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Abstract: Incorporation of a nitrogen functionality into a tripodal N-heterocyclic carbene ligand system affords
the first N-anchored tetradentate tris-carbene ligands TIMENR (R ) Me (5a), t-Bu (5b), Bz (5c)). Treatment
of the methyl derivatized [H3TIMENMe](PF6)3 imidazolium salt (H35a) with silver oxide yields the silver complex
[(TIMENMe)2Ag3](PF6)3 (9), which, in a ligand transfer reaction, reacts with copper(I) bromide to give the
trinuclear copper(I) complex [(TIMENMe)2Cu3](PF6)3 (10). Deprotonation of the tert-butyl and benzyl
derivatives [H3TIMENt-Bu](PF6)3 and [H3TIMENBz](PF6)3 yields the free tris-carbenes TIMENt-Bu (5b) and
TIMENBz (5c), which react readily with copper(I) salts to give mononuclear complexes [(TIMENt-Bu)Cu](PF6)
(11b) and [(TIMENBz)Cu]Br (11c). The solid-state structures of 10, 11b, and 11c were determined by single-
crystal X-ray diffraction. While the TIMENMe ligand yields trinuclear complex 10, with both T-shaped three-
coordinate and linear two-coordinate copper(I) centers, the TIMENt-Bu and TIMENBz ligands induce
mononuclear complexes 11b and 11c, rendering the cuprous ion in a trigonal planar ligand environment
of three carbenoid carbon centers and an additional, weak axial nitrogen interaction. Complexes 11b and
11c exhibit reversible one-electron redox events at half-wave potentials of 110 and -100 mV vs Fc/Fc+,
respectively, indicating sufficient electronic and structural flexibility of both TIMENR ligands (R ) t-Bu, Bz)
to stabilize copper(I) and copper(II) oxidation states. Accordingly, a copper(II) NHC complex, [(TIMENBz)-
Cu](OTf)2 (12), was synthesized. Paramagnetic complex 12 was characterized by elemental analysis, EPR
spectroscopy, and SQUID magnetization measurements.

Introduction

In recent years, tripodal ligand systems have increasingly
gained importance in the field of transition metal coordination
chemistry.1,2 Among those, derivatives of hydrotris(pyrazolyl)-
borates (1) and their neutral carbon-anchored analogues, tris-
(pyrazolyl)methane (2), are a unique class of ligands (Chart
1).3-5 Metal complexes supported by these tripodal donor lig-
ands have been used extensively to promote catalytic transfor-
mations, such as C-H activation,6 C-C,7 C-O,8 and C-N9

bond formation, and serve as structural mimics of metal-
containing enzymes.10

Substitution of the three pyrazolyl units in1 with N-deriv-
atized imidazole rings results in the N-heterocyclic carbene
(NHC) analogues, hydrotris(3-alkylimidazol-2-ylidene)borate

(alkyl ) Me, Et), 3.11,12 Recent advances in the chemistry of
NHC ligands13-20 have pushed these phosphine alternatives to
the forefront of catalyst design, and numerous transition metal
complexes bearing NHC ligands have been synthesized.15-17

However, known derivatives of boron-anchored carbene tripod
3 form coordinatively fully saturated, octahedral hexakis-carbene
complexes such as the bis(triscarbene)iron complex [(3)2Fe].11

Consequently, ligand substitution reactions and redox events
associated with small molecule and organic functional group
activation have not been observed.11,12,21The only other known
tripodal tris-carbene ligand, 1,3,5-{tris(3-tert-butylimidazol-2-
ylidene)methyl)}-2,4,6-trimethylbenzene22 (6), has an exception-
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(2) Brown, S. D.; Betley, T. A.; Peters, J. C.J. Am. Chem. Soc.2003, 125,
322-323.
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ally big cavity and coordinates exclusively to large metal ions
such as the monovalent thallium(I) ion.23 Therefore, the develop-
ment of potent tris-carbene ligand systems for transition metal
coordination and subsequent application in homogeneous ca-
talysis and small molecule activation are current efforts in our
laboratory.

In this context, we recently reported the synthesis and coor-
dination chemistry of tris-carbene ligand system4, 1,1,1-[tris-
(3-alkylimidazol-2-ylidene)methyl]ethane (TIMER, R ) Me
(4a), t-Bu (4b)), reminiscent of ligands of type2.24,25With group
11 metal ions, the methyl derivative TIMEMe exclusively forms
isostructural complexes of the general type [(TIMEMe)2M3]3+

(M ) Cu (7), Ag, Au), comprising two-coordinate metal centers
with a linear binding mode (Scheme 1,A).24

The sterically more demandingtert-butyl derivatized lig-
and system TIMEt-Bu (4b) induces the formation of an in-
teresting dinuclear copper(I) bis-carbenealkenyl complex,
[(TIME t-Bu)2Cu2]2+(8, Scheme 1,B).25

These findings demonstrate the versatility of type4 ligands;
yet, in our hands, mononuclear metal complexes of these carbon-
anchored chelators remained elusive. Similar observations were
made by others for the analogous tris-pyrazolyl ligand system
4.26 It was reported that the ligand 1,1,1-[tris(pyrazol-1-yl)-
methyl]ethane tends to act as a bidentate chelator; thus, simple

η3 complexes could not be isolated.26 Examination of the
backbones of the neopentane-based, carbon-anchored tripodal
ligands reveals possible reasons for the lack of 1:1 complex
formation with these chelators. A hypotheticalη3 complex of
chelator4 would contain three eight-membered rings (I , Chart
2) with much lower stability than the more commonly observed
five-, six-, or seven-membered rings formed, for instance, by
polypyrazolylborate4 or polyphosphine27 ligands.

Consequently, methyl derivative4a yields highly D3-sym-
metrical trinuclear complexes and has no tendency for metal-
lacycle formation. Increased steric bulk at the imidazole N3-
position of tert-butyl derivative 4b effectively prevents the
formation of trinuclear complexes of type7 (Scheme 1).
However, because formation of three eight-membered rings is
entropically unfavorable, mononuclear complex formation still
cannot be observed. Instead, a dinuclear 2:2 complex8 with
only one such unusual eight-membered ring per ligand molecule
was isolated. To overcome these inherent deficits of ligands of
type 4, we sought to incorporate a coordinating atom at the
anchoring position of the carbene tripod, engendering ligands
that favor 1:1 metal complexation by forming three stable six-
membered rings (II , Chart 2). Accordingly, the nitrogen-
anchored tris-carbene ligand system tris[2-(3-alkylimidazol-2-
ylidene)ethyl]amine (TIMENR, R ) Me, t-Bu, Bz) (5) and
corresponding copper(I) and (II) complexes were synthesized.

Results and Discussion

Ligand Synthesis.The imidazolium precursors, tris-[2-(3-
alkylmethylimidazolium-1-yl)ethyl]amine trichloride [H3TIMENR]-
Cl3 (R ) Me, t-Bu, and Bz), were prepared by quaternization
of functionalizedN-alkylimidazoles with tris-(2-chloroethyl)-
amine. Treatment of [H3TIMENR]Cl3 in methanol with am-
monium hexafluorophosphate effected complete substitution of
chloride and formation of [H3TIMENR](PF6)3 (H35a, R ) Me;
H35b, R ) t-Bu; H35c, R ) Bz). Highest yields for all
quaternization reactions were achieved by heating the neat
reactants at 150°C for 2 days. Deprotonation ofH35a with
strong base fails to produce free carbene ligand5a; however, a
copper(I) complex of this ligand is accessible via a transmeta-
lation route28 employing the corresponding silver complex of
this ligand (vide infra). Deprotonation ofH35b andH35c with
potassiumtert-butoxide yields free tris-carbene ligands5b and
5c, which can be isolated and stored under nitrogen for further
transformation. Ligands5b and 5c were characterized by1H
and13C NMR spectroscopy. The characteristic13C signals for
the deprotonated carbene carbon atoms were found atδ ) 213.6
(5b) and 211.8 ppm (5c).

(22) Dias, H. V. R.; Jin, W. C.Tetrahedron Lett.1994, 35, 1365-1366.
(23) Nakai, H.; Tang, Y. J.; Gantzel, P.; Meyer, K.Chem. Commun.2003, 24-

25.
(24) Hu, X.; Tang, Y.; Gantzel, P.; Meyer, K.Organometallics2003, 22, 612-

614.
(25) Hu, X.; Castro-Rodriguez, I.; Meyer, K.Organometallics2003, 22, 3016-

3018.
(26) Jacobi, A.; Huttner, G.; Winterhalter, U.; Cunskis, S.Eur. J. Inorg. Chem.

1998, 675-692.
(27) Mayer, H. A.; Kaska, W. C.Chem. ReV. 1994, 94, 1239-1272.
(28) Wang, H. M. J.; Lin, I. J. B.Organometallics1998, 17, 972-975.

Chart 1. Structural Representatives for Tripodal Polypyrazolyl and
Polycarbene Ligands

Chart 2. Structural Models for Metal Complexes of Tripodal
Neopentane C- and N-Anchored Carbene Chelators
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Synthesis and Characterization of Trinuclear
[(TIMEN Me)2Cu3](PF6)3 (10). Reaction of the methyl deriva-
tized [H3TIMENMe](PF6)3 imidazolium saltH35a with Ag2O
in DMSO at 75°C yields a silver complex, [(TIMENMe)2Ag3]-
(PF6)3 (9).29 Treatment of trinuclear9 with 3 equiv of CuBr
in acetonitrile leads to formation of a copper(I) complex
[(TIMENMe)2Cu3](PF6)3‚2.5 CH3CN (10) (Scheme 2). The solid-
state structure of10 reveals a trinuclear complex with two
distinctly different coordination geometries of the cuprous ions
(Figure 1).

Each TIMENMe ligand exhibits coordination to two different
Cu(I) centers in nearly centro-symmetric fashion without a
crystallographic inversion center. Two of the three pendant
carbene ligators and the anchoring nitrogen atom of one ligand
molecule coordinate to one Cu(I) ion to give a T-shaped ligand
environment. The third carbene, together with that of the second
ligand, coordinates to a central Cu(I) ion in linear fashion. The
latter feature is reminiscent of the linear C-M-C fragments
in 7.

The Cu-C distances in10 range between 1.889 and 1.902
Å for the three-coordinate copper ions and 1.908-1.911 Å for
the two-coordinate copper ions. These values compare well to
those found for other reported Cu-NHC complexes.30,31 The
average Cu-N distance of 2.365 Å for both three-coordinate
copper ions is significantly longer than values typically found
for tris(2-aminoethyl)amine-based copper(I) complexes of∼2.2
Å.32,33 This weak interaction of the nitrogen anchor with the
copper ions is also reflected in the crystallographically deter-
mined, near linear Ccarbene-Cu-Ccarbeneangles of∼170° for the
three-coordinate cuprous and∼180° for the two-coordinate
Cu(I) ions. As a result of this weak but significant Cu-N-
(anchor) interaction, each TIMENMe ligand forms two of the
expected three six-membered rings with one copper ion. Overall,

(29) Although crystals of9 suitable for X-ray diffraction study were not obtained,
we suggest the isostructural geometry for9 and 7 on the basis of the
similarity of characteristic features in the1H and13C NMR spectra.

(30) Arnold, P. L.; Scarisbrick, A. C.; Blake, A. J.; Wilson, C.Chem. Commun.
2001, 2340-2341.

(31) Tulloch, A. A. D.; Danopoulos, A. A.; Kleinhenz, S.; Light, M. E.;
Hursthouse, M. B.; Eastham, G.Organometallics2001, 20, 2027-2031.

Scheme 1. Synthesis of Copper(I) Complexes of TIMER (R ) Me (7), t-Bu (8))

Scheme 2. Synthesis of Trinuclear Complex [(TIMENMe)2Cu3]3+ (10)
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however, formation of the unique structure of10was unexpected
because no obvious steric hindrance appears to be preventing a
1:1 metal complex formation of the methyl-substituted deriva-
tive. We therefore conclude that formation of complex10 is
kinetically controlled. This is likely due to the presence of excess
Cu(I) ions in solution resulting from the transmetalation reaction
of trinuclear9 with 3 equiv of Cu(I) salt to eliminate 3 equiv
of AgBr.

Synthesis and Characterization of Mononuclear
[(TIMEN R)Cu]+ (11b, R ) t-Bu; 11c, R ) Bz). Reaction of
free carbene TIMENt-Bu 5b with 1 equiv of [(CH3CN)4Cu](PF6)
in acetonitrile affords the mononuclear 1:1 copper complex11b
as an off-white powder in high yields (∼60%) (Scheme 3).

The solid-state structure of mononuclear tris-carbene copper
complex11bwas determined by single-crystal X-ray diffraction
analysis (Figure 2). The tripodal carbene ligand5b coordinates
to the copper ion via the three carbenoid carbons in the predicted
tridentate fashion. The long Cu-N distance of 2.567(3) Å and
a displacement toward the N-anchor of only 0.02 Å out of the
idealized trigonal plane suggest that the interaction of the
anchoring nitrogen atom with the copper ion is electronically

nonsignificant. This interaction, however, does stabilize com-
pound11bstructurally, as it leads to the formation of three six-
membered metallacycles (Scheme 3). This copper(I) complex
represents the first example of a 1:1 transition metal complex
of a polydentate tris-carbene ligand. The average Cu-Ccarbene

distance of 1.985 Å is slightly longer than that of complex10,
consistent with the presence of three sterically demandingtert-
butyl groups at the N3 positions of the imidazole rings. The
copper(I) ion is located in an ideal trigonal planar ligand
environment with an average C-Cu-C angle of 119.99°.

The NMR spectra of11b are consistent with the solid-state
structure determined by X-ray crystallography. In the1H
spectrum, the six C4/C5 protons of the imidazole rings give
rise to two sets of doublets with equal intensity atδ ) 7.19
and 6.92 ppm, and the threetert-butyl groups result in only
one intense signal atδ ) 1.52 ppm, indicative of aC3

symmetrical molecule in solution. The 12 protons of the ethylene
backbones of11b give rise to four doublets of doublets with
equal intensity and are observed atδ ) 3.67, 3.43, 2.90, and
2.34 ppm, respectively. The13C spectrum exhibits only one
signal for the carbenoid carbon atδ ) 187 ppm.

The redox behavior of the novel mononuclear compound was
examined by electrochemical methods. The cyclic voltammo-
gram of a solution of11b in acetonitrile exhibits a reversible
one-electron oxidation at a potential of+110 mV vs Fc/Fc+

(Figure 3). The reversibility for the Cu(I)/Cu(II) couple was
confirmed by measuring the ratios ofIox/Ired as a function of
scan rates and peak separation. For all scan rates, values for
Iox/Ired were determined to be approximately 1. The peak
separation,|Eox - Ered| at 300 mV s-1, was calculated to be 66
mV (see Figure S1, Supporting Information). This reversible
redox behavior indicates that the TIMENt-Bu ligand has suf-
ficient structural and electronic flexibility to accommodate the
copper ion in both the Cu(I) and the Cu(II) oxidation states.

A space-filling model of complex11b (Figure 4) suggests
that the electron-rich cuprous ion in this complex is well shielded
by the three sterically encumberingtert-butyl groups. To facili-
tate enhanced reactivity at the electron-rich metal center, a Cu(I)
complex with the sterically less demanding benzyl-substituted

(32) Becker, M.; Heinemann, F. W.; Schindler, S.Chem.-Eur. J.1999, 5, 3124-
3129.

(33) Raab, V.; Kipke, J.; Burghaus, O.; Sundermeyer, J.Inorg. Chem.2001,
40, 6964-6971.

Figure 1. Solid-state molecular structure of complex [(TIMENMe)2Cu3]-
(PF6)3‚2.5CH3CN (10). Hydrogen atoms, anions, and solvent molecules are
omitted for clarity; thermal ellipsoids are at 50% probability. Selected bond
lengths (Å) and angles (deg): Cu(1)-C(3B) 1.901(4), Cu(1)-C(3C) 1.894-
(5), Cu(1)-N(1) 2.365(3), Cu(2)-C(3E) 1.892(4), Cu(2)-C(3F) 1.891(4),
Cu(2)-N(2) 2.371(3), Cu(3)-C(3A) 1.909(4), Cu(3)-C(3D) 1.910(4),
C(3B)-Cu(1)-C(3C) 172.54(19), C(3E)-Cu(2)-C(3F) 166.50(17), C(3A)-
Cu(3)-C(3D) 178.74(17).

Scheme 3. Synthesis of Mononuclear Complexes [(TIMENR)Cu]+
(R ) t-Bu (11b), Bz (11c))

Figure 2. Solid-state molecular structure of complex [(TIMENt-Bu)Cu](PF6)
(11b). Hydrogen atoms and anions are omitted for clarity; thermal ellip-
soids are at 50% probability. Selected bond lengths (Å) and angles (deg):
Cu(1)-C(3A) 1.976(3), Cu(1)-C(3B) 1.987(3), Cu(1)-C(3C) 1.993(3),
Cu(1)-N(1) 2.567(3), C(3A)-Cu(1)-C(3B) 120.03(12), C(3A)-Cu(1)-
C(3C) 117.96(12), C(3B)-Cu(1)-C(3C) 121.98(12).
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TIMENBz ligand, [(TIMENBz)Cu]Br (11c), was synthesized by
reacting free carbene5c with copper(I) bromide (Scheme 3).

The molecular structure of compound11c was determined
by single-crystal X-ray diffraction study. Complex11ccrystal-
lizes with three independent molecules in the asymmetric unit.
The solid-state structure of one of the three independent mole-
cules is depicted in Figure 5. The average Cu-C bond length
of 1.958 Å is slightly shorter than that of complex11b,
consistent with reduced steric bulk of the benzyl substituents.
The average Cu(I)-N(amine) interaction of 2.415 Å in11c,
however, is considerably stronger than that of 2.567(3) Å in
11b. The space-filling model (Figure 6) shows the expected open
cavity at the Cu(I) ion exposed by the three less protective
benzyl groups. The cyclic voltammogram of complex11c
exhibits a reversible one-electron oxidation at-100 mV vs Fc/
Fc+, 210 mV lower than that of11b (Figure S2, Supporting
Information). The benzyl-substituted ligand5c thus seems to
be significantly more flexible with regard to structural changes
upon oxidation.

Synthesis and Characterization of [(TIMENBz)Cu](OTf) 2

(12). The one-electron oxidized Cu(II) complex, [(TIMENBz)-
Cu](OTf)2 (12), was synthesized via two different, independent
routes. The complex could be obtained by either oxidizing11c
with silver(I) triflate or, alternatively, by reacting ligand5cwith
copper(II) triflate. Reaction of5c with other copper(II) salts,

for instance, copper(II) bromide, leads to formation of unidenti-
fied diamagnetic materials.

Paramagnetic compound12 was characterized by elemental
analysis, low-temperature X-band EPR spectroscopy, and vari-
able temperature SQUID magnetization measurements. The
X-band EPR spectrum of12, recorded in frozen acetonitrile/
toluene solution at 8 K, exhibits a rhombic signal (Figure 7,
top). The signal can be simulated to high accuracy withg1 )
2.005,g2 ) 2.060, andg3 ) 2.275, and a copper hyperfine
coupling constantA3(53Cu, I ) 3/2, 100%) of 132× 10-4 cm-1

(397 MHz). Copper hyperfine interactions ong1 andg2 are not
resolved. The EPR spectrum of12 is consistent with a mono-
nuclear copper(II) complex with one unpaired electron.

The solid-state magnetization measurement of solid samples
of 12 confirms the copper(II) oxidation state of the complex.
The temperature dependence of the magnetic moment was
determined in the temperature range from 5 to 300 K (Figure
7, bottom). At room temperature, complex12 exhibits a mag-
netic moment of 1.86µB, which is in good agreement with the
calculated value of 1.83µB obtained by applying the averageg

Figure 3. Cyclic voltammogram of [(TIMENt-Bu)Cu](PF6) (11b) recorded
in acetonitrile solution containing 0.1 M [N(n-Bu)4](ClO4) as electrolyte.

Figure 4. Space-filling model for [(TIMENt-Bu)Cu](PF6) (11b).

Figure 5. Solid-state molecular structure of complex [(TIMENBz)Cu](Br)
(11c). Mononuclear11ccrystallizes with three independent molecules per
unit cell, in which bond lengths and angles vary slightly. Hydrogen atoms,
anions, and the remaining two independent molecules are omitted for clarity;
thermal ellipsoids are at 50% probability. Selected bond lengths (Å) and
angles (deg): Cu-Ccarbene (av.) 1.949, 1.961, and 1.965, Cu-Namine

2.365(4), 2.399(4), and 2.482(4), N-Ccarbene-N (av.) 103.10, 102.78, and
102.61, C-Cu-C (av.) 119.91, 119.68, and 119.56.

Figure 6. Space-filling model for [(TIMENBz)Cu](Br) (11c).

Copper Complexes of N-Heterocyclic Carbene Ligands A R T I C L E S
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value of 2.11 determined by EPR spectroscopy. The magnetic
moment of 1.86µB at room temperature decreases slightly to
∼1.71µB at 100 K, and then continues to decrease, reaching a
minimum of 0.91µB at 5 K. This observed temperature behavior
indicates weak antiferromagnetic spin-spin coupling in the solid
state.

The EPR spectroscopy and SQUID magnetization measure-
ments suggest that the unpaired electron in complex12 resides
in the copper 3d(x2 - y2) orbital. The ground-state electronic
structure of12 was further elucidated with the aid of DFT
calculations. Our DFT studies (BP86/TZP, ZORA, ADF
2003.01)34-36 on the model complex [TIMENMeCu]2+ indicate
that the copper(II) ion in12 retains the trigonal-planar ligand
environment, with a weak axial Cu-N(amine) interaction (dcalcd

Cu-N ) 2.54 Å) (Figure 8, top). The CuC3 plane exhibits a
Jahn-Teller distortion, rendering one C-Cu-C angle signifi-
cantly larger (139.7°) than the other two (112.5° and 107.4°).
A similar distortion is found in the copper-carbene bond
distances. The Cu-C bond opposite to the largest C-Cu-C
angle is significantly longer (1.965 Å) than the other two Cu-C

bonds at 1.935 and 1.936 Å, respectively. This distortion in
the Cu-C3 plane raises the energy of the metal d-orbital
d(x2 - y2) above d(xy) and d(z2) and thus removes the
degeneracy of the d(x2 - y2) and d(xy) orbitals. This departure
from an idealized trigonal plane results in a d(xz)2d(yz)2d(xy)2-
d(z2)2d(x2 - y2)1 ground-state electronic configuration for the
geometry-optimized complex [TIMENMeCu]2+. The singly oc-
cupied molecular orbital (SOMO) is depicted in Figure 8,
bottom. A full set of molecular orbitals is depicted in Figure
S3, Supporting Information.

Conclusion

In summary, strikingly different Cu(I) complexes have been
synthesized by employing three derivatives of the same tripodal,
tris-carbene ligand system tris[2-(3-alkylimidazol-2-ylidene)-
ethyl]amine (TIMENR, R ) Me, t-Bu, Bz) (5). The methyl
substituted ligand, TIMENMe (5a), yields, via a transmetalation
route, the trinuclear complex [(TIMENMe)2Cu3]3+ (10). This
complex contains one linear two-coordinate and two T-shaped
three-coordinate copper(I) centers (Scheme 2). In contrast, the
sterically more encumberingtert-butyl and benzyl derivatized
free carbenes TIMENt-Bu (5b) and TIMENBz (5c) induce the
formation of mononuclear complexes, [(TIMENR)Cu]+ (11b,
R ) t-Bu; 11c, R ) Bz) (Schemes 3). To the best of our
knowledge, mononuclear complexes11b and11crepresent the
first examples of a 1:1 transition metal complex of a polydentate
tris-carbene ligand. The trigonal planar carbene environment
of the Cu(I) and Cu(II) metal centers in all mononuclear
complexes presented herein is unprecedented in NHC coordina-

(34) Velde, G. T.; 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.

(35) Perdew, J. P.Phys. ReV. B 1986, 33, 8822-8824.
(36) Becke, A. D.Phys. ReV. A 1988, 38, 3098-3100.

Figure 7. X-band EPR spectrum of12 (top) recorded in frozen acetonitrile/
toluene solution at 8 K. Experimental conditions: microwave frequencyν,
9.4666 GHz; power, 0.63 mW; modulation amplitude, 10 G. Simulated
parameters:g1 ) 2.005 (W1 ) 20.00 G);g2 ) 2.060 (W2 ) 55.00 G);g3

) 2.275 (W3 ) 42.00 G);A3 ) 132 × 10-4 cm-1 (397.00 MHz). Plot of
the effective magnetic moment,µeff, versus temperature from temperature-
dependent SQUID magnetization measurements for two independently
prepared samples of12 (bottom).

Figure 8. Geometry-optimized structure of model compound
[TIMENMeCu]2+ (top) and singly occupied molecular orbital (SOMO) in
the system of complex [TIMENMeCu]2+ (bottom).
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tion chemistry. The open coordination site at the electron-rich
copper(I) center in11clikely enhances chemical transformations
of various substrates. The reversible redox behavior of complex
11c and successful synthesis of the one-electron oxidized
Cu(II) species12 support the prospect of versatile reactivity
resulting from complexes of this ligand system. Complex12
represents the first isolated and spectroscopically characterized
copper(II) NHC complex to date. Further detailed investigations
of the electronic structure of this paramagnetic copper-carbene
complex will result in an enhanced understanding of the donor/
acceptor abilities of NHC ligands. Continuing electronic struc-
ture and reactivity studies of copper(I/II) complexes11c and
12 are currently underway.

Experimental Section

Methods and Procedures.Manipulation of air-sensitive compounds
was performed under a controlled dry nitrogen atmosphere using
standard Schlenk techniques and inert-gas gloveboxes (MBraun Lab-
master by M. Braun, Inc.). Solvents were purified using a two-column
solid-state purification system (Glasscontour System, Joerg Meyer,
Irvine, CA) and transferred to the glovebox without exposure to air.
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 d6-benzene,
d3-acetonitrile, andd6-DMSO solutions on Varian spectrometers
operating at 400/300 MHz (1H NMR) and 100 MHz (13C NMR) and
were referenced to residual solvent peaks unless otherwise noted (δ in
ppm). Cyclic voltammetric measurements were performed on Bioana-
lytical Systems equipment (BAS, CV-50W) in acetonitrile solutions
containing 0.1 M [N(n-Bu)4](ClO4) as electrolyte (working electrode,
platinum; auxiliary electrode, platinum wire; reference electrode,
platinum). Potentials are reported relative to the ferrocene/ferrocenium
couple (Fc/Fc+). X-band EPR spectra of dilute complex solutions in a
1:1 mixture of acetonitrile and toluene were recorded on a Bruker
Elexsys E500 spectrometer equipped with a helium flow cryostat
(Oxford 900). The spectra were simulated using the W95EPR pro-
gram.37 Solid-state magnetization measurements of powdered samples
were recorded on a SQUID magnetometer (Quantum Design) at 10
kOe between 5 and 300 K. Magnetic susceptibility data were corrected
for background and underlying diamagnetic contributions (ødia ) -515
× 10-6 cm3 mol-1) using tabulated Pascal constants.38 Data reproduc-
ibility was carefully checked in multiple individual measurements of
independently synthesized samples. Elemental analyses were performed
by Kolbe Microanalytical Laboratory (Muelheim a. d. Ruhr/Germany).

Starting Materials. N-tert-Butylimidazole,39 tris(2-chloroethyl)-
amine,40 and tetrakis(acetonitrile)copper(I) hexafluorophosphate41 were
prepared according to literature procedures.N-Methylimidazole (Acros),
N-benzylimidazole (Aldrich), silver oxide (Fischer), silver triflate
(Strem), copper(I) bromide (Acros), copper(II) triflate (Strem), potas-
siumtert-butoxide (Acros), ammonium hexafluorophosphate (Aldrich),
and tetra(n-butyl)ammonium perchlorate (Aldrich) were obtained from
commercial sources and used as received.

Synthesis. [H3TIMEN Me](PF6)3 (H35a).A 50 mL flask was charged
with tris(2-chloroethyl)amine (4.1 g, 20 mmol) andN-methylimidazole
(4.95 g, 60 mmol), and the mixture was heated to 150°C for 2 days,
during which a brown solid formed. The solid was filtered off and
dissolved in 20 mL of methanol, and the filtered solution was evaporated
to dryness to yield the crude product [H3TIMENMe]Cl3 (6.0 g, yield:
67%). The hygroscopic chloride salt was converted to the corresponding,

stable hexafluorophosphate salt, [H3TIMENMe](PF6)3, by adding solid
NH4PF6 (6.5 g, 40.6 mmol) to a solution of [H3TIMENMe]Cl3 (6.9 g,
13.3 mmol) in 20 mL of methanol. The white hexafluorophosphate
salt precipitated immediately, and was collected by filtration, washed
with small portions of cold methanol, and dried in a vacuum (8.5 g;
yield: 82%).

1H NMR (300 MHz,d6-DMSO, 20°C): δ ) 8.94 (s, 3H), 7.67 (s,
3H), 7.58 (s, 3H), 4.19 (t,3J(H,H) ) 6.0 Hz, 6H), 3.84 (s, 9H), 2.95
ppm (t, 3J(H,H) ) 6.0 Hz, 6H).13C NMR (100 MHz,d6-DMSO, 20
°C): δ ) 136.7, 123.0, 122.3, 52.1, 45.9, 35.8 ppm. Anal. Calcd for
C18H30F18N7P3: C, 27.74; H, 3.88; N, 12.58. Found: C, 28.10; H, 3.92;
N, 12.61.

[TIMEN t-Bu](PF6)3 (H35b). A 50 mL flask was charged with tris-
(2-chloroethyl)amine (2.1 g, 10 mmol) andN-tert-butylimidazole (3.9
g, 31 mmol), and the mixture was heated to 150°C for 3 days, during
which a brown solid formed. The solid was filtered off and dissolved
in 20 mL of methanol, and the filtered solution was evaporated to
dryness to yield the crude product [H3TIMEN t-Bu]Cl3 (5.6 g; yield:
97%). The hygroscopic chloride salt was converted to stable
[H3TIMEN t-Bu](PF6)3 by adding NH4PF6 (4.8 g, 29.4 mmol) to a
solution of [H3TIMENt-Bu]Cl3 (5.6 g, 9.7 mmol) in 20 mL of methanol.
The white hexafluorophosphate salt precipitated immediately, and was
collected by filtration, washed with small portions of cold methanol,
and dried in a vacuum (6.7 g; yield: 76%).

1H NMR (300 MHz,d6-DMSO, 20°C): δ ) 9.19 (s, 3H), 7.99 (s,
3H), 7.66 (s, 3H), 4.14 (t,3J (H,H) ) 6.0 Hz, 6H), 2.99 (t,3J(H,H) )
6.0 Hz, 6H), 1.57 ppm (s, 27H).13C NMR (100 MHz,d6-DMSO, 20
°C): δ ) 134.3, 122.7, 122.0, 59.6, 52.1, 46.0, 29.0 ppm. Anal. Calcd
for C27H48F18N7P3: C, 35.81; H, 5.34; N, 10.83. Found: C, 35.48; H,
5.02; N, 10.90.

[TIMEN Bz](PF6)3 (H35c). A 50 mL flask was charged with tris(2-
chloroethyl)amine (9.85 g, 48.2 mmol) andN-benzylimidazole (22.9
g, 144.8 mmol), and the mixture was heated to 150°C for 2 days,
during which a brown solid formed. The solid was isolated and dis-
solved in 100 mL of methanol, and the filtered solution was evapo-
rated to dryness to yield the crude product [H3TIMENBz]Cl3 (32 g;
yield: 98%). The hygroscopic chloride salt was converted to stable
[H3TIMENBz](PF6)3 by adding NH4PF6 (22.6 g, 29.4 mmol) to a solution
of [H3TIMENBz]Cl3 (32 g, 47.1 mmol) in 50 mL of methanol. The
white hexafluorophosphate salt precipitated immediately, and was
collected by filtration, washed with small portions of cold methanol,
and dried in a vacuum (39.6 g; yield: 81%).

1H NMR (300 MHz,d6-DMSO, 20°C): δ ) 9.20 (s, 3H), 7.76 (s,
3H), 7.63 (s, 3H), 7.37 (m, 15H), 5.41 (s, 6H), 4.13 (t,3J (H,H) )
6.0 Hz, 6H), 2.93 (t,3J(H,H) ) 6.0 Hz, 6H).13C NMR (100 MHz,
d6-DMSO, 20°C): δ ) 136.0, 134.5, 128.8, 128.6, 128.1, 122.8, 122.1,
52.0, 51.8, 46.2 ppm. Anal. Calcd for C36H42F18N7P3: C, 42.91; H, 4.20;
N, 9.73. Found: C, 43.30; H, 4.19; N, 9.87.

[TIMEN t-Bu] (5b). A solution of potassiumtert-butoxide (0.15 g,
1.35 mmol) in THF was added dropwise to a suspension ofH35b (0.41
g, 0.45 mmol) in 5 mL of THF. A clear colorless solution was formed
upon addition of the base. The solution was evaporated to dryness,
and the white residue was dissolved in 15 mL of diethyl ether. The
resulting solution was filtered, and the filtrate was evaporated to dryness
in a vacuum. The white solid was collected, washed with cold pentane,
and dried in a vacuum (0.15 g; yield: 71%).

1H NMR (400 MHz,d6-benzene, 20°C): δ ) 6.67 (d,3J(H,H) )
2.0 Hz, 3H), 6.42 (d,3J(H,H) ) 2.0 Hz, 3H), 3.84 (t,3J(H,H) ) 6.0
Hz, 6H), 2.71 (t,3J(H,H) ) 6.0 Hz, 6H), 1.49 (s, 27H).13C NMR (100
MHz, d6-benzene, 20°C): δ ) 213.6, 119.9, 115.3, 57.5, 56.3, 50.5,
32.1 ppm. Anal. Calcd for C27H45N7: C, 69.34; H, 9.70; N, 20.96.
Found: C, 69.28; H, 9.71; N, 21.08.

[TIMEN Bz] (5c). A solution of potassiumtert-butoxide (0.14 g, 1.2
mmol) in THF was added dropwise to a suspension ofH35c (0.40 g,
0.4 mmol) in 5 mL of THF. A clear colorless solution was formed
upon addition of the base. The solution was evaporated to dryness,

(37) Neese, F.QCPE Bull.1995, 15, 5.
(38) O’Connor, C. J.Prog. Inorg. Chem.1982, 29, 203-283.
(39) Arduengo, A. J.; Gentry, F. P.; Taverkere, P. K.; Simmons, H. E. U.S.

Patent 6177575, 2001.
(40) Ward, K.J. Am. Chem. Soc.1935, 57, 914-916.
(41) Kubas, G. J.Inorg. Synth.1979, 19, 90-92.
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and the white residue was dissolved in 15 mL of diethyl ether. The
resulting solution was filtered, and the filtrate was evaporated to yield
a slightly yellow oily compound (0.16 g; yield: 70%).

1H NMR (400 MHz, d6-benzene, 20°C): δ ) 7.1 (m, 15H), 6.49
(d, 3J(H,H) ) 2.0 Hz, 3H), 6.22 (d,3J(H,H) ) 2.0 Hz, 3H), 4.99 (s,
6H), 3.86 (t,3J(H,H) ) 6.0 Hz, 6H), 2.71 (t,3J(H,H) ) 6.0 Hz, 6H).
13C NMR (100 MHz,d6-benzene, 20°C): δ ) 211.8, 139.4, 129.1,
128.0, 121.6, 118.4, 57.3, 55.4, 50.0 ppm.

[(TIMEN Me)2Ag3](PF6)3 (9). H35a (0.49 g, 0.62 mmol) was dis-
solved in 50 mL of DMSO, and to this solution was added Ag2O (0.22
g, 0.95 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 a white powder. The solid was
collected by filtration, washed with ether, and dried under vacuum (0.33
g, yield: 76%).

1H NMR (400 MHz,d6-DMSO, 20°C): δ ) 7.39 (s, br, 6H), 4.09
(s, br, 6H), 3.73 (s, 9H), 2.96 ppm (s, br, 6H).13C NMR (100 MHz,
d6-DMSO, 20 °C): δ ) 179.4, 122.7, 121.9, 54.1, 48.5, 38.1 ppm.
Anal. Calcd for C36H54N14Ag3P3F18‚3DMSO: C, 30.10; H, 4.33; N,
11.70. Found: C, 28.71; H, 4.18; N, 11.62.

[(TIMEN Me)2Cu3](PF6)3 (10). A solution of copper(I) bromide (56
mg, 0.40 mmol) in 2 mL of acetonitrile was added dropwise to a
solution of9 (190 mg, 0.13 mmol) in 4 mL of acetonitrile. The reaction
mixture was allowed to stir for 1 h, and the resulting suspension was
filtered. Addition of 10 mL of diethyl ether to the filtrate induced
precipitation of a white crystalline powder. The precipitate was filtered,
washed with diethyl ether, and dried in a vacuum (116 mg; yield: 68%).
Colorless crystals suitable for X-ray diffraction analysis were grown
by diffusion of diethyl ether into a saturated solution of10 in acetonitrile
at room temperature.

1H NMR (300 MHz,d3-acetonitrile, 20°C): δ ) 6.97 (s, 3H), 6.95
(s, 3H), 3.99 (t,3J(H,H) ) 6.0 Hz, 6H), 3.71 (s, 9H), 2.98 ppm (t,
3J(H,H) ) 6.0 Hz, 6H).13C NMR (100 MHz,d3-acetonitrile, 20°C):
δ ) 178.4, 122.5, 121.9, 57.9, 48.7, 38.6 ppm. Anal. Calcd for
C36H54N14Cu3P3F18: C, 33.04; H, 4.16; N, 14.99. Found: C, 32.79; H,
4.12; N, 15.08.

[(TIMEN t-Bu)Cu](PF6) (11b). A solution of tetrakis(acetonitrile)-
copper(I) hexafluorophosphate (0.12 g, 0.32 mmol) in acetonitrile
was added dropwise to a solution of5b (0.15 g, 0.32 mmol) in 3 mL
of acetonitrile. The reaction mixture was stirred for 1 h, and 10 mL of
diethyl ether was added to cause precipitation of11b as an off-white
powder. The precipitate was collected by filtration, washed with diethyl
ether, and dried in a vacuum (0.13 g; yield: 60%). Colorless crystals
suitable for X-ray diffraction analysis were grown by diffusion of diethyl
ether into a saturated solution of11b in THF at room temperature.

1H NMR (400 MHz,d3-acetonitrile, 20°C): δ ) 7.19 (d,3J(H,H)
) 2.0 Hz, 3H), 6.92 (d,3J(H,H) ) 2.0 Hz, 3H), 3.67 (dd,3J(H,H) )
14.0 Hz ,3J(H,H) ) 4.0 Hz, 3H), 3.43 (dd,3J(H,H) ) 14.0 Hz ,3J(H,H)
) 10.0 Hz, 3H), 2.90 (dd,3J(H,H) ) 14.0 Hz ,3J(H,H) ) 4.0 Hz 3H),
2.34 (dd,3J(H,H) ) 14.0 Hz ,3J(H,H) ) 10.0 Hz, 3H), 1.52 (s, 27H).
13C NMR (100 MHz,d3-acetonitrile, 20°C): δ ) 187.0, 122.3, 117.6,
60.7, 57.8, 51.0, 31.1 ppm. Anal. Calcd for C27H45N7CuPF6: C, 47.96;
H, 6.71; N, 14.50. Found: C, 48.12; H, 6.64; N, 14.36.

[(TIMEN Bz)Cu](Br) (11c). A solution of copper(I) bromide (0.035
g, 0.25 mmol) in acetonitrile was added dropwise to a solution of5c
(0.14 g, 0.25 mmol) in 3 mL of acetonitrile. The mixture was allowed
to stir for 1 h, and then the solution was evaporated to dryness. The
solid residue was dissolved in 10 mL of CH2Cl2, and the resulting
solution was filtered through Celite. Diethyl ether was added to the
filtrate to cause precipitation of11c as a slightly yellow powder. The
precipitate was collected by filtration, washed with diethyl ether, and
dried under vacuum (0.1 g; yield: 56%). Colorless crystals suitable
for X-ray diffraction analysis were grown by slow diethyl ether diffusion
into a saturated solution of11c in CH2Cl2 at room temperature.

1H NMR (400 MHz, d3-acetonitrile, 20°C): δ ) 7.09 (m, 6H),
6.95 (d,3J(H,H) ) 2.0 Hz, 3H), 6.83 (m, 9H), 6.76 (d,3J(H,H) ) 2.0

Hz, 3H), 4.97 (s, br, 6H), 3.75 (s, br, 6H), 2.72 (s, br, 6H).13C NMR
(100 MHz, d3-acetonitrile, 20°C): δ ) 189.7, 138.6, 128.9, 127.9,
127.6, 122.0, 118.6, 58.1, 54.3, 48.5 ppm. Anal. Calcd for C36H39N7-
CuBr: C, 60.60; H, 5.51; N, 13.75. Found: C, 60.45; H, 5.58; N, 13.71.

[(TIMEN Bz)Cu](SO3CF3)2 (12). Method A: A solution of silver
triflate (0.072 g, 0.28 mmol) in acetonitrile was added dropwise to a
solution of 11c (0.1 g, 0.14 mmol) in 5 mL of acetonitrile. A black
precipitate of Ag0 formed upon addition of the silver salt. The mixture
was filtered through Celite, and the filtrate was evaporated to dryness.
The brown solid residue was collected by filtration, washed with diethyl
ether, and dried under vacuum (0.052 g; yield: 40%). Method B: A
solution of copper(II) triflate (0.114 g, 0.31 mmol) in benzene was
added dropwise to a solution of5c (0.18 g, 0.31 mmol) in 10 mL of
benzene. The reaction mixture was stirred for 1 h, during which a
brown-black precipitate formed. The precipitate was collected by
filtration, washed with diethyl ether, and dried in a vacuum (0.19 g;
yield: 66%).

Anal. Calcd for C38H39N7CuO6S2F6: C, 49.00; H, 4.22; N, 10.53.
Found: C, 48.78; H, 4.20; N, 10.62.

Crystallographic Details for [(TIMEN Me)2Cu3](PF6)3‚2.5CH3CN
(10). A crystal of dimensions 0.17× 0.13× 0.05 mm3 was mounted
on a glass fiber. A total of 24 440 reflections (-15 e h e 14, -15 e
k e 15, - 27 e l e 27) were collected atT ) 100(2) K in the range
from 1.75° to 27.51°, of which 12 496 were unique (Rint ) 0.0381);
Mo KR radiation (λ ) 0.71073 Å). 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 of
electron densities were 1.44 and-1.27 eA-3. Three sites occupied by
acetonitrile were identified in the asymmetric unit. Two were ordered
and fully occupied. A third site was considerably disordered and was
treated by SQUEEZE as a diffuse contribution. In the resulting void
space, a contribution of 20 e- per unit cell was found and taken to
represent 0.5 molecules for each Cu3 complex, giving a total of
2.5CH3CN in the asymmetric unit. The absorption coefficient was 1.329
mm-1. The least squares refinement converged with residuals ofR(F)
) 0.059, wR(F 2) ) 0.1615, and a GOF) 0.983 (I > 2σ(I)). C36H54N14-
Cu3P3F18‚2.5CH3CN, space groupP-1, triclinic, a ) 11.6256(18),b )
12.2828(19),c ) 21.027 (3),R ) 89.234(3)°, â ) 78.523(3)°, γ )
71.615(2)°, V ) 2788.4(8) A3, Z ) 2, Fcalcd ) 1.681 Mg/m3.

Crystallographic Details for [(TIMEN t-Bu)Cu](PF6) (11b). A
crystal of dimensions 0.49× 0.22 × 0.04 mm3 was mounted on a
glass fiber. A total of 8778 reflections (-10 e h e 10,-12 e k e 12,
- 15 e l e 15) were collected atT ) 100(2) K in the range from
1.48° to 22.50°, of which 4093 were unique (Rint ) 0.0317); Mo KR
radiation (λ ) 0.71073 Å). 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 of
densities were 0.543 and-0.430 eA-3. The absorption coefficient was
0.812 mm-1. The least squares refinement converged normally with
residuals ofR(F) ) 0.0346, wR(F 2) ) 0.0811, and a GOF) 0.967 (I
> 2σ(I)). C27H45N7CuPF6, space groupP-1, triclinic, a ) 9.586(4),b
) 11.901(4),c ) 14.205(5),R ) 95.194(6)°, â ) 102.968(6)°, γ )
92.142(6)°, V ) 1539.9(6) A3, Z ) 2, Fcalcd ) 1.431 Mg/m3.

Crystallographic Details for [(TIMEN Bz)Cu]Br (11c). A crystal
of dimensions 0.26× 0.18× 0.05 mm3 was mounted on a glass fiber.
A total of 29 736 reflections (-15 e h e 15, -21 e k e 21, - 22 e
l e 22) were collected atT ) 100(2) K in the range from 1.13° to
22.50°, of which 13 209 were unique (Rint ) 0.0387); Mo KR radiation
(λ ) 0.71073 Å). 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 of densities
were 0.469 and-0.554 eA-3. The absorption coefficient was 1.876
mm-1. The least squares refinement converged normally with residuals
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of R(F) ) 0.0428, wR(F 2) ) 0.0869, and a GOF) 0.932 (I > 2σ(I)).
C36H39N7CuBr, space groupP-1, triclinic, a ) 14.131(4),b ) 20.193-
(6), c ) 20.73(6),R ) 116.583(5)°, â ) 98.521(5)°, γ ) 98.871(5)°,
V ) 5063(2) A3, Z ) 6, Fcalcd ) 1.404 Mg/m3.
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