SHORT COMMUNICATION

Extending the NHC Concept: C—C Coupling Catalysis by a Pd" Carbene
(rNHC) Complex with Remote Heteroatoms

Sabine K. Schneider,!?! Patric Roembke,®! Gerrit R. Julius,” Christoph Loschen,!!
Helgard G. Raubenheimer,* Gernot Frenking,*!l and Wolfgang A. Herrmann*!2!

Keywords: Carbene ligands / C—C Coupling / Density functional calculations / Homogeneous catalysis

A palladium complex, trans-Cl(PPhj),Pd{C?-cyclo-CgH,-o0-
N(Me)C=CPH}(C3-CP), that contains a carbene ligand with
remote heteroatoms (rNHC) is much more active in certain
C-C coupling reactions than comparably simple NHC- and
phosphane-containing precatalysts. The rNHC ligand binds

strongly by electrostatic as well as orbital interaction to the
metal.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Carbon—carbon bond formation with palladium com-
plexes as catalysts is a key step in the synthesis of organic
chemicals, natural products as well as in a variety of indus-
trial processes.l' 3 Important examples of such catalysis are
found in the Suzuki and Heck reaction types.*>! Activity
in this area is presently characterized by a search for new
ligands and, not independent thereof, the collection of
mechanistic information.”) Phosphanes have been the Ii-
gands of choice and are still further investigated.!'-”! How-
ever, numerous studies have been undertaken in the recent
past to overcome their limitations and replace them by li-
gands that afford stable compounds while avoiding un-
wanted side reactions and aiming at even increased activi-
ties.®] Recent successes include the use of N-heterocyclic
carbenes (NHC’) as ligands in the precursor com-
plexes.P-11]

Very few N-heterocyclic-coordinated carbene ligands
with remote heteroatoms (yNHC’s) are known!!'?! (related,
but without remote heteroatoms are o-N carbenes derived
from pyridine!'3! or azoles!!¥). The recent discovery of the
exceptional stability and complex dynamics of such Pd!
and Pt compounds!! encouraged a study to establish their
potential use as precatalysts in coupling reactions. Herein
we report on a series of comparative Mizoroki-Heck (M-
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H) and Suzuki-Miyaura (S-M) couplings that involve a
number of phosphane and NHC complexes, and the cat-
ionic complex chloro(2-methoxy-/N-methylquinolin-4-yl)-
bis(triphenylphosphane)palladium(1) (1), that has been de-
scribed in detail before.l'>) A more meaningful comparison
of competitive activities with the most effective systems in
the literature, will only be possible after steric effects have
been incorporated into 1 and other YNHC ligands. In this
preliminary report we show that such ligand types certainly
have potential as precatalysts and also describe a quantum
mechanical comparison between NHC and rNHC model
ligands and complexes. Descriptions of the ligand electronic
structures as well as the metal-ligand bonding in NHC and
the “newcomer” rNHC complex types are extracted from
DFT calculations at the RI-BP86/SVP level.l'¢]

The catalyst precursors, all prepared according to stan-
dard procedures and screened for their activity and effi-
ciency in well-known M-H and S-M reactions, are shown
in Figure 1 and the results obtained in Table 1 and Table 2.
These reactions do not represent troublesome couplings but
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Figure 1. Precatalysts employed in C-C coupling reactions.
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Table 1. Mizoroki-Heck reaction.

X
OnBu [Pd] : 14h OnBu
Y + / + HX
0O Na(OAc) R 0

R
Entryfl R mol-% Pd Temp. [°C] Catalyst  Conversion [%]®  Yield [%]®  TON [mol product (mol cat)™']
1 C(O)CH; 0.01 130 1 >99.99 94 9400
2 C(O)CH; 0.01 130 3 45 41 4100
3 C(O)CH; 0.001 145 1 >99.99 94 94000
4 C(O)CH; 0.0001 145 1 92 91 910000
5 C(O)CH; 0.0001 145 3 8 6 60000
6 C(O)CH; 0.5l 150 1 85 81 162
7 OCHj; 0.5 145 1 84 80 160
gldl H 0.1 145 1 >99.99 95 950
9 H 0.1 145 2 68 66 660
10 H 0.1 145 3 20 17 170
11 H 0.1 145 4 38 34 340
12 H 0.1 145 5 39 37 370
13 H 0.5l 150 1 64 55 110

[a] X = Br, except for 6 and 13; ratio of aryl halide/olefin/NaOAc = 1:1.5:1.5; solvent: DMAc (dimethylacetamide). [b] GC yield and
conversion using diethylene glycol/di-n-butyl ether as internal standard. [c] X = Cl; 0.2 mol-equiv. of [R4N]Br added to the reaction

mixture. [d] For Entries 8-12 compare also Figure 2.

simple ones using relatively simple catalytic systems to al-
low a comparison on an electronic (and not steric) basis
and to show that ¥YNHC ligands deserve further attention.
The data indicate clearly the superiority of the stable YfNHC
complex which gives relatively high conversions even at low
concentration. Under the reported conditions TON’s of
9.1x10° in the M—H and 3.2 10° in the S-M coupling are
reached. Catalyst loading in the latter situation, however, is
too low and affects the efficiency of the process. Arylchlor-
ides couple successfully at 0.5% loading level of the rNHC
complex according to M-H, and at 1.0% in the S-M reac-
tion without any evidence of palladium black formation,
even after stirring for 24 hours.

An even better picture of the relative catalyst activities
emerged from the time-conversion curves in Figure 2 and
Figure 3 determined under similar conditions for the two
types of C-C coupling respectively.

The two sets of curves are remarkably similar,['” and the
rNHC complex, which requires no induction period, comes
out on top of the chosen series again. Cationic charge (or
alternatively, the number of phosphane ligands present) on
the complex is not an important parameter for the halo-
phosphane compounds 4 and 5, but differentiate clearly be-
tween NHC complexes 2 and 3.

To better understand from a chemical viewpoint the
reasons behind the relatively high activity of the rNHC
complex in comparison with a simple cationic NHC com-
plex, we theoretically analyzed their metal-carbene bonds.
First, the geometries of the model compounds 1M and 2M
with phenyl (on P) and methyl (on N and O) substituents
replaced by hydrogen atoms, were optimized at the RI-
BP86/SVP level.l'

For this study the crystal and molecular structures of 2 —
prepared similarly to 113! (compare also ref.l!”l) — were de-

2974 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

termined. Crystal data and calculated geometries are given
as Supporting Information (for details see also the footnote
on the first page of this article). The agreement between
calculated and experimental bond lengths is quite good.
Both methods indicate similar Pd—C(carbene) bond lengths,
but a significantly larger trans influence is exhibited by the
rNHC ligand (experimental Pd—-Cl bond length 0.044 A
longer in 1 than in 2)

We used different methods for extracting chemical bond-
ing information in 1M and 2M. Figure 4 shows the most
important frontier orbitals of the two simplified free car-
bene ligands YNHC and NHC. The -donor HOMO orbital
in YfNHC is 1.28 eV higher in energy than in NHC. HOMO-
1, the highest-lying occupied m-orbital, has a much larger
coefficient at the carbene C-atom in NHC than in rNHC
affording a higher electron population at the C(carbene)
p(n) AO in NHC (0.66) than in YfNHC (0.53) which is disad-
vantageous for M—L 7 back donation in the former com-
plex. The LUMO of NHC (not shown) is a m* orbital of
the C=C double bond which has a node at the C(carbene)
atom. The next low-lying n-acceptor orbital, LUMO+1, has
a large coefficient at the C(carbene) p(n) AO. The m-ac-
ceptor LUMO of rNHC is lower in energy than the
LUMO+1 of NHC but it is much more delocalized. The
increase in the p(nt) AO population on the carbene carbon
atom of rNHC after formation of the complex 1M (Agn =
0.28 e) is larger than in NHC (Agn = 0.20 ) and suggests
that this ligand may also be a somewhat stronger m-acceptor
than the latter species.

A deeper insight into the metal-carbene bonding situation
results from an energy decomposition analysis (EDA)!7-1]
of 1M and 2M (Table 3). The metal-carbene interactions
in the rNHC carbene complex, 1M, are significantly
stronger (AE;,, = —107.6 kcal/mol) than in 2M (AE;, =
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Table 2. Suzuki-Miyaura coupling.
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B(OH), X
cat. [Pd]
. 2B () v xmom,
K,CO,
R

Entryf R X mol-% Pd Catalyst Time Yield (%)®! TON [mol product. mol
cat'!

1 C(O)CH; Br 0.0001 1 13h >99.99 1000000

2 C(O)CH; Br 10-° 1 13h 32 3200000

3 C(O)CH; Cl 1.0fcl 1 14h 46 460

4 H Br 0.01 1 13h >99.99 10000

5 H Br 0.001 1 13h 98 98000

6 H Br 0.1 1 10 min 95 950

7 H Br 0.1 3 10 min 16 160

8ldl OCHj; Br 0.1 1 13h >99.99 1000

9 OCHj; Br 0.1 2 13h 85 850

10 OCHj; Br 0.1 3 13h 32 320

11 OCHj; Br 0.1 4 13h 72 720

12 OCHj; Br 0.1 5 13h 77 770

13 OCHj; Br 0.01 1 13h 54 5400

[a] Ratio of aryl halide/phenylboronic acid/K,CO; = 1:1.2:1.5; solvent: xylene; 7' = 130 °C. [b] GC yield using diethylene glycol/di-n-butyl
ether as internal standard. [c] Cs,CO; was used as base. [d] For Entries 8-12 compare also Figure 3.
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Figure 2. Time-conversion-curves: Mizoroki-Heck reaction.

—85.5 kcal/mol). The rather small calculated geometry re-
laxation of the fragments (AE,,.,) indicates that the former
complex also has a bond dissociation energy of ca. 20 kcal/
mol higher than the latter (also compare a related dis-
cussion involving other carbene complexes by one of us?).
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Figure 3. Time-conversion-curves: Suzuki-Miyaura reaction.
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The metal-carbene bonding in both complexes comes
mainly from classical electrostatic interactions, AE.u.;,
which contribute ca. 70% to the attractive forces.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Frontier orbitals of the free model carbenes rNHC (left)
and NHC (right).

Table 3. Energy decomposition analyses of 1M and 2M.[4I

M 2M
AE, -107.6 855
AEp,ui 184.9 157.9

Eurat 2046 (69.9%) 1718 (70.6%)
AE.., 879 (30.1%) 715 (29.4%)
a’ 728 (82.8%) ~60.4 (84.5%)
a’ 151 (17.2%) 111 (15.5%)
AE e, 3.6 24
AE = D, -104.0 -83.1

[a] Energy given in kcalmol ™.

The most interesting part of the EDA is the breakdown
of the total orbital interaction term, AE,,, into orbital con-
tributions of different symmetry (Table 3). The EDA calcu-
lations of complexes 1M and 2M were carried out with Cj
symmetry, which means that the strength of the o-bonding
is given by the a’ orbitals while n-bonding is given by the a’’
orbitals. The former contribution is clearly more important
[72.8 kcal/mol (82.8%) in 1M and 60.4 kcal/mol (84.5%) in
2M] than m-bonding [15.1 kcal/mol (17.2%) in 1M and
11.1 kcal/mol (15.5%) in 2M].

In conclusion, this study, using palladium as central me-
tal, has shown that a carbene-type ligand with no hetero-
atom in the immediate vicinity of the carbon donor atom
activates the metal centre significally more than comparable
simple N-heterocyclic carbenes. No serious dichotomy
arises when Heck- and Suzuki-type conversions are com-
pared. The exceptionally strong metal-carbene bond in
such a complex — as determined by quantum chemical DFT
calculations — is mainly due to very strong metal-ligand
electrostatic attraction as well as an energetically higher-

2976 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lying c-HOMO on the ligand that overlaps well and do-
nates electrons readily.

All our results are in accordance with an ¥NHC ligand
that remains attached to the central metal during the cata-
lytic cycle and indicate that catalytic activity could be in-
creased by further ligand tailoring, especially an increase in
steric bulk.['!21 Finally we anticipate that this work will
provide an impetus for further study and that the new class
of ligands will find application in other important catalytic
processes and should, individually, be considered as useful
alternatives to NHC's as we shall show in future reports.

Experimental Section

The preparation of the catalyst precursor complex 2 is described in
the Supporting Information, 314l as well as 4?1 were prepared
according to literature procedures and 5 is commercially available.

Heck Reaction: A constant ratio of sodium acetate (3.00 mmol,
246 mg) and aryl halide (2.00 mmol, e. g. 315 mg bromobenzene)
as well as 100 mg diethylene glycol/di-n-butyl ether were placed in
a Schlenk tube equipped with a stirring bar under argon. Then
3.00 mmol of n-butyl acrylate (0.43 mL) and 2 mL degassed DMAc
were added. After 10 min at the desired temperature, the catalyst
solution was added against a positive stream of argon. To terminate
the reaction the mixture was allowed to cool to room temperature
and 3 mL of aqueous HCI added. The water phase was extracted
thrice with 2 mL of dichloromethane and the organic fraction dried
with MgSQO,. Conversions and yields were determined by GC-MS
using diethylene glycol/di-n-butyl ether as internal standard.

Suzuki Reaction: Phenylboronic acid (2.40 mmol, 293 mg) and po-
tassium carbonate (3.00 mmol, 415 mg) were placed in a Schlenk
tube equipped with a stirring bar under argon. Aryl halide
(2.00 mmol; e. g. 374 mg bromoanisole), 100 mg diethylene glycol/
di-n-butyl ether and 2 mL degassed xylene were added. After ther-
mostating at 130 °C for 10 min, the catalyst solution was added
against a positive stream of argon. To end the reaction, the mixture
was cooled to room temperature and 3 mL of water added. The
water phase was extracted three times with 2 mL of diethyl ether
and the organic phases dried with MgSO,.
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