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ABSTRACT: Herein we report the synthesis of Cr imido complexes in
bis(alkoxide) ligand environments and their nitrene transfer reactivity with
isocyanides. The reaction of Cr2(OR)4 (OR = OCtBu2Ph) with bulky aryl
or alkyl azide results in the formation of the trigonal-planar Cr(IV)
mono(imido) complexes Cr(OR)2(NR

1), whereas less bulky aryl azides
form the Cr(VI) bis(imido) complexes Cr(OR)2(NR

1)2. Cr(IV) mono-
(imido) complexes undergo facile reaction with 1 equiv of 2,6-
dimethylphenyl isocyanide (CNR2) to form the corresponding carbodii-
mides R1NCNR2. In contrast, no reaction of Cr(OR)2(NR

1)2 complexes
with CNR2 is observed. The reaction of Cr(OR)2(NR

1) with excess
isocyanide leads to the isolation of the Cr(II) complex Cr(OR)2(CNR

2)4, along with the observation of the anticipated
carbodimide product. Cr(OR)2(CNR

2)4, which can also be obtained by treating Cr2(OR)4 with 4 equiv of isocyanide, reacts with
azides N3R

1 (R1 = adamantyl, mesityl) to produce the respective carbodiimides. Catalytic formation of carbodiimides R1NCNR2

is observed from the mixtures of azides R1N3 (R1 = mesityl, 2,6-diethylphenyl, 2-isopropylphenyl, adamantyl) and several
different aryl isocyanides CNR2 using 2.5 mol % of Cr2(OR)4.

■ INTRODUCTION

Carbodiimides are widely used organic compounds that
hydrolyze readily and thus serve as excellent dehydration
agents. Large-scale applications of carbodiimides include as
stabilizers and antihydrolysis agents in polymers production, as
coupling agents in peptide synthesis, and in various organic
transformations.1−6 Carbodiimides are synthesized by a
plethora of transition-metal-catalyzed routes,7 including oxida-
tive coupling of amines with isocyanides8 and coupling of two
isocyanates R′NCO with loss of 1 equiv of CO2,

9 as well as by
transition-metal-free stoichiometric routes such as the reaction
of isocyanates with phosphinimines (aza-Wittig)10 and by tin-
mediated addition of silylamines to isocyanates.11 Coupling of
an [NR] (nitrene) group (originating in organoazides) with
isocyanide is among the most attractive methods to synthesize
carbodiimides, as (1) a large variety of azides are easily
accessible using simple synthetic procedures, (2) both sym-
metrical and asymmetrical carbodiimides can be synthesized,
and (3) the only side product in this reaction is the
environmentally friendly dinitrogen. Therefore, numerous
efforts have been made to make carbodiimides via coupling
of isocyanides and organoazides. Most of these coupling
reactions take place at low-coordinate late-transition-metal
catalysts stabilized by nitrogen, carbon, or phosphorus ligands,
where the MNR functionality is suggested to serve as the
reactive intermediate.12−21 The combination of the soft,
electron-rich late transition metals and the hard π-donating
imido functionality make the imido functionality reactive and
thus susceptible to transfer. In contrast, imido compounds of

earlier transition metals are significantly more stable, because
the higher oxidation state of the early transition metals and the
availability of empty d orbitals allow them to form strong
multiple M−N bonds with a powerful σ and π donor, the imido
group (NR). Thus, whereas the stoichiometric and catalytic
reactivity of the oxophilic early-transition-metal imido com-
plexes with isocyanates to form symmetric carbodiimides is
well-established (Figure 1A),22 their reactivity in the imido-

group transfer to isocyanides to form asymmetric carbodii-
midies is not very common (Figure 1B).23−26 Furthermore,
these imido−isocyanide couplings tend to be stoichiometric at
the early-transition-metal centers, whereas catalysis is common
with later metals. Heyduk and co-workers have recently
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Figure 1. Two common catalytic methods to synthesize carbodii-
mides: (A) synthesis of symmetric carbodiimides via early-transition-
metal catalysis; (B) synthesis of asymmetric carbodiimides via late-
transition-metal catalysis.
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reported an early-transition-metal-based (Zr(IV)) catalyst for
catalytic nitrene−isocyanide coupling where catalysis is
facilitated by the use of a redox-active ligand at Zr.27 Herein
we report that a low-coordinate early-transition-metal (Cr(IV))
imido complex in the bis(alkoxide) ligand environment serves
as an active catalyst in the formation of a variety of asymmetric
aryl isocyanides.
We have recently reported the synthesis of a series of 3d

complexes in bis(alkoxide) ligand environments (M-
(OR)2(THF)2, M = Mn−Co, OR = OCtBu2Ph).

28 The
mononuclear iron complex Fe(OR)2(THF)2 was found to
undergo strikingly different reactivity with alkyl versus aryl
azides.29 In the case of an alkyl (adamantyl, Ad) azide, reductive
coupling was observed to yield the Fe(III)-bound hexazene
complex (RO)2Fe(μ-κ2:κ2-AdNNNNNNAd)Fe(OR)2.

29a In
the case of aryl azides, nitrene formation occurs followed by
dimerization to form the respective diazene or complex
rearrangement to form bridging imido species (Scheme 1).29b

We have attempted to intercept the transient nitrene complex
by the addition of isocyanide (2,6-dimethylphenyl isocyanide,
CNR2), in order to form a new C−N bond in the carbodiimide.
However, the addition of a mixture of isocyanide and azide to
the Fe(II) precursor has led instead to the formation of the

stable bis(isocyanide) complex Fe(OR)2(CNR
2)2, which

proved unreactive with excess azide.29b Thus, since the
isocyanide coordination at the FeII(OR)2 center precludes
formation of the metal nitrene functionality, we decided to
investigate the interaction of preformed stable metal nitrene
(imido) species in bis(alkoxide) ligand environments with
various isocyanides. To obtain a stable metal imido complex, we
turned toward chromium. While Cr-imido complexes are
generally stable, we hoped that in the case of the coordinatively
unsaturated Cr(IV) imido complex we would be able to
observe ligation of an isocyanide next to the imido functionality
and perhaps to force C−N bond formation and carbodiimide
liberation via heating or photolysis. In this paper, we
demonstrate that trigonal planar CrIV(OR)2(NR

1) species
undergo surprisingly facile reaction with several different
isocyanides to give Cr(II) isocyanide complexes and the
respective carbodiimides. Furthermore, we also report catalytic
conversion of mixtures of bulky aryl azides and isocyanides to
asymmetric carbodiimides.

■ RESULTS AND DISCUSSION

Synthesis of the Cr(II) Precursor Cr2(OR)4 (1). The
synthesis and reactivity of chromium complexes reported in this
paper are summarized in Scheme 2. Unlike the previously
synthesized M(OR)2(THF)2 (M = Mn−Co),28b we were not
able to obtain “Cr(OR)2(THF)2” by treating the seesaw cluster
[Cr2Li2X2(OR)4]

28a with TlPF6. Seeking an alternative route to
Cr(OR)2(THF)2, we synthesized the previously reported
Cr((N(SiMe3)2)2(THF)2.

30 Purple Cr(N(SiMe3)2)2(THF)2
undergoes protonolysis with HOR31 to form green homo-
dinuclear Cr2(OR)4 (1; 60% yield). It is worth noting that the
protonolysis reaction was conducted in THF, and no
Cr(OR)2(THF)2 formation was observed. The structure of 1,
featuring two trigonal-planar Cr(II) centers each bridged by
two alkoxides, is given in Figure 2. Compound 1 is related to
the prev ious ly synthes ized Cr2(OSi tBu3)4

32 and
Cr2(OCHtBu2)2(OCtBu3)2.

33 The Cr−Cr separation is
2.651(1) Å in complex 1, in comparison with 2.637(2)/
2.6800(2) Å in Cr2(OSi tBu3)4 and 3.075(1) Å in
Cr2(OCH

tBu2)2(OC
tBu3)2 (Table 1). The solution magnetic

moment of compound 1 was found to be μobs = 2.5 ± 0.3 μB
(2.8 μB in Cr2(OSi

tBu3)4), indicative of some antiferromagnetic

Scheme 1. Consecutive Treatment of Fe(OR)2-Type
Complexes with Azides/Isocyanides Does Not Lead to the
Formation of Carbodiimides

Scheme 2. Synthetic Transformations at Chromium Bis(alkoxide) Platforms Described in This Paper
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interaction between the Cr(II) centers. As the electronic
structure of the related compound Cr2(OSi

tBu3)4 has been
studied in great detail,32 it was not pursued in this work.
Synthesis and Characterization of Cr(IV) Imido

Complexes. To study the group-transfer chemistry of
Cr2(OR)4 (1), we treated complex 1 with 2 equiv of mesityl
azide (N3Mes), adamantyl azide (N3Ad), or 2,6-diethylphenyl
azide (N3DEP) (Scheme 2). This reaction, followed by
recrystallization, affords the deep red Cr mono(imido)
complexes Cr(OR)2(NMes) (2, 81%), Cr(OR)2(NAd) (3,
64%), and Cr(OR)2(NDEP) (4, 23%). Treatment of 1 with
excess azide N3R

1 (R1 = Mes, Ad) does not form the
corresponding bis(imido) complexes. We also note that the
treatment of 1 with bulkier azides (2,6-diisopropylphenyl azide
and 2,4,6-triphenylphenyl azide) failed to form the correspond-
ing imido complexes. All Cr mono(imido) compounds were

found to be extremely air sensitive. Complexes 2 and 3 were
characterized by X-ray crystallography, IR spectroscopy, UV−
vis spectroscopy, solution magnetic moment measurements,
and elemental analysis. Compound 4 was isolated in low yield,
due to its high solubility in pentane, and therefore was
characterized only by X-ray diffraction and IR spectroscopy. X-
ray-quality crystals of the imido complexes 2−4 were obtained
from pentane (2 and 4) and hexane (3) at −35 °C. The
structures (Figure 3) display trigonal-planar Cr centers (sums
of angles around Cr are 359.9° (2), 360.0° (3), and 359.6° (4))
with relatively short Cr−imido distances of 1.651(2) Å (2),
1.632(1) Å (3), and 1.656(2) (4). We note that Wolczanski
and co-workers reported several related trigonal Cr imido
species bearing a silox ligand, Cr(OSitBu3)2(NR). The structure
of Cr(OSitBu3)2(N-2,6-diphenylphenyl) similarly demonstrated
trigonal geometry at the Cr center and a short Cr−N bond
distance of 1.649(2) Å.32 Solution magnetic moments of
compounds 2 and 3, obtained using the Evans method,34 were
found to be μobs = 2.5 ± 0.3 μB and μobs = 3.3 ± 0.4 μB,
respectively, in comparison with 2.7−2.8 μB values observed for
Cr(OSitBu3)2(NR).

32 These values are indicative of triplet
ground states, which are consistent with DFT calculations (see
below).
The bis(alkoxide) monoimido species 2 and 3 were

optimized as a singlet, triplet, and quintet at the B3LYP/6-
31G(d) level of theory. No simplifications were made to the
bulky alkoxide ligands. For 2, the triplet was calculated to be
lowest in free energy, followed by the singlet (+11.42 kcal/mol)
and then the quintet (+20.74 kcal/mol). A similar pattern was
observed for 3 with triplet < singlet (+13.31 kcal/mol) <
quintet (+33.97 kcal/mol). This finding is consistent with the
experimental and calculated spin states in the related CrNR′
species supported by siloxide ligands.32 On the basis of the
large thermodynamic preference for the triplet state that
matches the experimental magnetic data, we focused on the
triplet for the structural and electronic analysis. A trigonal-
planar arrangement about Cr was observed in the optimized
structures of 2 and 3 (Figure 4). Excellent agreement with the
X-ray data is observed for the Cr−N bond lengths in 2 (1.655
vs 1.651 Å) and 3 (1.635 vs 1.632 Å). It is worth noting that
one of the alkoxide arms is oriented with the phenyl group anti
to the imido group in 2, in contrast to the crystallographic
orientation, where one of the tBu groups is anti to the imido
group in both alkoxide arms.
The electronic structure of 2 was investigated by calculating

the corresponding orbitals35 that are shown in Figure 5. A
similar analysis for 3 may be found in the Supporting
Information. There are two singly occupied molecular orbitals

Figure 2. Molecular structure of Cr2(OC
tBu2Ph)4 (1).

Table 1. Selected Structural Data for the Compounds
Reported in This Paper

complex Cr−ORterminal (Å) Cr−NR′ (Å) RO−Cr−OR (deg)

1 1.833(2)/1.835(2)
2 1.766(2)/1.777(2) 1.651(2) 114.41(8)
3 1.780(1)/1.783(1) 1.632(1) 117.57(5)
4 1.760(1)/1.789(1) 1.656(2) 116.38(7)
5 1.776(4)/1.795(4) 1.641(5)/1.664(5) 111.41(18)
6 1.770(5)/1.780(5)a 1.648(7)/1.667(7) 113.4(3)
7 1.945(4)/1.944(4) 173.17(16)

aOf the two independent molecules present in the asymmetric unit,
data for only one are presented. The second molecule features similar
structural data.

Figure 3. Molecular structures of compounds 2 (left), 3 (middle), and 4 (right).
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based on the Cr ion and two doubly occupied π orbitals
between the imido fragment and Cr that are mainly based on
NR′. On the basis of this orbital occupation pattern, 2 and 3 are
best characterized as having a Cr(IV) ion that is triply bonded
to the NR′ fragment.36
Synthesis of Cr(VI) Bis(imido) Complexes. Azides

featuring relatively bulky R groups (R = adamantyl, mesityl,
2,6-diethylphenyl) led selectively to the formation of mono-
(imido) complexes. We have also investigated the reactivity of
the Cr(II) precursor with selected aryl azides featuring less

bulky Ar groups (Ar = 4-methoxyphenyl, 4-trifluorophenyl).
The reaction of compound 1 with 2 equiv of 4-methoxyphenyl
azide or 4-trifluorophenyl azide results in the formation of deep
red-brown Cr(VI) diimido complexes Cr(OR)2(NAr)2 that are
isolated as brown crystals in 46% and 30% yields, respectively.
The reaction of 1 with 1 equiv of 4-methoxyphenyl azide also
leads to the formation of Cr(VI) bis(imido) species, as
demonstrated by 1H NMR and IR spectroscopy. We were
not able to isolate or observe mono(imido) species from these
reactions. For [Cr(OSitBu3)2], it was also reported that bulky
azides form mono(imido) species while nonbulky azides form
bis(imido) complexes at room temperature.32

Cr(VI) bis(imido) complexes 5 and 6 are diamagnetic
species that were characterized by 1H and 13C NMR (and 19F
for 6) spectroscopy, IR spectroscopy, X-ray crystallography,
and elemental analysis. NMR spectroscopy is consistent with an
effective C2v symmetry in solution, displaying a single type of
tBu group and a phenyl group for both [OR] ligands. X-ray
crystallography (Figure 6) demonstrates pseudotetrahedral
complexes featuring RO−Cr−OR angles of 111.4(2)° (5)
and 113.4(3)° (6) and ArN−Cr−NAr angles of 104.9(3)° (5)
and 106.6(4)° (6). Cr−imido bond distances are 1.641(5)/
1.664(5) Å for 5 and 1.648(7)/1.667(7) Å for 6.

Reactions of Cr Imido Complexes with Isocyanides.
The focus of the current work is on the investigation of the
reactivity of Cr imido species with isocyanides. To test the
stoichiometric reactivity of the Cr mono(imido) complexes,
complexes 2 and 3 were treated with 1 equiv of 2,6-
dimethylphenyl isocyanide (2,6-Me2PhNC) in C6D6 in the
presence of an internal standard. Monitoring of the reaction by
1H NMR spectroscopy (see Figure 7) revealed the disappear-
ance of the isocyanide peaks and the appearance of new peaks
that were attributed to formation of the respective
carbodiimides N-(2,6-dimethylphenyl)-N-mesitylmethanedii-
mine19 and N -adamantyl -N -(2 ,6-dimethylphenyl)-
methanediimine (eq 1). The observed NMR yields of the
carbodiimides were 100% and 68%, respectively. The formation
of carbodiimides was also confirmed by mass spectrometry.

+ ‐

→ ‐ + 

Cr(OR) (NR ) 2,6 Me PhNC

(2,6 Me Ph)N C NR [Cr]
2

1
2

2
1

(1)

To gain insight into this reaction, we calculated the binding
of 2,6-dimethylphenyl isocyanide to the triplet Cr(IV) imido
intermediates. We denote these isocyanide-bound intermedi-
ates as 2−CNR″ and 3−CNR″ for mesityl and adamantyl,

Figure 4. Optimized structures of triplet 2 (left) and 3 (right).
Important bond lengths are given in Å. Note that parts of the alkoxide
ligands are excluded from the image for clarity.

Figure 5. Corresponding orbitals for triplet 2. Orbital isosurfaces are
plotted at an isodensity value of 0.05 au.

Figure 6. Molecular structures of compounds 5 (left) and 6 (right).
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respectively. Formation of 2−CNR″ and 3−CNR″ is slightly
uphill by 11.7 and 5.3 kcal/mol. Isocyanide binding disrupts π
bonding to the imido group (see Figure 8, left), as evidenced by
elongation of the Cr−N bond from 1.655 to 1.672 Å for 2−
CNR″ and from 1.635 to 1.653 Å for 3−CNR″. Concurrently,
the Cr−N−R′ angle decreases from 177.1 to 168.5° in 2−
CNR″ and from 178.6 to 160.9° in 3−CNR″. Next, we
attempted to find a transition state for nucleophilic attack by
this coordinated isocyanide on the imido group. Attempts with
mesityl have been unsuccessful thus far, but the optimized
transition state for adamantyl is shown in Figure 8 (right).
This transition state is calculated to be uphill in free energy

by 23.3 kcal/mol relative to free isocyanide and 3, which should
be accessible under the experimental conditions. Elongation of
the Cr−N and shortening of the Cr−C bond lengths to 1.721

and 1.924 Å is observed. The new C−N bond is still relatively
long at 1.899 Å; however, visualization of the normal mode
corresponding to the imaginary frequency shows significant
motion along the C−N bond. The triple-bond character of
isocyanide is slightly reduced, with elongation from 1.172 Å in
3−CNR″ to 1.197 Å in this transition state. An intrinsic
reaction coordinate37 calculation demonstrated that this
transition state connects 3−CNR″ to a species with
carbodiimide bound to Cr(OR)2. Optimization of the
carbodiimide adducts for both mesityl and adamantyl (see
the Supporting Information for structural details) resulted in
structures that are uphill relative to free isocyanide and 2/3 by
9.2 and 0.6 kcal/mol, respectively. The endergonic reaction
energy for 2 may indicate why we have been unable to identify
the transition state for carbodiimide formation with this species.
Alternative pathways involving multiple isocyanides bound to
Cr (vide inf ra) and the possible role of the quintet surface in
this mechanism are currently being explored.
Using 1 equiv of isocyanide, we were able to observe the

formation of carbodiimide; however, we were not able to isolate
the Cr-containing product. Thus, we decided to treat Cr
mono(imido) species with excess isocyanide. The reaction of
complex 2 with 5 equiv of 2,6-methylphenyl isocyanide resulted
in complete conversion to the respective carbodiimide, as
indicated by 1H NMR spectroscopy (eq 2). Solvent removal
and crystallization at −35 °C from hexanes produced deep
brown crystals of CrII(OR)2(CNR

2)4 (7; 56%). Chromium-
ligated isocyanides can be further converted to carbodiimides:
the reaction of complex 7 with 5 equiv of MesN3 produced the
corresponding carbodiimide in 96% yield (based on iso-
cyanide), as indicated by 1H NMR spectroscopy (eq 3). We
were not able to isolate a chromium-containing product from
this reaction.

+

→

+

 

Cr(OR) (NMes) 5ArNC

MesN C NAr (100%)

Cr(OR) (CNAr) (56%)

2

2 4 (2)

+

→ + 

Cr(OR) (CNAr) 5MesN

MesN C NAr (96%) [Cr]
2 4 3

(3)

Compound 7 was characterized by X-ray crystallography, IR
spectroscopy, and solution magnetic moment measurements.
The X-ray structure of compound 7 (Figure 9) reveals a
pseudooctahedral Cr(II) complex containing two alkoxide
ligands and four isocyanides. This compound is a rare example

Figure 7. (A) C6D6 spectrum of isocyanide 2,6-Me2NC (δ 6.71, 6.57,
and 2.05 ppm) in the presence of an internal standard (trimethox-
ybenzene, δ 6.25 and 3.30 ppm) in the 1−8 ppm region. (B) Spectrum
of the mixture from (A) with complex 2, demonstrating the formation
of (2,6-Me2Ph)NCNMes (δ 6.85, 6.65, 2.30, 2.28, and 2.07
ppm).

Figure 8. Optimized structure of 3−CNR″ (left) and the transition state for carbodiimide formation for 3 (right). Important bond lengths are
labeled in Å and bond angles in deg. Note that parts of the alkoxide ligands and isocyanide/imido substituents are excluded from the image for
clarity.
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of a Cr complex combining isocyanide and alkoxide ligands.38

Wo l c z a n s k i a nd c o -wo r k e r s s y n t h e s i z e d [C r -
(OSitBu3)2(CN

tBu)2]. On the basis of the two CN absorptions
(major peak at 2192 cm−1, minor peak at 2099 cm−1), the
compound was proposed to exist as a mixture of cis and trans
(major) isomers.32 In 7, the bulky alkoxides occupy mutually
trans (axial) positions, whereas isocyanides form an equatorial
plane. The IR spectrum of 7 reveals the CN group absorption
at 2063 cm−1 (singlet), versus 2116 cm−1 in free 2,6-
dimethylphenyl isocyanide.39,40 Other Cr(II) isocyanide
complexes generally demonstrate lower CN stretching
frequencies,41 thus indicating relatively electron-deficient
isocyanides in the bis(alkoxide) complex 7 or in [Cr-
(OSitBu3)2(CN

tBu)2].
Reactions of Cr(VI) Bis(imido) Complexes with

Isocyanides. We have also investigated the reactivity of
Cr(VI) bis(imido) complexes 5 and 6 with 2,6-methylphenyl
isocyanide. The experiments were conducted in a manner
similar to the experiments involving [NR] transfer from Cr(IV)
mono(imido) complexes: C6D6 solutions of the relevant
Cr(VI) complex were treated with C6D6 solutions containing
6 equiv of 2,6-methylphenyl isocyanide and the internal
standard trimethoxybenzene. In both cases, no reaction was
observed (eq 4). Figure 10 demonstrates the 1H NMR
spectrum of complex 6 in the range 1−9 ppm (A), the
spectrum of the isocyanide in the presence of the internal
standard in the same range (B), and the 1H NMR spectrum
resulting upon mixing a solution of the isocyanide/standard
from A with the solution of the complex from B (C). Spectrum
C clearly demonstrates that no change takes place. We
therefore conclude that the formation of Cr(VI) bis(imido)
complexes encumbers the imido group transfer to isocyanides.
It is possible that, due to the steric hindrance, Cr(VI)
bis(imido) cannot bind an additional ligand (isocyanide),
thus preventing formation of carbodiimide. We note that
Wilkinson, Hursthouse, and co-workers reported imido group
transfer to an isocyanide at the Cr(VI) bis(imido) complex
Cr(NtBu)2(Mes)2 at room temperature to form an isolable
metal-bound carbodiimide.42 We have also investigated the
possibility of carbodiimide formation by treating complex 7
with the nonbulky azides N3R

1 (R1 = 4-methoxyphenyl, 4-
trifluorophenyl). Monitoring the reaction by 1H NMR
spectroscopy indicated no formation of the respective
carbodiimides (see the Supporting Information).

‐ + →Cr(OR) (N(4 CF Ph)) ArNC no reaction2 3 2 (4)

Catalytic Formation of Carbodiimides. Having estab-
lished the stoichiometric reactivity modes of bis(alkoxide) Cr
imido complexes with 2,6-dimethylphenyl isocyanide, we
turned to investigate the catalytic reactivity of the Cr(II)
precursor with various mixtures of aryl/alkyl azides and
isocyanides. The experiments were conducted by treating 2.5
mol % of complex 1 with R2NC (R2 = 2,6-Me2Ph, 4-OMePh,
Ad, 2-Cl-6-MePh) and various organoazides at room temper-
ature for 24 h in C6D6. In selected cases (Table 2, entries 4, 8,
and 9), the mixture was heated to 60 °C. The results of the
catalytic experiments are given in Table 2. The combination of
organoazides R1N3 (entries 1−3 and 5−7) featuring relatively
bulky aryl substituents (R1 = Mes, 2,6-Et2Ph, 2-

iPrPh) with aryl
isocyanides R2NC (R2 = 2,6-Me2Ph, 4-OMePh, 2-Cl-6-MePh)
successfully forms carbodiimides in high yields. In contrast,
combination of an adamantyl group at either the azide or
isocyanide with a mesityl/2,6-dimethylphenyl counterpart
produced only low yields of the resulting carbodiimide product
(see entries 4 and 8) at room temperature. The yield can be
somewhat increased for R1 = Mes and R2 = Ad by heating to 60
°C for several hours; further heating leads to the decomposition
of starting materials. As expected from the stoichiometric
experiments (see above), no carbodiimides form for aryl azides
with aryl groups lacking ortho substituents (R1 = 4-CF3Ph, 4-
OMePh; entries 10 and 11). Similarly, no carbodiimides form
for the very bulky aryl azides 2,6-diisopropylphenyl azide and
2,4,6-triphenylphenyl azide (for an example of 2,6-diisopropyl-
phenyl azide, see entry 12), for which no Cr(IV) imido
formation was observed.
The carbodiimides N-(2,6-dimethylphenyl)-N′-mesitylme-

thanediimine (entry 1), N-(2,6-diethylphenyl)-N′-(2,6-

Figure 9. Molecular structure of complex 7.

Figure 10. (A) 1H NMR spectrum of complex 6 in the 1−9 ppm
range. (B) Spectrum of 2,6-dimethylphenyl isocyanide in the presence
of an internal standard (TMB). (C) Spectrum of the mixture of the
isocyanide and complex 6, demonstrating the lack of formation of the
corresponding carbodiimide.
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dimethylphenyl)methanediimine (entry 2), N-(2,6-dimethyl-
phenyl)-N-(2-isopropylphenyl)methanediimine (entry 3), N-
mesityl-N-(4-methoxyphenyl)methanediimine (entry 5), and
N-mesityl-N-(2-chloro-6-methylphenyl)methanediimine (entry
7) were isolated in moderate yields and characterized by 1H
and 13C NMR spectroscopy, IR spectroscopy, mass spectrom-
etry, and elemental analysis (see the Supporting Information
for details). We also obtained catalytic formation of N-(2,6-
diethylphenyl)-N-(4-methoxyphenyl)methanediimine (entry 6)
in good yield; however, we were not able to obtain this
carbodiimide in pure form due to a persistent unknown
impurity. The product was detected by ESI-MS. Whereas
catalytic formation and isolation of N-(2,6-dimethylphenyl)-N′-
mesitylmethanediimine was previously reported by Warren and

co-workers,19c other carbodiimides are new compounds that
have not been reported before. All newly synthesized
carbodiimides appear to be mildly air sensitive. Their NMR
spectra are unremarkable and are given in the Supporting
Information. All carbodiimides give rise to a molecular ion in
ESI-MS (see the Experimental Section). The most notable IR
feature of carbodiimides involves strong signals around 2140
cm−1 (see the Supporting Information for details) attributed to
the NCN stretch.43

■ SUMMARY AND CONCLUSIONS

We have demonstrated that bulky aryl and alkyl azides form
selectively Cr(IV) imido complexes supported by two bulky

Table 2. Catalytic Formation of Asymmetric Carbodiimides from the Corresponding Azides and Isocyanidesf

aHeated to 60 °C for 15 h. bThe reaction at room temperature produced only a small amount of the product; we were not able to quantify the
amount of carbodiimide formed due to its small amount, and peaks overlap with those of the starting materials. cHeated to 60 °C for 8 h. dHeated to
60 °C for 14 h. eWe were not able to obtain his carbodiimide in pure form due to the presence of a small unknown impurity. fAll of the experiments
were conducted at room temperature for 24 h unless otherwise indicated.
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alkoxides, whereas nonbulky aryl azides lead to the formation of
Cr(VI) bis(imido) complexes. Trigonal-planar Cr(IV) imido
bis(alkoxide) complexes are capable of nitrene transfer to
isocyanides to form carbodiimides, whereas Cr(VI) bis(imido)
complexes are inert to this transformation. DFT calculations
indicate a possible mechanism for carbodiimide formation;
however, the calculated product with carbodiimide coordinated
to Cr(OR)2 was unable to be isolated experimentally. The
reaction is catalytic for selected azides and aryl isocyanides, with
two major limitations: (1) relatively small azides do not form
carbodiimide product due to the formation of unreactive
Cr(VI) bis(imido) complexes and (2) excessively bulky azides
do not form any carbodiimide product, as they are incapable of
imido formation. Our future endeavors in this project will focus
on bulkier alkoxide ligands which may restrict even small azides
to the formation of mono(imido) complexes, thus increasing
the scope of possible substrates for carbodiimide formation.

■ EXPERIMENTAL SECTION
General Methods and Procedures. All reactions involving air-

sensitive materials were executed in a nitrogen-filled glovebox. LiOR,28

mesityl azide,19c 2-isopropylphenyl azide,44a 2,6-diisopropylphenyl
azide,44b 2,6-diethylphenyl azide,44c and Cr[N(SiMe3)2]2(THF)2

30

were synthesized according to previously reported procedures.
Chromium(II) chloride was purchased from Strem. Lithium bis-
(trimethylsilyl)amide, adamantyl azide, 4-(trifluoromethyl)phenyl
azide solution, 4-azidoanisole solution, 2,6-dimethylphenyl isocyanide,
4-methoxyphenyl isocyanide, 1-adamantyl isocyanide, and 2-chloro-6-
methylphenyl isocyanide were purchased from Aldrich and used as
received. All solvents were purchased from Fisher Scientific and were
of HPLC grade. The solvents were purified using an MBraun solvent
purification system and stored over 3 Å molecular sieves. Compounds
1−7 were characterized by 1H and 13C NMR, IR, and mass
spectroscopy, solution state magnetic susceptibility, X-ray crystallog-
raphy, and elemental analysis. Isolated carbodiimides were charac-
terized by 1H and 13C NMR, IR, and mass spectrometry and elemental
analysis. NMR spectra were recorded at the Lumigen Instrument
Center (Wayne State University) on a Varian Mercury 400 MHz
NMR spectrometer in C6D6 at room temperature. Chemical shifts and
coupling constants (J) are reported in parts per million (δ) and hertz,
respectively. IR spectra of powdered samples were recorded on a
Shimadzu IR Affinity-1 FT-IR spectrometer outfitted with a
MIRacle10 attenuated total reflectance accessory with a monolithic
diamond crystal stage and pressure clamp. Solution state effective
magnetic moments were determined using the Evans method. Low-
resolution mass spectra were obtained at the Lumigen Instrument
Center utilizing a Waters Micromass ZQ mass spectrometer (direct
injection, with capillary at 3.573 kV and cone voltage of 20.000 V).
Only selected peaks in the mass spectra and in the IR spectra are
reported below. Analyses were performed by Midwest Microlab LLC
and Galbraith Laboratories, Inc.
Synthesis and Characterization of Chromium Complexes.

[Cr2(OR)4] (1). A solution of 5 mL of HOR31 (57.6 mg, 0.261 mmol) in
THF was added at once to Cr[N(SiMe3)2]2(THF)2 (67.5 mg, 0.131
mmol) in THF. The solution gradually turned from light violet to
green. The reaction mixture was stirred for 6 h, upon which the solvent
was removed, and crystallization from hexanes at −35 °C overnight
produced green crystals of Cr2(OR)4 (38.2 mg, 60% yield). IR (cm−1):
2996 (m), 2916 (m), 2349 (m), 1059 (m), 949 (s), 745 (s), 706 (s).
Anal. Calcd for C60H92Cr2O4: C, 73.4; H, 9.5. Found: C, 72.8; H, 9.2.
μeff = 2.5 ± 0.3 μB (calcd 2.8 μB).
Cr(OR)2(NMes) (2). A solution of 74 μL of MesN3 in ether (0.764

M) was added to a solution of complex 1 (28.1 mg, 0.0286 mmol) in
toluene in one portion. The solution immediately changed color from
green to deep red. The reaction mixture was stirred for 4 h, upon
which the solvent was removed. Crystallization from pentane at −35
°C gave crystals of deep red Cr(OR)2(NMes) (29.1, 81% yield). IR
(cm−1): 2943 (m), 2877 (w), 2122 (m), 1601 (m), 1479 (m), 1389

(m), 1202 (s), 1094 (s), 1053 (m), 1012 (m), 893 (w), 851 (m), 777
(s), 702 (s), 762 (s). μeff = 2.5 ± 0.3 μB (calcd 2.8 μB). Anal. Calcd for
C39H57CrNO2: C, 75.1; H, 9.2. Found: C, 74.9; H, 9.4.

Cr(OR)2(NAd) (3). A solution of 5 mL of AdN3 (4.7 mg, 0.0265
mmol) in toluene was added to a solution of compound 1 (12.3 mg,
0.0125 mmol) in toluene in one portion. The solution immediately
changed color from green to deep red. The reaction mixture was
stirred for 4 h, upon which the solvent was removed. Crystallization
from hexanes at −35 °C overnight gave crystals of deep red
Cr(OR)2(NAd) (10.1 mg, 64% yield). IR (cm−1): 2900 (m), 2891
(m), 1487 (m), 1440 (m), 1387 (m), 1360 (m), 1206 (m), 1053 (s),
1009 (s), 901 (m), 771 (s), 704 (s). μeff = 3.3 ± 0.4 μB (calcd 2.8 μB).
Anal. Calcd for C40H61CrNO2: C, 75.1; H, 9.6, N, 2.2. Found: C, 75.2;
H, 9.8, N, 2.2.

Cr(OR)2(NDEP) (4). A solution of 5 mL of N3DEP (2.4 mg, 0.014
mmol) in toluene was added to a solution of compound 1 (28.0 mg,
0.029 mmol) in toluene in one portion. The solution immediately
changed color from green to deep red. The reaction mixture was
stirred for 4 h, upon which the solvent was removed. Crystallization
from pentane at −35 °C over 2 weeks gave crystals of deep red
Cr(OR)2(NDEP) (8.5 mg, 23% yield). The low isolated yield of
compound 4 is likely due to its high solubility. The crystallized
compound was characterized by X-ray crystallography and IR
spectroscopy; the low isolated yield of the compound and prolonged
crystallization times prevented us from further characterization of this
compound. IR (cm−1): 2967 (w), 2878 (w), 2832 (w), 1597 (w), 1474
(w), 1432 (w), 1204 (m), 1092 (w), 1067 (s), 744 (s), 706 (s).

Cr(OR)2(N(4-CH3OPh))2 (5). A solution of 4-azidoanisole (0.5 M in
tert-butyl methyl ether, 0.110 mL) was added to a 5 mL solution of
complex 1 (26.0 mg, 0.0265 mmol) in toluene. The solution color
changed immediately from green to deep brown. The reaction mixture
was stirred for 4 h, upon which the volatiles were removed.
Crystallization from hexanes at −35 °C overnight gave deep brown
crystals of Cr(OR)2(N(4-CH3OPh))2 (18.2 mg, 46%). IR (cm−1):
2963 (w), 1585 (s), 1485 (m), 1250 (s), 1157 (s), 991 (m), 829 (s).
1H NMR (C6D6): δ 8.66 (d, 3JHH = 7.6 Hz, 2H), 7.75 (d, 3JHH = 8.8
Hz, 2H), 7.39 (m, 2H), 7.17 (m, 8H), 6.37 (d, 3JHH = 8.8 Hz, 4H),
3.05 (s, 6H), 1.49 (s, 36H). 13C NMR (C6D6): δ 147.76, 130.17,
129.00, 127.11, 127.05, 125.88, 125.69, 113.61, 54.81, 44.59, 31.05
ppm. Anal. Calcd for complex 5: C, 72.1; H, 8.3, N, 3.8. Found: C,
72.3; H, 8.4; N, 3.7.

Cr(OR)2(N(4-CF3Ph))2 (6). To a solution of 5.0 mL of complex 1
(37.2 mg, 3.79 mmol) in toluene was added 4-(trifluoromethyl)phenyl
azide solution (0.5 M in tert-butyl methyl ether, 0.30 mL) dropwise.
Immediately gas evolution was observed, along with a change in
solution color to deep brown. The reaction mixture was stirred for 4 h,
upon which the solvents were removed in vacuo to yield a brown
residue. Crystallization from hexanes at −35 °C overnight gave deep
brown crystals of Cr(OR)2(N(4-CF3Ph))2 (15.6 mg, 30%). IR (cm−1):
2966 (w), 1597 (w), 1319 (s), 1165(m), 1103 (m), 975 (s), 833 (m).
1H NMR (C6D6): δ 8.38 (d, 3JHH = 9.2 Hz, 2H), 7.68 (d, 3JHH = 6.8
Hz, 2H), 7.01 (m, 4H), 7.22 (m, 2H), 6.93 (d, 3JHH = 8.0 Hz, 4H),
6.76 (d, 3JHH = 8.4 Hz, 4H), 1.38 (s, 36H) . 13C NMR (C6D6): δ
163.76, 146.44, 129.73, 129.00, 127.03, 126.40, 126.18, 126.00, 124.21,
100.70, 44.86, 30.91 ppm. Anal. Calcd for complex 6: C, 65.3; H, 6.7,
N, 3.5. Found: C, 65.4; H, 6.6; N, 3.4.

Reaction of Cr(OR)2(NMes) (2) with 1 Equiv of 2,6-Dimethyl
Isocyanide. To a solution of 5.0 mL of complex 2 (35.2 mg, 0.056
mmol) in C6D6 were added 1 equiv of 2,6-dimethylphenyl isocyanide
(7.3 mg, 0.056 mmol) and 1 equiv of 1,3,5-trimethoxybenzene (TMB,
9.3 mg, 0.055 mmol) in C6D6. The solution changed color from green
to deep brown and was stirred for 2 h, upon which a 1H NMR
spectrum was taken to show complete conversion to the
corresponding carbodiimide.

Reaction of Cr(OR)2(NMes) (2) with 5 Equiv of 2,6-
Dimethylphenyl Isocyanide: Observation of Carbodiimides
and Isolation of Compound 7. To a solution of 5.0 mL of complex
2 (19.8 mg, 0.032 mmol) in C6D6 were added 5 equiv of 2,6-
dimethylphenyl isocyanide (19.5 mg, 0.149 mmol) and 1 equiv of
TMB (5.6 mg, 0.0333 mmol) in C6D6. The solution changed color
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from green to deep brown and was stirred for 2 h, upon which a 1H
NMR spectrum was taken to show complete conversion to the
corresponding carbodiimide. Once the complete conversion was
established, the volatiles were removed in vacuo to yield a brown
residue. The residue was dissolved in hexanes and placed in the freezer
at −35 °C to produce deep orange crystals of complex 7 (16.9 mg,
56%).
Independent Synthesis of Cr(OR)2(CN(2,6-Me2Ph))4 (7) from

the Cr(II) Precursor Cr2(OR)4 (1). A solution of 5 mL of CN(2,6-
Me2Ph) (34.0 mg, 0.259 mmol) in toluene was added to a solution of
compound 1 (30.9 mg, 0.0315 mmol) in toluene in one portion. The
solution immediately changed color from green to deep brown. The
reaction mixture was stirred for 4 h, upon which the solvent was
removed. Crystallization from hexanes at −35 °C overnight produced
crystals of deep orange Cr(OR)2(CN(2,6-Me2Ph))4 (40.1 mg, 65%
yield). μeff = 2.3 ± 0.2 μB (calcd 2.8 μB). Anal. Calcd for complex 7: C,
78.1; H, 8.1, N, 5.5. Found: C, 77.2; H, 8.6; N, 5.4.
Reaction of Cr(OR)2(N(4-CH3OPh))2 (5) with 2,6-Dimethyl-

phenyl Isocyanide. To a solution of 5.0 mL of complex 5 (12.7 mg,
0.0173 mmol) in C6D6 were added 6 equiv of 2,6-dimethylphenyl
isocyanide (14.4 mg, 0.110 mmol) and 1 equiv of TMB (5.30 mg,
0.0315 mmol) in C6D6. The solution was stirred for 2 days, upon
which an 1H NMR spectrum was taken to show no formation of the
corresponding carbodiimide and no consumption of the starting
isocyanide and complex 5.
Reaction of Cr(OR)2(N(4-CF3Ph))2 (6) with 2,6-Dimethylphen-

yl Isocyanide. To a solution of 5.0 mL of complex 6 (26.6 mg, 0.033
mmol) in C6D6 were added 6 equiv of 2,6-dimethylphenyl isocyanide
(2.5 mg, 0.192 mmol) and 1 equiv of TMB (6.0 mg, 0.036 mmol) in
C6D6. The solution was stirred for 2 days, upon which a 1H NMR
spectrum was taken to show no formation of the corresponding
carbodiimide and no consumption of the starting isocyanide and
complex 6.
General Procedure for Catalytic Formation of Carbodii-

mides. NMR-Scale Reactions. All of the reactions were performed in
an N2-filled glovebox by the addition of 24 equiv of isocyanide, 20
equiv of organoazide, and TMB standard solution in C6D6 to a
solution of 2.5 mol % of complex 1 (approximately 15−30 mg) in
C6D6. The reaction mixture was stirred for 24 h and a 1H NMR
spectrum was taken to calculate the percent yield of the carbodiimide
produced.
Synthesis of the Isolated Carbodiimides. The isolated carbodii-

mides were synthesized according to the following procedure: all of
the reactions were performed in an N2-filled glovebox by the addition
of 20 equiv of isocyanide and 20 equiv of organoazide in THF to a
solution of 2.5 mol % of complex 1 (approximately 15−30 mg) in
THF. The reaction mixture was stirred for 24 h, upon which volatiles
were removed in vacuo. The brown residue was purified on silica
under an inert atmosphere using hexanes. Carbodiimides were isolated
by collecting the light orange or pale yellow layer and subsequent
evaporation (oils) or recrystallization at −35 °C (solids). Full
characterization data for the isolated carbodiimides are found in the
Supporting Information.
Computational Details. Electronic structure calculations were

carried out using density functional theory as implemented in
Gaussian09.45 Geometry optimizations were initially performed at
the B3LYP46−49 level of theory using the 6-31G(d) basis set. No
symmetry constraints were imposed during geometry optimizations,
and optimized structures were confirmed to have stable wave
functions50,51 and to be local minima by analyzing the harmonic
frequencies.52,53 Thermodynamic quantities assumed standard approx-
imations54 and a temperature of 298.15 K to estimate the free energy
of each species. Cartesian coordinates, frequencies, and thermody-
namics for all species may be found in the Supporting Information.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.5b00703.

Crystallographic data (CIF)
Cartesian coordinates for the calculated structures (XYZ)
Characterization data for carbodiimides, NMR, IR, UV−
vis, and mass spectra, Evans data, X-ray crystallographic
details, and DFT calculation details (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail for S.G.: groysman@chem.wayne.edu.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Acknowledgment is made to the donors of the American
Chemical Society Petroleum Research Fund for support of this
research (under Grant No. 54178-DNI3). M.Y. thanks the
WSU Graduate School for the Rumble Fellowship. R.L.L. and
D.J.T. acknowledge financial support from the Research
Corporation through a Cottrell College Science Award to
R.L.L. Computational resources were provided by NSF-MRI
award No. CHE-1039925 through the Midwest Undergraduate
Computational Chemistry Consortium.

■ REFERENCES
(1) Williams, A.; Ibrahim, I. T. Chem. Rev. 1981, 81, 589−636.
(2) Ulrich, H. Chemistry and Technology of Carbodiimides 2008, 9−
41; 2008, 243−274.
(3) Peng, L.; Jie-Cheng, X. Chin. J. Chem. 2000, 18, 456−466.
(4) Albericio, F.; Kates, S. A. In Solid-Phase Synthesis: A Practical
Guide; Marcel Dekker: New York, 2000; pp 275−330.
(5) Albeiicio, F.; Chinchilla, R.; Dodsworth, D. J.; Najera, C. Org.
Prep. Proced. Int. 2001, 33, 203−303.
(6) Bauminger, S.; Wilchek, M. Methods Enzymol. 1980, 70, 151−
159.
(7) Louie, J. Curr. Org. Chem. 2005, 9, 605−623.
(8) For selected references, see: (a) Lazar, M.; Angelici, R. J. J. Am.
Chem. Soc. 2006, 128, 10613−10620. (b) Angelici, R. J. J. Organomet.
Chem. 2008, 693, 847−856. (c) Ito, Y.; Hirao, T.; Saegusa, T. J. Org.
Chem. 1975, 40, 2981−2982.
(9) (a) Applied Homogeneous Catalysis with Organometallic Com-
pounds, 2nd ed.; Koch, D., Naberfeld, G., Six, C., Eds.; Wiley-VCH:
Weinheim, Germany, 2002; Vol. 3. (b) Birdwhistell, K. R.; Boucher,
T.; Ensminger, M.; Harris, S.; Johnson, M.; Toporek, S. Organo-
metallics 1993, 12, 1023−1025.
(10) Palacios, F.; Alonso, C.; Aparicio, D.; Rubiales, G.; De Los
Santos, J. M. Tetrahedron 2007, 63, 523−575.
(11) Babcock, J. R.; Sita, L. R. J. Am. Chem. Soc. 1998, 120, 5585−
5586.
(12) Saegusa, T.; Ito, Y.; Shimizu, T. J. Org. Chem. 1970, 35, 3995−
3996.
(13) (a) Glueck, D. S.; Hollander, F. J.; Bergman, R. G. J. Am. Chem.
Soc. 1989, 111, 2719−2721. (b) Glueck, D. S.; Wu, J.; Hollander, F. J.;
Bergman, R. G. J. Am. Chem. Soc. 1991, 113, 2041−2054.
(14) Hessell, E. T.; Jones, W. D. Organometallics 1992, 11, 1496−
1505.
(15) (a) Hörlin, G.; Mahr, N.; Werner, H. Organometallics 1993, 12,
1775−1779. (b) Werner, H.; Hörlin, G.; Mahr, N. J. Organomet. Chem.
1998, 551, 367−373.
(16) Scepaniak, J. J.; Bontchev, R. P.; Johnson, D. L.; Smith, J. M.
Angew. Chem., Int. Ed. 2011, 50, 6630−6633.

Organometallics Article

DOI: 10.1021/acs.organomet.5b00703
Organometallics XXXX, XXX, XXX−XXX

I

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00703/suppl_file/om5b00703_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00703/suppl_file/om5b00703_si_003.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.5b00703
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.5b00703
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00703/suppl_file/om5b00703_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00703/suppl_file/om5b00703_si_002.xyz
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00703/suppl_file/om5b00703_si_003.pdf
mailto:groysman@chem.wayne.edu
http://dx.doi.org/10.1021/acs.organomet.5b00703


(17) (a) Kim, Y.-J.; Kwak, Y.-S.; Joo, Y.-S.; Lee, S.-W. J. Chem. Soc.,
Dalton Trans. 2002, 144−151. (b) Kim, Y.-J.; Joo, Y.-S.; Han, J.-T.;
Han, W. S.; Lee, S. W. J. Chem. Soc., Dalton Trans. 2002, 3611−3618.
(18) (a) Mindiola, D. J.; Hillhouse, G. L. J. Am. Chem. Soc. 2001, 123,
4623−4624. (b) Mindiola, D. J.; Hillhouse, G. L. Chem. Commun.
2002, 17, 1840−1841. (c) Laskowski, C. A.; Hillhouse, G. L.
Organometallics 2009, 28, 6114−6120.
(19) (a) Kogut, E.; Wiencko, H. L.; Zhang, L.; Cordeau, D. E.;
Warren, T. H. J. Am. Chem. Soc. 2005, 127, 11248−11249. (b) Badiei,
Y. M.; Krishnaswamy, A.; Melzer, M. M.; Warren, T. H. J. Am. Chem.
Soc. 2006, 128, 15056−15057. (c) Wiese, S.; Aguila, M. J. B.; Kogut,
E.; Warren, T. H. Organometallics 2013, 32, 2300−2308.
(20) (a) Cowley, R. E.; Ecket, N. A.; Elhaik, E.; Holland, P. L. Chem.
Commun. 2009, 1760−1762. (b) Cowley, R. E.; Golder, M. R.; Eckert,
N. A.; Al-Afyouni, M. H.; Holland, P. L. Organometallics 2013, 32,
5289−5298.
(21) Mankad, N. P.; Müller, P.; Peters, J. C. J. Am. Chem. Soc. 2010,
132, 4083−4085.
(22) For selected examples, see: (a) Thorman, J. L.; Guzei, I. A.;
Young, V. G., Jr.; Woo, L. K. Inorg. Chem. 1999, 38, 3814−3824.
(b) Zhizhko, P. A.; Zhizhin, A. A.; Belyakova, O. A.; Zubavichus, Y. V.;
Kolyagin, Y. G.; Zarubin, D. N.; Ustynyuk, N. A. Organometallics 2013,
32, 3611−3617. (c) Nomura, K.; Schrock, R. R.; Davis, W. M. Inorg.
Chem. 1996, 35, 3695−3701.
(23) Hazari, N.; Mountford, P. Acc. Chem. Res. 2005, 38, 839−849.
(24) Guiducci, A. E.; Boyd, C. L.; Mountford, P. Organometallics
2006, 25, 1167−1187.
(25) Royo, P.; Sanchez-Nieves, J. J. Organomet. Chem. 2000, 597,
61−68.
(26) Tran, B. L.; Pink, M.; Gao, X.; Park, H.; Mindiola, D. J. J. Am.
Chem. Soc. 2010, 132, 1458−1459.
(27) Nguyen, A. I.; Zarkesh, R. A.; Lacy, D. C.; Thorson, M. K.;
Heyduk, A. F. Chem. Sci. 2011, 2, 166−169.
(28) (a) Bellow, J. A.; Fang, D.; Kovacevic, N.; Martin, P. D.; Shearer,
J.; Cisneros, G. A.; Groysman, S. Chem. - Eur. J. 2013, 19, 12225−
12228. (b) Bellow, J. A.; Yousif, M.; Fang, D.; Kratz, E. G.; Cisneros,
G. A.; Groysman, S. Inorg. Chem. 2015, 54, 5624−5633.
(29) (a) Bellow, J. A.; Martin, P. D.; Lord, R. L.; Groysman, S. Inorg.
Chem. 2013, 52, 12335−12337. (b) Bellow, J. A.; Yousif, M.; Cabelof,
A. C.; Lord, R. L.; Groysman, S. Organometallics 2015, 34, 2917−2923.
(30) Bradley, D. C.; Hursthouse, M. B.; Newing, C. W.; Welch, A. J.
J. Chem. Soc., Chem. Commun. 1972, 567−568.
(31) Christensen, S. H.; Holm, T.; Madsen, R. Tetrahedron 2014, 70,
1478−1483.
(32) Sydora, O. L.; Kuiper, D. S.; Wolczanski, P. T.; Lobkovsky, E.
B.; Dinescu, A.; Cundari, T. R. Inorg. Chem. 2006, 45, 2008−2021.
(33) Murray, B. D.; Hope, H.; Power, P. P. J. Am. Chem. Soc. 1985,
107, 169−173.
(34) Evans, D. F. J. Chem. Soc. 1959, 2003−2005.
(35) Neese, F. J. Phys. Chem. Solids 2004, 65, 781−785.
(36) For a recent discussion on the electronic structure and the
corresponding reactivity of metal imido complexes, see: Hennessy, E.
T.; Liu, R. Y.; Iovan, D. A.; Duncan, R. A.; Betley, T. A. Chem. Sci.
2014, 5, 1526−1532.
(37) Fukui, K. Acc. Chem. Res. 1981, 14, 363−368.
(38) A CCDC search revealed ∼130 isocyanide complexes of Cr not
containing alkoxide ligands.
(39) (a) Allen, J. M.; Ellis, J. E. J. Organomet. Chem. 2008, 693,
1536−1542. (b) Stevens, C. J.; Nichol, G. S.; Arnold, P. L.; Love, J. B.
Organometallics 2013, 32, 6879−6882.
(40) Generally, νCN values of aryl isocyanides are only minimally
affected by the electronic nature of the aryl ring. For a discussion of
the comparative electronic properties of various aryl isocyanides, see:
Carpenter, A. E.; Mokhtarzadeh, C. C.; Ripatti, D. S.; Havrylyuk, I.;
Kamezawa, R.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S. Inorg.
Chem. 2015, 54, 2936−2944.
(41) For selected examples, see: (a) Schaper, F.; Wrobel, O.;
Schwörer, R.; Brintzinger, H.-H. Organometallics 2004, 23, 3552−
3555. (b) Shen, J.; Yap, G. P. A.; Theopold, K. H. J. Am. Chem. Soc.

2014, 136, 3382−3384. (c) Monillas, W. H.; Yap, G. P. A.; Theopold,
K. H. Inorg. Chim. Acta 2011, 369, 103−119.
(42) Sullivan, A. C.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B.
J. Chem. Soc., Dalton Trans. 1988, 53−60.
(43) (a) Zhu, C.; Xu, D.; Wei, Y. Synthesis 2011, 2011, 711−714.
(b) Rahman, A. K. F.; Nicholas, K. M. Tetrahedron Lett. 2007, 48,
6002−6004.
(44) (a) Xu, S.; Zhuang, X.; Pan, X.; Zhang, Z.; Duan, L.; Liu, Y.;
Zhang, L.; Ren, X.; Ding, K. J. Med. Chem. 2013, 56, 4631−4640.
(b) Huang, J.; Hong, J.; Hong, S. H. Eur. J. Org. Chem. 2012, 6630−
6635. (c) Barral, K.; Moorhouse, A. D.; Moses, J. E. Org. Lett. 2007, 9,
1809−1811.
(45) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
et al.. Gaussian 09, Revision D.01; Gaussian, Inc., Wallingford, CT,
2009.
(46) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200−
1211.
(47) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B: Condens. Matter
Mater. Phys. 1988, 37, 785−789.
(48) Becke, A. D. J. Chem. Phys. 1993, 98, 5648−5652.
(49) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J.
Phys. Chem. 1994, 98, 11623−11627.
(50) Schlegel, H. B.; McDouall, J. J. In Computational Advances in
Organic Chemistry; Oegretir, C., Csizmadia, I. G., Eds.; Kluwer
Academic: Amsterdam, The Netherlands, 1991.
(51) Bauernschmitt, R.; Ahlrichs, R. J. Chem. Phys. 1996, 104, 9047−
9052.
(52) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214−218.
(53) Schlegel, H. B. WIREs Comput. Mol. Sci. 2011, 1, 790−809.
(54) Cramer, C. J. Essentials of Computational Chemistry: Theories and
Models, 2nd ed.; Wiley: Hoboken, NJ, 2004.

Organometallics Article

DOI: 10.1021/acs.organomet.5b00703
Organometallics XXXX, XXX, XXX−XXX

J

http://dx.doi.org/10.1021/acs.organomet.5b00703

