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Synthetic and structural studies of Pd(ll) and Au(l) complexes of a new O-functionalized N-heterocyclic
carbene ligand, namely, b-{methoxybenzyl)-Zert-butylimidazol-2-ylidene, are reported. Specifically,
the N-heterocyclic carbene precursoratriethoxybenzyl)-3ert-butylimidazolium bromide 1a) was
synthesized by the reaction of 2-methoxybenzyl bromidetartebutylimidazole in 44% yield. The Au-

() and Pd(ll) complexes [lefmethoxybenzyl)-3ert-butylimidazol-2-ylidene]AuCl 1c) and [1-0-
methoxybenzyl)-3ert-butylimidazol-2-ylideneJPdCL (1d) were prepared in 77% and 89% yields,
respectively, by the commonly used silver carbene transfer route from the silver cofjptéo-
methoxybenzyl)-3ert-butylimidazol-2-ylidene}Ag} *Br~ (1b). The silver complexlb was in turn
synthesized from the reaction @& with Ag,O. The molecular structures of the complexdesand 1d
have been determined by X-ray diffraction studies, which revealed that the gold cohgpessessed

a linear geometry while the palladium compleshad a trans-square-planar geometry at their respective
metal centers. The Pd(ll) complebd was found to be an efficient catalyst for Suzukliyaura type
cross-coupling reactions of phenylboronic acid and aryl halides (ArXs Br, 1) in high yields and
turnover numbers (up to 109 600).

Introduction organic chemistry. Its versatility, ease of use, and efficiency
are key factors that have brought such unprecedented success
Being central to many important cross-coupling reactions such j, metal-mediated cross-coupling reactiérihough the fre-
as Hiyama, KumadaZ Negishi?# Suzuki? and Stillé~® reac-  quently used Pd precatalysts are still the phosphine-based ones
tions, Pd has revolutionalized transition-metal-mediatedCC such as [Pd(PRJ],2° a growing number of reports of N-
bond forming reactions in a big way over the last three decadesheterocyclic carbene based analogues have been emerging
and is now duly recognized for its catalytic utility in synthetic lately 11-14 Despite significant advancements reported for phos-
phine-based syster316there remains a need for more user-
*To whom correspondence should be addressed. E-mail: pghosh@ friendly precatalysts, as the phosphine-based species are ex-
chem.iitb.ac.in. Fax+91-22-2572-3480. pensive, sensitive to air, and difficult to handle and thus are of
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pound3? and the first example of a AuNHC-based initiata#®
for the bulk ring-opening polymerization af-lactide. Our
motivation in this program is derived from the exceptional
success exhibited by N-heterocyclic carbenes in the realm of
chemical catalysis, as they have found applications in a wide
gamut of important transformations such as olefin metatt¥ésis,
hydrogenatior?® hydroformylatior?® hydrosilylation?” hydrobo-
ration?8 carbene-transfer reactioffsetc. in addition to the €C

phosphine counterparts. More importantly, the phosphines, apartyond forming reactiorid14 discussed earlier. As the role played
from being expensive, are also required in excess quantities, as)y N-heterocyclic carbenes has thus far been very promising
they often exhibit leaching of bare metals from the soluble i the development of Pd-based precatalysts for cross-coupling

precatalysts and also show considerabt€CRbond cleavage at
elevated temperaturé$:1’ The N-heterocylic carbenes, how-

reactions, we set out to explore the utility of other new Pd
NHC complexes in the coupling reactions. Specifically, we

ever, do.not suffer from such shgrtcomings anc_:l thus are notdecided to synthesize Pd complexes supported over new
needed in excess during catalysis. Significant improvements functionalized N-heterocyclic carbenes in order to study their
have been reported on the ancillary ligand design front, both catalytic potential in GC bond forming reactions.

for the in situ generation of catalytd® as well as for the well-
defined catalyst&~14 As the ligand-assisted catalysis (LAC)

In this contribution, we report the PANHC complex [1-6-
methoxybenzyl)-3ert-butylimidazol-2-ylidenePdCh (1d), which

involving in situ generation of catalysts suffers from many gjisplays high activity toward SuzukiMiyaura type cross-

limitations such as uncertainty in stoichiometry and composition coupling reactions of phenylboronic acid and aryl halides (ArX,
of the active species, difficulty in controlling the catalysis rate

and catalyst efficiency, and unnecessary waste of precious Pd ;o) ) samantaray, M. K.; Katiyar, V. Roy, D.; Pang, K.: Nanavati
and NHC precursors and poses difficulties in the mechanistic H.; Stephen, R.; Sunoj, R. B.; Ghosh Bur. J. Inorg. Chem2006 2975~
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well-defined precatalysts for our study. Furthermore, well-

defined catalysts display shorter reaction titflesd also reduce
unwanted side reactiort4?

The Suzuki-Miyaura reaction offers a powerful and general

methodology for the construction of€C bonds and is perhaps

the most widely used transition-metal-mediated cross-coupling

reaction today? The popularity of the SuzukiMiyaura reaction
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Table 1. X-ray Crystallographic Data for 1c and 1d

1c 1d
lattice monoclinic monoclinic
formula Q_stoAUC|N20 C15H20C|N20Pd),50
formula wt 476.75 332.98
space group 12/a P2i/c
a(A) 16.5313(19) 8.740
b (A) 11.2567(18) 12.687
c(A) 17.275(7) 14.204
a (deg) 90.00 90.00
B (deg) 99.65(2) 104.17
y (deg) 90.00 90.00
V (A3) 3169.1(15) 1527.1
z 8 4
temp (K) 150(2) 293(2)
radiation ¢, A) 0.71073 0.709 30
Figure 2. ORTEP drawing of.cwith thermal ellipsoids shown at Pgﬁﬂlcg) ()g(cmf)l) éigg ég‘llg
0, i u(Mo Ka) (mm . .
the 59/0 probabllltz level. Selected bond_lengths (A) and angles B (deQ) 24,99 11.420613.5600
(deg): N(1)>-C(1) = 1.347(5), N(2)-C(1) = 1.347(5), Au(1ly no. of data 2804 2694
C(1)= 1.979(4), Au(1)-CI(1) = 2.2872(10); C(1}rAu(1)—CI(1) no. of params 185 178
= 179.74(11). R1 0.0199 0.0492
WR2 0.0429 0.1337
GOF 1.084 1.066

Table 2. Selected Results of Suzuki Coupling of
o-Bromobenzaldehyde with Phenylboronic Acid Catalyzed

by 1d?
CHO B(OH), ‘
Br O
. _ta O
CHO
amt of amt of
entry 1d(mmol) 1d(mol%) time (h) tield (%) TON
1 75%x 10°% 35x 10! 12 >99 288
2 19x10°% 8.6x10°7? 12 >99 1110
3 75x10% 3.5x 1072 12 >99 2880
4 3.7x 104 1.7x 1072 12 >99 6000
5 18x10* 8.6x10°2 12 >99 11700
6 43x10° 20x10°3 12 >99 50600
7 20x 105 9.2x 10* 12 45 49700
8 20x 105 9.2x10* 24 >99 109600

a2 Reaction conditions: 2.16 mmol of aryl halide, 2.64 mmol of

phenylboronic acid, 3.24 mmol of KOs, complex1d, 30 mL of CHCN,

85 °C. b Determined by GC using diethylene glycol mkbutyl ether as an

Figure 3. ORTEP drawing ofld with thermal ellipsoids shown internal standard.

at the 50% probability level. Selected bond lengths (A) and angles

(deg): N(1)-C(11)= 1.356(7), N(2)-C(11) = 1.364(7), Pd(L)

C(11)= 2.036(5), Pd(1)CI(1) = 2.3531(12); CI(1)-Pd(1)-C(11) ylidene (R= i-Pr, benzyl}®® has been recently reported, and

= 91.61(15), C(11yPd(1)-C(11) = 180.0(4). its Fe compleX showed activity toward the ring-opening
polymerization of-caprolactone. Also worth mentioning is that
another class of analogous anionic aryloxy O-functionalized

X = Br, 1). We also report the syntheses and structural N-heterocyclic carbene ligands, namely, 1-(3-(adamantan-1-yl)-

characterizations of the AtNHC complex [1-6-methoxyben- 2-hydroxy-5-methylphenyl)-3-(2,6-diisopropylphenyl)-4,5-dihy-

zyl)-3-tert-butylimidazol-2-ylidene]AuCl {c) and the Pe-NHC droimidazol-2-ylidene and its variants, has been reported by

complex1d, supported over a new O-functionalized N-hetero- Grubb$? and these displayed a novel type of ring-opening

cyclic carbene ligand: namely, b-nethoxybenzyl)-3ert- reaction of N-heterocyclic carben&sSpecifically, the new

butylimidazol-2-ylidene. O-functionalized imidazolium bromide salt d-(hethoxyben-

zyl)-3-tert-butylimidazolium bromideXa) was prepared by the

direct alkylation oftert-butylimidazole with 2-methoxybenzyl

Results and Discussion

) ) ) (30) (&) Wang, Z.-G.; Sun, H.-M.; Yao, H.-S.; Yao, Y.-M.; Shen, Q.;
A new neutral O-functionalized N-heterocyclic carbene Zzhang, Y.J. Organomet. Chen2006 691, 3383-3390. (b) Li, W.-F.; Sun,
ligand, namely, 1dg-methoxybenzyl)-Zert-butylimidazol-2- ;(')_()Nal';svggngz'zzi—%;zgzheny M.-Z.; Shen, Q.; Zhang,J¥ Organomet. Chem.
ylidene, having a methoxy-functionalized sidearm, was designed (31 chen, M.-z.; Sun, H.-M.; Li, W.-F.; Wang, Z.-G.; Shen, Q. Zhang,
with the intent of stabilizing metal complexes with enhanced Y. J. Organomet. Chen2006 691, 2489-2494.
catalytic attributes. In this regard it is noteworthy that a similar __(32) Waltman, W. A.; Grubbs, R. FOrganometallic2004 23, 3105~
anionic aryloxy O-functionalized N-heterocyclic carbene ana- "~ (33) waitman, W. A.; Ritter, T.; Grubbs, R. Kdrganometallic2006

logue, 1-(3,5-ditert-butyl-2-hydroxybenzyl)-3-R-imidazol-2- 25, 4238-4239.
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bromide in 44% vyield (Scheme 1). TREl NMR spectrum of
lashowed the diagnostic, highly downfield shifted imidazolium
(NCHN) resonance at 10.6 ppm. The bridging methylendjC
moiety appeared as a singlet at 5.64 ppm in tHeNMR
spectrum and at 58.4 ppm in tR&C NMR spectrum. In the
electrospray mass spectrum the olriethoxybenzyl)-3ert-
butylimidazolium cation appeared asréz 245 peak in 100%
abundance.

The treatment of the imidazoilum bromide skdtwith Ag,O
yielded the silver compledb by the procedure reported by
Lin.3* Consistent with the formation ofb, the IH NMR
spectrum showed the absence of an imidazolium HINE
resonance at 10.6 ppm owing to the loss of the acidic
imidazolium proton ofla as result of the reaction with AQ

Organometallics, Vol. 26, No. 4, 29817

Table 3. Selected Results of Suzuki Coupling of
p-Bromobenzaldehyde with Phenylboronic Acid Catalyzed

by 1d?2
CHO B(OH), o
O —  C
+ _
OHC
Br
amt of amt of
entry 1d(mmol) 1d(mol%) time (h) yield (%) TON
1 75x 103 35x10t 12 >99 288
2 28x 10% 1.3x107? 12 >99 7580
3 28x 105 1.3x10°3 12 51 39200

aReaction conditions: 2.16 mmol of aryl halide, 2.64 mmol of

along with the appearance of a diagnostic silver-bound carbene, e inoronic acid, 3.24 mmol of40s, complexid, 30 mL of CHCN,

(NCN—Ag) peak at 178.3 ppm in thEC NMR spectrum of
1b. The HRMS data oflb gave a peak atnwz 595.2177
corresponding to the cationic fragmdifit-(o-methoxybenzyl)-
3-tert-butylimidazol-2-ylidenejAg} ™ (calculatedn'z 595.2202).
The treatment of the silver complebb with (SMey)AuCl
yielded the gold complex [lefmethoxybenzyl)-3ert-butyl-
imidazol-2-ylidene]AuCl Lc; Figure 1) in 77% yield along with
the formation of AgBr precipitate. In this context it is worth

mentioning that though several methods have been reported fo

synthesizing At-NHC complexes, namely, (i) cleavage of
electron-rich olefing?® (ii) carbene transfer from group 6
carbonyl complexe® (iii) reactions of azolium salts or free
NHCs with Au(l) precursorg’ (iv) protonation or alkylation

of gold azolyl complexe and (v) transmetalation via the
reaction of Ag(l)>NHC complexes with Au(l) precursoféthe
milder conditions of the transmetalation pathway make it an
attractive choice. ThéH NMR spectrum oflc showed the
bridging methylene (8,) and the methoxy (OB3) resonances

appearing as singlets at 5.47 and 3.88 ppm, respectively. The

diagnostic gold-bound carbene @N—Au) peak appeared at
169.2 ppm in thé3C NMR spectrum.

The molecular structure of the gold complér has been
determined by X-ray diffraction studies (Figure 2). The X-ray
structure oflc revealed the formation of a neutral monomeric
(NHC)AUCI type complex in which the metal center was bound

to a N-heterocyclic carbene ligand on the one side and to a
chloride on the other. The geometry around the metal center is

linear JC(1)—Au(1)—C1(1)= 179.74(119j) and is consistent
with the d° configuration of Au(l) in1c.2° The structure ofi.c

is analogous to those of other reported neutral monomeric

(NHC)AuUCI type complexes such as [1-(2-hydroxycyclohexyl)-
3-(N-tert-butylacetamido)imidazol-2-ylidene]AuCl, recently re-
ported by ug? and [1,3-R-imidazol-2-ylidene]AuCl complexes
(R = mesityl, 2,6-diisopropylphenyl, cyclohexyl, adamentyl),
reported by Nolan and co-worket$The bond distances A
Cearb (1.979(4) A) and Au-Cl (2.2872(10) A) are consistent

(34) Wang, H. M. J,; Lin, I. J. BOrganometallicsl998 17, 972-975.

(35) Cetinkaya, B.; Dixneuf, P.; Lappert, M. B. Chem. Soc., Dalton
Trans 1974 1827-1833.

(36) (a) Liu, S.-T.; Reddy, K. RChem. Soc. Re 1999 28, 315-322.

(b) Ku, R.-Z.; Huang, J.-C.; Cho, J.-Y.; Kiang, F.-M.; Reddy, K. R.; Chen,
Y.-C.; Lee, K.-J.; Lee, J.-H.; Lee, G.-H.; Peng, S.-M.; Liu, S&rgano-
metallics1999 18, 2145-2154.

(37) Lee, K. M,; Lee, C. K,; Lin, I. J. BAngew. Chem., Int. EA997,

36, 1850-1852.

(38) Bovio, B.; Calogero, S.; Wagner, F. E.; Burini, A.; Pietroni, B. R.
J. Organomet. Chenl994 470, 275-283.

(39) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.
Advanced Inorganic Chemistygth ed.; Wiley: New York, 1999; pp 1085
1094.

(40) Fremont, P. de.; Scott, N. M.; Stevens, E. D.; Nolan, S. P.
Organometallic2005 24, 2411-2418.

85 °C. b Determined by GC using diethylene glycol mkbutyl ether as an
internal standard.

with single-bond character, as they are marginally shorter than
the sum of the individual covalent radid{,-c = 2.108 A;
dau—ci = 2.326 A)4142 Another notable feature of théc
structure is that the methoxy O of the functionalized 1-N
rsubstitutent @-methoxybenzyl) was oriented away from the
metal center, with the G4Aul distance being 6.041 A.

The palladium complex [letmethoxybenzyl)-3ert-butyl-
imidazol-2-ylidenejPdC}h (1d) was also synthesized via the
transmetalation route by the reaction of the silver compliex
with (COD)PdC} in 89% yield, following the procedure
reported by Tilset and co-worket3#4In this context it is worth
mentioning that several other methods have been reported for
synthesizing P&ENHC complexes. For example, a frequently
used pathway involves reaction of imidazolium halide salts with
Pd(OAc).#56 Along the same lines, Organ and co-workérs
reported a convenient preparation of highly active-R¢HC
precatalysts by the reaction of imidazolium halide salts with
PdCb in air. Another ingenious one-pot synthesis of chiraHPd
NHC complexes by the activation of the-S bond of methyl
levamisolium has been recently reported by Cabeza and co-
workers?” The complexld is sufficiently air-stable and could
be purified by column chromatography. In this regard it is worth
mentioning that several air-stable®#-4°and 1°° complexes
of N-heterocyclic carbene ligands have been reported that were
purified using column chromatography. In thél NMR

(41) Pauling, L.The Nature of The Chemical Ban@rd ed.; Cornell
University Press: Ithaca, NY, 1960; pp 22428, 256-258.

(42) (a) Frenont, P. de, Stevens, E. D.; Fructos, M. R’apRequejo,
M. M.; Pérez, P. J.; Nolan, S. RChem. Commur2006 2045-2047. (b)
Baker, M. V.; Barnard, P. J.; Brayshaw, S. K.; Hickey, J. L.; Skelton, B.
W.; White, A. H. Dalton Trans 2005 37—43.

(43) Frgseth, M.; Netland, K. A.; Tornroos, K. W.; Dhindsa, A.; Tilset,
M. Dalton Trans.2005 1664-1674.

(44) Frgseth, M.; Dhindsa, A.; Rgise, H.; Tilset, Dlalton Trans 2003
4516-4524.

(45) (a) Miecznikowski, J. R.; Gndemann, S.; Albrecht, M.; Mget,
C.; Clot, E.; Faller, J. W.; Eisenstein, O.; Crabtree, R.04dlton Trans
2003 831—-838. (b) Loch, J. A.; Albrecht, M.; Peris, E.; Mata, J.; Faller, J.
W.; Crabtree, R. HOrganometallic002 21, 700-7086. (c) Peris, E.; Loch,
J. A;; Mata, J.; Crabtree, R. Lhem. Commur2001, 201—202.

(46) Grindemann, S.; Albrecht, M.; Loch, J. A.; Faller, J. W.; Crabtree,
R. H. Organometallic2001, 20, 5485-5488.

(47) Cabeza, J. A.; del'By |.; Sanchez-Vega, G.; Suez, M. Organo-
metallics2006 25, 1831-1834.

(48) Herrmann, W. A.; Schwarz, J.; Gardiner, M.Grganometallics
1999 18, 4082-4089.

(49) Herrmann, W. A.; Bbm, V. P. W.; Gstttmayr, C. W. K.; Grosche,
M.; Reisinger, C.-P.; Weskamp, J. Organomet. Chen2001, 617-618
616-628.

(50) Albrecht, M.; Miecznikowski, J. R.; Samuel, A.; Faller, J. W.;
Crabtree, R. HOrganometallic2002 21, 3596-3604.
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Table 4. Selected Results of SuzukiMiyaura Cross-coupling Reaction of Aryl Halides (ArX, X = Br, ) Catalyzed by 1d

Entry Reagent” Reagent” 1d° Temp Time Yield® TON
(ol %) ©c) (hour) %)
1 ©:B’ (OH), 3.5x107 85 12 >99 288
'CHO
2 B'\@\ (OH), 35x10" 85 12 >99 288
‘CHO
3 ©/' &Hb 3.5x10" 85 12 41 119
4 3.5x10" 85 12 42 121

©/\Br

?(OH»

aReaction conditions: 2.16 mmol of aryl halides (ArX,3XBr, 1), 2.64 mmol of phenylboronic acid, 3.24 mmol 0f®0s, 7.5 x 10~3 mmol of catalyst
1d, and 30 mL of CHCN were taken for each rufi.Determined by by GC using diethylene glycolmbutyl ether as an internal standard.

spectrum ofLd, the bridging methylene () and the methoxy
(OCHs3) moieties appeared at 6.18 and 3.87 ppm, respectively.
The characteristic palladium-bound carbene&CkN-Pd) peak
appeared at 157.2 ppm in tA&C NMR and falls well within
the range, ca. 175145 ppm, observed for other reportedd
NHC complexeg5:49.51

The definitive proof for theld structure came from X-ray
diffraction studies, which showed the formation of a square-
planar (NHCYPdC}L type complex having the two N-hetero-

cyclic carbene ligands and two chloride ligands disposed trans

to each other (Figure 3). As observed in the case oflibe
structure, theld structure also showed that the methoxy O of
the functionalized sidearno{methoxybenzyl) did not chelate

to the palladium center and was found to be disposed away

from the metal center (3Pd1=5.360 A). The two equivalent
Pd—Cl bond distances (2.3531(12) A) ird are slightly larger
than the sum of the individual covalent radip§-cj = 2.273
A)41 put compare well with the range observed for other related
Pd complexes such as irans{ 3-[2-((2,6-diisopropylphenyl)-
imino)propyl]-1-methylimidazol-2-yliderjePdCb*3 (2.3070(3)

A) and trans{3-[2-(benzylideneamino)cyclohexyl]-4-phenyl-
1-propylimidazol-2-ylidengPdC}52 (2.359(2) A). Interestingly
enough, the two equivalent P&, bond distances (2.036(5)
A) in 1d are slightly smaller than the sum of the individual
covalent radii @pg-c = 2.055 A)4 In this regard it is worth
mentioning that a theoretical study by Cuné&&aind co-workers
revealed that up to 4% shortening of a metedrbene bond
can be ascribed to the change in hybridization state of the

in high yield and turnover numbers at 8% after 12 h of
reaction time (eq 1 and Table 2). A study of the variation of

R

X
©ABr B(OH), | >§
[ j R

:

1d

R=-CHO,H
X=Br,1

(1)

catalyst loading was carried out in order to gauge the upper
limit of the catalyst efficiency (Table 2), and in fact, a maximum
turnover number of ca. 49 700 and 45% conversion (Table 2,
entry 7) were observed by gas chromatography atQ 204

mol % of catalyst loading after 12 h at 8&. Further increase

in the yield ¢-99%) and turnover number (to ca. 109 600) were
achieved by extending the reaction time to 24 h under the same
conditions (Table 2, entry 8). Similar results were obtained for
the cross-coupling of phenylboronic acid wigtbromobenzal-
dehyde, which produced biphenyl-4-carbaldehyde (Table 3).
High turnover numbers up to ca. 39 200 were observed at 51%
conversion byH NMR at 1.3x 1072 mol % of catalyst loading
after 12 h at 85°C (Table 3, entry 3). Quite significantly, for
the coupling of aryl bromides with phenylboronic acid, the high
turnover numbers exhibited byd not only are substantially
greater than those reported for the palladium bis-chelating
N-heterocyclic carbene complex [methylenelisgethylimi-

carbene carbon as a consequence of enhanced s character %fazol-z-ylidene)]Pdgl (TON up to 100 but also are compa-

the in-plane carbene lone paitbonded to metal in the metal
NHC complexes. Consistent with an almost perfect square-
planar geometry idd, theJCI1—-Pd1-C11 angle is 91.61(15)
and theJC11—-Pd1—C11 angle is 180.0(8)

The palladium complextd was found to be an efficient
catalyst for SuzukiMiyaura type cross-coupling reactions.
Specifically, the coupling of phenylboronic acid awebro-

mobenzaldehyde to yield biphenyl-2-carbaldehyde was achieved

(51) (a) Herrmann, W. A.; Schwarz, J.; Gardiner, M. G.; SpieglerJ M.
Organomet. Chen1999 575 80-86. (b) Gardiner, M. G.; Herrmann, W.
A.; Reisinger, C.-P.; Schwarz, J.; Spiegler, MOrganomet. Cheni999
572, 239-247.

(52) Bonnet, L. G.;. Douthwaite, R. E.; Hodgson, R.; Houghton, J.;
Kariuki, B. M.; Simonovic, SDalton Trans.2004 3528-3535.

(53) Baba, E.; Cundari, T. R.; Firkin, Inorg. Chim. Acta2005 358,
2867-2875.

rable to those reported for a well-known phosphapalladacyclic
precatalyst, namelytrans-bis(u-acetato)bisj-(di-o-tolylphos-
phino)benzyl]dipalladium(ll) (TON up to 74 008j. It is
noteworthy that phosphapalladacyclic complexes are renowned
for their proficiencies in cross-coupling reactions, including
Suzuki-Miyaura type reaction&':5556|n this context it is worth
mentioning that two highly active PENHC—phosphine cata-

(54) (a) Beller, M.; Fischer, H.; Herrmann, W. A" f@e, K.; Brossmer,
C. Angew. Chem., Int. Ed. Endl995 34, 1848-1849. (b) Herrmann, W.
A.; Brossmer, C.; @le, K.; Reisinger, C.-P.; Priermeier, T.; Beller, M.;
Fischer, H.AAngew. Chem., Int. Ed. Engl995 34, 1844-1848.

(55) (a) Bedford, R. B.; Cazin, C. S. J.; Holder, ©oord. Chem. Re
2004 248 2283-2321. (b) Dupont, J.; Pfeffer, M.; SpencerEdr. J. Inorg.
Chem 2001, 19171927.

(56) Navarro, O.; Kelly, R. A, Ill; Nolan, S. B. Am. Chem. So2003
125 16194-16195.
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lysts, namelytrans{[1,3-diisopropyl-1,4,5,6-tetrahydropyrimi-
dine]Pd(PPK).CI} *Cl~ (TON up to 800 000) anctis-[1,3-
diisopropyl-1,4,5,6-tetrahydropyrimidine]Pd(RF2I, (TON up
to 1 000 000), exhibiting ultrahigh turnover numbers, have been
recently reported by Herrmann and co-work&rs\otably,
significant emphasis has been placed in recent years on
designing cross-coupling catalysts of low catalyst loadifigs
order to minimize the cost related to the usage of Pd and the
ligand (particularly the phosphines), both considered expensive,
alongside achieving large-scale synthesis requiring minimum
effort in removal of Pd from the final produét?

The palladium precatalystd successfully carried out Su-
zuki—Miyaura cross-coupling of a variety of aryl halides (ArX,
X = Br, I) substrates (Table 4). Furthermore, the cross-coupling
of an aryl iodide, namely, iodobenzene, with phenylboronic acid
to give biphenyl was also achieved under analogous conditions.
Quite interestingly, the €C coupling can be extended from
the G carbon center, e.g., mbromobenzaldehyde, to the £
center in benzyl bromide (Table 4). However, much lower
yield (42%) and turnover numbers (121) were observed for
benzyl bromide compared to those fotbromobenzaldehyde
(yield >99%; TON= 288) obtained under the same reaction
conditions.

Conclusion

In summary, two new gold and palladium complexes, namely,
[1-(o-methoxybenzyl)-3ert-butylimidazol-2-ylidene]AuCl {c)
and [1-p-methoxybenzyl)-3ert-butylimidazol-2-ylidene}PdCh
(1d), supported over a new O-functionalized N-heterocyclic
carbene ligand, have been synthesized. Complégesd 1d
have been structurally characterized by X-ray diffraction studies,
which revealed the formation of a neutral monomeric (NHC)-
AuCl type complex inlcand a trans-square-planar (NHEJICh
type complex inld, in accordance with the preferred geometries
of the respective metal ions. Notably, in the structured of
and1d, chelation of the O-functionalized sidearm to the metal
was not observed. The palladium compléx effectively
catalyzed SuzukiMiyaura type cross-coupling of phenylbo-
ronic acid and aryl halides (ArX, X Br, I) in high yield and
high turnover numbers.

Experimental Section

General Procedures All manipulations were carried out using

a combination of a glovebox and standard Schlenk techniques.
Solvents were purified and degassed by standard procedurg£3. Ag
was purchased from SD-Fine Chemicals (India) and used without
any further purification. (COD)Pd&P and (SMg)AuCI® were
prepared according to the reported literature procedures, while
2-methoxybenzyl bromidéwas prepared by a procedure modified
from that reported in the literaturéd and13C{1H} NMR spectra

(57) Schneider, S. K.; Herrmann, W. A.; Herdtweck,JEMol. Catal.
A: Chem.2006 245 248-254.

(58) (a) Bedford, R. B.; Hazelwood, S. L.; Limmert, M. E.; Albisson,
D. A.; Draper, S. M.; Scully, P. N.; Coles, S. J.; Hursthouse, MCBem.
Eur. J.2003 9, 3216-3227. (b) Bedford, R. B.; Hazelwood, S. L.; Limmert,
M. E. Chem. Commur2002 2610-2611. (c) Bedford, R. B.; Cazin, C. S.
J.; Hazelwood, S. LAngew. Chem., Int. EQRR002 41, 4120-4122. (d)
Alonso, D. A.; Najera, C.; Pacheco, M. @.Org. Chem2002 67, 5588
5594. (e) Zapf, A.; Ehrentraut, A.; Beller, Mingew. Chem., Int. E@00Q
39, 4153-4155. (f) Wolfe, J. P.; Singer, R. A.; Yang, B. H.; Buchwald,
L. J. Am. Chem. Sod 999 121, 9550-9561.

(59) Miller, M.; Penk, R.; Rohlfing, E.; Krickemeyer, horg. Synth.
1990 28, 348-349.

(60) Brandys, M.-C.; Jennings, M. C.; Puddephatt, FRDdlton Trans
200Q 4601-4606.

(61) Stern, A. J.; Swenton, J. 3. Org. Chem1989 54, 2953-2958.
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were recorded in CDGlon a Varian 400 MHz NMR spectrometer.

IH NMR peaks are labeled as singlet (s), doublet (d), and multiplet
(m). Infrared spectra were recorded on a Perkin-Elmer Spectrum
One FT-IR spectrometer. Mass spectrometric measurements were
done on a Micromass Q-Tof spectrometer. GC spectra were
measured on a Shimadzu GC-15A gas chromatograph equipped
with an FID detector. X-ray diffraction data fdrc and 1d were
collected on a NONIUS-MACH3 diffractometer. The crystal data
and data collection and refinement parameters are summarized in
Table 1. The structures were solved using direct methods and
standard difference map techniques and were refined by full-matrix
least-squares procedures Bhwith SHELXTL (version 6.10).

Synthesis of 1-¢-Methoxybenzyl)-3tert-butylimidazolium
Bromide (1a). A mixture of 2-methoxybenzyl bromide (3.00 g,
14.9 mmol) andtert-butylimidazole (1.84 g, 14.9 mmol) was
dissolved in toluene (c&b0 mL), and the reaction mixture was
refluxed at 110C for 12 h, at which point a sticky solid separated
out. The solid was isolated by decanting off the solvent and washed
with hot hexane (3x ca 10 mL) to obtain the producia as a
brown solid (2.16 g, 6.65 mmol; 44% with respect to 2-methoxy-
benzyl bromide)!H NMR (CDClz, 400 MHz, 25°C): ¢ 10.6 (s,
1H, NCHN), 7.79 (d, 1H,3J4y = 8 Hz, mC¢Hy), 7.47 (br, 1H,
NCHCHN), 7.37 (br, 1H, NCHEIN), 7.25 (t, 1H,3Jyy = 8 Hz,
p-C6H4), 6.98 (t, 1H,3JHH = 8 Hz, m—C6H4), 6.92 (d, 1H13\]HH =
8 Hz,0-CgH,), 5.65 (s, 2H, El,), 3.90 (s, 3H, OEl3), 1.72 (s, 9H,
C(CHg)3). 13C{H} NMR (CDCl;, 100 MHz, 25°C): ¢ 155.7
(OCgHa), 133.0 (NCN), 129.8 0-CeH4), 129.4 -CgHa), 120.9
(ipso-CgHa), 120.2 -CgHy), 119.2 (NCHCHN), 118.7 (NCHCHN),
109.2 -CgH4), 58.4 CH,), 54.0 (CCHgy), 46.5 (C(CHa)3), 28.3
(C(CH3)3). IR (KBr pellet): 3012 (m), 2955 (m), 1431 (s), 1417
(s), 1331 (s), 1253 (s), 1236 (s), 1215 (s), 1190 (s), 1161 (m), 1144
(m), 955 (m), 868 (s), 849 (m), 760 (s), 670 (s), 623 (s), 564'cm
(s). LRMS (ES): m/z 245 [(NHC)]". HRMS (ES): m/z 245.1662
(NHC-ligand)", calcd 245.1654.

Synthesis of {[1-(o-methoxybenzyl)-3tert-butylimidazol-2-
ylidenel,Ag} *Br~ (1b). A mixture of 1-(0-methoxybenzyl)-3ert-
butylimidazolium bromideXa; 1.45 g, 4.47 mmol) and A® (0.519
g, 2.24 mmol) in dichloromethane (ca. 60 mL) was stirred at room
temperature for 6 h. The reaction mixture was filtered, and the
solvent was removed under vacuum to give the prodiicas a
brown solid (0.876 g, 1.30 mmol; 58% with respect to,@y H
NMR (CDCl;, 400 MHz, 25°C): 6 7.33 (t, 1H,3J44 = 8 Hz,
p-CeHa), 7.24 (d, 1H,3Jyy = 8 Hz, mCeHy), 7.12 (br, 1H,
NCHCHN), 7.02 (br, 1H, NCHEIN), 6.95 (t, 1H,3Jyy = 8 Hz,
m-CgHa), 6.91 (d, 1H,3J4y = 8 Hz, 0-CsHa), 5.33 (s, 2H, Ely),
3.88 (s, 3H, OGl3), 1.72 (s, 9H, C(El3)3). 3C{*H} NMR (CDCl;,

100 MHz, 25°C): ¢ 178.3 (NCN—Ag), 156.9 (GCsH,), 130.0 6-
CeHa), 129.7 (m-CgH4), 123.8 {pso-CeHy4), 120.7 -CsHy), 119.8
(NCHCHN), 118.6 (NCHCHN), 110.6 (0-C¢Ha), 57.5 CHy), 55.2
(OCH3), 51.7 (C(CHg)3), 31.6 (CCHs)3). IR (KBr pellet): 3089
(w), 2971 (s), 2929 (m), 2339 (s), 1658 (w), 1558 (m), 1456 (m),
1370 (s), 1262 (w), 1229 (m), 1149 (w), 1108 (w), 1025 (w), 796
(w), 737 (s), 573 cm! (w). HRMS (ES): m/z 595.2177
[(NHC),Ag] ", calcd 595.2202. Anal. Calcd forl40AgBrN4O>CH,-

Cly: C, 48.90; H, 5.56; N, 7.36. Found: C, 48.07; H, 4.81; N,
8.43.

Synthesis of [1-6-methoxybenzyl)-3tert-butylimidazol-2-
ylidene]AuCl (1c). A mixture of {[1-(o-methoxybenzyl)-3ert-
butylimidazol-2-ylidene}Ag} *Br~ (1b; 0.825 g, 1.22 mmol) and
(SMey))AuClI (0.720 g, 2.44 mmol) in dichloromethane (ca. 40 mL)
was stirred at room temperature for 6 h, at which point the formation
of an off-white AgBr precipitate was observed. The reaction mixture
was filtered, and the solvent was removed under vacuum to obtain
the productlc as a brown solid (0.446 g, 0.938 mmol; 77% with
respect tdlb). 'H NMR (CDCls, 400 MHz, 25°C): ¢ 7.41 (d, 1H,
3JHH = 8 Hz, m—CGH4), 7.33 (t, 1H,3JHH = 8 Hz, p-C6H4), 7.03
(br, 1H, NGHCHN), 6.97 (br, 2H, NEICHN ando-CgH,), 6.92 (t,
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1H, BJHH =8 HZ,l'T]-CeH4), 5.47 (S, 2H, (Hz), 3.88 (S, 3H, O(E|3),
1.84 (s, 9H, C(€ly)3). B3C{*H} NMR (CDCl3, 100 MHz, 25°C):

0 169.2 (NCN—Au), 157.0 (QCsH4), 130.4 0-CeHa), 130.1 (-
CeHa), 123.6 (pso-CgHa), 120.9 (NCHCHN), 119.1 p-CgHa), 118.2
(NCHCHN), 110.5 nCg¢Hs), 58.7 (CH,), 55.3 (ACH3), 51.2
(C(CHg)3), 31.6 (CCH3)3). IR (KBr pellet): 3174 (w), 3145 (w),
3065 (w), 3004 (w), 2971 (m), 2837 (w), 2713 (w), 1601 (m), 1563
(w), 1496 (s), 1464 (s), 1445 (s), 1406 (s), 1367 (m), 1343 (w),
1291 (m), 1253 (s), 1219 (s), 1193 (m), 1162 (w), 1109 (m), 1052
(m), 1024 (s), 936 (w), 868 (w), 834 (w), 765 (s), 750 (s), 728
(m), 703 (w), 687 (m), 643 (w), 595 (w), 556 (w), 538 ch{w).
HRMS (ES): m/z 441.1232 [(NHC)Au], calcd 441.1241. Anal.
Calcd for GsHo0AUuCIN,O: C, 37.79; H, 4.23; N, 5.88. Found: C,
38.36; H, 4.51; N, 6.61.

Synthesis of [1-0-methoxybenzyl)-3tert-butylimidazol-2-
ylidenel,PdCl, (1d). A mixture of {[1-(0-methoxybenzyl)-3ert-
butylimidazol-2-ylidene}Ag} *Br~ (1b; 1.00 g, 2.32 mmol) and
(COD)PdC} (0.331 g, 1.16 mmol) was refluxed in acetonitrile (ca.
30 mL) at 85°C for 6 h, at which point the formation of an off-
white AgBr precipitate was observed. The reaction mixture was

Ray et al.

29.9 (CCH3)3). IR (KBr pellet): 3138 (w), 2971 (m), 2936 (m),
2837 (w), 1603 (m), 1463 (m), 1440 (m), 1415 (m), 1372 (m),
1290 (w), 1246 (s), 1110 (m), 1049 (w), 1025 (m), 949 (w), 862
(w), 820 (w), 803 (w), 758 (s), 701 (m), 657 (w), 638 (w), 558
cm~1 (w). Anal. Calcd for GoH4oCloN4O.PdCHCIs: C, 47.41; H,
5.26; N, 7.13. Found: C, 47.51; H, 5.07; N, 7.60.

General Procedure for the Suzuki Coupling Reaction.In a
typical run, a round-bottom flask was charged with a mixture of
aryl halides (ArX, X= Br, I), phenylboronic acid, KCO;, and
diethylene glycol din-butyl ether (internal standard) in a molar ratio
of 1:1.2:1.5:1 and to this mixture was added @trgethoxybenzyl)-
3-tert-butylimidazol-2-ylideneJPdC}, (1d) at varying mole percent
amounts (Tables 2 and 3). Acetonitrile (30 mL) was added to the
reaction mixture, and this mixture was refluxed for an appropriate
period of time, after which it was filtered and the product was
analyzed by gas chromatography using diethylene glycoltaityl
ether as an internal standard.
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