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A series of rhodium and iridium complexes of quinoline-tethered hemilabile N-heterocyclic carbenes
(NHC∧N) have been synthesized via either deprotonation of imidazolium salts or silver transmetalation.
Deprotonation of imidazolium ions by tBuOK in the presence of [Rh(COD)Cl]2 (COD ) 1,5-
cyclooctadiene) afforded both chelating [Rh(COD)(NHC∧N)]+ and monodentate [Rh(COD)(NHC)2]+

complexes, while only the chelating carbene complexes were obtained for the iridium analogues. Silver
transmetalation of this type of carbene to [M(COD)Cl]2 (M ) Rh, Ir) consistently afforded M(NHC)
(COD)Cl, maintaining the metal chloride and pendant quinoline entity. Carbene transmetalation to
(Cp/IrCl2)2 gave an equilibrium mixture of neutral Cp*Ir(NHC)Cl2 and ionic [Cp*Ir(NHC∧N)Cl]Cl. All
these rhodium and iridium cyclooctadiene complexes can undergo one-electron oxidation in cyclic
voltammetry. The variable-scan-rate cyclic voltammetry experiments indicate that these compounds
undergo slow heterogeneous electron transfer and that the oxidized forms are relatively short-lived. A
neutral Rh(COD)(NHC)Cl complex proved to be active in catalyzing the [3 + 2] cycloaddition reactions
of diphenylcyclopropenone and internal alkynes. Crystal structures of metal complexes in each category
have been reported.

Introduction

Since the isolation of imidazole-based carbenes in the free
state in 1991,1 the significance of N-heterocyclic carbenes
(NHCs) as ligands has been widely recognized and extensively
reviewed.2 In comparison to phosphine ligands, NHCs are
stronger σ donors with tunable electronic and steric effects and
their complexes are more robust,3 which are desirable features
in catalysis. Transition-metal NHC complexes are particularly
useful catalysts for organic transformations, and many of them
have shown activity and stability higher than those of related
phosphine complexes.4

Hemilabile NHC ligands featuring labile donors and an NHC
moiety have the advantages of both the strongly binding NHC
ligands and the more labile heteroatoms, since ligand lability
is crucial for many efficient catalysts that rely on ligand

dissociation in the catalytic cycle.5 The chelation effect imparted
to the metals can usually offer additionally desirable stability
and activity. In the past several years, reported complexes
with hemilabile NHC-N ligands include NHC-amine,6

NHC-imine,7 NHC-oxazoline,8 and NHC-pyridine systems.9

These systems have been mostly reported for palladium
complexes that are highly useful catalysts for C-C cross-
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coupling or hydrosilylation reactions.8b,c We now report the
synthesis of a series of rhodium and iridium complexes with
quinoline-functionalized NHCs (NHC∧N), where the quinoline
nitrogen may coordinate to metals under certain conditions.
Importantly, Rh(COD)(NHC)Cl complexes can be employed
as catalysts in the [3 + 2] cycloaddition reaction between
diphenylcyclopropenone and alkynes. The carbene wingtip
group has significant effects on the catalytic activity. Further-
more, some of these complexes have shown important electro-
chemical properties.

Results and Discussion

Preparation of Imidazolium Salts. Imidazolium salts 1a-d
were prepared from the quaternization of N-substituted imida-
zoles by 8-(bromomethyl)quinoline in MeCN under reflux
(Scheme 1). The 1H NMR spectra (CDCl3) of compounds 1a-d
show that imidazolium C(2)-H characteristically resonates in
the narrow range δ 10.40-10.88. The bromide anion in 1a can
be readily exchanged with PF6

- to give compound 2a.
Iridium Cyclooctadiene Complexes. Irradiation of these

carbenes was performed first via two general methods, starting
from the corresponding imidazolium ions: direct metalation10

and silver transmetalation (Scheme 2).11,12a In the direct
metalation route, treatment of [Ir(COD)Cl]2 with 2 equiv of
tBuOK gave [Ir(COD)OtBu]2 in situ, which further reacted with
imidazolium 2a to afford chelating carbene complex 3 in 76%
overall yield. We also noted that complex 3 could be obtained
in similar yield when 2a was first treated with tBuOK to generate
the corresponding carbene in situ, followed by metalation with
[Ir(COD)Cl]2. Alternatively, a silver carbene complex was
obtained when 1a was stirred with Ag2O (0.5 equiv) in CH2Cl2.
Subsequent addition of [Ir(COD)Cl]2 (0.5 equiv) afforded the

corresponding monodentate Ir(COD)(NHC)Cl complex, and
chloride abstraction by KPF6 eventually gave 3 in 94% yield.

Rhodium Cyclooctadiene Complexes. However, when we
applied the direct metalation method to the synthesis of the
rhodium analogue of 3, we obtained both 4 and 5 in 65% and
10% yield, respectively (Scheme 3). The 1H NMR spectrum of
5 shows that the ratio of carbene to COD is 2:1, and the identity
of product 5 was confirmed by X-ray crystallography and mass
spectrometry. We reason that the yield of bis(carbene) 5 can
be maximized by increasing the ratio of carbene to rhodium.
Indeed, when we used 2a, tBuOK, and [Rh(COD)Cl]2 in a 4:4:1
ratio, the yield of 5 was improved to 89%, with essentially no
mono(carbene) complex 4. Here the difference between
[Rh(COD)Cl]2 and [Ir(COD)Cl]2 in this direct metalation
reaction likely originates from the strength of the M-Nquinoline

bond (M ) Ir, Rh). The quinoline N atom in complex 4 is more
labile when it is bound to Rh and can be readily substituted by
the second incoming NHC, while no such substitution took place
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for the iridium analogue. We also noted that it is relatively less
common to have rhodium complexes of bis(carbene) in a
monodentate mode.12 As a contrast, iridium or rhodium cy-
clooctadiene complexes (6-10) obtained from silver transmeta-
lation are consistently monodentate NHC complexes with a
pendant quinoline moiety, from which chloride abstraction by
KPF6 can cleanly give the corresponding ionic chelating
complexes (Scheme 4). The 1H NMR spectrum (CDCl3 or
CD3COCD3) of complex 11 shows poorly resolved signals for
virtually every peak, even at -40 °C. Those signals appear
significantly improved in CD3CN, although the CH2 linker signal
is still slightly broadened in comparison with that of the
analogous complex 3. In the 13C spectrum in CD3CN, however,
we can only observe one sharp peak (δ 83.7) and one broad
peak (δ 53.1) for the COD olefinic CH groups, although four
COD methylene signals are well-resolved. Furthermore, in the
13C NMR spectrum, in addition to the signal of free solvent
CD3CN (δ 1.32, septet), a new signal can be found (δ 1.20,
septet) that is attributed to the coordinated CD3CN. It is likely
that the quinoline arm of the NHC-quinoline ligand is
reversibly substituted by CD3CN, which is probably the origin
of the dynamic process responsible for signal broadening in 1H
and 13C NMR spectra.

All these iridium and rhodium cyclooctadiene complexes were
characterized by NMR spectroscopy, and characteristic signals
are given in Table 1. In the 1H NMR spectra, all the linker
CH2 protons are diastereotopic, indicating that there is a hindered
rotation along the M-Ccarbene bond and complexes 3, 4, and
6-11 are all C1 symmetrical. 1H NMR spectra also show that

the differences in the chemical shifts of these two diastereotopic
protons are more significant in chelating NHC∧N complexes
(3 and 4), possibly due to the endo and exo orientation of these
two protons with respect to the seven-membered metallacycle.
The carbene C atoms resonate characteristically in the range δ
172-183.

Iridium Cp/ Complexes via Silver Transmetalation. We
then applied silver transmetalation of this type of carbene to
[Cp/IrCl2]2 to determine whether these NHCs can be chelating
ligands in this different Ir(III) environment.13 Transmetalation
readily took place from the silver carbene bromide complexes
(Scheme 5). However, 1H NMR spectroscopy shows two sets
of peaks for the transmetalation products obtained from 1a,b,
and these two species are ascribed to the neutral monodentate
NHC complexes 12a,b and the corresponding chelating ionic
complexes 13a,b. In fact, they are in equilibrium in CD2Cl2 or
CDCl3. Addition of KPF6 to an acetone solution of 12b and
13b completely shifted the equilibrium to the right side with
anion exchange, and 14b was isolated in 95% yield. Complex
14a could be synthesized analogously. The CH2 protons in 14a,b
are diastereotopic; the carbene C atoms resonate at δ 164.8 and
161.7, respectively, and they are more shielded than those in
the iridium(I) cyclooctadiene complexes.

Equilibrium between 12b and 13b. The equilibrium between
12b and 13b has been studied in detail by NMR spectroscopy
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Scheme 4

Table 1. Selected NMR Signals (CDCl3) of Iridium and Rhodium COD Complexes 3-11

3 4 5 6 7 8 9 10 11a

CH2 (diastereotopic) 5.90/6.97 5.86/8.54 5.30/7.12 6.38/6.95 6.40/6.57 6.83/7.08 6.40/6.57 6.27/6.44 6.08/6.53
Ccarbene 172.8 175.4 183.0 182.4 181.7 180.6 181.4 179.9 179.5

a In CD3CN.

Scheme 5
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in CDCl3. Addition of tetra-n-butylammonium chloride to a
mixture of 12b and 13b led to a decrease in the signal intensity
of one component, unambiguously ascribed to 13b, and an
increase in that of the other, which was ascribed to 12b, on the
basis of the common ion effect. The equilibrium constants at
various temperatures were then measured with 1,3,5-trimethoxy-
benzene as an internal standard by 1H NMR spectroscopy. These
data are shown in Table 2, and the van’t Hoff plot based on
these data gives ∆H° ) 32.1 kJ mol-1 and ∆S° ) 70.1 J mol-1

K-1 (R2 ) 0.9979). This intramolecular chloride substitution
is endothermic, possibly due to the ring strain in combination
with the charge separation in 13b. The large positive value of

∆S° is also consistent with the more disordered structure of
complex 13b.

X-ray Structures. Single crystals of 4 and 5 were obtained
by layering their CH2Cl2 solutions with diethyl ether (Table 3).
Complex 4 cocrystallized with 1 equiv, of ether and it has a
square-planar geometry (Figure 1). The Rh-Ccarbene distance
(2.0288(19) Å) is within the normal range for rhodium-NHC
complexes.10b,14 The seven-membered rhodacycle adopts a boat
conformation and is highly twisted. Indicative of the ring strain,
the imidazole and the pyridine rings are nearly perpendicular
to each other and the rhodium atom is not positioned exactly
along the C(1)-N(1)-C(9) bisector but is displaced away from
the pyridine ring. The Rh-C(27) and Rh-C(28) distances bonds
are at least 0.05 Å longer than those of Rh-C(23) and
Rh-C(24), undoubtedly due to the high trans effect of the NHC
ligand. Complex 5 is also square planar in geometry and is
nearly C2 symmetrical in the solid state (Figure 2). The two
Rh-Ccarbene distances (2.072(5) and 2.091(5) Å) are similar and
are at least 0.04 Å longer than that in complex 4, possibly due
to the increased steric bulk rendered by the introduction of the
second NHC ligand or due to the cis effect of these NHC
ligands. The two NHC rings offset each other by 78.79°, and
each is nearly perpendicular to the rhodium coordination plane.
The solution structure elucidated by NMR spectroscopy is
consistent with the solid-state analysis, where the C2-sym-
metrical solution structure should exist in the time average. For
example, the number of resonance signals in the 13C NMR
spectrum (26) is half of the total number of C atoms (52),
suggestive of the C2 symmetry.

Single crystals of 14a were obtained by slow diffusion of
diethyl ether into a CH2Cl2 solution, and 1/2 equiv of CH2Cl2 is
cocrystallized. X-ray crystallography confirmed the proposed
structure of complex 14a (Figure 3). This seven-membered
iridacycle also has a boat conformation and, suggestive of the
ring strain and the steric bulk of the Mes group, there is strong
in-plane distortion of the NHC ligand. Consequently, the iridium
atomisnotpositionedalong thebisectorof theN(2)-C(21)-N(3),
as indicatedby the largedifferencebetween theN(2)-C(21)-Ir(1)
(119.8(3)°) and the N(3)-C(21)-Ir(1) (136.0(3)°) angles.

Electrochemistry. Cyclic voltammograms (CVs) of com-
pounds 4-11 were obtained at a scan rate of 0.1 V s-1 at a GC
electrode in CH2Cl2 and are shown in Figure 4. The compounds
were all able to undergo a one-electron-oxidation process with
the anodic peak potential (Ep

ox) ranging from +0.1 to +0.7 V
vs Fc/Fc+. For all such compounds, the peak current for the
anodic reaction (ipox) was greater than the cathodic peak current
(ip

red) detected when the scan direction was reversed. The large
ip

ox/ipred ratio is caused by the chemical instability of the oxidized
compounds, indicating that they undergo an EC mechanism
(where E is an electron transfer and C is a chemical step) on
the time scale of the experiment.

As the scan rate was increased toward 5 V s-1, the ip
ox/ip

red

ratio became closer to unity, indicating that the chemical step
could be outrun at intermediate voltammetric scan rates.
Nevertheless, increasing the scan rate also resulted in the Ep

ox

and Ep
red separation (∆Epp) increasing for all of the compounds,

significantly more than could be accounted for by the effects
of uncompensated solution resistance. The increase in ∆Epp with
increasing scan rate is illustrated in Figure 5a for compound 9,
which also shows the ip

ox/ip
red ratio increasing with increasing

scan rate. Therefore, it can be concluded that the compounds
display relatively slow rates of heterogeneous electron transfer.

(14) Herrmann, W. A.; Schutz, J.; Frey, G. D.; Herdtweck, E. Orga-
nometallics 2006, 25, 2437–2448.

Figure 1. Molecular structure of 4 with thermal ellipsoids drawn
at the 50% probability level. Hydrogen atoms and the anion are
omitted for clarity. Selected lengths (Å) and angles (deg):
Rh(1)-C(13), 2.0288(19); Rh(1)-N(1), 2.1677(18); Rh(1)-C(23),
2.124(2); Rh(1)-C(24), 2.135(2); Rh(1)-C(27), 2.183(2); Rh(1)-
C(28), 2.217(2); C(23)-C(24), 1.401(3); C(27)-C(28), 1.380(4);
N(1)-Rh(1)-C(13), 86.41(7); N(2)-C(13)-N(3), 104.37(16).

Figure 2. Molecular structure of 5 with thermal ellipsoids drawn
at the 50% probability level. Hydrogen atoms and the anion are
omitted for clarity. Selected lengths (Å) and angles (deg):
Rh(1)-C(1), 2.091(5); Rh(1)-C(23), 2.072(5); Rh(1)-C(45),
2.165(5);Rh(1)-C(48),2.218(5);Rh(1)-C(49),2.175(5);Rh(1)-C(52),
2.226(5); C(45)-C(52), 1.372(8); C(48)-C(49), 1.385(8); C(1)-
Rh(1)-C(23), 93.94(18); N(1)-C(1)-N(2), 104.3(4); N(4)-C(23)-
N(5), 103.6(4).

Table 2. Measurement of the Keq Values between 12b and 13b at
Different Temperatures

T (K) [12b] (M) [13b], [Cl-] (M) Keq ([13b]2/[12b])

297.1 0.022 41 0.015 35 0.0105
303.1 0.021 17 0.017 16 0.0139
313.1 0.018 85 0.019 22 0.0196
318.1 0.017 50 0.020 84 0.0248
323.1 0.016 44 0.022 24 0.0301
328.1 0.015 22 0.023 51 0.0363
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The effect is particularly pronounced on Pt surfaces, where the
oxidation processes were shifted to more positive potentials
(Figure 5b).

The slow heterogeneous electron transfer rates and the
chemical instability of the oxidized states make it difficult to
accurately calculate the formal one-electron -oxidation poten-
tials. It can be observed in Figure 4 that the Ep

ox values for
compounds 4 and 5 are more positive than those observed for
the other compounds, which can be accounted for by their formal
positive charge (4 and 5 exist as cations), making them more
difficult to oxidize. However, compound 11 also has a positive
charge but is oxidized at a potential very similar to that of the
closely related neutral compound 10.

The ip
ox values observed for compounds at the same

concentration and scan rate were similar, suggesting that the
oxidation process occurred by the same number of electrons
(although the peak current relationship depends on the diffusion
coefficient of the molecules and is complicated by the slow rates
of heterogeneous electron transfer). Controlled-potential elec-
trolysis and coulometry experiments conducted on compound
10 (the compound that appeared the most chemically reversible
at slow scan rates) led to the transfer of 1.1 electrons per

molecule, supporting the notion that the oxidation processes all
occur via one electron. Under electrolysis conditions the
oxidized form of 10 was not long-lived, such that the starting
material could not be regenerated when a reducing potential
was applied.

Rh(I)-Catalyzed [3 + 2] Cycloaddition Reactions. Rhodium
can mediate a variety of organic transformations, including
hydroformylation,15 hydrosilylation,8b,16 hydroboration,17 cy-
clotrimerization,18 and asymmetric hydrogenation.19 In recent
years, with the development of metal complexes containing
N-heterocyclic carbenes, Rh(I)-NHC complexes have been

Table 3. Crystallographic Data for Complexes 4, 5, and 14a

4 · Et2O 5 14a · 0.5CH2Cl2

empirical formula C30H33F6N3PRh · Et2O C52H54F6N6PRh C32H36ClF6IrN3P · 0.5CH2Cl2

mol wt 757.59 1010.89 877.72
radiation, λ(Å) Mo KR (monochromated), 0.710 73 Å
T (K) 173(2)
cryst syst monoclinic monoclinic triclinic
space group P21/n P21/n P-1
a (Å) 11.2937(3) 17.9389(6) 8.6792(4)
b (Å) 27.1335(8) 15.8145(7) 14.4528(6)
c (Å) 11.4634(3) 18.7496(5) 14.4654(6)
R (deg) 90 90 110.965(2)
� (deg) 105.052(1) 117.490(2) 95.119(1)
γ (deg) 90 90 92.420(1)
V (Å3) 3392.29(16) 4718.6(3) 1682.27(13)
Z 4 4 2
Dcalcd (g cm-3) 1.483 1.423 1.773
µ (mm-1) 0.615 0.463 4.236
cryst size (mm) 0.30 × 0.20 × 0.20 0.25 × 0.15 × 0.10 0.30 × 0.25 × 0.15
total, unique no. of rflns 96 133, 10 259 35 106, 8205 30 719, 10 112
Rint 0.0412 0.0799 0.0246
no. of data, restraints, params 10 259, 0, 420 8205, 0, 602 10 112, 2, 429
R, Rw 0.0361, 0.0900 0.0664, 0.175 0.0370, 0.1053
GOF 1.068 1.027 1.101
min, max resid dens (e Å-3) -0.603, 0.842 -0.0909, 1.483 -3.04, 1.857

Figure 3. Molecular structure of 14a with thermal ellipsoids drawn
at the 50% probability level. Hydrogen atoms and the anion are
omitted for clarity. Selected lengths (Å) and angles (deg):
Ir(1)-C(21), 2.058(5); Ir(1)-Cl(1), 2.4098(10); Ir(1)-N(1), 2.190(4);
N(1)-Ir(1)-C(21), 89.95(16); N(2)-C(21)-Ir(1), 119.8(3); N(3)-
C(21)-Ir(1), 136.0(3); N(2)-C(21)-N(3), 104.2(4).

Figure 4. Cyclic voltammograms of 1 mM solutions of compounds
4-11 performed at a 1 mm diameter planar GC electrode in CH2Cl2
(containing 0.2 M Bu4NPF6) at a scan rate of 100 mV s-1 at 20 (
0.2 °C.
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successfully applied to hydroformylation,20 hydrosilylation,5a,21

intramolecular hydroamination,22 and carbocyclization.23 How-
ever, to the best of our knowledge, there have been only two
reports on cycloaddition reactions using well-characterized
rhodium-NHC catalysts.24

In 2006, Wender and co-workers reported that [RhCl(CO)2]2

could catalyze the [3 + 2] cycloaddition of diphenylcyclopro-
penone and alkynes (eq 1).25 In view of the high cost and
sensitivity of [RhCl(CO)2]2, we examined this reaction using

Rh(COD)(NHC)Cl complexes as catalysts. Heating (110 °C)
diphenylcyclopropenone and 1-phenyl-1-propyne in the presence
of 5 mol % of compound 6 rapidly led to a dark purple solution,
and the desired product was isolated in 77% yield. Other
rhodium catalysts were then screened, and the results are
displayed in Table 4. Complex 9, which has an iPr NHC wingtip
group, shows the highest catalytic activity (entry 2, Table 4).
Surprisingly, changing the wingtip group to a Mes, tBu, or nBu
group gave rise to significant drops of the catalytic activity in
every case. The ionic rhodium carbene complexes 4 and 5 all
showed poor activity for this reaction.

We then retained complex 9 to further study the scope of
this catalytic reaction (eq 2), and the results are shown in Table
5. Electron-donating substituents in the aromatic ring favor this

reaction (entries 1 and 2, Table 5). Furthermore, catalyst 9 can
also tolerate other functional groups such as a ketone (entry 5),
an ester (entry 6), and a hydroxyl group (entry 7). Dipheny-
lacetylene only gives 8% yield after 18 h at 110 °C (entry 8),
and o-CH3(C6H4)CtCSiMe3 failed to react (entry 9), which
might be due to the steric hindrance. In addition, PhCtCH and
MeO2CCtCO2Me failed to give any product under the same
conditions, which is consistent with Wender’s report.25

Conclusions

A series of rhodium and iridium complexes of quinoline-
tethered hemilabile N-heterocyclic carbenes (NHC∧N) have been
synthesized via either deprotonation of imidazolinium salts or
silver transmetalation. Deprotonation of imidazolinium ions
using tBuOK in the presence of [Rh(COD)Cl]2 afforded a
mixture of chelating [Rh(COD)(NHC∧N)]+ and monodentate
[Rh(COD)(NHC)2]+ complexes, while only the chelating com-
plexes were obtained for the iridium analogues. Silver trans-
metalation of this type of carbene to [M(COD)Cl]2 (M ) Rh,
Ir) consistently afforded monodentate carbene complexes M(N-
HC)(COD)Cl, maintaining the pendant quinoline entity. Silver
transmetalation of these carbenes to (Cp/IrCl2)2 gave an
equilibrium mixture of neutral Cp*Ir(NHC)Cl2 and ionic
[Cp*Ir(NHC∧N)Cl]Cl complexes. Rh(COD)(NHC)Cl proved to
be active in catalyzing the [3 + 2] cycloaddition reactions of
diphenylcyclopropenone and internal alkynes. The carbene
wingtip has significant effects on the catalytic activity, and the
iPr wingtip gives the highest activity among those screened.
Crystal structures of metal complexes in each category have
been reported.

Electrochemical experiments performed on compounds 4-11
indicate that all of them can undergo one-electron oxidation.
The variable-scan-rate cyclic voltammetry experiments indicate
that these compounds undergo relatively slow heterogeneous
electron transfer and that the oxidized form of compound 9 is
the most long-lived among those of compounds 6-9. However,
the oxidation potentials of these compounds appear to be very

(15) (a) Spencer, A. J. Organomet. Chem. 1980, 194, 113–123. (b) Kuil,
M.; Soltner, T.; van Leeuwen, P. W. N. M.; Reek, J. N. H. J. Am. Chem.
Soc. 2006, 128, 11344–11345.

(16) (a) Yao, S.; Meng, J.-C.; Siuzdak, G.; Finn, M. G. J. Org. Chem.
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K. Org. Lett. 2004, 6, 2217–2210.

(17) (a) Luna, A. P.; Bonin, M.; Micouin, L.; Husson, H.-P. J. Am. Chem.
Soc. 2002, 124, 12098–12099. (b) Kinder, R. E.; Widenhoefer, R. A. Org.
Lett. 2006, 8, 1967–1969. (c) Smith, S. M.; Thacker, N. C.; Takacs, J. M.
J. Am. Chem. Soc. 2008, 130, 3734–3735.

(18) (a) Kinoshita, H.; Shinokubo, H.; Oshima, K. J. Am. Chem. Soc.
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J. Am. Chem. Soc. 2005, 127, 10488–10489.
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tallics 2000, 19, 3459–3461. (b) Praetorius, J. M.; Kotyk, M. W.; Webb,
J. D.; Wang, R.; Crudden, C. M. Organometallics 2007, 26, 1057–1061.

(21) (a) Park, K. H.; Kim, S. Y.; Son, S. U.; Chung, Y. K. Eur. J. Org.
Chem. 2003, 4341–4345. (b) Faller, J. W.; Fontaine, P. P. Organometallics
2006, 25, 5887–5893. (c) Özdemir, I; Yigjit, M.; Yigjit, B.; Çetinkaya, B.;
Çetinkaya, E. J. Coord. Chem. 2007, 60, 2377–2384.

(22) Field, L. D.; Messerle, B. A.; Vuong, K. Q.; Turner, P. Organo-
metallics 2005, 24, 4241–4250.

(23) Evans, P. A.; Baum, E. W.; Fazal, A. N.; Pink, M. Chem. Commun.
2005, 63–65.

(24) (a) Lee, S. I.; Park, S. Y.; Park, J. H.; Jung, I. G.; Choi, S. Y.;
Chung, Y. K.; Lee, B. Y. J. Org. Chem. 2006, 71, 91–96. (b) Gómez, F. J.;
Kamber, N. E.; Deschamps, N. M.; Cole, A. P.; Wender, P. A.; Waymouth,
R. M. Organometallics 2007, 26, 4541–4545.
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Figure 5. Cyclic voltammograms of a 1 mM solution of compound
9 performed at a 1 mm diameter planar electrode in CH2Cl2

(containing 0.2 M Bu4NPF6) at 20 ( 0.2 °C: (a) voltammograms
recorded at variable scan rates at a GC electrode; (b) voltammo-
grams recorded at a scan rate of 0.1 V s-1 at GC (solid line) and
Pt (dashed line) electrodes.
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similar and it is not clear whether the oxidative behavior is
important to the catalytic properties.

Experimental Section

General Procedures. All reactions were carried out at room
temperature without exclusion of air unless otherwise noted. NMR
spectra were recorded on Bruker Avance DPX 300 or Bruker AMX
400 MHz (1H) and 75 or 100 MHz (13C), respectively, and were
referenced to tetramethylsilane. Microanalyses were performed in
the Elemental Analysis Laboratory of the Division of Chemistry
and Biological Chemistry, Nanyang Technological University.
X-ray crystallographic data were collected on a Bruker X8 APEX
X-ray diffractometer.

Electrochemistry. Voltammetric experiments were conducted
with a computer-controlled Eco Chemie Autolab III potentiostat
with 1 mm diameter glassy-carbon (GC) and Pt-disk working
electrodes. The miniature nonaqueous reference electrode was from
Cypress Systems (EE008) and consisted of a silver wire inside a
salt bridge containing 0.5 M Bu4NPF6 in CH3CN. Fc/Fc+ (Fc )
ferrocene) was measured as ∼+0.4 V versus the Ag/Bu4NPF6/
CH3CN reference electrode. Accurate potentials were obtained for
each compound by adding ferrocene during the final scans and
recording the potential of the analyte directly against ferrocene using
square-wave (SWV) and cyclic voltammetry (CV). The formal
potential (E°f) measured for the oxidation of ferrocene (either the
peak potential from SWV or the Er

1/2 from CV) was then digitally
subtracted from the potential scale of each voltammogram. Volta-
mmograms containing only the solvent and electrolyte showed no
processes in the range over which the voltammetric scans were
performed ((1 V vs Fc/Fc+), confirming that there were no
interferences within the solvent/electrolyte. Coulometry experiments
were performed in a divided controlled-potential electrolysis (CPE)
cell separated with a porosity No. 5 (1.0-1.7 µm) sintered glass
frit. The working and auxiliary electrodes were identically sized
Pt-mesh plates symmetrically arranged with respect to each other
with an Ag-wire reference electrode (isolated by a salt bridge)
positioned to within 2 mm of the surface of the working electrode.
The electrolysis cell was jacketed in a glass sleeve and cooled to
253 K using a Thermo Electron Neslab RTE 740 circulating bath
with isopropyl alcohol. The volumes of both the working and
auxiliary electrode compartments were approximately 10 mL each.
The solution in the working electrode compartment was simulta-
neously deoxygenated and stirred using bubbles of argon gas. The
number of electrons transferred during the bulk oxidation process
was calculated from N ) Q/nF, where N ) no. of moles of starting
compound, Q ) charge (coulombs), n ) no. of electrons, and F is
the Faraday constant (96 485 C mol-1).

General Procedure for the Synthesis of Imidizolium Salts
1a-d. A substituted imidazole was added to a solution of
8-(bromomethyl)quinoline26 in acetonitrile, and the mixture was
heated under reflux for 12-24 h. The solvent was then removed.
Diethyl ether was added to the residue. The corresponding
imidazolium salt was obtained as a solid or an oil.

Synthesis of 1a. 1-Mesitylimidazole (440 mg, 2.36 mmol)
and 8-(bromomethyl)quinoline (500 mg, 2.25 mmol) were heated
under reflux in MeCN (10 mL) for 16 h. A white solid was obtained
following the workup, which was dried under vacuum to give an
analytically pure white powder (912 mg, 99%). 1H NMR (CDCl3,
400 MHz): δ 10.40 (s, 1H, NCHN), 8.93 (dd, 1H, J ) 4.2 and 1.5
Hz, H-1), 8.66 (d, 1H, J ) 6.9 Hz), 8.22 (dd, 1H, J ) 8.2 and 1.5
Hz, H-3), 8.16 (s, 1H, CH(imidazole)), 7.89 (d, 1H, J ) 8.0 Hz),
7.61 (t, 1H, J ) 7.4 Hz, H-5), 7.50 (dd, 1H, J ) 8.3 and 4.2 Hz,
H-2), 6.99 (s, 1H, CH(imidazole)), 6.95 (s, 2H, 2CH(mesityl)), 6.53
(s, 2H, CH2(linker)), 2.30 (s, 3H, CH3(mesityl)), 1.98 (s, 6H,
CH3(mesityl)). 13C{1H} NMR (CDCl3, 100 MHz): δ 150.2
(N-C(quinoline)), 146.3 (N-CH(quinoline)), 141.2, 138.0, 136.8,
134.3, 133.1, 131.7, 130.8, 130.0, 129.8, 128.5, 127.2, 124.1, 122.2
(imidazole), 121.7 (imidazole), 49.2 (CH2(linker)), 21.1 (CH3), 17.6
(2CH3). Anal. Calcd for C22H22N3Br (408.33): C, 64.71; H, 5.43;
N, 10.29. Found: C, 64.46; H, 5.32; N, 10.37.

Synthesis of 1b. 1-n-Butylimidazole (409 mg, 3.30 mmol) and
8-(bromomethyl)quinoline (666 mg, 3.00 mmol) were heated under
reflux in acetonitrile (10 mL) for 3 h. Product 1b was obtained as
an oil (1.0 g, 99%). 1H NMR (CDCl3, 400 MHz): δ 10.74 (s, 1H,
NCHN), 8.98 (d, 1H, J ) 2.8 Hz, H-1), 8.43 (d, 1H, J ) 6.8 Hz),
8.21 (d, 1H, J ) 8.1 Hz, H-3), 7.88 (d, 1H, J ) 7.9 Hz), 7.78 (s,
1H, CH(imidazole)), 7.60 (t, 1H, J ) 7.6 Hz, H-5), 7.50 (dd, 1H,
J ) 8.1 and 4.2 Hz, H-2), 7.20 (s, 1H, CH(imidazole)), 6.22 (s,
2H, CH2(linker)), 4.28 (t, 2H, J ) 7.4 Hz, NCH2), 1.93-1.85 (m,
2H, NCH2CH2), 1.40-1.31 (m, 2H, NCH2CH2CH2), 0.93 (t, 3H, J
) 7.2 Hz, CH3). 13C{1H} NMR (CDCl3, 100 MHz): δ 150.4
(N-C(quinoline)), 146.1 (N-CH(quinoline)), 137.4, 136.7, 132.5,
131.6, 130.0, 128.5, 127.0, 123.2, 121.8 (imidazole), 120.8 (imi-
dazole), 49.8, 49.0 (CH2(linker)), 32.1, 19.5, 13.4 (CH3). Anal.
Calcd for C17H20N3Br (346.26): C, 58.97; H, 5.82; N; 12.14. Found:
C, 58.78; H, 5.72; N, 12.23.

Synthesis of 1c. 1-tert-Butylimidazole (273 mg, 2.20 mmol) and
8-(bromomethyl)quinoline (444 mg, 2.00 mmol) were heated under
reflux in MeCN (10 mL) for 3 h. 1c was obtained as a white solid
(680 mg, 98%). 1H NMR (CDCl3, 400 MHz): δ 10.88 (s, 1H,
NCHN), 8.97-8.95 (m, 1H, H-1), 8.60 (d, 1H, J ) 6.9 Hz), 8.21
(d, 1H, J ) 8.2 Hz, H-3), 7.88-7.86 (m, 2H, CH(imidazole) +
CH(quinoline)), 7.62 (t, 1H, J ) 7.5 Hz, H-5), 7.50 (dd, 1H, J )
8.2 and 4.2 Hz, H-2), 7.29 (s, 1H, CH(imidazole)), 6.31 (s, 2H,
CH2(linker)), 1.69 (s, 9H, C(CH3)3). 13C{1H} NMR (CDCl3, 100
MHz): δ 150.2 (N-C(quinoline)), 146.0 (N-CH(quinoline)), 136.6,
135.6, 132.7, 131.8, 129.7, 128.3, 126.9, 123.4, 121.6 (imidazole),
118.5 (imidazole), 60.1 (C(CH3)3), 48.5 (CH2(linker)), 30.0
(C(CH3)3). Anal. Calcd for C17H20N3Br (346.26): C, 58.97; H, 5.82;
N, 12.14. Found: C, 58.69; H, 5.94; N, 12.17.

Synthesis of 1d. 1-Isopropylimidazole (363 mg, 3.30 mmol) and
8-(bromomethyl)quinoline (666 mg, 3.00 mmol) were heated under
reflux in MeCN (10 mL) for 3 h. 1d was obtained as a white solid
(968 mg, 97%). 1H NMR (CDCl3, 400 MHz): δ 10.78 (s, 1H,

(26) Dwyer, A. N.; Grossel, M. C.; Horton, P. N. Supramol. Chem. 2004,
16, 405–410.

Table 4. Screening of Rhodium Catalysts for Eq 1

entry catalyst (amt (mol %)) conditions isolated yield (%)

1 6 (5) 18 h, 110 °C 77
2 9 (2) 2 h, 110 °C 84
3 7 (2) 6 h, 110 °C 24
4 8 (2) 6 h, 110 °C 12
5 4 (5) 18 h, 110 °C 27
6 5 (5) 18 h, 110 °C –

Table 5. Substrate Scope of Eq 2

entry R, R′ conditions product isolated yield (%)

1 p-CH3, CH3 (15) 2 h, 110 °C 16 86
2 p-OCH3, CH3 (17) 2 h, 110 °C 18 86
3 p-CF3, CH3 (19) 6 h, 110 °C 20 68
4 o-Br, CH3 (21) 17 h, 110 °C 22 40
5 H, COCH3 18 h, 110 °C 23 80
6 H, COOEt 18 h, 110 °C 24 74
7 H, CH2OH (25) 12 h, 110 °C 26 38
8 H, Ph 18 h, 110 °C 27 8
9 o-Me, Si(CH3)3 (28) 18 h, 110 °C –
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NCHN), 8.96 (d, 1H, J ) 4.0 Hz, H-1), 8.45 (d, 1H, J ) 6.7 Hz),
8.20 (d, 1H, J ) 8.0 Hz, H-3), 7.86 (d, 1H, J ) 8.0 Hz), 7.80 (s,
1H, CH(imidazole)), 7.58 (t, 1H, J ) 7.2 Hz, H-5), 7.49 (dd, 1H,
J ) 8.2 and 4.2 Hz, H-2), 7.37 (s, 1H, CH(imidazole)), 6.22 (s,
2H, CH2(linker)), 4.82-4.78 (m, 1H, CH(CH3)2), 1.58 (d, 6H, J )
6.6 Hz, 2CH3). 13C{1H} NMR (CDCl3, 100 MHz): δ 150.3
(N-C(quinoline)), 145.9 (N-CH(quinoline)), 136.6, 135.8, 132.2,
131.6, 129.8, 128.3, 126.7, 123.2, 121.7 (imidazole), 119.4 (imi-
dazole), 53.0 (CH(CH3)2), 48.6 (CH2(linker)), 23.0 (CH(CH3)2).
Anal. Calcd for C16H18N3Br (332.24): C, 57.84; H, 5.46; N, 12.65.
Found: C, 57.50; H, 5.62; N, 12.77.

Synthesis of 2a. Imidazolium 1a (650 mg, 1.59 mmol) was
dissolved in acetone (10 mL), to which was added an acetone
solution (5 mL) of KPF6 (2.90 g, 15.9 mmol). The mixture was
stirred for 3 h at room temperature. All the volatiles were then
removed, followed by addition of CH2Cl2 (10 mL). Filtration gave
a clear solution. 2a was isolated as a white solid after the solvent
was removed under vacuum (720 mg, 96%). 1H NMR (CDCl3, 400
MHz): δ 10.40 (s, 1H, NCHN), 8.93 (dd, 1H, J ) 4.2 and 1.5 Hz,
H-1), 8.66 (d, 1H, J ) 7.0 Hz), 8.23 (dd, 1H, J ) 8.2 and 1.4 Hz,
H-3), 8.16 (s, 1H, CH(imidazole)), 7.88 (d, 1H, J ) 7.8 Hz), 7.61
(t, 1H, J ) 7.5 Hz, H-5), 7.48 (dd, 1H, J ) 8.3 and 4.2 Hz, H-2),
6.99 (s, 1H, CH(imidazole)), 6.95 (s, 2H, 2CH(mesityl)), 6.53 (s,
2H, CH2(linker)), 2.30 (s, 3H, CH3(mesityl)), 1.98 (s, 6H,
2CH3(mesityl)). 13C{1H} NMR (CDCl3, 100 MHz): δ 150.2
(N-C(quinoline)), 146.3 (N-CH(quinoline)), 141.2, 138.0, 136.8,
134.3, 133.1, 131.7, 130.8, 130.0, 129.8, 128.5, 127.2, 124.1, 122.2
(imidazole), 121.7 (imidazole), 49.2 (CH2(linker)), 21.1(CH3), 17.6
(2CH3). Anal. Calcd for C22H22N3F6P (473.39): C, 55.82; H, 4.68;
N, 8.88. Found: C, 55.75; H, 4.77; N, 8.85.

Synthesis of 3. A THF solution of tBuOK (1.0 M, 0.26 mL)
was added dropwise to a mixture of [Ir(COD)Cl]2 (84 mg, 0.13
mmol) and THF (3 mL). After 30 min, a THF solution of 2a (119
mg, 0.252 mmol) was added to this mixture and the mixture was
stirred overnight. The solution was concentrated to ca. 1 mL and
was chromatographed on silica gel with 10/1 CH2Cl2/acetone to
give 3 as a yellow solid (146 mg, 76%). 1H NMR (CDCl3, 400
MHz): δ 9.38 (d, 1H, J ) 4.4 Hz, H-1), 8.42 (d, 1H, J ) 8.0 Hz,
H-3), 8.33 (d, 1H, J ) 6.6 Hz), 8.03-8.00 (m, 2H), 7.76 (t, 1H, J
) 7.6 Hz, H-5), 7.63 (dd, 1H, J ) 8.1 and 5.3 Hz, H-2), 7.50 (d,
1H, J ) 1.7 Hz, CH(imidazole)), 6.97 (m, 2H, diastereotopic
CH2(linker) + CH(aromatic)), 6.61 (d, 1H, J ) 1.7 Hz, CH(imi-
dazole)), 5.90 (d, 1H, J ) 15.0 Hz, diastereotopic CH2(linker)),
4.15-4.12 (m, 1H, CH(COD)), 3.79-3.71 (m, 2H, 2CH(COD)),
3.48-3.43 (m, 1H, CH(COD)), 2.43-2.27 (m + s, 5H, CH2(COD)
+ CH3(mesityl)), 2.10-1.99 (m, 4H, 2CH2(COD)), 1.95 (s, 3H,
CH3(mesityl)), 1.61 (s, 3H, CH3(mesityl)), 1.38-1.28 (m, 2H,
CH2(COD)). 13C{1H} NMR (CDCl3, 100 MHz): δ 172.8 (carbene),
153.5, 145.6, 140.4, 139.6, 135.9, 134.91, 134.86, 134.2, 131.8,
131.5, 130.3, 129.4, 129.1, 128.4, 123.3, 121.6 (imidazole), 121.5
(imidazole) 85.0 (CH(COD)), 83.6 (CH(COD)), 63.9 (CH(COD)),
60.5 (CH(COD)), 53.6 (CH2(linker)), 36.4 (CH2(COD)), 33.1
(CH2(COD)), 29.4 (CH2(COD)), 26.5 (CH2(COD)), 21.1
(CH3(mesityl)), 17.8 (CH3(mesityl)), 17.6 (CH3(mesityl)). Anal.
Calcd for C30H33F6IrN3P (772.78): C, 46.63; H, 4.30; N, 5.44.
Found: C, 46.23; H, 4.45; N, 5.29.

Synthesis of 4 and 5. A THF solution of tBuOK (1.0 M, 0.25
mL) was added dropwise to a stirred suspension of imidazolium
salt 2a (118 mg, 0.250 mmol) in dry THF at room temperature.
After the mixture was stirred for 30 min, [Rh(COD)Cl]2 (62 mg,
0.13 mmol) was added in one portion. The reaction mixture was
stirred overnight. Removal of the solvent gave a residue, which
was chromatographed on silica gel with 25/1 CH2Cl2/acetone to
give the yellow solid products 4 (88 mg, 65%) and 5 (22 mg, 10%).

Compound 4. 1H NMR (CDCl3, 400 MHz): δ 9.43 (d, 1H, J )
4.7 Hz, H-1), 8.54 (d, 1H, J ) 14.7 Hz, diastereotopic CH2(linker)),
8.40 (d, 1H, J ) 8.1 Hz, H-3), 8.33 (d, 1H, J ) 6.9 Hz), 7.98 (d,

1H, J ) 8.2 Hz), 7.74 (t, 1H, J ) 7.4 Hz, H-5), 7.63 (dd, 1H, J )
8.2 and 5.1 Hz, H-2), 7.45 (d, 1H, J ) 1.9 Hz, CH(imidazole)),
7.08 (s, 1H, CH mesityl), 6.99 (s, 1H, CH(mesityl)), 6.62 (d, 1H, J
) 1.8 Hz, CH(imidazole)), 5.86 (d, 1H, J ) 14.7 Hz, diastereotopic
CH2(linker)), 4.61-4.58 (m, 1H, CH(COD)), 4.01-3.98 (m, 2H,
CH(COD)), 3.81-3.79 (m, 1H, CH(COD)), 2.75-2.65 (m, 1H),
2.40 (s, 3H, CH3(mesityl)), 2.38-2.11 (m, 6H, CH2(COD)), 1.91
(s, 3H, CH3(mesityl)), 1.71-1.64 (s + m, 4H). 13C{1H} NMR
(CDCl3, 100 MHz): δ 175.4 (d, JC-Rh ) 51.9 Hz, C(NCN)), 153.2,
145.6, 140.1, 139.5, 135.1, 134.9, 134.7, 134.4, 131.3, 130.9, 130.8,
129.5, 129.1, 128.1, 123.8, 121.4, 121.3, 98.4 (d, JC-Rh ) 7.6 Hz,
CH(COD)), 73.8 (d, JC-Rh ) 13.2 Hz, CH(COD)), 53.4
(CH2(linker)), 35.3 (CH2(COD)), 31.7 (CH2(COD)), 29.2
(CH2(COD)), 26.3 (CH2(COD)), 21.1 (CH3(mesityl)), 17.9
(CH3(mesityl)), 17.6 (CH3(mesityl)). Anal. Calcd for
C30H33F6N3PRh · C4H10O: C, 53.90; H, 5.72; N; 5.55. Found: C,
53.43; H, 5.91; N, 5.62.

Compound 5. 1H NMR (CDCl3, 400 MHz): δ 8.86 (dd, 2H, J
) 4.1 and 1.5 Hz, H-1), 8.20 (dd, 2H, J ) 8.2 and 1.3 Hz, H-3),
7.83 (d, 2H, J ) 8.3 Hz), 7.56-7.49 (m, 4H, H-5 + H-2),
7.26-7.22 (m, 8H, overlapping with solvent residue), 7.12 (d, 2H,
J ) 17.1 Hz, diastereotopic CH2(linker)), 6.94 (d, 2H, J ) 1.6 Hz,
CH(imidazole)), 5.33 (d, 2H, J ) 16.9 Hz, diastereotopic
CH2(linker)), 5.01 (br, 2H, 2CH(COD)), 3.61-3.56 (m, 2H,
2CH(COD)), 2.54 (s, 6H, 2CH3(mesityl)), 1.95 (s, 6H,
2CH3(mesityl)), 1.70 (s, 6H, 2CH3(mesityl)), 1.59-1.56 (m, 4H,
2CH2(COD)), 1.02-0.97 (m, 2H, CH2(COD)), 0.65-0.60 (m, 2H,
CH2(COD)). 13C{1H} NMR (CDCl3, 100 MHz): δ 183.0 (d, JC-Rh

) 54.2 Hz, C(NCN)), 149.7, 145.7, 140.2, 136.3, 135.6, 135.5,
135.1, 135.0, 130.0, 129.6, 128.2, 128.1, 126.4, 126.3, 124.6, 123.2,
121.9, 92.6 (d, JC-Rh ) 9.1 Hz, CH(COD)), 83.3 (d, JC-Rh ) 7.0
Hz, CH(COD)), 52.3 (CH2(linker)), 33.9 (CH2(COD)), 26.2
(CH2(COD)), 21.4 (CH3), 17.75 (CH3), 17.72 (CH3). Anal. Calcd
for C52H54F6N6PRh (1010.90): C, 61.78; H, 5.38; N; 8.31. Found:
C, 61.70; H, 5.42; N, 8.27.

Synthesis of 6. Ag2O (60 mg, 0.26 mmol) was added to a CH2Cl2
solution of complex 1a (204 mg, 0.500 mmol), and this mixture
was stirred for 1 h in the dark. Filtration of this mixture gave a
clear solution, to which was added [Rh(COD)Cl]2 (123 mg, 0.250
mmol) in one portion. The mixture was stirred for another 1 h.
After filtration, the solvent was removed and the residue was washed
with hexane twice to give 6 as a yellow solid product (278 mg,
97%). 1H NMR (CDCl3, 400 MHz): δ 8.98 (dd, 1H, J ) 4.0 and
1.2 Hz, H-1), 8.23-8.17 (m, 2H), 7.85 (d, 1H, J ) 8.0 Hz), 7.60
(t, 1H, J ) 7.7 Hz, H-5), 7.47 (dd, 1H, J ) 8.2 and 4.1 Hz, H-2),
7.10 (s, 1H), 7.03 (s, 1H), 6.95 (d, 1H, J ) 14.3 Hz, diastereotopic
CH2(linker)), 6.91 (s, 1H), 6.65 (d, 1H, J ) 1.5 Hz, CH(imidazole)),
6.38 (d, 1H, J ) 14.2 Hz, diastereotopic CH2(linker)), 4.92-4.83
(m br, 2H, 2CH(COD)), 3.68 (br, 1H, CH(COD)), 3.05 (br, 1H,
CH(COD)), 2.49 (s, 3H), 2.38 (s, 3H), 2.28-2.24 (m, 1H,
CH2(COD)), 2.18-2.09 (m, 1H, CH2(COD)), 2.09-1.96 (m, 1H,
CH2(COD)), 1.82-1.67 (s + m, 6H, CH3(mesityl) + CH2(COD)),
1.56-1.48 (m, 2H, CH2(COD)). 13C{1H} NMR (CDCl3, 100 MHz):
δ 182.4 (d, JC-Rh ) 49.7 Hz, C(NCN)), 149.9, 146.7, 138.5, 137.2,
136.4, 135.2, 134.4, 131.3, 129.6, 128.4, 128.1, 126.6, 122.8, 121.6,
121.4, 96.8 (br, m, CH(COD)), 68.7 (br, CH(COD)), 67.6 (br,
CH(COD)), 51.1 (CH2(linker)), 33.8 (CH2(COD)), 31.6
(CH2(COD)), 29.2 (CH2(COD)), 28.1 (CH2(COD)), 21.1 (CH3),
19.9 (CH3), 17.8 (CH3). Anal. Calcd for C30H33ClN3Rh (573.96):
C, 62.78; H, 5.80; N; 7.32. Found: C, 62.38; H, 5.87; N, 7.23.

The same procedure for complex 6 was followed in the
preparation of complexes 7-9. Complex 7 (yield 94%). 1H NMR
(CDCl3, 400 MHz): δ 8.97 (dd, 1H, J ) 4.1 and 2.6 Hz, H-1),
8.21 (dd, 1H, J ) 8.4 and 1.4 Hz, H-3), 7.97 (d, 1H, J ) 7.0 Hz),
7.80 (d, 1H, J ) 8.0 Hz), 7.55 (t, 1H, J ) 7.6 Hz, H-5), 7.46 (dd,
1H, J ) 8.3 and 4.2 Hz, H-2), 6.81 (s, 1H, CH(imidazole)), 6.77
(s, 1H, CH(imidazole)), 6.57 (d, 1H, J ) 14.6 Hz, diastereotopic
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CH2(linker)), 6.40 (d, 1H, J ) 14.6 Hz, diastereotopic CH2(linker)),
5.05 (br, 2H, 2CH(COD)), 4.59-4.51 (m, 2H, NCH2), 3.53 (br,
1H, CH(COD)), 3.36 (br, 1H, CH(COD)), 2.43-2.34 (m, 4H,
2CH2(COD)), 2.07-1.88 (m, 6H, NCH2CH2 + 2CH2(COD)),
1.58-1.49 (m, 2H, NCH2CH2CH2), 1.05 (t, 3H, J ) 7.3 Hz, CH3).
13C{1H} NMR (CDCl3, 75 MHz): δ 181.7 (d, JC-Rh ) 50.1 Hz,
C(NCN)), 149.8, 146.3, 136.4, 134.9, 131.0, 128.7, 128.2, 128.1,
126.9, 121.2, 120.1, 98.3 (d, JC-Rh ) 6.9 Hz, CH(COD)), 98.1 (d,
JC-Rh ) 7.0 Hz, CH(COD)), 68.5 (d, JC-Rh ) 14.6 Hz, CH(COD)),
68.2 (d, JC-Rh ) 14.6 Hz, CH(COD)), 50.6 (CH2(linker)), 49.6
(NCH2), 33.0, 32.9, 30.9, 28.9, 28.0, 20.2, 13.9 (CH3). Anal. Calcd
for C25H31ClN3Rh (511.89): C, 58.66; H, 6.10; N; 8.21. Found: C,
58.46; H, 6.07; N, 8.29.

Complex 8 (yield 94%). 1H NMR (CDCl3, 400 MHz): δ 8.99
(d, 1H, J ) 2.8 Hz, H-1), 8.21 (d, 1H, J ) 8.2 Hz, H-3), 8.07 (d,
1H, J ) 6.9 Hz), 7.80 (d, 1H, J ) 8.0 Hz), 7.55 (t, 1H, J ) 7.6
Hz, H-5), 7.46 (dd, 1H, J ) 8.2 and 4.1 Hz, H-2), 7.08 (d, 1H, J
) 14.7 Hz, diastereotopic CH2(linker)), 6.94 (s, 1H, CH(imidazole)),
6.83 (d, 1H, J ) 14.3 Hz, diastereotopic CH2(linker)), 6.77 (s, 1H,
CH(imidazole)), 5.00 (br, 2H, CH(COD)), 3.62 (br, 1H, CH(COD)),
3.37 (br, 1H, CH(COD)), 2.46-2.39 (m, 4H, 2CH2(COD)),
2.00-1.81 (s + m, 13H). 13C{1H} NMR (CDCl3, 100 MHz): δ
180.6 (d, JC-Rh ) 49.9 Hz, C(NCN)), 149.9, 146.3, 136.5, 135.0,
131.3, 128.2, 128.0, 127.1, 121.2, 120.5, 119.7, 96.5 (d, JC-Rh )
7.5 Hz, CH(COD)), 94.2 (d, JC-Rh ) 7.2 Hz, CH(COD)), 70.6 (d,
JC-Rh ) 15.0 Hz, CH(COD)), 67.2 (d, JC-Rh ) 14.3 Hz, CH(COD)),
58.3 (C(CH3)3), 51.2 (CH2(linker)), 33.3 (CH2(COD)), 32.4
(C(CH3)3), 31.9 (CH2(COD)), 29.4 (CH2(COD)), 28.4 (CH2(COD)).
Anal. Calcd for C25H31ClN3Rh (511.89): C, 58.66; H, 6.10; N; 8.21.
Found: C, 58.39; H, 6.07; N, 8.26.

Complex 9 (yield 95%). 1H NMR (CDCl3, 400 MHz): δ 8.98
(dd, 1H, J ) 4.2 and 1.7 Hz, H-1), 8.21 (dd, 1H, J ) 8.2 and 1.6
Hz, H-3), 7.96 (d, 1H, J ) 6.8 Hz), 7.80 (d, 1H, J ) 8.2 Hz), 7.55
(t, 1H, J ) 7.9 Hz, H-5), 7.46 (dd, 1H, J ) 8.2 and 4.2 Hz, H-2),
6.85 (s, 1H, CH(imidazole)), 6.80 (s, 1H, CH(imidazole)), 6.57 (d,
1H, J ) 14.6 Hz, diastereotopic CH2(linker)), 6.40 (d, 1H, J )
14.8 Hz, diastereotopic CH2(linker)), 5.88-5.81 (m, 1H, CH(CH3)2),
5.10 (br, 1H, CH(COD)), 5.00 (br, 1H, CH(COD)), 3.50 (br, 2H,
CH(COD)), 2.50-2.30 (m, 4H, 2CH2(COD)), 2.01-1.88 (m, 4H,
2CH2(COD)), 1.51 (d, 3H, J ) 6.0 Hz, CH3), 1.49 (d, 3H, J ) 6.0
Hz, CH3). 13C{1H} NMR (CDCl3, 100 MHz): δ 181.4 (d, JC-Rh )
52.5 Hz, C(NCN)), 149.8, 146.3, 136.5, 134.9, 130.9, 128.2, 128.1,
126.9, 121.6, 121.3, 116.4, 98.5 (d, JC-Rh ) 6.3 Hz, CH(COD)),
97.8(br, CH(COD)), 68.3 (d, JC-Rh ) 13.9 Hz, CH(COD)), 67.9
(d, JC-Rh ) 15.5 Hz, CH(COD)), 52.5 (CH2(linker)), 49.6
(CH(CH3)2), 33.5 (CH2(COD)), 32.3 (CH2(COD)), 29.4
(CH2(COD)), 28.4 (CH2(COD)), 23.3 (CH(CH3)2, accidently equiva-
lent). Anal. Calcd for C24H29ClN3Rh (497.87): C, 57.90; H, 5.87;
N; 8.44. Found: C, 57.78; H, 5.93; N, 8.36.

Synthesis of 10. The synthetic method for complex 6 was
followed to prepare complex 10, except that [Ir(COD)Cl]2 was used
(yield 95%). 1H NMR (CDCl3, 400 MHz): δ 8.97-8.96 (m, 1H,
H-1), 8.18 (d, 1H, J ) 8.4 Hz), 7.94 (d, 1H, J ) 7.1 Hz), 7.78 (d,
1H, J ) 8.1 Hz), 7.54 (t, 1H, J ) 7.6 Hz, H-5), 7.46 (dd, 1H, J )
8.2 and 4.2 Hz, H-2), 6.88 (d, 1H, J ) 1.0 Hz, CH(imidazole)),
6.77 (s, 1H, CH(imidazole)), 6.44 (d, 1H, J ) 14.6 Hz, diaste-
reotopic CH2(linker)), 6.27 (d, 1H, J ) 14.6 Hz, diastereotopic
CH2(linker)), 4.62 (s, 2H, 2CH(COD)), 4.42-4.38 (m, 2H, NCH2),
3.10 (br, 1H, CH(COD)), 2.99 (br, 1H, CH(COD)), 2.22-2.18 (m,
4H, 2CH2(COD)), 2.03-1.73 (m, 6H, 2CH2(COD) + NCH2CH2),
1.53-1.45 (m, 2H, NCH2CH2CH2), 1.01 (t, 3H, J ) 7.3, CH3).
13C{1H} NMR (CDCl3, 100 MHz): δ 179.9 (carbene), 149.8, 146.3,
136.5, 134.8, 130.8, 128.2, 128.1, 126.8, 121.3, 121.1, 119.9, 84.1
(CH(COD)), 83.9 (CH(COD)), 51.9 (CH(COD)), 51.8 (CH(COD)),
50.3, 49.2, 33.7, 33.5, 33.0, 29.7, 29.5, 20.1 (NCH2CH2CH2), 13.8
(CH3). Anal. Calcd for C25H31ClIrN3 (601.20): C, 49.94; H, 5.20;
N; 6.99. Found: C, 49.75; H, 5.21; N, 6.93.

Synthesis of 11. Complex 11 was prepared from complex 10
by following the same method as for the synthesis of 2a (yield
96%). 1H NMR (CD3CN, 300 MHz): δ 9.00 (dd, 1H, J ) 4.2 and
1.7 Hz, H-1), 8.35 (dd, 1H, J ) 8.3 and 1.6 Hz, H-3), 7.92 (d, 1H,
J ) 8.1 Hz), 7.66-7.53 (m, 3H), 7.10 (d, 1H, J ) 1.9 Hz,
CH(imidazole)), 7.08 (d, 1H, J ) 2.0 Hz, CH(imidazole)), 6.53
(d, 1H, J ) 15.5 Hz, diastereotopic CH2(linker)), 6.08 (d, 1H, J )
15.6 Hz, diastereotopic CH2(linker)), 4.51-4.23 (m, 4H, 2CH(COD)
+ NCH2), 3.06 (br, 2H, 2CH(COD)), 2.21-2.03 (m, 4H,
2CH2(COD)), 1.86-1.82 (m, 2H, CH2(COD)), 1.69-1.61 (m, 2H,
NCH2CH2), 1.50-1.40 (m, 4H, CH2(COD) + NCH2CH2CH2), 1.05
(t, 3H, J ) 7.3 Hz, CH3). 13C{1H} NMR (CD3CN, 75 MHz): δ
179.5 (carbene), 151.1, 146.8, 137.5, 136.4, 129.9, 129.2, 129.1,
127.3, 122.7, 122.6, 121.8, 83.7 (CH(COD)), 53.1 (br, CH(COD)),
50.9 (CH2(linker)), 50.7 (NCH2), 34.2, 34.0, 33.7, 30.2, 30.1, 20.6
(NCH2CH2CH2), 14.1 (CH3), 1.20 (septet, 1JDC ) 20.7 Hz,
CD3CN-Ir). The resonance signal of CD3CN-Ir overlaps with that
of the solvent peak (δ 118.2). Anal. Calcd for C25H31F6IrN3P
(710.71): C, 42.25; H, 4.40; N; 5.91. Found: C, 42.11; H, 4.47; N,
5.85.

Synthesis of a Mixture of 12b and 13b. Ag2O (32 mg, 0.14
mmol) was added to a CH2Cl2 solution of imidazolium salt 1b (93
mg, 0.27 mmol). The mixture was stirred for 1 h in the dark. After
filtration, [IrCp*Cl2]2 (108 mg, 0.136 mmol) was added in one
portion to the solution, and this mixture was stirred for another
1 h. The solvent was removed, and the residue was washed with
hexane to give yellow solid products (141 mg, 97%). Compound
12b: 1H NMR (CDCl3, 400 MHz) δ 8.94 (dd, 1H, J ) 4.1 and 1.6
Hz, H-1), 8.23-8.21 (m, 2H), 7.83-7.81 (m, 1H), 7.58-7.54 (m,
1H), 7.48-7.45 (m, 1H), 6.88 (d, 1H, J ) 2.1 Hz, CH(imidazole)),
6.66 (d, 1H, J ) 2.0 Hz, CH(imidazole)), 6.48 (d, 1H, J ) 14.2
Hz, CH2(linker)), 6.18 (d, 1H, J ) 14.0 Hz, CH2(linker)), 4.73-4.66
(m, 1H, NCH2), 3.96-3.88 (m, 1H, NCH2), 1.68 (s, 15H, 5CH3),
1.55-1.44 (m, 2H, NCH2CH2), 1.42-1.37 (m, 2H, NCH2CH2CH2),
1.01-0.93 (m, 3H, CH3). Compound 13b: 1H NMR (CDCl3, 400
MHz): δ 9.60 (dd, 1H, J ) 5.6 and 1.7 Hz, H-1), 8.85-8.83 (m,
1H), 8.50 (d, 1H, J ) 1.9 Hz, CH(imidazole)), 8.32 (dd, 1H, J )
8.2 and 1.5 Hz, H-3), 7.92-7.90 (m, 1H), 7.74-7.70 (m, 1H),
7.41-7.38 (m, 1H), 6.98 (d, 1H, J ) 2.0 Hz, CH(imidazole)), 6.41
(d, 1H, J ) 14.0 Hz, CH2(linker)), 6.00 (d, 1H, J ) 14.2 Hz,
CH2(linker)), 4.38-4.31 (m, 1H, NCH2), 3.87-3.80 (m, 1H,
NCH2), 2.07-1.99 (m, 1H, NCH2CH2), 1.87-1.79 (m, 1H,
NCH2CH2), 1.61 (s, 15H, 5CH3), 1.44-1.37 (m, 2H,
NCH2CH2CH2), 1.00-0.93 (m, 3H, CH3). Anal. Calcd for
C27H34Cl2IrN3 (663.70): C, 48.86; H, 5.16; N; 6.33. Found: C,
48.74; H, 5.13; N, 6.38.

Synthesis of 14a. The procedure for the synthesis of the mixture
of 12b and 13b was followed to prepare 12a and 13a, but no attempt
was made to disentangle them in the 1H NMR spectrum, since
almost each of the resonance signals is broadened to a certain extent.
No further characterization of the 12a and 13a mixture was
performed. Instead, a mixture of 12a and 13a (91 mg, 0.13 mmol)
was dissolved in CH2Cl2, and KPF6 (230 mg, 1.25 mmol) was added
quickly. The mixture was stirred for 3 h. After filtration, the solvent
was evaporated under vacuum to give 14a as a yellow solid (99
mg, 95%). 1H NMR (CDCl3, 400 MHz): δ 9.71 (dd, 1H, J ) 5.5
and 1.7 Hz, H-1), 8.33 (dd, 1H, J ) 8.1 and 1.6 Hz, H-3),
8.25-8.23 (m, 1H), 8.01-7.97 (m, 1H), 7.72 (s, 2H, 2CH(mesityl)),
7.42-7.38 (m, 1H), 6.88 (s, 1H), 6.80 (s, 1H), 6.65 (d, 1H, J )
1.8 Hz, CH(imidazole)), 6.50 (d, 1H, J ) 15.0 Hz, diastereotopic
CH2(linker)), 5.88 (d, 1H, J ) 14.9 Hz, diastereotopic CH2(linker)),
2.31 (s, 3H, CH3(mesityl)), 2.08 (s, 3H, CH3(mesityl)), 1.58 (s,
3H, CH3(mesityl)), 1.45 (s, 15H, 5CH3). 13C{1H} NMR (CD3CN,
100 MHz): δ 161.7 (carbene), 152.8, 145.7, 141.6, 139.1, 138.5,
136.3, 135.9, 132.9, 132.7, 130.9, 128.7, 128.5, 127.7, 126.2, 122.8,
122.0, 91.5 (C5Me5), 53.5 (CH2(linker)), 21.2 (CH3(mesityl)), 19.1
(CH3(mesityl)), 18.6 (CH3(mesityl)), 9.1 (C5Me5). Anal. Calcd for
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C32H36ClF6N3PIr (835.28): C, 46.01; H, 4.34; N; 5.03. Found: C,
46.14; H, 4.58; N, 5.30.

Synthesis of 14b. The same method as for 14a was followed to
prepare 14b. Yield: 95%. 1H NMR (CD3CN, 400 MHz): δ 9.59
(d, 1H, J ) 4.7 Hz, H-1), 8.50 (dd, 1H, J ) 8.2 and 1.5 Hz, H-3),
8.07-8.01 (m, 2H), 7.70-7.66 (m, 1H), 7.59-7.52 (m, 2H), 7.26
(d, 1H, J ) 2.0 Hz, CH(imidazole)), 6.14 (d, 1H, J ) 14.4 Hz,
diastereotopic CH2(linker)), 5.26 (d, 1H, J ) 14.5 Hz, diastereotopic
CH2(linker)), 4.38-4.31 (m, 1H, NCH2), 3.93-3.86 (m, 1H,
NCH2), 1.98-1.96 (m, 2H, NCH2CH2), 1.61 (s, 15H, 5CH3),
1.45-1.29 (m, 2H, NCH2CH2CH2), 0.92 (t, 3H, J ) 7.4 Hz, CH3).
13C{1H} NMR (CD3CN, 100 MHz): δ 164.8 (carbene), 155.6,
146.0, 141.7, 134.8, 132.4, 130.4, 129.7, 127.0, 123.4, 122.7, 121.4,
91.4 (C5Me5), 50.7 (CH2(linker)), 49.8 (NCH2), 33.2 (NCH2CH2),
19.6 (NCH2CH2CH2), 13.1 (CH3), 8.3 (C5Me5). Anal. Calcd for
C27H34ClF6N3PIr (773.21): C, 41.94; H, 4.43; N; 5.43. Found: C,
41.68; H, 4.48; N, 5.24.

Catalytic [3 + 2] Coupling. A rhodium catalyst (2%) and
diphenylcyclopropenone (1.5 equiv) were weighed into a 20 mL
flask. Dry toluene (1 mL) and alkyne were added via syringe
sequentially. The mixture was heated for 2-18 h at 110 °C (see
Tables 4 and 5). Removal of volatiles gave a residue that was then
purified by silica gel column chromatography using hexane and
ether as eluents. The coupling product was isolated as a purple or
red product. The identity of products 18, 20, 23, and 27 has been
confirmed by comparison with the reported NMR spectra.25

Products 16, 22, 24, and 26 are new compounds. Substrates 15,27

17,27 19,28 21,29 25,30 and 2831 were prepared following reported
methods.

Product 16: yield 86%; 1H NMR (CDCl3, 300 MHz) δ 7.43-7.22
(m, 14H), 2.42 (s, 3H), 2.12 (s, 3H); 13C{1H} NMR (CDCl3, 75
MHz) δ 200.7 (CO), 154.7, 153.4, 137.3, 133.9, 130.8, 129.9, 129.5,
129.1, 128.7, 128.6, 128.54, 128.48, 128.0, 127.3, 125.7, 124.6,
21.4, 14.6; IR (film) 3017 (w), 2922 (w), 1709 (m), 1510 (w), 1443
(w), 1379 (w), 1298 (w), 1215 (m), 1113 (w), 993 (w), 846 (w),
756 (s), 669 (m) cm-1; HRMS (EI) m/z calcd for C25H20O 336.1509,
found 336.1495.

Product 22: yield 40%; 1H NMR (CDCl3, 400 MHz) δ 7.66 (d,
1H, J ) 7.6 Hz), 7.41-7.29 (m, 6H), 7.24-7.19 (m, 7H), 1.92 (s,
3H); 13C{1H} NMR (CDCl3, 100 MHz) δ 199.2 (CO), 156.9, 153.2,
133.6, 133.0, 132.0, 130.6, 130.0, 129.4, 128.74, 128.70, 128.6,
128.0, 127.5, 127.2, 127.1, 125.1, 124.6, 15.1; IR (film) 3019 (w),
1713 (m), 1645 (w), 1442 (w), 1378 (w), 1298 (w), 1215 (m), 1028
(w), 928 (w), 768 (s), 752 (s), 669 (m) cm-1.; HRMS (EI) m/z
calcd for C24H17BrO 400.0457, found 400.0453.

Product 24: yield 74%; 1H NMR (CDCl3, 400 MHz) δ 7.57-7.56
(m, 2H), 7.43-7.21 (m, 13H), 4.16-4.10 (m, 2H), 1.02 (t, 3H, J
) 7.1 Hz); 13C{1H} NMR (CDCl3, 100 MHz) δ 199.4 (CO), 165.7
(COOCH2CH3), 153.0, 144.9, 133.1, 130.2, 130.0, 129.5, 129.4,
129.3, 129.0, 128.6, 128.4, 128.2, 127.9, 124.5, 61.6
(COOCH2CH3), 13.7 (COOCH2CH3); IR (film) 3019 (w), 1717 (m),
1645 (w), 1494 (w), 1445 (w), 1373 (w), 1354 (w), 1215 (m), 1119
(w), 1018 (w), 760 (m), 694 (m) cm-1; HRMS (EI) m/z calcd for
C26H20O3 380.1407, found 380.1364.

Product 26: yield 38%; 1H NMR (CDCl3, 400 MHz) δ 7.51-7.36
(m, 10H), 7.21 (br, 5H), 4.53 (d, 2H, J ) 5.8 Hz), 1.40 (t, 1H, J
) 5.8 Hz); 13C{1H} NMR (CDCl3, 100 MHz) δ 200.6 (CO), 154.5,
152.4, 133.8, 130.5, 130.3, 129.9, 129.8, 129.1, 129.0, 128.5,
128.33, 128.25, 128.1, 128.0, 127.5, 125.3, 56.6.; IR (film) 3483
(w), 3019 (w), 1699 (w), 1494 (w), 1445 (w), 1352 (w), 1215 (s),
1113 (w), 1003 (w), 922 (w), 756 (m), 669 (m) cm-1; HRMS (EI)
m/z calcd for C24H18O2 338.1301, found 338.1295.

Crystallographic Analysis. X-ray-quality single crystals of
complexes 4, 5, and 14a were obtained by the slow diffusion of
diethyl ether into their dichloromethane solutions. Complex 4
cocrystallized with 1 equiv of ether, and complex 14a cocrystallized
with 1/2 equiv of CH2Cl2. Crystal data were collected on a Bruker
X8 Kappa CCD diffractometer at 173 K using graphite-monochro-
mated Mo KR radiation (λ ) 0.710 73 Å). The APEX2 software
suite (Bruker, 2005) was used for data acquisition, structure solution,
and refinement. Absorption corrections were applied using SAD-
ABS. The structure was solved by direct methods and refined by
full-matrix least-squares methods on F2 using Xshell.
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