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The metalation of a series of C2-Me-substituted monoimidazolium and bisimidazolium salts to
[Cp*IrCl ), is described. The reaction of the monoimidazolium salt provides the species Cp*Ir(aNHC)-
Cly, in which the NHC shows an abnormal coordination mode. The use of the bisimidazolium salt provides
different reaction patterns depending on the linker length between the two azolium rings. For the methylene-
linked bisimidazolium salt, the only compound obtained shows an unusual type of coordination in which
the chelating ligand is coordinated through an abnormal NHC and a methylene group resulting from the
CH activation of the C2-Me group. For the ethylene-linked bisimidazolium salt, a similar product is
obtained, together with the chelating bis-abnormal-NHC species. All compounds have been fully
characterized by usual spectroscopic techniques, and X-ray molecular structures are described. The
formation of the reaction products, in the case of the methylene linker, has been rationalized by means
of DFT calculations with inclusion of solvent effects (PCM). The calculations could not discriminate the
nature of the first metalation between direct deprotonation of the ligand by the base and metalation
through C-H activation at Ir. However both cases point to a kinetic preference for first metalation at the
C2-Me group. The second metalation process is the result of kinetically prefetreldaCtivation at the
C5 position.

Introduction been reviewed.The betteis-donor abilities of NHCs compared
to phosphines facilitate €H activation, and hence the number
of papers regarding the intramolecdfat® and catalytié*16
versions of this process is continously increasing. Abnormal
NHCs are considered more basic than normal NHTsp the

It is now well recognized that N-heterocyclic carbenes
(NHCs) have provided new structural principles in the design
of homogeneous catalystsand this has afforded the great
development of NHC chemistry. A large number of examples
reporting unprecedented and new topologies of coordinated (4) Appelhans, L. N.; Zuccaccia, D.; Kovacevic, A.; Chianese, A. R.;
ligands, effective catalytic responses in a wide variety of Miecznikowski, J. R.; Macchioni, A.; Clot, E.; Eisenstein, O.; Crabtree, R.
reactions, and new forms of bond activations are reported yeart- J: Am. Chem. So@005 127, 16299,

; ; (5) Chianese, A. R.; Kovacevic, A.; Zeglis, B. M.; Faller, J. W.; Crabtree,
after yea” Among these examples, those regarding the forma- . . Organometallics2004 23, 2461.
tion of abnormal carbenes and the design of compounds capable (6) Grundemann, S.; Kovacevic, A.; Albrecht, M.; Faller, J. W.; Crabtree,
of activating selectively aromatic and aIiphatie—G bonds R. H..J. Am. Chem. So2002 124, 10473. Stylianides, N.; Danopoulos,

i fields in which N-heterocyclic carbenes have found A. A, Tsoureas, NJ. Organomet. Chen200s 690 5948.

Con§t!tUte e o Yy g (7) Kovacevic, A.; Grundemann, S.; Miecznikowski, J. R.; Clot, E.;
a privileged position. Abnormal carbenes (NHC ligands bound Eisenstein, O.; Crabtree, R. Bhem. Commur2002 2580. Hu, X.; Castro-
through a backbone C4 or C5 carbon), first described by Rgd“g_uezyl-? Meyer, KOFG%nomEta”'CSZO% 22, 3016. Graham, T. W.;
Crabtree and co-workefs)ow constitute a new family of NHCs lé ‘3‘0 CI)?‘ggrl‘lc';“r.ﬁ ;égﬁﬁﬁ%%;&ch?ﬂf‘mooﬁ 2699. Hu, X. L.; Meyer,
that are often found in the recent literattréand even have (8) Alcarazo, M.; Roseblade, S. J.; Cowley, A. R.; Fernandez, R.; Brown,

J. M.; Lassaletta, J. Ml. Am. Chem. So@005 127, 3290.
* Corresponding author. E-mail: eric.clot@univ-montp2.fr; eperis@ (9) Arnold, P. L.; Pearson, £oord. Chem. Re 2007, 251, 596.

gio.uji.es. (10) Burling, S.; Mahon, M. F.; Powell, R. E.; Whittlesey, M. K.;
T Universitat Jaume 1. Williams, J. M. J.J. Am. Chem. So@006 128 13702. Ampt, K. A. M;
* UniversiteMontpellier 2. Burling, S.; Donald, S. M. A.; Douglas, S.; Duckett, S. B.; Macgregor, S.
(1) Herrmann, W. A.; Elison, M.; Fischer, J.; Kocher, C.; Artus, G. R. A.; Perutz, R. N.; Whittlesey, M. KJ. Am. Chem. SoQ006 128 7452.
J. Angew. Chemlnt. Ed. Engl.1995 34, 2371. Abdur-Rashid, K.; Fedorkiw, T.; Lough, A. J.; Morris, R. i@rganome-
(2) Peris, E.; Crabtree, R. HCoord. Chem. Re 2004 248 2239. tallics 2004 23, 86. Caddick, S.; Cloke, F. G. N.; Hitchcock, P. B.; Lewis,
Crudden, C. M.; Allen, D. PCoord. Chem. Re 2004 248 2247. Cesar, A. K. D. Angew. Chemint. Ed.2004 43, 5824. Dorta, R.; Stevens, E. D.;
V.; Bellemin-Laponnaz, S.; Gade, L. l&hem. Soc. Re 2004 33, 619. Nolan, S. PJ. Am. Chem. So@004 126, 5054. Huang, J. K.; Stevens, E.
Bourissou, D.; Guerret, O.; Gabbai, F. P.; BertrandOBem. Re. 200Q D.; Nolan, S. POrganometallic200Q 19, 1194. Burling, S.; Mahon, M.
100 39. Herrmann, W. A.; Kocher, @Angew. ChemlInt. Ed. Engl.1997, F.; Paine, B. M.; Whittlesey, M. K.; Williams, J. M. Drganometallics
36, 2163. Cavell, K. J.; McGuinness, D. Soord. Chem. Re 2004 248, 2004 23, 4537. Cabeza, J. A.; del Rio, I.; Miguel, D.; Sanchez-Vega, M.
671. Herrmann, W. AAngew. Chem.nt. Ed. 2002 41, 1291. Peris, E.; G. Chem. Commur2005 3956. Danopoulos, A. A.; Winston, S.; Hurst-
Crabtree, R. HC. R. Chim2003 6, 33. Mata, J. A.; Poyatos, M.; Peris, E.  house, M. B.J. Chem. Soc., Dalton Tran2002 3090. Hitchcock, P. B.;
Coord. Chem. Re 2007, 251, 841. Lappert, M. F.; Terreros, B. Organomet. Cheni982 239 C26. Cariou,
(3) Grundemann, S.; Kovacevic, A.; Albrecht, M.; Faller, J. W.; Crabtree, R.; Fischmeister, C.; Toupet, L.; Dixneuf, P. Brganometallic006 25,
R. H. Chem. Commur2001, 2274. 2126.
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Formation of Abnormal Carbenes with Iridium

use of the former ligands may favor processes involvirgHC

activation or, at least, may lead to unusual reactivity patterns.

We recently performed a series of experimental and theoreti-
cal studies aimed at understanding the mechanisms leading to

the formation of a series of bis-chelating-WHC complexes
through intermolecular €H activationl’”1®We also described

a series of Cp*Ir(NHC) complexes that undergo facile intramo-
lecular C-H activatiort*1> and are effective catalysts in the
deuteration of a wide range of organic molecutesn our
studies about the intramolecular-€l activation, we designed

a series of experiments for elucidating the factors leading to

either aromatic or aliphatic €€H activations'® Steric factors

seemed to highly influence the process, although theoretical
calculations are presently underway in order to support our

conclusions.
In order to design selective-€H activation catalysts, it is

important not only to understand both the steric and electronic

influences of the ligands on the-& activation processes, but

also to understand the factors underlying selective metalation

of the imidazolium ring at a given position. In this work, we

describe the preparation of a series of abnormal-NHC complexes
bound to a Cp*Ir fragment. The preparation of the monocarbenes
and chelating biscarbenes leads to a series of complexes wit
unprecedented structural features. We describe a bis-abnorma
NHC and, more remarkably, an unexpected type of chelating

abnormal-NHC in which the €H activation of a C2-methyl

group has occurred. DFT calculations (B3PW91) have been
performed in order to elucidate the mechanism leading to the

formation of the mixed system featuring both aliphatic and
aromatic C-H activation.

Results and Discussion

Experimental Studies.To selectively prepare abnormal NHC

complexes, one of the most convenient methods is to block the

imidazolium ligand precursors by substitution at C2 with alkyl
or aryl group<819 The coordination of 1,2,3-trimethylimida-
zolium iodide to [Cp*IrC}], was performed by transmetalation
of the previously obtained silver-carbene in £H at 50°C.
The reaction product], was obtained in moderate yield (ca.
22%; Scheme 1).

Compoundl was fully characterized by the usual spectro-

scopic technigues and elemental analysis. The spectroscopic dat

are consistent with the abnormal coordination of the NHC
ligand. For example, thtH NMR spectrum shows the singlet
due to the proton at C%(6.5), and the three signals due to the

(11) Scott, N. M.; Dorta, R.; Stevens, E. D.; Correa, A.; Cavallo, L.;
Nolan, S. PJ. Am. Chem. So@005 127, 3516. Scott, N. M.; Pons, V;
Stevens, E. D.; Heinekey, D. M.; Nolan, S.Ahgew. ChemInt. Ed.2005
44, 2512.

(12) Prinz, M.; Grosche, M.; Herdtweck, E.; Herrmann, W.@rga-
nometallics200Q 19, 1692.

(13) Hanasaka, F.; Tanabe, Y.; Fujita, K.; YamaguchiCRganome-
tallics 2006 25, 826.

(14) Corberan, R.; Sanau, M.; Peris, E.Am. Chem. So2006 128
3974.

(15) Corberan, R.; Sanau, M.; Peris,&ganometallic006 25, 4002.

(16) Fructos, M. R.; Belderrain, T. R.; de Fremont, P.; Scott, N. M.;
Nolan, S. P.; Diaz-Requejo, M. M.; Perez, P Ahgew. Chem.Int. Ed.

2005 44, 5284. Fructos, M. R.; de Fremont, P.; Nolan, S. P.; Diaz-Requejo,

M. M.; Perez, P. JOrganometallics2006 25, 2237.

(17) Viciano, M.; Poyatos, M.; Sanau, M.; Peris, E.; Rossin, A.; Ujaque,
G.; Lledos, A.Organometallics2006 25, 1120.

(18) Viciano, M.; Mas-Marza, E.; Poyatos, M.; Sanau, M.; Crabtree, R.
H.; Peris, EAngew. Chem.nt. Ed. 2005 44, 444.

(19) Chianese, A. R.; Zeglis, B. M.; Crabtree, R. Ghem. Commun.
2004 2176. Bacciu, D.; Cavell, K. J.; Fallis, I. A.; Ooi, L. Aingew. Chem.
Int. Ed. 2005 44, 5282.
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nonequivalent methyl groups of the azole ring3.77, 3.56,
and 2.46). Thé3C NMR spectrum shows the signal due to the
metalated carbene-carbondal40.1, in the region where other
abnormal I-NHCs appeat.®

h The recent preparation of 3-(2-Bromoethyl)-1-methylimida-
jzolium bromid@&° affords a useful building block for the syn-

thesis of unsymmetrical bisimidazolium salts. For example, the
reaction of the latter compound with 1,2-dimethylimidazole
allows the preparation of 1:ethylene-2,3,3trimethylbis(1H-
imidazolium) dibromide. This new biscarbene precursor offers
the possibility of a chelating coordination in which the same
ligand would simultaneously coordinate in normal and abnormal
modes. The reaction of 1;&thylene-2,3,3trimethylbis(H-
imidazolium) dibromide with [Cp*IrC]]; in the presence of
NaOAc in refluxing acetonitrile allows the preparation of com-
pound2, in which the chelating-biscarbene ligand is coordinated
by both the abnormal and normal modes (Scheme 2).

The most relevant features of tHed NMR spectrum of are
the signals due to the protons at the backbone of the nodnal (
7.01, 6.91) and abnormab (6.26) coordinated azoles. The
protons at the ethylene bridging group are diasterotopic at each
carbon and hence appear as four different signals!3haMR
spectrum shows the characteristic signals due to the nofmal (
152.7) and abnormab(141.9) carbene carbons.

The molecular structure d was unequivocally confirmed
ﬁy means of X-ray diffraction studies. Figure 1 shows the
ORTEP diagram of the molecule, together with the most relevant
distances and angles.

The structure of the complex confirms that the chelating
ligand is bound through both an abnormal and normal coordina-
tion of the NHC rings, with the formation of a seven-membered
iridacycle. The Cp* ring and a bromine ligand complete the
coordination sphere around the Ir center. The chelate bite angle
is 92.7, slightly larger than a previously reported chelating
methylene-bridged bis-NHE&. The Ir—Ccarhene distances are
2.007 and 2.079 A, corresponding to the noffidb2122and
abnormal carbenés?8 respectively, and lie in the expected range
for this type of bondings on related Ir(lll) species. Interestingly,
the longer Ir-C distance for the abnormal carbene lies closer
to the range of related metalatee-hryl species?15suggesting
that the bond may be considered as an extreme type of carbene,

(20) Field, L. D.; Messerle, B. A.; Vuong, K. Q.; Turner, ®rgano-
metallics2005 24, 4241.

(21) Vogt, M.; Pons, V.; Heinekey, D. MOrganometallics2005 24,
1832.

(22) Hanasaka, F.; Fujita, K.; Yamaguchi,®ganometallicR005 24,
3422.
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Figure 1. Molecular diagram oP. Ellipsoids are at 50% prob-
ability. Hydrogen atoms and counterion gplhave been omitted
for clarity. Selected bond distances (A) and angles (deg): (1)
C(1) 2.007 (12), Ir(1)yC(2) 2.079 (13), Ir(1}Br(1) 2.5728 (18),
C(1)-Ir(1)—C(2) 92.7(5).

Scheme 3
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close in nature to a metalated aryl group. Other structural
parameters are unexceptional.

With the aim of obtaining species relatedZobut with bis-
abnormal chelating ligands, we prepared the bis-imidazolium
precursors 1,imethylenebis(2,23,3-tetramethylimidazolium)
diiodide and 1,kethylenebis(2,23,3-tetramethylimidazolium)
dichloride. Almost simultaneously to our work (in fact during

the editorial process of the present article), a similar methylene-

Viciano et al.

Figure 2. Molecular diagram of3. Ellipsoids are at 50% prob-
ability. Hydrogen atoms, crystallization solvent (&), and
counterion (PE) have been omitted for clarity. Selected bond
distances (A) and angles (deg): (1) 2.047(3), Ir(13-C(11)
2.149, Ir(1)-1(1) 2.7443(3), C(1yIr(1)—C(11) 97.04(14).

precursor. This product was the only detected species for this
reaction, together with a small amount of unreacted [Cp%]eCl
When the ethylene-linked precursor 'tethylenebis(2,23,3-
tetramethylimidazolium) dichloride was used, three different
compounds were obtained: the chelating C2-Me-activated
compound4), the chelating-bis-abnormal-NHC produs},(and

a new neutral species with a 1,2-dimethylimidazol ligaéd (
Interestingly, the C2-Me-activated produgt was the minor
species for the reaction with the ethylene-linked bis-NHC
precursor.

All compounds3, 4, 5, and6 were characterized by means
of the usual spectroscopic techniques and elemental analysis.
Both 3 and 4 display NMR spectra showing the loss of
symmetry of the ligand upon coordination. Th& NMR spectra
of 3 and4 show the signals due to the nonequivalent geminal
protons of the metalated Gldroup (compoun@®, 4.23 and 3.22
ppm,2Jy—y = 11.7 Hz; compound, 3.72 and 2.60 ppn?Jy—n
= 13.6 Hz). Three sets of singlets are observed due to the
nonequivalent signals of the N-Gldnd C2-Me methyl groups.
The signals at-15 and 29 ppm in théC NMR spectrum are
assigned to the metalated carbon of the methylene gro@p in
and 4, respectively. The signals due to the abnormal carbene
carbons appear at 146.8) (and 142.1 4) ppm.

The NMR spectra 05 show that the 2-fold symmetry of the
ligand is maintained after its coordination to the metal. The pro-
tons at the C2-Me position display a signal at 2.54 ppm in the

bridged precursor was described and coordinated to Pd in a*H NMR spectrum. Thé3C NMR spectrum shows a signal at

chelating bis-abnormal for@?.With the use of the two different
linkers, we wanted to study if there were any differences in
reactivity due to ligand anisotropy, as we have observed for
other example$’?* As depicted in Scheme 3, both ligand
precursors show significant differences when reacting with
[Cp*IrCl ;). To our surprise, the reaction of 1thethylenebis-
(2,2,3,3-tetramethylimidazolium) diiodide with [Cp*IrG]; in
refluxing acetonitrile in the presence of NaOAc yielded a major
compound in which the ligand is coordinated in a chelating form

0 141.1 attributed to the equivalent carbene abnormal carbon
atoms.

The molecular structures 8fand5 were confirmed by X-ray
diffraction studies. Figure 2 shows the ORTEP diagran3 of
and the most relevant distances and angles. The structure reveals
that the ligand is coordinated in a bis-chelating form through
an abnormal binding of the NHC and a methylene group,
forming a distorted seven-membered iridacycle. A Cp* ring and
a iodine ligand complete the coordination sphere around the

through an abnormal carbene and a metalated methylene grougnetal center. The Ceamenedistance of 2.047 A lies in the

(Scheme 3, compourg). The metalated methylene group comes
from the C-H activation of the C2-Me group of the azolium

(23) Heckenroth, M.; Kluser, E.; Neels, A.; Albrecht, Mngew. Chem.
Int. Ed. 2007, 46, 6293-6296.

(24) Mata, J. A.; Chianese, A. R.; Miecznikowski, J. R.; Poyatos, M.;
Peris, E.; Faller, J. W.; Crabtree, R. HDrganometallics2004 23,
1253.

expected range of other +NHC ligands with abnormal
binding*~® and is also similar to that shown for compoud
described in the present work. The-ICH, distance of 2.149
A is similar to the distances shown by other iridium alkyl-
cyclometalated specié&l315

Figure 3 shows the ORTEP diagram of compoumndrhe
structure reveals that the coordination of the ligand is chelating,



Formation of Abnormal Carbenes with Iridium Organometallics, Vol. 26, No. 22, 2G3D7

heterolytic bond cleavage pathw&3?2 However, when an
external base is added, the role of the latter remains an open
question. It could deprotonate the imidazolium to generate the
carbene ligand, which would coordinate easily to the metal, or
it could deprotonate the metal once the I& oxidative addition
has been performed. Depending on the situation, the outcome
of the reaction could be different, as the acidity of the various
hydrogen atoms on the imidazolium does not necessarily
correlate with the ease of-€H activation at the same sites.
For imidazolium with a hydrogen atom at the C2 position, the
acidity of the latter is significantly higher than those of the other
sites, thus justifying that the metalation usually occurs at the
C2 position. However, it was shown, both experimentally and
computationally, that the outcome of the reaction may, in some
Figure 3. Molecular diagram ob. Ellipsoids are at 50% prob- ~ ¢2Se€s, be influenced by the nature of the counteranion in the
ability. Hydrogen atoms, two CHgImolecules, and counterion ~ imidazolium saltt Also DFT calculations showed that the
(PR) have been omitted for clarity. Selected bond distances (&) activation barriers for €H activation at the C2 and C5 positions
and angles (deg): Ir(HC(1) 2.039(7), Ir(1)-C(8) 2.039(6), C(1) were of similar magnitudé despite the large difference irKp
Ir(1)—C(8) 88.1(3). values3?

With bisimidazolium salts, two €H activation processes are
needed and the nature of the product is not necessarily easy to
anticipate. When two C2H bonds are present, the expected

with the two azole rings in an abnognal coordination mode.
Both Ir—Ccamencdistances are 2.039 A, in the range of other . . . .
Ir—NHC ligands with abnormal bindinty:é The chelatigg ligand chelating normal biscarbene is obtairiédn that case, DFT
bite angle is 88.9, slightly smaller than the angle shown in the calculations with I,\Dé (X =H, Me, Ef) as 'a model for' the base
related normal/abnormal bis-NHC compou(92.7), but this cquld not determlne the nature of the f|_rst metalatl_o_n process
may be due to the higher steric size of the chlorine ligangl in ~ (direct deprotonation at C2 or C2-H oxidative addition). The
compared to the bromine @ All other structural parameters ~ Metalation of the second imidazolium moiety was shown to
are unexceptional. The molecular structure Gfwas also ~ Proceed exclusively through €H oxidative addition with
confirmed by X-ray diffraction studies (Table 1 and Supporting activation barriers of ca. 30 kcal mdlwhen the linker between
Information). the two imidazolium rings is CiH With a (CH)s linker the
While the field of G-H activation has witnessed significant ~activation barriers were ca. 10 kcal mbhigher.
advances in the last decade, there still lacks a series of general, When metalation at the C5 position is sought, introducing a
selective, and efficient catalytical functionalization of unacti- methyl group at the C2 position is the procedure generally used.
vated sp C—H bonds?®> We recently reported that Cp*Ir(NHC)  |n the present case such a strategy failed to yield the bis-
complexes can undergo facile intramolecular aromatic or gpnormal carbene, and compléX featuring an abnormal
aliphatic C-H activation reaction$: The nature of the €H carbene and €H activation of the methyl group, was obtained
bond activated (aromatic vs aliphatic) depends on the sterics ofinstead as the only product (Scheme 3). Only when the length
the two R groups on the nitrogen atoms of the NHC ligand. qf the Jinker between the two imidazoliums was increased from
The selectivity observed was considered to be steric in origin, e to two methylene groups could the expected bis-abnormal

Eventtk:]oqgh;alculatlonstz;\]re presetntly ur;ger;/_vai/ to \':alhclfate Fh'sisomer 6) be obtained together with the mixed systefhdnd
YPOINESIS. However, in these systems, the Tirst metalation IS a, complex resulting from degradation of the ligagyl (n order

straightforward coordination of a normal NHC ligand generated to shed more light on the process underlying the metalation of

In situ N o . . o the imidazolium salt, DFT calculations were carried out at the
C—H oxidative addition of imidazolium salts to transition 3PWO1 level. Particul hasis has b i th
metal complexes has been used as an alternative to the standa - level. Farlicular emphasis has been put on ihe

deprotonation by a strong base in the synthesis of NHC etermination of the mgchanlsm for for_matlon Hfwhile in _
complexes bearing functionalitiésin some cases the -€H the case of the longer linker the formation of the degradation
oxidative addition process was confirmed experimentally by the Producté was addressed.

observation of a hydride bonded to the még&bbut most often DFT Studies of the Metalation of the Bisimidazolium.

the products obtained featured the NHC coordinated to the metalMechanism for the Formation of 3. As we considered that
and no hydride was observed. However, there was always athe selective formation o8 could be the result of the steric
weakly basic functionality present in the system. This could be and/or electronic influence of the system used experimentally,
an acetate ligandf, a hydride ligand* a nitrogen atom in the  calculations were carried out on the actual experimental systems

reactant® or even an added weak base (NFAcO-, or Cp*Irl, and the bisimidazolium dication I;inethylenebis-
others)!517.21 (2,2 ,3,3-tetramethylimidazolium)isim?2*, together with AcO
When bonded to the metal, the basic functionality has been
shown computationally to promote—1 activation through a (29) Garcia-Cuadrado, D.; Braga, A. A. C.; Maseras, F.; Echavarren, A.
M. J. Am. Chem. So2006 128 1066. Davies, D. L.; Donald, S. M. A,;
(25) Crabtree, R. HJ. Organomet. Chen2004 689, 4083. Macgregor, S. AJ. Am. Chem. SoQ005 127, 13754. Davies, D. L.;
(26) McGuinness, D. S.; Cavell, K. J.; Yates, B. Ghem. Commun. Donald, S. M. A.; Al-Duaij, O.; Fawcett, J.; Little, C.; Macgregor, S. A.
2001, 355. Organometallics2006 25, 5976. Davies, D. L.; Donald, S. M. A.; Al-
(27) Peris, E.; Loch, J. A.; Mata, J.; Crabtree, R.Ghem. Commun. Duaij, O.; Macgregor, S. A.; Polleth, Ml. Am. Chem. SoQ006 128
2001, 201. 4210.
(28) Wiedemann, S. H.; Lewis, J. C.; Ellman, J. A.; Bergman, RJ.G. (30) Amyes, T. L.; Diver, S. T.; Richard, J. P.; Rivas, F. M.; Toth JK.

Am. Chem. So006 128 2452. Am. Chem. So2004 126, 4366.
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as the base. The reference, from which all energy values given
in the figures thereafter are evaluated, is thus the globally neutral
system{ Cp*Irl, bisim2*, 2 AcO}. All the complexes to be
described have been optimized at the B3PW91 level in the gas®
phase. As proton-transfer processes are compared to bonc
activation ones, the influence of the solvent (acetonitrile) was
considered through PCM single-point calculations on gas-phase-
optimized geometries (see Computational Details) and all the
energy values given are PCM electronic energy values. No
attempt was made to use Gibbs free energy values because n
optimization within the PCM methodology was carried out, and
using the corrections calculated in the gas phase on the PCM
electronic energies was considered not to be accurate. Moreover
Gibbs free energies are generally important when comparison
is made between steps of different molecularity. Here, processes
to be compared have the same molecularity and differ only in
the position of metalation. To clearly distinguish the activation
processes at the cyclickparbon or at the exocyclic $methyl

one, the labelgy andmewill be used, respectively.

The geometry of the dimer [Cp*i], was optimized, and
the structural parameters (see Supporting Information) were in
excellent agreement with the experimental dafahe reaction T‘S;‘]’Y lrl%;yzl-ﬁ I‘;I%‘;Y
energy associated with the formation of the two Cpglrl . o - = T
monomers from the dimer is computed to be 7.0 kcalthat Figure 4. Optimized geometries and energies (kcal Thol

. S expressed relatively to the reference system, see text) along the
Fhe PCM(B3SPWI1/CELN) level, and this Stab'l.'zat'on ENer9Y  first C—H activation process at the methyl position (top) and at
is not enough to compensate for the gain in entropy upon

! e X f the C5 position (bottom). Hydrogen atoms not involved in the
dissociation of the dimer (ca-10 kcal mol™). Therefore the  reaction have been omitted for clarityrl ;me and Irl svy are

dimer is expected to be completely dissociated in acetonitrile, monocationic, while the other complexes are dicationic.
and the mechanistic studies will consider the monomer Cp*Irl
as the reactive complex. group have been located on the potential energy surface
The structures (and PCM energies with respect to the (TS2memeand TS2vyme respectively; see Figure 5). Even
reference) for the transition states corresponding to the fi,edt C ~ though an eight-membered metallacycle is formed$2meme
activation ofbisim?* at the methyl groupTS1me or at the and a seven-membered oneliB2vyme the activation barriers
abnormal C5 positionT(S1vy) are shown in Figure 4, together  for the G-H activation have similar values (24.6 kcal mbl
with the structure of the products beforérl pmeH" and TS2meme 23.9 kcal mot?, TS2vyme. Also, in both cases,
Irl ;vyH™) and after deprotonation by the base AcQrl ;me the energies associated with the proton transfer to Ae
andlrl »vy). No adduct, in the form of- or w-complex, prior very close {-50.6 and—50.5 kcal mot?, respectively), pointing
to C—H activation could be found on the potential energy to similar acidities of the product of €H activation,Irime-
surface (PES). The €H activation at the methyl position is meH" and IrvymeH* (see Figure 5). However, despite the
calculated to be easier than the-B activation at the vinylic similarities of the processes to foririmeme and Irlvyme,
position by 2.5 kcal moft. The geometries of both TS are the latter is 5.7 kcal mof more stable than the former as the
typical of C—H activation processes with an elongatee result of the presence of a ligand with stronger donating abilities.
bond (1.523 ATS1me 1.314 A, TS1vy), an almost formed ~ As a matter of fact the intermediatevy is 4.6 kcal mot?!
Ir—C bond (2.338 ATS1meg 2.182 A, TS1vy), and a short more stable tharrime, and the increased stabilization of
Ir--H contact (1.597 A, TSimeg 1.676 A, TS1vy). The Irlvyme with respect tdrimeme (5.7 vs 4.6 kcal matt) could
deprotonation of the product of€H activation (rl ,meH" and be ascribed to the difference in stability between a seven-
Irl ;vyH™) is calculated to be very exothermic because the membered ring inlrlvyme and an eight-membered ring in
conjugate basedr( ;me andlrl ,vy) are stable 18-electron Ir-  Irilmeme.
(1) complexes. The process for €EH activation at the C5 position from
From these intermediates a vacant site is easily generated bylrime andlrlvy was searched for and turned out to be a two-
dissociation of one iodine ligand to yield the dicationic step process in both cases. The first step is associated with the
16-electron complexdsime andirlvy . The iodine dissociation ~ coordination of the C&#C5 bond to Ir to yield the dicationic
energies are 12.5 and 11.7 kcal miokespectively. Dissociation ~ 18-electron complexesime_ene andlrlvy_ene, respectively
of I~ is easier inlrl vy because the abnormal carbene is (Figure 6). The coordination is exothermid = —5.5 kcal
expected to be a stronger donor than the alkyl group isme, mol~?, Irime_ene; AE = —1.9 kcal mot?, Irlvy_ene), and
thus affording greater stabilization of the unsaturation at Ir. Note the corresponding TSs (not shown in Figure 6) have been
that the iodine dissociation from the 16-electron complex Cp*Irl located; they are associated with low activation barriers (3.5
is calculated to be 37 kcal md}, clearly showing the necessity ~and 4.4 kcal mol?, respectively). The larger activation barrier
to create first the metaicarbon bond before generating the is associated with formation of the smaller cyclic structure
vacant site needed for the second metarbon bond to be  (Irlvy_ene). Coordination of the double bond prior to—El
formed. Fromirime andIrlvy the transition states for -€H activation at the spcarbon was proposed by Jones for &
activation at the methyl position of the pending imidazolium activation of benzene by Cp*Rh(PMé? The coordination of
the double bond in both cases is asymmetric, with a shorter

(31) Millan, A.; Bailey, P. M.; Maitlis, P. MJ. Chem. Soc., Dalton Trans.
1982 73. (32) Jones, W. D.; Feher, F. J. Am. Chem. S0d.984 106, 1650.
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IrImemeH™ IrImeme
-3.1 -53.7

Irl TSngme IrlvymeH™" Irlvyme
-22. 1. -8.9 -59.4

Figure 5. Optimized geometries and energies (kcal mhoéxpressed relative to the reference system, see text) along the procesdfor C
activation at the methyl position from the intermedidide (top) andlirlvy (bottom). Hydrogen atoms not involved in the reaction have
been omitted for claritylimeme andIrlvyme are monocationic, while the other complexes are dicationic.

IrIme_ene TS2mevy
-22.9 0.1

Irlvy_ene TS2vyvy IrlvyvyH* Irlvyvy
-23.9 0.1 -11.6 -70.1
Figure 6. Optimized geometries and energies (kcal thoéxpressed relative to the reference system, see text) along the processfor C
activation at the C5 position from the intermediatiésie_ene (top) andirlvy_ene (bottom). Hydrogen atoms not involved in the reaction
have been omitted for clarityrimevy andIrlvyvy are monocationic, while the other complexes are dicationic.

Ir—C5 bond than the #C4 one (I-C4=2.229 A, I-C5= Despite the strong thermodynamic preference for the bis-
2.164 A, Irime_ene; Ir—-C4 = 2.253 A, I-C5 = 2.148 A, abnormal carbene, when expressed from the same reference,
Irlvy_ene). This asymmetry is the result of the constraint the energy values of all the intermediates and transition states
associated with the presence of a linker between the two for the transformations described are all negative or slightly
imidazole units. As a consequence of these geometrical featurespositive (Figures 46), except for the transition states for the
the C—-H activation is effective at the C5 position through first C—H activation, TS1me and TS1vy. This first C-H
TS2mevyandTS2vyvy, respectively (Figure 6). The activation — activation step is thus the rate-determining step, and the

barriers have very similar values (23 kcal mpITS2mevy, 24 calculated values point to an easier 8 activation at the methyl
kcal mol?, TS2vyvy) and are in the range found for other-& position. Thus under kinetic control the first metalation is at
activation processés:22 The product of G-H activation featur- the methyl group and the calculations have shown that the

ing two abnormal carbeneflvyvyH T, is more acidic than ~ second one is easier at the C5 position than at the other methyl.
IrimevyH * and IrimemeH T, as illustrated by the larger  This second €H activation, oncdrime has been formed, is
exothermicity of the proton-transfer reaction to AcQ-58.5 both kinetically TS2mevylower thanTS2memeby 7.1 kcal

kcal mof! vs —50.5 and—50.6 kcal mot?, respectively). This ~ mol™?) and thermodynamically Ifmevy more stable than

is a result of the stabilization of the 18-electron comphéryvy Irlmeme by 5.7 kcal mot?) favored to yield the mixed alkyl/

by two strongly donating abnormal carbenes. The expected, butabnormal carbene identical to the experimentally observed
not observed, bis-abnormal carbene compidwyvy is the product3.

thermodynamic product, and the two other isoménsyme We also tested a pathway where the first metalation of the

andlIrimeme, are lying higher in energy (10.7 and 16.4 kcal bisimidazoliumbisim?* occurs after the deprotonation of the
mol™1, respectively). ligand by the base. The monocationic species resulting from
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bisimme* bisImvy" bisImvycyce'
-8.3 5.4 -12.4

Figure 7. Optimized geometries and energies (kcal mhol
expressed relative to the reference system, see text) for the product:
of deprotonation obisim?™ at the methyl position (left) and at
the C5 position (middle), together with the product of cyclization
(right).

deprotonation at the methyl positidnisimme™, and at the C5
position, bisimvy*, were optimized (Figure 7). In the case of
the deprotonation at the methyl position, the reaction is
exothermic by 8.3 kcal mot, while in the case of deprotonation
at C5, the reaction is endothermic by 5.4 kcal Mol he greater
acidity of the methyl group is explained by the stability of the
base where conjugation of the “GFH group is achieved with
the imidazolium ring, as illustrated by the perfect planar

geometry for CH and the ring leisimme™, Figure 7). Interest- The deprotonation of the ligand 1;dthylenebis(2,23,3-

ingly, the product of deprotonation at CS5 easily evolves (gramethylimidazolium)bisimEt2*, was studied computation-

(activation +barrjer of 1.9 kcal mol) to a cyclic structure, 41y and as in the case of the methylene linker, the deprotonation
bisimvycyc™ (Figure 7), resulting formally from nucleophilic  5t'ine methylpisimEtme*, is exothermic £3.0 kcal mot?),
attack of the abnormal carbene onto the C2 atom of the other,ynareas deprotonation at the C5 positidsisImEtvy™*, is

imidazolium ring. The formation of this product is exothermic  oqothermic (7.8 kcal mob). As observed with the methylene
by 17.8 kcal mot! and would constitute a deactivation pathway linker, the deprotonation at C5 leads to a prodact, resulting

for the abnormal carbene, had it been formed by deprotonation qrom nucleophilic attack of C5 onto C2 of the other ring (Figure
of the cationic bisimidazolium. However, we did not observe gy The process is very facile (activation barrier of 3.4 kcal

the formation of such product experimentally under the reaction mol-1) and exothermic-{16.7 kcal mot?). A* is 5.9 kcal mot?

conditions used and reactibgsim?* in CH;CN in the presence  qre stable thahisimEtme™: a similar energy difference was

of an excess of NaOAc. _ o observed betweesisimme* andbisimvycyc' (4.1 kcal mot2).
After deprotonation by the base, the ligand easily binds to |t geprotonation at the C5 position occurs, there is thus a

Cp*Irl; to yield eitherlrl ;me or Irl vy, species from which  {hermodynamic preference for the cyclic structure.
the mechanism is similar to that already described. In that case, From isomerA* the transition state corresponding to the

the first C—H activation that constituted the rate-determining rupture of one &N bond, TSAB, has been located at 53.5 kcal
step is bypassed, but the conclusions in terms of selectivity in ,,1-1 apoveA+ (Figure 8). One of the EN bonds with the

the product obtained are identical. For the process starting with CH,CH linker keeps a normal value (1.469 A), while the other
deprotonation at the methyl position, the highest point on the ;4 s significantly elongated (2.519 A). The product of this
reaction pathway is the TS for the second-i& activation, C—N bond cleavageB+, is an ethylene adduct on one nitrogen

TS2mevy, lying 8'4+ kcal mot* above the entry channel  5iom (Figure 8). This intermediate lies 28.3 kcal mabove
{Cp*Irl> + bisimme'}. For the process starting with depro- o+ pjssociation of ethylene is effective once an activation

tonation at CS5, the entry channel{i€p*Irl, + bisimvycyc™}  parrier of 27.3 keal mott is surmounted inTSBC, leading to
and the highest point along the reaction pathway is the openingpqo produciC+ in an almost thermoneutral processl(4 kcal
of the cyclic structure to allow for coordination bisimvy* at mol~1). The C5-C2 bond inC* would be easily broken and

Ir and forgnation ofirl ovy. The activation barrier is then 19.7 6 apnormal carbene at C5 is protonated, thus yielding 2 equiv
kcal mol™. Therefore, in the case where the first8 bond of the ligand present i. The activation barrier to form the

breaking is due to deprotonation by the base, the calculations”gand present iré from A+ is high (53.5 kcal moil), but the

are also in agreement with the experimental results, and rgaction is carried out in refluxing acetonitrile; thus this high
formation of3 is kinetically preferred over the thermodynamic  parier is expected to be overcome at this temperature. Moreover
productlrivyvy . the reaction produces three molecules from one molecule, a

Formation of 6. The.mechanism fqr the formation of the process highly favored entropically at high temperature.
products4 and 5 featuring a longer linker between the two

imidazolium units has not been studied computationally. The
three different products associated with the tweHCactivation
processes have been optimized, and the thermodynamic prefer- Scheme 4 shows a general overview of all the pathways tested
ence for the bis-abnormal complex is preserved. The latter is computationally for the metalation of 1 thethylenebis-(2,23,3-

11.8 kcal mot! more stable than the product featuring a mixed tetramethylimidazolium) to Cp*lglin the presence of AcQ
situation (activation at C5 and at the C2-Me group) and 19.4 For each transformation, only the energy of the highest TS
kcal mol! more stable than the product featuring-B (numbers in red relative to the reference indicated by 0.0) has
activation at both C2-Me groups. These relative values are very been given.

similar to those observed with the methylene linker (10.7 and  From the calculations it is difficult to conclude on the nature
16.4 kcal motl, respectively), although the thermodynamic of the first metalation step, as the reaction conditions (refluxing
preference for the bis-abnormal isomer is slightly enhanced with acetonitrile) would allow surmounting activation barriers of ca.
the CHCH, linker. 30 kcal mof?. Nevertheless this point is not of crucial

C+

49.7 21.0
Figure 8. Optimized geometries and energies (kcal mol
expressed relative to the reference system, which in the present
case containbisImEt2*) for the intermediates and transition states
located along the pathway for degradation of the ligand.

Conclusions
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Scheme 4. Simplified Mechanism for Formation of the Biscarbene Complexes from the Methylene-Bridged Bisimidazolidgm
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2 The energy values (kcal md) for the highest TS along each path are given in red. In blue are given the energies of the products obtained after
deprotonation of the bisimidazolium by the base.

importance, as both processes (direct ligand deprotonation orthe aliphatic C-H activation TS (eight-membered ring), while
C—H activation) point to a kinetic preference at the C2-Me in the TS for activation at C5 a more stable seven-membered
group. We recently reported that the role of the weak base inring is formed. The differences are less important for the
these systems may be different from the more generally acceptedC—H activation from Irl vy, with the aromatic activation
role of deprotonating the imidazolium salt prior to NHC preferred over the aliphatic one by only 1.8 kcal mo(33.8
formation!”18 The hydride formed after €H activation is vs 35.6 kcal motl). In this case, formation of a six-membered
highly acidic and deprotonation by a weak base is easy. ring is kinetically preferred over formation of a seven-membered
For bisimidazolium salts, the action of the base may induce ring.
original reactivity as observed with the cyclic structure resulting  The above results tend to indicate thatIg activation
from deprotonation at CSb{simvycyc’, in Figure 7). Even  processes (aromatic/aliphatic) at Cp*Ir have similar activation
though we did not observe such a compound experimentally, it harriers (ca. 3635 kcal mot), and activation at one or the
may explain the degradation of the ligand in the case of the other position might be critically influenced by the steric bulk
ethylene linker, the dimethylimidazole complé&being a  of the metal fragment. When no orientating effect is effective,
consequence of this degradation. This illustrates the difficulty {he activation of the aliphatic-€H bond is kinetically favored
in designing a well-defined catalytic system, as the ligand may gyer aromatic activation with the Cp*rfragment. The change
afford, according to reaction conditions, side reactions prevent- iy sejectivity (aliphatic vs aromatic) observed for the second
ing the formation of the target compound. The present Study metajation is the result of an orientating effect of the already
also illustrates the sensitivity of bisimidazolium ions to attack netajated imidazolium ring. The size of the ring to be formed
by a base and, thus, the need, when possible, to use alternatfs then a key factor influencing the kinetic preference. There is
routes for metalation. a larger energy difference between forming an eight- vs seven-

For the Cp*Irk fragment, C-H activation at the aliphatic L empered ring (37.1 vs 30.0 kcal mé) than between seven-
position (C2-Me) is kinetically preferred over activation atthe 5,4 six-membered rings (35.6 vs 33.8 kcal myl showing

aromatic one (31.6 vs 34.1 kcal mé). No precomplex or that increasing the ring size is a destabilizing factor.
) could be located on the potential energy surface before the In conclusion, the calculations have rationalized the experi-
activation step. The difference in activation barrier reflects the ' . . zed the exp
difference in bond dissociation energy between the two different mental results by .ShOV\."ng th.a.lt the first metalation is I_<|net|cally
types of bonds (HC(sp) vs H—C(sf)), and the relative energy preferred at the aliphatic position. The second metalation process
of the products (after deprotonation, see Scheme 4) iIlustrates?;ﬁgeggsbthazu?Qto‘?aC:.'g'ar]cgfrrgﬁéa:;;?%ﬂ%tﬁeﬁl?ﬁtg’?ggn‘ ith
that in organometallic chemistry strong organic bonds lead to w y dep : loni -hyadride with
even stronger (relatively) metatarbon bondd? Once the first the base. This result clearly supports our previous suggestion
metalation has been produced, the secoreHCactivation is that weak bases promote the metalation of imidazolium salts
! through irreversible €H activation, thanks to the strongly

referred kinetically at the aromatic C5 position. Friofnpme . . L
b y D rire exothermic deprotonation of the metal-hydride intermediateé.

the activation barrier at the aliphatic position is 7.1 kcal Thol CoHIr(NHC . ble of a | . £
higher than at the aromatic position (37.1 vs 30.0, Scheme 4).. prIr( ) species are capable of a large variety of intra- or
intermolecular and aromatic or aliphatic-€l activations. The

This could be explained by the size of the ring to be formed in - T
factors determining the selectivity of these processes are

(33) Clot, E.; Megret, C.; Eisenstein, O.; Perutz, R.JNAm. Chem. influenced by electronic and steric parameters. Small changes
Soc.2006 128 8350. within the bisimidazolium ligand provide great changes in the
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outcome of the reaction, hence leading to unexpected productsand then [Cp*IrC]], (75 mg, 0.09 mmol) was added. The mixture
These observation may be helpful in the design of efficient was stirred at 50C for 4 h and then filtered through Celite. The

Cp*Ir-based carbene complexes as catalysts feH@ctivation
processes.

Experimental Section

NMR spectra were recorded on Varian Innova 300 and 500 MHz
spectrometers, using CDChcetoneds, and DMSOds as solvents.

solvent was evaporated and the crude solid purified by column
chromatography. The pure compouh@vas eluted with a mixture

of dichloromethane/acetone (1:1) and precipitated in a mixture of
CH,Cl,/hexanes to give an orange solid. Yield: 22%. NMR
(300 MHz, CDC}): 6 6.47 (s, 1H, ® imidazole), 3.77 (s, 3H,
N-CHg), 3.56 (s, 3H, N-El3), 2.46 (s, 3H, C-El3), 1.57 (s, 15H,
Cs(CH3)s). °C NMR (75 MHz, CDC}): 6 140.10 C-Irapnorma),

Elemental analyses were performed on an EA 1108 CHNS-O Carlo 128.99 C-CHs), 125.30 CH), 87.14 Cs(CHs)s), 36.50 (NCH),
Erba analyzer. Electrospray mass spectra (ESI-MS) were recorded34-34 (NCHj3), 10.66 (CCHg), 9.11 (G(CHj)s). Electrospray MS
on a Micromass Quatro LC instrument; nitrogen was employed as (15 V, m/2: 473.4 [Cp*IrLCI]". Anal. Calcd for GeHasNIrCla:

the drying and nebulizing gas. 3-(2-Bromoethyl)-1-methylimida-
zolium bromide?® 1,2,3-trimethylimidazolium iodidé! and
[Cp*IrCl,] % were synthesized according to literature procedures.

C, 37.79; H, 4.96; N, 5.51. Found: C, 36.17; H, 5.13; N, 5.13.
Synthesis of 2 A mixture of [Cp*IrCl,], (200 mg, 0.25 mmol),
1,1-ethylene-2,3,3trimethylbis(H-imidazolium) dibromide (183

All other reagents are commercially available and were used as Mg, 0.5 mmol), an excess of KBr, and NaOAc (62 mg, 0.75 mmol)

received.

Synthesis of 1,LEthylene-2,3,3-trimethylbis(1H-imidazo-
lium) Dibromide. 3-(2-Bromoethyl)-1-methylimidazolium bromide
(2 g, 3.7 mmol) and 1,2-Dimethylimidazole (0.356 g, 3.7 mmol)
were heated overnight at 12C in a high-pressure Shlenck with-
out solvent. The reaction mixture was allowed to cool to room
temperature. The product was extracted with,CH as a white
solid. Yield: 1.150 g, 85%!H NMR (DMSO-ds, 500 MHz): ¢
9.32 (s, 1H, NEiIN), 7.84, 7.73 (s, 2H, Bimia), 7.62, 7.48 (d3Jy-n
= 1.99 Hz, 4H, G'imid): 4.69-4.66 (m, 4H, (HZIinker)y 3.84,
3.75 (s, 6H, N-Gl3), 2.61 (s, 3H, C-Ei3). 3C{H} NMR
(DMSO-dg, 75 MHz): ¢ 146.04 C-CHg), 138.12 (NCHN), 124.31,
123.30, 123.23, 121.6L(nig), 48.41, 47.80CH:jinker), 36.71, 35.78
(N-CH3), 10.71 (CCHg). Electrospray MS (20 Vimz): 103.2
[M]2*, 285.3 [M + Br]*. Anal. Calcd for G;N4H1gBr> (mol wt
365.8): C, 36.09; H, 4.96; N, 15.30. Found: C, 36.12; H, 4.95; N,
15.32.

Synthesis of 1,1:Methylenebis[(2,2,3,3-tetramethylimidazo-
lium)] Diiodide. 1,2-Dimethylimidazole (1.5 g, 15.6 mmol) and
diiodomethane (0.63 mL, 7.8 mmol) were heated at 1C0n a
high-pressure Shlenck without solvent for 12 h. The reaction
mixture was allowed to cool to room temperature. The product was
washed with CHCI; to give the desired product as a brown solid.
Yield: 3 g, 85%.'"H NMR (DMSO-ds, 300 MHz): ¢ 7.87, (d,
SJHfH = 2.30 Hz, 2H, CHimid), 7.73 (d,BJHfH = 2.30 Hz, 2H,
CHimig), 6.62 (S, 2H, Clajinken), 3.76 (S, 6H, N-El3), 2.73 (s, 6H,
C-CHy). B°C{H} NMR (DMSO-ds, 75 MHz): 6 147.16 C-CHy),
123.83, 121.70Gimia), 57.54 CHaiinker), 35.95 (NCH3), 11.21 (C-
CHa). Electrospray MS (30 Viiv2): 103.5 [MP*. Anal. Calcd for
C11N4H1gl2 (Mol wt 460.10): C, 28.72; H, 3.94; N, 12.18. Found:
C, 28.75; H, 4.10; N, 12.25.

Synthesis of 1,LEthylenebis[(2,2,3,3-tetramethylimidazo-
lium)] Dichloride. 1,2-Dimethylimidazole (1.5 g, 15.6 mmol) and
1,2-dichloroethane (0.61 mL, 7.8 mol) were heated atX1th a
high-pressure Shlenck for 15 h. The reaction mixture was allowed
to cool to room temperature. The product was washed with-CH
Cl, and E$O. Yield: 1.200 g, 53%H NMR (DMSO-ds, 300
MHZ)Z 07.62, (S, 4H, qﬂimid): 4.60 (S, 4H, G'ZIinker)y 3.76 (S, 6H,
N-CH3), 2.58 (s, 6H, C-El3). 3C{H} NMR (DMSO-ds, 75
MHz): 6 145.96 C-CHj), 123.20, 122.09CHimia), 47.21 CHaiinker),
35.62 (NCH3), 10.16 (CE€Hg). Electrospray MS (30 \i/2): 110.5
[M]2*. Anal. Calcd for GoN4H2oCly (mol wt 291.22): C, 49.49;

H, 6.92; N, 19.24. Found: C, 49.52; H, 7.02; N, 19.36.

Synthesis of 1.Silver oxide (22 mg, 0.09 mmol) was added to
a solution of 1,2,3-trimethylimidazolium iodide (45 mg, 0.18 mmol)
in CH,Cl,. The solution was stirred at room temperature for 1 h,

(34) Ricciardi, F.; Romanchick, W. A.; Joullie, M. Ml. Polym. Sci.
Polym. Chem1983 21, 1475.

(35) Ball, R. G.; Graham, W. A. G.; Heinekey, D. M.; Hoyano, J. K.;
McMaster, A. D.; Mattson, B. M.; Michel, S. Tinorg. Chem.199Q 29,
2023.

was heated under reflux in GBN (10 mL) for 12 h. After
removing the solvent under reduced pressure, the crude solid was
purified by column chromatography on silica gel using CH/
acetone (6:4) and KRRs eluent. Recrystallization of this fraction
from CHCI/Et,O afforded pure compound. Yield: 16%.H
NMR (CDCls, 500 MHz): 8 7.01 (d,2J4—n = 2.24 Hz, 1H, Gimig),
6.91 (d,3J4-n = 2.24 Hz, 1H, ®imig), 6.26 (S, 1H, Elimig), 4.75—
4.70 (m, 1H, Glyjinker), 4.66-4.62 (dd,2Jy—n = 5.75 Hz,3Jy—p =
14.75 Hz, 1H, Clyjinker), 4.35-4.31 (dd,2Jy—n = 5.75 Hz,334_4

= 14.75 Hz, 1H, ®jinker), 4.06-4.01 (M, 1H, EHajinker), 3.81 (S,
3H, N-CH3), 3.55 (s, 3H, N-El3), 2.44 (s, 3H, C-Ei3), 1.58 (s,
15H, G(CH3)s). 13C{H} NMR (CDCl;, 75 MHz): 6 152.68 C-

Ir), 141.88 C-Ir abnorma), 129.58, 123.80, 122.4%,iq), 119.64 C-
CHg), 92.25 Cs(CHg)s), 48.99, 47.61 CHyjinker), 39.57, 34.12 (N-
CHg), 9.80 (CCHg), 9.39 (G(CH3)s). Electrospray MS (20V,
m/z): 611 [M]*. Anal. Calcd for G;N4H3iIrPFsBr (mol wt
756.58): C, 33.34; H, 4.13; N, 7.41. Found: C, 33.10; H, 3.92; N,
7.62.

Synthesis of 3A mixture of [Cp*IrCl,], (100 mg, 0.125 mmol),
1,I-methylenebis[(2,23,3-tetramethylimidazolium)] diiodide (114.95
mg, 0.25 mmol), an exess of KI, and NaOAc (31 mg, 0.375 mmol)
was heated under reflux in GEN (10 mL) for 6 h. After removing
the solvent under reduced pressure, the crude solid was purified
by column chromatography on silica gel. Elution with §CH/
acetone (3:7) and KRFafforded the separation of compouBd
which was recrystallized from GI€I./Et,0. Yield: 50%."H NMR
(acetoneds, 300 MHz): 6 7.40, (d,3J4-n = 2.10 Hz, 1H, Giniq),
7.16 (d,?’JHfH = 2.10 Hz, 1H, G'imid)y 6.47 (S, 1H, (Himid)y 6.30
(d, 2J4— = 14.25 Hz, 1H, Elzjinker), 5.98 (d,2Jy—n = 14.25 Hz,
1H, CHajinker), 4.23 (d,2J4—n = 11.70 Hz, 1H, C-El,_Ir), 3.81 (s,
3H, N-CH3), 3.77 (s, 3H, N-El3), 3.22 (d,2Jy—n = 11.70 Hz, 1H,
C-CHy-Ir), 2.95 (s, 3H, C-El3), 1.73 (s, 15H, &CHy)s). 13C{H}
NMR (acetoneds, 75 MHz): 6 169.4 C-CHyIr), 146.02 C-

Ir abnorma), 136.64 Cimig), 132.83 C-CHs), 126.39, 122.74Gmid),
93.80 Cs(CHg)s), 62.47 CHajinker), 41.33, 38.87 (N=H3), 14.52
(C-CHg), 13.76 (G(CHa)s), —15.64 (CCHy-Ir) (assignment of3C-
{H} NMR signals is confirmed by3C—'H inverse correlation).
Electrospray MS (30 Viivz): 659.5 [M]*, 266.3 [M— 1]2". Anal.
Calcd for GiN4HazlrPFRsl (mol wt 803.58): C, 31.39; H, 3.89; N,
6.97. Found: C, 31.42; H, 3.90; N, 6.99.

Synthesis of 4, 5, and 6A mixture of [Cp*IrCl;], (200 mg,
0.25 mmol), 1,%ethylenebis[(2,23,3-tetramethylimidazolium)]
dichloride (146 mg, 0.5 mmol), and NaOAc (62 mg, 0.75 mmol)
was heated at reflux in GJEN (10 mL) for 36 h. The suspension
was filtered through Celite to remove insoluble salts and unreacted
ligand. The solution was concentrated under reduced pressure. The
crude solid was redissolved in dichloromethane and purified by
column chromatography using silica gel. Elution with CHY/
acetone (8:2) afforded the separation of a yellow band. Recrystal-
lization of this fraction from CHCl,/hexane mixtures afforded pure
compoundb. Yield: 15%. Subsequent elution with gradient £H
Cl,/acetone (6:4) and KRFgave the separation of a second intense



Formation of Abnormal Carbenes with Iridium

Table 1. Crystallographic Data.
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2 3 5 6
empirical formula 62H32C|3F5|I’PBI'N4 C21H31N4IrPF6I.CH2CI2 C24H35C|7F5|I'PN4 C15H23(:|2|I'N
fw 875.95 888.49 964.88 494.45
wavelength (A) 0.71073 0.71073 0.71073 0.71073
temperature (K) 293(2) 293(2) 293(2) 293(2)
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2(1) P2(1)h C2lc P2(1)ic
a(A) 11.2711(9) 12.3869(6) 38.213(2) 7.4921(4)
b (R) 9.1727(8) 15.5378(7) 8.3789(5) 16.5039(9)
c(A) 14.3367(11) 15.7627(7) 23.3134(15) 13.9741(8)
o (deg) 90 90 90 90
B (deg) 90.512(2) 102.1020(10) 102.6080(10) 101.7040(10)
y (deg) 90 90 90 90
V (A3) 1482.2(2) 2966.3(2) 7284.5(8) 1691.96(16)
z 2 4 8 4
density (calcd) (Mg/r$) 1.963 1.989 1.760 1.941
absorp coeff (mm?) 6.235 5.833 4.277 8.199
no. of reflns collected 8409 20 253 3776 13751
goodness of fit ofrR2 1.014 1.013 1.033 1.030
final Rindices R1= 0.0506 R1=0.0243 R1=0.0414 R1= 0.0369
[l > 20(1)] wR2 =0.0834 wR2=0.0584 wR2=0.1099 wR2=0.0691

orange band. Further elution with a mixture of &Hy/acetone (4:

6) and KPF afforded the separation of a third yellow band that
contains 5. Recrystallization from CkCI,/Et,O gave pureb.
Yield: 30%.

The second band was redissolved in dichloromethane and purified
again by column chromatography on silica gel using a mixture of
CH.Cl,/acetone (5:5) and KRFRecrystallization from CkCly/

Et,O gave puret as an orange oil. Yield: 12%.

Characterization of 4. 1H NMR (CDCl;, 300 MHz): 6 7.13
(d, 3Jy—p = 2.00 Hz, 1H, GHimig), 6.96 (d,3J4—y = 2.00 Hz, 1H,
CHimid)y 6.30 (S, 1H, (Himid)a 4.84-4.76 (m, 1H, (H2Iinker)y 4.70-
4.63 (dd,2Jy—n = 5.50 Hz,334— = 14.55 Hz, 1H, Clajinker), 4.45
4.38 (dd,zJHfH =550 HZ,3JH7H: 14.55 Hz, 1H, (HZIinker): 417
4.10 (m, 1H, Cljinker), 3.88 (s, 3H, N-El3), 3.72 (d,2Jy—n = 13.65
Hz, 1H, C-QH-Ir), 3.61 (s, 3H, N-G3), 2.60 (d,2Jy-y = 13.65
Hz, 1H, C-CH,-Ir), 2.48 (s, 3H, C-Ei3), 1.63 (s, 15H, §CHs)s).
13C{1H} NMR (CDCls, 75 MHz): 6 153.98 C-CHa-Ir), 142.09
(C-Ir apnorma), 127.42, 123.92, 122.17CHimig), 121.50 C-CHg),
92.05 Cs(CHa)s), 49.18, 47.27 CHyjinker), 38.19, 34.13 (NEHy),
29.89 (CECHyIr), 9.83 (CCHj3), 9.20 (G(CHa)s). Electrospray MS
(20 V, m2): 581.3 [M]", 547.3 [M— Cl + H]". Anal. Calcd for
C2aN4H3sClIrPFs (mol wt 726.16): C, 36.39; H, 4.58; N, 7.72.
Found: C, 36.32; H, 4.40; N, 7.70.

Characterization of 5. '"H NMR (CDCl;, 500 MHz): ¢ 6.39
(s, 2H, MHimig), 4.84-4.76 (M, 2H, Gjinker), 4.25-4.39 (m, 2H,
CHZIinker)y 3.58 (S, 6H, N-(E'e,), 2.54 (S, 6H, C-Hg), 1.62 (S, 15H,
Cs(CH3)s). 13C{H} NMR (CDCl;, 125 MHz): 6 141.09 C-

Ir abnorma), 129.36 C-CHz), 126.19 Cimia), 90.55 Cs(CHg)s), 46.95
(CH3 inken), 34.13 (NCH3), 9.94 (CCHg), 9.25 (G(CHs)s). Elec-
trospray MS (20 Vin/z): 581.3 [M]". Anal. Calcd for GoN4Hzz-
IrPFCI (mol wt 726.16): C, 36.39; H, 4.58; N, 7.72. Found: C,
36.40; H, 4.36; N, 7.62.

Characterization of 6. 'H NMR (CDCl;, 300 MHz): 6 7.33
(d, 3-JHfH = 1.6 Hz, 2H, O—hmid), 6.74 (d,S‘JHfH = 1.6 Hz, 2H,
CHimig), 3.60 (s, 3H, N-El3), 2.66 (s, 3H, C-Ei3), 1.63 (s, 15H,
C5(CHg3)s). 13C{*H} NMR (CDCl3, 125 MHz): 6 148.5 C-CHy),
129.41, 120.24Gmiq), 84.95 Cs(CHg)s), 34.06 (NCH3), 29.64 (C-
CHj3), 9.09 (G(CHa)s). Electrospray MS (20 ViWz): 459.1 [M —
Cl]. Anal. Calcd for GsN,H3lrCl, (mol wt 494.48): C, 36.43; H,
4.69; N, 5.67. Found: C, 36.42; H, 4.60; N, 5.60.

X-ray Diffraction Studies. Crystals for suitable X-ray diffraction
of 2, 3, 5, and 6 were obtained by slow diffusion of ether in a
concentrated solution of the compound in C.

Crystal data are summarized in Table 1. Data collection was
performed at room temperature on a Siemens Smart CCD diffrac-

tometer using graphite-monochromated Mat Kadiation ¢ =
0.71073 A). The diffraction frames were integrated using the SAINT
package.

Space group assignment was based on systematic absences, E
statistics, and successful refinement of the structures. The structures
were solved by direct methods with the aid of successive difference
Fourier maps and were refined using the SHELXTL 6.1 software
package. All non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were assigned to ideal positions and refined using
a riding model.

Computational Details. The calculations were performed with
the Gaussian03 packa§eat the B3PW91 level’ Iridium was
represented by the relativistic effective core potential (RECP) from
the Stuttgart group and the associated basis set (SDDALL keyword
in Gaussian033® augmented by an f polarization function &
0.95)% lodine was represented by the relativistic effective core
potential (RECP) from the Stuttgart group and the associated basis
set (SDDALL keyword in Gaussian03%), augmented by a d
polarization function ¢ = 0.289)# A 6-31G(d,p) basis set was
used for all the other atoms (C, N, H, &)Corrections for basis
set superposition errors were not considered, as this work deals
essentially with comparison of behavior between two different sites
in the same molecule and not with accurate determination of
interaction energies between different molecules.

The geometry optimizations were performed without any sym-
metry constraint followed by analytical frequency calculations to
confirm that a minimum or a transition state had been reached.
The nature of the species connected by a given transition state
structure was checked by optimization as minima of slightly altered
TS geometries along both directions of the transition state vector.
The energies of all the systems studied at the B3PW91 level in the
gas phase were computed with inclusion of solvent effects (aceto-
nitrile) according to the PCM scheme as implemented in Gauésian.
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The geometries obtained in the gas phase were used without further Supporting Information Available: X-ray crystallographic files

reoptimization within the PCM methodology, and the united atom in CIF format for the structure determinationsf3, 5, and6, a

topological model with UAKS radii was used. complete reference for Gaussian 03, and DFT-computed Cartesian

coordinates for the optimized molecules and their PCM electronic
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