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Six new biscarbene complexes of the type fac-[(CO)3-
ReIBr(L)], where L represents a chelating bis(N-heterocyclic
carbene) ligand consisting of two alkylene-bridged (R�), N-
substituted (R) imidazoline moieties (1,1�-diR-3,3�-R�-diimid-
azoline-2,2�-diylidene), were synthesized. Spectroscopic

Introduction

More than forty years ago the first N-heterocyclic car-
bene complexes were synthesized by means of in situ depro-
tonation of imidazolium salts with basic metal complexes.[1]

In 1991 the first free N-heterocyclic carbene (NHC), 1,3-
diadamantylimidazoline-2-ylidene, was isolated sparking a
renaissance in the study of these nucleophilic ligands.[2]

NHCs were found to be excellent alternatives to phosphane
ligands in metal complexes particularly based on their abil-
ity to function as strong σ-donor ligands. Organometallic
complexes bearing ancillary phosphane ligands have shown
a broad range of activity in catalytic applications, and the
preparation of NHC analogues has developed into a highly
active area of research.[3] Many transition metal complexes
containing NHC ligands have been synthesized and were
shown to be active homogeneous catalysts, often outper-
forming their phosphane analogues.[3] It is surprising that
only a few rhenium NHC complexes have been synthesized
to date, considering the large number of NHC complexes
reported, based on other transition metals.

The coordination chemistry of rhenium–NHCs is cur-
rently restricted to three formal oxidation states of the
metal center. Besides the high-oxidation-state oxo- and ni-
tride-supported ReV/VII–NHC complexes,[4,5] the low-valent
carbonyl-stabilized ReI–NHC complexes are the most im-
portant representatives. Coordination compounds of the
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methods and X-ray crystallography were employed to char-
acterize the complexes in solution and the solid state. The
observed dynamic behavior of the complexes in solution was
examined in more detail by temperature-dependent 1H NMR
experiments and further analyzed by DFT calculations.

type [(CO)5-nReIXLn] (L = imidazolidine-2-ylidene ligands;
X = Cl, Br; n = 1, 2) were first examined by Liu et al. and
can be obtained by a template-controlled cyclization from
an imino-λ5-phosphane and bromopentacarbonylrhen-
ium(I).[6] Based on this work, Hahn et al. used [(CO)4-
ReIXL] (X = Cl and L = imidazolidine-2-ylidene) to synthe-
size [(CO)3ReIL�] (L� = tridentate macrocycle with two di-
phenylphosphane substituents bound to the nitrogen atoms
of L).[7]

The first rhenium(I) complex containing a chelating bis-
NHC ligand, fac-[(CO)3ReIIL��] (L�� = 1,1�-dimethyl-3,3�-
methylenediimidazoline-2,2�-diylidene), was synthesized by
Herrmann et al.[8a] by treating (Me4N)[Re2(CO)6(µ-OCH3)3]
with the corresponding imidazolium salt. However, high-
pressure conditions were necessary for the synthesis of the
metal precursor. In 2008, Perez, Riera and co-workers pre-
pared some new carbonylrhenium(I)–NHC complexes by
treating fac-tricarbonyltris(N-methylimidazole)rhenium(I)
with potassium bis(trimethylsilyl)amide.[8b] Recently, we
published a new synthetic pathway to generate [(CO)3ReI-
Br(L���)2] (L��� = 1,3-dialkyl-substituted imidazoline-2-ylid-
ene ligand).[8c] Now we are able to extend this synthetic
strategy to prepare analogous chelate complexes with
bridged bis-NHC ligands. Herein, the preparation of six
new air- and moisture-stable complexes of the type fac-
[(CO)3ReIBr(L)] where [L = 1,1�-diR-3,3�-R�-diimidazoline-
2,2�-diylidene; R� = CH2, R = Me (6a); R� = CH2, R = iPr
(6b); R� = C2H4, R = Me (7a); R� = C2H4, R = iPr (7b);
R� = C2H4, R = 2,4,6-trimethylphenyl (Mes) (7c); R� =
C2H4, R = diisopropylphenyl (dipp) (7d)] is presented.

Results and Discussion
Synthesis and Characterization of the Rhenium Complexes

The N-alkyl- and N-aryl-substituted imidazoles were
synthesized according to the well-known method of cycliza-
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tion of glyoxal with ammonium chloride.[9] As shown in
Scheme 1, the bridged bis(imidazolium) salts were obtained
by SN2 reactions with dibromomethane and dibromoeth-
ane.

Scheme 1. Synthesis of the bis(imidazolium) bromide salts.

The rhenium precursor (Et4N)2[Re(CO)3Br3] (5) was syn-
thesized at 110 °C by treating [ReBr(CO)5] with (Et4N)Br
in diglyme.[10]

As illustrated in Scheme 2, the first step in the synthesis
of 6a,b and 7a–d was the deprotonation of the imidazolium
salts 1a,b and 2a–d with sodium bis(trimethylsilyl)amide
(NaBTSA) in thf to generate the free carbenes 3a,b and
4a–d in situ. A thf solution of the free carbenes was then
transferred to (Et4N)2[(CO)3ReIBr3] (5), leading to the for-
mation of 6a,b and 7a–d upon substitution of two of the
bromido ligands by one bidentate biscarbene ligand. Ac-
cording to the CO stretching frequencies (see Table 1), the
three CO ligands are coordinated to ReI in a facial fashion
with two of the carbonyl ligands occupying the sites trans
to the NHC units of the chelating biscarbene ligand,
whereas the third carbonyl ligand is located trans to the
bromido ligand. As expected, the CO stretching frequencies
for the neutral complexes 6a,b and 7a–d appear at higher
wavenumbers than those for the anionic complex 5.

Scheme 2. (i) thf, NaBTSA, n = 1, T = –78 °C, 2 h; n = 2, room
temp., 2 h; (ii) thf, room temp., 10 h.
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Table 1. The CO stretching frequencies [cm–1] of the rhenium(I)
complexes 5, 6a,b, and 7a–d as a KBr pellet and dissolved in dichlo-
romethane (DCM).

KBr DCM

5 1999 vs, 1869 vs –
6a 2007 s, 1906 vs, 1873 vs 2012 vs, 1918 s, 1873 s
6b 2005 vs, 1894 vs, 1868 vs 2011 vs, 1916 s, 1873 s
7a 2000 vs, 1887 vs, 1859 vs 2009 vs, 1910 s, 1869 s
7b 2006 s, 1901 s, 1853 s 2008 vs, 1910 s, 1868 s
7c 2002 s, 1899 m, 1871 m 2011 vs, 1913 s, 1875 s
7d 2006 s, 1911 m, 1880 m, 1857 m 2008 vs, 1904 s, 1880 s

The 13C NMR spectra of the ReI–biscarbene complexes
support the conclusions drawn from the IR spectra. The
observed chemical shifts for selected resonance signals are
listed in Table 2. Based on the facial arrangement of the
CO ligands, the two resonance signals detected within the
range of δ = 191.1 to 196.4 ppm were assigned to the three
carbonyl carbon atoms, whereas the peaks found within the
range of δ = 171.0 to 176.1 ppm were attributed to the two
carbene carbon atoms. As a result of the asymmetric N-
substitution of the imidazole rings, two peaks for the car-
bon atoms of the C–C double bond of the imidazole ring
were detected ranging from δ = 117.6 to 124.4 ppm.

Table 2. Selected 13C NMR (100 MHz) resonance signals [ppm] of
6a,b and 7a–d in [D6]dmso at room temperature.

Complex CONHC COBr NCN (carbene) NCHCHN

6a 196.4 191.4 174.9 122.6; 121.0
6b 195.9 191.1 173.7 122.0; 117.6
7a 195.0 192.3 171.7 123.7; 122.7
7b 194.3 192.2 171.0 123.6; 118.5
7c 191.6 192.6 175.5 124.4; 122.9

7d (T = 333 K)[a] 191.3 192.2 176.1 123.0; 122.5

[a] The 13C NMR spectrum was recorded at 333 K due to the low
solubility of complex 7d in [D6]dmso.

As expected, the relative chemical shifts of the trans-lo-
cated carbonyl and the NHC carbon atoms (CONHC and
NCN, respectively) differ for the complexes with aryl-sub-
stituted NHCs (7c and 7d) and those with alkyl groups as
N-substituents (7a and 7b), whereas the chemical shifts of
the CO carbon atoms trans to the bromo ligand (COBr) are
nearly the same. The chemical shifts of the resonance sig-
nals detected for 6a, 6b, 7a, and 7b decrease in the order
CONHC to COBr to NCN, whereas in case of 7c and 7d the
order is reversed for CONHC and COBr. The resonance sig-
nals assigned to the carbene carbon atoms of 7a and 7b are
observed at higher fields than in the case of 7c and 7d. Both
observations are consistent with the assumption that the
resonance signals appear at lower fields for NCN and at
higher fields for CONHC for the aryl-substituted derivatives
compared to their alkyl-substituted analogues, which can
be attributed to either the –I effect of the aryl substituents
leading to a lower electron density at the metal center or
the anisotropy effect of aromatic substituents. In addition,
the carbene resonance signals for 7c and 7d are shifted to a
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lower field than those for 6a and 6b. However, the ethylene
bridge gives rise to an upfield shift, as seen when comparing
6a and 6b with 7a and 7b. Accordingly, it appears that the
effect of the aryl substituents is comparatively strong.

The analysis of the 1H NMR spectra of the complexes
6a,b and 7a–d reveals differences due to the bridge length
of the chelating biscarbene ligand. The following compari-
son of 6a and 7a serves as an example for these general
differences. The 1H NMR spectra of the imidazolium salts
1a,b and 2a–d include one singlet that can be assigned to
the protons of the methylene and ethylene groups, respec-
tively, indicating the chemical equivalence of the protons.
However, upon formation of the biscarbene complexes 6a,b
and 7a–d the alkylene protons are no longer equivalent. In
the case of 6a, two doublets for the methylene protons were
observed at δ = 5.88 and 6.58 ppm with a coupling constant
of 2J = 13.4 Hz (Figure 1).

Figure 1. 1H NMR spectrum of 6a in [D6]dmso, along with the
endo and the exo configuration of the complex.

As for fac-[(CO)3ReIIL��],[8a] this can be attributed to the
“flapping-wing”-type motion of the imidazole rings that
can result in two possible configurations of the complexes
(endo or exo). Regarding the kinetic NMR studies of 6a in
the following section, it can be concluded that only one
configuration exists at room temperature.

The 1H NMR spectrum of 7a in [D6]dmso, which is de-
picted in Figure 2, reveals that the ethylene protons have
enantiotopic and diastereotopic properties after coordina-

Figure 2. 1H NMR spectrum of complex 7a in [D6]dmso.
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tion, and an AA�XX� spin system describes the observed
multiplet at δ = 4.57 and 4.78 ppm with the two coupling
constants of 3J = 8.6 Hz and 2J = 15.8 Hz. Theoretically,
there should be a third coupling constant. However, the two
doublets of doublets of doublets cannot be properly re-
solved by the NMR measurements.

In order to analyze the proposed dynamic behavior of
the methylene-bridged complexes, temperature-dependent
NMR experiments were performed. The 1H NMR spectra
of 6a determined in [D6]acetone at temperatures ranging
from 183 to 313 K are shown in Figure 3.

Figure 3. Temperature-dependent 1H NMR spectra of complex 6a
in [D6]acetone.

From the temperature-dependent 1H NMR spectra of
complex 6a it can be seen that there are three temperature
intervals during which the characteristics of the signals
change significantly. For the interval from 313 to 233 K
only one of the two conformers can be observed, indicated
by the two doublets at δ = 6.85 and 6.00 ppm. These two
doublets smear out at 223 K, which indicates that the co-
alescence temperature is approximately 220 K�1 K.
Decreasing the temperature further, the two doublets re-
appear with a slight change in the chemical shift (∆δ = 0.5–
0.1 ppm) to lower values. At 183 K another pair of doublets
appear at δ = 7.25 and 6.40 ppm, which belong to the sec-
ond possible conformer, indicating the coexistence of both
states. In summary, it can be assumed that one conformer is
kinetically stable only at low temperatures and that a small
activation barrier separates both states. In light of this, and
because of the previously mentioned small change in the
chemical shift of one pair of doublets, only the thermody-
namically more stable conformer exists above 193 K.

The 1H NMR spectrum of 6b in [D6]dmso at room tem-
perature only displays broad resonance signals for the meth-
ylene protons and the methyl protons of the isopropyl sub-
stituents. Increasing the temperature to 343 K results in a
better resolution of all peaks (Figure 4), revealing the two
expected doublets for the methylene protons at δ = 5.90 and
6.57 ppm, with a coupling constant of 2J = 13.2 Hz, and a
septet for the methyl protons at δ = 5.28 ppm, with a cou-
pling constant of 3J = 6.4 Hz.
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Figure 4. Temperature-dependent 1H NMR spectra of 6b in [D6]-
dmso.

These results indicate coalescence near ambient tempera-
ture. To confirm this assumption, temperature-dependent
NMR studies of 6b in [D6]acetone were performed. The
series of 1H NMR spectra at different temperatures, which
are shown in Figure 5, revealed a coalescence temperature
of 283 K. In contrast to 6a, it was not possible within the
chosen temperature range to reach a temperature where the
endo and exo forms coexist.[8a] It was also observed that the
doublet at δ = 6.6 ppm does not reappear above 293 K,
wheras it is still visible in [D6]dmso. This is possibly the
result of a solvent effect.

Figure 5. Temperature-dependent 1H NMR spectra of 6b in [D6]-
acetone.

It was not possible to assign the two sets of signals to a
specific conformer of 6a,b in solution by standard NMR
methods. Therefore the letters A1 and A2 were chosen to
describe the equilibrium between the conformer conversion
shown in Scheme 3.

Scheme 3. Equilibrium between the endo and the exo conformers.

On the basis of the depicted NMR spectra, the rate con-
stants, k, of the described conversion at different tempera-
tures were determined by fitting the spectra using
WINDNMR-software.[20] The procedure and the obtained
values can be found in the Supporting Information.

The experimentally determined k values were used in an
Eyring plot (see Supporting Information) to determine
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∆H�, the activation enthalpy of the conformer conversion.
∆H� was found to be 6.6 kcal/mol and 10.0 kcal/mol for 6a
and 6b, respectively.

DFT Study of the endo/exo Equilibrium Enforced by
Conformational Changes in the Alkyl Bridge

In order to explain the conformational change on the
basis of the NMR timescale, DFT calculations (B3LYP/6-
31G* with Re-ECP) were performed. In this study, the ener-
getic differences between the exo and endo isomers of the
complexes 6a and 6b (methylene-bridged) and of the com-
plexes 7a, 7b, and 7c (ethylene-bridged), as well as the cor-
responding transition states, were investigated. The energy
profiles of the conformational flipping of the methylene-
bridged complexes in a dmso solution are shown in Fig-
ure 6.

Figure 6. Free-energy plot of the endo/exo equilibrium for 6a (solid)
and 6b (dashed) in dmso solution.

In the case of 6a, which contains an N-methyl-substi-
tuted biscarbene ligand, the thermodynamic difference be-
tween the free energies of the exo and the endo conformers
(see Figure 7 for structures) is 0 kcal/mol. For 6b, with the
biscarbene ligand bearing an N-isopropyl substituent, a
higher stabilization free energy of 4.4 kcal/mol for the exo
complex was determined.

Figure 7. Geometry-optimized structures of the exo and endo con-
formers of 6a (top) and 6b (bottom).
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The transition states for this conformational change have

also been calculated for each complex. The results are
shown in Figure 8. The free enthalpies of the transition
states correspond to the rotational barriers and can be re-
lated to the coalescence temperature of the NMR study. In
the case of complex 6a, the barrier ∆G� = 12.3 kcal/mol for
both conformers. For 6b, the activation barrier is 9.5 kcal/
mol when starting from the unfavored endo conformer and
is 13.9 kcal/mol when starting from the favored exo con-
former. Regarding the 1H NMR spectra of 6a and 6b at
room temperature, it can be assumed that either only one
conformer is preferred at room temperature or that an equi-
librium state is detected on the NMR time scale because of
the low energy barrier. The two doublets, observed for each
methylene-bridged complex dissolved in [D6]dmso, are evi-
dence for this hypothesis. Due to the higher activation bar-
rier determined for 6b (starting from the favored exo com-
plex), the coalescence temperature should be higher than
for 6a. This is in good agreement with the experimentally
estimated rotational barriers where complex 6a shows co-
alescence at a lower temperature than 6b (see NMR stud-
ies).

Figure 8. exo/endo transition states for 6a (left) and 6b (right).

The characteristic structural feature of the two transition
states is that the NHC rings of the biscarbene ligands, the
carbon atom of the methylene bridge, and the two CO li-
gands are located in the same plane.

DFT calculations considering the exo and endo conform-
ers, as well as the transition states, of the ethylene-bridged
complexes 7a (N-methyl-substituted), 7b (N-isopropyl-sub-
stituted), and 7c (N-mesityl-substituted) in the gas phase
revealed that for each complex both conformers are ener-
getically identical (see Figure 9). For complex 7c, which be-

Figure 9. Free-energy plot of the endo/exo equilibrium for 7a (so-
lid), 7b (dashed), and 7c (dotted).

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 5284–52935288

ars the sterically most demanding mesityl substituent, the
highest activation barrier was calculated to be 12.2 kcal/
mol. For 7a and 7b, with smaller N-substituents, activation
barriers as low as 4.3 and 3.5 kcal/mol, respectively, were
obtained. Therefore, complexes 7a and 7b should undergo
a faster conformational exchange, whereas for 7c the con-
formational flipping should occur only at higher tempera-
tures in comparison to the other two complexes.

The characteristic structural feature of the transition
states for complexes 7a–c (see Figure 10; R = Mes as an
example) for the flipping of the ethylene bridge is that the
two carbon atoms are located in such a way that the NHC
ends of the bridge are eclipsed. In all the endo/exo isomers
the ethylene bridge atoms assemble more favorably energeti-
cally when one of the NHC ends is eclipsed by an H atom
of the bridge (see Figure 11; R = Mes as example).

Figure 10. endo/exo transition state of 7c.

Figure 11. exo and endo conformations of 7c; the nomenclature is
orientated on the position of the C7 atom of the ethylene bridge
with respect to the bromido ligand (for the assignment see the crys-
tallographic section).

Crystallographic Studies

Colorless single crystals of the biscarbene complexes 6a
and 7a–c suitable for the single-crystal X-ray diffraction
studies were grown at ambient temperature from a saturated
dichloromethane or tetrahydrofurane solution for several
days. In agreement with the NMR and IR spectroscopic
data, the rhenium atom is coordinated by one bromido,
three carbonyl, and one bidentate biscarbene ligand, which
forms a slightly distorted octahedron with the bromido and
one carbonyl ligand in the apical positions and the two re-
maining carbonyl ligands in facial positions. Due to a li-
gand disorder (Br vs. CO) observed in the case of 6a, only
the general crystallographic data are listed in Table 3. Fig-
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Table 3. The crystallographic data for compound 6a·CH2Cl2, 7a·1/2CH2Cl2, 7b, and 7c.

6a·CH2Cl2[a] 7a·1/2CH2Cl2

Empirical formula C12H12BrN4O3Re·CH2Cl2 C13H14BrN4O3Re·1/2CH2Cl2
Formula mass 611.30 582.86
Color/habit colorless/fragment colorless/fragment
Crystal dimensions [mm] 0.08�0.30� 0.38
Crystal system monoclinic monoclinic
Space group P21/c (no. 14) P21/c (no. 14)
a [Å] 7.947(2) 8.3524(3)
b [Å] 14.004(3) 13.8038(6)
c [Å] 14.578(3) 15.0057(6)
α [°] 90 90
β [°] 94.781(12) 95.5902(15)
γ [°] 90 90
V [Å3] 1616.7(6) 1721.85(12)
Z 4 4
T [K] 123 173
Dcalcd. [g/cm3] 2.248
µ [mm–1] 9.552
F (000) 1100
θ range [°] 2.01–25.50
Index ranges (h, k, l) �8, �16, �18
No. of reflections collected 23396
No. of independent reflections/Rint 3013/0.036
No. of observed refelections [I�2σ(I)] 2868
No. of data/restraints/parameters 3013/0/228
R1/wR2 [I�2σ(I)][b] 0.0226/0.0592
R1/wR2 (all data)[b] 0.0237/0.0605
GOF (on F2)[b] 1.040
Largest difference peak/hole [eÅ3] +1.01/–2.45

7b 7c

Empirical formula C17H22BrN4O3Re C29H30BrN4O3Re
Formula mass 596.50 748.68
Color/habit colorless/fragment colorless/fragment
Crystal dimensions [mm] 0.05�0.08�0.15 0.10�0.33� 0.53
Crystal system triclinic monoclinic
Space group P1̄ (no. 2) P21/c (no. 14)
a [Å] 8.8081(4) 17.3677(4)
b [Å] 9.2513(4) 10.6016(2)
c [Å] 12.6649(6) 16.4142(3)
α [°] 101.369(2) 90
β [°] 99.492(2) 109.7969(8)
γ [°] 93.233(2) 90
V [Å3] 993.69(8) 2843.65(10)
Z 2 4
T [K] 173 173
Dcalcd. [g/cm3] 1.994 1.749
µ [mm–1] 8.148 5.715
F (000) 572 1464
θ range [°] 6.83–22.21 1.25–25.33
Index ranges (h, k, l) �9, �9, �13 �20, �12, (–15/19)
No. of reflections collected 9317 88087
No. of independent reflections/Rint 2363/0.073 5185/0.032
No. of observed reflections [I�2σ(I)] 2240 4975
No. of data/restraints/parameters 2363/0/239 5185/0/349
R1/wR2 [I�2σ(I)][b] 0.0468/0.1193 0.0146/0.0359
R1/wR2 (all data)[b] 0.0481/0.1203 0.0160/0.0374
GOF (on F2)[b] 1.100 1.078
Largest difference peak/hole [eÅ3] +3.13/–1.83 +0.87/–0.57

[a] Due to an observed ligand disorder (Br vs. CO), only the basic crystallographic data are given (see Experimental Section). [b] R1 =
Σ(||Fo| – |Fc||)/Σ|Fo|; wR2 = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}1/2; GOF = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1/2.

ure 12 shows a ball-and-stick representation[11] of 6a in the
solid state, serving as a verification of the basic molecular
features. Figures 13, 14, and 15 show ORTEP-style repre-
sentations of the compounds 7a–c. Selected bond lengths
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and angles are listed in the figure captions. All bond lengths
and bond angles of the N-heterocyclic carbene ligands of
the examined compounds lie within the typical ranges. The
Re–Br [2.6711(5)–2.6840(3) Å] and Re–CCO bond lengths
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[1.902(2)–1.948(2) Å] are within the expected range.[6] The
dihedral angles Br1–Re1–C4–N2 of 135.2(3)° (7a; R = Me),
137.3(7)° (7b; R = iPr), and –88.6(2)° (7c; R = Mes), and
Br1–Re1–C9–N3/4 of –116.4(3)° (7a; R = Me), –117.5(9)°
(7b; R = iPr), and 49.2(2)° (7c; R = Mes) reflect the steric
demand of the wing tips (R) and demonstrate the high flexi-
bility of the biscarbene moiety.

Figure 12. Ball-and-stick representation[11] of 6a.

Figure 13. ORTEP-style plot[11] of 7a; hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at the 50% probability
level. Selected bond lengths [Å] and bond angles [°]: Re1–Br1
2.6711(5), Re1–C1 1.945(4), Re1–C2 1.931(5), Re1–C3 1.942(4),
Re1–C4 2.193(4), Re1–C9 2.236(4), C4–N1 1.346(5), C4–N2
1.368(5), C9–N3 1.368(5), C9–N4 1.375(5); Br1–Re1–C1 89.34(10),
Br1–Re1–C2 175.19(14), Br1–Re1–C3 88.18(13), Br1–Re1–C4
90.31(9), Br1–Re1–C9 85.57(9), C1–Re1–C2 87.9(2), C1–Re1–C3
86.4(2), C1–Re1–C4 177.4(2), C1–Re1–C9 93.1(2), C2–Re1–C3
87.8(2), C2–Re1–C4 92.3(2), C2–Re1–C9 98.5(2), C3–Re1–C4
91.0(2), C3–Re1–C9 173.7(2), C4–Re1–C9 89.4(2), N1–C4–N2
103.2(3), N3–C9–N4 102.4(3).
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Figure 14. ORTEP-style plot[11] of 7b; hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at the 50% probability
level. Selected bond lengths [Å] and bond angles [°] are: Re1–Br1
2.6721(10), Re1–C1 1.929(11), Re1–C2 1.933(10), Re1–C3
1.935(10), Re1–C4 2.208(10), Re1–C9 2.248(9), C4–N1 1.357(12),
C4–N2 1.369(11), C9–N3 1.374(11), C9–N4 1.372(11); Br1–Re1–
C1 89.9(3), Br1–Re1–C2 176.4(3), Br1–Re1–C3 94.0(3), Br1–Re1–
C4 89.5(2), Br1–Re1–C9 83.8(2), C1–Re1–C2 86.5(4), C1–Re1–C3
85.2(4), C1–Re1–C4 173.6(3), C1–Re1–C9 96.3(3), C2–Re1–C3
85.9(4), C2–Re1–C4 94.2(4), C2–Re1–C9 96.5(3), C3–Re1–C4
88.5(4), C3–Re1–C9 177.3(4), C4–Re1–C9 90.0(3), N1–C4–N2
104.0(8), N3–C9–N4 102.8(7).

Figure 15. ORTEP-style plot[11] of compound 7c; hydrogen atoms
are omitted for clarity. Thermal ellipsoids are drawn at the 50%
probability level. Selected bond lengths [Å] and bond angles [°] are:
Re1–Br1 2.6840(3), Re1–C1 1.943(3), Re1–C2 1.902(2), Re1–C3
1.948(2), Re1–C4 2.226(2), Re1–C9 2.212(2), C4–N1 1.369(3), C4–
N2 1.366(3), C9–N3 1.357(3), C9–N4 1.370(3); Br1–Re1–C1
88.49(9), Br1–Re1–C2 177.11(7), Br1–Re1–C3 89.08(7), Br1–Re1–
C4 90.07(6), Br1–Re1–C9 85.49(6), C1–Re1–C2 89.56(11), C1–
Re1–C3 81.62(11), C1–Re1–C4 175.82(10), C1–Re1–C9 89.15(11),
C2–Re1–C3 88.53(10), C2–Re1–C4 91.73(9), C2–Re1–C9 96.61(9),
C3–Re1–C4 94.43(9), C3–Re1–C9 169.41(9), C4–Re1–C9 94.66(8),
N1–C4–N2 102.1(2), N3–C9–N4 103.2(2).

Conclusions

Six biscarbene complexes of the type fac-[(CO)3ReIBr-
(L)], with the bis-NHC ligands (L) differing in the bridge
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length (methylene and ethylene) and the N-substituents
(Me, iPr, Mes, and dipp), were obtained by treating the in
situ generated free biscarbenes with fac-[(CO)3ReIBr3]. All
six compounds were thoroughly analyzed by spectroscopic
methods, and crystal structures were determined for four
of the complexes. Based on the CO stretching frequencies
obtained from the different N-alkyl substitutents, it can be
concluded that these N-alkyl subsituents have a very limited
effect on the electron density of the rhenium center. On the
contrary, the bridging group significantly influences the σ-
donor property of the corresponding biscarbene. The chem-
ical shifts of the 13C NMR signals, attributed to the car-
bonyl and carbene carbon atoms, differ significantly only
for complexes containing different N-alkyl bridges. Kinetic
NMR studies revealed that the chelating ligands of 6a and
6b undergo a flipping motion in solution by rotating their
imidazole rings. The experimentally determined energy bar-
riers for this conversion were confirmed by applying DFT
methods to calculate the free energies for the geometry-op-
timized conformers and the transition state. Due to the high
stability of the complexes in air and water, some of the syn-
thesized complexes could be used as radiopharmaceuticals,
by replacing the rhenium by its radioactive isotopes or the
homologous technetium.

Experimental Section
General: All preparations were carried out under argon by using
standard Schlenk techniques. Solvents were dried and degassed ac-
cording to standard methods prior to use. All N-alkyl- and N-aryl-
substituted imidazoles were synthesized by the well-known cycliza-
tion of glyoxal and ammonium chloride.[9] The bridged bis(imida-
zolium) salts, 1a,b and 2a–d, were obtained by SN2 reactions of the
imidazoles with dibromomethane and dibromoethane, respectively.
Compound 5 was prepared by treating [ReBr(CO)5] and (Et4N)Br
in diglyme at 110 °C as previously described.[10] All other chemicals
were purchased from commercial vendors and used as received.
NMR spectra were recorded with a Jeol JNM GX400 and a Bruker
Avance DPX 400 NMR spectrometers. IR spectra were measured
with a Jasco FTIR 460plus spectrometer. Electronic and chemical
ionization mass spectra were obtained with a Finnigan MAT90
spectrometer. Elemental analyses were performed in the Microana-
lytical Laboratory of the Department of Chemistry at the Tech-
nische Universitaet München.

fac-Bromotricarbonyl(1,1�-dimethyl-3,3�-methylenediimidazoline-
2,2�-diylidene)rhenium(I) (6a): A solution of sodium bis(trimethyl-
silyl)amide (0.52 mmol) in thf (2 ) was added dropwise by syringe
to 1a (0.088 g, 0.26 mmol) suspended in thf (15 mL) at –78 °C. The
yellow reaction mixture was stirred for 2 h to obtain a colorless
solution containing the free carbene 3a before it was transferred to
a Schlenk tube containing 5 (0.2 g, 0.26 mmol). After stirring at
ambient temperature for 10 h, the resulting suspension was filtered
through a short silica gel column. The solvent was removed from
the dark yellow filtrate under reduced pressure to obtain a yellow
solid, which was washed with n-hexane (2�2 mL), diethyl ether
(2� 2 mL), and ethanol (2 �1.5 mL) at –78 °C. The colorless prod-
uct 6a was then dried in vacuo overnight; 6a is soluble in thf,
dichloromethane, and stable upon exposure to air and moisture.
Yield: 0.034 g (0.065 mmol, 25%). IR (KBr): ν̃ = 2007 (s, CO),
1906 (vs, CO), 1873 (vs, CO) cm–1. IR (DCM): ν̃ = 2012 (vs, CO),
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1918 (s, CO), 1873 (s, CO) cm–1. 1H NMR (400 MHz, [D6]dmso,
298 K): δ = 3.92 (s, 6 H, NCH3), 5.88 (d, 2J = 13.4 Hz, 1 H,
NCHHN), 6.58 (d, 2J = 13.4 Hz, 1 H, NCHHN), 7.42 (d, 2J =
1.0 Hz, 2 H, NCHCHN), 7.53 (d, 2J = 1.0 Hz, 2 H, NCHCHN)
ppm. 1 3C NMR (100.5 MHz, [D6]dmso, 298 K): δ = 38.2
(NCH3),62.8 (NCH2N), 121.0 (NCHCHN), 122.6 (NCHCHN),
174.9 (NCN), 191.4 (COcis -NHC), 196.4 (CO trans-NHC) ppm.
C12H12BrN4O3Re·0.5thf (554.42): calcd. C 29.90, H 2.87, N 9.96;
found C 30.33, H 3.20, N 9.67.

fac-Bromotricarbonyl(1,1�-diisopropyl-3,3�-methylenediimidazoline-
2,2�-diylidene)rhenium(I) (6b): Compound 6b was prepared analo-
gously to 6a. Yield: 0.056 g (0.096 mmol, 37%). IR (KBr): ν̃ = 2005
(vs, CO), 1894 (vs, CO), 1868 (s, CO) cm–1. IR (DCM): ν̃ = 2011
(vs, CO), 1916 (s, CO), 1873 (s, CO) cm–1. 1H NMR (400 MHz,
[D6]dmso, 298 K): δ = 1.42 [d, 3J = 6.8 Hz, 12 H, NCH(CH3)2],
5.25 [m, 2 H, NCH(CH3)2], 5.86 (m, 2 H, NCHHN), 6.51 (m, 2 H,
NCHHN), 7.58 (s, 2 H, NCHCHN), 7.60 (s, 2 H, NCHCHN) ppm.
1H NMR (400 MHz, [D6]dmso, 343 K): δ = 1.43 [d, 3J = 6.4 Hz,
12 H, NCH(CH3)2], 5.28 [m, 3J = 6.4 Hz, 2 H, NCH(CH3)2], 5.9
(d, 2J = 13.2 Hz, 2 H, NCHHN), 6.57 (d, 2J = 13.2 Hz, 2 H,
NCHHN), 7.55 (s, 2 H, NCHCHN), 7.56 (s, 2 H, NCHCHN) ppm.
13C NMR (100.5 MHz, [D6]dmso, 298 K): δ = 22.7 [NCH-
(CH3)2], 23.4 [NCH(CH3)2], 52.2 [NCH(CH3)2], 62.8 (NCH2N),
117.6 (NCHCHN), 122.0 (NCHCHN), 173.7 (NCN), 191.1
(COcis-NHC), 195.9 (COtrans-NHC) ppm. CI-MS: m/z (%) = 582.5 (48)
[M] + , 553 .5 (6 ) [M – H – CO] + , 502 .6 (100 ) [M – Br] + .
C16H20BrN4O3Re (582.47): calcd. C 32.99, H 3.46, N 9.62; found
C 33.64, H 3.54, N 9.89.

fac-Bromotricarbonyl(1,1�-dimethyl-3,3�-ethylenediimidazoline-
2,2�-diylidene)rhenium(I) (7a): Compound 7a was prepared analo-
gously to 6a. Yield: 0.078 g (0.143 mmol, 55%). IR (KBr): ν̃ = 2000
(vs, CO), 1887 (vs, CO), 1859 (vs, CO) cm–1. IR (DCM): ν̃ = 2009
(vs, CO), 1910 (s, CO), 1868 (s, CO) cm–1. 1H NMR (400 MHz,
[D6]dmso, 298 K): δ = 4.05 (s, 6 H, NCH3); 4.57 (ddd, 3J = 8.6 Hz,
2J = 15.8 Hz, 2 H, NCHHCHHN), 4.78 (ddd, 3J = 8.6 Hz, 2J =
15.8 Hz, 2 H, NCHHCHHN), 7 .35 (d, 3J = 1.6 Hz, 2 H,
NCHCHN), 7.39 (d, 3J = 1.6 Hz 2 H, NCHCHN) ppm. 13C NMR
( 1 0 0 .5 MH z , [D 6 ] dm so, 2 98 K) : δ = 4 0 . 0 ( NC H 3 ) , 49 .5
(NCH2CH2N), 122.7 (NCHCHN), 123.7 (NCHCHN), 171.7
(NCN), 192.3 (COcis-NHC), 195.0 (COtrans-NHC) ppm. CI-MS: m/z
(%) = 539.6 [M – H]+, (16.2), 485.5 (39.5) [M – H – 2 CO]+, 460.7
(100) [M – Br]+. C13H14BrN4O3Re (540.39): calcd. C 28.89, H 2.61,
N 10.37; found C 29.21, H 2.97, N 10.26.

fac-Bromotricarbonyl(1,1�-diisopropyl-3,3�-ethylenediimidazoline-
2,2�-diylidene)rhenium(I) (7b): Compound 7b was prepared analo-
gously to 6a. Yield: 0.091 g (0.152 mmol, 59%). IR (KBr): ν̃ = 2006
(s, CO), 1901 (s, CO), 1853 (s, CO) cm–1. IR (DCM): ν̃ = 2008 (vs,
CO), 1910 (s, CO), 1868 (s, CO) cm–1. 1H NMR (400 MHz,
[D6]dmso, 298 K): δ = 1.38 [dd, 3J = 6.4 Hz, 12 H, NCH(CH3)2],
4.51 (ddd, 3J = 8.8 Hz, 2J = 14.8 Hz, 2 H, NCHHCHHN), 4.87
(ddd, 3J = 8.8 Hz, 2J = 14.8 Hz, 2 H, NCHHCHHN), 5.65 [sept,
3J = 6.4 Hz, 2 H, NCH(CH3)2], 7.58 (d, 3J = 1.8 Hz, 2 H,
NCHCHN), 7.39 (d, 3J = 1.8 Hz, 2 H, NCHCHN) ppm. 13C NMR
(100.5 MHz, [D6]dmso, 298 K): δ = 23.4 [NCH(CH3)2], 23.7
[NCH(CH3)2], 49.3 (NCH2CH2N), 52.7 [NCH(CH3)2], 118.5
(NCHCHN), 123.6 (NCHCHN), 171.0 (NCN), 192.2 (COcis-NHC),
194.3 (CO t ran s - NH C) ppm. CI-MS: m /z (%) = 595.6 (15.9)
[M – H]+, 541.7 (13) [M + H – 2 CO]+, 516.6 (100) [M – Br]+.
C17H22BrN4O3Re (596.49): calcd. C 34.23, H 3.72, N 9.39; found
C 34.49, H 3.61, N 9.14.

fac-Bromotricarbonyl[1,1�-(2��,4��,6��-trimethylphenyl)-3,3�-ethyl-
enediimidazoline-2,2�-diylidene]rhenium(I) (7c): Compound 7c was
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prepared analogously to 6a. Yield: 0.074 g (0.099 mmol, 38%). IR
(KBr): ν̃ = 2002 (s, CO), 1899 (m, CO), 1871 (m, CO) cm–1. IR
(DCM): ν̃ = 2011 (vs, CO), 1913 (s, CO), 1871 (s, CO) cm–1. 1H
NMR (400 MHz, [D6]dmso, 298 K): δ = 1.90 (s, 6 H, ortho-CH3),
2.02 (s, 6 H, ortho-CH3), 2.25 (s, 6 H, para-CH3), 4.33 (ddd, 3J =
7.1 Hz, 2J = 14.2 Hz, 2 H, NCHHCHHN), 5.28 (ddd, 3J = 7.2 Hz,
2J = 14.3 Hz, 2 H, NCHHCHHN), 6.95 (s, 4 H, meta-CH), 7.19
(s, 2 H, NCHCHN), 7.56 (s, 2 H, NCHCHN) ppm. 13C NMR
(100.5 MHz, [D6]dmso, 298 K): δ = 17.78 (ortho-CH3), 18.36
(ortho-CH3), 20.66 (para-CH3), 40.43 (NCH2CH2N), 51.55
(NCH2CH2N), 122.88 (NCHCHN), 124.39 (NCHCHN), 128.52
[para-C(CH3)], 128.77 (meta-CH), 135.5 [ortho-C(CH3)], 136.32
[ortho-C(CH3)], 137.8 (ipso-CN), 138.26 (ipso-CN), 175.45 (NCN),
191.61 (COtrans-NHC), 192.63 (COcis-NHC) ppm. C29H30BrN4O3Re
(748.68): calcd. C 46.52, H 4.04, N 7.48; found C 46.76, H 4.15, N
7.36.

fac-Bromotricarbonyl[1,1�-(2��,6��-diisopropylphenyl)-3,3�-ethyl-
enediimidazoline-2,2�-diylidene]rhenium(I) (7d): Compound 7d was
prepared analogously to 6a. Yield: 0.063 g (0.075 mmol, 29%). IR
(KBr): ν̃ = 2006 (s, CO), 1911 (m, CO), 1880 (m, CO), 1857 (m,
CO) cm–1. IR (DCM): ν̃ = 2008 (vs, CO), 1904 (s, CO), 1880 (s,
CO) cm–1. 1H NMR (400 MHz, [D6]dmso, 298 K): δ = 0.98 [t, 3J
= 6.4 Hz, 12 H, CH(CH3)2], 1.15 [t, 3J = 5.5 Hz, 12 H, CH-
(CH3)2], 2.59 [m, 2 H, CH(CH3)2], 2.67 [m, 2 H, CH(CH3)2], 4.47
(m, 2 H, NCH2CH2N), 4.92 (ddd, 3J = 6.8 Hz, 2J = 14.7 Hz, 2 H,
NCH2CH2N), 7.23 (d, 3J = 7.7 Hz, 4 H, meta-CH), 7.34 (s, 2 H,
NCHCHN), 7.39 (virt. t, 3J = 7.7 Hz, 2 H, para-CH), 7.56 (s, 2 H,
NCHCHN) ppm. 13C NMR (100.5 MHz, [D6]dmso, 333 K):
δ = 21.94 [CH(CH3)2], 22.73 [CH(CH3)2], 25.48 [CH(CH3)2],
25.55 [CH(CH3)2], 27.2 [CH(CH3)2], 27.76 [CH(CH3)2], 51.97
(NCH2CH2N), 122.51 (NCHCHN), 123.02 (NCHCHN), 123.79
(para-C), 125.0 (meta-C), 129.79 (ortho-C), 137.71 (ortho-C), 145.63
(ipso-CN), 146.84 (ipso-CN), 176.11 (NCN), 191.3 (COtrans-NHC),
192.19 (COcis-NHC) ppm. C35H42BrN4O3Re (832.84): calcd. C
50.47, H 5.08, N 6.73; found C 50.77, H 4.98, N 6.46.

Single-Crystal X-ray Structure Determination of Compounds
6a·CH2Cl2, 7a·1/2CH2Cl2, 7b, and 7c. General: The crystal data and
the details of the structure determination are presented in Table 3.
Preliminary examination and data collection were carried out with
an area detecting system (APEX II, κ-CCD) by using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) from a Bruker
AXS FR591 generator with a rotating anode. Raw data were cor-
rected for Lorentz, polarization, and, arising from the scaling pro-
cedure, for latent decay and absorption effects. The structures were
solved by a combination of direct methods and difference Fourier
syntheses. All non-hydrogen atoms were refined with anisotropic
displacement parameters. Methyl hydrogen atoms were refined as
part of rigid rotating groups, with d(C–H) = 0.98 Å and Uiso(H) =
1.5Ueq(C). All other hydrogen atoms were placed in calculated posi-
tions and refined by using a riding model, with methyne, methylene
and aromatic C–H distances of 1.00, 0.99, and 0.95 Å, respectively,
and Uiso(H) = 1.2Ueq(C). Full-matrix least-squares refinements were
carried out by minimizing Σw(Fo

2 – Fc
2)2 with the SHELXL-97

weighting scheme.[11] The final residual electron density maps
showed no remarkable features. Neutral atom scattering factors for
all atoms and anomalous dispersion corrections for the non-hydro-
gen atoms were taken from the International Tables for Crystal-
lography.[11] Complex 6a: Data collection was performed at 123 K
(Oxford Cryosystems). In an early stage of the refinement routine
an unresolvable disorder of the bromido ligand and a carbonyl
group was established. Due to this fact, and the incomplete model,
the refinements were aborted. However, the basic molecular fea-
tures were verified. Complex 7a: Data collection was performed at
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173 K (Oxford Cryosystems) within a θ range of 2.01° � θ �

25.50°. Five data sets were measured in the rotation-scan mode
with ∆φ/∆Ω = 0.50°. A total number of 23396 intensities were inte-
grated and scaled. After merging (Rint = 0.036), a sum of 3013 (all
data) and 2868 [I�2σ(I)], respectively, remained, and all the data
were used. In addition one half solvent molecule CH2Cl2 was found
in the asymmetric unit cell arranged around a center of symmetry.
Complex 7b: Data collection was performed at 173 K (Oxford
Cryosystems) within a θ range of 2.63° � θ � 25.44°. Three data
sets were measured in the rotation-scan mode with ∆φ/∆Ω = 0.50°.
A total number of 12098 intensities were integrated and scaled. The
results of the refinements suffered from the use of a very small and
low-quality crystal. As a consequence, the data had to be reduced
to a resolution limit in between 6.83° � θ � 22.21°. After merging
the 9317 remaining intensities (Rint = 0.073), a sum of 2363 (all
data) and 2240 [I�2σ(I)], respectively, remained, and all the data
were used. Complex 7c: Data collection was performed at 173 K
(Oxford Cryosystems) within a θ range of 1.25° � θ � 25.33°. Nine
data sets were measured in the rotation-scan mode with ∆φ/∆Ω =
0.50°. A total number of 88087 intensities were integrated and
scaled. After merging (Rint = 0.032), a sum of 5185 (all data) and
4975 [I �2σ(I)], respectively, remained, and all the data were
used. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre. CCDC-782967
(7a·1/2CH2Cl), -782968 (7b), and -782969 (7c) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: All the calculations were performed with
GAUSSIAN 03[12] by using the density functional/Hartree–Fock
hybrid model Becke3LYP[13] and the split-valence double-ζ (DZ)
basis set 6-31G*.[14] The Re atoms were described with a Hay–
Wadt ECP,[15] with a DZ description of the valence electrons. No
symmetry or internal coordinate constraints were applied during
the optimizations. All reported intermediates were verified as being
true minima by the absence of negative eigenvalues in the vi-
brational frequency analysis, whereas transition states were located
according to the Berny algorithm. Transition state structures (indi-
cated by TS) were located by using the Berny algorithm[16] until
the Hessian matrix had only one imaginary eigenvalue. The identit-
ies of all transition states were confirmed by IRC calculations, and
by animating the negative eigenvector coordinate with
MOLDEN[17] and GaussView.[18]Approximate free energies (∆G)
and enthalpies (∆H) were obtained through thermochemical analy-
sis of frequency calculations by using the thermal correction to
Gibbs free energy as reported by GAUSSIAN 03. This takes into
account zero-point effects, thermal enthalpy corrections, and en-
tropy. All energies reported in this paper, unless otherwise noted,
are free energies or enthalpies at 298 K by using unscaled fre-
quencies. All transition states are maxima on the electronic poten-
tial energy surface (PES), which may not correspond to maxima
on the free energy surface. Calculations were performed for the gas
phase with exception to the profile for 6a and 6b. Here polarizable
continuum model (PCM) calculations[19] were also used to im-
plicitly give an estimate for solvation effects. The solvent was dmso
with ε = 46.826. X,Y,Z coordinates for all calculated compounds
can be found in the Supporting Information.

Supporting Information (see footnote on the first page of this arti-
cle): Computational details (coordinates and absolute energies), ad-
ditional NMR spectra of all complexes, and the calculation of the
reaction constants from the 1H NMR spectra.
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