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ABSTRACT: A series of water-soluble zwitterionic complexes featuring a carboxylate bridge-functionalized bis-N-heterocyclic
carbene ligand of formula [Cp*M"'C1{(Melm),CHCOO}] and [M'(diene){(Melm),CHCOO}] (M = Rh, Ir; diene = cod, nbd) have
been prepared from the salt 1,1-bis(NV-methylimidazolium)acetate bromide and suitable metal precursor. The solid state structure of
both types of complexes shows a boat-shaped 6-membered metallacycle derived of the k*C,C” coordination mode of the bis-NHC
ligand. The uncoordinated carboxylate fragment is found at the bowsprit position in the Cp*M" complexes whereas in the
M'(diene) complexes is at the flagpole position of the metallacycle. The complexes [Rh'(diene){(Melm),CHCOO}] (diene = cod,
nbd) exist as two conformational isomers in dichloromethane, bowsprit and flagpole, that interconvert through the boat-to-boat
inversion of the metallacycle. An inversion barrier of around 17 kcal-mol™' has been determined by 2D EXSY NMR measurements
for [Rh'(cod){(MeIm),CHCOO}]. Reaction of zwitterionic Cp*M"" complexes with methyl triflate or tetrafluoroboric acid affords
the cationic complexes [Cp*M"'C1{(Melm),CHCOOMe}]" or [Cp*M"'C1{(Melm),CHCOOH}]" (M = Rh, Ir) featuring carboxy-
and methoxycarbonyl functionalized methylene-bridged bis-NHC ligands, respectively.  Similarly, complexes
[M'(diene){(MeIm),CHCOOMe}]" (M = Rh, Ir) have been prepared by alkylation of the corresponding zwitterionic M'(diene)
complexes with methyl triflate. In contrast, reaction of [Ir'(cod){(Melm),CHCOO}] with HBF, Et,0, CH;OTf, CH;I or I,, gives
cationic iridium(IIT) octahedral complexes [Ir'”X(cod){(MeIm)ZCHCOO}]+ (X'=H, Me or I) featuring a tripodal coordination mode
of the functionalized bis-NHC ligand. The switch from ’C,C’ to «’C,C’,O coordination of the bis-NHC ligand accompanying the
oxidative addition prevents the coordination of the anions eventually formed in the process that remain as counterions.

INTRODUCTION molecule activation or the opening of new reaction pathways
in both stoichiometric or catalytic reactions.*” In addition, a
potential hemilabile character can be anticipated in some
cases through functionalization either on the wingtip or in
the skeleton of the multidentate NHC ligands. In this context,
wingtip functionalization of NHCs has been recently widely
explored by several research groups, either to modulate their
electronic and steric properties or to immobilize the NHC
metal complexes on insoluble supports.®’

Although symmetrical poly-NHCs, mainly tris- and tetra-
NHCs, provided complexes with a facial array of the carbene
donors in the case of tris(imidazolydene)borates® or a variety
of metallosupramolecular assemblies,® the bis-NHCs are by
far the most extensively studied ligands in both coordination
and organometallic chemistry (Chart 1).” The two NHC
fragments can be bonded with an aliphatic linker of variable
length (A) and mononuclear chelate or dinuclear complexes
can be formed depending on the length and rigidity of the
linker or the sterical requirements of the wingtips.”" The
linker between the two NHC edges can have a P, O, S, or N-

N-Heterocyclic carbenes (NHCs) have become a powerful tool
in modern chemistry. Topological and electronical versatility
together with their remarkable strong o-donor and weak m-
acceptor features, and the relative easy synthesis of suitable
precursors make them attractive key ligands for the design of
coordination/organometallic complexes for a broad range of
applications such as catalysis, medicinal chemistry and
materials science.”*?

Multidentate/poly-NHC ligands provide privileged access to
polynuclear, high oxidation state or mixed valence complexes
with a tunable coordination sphere. Largely, these ligands
obligate to a determined coordination geometry that results
in complexes with interesting physical properties and
chemical reactivity. The chelate or pincer effects derived from
coordination of multidentate NHC ligands results in the
formation of stable metal-ligand platforms with easily
modulable properties that offer an extra stabilization which
allows the identification of key intermediates in small



donor functional group rendering a potential tridentate
coordination and providing pincer (B)*" or tripodal (€)'
bis-NHC type ligands. In contrast, the linearly opposed
arrangement of the two  carbene  units in
benzobis(imidazolylidene) ligands (D) results in dinuclear
complexes that have found application in several catalytic
processes.” On the other hand, ditopic triazolylidenes (E)*®
and anionic NHCs which bear remote anionic group (F)”
have drawn much less attention. Notably, the rigid structure
of the latter prevents unwanted ion-pairing between the
metal and the remote anionic moiety, and provides an easy
access to the corresponding zwitterionic metal complexes
that are generally water soluble and therefore particularly
attractive in catalysis.”> ™

=\ R kAl
N_ N N __N -/ N
R\ _ NNk N—/, ,\_——N
. R/ \R
A B
z R R
(\ /\ /ﬁ N N
NN X >:
N—/. AN N N
/ .t . \ e N
R R R R
c D
. N/R A R
R,NQ(N\R R,N;Q(:N\R
E F

= (CHa)n, (CH2)'O(CH)n, (CH2)nS(CH), Ar, etc.
Z = CHOH, NH, PPh, py, OH, etc.

Chart 1. Selected functionalized bis-NHC ligands based on
imidazole units and other ditopic NHCs.

Whereas there are many studies describing the pincer-like
coordination, i.e. tridentate-mer, of functionalized bis-NHC
ligands (B), the number of complexes having type C bis-NHC
ligands is rather scarce. Chart 2 shows the functionalized
methylene-bridge bis-NHC'**>??* or related bis-triazolyl
ligands®*® so far reported. Hydroxymethyl-funtionalized
methylene-bridged bis-imidazolium salts have been recently
reported by Kiithn and the corresponding copper, silver, gold
and palladium complexes have been described.””***
However, in most of these complexes the bis-NHC ligands
exhibit a k’C,C bidentate coordination mode with an
uncoordinated functional group in the skeleton.?®3° In fact,
advantage of the presence of an hydroxyl group has been
taken for the immobilization of palladium complexes on solid
supports.””?" As far as we know, the only example of tripodal
®C,C,0 coordination is a rhodium(Ill) compound having a
bis-NHC ligand functionalized with a 2-phenolate substituent
in the bridge."

Inspired by this ligand scaffold and with the aim of
developing our research on the synthesis and catalytic
applications of transition-metal complexes containing
functionalized NHC ligands with a hemilabile character,> 33*
we envisaged the potential of a carboxylate-functionalized
methylene-bridged bis-NHC ligand for the construction of a
versatile metal-ligand platform. The carboxylate group at the
linker could confer hemilabile properties to the ligand while
imparting water solubility to the complexes. In this respect,
we have recently reported® the synthesis of the zwitterionic

iridium(I) compound [Ir(cod){(Melm),CHCOO}] which is a
catalyst precursor for the hydrogenation of CO, to formate in
water. Reactivity studies and mechanistic investigations

support the dihydrido Ir(III) octahedral
[IrH,(H,O){(Melm),CHCOOY}] complex as the catalytic active
species.

We report herein on the synthesis and structure of
zwitterionic rhodium and iridium complexes derived from the
bis(N-methylimidazolium)acetate bromide salt. Reactivity
studies have shown that the uncoordinated carboxylate
moiety in the complexes is a reactive site and consequently
complexes featuring carboxy- and methoxycarbonyl
functionalized bis-NHC ligands have been prepared. In
contrast, oxidation of the iridium center results in the
formation of octahedral iridium(III) complexes enforcing a
>C,C’,0 coordination of the ligand.
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Chart 2. Functionalized methylene-bridged bis-NHC or
related bis-triazolyl ligands (Type C).

RESULTS AND DISCUSSION

Synthesis and structure of the carboxylate-
functionalized bis-imidazolium salt
[(MeImH),CHCOO]Br. The salt 1,1'-bis(N-methylimidazole)-
acetate bromide, precursor of the carboxylate-functionalized
bis-NHC ligand, was prepared as previously described by
reaction of ethyl dibromoacetate with an excess of N-
methylimidazole in THF at 343 K and isolated as a white
hygroscopic solid in 79% yield after recrystallization from
methanol/acetone.®®> The salt was fully characterized by
means of analytical and spectroscopic techniques.
Furthermore, the zwitterionic character of 1 has been
confirmed unambiguously by a single crystal X-ray diffraction
study.

A view of 13 H,O is shown in Figure 1. Bond lengths and
angles of the imidazolium fragment are similar to those of
related methylene bridged bis-NHC derivatives.””3* In
addition carbon-oxygen bond length [C(8)-O(1) 1.238(3) A] is
indicative of a charge delocalization within the carboxylate
group.®® Intermolecular C-H--O and C-H--Br contacts are
discussed in the Supporting Information.



Figure 1. View of the bis-imidazolium cation
[((MeImH),CHCOO]" in 1-3 H,O. Selected bond lengths (A)
and angles (°) are C(1)-N(2) 1.326(4), C(1)-N(5) 1.320(5), C(3)-
C(4) 1.349(5), C(3)-N(2) 1.384(5), C(4)-N(5) 1.386(6), C(8)-O(1)
1.238(4), O(1)-C(8)-O(1)’ 127.7(5). Hydrogen bond parameters
(A, °): O(2)-H(20) 0.83(6), O(2)--0(1) 2.923(7), H(20)--O(1)
2.10(6), O(2)-H(20)-O(1) 171(5). * symmetry operator +x, -
y+1/2, 42

Synthesis of zwitterionic [Cp*MIHCI{(MeIm)ZCHCOO}]
(M = Rh, Ir) complexes. The generation of free NHC ligands
from the corresponding imidazolium salts can be problematic
for some NHC systems. Unfortunately, the attempts to isolate
the free Dbis-NHC ligand by deprotonation of
[(MeImH),CHCOO|Br (1) using NaH, K'BuO or potassium
bis(trimethylsilyl)Jamide (KHMDS) were unsuccessful. As an
alternative, the in situ deprotonation of 1 at low temperature
under different conditions followed by reaction with the
acetonitrile solvates [Cp*M(NCCH,),]*" (M = Rh, Ir) also gave
poor results. Most probably, the acidity of the CH proton at
the bridging position of the pro-ligand interferes in the
deprotonation of the imidazolium fragments likely resulting
in the degradation of the ligand. Therefore, the silver-NHC
transmetallation strategy was used to prepare the complexes
[Cp*M"'Cl{(MeIm),CHCOO}] (M = Rh, Ir).

Scheme 1. Synthesis of zwitterionic [(Melm),CHCOOAg],
and [Cp*MCl{(Melm),CHCOO}] (M = Rh, Ir) complexes.
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The preparation of  the silver-NHC complex
[(MeIlm),CHCOOAg], (2) was successfully achieved following
a modified protocol of Youngs et al.® by reacting 1 with silver
oxide in MeOH/CH,Cl,. The ESI+ mass spectrum of 2 showed

a peak at m/z 654.0 suggesting a dinuclear structure in which
each Ag'ion could be coordinated by two carbene moieties of
two different bis-NHC ligands rendering a zwitterionic
structure similar to that of related methylene-bridged bis-
NHC silver complexes.””**3%** Also, the '"H NMR spectrum
of 2 showed two resonances for the N-Me groups and one
-CHCOO signal suggesting a nonsymmetric dinuclear
framework with two equivalent bis-NHC ligands.”®
Unfortunately the low solubility of 2 in deuterated solvents
prevented a reliable ®C assignment and eventually a detailed
structural elucidation of 2 in solution.””*°

Reaction of [(Melm),CHCOOAg], (2) with [Cp*MCl,], gave
high yields of the compounds [Cp*RhCl{(Melm),CHCOOY}]
(3) or [Cp*IrCl{(Melm),CHCOO}] (4). Notably both
compounds are highly soluble not only in chlorinated
solvents, CH;CN, MeOH or acetone but also in water.

The 'H and "C{'H} NMR data of 3 and 4 indicate a zwitterionic
structure of C, symmetry resulting from the «°C,C’
coordination of the bis-NHC ligand with an uncoordinated
carboxylate group that bears a delocalized negative charge.
Indeed the imidazole-2-carbene protons showed two doublets
in the range § 7-8 ppm and two equivalent N-Me groups are
observed ('H, C). Interestingly the methyne resonance is
seen at § 5.83 (3) and 5.72 ppm (4) suggesting that the 'H
chemical shift of the methyne moiety is extremely sensitive to
the coordination mode of the bis-NHC ligand. In fact, this
resonance was found downfield shifted up to § 7.76 ppm in
the silver dinuclear complex 2 in which a 1kC,2kC
coordination mode was proposed. The zwitterionic
complexes frequently crystallize with methanol (see below)
which is observed in the corresponding NMR spectra. In
particular, the 'H NMR spectrum of 3 shows a doublet at §
3.43 ppm (Ji.n = 4.9 Hz) which is assigned to a methyl group
of a MeOH molecule likely hydrogen-bonded to the
carboxylate group. The C{'H}-apt NMR spectrum of 3 in
CDCl, shows a doublet at § 168.0 ppm (Jc.rh = 50.7 Hz) for the
equivalent Cyncy atoms which further confirms the
coordination of the bis-NHC ligand to the rhodium centre.
The carbon atoms of the CHCOO moiety, also sensitive to the
coordination mode of the ligand, are observed at § 163.3 and
74.6 ppm, respectively. Comparing 3 and 4 neither of the two
resonances in 2C{'H} NMR spectra resulted significantly
affected by the metal centre. However, the equivalent Cycn
atoms were observed as sharp singlet around § 151 ppm in the
BC{'H}-apt NMR spectrum of 4 in CD,Cl,, high-field shifted
compared to 3.

The presence of an uncoordinated carboxylate group in
complexes 3 and 4 makes possible the existence of up to four
stereoisomers of (g symmetry all compatible with the
spectroscopic information. The chelate coordination of the
bis-NHC ligand to the metal centre results in the formation of
a 6-membered boat metallacycle in which both the
carboxylate fragment and the remaining ligands at the metal
centre can occupy two different positions, flagpole or
bowsprit, according to the [IUPAC.** Assuming that the rather
bulky Cp* ligand is located at a flagpole position, the
uncoordinated carboxylate moiety is directed either towards
the Cp*M fragment (flagpole isomer) or away from it
(bowsprit isomer), the latter configuration adapting to the
steric hindrance exerted by the Cp*M fragment. (Figure 2).
Indeed, DFT calculations have shown that the corresponding
isomers having the Cp* ligand in bowsprit position are much
less stable (see below). Interestingly, the existence of the
bowsprit isomer in complexes 3 and 4 is confirmed in the 'H-



"H-NOESY spectrum that showed a weak proximity cross peak
between the methyne resonance and the methyl protons of
the Cp* ring (see Supporting Information).
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Figure 2. Stereoisomers for 3 and 4 featuring the carboxylate
moiety in flagpole or bowsprit positions.

The ORTEP view of the solid state structures of 3-CH,OH and
4-CH;OH is shown in Figure 3 and selected bond lengths and
angles are given in Table 1. In agreement with the solution
NMR data for both 3 and 4, the ¥*C,C’ coordination of the bis-
NHC ligand affords a 6-membered ring with a boat
conformation in which the chlorido ligand and the
carboxylate group occupy the bowsprit positions. The
coordination sphere of the metal centre is completed by the
n’-pentamethylcyclopentadienyl ligand rendering a pseudo
tetrahedral coordination polyhedron. Notably, the pitch (6)
and yaw (¥) angles” (see Supporting Information) of the
imidazolyl ring are close to zero (6 1.5° 3; 0.9% 4; ¥ 2.1°, 3; 2.7°,
4) indicating a virtually ideal arrangement of each imidazolyl
moiety with respect to the rhodium-NHC bond. As for the
carboxylate group, as a clue of the charge delocalization
within the COO group, similar carbon-oxygen bond lengths
are observed (Table 1), the slight difference being reasonably
the result of the intermolecular hydrogen bond O(1)---H(30)-
O@3) to the lattice methanol molecule (Figure 3A and 3B,
Table 1).

Table 1. Selected bond lengths (A), interatomic distances
(A) and angles (°) in 3-MeOH, 4-MeOH, 8, and 9.

3 4 8 9
M-C(1) 2.018(2)  2.017(4) 2.021(3)  2.037(3)
M-C(10) - - 2.033(2)  2.027(4)
M-Cl 2.4135(8) 2.4500(11) 2.4083(8) -
M-0(3) - - - 2.207(2)
M-ct 1.8489(3) 1.8508(2) 1.8451(2) 1.8338(4)
C(8)-0(1) 1253(4) 1253(7)  1189(4)  1.202(4)
C(8)-0(2) 1236(4) 1230(7)  1321(4)  1.326(5)
C(1)-M-C(1)’ 85.26(12) 85.3(2) - -
C(1)-M-C(10) - - 83.95(11) 84.61(14)
O(-C(8)-0(2) 129.03) 120.6(5)  125.8(3) 126.5(4)
0(3)-H(30) 0.81(3)  0.840(4) - -
H(30)--0(1) 211(4)  2.078(4) - -
0(1)--0@) 2.874(3)  2.860(5) - -

0(3)-H(30)-0() 157(3)  154.73(3) - -
ct, centroid of C, ring of the n’-pentamethylcyclopentadienyl

ligand. " symmetry operator +x; Y2-y; z. Figure 3. ORTEP view of 3-CH,OH (A), 4-CH,OH (B), and the
cationic complex of 8 (C) and g (D). Ellipsoids are at the 50 %
of probability and most hydrogen atoms are omitted for

clarity.




Reactivity of zwitterionic [Cp*M"'CI{(Melm),CHCOO}]
(M = Rh, Ir) complexes. The unusual features of these
zwitterionic complexes prompted us to study their reactivity.
On the one hand, the uncoordinated carboxylate fragment
with an overall negative formal charge is a nucleophilic site
and its reaction with electrophiles such as H" or Me" can be
envisaged. On the other hand, the chlorido abstraction by
reaction with silver salts should result in a coordinative
vacancy that can be finally occupied by a solvent molecule,
such as acetonitrile, a ligand present in the reaction medium,
or even the uncoordinated carboxylate moiety.

The addition of HBF,-Et,O to a dichloromethane solution of
the zwitterionic complexes 3 or 4 gave yellow-orange
solutions of the corresponding cationic complexes
[Cp*MCI{(Melm),CHCOOH}]" (M = Rh, 5; Ir, 6) bearing a
carboxy group that results from the protonation of the
carboxylate fragment of the parent complexes. In the same
way, reaction of the zwitterionic complexes with methyl
trifluoromethanesulfonate (MeOTY) afforded the
corresponding cationic complexes
[Cp*MCI{(MeIm),CHCOOMe}]* (M = Rh, 7; Ir, 8) resulting
from the alkylation of the carboxylate fragment (Scheme 2).
The complexes were isolated as the tetrafluoroborate or
triflate salts as air-stable crystalline yellow solids in 65-90%
yields.

Scheme 2. Synthesis of cationic complexes
[Cp*MCI{(Melm),CHCOOE}]" (E = H, Me; M = Rh, Ir).
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The cationic complexes have been fully characterized using
standard spectroscopic techniques. Notably, the ATR-IR
spectra of the complexes exhibited absorption bands around
1740-1760 cm”  corresponding to the carboxy and
methoxycarbonyl groups, clearly shifted compared to the 1650
cm™ absorption band exhibited by the zwitterionic complexes
confirming the change of the carboxylate environment (See
Supporting Information). The NMR spectra of these
compounds are very similar to those of the zwitterionic
parent complexes except for the resonances of the new
functional groups. The 'H NMR spectra of 5 and 6 showed a
broad resonance at 3 4.14 ppm assigned to the -OH of the
carboxy group. The methyl group of the methoxycarbonyl
fragment in complexes 7 and 8 was observed around 6 4.1 and
55 ppm in the 'H and ®C{'"H} NMR spectra, respectively.

The crystal structure of 8 was determined in the solid state
and the ORTEP view of the cationic complex
[Cp*IrCl{(Melm),CHCOOMe}]" in 8 is shown in Figure 3C.
Similarly to 3 and 4 the ¥’C,C’ coordination of the bis-NHC
moiety renders a 6-membered ring with a boat conformation
in which the ester group and the chlorine atom occupies
bowsprit positions. The bite angle of the bis-NHC ligand
[C(1)-Ir-C(10) 83.95(11)°] is similar to that observed in 3
[85.26(12)°] and 4 [85.3(2)°]. Nevertheless, although the two
nonequivalent imidazolyl moieties exhibit similar yaw angles
[C), ¥ 3.8; C(10), Y 4.2], different pitch (8) angles are
observed [C(1), 6 17; C(10), 8 5.8] reasonably in connection

with the almost coplanar arrangement of the COO moiety
and the imidazolyl ring C(10)-N(11)-C(12)-C(13)-N(9) [O(v)-
C(8)-C(7)-N(9) -19.60(42)°]. Finally it is worth a mention that
the significantly different carbon-oxygen bond lengths
observed for the ester group, namely C(8)-O(1) 1.189(4) A and
C(8)-0O(2) 1.321(4) A, nicely fit in with the presence of
localized double and single carbon-oxygen bonds within the

COO group.?®
The abstraction of the chlorido ligand was explored on
[Cp*RhCl{(Melm),CHCOO}] 3) and

[Cp*RhCl{(Melm),CHCOOMe}]OTf (7). The reaction of 3
with either stoichiometric amounts or excess of a range of
silver salts (AgX, X = BF,, PFs, SbF¢ or OTf) resulted in the
precipitation of AgCl. However, the isolated solids obtained
after removing the insoluble silver chloride showed broad 'H
resonances suggesting the formation of several species
probably in a rapid exchange. Likely, interaction between the
Ag" ions and the uncoordinated carboxylate group results in
the incomplete precipitation of AgCl and is responsible of the
lack of selectivity of the reactions. Reaction of 3 with TIPF,
gave similar results even when using coordinating solvents
such as acetonitrile or acetone. On the other hand, the
addition of AgOTTf to a solution of 77 in dichloromethane gave
good yields of [Cp*Rh(OTf){(Melm),CHCOOMe}]OTf (9)
(Scheme 3).

The ORTEP view of the cation
[Cp*Rh(OTf){(Melm),CHCOOMe}]" in g is shown in Figure
3D. Similarly to 3, 4 and 8, the coordination polyhedron is
pseudo tetrahedral with a ¥*C,C’ coordination of the bis-NHC
ligand {C(1)-Rh-C(10) 84.61(14)°}. When compared with 8,
smaller deviations from an ideal arrangement of the
imidazolyl moieties with respect to the rhodium-NHC bond
are observed for 9 [C(1), 8 2.0, Y 2.5; C(10), 8 3.9; Y 1.0],
reasonably as a consequence of the local symmetry at the C(7)
carbon atom [O(1)-C(8)-C(7)-N(5) 27.6(5)°, O(2)-C(8)-C(7)-
N(9) -30.1(4)°]. Notably, at variance with 8, the COOMe
group occupies a flagpole position of the six member ring Rh-
C(1)-N(5)-C(7)-N(9)-C(10). Reasonbly as a result of the steric
repulsion between the Cp* ligand and the COOMe group, the
ring adopts a boat conformation flatter than that of 8*
exhibiting interplanar angles significantly smaller than in 8
(Table 2).

The 'H and C{'H} NMR spectra of g in CD,Cl, are very similar
to those of the parent complex 7 indicating the x*C,C’
coordination of the bis-NHC moiety. In addition, the two
observed "F resonances (5 -78.83 and -78.91 ppm) confirm the
presence of two different triflate groups, one coordinated and
the other acting as the counterion.

The triflate ligand in 9 is labile and was easily replaced by
acetonitrile affording [Cp*Rh(NCCH,){(Melm),CHCOOMe}]
(OTf), (10) by reaction of 9 with neat acetonitrile (Scheme 3).
Confirming the presence of coordinated acetonitrile, 'H NMR
spectrum showed a singlet at § 2.52 ppm for its methyl group
and the ®C{'H}-apt spectrum exhibited two resonances at §
127.7 and 4.65 ppm corresponding to the quaternary and
methyl carbons of coordinated CH,CN, respectively.

The molar conductivities of complexes 7, 9 and 10 were
measured in nitromethane. The molar conductivity for
complex 7 is in accordance with a 11 electrolyte (85.1
Q7-cm®mol™). However, complexes 9 and 10 gave values
corresponding to 2:1 electrolytes, 166.4 and 166.1 Q™-cm*mol”,
respectively, which evidences the lability of the triflate ligand
ino.



Scheme 3. Reactivity of
[Cp*RhCl{(Melm),CHCOOMe}]OTf (7).
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Table 2. Interplanar angles (°) for the six member
metalacycle M-C(1)-N(5)-C(7)-N(5)-C(10) in 8, 9, 11, 12, and
14.

Compound M « B

8 Ir 504 291

9 Rh 355 210 & a
N(5) c(1)

1 Rh 413 371

12 Rh 42.5 33.2 N(9YN(S)'  c(10)c(1y

14 Ir 461 397

According to the experimental data we assume that,
analogously to the iridium complex 8, the carboxylate moiety
in complex 7 occupies a bowsprit position. Thus, the
formation of ¢ involves a conformational change in the
metallacycle that results in a change in the methoxycarbonyl
position from bowsprit to flagpole. Likely, the reaction
proceeds through the 16 electron intermediate species
[Cp*Rh{(Melm),CHCOOMe}]*" that undergoes a boat-to-boat
inversion of the 6-membered metallacycle followed by the
coordination of the triflate ion (Scheme 4).

The stereochemical change observed in the synthesis
of g prompted us to carry out DFT calculations in order to
determine the stability of the stereoisomers of
the Cp*M"' complexes. First, the relative stability of the four
stereoisomers of compound [Cp*RhCl{(Melm),CHCOOMe}]"
(7) has been studied. As expected, the isomers having the Cp*
ligand in bowsprit position are much less stable than the
corresponding flagpole isomers by 22-26 kcal-mol™ (see
Supporting Information). Thus, the structures of the flagpole
and bowsprit isomers (Figure 2) have been optimized in
methanol, dichloromethane and vacuum. Table 3 summarizes
the calculated data representing AG (kcal-mol™) as the energy
difference between the bowsprit and the flagpole isomers. On
the steric grounds, the flagpole isomer is expected to be less
stable as the substituent at the bridge of the bis-NHC ligands
is directed towards the bulky pentamethylcyclopentadienyl
ligand. Surprisingly, DFT calculations revealed that
the flagpole isomer is more stable for all
the Cp*M"" complexes including the yet unprepared 9-
Ir and 10-Ir compounds, both in gas phase and in solution.

Table 3. Calculated Gibbs free energy differences AG =
Gbowsprit - Gﬂagpole for [CP*MCI(L)], [CP*MX(LMG)]+ (X = Cl,
OTf) and [Cp*M(NCCHB)(LMe)]“ (M = Rh, Ir), L =
(Melm),CHCOO in methanol, dichloromethane and gas
phase.

AG (kcal-mol™)
MeOH CH,Cl, Gas phase
[Cp*RhCIL] (3) 2.44 3.08 554
[Cp*IrCIL] (4) 3.93 319 598
[Cp*RhCI(LMe)]" (7) 5.05 6.06 287
[Cp*IrCI(LMe)]" (8) 4.52 3.71 2.70
[Cp*Rh(OTf)(LMe)]" (9) 211 2.02 414
[Cp*Ir(OTf)(LMe)]*(o-Ir) 3.99 385 381
[Cp*Rh(NCCH,)(LMe)]** (10) 4.41 3.59 2.70
[Cp*Ir(NCCH,)(LMe)]** (10-Ir) | 6.62 5.11 2.06

Scheme 4. Proposed mechanism for the stereochemical
change observed in the synthesis of 9.

AgOTf

The isolation of the less stable bowsprit isomer in the
synthesis of complexes 3 and 4 should be related with the
mechanism of formation. Both complexes result from the
reaction of two dinuclear complexes, [Cp*MCL,], and
[(Melm),CHCOOAg],, reasonably through a multistep
process involving the sequential transfer of both NHC
fragments to the rhodium centre. It could be conceivable that
the stereochemistry of some of the intermediate species
determines the location of the carboxylate fragment in
bowsprit position in the final product, which is compatible
with the small energy difference between both stereoisomers.
On the other hand, the alkylation of the carboxylate moiety in
both complexes result in the clean formation of the cationic
complexes 7 and 8 with retention of the stereochemistry. In
contrast, the synthesis of 9 proceeds through an unsaturated
intermediate species that allows the boat-to-boat inversion of
the 6-membered metallacycle shifting the methoxycarbonyl
group from the bowsprit to the flagpole position. Finally, the
replacement of the triflate ligand for acetonitrile in g results
in compound 10 for which the flagpole isomer is also more
stable.

Synthesis of zwitterionic [M'(diene){(MeIm),CHCOO}]
(M = Rh, Ir; diene = cod, nbd) complexes. The synthesis of
zwitterionic M'(diene) (M = Rh, Ir) complexes was
accomplished by the deprotonation in situ of the



functionalized bis-imidazolium salt. Due to the limited
solubility of [(MelmH),CHCOO]Br (1), the selection of both
solvent and base was crucial for the successful synthesis of
this series of organometallic complexes. A preliminary study
on the optimal reaction conditions using NaH as base
evidenced that the presence of methanol is essential. The
addition of NaH to a yellow suspension of 1 and [Rh(p-
Cl)(cod)], (221 ratio) in THF (10 mL) showed no reaction even
after prolonged reaction times. Nevertheless, after the
addition of methanol (1 mL) the immediate formation of a
light yellow solution was observed along with dihydrogen
evolution. Stirring for 4 h resulted in an orange solution from
which the zwitterionic complex [Rh(cod){(Melm),CHCOO}]
(11) was isolated as a shiny orange powder in 63% yield. Under
these reaction conditions the base responsible for the
deprotonation of the bis-imidazolium salt is likely NaOMe,
which is formed by reaction of NaH and MeOH. Although
this methodology was successfully employed to prepare
[Rh(nbd){(MeIm),CHCOO}] (12), it was ineffective for the
synthesis of the iridium complex [Ir(cod){(Melm),CHCOOY}]
(13) (Scheme 5).

Scheme 5. Synthetic strategies applied to the preparation
of zwitterionic [M(diene){(Melm),CHCOO}] complexes.
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An alternative synthetic protocol for the preparation of 1
entails the sequential reaction of 1 with 0.5 equiv of [Rh(p-
OMe)(cod)], and NaH in THF/MeOH which afforded the
compound in 75% yield. Most likely, the formation of 11
proceeds through the deprotonation of one of the
imidazolium fragments of 1 by the bridging methoxo ligands
of the dinuclear compound to give the intermediate
[RhBr(cod){(Melm)(MelmH)CHCOOY}] species having a
pendant imidazolium fragment which is further deprotonated
by NaOMe. This methodology has been successfully applied
to the synthesis of [Rh(nbd){(Melm),CHCOQY}] (12) which has
been obtained in 73% yield starting from [Rh(p-OMe)(nbd)]..
Interestingly, the iridium complex [Ir(cod){(Melm),CHCOO}]
(13) has been prepared in MeOH following this synthetic
methodology and isolated as a red microcrystalline solid in
70% yield after removing the inorganic salts (Scheme 5).%

In the crystal structure of 11 and 12 a distorted square-planar
geometry at the metal centre was observed along with a ¥*C,C’
coordination of the bis-NHC ligand and a flagpole carboxylate
group similarly to the structure previously reported for
[Ir(cod){(MeIlm)2CHCOO}] (13)*. An ORTEP view of 11 and 12
is shown in Figure 4. As for the rings Rh(1)-C(1)-N(5)-C(7)-
N(9)-C(n) (1) and Rh(1)-C(1)-N(5)-C(7)-N(5)'-C(1)" (12),
similar interplanar (Table 2), pitch (¥ 1.4° 3.8° 11; 0.5° 12)
and yaw (6, 6.9°, 8.6° 11; 6.2°, 12) angles are observed
suggesting that the bite angle of cod [85.964(8)°] and nbd
[70.27(1)°] has rather poor influence on those parameters.
Also, it is worth a mention that interplanar angles in 11 and 12
are bigger than in 9 (Table 2), reasonably as a result of the
reduced steric congestion around the metal centre both in 11
and 12. Like for 3 and 4, for both 11 and 12 similar carbon-
oxygen bond lengths indicate charge delocalization within the
COO. A view of intermolecular hydrogen bonds between the
carboxylate group and lattice methanol molecules and the
related data are given in Figure 4.

Figure 4. ORTEP view of 11.2CH,;OH (A) and 12:2CH,OH (B).
Ellipsoids are at the 50 % of probability and most hydrogen
atoms are omitted for clarity. Selected bond lengths (A) and
angles (°) are: 11, Rh-C(1) 2.049(2), Rh-C(10) 2.031(2) Rh-ct(1)
2.0781(2), Rh-ct(2) 2.1008(2), C(15)-C(16) 1.379(4), C(19)-C(20)
1.381(4), O(1)-C(8) 1.249(3), O(2)-C(8) 1.246(3), C(1)-Rh-C(10)
83.27(9), ct(1)-Rh-ct(2) 85.964(8), ct(1), centroid of C(15) and
C(16), ct(2) centroid of C(19) and C(20). 12, Rh-C(1) 2.0295(16),
Rh-ct 2.0682(2), C(10)-C(11) 1.377(3), O(1)-C(8) 1.2453(17), C(1)-
Rh-C(1)’ 84.05(9), ct-Rh-ct’ 70.27(1); ct/ct’, centroid of
C(10)/C(10)" and C(1)/C(u1)’. Hydrogen bond parameters (A,
°): 11, O(3)-H(30) 0.840(2), H(30)--O(1) 1.859(2), O(1)--O(3)
2.697(3), 0O(3)-H(30)-O(1) 174.4(2); O(4)-H(40) 0.840(3),
H(40)--0(2) 1.882(2), O(4)--0(2) 2.705(3), O(4)-H(40)-0(2)
166.2(2); 12, O(2)-H(20) 0.840(2), H(20)--O(1) 1.894(1),
0(1)--0O(2) 2.719(2), O(2)-H(20)-O(1) 166.9(1). ' symmetry
operator +x; Y2-y; +z.



Compounds 11-13 have been fully characterized in solution by
multinuclear NMR spectroscopy. The 'H NMR spectrum of
complex 11 in CD,Cl, evidenced the presence of two
symmetrical isomers in a 3.6/1 ratio as two sets of
independent resonances can be identified in the spectrum
(Figure 5). The functionalized bis-NHC ligand of the major
isomer (o) showed two doublets at § 7.26 and 6.81 ppm with a
Jun of 2.0 Hz for the imidazole-2-carbene protons, and a
singlet at § 6.03 ppm for the -CHCOO resonance.
Interestingly, the minor isomer (A) showed a very different
pattern: two well separated doublets at § 7.95 and 6.69 ppm
and a downfield shifted resonance up to 8 7.09 ppm for the
methyne. The equivalent N-Me protons of both isomers gave
two singlets at § 3.73 and 3.70 ppm, respectively. Although an
averaged broad signal at § 4.84 ppm is observed for the =CH
olefin protons of both isomers (Figure 5), =CH carbons were
observed in the *C{'H} as two sets of doublets at § 93.9, 86.8
ppm (major isomer) and 91.8, 87.1 ppm (minor isomer), with
Jcrn of = 8.4 Hz, which is in agreement with the presence of a
symmetry plane in both isomers. In addition, the downfield
doublet at § 179.5 ppm (Jcrn = 52.4 Hz) was assigned to the
Rh-Cycn resonance of the major isomer, which appears in the
range found for related Rh(I)-bis-NHC complexes."™

Figure 5. 'H NMR (CD,CL,
[Rh(cod){(MeIm),CHCOO}] (11).

298 K) spectrum of

The presence of two isomers for 1 is likely related with the
different disposition of the carboxylate moiety in the 6-
membered metallacycle exhibiting a boat conformation. The
major species is the flagpole isomer as inferred by the 'H-'H-
NOESY spectrum that showed a weak proximity cross peak
between the methyne resonance and that of the adjacent =CH
protons of the imidazole-2-carbene rings at § 6.03 and 7.26
ppm, respectively (see Supporting Information). Thus, the
carboxylate fragment occupies a flagpole position in the major
isomer, as it has been found in the solid-state structure, and a
bowsprit position in the minor isomer. The methyne proton in
the minor isomer is pointing to the metal centre over the
metallacycle which strongly influences the chemical shift of
the -CHCOO resonance. This resonance has been found
downfield shifted up to 8§ 7.09 ppm in the bowsprit isomer
whereas it is observed at § 6.03 ppm in the flagpole isomer,
which could be a consequence of an anagostic interaction
H--Rh with the metal centre.***®* The H--Rh distance of
2.908 A calculated for the bowsprit isomer lies in the upper
range of distances observed for anagostic interactions and is
much shorter than that found in the flagpole isomer (4.142
A).45

Molecular models show that both stereoisomers can
interconvert by inversion of the 6-membered metallacycle
ring. Accordingly strong exchange cross-peaks between the
-CHCOO resonances at § 7.09 and 6.03 ppm as well as
between those resonances corresponding to the =CH of the
imidazole-2-carbene rings appear in the 'H-'H-NOESY NMR
spectrum of 1, which indicate that both isomers actually
interconvert in solution (Figure 6).

Figure 6. 'H-'H-NOESY (CD,Cl,, 300 K) spectrum of
[Rh(cod){(MeIm),CHCOOY}] (11).

'H 2D-EXSY NMR measurements were carried out to
determine the forward and backward rate constants k, and k_,
for the equilibrium between both conformational isomers of
u (Figure 7, see Supporting Information).”® Notably, the
resulting activation barriers (AGli‘300 kx = 181 kcal-mol™;
AG,li,300 k = 16.7 kcal'‘mol™) nicely fit in with the activation
barrier determined for the boat-to-boat inversion in
mononuclear palladium(II) complexes featuring methylene-
bridged 1,2,4-triazole-derived bis-NHC ligands.* The
equilibrium constant Kgysy obtained from the determined rate
constants is in good agreement with the experimental value of
Kip:, obtained from the same sample by integration of the =CH
resonances of the imidazole-2-carbene rings in an experiment
recorded with the same relaxation time.

H _
})\O 300 K
ol ki, 0.275 5™ 3 o
[ I/, Rh\ [ ) 1 Rh
k4,0.694 s wj\
Kexsy = 0.40 o H
flagpole EXsy = bowsprit
King = 0.41

Figure 7. 'H 2D-EXSY (CD,Cl,, 300 K) derived rate constants
(k, and k, in s™) and calculated equilibrium constant (K) for
the equilibrium between the flagpole and bowsprit isomers of
compound 11.

A variable temperature 'H NMR study in the temperature
range of 231-295 K also supports the existence of a dynamic
equilibrium between both isomers. The equilibrium constant

= [bowsprit]/[flagpole], is 0.34 at 295 K and decreases to
0.09 at 231 K, pointing at an endothermic character of the
inversion. Indeed the thermodynamic parameters of the
inversion determined by means of a Van’t Hoff plot*® are: AH®
= 2.7 = 1.2 kcal'mol™ and AS° = 6.6 + 1.1 cal-K™-mol™ (see
Supporting Information).



Unexpectedly, the 'H NMR spectrum of 11 recorded in CD,0D
showed only one isomer which is indicative of the strong
influence of the solvent on the equilibrium. The observed
pattern for the =CH imidazole-2-carbene resonances and the
two broad resonances for the =CH cod olefin protons is in
agreement with the presence of the flagpole isomer of Cj
symmetry. A variable temperature '"H NMR study in CD,0D
showed exclusively the presence of the flagpole isomer in the
range of temperature from 213 to 328 K.

The 'H NMR spectrum of [Rh(nbd){(Melm),CHCOO}] (12) in
CD,Cl, at room temperature showed a singlet at § 6.16 ppm
for the methyne proton and a broad signal at 4.85 ppm for the
four vinyl =CH protons of the nbd ligand. Also, the =CH
carbons were also observed as a broad resonance at § 79.4
ppm in the *C{'"H} NMR spectrum which suggests a dynamic
behavior. The '"H NMR spectrum of 12 recorded in CD,Cl, at
233 K also showed the presence of the bowsprit isomer with a
flagpole/bowsprit ratio of 5/1 (K = 0.20). The =CH imidazole-2-
carbene protons of the bowsprit isomer appeared as two
overlapped signals rendering an apparent triplet at § 6.72 ppm
(Ju-n = 1.9 Hz) whereas the CHCOO resonance is seen as a
singlet significantly downfield shifted up to § 7.34 ppm
compared to that of the major flagpole stereoisomer which is
observed at 6.16 ppm (see Supporting Information). The easy
interconversion of both isomers at room temperature suggests
a low energy barrier for the boat-to-boat inversion process
which is in agreement with the presence of the less steric
demanding nbd ligand in 12 compared to cod.

Similar to the related rhodium compound 11, compound
[Ir(cod){(Melm),CHCOO}] (13) exists in CD,0OD as the
flagpole isomer in the temperature range 298-213 K as shown
by the 'H NMR spectra.®® Unfortunately, the 'H NMR
spectrum in CD,Cl, showed featureless resonances even at 213
K which makes difficult the structural assignment in this
solvent.

In order to determine the relative stability of the two possible
isomers for complexes 1m-13, the corresponding structures
have been optimized by DFT calculations performed in both
solvents, CH,Cl, and MeOH. In agreement with the
experimental observations, the flagpole isomer is always more
stable than the bowsprit isomer (Table 4).

Table 4. Calculated Gibbs free energy differences AG =
Growsprit — Giiagpole for [M(diene){(Melm),CHCOO}] and
[M(cod)(LMe)]" (M = Rh, Ir), L = (Melm),CHCOO in
methanol, dichloromethane and gas phase.

AG (kcal-mol™)
MeOH CH,Cl, Gas
[Rh(cod){(MeIm),CHCOOY}] (11) 1.82 157  2.29
[Rh(nbd){(Melm),CHCOO}] (12) 1.42 0.50 246
[Ir(cod){(MeIm),CHCOOY}] (13) 0.98 0.86 0.74
[Rh(cod)(LMe)]OTf (15) 5.15 5.12 2.76
[Ir(cod)(LMe)]OTSf (16) 5.41 524  3.30

The DFT calculations showed no large differences in terms of
energy between both isomers of complexes 11-13 derived from
the ligand (Melm),CHCOO' in both solvents. The observation
of both isomers in dichloromethane solutions of complexes 11
and 12 is in accordance with their small energy difference.
However, only the flagpole isomer is found in CD,0OD
solutions of 11 and 13. Most likely, the interaction of methanol

molecules with the carboxylate moiety prevents the inversion
of the 6-membered metallacycle ring by increasing the energy
barrier for the inversion of the metallacycle and therefore the
bowsprit isomer is not seen.

Palladium(Il)-bis(NHC) complexes derived from N,N-
bis(1,2,4-triazol-1-yl)methane bearing an hydroxyl-alkyl chain
substituent at the bridge also show a non-equimolecular
mixture of two interconverting isomers in solution with the
flagpole species as the predominant one. Theoretical
calculations on a simplified model have also shown that the
flagpole isomer is slightly more stable (1-3 kcal-mol™) than the
bowsprit isomer.”®* However, it is worth mentioning that the
uncoordinated pyrazole ring of square planar palladium(II)
complexes featuring a tris(pyrazol-1-yl)borate ligand «’N,N’
coordinated is located at a bowsprit position of the
palladacycle.”

The use of silver-carbene as transfer agents for the synthesis
of iridium(I) complexes could be considered a challenge due
to the possible oxidation of metal centre. In fact, reaction of
[(Melm),CHCOOAg], (2) with the dinuclear complexes [M(p-
Cl)(cod)], (M = Rh, Ir) leads to an untreatable mixture of
unidentified compounds. However, when the reaction of
[Ir(p-Cl)(cod)], with 2, generated in situ in methanol, was
conducted in the presence of a moderate excess of Ag,O the
the ion-pair [IrCl(cod){(Melm),CHCOO}][IrCl,(cod)] (14) was
isolated as a yellow solid in moderate yield (Scheme 5).

As observed in the solid state structure of 14, the square
planar anion [IrCl,(cod)] is similar to that already described
for related compounds (see Supporting Information).”>>*>
The iridium(III) cation [IrCl(cod){x>C,C’,O-(MeIlm),COO}]" in
14 exhibits a distorted octahedral coordination polyhedron
with a ¥>C,C’, O coordination mode of the tridentate bis-NHC
ligand. The coordination sphere is completed by the bidentate
cod ligand and one chlorido, trans to the oxygen atom [O(1)-
Ir(1)-Cl(1) 168.15(13)°, Figure 8]. As for the cod and bis-NHC
ligands, bond lengths and angles are similar to those reported
for the related hydrido derivative [IrH(cod){x*C,C’O-
(MeIm),COO}]** Notably as a consequence of the ¥>C,C,0
coordination of the bis-NHC ligand, the interplanar angles
(Table 2) of the 6-member ring Ir-C(1)-N(5)-C(7)-N(9)-C(10)
as well as the yaw angles {yp 9.8, C(1); 9.0, C(10)} of the
imidazole-2-carbene moieties are bigger than those of the
related rhodium(I) derivative 11 (vide supra) and of the
previously reported® complex Ir(cod){x*C,C-(Melm),COO}.
The mass spectrum and the spectroscopic data for 14 are in
agreement with the structure found in the solid state. The 'H
NMR spectrum of 14 in CD;0D showed two doublets at § 6.81
and 5.94 (Jyn = 21 Hz) for the =CH imidazole-2-carbene
protons, and two well separate resonances at § 5.90 and 4.67
ppm for the =CH olefin protons of the cod ligand, in
agreement with the C; symmetry of the cation. On the other
hand, the >C,C;0 coordination of the carboxylate-
funtionalized bis-NHC ligand results in a significant
downfield shift of the -CHCOO resonance up to § 6.99 ppm
which is a diagnostic for this coordination mode.
Furthermore, the Cycn resonance was found at § 135.4 ppm in
the “C{'H} NMR spectrum (CD,OD), considerably high-field
shifted compared to that of 13 (176.2 ppm) in agreement with
the oxidation of the iridium center.****¥ The ATR-IR
spectrum show an intense absorption at 1694 cm”
corresponding to the asymmetric stretching COO band of the
coordinated carboxylate fragment, at higher energy than in
the zwitterionic complex 13 (1648 cm™).



Figure 8. ORTEP view of the cation [IrCl(cod){x*C,C’,O-
(MeIm)2COOY}]" in 14. Ellipsoids are at the 50 % of probability
and most hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles (°) are: Ir(1)-C(1) 2.032(6), Ir(1)-
C(10) 2.017(6), Ir(1)-O(1) 2.127(4), Ir(1)-Cl(1) 2.373(2), Ir(1)-ct(1)
2.2316(4), Ir(1)-ct(2) 2.2217(5), C(15)-C(16) 1.376(9) C(19)-C(20)
1.378(9), O(1)-C(8) 1.293(8) O(2)-C(8) 1.224(8) C(1)-Ir(1)-C(10)
84.3(2) O(1)-Ir(1)-Cl(1) 168.21(13) ct(1)-Ir(1)-ct(2) 81.28(2) C(1)-
Ir(1)-O(1) 85.8(2) C(10)-Ir(1)-O(1) 84.9(2). ct(1), centroid of
C(15) and C(16); ct(2), centroid of C(19) and C(20).

In order to verify that the ion Ag" is the actual oxidant of the
iridium(I) centre in the formation of 14, the reactivity of
[Ir(cod){(MeIm),CHCOO}] (13) with silver(I) salts was
explored. Two step reaction of 13 with AgBF, (2 equiv) in
methanol and NaCl gave a dark suspension. Interestingly, the
'H NMR of the yellow solution obtained after removing the
inorganic solids showed the presence of unreacted 13 and the
iridium(IlI) cations [IrH(cod){(MeIlm),CHCOO}]™* and
[IrCl(cod){(MeIm),CHCOO}]*, which confirms the role of the
excess of Ag,O in the synthesis of 14.

Reactivity of zwitterionic [M(cod){(MeIm),CHCOO}] (M
= Rh, Ir) complexes with electrophiles. The uncoordinated
carboxylate fragment in the zwitterionic complexes
[M(cod){(Melm),CHCOO}] (M = Rh, Ir) is a nucleophilic site
and therefore can react with electrophiles to give the
corresponding M(I) cationic complexes. Nevertheless, due to
the presence of the strong electron donating bis-NHC ligand
the direct attack of the electrophile to the basic M(I) metal
centre, to give cationic octahedral M(III) complexes cannot be
ruled out.

The addition of MeOTf to solutions of the water soluble
complexes [M(cod){(Melm),CHCOO}] (M = Rh, u; Ir, 13)
in  dichloromethane  afforded the compounds
[M(cod){(MeIm),CHCOOMe}|OTf (M = Rh, 15; Ir, 16)
which were isolated as dark orange-red solids in good
yields (Scheme 6). The 'H and “C{'H} NMR spectra in
CD,(l, showed the characteristic singlet resonances for the
methyl group of the methoxycarbonyl fragment at § 3.89
and 54.4 (15), and 3.83 and 54.3 ppm (16). Also, the spectra
of both complexes show a similar pattern of resonances
and the presence of a single isomer of C,; symmetry. In
particular, the methyne resonance at § 7.29 (15) and 7.5
(16) ppm in the 'H NMR spectra, significantly downfield
shifted compared to that of the parent complexes, suggests
the location of the methoxycarbonyl fragment in bowsprit

10

position allowing for the CH---M interaction. However, the
'H-'H-NOESY spectrum of 15 evidenced the existence of
the flagpole isomer as proximity cross peaks between the
methoxycarbonyl fragment and one of the =CH of the cod
ligand (8 3.89 and 4.69 ppm, respectively), and the -
CHCOQO resonance and the adjacent =CH protons of the
imidazole-2-carbene rings (§ 7.29 and 7.67 ppm, respec-
tively) were observed (see Supporting Information). Fur-
thermore, DFT calculations also predict the higher stabil-
ity of the flagpole isomer by ~5 Kcal-mol™ for both com-
pounds, in both solvents (Table 4). A variable temperature
NMR study exclusively showed the flagpole isomer in the
temperature range of 183-313 K.

Scheme 6. Reactivity of zwitterionic

[M(cod){(MeIm),CHCOO}] (M = Rh, Ir) complexes with
MeOTf and HBF,.
—l Totr”

MeOTf
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Reaction of zwitterionic [Rh(cod){(Melm),CHCOO}] (11)
with HBF,-Et,O in CH,CI, resulted in the unexpected de-
carboxylation of the complex with the formation of the
ionic compound [Rh(cod){(Melm),CH,}]BF, (17) and
CO,(g) (Scheme 6). The compound has been characterized
by comparison of the spectroscopic properties with those
of the iodide salt prepared following the procedure de-
scribed by Herrmann et al.>® In sharp contrast, reaction of
[Ir(cod){(MeIm),CHCOO}] (13) with HBF,(Et,0 in di-
chloromethane at 223 K afforded a yellow solution of the
cation [IrH(cod){(MeIm),CHCOO}]" which is supposed to
be formed by direct protonation of the iridium centre. The
compound was isolated as the tetrafluoroborate salt
[IrH(cod){(Melm),CHCOO}|BF, (18) in 72% yield. The
formation of the cationic hydrido iridium(III) species was
confirmed by comparison of the 'H NMR spectrum in
DMSO-d, with that of the triflate salt that showed the
characteristic high-field singlet at § -19.05 ppm for the
hydrido ligand . *



The presence of an electron rich iridium(I) centre in
[Ir(cod){(MeIlm),CHCOOY}] (13) prompted us to explore
oxidative addition reactions with the aim of preparing
octahedral iridium(III) complexes stabilized by the
K’C,C,0 coordination of the carboxylate-functionalized
bis-NHC ligand. Stirring of a red suspension of 13 in neat
Mel gave a yellow suspension of complex
[Ir(CH,)(cod){(Melm),CHCOOJ}]I (19) which was isolated
as a yellow solid in 79% yield (Scheme 7).

Scheme 7. Reactivity of zwitterionic
[Ir(cod){(Melm),CHCOOY}] (13) complex with Mel and L,.
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The ionic character of the compound was also confirmed by
the measurement of the conductivity which is in the expected
range for a 11 electrolyte (83.2 Q".cm®mol” in methanol).”
The 'H and “C{'H}-apt NMR spectra also confirmed the
formation of the Ir-CH, bond and the ¥’C,C,0 coordination
of the carboxylate-functionalized bis-NHC ligand. The methyl
ligand gave a singlet at § 1.58 ppm in the 'H NMR spectrum
and at & -29.5 ppm in the 3C{'H}-apt spectrum.® The
imidazole-2-carbene rings protons were observed as a set of
two doublets and the methyne resonance as a singlet at § 6.83
ppm. These resonances were found downfield shifted
compared to that of the parent zwitterionic iridium(I)
complex 13 (Figure 9) but roughly at the same chemical shift
as in the cationic hydrido iridium(IIl) compound 18.
Interestingly, all these features are diagnostic of the ¥*C,C,0O
coordination mode of the carboxylate-functionalized bis-NHC
ligand. In addition, the cod ligand exhibits two well separate
resonances for the =CH olefin protons at § 6.03 and 5.22 ppm,
also largely downfield shifted compared to that of 13, as a
consequence of the oxidation of the iridium centre. Similarly
to compound 18, the equivalent Cycy carbon atoms were
observed at § 147.3 ppm in the *C{"H} NMR spectrum.

The addition of solid I, to a red solution of
[Ir(cod){(MeIm),CHCOO}] (13) in MeOH gave a yellow
solution after 10 minutes of vigorous stirring from which
complex [Irl(cod){(MeIlm),CHCOO}]I (20) was isolated as a
yellow solid in 87% yield (Scheme 7). The ionic character of
the compound was established by conductivity measurement,
that lies in the expected range for a 11 electrolyte (84.7 Q
".cm™mol”, methanol), and the ESI+ mass spectra that showed
a peak at m/z 647.0 with the expected isotopic distribution for
the cation [IrI(cod){(MeIm),CHCOO}]*. Moreover, the 'H and
BC{'H}-apt NMR spectra are in agreement with the presence
of a functionalized bis-NHC ligand «’C,C’,O-coordinated.

1

Thus, the oxidative addition reactions on 13 result in
formation of iridium(IlI) complexes in which only the
electrophilic fragment of the reagent becomes coordinated to
the metal centre, and the carboxylate fragment of the
functionalized bis-NHC ligand eventually completes the
coordination sphere of the metal.

o] —|| .
s
IJ%" CH\LE

P 3
A T
i
|
80 75 70 65 60 55 50 45 40 35 30 25 20 15
Figure 9. 'H NMR (CD,0OD, 298 K) spectra of

[Ir(CH;)(cod){(Melm),CHCOOJ}]I (19) and the parent iridi-
um(I) complex [Ir(cod){(Melm),CHCOO}] (13).

Table 5 summarizes the -CHCOO, Cycny and COO chemical
shifts observed in the 'H and ®C{'"H} NMR spectra of 13 and
the iridium(III) complexes derived from it. The methyne
resonance, sensitive to the coordination mode of the ligand, is
also influenced by the coordinated atom trans to the Ir-O
bond. Further, the Cycy resonance in the *C{'H} NMR spectra,
strongly influenced by the increase of the oxidation state of
the iridium centre, is also sensitive to the ligand trans to the
carboxylate moiety. Finally, the chemical shift of the COO
resonance is much less sensitive to the changes in the
coordination sphere of the iridium centre.

Table 5. Selected 'H and ®*C NMR chemical shifts of select-
ed 1r1d1um(l) and iridium(III) complexes (CD,OD at 298
K).*P

Complex CHCOO Cyen COO

[Ir(cod)L] (13) 6.38 176.2 170.1
[IrCl(cod)L][IrClL,(cod)] (14) |6.99 135.4 166.0
[IrH(cod)L]X (18)¢ 6.89 149.6 163.8
[IrMe(cod)L]I (19) 6.83 147.3 168.0
[IrI(cod)L]I (20) 7.01 134.3 165.9

*L = (Melm),CHCOO; ® § ppm; *NMR spectra in DMSO-dj.

CONCLUSIONS

The salt 1,I'-bis(N-methylimidazolium)acetate bromide is a
suitable precursor for the preparation of water-soluble
zwitterionic rhodium and iridium complexes featuring a
carboxylate bridge-functionalized bis-N-heterocyclic carbene
ligand. The [Cp*MmCl{(MeIm)zCHCOO}] (M = Rh, 3, Ir, 4)
complexes have been prepared following the silver-NHC
transmetallation strategy whereas the synthesis of complexes
[M'(diene){(MeIlm)2CHCOO}] (M = Rh, Ir, diene = cod, nbd,



11 - 13) has been accomplished by the in situ deprotonation of
the functionalized bis-imidazolium salt methodology. The
bis-NHC ligand in both types of compounds exhibits a k2C,C’
coordination mode with an uncoordinated carboxylate group
that imparts water solubility to the complexes.

The solid state structure of Cp*M"" zwitterionic complexes
show a boat-shaped 6-membered metallacycle with the
uncoordinated carboxylate fragment at the bowsprit position.
In contrast, the solid state structure of Ml(diene) complexes
showed the carboxylate fragment at the flagpole position of
the metallacycle. The Cp*M" complexes exist as a single
isomer in solution although both conformational isomers,
bowsprit and flagpole, were observed in dichloromethane
solutions of complexes [Rh'(diene){(MeIm),CHCOOY}] (diene
= cod, nbd). NMR studies evidenced the existence of a
dynamic equilibrium between both isomers that involves a
boat-to-boat inversion of the metallacycle. An inversion
barrier of around 17 kcal-mol™ has been determined by 2D
EXSY NMR measurements for [Rh'(cod){(MeIm),CHCOO}].
The uncoordinated carboxylate fragment in these complexes
is reactive towards electrophiles such as H® and Me" which
have allowed the synthesis of cationic complexes featuring
carboxy- and methoxycarbonyl functionalized methylene-
bridged bis-NHC ligands. Thus, complexes
[Cp*M"'Cl{(MeIm),CHCOOMe}]* (M = Rh, 5, Ir, 6) and
[Cp*M"'Cl{(MeIm),CHCOOH}]* (M = Rh, 7, Ir, 8) were
prepared by reaction of the corresponding carboxylated-
functionalized complexes with methyl triflate and
tetrafluoroboric acid, respectively. Remarkably, chlorido
abstraction from [Cp*Rh"CI{(Melm),CHCOOMe}]" by silver
triflate triggers a conformational change in the metallacycle
that results in the shift of the methoxycarbonyl moiety from
bowsprit to flagpole in g and 10.

In the same way, complexes
[M'(diene){(MeIm),CHCOOMe}]* (M = Rh, 15, Ir, 16) have
been prepared by alkylation of the corresponding zwitterionic
complexes with methyl triflate. Both complexes exist in
solution exclusively as the flagpole isomer. On the other
hand, the reaction of [Ir'(cod){(MeIm),CHCOO}] with a range
of electrophiles/oxidants such as HBF,-Et,O, HOTf, MeOTf,
CHﬁI or I, affords cationic iridium(IlI) octahedral
[I'""X(cod){(MeIm),CHCOO}]* (X = H, 18, Me, 19 or I, 20)
complexes featuring a facial K>C,C’,O-tridentate coordination
mode of the functionalized bis-NHC ligand. Coordination of
the hard donor carboxylate oxygen in the octahedral Ir(III)
reaction products traps the cationic intermediate resulting
from nucleophilic attack by Ir(I) on the electrophilic reagents.
As a consequence, the displaced anions remain as counterions
instead of coordinating to iridium center. New catalytic
applications of these unusual complexes are being currently
investigated in our laboratories and will be reported in due
course.

EXPERIMENTAL SECTION

Synthesis. All the experimental procedures were performed
under argon atmosphere by using schlenk or glovebox
techniques. Solvents were taken under argon atmosphere
from an Innovative Technologies PS-400-6 solvent
purification system (SPS) or dried following standard
procedures and distilled under argon prior to use.” Standard
literature procedures were used to prepare the starting
materials [Ir(p-Cl)(cod)],,* [Rh(p-Cl)(diene)], (diene = cod,
nbd),” [Ir(ui-OMe)(cod)],, [Rh(p-OMe)(cod)],,** [Rh(p-
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OMe)(nbd)],,”® [Cp*IrCL),, and [Cp*RhCL], (Cp* = n’-
CSMeS).66 1,1-Bis(N-methylimidazole)acetate bromide,
[(MelmH),CHCOO]Br (1), was prepared from 1-
methylimidazole (MelmH) and ethyl dibromoacetate
following the procedure recently described by us®
Deuterated solvents CDCl; and CD,Cl, (Euriso-top) were
dried using activated molecular sieves and degassed by three
freeze-pump-thaw cycles. CD,OD (<0.02% D,0) was
purchased from Euriso-top and used as received.

Scientific Equipment 'H, *C{'"H}, °F and *'P{'"H} NMR spectra
were recorded on Bruker Avance-300, Avance-400 and
Avance-500 spectrometers or on a Varian Inova-300
spectrometer. Chemical shifts are reported in ppm relative to
tetramethylsilane and coupling constants (J) are given in
Hertz (Hz). The 'H and C{'H} spectra were referenced using
the residual solvent signal as internal standard, while °F and
*P{'H} spectra were referenced to CFCl, and H,PO, (85%),
respectively. Assignment was performed, when necessary,
with the following 2D-NMR experiments: 'H-'H gradient-
selected  correlation  spectroscopy  (gCOSY), 'H-°C
heteronuclear single quantum coherence (HSQC), 'H-2C
heteronuclear multiple bond correlation (HMBC) and 'H-'H
nuclear Overhauser enhancement spectroscopy (NOESY).
Electrospray lonization (ESI) mass spectra were recorded
using a Bruker Esquire3ooo plus™ ion-trap mass spectrometer
equipped with a standard ESI source. Samples were
introduced on a continuous flow of 0.2 mL/min. Nitrogen
served both as the nebulizer and dry gas. High-resolution
mass spectra-ESIT (HRMS-ESI) were recorded using a Bruker
MicroToF-Q™ equipped with an API-ESI source and a Q-ToF
mass analyser, which leads a maximum error in the
measurement of 5 ppm. Acetonitrile and methanol were used
as solvents. Samples were introduced on a continuous flow of
0.2 mL/min. Nitrogen served both as the nebulizer and dry
gas. Conductivities (Ay;) were measured at room temperature
in ca. 510* M acetone, methanol or nitromethane solutions
on a Philips PWgs01/01 Conductivity Meter. Infrared spectra
were recorded on a 100 FTIR-Perkin-Elmer
Spectrophotometer equipped with a Universal Attenuated
Total Reflectance (UATR) accessory made by thallium
bromide-iodide crystals (KRS-5), which allows the observation
of the electromagnetic spectrum over the 4000-250 cm’
region. C, H and N analyses were carried out in a Perkin-
Elmer 2400 Series Il CHNS/O analyzer.

Synthesis of the complexes. [(Melm),CHCOOAg], (2).
Ag,0 (1493 mg, 0.644 mmol) was added to a solution of
[(MelmH),CHCOO]Br (1) (194 mg, 0.644 mmol) in
CH,CL,/MeOH (10 mL, 1:1, v:v). The mixture was stirred for 16
hours in the dark and then filtered via cannula through Celite
to remove the AgBr formed. The pale yellow solution was kept
in the absence of light and concentrated under vacuum to
give a white suspension which was decanted. The white
powder was washed with diethyl ether and dried under
vacuum. Yield: 1832 mg, 86%. Anal. Calc. for
C,oH,,Ag,NsO,-CH,0H: C 36.76; H, 3.82; N, 16.33. Found: C
36.49; H, 3.70; N, 16.29. 'H NMR (298 K, 300 MHz, CD,0D): §
7.76 (s, 2H, CHCOO), 7.68 (br, 4H, CH), 7.32 (br, 4H, CH),
3.91 (s, 6H, NCH,), 3.90 (s, 6H, NCH,). MS (ESI+,
DMSO/MeOH, m/z, %): 654.0 ([M]*, 100), 567.0 ([M-
2CO0+HJ", 35). IR (ATR, cm™): 1665 (COO).
[Cp*RhCl{(MeIm),CHCOO}] (3). [Cp*RhCl,], (292.3 mg,
0.473 mmol) was added to a solution of [(MeIm),CHCOOAg],
(2) (309.4 mg, 0.473 mmol) in CH,Cl,/MeOH (10 mL, 11, v:v)
in the absence of light. The suspension was stirred for 6 hours



and then filtered via a cannula through Celite to remove the
AgCl formed. Then, the resulting solution was concentrated
to ca. 1 mL under reduced pressure. Slow addition of diethyl
ether afforded the solids as an intense yellow solid which was
filtered, washed with diethyl ether (3 x 3 mL) and dried in
vacuo. Yield: 435.9 mg, 93%. Anal. Cale. for
C,oH,6CIN,O,Rh-CH,OH: C, 48.06; H, 5.76; N, 10.67. Found:
C, 47.66; H, 5.65; N, 10.51. 'H NMR (298 K, 300 MHz, CDCL,): §
7.94 (d, Jiyu = 2.1, 2H, CH), 6.98 (d, J.u = 2.1, 2H, CH), 5.83 (s,
1H, CHCOO), 3.85 (s, 6H, NCH;), 171 (s, 15H, CH; Cp*).
BC{'H} NMR (298 K, 75 MHz, CDCL,): & 168.0 (d, Jcrn = 50.7,
Cnen), 163.3 (COO), 123.4, 122.6 (CH), 99.5 (d, Jern = 5.3, CCH,
Cp*), 74.6 (CHCOO), 37.8 (NCH,), 9.9 (CH; Cp*). MS (ESI+,
CH,Cl,/MeOH, m/z, %): 492.1 ([M+H]", 100). IR (ATR, cm™):
1650 (COO).

[Cp*IrCl{(MeIm),CHCOOY}] (4). [Cp*IrCL], (256.5 mg, 0.322
mmol) and [(Melm),CHCOOAg], (2) (210.6 mg, 0.322 mmol)
in CH,Cl,/MeOH (10 mL, 1:1, v:v). Work up as described above
gave the compound as a pale yellow solid. Yield: 298.7 mg,
80%. Anal. Calc. for C,,H,¢CIIrN,O,-CH,OH: C 41.07; H, 4.92;
N, g.12. Found: C 40.75; H, 4.88; N, 9.17. 'H NMR (298 K, 300
MHz, CD,Cl,): 8§ 7.82 (d, Ji.u = 2.1, 2H, CH), 6.99 (d, Jiy.y = 2.1,
2H, CH), 5.72 (s, 1H, CHCOO), 3.80 (s, 6H, NCH,), 1.79 (s,
15H, CH, Cp*). ®C{'H} NMR (298 K, 75 MHz, CD,CL,): & 163.7
(COO0), 151.4 (Cnen), 122.5, 122.4 (CH), 93.3 (CCH; Cp*), 75.5
(CHCOO), 375 (NCH;), 9.8 (CH; Cp*). MS (ESI+,
CH,Cl,/MeOH, m/z, %): 5831 ([M+H]", 100). IR (ATR, cm™):
1655 (COO).

[Cp*RhCl{(MeIm),CHCOOH}|BF, (5). HBF,-OEt, (19.0 pL, p
= 119 gmL”, 0140 mmol) was added to a solution of
[Cp*RhCl{(Melm),CHCOO}] (3) (61.5 mg, o.125 mmol) in
CH,Cl, (5 mL). The solution was stirred for 30 minutes at
room temperature and then was brought to dryness under
vacuum. The light yellow solid was washed with cold diethyl
ether (3 x 3 mL) and dried under vacuum. Yield: 67.1 mg, 92%.
Anal. Calc. for C,,H,,BCIF,N,O,Rh: C, 41.37; H, 4.69; N, 9.65.
Found: C, 4118; H, 4.58; N, 9.73. 'H NMR (298 K, 300 MHz,
CDCl,): § 7.68 (d, Jy.n = 1.8, 2H, CH), 7.09 (d, Jy.u = 1.8, 2H,
CH), 6.12 (s, 1H, CHCOO), 4.14 (s, 1H, OH), 3.01 (s, 6H, CH,),
1.77 (s, 15H, CH, Cp*). *C{'H} NMR (298 K, 75 MHz, CDCL,): §
169.4 (d, Jc_rn = 51.5, Cnen), 162.0 (COO0), 123.7, 122.3 (CH), 100.1
(d, Jen = 5.1, CCH, Cp*), 72.1 (CHCOO), 38.1 (NCH,), 9.9 (CH,
Cp*). MS (ESI+, CH,Cl,/MeOH, m/z, %): 5151 ([M-H+Na]",
100), 493.1 ([M]", 32). IR (ATR, cm™): 1738 (COO).
[Cp*IrCl{(MeIm),CHCOOH]}]BF, (6). HBF,-OEt, (9.5 pL, p =
119 gmL’, 0.069 mmol) was added to a solution of
[Cp*IrCl{(MeIm),CHCOO}] (4) (36.7 mg, 0.063 mmol) in
CH,Cl, (5 mL). Work up as described above gave the
compound as a light yellow solid. Yield: 27.6 mg, 65%. Anal.
Calc. for C,,H,,BCIF,IrN,O,: C, 35.86; H, 4.06; N, 8.36. Found:
C, 35.52; H, 4.00; N, 7.78. '"H NMR (298 K, 300 MHz, CD,Cl,): §
7.57 (d, Jy.u = 2.2, 2H, CH), 7.1 (d, Jy.y = 2.2, 2H, CH), 5.96 (s,
1H, CHCOO), 4.19 (s, 1H, OH), 3.84 (s, 6H, NCH,), 1.82 (s, 15H,
CH, Cp*). C{'H} NMR (208 K, 75 MHz, CD,CL): & 162.5
(COO0), 152.6 (Cnen), 123.5, 121.2 (CH), 93.9 (CCH; Cp*), 733
(CHCOO), 378 (NCH,), 9.8 (CH; Cp*). MS (ESI+,
CH,Cl,/MeOH, m/z, %): 583.2 ([M]", 100). IR (ATR, cm™): 1738
(CO0).

[Cp*RhCl{(Melm),CHCOOMe}]OTf (7). CF,SO,Me (16.0 L,
p = 145 gmL”, 0141 mmol) was added to a solution of
[Cp*RhCl{(Melm),CHCOO}] (3) (631 mg, 0.128 mmol) in
CH,Cl, (5 mL). The solution was stirred for 30 minutes at
room temperature and then was evaporated to dryness under
vacuum to give a light yellow solid. The solid was washed
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with cold diethyl ether (3 x 3 mL) and dried under vacuum.
Yield: 61.2 mg, 73%. Anal. Calc. for C,,H,,CIF;N,O,RhS: C,
40.22; H, 4.45; N, 8.53; S, 4.88. Found: C, 40.35; H, 4.44; N,
8.49; S, 4.86. 'H NMR (298 K, 300 MHz, CD,CL): § 7.42 (d, Jy.
u = 2.2, 2H, CH), 7.21 (d, Jy.y = 2.2, 2H, CH), 6.29 (s, 1H,
CHCOO), 4.19 (s, 3H, OCH,), 3.94 (s, 6H, NCH,), 1.81 (s, 15H,
CH, Cp*). *C{'"H} NMR (298 K, 75 MHz, CD,CL,): 8 171.4 (d, Jc.
Rh = 50.9, Cnen), 163.8 (COO0), 124.6, 121.5 (CH), 100.7 (d, Jerp =
5.4, CCH; Cp*), 71.6 (CHCOO), 55.3 (OCH,), 38.6 (NCH,), 10.0
(CH, Cp*). “F{'H} NMR (298 K, 300 MHz, CD,CL,): § -79.0 (s,
CF,). MS (ESl+, CH,CL,/MeOH, m/z, %): 507.2 ([M]", 100). IR
(ATR, cm™): 1738 (COO0). Ay 851 Q'cm*mol”
(nitromethane).

[Cp*IrCl{(MeIm),CHCOOMe}]OTf (8). CF,SO,Me (24.4 uL,
p = 145 g-mL”, 0.216 mmol) and [Cp*IrCl{(Melm),CHCOO}]
(4) (141 mg, 0.196 mmol) were reacted in CH,Cl, (5 mL).
Work up as described above gave the compound as a light
yellow solid. Yield: 128.6 mg, 88%. Anal. Calc. for
C,,H,,CIF;IrN,O,S: C, 35.41; H, 3.92; N, 7.51; 4.30. Found: C,
35.49; H, 3.91; N, 7.45; S, 4.42. 'H NMR (298 K, 300 MHz,
CD,CL): 8§ 7.33 (d, Jy.u = 2.2, 2H, CH), 717 (d, Jy.x = 2.2, 2H,
CH), 617 (s, 1tH, CHCOO), 4.5 (s, 3H, OCH,), 3.87 (s, 6H,
NCH,), 1.84 (s, 15H, CH, Cp*). C{'H} NMR (298 K, 75 MHz,
CD,ClL,): 8 163.8 (COO), 153.7 (Cnen), 124.0, 120.5 (CH), 94.3
(CCH; Cp*), 72.2 (CHCOO), 55.3 (OCH,), 38.0 (NCH,), 9.8
(CH, Cp*). F{'H} NMR (298 K, 300 MHz, CD,CL,): § -79.0 (s,
CF3). MS (ESI+, CH,Cl,/MeOH, m/z, %): 597.2 ([M]", 100). IR
(ATR, cm™): 1761 (COO).
[Cp*Rh(OTf){(Melm),CHCOOMe}]OTf (g9). CF,SO,Ag (58.9
mg, o0.229 mmol) was added to a solution of
[Cp*RhCl{(MeIm),CHCOOCH,}]OTf (7) (150.5 mg, 0.229
mmol) in CH,Cl, (5 mL) to give a yellow suspension which
was stirred for one hour in the absence of light. The
suspension was filtered via cannula through Celite and the
resulting yellow solution was concentrated to ca. 1 mL under
reduced pressure. Slow addition of diethyl ether afforded the
compound as an intense yellow solid which were filtered,
washed with diethyl ether (3 x 3 mL) and dried in vacuo.
Yield: 135.0 mg, 76%. Anal. Calc. for C,;H, FsN,OsRhS,: C,
35.85; H, 3.79; N, 7.27; S, 8.32. Found: C, 35.80; H, 3.69; N, 6.91;
S, 8.13. 'H NMR (298 K, 300 MHz, CD,CL,): 8 7.47 (d, Ji = 2.2,
2H, CH), 7.29 (d, Jy.x = 2.2, 2H, CH), 6.29 (s, 1H, CHCOO),
4.5 (s, 3H, OCH,), 3.94 (s, 6H, NCH,), 1.75 (s, 15H, CH; Cp*).
BC{'H} NMR (298 K, 75 MHz, CD,CL,): § 169.4 (d, Jc.rn = 52.1,
Cnen), 163.7 (COO0), 124.7, 122.62 (CH), 102.09 (d, Jcrn = 6.1,
CCH, Cp*), 7176 (CHCOO), 553 (OCH,), 38.9 (NCH,), 10.3
(CH, Cp*). “F{'H} NMR (298 K, 300 MHz, CD,Cl,): § -78.83 (s,
Rh-OSO,CF;), -78.91 (s, CF;). HRMS (ESI+, CH,CL,/MeOH,
m/z, %): 621.1 ([M]", 100). IR (ATR, cm™): 1763 (COO). Ay =
166.4 Q"'cm®mol” (nitromethane).
[Cp*Rh(NCCH,){(Melm),CHCOOMe}](OTf), (10).
[Cp*Rh(OTf){(MeIm),CHCOOCH,}] OTf (9) (42.5 mg, 0.055
mmol) was dissolved in CH;CN (3 mL) and stirred for one
hour at room temperature to give a pale yellow solution.
Concentration of the solution to ca. 1 mL and slow diffusion of
diethyl ether afforded a microcrystalline shiny yellow powder
which was washed with diethyl ether and dried in vacuo.
Yield: 29.8 mg, 67 %. Anal. Calc. for C,;H;,FgN;OgRhS,: C,
36.99; H, 3.97; N, 8.63; S, 7.90. Found: C, 37.18; H, 3.89; N,
8.23; S, 7.85. 'H NMR (298 K, 300 MHz, CD,CL,): § 7.54 (d, Ji.ui
2.2, 2H, CH), 739 (d, Ju.y = 2.2, 2H, CH), 6.28 (s, 1H,
CHCOO), 4.15 (s, 3H, OCH,), 3.89 (s, 6H, NCH,), 2.52 (s, 3H,
NCCH,), 1.87 (s, 15H, CH, Cp*). *C{'H} NMR (298 K, 75 MHz,
CD,CL,): § 166.3 (d, Je.rn = 492, Cnen), 163.4 (COO), 127.7 (d,



Jern = 5.2, NCCH;) 125.3, 123.1 (CH), 103.1 (d, Je_gn = 65.7, CCH,
Cp*), 71.7 (CHCOO), 55.4 (OCH,), 38.6 (NCH;), 10.2 (CH,
Cp*), 4.6 (NCCH,). “F{'H} NMR (298 K, 300 MHz, CD,CL,): & -
78.92 (s, CF;). HRMS (ESI+, CH,CN, m/z, %): 621,07 ([M-
CH,CN+CF,SO,]", 100), 47112 ((M-CH,CN-HJ", 44), 413.12 ([M-
CH,CN-CO,CH,%, 53), 236.0 ([M-CH,CNI*™, 7). IR (ATR, cm’
":1764 (COO). Ay =166.1 O 'em®mol” (nitromethane).
[Rh(cod){(MeIm),CHCOO}] (u). Method A. [Rh(p-Cl)
(cod)], (61.4 mg, 0.124 mmol) was added to a suspension of
[(MelmH),CHCOO]Br (1) (75.0 mg, 0.249 mmol) in THF (10
mL). After 5 minutes of stirring, NaH (21.9 mg, 60% oil
dispersion, 0.548 mmol) and MeOH (1 mL) were sequentially
added to give an orange solution which was stirred for 4
hours at room temperature. After this time, the solution was
brought to dryness under vacuum and the residue extracted
with dichloromethane (7 mL) and filtered via cannula to
remove inorganic salts. Then, the resulting orange solution
was concentrated to ca. 1 mL under reduced pressure. Slow
addition of acetone afforded a shiny orange solid which was
filtered, washed with acetone (3 x 5 mL) and dried in vacuo.
Yield: 67.5 mg, 63%. Anal. Calc. for C;gH,;N,O,Rh-CH,;OH: C
49.36; H, 5.89; N, 12.12. Found: C, 49.48; H, 5.97; N, 11.93. MS
(ESI+, CH,Cl,/MeOH, m/z, %): 431.09 ([M+H]", 100). IR (ATR,
cm™): 1647 (COO). Method B. [Rh(u-OMe)(cod)], (60.3 mg,
0.124 mmol) was added to a solution of [(MeImH),CHCOO]|Br
(1) (75.0 mg, 0.249 mmol) in THF/MeOH (10 mL, 11, (v/v)) to
give a yellow suspension which was stirred for 30 min. Then,
NaH (10.9 mg, 60% oil dispersion, 0.272 mmol) was added to
give immediately a dark orange solution which was stirred for
4 hours at room temperature. After this time, the solution was
brought to dryness under vacuum to give an orange residue.
Work-up as describe above gave the compound as a shiny
orange solid. Yield: 80.4 mg, 75%. Two interconverting
isomers, namely flagpole and bowsprit, were observed in
CD,Cl, solution in a 3.6/1 ratio. Flagpole isomer (major): 'H
NMR (298 K, 400 MHz, CD,CL,): § 7.26 (d, Ji.4 = 2.0, 2H, CH),
6.81 (d, Jy.y = 2.1, 2H, CH), 6.03 (s, 1H, CHCOO), 4.84 (m, 4H,
=CH cod), 3.73 (s, 6H, NCH,), 2.42 (m, 4H, >CH, cod), 2.28
(m, 2H, >CH, cod), 1.91 (m, 2H, >CH, cod). *C{'"H} NMR (298
K, 101 MHz, CD,CL,): 8 179.5 (d, Jc.rn = 52.4, Cnen), 166.9
(COO0), 122.6, 121.5 (CH), 93.9 (d, Jc.rn = 8.4, =CH cod), 86.82
(d, Jern = 8.4, =CH cod), 77.0 (CHCOO), 38.1 (NCH,), 312
(>CH, cod), 301 (>CH, cod). Bowsprit isomer (minor): 'H
NMR (298 K, 400 MHz, CD,Cl,): 8 7.95 (d, Jy.x = 2.0, 2H, CH),
7.09 (s, 1H, CHCOO), 6.69 (d, Ji.i = 2.1, 2H, CH), 4.84 (m, 4H,
=CH cod), 3.70 (s, 6H, NCH;), 2.42 (m, 4H, >CH, cod), 2.28
(m, 2H, >CH, cod), 1.91 (m, 2H, >CH, cod). *C{'"H} NMR (298
K, 101 MHz, CD,CL,): 8 179.5 (d, Jc.rn = 52.4, Cnen), 166.9
(COO0), 121.9, 120.8 (CH), 91.8 (d, Jc.rn = 8.4, =CH cod), 87.1 (d,
Jc-rh = 8.4, =CH cod), 75.7 (CHCOO), 38.0 (NCH,), 31.2 (>CH,
cod), 30.3 (>CH, cod).
[Rh(nbd){(MeIm),CHCOO}] (12). The compound was
prepared from [(MelmH),CHCOO]Br (1) (100 mg, 0.332
mmol), [Rh(p-OMe)(nbd)], (751 mg, 0166 mmol) and NaH
(14.6 mg, 60% oil dispersion, 0.365 mmol) following the
Method B described above and obtained as an orange solid.
Yield: 100.4 mg, 73%. Anal. Calc. for C,,H,,N,O,Rh: C, 49.29;
H, 4.62; N, 13.52. Found: C, 49.18; H, 4.58; N, 13.29. 'H NMR
(298 K, 400 MHz, CD,CL): 8 7.32 (d, Jy.u = 1.7, 2H, CH), 6.78
(d, Ju.y = 1.8, 2H, CH), 6.16 (s, 1H, CHCOO), 4.85 (br, 4H, =CH
nbd), 3.93 (br, 2H, CH nbd), 3.59 (s, 6H, NCH,), 1.49 (br, 2H,
>CH, nbd). *C{'"H} NMR (298 K, 101 MHz, CD,Cl,): § 178.8 (d,
Jern = 56.2, Cnen), 166.7 (COO), 122.0, 1211 (CH), 79.4 (=CH
nbd), 76.6 (CHCOO), 67.5 (>CH, nbd), 53.9 (CH nbd) 37.4

(NCH;). Both the flagpole and bowsprit isomers in a 5/1 ratio
were observed in CD,Cl, at 233 K. Flagpole isomer (major): 'H
NMR (233 K, 400 MHz, CD,CL,): § 7.26 (br, 2H, CH), 6.80 (d,
Juu = 1.6, 2H, CH), 6.1 (s, 1H, CHCOO), 5.00 (m, 2H, =CH
nbd), 4.63 (m, 2H, =CH nbd), 3.94 (br, 1H, CH nbd), 3.91 (br,
1H, CH nbd), 3.55 (s, 6H, NCH;), 1.44 (m, 2H, >CH, cod).
BC{'H} NMR (233 K, 101 MHz, CD,CL): § 177.7 (d, Je.rn = 55.9,
Cnen), 167.4 (COO), 1215, 120.9 (CH), 79.4 (=CH nbd), 75.6
(=CH nbd), 67.3 (>CH, nbd), 53.8 (CH nbd), 52.3 (CH nbd)
37.2 (NCH,). Bowsprit isomer (minor): 'H NMR (233 K, 400
MHz, CD,CL): § 7.34 (s, 1H, CHCOO), 6.72 (d, Jy.u = 1.9, 2H,
CH), 6.71 (d, Ju.y = 1.9, 2H, CH), 4.02 (br, 2H, CH nbd), 4.00
(br, 1H, CH nbd), 3.32 (m, 2H, =CH nbd), 2.68 (s, 6H, NCH,),
1.76 (m, 2H, >CH, cod). MS (ESI*, CH,Cl,/MeOH, m/z, %):
446.9 ((M+MeOH]", 100). IR (ATR, cm™): 1643 (COO).
[Ir(cod){(MeIm),CHCOO}] (13). The compound was
prepared from [(MelmH),CHCOO]Br (1) (103.9 mg, 0.345
mmol), [Ir(p-OMe)(cod)], (14.7 mg, 0.173 mmol) and NaH
(152 mg, 60% oil dispersion, 0.380 mmol) following the
Method B described above and obtained as red
microcrystalline solid. Yield: 125.5 mg, 70%.%
[IrCl(cod){(MeIm),CHCOO}][IrCL(cod)] (14). Ag,O (80.4
mg, 0347 mmol) was added to a solution of
[(MeImH),CHCOOQI]Br (1) (69.7 mg, 0.231 mmol) in MeOH (5
mL) and the mixture stirred for 16 hours in the absence of
light. The suspension was filtered through Celite to give a pale
yellow solution which was reacted with [Ir(p-Cl)(cod)], (77.9
mg, 0.16 mmol) for 20 hours in the absence of light. The
resulting suspension was filtered off and the solution
concentrated under vacuum to ca. 1 mL. Slow addition of
diethyl ether gave the compound as a yellow solid which was
filtered, washed with diethyl ether (3 x 3 mL) and dried in
vacuo. Yield: 81.32 mg, 38%. Anal. Calc. for C,¢H,;CLIr,N,O,:
C, 33.71; H, 3.81; N, 6.05. Found: C, 33.56; H, 3.85; N, 5.97. 'H
NMR (298 K, 400 MHz, CD,0D): § 7.77 (d, J.n = 2.1, 2H, CH),
7.43 (d, Jy.x = 2.1, 2H, CH), 6.99 (s, 1H, CHCOO), 6.81 (m, 2H,
=CH cod), 5.94 (m, 2H, =CH cod), 4.15 (s, 6H, NCH,), 3.97-
3.84 (m, 4H, =CH cod), 2.94-2.79 (m, 4H, >CH, cod), 2.61-2.49
(m, 2H, >CH, cod), 2.46-2.33 (m, 2H, >CH, cod), 2.30-2.09 (m,
4H, >CH, cod), 1.48-1.31 (m, 4H, >CH, cod). *C{'"H} NMR (298
K, 101 MHz, CD;0D): § 166.0 (COO), 135.4 (Cncn), 127.4, 122.0
(CH), n7.6, ns5.a (=CH cod), 73.7 (CHCOO), 73.4 (=CH cod),
38.0 (NCH;), 327, 30.2, 288 (CH, cod). MS (ESI+,
DMSO/MeOH, m/z, %): 555.1 ((M]*, 100). IR (ATR, cm™): 1694
(COO0).

[Rh(cod){(MeIm),CHCOOMZe}]OTf (15). CF,SO,;Me (10.3 pL,
p= 145 gmL”, 0.091 mmol) was added to a solution of
[Rh(cod){(Melm),CHCOO}] (11) (391 mg, 0.091 mmol) in
CH,Cl, (5 mL). The solution was stirred for 30 minutes and
then concentrated under vacuum to ca. 1 mL. The slow
addition of diethyl ether (2 mL) afforded a dark orange solid
which was filtered, washed with diethyl ether (3 x 5 mL) and
dried in vacuo. Yield: 40.6 mg, 75%. Anal. Calc. for
C,oH,6F;N,ORRS: C, 40.41; H, 4.41; N, 9.43; S, 5.39. Found: C,
40.42; H, 4.41; N, 9.44; S, 5.43. 'H NMR (300 MHz, 298 K,
CD,CL,): 8 7.67 (d, Jy.u = 2.0, 2H, CH), 7.29 (s, 1H, CHCOO),
6.87 (d, Jii.u = 2.0, 2H, CH), 4.93 (m, 2H, =CH cod), 4.69 (m,
2H, =CH cod), 3.89 (s, 3H, COOCH,), 3.75 (s, 6H, NCH,), 2.59-
2.40 (m, 2H, >CH, cod), 2.32-2.19 (m, 2H, >CH, cod), 2.11-1.99
(m, 4H, >CH, cod). ®C{'H} NMR (298 K, 75 MHz, CD,CL,): §
180.0 (d, Jcrn = 52.3 Hz, Cnen), 167.0 (COO), 123.4, 122.6 (CH),
93.2 (d, Je.rn = 8.5 Hz, =CH cod), 89.2 (d, Jc.ry = 7.3 Hz, =CH
cod), 72.6 (CHCOO), 54.4 (OCH,), 38.4 (NCH,), 30.9, 30.3
(>CH, cod). “F{'H} NMR (300 MHz, 298 K, CD,CL,): § -79.0 (s,



CF,). MS (ESI, CH,CL,/MeOH, m/z, %): 445.2, (IM]*, 100). IR
(ATR, cm™): 1666 (COO).

[Ir(cod){(MeIm),CHCOOMe}]OTf (16). CF,SO;Me (7.9 pL,
p = 145 gmL”, 0.070 mmol) was added to a solution of
[Ir(cod){(Melm),CHCOO}] (13) (36.4 mg, 0.070 mmol) in
CH,Cl, (5 mL) at 223 K. The solution was stirred for one hour
and allowed to reach room temperature to give a dark red
suspension. The suspension was concentrated under vacuum
and then filtered to give a dark red solid which was washed
with cold diethyl ether (3 x 3 mL) and dried in vacuo. Yield:
32.7 mg, 68%. Anal. Calc. for C,,H,cF;IrN,O.S: C, 3513; H,
3.83; N, 8.19; S, 4.69. Found: C, 34.98; H, 3.75; N, 8.12; S, 4.82.
'H NMR (298 K, 300 MHz, CD,CL,): § 7.68 (d, Ji.u = 2.0, 2H,
CH), 715 (s, 1H, CHCOO), 6.97 (d, Jy.u = 2.0, 2H, CH), 4.67
(m, 2H, =CH cod), 4.26 (m, 2H, =CH cod), 3.83 (s, 3H, OCH,),
3.75 (s, 6H, NCH,), 2.50-2.31 (m, 2H, >CH, cod), 2.31-2.13 (m,
2H, >CH, cod), 2.01-1.68 (m, 4H, >CH, cod). ®C{'H} NMR (298
K, 75 MHz, CD,CL): 8 175.9 (Cncn), 166.2 (COQO), 122.9 (CH),
810, 76.6 (=CH cod), 72.5 (CHCOO), 54.3 (OCH,), 383
(NCH,), 31.8, 31.0 (>CH, cod). “F{'H} NMR (300 MHz, 298 K,
CD,CL,): 8 -79.0 (s, CF;). MS (ESI+, CH,Cl,/MeOH, m/z, %):
535.0 ([M]", 100). IR (ATR, cm™): 1658 (COO).

Reaction of [Rh(cod){(MeIlm),CHCOO}] (1) with
HBF,-OEt,. HBF,-OEt, (2.99 pL, p = 119 gomL", 0.022 mmol)
was added to a solution of [Rh(cod){(Melm),CHCOO}] (11)
(10.0 mg, 0.022 mmol) in CH,Cl, (5 mL). The solution was
stirred for 30 minutes at room temperature and then was
brought to dryness under vacuum. The orange solid was
washed with diethyl ether (3 x 3 mL) and dried in vacuo. The
'"H NMR spectra of this solid revealed the formation of
complex [Rh(cod){(Melm),CH,}]BF, (17).5® Yield: 9.60 mg,
92%.

Reaction of [Ir(cod){(MeIlm),CHCOOJ}] with HBF,-OEt,.
HBF,-Et,O (7.7 puL, p = 119 g'mL”, 0.056 mmol) was added to a
red suspension of [Ir(cod){(Melm),CHCOO}] (22) (29.1 mg,
0.056 mmol) in CH,Cl, (3 mL) at 223 K. The colour of the
suspension progressively changed to yellow. After 10 minutes
of stirring at this temperature the solvent was removed under
vacuum and the yellow solid washed with diethyl ether (3 x 3
mL) and dried in vacuo. The 'H NMR spectra of this solid
revealed the formation of the hydrido iridium(IIl) complex
[IrH(cod){(MeIm),CHCOO}]BF, (18) which has been
characterized by comparison of the spectroscopic properties
with those of the triflate salt.® Yield: 24.5 mg, 72%.
[Ir(CH,)(cod){(MeIm),CHCOO}]I (19). A dark red
suspension of [Ir(cod){(Melm),CHCOOY}] (13) (27.0 mg, 0.052
mmol) in CH,I (2 mL) was stirred for 30 min to give a yellow
suspension. The solvent was removed under vacuum to give a
yellow solid which was washed with diethyl ether (3 x 3 mL)
and dried in vacuo. Yield: 271 mg, 79%. Anal. Calc. for
CoHylIrN,O,: C, 34.50; H, 3.96; N, 8.47. Found: C, 34.41; H,
3.90; N, 8.53. 'H NMR (298 K, 300 MHz, CD,0OD): & 7.71 (d, Ju.
u = 21, 2H, CH), 733 (d, Jy.y = 2.1, 2H, CH), 6.83 (s, 1H,
CHCOO), 6.03 (m, 2H, =CH cod), 5.22 (m, 2H, =CH cod), 3.92
(s, 6H, NCH,), 2.77-2.68 (m, 2H, >CH, cod), 2.68-2.60 (m, 2H,
>CH, cod), 2.60-2.51 (m, 2H, >CH, cod), 2.27-217 (m, 2H,
>CH, cod), 1.58 (s, 3H, Ir-CH;). C{'"H} NMR (298 K, 75 MHz,
CD,0D): § 168.0 (COO0), 147.3 (Cnen), 127.0, 121.6 (CH), 105.6,
105.1 (CH cod), 75.0 (CHCOO), 38.1 (NCH,), 30., 29.0 (>CH,
cod), -29.5 (Ir-CH,). MS (ESI+, MeOH, m/z, %): 535.0 ([M]",
100). IR (ATR, cm™): 1662 (COO). Ay = 83.2 Q-'cm™mol”
(methanol).

Synthesis of [Irl(cod){(MeIm),CHCOOJ}]I (20). Solid L, (7.61
mg, o0.030 mmol) was added to a solution of

[Ir(cod){(Melm),CHCOO}] (13) (15.6 mg, 0.030 mmol) in
MeOH (5 mL) to give a dark yellow solution after stirring for
10 minutes. The solvent was removed under vacuum and the
resulting yellow solid was washed with diethyl ether (3 x 3
mL) and dried in vacuo. Yield: 20.2 mg, 87%. Anal. Calc. for
CsH,,LIrN,O,: C, 27.95; H, 3.00; N, 7.24. Found: C, 28.09; H,
3.1 N, 7.18. 'H NMR (298 K, 300 MHz, CD,0D): § 7.76 (d, Ji.n
= 2.0, 2H, CH), 7.47 (d, Jyu = 2.0, 2H, CH), 7.01 (s, 1H,
CHCOO), 6.96 (m, 2H, =CH cod), 5.68 (m, 2H, =CH cod), 4.15
(s, 6H, NCH,), 3.17-3.09 (m, 4H, >CH, cod), 2.64-2.53 (m, 2H,
>CH, cod), 2.45-2.33 (m, 2H, >CH, cod). *C{'H} NMR (298 K,
75 MHz, CD,0D): § 165.9 (COO), 134.3 (Cncn), 127.6, 122.1
(CH), 1.7, 10.6 (=CH cod), 73.7 (CHCOO), 40.0 (NCH,), 32.9,
28.3 (>CH, cod). MS (ESI+, MeOH, m/z, %): 647.0 ([M]*, 100).
IR (ATR, cm™): 1662 (COO). Ay = 84.7 Q'cm®mol’
(methanol).

Determination of the kinetic parameters by 2D-EXSY
NMR spectroscopy. The kinetic parameters for the
equilibrium between the flagpole and bowsprit isomers in
zwitterionic complex [Rh(cod){(Melm),CHCOOY}] (11) were
obtained from the 'H 2D-EXSY NMR spectra (300.13 MHz) by
using a gradient-selected NOESY program from Bruker
(noesygpph pulse sequence). 2D-EXSY NMR spectra (300
MHz) were recorded using a concentrated solution of 11 in
CD2Cl2 at 300 K with an optimized mixing time of 284 ms.
The integrations for the exchange cross-peaks between the
well separated =CH imidazole-2-carbene proton resonances
from the rest in the NMR spectrum for both isomers were
processed using the EXSYCalc program to compute the rate
constants k, and k, (s™), Kgxsy: calculated equilibrium constant
from EXSY determined rate constants (k,/k.,).Y K.
experimental equilibrium constant obtained from the
integration of the methyl resonances of both isomers in the 'H
NMR spectrum. The activation barriers for the forward and
reverse processes were derived from the Eyring equation.”
Computational Details. DFT calculations performed in this
work were carried out with the Gaussianog program (revision
D.01).®® The calculations for geometry optimization and
relative stability of the stereoisomers of
[Cp*RhCl{(MeIm),CHCOO}] (3),
[Cp*RhX{(MeIm),CHCOOMe}]OTf (X = Cl, 7; OTf, 9) and
[M(diene){(MeIm)-CHCOO}] (M = Rh, diene = cod, 11, nbd,
12; Ir, cod, 13) were performed wusing the
B3LYPfunctional,”*” including Grimme D3 dispersion”
correction with Becke-Johnson type damping and solvent
correction using the PCM approach for methanol and
dichloromethane.” For Rh atoms the LANL2DZ and its
associated basis set supplemented with an f function was
used.” The 6-31G(d,p) basis set was used for the rest of the
atoms.

Crystal structure determinations. Single crystals for the X-
ray diffraction studies were grown by: i) slow evaporation of a
concentrated methanol solution of 1, ii) slow diffusion of
diethyl ether into a concentrated dichloromethane/MeOH
solution of 3 or 4, iii) slow evaporation of a concentrated
dichloromethane solution of 8 or g, iv) cooling a concentrated
methanolic solution of 11 or 12, and v) slow diffusion of diethyl
ether into a concentrated dichloromethane solution of 14. X-
ray diffraction, data were collected on APEX SMART or
APEX-DUO SMART Bruker diffractometers with graphite-
monochromated Mo-Ka radiation (A=o0.71073 A) using
narrow o rotations (0.3-0.6°). Intensities were integrated and
corrected for absorption effects with SAINT-PLUS,” and
SADABS programs, both included in APEX2 package. The



structures were solved by the Patterson method with
SHELXS-2013”" and refined by full matrix least-squares on F*
with SHELXL-20147° under WinGX.” The analysis of the
interatomic contacts was performed with PARST.*

Crystal data for 13H,0. C,H,,BrN,O;, M =355.20 gmol’,
T=100(2) K, orthorhombic, Pnma, a=5.9080(5) A,
b=1.0155(1) A, c=216152) A V=1534.4(2) A3 Z=y4,
D.=1538 Mgm?>, p=2.703 mm, colorless needle, 0.300 x

0100 X 0.080 mm>, 6.;/0m. 1.884/26.365° reflections
collected/unique 10102/1642 [R(int) = 0.0527],
data/restraints/parameters 1642/7/124, GoF =1.052,

R, =0.0407 [I>20(I)], wR,=o0.1015 (all data),
peak/hole 0.830/-0.643 e A,
Crystal data for 3-CH,0H. C,;H;,CIN,O;Rh, M = 524.85 g mol”

largest diff.

' T=100(2) K, monochnlc P2 /m a=71476(5) A,
b=u2375(9) A, c=13395300) A, B=971260(0)°,
V =1067.62(14) A’, Z=2, D.=1.633 Mgm>, p=0.956 mm,
yellow prism, 0.240 x 0130 X 0.040 mMm’, Opn/Omax
1.532/26.366°, reflections  collected/unique  14384/2290
[R(int) = 0.0349], data/restraints/parameters  2290/0/158,
GoF =1.102, R, =0.0254 [I>20(I)], WR,=0.0561 (all data),

largest diff. peak/hole 0.554/-0.447 e A,

Crystal data for 4-CH;OH. C,H,,ClIrN,O,, M = 614.14 g mol™,
T =100(2) K, monoclinic, P21/m, a = 7.1866(5) A, b =11.2275(8)
A, c=13.3880(9) A, B =96.9610(10)°, V =1072.28(13) A3, Z =
D, =1.902 Mg m>, p = 6.382 mm", yellow prism, 0.130 X 0.110 X
0.100 mm>, 0 min/ O max 2.375/26.368°, reflections
collected/unique 8682/2287 [R(int) = 0.0281],
data/restraints/parameters 2287/0/156, GoF = 1.113, R, = 0.0222
[[>20(I)], wWR,=o0.0540 (all data), largest diff. peak/hole
1.380/-0.712 ¢ A7,

Crystal data for 8. C,,H,,CIF,IIN,O,S, M =746.20 gmol™,
T=150(2) K, orthorhombic, Pbca, a=20.420(3) A,
b=12.697(2) A, c=20.851(4) A, V=54059016) A3 Z=8
D.=1.834 Mg m™, p =5176 mm", orange prism, 0.210 X 0.120

X 0100 mn?, Onin/Oma 1.953/26.372°,  reflections
collected/unique 86429/5523 [R(int) = 0.0430],
data/restraints/parameters 5523/0/342, GoF =1.054,

R, =0.0193 [[>20(I)], WR, =0.0447 (all data),
peak/hole 0.883/-0.353 e A,

Crystal data for 9. C,H, F¢N,OsRhS,, M =770.53 gmol™,
T =100(2) K, triclinic, P-1, a = 8.3758(12) A, b =12.9661(19) A,
c=14.650(2) A, a=77.797(2)°, B =75637(2)°, y=89.215(2)°,
V=1505.2(4) A% Z=2, D.=1.700 Mgm'3, p=o0.795 mm’,

largest diff.

orange prism, 0.090 X 0.080 X 0.030 MmM>, Oin/Oma
1.931/26.371°,  reflections  collected/unique  15236/6112
[R(int) = 0.0618],  data/restraints/parameters  6112/0/405,

GoF = 0.988, R, =0.0417 [I>20(I)], wR,=0.0864 (all data),
largest diff. peak/hole 0.641/-0.727 ¢ A™.

Crystal data for n-2CH,0H. C,,H;,N,O,Rh, M = 494.40 g mol”
L T=1w0(2) K Monochmc P21/n a=103943(12) A,
b=14.5558(16) A, c=14.203106) A, B =98.651(2)°
V=2124.4(4) A’, Z=4, D.=1546 Mgm>, pu=0.837 mm’,
orange prism, 0.20 X 0.16 X 0.13 MM, Opin/Omay 2.02/26.373°,
reflections collected/unique 14978/4246 [R(int) = 0.0276],
data/restraints/parameters 4246/0/268, GoF =1.037,
R, =0.0285 [I>20(I)], wR,=0.0770 (all data), largest diff.
peak/hole 0.926/-0.590 e A7,

Crystal data for 12:2CH,0H. C,;H,.N,O,Rh, M = 476.34 g mol
Y T=100(2) K, orthorhombic, Pnma, a=7.9662(10) A,
b=18344(2) A, c¢=13.6932(17) A, V=20010(4) A3 Z=4,
D, =1.581 Mg m>, p = 0.886 mm ', orange prism, 0.250 X 0.250
X 0240 mm’, Oin/Omax 1.856/26.351°,  reflections
collected/unique 26971/2105 [R(int) = 0.0241],
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data/restraints/parameters 2105/0/139, GoF = 1.064, R, = 0.0201
[[>20(I)], WR, =0.0530 (all data), largest diff. peak/hole
0.552/-0.326 e A,

Crystal data for 14. C,H;CLIrL,N,O,, M=926.33 gmol’,
T =100(2) K, Triclinic P-1, a= 8230(2) A, b=12.545 (4) A,
c=13129(4) A «a=87.246(4), B=86263(3), Y=282.917(3)°
V=13413(6) A>, Z=2, D.=2294 Mgm>, p=10244 mm’,

yellow prism, 0160 x 0130 X 0.080 mm? 8;/0max
1.556/26.372°,  reflections  collected/unique  14370/5451
[R(int) = 0.0235],  data/restraints/parameters  5451/0/336

GoF =1.087, R, =0.0293 [I>20(I)], wR, =0.0694 (all data),
largest diff. peak/hole 1.294/-1.984 e A,
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A series of water-soluble zwitterionic rhodium and iridium complexes featuring a carboxylate bridge-functionalized
bis-N-heterocyclic carbene ligands have been synthesized. The uncoordinated carboxylate fragment is reactive
towards electrophiles affording cationic complexes featuring carboxy- and methoxycarbonyl functionalized ligands.

In contrast, the oxidation of the iridium center results in iridium(III) octahedral complexes stabilized by the
tripodal coordination mode of the functionalized bis-NHC ligand.
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