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Mononuclear, neutral copper(I) carbenes [But
2P(NSiMe3)2-κ2N]Cu)CPh2 and [But

2P(NSiMe3)2-κ2N]CudC(p-NO2C6H4)2

(4a,b) as well as the binuclear µ-carbene copper complex {[But
2P(NSiMe3)2-κ2N]Cu}2(µ-CPh2) (5) have been

synthesized. The solid-state structures of 4b and 5 are reported. Carbene 4b is active in cyclopropanation of
styrene. Reaction of 4b with (p-MeC6H4)CdN2 afforded [But

2P(NSiMe3)2-κ2N]CudC(p-MeC6H4)2, the corresponding
mixed azine Ar2CdNsNdCAr′2 and the carbene dimer Ar2CdCAr′2, demonstrating an important pathway for
carbene loss in cyclopropanation of olefins via reaction of the copper(I) carbene with nucleophilic diazo compounds.
Complex 5 reacted with C2H4 or styrene to give 1:1 mixtures of the terminal carbene 4a and of the corresponding
copper(I) olefin complexes, proving unambiguously that binuclear complexes like 5 are not relevant for copper-
catalyzed cyclopropanation of olefins with diazo compounds. The electronic structure of 4b was investigated by
means of DFT calculations.

Introduction

Copper-catalyzed cyclopropanation reactions of olefins
using diazoalkane derivatives have been of substantial interest
and great preparative value for more then 35 years.1,2 Copper
carbenes had been considered to be the active cyclopropana-
ting species in the catalytic cycle,2,3 although an experimental
proof of their existence was only achieved very recently.4

Introduction of a tailor-made, electron-rich, sterically de-
manding iminophosphanamide ligand5 into the organome-
tallic chemistry of copper6a and the synthesis of copper(I)

olefin complexes like [But
2P(NSiMe3)2-κ2N]Cu(η2-C2H4)6

have allowed us to synthesize and characterize in situ the
first neutral R-carbonyl copper(I) carbenes.4 A report of a
unique cationic copper(I) carbene by Barluenga et al.
followed soon after.7 The neutral Cu(I) carbenes were shown
to cyclopropanate double bonds4 but, because of their high
reactivity, they could be only formed in situ and observed
in a steady-state concentration. Also very recently, employ-
ment of the �-diketiminate ligand by Warren and Dai8a

allowed the isolation and X-ray structure determination of
the neutral dicopper carbene 1, and its role in cyclopropa-
nation of olefins was discussed. The authors came to the
conclusion that owing to the steric crowding in their dinuclear
species 1, cyclopropanation with 1 likely proceeds through
a terminal carbene, structurally analogous to 2, which was
obtained if the more sterically congested �-diketiminate
ligand was used.8a This interpretation is backed up by the
observation that in arene solvent dicopper carbenes dissociate
to mononuclear terminal carbene complexes and arene
complexes of the (�-diketiminate)Cu-fragment. The reactivity
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S.; Alvarez-Rúa, C.; Borge, J. Angew. Chem. 2001, 113, 3495; Angew.
Chem., Int. Ed. 2001, 40, 3392.

Inorg. Chem. 2008, 47, 11755-11762

10.1021/ic801443y CCC: $40.75  2008 American Chemical Society Inorganic Chemistry, Vol. 47, No. 24, 2008 11755
Published on Web 11/14/2008



of the dinuclear species 1 but not that of 2 toward diphe-
nyldiazomethane was mentioned to lead to the formation of
the azine Ph2C)NN)CPh2 (Figure 1). Compound 2 was
characterized by X-ray diffraction as a mononuclear cop-
per(I)carbene, but even the bulky ligand was shown not to
prevent the formation of a dicopper carbene.8b The most
recent experimental report supported by DFT calculations
about a mononuclear copper(I) diphenyl carbene complex,
only detected spectroscopically in solution and unstable even
at -30 °C, came from Peters et al.,8c who employed the
bulky, anionic bis(phosphino)borate ligand Ph2B(CH2PtBu2)2

as a spectator ligand.
In connection to an extensive density-functional theory

(DFT) theoretical study6b,9 of copper catalyzed cyclopropa-
nation with neutral copper carbenes, their solid state structural
data should provide valuable information, that may help to
understand the enantiomeric and diastereomeric selectivities
that can be achieved if chiral spectator ligands are utilized.3,10

Isolation of analytically pure copper(I) carbenes was therefore
highly desirable since it will allow detailed studies of their
properties and reactivity.

Employing the above-mentioned iminophosphanamide
ligand, we report here the synthesis, molecular structures,
and reactivity of remarkably stable copper(I) carbenes 4a-b
and of the binuclear µ-carbene copper complex 5.

Results and Discussion

Reaction of the copper(I) ethylene complex 3 (Scheme 1)
with diphenyldiazomethane at ambient temperature in toluene
led to a deep-violet solution of carbene complex 4a
(characterized by NMR spectroscopy). Compound 4a is
significantly more stable in solution than our previously
reported R-carbonyl copper carbenes.4 Its steady-state con-
centration in, for example, toluene of up to 35%, relative to
complex 3, remains almost constant for several days and
allows detailed NMR spectroscopy.

Slow evaporation at 10-3 mbar of a solution in hexane
instead of toluene, containing compounds 4a and 3, led to
the precipitation of brown crystals of the dinuclear copper
complex 5. The compound could not be isolated in analyti-
cally pure form as it decomposes rapidly at ambient

temperature and the isolated solid is contaminated with traces
of 4a. Its solid-state geometry is shown in Figure 2.

Compound 5 represents a unique µ-carbene copper com-
plex with a short Cu(1)-Cu(2) bond [2.4165(3) Å] and
Cu-C distances of 1.9225(18) and 1.9222(18) Å. The
copper-copper bond in 5 is shorter by 0.047 Å than one
reported for binuclear complex 1 [2.4646(7) Å].8 On the other
hand, the copper-carbon separations compared to carbene
1 [1.922(4) and 1.930(4) Å]8 remain almost the same. The
solid-state structure of the complex reveals that the two
slightly puckered [CuNPN] chelate rings are twisted by 48°
and 43° relative to the plane of the three-membered CuCCu
ring and twisted by 85° relative to each other. Compound 5
does not exhibit crystallographic C2-symmetry, presumably
because of steric crowding. The copper atoms lie in a
tetrahedrally distorted, square planar environment, and the
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Figure 1

Scheme 1

Figure 2. Oak Ridge Thermal Ellipsoid Plot (ORTEP) diagram of the solid-
state structure of 5. 50% ellipsoids, hydrogen atoms omitted for clarity.
Selected bond lengths (Å) and angles (deg): Cu(1)-Cu(2) 2.4165(3),
Cu(1)-C(1) 1.9225(18), Cu(2)-C(1) 1.9222(18), Cu(1)-N(1) 2.0341(15),
Cu(1)-N(2) 2.0470(15), Cu(2)-N(3) 2.0262(15), Cu(2)-N(4) 2.0503(15),
P(1)-N(1) 1.6062(15), P(1)-N(2) 1.6123(15), P(2)-N(3) 1.6094(15),
P(2)-N(4) 1.6079(15); N(1)-Cu(1)-N(2) 76.33(6), N(3)-Cu(2)-N(4)
76.59(6), Cu(1)-C(1)-Cu(2) 77.88(7).
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carbene carbon atom displays distorted tetrahedral bonding
toward the two phenyl rings and the copper centers.

Compound 5 readily reacts with an excess of ethylene
already at -30 °C to give a 1:1 mixture of ethylene complex
3 and carbene 4a (Scheme 1). Reaction of 5 with an excess
of styrene, again at -30 °C also led to a 1:1 mixture of the
corresponding carbene 4a and styrene complex 6.6b These
data undoubtedly demonstrate that binuclear complex 5 itself
is not active in cyclopropanating of olefins, since it reacts
with them to form the terminal carbene 4a and the corre-
sponding olefin complexes. Complex 5 is less stable than
Warren’s corresponding carbene 1 and decomposes in
toluene solution at room temperature within 2 days.

Carbene complex 4b can be synthesized from copper ethylene
complex 3 and di(p-nitrophenyl)diazomethane. The stability of
4b is remarkable: its synthesis was performed at 55 °C over a
period of 35 min, and despite these rather drastic conditions,
this compound was isolated from the reaction mixture in 55%
yield. Lower solubility of carbene 4b in hexane as compared
to 4a facilitates its purification and crystallization.

No dinuclear species was observed in case of 4b, presum-
ably because of strengthening of the Cu-C back-bonding
as compared to 4a because of the presence of two strong
π-accepting NO2 groups in the para position of the aromatic
ring of 4b that makes it more inert toward the reaction with
the olefin complex 3. This fact can be semiquantitatively
understood by comparison of the 31P NMR spectra of com-
pounds 4a-b. The higher back-bonding in complex 4b leads to
an increased net charge transfer from the nitrogen atoms to
copper. In turn, the nitrogen atoms withdraw electron density
from the Si and P atoms of the N2PCu core that leads to the
observed deshielding of the phosphorus atom in 4b. In fact,
the phosphorus atom of 4b resonates at a lower field (66.7 ppm)
compared to 4a (59.6 ppm). Bent’s rule11 predicts that elec-
tropositive atoms have the largest s-character in bonds to other
electropositive atoms or in lone pairs. Upon increasing the net
electronegativity of nitrogen by coordination of an electron-
withdrawing ligand (such as a carbene) to copper, both Si and
P will decrease the s-character in their bonds to nitrogen. On
the other hand, the magnitude of the coupling constants depends
on the s-character of the bonds of the coupling atoms.12 A
smaller 2JPSi coupling constant (11.8 Hz) is indeed verified for
complex 4b (4a: 2JPSi ) 14.8 Hz) thus confirming the higher
back-bonding in carbene 4b. The described R-carbonyl copper
carbenes [But

2P(NSiMe3)2-κ2N]CudC(Ar)(COOR)4 bearing an
accepting R-carbonyl group also do not form binuclear species.

The molecular structure of 4b was determined by single
crystal X-ray analysis (Figure 3). The copper atom is in a
trigonal planar environment; the [NPNCu] ring and the carbene
carbon share the same plane (torsion angle N(1)-N(2)-Cu
-C(1): -178.8°), and the connecting line P-Cu-C(1) is almost

linear. The carbene unit is nearly orthogonal relative to the
[N2Cu] plane (angle between [N2Cu] plane and line C(31)-
C(41): 11°). The carbene carbon is slightly pyramidalized by
6° (vector C(1)-Cu(1) vs plane [C(31)-C(1)-C(41)]). The
NO2 groups are essentially coplanar with the phenyl rings,
maximizing conjugation. The CudC distance (1.8321(18) Å)
represents a double bond, has a very similar value to the one
reported for terminal carbene 2 (1.834(3) Å),8 and is signifi-
cantly shorter than found for Barluenga’s cationic copper
carbene (1.882(3) Å),7 and for copper carbenes with Wanzlick-
Arduengo carbene ligands13a,b with their minimal acceptor
character, or for (NHC) copper alkyls.13c

1H, 31P{1H}, and 13C{1H} spectra of 4b are in agreement
with its solid-state structure. The two Bu-groups in 4b in
the 1H NMR spectrum give rise to only one doublet at δ
1.36 ppm indicating a C2V-symmetrical molecule in solution.
The carbene carbon resonates at 239.7 ppm (4a, 264.5 ppm)
in accordance with an electrophilic carbene center.14 In the
dinuclear species 5 the bridging carbon gives rise to a 13C
signal at 184.7 ppm (189.41 in Warren’s compound 1),
clearly indicative of the different bonding situation in both
cases. Interestingly, the orthogonality of the carbene fragment
in copper(I) diarylcarbenes in solution may be indirectly
confirmed by spectroscopic detection of the complex with
an unsymmetrical carbene unit, [But

2P(NSiMe3)2-κ2N]CudC(p-
NO2C6H4)(Ph), where the two Bu groups are diastereotopic
and therefore appear in the 1H NMR spectrum as two
doublets at 1.42 and 1.38 ppm (3JHP ) 14.7 Hz). The
phosphorus signal in [But

2P(NSiMe3)2-κ2N]CudC(p-NO2-
C6H4)(Ph) at δ 63.1 ppm was found approximately in
between the chemical shifts found for compounds 4a (δ 59.6)
and 4b (δ 66.7). Unfortunately, the unsymmetrical carbene
complex [But

2P(NSiMe3)2-κ2N]CudC(p-NO2C6H4)(Ph) was
formed in a very low (9%) steady-state concentration that
prevented further examination of its properties.
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Figure 3. ORTEP diagram of the solid state structure of 4b. 50% ellipsoids,
hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles
(deg): Cu-C(1) 1.8321(18), Cu-N(1) 1.9711(16), Cu-N(2) 1.9658(14),
P-N(1) 1.6031(15); N(1)-P-N(2) 101.84(8), N(1)-Cu-N(2) 78.49(6),
P-Cu-C(1) 175.68(6), N(2)-Cu-C(1)-C(31) 103.3(2), N(2)-Cu-
C(1)-C(41) -83.8(2).
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The steric shielding by and the high basicity of the anionic
iminophosphanamide σ- and π-donor ligand, the enforced
small N-Cu-N bite angle of 78.5° of the four-membered
neutral chelate ring system, and the strong π-acceptor
substituents NO2 of the carbene phenyl rings are responsible
for the unprecedented stability of 4b. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the d10-ML2 fragment15 lead
to increased π-backbonding from Cu(I) toward the carbene
and a strong σ-bond, thus strengthening of the CudC
interaction.

A solution of pure carbene 4b in C6D6 slowly reacts with
styrene to form correspondingly substituted cyclopropane,
styrene complex 6, and some carbene dimer (Scheme 2). The
latter compound could appear because of carbene thermal
decomposition, a possibility already demonstrated by War-
ren.8 However, reaction of styrene with (p-NO2C6H4)2CdN2

in the presence of catalytic amounts of copper ethylene
complex 3 did not afford the desired cyclopropane 7. Instead,
the carbene dimer and the azine were observed as the main
products. The formation of some carbene 4b and copper
styrene complex 6 was also detected by 1H NMR and 31P
NMR spectroscopy.

From the first point of view, these results look surprising
since carbene 4b was unambiguously shown to be the active
cyclopropanating species. However, the coupling products
may arise from a reaction of the electrophilic copper(I)
carbene with the nucleophilic diazo compound, which, in
principle, may attack the carbene carbon of 4b either by the
diazo carbon or the terminal nitrogen atom. The former
interaction will lead, after nitrogen loss, to the carbene dimer,
whereas the latter will yield the corresponding azine (Scheme
3). The solvated iminophosphanamide fragment formed will

immediately react further with another molecule of the diazo
compound to produce the respective copper carbene, thus
continuing the cycle. Stabilization of the upper resonance
form (case A) by delocalization of the negative charge
through an R′ group (like in case of diazo esters) and small
substituents at the diazo carbon should favor formation of
carbene dimers. The upper resonance form must also be the
main contribution to the structure of (p-NO2C6H4)2CdN2,
but the large para-nitrophenyl substitutents may disfavor
dimer formation. Although the appearance of the azine
byproduct in accordance with the proposed mechanism is
obvious, the appearance of the carbene dimer can be
alternatively ascribed to the carbene decomposition, and the
possibility of path A in Scheme 3 will therefore require an
additional verification.

Upon addition of a solution of carbene complex 4b to a
solution of (p-CH3C6H4)2CdN2 in THF-d8, gas evolution was
observed, and carbene dimer 10 and azine 9 were quickly
formed in 1:6 ratio, respectively (Scheme 4). These com-
pounds were characterized in situ by 1H NMR spectroscopy
and mass-spectrometry. The starting carbene 4b was con-
sumed in several minutes, and another copper carbene
complex 4c appeared in the reaction mixture. The carbene
4c could be formed by a reaction of the solvated copper
iminophosphanamide fragment (liberated upon reaction of
4b with the diazoalkane) with another molecule of (p-
CH3C6H4)2CdN2. Compound 4c further reacted with the
diazo compound to produce the azine and dimer products.
The formation of carbene 4c was confirmed by comparison
of its 1H and 31P NMR data (δ 31P 56.5 in THF-d8) with the
spectra of a sample prepared independently from the copper
olefin complex 3 and (p-CH3C6H4)2CdN2 (δ 31P 57.9 in
toluene-d8). Hence, the experimental data strongly suggest
the mechanism depicted in Scheme 3 and support the
mechanism proposed by Pérez et al.16,17 for maleic and
fumaric ester formation in copper-catalyzed cyclopropana-
tions with EDA.

Very similarly, carbene 4b reacted with R-carbonyl diazo
ester [p-MeOC6H4]C(N2)[COOtBu] (11) to yield the dimer
(p-NO2C6H4)2CdC(p-MeOC6H4)(COOtBu) (12) and R-car-
bonyl carbene [But

2P(NSiMe3)2-κ2N]CudC(p-MeOC6-
H4)(COOtBu) (13) (δ 31P in CD2Cl2: 60.7). In this case,

(15) Hofmann, P.; Heiss, H.; Müller, G. Z. Naturforsch., Teil B 1987, 42,
395.

(16) Dı́az-Requejo, M. M.; Nicasio, M. C.; Pérez, P. J. Organometallics
1998, 17, 3051.
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Pérez, P. J. Organometallics 1999, 18, 2601.

Scheme 2

Scheme 3

Scheme 4
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however, the formation of the mixed dimer proceeds rather
slowly, presumably, because of the low reactivity of the
R-carbonyl diazo compound. After 30 min at room tempera-
ture, the ratio of 4b to 13 was only 5:1 and did not change
significantly after subsequent heating of the reaction mixture
for 5 min at 60 °C. This suggests that after some time, the diazo
ester is being decomposed by the more reactive R-carbonyl
carbene slowly formed in the course of the reaction. We failed
to detect any azine product in this reaction.

The geometry parameters of the BP86/SV(P) optimized
structure of 4b (Figure 4) in the gas phase are in reasonable
agreement with its solid-state structure. A population analysis
for 4b reveals that the copper-carbon π-bond is localized
predominantly at the copper fragment (74.7%) with mainly
d-orbital contributions (82.3%). Mixing with s and p orbitals
was found to be 14.6% and 3.1%, respectively. This bonding
pattern clearly identifies 4b as an electrophilic Fischer-type
metal carbene complex, in agreement with calculations
published earlier by us,6b by Warren et al.8a,b and by Peters.8c

The chelate ligand enforced distortion of d10-ML3 com-
plexes [But

2P(NSiMe3)2-κ2N]Cu)CR2 from trigonal ground-
state geometries of normal d10-ML3 systems with monoden-
tate ligands toward Y-shape structures with abnormally small
L-M-L (N-Cu-N) angles leads to more a pronounced
sd-mixing at the metal center, strengthening the σ-component
of the Cu to carbene bond. The mixing of copper p-orbitals
and d-orbitals (i.e., intrafragment polarization of the small
bite angle [But

2P(NSiMe3)2-κ2N]Cu unit), on the other hand
decreases the antibonding orbital interaction between the
copper atom and the nitrogen atoms of the iminophospha-
namide ligand and rehybridizes the copper d-orbitals, espe-
cially the one within the chelate ligand plane pointing with
p-symmetry toward the carbene, thus leading to the observed
orientational preferences of, for example, carbenes and olefins
at the Cu-fragment. This dp-mixing, however, does not mean
a strong participation of the copper p-orbitals in the metal-

carbene bond since the copper d-orbitals are much lower in
energy, far apart from the Cu 4p energies. The Cu 4p orbitals
rather play the role of polarization functions.

The LUMO of the model complex 4b (π*) has the major
coefficient at the carbene atom and is located predominantly
on the carbene carbon as an empty p-orbital (Figure 4).
Interaction of this π*-orbital with the π-orbital (HOMO) of
an olefin will lead to the desired reaction, cyclopropane
formation (Scheme 5), whereas the interaction with the
HOMO of a diazoalkane may yield the corresponding
carbene dimer (side reaction), thus rationalizing the experi-
mental data presented above.

Conclusions

Copper ethylene complex 3 reacts with diphenyldiaz-
omethane causing formation of the mononuclear terminal
copper(I) carbene 4a. Upon removal of ethylene, this
compound can react further with 3 to yield the binuclear
copper(I) carbene 5, which itself is shown not to be active
in the cyclopropanation of olefins. Introduction of two strong
π-accepting p-NO2 groups into both aromatic rings of the
carbene 4a allowed isolation of the terminal carbene 4b
active in cyclopropanation of olefins. Complex 4b is stable
toward a reaction with copper complex 3 and does not form
the corresponding binuclear species. The molecular geom-
etries of 4b and 5 have been determined in the solid state.
The structural and electronic structure features of carbene
4b are consistent with the mechanistic scenario proposed by
Pfaltz3 for explaining and predicting product distributions
in enantioselective Cu-catalyzed cyclopropanations and with
theoretical results from quantum chemistry. The electronic
structure of 4b was investigated by means of quantum-
chemical calculations, the results of which are consistent with
the description of this complex as a Fischer-type d10-ML3

carbene. The data presented in this paper have also demon-
strated that it is the reaction of mononuclear copper carbenes
with diazo compounds that may lead to carbene dimers or
azines, the typical side products in the cyclopropanation of
olefins with diazoalkanes, thus revealing another, in addition
to carbene decomposition,8 pathway for carbene loss. This
also rationalizes once more the well-known need to maintain
the low concentration of diazo compounds under typical
catalytic conditions to minimize the formation of carbene
dimers according to the mechanism shown in Scheme 3.
Further mechanistic and reactivity studies utilizing complex
4b and its congeners are now in progress and will be reported
separately.

Experimental Section

All experiments were performed under an Ar atmosphere using
a Braun glovebox or by Schlenk techniques. Hexane and toluene

Figure 4. BP86/SV(P)-optimized structure of 4b in the gas phase together
with a graphical representation of its LUMO. Selected bond lengths (Å)
and angles (deg): Cu-C(1) 1.863, Cu-N(1) 2.024, Cu-N(2) 2.024;
N(1)-P-N(2)100.6,N(1)-Cu-N(2)77.2,P-Cu-C(1)179.9,N(2)-Cu-C(1)-C(31)
94.5, N(2)-Cu-C(1)-(41) -85.4. The atom numbering is the same as in
the solid-state structure of 4b in Figure 2.

Scheme 5
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were distilled over Na and kept under Ar. Benzene-d6 and toluene-
d8, dichloromethane-d2 were stirred over CaH2 and degassed trice
prior to use. THF-d8 was refluxed over Na and degassed trice.
Styrene was distilled in vacuum, degassed trice and kept under Ar
in the glovebox at -15 °C.

Diphenyldiazomethane,18 di(p-tolyl)diazomethane,18 di(p-nitro-
phenyl)diazomethane,19 were synthesized according to known
procedures. NMR spectra were recorded on a Bruker 250 or 500
MHz spectrometer at temperatures specified below. 1H,13C NMR
chemical shifts are reported in parts per million and are referenced
to the deuterated solvent used.

Calculations were carried out on a 56 CPU cluster with Intel
Xeon processors (2.66 GHz) using Turbomole (version 5.7)20

software package. For the DFT calculations, the BP86 functional
(Becke’s exchange21 and Perdew’s gradient corrected22 correlation
functional) was utilized. The implemented split-valence SV(P) basis
set was employed for geometry optimization of 4b, whereas a
triple-� quality basis TZVP was used for the single-point energy
calculation on the SV(P)-optimized structure of 4b.

[But
2P(NSiMe3)2-K2N]Cu)CPh2 (4a). To a solution of 3 (60

mg, 0.146 mmol) in toluene-d8 (0.3 mL) in an NMR tube was added
a solution of diphenyldiazomethane (31 mg, 0.16 mmol)) in toluene-
d8 (0.3 mL). The reaction mixture instantly became intensively
violet and gas evolution was observed. Spectral data of 4a: 1H NMR
(248 K, toluene-d8; 500.13 MHz): δ 8.28 (d, 3JHH 7.3 Hz, o-arom.
H; 4H), 7.39 (t, 3JHH 7.6 Hz, p-arom. H; 2H), 1.46 (d, 3JPH 14 Hz,
C(CH3)3; 18H), 0.31 (s, Si(CH3)3; 18H); 13C{1H} NMR (248 K,
toluene-d8, 125.77 MHz): δ 264.5 (s, Cu)C), 37.2 (d, 1JCP 64.4
Hz, C(CH3)3), 27.7 (d, 2JCP 2.4 Hz, C(CH3)3), 5.3 (s, Si(CH3)3);
31P{1H} NMR (248 K, toluene-d8, 202.47 MHz): δ 59.6 (s+sat,
1JPC 63.9 Hz, 2JPSi 14.8 Hz); the signals for m-arom. protons overlap
with signals of the diazoalkane. Compound 4a cannot be isolated
completely free of starting material 3.

[But
2P(NSiMe3)2-K2N]CudC(p-NO2C6H4)2 (4b). A mixture of

3 (200 mg, 0.487 mmol) and di(p-nitrophenyl)diazomethane (131
mg, 0.462 mmol) was stirred in absolute toluene (14 mL) at 55 °C
for 35 min. The dark-violet solution was evaporated at 0 °C and
10-3 mbar. The residue was treated with absolute hexane (12 mL),
vigorously stirred at r.t. for 5 min, and the solution obtained was
filtered under Ar via cannula into a Schlenk vessel cooled to 0 °C.
The violet solution was slowly cooled to -80 °C and kept at this
temperature overnight. A dark crystalline solid deposited. The
solvent was removed from the crystals via cannula, and the product
was washed with cold (-78 °C) hexane (2 × 2 mL). The reaction
vessel was then evacuated to 10-3 mbar, and the temperature was
slowly increased to -10 °C. Finally, the product was dried in vacuo
(10-3 mbar) for 4 min at 20 °C to completely remove the solvent.
Yield based on diazo compound 55%. The product slowly
decomposes in solution and in the solid state at room temperature,
but at lower temperatures it can be kept under Ar even in solution
without significant decomposition. 1H NMR (248K, toluene-d8;
500.13 MHz): δ 7.91 (d, 3JHH 8.5 Hz, o-arom. H; 4H), 7.71 (d,
3JHH 8.5 Hz, m-arom. H; 4H), 1.36 (d+sat, 1JCH 124.8 Hz, 3JPH

14.3 Hz, C(CH3)3; 18H), 0.19 (s+sat, 1JCH 117.5 Hz, Si(CH3)3;

18H); 13C{1H} NMR (248 K, toluene-d8, 125.77 MHz): δ 239.7
(s, Cu)C), 160.0, 147.3, 128.5, 125.2 (all s, arom. C), 37.3 (d,
1JCP 63.2 Hz, C(CH3)3), 27.2 (d, 2JCP 2.4 Hz, C(CH3)3), 5.2 (s,
Si(CH3)3); 31P{1H} NMR (248K, toluene-d8, 202.47 MHz): δ 66.7
(s+sat, 1JPC 62.6 Hz, 2JPSi 11.8 Hz). Anal. Calc. for
C27H44CuN4O4PSi2 (%): C 50.72; H 6.94; N 8.76; P 4.84. Found:
C 50.97, H 7.01, N 8.75, P 4.60. FAB (NPOE): m/z ) 639.3 (2.2%)
[MH+], 581.1 (6.5%) [(M+) - tBu)], correct isotopic pattern. A
sample of 4b suitable for X-ray analysis was obtained by slow
crystallization from a diluted hexane solution at -35 °C over a
period of 1 month.

[But
2P(NSiMe3)2-K2N]CudC(p-MeC6H4)2 (4c). A solution of

di(p-tolyl)diazomethane (24.3 mg, 0.109 mmol) in toluene-d8 (0.3
mL) was added to a solution of the copper complex 3 (50 mg,
0.122 mmol) in toluene-d8 (0.3 mL), and a deep-violet solution
was formed. The reaction mixture was agitated at r. t. for 4 min
and placed in an NMR tube. The copper carbene 4c in a 27%
steady-state concentration was detected by 1H, 31P and 13C NMR
spectroscopy. 1H NMR (253K, toluene-d8; 500.13 MHz): δ 8.26
(d, 3JHH ) 8.3 Hz, 4 arom. H), 6.94 (d, 3JHH ) 8.3 Hz, 4 arom. H),
1.88 (s, 6H, CH3), 1.51 (d, 3JHP ) 13.7 Hz, 18H, C(CH3)3), 0.35
(s, 18H, Si(CH3)3). 31P{1H} NMR (253K, toluene-d8, 202.47 MHz):
δ 57.9 (s+sat, 1JPC ) 64.5 Hz, 2JPSi ) 16.1 Hz). 13C{1H} NMR
(253K, toluene-d8, 125.77 MHz): δ 266.4 (s, Cu)C), 37.2 (d, 1JPC

) 64.3 Hz, C(CH3)3), 27.8 (s, C(CH3)3), 22.1 (s, CH3), 5.39 (s,
Si(CH3)3).

{[But
2P(NSiMe3)2-K2N]Cu}2(µ-CPh2) (5). To a stirred solution

of 3 (100 mg, 0.243 mmol) in hexane (2.5 mL) was added a solution
of diphenyldiazomethane (35 mg, 0.182 mmol) in hexane (2.5 mL).
The resulting, intensely violet solution was stirred for 50 min at
ambient temperature and then slowly concentrated at 10-3 mbar to
give a dark crystalline residue. Hexane (8 mL) was added, and the
reaction mixture was stirred for 15 min at room temperature, then
filtered under Ar via a cannula into a cooled to 0 °C Schlenk vessel.
The brown solution was slowly cooled to -80 °C and kept at this
temperature overnight. The solvent above the precipitated dark
crystals (some of which were suitable for X-ray analysis) was
removed via cannula, and the product was washed two times with
cold (-78 °C) hexane and dried in high vacuum (10-3 mbar) to
yield complex 5 (53 mg). The compound decomposes in solution
at room temperature, and the isolated solid is contaminated with
carbene 4a. Spectral data of 5: 1H NMR (263 K, toluene-d8; 500.13
MHz): δ 1.41(br. s, C(CH3)3; 9H), 1.05 (br. s, C(CH3)3; 9H), 0.88
(br. s, Si(CH3)3; 9H); 0.26 (br. s, Si(CH3)3; 9H); 13C{1H} NMR
(263 K, toluene-d8, 125.77 MHz): δ 184.7 (Cu-µ-CPh2), 38.0-39.0
(br. m, 2C(CH3)3), 29.4 (br. s, C(CH3)3), 28.5 (br. s, C(CH3)3); 9.1
(br. s, Si(CH3)3); 7.1 (br. s, Si(CH3)3); 31P{1H} NMR (263K,
toluene-d8, 202.47 MHz): δ 65.4 (s+sat, 1JPC 60.9 Hz, 2JPSi 11.7
Hz).

Reaction of 4b with (p-CH3C6H4)2CdN2. A solution of carbene
4b (10 mg, 0.0157 mmol) in THF-d8 (0.3 mL) at r. t. was added to
a solution of an excess of (p-CH3C6H4)2CdN2 (14 mg, 0.0631
mmol) in THF-d8 (0.3 mL), and gas evolution was observed. All
4b was consumed within several minutes. Spectroscopic data for
the mixed azine 9: 1H NMR (500 MHz, THF-d8): δ 8.34 (d, 3JHH

) 8.35 Hz, 4H arom.), 8.17 (d, 3JHH ) 8.65 Hz, 4H arom.), 7.70
(d, 3JHH ) 8.65 Hz, 4H arom.), 7.61 (d, 3JHH ) 8.35 Hz, 4H arom.),
2.39 (s, 3H, 2CH3). MS-EI+: m/z ) 478.1 (40%) (M+). Spectro-
scopic data for the mixed dimer 10: δ 1H NMR (500 MHz, THF-
d8): 8.39 (d, 3JHH ) 8.35 Hz, 4H arom.), 8.03 (d, 3JHH ) 8.05 Hz,
4H arom.), 7.66 (d, 3JHH ) 8.0 Hz, 4H arom.), 7.29 (d, 3JHH )
8.35 Hz, 4H arom.), 2.41 (s, 6H, 2CH3). MS-EI+: m/z ) 450.1
(20%) (M+).

(18) Mussons, M. L.; Raposo, C.; Anaya, J.; Grande, M.; Morán, J. R.;
Caballero, M. C. J. Chem. Soc. Perkin Trans. 1 1992, 3125.

(19) Just, G.; Wang, Z. Y.; Chan, L. J. Org. Chem. 1988, 53, 1030.
(20) (a) Eichkorn, K.; Treutler, O.; Oehm, H.; Haeser, M.; Ahlrichs, R.

Chem. Phys. Lett. 1995, 240, 283. (b) Eichkorn, K.; Treutler, O.;
Oehm, H.; Haeser, M.; Ahlrichs, R. Chem. Phys. Lett. 1995, 242, 652.
(c) Ahlrichs, R.; Baer, M.; Haeser, M.; Horn, H.; Koelmel, C. Chem.
Phys. Lett. 1989, 162, 165.

(21) Becke, A. D. Phys. ReV. 1988, A38, 3098.
(22) (a) Perdew, J. P.; Zunger, A. Phys. ReV. 1981, B23, 5048. (b) Perdew,

J. P. Phys. ReV. 1986, B33, 8822.
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Reaction of 4b with diazo ester 11. The experiment was
performed as described above. Spectroscopic data for the mixed
dimer 12: 1H NMR (500.13 MHz, CD2Cl2): δ 7.74 (d, 3JHH ) 8.7
Hz, 4H arom.), 7.31 (d, 3JHH ) 8.7 Hz, 2H arom.), 7.17 (d, 3JHH )
8.7 Hz, 2H arom.), 3.82 (s, 3H, OCH3), 1.42 (s, 9H, O(CH3)3).
The signal of four other aromatic protons of the p-NO2C6H4-rings
cannot be assigned exactly. MS-EI+: m/z 476.1 (11%) (M+).

tert-Butyl (4-methoxyphenyl)acetate. A 100-ml flask equipped
with a calcium chloride drying tube and magnetic stirring bar was
charged with acid (6 g, 36.14 mmol) of dry CH2Cl2 (50 mL),
t-BuOH (10.4 mL, 108.4 mmol), and dimethylaminopyridine
(DMAP) (3.53 g, 28. 91 mmol). The solution was stirred and cooled
in an ice bath to 0 °C while carboxydiimide (8.20 g, 39.75 mmol)
was added in three portions. The reaction mixture was stirred at 0
°C for 15 min, then the cool bath was removed and stirring was
continued at r. t. for 34 h, and during this time, a white precipitate
was formed. The reaction mixture was filtered through celite; the
celite was washed with CH2Cl2, the combined organic phases were
washed with cold 0.5 N HCl (2 × 30 mL), cold saturated NaHCO3

(2 × 30 mL), brine (30 mL), dried over Na2SO4 and evaporated.
The product was purified by column chromatography on SiO2

(EtOAc-Hexane 1:7) to yield 6.05 g (75%) of a colourless liquid.
The product may be additionally purified by vacuum distillation,
bp 129-131 °C/7 mbar (lit.23 117-121 °C/0.3 Torr). 1H NMR
(250 MHz, CDCl3, 298 K): δ 7.18 (d, 3JHH ) 8.60 Hz, 2H arom.);
6.84 (d, 3JHH ) 8.60 Hz, 2H arom.); 3.77 (s, 3H, OCH3); 3.45 (s,
2H, ArCH2); 1.43 (s, 9H, C(CH3)3).

tert-Butyl diazo(4-methoxyphenyl)acetate (11). Method A. To
a solution of LDA (3.72 mmol) in dry THF (15 mL) at -75 °C
was added dropwise via a syringe tert-butyl (4-methoxyphenyl)ac-
etate (0.751 g, 3.38 mmol). The reaction mixture was stirred at
-30 °C for 2 h, followed by dropwise addition at -75 °C of a
solution of TsN3 (1.15 equiv, 770 mg, 3.887 mmol) in THF (5
mL). The reaction mixture was stirred at this temperature for 10
min. The cooling bath was removed and the mixture was stirred at
r. t. for further 3 h until the reaction was complete (TLC-control).
THF was removed in vacuo at a bath temperature <40 °C.
Extractive workup followed by column chromatography (EtOAc-
hexane 1:10) afforded 180 mg (21.5%) of pure diazo ester, mp 58
°C. If necessary, 11 can be recrystallized from pentane or hexane.

Compound 11 is thermo- and light-sensitive and must be stored in
a dark, cold place. 1H NMR (500.13 MHz, CDCl3, 298 K): δ 7.36
(d, 3JHH ) 8.8 Hz, 2H arom.), 6.91 (d, 3JHH ) 8.8 Hz, 2H arom.),
3.79 (s, 3H, MeO), 1.53 (s, 9H, C(CH3)3). 13C{1H} NMR (125.77
MHz, CDCl3, 298 K): δ 165.1 (C ) O); 157.8; 125.9; 117.6; 114.5;
(all arom. C); 81.8 (OC(CH3)3); 55.3 (H3CO); 28.4 (C(CH3)3). Anal.
Calc. for C13H16N2O3 (%): C 62.89, H 6.50, N 11.28; Found: C
63.06, H 6.55, N 10.89.

Method B. To a stirred solution of tert-butyl diazo(4-methoxy-
phenyl)acetate (2.18 g, 10.58 mmol) and p-acetamidobenzenesulfo-
nyl azide (5.1 g, 21.2 mmol) in absolute THF (18 mL) was added
DBU (3.2 mL, 21.1 mmol). The reaction mixture was stirred at r.
t. for 3 h and then allowed to stand at room temperature for 7 days
with occasional shaking. The red-orange solution was carefully
decanted from an oily residue and evaporated. Column chroma-
tography (EtOAc-hexane 1:7) afforded a red oil that crystallized.
Recrystallization from pentane gave an analytically pure sample
(40%). The spectroscopic data are analogous to the sample obtained
according to method A.

Crystal Structure Analysis. Data were collected on Bruker
SMART (for 4b) and APEX (for 5) CCD diffractometers, and the
structure solutions were performed using the SHELXTL-PLUS
(2008/4) software package.24 Intensities were corrected for Lorentz
and polarization effects, an empirical absorption correction was
applied using SADABS24 based on the Laue symmetry of the
reciprocal space. Crystal data and structure refinement for 4b and
5 are summarized in Table 1. A complete list of bond lengths
and angles, atom coordinates, and thermal parameters for 4b, 5,
and 11 are summarized and given in the Supporting Information.
Crystals of 4b and 5 suitable for X-ray analysis were obtained as
described above. In both cases, a sample of crystals was placed in
a pool of cold paraffin oil in an atmosphere of cold CO2. An
appropriate crystal was selected and removed from the oil with a
glass fiber. With the oil-covered crystal adhering to the end of the
glass fiber, the sample was very quickly transferred to an N2 cold
stream on the diffractometer.

(23) Bhawal, B. M.; Khanapure, S. P.; Biehl, E. R. Synthesis 1991, 112.
(24) Sheldrick, G. M. SMART, SHELXTL-PLUS, SADABS; Bruker Analyti-

cal X-ray-Division: MadisonWI 2008.

Table 1. Crystal Data and Structure Refinement for 4b and 5

4b 5

empirical formula C27H44CuN4O4PSi2 C41H82Cu2N4P2Si4

formula weight 639.35 932.49
temp (K) 200(2) 100(2) K
wavelength (Å) 0.71073 0.71073 Å
crystal system monoclinic monoclinic
space group P21/c P21/n
Z 4 4
a (Å) 8.9181(1) 11.5457(6)
b (Å) 19.8468(3) 26.9652(14)
c (Å) 19.2042(2) 15.9658(8)
R (deg) 90 90
� (deg) 102.726(1) 94.153(1)
γ (deg) 90 90
V (Å3) 3315.56(7) 4957.6(4)
Dcalc (g/cm3) 1.28 1.25
abs. coeff. (mm-1) 0.81 1.05
crystal shape polyhedron polyhedron
crystal size (mm3) 0.48 × 0.36 × 0.2 0.38 × 0.24 × 0.04
θ range for data coll. (deg) 1.5 to 27.5 1.5 to 28.3
collec. rflns. 34170 50764
independent rflns 7608 12282
observed rflns 6034 10544
goodness of fit on F2 1.02 1.12
final R indices (I > 2σ(I)) R1 ) 0.033; wR2 ) 0.083 R1 ) 0.032; wR2 ) 0.079
largest diff. peak and hole (e Å-3) 0.36 and -0.38 0.51 and -0.34
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