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The silver complex of the tripodal N-heterocyclic carbene ligand TIMEMe, [(TIMEMe),Ags]-
(PFe)s (3), reacts with copper(l) bromide and (dimethyl sulfide)gold(l) chloride to yield the
corresponding Ds-symmetrical copper(l) and gold(l) complexes [(TIMEMe),Cus](PFs)s (4) and
[(TIMEMe),Aus](PFs)s (5). Single-crystal X-ray diffraction, spectroscopic, and computational
studies of this series of metal NHC complexes are described. The group 11 metal complexes
of the TIMEMe ligand exhibit isostructural geometries, with three metal ions bridging two
of the TIMEMe ligands. Each metal ion is linearly coordinated to two carbene centers, with
each of the carbenoid carbons stemming from a different ligand. Overall, the molecules
possess D3 symmetry. The electronic structure of these newly synthesized compounds was
elucidated with the aid of DFT calculations. In contrast to the common assumption that
NHCs are pure o-donor ligands, our calculations reveal the existence of both o- and z-type
interactions between the metal ions and the carbenoid carbons. A study of the closely related
D.g-symmetrical species Pd(CN,Bu',C;H;), (6) and the simplified D,,-symmetrical model
complexes M(IMMeC:), (8—10; M = Ag, Cu, Au) allowed for quantitative comparison of the
two different types of bonding interactions. It was found that z-back-bonding interactions
in these diaminocarbene model species contribute to approximately 15—30% of the complexes’
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overall orbital interaction energies.

Introduction

Since the discovery of their remarkable activity in
homogeneous catalysis,!~* enormous research interest
has emerged in the chemistry of metal complexes sup-
ported by N-heterocyclic carbenes (NHCs).5> Numerous
metal NHC complexes have been synthesized, and their
structures have been determined by single-crystal X-ray
diffraction studies.»26 In many cases, single M—C bonds
were observed, which in most reports has led to the
assumption that NHCs are pure o-donor ligands. The
successful synthesis of main-group-metal NHC com-
plexes, such as the beryllium tris(carbene) complex
[(IMC:)3Be(CI)]CI,” is regarded as empirical evidence for
this bonding model.8 However, it is noteworthy that
NHC complexes of main-group metals, such as lithium,®
beryllium,” and thallium(1),1° are often air, moisture,
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and even temperature sensitive, while NHC complexes
of transition metals (TMs) generally exhibit much
higher stabilities. The above-mentioned main-group-
metal NHC complexes obviously are not capable of back-
donating electrons into the carbene p—a orbitals, which
might be a reason for their relatively weak M—C bonds.
While NHCs have been almost exclusively referred to
as pure o-donors in recent years, Taube and Clarke re-
ported as early as 1975 the existence of z-back-bonding
in ruthenium(ll) NHC (carbon-bound xanthine) com-
plexes.! Several recent theoretical studies also suggest
various degrees of z-bonding in transition-metal NHC
complexes.'2~15 For example, density functional theory
(DFT) calculations revealed that metal-to-ligand sz-back-
bonding effects allowed for the isolation of an air-stable
vanadium(V) trichloro oxo NHC complex.'* In addition,
a DFT study suggested the involvement of metal—
carbene d—psr hybrid orbitals in transition states of an
alkylcarbene elimination from Pd(I1) NHC complexes.16
However, rigorous computational studies on crystallo-
graphically characterized metal NHC complexes are still
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Scheme 1. Synthesis of Group 11 Metal Complexes of the TIMEMe Ligand

’@ (%j DMSO -3 HQO

Me

[HsTIMEMe](PFg)s, 1b

scarce and, as a result, the detailed nature of metal—
carbene bonds remains to be unveiled.

During the past decade, quantum-mechanical meth-
ods have gained widespread acceptance in the study of
TM compounds.t’~1° This is mostly due to the recent
development of modern density functional theories.
Analyzing the calculated electronic structures resulting
from DFT calculations provides insight into the nature
of bonding in TM compounds.'®2° Bonding models based
on quantum-mechanical concepts have thus been de-
veloped to qualitatively understand and, furthermore,
predict the structures and reactivities of inorganic and
organometallic compounds, such as metal carbonyl
complexes,?! Fischer-type and Schrock-type metal car-
bene complexes,?1-24 and alkene and alkyne sz-complex-
es,?526 as well as an unusual silver phosphorus com-
pound, [Ag(n?-P4)2]".27 Surprisingly, only very few
guantum-mechanical investigations on metal NHC com-
plexes, especially TM NHC complexes, have been
reported.’>~1528 This is in contrast to their vast popular-
ity in the field of organometallic chemistry.

In the course of developing tris(carbene) ligand sys-
tems for transition-metal coordination and subsequent
application in small molecule activation chemistry,2°-3!
we recently synthesized the novel tripodal polycarbene
ligand system 1,1,1-tris[(3-methylimidazol-2-ylidene)-
methyllethane (TIMEMe) and its corresponding silver
complex.?® The silver carbene complex has proven to be
a useful carbene transfer reagent for the otherwise
unstable free polycarbene TIMEMe. We here report the
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synthesis of Cu(l) and Au(l) complexes of the polycar-
bene ligand TIMEMe via Ag(l) carbene transfer routes.%?
Our previously reported DFT study on the Djz-sym-
metrical [(TIMEMe),Ags]3* complex suggested the exist-
ence of z-interaction in the silver carbene moieties.?°
The successful synthesis of the analogous copper and
gold TIMEMe complexes prompted our interest in a
comprehensive DFT investigation of these group 11
complexes and analogous, closely related species. The
main goal of the DFT study reported herein is to provide
further insight into the nature of bonding in NHC
complexes and aims at defining the concept of zz-interac-
tions in metal—NHC bonding in a more general manner.

Results and Discussion

Ligand Synthesis and Characterization. The imi-
dazolium precursor 1,1,1-[tris(3-methylimidazolium-1-
yl)methyl]ethane tribromide (1a; [HsTIMEM¢](Brs3)) was
synthesized by quaternization of N-methylimidazole
with 1,1,1-tris(bromomethyl)ethane. Treatment of la
with ammonium hexafluorophosphate in methanol af-
forded the precipitation of pure [H3TIMEMe](PFe)3 (1b).
The most prominent features of the 'H and 3C spectra
of 1a,b are the resonances for the imidazolium protons
at around 9 ppm and the corresponding imidazolium
carbons at around 138 ppm.

Treatment of 1a,b with strong bases such as n-butyl-
lithium, potassium tert-butoxide, and benzylpotassium
yields the free carbene 2, 1,1,1-[tris(3-methylimidazol-
2-ylidene)methyl]ethane ([TIMEMe)]), in situ. Attempts
to isolate 2, however, led to reddish, polymeric species
that exhibit complicated NMR spectra. Instead, forma-
tion of 2 was confirmed by trapping the free carbene
with copper triflate and isolating the resulting copper
complex (vide infra).

Complex Synthesis and Characterization. We
reported previously that treatment of [TIMEMe](PFe)3
(1b) with Ag,O in DMSO at 75 °C provides ready access
to the stable silver complex [(TIMEMe),Ags](PFe)z (3),
an effective carbene transfer reagent (Scheme 1). Reac-
tion of 3 with copper(l) bromide and (dimethyl sulfide)-
gold(l) chloride under a dry N, atmosphere yields the
isostructural and isomorphous corresponding copper(l)
and gold(l) complexes [(TIMEMe),Cus](PFe)s (4) and
[(TIMEMe),Aus](PFe)s (5). Following these reactions by
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Table 1. NMR Data of the M—TIMEMe Carbene
Complexes and the Corresponding Imidazolium
Salt (in ppm), Recorded in DMSO at 25 °C

R
3
N
4
[ ewnm
5
N
k%
1b 3 4 5
H(2) 9.12
H(4)/H(5) 7.8/7.7 7.6/7.5 7.5/7.4 7.6/7.5
C(2) 137.8 182.5 180.0 183.8
C(4)/C(5) 1235 123.6/123.2 123.0 123.6

NMR spectroscopy indicated that the carbene ligand
transfer reaction proceeds quantitatively.

However, when the reactions are conducted in air,
only the imidazolium salts are formed, suggesting that
the reaction proceeds via a free carbene intermediate.
Similar observations of a free carbene intermediate were
previously reported for the formation of a tungsten di-
aminocarbene complex via a transmetalation reaction.32

Alternatively, in situ trapping of free carbene 2 with
copper(l) triflate in THF afforded the corresponding
[(TIMEMe),Cuz]®* complex as the triflate salt, which can
be further converted into 4 by means of anion exchange.

Slow ether diffusion into acetonitrile solutions of
complexes 4 and 5 afforded colorless crystals that were
characterized by NMR, IR, UV/vis spectroscopy, and
X-ray diffraction analysis.

In general, the 'H spectra of 3—5 are very similar
(Table 1). The resonances for the 4H/5H protons of the
imidazole ring backbone were observed at 7.6/7.5 ppm
for 3, 7.5/7.4 ppm for 4, and 7.6/7.5 ppm for 5. In
comparison to the analogous nuclei of the imidazolium
salts (7.9/7.8 ppm for 1a, 7.8/7.7 ppm for 1b), all ring-
backbone resonances are shifted slightly upfield. In the
13C spectra, the chemical shifts for the carbenoid
carbons were found at 182.5 (3), 180.0 (4), and 183.8
(5) ppm, respectively. These results are similar to those
of other reported group 11 metal NHC complexes.33-36
Silver—carbon coupling, however, was not observed,
indicating the fluxional behavior of 3 in solution.32:35

In the infrared vibrational spectra, the characteristic
N—C—N stretching frequencies,3” v(N—C—N), are 1570
cm~1 for 3, 1571 cm™1 for 4, and 1572 cm~1 for 5. The
vibrational bands at around 3200—3100 cm~! can be
assigned to the v(C—H) stretching vibrations of the
heterocycle, and bands between 3000 and 2900 cm~! are
known to correspond to the v(C—H) stretching vibration
of the aliphatic groups. The electronic absorption spectra
of 3—5 recorded in acetonitrile are characterized by
intense absorption bands (A/nm, ¢/M~1 cm™1) in the
ultraviolet region at 210 (81 000), 224 (77 000), 240
(58 000), and 364 (2000) for 3, 210 (46 000), 256 (24 000),
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Figure 1. Solid-state molecular structure of [Cu(TIMEM®),]-
(PFg)s in crystals of 4. Counteranions and hydrogen atoms
are omitted for clarity; thermal ellipsoids are given at 50%
probability. Selected bond distances (A) and angles (deg):
Cu(1)—C(4A) = 1.9124(16), C(4A)—N(1A) = 1.363(2), C(4A)—
N(2A) = 1.350(2), C(5A)—C(6A) = 1.349(2); C(4A)—Cu(1)—
C(4B) = 177.70(9), N(1A)—C(4A)—N(2A) = 103.78(13).

Table 2. Selected Bond Lengths (A) and Angles
(deg) for Group 11 Metal Complexes of the TIMEMe
Ligand, [(TIMEMe),Mz](PFe)s (M = Ag (3),

Cu (4), Au (5))

3 4 5
M—C(4A) 2.082(2) 1.9124(16)  2.035(12)
C(4A)-N(1A) 1.359(3) 1.363(2) 1.352(13)
C(4A)-N(2A) 1.347(3) 1.350(2) 1.332(13)
C(5A)—C(6A) 1.341(4) 1.349(2) 1.343(17)
M—M 5.54 5.51 5.54
C(4A)~M—C(4B) 178.56(13) 177.70(9)  177.7(6)

N(1A)—C(4A)—N(2A)  104.3(2) 103.78(13)  105.3(8)
and 270 nm (22 000) for 4, and 210 (84 000), 216
(76 000), 234 (74 000), 246 (82 000), 260 (73 000), and
290 nm (23 000) for 5 (Figure S1, Supporting Informa-
tion). The spectrum of the corresponding ligand salt
exhibits only one absorption band at 214 nm (13 000).
Although the assignment of these absorption bands
remains largely equivocal, we suggest that they origi-
nate from ligand-centered as well as ligand-to-metal and
metal-to-ligand charge-transfer transitions.

Single-crystal X-ray diffraction studies confirmed the
isostructural geometries for complexes 3—5 (Figure 1,
Figure S2 (Supporting Information), and Table 2).38 In
each of the three solid-state structures, an MsL, com-
position was found, with three metal ions bridging two
TIMEMe ligands through each of the three pendant
arms. Each metal ion is coordinated to two of the
carbenoid carbon atoms, with each carbene center
stemming from a different ligand. All structures exhibit
D3 symmetry, with a 3-fold axis passing through the
anchoring C atoms of the two ligands.

(38) The crystal structure of complex 3 was communicated previ-
ously in ref 43. The metric parameters are listed here to compare with
those of the isostructural complexes 4 and 5.
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Compound 4 represents a rare example of a crystal-
lographically characterized homoleptic copper(l) NHC
complex. In the solid-state structure (Figure 1), the
average Cu—C distance is 1.9124(16) A, which is within
the range of reported values for typical copper(l) NHC
complexes (1.880—1.963 A).3339 Similarly, in the crystal
structure of 5 (Figure S2, Supporting Information), the
average Au—C bond distance of 2.035(15) A is consistent
with the values reported for other related two-coordinate
gold carbene complexes.*°~42 The carbene copper entities
are nearly linear, with a C—Cu—C' bond angle of 177.70-
(9)°, comparable to those of its analogues: 178.56(13)°
in 3 and 177.7(6)° in 5. Intermolecular metal—metal
interactions cannot be observed for this series of tri-
nuclear complexes, with the shortest metal—metal
distances being 5.54, 5.51, and 5.54 A for 3—5, respec-
tively.

The imidazole units in the structures of 3—5 exhibit
typical features of coordinated NHC ligands (Table 2).
Specifically, the average Ccarhene—N bond distances,
d(N—Cecarbene)av, increased from 1.326 A in the imidazo-
lium salt 1a to 1.353 A in complex 3, 1.357 A in 4, and
1.346 A in 5. The N—Ccarpene—N ring angles are signifi-
cantly decreased from 108.5° in 1a?° to 104.3° in 3,
103.8° in 4, and 105.3° in 5. Such changes are well
documented in the literature? and have been attributed
to decreased m-delocalization in the five-membered ring®
and increased p character of the carbenoid carbon,*
resulting from deprotonation and subsequent coordina-
tion. Additionally, small decreases of the Cgarpene—N
bond distances and increases of N—Ccarbene—N bond
angles, going from Cu(l), Ag(l) to Au(l) NHC complexes,
were observed. This is in agreement with the trends that
previously have been found for NHC complexes of the
3d, 4d, and 5d transition-metal series.® The two imida-
zole rings coordinated to the same metal ion are nearly
coplanar with dihedral angles of 6.4° (Ag), 7.7° (Cu), and
6.7° (Au).

The fact that the tripodal carbene system TIMEMe
forms 52-u® complexes instead of simple tridentate 7°
metal complexes with group 11 metal ions is probably
due to the flexibility of the ligand. Three condensed
eight-membered rings of a hypothetical 1:1 complex
would exhibit significantly lower stability than the more
common five-, six-, or seven-membered rings of tris-
(pyrazolyl) or tris(phosphine) ligands and, thus, likely
is entropically disfavored. Similarly, the tris(pyrazolyl)
analogue of the TIMEMe ligand, 1,1,1-[tris(pyrazol-1-yl)-
methyl]ethane, reportedly acts as a bidentate chelator.**

DFT Studies. All calculations were carried out using
the ADF program suite at the BP86 level with relativ-
istic effects accounted for by ZORA.%>~47 Geometry
optimizations and single-point calculations were carried
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Chart 1

out for complexes 3—5 and the closely related pallad-
ium complex Pd(CN,Bu%,C,H;)2 (6).#® Calculations car-
ried out on the free carbene 1,3-dimethylimidazol-2-
ylidene (7, Im)*° served as a starting point for the con-
struction of molecular orbital diagrams (vide infra). The
metal—ligand bonding interactions were analyzed by
using the energy-decomposition scheme introduced by
Ziegler and Rauk.5%51 The energy-decomposition analy-
ses were carried out on the Dsz-symmetrical complexes
3—5, the Dyg-symmetrical complex 6, and simplified
model complexes for 3—5, namely the D,h-symmetrical
complexes M(IMMeC:),, (M = Ag (8), Cu (9), Au (10);
IMMeC: = 1,3-dimethylimidazol-2-ylidene) (Chart 1).

1. Optimized Geometries. The calculations result
in structural parameters that reproduce the experimen-
tally determined bond lengths and angles of complexes
3—6 (Table 3). Even the small decrease in the Ccarbene—N
bond distances and increase in N—Ccarhene—N bond
angles on going from Cu to Ag and Au are observed.

The structure of the free carbene 1,3-dimethylimida-
zol-2-ylidene (Im, 7) is unknown; however, the calcu-
lated structure is in good agreement with those of the
crystallographically characterized mesityl and adaman-
tyl derivatives.>*° For example, the calculations resulted
in an average N—Ccarbene bond length of 1.373 A, which
is comparable to 1.370 A in 1,3-di-1-adamantylimidazol-
2-ylidene® and 1.368 A in 1,3-bis(2,4,6-trimethylphenyl)-
imidazol-2-ylidene.*° Also, the calculated N—Ccarpene—N
bond angle of 101.6° agrees well with the X-ray crys-
tallographically determined 102.2 and 101.4°.

2. Bonding in the Metal NHC Complexes. I.
Molecular Orbital Analysis. All metal—ligand inter-
actions in complexes 3—6 were analyzed using a “frag-
ment approach”. This approach applied to complex 4
with three copper ions and two TIMEME ligands ar-
ranged in D3 symmetry, for instance, results in a
molecular orbital interaction diagram built from an M3
fragment and an L, fragment of the MsL, complex.
Analysis of the corresponding molecular orbitals (MOs)
allows for deriving o-bonding and z-back-bonding mod-
els, describing the metal—ligand electronic interactions
involved. The complicated MOs of the L, fragment are
easier to understand when correlated with those of the
much simpler free carbene 7, followed by superimposing
D3 symmetry.

The orbital energy diagram of 7 is shown in Figure 2
(left). The highest occupied molecular orbital 19A

(46) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Guerra, C.
F.; Van Gisbergen, S. J. A; Snijders, J. G.; Ziegler, T. J. Comput. Chem.
2001, 22, 931—-967.
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Chim. Acta 1998, 99, 391—-403.

(48) Arnold, P. L.; Cloke, F. G. N.; Geldbach, T.; Hitchcock, P. B.
Organometallics 1999, 18, 3228—3233.

(49) Arduengo, A. J.; Dias, H. V. R.; Harlow, R. L.; Kline, M. 3. Am.
Chem. Soc. 1992, 114, 5530—5534.
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Table 3. Selected Structural Parameters for Geometry-Optimized Species 3—6 and 72

3 4 5 6 7

structural param calcd exptl calcd exptl calcd exptl calcd exptl calcd
M—Cecarb 2.087 2.082 1.901 1.912 2.054 2.028 2.057 2.041

av N—Ccarp 1.366 1.353 1.371 1.357 1.365 1.347 1.388 1.361 1.373
C=C 1.359 1.341 1.360 1.349 1.360 1.344 1.357 1.357 1.362
av N—-C 1.390 1.384 1.387 1.380 1.389 1.395 1.389 1.374 1.394
N—Ccarb—N 103.9 104.3 103.5 103.8 104.4 105.2 102.8 105.3 101.6
Cearb—M—C'carp 177.6 178.6 176.9 177.7 177.5 177.6 180.0 180.0

a Bond distances are given in A and bond angles in deg. Crystallographically characterized parameters for complexes 3—6 are listed

for comparison.
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Figure 2. Orbital diagrams of carbene Im (left) and ligand fragment (TIMEMe), (right).

(HOMO) of 7 mainly contains the lone pair of the car-
bene center. This orbital has o0 symmetry, and the ener-
getic accessibility of this orbital allows NHC ligands to
act as superb o-donors. Near the HOMO, there are five
more s-type orbitals that originate from the “aromatic-
ity” of the imidazole ring.5 Only two of these z-type
orbitals, 18A and 21A, meet the requirements to interact
with the MOs of the metal fragments of the complex.
While occupied orbitals such as 18A alone do not result
in net bonding with occupied metal d—x orbitals, they
can mix with their unoccupied counterparts such as
orbital 21A and interact with fully occupied metal d—x
orbitals, resulting in overall stabilizing contributions
(vide infra).

Considering all possible bonding interactions, a sim-
plified orbital diagram of (TIMEMe), containing all
relevant o and = orbitals was constructed. The ligand
fragment (TIMEMe), contains six imidazole rings ar-
ranged in D3 symmetry. Therefore, the MOs of (TIMEMe),
can be treated as linear combinations of six 19A-like
o-type orbitals and twelve 18A- and 21A-like z-type
orbitals (Figure 2, right).

Accordingly, a qualitative molecular orbital correla-
tion diagram of complex 4 is accessible by combining

the two fragments (TIMEMe), and Cus (Figure 3).52 From
this diagram it is apparent that both o- and n-type
bonding exist between the metal and the ligand frag-
ments. Two types of ¢ bonding are involved (Figure 3).
The dominant o-contribution results from interaction
of the ligand fragment o orbitals with the 3d(z?) + 4s
hybrid orbitals of the metal fragment. A representative
bonding orbital, 20A1, has 33% metal d + s character
and 64% ligand character (Figure 4 left, bottom). The
interaction between the ligand o orbitals and the 4p(z)
orbitals of the metal ions additionally produces a small
but noticeable contribution. A representative bonding
orbital with 14% metal p and 86% ligand character,
21A2, is shown in Figure 4 (left top). All ligand o orbitals
and the metal d orbitals are fully occupied; conversely,
the metal s and p orbitals are empty. This results in an
overall o donation from the ligand to the metal frag-
ment. Since the o orbitals of the ligand fragment
originate from the lone pairs of the carbene centers, the
o-bonding model described here is in accord with the
well-known strong Lewis basicity of NHCs.
Importantly, the MO diagram shown in Figure 3 also
reveals a detailed picture of the z-bonding interactions

(52) The unoccupied orbitals are omitted for clarity.
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Figure 3. Qualitative orbital correlation diagram of complex 4, [(TIMEMe),Cus]®": o-type orbitals are labeled in red,
m-type orbitals are labeled in blue, and metal-based, nonbonding orbitals are labeled in green. The z axis is defined along
the C—M—C entity.

in complex 4. The metal d(xz)/d(yz) orbitals interact with
both the & and =* orbitals of the carbene ligands and
form bonding, quasi-antibonding, and antibonding or-
bitals (Figure 3; orbitals with 7 symmetry are labeled
in blue).52 Typical #-type MOs are shown in Figure 4
(right). Orbital 23A1 has apparent bonding character,
comprising 59% metal d and 41% ligand sz/7* contribu-
tions. Orbital 49E1 has quasi-antibonding character
with 35% metal d and 65% ligand z/7* contributions.
This significant overlap of the fully occupied metal d(xz)/
d(yz) orbitals and the partially empty ligand a/7*
orbitals,>® stemming from the carbene p— orbitals, is
indicative of a 7-back-bonding interaction between the
metal ions and the NHCs.

This & bonding between the metal ions and NHC
ligands is not limited to Ds-symmetrical complexes of
group 11 metal ions such as 3—5. In fact, calculations
on complex 6 similarly revealed = interactions of various
degrees. MO diagrams similar to that of complex 4 were
constructed and analyzed for these complexes. The
corresponding representative w-bonding MOs are pre-
sented in Figure 5.

Il. Energy Decomposition Analysis. The nature
of the M—Carpene bonds in complexes 3—6 was addition-
ally explored using Ziegler and Rauk’s energy-decom-

position schemes®%51 incorporated in the ADF program.
The central element of such an analysis is the interac-
tion energy (AEint) between the bonding fragments. It
is calculated as the energy difference between the
geometry-optimized complex and the fragments with the
frozen geometry of the complex. This energy difference
can be broken down into three separate energy terms:
AEint = AEpauii + AEeist + AEorm. The Pauli energy term
(AEpauii) refers to the four-electron destabilizing interac-
tions between occupied orbitals, the electrostatic energy
term (AEgst) term gives the attractive electrostatic
contributions, and the orbital energy term (AEqm) gives
the stabilizing orbital interaction energy arising when
the Kohn—Sham orbitals relax to their optimal form.
The latter energy term can be broken down into orbital
contributions from different irreducible representations
of the interacting system. This allows the calculation
of stabilizing contributions stemming from orbitals with
o, 7, or o symmetry.

The bond energy of the complexes (AEpong) Was cal-
culated by adding the preparation energy (AEprep) to the

(53) The x orbitals of the ligand fragment are preoccupied, but the
* orbitals are empty, and there is a mixing between these 7 and 7*
orbitals when the ligands coordinate to the metal ions. Accordingly,
the hybrid z/z* orbitals are “partially empty” in the metal NHC
complex.
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21A2

14 % metal p 35 % metal d
86 % ligand 65 % ligand
23A1

33 % metal d+s
64 % ligand

59 % metal d
41 % ligand

Figure 4. Representative molecular orbitals in complex
4: (lef) o-type orbitals; (right) z-type orbitals (see text for
details).

interaction energy (AEint) given by the above energy-
decomposition analysis (AEpond = AEint + AEprep). The
preparation energy is the energy that is necessary to
promote two of the interacting fragments, e.g. A and B,
from their equilibrium geometry to the geometry that
they exhibit in the geometry-optimized species, e.g. AB.
The bond dissociation energy (D.) for each metal—
carbene bond can in turn be deduced from the overall
bond energy.

The results are summarized in Table 4. Our calcula-
tions reveal generally high M—Carpene bond dissociation
energies, agreeing well with the stabilities of TM NHC
complexes. The strongest M—C bond was found for
complex 4, in which each Cu—C bond has a D, value of
81.45 kcal/mol. This value is even higher than that of
the classical Fischer carbene complex (CO)sW—CH(OH)
(De = 75.0 kcal/mol at the CCSD(T) level).?? In cationic
complexes 3—5, the metal—carbene bonds were found
to be much stronger than in their isoelectronic neutral
counterpart 6 (Table 3). The calculated D, values in
complexes 3—5 are slightly different from those found
for the (ImC:)M(CI) (M = Cu, Ag, Au) model system with
De values of 67.4, 56.5, and 82.8 kcal/mol for the Cu(l),
Ag(l), and Au(l) complexes, respectively.1?

Partitioning the stabilizing orbital interaction energy
(AEor) into contributions from different symmetries
allows separation of ¢ and & interactions.1319.2027.54
Generally, Dz-symmetrical group 11 metal NHC com-
plexes with three metal ions in each molecule will not

(54) Massera, C.; Frenking, G. Organometallics 2003, 22, 2758—
2765.
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allow for such a separation. The mononuclear palladium
bis(carbene) complex 6, however, possesses Dyq Sym-
metry with three main contributions to the orbital
interaction energy stemming from different irreducible
representations in the Dyg group (Figure 6). The major
contribution arises from donation of carbene lone-pair
electrons into the palladium 4d(z?) + 5s hybrid (a1,
—74.31 kcal/mol). The donation of carbene lone-pair
electrons into the palladium 5p(z) orbital results in
much less stabilization energy (b2, —5.94 kcal/mol).
Overall, the sum of all o-type contributions totals
—79.35 kcal/mol. Notably, the interaction between the
palladium d orbitals and the carbene p—u orbitals are
also significant (el, —36.28 kcal/mol) and cannot be
neglected. The ratio of o-donation/z-back-donation (d/b
value) in 6 is 2.2, and the & bonding contributes 30% of
the overall stabilizing orbital interaction energy (Eorp
= —120.34 kcal/mol).

As mentioned earlier, quantitative separation of o and
st interaction energy in trinuclear complexes 3—5 is not
possible, due to their D3 symmetry. However, approxi-
mate results can be obtained by analysis of the simpli-
fied Dop-symmetrical model compounds M(ImMeC:),, (M
= Ag (8), Cu(9), Au(10)). The geometry of these mono-
nuclear model compounds closely resembles the indi-
vidual linear carbene—metal—carbene entities found for
complexes 3—5 (see Chart 1). Calculations show that
in these model complexes the main ¢ donations (aig)
have energy contributions of —57.4 (8), —67.8 (9), and
—73.7 kcal/mol (10), while the & interactions (b,g) have
energy contributions of —10.2 (8), —15.5 (9) and —12.6
kcal/mol (10). Thus, the d/b ratios are 5.6, 4.4, and 5.8,
and therefore, the & bonding contributes to approxi-
mately 15%, 18%, and 15% of the overall stabilizing
orbital interaction energy for Ag(l), Cu(l), and Au(l),
respectively. The results are slightly different from that
of hypothetical NHC ligand metal adducts (ImC:)M(CI)
(M = Ag, Cu, Au), with the d/b values being 6.6, 9.7,
and 4.3 for Cu(l), Ag(l), and Au(l), respectively.’? The
smaller z-back-bonding contribution in complexes 8—10
relative to that in complex 6 might be attributed to the
positive charge on the group 11 metal ions and the fact
that in complexes 8—10 only one d—x orbital can be
involved in the z-bonding, while in 6, the two d—x
orbitals can both take part in such interactions.

The above study leads to the conclusion that NHCs
are not only excellent o donors, but also fair s acceptors,
even for the cationic closed-shell d® metal centers
discussed here. The magnitudes of such interactions,
however, may vary. We generally do not agree with the
use of a term such as “negligible” to describe the w-back-
bonding in metal NHC complexes. It is true that, of the
few calculated metal NHC complexes to date, 121315 &
bonding accounts for more than 70% of the overall
stabilizing orbital energy. Even so, it is important to
recognize the potential sw-acceptor properties of NHC
ligands. As we and others!® have shown with electron-
rich metal centers, z-back-bonding can be significant
and contributes up to 20—30% of the orbital interac-
tion energy of a metal NHC complex: e.g. in the pal-
ladium complex 6 or in the iridium complex [Cp(NHC)-
Ir=CH,].%® It is found that, in the NHC—Ir fragment of
the latter complex, & back-bonding contributes to 20%
of the covalent bonding energy of the fragment, while



Downloaded by NAT LIB UKRAINE on July 3, 2009
Published on January 14, 2004 on http://pubs.acs.org | doi: 10.1021/0m0341855

762 Organometallics, Vol. 23, No. 4, 2004

22A1in 3

86 % metal d
14 % ligand

25A1in5

76 % metal d
24 % ligand

Hu et al.

19E1in 6

12 % metal d
88 % ligand

Figure 5. Representative z-type molecular orbitals in complexes 3, 5, and 6.

Table 4. Energy Decomposition of the Metal NHC
Complexes in the D3 (3—5) and Dyq4 (6) Groups at
the BP86 Level

contribn (kcal/mol)

param descripn 3 4 5 6
AEpauli Pauli repulsion 697.1 628.0 1066.3 323.6
AEgst electrostatic —827.7 —848.4 —1127.5 —289.2

interaction

AEor sta_bilizing_orbital
interactions

AEint bond interaction
energy

AEprep m  prep energy for the 127.9 120.8 89.3 0
metal fragment

AEprep 1 prep energy for the 8.9
ligand fragment

AEbond bond energy —330.9 —488.7 —457.2 -75.0

De(M—C) BDE for each metal— 55.2 815 76.2 375
carbene bond

—358.7 —428.8 —525.0 —120.3

—467.8 —624.5 -—-558.2 —83.0

14.9 11.7 8.08

in the Schrock-type carbene fragment {M=CH;} (a
benchmark fragment for the o-bonding/z-back-bonding
model), & back-bonding has a 25% contribution to its
covalent bonding energy.1®

Conclusion

In summary, we have synthesized a series of group
11 metal complexes of the tripodal N-heterocyclic car-
bene ligand system 1,1,1-[tris(3-methylimidazol-2-yli-
dene)methyllethane ([TIMEMe]). Single-crystal X-ray
diffraction, spectroscopic, and computational studies of
this series of metal complexes [(TIMEMe),M3](PFg)s (M
= Cu, Ag, Au) are described.

The group 11 metals form homoleptic trinuclear
complexes with the polycarbene ligand TIMEMe. All
complexes are isostructural and isomorphous and crys-
tallize in the same rhombohedral R3c space group. The
structures possess D3 symmetry, with three metal ions
bridging two of the TIMEMe ligands. Each metal ion is
linearly coordinated to two carbene centers, with each
carbenoid carbon stemming from a different ligand.

The electronic structure of these group 11 metal
complexes was elucidated with the aid of molecular
orbital analysis based on results from DFT calculations.
The analysis reveals the expected o-type interactions
in addition to non-negligible z interactions between the
electron-rich metal ions and the carbene p—x orbitals.
Energy decomposition analysis of the closely related
D,g-symmetrical Pd complex Pd(CN,Bu%C,H,), and the
D2n-symmetrical model complexes M(ImMeC:), (M = Ag,

-— al
-74.31 kcal/mol

)
9™ Q9

o(C) Pd4d(z%) +5s

D— OO =—0OC b2
-5.92 kcal/mol
alC) Pd 5p(z)

B8
-36.28 kecal/mol

p-m(C) Pd 4d(xzlyz)

Figure 6. Main contributions of the irreducible represen-
tations to the stabilizing orbital-interaction energy (AEorm)
in Pd(CN2But%CsH5), (6; Dag).

Cu, and Au) allowed for a quantitative comparison of &
and o contributions. It was found that the s-back-
bonding interactions in these diaminocarbene species
contribute to approximate 15—30% of the complexes’
overall orbital interaction energies.

This finding of non-negligible or even significant
w-bonding interactions in metal NHC complexes is at
first sight in astonishing contrast to the common as-
sumption that NHC ligands are pure ¢ donors. However,
the latter assumption has generally been based on the
“single-bond” character of the M—Cecarpene interactions
deduced from crystallographically determined bond
distances. While it is customary, and often instructive,
to correlate a given bond length with the bond order in
a certain class of compounds, such correlation is purely
empirical and by itself is not sufficient to corroborate
the nature of any given metal—ligand interaction.
Instead, for the investigation of 7z-back-bonding from the
metal to the z* orbitals of NHC ligands it is more
instructive to compare structural parameters of the
imidazole rings in a series of isostructural NHC com-
plexes containing electron-rich, less electron-rich, and
electron-poor metal centers. If & back-bonding from
metal to the NHC ligand exists, one would expect a
decrease of the nitrogen-to-carbene x bonding and, thus,
an increase of the C—N bond lengths for the more
electron-rich metal centers. Extensive search in the
Cambridge Crystallographic Data Centre (CCDC) actu-
ally does provide convincing structural evidence for
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metal—NHC x back-bonding: for instance, comparison
of structural parameters for the bis(carbene) complexes
(NHCMes),M (with NHCMes = 1 3-dimesitylimidazol-2-
ylidene, M = Ni(0), Ag(l), 11).345556 These complexes are
isostructural and bear the same set of NHC ligands; all
structural data were collected at low temperature. It is
apparent that from I* (electron poor, not capable of &
back-bonding) to Ag™ (less electron-rich, capable of &
back-bonding) to Ni(0) (electron-rich, very capable of
m-back-bonding), the average NHC C—N bond lengths
increase from 1.346 A in [(NHCMes),I]* to 1.358 A in
[(NHCMes),Ag]* to 1.375 A in [(NHCMes),Ni]. These
structural changes provide indeed very definitive ex-
perimental evidence for the existence of metal -NHC &
back-bonding. Nevertheless, quantum-mechanical cal-
culations are straightforward and essential in unveiling
the “true” nature of the metal—carbene bond. While
some may argue that 15% of = bonding is “negligible”,
such simplification would certainly overlook the exact
nature of the metal—NHC bond, as well as the potential
role of metal—carbene z back-bonding in the diverse
NHC chemistry.

Experimental Section

Methods and Procedures. Manipulation of air-sensitive
compounds was performed under a controlled dry nitrogen
atmosphere using standard Schlenk-line techniques and inert-
gas gloveboxes (MBraun Labmaster by M. Braun, Inc.).
Solvents were purified using a two-column solid-state purifica-
tion system (Glasscontour System, Joerg Meyer, Irvine, CA),
transferred to the glovebox without exposure to air, and stored
over molecular sieves and/or sodium metal. NMR solvents were
obtained from Cambridge Isotope Laboratories, degassed, and
stored over activated molecular sieves prior to use. All NMR
spectra were recorded at room temperature (20 °C) in ds-
benzene, ds-acetonitrile, and de-DMSO solutions on Varian
spectrometers operating at 400/300 MHz (*H NMR) and 100
MHz (**C NMR) and referenced to residual solvent peaks
unless otherwise noted (6 in ppm). Infrared spectra (400—4000
cm™1) of solid samples were obtained on a Thermo Nicolet
Avatar 360 FT-IR spectrophotometer as KBr pellets. Electronic
absorption spectra were recorded from 190 to 820 nm (HP
8452A diode array, UV/vis spectrophotometer). Elemental
analyses were performed by RuMega Resonance Labs (San
Diego, CA).

Computational Details. All DFT calculations were carried
out using the Amsterdam Density Functional program package
ADF, release 2002.01.5-47 The Vosko, Wilk, and Nusair (VWN)
local density approximation,® the Becke exchange correla-
tion,%® and the Perdew correlation®® were used. The calculation
also included scalar relativistic effects (ZORA)® for all atoms.
Uncontracted Slater-type orbitals (STOs)® were used as basis
functions: Cu, triple-¢ basis set augmented with a set of p
functions and frozen core 2p; Ag, triple-¢ basis set augmented
with a set of p functions and frozen core 3d; Au, triple-{ basis
set augmented with a set of p functions and frozen core 4d; N,
triple-¢ basis set augmented with a set of d functions and
frozen core 1s; C, triple {-basis set augmented with a set of d
functions and frozen core 1s; H, triple- basis set augmented

(55) Arduengo, A. J.; Gamper, S. F.; Calabrese, J. C.; Davidson, F.
J. Am. Chem. Soc. 1994, 116, 4391—4394.

(56) Arduengo, A. J.; Tamm, M.; Calabrese, J. C. 3. Am. Chem. Soc.
1994, 116, 3625—3626.

(57) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200—
1211.

(58) Becke, A. D. Phys. Rev. A 1988, 38, 3098—3100.

(59) Perdew, J. P. Phys. Rev. B 1986, 33, 8822—8824.

(60) Van Lenthe, E.; Ehlers, A.; Baerends, E. J. J. Chem. Phys. 1999,
110, 8943—8953.
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with a set of p functions. This basis combination is denoted
as TZP in the ADF program. For the analyses of the metal—
ligand bonds, Ziegler and Rauk’s energy decomposition scheme
was employed.551

Molecular orbitals were visualized using the MOLDEN
program package (http://www.cmbi.kun.nl/~schaft/molden/
molden.html).

Synthesis. Starting Materials. N-Methylimidazole (Acros),
ammonium hexafluorophosphate (Acros), tetrabutylammo-
nium hexafluorophosphate (Acros), potassium tert-butoxide
(Acros), silver oxide (Fisher), copper(l) bromide (Aldrich),
copper(l) trifluoromethanesulfonate (Aldrich), (dimethyl sul-
fide)gold(l) chloride (Aldrich), and n-butyllithium (2.5 M in
hexane; Aldrich) were obtained from commercial sources and
used as received. Benzylpotassium was prepared according to
the methods described in the literature.®? 1,1,1-Tris(bromo-
methyl)ethane was synthesized by bromination of the corre-
sponding 1,1,1-tris(hydroxymethyl)ethane (Acros). [HsTIMEM¢]-
(Br)3 (18.), [H3T|MEME](PF6)3 (1b), and [(TlMEMe)zAgg](PFG)g
(3) were synthesized as described previously.?®

1,1,1-Tris[(p-toluenesulfonato)methyl]ethane. 1,1,1-Tris-
(hydroxymethyl)ethane (168.4 g, 1.4 mol) and pyridine (500
mL) were added to a 3 L three-necked flask. The flask was
equipped with a mechanical stirrer, a thermometer, and a 500
mL addition funnel. The solution was then cooled to 0 °C over
an ice—water bath. p-Toluenesulfonyl chloride (820 g, 4.2 mol)
in 500 mL of pyridine was slowly added to the mixture via an
addition funnel (the temperature of the solution was kept
below 45 °C during the addition). The addition was completed
in 1 h, and the mixture was removed from the ice—water bath
and stirred for another 1 h. The resulting solution was then
added slowly to a mixture of 1 L of HCI and 500 mL of meth-
anol. The white solid that precipitated was collected by filtra-
tion and washed with water and methanol (800 g; yield 98%).

1,1,1-Tris(bromomethyl)ethane. 1,1,1-Tris[(p-toluene-
sulfonato)methyl]ethane (519 g, 0.9 mol) and sodium bromide
(483 g, 4.7 mol) were added to a 3 L flask, and the mixture
was refluxed for 16 h. The resulting suspension was cooled to
room temperature, and 500 mL of water was added. The
organic phase was extracted with benzene and evaporated to
give a white powder (139 g; yield 50%).

[HsTIMEMe](Br); (1a). A 50 mL flask was charged with
1,1,1-tris(bromomethyl)ethane (8.5 g, 0.026 mol) and N-meth-
ylimidazole (10.8 g, 0.131 mol), and the mixture was heated
to 150 °C for 1 day, during which time a white solid formed.
The solid was filtered off, washed with diethyl ether, and
recrystallized from methanol (12.6 g; yield 88%). *H NMR (400
MHz, de-DMSO, 20 °C): ¢ 9.28 (s, 3H), 7.89 (s, 3H), 7.81 (s,
3H), 4.37 (s, 6H), 3.89 (s, 9H,), 0.99 ppm (s, 3H). *3C NMR
(100 MHz, de-DMSO, 20 °C): ¢ 137.5, 123.6, 123.4, 52.9, 38.3,
36.0, 18.9 ppm. Anal. Calcd for C17H27NeBrs-1.5H,0: C, 35.07,
H, 5.19; N, 14.44. Found: C, 35.42; H, 5.51; N, 14.04.

[HsTIMEMe](PFg)s (1b). NH4PFs (0.88 g, 5.4 mmol) was
added to a solution of 1a (1 g, 1.8 mmol) in 30 mL of methanol.
The white hexaflurophosphate salt precipitated immediately
and was collected by filtration, washed with small portions of
cold methanol, and dried under vacuum (1.3 g; yield 96%). *H
NMR (400 MHz, d-DMSO, 20 °C): ¢ 9.12 (s, 3H), 7.82 (s, 3H),
7.68 (s, 3H), 4.26 (s, 6H), 3.89 (s, 9H), 0.93 ppm (s, 3H). 13C
NMR (100 MHz, de-DMSO, 20 °C): ¢ 137.8, 123.8, 123.5, 52.7,
38.3, 36.0, 17.1 ppm. Anal. Calcd for C;7H27F1sNeP3: C, 27.21;
H, 3.62; N, 11.20. Found: C, 26.99; H, 3.94; N, 11.23.

[(TIMEM®),Ags](PFe)s (3). 1b (1.08 g, 1.44 mmol) was
dissolved in 100 mL of DMSO, and to this solution was added
Ag20 (0.52 g, 2.24 mmol). The mixture was heated to 75 °C
for 12 h. The resulting suspension was filtered through Celite,
and to the filtrate was added an equal amount of water to give

(61) Snijders, J. G.; Vernooijs, P.; Baerends, E. J. At. Data Nucl.
Tables 1981, 26, 483—509.
(62) Schlosser, M.; Hartmann, J. Angew. Chem. 1973, 85, 544—545.
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a white powder. The solid was collected by filtration, washed
with diethyl ether, and dried under vacuum (0.67 g, yield 67%).
IH NMR (400 MHz, de-DMSO, 20 °C): d 7.55 (s, 3H), 7.49 (s,
3H), 4.44 (s, br, 3H), 4.20 (s, br, 3H), 3.90 (s, 9H), 1.24 ppm (s,
3H). 13C NMR (100 MHz, de-DMSO, 20 °C): ¢ 182.5, 123.6,
123.2, 59.0, 40.4, 38.2, 18.1 ppm. Anal. Calcd for CzsHsgN12-
AgsPsFis: C,29.52; H, 3.50; N, 12.15. Found: C, 29.26; H, 3.46;
N, 11.77.

[(TIMEMe),Cus](PFe)s (4). Method A. A solution of copper-
(1) bromide (130 mg, 0.9 mmol) in acetonitrile was added
dropwise to a solution of 3 (418.2 mg, 0.3 mmol) in 10 mL of
acetonitrile. A white precipitate of AgBr formed upon addition
of the copper(l) salt. The mixture was filtered through Celite,
and to the filtrate was added 50 mL of ether to give a white
crystalline powder. The solid was collected by filtration,
washed with diethyl ether, and dried under vacuum (210 mg;
yield 56%).

Method B. A solution of 3 equiv of base (n-butyllithium,
potassium tert-butoxide, or benzylpotassium) in THF was
added dropwise to a suspension of 1b (365 mg, 0.66 mmol) in
5 mL of THF. A clear colorless solution was formed upon
addition of the base. Within 30 min, the solution turned
orange-red. The resulting solution was filtered, and copper
triflate (129 mg, 0.25 mmol) was added to the filtrate. A light
brown precipitate formed immediately. The solid was filtered
off and dissolved in 10 mL of acetonitrile, and to the filtered
solution was added tetrabutylammonium hexaflurophosphate
(1 g, 2.6 mmol). The mixture was stirred for 5 min, and 50
mL of diethyl ether was added to cause precipitation of 4 as
an off-white powder. The precipitate was collected by filtration,
washed with diethyl ether, and dried under vacuum (110 mg;
yield 27%). Colorless crystals suitable for X-ray diffraction
analysis were grown by slow diethyl ether diffusion into a
saturated solution of 4 in acetonitrile at room temperature.
IH NMR (400 MHz, d-DMSO, 20 °C): 6 7.49 (s, 3H), 7.44 (s,
3H), 4.55 (s, br, 3H), 4.16 (s, br, 3H), 3.93 (s, 9H), 1.25 ppm (s,
3H). ¥C NMR (100 MHz, de-DMSO, 20 °C): ¢ 178.0, 123.0,
58.6, 40.1, 37.7, 18.1 ppm. Anal. Calcd for C3sHasN12CusP3F1s:
C, 32.66; H, 3.89; N, 13.44. Found: C, 31.59; H, 4.14; N, 12.94.

[(TIMEMe),Aus](PFs)s (5). A solution of Au(SMe,)CI (122
mg, 0.41 mmol) in acetonitrile was added dropwise to a
solution of 3 (190.1 mg, 0.14 mmol) in 10 mL of acetonitrile. A
white precipitate of AgBr formed upon addition of the gold(l)
salt. The mixture was filtered through Celite, and to the
filtrate was added 20 mL of ether to give a white crystalline
powder. The solid was collected by filtration, washed with
diethyl ether, and dried under vacuum (110 mg; yield 48%).
Colorless crystals suitable for X-ray diffraction analysis were
grown by slow diethyl ether diffusion into a saturated solution
of 5 in acetonitrile at room temperature. *H NMR (400 MHz,
ds-DMSO, 20 °C): o 7.61 (s, 3H), 7.48 (s, 3H), 4.80 (d, 3H),
4.20 (d, 3H), 3.94 (s, 9H), 1.26 ppm (s, 3H). 3C NMR (100 MHz,
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de-DMSO, 20 °C): ¢ 183.8, 123.6, 57.6, 40.2, 37.5, 22.5 ppm.
Anal. Calcd for C34H4sN12AUzP3F15: C, 24.74; H, 2.93; N, 10.18.
Found: C, 23.45; H, 2.62; N, 9.42.

Crystallographic Details for [(TIMEM®),Cus](PFe)s (4).
A crystal of dimensions 0.28 x 0.26 x 0.17 mm?® was mounted
on a glass fiber. A total of 19 034 reflections (—24 < h < 24,
—24 < k =23, —28 = | = 29) were collected at T = 100(2) K in
the 6 range of 2.17—27.53°, of which 1773 were unique (Rint =
0.0207); Mo Ko radiation was used (1 = 0.710 73 A). The
structure was solved by direct methods (Shelxtl version 6.10,
Bruker AXS, Inc., 2000). All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed in calculated
idealized positions. The residual peak and hole electron
densities were 0.591 and —0.205 e A-3. The absorption
coefficient was 1.595 mm™. The least-squares refinement
converged normally with residuals of R(F) = 0.0275, Ry(F?) =
0.0788, and GOF = 1.112 (I > 20(1)). Crystal data: Ci7H2s-
Cuis0FoNgP150, Space group R3c, rhombohedral, a = b =
18.593(2) A, c = 23.059(4) A, o= =90°, y = 120°, V = 6903.3-
(18) A3, Z = 12, peaica = 1.805 Mg/m3.

Crystallographic Details for [(TIMEM®),Aus](PFe)s (5).
A crystal of dimensions 0.22 x 0.10 x 0.04 mm?® was mounted
on a glass fiber. A total of 14 183 reflections (—21 < h < 21,
—21 <k =20, —26 < | < 26) were collected at T = 100(2) K in
the 6 range of 2.16—23.99°, of which 1198 were unique (Rint =
0.0567); Mo Ko radiation was used (1 = 0.710 73 A). The
structure was solved by direct methods (Shelxtl Version 6.10,
Bruker AXS, Inc., 2000). All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed in calculated
idealized positions. The residual peak and hole electron
densities were 1.967 and —0.621 e A-3. The absorption
coefficient was 9.836 mm™. The least-squares refinement
converged normally with residuals of R(F) = 0.0416, Ry(F?) =
0.01078, and GOF = 1.038 (I > 20(l)). Crystal data: CszsHas-
AusF1gN1:P3, space group R3c, rhombohedral, a=b = 18.3767-
(14) A, c =23.425(4) A, . = 3 =90°, y = 120°, V = 6850.9 (13)
A3, Z = 6, peaica = 2.401 Mg/m?,
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