5),
118.3, 118.2 (C-4a), 74.0 (C-2), 53.0 (-NH-CH,-CH;-NH-),
32.2 (C-3), 26.9, 26.8, 26.5, 26.47 (C-2a and 2b), 21.0 (C-4),
15.1, 15.0, 14.4, 14.3, 12.0 (C-5a, 7a, 8b) ppm; HRMS (ESI):
[M — CI]* caled for C31H43N,0,: 475.3319, found: 475.3308.
Some signals in '3C NMR spectrum are doubled (see text “Syn-
thesis of the carbene precursor™).

1,3-Bis[(2,2,5,7,8-pentamethylchroman-6-yl)-
2-imidazolidinylidene]dichloro(o-
isopropoxyphenylmethylene)ruthenium (9)

In a Schlenk flask imidazolinium salt 14 (80 mg, 0.16 mmol)
was dried under vacuum at 80 °C for 1 h. The flask was then
cooled to rt and dry toluene (3 mL) was added under argon
atmosphere. To the resulting suspension potassium tert-amylate
(1.7 M in toluene, 94 puL, 0.16 mmol) was added and the reac-
tion mixture was stirred for 20 min at rt. Then a solution of
Hoveyda—Grubbs 15t generation catalyst (96 mg, 0.16 mmol) in
toluene (3 mL) was added and the reaction was carried out at
65 °C for 2 h. The reaction mixture was purified by column
chromatography (hexane/ethyl acetate 10:1) to give a green
solid (86 mg, 68% yield) Mp 162-164 °C; IR (KBr) v: 2973,
2925, 2854, 1475, 1457, 1274 em™'; 'H NMR (400 MHz,
CDCl3) 8 16.74 (s, 1H, Ru=CH-), 7.47, 6.94, 6.84 and 6.78
(4m, 4H, -CHp,), 4.89 (sept., J = 6.1 Hz, 1H, -CHjp,), 4.16 (s,
4H, -N-CH,CH,-N-), 2.69 (m, 4H, H-4), 2.42, 2.29 and 2.20
(3s (2 br s and 1s), 18H, 3s H-5a, 7a, 8b), 1.88 (¢, J = 6.5 Hz,
4H, H-3), 1.44 (s, 12H, H-2a, 2b), 1.28 (d, J = 6.0 Hz, 6H,
CHj3 ipp) ppm; '3C NMR (100 MHz, CDCl3) § 297.5 (CH=Ru),
211.7 (Cnpe), 152.1 (VCay), 145.4 (VC4,), 135.0 (VCAr weak),
133.5 (VCar weak)s 132.2 (VCar weak), 129.1 (ICH,,), 129.0
(VCoea): 123.3 (VCar wear), 122.9 (CHy), 122.4 (ICH,,),
117.1 AVCar weak), 112.8 (MICH,,), 74.7 (CHyp,), 73.3
(Cehroman-2), 53.1 and 51.8 (N-(CH3),-N), 33.1 (Cchroman-3)
27.9 (Cchroman-2a and 2b), 25.7 (CHj 1pr), 21.2 (Cehroman=4),
18.3 (CH3 chroman weak)s 15.2 (CH3 ¢hroman weak)s 12.0
(CH3 ¢hroman) ppm; EIMS m/z: 796 (10), 794 (10), 610 (14),
572 (7), 473 (41), 472 (100), 416 (31), 243 (7), 181 (8), 108
(12), 69 (14), 44 (14%); HRMS (EI): [M]" calcd for
C41Hs54CI1,N,03192Ru: 794.2549, found: 794.2571. Some
signals in 13C NMR spectrum are weak (see text “Synthesis of
the catalyst”).
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An ammonium-tagged ruthenium complex, 8, was deposited on several widely available commercial solid materials such as silica

gel, alumina, cotton, filter paper, iron powder or palladium on carbon. The resulting catalysts were tested in toluene or ethyl acetate,

and found to afford metathesis products in high yield and with extremely low ruthenium contamination. Depending on the support

used, immobilised catalyst 8 shows also additional traits, such as the possibility of being magnetically separated or the use for

metathesis and subsequent reduction of the obtained double bond in one pot.

Introduction

Over the past decade olefin metathesis has undergone a grand
development. The design of stable and active ruthenium-based
metathesis catalysts has been the cardinal factor to distribute
olefin metathesis in the synthesis of many important com-
pounds [1-4]. Commercially available homogeneous com-
plexes, including phosphine-containing Gru-II, Ind-II or phos-
phine-free Hov-1I and Gre-II are usually employed in such
cases (Figure 1) [5]. However, heterogenisation of these com-

plexes was also extensively tested, as their applications in a
solid form can be beneficial [6]. The efficient removal of ruthe-
nium from metathesis products, possibility of catalyst recovery
and reuse as well as their potential use in continuous processes
are the main benefits of heterogeneous systems [7]. Unfortu-
nately, their application is associated with some drawbacks.
These catalysts usually exhibit lower activity than their homo-

geneous counterparts as reflected by a noticeably lower
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turnover frequency (TOF). Moreover, their synthesis, due to the
need for sophisticated linkers and tags, is significantly more

complicated.

Several protocols were developed for heterogenisation of ruthe-
nium catalysts and this topic has been thoroughly reviewed
[8-18]. The implementation of such concepts requires the pres-
ence of remotely functionalised ligands within the metal coordi-
nation sphere. A very efficient covalent immobilisation through
anionic ligands was reported by Buchmeiser et al., who synthe-
sised a series of monolith-supported catalysts (such as 1) which
gave metathesis products with extremely low residual ruthe-
nium [19-24]. In other contributions originating from the same
group, heterogeneous catalysts covalently connected to a mono-
lithic support via NHC ligands were presented [25,26]. These
initiators were suitable for continuous metathesis processes and
provided products with low residual ruthenium; however, they
were less active than complex 1. A very similar idea was
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explored by Grubbs et al. who obtained catalysts 2 and 3 cova-
lently bonded to silica gel through the NHC ligand [27-29].
This work revealed that, for complexes supported on silica gel,
the heterogenization via the NHC backbone is a much better ap-
proach than the previously used ones (e.g., via phosphine or
benzylidene ligands).

An early example of a non-covalent attachment is complex 4,
an activated catalyst deposited on glass polymer Raschig rings,
which was tested in various metathesis reactions carried out in
batch and circulating flow reactor, as well as in an industrial
setup [30,31]. The concept was explored further, and a pyri-
dinium-tagged complex deposited on modified silica gel was
recently obtained by Kirschning, Mauduit et al., exhibiting
much better activity and efficiency than 4 [32]. Specially func-
tionalised Hoveyda-type catalysts bearing polar ammonium
groups were non-covalently immobilised on silica-gel [33-36].
However, it is worth highlighting that alkylidene and pyridine

monolith
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Figure 1: Selected classical and heterogeneous ruthenium complexes.
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ligands dissociate during the catalytic cycle and as a result the
active species containing heavy metal are leaching to the solu-

tion.

A different valuable concept is the covalent or electrostatic
immobilisation of ruthenium initiators on magnetically active
nanoparticles. Complexes 5 [37] and 6 [38] presented in
Figure 1 can serve as an examples, but others were also
prepared [39]. These compounds are carefully designed to facil-
itate straightforward removal of the metal-containing species
after the reaction is completed. Although this idea is simple, the
preparation of such sophisticated nanoparticle-supported cata-
lysts is often a complicated multistep procedure.

Definitely, the simplest and quickest immobilisation strategy is
to support an unmodified, commercially available homoge-
neous catalyst on silica gel. This plan was tested by Jacobs et al.
[40] and more recently Limbach and co-workers [41], who
proved that even the classical Hov-II catalyst can be success-
fully immobilised on silica gel via physisorption. Recently, two
other commercial Hoveyda-type homogeneous catalysts have
been immobilised on silica using the same physisorption ap-
proach [42]. This strategy, although easy and economical, has a
drawback of being limited in terms of the solvents in which the
system stays heterogeneous. Since these commercial Hoveyda
complexes have good solubility in methylene chloride (CH,Cl,)
and toluene, olefin metathesis reactions with these systems have
to be conducted in pentane or hexane.

Recently we have reported on the synthesis and catalytic
activity of a series of olefin metathesis catalysts bearing a
quaternary ammonium group attached to the NHC ligand
(Figure 2) [43-47]. These, now commercially available [48],
complexes were synthesised by on-site quarternisation of cata-
lysts containing a tertiary amine functional group with the use
of either methyl chloride or methyl iodide. This simple yet
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powerful procedure gives access to a modified complex with
multitude of possible applications [43-47]. We have found that
the introduction of an ammonium chloride tag into the NHC
ligand results in catalysts with interesting properties such as
solubility in neat water as well as extremely high affinity to
silica gel. The latter property was of particular interest to us.
Having in hand a complex with such properties we became
interested in its ability to bind non-covalently to various easily

available supports.

What is more important, the resulting material should inherit the
key characteristic of the support, thus allowing for easy and
efficient removal of residual ruthenium from metathesis prod-
ucts, or being utilised in different ways. This heterogenisation
strategy seemed to us a much more straightforward and
universal approach than methods requiring a sophisticated
design of the catalyst, linker or support. However, the reported
physicosorbed systems [40-42] consisting of supported
commercial catalysts can only be used in non-polar solvents
[33-36,43-47]. Taking into account that many advanced poly-
functionalised substrates can be insoluble in pentane, this could
be considered as a drawback. Therefore, we decided to further
explore the potential of NHC-ammonium tagged catalysts,
aiming to develop a more versatile process.

In this present report, we disclose a new heterogeneous catalytic
system, compatible with more polar solvents and substrates. It
is important to note that in this study we focused on estab-
lishing the scope of this heterogenisation method, i.e., by testing
a wide number of potential supports, such as silica, alumina,
charcoal, iron powder, as well as biocompatible wool and paper,
and by examining different catalyst removal strategies, rather
than tackling recyclability issues. The latter was studied in a
separate project conducted in our laboratories and recently
published [49]. In that parallel study the NHC ammonium-
tagged catalyst was heterogenised and subjected to various re-

homogeneous metathesis

easy catalyst recovery and
residual ruthenium removal

homegeneous metathesis

with hydrophilic substrates in

neat water

heterogeneous metathesis

Figure 2: Applications of NHC ammonium-tagged catalysts.
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cyclability tests, proving high potential (up to 23 recycles) and
really high total turnover numbers (up to 35,000).

Results and Discussion
Synthesis of tagged catalyst 8

Complex 7 was synthesised according to the previously
reported procedure [43]. The obtained material was subse-
quently subjected to the on-site quaternisation reaction with
methyl chloride (Scheme 1). Catalyst 8 was isolated in excel-
lent yield after simple filtration through a short pad of neutral
aluminium oxide, using a mixture of EtOAc/MeOH 92:8 v/v as
eluent. We realised that one of the important properties of this
complex is its insolubility in toluene, a solvent of known indus-
trial potential [50].

Preparation of high-surface 8 by precipitation
and by immobilisation on charcoal, silica,
alumina, cotton and paper and the applica-

tion of such materials in catalysis
Microcrystalline 8 showed only marginal activity in olefin
metathesis when applied as a suspension in toluene. This was
ascribed to the low surface area of this material. Therefore, we
decided to deposit 8 on a solid support characterised by a high
surface. The initially chosen support for the catalyst deposition
was activated carbon (charcoal, C*), which is known to have a
high surface area [51]. Addition of C* to a CH,Cl, solution of 8
and subsequent removal of the solvent in vacuo resulted in a
complete deposition. Other solvents for the deposition process
were tested as well, with the AcOEt/MeOH 95:5 v/v system
being a greener alternative to CH,Cl,. The thus obtained ma-
terial was dried and used directly in metathesis reactions. In
both of these solvent systems, complete (100%) deposition was
achieved, according to gravimetric analysis of the obtained
loose powder. In addition, visual inspection showed no remains
of unsupported complex 8 deposited on the flask walls, etc.
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Having in hand the catalyst supported on activated carbon
(8-C*) we were eager to test its catalytic properties. A model
ring-closing metathesis (RCM) reaction leading to product 10
(Scheme 2) was used to check the influence of temperature and
concentration on the activity of 8 on the solid support.

EtOOC_ COOEt
7

EtOOC_ COOEt
Catalyst

Conditions

\

9 10
Scheme 2: Model RCM reaction.
We observed that the use of higher temperature and concentra-
tion results in faster substrate consumption what is quite intu-

itive (Figure 3). We were pleased to see almost full conversion
of 9 after only 20 minutes of reaction carried out at 80 °C at
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Figure 3: Influence of temperature and concentration on RCM of 9.
Conditions: 1 mol % of 8-C* (5 wt % on C*), in toluene.
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0.2 M concentration. It is worth noting that such a fast reaction
is rather unusual in the case of heterogeneous olefin metathesis
[19-24,52].

Encouraged by this initial success, we deposited 8 on several
other widely available solid supports, commonly utilised in
everyday laboratory and industrial practice. Those included
silica gel (flash chromatography grade), neutral aluminium
oxide, cotton-viscose wool (cosmetic) and even filter paper. In
each case 5 wt % of catalyst was deposited on the selected
support (see Supporting Information File 1 for details). During
this part of the study we also discovered that the protocol
involving fast precipitation of 8 from diluted CH,Cl, solution
with c-hexane, can provide solid catalyst 8 as a fine powder ex-
hibiting activity in RCM comparable with that observed for
immobilised 8-C*. The morphology of the obtained materials is
presented in Figure 4.

Figure 4: Presentation of various Ru-based catalysts. From the left:
20 mg of Gre-ll powder, 20 mg of 8 as fine powder, 20 mg of 8
supported on 380 mg of silica gel, 20 mg of 8 supported on 380 mg of
activated carbon, 20 mg of 8 supported on 380 mg of cotton-viscose
wool, 20 mg of 8 supported on 380 mg of filter paper (6 x 8 cm).

Next, we aimed to test the activity of the obtained hetero-
genised 8 in the model RCM of 9. The results are presented in
Figure 5. The efficiency of 8 supported on cotton-viscose wool

100 o g
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c
',,9, 8 powder
E;: 8-paper
s 1ty " ¢ 8-cotton
o *  8-ALO,

0 Ll T T T T T T

0 5 10 15 20 25 30

Time [min]

Figure 5: Influence of the support type on the metathesis outcome.
Conditions: 1 mol % 8, toluene 80 °C; [9] = 0.2 M.
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and on filter paper (8-cotton and 8-paper) was only slightly
lower than that one of unsupported catalyst 8-powder. These
non-expensive supports, however, are very attractive due to the
exceptional ease of handling and product purification. Lower
efficiency was observed in the case of catalyst supported on
neutral aluminium oxide (8-Al,03) which provided product 10
in diminished yield. On the other hand, the catalyst supported
on unmodified silica gel (8-SiO;) showed the fastest initiation
rate among all tested materials, giving over 99% of conversion
of 9 after only 10 minutes.

We observed that simple decantation of the crude reaction mix-
ture or — in case of unsupported catalyst 8-powder, Figure 6 —
its filtration through a piece of cotton provides colourless
mixtures. This suggests that under these conditions there are no
active ruthenium species dissolved in toluene.

Figure 6: Filtration of the reaction mixture after RCM of 9 catalysed by
1 mol % of 8-powder.

To check this hypothesis, split tests were carried out during the
RCM of 9 catalysed by 1 mol % of 8-powder, 8-C*, and
8-SiO,. The split test procedure is commonly used to prove the
heterogeneity of a process in question [53]. After 3 minutes
of each investigated transformation, a part of the reaction mix-
ture was filtered via a very small piece of cotton to a new pre-
heated flask (the cotton plug was washed with hot toluene). The
filtered mixtures were immediately analysed to calculate the
conversion at the split time. After the following 30 minutes the
conversion was determined in both filtered and non-filtered
reaction mixtures, again. The appropriate data is presented in
Figure 7.
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Figure 7: Split test during RCM of 9 (1 mol % cat, toluene 80 °C,
[9] = 0.2 M). The reaction mixtures were filtered through a piece of
cotton under argon to a flask placed in an oil bath pre-heated to 80 °C.

In all the examined cases there was no increase of conversion in
the filtered reaction mixtures. At the same time, the reactions
proceeded further in the fractions that were not filtered. This
proves that the active species are not present in solution, thus
suggesting that these reactions are truly heterogeneous.

We suspect that immobilisation of polar 8 is strengthened by
physicochemical interactions of the polar ammonium tag with
the surface of the support. To shed more light on this, we
compared the behaviour of 8-powder and 8-C* in the RCM
reaction of diene 9 conducted in ethyl acetate at 50 °C. Com-
plex 8 is partially soluble in this solvent. The split tests, made
during RCM reactions, revealed a great difference between the
immobilised and unsupported 8 (Table 1). In the case of
8-powder, the reaction was (at least in a part) homogeneous,
and the Ru content present in solution was noticeable (257 ppm,
Table 1). On the other hand, the immobilised catalyst (8-C*)
worked in the same solvent in truly heterogeneous fashion, with
only minimal leaching (3.2 ppm). This seems to suggest that the
interactions between tagged catalyst 8 and activated carbon are

Table 1: Results of olefin metathesis conducted in AcOEt.2

RCM of 9 in AcOEt Promoted by 8-powder
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strong enough to allow heterogeneous catalysis even in the
solvent in which 8 is partially soluble and therefore cannot be
used unsupported. It should be noted that untagged catalysts,
like Hov-II immobilised on solid supports were reported to
work only in non-polar solvents such as hexane or pentane, in
which the catalyst is completely insoluble [40-42]. According to
this observation, Hov-II immobilised on charcoal (using the
procedure described above) and applied for RCM of 9 in AcOEt
lead to a non-heterogenous reaction and severe leaching
(Table 1).

To establish the scope and limitations of the studied heteroge-
neous system, we selected the most active supported complex
(8-Si0,) and a set of olefin metathesis reactions in toluene
(Scheme 3). The outcome of this study along with the ruthe-
nium content in crude metathesis products is summarised in
Table 2.

The products of RCM and ene—yne metathesis were obtained
with good to excellent yields with the use of 0.1-0.5 mol % of
catalyst. Functionalised olefins 19 and 21 were isolated with
excellent yield after cross metathesis (CM) reactions run with
only 1 mol % of catalyst. Importantly, the residual ruthenium
content in the crude products was very low (determined by ICP-
MS method). Reaction work-up was performed solely by filtra-
tion of the reaction mixture through a piece of cotton and evap-
oration of the volatiles, to yield the crude products. The
simplicity and effectiveness of this approach can be utilised in
many applications, e.g., in pharmaceutical R&D and produc-
tion [31,36]. The isolation of highly polar 21 in very good yield
and with low residual ruthenium should be especially high-
lighted in this context [54].

Encouraged by the above results, in the final part of this work
we decided to utilise the observed great affinity of 8 to various
supports to briefly test some more unconventional heterogenisa-
tion strategies. It should be noted that two experiments de-
scribed below shall be treated only as a preliminary endeavour

aimed at getting a broader perspective.

Promoted by 8-C* Promoted by Hov-II-C*

Conv. [%] Residual Ru Conv. [%] Residual Ru Conv. [%] Residual Ru
[ppm] [ppm] [ppm]
At split 70 n.d. 57 n.d. 80 n.d.
Filtered (30 min) 91 n.d. 57 n.d. >99 n.d.
Suspension (30 min) >99 257 88 3.2 >99 1760

an.d.: not determined.
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Scheme 3: Model metathesis reactions used in tests.
Table 2: Results of olefin metathesis conducted in toluene, 80 °C.

Entry Product Catalyst [mol %] Time [min] Conv. (yield) [%]2 Ru content [ppm]°
1 10 8-powder (1) 60 98 (94) 2.0
2 10 8-C* (1) 15 98 (98) 1.2
3 10 8-SiO5 (1) 10 99 (93) 1.4
4 10 8-SiO, (0.5) 20 99 (93) 24
5 12 8-SiO, (0.1) 30 85 (83) 0.30
6 14 8-SiO5 (0.2) 30 98 (95) b.d.l.¢
7 16 8-SiO5 (0.5) 30 99 (92) 19
8 194 8-SiO5 (1) 10 95 (92)¢ 0.61
9 21d 8-Si0, (1) 20 98 (96)ef 0.38
10 254 8-SiO; (1) 10 >05 (75)9 0.44
11 23 8-SiO5 (0.5) 30 89 (85) 115

ayields of isolated pure products; Pmeasured for products purified by filtration of reaction mixture through a piece of cotton; b.d.l. — below detection
level; 94 equiv of 18 were used; ®E/Z = 19:1; 'determined by GC after esterification of the crude product; 9yield of pure E-isomer.

Immobilisation of 8 on iron powder

First, we attempted to prepare a model for a magnetically sepa-
rable catalyst [55]. This idea has been explored previously by
attaching tagged Ru complexes to specially designed magneti-
cally active nanoparticles. We wondered whether supporting 8
on commercially available iron powder (spherical, <10 pm),

would result in a magnetically removable system. In fact, com-
plex 8 can indeed be non-covalently immobilised on iron
powder, to form 8-Fe, although in this case the catalyst/support
mass ratio had to be lowered to 0.01 in order to provide fully
Fe-supported complex 8. This method for the preparation of a
magnetically removable catalyst is obviously less complicated



than the reported syntheses of catalysts on magnetic nanoparti-
cles [37-39]. The main difference is that the latter materials are
much more technologically advanced and work rather as quasi-
homogeneous catalysts [56]. The resulting 8-Fe was tested in
the RCM of 9 and its overall efficiency was found to be almost
identical with that observed for the unsupported powdered cata-

lyst (Figure 8).

100 ~

Red /L
c
-% = 8 powder
o e 8-Fe
Z 40
[e]
(&
20
0 T T T T T T
0 5 10 15 20 25 30

Time [min]

Figure 8: RCM of 9 catalysed by 8 and 8-Fe. Conditions: 1 mol %
catalyst, toluene 80 °C, [9] = 0.2 M.

Reactions with 8-Fe were performed in a standard reaction vial
containing a magnetic stirring bar. During the reaction course
the catalyst remained fully suspended in the solution due to the
centrifugal force (Figure 9A), whereas once the solution was no
longer stirred after reaction completion, all Fe-supported ma-
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terial clung to the mixing element (Figure 9B). It was then
mechanically removed, providing the colourless product in very
good yield (93%) and with low residual ruthenium content
(25 ppm, Figure 9C). This level of contamination is higher than
in the case of 8-SiO2 or 8-C*, however, we think that
immobilisation of a metathesis catalyst on iron is still of
interest. It brings some additional possibilities to be explored,
such as on-demand catalyst removal and insertion controlled by
a magnetic field.

If it is required, complex 8 can then easily be recovered from
the support by simply washing the heterogeneous material 8-Fe
with a polar solvent, such as water, alcohol or CH,Cl,
(Figure 9D and Figure 9E) and possibly deposited on other
supports or used as a homogeneous catalyst. As it was noted
earlier, we are not considering high recyclability of immo-
bilised complex 8. However, the possibility of removing the
deactivated catalyst from the support and reloading the latter
with a fresh portion of the complex (or to replace a catalyst by
another one on a given support) is a potentially viable option,
worthy of being explored, especially in industrial setups [30].

Immobilisation of 8 on carbon containing
10% Pd

It is described in the literature that ruthenium residues, present
in the reaction mixture after olefin metathesis, can serve as an in
situ homogeneous catalyst for high pressure hydrogenation of
the newly formed C—C double bonds [57-61]. On this basis, we
assumed that the ruthenium complex impregnated on carbon
8-C* might serve as in situ heterogeneous catalyst for a tandem
olefin metathesis-hydrogenation transformation.

Figure 9: Removal of 8-Fe and subsequent recovery of 8. A: stirred reaction mixture containing 8-Fe, B: the same reaction mixture after stirring
ceased, C: catalysts 8-Fe attached to the magnetic rod and removed, D: catalyst 8-Fe being washed with CH,Cly, E: CH,Cl, solution of catalyst 8
removed from Fe powder.
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To test this possibility we ran CM of 17 and 18 and when the
metathesis reaction was complete the resulting product was
subjected to reduction by applying hydrogen gas at atmos-
pheric pressure. Unfortunately, only traces of the desired com-
pound 26 were observed after 2 h at 80 °C (Scheme 4). This
failure did not discourage us from further attempts. Being inter-
ested in development of a catalytic system that would lead to
products of tandem metathesis—hydrogenation under mild
conditions, we deposited 8 on commercially available palla-
dium on carbon (10 wt % Pd/C) [62]. The resulting bimetallic
Ru—Pd heterogeneous catalyst 8-Pd/C exhibited the same
activity in metathesis as catalyst deposited on activated carbon.
Interestingly, the E/Z selectivity in reaction carried out with
8-C* was significantly different from that observed in reaction

promoted by 8-SiO, (11.5:1 and 19:1, respectively).

Advantageously, clean and fast conversion of 19 into 26 was
observed when a balloon containing hydrogen gas was applied
at 80 °C. After optimisation of the conditions, the saturated
diester 26 was obtained in 91% isolated yield and was found to
contain only 5.7 ppm of residual ruthenium after simple filtra-
tion (Scheme 4). It should be emphasised that this result was
obtained without application of high pressure of hydrogen gas,
and did not require any specific equipment.

Conclusion

In summary, we have reported on an olefin metathesis catalyst,
bearing a quaternary ammonium-tagged NHC ligand. This cata-
lyst can be non-covalently immobilised on various organic and
inorganic solid supports in a straightforward and universal

V]\OMe

18 o

toluene
80 °C, 15 min

Meowom}
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manner. Depending on the nature of the support chosen, the
properties of the resulting catalyst are different, allowing for
various applications such as separation in magnetic field, or a
one-pot metathesis—hydrogenation sequence. Practical advan-
tages of the immobilised NHC-tagged catalyst, such as possi-
bility of being applied in more polar solvents (toluene, ethyl
acetate), wide substrate scope, good yields and very low
residual ruthenium content obtained make it potentially interest-
ing in target-oriented synthesis, applications in pharmaceutical

industry and similar areas.

In this work we focused on studying the immobilisation tech-
niques and determining the application profile of the resulted
system. In parallel work, the recyclability of an immobilised
Ru-catalyst bearing quaternary ammonium-tagged NHC ligand
was described.

Supporting Information

Supporting Information File 1

Experimental procedures and analytical data of obtained
compounds.
[http://www.beilstein-journals.org/bjoc/content/
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A series of novel benzimidazolium salts (1-4) and their pyridine enhanced precatalyst preparation stabilization and initiation
(PEPPSI) themed palladium N-heterocyclic carbene complexes [PdCl,(NHC)(Py)] (5-8), where NHC = 1-(N-methylphthalimide)-
3-alkylbenzimidazolin-2-ylidene and Py = 3-chloropyridine, were synthesized and characterized by means of 'H and
BC{IH} NMR, UV-vis (for 5-8), ESI-FTICR-MS (for 2, 4, 6-8) and FTIR spectroscopic methods and elemental analysis. The
synthesized compounds were tested in Suzuki—Miyaura cross-coupling (for 1-8) and arylation (for 5-8) reactions. As catalysts,

they demonstrated a highly efficient route for the formation of asymmetric biaryl compounds even though they were used in very

low loading. For example, all compounds displayed good catalytic activity for the C—C bond formation of 4-tert-butylphenyl-

boronic acid with 4-chlorotoluene.

Introduction

The use of N-heterocyclic carbenes (NHCs) as ligands was
started by Wanzlick [1] and Ofele [2] almost fifty years ago.
There have been major advances in the design and synthesis of

metal complexes containing N-heterocyclic carbene ligands in

the last two decades, and they had a wide range of applications
in different fields, particularly in homogeneous/heterogeneous
catalysis [3-8] and bioorganometallic chemistry [9-11]. This is
because NHC complexes are easily obtained by deprotonating
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imidazolium or benzimidazolium salts and most are relatively
stable in air and moisture. They are weak m-acceptors and
strong ¢-donors and can form strong M—C bonds with tran-
sition metal ions compared to trivalent phosphine ligands
[12,13].

As catalysts, palladium N-heterocyclic carbene (Pd-NHC) com-
plexes display remarkable activities in coupling reactions [5,14-
17]. Among various Pd—-NHC complexes such as
[PA(NHC)(dmba)Cl] (dmba = N,N-dimethylbenzylamine) and
[PA(NHC)(Im)Cl,] (Im = imidazole) [18,19], [PEPPSI
Pd-NHC] complexes are prevalent due to the combination of

efficiency and versatility [20,21]. The synthesis conditions for
these complexes are generally mild and do not require an inert
atmosphere. The steric and electronic parameters are also easily
PEPPSI Pd-NHC
complexes have been used in different coupling reactions such

modified by attaching substituents.

as Mizoroki—Heck cross-coupling [22,23], Suzuki-Miyaura
cross-coupling [24,25], Sonogashira [26] and arylation

reactions [27].

There are suitable precatalyst scaffolds, which were developed
by Nolan [28], Organ [21] and Buchwald [29]. To find more
effective catalysts containing an Organ type scaffold among
these precatalyst scaffolds, we synthesized four new pure
N-methylphthalimide substituted benzimidazolium salts (1-4)
and their PEPPSI Pd-NHC complexes (5-8) in this study. The
structures of all compounds were confirmed by various spec-
troscopic methods ('H and '3C{'H} NMR, UV-vis, ESI-
FTICR-MS, FTIR) and elemental analysis. The PEPPSI
Pd-NHC complexes were tested for catalytic activities both in
direct arylation and Suzuki—Miyaura cross-coupling reactions.
The catalytic activities of benzimidazolium salts were only
tested in a Suzuki-Miyaura cross-coupling reaction. The com-
pounds were found to be very efficient in the symmetric and
asymmetric C—C bond-forming reactions.

(R R
©[N> L r X DMF %
W 80°C, 24 h N
R

R= N(C=O)2C6H4

R'=CgHs (1)

CgH4(CHj3)-3
N(C=0),CeH4 (3)
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Results and Discussion
Synthesis of N-methylphthalimide
substituted benzimidazolium salts

New benzimidazolium salts 1-4, which are carbene precursors,
were synthesized by N-alkylbenzimidazole and various alkyl
halides in DMF (Scheme 1). These salts, especially containing
benzyl and 3-methylbenzyl groups, were obtained in very high
yields (81-97%) as white or cream solids. The salt containing
the 2-morpholinoethyl group was obtained in a much lower
yield of 62%.

The benzimidazolium salts include an acidic NCHN proton,
which can be deprotonated easily to form an NHC, at the C2
position of the benzimidazole ring. The sharp salt peak indi-
cating the synthesis of a benzimidazolium salt came quite
downfield at § 10.13, 11.10, 9.65 and 10.83 ppm in the
'H NMR spectra for 1-4, respectively. The NCHN peaks of the
carbene precursors were observed at § 144.56, 144.69, 143.55
and 145.26 ppm in the 13C{'H} NMR spectra for 1-4, respec-
tively. The formation of the benzimidazolium salts was also
evident through their IR spectra, which showed peaks at 1562.2,
1558.4, 1562.2 and 1554.5 cm ™! for the v(cn) bond of 1-4, re-
spectively. Compounds 2 and 4 among these salts were further
characterized by using high-resolution mass spectrometry
(HRMS). The mass spectra demonstrated m/z peaks at 382.16
and 391.18 for the cationic moieties against the calculated value
of m/z 382.43 and 391.44 for 2 and 4, respectively.

Synthesis of PEPPSI Pd—NHC complexes

Our aim was to synthesize novel Pd-NHC complexes contain-
ing a PEPPSI skeleton. The target PEPPSI PdA-NHC complexes
5-8 were successfully synthesized by using carbene precursors
1-4, PdCl, and K,COj3 as a base in 3-chloropyridine
(Scheme 1). The colors of the obtained solid complexes were
either yellow or cream. These complexes, which are stable both
in solution and in solid states against air, light and moisture,

o

(:[ >—Pd N
Pdclg + 5K,CO3 C|
80°C, 16 h R'
R'= CgHs (5)

CeH4(CH3)-3 (6)
N(C=0),CeH4 (7)
CH,N(CH,CH,),0 (8)

@)

CH,N(CH2CH,),0 (4)

Scheme 1: Synthesis of benzimidazolium salts and their PEPPSI Pd-NHC complexes.
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were obtained in low yields of 25-60%. All complexes with a
benzimidazolium moiety display characteristic signals for the
3-chloropyridine ligand in the 'H and '3C{'H} NMR spectra.
For the '"H NMR spectra of the metal complexes, sharp peaks in
the lower field belonging to the benzimidazolium salts (NCHN)
were not observed between § 10 and 12 ppm. The FTIR data
clearly indicated the presence of v(cn) at 1508.2, 1446.5, 1394.4
and 1444.6 cm™! for the PEPPSI Pd-NHC complexes 5-8, re-
spectively. The formation of a C—N module in the benz-
imidazole ring correlated with a shift of IR (CN) band. The
complexes 6—8 were further characterized by means of HRMS
which showed m/z peaks at 637.02, 691.99 and 574.99 for the
cationic moieties against the calculated values of m/z 636.84,
691.84 and 574.95, respectively. Unfortunately, we were unable
to yield a proper single crystal from these compounds for X-ray
diffraction. Unlike the salts, the metal complexes showed absor-
bance in UV—vis experiments.

Absorption spectroscopy studies
The absorption spectra of the complexes were recorded in
DMSO and are shown in Figure 1A.

Only metal complexes show an absorbance above 330 nm and
have the highest absorption, whereas salts did not display any
absorbance except for an intense peak below 330 nm. There-
fore, we only discuss the metal complexes here. For the metal
complexes, the spectra are characterized by a broad band be-
tween 350 and 430 nm and display a strong absorption below
350 nm. Complex 5 exhibits the overall highest absorption,
whereas the overall absorption of complex 7 seems to be the
lowest of the six investigated complexes. Very broad absorp-
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tion spectra are indicative of a charge transfer, and to deconvo-
lute the shoulder or ripple of the absorption spectra, we applied
the second derivative analysis (Figure 1B). The second deriva-
tive spectra were noisy, as can clearly be seen after smoothing
three positive peaks (at 315, 345 and 430 nm) and two negative
peaks (at 380 and 405 nm). In the second derivative analysis,
a negative band has a minimum at the same wavelength as
the maximum on the main absorption spectrum. With this in
mind, there are at least two absorbance bands buried between
350-430 nm.

Catalytic activity of PEPPSI Pd—NHC com-
plexes as catalysts in arylation reaction

First, we performed the arylation reaction between the 4-bromo-
acetophenone, which is electron-deficient, with 2-n-butylthio-
phene without the catalyst at 110 °C for 1 h in DMAc as sol-
vent and the reaction resulted in only a 1% yield. When we
attempted the same reaction using 8 as a catalyst at 130 °C, the
efficiency of the reaction was 27% (Table 1, entry 3). For cata-
lyst 5, the yield dropped to 9%, the temperature was decreased
to 110 °C and the procedure time was increased from 1 h to
1.5 h (Table 1, entry 2).

When 4-bromoacetophenone was used as a substrate with cata-
lyst 6, sp>—sp? C—C bond formation with 2-n-butylfuran was
achieved with a yield of 49% in just 1 h (Table 1, entry 5). The
product was obtained in a much lower yield when the same
reaction was carried out with 5 as a catalyst. Compounds 7 and
8 as catalysts were displaying better results than complexes 5
and 6 for the same reaction (Table 1, entries 6 and 7). When we
employed electron-neutral bromobenzene as a substrate instead

— 2.0
B)
0.004 — — 5 (abs)
—— 5 (2nd deriv)
— 15
0.003 —
El
©
0.002 — ~ 1.0 —
< 3
< :
 0.001 — 5
~ 05 2
0.000
— 0.0
-0.001 -
-0.002 - T T T —-0.5
300 350 400 450 500
A (nm)

Figure 1: (A) UV-vis absorbance spectra were taken in DMSO. (B) The second derivative of the compound 5 calculated from A. Other metal
complexes have similar second derivative bands but are omitted for simplicity.
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Table 1: PEPPSI Pd-NHC catalyzed direct intermolecular arylation of heteroaryl derivatives with various aryl bromides@:?.

- 0

R B+ @/\/ 5-8 (1 mol %) R A\

i : X DMAc, KOAc X

Entry R X Time (h) Temp. (°C) Comp. Yield (%)
1 CH3(C=0)- S 1 110 - 1
2 1.5 110 5 9
3 1 130 8 27
4 (e} 1 110 5 14
5 1 110 6 49
6 1 110 7 83
7 1 110 8 89
8 H- S 1 110 8 97
9 (e} 21 80 7 71
10 21 90 7 84
11 21 110 7 98
12 CH30- S 1 130 5 79

@Reaction conditions: 2-n-butylthiophene or 2-n-butylfuran (2 mmol), 4-bromoacetophenone, bromobenzene or 4-bromoanisole (1 mmol), PEPPSI
Pd—NHC 5-8 (1 mol %), KOAc (1 mmol), DMAc (2 mL), 80—130 °C, 1 or 21 h. Product purity was checked by GC and NMR. PYields were calculated

according to aryl bromides.

of 4-bromoacetophenone, C—C bond formation (2-butyl-5-
phenylthiophene) was achieved in 97% yield using catalyst 8 at
110 °C with a reaction time of 1 h (Table 1, entry 8). When
bromobenzene was used with catalyst 7 at 80 °C for 21 h, the
product 2-butyl-5-phenylfuran was obtained in 71% yield. By
increasing the reaction temperature by 10 degree centigrade, as
shown in entry 10, the result showed a reaction yield that was
13% higher than that of entry 9. However, when we further in-
creased the temperature by more than 30 degrees to 110 °C, a
maximum yield of 98% was obtained (Table 1, entry 11). In the
reaction catalyzed by 5, 2-butyl-5-(4-methoxyphenyl)thiophene
was obtained in 79% yield (Table 1, entry 12).

Catalytic activity of synthesized compounds

in Suzuki—Miyaura cross-coupling reaction

The Suzuki—Miyaura cross-coupling reaction, which has mostly
been performed in organic solvents until recently, can now
be performed using green solvents under mild conditions [29-
34]. We used H,O with DMF as solvents in different propor-
tions in this work. We preferred to use a 1:1 ratio in the
Suzuki—Miyaura reaction as there was not much difference
between the obtained results when the ratios used were 3:1 or
1:1. To optimize the reaction conditions, a series of experi-
ments with different bases such as KOH, NaOH and K,CO3
were conducted at different temperatures to provide the cou-
pling of the C—C bond of different substrates with phenyl-
boronic acid. The best results were obtained with the base
KOH. We also employed different time periods ranging from 1
to 3 h. When the reaction time was extended, the yield

increased in a linear manner.

The Suzuki-Miyaura reaction was carried out using electron-
rich (4-chloroanisole, 4-chlorotoluene), electron-poor
(4-chloroacetophenone, 4-chloronitrobenzene) and electron-
neutral (chlorobenzene) substrates. We studied the catalytic ac-
tivity of compound 1 regarding C—C bond coupling of
4-iodoacetophenone as a substrate with phenylboronic acid
(Table 2, entry 2). This catalytic system showed a better perfor-
mance for aryl iodide than for aryl chlorides except chloroben-
zene (Table 2, entries 1-17). 4-Acetylbiphenyl was obtained in
99% yield and 100% conversion at 80 °C and 1 h (Table 2,
entry 2). The best results were obtained when chlorobenzene
was used as a substrate (Table 2, entries 18-21) whereas least
favorable results were obtained when the electron-poor sub-
strates were used. Among the employed carbene precursors,
compound 4 gave the best result to acquire the 4-nitrobiphenyl
product (Table 2, entries 8 and 9). Compounds 2 and 4 gave
very good results to get the 4-methoxybiphenyl product from
among the used carbene precursors (Table 2, entries 11 and 13).

Melvin et al. found the coupling of phenylboronic acid with
4-chlorotoluene with a yield of approximately 45% within
90 minutes at room temperature and reaction conditions of
1.0 mol % PEPPSI-IPr, K,CO3, MeOH/THF (19:1). They ob-
tained the same coupling product with a yield of around 50%
when they changed the amount of PEPPSI-IPr to 0.5 mol %, the
base to KO#-Bu and extended the reaction time to 2 h [35].
However, we obtained the same product in much higher yields
such as 90 and 93% under reaction conditions of 1 mol % of
Pd(OAc),, 1 mol % of 1 and 2, KOH, DMF/H,O within a short
period of time (1 h) at 80 °C.
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Table 2: Suzuki-Miyaura cross-coupling reaction of phenylboronic acid with aryl chlorides@:P.

Pd(OAc), (1 mol %)

1-4 (1 mol %)

X +

Orsem

<

base, DMF/H,0

O~

Entry R-CgHa-X LHX Base Time(h) Temp (°C) DMF (mL) HyO(mL) Yield (%) Conv. (%)
1 %@*CI 1 KOH 1 80 3 1 41 53
o)
2 >/—®*I 1 KOH 1 80 3 1 99 100
o)
3 1 KOH 1 80 3 1 27 42
4 2 KOH 2 80 2 2 34 40
5 2 KOH 3 80 2 2 74 77
6 om@m 3  KOH 2 80 2 2 25 62
7 3  KOH 3 80 2 2 30 77
8 4  KOH 2 80 2 2 75 76
9 4  KOH 3 80 2 2 75 97
10 1 KOH 1 80 3 1 52 68
11 o o 2  KOH 2 80 3 1 94 99
12 3  KOH 2 80 3 1 23 55
13 4  KOH 2 80 3 1 95 98
14 1 KOH 1 80 3 1 20 92
15 o 2 KOH 1 80 2 2 93 99
16 3  KOH 1 80 2 2 44 92
17 4  KOH 1 80 2 2 12 99
18 1 KOH 2 70 2 2 99.9 99.9
19 o 1 NaOH 2 70 2 2 99.8 99.8
20 1 KCO3 2 70 2 2 9% 98
21 1 KOH 1 80 3 1 99.9 100

@Reaction conditions: p-R-CgH4Cl (1.0 mmol), Pd(OAc), (1.0 mol %), phenylboronic acid (1.5 mmol), base (2.0 mmol), 1-4 (1 mol %), DMF/H,0,
70-80 °C, 1-3 h. PYields were calculated according to aryl chlorides by using GC or GC-MS.

The synthesized carbene precursors consist of an electron-
neutral group (benzyl), electron-donating group (3-methyl-
benzyl) and electron-withdrawing group (N-methylphthalimide)
on the benzimidazolium salts. These groups are important for
the catalytic performance and to understand the electronic effect
of the ligands. In the presence of the catalysts formed in the in
situ medium, the coupling of 4-methoxy-1-chlorobenzene with
2,5-dimethoxyphenylboronic acid was performed with overall
low yields (Table 3, entries 1-4). While carbene precursor 2
showed the lowest catalytic activity, 3 gave the highest catalytic
activity (Table 3, entries 2 and 3). We acquired excellent
catalytic activity results using 4-tert-butylphenylboronic acid
which is a derivative of phenylboronic acid (Table 3, entries
5-8). All compounds were found to be very effective for this
coupling reaction and the product yield was between 94—100%.

The C—C bond formation of thianaphthene-2-boronic acid with
4-chloronitrobenzene using an in situ formed PdA-NHC com-
plex as catalyst resulted in low yields and conversions (Table 3,
entries 9-12). The usage of the morpholinoethyl substituted
benzimidazolium compound 4 with Pd(OAc); resulted in higher
yields of 2-(4-nitrophenyl)benzo[b]thiophene compared to the
usage of compounds 1-3.

Generally, the PEPPSI Pd-NHC complexes showed similar
catalytic activity with in situ formed Pd-NHC complexes under
the same experiment conditions (Table 3 and Table 4). The
2-morpholinoethyl substituted PA-NHC complex 8, on the other
hand, displayed very low activity compared to the other three
complexes for the coupling of 2,5-dimethoxyphenylboronic

acid with 4-methoxy-1-chlorobenzene (Table 4, entry 4). High
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Table 3: Suzuki-Miyaura cross-coupling reaction of boronic acid derivatives with aryl halides2:?.

Pd(OAc), (1 mol %)
1-4 (1 mol %) 7\

Entry

o N o w»

9
10
11
12

Aryl halide Derivatives of boronic acid

\
O
Qm
O
I

e
S, _OH
OH

NaOt-Bu, 2 h, 80 °C RA\=
DMF/H,O (1:1, 4 mL)

LH

B WON =

W N =

4

X

Product
/
(6]
e aW,

S

Yield (%)

35
15
77

24

94

99

98
99.9

10

6
45

Conv. (%)

68
26
80

33

96
99.7
99
100

38
15
7
48

@Reaction conditions: 4-methoxy-1-chlorobenzene, 4-chlorotoluene, 4-chloronitrobenzene (1.0 mmol), Pd(OAc), (1.0 mol %), 2,5-dimethoxyphenyl-
boronic acid, 4-tert-butylphenylboronic acid, thianaphthene-2-boronic acid (1.5 mmol), NaOt-Bu (2.0 mmol), 1-4 (1 mol %), DMF/H,0 (1:1, 4 mL),
80 °C, 2 h. PYields were calculated according to aryl chlorides by using GC or GC-MS.

Table 4: Suzuki-Miyaura cross-coupling reaction of boronic acid derivatives with aryl chlorides@P.

Entry

w N

0 N O ;o

9
10
11
12

5-8 (1 mol %) 7\

NaOt-Bu, 2 h, 80 °C R =

DMF/H,O (1:1, 4 mL)

Aryl chloride Derivatives of boronic acid PEPPSI Pd-NHC Product

\
@)
oo (Cp-oom
@)
I

e I
O,N Cl B
2 7 “on

5
6

~

N
@]
/;/O\
—~O

0 N O O»m

N o a

§

8

PN

$

NO,

R’

Yield (%) Conv. (%)

56
51
59

92

95

93
99.9

35
14

67
55
77

25

99
99
98
100

5
9
55
30

@Reaction conditions: 4-methoxy-1-chlorobenzene, 4-chlorotoluene, 4-chloronitrobenzene (1.0 mmol), 2,5-dimethoxyphenylboronic acid, 4-tert-
butylphenylboronic acid, thianaphthene-2-boronic acid (1.5 mmol), NaOt-Bu (2.0 mmol), 5-8 (1 mol %), DMF/H,0 (1:1, 4 mL), 80 °C, 2 h. PYields
were calculated according to aryl chlorides by using GC or GC-MS.
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yields were obtained in the presence of low amounts of cata-
lysts 5-8 (1 mol %) in the coupling reaction of 4-tert-
butylphenylboronic acid with 4-chlorotoluene (Table 4, entries
5-8). All synthesized compounds demonstrated low activity in
the coupling of thianaphthene-2-boronic acid with 4-chloro-
nitrobenzene (Table 3, entries 9-12; Table 4, entries 9-12). In
C—C bond-forming reactions of different substrates with 2,5-
dimethoxyphenylboronic acid and thianaphthene-2-boronic
acid, complex 7 was found to be a good catalyst for the syn-
thesis of biaryl systems in comparison to the other complexes.
We observed that compounds 4 and 7 were more effective than
the other compounds as catalyst (Table 3, entry 12; Table 4
entry 11).

Conclusion

In the present study, a series of benzimidazolium salts (1-4) and
PEPPSI Pd-NHC complexes (5-8) were successfully synthe-
sized and their structures were confirmed via 'H and
BC{'H} NMR, ESI-FTICR-MS (for 2, 4, 6-8), UV—vis, FTIR
and elemental analysis. All the compounds exhibited good solu-
bility in organic solvents and were tested in both arylation (for
5-8) and Suzuki-Miyaura cross-coupling (for 1-8) reactions.
Pd-catalyzed direct intermolecular arylation was investigated
using electron-poor, electron-rich or electron-neutral substrates.
In general, an electron-neutral group was found to be more
effective in the formation of biaryl product. Both in situ gener-
ated Pd-NHC and PEPPSI Pd-NHC complexes as catalysts
were studied in Suzuki—Miyaura cross-coupling reactions
without an inert atmosphere. Both complex types were quite
effective in the coupling of 4-chlorotoluene with 4-tert-
butylphenylboronic acid.
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Bearing the versatility of N-heterocyclic carbene (NHC) ligands, here density functional theory (DFT) calculations unravel the

capacity of coordination of a deprotonated NHC ligand (pNHC) to generate a doubly C2,N3-bridged dinuclear complex. Here, in

particular the discussion is based on the combination of the deprotonated 1-arylimidazol (aryl = mesityl (Mes)) with [M(cod)(p-Cl)]

(M =TIr, Rh) generated two geometrical isomers of complex [M(cod){pu-C3H,yNy(Mes)-kC2,kN3}],). The latter two isomers display

conformations head-to-head (H-H) and head-to-tail (H-T) of Cg and C, symmetry, respectively. The isomerization from the H-H to

the H-T conformation is feasible, whereas next substitutions of the cod ligand by CO first, and PMej later confirm the H-T coordi-

nation as the thermodynamically preferred. It is envisaged the exchange of the metal, from iridium to rhodium, confirming here the

innocence of the nature of the metal for such arrangements of the bridging ligands.

Introduction

In the framework of organometallic chemistry, N-heterocyclic
carbenes (NHC) centre a well stablished class of relatively new
ligands since in 1991 Arduengo and collaborators isolated the
first stable NHC of the imidazole type with bulky N-substitu-
ents [1]. However the existence of stable NHCs was before
postulated by Wanzlick et al. during the 1960s [2-4] and sup-
ported later by Ofele [5,6]. NHCs have become useful ligands
in many transition metal-catalyzed reactions, stimulating the
study of the unique features of the M—NHC bond [7,8], which

favored the synthesis of new NHCs and to their use as ligands
in transition metal complexes. The latter complexes were
usually obtained by an easy replacement of a phosphine by the
new NHC ligand, displaying a very high stability under many
catalytic conditions. Furthermore, NHCs exhibit better activity,
despite bearing its carbene functionality. Of course, these good
results in basic research supposed and explosion of industrial
efforts to design the right metal NHC-based catalyst for any
kind of reaction. Anyway, neither a unique nor a few list of
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catalysts turned out to be effective for any catalytic reaction, but
some successful applications were achieved in the field of
Ru-catalyzed metathesis of olefins [9-12], Ir-catalyzed hydroge-
nation [13,14], Pd-catalyzed C=C coupling reactions [15,16],
Ir-catalyzed CO, fixation [17,18], and/or functionalization of
alkenes and alkynes by Au-catalyzed reactions [19-21].

It is not feasible to exclude the asymmetry thanks to the modifi-
cation of any of the two groups on the imidazolin-2-ylidene ring
for two reasons. First, H atoms on the backbone of the either
saturated or unsaturated imidazolin-2-ylidene ring suppose a
key structural feature for the introduction of asymmetry in the
NHC ring. Second, these H atoms might transform the corre-
sponding NHCs in potentially efficient chiral NHCs in asym-
metric synthesis [22]. Following with the latter recipe, protic
NHCs (pNHCs) consist of the presence of a N-bound H atom.
Although most of the studies on NHCs together with metal
moieties are based on the interaction of the carbene carbon of
the NHC with the metal [23-26], the high instability due the NH

group of the pNHCs can induce secondary interactions leading

Ar\

N
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Ar I PFe ——

Ar = Dipp i ;
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to bifunctional catalysis [27,28], substrate recognition [29] and/
or biological systems [30,31]. Among the synthetic methodolo-
gies to access to pNHC metal complexes [32-40], recently
N-arylimine functionalized pNHC iridium complexes were ob-
tained using excess of [Ir(cod)(n-Cl)], [41], and next deproton-
ation of the pNHC leads to an equilibrium between a mononu-
clear complex containing a C-bound anionic imidazolide [42-
44] and its dimer [45-58], where the NHC moiety binds in a

p-C,N bridging mode (see Scheme 1) [44].

Even though during the last two decades thousands of papers
have presented and described the NHC based catalysis, bearing
a carbene—metal coordination [7], catalytically few efforts have
been dedicated to other types of coordination of the NHC with
the metal. Braunstein and collaborators have smartly faced the
challenge to mix the reactivity of both coordinative atoms of
pNHCs [59], either the carbene carbon or the non-substituted
nitrogen, i.e., the N from the former N-H group, bearing
l-arylimidazolide ligands. Scheme 2 contains the general

scheme that leads to a particular case of the “equilibrium” be-
N —
N__N
N ~
I Ir — )\ll/\\"-(
T A -
\ “T =)
N

3HT o
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Z

Scheme 1: Equilibrium between the monoiridum complex bearing a C-bound anionic imidazolide and its corresponding dimer, once deprotonated a

pNHC.
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tween two dinuclear complexes, labelled 3.y and 3. (Where
H-H = head-to-head and H-T = head-to-tail). By DFT calcula-
tions here we contribute in the understanding of the thermody-
namics of the subsequent C,N-bridged dinuclear iridium and
rhodium complexes [59], and the facility for the interconver-
sion between these latter dimeric species.

Results

To shed light about both isomers of the dinuclear complex 3,
3y.u and 3g., we envisaged DFT calculations (see Figure 1).
The optimized geometry of 3g_g is in perfect agreement with
the X-ray structure [60] (rmsd = 0.065 A and 1.1° for the
selected main distances and angles) [61,62]. In agreement with
experiments that indicated 3.t is 5.2 kcal/mol more stable than
34.g, Which means that with free tautomerism only the thermo-
dynamic isomer 3g_t would not coexist with 3.y, but as the
unique isomer [59].

Furthermore, the strength of the two H-H and H-T arrange-
ments of the bridging pNHC ligand with the iridium was exam-
ined with the Mayer bond order (MBO) [63], which is valuable
for evaluating bonding in main group compounds, but has been
also used as a tool for the characterization of transition metal
systems [64,65]. For 3g.g the NHC coordination to the metal
through the carbene carbon, the MBO is 0.874, whereas through
the N atom is only 0.438. The type of coordination of pNHCs
around the iridium atoms, either H-H or H-T, does not modify
significantly the strength of the Ir—C and Ir-N bonds. For 3.1
the MBO values are 0.841 and 0.410. Further, the structure of
the dinuclear complexes may be determined by steric effects of
both monomeric moieties. To evaluate only the sterics, topo-

2.086
2.106 2.067
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graphic steric maps were used, which are calculated through the
SambVca package developed by Cavallo et al. [66]. This analy-
sis allows the rationalization of the first coordination sphere
around metal centres where catalytic processes take place. Basi-
cally the method calculates the buried volume of a given ligand
[67] based on the quantification of the proportion of the first
coordination sphere of the metal occupied by this ligand. The
encumbered zones (color-coded in brown) belong to the part of
the ligand that protrudes in the direction of the reacting groups,
thus restricting the space they can fill, whereas empty zones
(color coded in blue) correspond to the part where the ligand
retracts from the reacting groups [68,69].

For 3y.y the percentage of buried volume (%VBur) is 26.2
bearing a metal—-carbene coordination, whereas it decreases to
only 19.1 when the NHC bonds to the metal through the depro-
tonated nitrogen atom. However, the steric maps in Figure 2
confirm completely that the system prefers the latter N-bound
coordination. Splitting the map into four quadrants the carbene
coordination reveals a quadrant highly sterically hindered (37.2)
due to the rotation of the aromatic ring on the NHC which facil-
itates the allocation of such a NHC ligand in the dinuclear com-
plexes. The other quadrant where this aromatic ring participates
displays a value of 29.2, whereas the other two are innocuous
for the metal sphere with low values of 19.3 and 19.1. On the
other hand, the coordination of the NHC through the nitrogen is
sterically innocent towards the metal sphere because the four
quadrants show low sterical occupations (19.1, 18.7, 19.4 and
19.1). Thus, the N-bound coordination of the NHC can be
regarded as the perfect coordination to facilitate a free “first
coordination sphere”, with enough space for allowing the for-

b)

/2108 2.075

Figure 1: View of the molecular structure of a) 3y and b) 3y.7. Hydrogen atoms have been omitted for the sake of clarity (main distances in A).
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Figure 2: Steric maps for the NHC ligand of 3.y, coordinated to iridium by a) carbene or b) nitrogen. The isocontour curves are given in A. The
systems are oriented along the z-axis defined by the metal and the coordinating atom bonded to the metal. The two maps are computed with a radius

of the sphere equal to 3.5 A.

mation of a dinuclear complex. For 3g._t the %VBur is nearly
identical, displaying values of 26.4 and 19.0, for carbene and

nitrogen coordination to the iridium centre, respectively.

Natural bond order (NBO) analysis on the iridium reveal that
the two equivalent iridium centres in 3g. display a charge on
the metal of 0.009¢, whereas —0.143 and 0.189¢ for 3.y for the
iridium bonded to two carbene carbons and two nitrogen atoms
of the NHC, respectively. This confirms that the metal-carbene
coordination allocates more electron density on the metal than
through the nitrogen.

Despite the dimeric nature of complex 3, hypothetically they
might be discussed as aggregates of two monomeric moieties.

Mes\N N Mes\N/w
N _
f co oo,,, \Ir_‘&co
%N’ "N oc” \_y co
Mes~ N/
3H-H 4yn
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\\-. f N o co

ocC., \
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3uT 4yt

\/Ir I I\“\Co
<< oc” N:< co

&/N‘Mes

However the coupling between the two metal centres seems
demonstrated by removing an electron of the system, thus the
expected mixed valent Ir(I)/Ir(I) species turns out to display
two identical metal centres that distribute equally the cost of the
electrolysis of 3. Geometrically no asymmetry is observed, and
together with the positive charge increase of 0.306e on each
former Ir(I) centre, shows that the effect on system 3 of the re-
leased electron is mainly paid by the metal centres, but also
partially spread over the ligands [59].

To follow up the experimental results the tautomerism/metal-
lotropism between pNHC and imidazole ligands in these
iridium complexes bearing a doubly C,N-bridged dinuclear core
was also computationally studied after the displacement of cod

N’\Mea

Mes\N/N Mes\N N
= = PMe
oc., )= N PMes el OC, /=N FMes
Ir\ Ire . _— Me—/‘lr\ Ir\——l
M P
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A/Me3 5 6

Scheme 3: Equilibrium between complexes 3-8, in the presence of CO, PMes, and Mel.
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ligands of 3g_g and 3.t by CO in Scheme 3 [59], affording
the tetracarbonyl complexes [M(CO),{p-C3H,yNo(Mes)-
kC2,kN3}],, 4y.g and 4., respectively. Next we evaluated
the substitution of CO ligands by PMej affording complex
[M(CO)(PMej3) {n-C3H,oN»(Mes)-xC2,kN3} ], (5) and finally,
oxidative addition of Mel to the latter complex 5 afforded the
dinuclear complex [M(CO),(PMes)>(Me)I{u-C3H,No(Mes)-
kC2,kN3}]».

In agreement with experiments [59], without reflux conditions,
the substitution of cod ligands by CO is extremely favored,
being isomer 4g.1 48.5 kcal/mol more stable than 3y_t, and
again the equilibrium between 4y_g and 4y_t is displaced
towards the latter species, by a difference of 3.0 kcal/mol.
Furthermore, the third CO ligand coordination on each iridium
atom in 4 was faced but discarded due to a destabilization of 6.7
and 14.8 kcal/mol with respect to 4.y and 4y.t, respectively.
Basically this lower stability is not only due to the sterical
hindrance, but to the preferred quasi perfect square planar type
of coordination on each iridium centre (see Figure 3). Going
into electronic details, this 3—4 transformation also follows the
principle of maximum hardness [70,71], i.e., the chemical hard-
ness evolves from 39.6 to 46.7 kcal/mol bearing a H-T type of
coordination. This increase of chemical hardness is a conse-
quence of the increased stability of the HOMO, which results in
a larger HOMO-LUMO gap [61,65]. To point out that the two
types of coordination, H-H and H-T, do not suppose a signifi-
cant change of chemical hardness, just an increase for H-T of
only 0.6 kcal/mol for species 4, whereas a decrease of 0.1 for
species 3. Thus the electronics do not affect the equilibrium be-
tween both arrangements of the bridging ligands, but sterics as

a) b)
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stated above. Further, the NBO charges show a decrease of the
charge on both metals of 0.777¢ in the 3—4 transformation.
Despite the n-backdonation of CO the donation to the iridium
centres is larger than the corresponding electron density trans-
ferred by the cod ligands in species 3.

4y and 4yt evolves to complex 5, exchanging one CO by a
PMej ligand on each iridium centre, releasing 5.0 and
2.0 kcal/mol, respectively. Bearing an energy difference of
11.7 kcal/mol the H-T isomer is favored with respect to the
H-H, in agreement with experiments [59], because the H-H
coordination was not locate for 5, and further thermodynamics
do not support the H-H coordination for 5, with an energy
endergonicity of 6.7 kcal/mol with respect the previous corre-
sponding complex 4. Oxidative addition of Mel to 5 affords
complex 6, in an exergonic release of 16.5 kcal/mol, pointing
out that there are several other isomers of complex 6 that differ
from the Me and I coordination to each corresponding iridium
centre. However all these alternative isomers of complex 6 are
placed higher in energy by at least 12.9 kcal/mol (see Support-
ing Information File 1). The Ir-Ir distance in 6 is only 2.857 A
(see Figure 4), which is a clear proof of concept of a formally
metal-metal bonded d7—d” complex, to be compared with com-
plex 5, where this Ir—Ir distance elongates till 3.497 A. Further-
more, the MBO for the metal-metal bond reveals a significant
value of 0.626 for complex 6 [72], being null for § and the
previous complexes. Electronically, the charge on metals for
complex 6 is 0.334 less charged, which is explained by, among
other reasons, the weaker back-bonding from the metal to the
CO ligands compared to 5, which affords the metal-metal inter-
action in 6.

-

1.344

Figure 3: View of the molecular structure of a) 4y and b) 4.7 (main distances in A).
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Figure 4: View of the molecular structure of 6. Hydrogen atoms have
been omitted for the sake of clarity (main distances in A).

To extent the scope of the reactivity of the NHC here, the cod
ligands were first exchanged by ethylene, revealing a preferred
H-T type of coordination of the NHC (5.1 kcal/mol). On the
other hand, the iridium was replaced by rhodium to verify the
innocent nature of the electronic properties of the metal, main-
taining nearly completely the geometry features for complexes
3-6. Bearing rhodium complex 3.t is again more stable than
3y.u, even 0.2 kcal/mol more stable. To sum up, no change of
behaviour between iridium and homologous rhodium com-
plexes was observed. On the other hand, the evolution from H-T
to H-H arrangement was evaluated and mechanistically this
process is predicted to be dissociative since neither intramolecu-
lar transition state was located nor the linear transits suggested

energy barriers affordable at the experimental conditions.

Conclusion

The two possible H-T and H-H arrangements of a bridging
NHC here have been studied in detail by DFT calculations. This
is a contribution in the understanding of the thermodynamics of
the subsequent C,N-bridged dinuclear iridium and rhodium
complexes defined by Braunstein et al. [59] and the facility for
the interconversion between these latter dimeric species. Steric
maps confirm that the H-T is preferred since the metal centres
are less sterically hindered, thus revealing the relatively
unstable kinetic H-H isomers with respect to the H-T ones.
However, screening the evolution from complex 3 to 6, going
through complexes 4 and 5, the relative thermodynamics show a
constant and sharp decay of energy, not due to steric factors, but

mainly electronics.

Computational Details
The density functional calculations were performed on all the

systems with the Gaussian 09 set of programs [73], Revision

Beilstein J. Org. Chem. 2016, 12, 117—-124.

D.01, at the BP86 GGA level [74-76], adding the Grimme D3
dispersion term [77]. For iridium and rhodium we used the
small-core, quasi-relativistic Stuttgart/Dresden (SDD) effective
core potential with an associated valence contracted basis set
(standard SDD keywords in Gaussian 09) [78-80]. The elec-
tronic configuration of the molecular systems was described
with the triple-{ valence plus polarization (TZVP keyword in
Gaussian) basis set on all main group atoms during geometry
optimizations [81]. The reported energies have been obtained
via single point calculations on the BP86 geometries with triple-
{ valence plus polarization using the M06 functional [82]. Sol-
vent effects, using either tetrahydrofuran, dichloromethane or
toluene, were calculated with the polarizable continuous solva-
tion model polarizable continuum model (PCM) model [83,84],
and non-electrostatic terms were also included. The cavity is
created via a series of overlapping spheres. However, the
numbers reported throughout the text here are based on THF
because this is the solvent employed in the experiments bearing
the H-H to H-T rearrangement [59]. The geometry optimiza-
tions were performed without symmetry constraints, and the
nature of the extrema was checked by analytical frequency
calculations. Furthermore, all the extrema were confirmed by
calculation of the intrinsic reaction paths.

The reported free energies in this work include energies ob-
tained at the MO6/TZVP level of theory in solvent corrected
with zero-point energies at 298.15 K, together with the model of
Martin et al. [85] which consists of thermal corrections and
entropy effects evaluated at 1354 atm [86-89], with the BP86-
d3/TZVP method in the gas phase [90,91].

%VBur calculations: The buried volume calculations were per-
formed with the SambVca package developed by Cavallo et al.
[90]. The radius of the sphere around the metal centre was set to
3.5 A, while for the atoms we adopted the Bondi radii scaled by
1.17, and a mesh of 0.1 A was used to scan the sphere for
buried voxels. The steric maps were evaluated with a develop-

ment version of the SambVca package.

Supporting Information

Supporting Information File 1

Energies, cartesian coordinates, and 3D view for all DFT
optimized species.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-13-S1.pdf]
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A straightforward synthesis utilizing the ring-opening metathesis polymerization (ROMP) reaction is described for acid-triggered

N,O-chelating ruthenium-based pre-catalysts bearing one or two 8-quinolinolate ligands. The innovative pre-catalysts were tested

regarding their behavior in ROMP and especially for their use in the synthesis of poly(dicyclopentadiene) (pDCPD). Bearing either

the common phosphine leaving ligand in the first and second Grubbs olefin metathesis catalysts, or the Ru—O bond cleavage for the

next Hoveyda-type catalysts, this work is a step forward towards the control of polymer functionalization and living or switchable

polymerizations.

Introduction

The modulation of the activity of enzymes by chemical triggers,
e.g., by allosteric binding is ubiquitous in nature [1,2], but
exploiting similar strategies for synthetic catalysts is still in its
infancy [3-5]. Prominent examples in catalytic polymerization
[6,7] comprise the regulation of molecular weight by allosteric
effects [8,9] or influencing the polymers’ microstructure upon

changing the monomer pressure [10]. Such kind of regulation of

the catalysts activity does not only comprise a switching on of a
particular feature but also the switching off of this feature upon
another (different) stimulus. A simpler but related concept is to
turn a latent catalyst [11] or initiator (i.e., ideally a completely
inactive pre-catalyst/initiator) into an active form by an external
trigger [12]. This principle is well and long known and
frequently exploited in polymer chemistry where thermally or
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photochemically switchable initiators are the key for many ap-
plications of, e.g., radically or cationically prepared polymers
[13-15].

Focusing on the origin of organic synthesis, basically based on
reactions that drive to the formation of carbon—carbon bonds
[16], olefin metathesis turns out to be one potential route to get
unsaturated molecules bearing C—C double bonds [17-21], thus
by extension polymers, as well. Olefin metathesis polymeriza-
tions are transition metal-mediated processes which emerged as
powerful alternatives to these conventional polymerization
methods [22,23]. Thus, it is not surprising that a series of latent
but triggerable initiators have been disclosed in the last years
[24-26]. The latent initiators are ideal if they have the capacity
of storage in combination with the monomer for a long period
[27]. Then the reaction only initiates once an appropriate exoge-
nous stimulus is exerted [28,29]. Amongst this important prop-
erty, the latent initiator should be as insensitive as possible to
any other potentially present chemical, most importantly oxy-
gen and water [30]. Particularly for the latter reason ruthenium
based latent initiators play the most important role in literature
[24,31-33].

Last but not least, bearing in mind changes in activity or levels
of transforming growth factor-beta (TGF-beta) are associated
with a broad variety of diseases and that TGF-beta is biological-
ly inert when takes part of the complex that bears its corre-
sponding peptide [34]. From this latter latent complex, most
available immunoassays require controlled activation by acid to
release the TGF-beta. On the other hand, myostatin belongs to
the transforming growth factor 13 superfamily, known because
it decreases the skeletal muscle mass. Bearing the fact that ex-
periments have shown that myostatin activity is detected only
after activation by acid [35], myostatin demonstrates to be a
latent complex, and can be transported more easily. Once de-
scribed the latter successful practical application of the acid
triggered activation of an enzyme, here, at a chemical molecu-
lar level, we unravel the performance of the acid triggered N,O-
chelating ruthenium based pre-catalysts [36] bearing one or two
8-quinolinolate ligands.

Results and Discussion
Synthesis and characterization

Herein we investigate 8-hydroxyquinoline derivatives as the
chelating, “pacifying” ligands. 8-Hydroxyquinoline and its de-
rivatives are known to be excellent ligands for many transition
metals [37]. They can be readily electronically modified and
many derivatives are commercially available. Furthermore,
8-hydroxyquinoline ligands are generally very cheap. Surpris-
ingly this class of ligands is not frequently used in transition
metal chemistry [38-40].

Beilstein J. Org. Chem. 2016, 12, 154—165.

The synthesis involved the reaction of N-heterocyclic carbene
bearing precursor complexes M31, HovIIl or M32 with excess
of 5,7-dichloro-8-hydroxyquinoline or 5,7-dibromo-8-hydroxy-
quinoline in the presence of excess Cs,CO3 as the base (see
Scheme 1). The silver-free method [41] resulted in any case in
the formation of at least two new products (as evidenced by
thin-layer chromatography) which were separated by means of
column chromatography. All obtained complexes are very
stable in the solid state and can be stored for several days in
solution in the presence of oxygen without any sign of decom-
position. Most striking, all complexes possess an outstanding
solubility in nonpolar solvents such as n-pentane as well as in
nonpolar substrates such as dicylopentadiene (DCPD). Both
properties are desired properties for employing the compounds

as initiators in solvent free polymerizations.

In case of the reaction of M31 with 5,7-dichloro-8-hydroxy-
quinoline two products could be isolated and characterized. The
major product 1a resulted from the exchange of one chloride
ligand from M31 for the oxygen of the quinolinolate and
exchange of pyridine for the nitrogen of the incoming ligand.
Thus the chelating quinolinolate is assumed to bind as it is ex-
pected from a series of published N,O-chelating ligands [42].
The minor isolated product 1b featured two 5,7-dichloro-8-
quinolinolate ligands and was identified as the OC-6-32 isomer
(see Scheme 1). Complexes 1a and 1b account for 90% of the
theoretical yield. In case of HovlI as the starting complex again
two products, 2a and 2b, were isolated. In this case both com-
plexes featured, according to NMR analysis, two 5,7-dichloro-
8-quinolinolate ligands. The overall yield amounted to 83% in
this case. Single crystal X-ray structure analyses elucidated the
solid state structure of 2a and 2b (see Figure 1). The minor
isomer 2a (28% yield) was identified as the OC-6-14 diastereo-
mer featuring the two oxygen atoms in trans disposition (and
the nitrogen atom trans to the benzylidene ligand). The major
isomer 2b (57% yield) is the OC-6-32 diastereomer bearing the
two oxygen ligands in cis disposition (and one oxygen atom is

coordinated trans to the benzylidene ligand).

Elemental analysis confirmed the proposed stoichiometry of the
complexes. Characteristic '"H NMR signals comprise the
protons in position 2 of the quinolinolate moieties. These
protons resonate in the low-field (between 9.00 ppm in 2b and
7.90 ppm in 3) when the N-heterocyclic carbene ligand is situ-
ated trans to the N-atom of the quinolinolate. The correspond-
ing proton of the second quinolinolate ligand (with the N-atom
situated cis to the NHC) is high-field shifted and resonates at
5.48 (in 1b), 5.32 (in 2b) and 5.9 (in 4). The OC-6-14 deriva-
tive 2a is characterized by a pronounced low-field shift of the
latter signal to about 6.1 ppm (signal superimposed by other
resonances). Based on these observations an OC-6-32 stereo-
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Figure 1: Solid state structure of complexes 2a and 2b as retrieved from single crystal X-ray diffraction.

chemistry is tentatively assigned to complex 1b. Decoordina- 19.10 and 18.24 ppm, which are distinctly low-field shifted in
tion of the isopropoxy group during formation of 2a and 2b is comparison to the same signal in Hovll (16.56 ppm). From
readily evident from the benzylidene proton chemical shifts of  single crystal X-ray structure analyses of 2a and 2b it became
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evident that, in general, bond lengths and angles are very simi-
lar to each other. For example, the Ru—NHC bond is in both
complexes 2.05 + 0.01 A and the Ru-benzylidene bonds
measure 1.89 + 0.01 A. Of interest are the different bond
lengths of the two quinolinolate ligands. While the first quino-
linolate in the OC-6-14 derivative 2a (N trans to the NHC and
O trans to O of the second quinolinolate moiety) exhibits a
Ru—N bond length of 2.11 A and a Ru—O bond lengths of
2.04 A, the second quinolinolate ligand (with N trans to the
benzylidene) show distinctly longer Ru-O (2.09 A) and Ru-N
(2.20 A) bonds. In the OC-6-32 derivative 2b, bond lengths of
the first quinolinolate are similar as in 2a (Ru-N 2.12 A and
Ru-O 2.04 A). The coordination of the second quinolinolate in
characterized by a Ru—N bond of 2.08 A and a Ru—-O bond
length of 2.17 A. In contrast to related complexes described by
Grubbs et al. no isomerization of 2a into 2b or the other way
round was observed upon heating at 80 °C for 48 h [43].

Catalytic activity

The polymerization activity of the complexes was initially
tested using dimethyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxy-
late (5) as the benchmark monomer. Monomer 5 was used
because its polymers are not prone to backbiting. Therefore the
average number molecular weight (M),) can be used to charac-
terize the ratio of initiation rate to propagation rate (ki/kp) of a

given initiator to monomer combination [28,44-46]. Under the
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applied conditions (prolonged reaction time, reaction tempera-
ture up to 100 °C, UV-irradiation) none of the initiators was
able to convert the monomer to a polymer. Therefore, efforts to
activate the initiators via acid have been made. Upon addition
of HCI aq complexes 1 to 4 became active and initiated the
ROMP reaction of 5. The activation process is accompanied by
a colour change from deep red, to brownish to dark green in
complexes 1-3 and from brownish to red to yellow in 4. The
reaction progress of the polymerization reaction was monitored
using thin-layer chromatography. After complete consumption
of the monomer, the reaction was stopped with an excess of
ethyl vinyl ether, precipitated in vigorously stirred methanol
and dried. Noteworthy, hydrochloric acid is the only acid which
activates the preinitiators under investigation. Addition of other
acids (or acid liberating reagents) such as acetyl chloride or tri-
fluoroacetic acid, were not able to promote the polymerization.
Also the addition of chloride containing salts, e.g., triethanol-
amine hydrochloride failed in promoting the metathesis reac-
tion. Therefore, initiators 1-4 were benchmarked in the poly-
merizations of 5 using 50 equiv HCI. The reactions were carried
with a [initiator]:[5] ratio of 1:300, at room temperature in
CH,Cl,.

Table 1 summarizes the results of the polymerization data, bear-
ing substrate 5 (see Supporting Information File 1 for further
details). Generally it can be concluded, that except of 4, the ini-

Table 1: Polymerization of 5 by preinitiators 1-4 (eth = ethereal; aq = aqueous; molecular weights (M) and the corresponding polydispersity indices
(PDI) were determined using gel permeation chromatography (GPC) against polystyrene standards).

Complex  Temperature [°C]  Activation Time [h]
1-4 20 - 24
1-4 80 - 24
1-4 20 UV light 24

1a 20 HCI eth 6.25
1b 20 HCI eth 2
2a 20 HCI eth 23
2b 20 HCI eth 4
3 20 HCI eth 24
4 20 HCI eth 2.15
1a 20 HCl aq 3
1b 20 HCl aq 1.25
2a 20 HCl aq 23
2b 20 HCl aq 4.5
3 20 HCl aq 23
4 20 HCl aq 2
1a 80 HCl aq 2.25
1b 80 HCl aq 1
2a 80 HCl aq 24
2b 80 HCl aq 1
3 80 HCl aq 1.25
4 80 HCl aq 0.75

Conversion [%]  Isol. yield [%] M, [kg/mol] PDI
100 75 413 2.0
100 78 181 1.9
65 42 254 2.2
100 85 148 24
76 23 278 2.1
100 45 48 1.3
95 80 392 2.0
100 84 196 1.7
44 20 296 1.8
100 78 266 1.8
66 20 275 1.8
100 58 52 1.4
100 84 411 2.1
100 88 159 1.9
77 46 132 23
100 83 418 2.2
100 81 142 1.7
100 75 52 1.6
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tiators show a relatively slow initiation compared to their propa-
gation. The high molecular weights indicate a slow activation
process or incomplete activation. In contrast preinitiator 4
yields polymers with low M, and PDI values indicating an
almost full activation of the preinitiator by the acid. The PDI’s
are slightly increased compared to the values of known living
initiators such as M31 [47].

A striking observation is that 2a and 3, even if according to the
demonstrated activation mechanism should form the same
active species as 1a, 1b and 2b they show different polymeriza-
tion behaviour. Bearing the fact that 3 has only one quinolinate
ligand when compared to 1a, and differentiated by the size of
the substituents in the a-position to the oxygen group, hypothet-
ically, more energy for the dissociation of the quinolinolate
ligands is required maybe caused by the different geometric
arrangement of the ligands around the ruthenium centre. This
speculation is supported by the reactions performed at 80 °C
where 3 (which possess just one quinolinolate ligand) reaches
full conversion after the approximately same time as the other

initiators.

Additionally time/conversion plots were acquired via arrayed
'H NMR measurements of the polymerization of 5 initiated by
1-4 and HCI (see Figure 2 and Supporting Information File 1
for further details) in the presence of air. The fastest polymer-
izations show the indenylidene derivatives bearing dichloro-
quinolinolate ligand(s) (1a, 1b and 4). Preinitiator 2b is slower
in converting 5 but still satisfying conversion is obtained after
about 4.5 hours. In contrast, preinitiators 2a and 3 provided
distinctly worse conversions. It is noteworthy that 2a as well as

Beilstein J. Org. Chem. 2016, 12, 154—165.

3 perform better in the Schlenk experiments (which were per-

formed under nitrogen atmosphere) presented above.

To elucidate the activation mechanism of complexes 1-4 upon
HCI addition, the actual active species of the initiators was in-
vestigated. For that purpose, 4 was mixed with 5 equiv of
monomer 5 in CDCIj3 and activated it with 5 equiv of etherical
HCI in a NMR tube. After few minutes, the characteristic
carbene peak for propagating alkylidenes at 18.1 ppm appeared
(see Figure 3). To identify this carbene peak, the same experi-
ment was repeated reacting M32 with 5, leading to the same
characteristic carbene peak. We assume that, as proposed by
Grubbs and co-workers [43], the hydrochloric acid protonates
both ligands which are subsequently exchanged by chlorides
forming the same active 14-electron species as the original
starting complex M32 does. Trapping the active species of the
SIMes analogues failed.

To shed light about the different behavior of complexes 2a
and 2b we envisaged DFT calculations. The optimized geome-
try of 2b is in perfect agreement with the X-ray structure [48]
(rmsd = 0.032 A and 0.9° for the selected main distances and
angles) [49,50]. In agreement with experiments that indicated
2b as the most stable isomer, calculations estimate that 2b is
2.0 kcal/mol more stable than 2a. To rationalize the different re-
activity of 2a and 2b we compared the basicity of the four O
atoms by calculating the energy of the acid—base equilibrium
(see Scheme 2), where [Ru] is 2a or 2b, [Ru]H" is 2a or 2b with
a protonated O atom. The energy of [Ru] and [Ru]H" is calcu-
lated in CH,Cl, using the protocol described in the computa-
tional details sections, while for the aqueous solvation free

100 + /.lrrl - m L] P——— ] S|
o " * ’
[ o L]
r
80 £ & g
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B
[ * . . .
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Figure 2: Time/conversion plot for the polymerization of 5 by preinitiators 1-4 in the presence of HCI ([5]:[HCI]:[I] = 50:25:1; [5] = 0.1 mol/L;

solvent:CDClI3).
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Figure 3: TH NMR spectrum in the low-field region of the active species for complexes 4 and M32.

energy of the proton we assumed the value of —262.2 kcal/mol
from the literature [51,52]. It is assumed that the protonated Ru
species remains in the organic phase. The energetics for the
four oxygen protonated species of 2a and 2b is reported in
Scheme 2.

NHC ¥ H q-‘I NHC T
| OH e | Q
N—Ru-
&o/ | > Y d | > GN/ (N/ | Y
N
2a'H* 2a"H* 2b'H* 2b"H*
(6.5) (2.3) (4.0 (-5.3)

Scheme 2: Energetics of 2a and 2b protonation in kcal/mol.

According to the number reported, protonation of one O atom
of 2a, leading to species 2a'H" and 2al'H*, is unfavored, as
well as protonation of the O atom of 2b cis to the NHC ligand,
leading to 2bTH*. The only O atom presenting favorable proton-
ation energy is the trans one to the Ru—alkylidene bond of 2b,
leading to 2bH™. The accuracy of the absolute protonation
energies are difficult to estimate, since they can vary with the
computational protocol (i.e., functional, basis set and solvation
model) and they also depend on experimental considerations,
bearing the assumption that all the Ru species are in the organic
phase, while HCI is dissociated in the aqueous phase. For this
reason the absolute value of the protonation energies is not
stressed further. However, the relative trend in the protonation
energies is in agreement with the general idea that protonation
of the O atom frans to the Ru—alkylidene bond should be
favored, since this leads to a much softer —OH ligand trans to
the Ru—alkylidene bond. Consistently, the protonated Ru—O dis-
tance increases by roughly 0.11 A in 2a'H*, 2'TH*, and 2b'H™,
whereas it increases by 0.18 A in 2bTH™.

Having established a possible entry point to the activation of 2b
by HCI the whole reaction pathway leading to the conversion of

2b to a classical Hoveyda type complex was investigated (see
Figure 4). After protonation of the O atom trans to the alkyl-
idene ligand, a chloride anion could dissociate the Ru—~OH bond
through transition state 2b"H* — 2b™, with displacement of
the —OH group and coordination of the chloride trans to the
alkylidene group. The next step corresponds to a rotation of the
chloride ligand from the coordination position trans to alkyl-
idene ligand to a coordination position cis to both the alkyl-
idene and the SIMes ligands. This rearrangement requires disso-
ciation of the quinolinolate N atom and the complete release of

b]II

a neutral quinolinolate type ligand, leading to 2b™"", which is

13.5 kcal/mol below in energy compared to 2b.

Protonation of the second O atom is disfavored by 7 kcal/mol.
For this reason, the search for a transition state in which the
protonation of 2b™I occurs by a HCI molecule through a
concerted transition state in which the proton of HCI protonates
the oxygen of the quinolinolate while the chloride coordinates
trans to the ylidene group was emphasized. This concerted tran-
sition state costs only 1.5 kcal/mol and thus is favored over pro-
tonation followed by Cl™ coordination. The final product is
2b1V, 17.0 kcal/mol below 2b, with the attacking Cl atom trans
to the Ru—alkylidene bond. A direct HCI attack to 2b via a
concerted transition state is not possible, since the Ru center of
2b has no vacant coordination position. Back to the second pro-

bV evolves to 2bY through a shift of the second

tonation step, 2
ClI atom from the coordination position frans to the Ru-alkyl-
idene bond to reach a geometry with a trans disposition of the
two Ru—Cl bonds. Species 2bY corresponds to a 14 ¢~ species
that can be formed by dissociation of the isopropoxy group
from the classical Hoveyda catalyst II, which can be obtained
by 2bV through coordination of the isopropoxy group. The
overall energy balance for the transformation of 2b to II is
33.1 kcal/mol down in energy. Similar energy profiles, corre-
sponding to the transformation of 2a'H*, 2alTH*, and 2bTH"
into II are reported in Supporting Information File 1, where also
the protonation of the N atom of the quinolinolate ligand are

explored.
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Figure 4: Reaction pathway of the transformation of 2b to Hovll (energies in kcal/mol; main distances in A).

Due to the latent character of the pre-initiators, they may be
suitable candidates for the polymerization of very active
strained monomers such as DCPD. Another benefit for their use
in the polymerization of DCPD is their outstanding solubility in
the neat monomer. The main challenge of the polymerization of
DCPD is to guarantee an adequate mixing of monomer and
catalyst to obtain a homogenous reaction mixture and moreover
a steady polymerization product. DCPD is also prone to
undergo a retro-Diels—Alder reaction at higher temperatures,
causing a mass loss during polymerization if higher tempera-

tures are applied for the reaction.

To test the pre-catalysts regarding their performance in the po-
lymerization of DCPD, two different test-reactions were carried
out: a) STA measurements to gain an insight into the course of
polymerization and b) tensile strength tests to characterize the

obtained polymers.

In the STA plot (see Supporting Information File 1 for further
details), representative examples for a successful, a partly
successful and an unsuccessful DCPD polymerization are
shown. 2a and 3 totally fail the polymerization of DCPD. The
monomer decomposes completely before any curing

occurs. On the other hand, 1b and 2b polymerize DCPD which
can be seen by the exothermic peaks on the left hand side of
Figure 5. 2b requires more time to start the polymerization
which causes a higher mass loss of the monomer. 1a shows
some curing, but the main part of the monomer decomposes
before it can be polymerized. The exothermic peak of the poly-
merization merges into the endothermic peak of the monomer

decomposition.

Additionally, pDCPD shoulder test bars were made and trialled
in a Tensile Strength Test. Tensile strength values (R,,;) and the
Young’s modulus (¢) were determined and used for comparison
with literature data. The most reactive complexes 2b and 4 ex-
hibit the highest R, and Young’s Modulus values (see Table 2),
which exceed data taken from literature. This indicates a higher

cross linking density of the test specimens.

Conclusion

In conclusion we were able to synthesize a new family of N,O-
chelating initiators bearing 5,7-dihalide-hydroxyquinoline
co-ligands. We showed that it is possible to synthesize these ini-
tiators using starting complexes bearing different carbene- and
different NHC ligands. At the example of initiators 2a and 2b it
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Figure 5: DTA-TGA measurements for polymerizations of DCPD with catalysts 1b and 2b; Reaction conditions: [catalyst]:[DCPD]:[HCI]: 1:10.000:25;

Temperature program: 3 °C/min.

Table 2: Tensile test values for shoulder test bars initiated with com-
plexes 1-4.

Initiator E [MPa] Rn [MPa]
1a 2137 25.2

1b2 - -

2a -

2b 2635 43.8

3 1277 20.7

4 2664 52.3
comparative example [53] 1870-1980 43.0-46.8

aUnexpectedly all attempts to produce shoulder test bars failed.

was shown that the arrangement of the ligands around the ruthe-
nium centre can drastically influence the activity of metathesis
initiators. Just by changing the positioning of one of the
two quinolinolate ligands the catalytic activity is decreased
manifoldly.

Even though since the 1980s thousands of papers have
presented and described the olefin metathesis catalysis [54],
neither the location of a right catalyst for any metathesis reac-
tion [55,56], nor the recipe to rationalize the behaviour of a
given catalyst have been fulfilled [57-59]. Thus this study opens
a door to find out new families of olefin metathesis catalysts
[60], overcoming the issue of bearing a phosphine or to break a
Ru—O bond in the precatalysts [55,61].

The initiators exhibit an excellent stability in the solid state as
well as in solution and an outstanding latency towards cyclic

olefins. The new pre-catalysts can be triggered using HCI. Due

to their extremely good solubility in apolar solvents and sub-
strates they are useful candidates for solvent-free polymeriza-
tions. Their latency also makes them very suitable for the poly-
merization of strained monomers such as DCPD.

Experimental

Unless otherwise noted, all reactions were carried out under
nitrogen atmosphere in pre-dried glass ware using Schlenk tech-
nique. Materials were purchased from commercially available
sources such as Aldrich, Fluka or Alfa Aesar and used without
further purification. Complexes M31 and M32 were obtained
from Umicore. Complex HovII was prepared according to liter-
ature [46]. Monomer 5 (dimethyl bicyclo[2.2.1]hept-5-ene-2,3-
dicarboxylate) was synthesized according to literature [62].
CH,Cl, was degassed with nitrogen. Column chromatography
was performed on Merck silica gel 60, 230—400 mesh. TLC was
performed on aluminum sheets, Merck 60F 254. NMR (lH,
13C) spectra were recorded on a Bruker Avance 300 MHz or an
INOVA 500 MHz spectrometer, in CDClj as the solvent. The
solvent peak of residual CHCl; was used for referencing the
NMR spectra to 7.26 (1H) and 77.16 ppm (13C), respectively.
Gel permeation chromatography was used to determine molecu-
lar weights and the polydispersity index (PDI). The measure-
ments were run in THF against a polystyrene standard using
following arrangement: a Merck Hitachi L6000 pump, separa-
tion columns of Polymer Standards Service (5 um grade size)
and a refractive-index detector from Wyatt Technology. X-ray
measurements were performed on a Bruker AXS Kappa APEX
II diffractometer. The structure was solved by direct methods
using SHELXS and refined with SHELXL. The absorption
correction was performed using the program SADABS.
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DTA/TG measurements were done using a NETZSCH STA
449 C with a temperature program of 3 °C/min. The TGA is
operated with a helium flow rate of 50 mL/min used in combi-
nation with a protective flow of 8 mL/min. Tensile stress tests
were performed using a Shimadzu tensile stress test machine.
The strain rate for the analysis was set with 1 mm/min. The
tested shoulder test bars had a diameter of 37.4 mm and a length

of 80 mm.

General procedure for the preparation of Ru

complexes

In a Schlenk flask the corresponding starting material (1 equiv)
was dissolved in degassed CH,Cl,. 5,7-Dihalide-8-hydroxy-
quinoline (20 equiv) and Cs,COj3 (20 equiv) were added. The
reaction mixture was stirred under an atmosphere of argon for
12 h at 25 °C. Insoluble components were removed by filtration
over celite. Column chromatography (silica gel) using cyclo-
hexane/ethylacetate = 10/1 (v/v) yielded the corresponding
complexes. The synthesis of the following Ru-based complexes
belongs to a patent application [63].

Chloro-(Kz-(N,O)-5,7-dichlor0-8-quinolinolate)—(3-phenyl-1-
indenylidene)-(1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-
imidazol-2-ylidene)ruthenium (1a). Complex 1a was pre-
pared according to the general procedure given above, using
M31 (142 mg, 0.189 mmol), 5,7-dichloro-8-hydroxyquinoline
(810 mg, 3.785 mmol) and Cs,CO3 (1.24 g, 3.815 mmol) as the
starting materials. CH,Cl, (18 mL) was used as the solvent.
Chromatographic work-up gave 1a in pure form. Yield: 117 mg
(70%). Anal. calcd for C45Hy9Cl3N30Ru: C, 63.87; H, 4.76; N,
4.97; found: C, 64.01; H, 4.89; N, 5.01; 'H NMR (8, 20 °C,
CDCl3, 300 MHz) 8.0 (d, J = 8.1 Hz, 1H), 7.97 (d, /= 4.8 Hz,
1H), 7.74 (d, J = 8.1 Hz), 7.30 (dd, 2H), 7.23 (d, 2H), 7.12 (d,
J=17.14 Hz, 1H), 7.05 (s, 2H), 7.03 (m, 1H), 6.44 (s, 3H), 6.23
(s, 2H), 6.20 (d, 1H), 3.87 (s, 4H), 2,32, 2.08, 1.92 (s, 18H);
13C NMR (8, 20 °C, CDCls, 75 MHz) Ru=C and Ru-C not ob-
served, 167.2, 164.6, 146.7, 143.8, 143.2, 142.8, 141.8, 138.0,
136.9, 136.8, 136.5, 133.2, 132.7, 129.1, 129.1, 128.7, 128.0,
127.9, 127.6, 126.0, 125.9, 125.7, 121.8, 121.0, 118.9, 118.5,
117.6, 111.7, 109.3, 51.6, 20.9, 18.1.

(OC-6-32)-Bis(K2-(N,O)-S,7-dich10r0-8-quinolin01ate)-(3-
phenyl-1-indenylidene)-(1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazol-2-ylidene)ruthenium (1b). Complex 1b was
isolated from the same experiment than 1a using column chro-
matography. Yield 8.4 mg (20%). Anal. calcd for
Cs54Hy44CI4N4OzRu: C, 63.35; H, 4.33; N, 5.47; found: C, 63.45;
H, 4.56; N, 5.76; "H NMR (8, 20 °C, CDCl3, 300 MHz) 8.15 (d,
J=4.8 Hz, 1H), 7.99 (dd, J = 8.4 Hz, 1H), 7.9 (3H), 7.60 (1H),
7.52 (1H), 7.47 (1H), 7.31 (s, 1H), 7.24 (s, 1H), 7.2 (m, 2H),
6.81 (m, 1H), 6.65 (t, 1H), 6.53 (s, 2H), 6.50 (dd, 1H), 6.35 (s,
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2H), 6.28 (d, J = 7.2 Hz), 5.48 (dd, J = 4.8 Hz, 1H), 3.89 (s,
4H), 2.36, 2.28, 2.08 (s, 18H); 13C NMR (8, 20 °C, CDCl;,
75 MHz) Ru=C not observed, 204.3 (1C, Ru-NHC), 166.3,
161.2, 150.0, 145.8, 145.1, 143.1, 142.0, 141.7, 140.4, 137.9,
137.5, 137.3, 136.8, 136.4, 136.3, 136.4, 136.3, 136.2, 133.3,
133.2, 130.0, 129.7, 129.6, 129.4, 129.3, 129.1, 128.5, 128.2,
128.1, 126.6, 126.0, 125.9, 125.8, 125.4, 120.9, 120.7, 120.1,
118.5, 118.2, 112.2, 108.2, 53.3, 20.9, 20.3, 19.5.

(OC-6-14)-Bis(k2-(N,0)-5,7-dichloro-8-quinolinolate)-(2-
isopropylbenzylidene)-(1,3-bis(2,6-diisopropylphenyl)-4,5-
dihydroimidazol-2-ylidene)ruthenium (2a). Complex 2a was
prepared according to the general procedure given above, using
HovlII (106 mg, 0.169 mmol), 5,7-dichloro-8-hydroxyquinoline
(707 mg, 3.303 mmol) and Cs,COj3 (881 mg, 2.704 mmol) as
the starting materials. CH,Cl, (18 mL) was used as the solvent.
Chromatographic work-up gave 2a in pure form. Yield:
46.5 mg (28%). "H NMR (8, 20 °C, CDCl3, 300 MHz) 19.10 (s,
1H), 8.09 (d, J = 4.04 Hz, 1H), 7.95 (d, J = 8.56 Hz,
J=1.43 Hz, 1H), 7.68 (d, J=8.43 Hz, J = 1.30 Hz, 1H), 7.49
(s, 1H), 7.17 (s, 1H), 7.05 (m, 2H), 6.56 (d, J = 8.04 Hz, 1H),
6.48 (s, 2H), 6.43 6,39 (m, 2H), 6.14 (s, 2H), 6.06 (m, 2H), 3.97
(m, 5H), 2.45 (s, 6H), 2.27 (s, 6H), 1.90 (s, 6H), 1.43 (d, 3H),
1.05 (d, 3H); 13C NMR (8, 20 °C, CDCls, 75 MHz) 315.5 (1C,
Ru=CH), Ru-NHC not observed, 162.6, 161.3, 149.7, 149.4,
149.0, 144.2, 143.2, 142.4, 142.3, 138.1, 136.9, 136.6 135.8,
132.3, 131.7, 129.3, 129.2, 128.7, 127.7, 126.2, 125.8, 125.7,
122.2,121.6,121.0, 119.5, 118.9, 112.0, 109.2, 76.2, 51.6, 23.1,
21.5,20.8, 18.8, 18.5.

(OC-6-32)-Bis(K2-(N,O)-5,7-dich10r0-8-quinolinolate)-(Z-
isopropylbenzylidene)-(1,3-bis(2,6-diisopropylphenyl)-4,5-
dihydroimidazol-2-ylidene)ruthenium (2b). Complex 2b was
isolated from the same experiment than 2a using column chro-
matography. Yield 91 mg (57%). Anal. calcd for
Cs54H44CI4N4ORu: C, 63.51; H, 4.25; N, 5.48; found: C, 60.19;
H, 4.86; N, 5.88; 'H NMR (3, 20 °C, CDCl3, 300 MHz) 18.24
(bs, 1H), 9.00 (d, J = 4.67 Hz, 1H), 8.09 (d, J = 8.56 Hz, 1H),
7.83 (d, J = 8.30 Hz, 1H) 7.57 (s, 1H), 7.12 (s, 1H), 7.06 (m,
1H), 6.94 (m, 1H), 6.59 (s, 2H), 6.39 (d, 1H), 6.26 (s, 2H), (d,
1H), (m, 1H), 5.98 (m, 1H), 5.32 (d, J=4.54 Hz), 4.54 (m, 1H),
3.92 (q, 4H), 2.57 (s, 6H), 2.04 (s, 6H), 1.91 (s, 6H), 1.53 (d,
3H), 1.31 (d, 3H); 13C NMR (3, 20 °C, CDCls, 75 MHz) Ru=C
not observed, 209.5 (1C, Ru-NHC), 166.4, 160.9, 147.7, 146.7,
147.1, 146.7, 164.5, 146.5, 144.9, 141.2, 137.1, 137.0, 136.7,
136.5, 119.3, 125.8, 132.7, 132.2, 129.2, 129.1, 129.0, 128.6,
127.9, 126.4, 120.7, 120.1, 119.7, 118.0, 111.3, 110.5, 106.4,
68.7,51.7,22.7, 22.3, 20.9, 18.9, 18.1.

Chloro-(Kz-(N,0)-5,7-dibromo-8-quinolinolate)-(3-phenyl-1-
indenylidene)-(1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-
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imidazol-2-ylidene)ruthenium (3). Complex 3 was prepared
according to the general procedure given above, using M31
(160 mg, 0.214 mmol), 5,7-dibromo-8-hydroxyquinoline
(960 mg, 3.169 mmol) and Cs,CO3 (1.00 g, 3.077 mmol) as the
starting materials. Diethyl ether (20 mL) was used as the sol-
vent. Chromatographic work-up gave 3 in pure form. Yield:
50 mg (25%). Anal. caled for C45H40BrCIN3ORu: C, 57.80;
H, 4.31; N, 4.49; found: C, 57.89; H, 4.32; N, 4.72; 'TH NMR (o,
20 °C, CDCl3, 300 MHz) 7.97 (d, J = 8.52, 1H), 7.90 (d,
J=4.26 Hz, 1H), 7.81 (s, 1H), 7.71 (d, J = 8.33 Hz, 1H), 7.57
(s, 1H), 7.53 (bs, 3H), 7.34 (bs, 3H, CH), 7.11 (d, J = 7.00 Hz,
1H), 7.03 (q, 1H, CH), 6.49 (bs, 1H), 6.42 (s, 3H), 6.27 (s, 2H),
6.18 (1H, bs), 3.89 (s, 4H), 2.30 (s, 6H), 2.15 (bs, 6H), 1.93 (s,
6H); 3¢ NMR (3, 20 °C, CDCls, 75 MHz) Ru=C not observed,
241.9 (Ru-NHC), 168.8, 144.5, 144.1, 143.7, 143.0, 137.8,
137.0, 136.9, 136.6, 135.6, 135.2, 134.2, 133.4, 129.2, 129.1,
128.2, 127.8, 127.6, 127.5, 125.9, 122.6, 121.6, 117.4, 108.7,
108.3, 98.2, 51.5 (2C), 21.0, 19.2 (6C).

(OC-6-32)-Bis(K2-(N,O)-5,7-dich10r0-8-quinolinolate)-(3-
phenyl-1-indenylidene)-(1,3-bis(2,6-diisopropylphenyl)-4,5-
dihydroimidazol-2-ylidene)ruthenium (4). Complex 4 was
prepared according to the general procedure given above, using
M32 (58 mg, 0.070 mmol), 5,7-dichloro-8-hydroxyquinoline
(136 mg, 0.636 mmol) and Cs,COj3 (300 mg, 0.923 mmol) as
the starting materials. CH,Cl, (6 mL) was used as the solvent.
Chromatographic work-up gave 4 in pure form. Yield: 40.3 mg
(52%). Anal. caled for CqyHs6C14N4OoRu: C, 65.04; H, 5.09;
N, 5.06; found: C, 64.95; H, 4.87; N, 5.04; 'H NMR (3, 20 °C,
CDCl3, 300 MHz) 8.03 (m, 3H), 7.91 (m, 2H), 7.67 (m, 1H),
7.53 (m, 2H), 7.41 (m, 3H), 7.30 (m, 2H), 7.21 (s, 1H), 7.16 (m,
2H), 6.79 (m, 2H), 6.65 (m, 2H), 6.47 (m, 1H), 6.26 (m, 2H),
5.9 (d, J=4.51 Hz, 1H), 4.66, 4.17, 3.9, 3.76, 3.48 (8H), 1.65,
1.34, 1.27, 1.17, 0.91, 0.61, 0.45 (24H); '3C NMR (3, 20 °C,
CDCl3, 75 MHz) 286.2 (Ru=C), 206.6 (1C, Ru-NHC), 165.4,
162.0, 151.0, 147.4, 146.4, 145.8, 145.6, 145.3, 145.2, 145.1,
144.7, 144.0, 141.2, 141.1, 139.3, 138.4, 137.0, 133.8, 132.6,
130.0, 129.8, 129.7, 128.9, 127.8, 127.7, 127.6, 126.0, 125.8,
125.3, 125.2, 124.8, 124.4, 124.3, 123.1, 121.5, 120.4, 120.0,
117.9, 117.7, 112.6, 108.4, 58.7, 55.9, 29.7, 28.6, 28.5, 27.3,
26.9, 26.1, 25.6, 24.8, 24.6, 22.0, 21.9, 21.2.

General polymerization procedure

Defined solutions of pre-initators 1-4 and 5 (300 equiv,
0.01 mmol/mL) were prepared. The reactions were performed
in CH,Cl, at room temperature and in toluene for 80 °C poly-
merizations. Ethereal HCI (50 equiv; HCl relative to ruthenium)
was added to activate the reaction. The reaction was followed
by TLC (cyclohexane/ethyl acetate = 3:1) and after complete
conversion stopped with an excess of ethyl vinyl ether. The

Polymer was precipitated in vigorously stirred methanol
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(approx. 25 mL for 100 mg polymer), and the white to

yellowish precipitate was sampled and dried in vacuum.

Computational details

All calculations were performed with the Gaussian 09 package
[64], Revision A.1, at the BP86 GGA level [65-67] using the
SDD ECP on Ru [68-70] and the split-valence plus one polari-
zation function SVP basis set on all main group atoms during
geometry optimizations [71]. Furthermore diffuse basis sets
have been incorporated for O and CI [72]. The reported ener-
gies have been optimized via single point calculations on the
BP86 geometries with triple-C valence plus polarization (TZVP
keyword in Gaussian) using the M06 functional [73]. Solvent
effects, dichloromethane, were calculated with the PCM model
[74,75], and non-electrostatic terms were also included. The ge-
ometry optimizations were performed without symmetry
constraints, and the nature of the extrema was checked by ana-
lytical frequency calculations.

Supporting Information

Crystallographic data for complexes 2a and 2b have also
been deposited with the CCDC, nos. 1439204 and 1439205,
and can be obtained free of charge from
http://www.ccdc.cam.ac.uk.

Supporting Information File 1

Experimental data, energies, Cartesian coordinates, and 3D
view for all DFT optimized species discussed in this work.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-17-S1.pdf]
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N-Heterocyclic carbenes (NHCs) have emerged as a powerful class of organocatalysts that mediate a variety of organic transfor-

mations. The Benzoin reaction constitutes one of the earliest known carbon—carbon bond-forming reactions catalysed by NHCs.

The rapid growth of NHC catalysis in general has resulted in the development of a variety of benzoin and benzoin-type reactions.

An overview of such NHC-catalysed benzoin reactions is presented.

Introduction

The benzoin reaction (or condensation) is named after the prod-
uct it furnishes via a catalytic assembly of two molecules of
aromatic aldehydes. One molecule of the aldehyde functions as
an acyl anion and the other as a carbonyl electrophile to afford
o-hydroxy ketones (benzoins). It is a 100% atom-economic
process wherein a new stereocentre is produced. The reaction is
sometimes referred to as acyloin condensation to encompass
reactions of aliphatic aldehydes. The assembly of two mole-
cules of the same aldehyde is known as homo-benzoin reaction
and that of two different aldehydes is known as crossed benzoin

reaction. Mechanistically the reaction involves polarity reversal

(umpolung) of one aldehyde to generate an acyl anion equiva-
lent and this event is mediated by the catalyst. Alkali metal
cyanides and N-heterocyclic carbenes (NHCs) are the two main
classes of catalysts that are known to mediate benzoin reactions.
This review focuses on the recent advancements made in the

area of NHC-catalysed benzoin reactions.

Historically, the first benzoin reaction was reported by Wohler
and Liebig in 1832. They discovered that the cyanide anion can
catalyze the union of two molecules of aromatic aldehydes to

afford a-hydroxy ketones [1]. More than a century later, a thia-
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zolium salt-catalysed benzoin reaction was reported by Ukai
[2]. This may be regarded as an early example of organocatal-
ysis using an azolium salt. Breslow postulated in 1958 a mecha-
nistic rationale for the thiazolium salt-catalysed benzoin reac-
tion [3]. He depicted the catalytically active species as a thia-
zolium zwitterion (the resonance structure of an NHC) and pro-
posed that the reaction proceeds via an enaminol intermediate.
The latter is now popularly known as ‘Breslow intermediate’.
This seminal discovery by Breslow paved the way for further
developments in the area of carbene catalysis. Almost three
decades later Bertrand and co-workers proved the existence of
carbenes as catalytically active species in the benzoin reaction,
with the synthesis of a stable phosphinocarbene [4]. Arduengo
and co-workers isolated and characterised a stable NHC in 1991
[5]. These two reports on the isolation of NHCs implied that
they are more stable and robust than previously considered.
Subsequent years witnessed a renewal of interest in NHCs and a
flurry of reports, mainly focusing on their catalytic activity,
appeared in the literature [6,7].

The original mechanistic proposal by Breslow for the thia-
zolium salt-catalysed benzoin reaction can be delineated as
follows (Scheme 1) [3]. Lapworth had suggested how the
cyanide anion functions first as a nucleophile and then as a

/_\
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Scheme 1: Breslow’s proposal on the mechanism of the benzoin con-
densation.
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leaving group in cyanide-catalysed benzoin reactions [8]. Anal-
ogously, Breslow invoked the generation of a nucleophilic thia-
zolylidene species 1 via deprotonation of the thiazolium salt by
base. The ylide 1 may also be represented as its resonance struc-
ture 1 (carbene). Nucleophilic addition of 1 to aromatic alde-
hyde generates the tetrahedral intermediate 2. The latter then
undergoes a proton shift to furnish an enaminol derivative 3.
The aldehyde carbonyl carbon has now transformed into a
nucleophilic entity by virtue of conjugation to the nitrogen and
sulfur lone pairs. This acyl anion equivalent 3 is known as the
"Breslow intermediate". Its reaction with another molecule of
aldehyde leads to the formation of an alkoxide intermediate 4.
Proton transfer and subsequent release of thiazolylidene 1
affords the final product, the a-hydroxy ketone 5. Breslow
demonstrated that imidazolium-derived ylides also catalysed
benzoin reactions. In most of the cases, the NHC-catalysed for-
mation of benzoin from aldehydes is reversible in nature.

In the following sections, detailed discussions on various types
of benzoin reactions catalysed by NHCs are presented. In
general, thiazolium salt-derived NHCs have found widespread
application as catalysts for benzoin reactions, whereas tri-
azolium-derived NHCs have emerged as popular catalysts for
enantioselective benzoin transformations.

Review

Homo-benzoin reactions

The homo-benzoin condensation constitutes an overall catalytic
dimerization of an aldehyde wherein the acyl anion derived
from one molecule adds to another molecule of the aldehyde. (It
may be noted that the term ‘homo’ implies the reaction be-
tween two molecules of the same aldehyde. It should not be
misconstrued as a ‘homologous’ benzoin reaction). Benzoin
reactions are reversible in basic medium and homo-benzoin
products are often isolated as byproducts in other NHC-medi-
ated reactions of aldehydes. The absence of chemoselectivity
issues makes homo-benzoin reactions less challenging when
compared to the cross-benzoin variant. NHC-mediated aerial
oxidation of aldehydes to the corresponding carboxylic acids
could compete with homo-benzoin reactions, but can be limited
by careful exclusion of oxygen from the reaction mixture. A
few recent reports of homo-benzoin reactions are discussed in
the following passages.

Stetter’s report in 1976 of thiazolium salt-catalysed benzoin
reactions may be regarded as the first report of an NHC-cata-
lysed benzoin reaction on a synthetically useful scale [9]. Much
later, in 2005, Xu and Xia used N-alkyl-substituted imida-
zolium carbene 6 to efficiently promote benzoin reactions. Al-
though a high catalyst loading (50 mol %) was required, the
reactions could be run at mild conditions. It was observed that
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neutral and electron rich aromatic aldehydes afford good yields
of benzoin products whereas electron deficient aromatic alde-
hydes and aliphatic aldehydes reacted sluggishly (Scheme 2)
[10].

e cl®
/NVN\n-Bu
6 (50 mol %)

K»CO3 (50 mol %)
CH,Cly, 1, 20 h

(o]
R)K(R

OH

H

5 examples; up to 76% yield

Scheme 2: Imidazolium carbene-catalysed homo-benzoin condensa-
tion.

The easily accessible NHC precatalyst 7 endowed with long ali-
phatic side chains was used by Iwamoto and co-workers for
promoting benzoin reactions in aqueous medium. The im-
proved reactivity was attributed to the formation of micelles
from the hydrophobic alkyl chains of the catalyst in aqueous
medium. The reaction proceeded well with various aromatic
and heteroaromatic aldehydes (Scheme 3) [11].

\9)11

N
(.o

7

(20 mol %) i

o
BN

R

H
base, H50, rt OH

11 examples; up to 98% vyield

Scheme 3: Homo-benzoin condensation in aqgueous medium.

Subsequently, the same group disclosed the application of
bis(benzimidazolium) precursor 8 as a more efficient catalyst
for the benzoin condensation in aqueous medium. Here, the
NHC precatalyst incorporated a long aliphatic bridge between
the two imidazolium entities. The aggregation of these units

Beilstein J. Org. Chem. 2016, 12, 444—-461.

creates a hydrophobic environment in which the two aromatic
aldehydes are subjected to catalysis (Scheme 4) [12].

Asymmetric homo-benzoin reactions

Much of the progress in the area of NHC-catalysed asymmetric
benzoin reactions has been covered in two excellent reviews
[6,7]. Some additional recent examples are discussed below.

A selected list of chiral NHC catalysts that have been explored
for mediating asymmetric benzoin reactions is presented in
Scheme 5. The bis-triazolium catalyst 9 developed by You
promoted asymmetric benzoin reactions in 95% ee [13]. Enders
developed the pyroglutamic acid-derived triazolium salt 10
which mediated benzoin reactions in similar enantioselectivi-
ties [14].

The chiral triazolium catalyst 11 transfers chiral information to
the benzoin products by engaging in hydrogen-bonding interac-
tions [15]. Waser’s chiral bifunctional (thio)urea NHC 12 also
relies on hydrogen bonding to mediate asymmetric benzoin
reactions [16]. A 2-pyrdiyl appendage distinguishes Ukaji’s
chiral triazolium catalyst 13 from similar salts [17]. Spirocyclic
(1R)-camphor-derived triazolium salt 14developed by Rafinski
also successfully catalysed asymmetric benzoin condensations
[18].

The pentafluorophenyltriazolium catalyst 15 featured in the
most efficient asymmetric benzoin reaction reported so far.
Inoue and co-workers found that it promotes homocoupling of
benzaldehyde at a low loading (4 mol %) to afford benzoin in
90% yield and >99% ee (Scheme 6) [19].

Cross-benzoin reactions

A cross-benzoin reaction unites two different aldehydes
wherein one of them functions as the acyl anion equivalent. A
total of four products are possible; a pair of homo-benzoin and
cross-benzoin adducts each. A substrate-driven selectivity may
be observed when one of the aldehydes is significantly less
reactive due to electronic or steric reasons. The latter effect may
be amplified by employing bulky NHCs. In general, NHC-
mediated selective cross-benzoin reactions of electronically and

| [©) 1 S]
i cat. 8 (10 mol %) Q - : @9,\( { QN@ By
R™ °H DBU, H,0, rt R)H/ : >l
OH ' N N
9 examples \ /

up to 97% yield

Scheme 4: Homobenzoin condensation catalysed by bis(benzimidazolium) salt 8.
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Scheme 5: List of assorted chiral NHC-catalysts used for asymmetric homobenzoin condensation.
0 o) | FoN
)J\ cat. 15 (4—8 mol %) R ' F l\i - N
i X
R™™H  Rp,COs (4-8 mol %) R)K( ; ® Ph
THF, 20 h OH P F BF, HO Ph
15 examples F
yield up to 100% ' 15
ee up to >99%
Scheme 6: A rigid bicyclic triazole precatalyst 15 in an efficient enantioselective benzoin reaction.
sterically similar aldehydes remain as a highly challenging Et
transformation. =N o
Qo
In 1985, Inoue and co-workers reported the NHC-catalysed o 16 (1§mol %) e}
selective cross-benzoin reactions of aromatic and aliphatic alde- . JJ\ + (HCHO), R1J\/OH
0,
hydes with formaldehyde leading to the formation of a-hydroxy RO H EtsN (10 mol %)
EtOH, 60 °C, 24 h 7 examples

ketones. Although an excellent selectivity was observed for the
cross-benzoin product, the yields were low (Scheme 7) [20].

Later Kuhl and Glorius employed an NHC generated from the
thiazolium salt 17 to synthesise a-hydroxyketones 18 in good
yields. This highly selective cross-benzoin reaction has a very
broad substrate scope (Scheme 8) [21].

Yang and co-workers developed an intermolecular cross coup-
ling of aromatic aldehydes with acetaldehyde. The reaction

showed an interesting divergence in reactivity controlled by the

yield up to 17%

Scheme 7: Inoue’s report of cross-benzoin reactions.

catalysts, viz., the thiazolium salt 19 and triazolium salt 20. The
thiazolium-derived carbene preferentially mediated the forma-
tion of the Breslow intermediate from the aromatic aldehyde
followed by coupling with acetaldehyde. In contrast, the tri-
azolium-derived carbene prefered to activate acetaldehyde to
generate the corresponding acyl anion equivalent followed by
coupling with aromatic aldehydes (Scheme 9) [22]. It may be
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—(® C|O4@
S\7N‘Mes 0
o 17 (10 mol %) A OH
+ (HCHO =
R Y H ( L, (20 mol %) =
N THF, 60 °C, 24 h 18

Scheme 8: Cross-benzoin reactions catalysed by thiazolium salt 17.

O .\
19 [©)
OH
(10 mol %) Ar)H/ %rEt
. 3
6 examples | >
Cs,CO;3 yield up to 90% HO S
)OJ\ (10 mol %) product selectivity 98:2 19
+ — N —
Ar” TH H  m-xylene OH —_—
rt, 15h |20 o
(10mol %)  Ar O:N\ o
- NN~
6 examples 7 @ Mes
yield up to 95% 20

Scheme 9: Catalyst-controlled divergence in cross-benzoin reactions.

mentioned that Connon, Zeitler and co-workers have also re-
ported the use of thiazolium and triazolium precatalysts for
selective cross-benzoin reactions [23].

Glorius introduced a number of thiazolium NHC precatalysts
endowed with sterically bulky aryl groups on the nitrogen with
varying backbone substitution. These NHCs exhibited high
levels of reactivity and selectivity in intermolecular cross-
benzoin reactions to afford a library of unsymmetrically substi-
tuted benzoins [24]. The presence of an ortho-substituent on the
electrophilic aromatic aldehyde (which presumably hinders the
direct addition of NHC to these aldehydes) was necessary for
the high levels of selectivity (Scheme 10).

The NHC-catalysed chemoselective intermolecular cross-
benzoin condensation reaction of aromatic and aliphatic alde-

O 21 (10 mol %)

14 examples
yield up to 86%

product selectivity 11:89

hydes was reported by Yang and co-workers. The chemoselec-
tivity was achieved by using a large excess of the aliphatic alde-
hyde (molar ratio of 1:15) [25]. Thus, directing groups on the
aromatic aldehydes were not a prerequisite for high levels of
selectivity in contrast to the earlier example. Consecutive cata-
lytic reactions were utilized in order to reuse the excess of
aliphatic aldehydes employed for achieving selectivity.
Interestingly, the reaction could be repeated up to five times
without affecting the yield of product and chemoselectivity
(Scheme 11).

Morpholinone and piperidinone-derived triazolium precatalysts
can catalyze highly chemoselectively the cross-benzoin reac-
tion of aliphatic and aromatic aldehydes [26]. Smooth and
selective benzoin reactions were observed with a wide variety
of linear and branched aliphatic aldehydes as well as aromatic

L CL

Ar NEts (10 mol %)

THF, 60 °C, 22 h

15 examples; yield up to 82%

o} !
OH ' "\
oy
f 21

Scheme 10: Chemoselective cross-benzoin reactions catalysed by a bulky NHC.
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Scheme 11: Selective intermolecular cross-benzoin condensation reactions of aromatic and aliphatic aldehydes.

aldehydes (Scheme 12). Notably, the aliphatic aldehydes func-
tioned as acyl anion equivalents leading to the formation of
alkyl ketone (benzoin) products.

S]

o _N, BF4

)|\ N\//'\é)—CGFS
Ar H OH
23 (5 mol %)

+ AF/S‘/AIK
hig CH,Cly, 70 °C

O

12 examples; up to 99% yield

Scheme 12: Chemoselective cross-benzoin reaction of aliphatic and
aromatic aldehydes.

Asymmetric cross-benzoin reactions

The development of enantioselective cross-benzoin reactions is
an arduous task as both chemoselectivity and stereoselectivity
must be controlled by a single catalyst. Unsurprisingly, most of
the NHC-catalysed, enantioselective cross-benzoin reactions
employ a combination of two distinct carbonyl components to
minimize chemoselectivity issues. A selected group of asym-
metric cross-benzoin reactions are described in the following

section.

An NHC-catalysed union of aryl aldehydes and aryl trifluoro-
methyl ketones was developed in the laboratory of Enders. This
direct intermolecular cross-benzoin reaction proceeded with
high yields and chemoselectivity [27]. The reaction furnished
excellent yields of a-hydroxy-o-trifluoromethyl ketones 25
possessing a quaternary stereocentre. The homo-benzoin con-
densation between two aldehydes is reversible under the reac-
tion conditions. This eventually leads to the selective formation
of the observed cross-benzoin product. Later, it was found that
trifluoromethyl ketimines 26 also function as electrophiles
under similar reaction conditions [28]. Although initial attempts

of asymmetric transformations were not successful, enantiose-

lective cross-benzoin reactions of heteroaromatic aldehydes
(acyl donors) and aryl trifluoromethyl ketones were later de-
veloped using the chiral catalyst 27 (Scheme 13) [29].

]

—"!N BF,
N -~
o ~7 g Ph
i 24 (10 mol %) OH
A" SH T A7 CFy DBU(20mol %) AT
THF, it, 15 h Ar® CF3
25
12 examples; yield up to 93%
24 fe)
1
o R (10 mol %) NHR!
J, R
R™ "H Ar” "CF3 Cs,COj3 (20 mol %) A’ CF
THF, it, 15 h r~hs

26
8 examples; yield up to 87%

o : N O
H 27 (10 mol %) )&AH. OZ BF,
_— I
DIPEA (1.0 equiv) A7 751 ¢ ng‘)\cst
THF,0°C,24h  F3C VA

| OTBDPS
CFs | 27

(e}
Ar)J\
+
Ar

14 examples; yield up to 96%; ee up to 84%

Scheme 13: Cross-benzoin reactions of trifluoromethyl ketones de-
veloped by Enders.

The electron-deficient triazolium-derived NHC 23 mediated
efficient and chemoselective cross-benzoin reactions of alde-
hydes and a-ketoesters to produce acyloin products endowed
with a quaternary stereocentre [30]. Remarkably, the competing
hydroacylation reaction was not observed under these reaction
conditions. A variety of aliphatic and aromatic aldehydes func-
tioned as acyl donors, whereas several a-ketoesters could be
employed as the electrophilic coupling partner to afford the
desired products in moderate to good yields (Scheme 14). Inter-
estingly, preliminary experiments to develop an enantioselec-
tive version of this reaction using a chiral NHC returned prom-
ising levels of enantioselectivity (76% ee).
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28 examples; up to 95% yield

Scheme 14: Cross-benzoin reactions of aldehydes and a-ketoesters.

Subsequently, Gravel and co-workers reported a high yielding
chemoselective and enantioselective intermolecular cross-
benzoin reaction of aliphatic aldehydes and a-ketoesters.
Notably, the reaction affords enantiomerically enriched tertiary
alcohols. Excellent levels of enantioselection were obtained by
using an electron-deficient valine-derived triazolium salt precat-
alyst 28 (Scheme 15) [31]. Moreover, diastereoselective reduc-
tion of the cross-benzoin products with NaBH, afforded valu-
able syn-diol products.

Goodman and Johnson disclosed a dynamic kinetic resolution

of B-halo-a-ketoesters via NHC-catalysed asymmetric cross-

Beilstein J. Org. Chem. 2016, 12, 444—-461.

benzoin reaction. Here, the cross-benzoin reaction of aromatic
aldehydes with B-stereogenic-a-keto esters afforded fully
substituted B-halo-a-glycolic acid derivatives in high diastereo-
selectivity and enantioselectivity [32]. The NHC generated from
the amino indanol-derived chiral triazolium salt 29 provided the
best results (Scheme 16). A variety of aromatic aldehydes and a
series of B-halo a-ketoesters partake in the reaction to furnish

the chiral glycolic acid derivatives.

The enantioselective benzoin reaction between a variety of alde-
hydes and alkynones is catalysed by the NHC generated from
chiral aminoindanol-triazolium salt 29. The reactions afforded
substituted propargylic alcohols in high yields and enantioselec-
tivity (Scheme 17). It is noteworthy that the catalytically gener-
ated Breslow intermediates undergo selective 1,2-addition with
ynones and the competing Stetter-type reactivity was not ob-
served [33].

Aza-benzoin reactions
In aza-benzoin reactions, the acyl anions generated from alde-

hydes react with an aza electrophile. Imines possessing an elec-

" @BF4
O/T \//‘N(D—CGF5
1?]\ . 0O._-CO,Me ipr  28(10 mol %) R CO,Me
R" "H R2 iPryNEt (1.0 equiv) R2OH

4 AMS, DCM, 23 °C
11 examples; up to 98% yield; up to 94% ee

Scheme 15: Enantioselective cross-benzoin reactions of aliphatic aldehydes and a-ketoesters.

o) 0 X o X !
1J\ + J\[H\ 2 28 (15 mol %) 1JK<'\ 2 N\/l\'l@
RTH MeO R KCOs(10equv) R RO H ‘Mes
@ TBME, rt HO =H2e 5o BFE
15 examples; up to 95% yield; up to 96% ee
Scheme 16: Dynamic kinetic resolution of 3-halo-a-ketoesters via cross-benzoin reaction.
RS 3
(0] — 0 O R
I .o = 29 (20 mol %) 1 =
R" “H . R
R2 K,CO3 (40 mol %) HO R2

benzene/toluene

-15°C

20 examples; up to 99% yield; up to 99% ee

Scheme 17: Enantioselective benzoin reaction of aldehydes and alkynones.
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tron-withdrawing N-substituent constitute the most commonly
used aza electrophile and the reaction affords an a-aminocar-
bonyl compound as the product. The NHC-mediated addition of
aldehyde-derived acyl anions to nitroso compounds leading to
the formation of hydroxamic acid derivatives are also discussed
in this section for convenience.

Acylimines function as electrophiles in NHC-catalysed aza-
benzoin reaction with aldehydes. The reactive acylimine is
generated in situ by the action of base on the sulfonylamide de-
rivative 30 [34]. Meanwhile, the Breslow intermediate is pro-
duced from the aldehyde by the thiazolium 31-derived NHC.
The union of these two reactive intermediates furnished

o-amidoketones 32 in excellent yields (Scheme 18).

A diastereoselective [4 + 1] annulation of phthalaldehyde with
imines leading to the formation of cis-2-amino3-hydroxyin-
danones is catalysed by NHC 31. The imine electrophile is
generated in situ from o-sulfonyl-N-Boc amine 33 (Scheme 19).
Initial cross-aza-benzoin reaction of one of the aldehyde func-
tionalities with the imine is followed by an intramolecular aldol
reaction to furnish the indanone framework [35].

N o
| N ci
e

Beilstein J. Org. Chem. 2016, 12, 444—-461.

The thiazolium precatalyst 31 can also efficiently mediate
cross-aza-benzoin reactions of aromatic and heteroaromatic
aldehydes with unactivated aromatic imines 34 (Scheme 20)
[36]. A control reaction of the corresponding benzoin (instead
of the aldehyde) and imine 34 also afforded the a-amino ketone
product 35 in 71% yield. This indicates that the reaction
involves reversible formation of aldehyde-homobenzoin
adducts.

Enantioselective cross aza-benzoin reaction of aliphatic alde-
hydes with N-Boc-protected imines are promoted efficiently by
NHC generated from the chiral triazolium salt 36. The alde-
hydes function as the acyl donor and the imines behave as the
receptors (Scheme 21). Addition of NHC to the highly electro-
philic N-Boc imines leads to the formation of corresponding
aza-Breslow intermediates; however, it is reversible under the
reaction conditions. Importantly, the chirally pure a-amino ke-
tones formed in this reaction are valuable building blocks in
organic synthesis [37].

The NHC generated from the bicyclic pentafluoro triazolium
salt promoted the chemoselective cross aza-benzoin reaction of

IBn

H

)k L 31(10mol %) A N._©O
A H TR N“R? NEt (15.0 equiv R R2
CH,Cly, 35 °C
30 32

Scheme 18: Aza-benzoin reaction of aldehydes and acylimines.

21 examples; yield up to 98%

o)
HN-BC 31 (20 mol %)
H
H * Ar/kSOZPh Cs,C03 (20 mol %)
DIPEA (2.0 equiv)
0 33 THF, rt

10 examples; yield up to 93%

Scheme 19: NHC-catalysed diastereoselective synthesis of cis-2-amino 3-hydroxyindanones.

i . N 31 (20 mol %) o ‘
Ar” TH RH EtsN (20 mol %) Ar)K( “R2
EtOH, 70 °C R
34 35

14 examples; yield up to 95%

Scheme 20: Cross-aza-benzoin reactions of aldehydes with aromatic imines.
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Scheme 21: Enantioselective cross aza-benzoin reaction of aliphatic aldehydes with N-Boc-imines.

aldehydes with N-PMP-imino esters to afford a-amino-B-keto
esters in good yield (Scheme 22) [38]. A range of functional
groups are tolerated under the optimised reaction conditions.

0 PMP 0
e N 22 (20 mol %) H
RTOH *+ 7 — R “PMP
COOEt  K2COs (1.0 equiv) COOEt

THF, rt
PMP = p-methoxyphenyl 14 examples; up to 73% vyield

Scheme 22: Chemoselective cross aza-benzoin reaction of aldehydes
with N-PMP-imino esters.

Mattson and Scheidt developed a catalytic coupling reaction of
acylsilanes with imines for the synthesis of aminoketones
(Scheme 23). The reaction proceeds through the generation of
the Breslow intermediate from the acylsilane followed by a
cross-coupling with the imine [39].

>_<|@ O

0 SN Me p—Ph
PP e A s gomoiy NP
)N| Ph g 2 R/SrAr
R @ DBU, CHCl3,
iPrOH o
19 examples

yield up to 94%

Scheme 23: NHC-catalysed coupling reaction of acylsilanes with
imines.

38 (5 mol %)

i JT\S 0 CH,Cly, 23 °C
Ar H * R! ” R2
Me N Me
Me '+ Me
Me
(10.0 equiv)

In 2005, Miller and co-workers used the chiral thiazolium salt
38 to catalyse an enantioselective cross-aza-benzoin reaction.
Racemisation of the products under the reaction conditions
caused erosion of enantioselectivity. This problem was success-
fully addressed by using a hindered base, pentamethyl piperi-
dine, which was inert towards the products (Scheme 24) [40].

In 2013, Ye disclosed a remarkable NHC-catalysed enantiose-
lective aza-benzoin reaction of enals and activated ketimines
leading to the formation of functionalised a-aminoketones 39 in
high enantioselectivity [41]. Notably, the homoenolate or
enolate reactivity of the NHC-enal adduct was not observed in
this case. The presence of a tertiary alcohol functionality and
the steric bulk of the NHC-precatalyst 40 were essential for the
selective formation of the aza-benzoin adduct. A variety of tri-
fluoromethylated a-aminoketones could be synthesised in enan-
tiomerically pure form using this method (Scheme 25).

Isatin derived ketimines 41 were employed as electrophiles in
the NHC-catalysed chemo- and stereoselective cross-aza-
benzoin reaction with enals by Chi. The reaction afforded chiral
quaternary aminooxindole derivatives. The NHC—enal adduct
prefers to react via the acyl anion pathway and the competing
homoenolate/enolate reactivity was not observed. The sterically
non-congested, electron-deficient NHC-catalyst 42 presumably
does not hinder bond formation at the catalyst-bound acyl car-
bon (Scheme 26) [42].

The aza-benzoin reaction of aldehydes and phosphinoylimines
catalysed by the bis(amino)cyclopropenylidene (BAC) carbene
43 was reported recently. The reaction showed excellent selec-
tivity for the aza-benzoin products over the homo-benzoin

o ? 08"
N__O !
Rl R ! Pib/ \ﬂ/\NHBOC
7 examples
yieldupto 100% | 38 Sy 1©
ee upto 87% @ Et

Scheme 24: Thiazolium salt-mediated enantioselective cross-aza-benzoin reaction.
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Scheme 25: Aza-benzoin reaction of enals with activated ketimines.
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Scheme 26: Isatin derived ketimines as electrophiles in cross aza-benzoin reaction with enals.

adducts. A wide variety of aldehydes react with phosphinoylim-
ines (generated from their sulfinic acid adducts 44) to afford
N-phosphinoyl amnioketones (Scheme 27) [43]. The attempted
enantioselective version of this reaction using a chiral BAC

catalyst was, however, unsuccessful.

As mentioned earlier, nitrosoarenes have been used as the elec-
trophilic component in a few reactions of NHC-bound alde-
hydes. The addition of acyl anions occur at the nitrogen atom of
the nitroso compound. A NHC-catalysed cascade reaction of

o-vinylarylaldehydes with nitrosoarenes afforded function-

alised 2,3-benzoxazin-4-ones 45 [44]. The initial intermolecu-
lar aza-benzoin reaction is followed by an intramolecular oxa-
Michael reaction to form the observed product (Scheme 28).

Enders reported a cascade reaction which is initiated by an
NHC-catalysed aza-benzoin condensation between various
aldehydes and nitrosobenzenes to generate the hydroxamic
acids 47. This is followed by a redox esterification of the latter
(47) with enals. The overall process constitutes a one-pot syn-
thesis of hydroxamic esters 48 [45]. Notably, both steps can be

performed using the single NHC catalyst 22 under same reac-

o)
o PPh PPh, | H ©
5 . O PPh, ! BPhy
R1JLH + Tolo,S__NH _ 43(20mol%) » NH @
R2 Cs,C0;3 (1.0 equiv) R2 i EtoN NEt,
CH4CN, 4 AMS, 1,16 h -
44 ' -

13 examples; up to 92% yield

BAC precursor

Scheme 27: Aza-benzoin reaction of aldehydes and phosphinoylimines catalysed by the BAC-carbene.

=N, S}
o Nr/N@)—I o] z
H /©/ 46 (20 mol %) N
+ DBU (30 mol %) (0]
Y N Y
HCl3, 25-30 °
| R 6 CHClj3, 25-30 °C R
o 21 examples; up to 92% yield 45 O

Scheme 28: Nitrosoarenes as the electrophilic component in benzoin-initiated cascade reaction.
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tion conditions (Scheme 29). This two-step, one-pot synthesis
of formahydroxamic esters constitutes a valuable addition to a

thin list of NHC-mediated three-component reactions.

Intramolecular benzoin reactions

One of the earliest reports of an intramolecular benzoin conden-
sation appeared in 1976. Cookson and Lane found that the treat-
ment of anhydrous glutaraldehyde with thiazolium salt 49 and
triethylamine resulted in the formation of 2-hydroxycyclopen-
tanone. The latter underwent oxidation to afford 2-hydroxycy-
clopent-2-en-1-one 50 upon treatment with Cu(OAc),
(Scheme 30) [46]. Hexanedial furnished the corresponding
o-hydroxycyclohexanone under identical reaction conditions.

O
X

RT™H
+ 22 (5 mol %)
0 R!
N TMEDA (10 mol %)
Ar DCM, rt 47

_OH

O
JLN

Ar
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An intramolecular cross-benzoin condensation between alde-
hyde and ketone moieties was developed by Suzuki in 2003.
The isoxazole-fused cyclohexanone 51 endowed with an aryl
aldehyde underwent a smooth cross-benzoin cyclisation in the
presence of the thiazolium catalyst 19 and DBU. Although the
presence of an isoxazole moiety is not a prerequisite for the
success of this annulation, its rigid nature presumably renders
the reaction highly stereoselective [47]. This simple and mild
method allowed the construction of orthogonally protected
polycyclic quinones from readily available starting materials.
Later in 2006, they developed the enantioselective version of
this reaction using an aminoindanol-derived triazolium salt 52
(Scheme 31) [48].

R? R
/i/ f(
H™ SO o ©
N (0]
R

\Ar 48

}.

1

22 examples; up to 92% yield

Scheme 29: One-pot synthesis of hydroxamic esters via aza-benzoin reaction.
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Scheme 30: Cookson and Lane’s report of intramolecular benzoin condensation.
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Scheme 31:

9 examples
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Intramolecular cross-benzoin condensation between aldehyde and ketone moieties.
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Another intramolecular crossed aldehyde-ketone benzoin reac-
tion of simple dicarbonyl systems was developed by Enders
(Scheme 32). This method employs commercially available
thiazolium salt 19 as precatalyst and affords five- and six-mem-
bered cyclic acyloins in good yields [49].

S OH
0 19 Me
Me EtsN n
n =1, yield 56%
n=1,2 n =2, yield 69%

Scheme 32: Intramolecular crossed aldehyde-ketone benzoin reac-
tions.

The enantioselective NHC-catalysed crossed aldehyde-ketone
benzoin reaction for the synthesis of five- and six-membered
cyclic acyloins was also developed by Enders. NHC generated

53 (10-20 mol %)

X/\H/R base, THF
0

X =0, CH,

16 examples; yield up to 93%; ee up to 98%
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from the tetracyclic triazolium salt 53 gave the best results [50].
It is noteworthy that the absolute stereochemistry of the a-car-
bonyl quaternary center of benzo-fused carbocycles and chro-
manones is installed with excellent control (Scheme 33).

A combination of D-camphor-derived triazolium precatalyst 54
and DBU promoted enantioselective intramolecular cross-
benzoin reaction of 55 to afford chromanone 56 in excellent
yield and enantioselectivity (Scheme 34). The NHC-precatalyst
is conveniently prepared from camphor in 5 steps [51].

NHC generated from the N-tert-butyl-substituted imidazolium
salt 57 catalysed the intramolecular cross-benzoin reaction of
chalcones derived from o-phthalaldehydes. The reaction
proceeded rapidly (20 min) at room temperature to afford good
yields (75-94%) of naphthalenone-based tertiary alcohols 58
(Scheme 35) [52].

The synthesis of bicyclic tertiary alcohols possessing two

quaternary stereocentres at the bridgehead positions was

Scheme 33: Enantioselective intramolecular crossed aldehyde-ketone benzoin reaction.
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Scheme 34: Chromanone synthesis via enantioselective intramolecular cross-benzoin reaction.
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Scheme 35: Intramolecular cross-benzoin reaction of chalcones.
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achieved via an asymmetric intramolecular crossed benzoin
reaction. A relatively high loading (30 mol %) of the NHC
precatalyst 59 was necessary for efficient reactions (Scheme 36)
[53].

A multicatalytic Michael-benzoin cascade process for the
asymmetric synthesis of functionalised cyclopentanones was
disclosed in 2009 by Rovis. The chiral secondary amine 60
catalyzes the initial asymmetric Michael addition of an 1,3-di-
ketone and an enal to afford a d-ketoaldehyde 61. Subsequently,
a cross-benzoin reaction of the latter promoted by the NHC
precatalyst 22, installs the cyclopentenone system (Scheme 37).
It may be noted that the absolute stereochemistry of the process
is controlled by the prolinol catalyst 60 and the NHC precata-
lyst 22 is achiral. Control experiments revealed that the Michael
addition is reversible but the NHC catalyst rapidly shuttles the
intermediate 6-keto aldehyde 61 to the final product preventing
the erosion of enantioselectivity [54]. This cascade reaction
constitutes a fine example of symbiotic dual-catalysis wherein
both catalysts perform better together in a one-pot reaction than

they do independently over two steps.

A conceptually similar enamine-NHC dual-catalytic
Michael-benzoin cascade was also developed by Rovis. The
reaction proceeds via the generation of an enamine from the
enolizable aldehyde 62 in presence of the prolinol catalyst 60

Beilstein J. Org. Chem. 2016, 12, 444—-461.

and its subsequent addition to the Michael acceptor 63. This is
followed by NHC-mediated intramolecular cross-benzoin con-
densation to afford the cyclopentanone 64. Clear evidence for
the co-operative relationship between the catalysts was ob-
tained from control experiments. Chiral triazolium catalyst 65
preferentially converts only one of the diastereomeric Michael
adducts into the benzoin product. The prolinol catalyst 60, on
the other hand, mediates the epimerisation of the less reactive
diastereomer. This synergy leads to the enrichment of the dia-
stereomeric ratio of the final product 64 (Scheme 38) [55].

Enders developed a closely related iminium-cross-benzoin
cascade process involving enals and -oxo sulfones to generate
enantioenriched cyclopentanone derivatives with three
contiguous stereocentres. A dual secondary amine/NHC catalyt-
ic system comprising of the prolinol 60 and NHC precatalyst 22
was found to give the best results (Scheme 39) [56]. The influ-
ence of these catalysts on the diastereoselectivity of the reac-
tion was also studied using NMR techniques.

An NHC-catalysed intramolecular benzoin condensation of
carbohydrate-derived dialdehydes has been applied for the con-
struction of carbocyclic sugars. Diastereoselective benzoin reac-
tions of manno- and galacto-configured dialdehydes 66 were
promoted by the triazolium carbene precatalyst 22 to produce

single inosose stereoisomers 67 in high yields (Scheme 40)

o : 0
59 (30 mol % : ‘>\
( A §O ( 0) ( : N \'Tl
Cs,CO03 (30 mol %) i =N,
o) CHCly, 23 °C, 24 h OHp c® ©®Mes

10 examples; yield up to 90%; ee up to 99%

Scheme 36: Synthesis of bicyclic tertiary alcohols by intramolecular benzoin reaction.

o 9 60 (20 mol %) Jj, "R
mol 7 17 %, S
R1MR2 22 (20 mol %) R bzo OXOTMS
+ N Ar
H NaOAc (10 mol %) R3 H Ar
Ra/\/go CHC|3, 14 h, 22 °C 16 examples Ar = 3,5-(CF3)2-C6H3
| yield up to 93% 60
m NHC ee upto 97%
(N erf?
6 N2 CeFs
Michael J‘\'i‘\ﬂ benzoin N 22
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Scheme 37: A multicatalytic Michael-benzoin cascade process for cyclopentanone synthesis.
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Scheme 38: Enamine-NHC dual-catalytic, Michael-benzoin cascade reaction.
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Scheme 39: Iminium-cross-benzoin cascade reaction of enals and -oxo
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Scheme 40: Intramolecular benzoin condensation of carbohydrate-
derived dialdehydes.

[57

derivatives furnished al/lo- and epi-inositol in good yields.

]. Stereospecific reduction and deprotection of the inosose

The camphor-derived triazolium precatalyst 54 promoted enan-
tioselective intramolecular benzoin reactions of N-tethered keto-
aldehydes effectively. The substrates for the cyclisation are
easily accessible and dihydroquinolinone systems possessing a

O
Rif A H 54 (15 mol %)
. 3
P R
N NaOAc (10 mol %)
RZ O dioxane, rt

dr up to >20:1

sulfones.

quaternary stereocentre are produced in high yields and enantio-
selectivities (Scheme 41) [58].

The chiral triazolium salt 68 derived from (1R)-camphor has
been used in intramolecular cross-benzoin reactions of keto-
aldehydes. The former efficiently catalysed stereoselective for-
mation of chromanones 69 bearing quaternary stereocentres
(Scheme 42) [59].

Cheng reported that the combination of NHC 24 and a Brensted
base (4-methoxyphenolate) promoted a formal dimerisation of
2-(aroylvinyl)arylaldehydes 70 to afford benzo[a]tetrahydroflu-
orenones 71 [60]. This stereoselective reaction proceeds via a

benzoin—Michael-Michael cascade process (Scheme 43).

Further investigations in Cheng’s group revealed an intriguing
divergent catalytic dimerisation of 2-formylcinnamates 72.

16 examples; up to 96% yield; up to 92% ee

Scheme 41: Enantioselective intramolecular benzoin reactions of N-tethered keto-aldehydes.
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Scheme 42: Asymmetric cross-benzoin reactions promoted by camphor-derived catalysts.

Q 24 (20 mol %)
H 4-methoxyphenol N ®
_ Ar (1.0 equiv) N—Ph
NaH (1.2 equiv)
0 CH,Cly, 30-35 °C BF,
70
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Scheme 43: NHC-Brgnsted base co-catalysis in a benzoin—Michael-Michael cascade.

Co-operative catalysis by NHC precatalyst 73 and a Lewis acid
(titanium isopropoxide) afforded isochromenone derivatives 74
via a sequence of reactions initiated by a benzoin condensation.
Treatment of 72 with the NHC precatalyst 73 alone, on the
other hand, afforded isochromeno(4,3-c)isochromene deriva-
tives 75 (Scheme 44) [61].

A one-pot multicatalytic reaction for the asymmetric synthesis
of complex tetracyclic tetrahydrocarbazole derivatives from
readily available precursors was described by Melchiorre. A
Diels—Alder reaction of indole-2,3-quinodimethane 76 (gener-
ated from 77 and the prolinol catalyst 78 ) with the enone 79
affords a tetrahydrocarbazole derivative 80. The NHC precata-
lyst 22 then promotes an intramolecular cross-benzoin conden-

COR 7330 mol %) X

sation of the keto-aldehyde to furnish the tetracyclic product 81
(Scheme 45). The yields are moderate; however excellent
diastereo- and enantioselectivities were observed for the one-

pot reaction [62].

In a similar fashion, an asymmetric multicatalytic cascade reac-
tion involving the dienal 82 and unsaturated cyclic sulfonyl-
imine 83 afforded spiro-fused cycloadducts 84 in good yield
and enantioselectivity [63]. Initially, the trienamine 85 is gener-
ated by the action of prolinol catalyst 86 on the dienal 82. The
former (85) then undergoes a Diels—Alder reaction with the
sulfonylimine 83 to generate the keto-aldehyde 87. Finally, the
NHC precatalyst 22 mediates a cross-benzoin reaction of the
latter to furnish the spirocyclic product 84 (Scheme 46).

73 (30 mol %)

DBU (60 mol %) X H DBU (60 mol %)
CH,Cly, rt PN co,r Ti(OP),

(1.0 equiv)

COR CH.Cly, 1t
X
75
cis- and frans-isomers
4 examples
up to 56% yield 11 examples
up to 68% yield

Scheme 44: Divergent catalytic dimerization of 2-formylcinnamates.
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Scheme 46: NHC-chiral secondary amine co-catalysis for the synthesis of complex spirocyclic scaffolds.

Conclusion

The first report of a benzoin reaction by Wdohler and Liebig
appeared merely four years after the former disclosed the para-
digm-changing urea synthesis. However, detailed investiga-
tions of this reaction remained elusive due to a variety of
reasons, the toxicity of cyanide catalysts being one of them.
Breslow’s discovery in 1958 of the thiazolylidene-catalysed
benzoin condensation via polarity reversal of aldehydes formed
the conceptual basis for the later development of NHC-
organocatalysis. The rekindling of interest in NHC-catalysed
benzoin reactions coincided with the emergence of N-hetero-
cyclic carbenes in the late twentieth century as non-toxic,

readily available and versatile catalysts for a variety of organic

transformations. Since then, a number of reports on a variety of
benzoin reactions have appeared in the literature. They include
homo, crossed, intramolecular and various asymmetric benzoin
reactions leading to products that are difficult to access by other
means. Aza-benzoin reactions, intramolecular benzoin conden-
sations, use of aldehyde surrogates and use of non-carbonyl
electrophiles (nitroso compounds) are some of the develop-
ments that revamped the synthetically unattractive, monoto-
nous image of benzoin condensations. The driving force behind
this remarkable evolution of benzoin reaction is NHC-catalysis.
Benzoin chemistry is well-set to benefit, in the near future, from
new developments in the rapidly growing realm of NHC-cataly-
sis.
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Bis-protic N-heterocyclic carbene complexes of platinum and palladium (4) yield dimeric structures 6 when treated with sodium

tert-butoxide in CH,Cl,. The use of a more polar solvent (THF) and a strong base (LiN(iPr);) gave the lithium chloride adducts

monobasic complex 7 or analogous dibasic complex 8.

Introduction

N-Heterocyclic carbenes (NHCs) have been extensively
researched for a number of purposes since 1991 when
Arduengo first isolated free NHCs [1-3]. NHCs as ligands have
been known even longer. In 1968, Wanzlick and Ofele sepa-
rately synthesized mercury(Il) and chromium(0) imidazol-2-
ylidene complexes [3]. Nearly 50 years of NHC ligand research
have demonstrated the importance of the electronic and steric
effects that can be modified by altering the alkyl or aryl groups
on each nitrogen atom. Less common are protic imidazol-2-
ylidene (PNHC) ligands with a hydrogen atom on one or both
of the stabilizing nitrogens. The synthesis of PNHC complexes
has proven to be a challenge, which has limited studies of their

reactivity [4-8].

Protic imidazol-2-ylidene ligands (e.g., 1) have been shown to
form an imidazolyl ligand (e.g., 2) after deprotonation with a
basic proton-accepting nitrogen (Figure 1). We are unaware of
reports on an experimentally determined pK, value of a PNHC
imidazolidene complex, but looking at related derivatives, Isobe
showed that a 2-palladated pyridine was 3.57 pK, units more
basic than pyridine [9,10]. Considering reactions other than
simple proton transfer, imidazol-2-yl complexes have recently
been used to bind to a second transition metal [11]. Additional-
ly, Cp*Ir complexes from our group [12] demonstrated hetero-
lysis of the H-H bond of H, and of the C—H bond of acetylene.
The same ligand in CpRu complexes 2 and 3 showed hetero-

lysis of dihydrogen [13]. 1 had a much faster ligand exchange
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Figure 1: Previously reported PNHC complexes of interest for this work, along with the targeted complex 5.

rate after ionization as compared to the Cp*Ir analog (ethylene
bound in 5 min at rt (CpRu) instead of 16 h at 70 °C (Cp*Ir)).
Species 1 could be converted in situ to the hydride and isolated,
or generated in situ and used as a transfer hydrogenation cata-
lyst. Interestingly, the ligand substitution rate of ethylene and
the heterolysis of dihydrogen was much greater for 3 than for 2.
With only a few papers exploring the utility of these imidazol-
2-yl complexes, we aim to extend this to our recently reported
pincer bis PNHC complexes 4-PdCl and 4-PtCl and their
triflato analogs [14]. The design of these complexes was

inspired by studies of Kunz et al. on aprotic analogs [15,16].

Results and Discussion

The loss of one NH proton from the bis-PNHC complex 4 could
lead to structure S, a complex concurrently containing a PNHC
proton donor and a bond activating imidazol-2-yl unit. In an
attempt to form 5, 4-PdCl was dissolved in CD,Cl,, and the
solution was saturated with ethylene, followed by the addition
of sodium tert-butoxide. After 2 h at room temperature, an
NMR spectrum was acquired that showed a new, unsymmetri-
cal species, as expected for 5. Crystals were grown by vapor
diffusion of pentanes into benzene and analyzed. Surprisingly,
the data showed that the dimer 6-Pd had formed such that the

open site was not filled with ethylene, but rather was occupied
by an imidazolyl nitrogen from a second complex (Figure 2).
The palladium and platinum dimer complexes, 6-Pd and 6-Pt,
could be formed by addition of sodium zert-butoxide to the

chloride analogs (Scheme 1), and isolated in 50-56% yields.

Figure 2: Crystal structure of 6-Pd. The atoms of the tert-butyl groups,
C-H bonds, and the solvent have been omitted for clarity.

tBu. N o R__tBu t-Bu_ R rﬂf\N t-Bu
I
T S m— ]/ NaOt-Bu \[ S m— ]/
N | N (1 equiv) N | N
N N
L SN
t-Bu t-Bu t-Bu t-Bu
M = Pd (4-PdCl) 6-Pd
M = Pt (4-PtCl) 6-Pt

Scheme 1: Formation of dimers 6-Pd and 6-Pt by addition of NaO#Bu.
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The examination of the dimer crystal structure (see Figure 2 for
6-Pd) shows strain in the Pd1-N1’ (and Pd1°-N1) bond. This is
due to the metal that remains in the plane defined by the three
coordinating atoms of the tridentate ligand (i.e., C1, N3, and
C4). The fourth donor atom from the other has to bend out of
the plane with the N1’ imidazole ring because of the adjacent
sterics of the fert-butyl groups on the imidazole. The strain can
be quantified by examining how far the metal is from the N1 (or
N1’)-bound imidazole plane (C1-C2—C3-N1-N2 plane and the
symmetry-equivalent atoms): for 6-Pd, 1.241 A and, for 6-Pt,
1.094 A (Table 1). Further evidence is given by the dihedral
angles: Pd1-C1-N1-Pd1’ = —40.4(4)° and 36.5(3)° for 6-Pd
and 6-Pt, respectively, C1-Pd1-N1"-C1’ = 72.4(3)° and
67.3(2)° for 6-Pd and 6-Pt, respectively.

The NMR results are completely consistent with persistence of
the dimers in solution. For monomeric species such as 4-PdC1
and 4-PtCl, the NH proton resonance is typically downfield
shifted with a chemical shift of ca. 11 ppm, whereas this signal
is strongly shifted upfield to 8.03 (6-Pd) or 8.19 ppm (6-Pt).
The crystal structures for both 6-Pd and 6-Pt show that the NH
is located above the pi system of one imidazole ring of the other
half of the dimer, which would be expected to shield the NH

Beilstein J. Org. Chem. 2016, 12, 1334-1339.

and cause a significant upfield chemical shift. Moreover, a
ROESY experiment on 6-Pt (Figure S6, Supporting Informa-
tion File 1) confirms that the NH (N5’, Figure 2) has a through-
space interaction with the proton on the imidazole ring (C3,
Figure 2), a situation that would not be possible for a mono-

meric structure.

Attempts to synthesize S using sodium alkoxide bases led to the
formation of dimer structures 6 with presumed loss of NaCl.
Therefore, lithium chloride adducts 7 were targeted because
LiCl adduct 3 was isolable yet highly reactive. As demon-
strated by NMR spectroscopy, the dissolution of 4-PdCl in a
mixture of THF (0.7 mL) and C¢Dg (0.1 mL) followed by the
addition of one equivalent of LiN(iPr), deprotonates one of the
PNHC complexes. This gives 7-Pd, without evidence of dimer
formation (Scheme 2). The addition of a second equivalent of
LiN(iPr), deprotonates the second PNHC complex, giving
8-Pd. The '"H NMR spectrum for compound 7-Pt consists of a
single NH peak at 10.90 ppm and six aromatic peaks, which all
integrate to one proton. The asymmetry is also observed in the
13C NMR spectrum, which consists of 18 peaks between 100
and 170 ppm. As for 8-Pt, the 'H NMR spectrum has no peak
where the NH peak typically is located, and in the aromatic

Table 1: Key bond lengths (A) and angles (°) of dimers 6 compared to parent compounds 4.

4-PdCl 6-Pd 4-PtCI 6-Pt
M-N1 - 2.092(3) - 2.079(3)
M-N3 1.961(3) 1.962(3) 1.9627(19) 1.969(3)
M-C4 2.006(4), 1.998(4) 2.034(4) 2.007(2), 2.014(2) 2.014(3)
M-C1 - 1.984(4) - 1.996(3)
N3-M-X 178.09(10) 176.3(1) 179.85(6) 175.6(1)
C1-M-C4 175.43(17) 167.9(2) 176.29(9) 168.3(1)
M out plane? - 1.241 - 1.094

2The metal-to-plane distance defined by the five corresponding N-coordinated imidazole atoms; this value would be near zero in the absence of

strain.

. [Li] [Li]

H H [Li] H ] y
RON  ©C N_R RON ¢ N_R RON  C N_R
\[ >"\|/|’< ]/ LDA \[ \>"\|/|‘< j LDA \[ \>"\|/"</ j
N N N (1 equiv) N N N (1 equiv) N N N
THF THF
CGDG CeDs
t-Bu t-Bu t-Bu t-Bu t-Bu t-Bu
M = Pd (4-PdCl) 7-Pd 8-Pd

Pt (4-PtCI) 7-Pt 8-Pt

Scheme 2: Formation of 7 and 8 by addition of LiN(iPr), (1 or 2 equiv) (R = tert-butyl).
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region there are three peaks. The !3C NMR spectrum thus
consists of 9 peaks between 100 and 170 ppm, showing the
reappearance of symmetry.

I5N chemical shift data give structural insight (Table 2), as
exemplified by 1-3 [10]. The Ay (difference in 1N shifts for
compound x) is near zero for a PNHC (1), maximum for the
imidazolyl conjugate base 2, and slightly less for an imidazolyl
lithium chloride adduct 3. The &y for the aprotic nitrogen inca-
pable of acid base chemistry (N2) hardly changes, whereas for
the protic (N1), the changes depend on its environment. In the
following discussion, 1 and 4-PtCl are considered the reference
starting material complexes because they are both neutral
PNHC species with M—Cl moieties. Their A, values are named
1.5, whereas for 4-PdCl, A= —13.1. This
difference is likely due to a variety of factors related to the elec-

as Arer. For 1, Arer =

tronics of the nonprotic substituent of the PNHC and/or the

Table 2: 5N chemical shift values (ppm) of complexes in this paper.2

Clip
ClRu—ppp,,

Beilstein J. Org. Chem. 2016, 12, 1334-1339.

ring size of the chelates, which is beyond the scope of this
paper. For a given metal center and mono- or bis-NHC frame-
work, we want to diagnose the effects of chemical changes at
NI1. For this purpose, we introduce the quantity AA = Ax — Apef
to account for the change in Ay that accompanies a chemical
change from the reference compound to the new species X.
Looking at complex 6-Pt, AA for the NH nitrogen is only
0.3 ppm and only —4.4 ppm for the NM nitrogen. The AA values
for both nitrogens are relatively unchanged as the carbene char-
acter of the ligand is still intact. Interestingly, 6-Pd shows a
similar small AA value for the NH (2.6) but a greater AA for the
NM of 17.4 ppm. This is possibly a result of the differing ring
strain in the Pt case (M out of plane 1.094 A for 6-Pt vs 1.241
for 6-Pd) and/or smaller M—N distance (2.079(3) A for 6-Pt vs
2.092(3) A for 6-Pd, Table 1). Turning now to 7-Pt and 8-Pt,
we note that the deprotonated nitrogens of 7-Pt and 8-Pt
show large values of AA = 80.5 ppm and 77.8 ppm, respective-

Cp Cp

THF, LG Ru\Pth

HN J i N= \) THE N=( J
t—BuN1 X ':\112 t-Bu/g/’\rjqz t-Bu/g/NNz
1 2 3
6 NH 2 6 NM TN [T NH 1L [Li]
NN1 N N1 C|N1N R RONNM C NR
X HH AN o WA B S
N N2 N2 N N N2 N2 N N N2
R R R R R R
M = Pd (6-Pd) 7-Pt 8-Pt
M = Pt (6-Pt) R = t-Bu
Complex N1P N2¢ A8 AA®
1 -197.1 -198.6 1.5 0 (defined)
2 -110.4 -199.9 89.5 88.0
3 -1221 -196.8 74.7 73.2
4-PtCI -211.0 -197.9 -13.1 0 (defined)
7-Pt NH -212.7 -198.4 -14.4 -1.3
7-PtLi -129.9 -197.3 67.4 80.5
8-Pt -127.4 -192.0 64.7 77.8
6-Pt NH -209.9 -197.0 -12.9 0.3
6-Pt NPd -215.3 -197.8 -17.5 -4.4
6-Pd NH -208.3 -192.6 -15.7 2.6
6-Pd NPt -193.5 -195.8 2.3 17.4

@Determined using H,15N gHMBC on natural abundance material in THF (0.7 mL) and benzene-dg (0.1 mL) (4-PtCl, 7, 8), or CD,Cl; (6). PN1 = either
NH or derivative of PNHC. °N2 = aprotic nitrogen incapable of acid base chemistry. A, = N1 = N2. 8AA = AX — Aref Where At = —13.1 for type-1 com-

pounds and 1.5 for type-4 compounds.
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ly. This resembles the results for the CpRu species 2 and 3
(AA = 88.0 ppm and 73.2 ppm, respectively). The values of AA
for the deprotonated nitrogens (that bear a Pt or Pd) in the crys-
tallographically characterized dimers 6-Pt and 6-Pd are much
smaller (17.4, —4.4). The large AA values for the deprotonated
nitrogens of 7-Pt and 8-Pt could be due to either structural
formulation as a LiCl adduct or free imidazolyl species. Howev-
er, the dependence of the stability of 7 and 8 on the presence of
chloride (see below) argues strongly for a chloride ligand on the
central metal. This leads us to assign structures 7-Pt and 8-Pt as
LiCl-imidazolyl adducts. All attempts at characterization by
crystallography have been unsuccessful due to the very water-
sensitive nature of 7 and 8. Therefore, the environment of the
lithium and chloride is unknown but it is assumed to be similar
to that of 3, which is formed under very similar conditions. The
I5N chemical shift data give structural insight that is unavail-
able by any other means regarding the absence of solid-state
structures or meaningfully diagnostic 7Li chemical shifts.

An indication of the reactivity of imidazolyl complexes was
deduced after bubbling H, through a solution of 7-Pt for 16 h in
THF/Cg¢Dg, where only a small amount of 4-PtCl was regener-
ated, likely from adventitious water. The addition of AgOTf did
not facilitate H, heterolysis, but formed the dimer 6-Pt (Figure
S7, Supporting Information File 1). Bubbling ethylene through
a solution of 7-Pt gave some 4-PtCl, again likely from adventi-
tious water (Figure S8, Supporting Information File 1). The
rigorously dried substrate 1-heptene (20 equiv) was added to
8-Pt, where no reaction was observed even after heating at
70 °C for 4 h (Figure S9, Supporting Information File 1).

Unlike imidazolyl complex 3, 7-Pt showed no tendency to lose
LiCl. One possible route to a more labile LiOTf adduct was to
deprotonate 4-PtOTT, but the action of LiN(iPr), yielded
mostly the dimer 6-Pt (Figure S10, Supporting Information
File 1). Alternatively, the deprotonation of [4-Pt(CH3CN)]*
OTf by LiN(iPr), (1 equiv) gave an analog of 5, where
L = CH3CN. However in practice, this typically yielded a num-
ber of species (Figure S11, Supporting Information File 1). It
appears that the LiCl-imidazolyl adduct complexes 7-Pt and
8-Pt have a much slower ligand exchange rate compared to
complex 3. This was expected given the change from rutheni-
um to platinum [17].

To see if the faster ligand exchange would lead to LiCl loss
with palladium, 7-Pd was synthesized. Unfortunately, similar
results were observed with the platinum analog where 1-heptene
did not react with 7-Pd (which was then converted to 8-Pd by
addition of LiN(iPr),). Then AgOTf was added to 8-Pd, which
formed a deprotonated dimer complex. Even with palladium,

the loss of the chloride ligand seemed to be too slow.

Beilstein J. Org. Chem. 2016, 12, 1334-1339.

Conclusion

In conclusion, attempts at forming an imidazolyl complex from
4-MCl using sodium alkoxides led to strained dimers 6. How-
ever, 4-MCI could be deprotonated with either 1 or 2 equiv of
LiN(iPr), to give 7, an intriguing species with one PNHC ligand
and one Li-imidazolyl adduct, or 8, a bis imidazolyl complex.
Unfortunately, substrates could not displace the chloride ligand
without formation of dimer 6, and the deprotonated complexes
were water sensitive. The attempts at deprotonating the more
labile triflate complex 4-PtOTf led to the formation of dimer
6-Pt. To increase the lability of the chloride ligand, species
4-PdCl and 4-PdOTf were examined but gave dimer 6-Pd. In
summary, the reactivity of bis-PNHC complexes 4 and bases
appears to be dominated by the formation of the dimeric struc-
tures. Studies to reduce dimer formation by various means, such
as increasing steric hindrance at the imidazolyl nitrogens, will
be reported in due course.

Supporting Information

The Supporting Information contains details on syntheses
of 6-Pd and 6-Pt, NMR data for 4-PtCl, 6-Pd, 6-Pt, 7-Pt,
and 8-Pt and Figues S6-S12.

Supporting Information File 1

Experimental information and NMR spectroscopy figures.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-126-S1.pdf]
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