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The reactions of [M(u-Cl)(COD)], (M=Rh, Ir) with the conjugated
mesomeric betaines 2-(3-methyl-1-imidazolium)-benzimidazo-
late (1aH), 2-(3-isopropyl-1-imidazolium)-benzimidazolate (1bH)
and 2-(3-tert-butyl-1-imidazolium)-benzimidazolate (1cH) in
equilibrium with their carbenic tautomers 1'aH, 1’bH and 1'cH
were investigated. In the case of 1aH and 1bH, the homodinu-
clear complexes [MCI(COD){M(u-1'a)(COD)}] and [MCI
(COD){M(p-1'b)(COD)}] were obtained, whose anionic NHC
ligand 1'a~ or 1’b™ bridges the metal centres in a k'N:k'N
mode, while binding the M(COD) moiety in a CN-chelating
mode. For M=r, [IrCI(COD){Ir(u-1"b)(COD)}] containing the
“abnormal” NHC isomer 1”b~ was observed as a side product.
In the case of 1’cH, [{RhCI(COD)}L(u-1cH)] containing a k'N:x'N

Introduction

Imidazolium-benzimidazolates (1H) are readily available con-
jugated mesomeric betaines (CMBs),!" which were recently
established by us as convenient sources of donor-functionalised
N-heterocyclic carbenes (NHCs).” Their “instant carbene” behav-
jour can be ascribed to a betaine-carbene tautomerisation
(THS1'H; Scheme 1), which was first recognised for the
analytical reagent Nitron.?™

In our previous work we have described mononuclear Ni'
chelates [NiCp(1")],*® which contain deprotonated, and hence
anionic, amido-NHC ligands,®” viz. 1", and are easily obtained
by reacting 1H with nickelocene. Their oxidation afforded the
corresponding cations [NiCp(1°)], showing that 1’~ can support
the unusual oxidation state Ni".* The mononuclear chelates
[NiCp(1')] also provided ready access to heterodinuclear and
heterotrinuclear complexes, viz. [CuBr{NiCp(u-1}], [RhCl
(CODXNiCp(u-1)}1  (COD=n?:n*cycloocta-1,5-diene)  and
[Znl,{NiCp(u-11)},], in each case utilising the imine-type nitrogen
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benzimidazolato ligand was obtained for M=Rh, while for M=Ir
the reaction furnished [IrCI(COD){Ir(u-1"c)(COD)}], which con-
tains the anionic “abnormal” NHC ligand 1”c". This difference in
behaviour is rationalised by the propensity of iridium(l) for
oxidative addition, which in the present case involves a C—H
bond of the dangling formamidium unit of [{IrCI(COD)},(u-1cH)]
to afford [IF'CI(COD){Ir"HCl(u-1"c)(COD)}], followed by reductive
elimination of HCI. The crystal structures of the new complexes
were determined by single-crystal X-ray diffraction, except for
[IrCI(COD){Ir(u-1'a)(COD)}], where by serendipity the closely
related mononuclear complex [Ir(1’a)(COD)] was structurally
characterised instead.

N N
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Scheme 1. CMBs of type 1H in equilibrium with their carbenic
tautomers 1'H; substituents used in this work: R=Me (a), iPr (b),
tBu (c).

atom of [NiCp(1')] for coordination. The work described here
addresses the synthesis of homodinuclear complexes of the
type [IMCI(COD}{M(p-1")(COD)}] (M=Rh, Ir).

Results and Discussion

Scheme 2 summarises the synthesis of the metal complexes of
this study.

The reaction of 1aH or 1bH with [Rh(u-Cl)(COD)], afforded a
mixture of the corresponding dinuclear complex [RhCI
(COD){Rh(u-1")(COD)}] and the hydrochloride 1H,Cl, which un-
fortunately could not be separated. Two equivalents of the CMB
were needed for full conversion, since 1H also acts as a base in
this process, “mopping up” the HCl produced in the formation of
the Rh(p-1')(COD) unit. In the case of 1cH, no deprotonation
occurred and the «'N:x'N benzimidinato complex [{RhCl
(COD)L(u-1cH)] was obtained in 58% yield, when the starting
materials were used in a stoichiometric ratio of 1:1. When the
reactions of 1aH or 1bH were performed in the presence of an
additional base such as K,CO,® the yields of [RhCI(COD){Rh(u-
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M(COD); formal charges omitted for clarity). All reactions were performed

in refluxing dichloromethane. HCl was removed with Ag,0. The k'N:k'N benzimidinato complex [{MCI(COD)},(u-1H)] was isolated as the
final product for M=Rh and R=1Bu (i.e. with 1cH) and is assumed as an intermediate in all other cases, with the site and nature of the

follow-up reactions being indicated in colour.

1’a)(COD)}1 and [RhCI(COD)}{Rh(u-1’b)(COD)}]1 were still only
moderate at most. A better way to obtain these dinuclear Rh'
complexes turned out to be the “silver base route” established
by Lin,®'? utilising Ag,0 for the deprotonation of the imidazo-
lium unit and concomitant formation of a corresponding
coordinatively labile silver() NHC complex. This approach
afforded  [RhCI(COD){Rh(u-1'a)(COD)}] and [RhCI(COD){Rh(u-
1'b)(COD)}] in yields of at least 70%, when a moderate excess of
Ag,0 was used (1.5 equivalents). This approach failed with 1cH,
where [{RhCI(COD)},(u-1cH)] was furnished even under more
forcing conditions (heating to reflux for several days), irrespective
of the presence of Ag,0O in stoichiometric ratios of up to 2
equivalents. [RhCI(COD){Rh(u-1'a)(COD)}] and [{RhCI(COD)},(u-
1cH)] were structurally characterised by single-crystal X-ray
diffraction (XRD; Figures 1 and 2). The latter complex contains a
functionalised bridging «'N:x'N benzimidazolato ligand without
additional chelation, which is rarely observed in the chemistry of
benzimidazole-based ligands.™""

The structure of these complexes in solution is essentially
identical to that in the solid state according to an NMR
spectroscopic analysis. The two COD ligands present in [RhCI

(COD){Rh(pu-1"a)(COD)}1 and [RhCI(COD){Rh(u-1'b)(COD)}] give
rise to eight ®*C NMR signals for the CH, units in each case.
Their CH units give rise to doublets due to coupling to '®Rh
with "Jg,c values ranging from ca. 7-13 Hz. Only seven of the
expected eight doublets were observed in each case. A
Rh—C pene doublet ('Jr,c=53.8 Hz) was observed for [RhCl
(COD){Rh(p-1'b)(COD)}] at d=172.7 ppm, but could not be
detected for the methyl congener, which can be ascribed to the
significantly poorer solubility of the latter. In the 'H NMR
spectrum, the signal observed at lowest field (0=10.49 and
10.55 ppm for the p-1'a and p-1'b complex, respectively) is due
to a proton of the (CH), backbone of the NHC moiety. This
signal is downfield-shifted by ca. 2 ppm in comparison to the
corresponding CMB 1aH or 1bH. The molecular structure of
[RhCI(COD){Rh(p-1"a)(COD)]}] reveals that this substantial down-
field shift is most likely due to an intramolecular anagostic
CH--Rh' interaction (Rh1-H3 2.65 A, Rh1-H3-C3 127°)."” The
'HNMR spectrum of [{RhCI(COD)}(u-1cH)] shows a low-field
signal at d =11.47 ppm for the N,CH unit of the formamidinium
moiety, which is down-field-shifted by ca. 2 ppm with respect
to 1cH. In the solid state this H atom appears to be involved in
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intramolecular CH--Cl hydrogen bond interaction in the solid
state (CI2—H3 2.63 A, CI2—H3—C3 148°). The two COD ligands of
[{RhCI(COD)},(u-1cH)] give rise to four *C NMR signals each for
their CH and CH, units, indicating that the COD ligands are
equivalent on the NMR time scale.

Our futile attempts to synthesise [RhCI(COD){Rh(u-
1'c)(COD)}] prompted us to test the analogous iridium
chemistry. Consequently, the “silver base route” procedure
established for the preparation of [RhCI(COD){Rh(u-1'a)(COD)}]
and [RhCI(COD){Rh(pu-1'b)(COD)}] was applied to 1cH and [Ir(p-
Cl)(COD)],. This afforded the dinuclear complex [IrCI(COD){Ir(u-
1”¢)(COD)}] in 73% yield, which was structurally characterised
by XRD (Figure 3). This product was also obtained in the
absence of Ag,0, albeit in lower yield and contaminated with
the hydrochloride 1cH,CI.

This complex does not contain the anionic NHC ligand 1'c’,
but instead the isomeric “abnormal” NHC (@NHC) 1”c"."™ The
Ru" complex [Ru(1”cH),(PPh,),ICl, containing the protonated,

Figure 1. Molecular structure of [RhCI(COD){Rh(u- and hence electroneutral, form 1”cH as chelate ligand had been
1'a)(COD)}]- 2CHCI; in the crystal. The solvent molecules have been described already in our previous work.”? aNHC formation is
omitted for clarity. The CH--Rh' contact compatible with an known to be favoured by steric congestion."*'™ Note that

anagostic interaction is indicated by a dashed line. Selected bond
lengths/A: Rh2—C20 2.162(3), Rh2—C21 2.130(2), Rh2—C24 2.204(3),
Rh2—C25 2.190(2).

iridium benzimidazolato-aNHC C,N-chelates have been devel-
oped as catalysts for the hydrogenation of aldehydes and
carbon dioxide." The *C NMR signal due to the C_,pene atom of
[IrCI(COD){Ir(u-1"c)(COD)}] was observed at 6=156.6 ppm in
p CD,Cl,. The formally cationic N,CH unit of the “abnormal”
) carbene moiety gives rise to a diagnostic low-field 'H NMR
signal at d =11.26 ppm in CD,Cl,, which compares well with the
N,CH signal of [{RhCI(COD)},(u-1cH)] at d=11.47 ppm. Again,
an anagostic interaction is evident from the crystal structure
(Ir—H1 2.78 A, Ir1—H1—C1 126°). Irrespective of the use of Ag,0,
crude [IrCI(COD){Ir(u-1"c)(COD)}] contained small amounts of an
impurity which showed a 'H NMR signal at conspicuously high
field (0=—14.73 ppm), indicative of a hydrido complex. We

Figure 2. Molecular structure of [{RhCI(COD)},(u-1cH)]-CH,Cl, in the
crystal. The solvent molecule has been omitted for clarity. The
CH--Rh'and CH--Cl contacts compatible respectively with anagostic
and hydrogen bond interactions are indicated by dashed lines.

an anagostic CH--Rh' (Rh1-H1 2.79 A, Rh1—H1-C1 108°) and an
intramolecular CH--Cl hydrogen bond interaction™ (Cl1—H1
2.53 A, CI1T-H1—C1 156°) with the chlorido ligand at Rh1. The
second CH--Rh' contact present in this complex (Rh2—H3 2.97 A,

Rh1-H3-C3 113°) 1|s bordetllne for an anagostlc |nt.eract|on. Figure 3. Molecular structure of [IrCI(COD){Ir(1-1"c)(COD)} - CH,Cl,
Nevertheless, the 'HNMR signal due to this CH unit at 0= j'the crystal. The solvent molecule has been omitted for clarity.

10.00 ppm is substantially down-field shifted by ca. 1.4 ppm  The CH--If' contact compatible with an anagostic interaction is
with respect to 1cH. We note that, in addition to its rather long  indicated by a dashed line. Selected bond lengths/A: Ir2—C23
CH-Rh' contact, this CH unit is also involved in a weak 2.189(8), I2-C24 2.143(9), I2-C27 2.125(8), Ir2-C28 2.112(8).
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surmise that the reaction of 1cH with [M(u-Cl)(COD)], (M=Rh, Ir)
affords [{MCI(COD)},(u-1cH)], which is isolated as the final
product for M=Rh, but undergoes a follow-up reaction in the
case of M=Ir, namely an intramolecular C—H activation of the
formamidinium unit (oxidative addition at Ir; Scheme 2). Due to
the neighbouring bulky tBu substituent, this cyclometallation
does not involve the N,CH unit, but the proximal CH unit of the
(CH), moiety, thus leading to the hydrido complex [Ir'CI(COD)-
{IMHCI(u-1"c)(COD)}] with the “abnormal” carbene ligand 1”c".
Finally, reductive elimination of HCI (efficiently removed by
Ag,0) affords [IrCI(COD){Ir(u-1"c)(COD)}]. Oxidative additions
are known to be much more facile for Ir' than for Rh',"” and this
has been confirmed also for the oxidative addition of
imidazolium C—H bonds."®

The analogous reaction with the sterically least encumbered
CMB 1aH with [Ir(u-Cl)(COD)], afforded the “normal” NHC
complex [IrCI(COD){Ir(u-1'a)(COD)}], which was isolated in 65 %
yield. Its NMR spectroscopic features are similar to those of the
corresponding Rh analogue. Eight *C NMR signals each were
observed for the CH and CH, units of the two COD ligands. In
contrast to the Rh analogue, it was possible in this case to
detect the ™C NMR signal due to the Cupene atom (6=
172.4 ppm). In the "H NMR spectrum, the signal observed at
lowest field (0=9.96 ppm) is due to a proton of the (CH),
backbone of the NHC moiety, which very likely is involved in an
anagostic CH-Ir' interaction similar to that discussed above for
the structurally characterised Rh' analogue. The reaction of 1bH
with [Ir(u-Cl)(COD)], also led to the “normal” NHC complex [IrCl
(COD){Ir(u-1'b)(COD)}] (56% yield), whose NMR spectroscopic
features are very similar to those of the methyl congener just
described. From the structure of this compound (Figure 4) the
anagostic interaction just suggested for the methyl congener is
clearly evident (Ir1-H3 2.68 A, Ir1-H3—C3 126°). Similar to the

Figure 4. Molecular structure of [IrCI(COD){Ir(u-1'b)(COD)}1-C,H,Cl,
in the crystal. The solvent molecule has been omitted for clarity.
The CH--Ir' contact compatible with an anagostic interaction is
indicated by a dashed line. Selected bond lengths/A: Ir2—C22
2.123(4), Ir2—C23 2.113(4), Ir2—C26 2.159(4), Ir2—C27 2.181(5).

reaction of 1cH described above, the 'H NMR spectrum of the
crude product indicated the presence of small amounts of a
hydrido complex (high-field signal at é=—13.02 ppm), which
was removed by crystallisation. Fortuitously, crystallisation
afforded a few single crystals also of the isomeric [IrCl
(COD){Ir(u-1"b)(COD)}] (Figure 5), whose presence in the crude
product had not been obvious from the NMR spectra. Similar to
[IrCI(COD)Ir(u-1"c)(COD)}], the N,CH unit is involved in an
anagostic interaction (Ir1—H1 2.73 A, Ir1—H1—C1 128°).

One of our numerous attempts to obtain single crystals of
[IrCI(COD){Ir(u-1'a)(COD)}] suitable for XRD serendipitously af-
forded a few crystals of the mononuclear chelate [Ir(1'a)(COD)]
(Figure 6).

The structures of the complexes of this study share a
number of characteristic features. The five-membered ring
chelate complexes exhibit very similar N-M—C_,..e angles
(78.1-79.4°). The M—Cl bond lengths of the dinuclear complexes
lie in the narrow range from 2.34-2.40 A, which is due to the

Figure 5. Molecular structure of [IrCI(COD){Ir(u-1"b)(COD)}] in the
crystal. The CH-Ir' contact compatible with an anagostic interaction
is indicated by a dashed line. Selected bond lengths/A: Ir2—C22
2.104(12), Ir2—C23 2.120(12), Ir2—C26 2.148(11), Ir2—C27 2.158(11).

Figure 6. Molecular structure of [Ir(1'a)(COD)] in the crystal. Only
one of the two independent molecules present in the asymmetric
unit is shown. Selected bond lengths/A: Ir1—C12 2.131(5), Ir1—C13
2.138(5), Ir1—C16 2.163(6), Ir1—C17 2.184(5).
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very similar covalent radii of Rh and Ir (1.42 and 1.41A,
respectively)." This similarity is also reflected by the M—N bond
lengths, whose average value is 2.10 A for the Rh' and 2.08 A for
the Ir' complexes, and by the M—C_, . boOnd lengths, which are
all indistinguishable within experimental error (average value
2.05A) and slightly, but significantly, shorter than the M—N
bond lengths, as has been noted before for the Ni" chelates
[NiCp(1)].” These and further pertinent bond lengths are
collected in Table 1.

The lengths of the two M—N bonds of the dinuclear
complexes are indistinguishable within experimental error in
each case, indicating that a differentiation between putative
Namidoe and Nipne atoms is not meaningful. This is further
supported by the fact that in each case the lengths of the two
C—N bonds in the benzimidazole-based N,C unit are indistin-
guishable within experimental error, too. The average value of
these C—N bonds is 1.33 A, which is intermediate between the
values typical of C(sp?)—N(sp? single (1.41 A) and double bonds
(1.28 A),® indicating efficient 7t delocalisation in this N,C unit.
In contrast, the mononuclear complex [Ir(1'a)(COD)] exhibits
significantly different bond lengths (ca. 135 vs. ca. 1.30 A),
compatible with a coordinated N,.,, and an uncoordinated
Nimine @tom. Note that the interannular C—N bonds range from
ca. 1.39-1.41 A for all complexes of this study, pointing to a
very low degree of m delocalisation between the two hetero-
cyclic rings in all cases. The M—C(COD) bonds of the metal
centres contained in a five-membered chelate ring are slightly
longer (by ca. 0.05 A; see Figures 1 and 3-6) for the part of the
diene that is trans to the carbene ligand, as expected from the
pronounced trans influence®” of NHC ligands.””

Conclusion

Depending on the metal, the reaction of 1cH with [M(u-
Cl)(COD)], (M=Rh, Ir) leads to completely different products, viz.
the benziminato-bridged complex [{RhCI(COD)},(u-1cH)] with a
dangling formamidinium unit and the CN-chelate [IrCl

(COD){Ir(u-1"c)(COD)}] with an anionic aNHC ligand, which
represent coordination modes hitherto unknown for ligands
based on CMB system 1H. This difference can be rationalised by
the comparatively higher propensity of iridium(l) for oxidative
addition, which in the present case involves a C—H bond of the
dangling formamidinium unit of the assumed intermediate
{IrCI(COD)},(u-1cH)]. Such a cyclometallation does not occur
with the rhodium(l) analogue [{RhCI(COD)}L(p-1cH)]. Likewise,
the rhodium(l) C,N-chelates [RhCI(COD){Rh(p-1'a)(COD)}] and
[RhCI(COD){Rh(u-1'b)(COD)}] containing an anionic “normal”
NHC ligand are most likely not formed by cyclometallation, but
via deprotonation of the formamidinium N,CH unit. An
analogous formation of [RhCI(COD){Rh(p-1'c)(COD)}] via depro-
tonation is obviously prevented by the bulky tBu substituent, as
has been observed before for pyrazolyl-NHC Rh' chelates,” and
the formation of a rhodium(l) C,N-chelate with the anionic
aNHC ligand 1”c” via deprotonation does not occur due to the
prohibitively low CH acidity of the “abnormal” precarbenic
position of the formamidinium unit.””

Experimental Section

All reactions involving air-sensitive compounds were performed in
an inert atmosphere (argon or dinitrogen) by using Schlenk
techniques or a conventional glovebox. Starting materials were
procured from standard commercial sources and used as received.
1aH,” 1bH? and 1cH® were synthesised by following adapted
versions of the published procedures. NMR spectra were recorded
at ambient temperature with Varian NMRS-500 and MR-400
spectrometers operating at 500 and 400 MHz, respectively, for 'H.
Combustion analyses were carried out with a HEKAtech Euro EA-
CHNS elemental analyser at the Institute of Chemistry, University of
Kassel, Germany.

Synthesis of [RhCI(COD){Rh(n-1'a)(COD)}I: A stirred suspension of
1aH (99 mg, 0.50 mmol) and Ag,0 (174 mg, 0.75 mmol) in dichloro-
methane (20 mL) was refluxed for 1 h. [Rh(u-Cl)(COD)], (247 mg,
0.50 mmol) was added and refluxing continued for 1 h. The mixture
was allowed to cool to room temperature and filtered through a
Celite pad. The filtrate was reduced to dryness under vacuum. The

Table 1. Selected bond lengths/A of the structurally characterised complexes of this study.
M_Ccarbene M-N M-Cl C_NBlma) C_Nlm ) C_NinterC)
[RhCI(COD){Rh(pu-1'a)(COD)}] 2.048(3) 2.091(2)? 2.3851(6) 1.325(3) 1.347(3) 1.397(3)
2.104(2) 1.341(3) 1.380(3)
[{RhCI(COD)}L,(pu-1cH)] 2.098(2)% 2.3671(7) 1.331(4) 1.328(4) 1.411(4)
2.104(2) 2.3973(7) 1.329(4) 1.343(4)
[IrC(COD){Ir(u-1"c)(COD)}Y 2.033(8) 2.095(6)% 2.357(2) 1.308(10) 1.343(10) 1.409(10)
2.109(7) 1.328(10) 1.328(10)
[IrCI(COD){Ir(p-1'b)(COD)} 2.057(4) 2.079(3)? 2.3596(11) 1.329(5) 1.362(5) 1.394(5)
2.082(3) 1.345(5) 1.375(5)
[IrCI(COD){Ir(u-1"b)(COD)}] 2.035(11) 2.073(10)¢ 2.339(3) 1.329(15) 1.362(16) 1.389(15)
2.078(9) 1.342(14) 1.317(14)
[Ir(1"a)(COD)]? 2.065(5) 2.065(5) 1.355(7) 1.355(7) 1.410(7)
2.060(5) 2.071(5) 1.297(7) 1.362(7) 1.410(7)
1.353(7) 1.354(7)
1.296(7) 1.368(7)
a) Bond lengths in the benzimidazole-based N,C unit. b) Bond lengths in the imidazole-based N,C unit. c) Interannular bond length. d) N
atom of the five-membered chelate ring. ) Two independent molecules.
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crude product thus obtained was purified by column chromatog-
raphy (silica gel, ethyl acetate), which afforded a yellow micro-
crystalline solid. Yield 236 mg (72 %). "H NMR (CD,Cl,): 6=10.49 (s,
1 H, NCHCHN), 834 (d, J/=8.1Hz, 1 H, CH,), 7.19 (m, 1 H, CH,),
7.11-7.05 (m, 2 H, C4H,), 6.99 (s, 1 H, NCHCHN), 5.82-5.75, 5.75-5.67
(2m, 2x1 H, CHeop), 4.74-4.70 (m, 1 H, CHeop), 4.67-4.61 (m, 3 H,
CHCQD), 3.76-3.70 (m, 1 H, CHCOD)I 3.61 (S, 3 H, Me), 3.51-3.47 (m, 1
H, CHeop), 2.73-2.65 (m, 1 H, CH,), 2.56-2.33 (m, 7 H, CH,), 2.16-2.06
(m, 3 H, CH,), 2.01-1.94 (m, 1 H, CH,), 1.87-1.69 ppm (m, 3 H, CH,).
BC{H} NMR (CD,Cl,): =123.3 (NCHCHN), 122.6, 121.3 (2xCcH,),
119.1 (NCHCHN), 1143 (CgH,), 94.0 (d, Jeg,=6.6 Hz, CHeop), 93.5 (d,
Jn=7.9 Hz, CHcop)r 854 (d, Jegn=11.6 Hz, CHeop), 84.1 (d, Jogn=
12.9 Hz, CHeop), 76.3 (d, Jegn = 12.3 Hz, CHcop), 73.8 (d, Jepn = 12.4 Hz,
CHeoo)r 732 (d, Jegn=12.6 Hz, CHcop), 36.7 (CH5), 33.2, 32.8, 32.6,
31.5, 31.3, 30.8, 30.2, 30.0 ppm (8xCH,). CoHsN,CIRh, (654.84):
calcd. € 49.52, H 5.08, N 8.56 %; found C 49.55, H 5.02, N 8.23 %.

Synthesis of [RhCI(COD){Rh(u-1'b)(COD)}l: The product was ob-
tained as a yellow, microcrystalline solid (239 mg, 70%) from 1bH
(113 mg, 0.50 mmol), Ag,0 (174 mg, 0.75mmol) and [Rh(p-
Cl)(COD)1, (247 mg, 0.50 mmol) by a procedure essentially identical
to that described above for [RhCI(COD){Rh(u-1'a)(COD)}. 'H NMR
(CD,Cl,): 6=10.55 (s, 1 H, NCHCHN), 8.34 (d, J=8.1 Hz, 1 H, C¢H,),
7.20-7.05 (m, 4 H, NCHCHN and 3xCH,), 5.77-5.65 (m, 2 H, CHcop),
5.54 (S, 1 H, CHCOD)I 4.72-4.60 (ml 2 H, CHCOD)I 4.55 (Sl 1 H, CHCOD)I
3.96 (sept, J=6.9 Hz, 1 H, CHMe,), 3.75-3.69 (m, 1 H, CHcop), 3.54—
3.48 (M, 1 H, CHcop), 2.72-2.59 (m, 1 H, CH,), 2.54-2.32 (m, 5 H, CH,),
2.15-1.69 (m, 10 H, CH,), 1.51, 1.50 ppm (2 d, /=6.8 Hz, 2x3 H,
CHMe,). C{"H} NMR (CD,Cl,): 6=172.7 (d, Jepn="53.8 HZ, Ceprpene)s
156.2 (N;C), 143.1, 142.0 (2xCgH,), 122.5 (NCHCHN), 121.2, 119.9,
119.1 3xCgH,), 117.3 (NCHCHN), 114.2 (C;H,), 93.1 (d, Je, = 8.0 Hz,
CHeop), 92.7 (d, Jep=8.2 Hz, CHeop)s 85.3 (d, Jegn="11.5 Hz, CHcop),s
84.0 (d, Jegn=11.9 Hz, CHeop), 76.3 (M, CHeop), 73.5 (d, Jegn = 12.8 Hz
CHcop), 73:0 (d, Jegn=12.5 Hz CHcop), 51.0 (CHMe,), 33.1, 32.7, 32.6,
31.5, 31.2, 30.9, 30.2, 30.1 (8xCH,), 24.1, 24.0 ppm (2xCHMe,).
C,oHs6N,CIRh,-CH,Cl, (766.82): calcd. C 46.99, H 4.99, N 7.31%; found
C46.22,H5.15,N 7.29%.

Synthesis of [{RhCI(COD)},(u-1cH)l: A solution of 1cH (120 mg,
0.50 mmol) and [Rh(p-CI)(COD)], (247 mg, 0.50 mmol) in dichloro-
methane (20 mL) was refluxed for 1 h. The mixture was allowed to
cool to room temperature and filtered through a Celite pad. The
filtrate was reduced to dryness under vacuum and the residue
recrystallized from dichloromethane, which afforded the product as
yellow needles. Yield 213 mg (58 %). "H NMR (CD,Cl,): 6 =11.47 (s, 1
H, N,CH), 10.00 (s, T H, NCHCHN), 8.24-8.22 (m, 2 H, C¢H,), 7.73 (s, 1
H, NCHCHN), 7.33-7.31 (m, 2 H, C¢H,), 4.69-4.62, 4.59-4.52, 3.68-
3.61,3.11-3.04 (4 m, 4x2 H, CHcop), 2.71-2.60, 2.48-2.37, 2.22-2.12
(3m, 3x2 H, CH,), 1.97 (s, 9 H, CMes), 1.94-1.84 (m, 4 H, CH,), 1.81-
1.66 ppm (m, 6 H, CH,). *C{'"H} NMR (CD,Cl,): 5 =148.2 (N,C), 144.5
(CeH,) 142.8 (N,CH), 136.8 (NCHCHN), 122.8, 118.4 (2xCgH,), 100.7
(NCHCHN), 85.7, 84.3, 76.8, 76.6 (4XCHcop), 62.0 (CMes), 33.1, 31.5,
31.1 (3xCH,), 30.6 (CMe,), 30.4 ppm (CH,). CsoHaoN,Cl,Rh,-CH,Cl,
(766.82): calcd. C 45.50, H 5.17, N 6.85%; found C 45.34, H 5.26, N
6.66 %.

Synthesis of [IrCI(COD){Ir(u-1'a)(COD)}]: A stirred suspension of
1aH (10 mg, 50 pmol) and Ag,0 (17 mg, 73 umol) in dichloro-
methane (5 mL) was refluxed for 1 h. [Ir(u-Cl)(COD)], (25 mg, 0.50
umol) was added and refluxing continued for 1 h. The mixture was
allowed to cool to room temperature and filtered through a Celite
pad. The filtrate was reduced to dryness under vacuum. The residue
was washed with diethyl ether (2x5 mL) and subsequently taken
up in dichloromethane (2 mL). Diethyl ether (15 mL) was added
dropwise. The precipitate was filtered off and recrystallized by
vapour diffusion of diethyl ether into a 1,2-dichloroethane solution,
which afforded the product as red crystals. Yield 27 mg (65 %).
"H NMR (CD,Cl,): 6 =9.96 (s, 1 H, NCHCHN), 8.16 (s, 1 H, C¢H,), 7.22—

7.11 (m, 3 H, CH,), 6.91 (s, 1 H, NCHCHN), 5.63-5.49 (m, 2 H, CHcqp),
4.51-435 (m, 2 H, CHeop), 4.18 (M, 2 H, CHeop) 362 (s, 3 H, Me),
3.45-3.35 (m, 2 H, CHcop), 3.15-3.08 (m, 1 H, CH,), 2.45-2.14 (m, 9 H,
CH,), 1.97-1.83 (m, 3 H, CH,), 1.78-1.67, 1.65-1.54, 1.52-1.35 ppm
(3m, 3x1 H, CH,). BC{'"H} NMR (CD,Cl,): 6=1724 (C opens)s 143.1
(N5C), 141.6, 140.6, 124.2 (3xC¢H,), 123.6 (NCHCHN), 121.9, 119.9,
119.6 (3xC¢H,), 114.5 (NCHCHN), 82.0, 81.5, 70.4, 69.3, 59.0, 58.9,
58.2, 57.8 (8xCHcop), 36.7 (Me), 34.2, 33.8, 33.1, 32.2, 32.1, 31.7,
31.2, 31.0 ppm (8 xCH,). Cy,H;3N,Clir, (833.46): calcd. C 38.91, H
3.99, N 6.72%; found C 38.49, H 4.08, N 6.70 %.

Synthesis of [IrCI(COD){Ir(u-1'b)(COD)}]: The product was obtained
as red crystals (24 mg, 56%) from 1bH (11 mg, 50 pmol), Ag,0
(17 mg, 73 umol) and [Ir(u-CI)(COD)], (25mg, 50 umol) by a
procedure essentially identical to that described above for [IrCl
(COD){Ir(u-1"a)(COD)}. 'H NMR (CD,Cl,): 6=10.04 (s, 1 H, NCHCHN),
8.16 (d, J=7.6 Hz, 1 H, C¢H,), 7.23-7.14 (m, 3 H, CH,), 7.08 (s, 1 H,
NCHCHN), 5.62-5.56, 5.55-5.49, 4.50-4.46, 4.42-4.38 (4 m, 4x1 H,
CHcop), 4.17-4.09 (m, 3 H, CHMe, and CHcyp), 3.44-3.38 (m, 1 H,
CHcop), 3.18-3.14, 2.49-2.41 2 m, 2x 1 H, CH,), 2.35-2.15 (m, 7 H,
CH,), 1.97-1.81 (m, 4 H, CH,), 1.79-1.69 (m, 1 H, CH,), 1.66-1.58 (m,
1 H, CH,), 1.52 (d, J=6.5Hz, 6 H, CHMe,), 1.46-1.37 ppm (m, 1 H,
CH,). *C{'H} NMR (CD,Cl,): 6=170.8 (Cymene), 143.2 (N5C), 141.5,
140.6 (2xCgH,), 123.6 (NCHCHN), 121.8, 120.8, 119.6 (3xCsH,),
118.4 (NCHCHN), 114.5 (C¢H,), 80.9, 80.5, 70.4, 69.2, 59.1, 58.8, 57.8,
574 (8XCHcop), 51.1 (CHMe,), 34.0, 33.7, 33.1 (3xCH,, 322
(CHMe,), 31.7, 31.1 (two very closely spaced signals), 24.0, 23.9 ppm
(5XCH,). C,H3,N,ClIr, (861.52): calcd. C 40.43, H 4.33, N 6.50%;
found C 39.60, H 4.59, N 5.95%.

Synthesis of [IrCI(COD){Ir(n-1"c)(COD)}]: The product was obtained
as red crystals (32 mg, 73%) from 1cH (12 mg, 50 umol), Ag,0
(17 mg, 73 pmol) and [Ir(u-C)(COD)], (25 mg, 50 umol) by a
procedure essentially identical to that described above for [IrCl
(COD)Ir(p-1"a)(COD)L. "HNMR (CD,Cl,): 6=11.26 (s, 1 H, N,CH),
8.10-8.08 (m, 1 H, C¢H,), 7.26-7.15 (m, 3 H, C¢H,), 6.74 (s, 1 H,
CeabercCH), 5.23-5.16, 5.14-5.08, 4.57-4.53, 442-437 (4m, 4x1 H,
CHcop), 3.92-3.84 (m, 2 H, CHcgp), 3.55-3.49, 3.21-3.16 (2 m, 2x 1 H,
CHeoo) 2.54-2.43, 2.40-2.31 (2m, 2x 1 H, CH,), 2.29-2.14 (m, 6 H,
CH,), 1.96-1.91 (m, 2 H, CH,), 1.85-1.78 (m, 4 H, CH,), 1.75 (s, 9 H,
CMe,), 1.71-1.65, 1.47-1.37 (2 m, 2x 1 H, CH,). *C{"H} NMR (CD,Cl,):
0=156.6 (Ceapene)s 142.3 (N5O), 141.5, 140.0 (2x CgH,), 130.1 (N,CH),
122.9, 121.5, 120.9 (3xCeH,), 118.3 (CopeneCH), 114.6 (CeH,), 76.7,
76.3, 70.7, 68.8 (4xCHcop), 65.6 (CMe,), 58.8, 58.6, 57.1, 56.8 (4x
CHeop), 33.3, 324, 32.1, 317, 31.3 (5% CH,), 31.2 (2XCH,, as judged
from the relative intensity of the signal), 31.0 (CH,), 29.8 (CMe;).
CaoHsoN,ClIr, (875.54): caled. C 41.15, H 4.49, N 6.40%; found C
41.26,H 4.67, N 6.13%.

X-ray Crystallography: For each data collection a single crystal was
mounted on a micro-mount at 100(2) K and all geometric and
intensity data were taken from this sample. Data collections were
carried out on a Stoe IPDS2 diffractometer equipped with a 2-circle
goniometer and an area detector in the case of [{RhCI(COD)},(u-
1cH)] CH)CI, and [IrCI(COD){Ir(u-1"b)(COD)}], whereas a Stoe
StadiVari diffractometer equipped with a 4-circle goniometer and a
DECTRIS Pilatus 200 K detector was used for all other cases. The
diffraction experiments were performed with Mo-K, radiation (1=
0.71073 A) in all cases except [IrCI(COD){Ir(u-1"c)(COD)}] CH,Cl, and
[Ir(1"a)(COD)], where Cu-K, radiation (1=1.54186 A) was used. The
data sets were corrected for absorption, Lorentz and polarisation
effects. The structures were solved by direct methods (SHELXT)?®
and refined using alternating cycles of least-squares refinements
against F? (SHELXL2014/7).%® C-bonded H atoms were included to
the models in calculated positions, heteroatom-bonded H atoms
have been found in the difference Fourier lists. All H atoms were
treated with the 1.2 fold or 1.5 fold isotropic displacement
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parameter of their bonding partner. Experimental details for each
diffraction experiment are given in Table 2.

Crystallographic data (excluding structure factors) for the structures
in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the
depository numbers CCDC-2039623 (IRhCI(COD){Rh(p-
1'a)(COD)}]-2CHCl;), CCDC-2039624  ([{RhCI(COD)},(u-1cH)1-CH,Cl,),
CCDC-2039625  ([IrCI(COD){Ir(u-1"c)(COD)}-CH,CL,), CCDC-2039626
(IIrCI(COD){Ir(u-1'b)(COD)}-C,H,Cl,), CCDC-2039627 ([IrCI(COD){Ir(u-
1”b)(COD)}]), and CCDC-2039628 ([Ir(1'a)(COD)]) (Fax: + 44-1223-336-
033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Supporting Information (see footnote on the first page of this
article): Plots of NMR spectra (Figures S1-S12).
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