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This work presents the synthesis, characterization, and application of several new metal(I) complexes with

trifluoromethylpyridine-containing N-heterocyclic carbene (NHC) ligands. The metal of choice was gold(I) for compounds

7 – 10, rhodium(I) for 11 – 12, and iridium(I) for 13 – 14, respectively. The trifluoromethylpyridine moiety was incorporated,

along with other biologically active moieties, with the intention of modifying the lipophilicity of the complexes, so that the

transport of the active units (M–NHC) through the cell wall barrier is facilitated. The biological activity of the complexes was

investigated. In vitro assessment of antitumor activity in a panel of 12 human tumor cell lines by a monolayer assay revealed

good potency (mean IC50 12.6 lM) and tumor selectivity for one compound. The solid-state structures of two solvates of

compound 7, one with MeOH and one with THF, were determined by X-ray diffraction analysis.
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Introduction

N-heterocyclic carbene (NHC)-gold complexes are nowa-

days one of the most promising classes of substances for
drug development [1][2]. The starting point for the phar-

macological application of gold complexes was when
auranofin, a triethylphosphine gold(I) glucose-thiolate,

was marketed in 1982 as an antirheumatic substance [3].
The oral administration of this compound, together with

its different pharmacological behavior from that of the
well-established platinum species (‘cisplatin’) [2][4], repre-

sented a major breakthrough in this area.
An important characteristic of gold(I)–NHC com-

plexes is their antimitochondrial activity [5 – 7], which is
necessary for the development of these substances as anti-

tumor agents. The imidazole core facilitates variation of
the N-substituents and of the backbone in order to mod-
ify properties, such as lipophilicity, steric demand and

donor strength of the NHC. Several complexes have been
presented in the last few years and their biological activ-

ity is often impressive. Some were tested against protein
tyrosine phosphatases and were found to exhibit potency

in the low micromolar range [5][8]. Others were targeted

in the inhibition of thioredoxin reductase [9 – 12]. Some

simple gold–NHC complexes, such as imidazolin-2-ylidene
(chloro)gold(I), were shown to have very good anticancer

activity based on their antiproliferative properties against
cis-platin-resistant cell lines [13].

Since the beginning of the century, pyridine deriva-
tives have played an important role in drug discovery pro-

grams. Many compounds based on the pyridine core are
of commercial interest, having application in domains
where the biological activity is relevant. This important

motif can be found in the structure of many natural prod-
ucts and in important bioactive compounds with a large

range of activities [14 – 16]. For example, some are strong
antitumor agents [17][18], others have strong antimicro-

bial properties [19][20], or potent antiviral activity [21]
[22]; many pyridine-based products are good herbicides

[23][24]; many form part of a wide variety of organic
ligands [25][26].

The incorporation of fluorine into biologically active
molecules confers major modifications in their molecular

properties (chemical, physical, and biological). Our sub-
strate has the trifluoromethyl group attached at the meta-

position of the pyridine moiety. This is an important
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motif from a medicinal point of view because of its

stereoelectronic properties. This group tends to increase
the lipophilicity of the molecule and thus improves the
transport in vivo. At the same time, because of the strong

C–F bond, the secondary metabolic transformations are
reduced.

In Figs. 1 and 2, we present some examples of known
bioactive substances involving a pyridine unit. Compound

A was described as a c-secretase modulator and was able
to improve the treatment of Alzheimer’s disease [27].

Other derivatives, such as B, were reported to be active
as phosphodiesterase subtype-10 inhibitors [28]. Product

C was reported by a Canadian research group as a thumb
pocket 1 NS5B polymerase inhibitor with antiviral activity

in patients infected with genotype 1 Hepatitis C virus
[29]. Khanapure et al. synthesized and tested compound

D as a cyclooxygenase-2 selective inhibitor candidate [30].
The substance was found to have strong activity and it

could be an analog for etoricoxib, an approved drug in
the European market as a COX-2 selective inhibitor con-

taining a pyridyl ring.
Anchoori et al. reported compound E to be a power-

ful antitumoral agent against paclitaxel-sensitive and
paclitaxel-resistant ovarian cells (SKOV3) [17]. Another

example of cytostatic derivatives is F, which was
described as an excellent growth inhibitor, having GI50
values in the low micromolar to nanomolar range of con-
centration [31]. The same research group also reported

compound G to have growth inhibition activity with the
GI50 value as a nanomolar concentration [32].

Results and Discussions

In our previous work, we reported the synthesis of 2-(3-

chloro-5-(trifluoromethyl)pyridin-2-yl)ethan-1-amine (1)
[33]. Having this molecule as starting material, we wished

to generate a new library of NHC–metal complexes and
tested them in vitro for antitumor activity toward a panel of

12 cell lines using a monolayer cell survival and prolifera-
tion assay. The first step in building the NHC complexes

was the synthesis of the imidazolium salts. Despite having a
large number of literature protocols, the task was not as

easy as it seemed. In order to increase the cytostatic activity
and the transport of the molecule to the target, we wanted
to introduce a wide variety of bioactive residues as second

substituents to the imidazolium ring. Unfortunately, all
attempts to generate the imidazolium salt failed if the pro-

tocol required a temperature higher than 50 °C, because
the ethylene bridge between the trifluoropyridine and imi-

dazole was unstable at this temperature. Accordingly, we
generated and tested a smaller library of compounds.

Scheme 1 presents the synthesis of the imidazolium salts.
The symmetrical imidazolium salt, 1,3-bis[2-(3-chloro-5-

(trifluoromethyl)pyridin-2-yl)ethyl]-imidazolium chloride
(3) was obtained directly from the amine 1 [34][35]. The

other three salts were generated in two steps. First, 2-[2-
(1H-imidazol-1-yl)ethyl]-3-chloro-5-(trifluoromethyl)pyri-

dine (2) was obtained from the amine derivative 1 [36].
Using different protocols under mild conditions, the Me,

benzyl, and 2,3,4,5-tetra-O-acetyl-D-galactocopyranosyl
groups were inserted as second substituents [37 – 44].

Fig. 1. Example of bioactive compounds having a CF3-pyridine core.

Fig. 2. Examples of antitumor pyridine-based active compounds.
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After generating the imidazolium salts, the next step
was the introduction of the metal core. The metals chosen
were gold, ruthenium, and iridium, in view of their previ-

ously reported antitumor activities; a large number of
protocols for the insertion of these metals are presented

in the literature [10][45 – 55]. For the gold–NHC com-
plexes, we began using the silver transmetalation route,

which involves a silver complex as intermediate, but we
achieved higher yields (58%) by generating the free
carbene in situ and reacting it immediately with the gold

precursor Au(Me2S)Cl (Fig 3, Scheme 2).
The rhodium– and iridium–NHC complexes were

obtained through the silver transmetalation route. The
imidazolium salts were deprotonated by Ag2O as a

Fig. 3. Structures of the NHC derivatives based on trifluoromethylpyridinesa).

Scheme 1. Synthesis of imidazolium salts starting from 2-(3-chloro-5-(trifluoromethyl)pyridin-2-yl)ethanamine (1).

i) Glyoxal, NH4Cl, 37% aq. formaldehyde, H3PO4, MeOH, reflux; ii) paraformaldehyde, glyoxal, HCl, toluene, reflux; iii) MeI, THF, r.t.;

iv) Benzyl bromide, CH2Cl2, r.t.; v) 2,3,4,5-tetra-O-acetyl-D-galactopyranosylbromide, AgNO3, MeCN, 50°.
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weak base in CH2Cl2, and after filtration through Celite

the solution was treated with the corresponding [M(cod)
Cl]2.

The NHC–chlorogold(I) complex 7 was analyzed by
X-ray diffraction analysis from two different samples, the

MeOH solvate 7a and the THF solvate 7b. Solvate 7a
crystallizes in the triclinic space group P1 with one mole-

cule of 7 and one MeOH in the asymmetric unit (Fig. 4).
The two trifluoromethylpyridine groups are connected

through the ethylene bridges, which show extended con-
formations (torsion angles 170, �171°), to the imida-

zolium core. The two pyridine rings are almost parallel
(interplanar angle 6°). The imidazole ring is perpendicular

to the pyridine rings (angles 87, 83°). This leads to
approximate mirror symmetry of the molecule (rms devia-

tion 0.25 �A). The gold coordination, through the NHC C-
atom and the chloride ligand, is as expected close to lin-

earity, with C–Au–Cl angle 178.65(8)° and bond lengths
Au–C 1.986(3) and Au–Cl 2.2940(8), which can be consid-

ered typical for NHC–Au–Cl complexes. The MeOH
molecule is connected to the gold complex via a H-bond

O–H���ClAu (Scheme 3).
The THF solvate 7b crystallizes in the monoclinic

space group P21/n with one molecule of 7 and one badly

disordered THF in the asymmetric unit (Fig. 5). Clearly,
the overall molecular conformation is completely different
from 7a, with an angle of 42° between the pyridinic rings,

which in turn subtend angles of 13° and 40° to the imida-
zole ring. Major differences in torsion angle are observed

for C(4)–C(5)–C(6)–N(3) (�13° for 7a, �81° for 7b; val-
ues for 7b inverted), N(2)–C(12)–C(13)–C(14) (�161,

66°), and C(12)–C(13)–C(14)–N(4) (5, 80°). The coordina-
tion at gold shows similar values to 7a for the C–Au–Cl
angle 178.84(11)°, and for the bond lengths Au–C 1.982
(3) and Au–Cl 2.2847(9) �A.

NMR Spectra of the Compounds

In their 1H- and 13C-NMR spectra, the imidazolium salts

display specific resonances for imidazolium protons
located between 9.15 and 10.22 ppm, and the correspond-
ing imidazolium carbons in the range 137.2 – 138.3 ppm

(Table 1).
The NMR spectra confirm the generation of the new

NHC–metal complexes; the resonance attributed to the
N–CH–N in the 1H-NMR is no longer visible, and the res-

onance of the carbene C-atoms is shifted upfield (170.6 –
183.6 ppm), confirming that the trifluoromethylpyridine

Scheme 2. Synthesis of NHC–Au(I)X (X = Cl, Br) with different substituents.

i) Ag2O, THTAuCl, CH2Cl2, r.t.; ii) KOtBu, Au(Me2S)Cl, THF, r.t.

Fig. 4. Molecular structure of chloro{1,3-bis[(2-ethyl)-3-chloro-5-(trifluoromethyl)pyridine)]-1H-imidazolin-2(3H)-ylidene)}gold(I) (MeOH

solvate, 7a). Atoms are drawn as 50% thermal ellipsoids.
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Fig. 5. Molecular structure of chloro{1,3-bis[(2-ethyl)-3-chloro-5-(trifluoromethyl)pyridine)]-1H-imidazolin-2(3H)-ylidene)}gold(I) (THF

solvate, 7b, solvent omitted). Atoms are drawn as 30% thermal ellipsoids.

Scheme 3. Synthesis of NHC-Rh and NHC-Ir complexes

i) Ag2O, CH2Cl2, r.t.; ii) [Rh(COD)Cl]2, CH2Cl2, r.t.; iii) [Ir(COD)Cl]2, CH2Cl2, r.t.

Table 1. Notable features in the 1H- and 13C-NMR spectra of the imidazolium salts and the corresponding NHC–metal complexes

NHC–metal

complex

d(C)
(NHC–Au)a)

[ppm]

Imidazolium

salt

Solvent d(H)

(NHC*HX)

[ppm]

d(C)
(NHC*HX)

[ppm]

Δd (C)

7 170.6 3 (D6)DMSO 9.15 137.4 33.2

8 171.2 4 CDCl3 10.04 137.3 33.9

9 174.4 5 (D4)MeOH 9.23 138.3 36.1

10 171.2 6 CDCl3 10.22 137.9 33.3

11 183.6 3 (D6)DMSO 9.15 137.4 33.2

12 183.4 4 CDCl3 10.04 137.3 33.9

13 181.3 3 (D6)DMSO 9.15 137.4 33.2

14 181.5 4 CDCl3 10.04 137.3 33.9

a) 13C-NMR Spectra were recorded using CDCl3 as solvent.
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imidazolium salts have been successfully deprotonated and

that the C-metal bonds formed. These values are consis-
tent with reported values for M–NHC complexes.

In vitro Antitumor Activity Toward Human Tumor Cell

Lines

The in vitro antitumor activity of the compounds 2,
4 – 14 was assessed in a panel of 12 human tumor cell
lines using a monolayer cell survival and proliferation

assay. In order to show the change in the antitumor activ-
ity after the insertion of the metal center (Au, Rh, or Ir),

we tested also the imidazolium salts 4 – 6. In addition,
there are some recent publications [55 – 57], in which the

imidazolium salts are described as antitumorals. Although
the incorporation of metal into an imidazolium salt via a
metal–NHC bond generally increases its activity, in our

case, only the Au(I)–NHC complexes 7 – 9 showed a
higher activity that the corresponding imidazolium salts;

the Rh and Ir complexes showed less activity that their
imidazolium precursors.

As shown in Fig. 6, six compounds (7, 8, 9, 4, 12, 11)
exhibited antitumor activity with geometric mean IC50

values in the range from 12.6 lM (7) to 43.3 lM (11). The
other compounds (5, 2, 14, 13, 6, 10) showed no in vitro

anticancer activity.
Fig. 7 shows the individual IC50 values as a heatmap

presentation. The most active compound 7 displayed indi-
vidual IC50 values in the range from 4.95 lM (22RV1) to

28.6 lM (OVXF 899), corresponding to a 5.8-fold differ-
ence between the most sensitive and the least sensitive

cell line. The highest level of tumor selectivity was

detected for 4, with IC50 values in the range from 6.17 lM
to > 100 lM (16-fold difference).

Comparing the in vitro activity of the compounds with
established platinum compounds approved for cancer

therapy revealed a similar potency for one compound
(Fig. 8). Five platinum compounds of the first and second

generation exhibited geometric mean IC50 values across
the 12 cell line panel in the range from 0.96 lM (satrapla-

tin) to 11.68 lM (carboplatin). With a geometric mean
IC50 value of 12.6 lM, compound 7 is clearly in the same

area of potency as the marketed compound Carboplatin.

Conclusions

A series of novel Au(I)–, Rh(I)–, and Ir(I)–NHC linked
to trifluoromethylpyridine derivatives were generated
from the corresponding imidazolium salts. All derivatives

were designed, isolated, characterized, and tested for anti-
tumor activity in vitro toward a panel of 12 cell lines

using a monolayer cell survival and proliferation assay.
One compound revealed good potency with a mean IC50

value 12.6 lM.
All derivatives were obtained in high purity (at least

95%) and good to moderate yields. The structural assign-
ment was corroborated by the X-ray structure analysis for

compound 7.

This work was supported by the Romanian National

Authority for Scientific Research through the (EXPLORA-

TORY RESEARCH PROGRAM IDEI-PCE-PROJECT
NR. 341-/05.10.2011 – Immunomodulatory Fluorogly-

copeptide Molecular Architectures (I. Neda).

Fig. 6. In vitro antitumor potency of compounds 2, 4 – 14 in a panel of 12 human tumor cell lines (geometric mean IC50 values in a panel of 12

tumor cell lines).
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Experimental Part

General Procedures

All reagents were purchased from commercial sources

(Sigma–Aldrich, Taufkirchen, Germany or Fisher-Scientific,
Schwerte, Germany) and used without further purifica-

tion. Solvents were of analytical grade. All complexes
reported in the manuscript have a purity of > 95%. The

purity of compounds 2 – 6 was assessed to be > 95% by
HPLC on Shimadzu CBM-10A instrument (Shimadzu,

Hannover, Germany) with a Pinnacle DB C18 (5 lm,

250 9 4.6 mm, Restek, Bellefont, PA, USA) column using
(NEt3H)H2PO4 buffer (0.08M in H2O)/95% MeCN with
(NEt3H)H2PO4 buffer (0.08M in H2O) gradients as the

eluents. Reactions were monitored by TLC, performed on
silica gel plates 40 9 80 mm Polygram Sil G/UV254

(Machery-Nagel, D€uren, Germany). Visualization on TLC
was achieved by UV light. Column chromatography was

performed with silica gel 60 (70 – 200 mesh, Merck,
Darmstadt, Germany). IR Spectra: Bruker Vertex 70

ATR (Bruker, Karlsruhe, Germany). 1H-NMR, 13C-NMR
spectra: Bruker Avance 300 (Bruker, Karlsruhe, Ger-

many) operating at 300 MHz for 1H and 75 MHz for 13C;

Fig. 7. Heatmap presentation of individual IC50 values for compounds 2, 4 – 12 in a panel of 12 human tumor cell lines.

Fig. 8. Heatmap presentation of individual IC50 values for approved platinum compounds in a panel of 12 human tumor cell lines (historical data

of Oncotest).
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chemical shifts (d) are reported relative to the TMS peak set

at 0.00 ppm. MS: Finnigan MAT 95 XP (Thermofinnigan,
Bremen, Germany). HR-MS: LTQ-Orbitrap Velos

(ThermoFisher Scientific, Bremen, Germany) Elemental

C, H, N analysis: VarioMICRO V3.1.1 (Elementar

Analysensysteme, Hanau, Germany).

In Vitro Antitumor Activity Toward Human Tumor
Cell Lines

Antitumor activity of these compounds was tested in a
monolayer cell survival and proliferation assay using

human tumor cell lines. Studies using panels of human
tumor cell lines of different origin/histotype allow for

analysis of potency and tumor selectivity of test com-
pounds.

Ten out of the twelve cell lines as tested were estab-

lished at Oncotest from patient-derived human tumor
xenografts passaged subcutaneously in nude mice [58].

The origin of the donor xenografts has been described
[59][60]. The cell line 22RV1 was supplied by ATCC

(Rockville, MD, USA), HT-29 was kindly provided by
the National Cancer Institute (Bethesda, MA, USA).

Cells were cultured in RPMI 1640 medium, supplemented
with 10% fetal calf serum, and 0.1 mg/ml gentamicin

under standard conditions (37 °C, 5% CO2). The authen-
ticity of all cell lines was proven by STR analysis at the

DSMZ (Braunschweig, Germany).
A modified propidium iodide assay was used to

assess activity of the compounds toward human tumor
cell lines [61]. Briefly, cells were harvested from expo-

nential phase cultures by trypsinization, counted, and
plated in 96-well flat-bottom microtiter plates at a cell

density dependent on the cell line (4000 – 20 000 cells/
well). After a 24 h recovery period to allow the cells to

adhere and resume exponential growth, compounds were
added at 10 concentrations in half-log increments and

left for a further 4 days. The inhibition of proliferation
was determined by measuring the DNA content using an

aqueous propidium iodide solution (7 lg/ml). Fluores-
cence was measured using the Enspire Multimode-

Plate Reader (excitation k = 530 nm, emission
k = 620 nm), providing a direct relationship to the total

viable cell number. In each experiment, all data points
were determined in duplicates. Antitumor activity was

reported as the absolute IC50 value, which reflects the
concentration of the test compound that achieves test/

control values of 50%. Calculation was performed using
a four-parameter nonlinear curve fit (Oncotest Data
Warehouse Software, Freiburg, Germany). The overall

potency of a compound was determined by the geomet-
ric mean IC50 values of all individual IC50 values. In the

heatmap representation of IC50 values, the distribution
of the IC50 values obtained for a test compound in the

individual tumor models is given in relation to the geo-
metric mean IC50 value, obtained over all cell lines

tested.

The individual IC values are highlighted in colors

ranging from dark green (≤ 1/32-fold geometric mean
IC50, corresponds to very potent compound activity or
high-tumor sensitivity) to dark red (≥ 32-fold geometric

mean IC50, corresponds to lack of compound activity or
tumor resistance). The heatmap presentation, therefore,

represents an antiproliferative ‘fingerprint’ profile of a test
compound.

1,3-Bis{2-[3-chloro-5-(trifluoromethyl)pyridin-2-yl]ethyl}-
1H-imidazol-3-ium Chloride (3). To a solution of

paraformaldehyde (0.5 g, 15 mmol) in toluene (20 ml)
was added 2-[3-chloro-5-(trifluoromethyl)pyridin-2-yl]

ethanamine (6.5 g, 31 mmol) and 40% (v/v) aqueous gly-
oxal (0.87 g, 15 mmol) followed by the dropwise addition

of 37% (v/v) HCl (1.14 ml, 15 mmol). The mixture was
heated to reflux and the water was removed from reaction

using a water separator. The solvent was removed under
reduced pressure, and the resulting residue was triturated

with acetone, after which a white solid appeared. Yield:
60% (4.51 g, 8.68 mmol). 1H-NMR (300.1 MHz, (D6)

DMSO): 9.51 (s, 1 H, NCHN); 8.88 – 8.84 (m, 2 H,
CHIm); 8.47 (d, J(H,H) = 1.7, 2 H, CHPy); 7.89 (d, J(H,

H) = 1.4, 2 H, CHPy); 4.73 (t, 3J(H,H) = 6.6, 4 H, CH2);
3.57 (t, 3J(H,H) = 6.6, 4 H, CH2).

13C-NMR (75.47 MHz,

CDCl3): 158.75 (CPy); 143.82 (q, 3J(C,F) = 4.2, CHPy);
137.39 (NCHN); 133.91 (q, 3J(C,F) = 3.3, CHPy); 131.75

(CPy); 124.88 (q, 2J(C,F) = 33.4 CPy); 122.83 (q, 1J(C,
F) = 272.9, CF3); 122.61 (CHIm); 46.05 (Im–CH2); 34.38

(Py–CH2). HR-ESI-MS: 483.0573 (M+), C19H15Cl2F6N
þ
4 ;

calc. 483.0572.

1-{2-[3-chloro-5-(trifluoromethyl)pyridin-2-yl]ethyl}-3-
methyl-1H-imidazol-3-ium Iodide (4). A solution of 3-

chloro-2-[2-(1H-imidazol-1-yl)ethyl]-5-(trifluoromethyl)
pyridine (2; 2.5 g, 9.08 mmol) and MeI (1.42 g, 0.621 ml,

9.98 mmol) in dry THF (20 ml) was stirred under Ar
atmosphere at r.t. for 24 h. The precipitate was collected
by filtration, washed with Et2O, and dried in vacuum,

giving an off-white solid. Yield: 97% (3.6 g, 8.79 mmol).
1H-NMR (300.1 MHz, CDCl3): 10.04 (s, 1 H, NCHN);

8.82 (d, 3J(H,H) = 1.9, 1 H, CHIm); 7.91 (d, 3J(H,
H) = 1.9, 1 H, CHIm); 7.68 (dd, J(H,H) = 1.8, J(H,

H) = 1.8, 1 H, CHPy); 7.57 (dd, J(H,H) = 1.8, J(H,
H) = 1.7, 1 H, CHPy); 4.99 (t, 3J(H,H) = 6.2, 2 H, CH2);

4.12 (s, 3 H, CH3); 3.68 (t, 3J(H,H) = 6.2, 2 H, CH2).
13C-

NMR (75.47 MHz, CDCl3): 157.19 (CPy); 143.83 (q, 3J(C,

F) = 4.0, CHPy); 137.28 (NCHN); 133.91 (q, 3J(C,F) = 3.5,
CHPy); 131.75 (CPy); 126.29 (q, 2J(C,F) = 33.8 CPy);

123.36 (CHIm); 122.82 (CHIm); 122.38 (q, 1J(C,F) = 273.1,
CF3); 46.25 (Im–CH2); 37.05 (Im–CH3); 34.78 (Py–CH2).

HR-ESI-MS: 290.0665 (M+), C12H12ClF3N
þ
3 ; calc.

290.0666.

3-Benzyl-1-{2-[3-chloro-5-(trifluoromethyl)pyridin-2-yl]
ethyl}-1H-imidazol-3-ium Bromide (5). A solution of 2-[2-

(1H-imidazol-1-yl)ethyl]-3-chloro-5-(trifluoromethyl)pyri-
dine (0.5 g, 1.81 mmol) and 0.22 ml of benzyl bromide

(0.310 g, 1.81 mmol) in dry CH2Cl2 (10 ml) was stirred
under an inert atmosphere for 48 h. After cooling, the
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imidazolium salt was precipitated by adding Et2O

(50 ml). After filtration and drying under vacuum, a white
solid was obtained. Yield: 86% (0.695 g, 1.56 mmol).

1H-NMR (300.1 MHz, (D4)MeOD): 9.23 (s, 1 H,

NCHN); 8.71 (d, 3J(H,H) = 1.5, 1 H, CHIm); 8.20 (d, 3J

(H,H) = 1.5, 1 H, CHIm); 7.76 (dd, J(H,H) = 1.8, J(H,

H) = 1.8, 1 H, CHPy); 7.64 (dd, J(H,H) = 1.8, J(H,
H) = 1.7, 1 H, CHPy); 7.46 – 7.39 (m, 5 H, Ar–HBn); 5.43

(s, 2 H, CH2); 4.85 (t, 3J(H,H) = 6.25, 2 H, CH2); 3.65 (t,
3J(H,H) = 6.25, 2 H, CH2).

13C-NMR (75.47 MHz,

CDCl3): 159.63 (CPy); 145.01 (q, 3J(C,F) = 4.1, CHPy);
138.30 (NCHN); 135.54 (q, 3J(C,F) = 3.6, CHPy); 135.45

(CBn); 133.15 (CPy); 130.37 (2 CHBn); 130.33 (CHBn);
129.62 (2 CHBn); 126.01 (q, 2J(C,F) = 34.2 CPy); 124.23

(CHIm); 123.75 (CHIm); 123.29 (q, 1J(C,F) = 271.3, CF3);
54.09 (Im–CH2–Ph); 47.90 (Im-CH2); 35.45 (Py–CH2).

HR-ESI-MS: 366.0970 (M+), C18H16ClF3N
þ
3 ; calc.

366.0979.

1-{2-[3-Chloro-5-(trifluoromethyl)pyridin-2-yl]ethyl}-3-{(2R,
3R,4S,5S,6R)-3,4,5-tris(acetyloxy)-6-[(acetyloxy)methyl]tet-
rahydro-2H-pyran-2-yl}-1H-imidazol-3-ium Nitrate (6). To
a solution of 2,3,4,5-tetra-O-acetyl-D-galactopyranosylbro-

mide (1.63 g, 3.99 mmol) in MeCN (20 ml) were added
silver nitrate (0.68 g, 3.99 mmol) and 2-(2-(1H-imidazol-1-

yl)ethyl)-3-chloro-5-(trifluoromethyl)pyridine (1 g, 3.63 mmol).
The reaction mixture was stirred at 50 °C for 24 h. Insol-

uble material was removed by filtration through Celite,
and then the solution was concentrated under reduced

pressure. The resulting solid was dissolved in CH2Cl2 and
stirred over Na2CO3 for 30 min. After filtration, the pro-

duct was recrystallized several times from
CH2Cl2/

tBuOMe to give a white solid. Only the b-isomer

was observed in NMR spectra. Yield: 10% (0.24 g,
0.369 mmol).

1H-NMR (300.1 MHz, CDCl3): 10.22 (s, 1 H, NCHN);
8.77 (d, J(H,H) = 1.9, 1 H, CHIm); 7.91 (d, J(H,H) = 1.9,
1 H, CHIm); 7.92 (s, 1 H, CHPy); 7.63 (s, 1 H, CHPy); 6.26

(d, J(H,H) = 8.3, 1 H, N–CH–O); 5.55 (d, J(H,
H) = 2.2 Hz, 1 H, CHcarbohydrate); 5.41–5.28 (m, 2 H,

CHcarbohydrate); 4.99 (dd, J(H,H) = 5.9, J(H,H) = 5.7, 2 H,
CH2); 4.48 (dd, J(H,H) = 6.3 J(H,H) = 6.2, 1 H, CHcarbohydrate);

4.22 (dd, J(H,H) = 11.5, J(H,H) = 5.6, 1 H, CH2,
CHcarbohydrate); 4.14 (dd, J(H,H) = 11.5, J(H,H) = 7.0, 1

H, CH2, CHcarbohydrate); 3.67 (dd, J(H,H) = 13.7, J(H,
H) = 9.8, 2 H, CH2); 2.22 (s, 3 H, CH3); 2.03 (s, 3 H,

CH3); 1.98 (s, 3 H, CH3); 1.93 (s, 3 H, CH3).
13C-NMR

(75.47 MHz, CDCl3): 170.19 (CH3–C=O); 169.78 (CH3–
C=O); 169.54 (CH3–C=O); 169.32 (CH3–C=O); 157.42
(CPy); 143.65 (q, 3J(C,F) = 4.0, CHPy); 137.91 (NCHN);

133.80 (q, 3J(C,F) = 3.5, CHPy); 131.58 (CPy); 126.22 (q, 2J
(C,F) = 33.7 CPy); 123.69 (CHIm); 122.37 (q, 1J(C,

F) = 272.9, CF3); 119.35 (CHIm); 84.48 (N–CHcarbohydrate–
O); 73.86 (O–CHcarbohydrate–C); 70.09 (CHcarbohydrate); 68.27

(CHcarbohydrate); 66.80 (CHcarbohydrate); 61.04 (C–CH2carbohydrate–
OAc); 46.69 (Im–CH2); 34.37 (Py–CH2); 20.38 (CO–CH3);

20.34 (CO–CH3); 20.19 (CO–CH3); 19.91(CO–CH3). HR-
ESI-MS: 606.1464 (M+), C25H28ClF3O9N

þ
3 ; calc. 606.1461.

Chloro{1,3-bis[2-(3-chloro-5-(trifluoromethyl)pyridin-2-yl)
ethyl]-1H-imidazolin-2(3H)-ylidene)}gold(I) (7). A mix-
ture of 1,3-bis{2-[3-chloro-5-(trifluoromethyl)pyridin-2-yl]
ethyl}-1H-imidazol-3-ium chloride (3; 102.89 mg,

0.198 mmol) and silver(I) oxide (27.5 mg, 0.118 mmol) in
dry CH2Cl2 (10 ml) was stirred for 24 h at r.t. in the

absence of light. The mixture was filtered through Celite,

and chloro(tetrahydrothiophene)gold(I) (63.47 mg,

0.198 mmol) was added. The resulting mixture was stirred
for 12 h and filtered through Celite. The solvent was

removed in vacuum, and CH2Cl2 (2 ml) was added. The
product was precipitated as a white solid upon addition of

pentane, and purified by column chromatography
(CH2Cl2/AcOEt, 3:1). Yield: 38% (53 mg, 0.075 mmol).

Single crystals suitable for X-ray analysis were obtained
from MeOH (7a) or THF/pentane (7b). 1H-NMR

(300.1 MHz, CDCl3): 8.69 (d, J(H,H) = 1.7, 2 H, CHPy);
7.89 (d, J(H,H) = 2.0, 2 H, CHPy); 6.93 (s, 2 H, CHIm);

4.67 (t, 3J(H,H) = 6.8, 4 H, CH2); 3.55 (t, 3J(H,H) = 6.8, 4
H, CH2).

13C-NMR (75.47 MHz, CDCl3): 170.59 (AuCCar-

bene); 158.29 (q,
5J(C,F) = 1.1, CPy); 143.69 (q, 3J(C,F) = 4.0,

CHPy); 133.84 (q, 3J(C,F) = 3.5, CHPy); 131.77 (CPy);

126.22 (q, 2J(C,F) = 33.7 CPy); 122.43 (q, 1J(C,F) = 272.9,
CF3); 121.10 (CHIm); 48.47 (Im–CH2); 36.26 (Py–CH2).

EI-MS: 718.0 [8, M(37Cl2
35Cl)+], 716.0 [25, M(37Cl35Cl2)

+],
714.0 [24, M(35Cl3)

+], 680.0 [67], 678.0 [100], 645.0 [11],

643.0 [32].
Chloro{1-[2-(3-chloro-5-(trifluoromethyl)pyridin-2-yl)
ethyl]-3-methyl-1H-imidazolin-2(3H)-ylidene)}gold(I) (8).
A mixture of 1-{2-[3-chloro-5-(trifluoromethyl)pyridin-2-

yl]ethyl}-3-methyl-1H-imidazol-3-ium iodide (4; 100 mg,
0.24 mmol) and silver(I) oxide (35 mg, 0.15 mmol) in dry

CH2Cl2 (15 ml) was stirred for 24 h at r.t. in the absence
of light. The mixture was filtered through Celite, and

(dimethyl sulfide)gold(I)chloride (71 mg, 0.24 mmol) was
added. The resulting mixture was stirred for 12 h and fil-
tered through Celite. The solvent was removed in vacuo,

and CH2Cl2 (2 ml) was added. The product was precipi-
tated as a white solid upon addition of pentane and puri-

fied by column chromatography (CH2Cl2/AcOEt, 3:1).
Yield: 38% (47.5 mg, 0.091 mmol). 1H-NMR (300.1 MHz,

CDCl3): 8.63 (d, J(H,H) = 1.1, 1 H, CHPy); 7.83 (d, J(H,
H) = 1.5, 1 H, CHPy); 6.95 (d, 3J(H,H) = 1.9, 1 H, CHIm);

6.85 (d, 3J(H,H) = 1.9, 1 H, CHIm); 4.63 (t, 3J(H,H) = 6.8,
2 H, CH2); 3.75 (s, 3 H, CH3); 3.49 (t, 3J(H,H = 6.8, 2 H,

CH2).
13C-NMR (75.47 MHz, CDCl3): 171.19 (AuCCar-

bene); 158.36 (CPy); 143.79 (q, 3J(C,F) = 4.0, CHPy); 134.01

(q, 3J(C,F) = 3.6, CHPy); 131.92 (CPy); 126.42 (q, 2J(C,
F) = 33.6 CPy); 123.42 (q, 1J(C,F) = 272.7, CF3); 121.54

(CHIm); 121.31 (CHIm); 48.35 (Im–CH2); 38.31 (Im–CH3);
36.42 (Py–CH2). EI-MS: 525.0 [5, M(37Cl2)

+], 523.0 [26, M

(37Cl35Cl)+], 521.0 [40, M(35Cl2)
+], 488.0 [8], 487.0 [14],

486.0 [27], 485.0 [36], 254.1 [100].

Bromo{1-[(2-ethyl)-3-chloro-5-(trifluoromethyl)pyridine)]-
3-(benzyl)-1H-imidazolin-2(3H)-ylidene)}gold(I) (9). To a

mixture of 3-benzyl-1-{2-[3-chloro-5-(trifluoromethyl)pyri-
din-2-yl]ethyl}-1H-imidazol-3-ium bromide (5; 89 mg,
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0.2 mmol), potassium tert-butoxide (22.6 mg, 0.2 mmol)

and (dimethyl sulfide)gold(I)chloride (59.5 mg, 0.2 mmol)
was added under an inert atmosphere dry THF (5 ml),
and the suspension was stirred for 24 h at r.t. in the

absence of light. The resulting mixture was filtered over
Celite. The solvent was removed in vacuo, and CH2Cl2
(2 ml) was added. The product was precipitated as a
white solid upon addition of hexane and purified by col-

umn chromatography (CH2Cl2/AcOEt, 3:1). Yield: 58%
(74 mg, 0.116 mmol). 1H-NMR (300.1 MHz, CDCl3): 8.65

(dd, J(H,H) = 1.1, J(H,H) = 0.95, 1 H, CHPy); 7.87 (dd, J
(H,H) = 1.2, J(H,H) = 0.7, 1 H, CHPy); 7.39 – 7.28 (m, 5

H, Ar–HBn); 7.01 (d, 3J(H,H) = 2.0, 1 H, CHIm); 6.87 (d,
3J(H,H) = 2.0 Hz, 1 H, CHIm); 5.32 (s, 2 H, CH2); 4.71 (t,
3J(H,H) = 6.7, 2 H, CH2); 3.57 (t, 3J(H,H) = 6.7, 2 H,
CH2).

13C-NMR (75.47 MHz, CDCl3): 174.40 (AuCCar-

bene); 158.34 (CPy); 143.85 (q, 3J(C,F) = 4.1, CHPy); 134.91
(CBn); 134.54 (q, 3J(C,F) = 3.6, CHPy); 131.96(CPy); 128.95

(2 CHBn); 128.66 (CHBn); 128.01 (2 CHBn); 126.30 (q, 2J

(C,F) = 33.8 CPy); 122.30 (q, 1J(C,F) = 273.0, CF3); 121.58

(CHIm); 120.58 (CHIm); 55.01 (Bn–CH2); 48.62 (Im–CH2);
36.48 (Py-CH2). HR-EI-MS: 640.9743 (M+),

C18H15Au79Br35ClF3N
þ
3 ; calc. 640.9755. EI-MS: 642.8

[2.5], 640.8 [2], 562.0 [2], 207.0 [45], 158.1 [40], 91.0 [100].

Chloro{1-[2-(3-chloro-5-(trifluoromethyl)pyridin-2-yl)
ethyl]-3-(2,3,4,5-tetra-O-acetyl-D-galactopyranosyl)-1H-
imidazolin-2(3H)-ylidene}gold(I) (10). To a mixture of 1-
{2-[3-chloro-5-(trifluoromethyl)pyridin-2-yl]ethyl}-3-{(2R,3R,
4S,5S,6R)-3,4,5-tris(acetyloxy)-6-[(acetyloxy)methyl]tetra-
hydro-2H-pyran-2-yl}-1H-imidazol-3-ium nitrate (6;
132 mg, 0.2 mmol), potassium tert-butoxide (22.6 mg,
0.2 mmol) and (dimethyl sulfide)gold(I)chloride (59.5 mg,

0.2 mmol) was added under an inert atmosphere dry THF
(5 ml), and the suspension was stirred for 24 h at r.t. in

the absence of light. The resulting mixture was filtered
through Celite. The solvent was removed in vacuo, and
CH2Cl2 (2 ml) was added. The product was precipitated

as a white solid upon addition of hexane and purified by
column chromatography (CH2Cl2/AcOEt, 3:1). Yield:

52% (85 mg, 0.104 mmol). 1H-NMR (300.1 MHz,
CDCl3): 8.71 (dd, J(H,H) = 2.0, J(H,H) = 1.1, 1 H,

CHPy); 7.92 (dd, J(H,H) = 2.0, J(H,H) = 0.9, 1 H, CHPy);
7.21 (d, J(H,H) = 2.0, 1 H, CHIm); 7.01 (d, J(H,H) = 2.0,

1 H, CHIm); 5.96 (d, J(H,H) = 8.5, 1 H, N–CH–O); 5.54
(d, J(H,H) = 2.4, 1 H, CHcarbohydrate); 5.30 (dd, J(H,

H) = 10.3, J(H,H) = 3.2, 1 H, CHcarbohydrate); 5.23 (dd, J
(H,H) = 10.3, J(H,H) = 8.4, 1 H, CHcarbohydrate); 4.71 (t,
3J(H,H) = 6.9, 2 H, CH2); 4.26 – 4.11 (m, 3 H, CHcarbohydrate,);
3.56 (t, 3J(H,H) = 6.9, 2 H, CH2); 2.18 (s, 3 H, CH3); 2.06

(s, 3 H, CH3); 2.01 (s, 3 H, CH3); 1.99 (s, 3 H, CH3).
13C-

NMR (75.47 MHz, CDCl3): 171.24 (AuCCarbene); 170.31

(CH3-C=O); 169.71 (CH3-C=O); 169.51 (CH3-C=O);
169.44 (CH3-C=O); 157.95 (CPy); 143.88 (q, 3J(C,F) = 4.1,

CHPy); 134.05 (q, 3J(C,F) = 3.5, CHPy); 131.82 (CPy);
126.42 (q, 2J(C,F) = 33.6 CPy); 122.46 (CHIm); 122.22 (q,
1J(C,F) = 272.7, CF3); 117.72 (CHIm); 87.05 (N–CHcarbohydrate–
O); 73.84 (O–CHcarbohydrate–CH2); 70.33 (CHcarbohydrate);

68.46 (CHcarbohydrate); 66.82 (CHcarbohydrate); 61.22 (CH–
CH2carbohydrate–OAc); 48.76 (Im–CH2); 36.26 (Py–CH2);
20.75 (CO–CH3); 20.64 (CO–CH3); 20.57 (CO–CH3);
20.40 (CO–CH3). HR-ESI-MS: 860.0635 [M+Na]+,

C25H27AuCl2N3O9F3Na+; calc. 860.0634.
Chloro(g4-1,5-cyclooctadiene){1,3-bis-[1-(2-(3-chloro-5-(tri-
fluoromethyl))pyridin-2-yl)ethyl-]-1H-imidazolin-2(3H)-
ylidene)}rhodium(I) (11). A mixture of 1,3-bis{2-[3-chloro-
5-(trifluoromethyl)pyridin-2-yl]ethyl}-1H-imidazol-3-ium
chloride (3; 52 mg, 0.1 mmol) and silver(I) oxide (14 mg,

0.06 mmol) in dry CH2Cl2 (10 ml) was stirred for 24 h at
r.t. in the absence of light. The mixture was filtered

through Celite and [Rh(COD)Cl]2 (25 mg, 0.05 mmol)
was added. The resulting mixture was stirred for 12 h

and filtered through Celite. The solvent was removed in
vacuum, and CH2Cl2 (2 ml) was added. The product was

precipitated as a white solid upon addition of pentane
and purified by column chromatography (CH2Cl2/AcOEt,

3:1). Yield: 63% (51 mg, 0.063 mmol). IR (ATR): 3091,
2936, 2916, 2878, 2831, 1603, 1555, 1453, 1397, 1322, 1221,

1129, 1090, 1062, 997, 959, 912, 884, 865, 816, 747, 728,
700, 624. UV/Vis (CH2Cl2): 393 (0.160), 271 (0.946), 228

(1.341). 1H-NMR (300.1 MHz, CDCl3): 8.75 (d, J(H,
H = 1.0, 2 H, CHPy); 7.93 (d, J(H,H) = 1.6, 2 H, CHPy);

6.93 (s, 2 H, CHIm); 5.15 (ddd, J(H,H) = 13.6, J(H,
H) = 9.5, J(H,H) = 5.9, 2 H, CH2); 5.06 – 5.00 (m, 2 H,

CODvinyl); 4.87 (ddd, J(H,H) = 13.6, J(H,H) = 9.3, J(H,
H) = 6.2, 2 H, CH2); 3.93 (ddd, J(H,H) = 15.5, J(H,

H) = 9.2, J(H,H) = 5.9, 2 H, CH2); 3.55 (ddd, J(H,
H) = 15.5, J(H,H) = 9.4, J(H,H) = 6.2, 2 H, CH2);

3.39 – 3.331 (m, 2 H, CODvinyl); 2.52 – 2.32 (m, 4 H,
CODallyl); 1.99 – 1.90 (m, 4 H, CODallyl).

13C-NMR

(75.47 MHz, CDCl3): 183.63 (d, 1J(C,Rh) = 51.0, RhCCar-

bene); 159.67 (CHPy, 2 C); 143.75 (q, 3J(C,F) = 4.1, CHPy, 2

C); 133.87 (q, 3J(C,F) = 3.6, CHPy, 2 C); 131.88 (CPy, 2
C); 126.30 (CHIm); 126.22 (q, 2J(C,F) = 33.6 CPy, 2 C);
122.43 (q, 1J(C,F) = 272.9, CF3, 2 C); 120.97 (CHIm);

98.85 (CODvinyl), 98.76 (CODvinyl), 68.38 (CODvinyl);
68.19 (CODvinyl); 48.14 (Im–CH2, 2 C); 36.63 (Py–CH2, 2

C); 32.92 (CODallyl, 2 C); 28.81 (CODallyl, 2 C). ESI-MS:
693.0489 [M – Cl]+. EI-MS: 733.0 [3], 732.0 [8, M

(37Cl2)
+], 731.0 [5], 730.0 [14, M(37Cl35Cl)+], 729.0 [5],

728.0 [17, M(35Cl2)
+], 713.0 [8], 711.0 [17], 709.0 [15],

695.10 [27], 693.1 [38], 667.9 [25], 665.9 [50], 663.9 [31],
623.9[30], 621.9 [96], 619.9 [100], 240.1 [80], 207.0 [85].

Chloro(g4-1,5-cyclooctadiene){[1-[2-(3-chloro-5-(trifluoro-
methyl)pyridin-2-yl)ethyl]-3-methyl-1H-imidazolin-2(3H)-
ylidene)}rhodium(I) (12). A mixture of 1-{2-[3-chloro-5-
(trifluoromethyl)pyridin-2-yl]ethyl}-3-methyl-1H-imida-

zol-3-ium iodide (4; 100 mg, 0.24 mmol) and silver(I)
oxide (35 mg, 0.15 mmol) in dry CH2Cl2 (15 ml) was stir-

red for 24 h at r.t. in the absence of light. The mixture
was filtered through Celite and [Rh(COD)Cl]2 (59 mg,

0.12 mmol) was added. The resulting mixture was stirred
for 12 h and filtered through Celite. The solvent was

removed in vacuum, and CH2Cl2 (2 ml) was added. The
product was precipitated as a white solid upon addition of
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pentane and purified by column chromatography

(CH2Cl2/AcOEt, 3:1). Yield: 44% (57 mg, 107 mmol). IR
(ATR): 3095, 2934, 2916, 2877, 2829, 1603, 1556, 1456,
1396, 1322, 1223, 1130, 1091, 1062, 996, 958, 911, 884, 865,

816, 790, 725, 697, 624. UV/Vis (CH2Cl2): 393 (0.022), 272
(0.101), 227 (0.195). 1H-NMR (300.1 MHz, CDCl3): (d, J

(H,H) = 1.0, 1 H, CHPy); 7.86 (d, J(H,H) = 1.7, 1 H,
CHPy); 6.84 (d, 3J(H,H) = 1.9, 1 H, CHIm); 6.73 (d, 3J(H,

H) = 1.89, 1 H, CHIm); 5.05 (ddd, J(H,H) = 13.6, J(H,
H) = 9.4, J(H,H) = 6.0, 1 H, CH2); 4.98 – 4.94 (m, 2 H,

CODvinyl); 4.76 (ddd, J(H,H) = 13.5, J(H,H) = 9.0, J(H,
H) = 6.2, 1 H, CH2); 4.02 (s, 3 H, CH3); 3.85 (ddd, J(H,

H) = 14.6, J(H,H) = 8.9, J(H,H) = 6.0, 1 H, CH2); 3.49
(ddd, J(H,H) = 15.7, J(H,H) = 9.5, J(H,H) = 6.4, 1 H,

CH2); 3.41 – 3.26 (m, 2 H, CODvinyl); 2.46 – 2.42 (m, 4 H,
CODallyl); 2.01 – 1.92 (m, 4 H, CODallyl).

13C-NMR

(75.47 MHz, CDCl3): 183.42 (d, 1J(C,Rh) = 50.3, RhCCar-

bene); 160.35 (CPy); 143.25 (q, 3J(C,F) = 4.0, CHPy); 133.57

(q, 3J(C,F) = 3.6, CHPy); 132.58 (CPy); 126.31 (q, 2J(C,
F) = 33.2 CPy); 122.24 (q, 1J(C,F) = 273.2, CF3); 122.05

(CHIm);120.86 (CHIm); 98.74 (CODvinyl); 98.52 (CODvi-

nyl); 68.86 (CODvinyl); 68.47 (CODvinyl); 48.88 (Im–CH2);

37.79 (CH3); 36.78 (Py–CH2); 33.31 (CODallyl); 32.52
(CODallyl); 29.18 (CODallyl); 28.47 (CODallyl). EI-MS:

535.0/537.0 (M+), 500.1/502.1 (M+-Cl). ESI-MS: 500.18
(100), 501.11 (30), 501.98 (40).

Chloro(g4-1,5-cyclooctadiene){[1,3-bis[2-(3-chloro-5-(tri-
fluoromethyl)pyridin-2-yl)ethyl]-1H-imidazolin-2(3H)-yli-
dene)}iridium(I) (13). A mixture of 1,3-bis{2-[3-chloro-5-
(trifluoromethyl)pyridin-2-yl]ethyl}-1H-imidazol-3-ium

chloride (3; 52 mg, 0.1 mmol) and silver(I) oxide (14 mg,
0.06 mmol) in dry CH2Cl2 (10 ml) was stirred for 24 h at

r.t. in the absence of light. The mixture was filtered
through Celite and [Ir(COD)Cl]2 (33.6 mg, 0.05 mmol)

was added. The resulting mixture was stirred for 12 h and
filtered through Celite. The solvent was removed in vac-
uum, and CH2Cl2 (2 ml) was added. The product was pre-

cipitated as a white solid upon addition of pentane and
purified by column chromatography (CH2Cl2/AcOEt, 3:1).

Yield: 51% (41 mg, 0.051 mmol). IR (ATR): 3898, 2927,
2880, 2832, 1603, 1556, 1451, 1397, 1322, 1223, 1130, 1090,

1062, 970, 912, 884, 865, 818, 781, 740, 705, 689, 623. UV/
Vis (CH2Cl2): 481 (0.019), 419 (0.108), 269 (0.797), 227

(0.857). 1H-NMR (300.1 MHz, CDCl3): 8.73 (d, J(H,
H) = 1.1, 2 H, CHPy); 7.92 (d, J(H,H) = 1.4, 2 H, CHPy);

6.92 (s, 2 H, CHIm); 5.00 (ddd, J(H,H) = 13.5, J(H,
H) = 9.2, J(H,H) = 6.0, 2 H, CH2); 4.74 (ddd, J(H,

H) = 13.5, J(H,H) = 9.0, J(H,H) = 6.2, 2 H, CH2);
4.66 – 4.57 (m, 2 H, CODvinyl); 3.81 (ddd, J(H,H) = 15.3,

J(H,H) = 8.9, J(H,H) = 6.0, 2 H, CH2); 3.51 (ddd, J(H,
H) = 15.4, J(H,H) = 9.2, J(H,H) = 6.3, 2 H, CH2);

2.96 – 2.88 (m, 2 H, CODvinyl); 2.31 – 2.05 (m, 4 H,
CODallyl); 1.59 – 149 (m, 4 H, CODallyl).

13C-NMR

(75.47 MHz, CDCl3): 181.33 (IrCCarbene); 159.61(CPy, 2
C); 143.79 (q, 3J(C,F) = 4.0, CHPy, 2 C); 133.93 (q, 3J(C,

F) = 3.6, CHPy, 2 C); 131.92(CPy, 2 C); 126.33 (q, 2J(C,
F) = 33.2 CPy, 2 C); 122.42 (q, 1J(C,F) = 273.4, CF3, 2 C);

120.68 (CHIm, 2 C); 85.03 (CODvinyl, 2 C); 51.86 (CODvinyl,

2 C); 47.81 (Im–CH2, 2 C); 36.67 (Py–CH2, 2 C); 33.68
(CODallyl, 2 C); 29.56 (CODallyl, 2 C). ESI-MS: 783.0
([M – Cl]+).

Chloro(g4-1,5-cyclooctadiene){1-[2-(3-chloro-5-(trifluoro-
methyl)pyridin-2-yl)ethyl]-3-methyl-1H-imidazolin-2(3H)-
ylidene)}iridium(I) (14). A mixture of 1-{2-[3-chloro-5-(tri-
fluoromethyl)pyridin-2-yl]ethyl}-3-methyl-1H-imidazol-3-

ium iodide (4; 100 mg, 0.24 mmol) and silver(I) oxide
(35 mg, 0.15 mmol) in dry CH2Cl2 (15 ml) was stirred for

24 h at r.t. in the absence of light. The mixture was filtered
through Celite and [Ir(COD)Cl]2 (80 mg, 0.12 mmol) was

added. The resulting mixture was stirred for 12 h and fil-
tered through Celite. The solvent was removed in vacuum,

and CH2Cl2 (2 ml) was added. The product was precipi-
tated as a white solid upon addition of pentane and purified

by column chromatography (CH2Cl2/AcOEt, 3:1). Yield:
48% (72 mg, 115 mmol). IR (ATR): 3101, 2925, 2877, 2831,

1603, 1455, 1397, 1322, 1224, 1131, 1091, 1062, 999, 969, 910,
883, 865, 818, 706, 688, 624. UV/Vis (CH2Cl2): 483 (0.017),

419 (0.089), 373 (0.058), 268 (0.598), 227 (0.718). 1H-NMR
(300.1 MHz, CDCl3): 8.73 (d, J(H,H) = 1.0, 1 H, CHPy);

7.91 (d, J(H,H) = 1.6, 1 H, CHPy); 6.91 (d, J(H,H) = 1.95, 1
H, CHIm); 6.80 (d, J(H,H) = 1.95, 1 H, CHIm); 4.94 (ddd, J

(H,H) = 13.5, J(H,H) = 9.0, J(H,H) = 6.0, 1 H, CH2); 4.74
(ddd, J(H,H) = 13.5, J(H,H) = 8.9, J(H,H) = 6.3, 1 H,

CH2); 4.64 – 4.57 (m, 2 H, CODvinyl); 3.96 (s, 3 H, CH3);
3.81 (ddd, J(H,H) = 15.2, J(H,H) = 8.5, J(H,H) = 5.9, 1 H,

CH2); 3.52 (ddd, J(H,H) = 15.5, J(H,H) = 9.0, J(H,
H) = 6.5, 1 H, CH2); 3.05 – 2.83 (m, 2 H, CODvinyl);

2.29 – 2.12 (m, 4 H, CODallyl); 1.52 – 1.42 (m, 4 H, CODal-

lyl).
13C-NMR (75.47 MHz, CDCl3): 181.45 (IrCCarbene);

160.25 (CPy); 142.25 (q, 3J(C,F) = 4.0, CHPy); 133.47 (q, 3J

(C,F) = 3.6, CHPy); 132.34 (CPy); 126.23 (q, 2J(C,F) = 33.2

CPy); 122.32 (q,
1J(C,F) = 273.2, CF3); 121.69 (CHIm);120.62

(CHIm); 85.08 (CODvinyl); 84.39 (CODvinyl); 51.91 (CODvinyl);
51.20 (CODvinyl); 47.56 (Im–CH2); 37.53 (Im–CH3); 36.79

(Py–CH2); 34.02 (CODallyl); 33.12 (CODallyl); 29.96
(CODallyl); 29.12 (CODallyl). ESI-MS: 590.08 ([M – Cl]+).

X-ray Diffraction Studies

Data were recorded at 100(2) K using an Oxford

Diffraction Xcalibur E diffractometer with monochro-
mated Mo Ka radiation (Oxford Diffraction, Yarnton,

UK). Absorption corrections were based on multiscans.
The structures were refined anisotropically using the

SHELXL-97 program [62]. Some F-atoms displayed large
and irregular thermal ellipsoids, but no disorder model
of the corresponding CF3 groups could be refined. The

OH hydrogen of 7a was refined freely; other H-atoms
were included as idealized Me groups allowed to rotate

but not tip, or placed geometrically and allowed to ride
on their attached C-atoms. For 7b, the THF solvent was

severely disordered; the effects of the solvent were
removed mathematically using the program SQUEEZE

[63].
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Crystallographic Data

Crystallographic data (excluding structure factors) have

been deposited with the Cambridge Crystallographic Data

Centre as supplementary publications no. CCDC-1442026

(7a), and CCDC-1442027 (7b) (see Table 2). Copies of
the data can be obtained free of charge on application to

CCDC, 12 Union Road, Cambridge CB2 1EZ (fax: (+44)
1223-336-033; e-mail: www.ccdc.cam.ac.uk/data_request/cif.
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