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ABSTRACT: An experimental and DFT investigation of the mechanism of the
coupling of methylisocyanide and C−H activation mediated by the germylene
(germanediyl) Ge(ArMe6)2 (ArMe6 = C6H3-2,6(C6H2-2,4,6-Me3)2) showed that it
proceeded by initial MeNC adduct formation followed by an isomerization
involving the migratory insertion of the MeNC carbon into the Ge−C ligand bond.
Addition of excess MeNC led to sequential insertions of two further MeNC
molecules into the Ge−C bond. The insertion of the third MeNC leads to
methylisocyanide methyl group C−H activation to afford an azagermacyclopenta-
dienyl species. The X-ray crystal structures of the 1:1 (ArMe6)2GeCNMe adduct, the first and final insertion products

(ArMe6)GeC(NMe)ArMe6 and (ArMe6)GeC(NHMe)C(NMe)C(ArMe6)NMe were obtained. The DFT calculations on the reaction
pathways represent the first detailed mechanistic study of isocyanide oligomerization by a p-block element species.

■ INTRODUCTION

The metal-mediated coupling and polymerization of unsaturated
organic molecules are important industrial processes, and the
polymers obtained are of great practical importance.1−4 In
particular, the synthesis of heterocycles resulting from coupling
and cycloaddition reactions of isocyanides with other hetero-
element unsaturated species is a widely used technique.5

Groundbreaking work by Passerini6 and Ugi7−9 led to a dramatic
expansion of the study of cyanide and isocyanide coupling
chemistry, most notably their metal catalyzed oligomerization
and polymerization reactions.10−12 However, knowledge of their
mechanistic details remains limited. Some of the earliest coupling
reactions were shown to be mediated by Grignard reagents13 and
other main group metal halides,14,15 but most of the work on the
mechanism of catalytic coupling of isocyanides has involved
transition-metal complexes either of the group 10 noble metals
or various first row transition-metal complexes.16,17

Yamamoto and co-workers first recognized that cobalt and
nickel complexes displayed high catalytic activity toward
isocyanides.16 Nolte and Drenth examined the mechanism of
the coupling reactions and concluded that the Lewis-acidic
character of the metal center is essential to the propagation of
polymerization (Scheme 1).17 The expansion of the catalytic
work to themain group elements was first realized for the electro-
positive metals of groups 1 and 2.18−20 Isocyanide coordination
to alkali metal cations, followed by nucleophilic attack of alkyl or
amido groups, was reported by Walborsky and Lappert to form
lithioaldimine18 and β-diketiminate19,20 complexes respectively.
Subsequent coupling and migratory insertion reactions of iso-
cyanides into metal−ligand and metal−metal bonds of main

group complexes have been reported, but mechanistic
information on these reactions is scarce.21−26

Recently,we reported the synthesisof the adduct (ArMe
6)2GeCNBu

t,
which underwent isobutene elimination under mild conditions
to give the hydride/cyanide (ArMe

6)2Ge(H)CN.
27 We now

report the isolation and structural characterization of a series of
compounds arising from the insertion reactions of the simplest
isocyanide, MeNC, with the germylene Ge(ArMe6)2 (ArMe6 =
C6H3-2,6(C6H2-2,4,6-Me3)2)

28 and supply details of themechanism
of the subsequent transformation. We show that the simple adduct
(ArMe6)2GeCNMe (1) is formed in the first instance, whereupon the
coordinated methylisocyanide molecule in 1 then undergoes a
spontaneous migratory insertion into one of the Ge−C(Ar) bonds
to form the structural isomer (ArMe6)Ge(μ-CNMe)(ArMe6) (1′).
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Scheme 1. Transition-Metal Mediated Coupling of
Isocyanides
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If the germylene is treated with excess isocyanide, two additional
molecules of methylisocyanide are incorporated into 1′ to form

(ArMe6)GeC(NHMe)C(NCH2)C(Ar
Me6)NMe, (3″) (Scheme 2)

via a two-fold insertion intermediate. The isolation of intermediates
1, 1′, and the final product 3″ coupledwith a detailed computational
study of themechanismby density functional theory (DFT) provide
new insights on the migratory insertion and oligomerization
reactions of isocyanides with main group complexes.

■ EXPERIMENTAL SECTION
General Experimental Procedures. All manipulations were

carried out by using Schlenk techniques under an atmosphere of N2.
All solvents were distilled from NaK and degassed prior to use.
Ge(ArMe6)2 and Sn(ArMe6)2 were prepared according to literature
procedures.28 Methylisocyanide was prepared by literature methods and
stored as a 1 M solution in hexane.29 1H NMR spectra were obtained on
Varian Inova 400 and 600 MHz spectrometers and referenced to the
residual protons in the solvent. Melting points were measured in glass
capillaries sealed under N2 by using a Mel-Temp II apparatus and are
uncorrected. Infrared spectra were recorded using attenuated total
reflectance (ATR) on a Bruker Tensor-27 infrared spectrometer.
Variable temperature UV−vis data were recorded on a Cary 300 Scan
spectrometer attached to a Cary Temperature Controller.
(ArMe6)2GeCNMe (1). Method A: Methylisocyanide (1.5 mmol) was

added to a stirred slurry of Ge(ArMe6)2 (0.35 g, 0.5 mmol) in hexane
(15 mL) at room temperature. The solution was allowed to stir until all
the solids had dissolved and the purple color of the solution had faded to
a homogeneous yellow (∼15 min). The reaction mixture was stored
overnight at ∼7 °C to yield yellow crystals of 1 suitable for X-ray
diffraction studies. If allowed to stand at∼7 °C for more than 3 days, the
color of the solution changed to deep red to yield mixtures of 1 and 3″.
Method B: Methylisocyanide (2 mmol) was added to a stirred slurry of
Ge(ArMe6)2 (0.35 g, 0.5 mmol) in pentane (30 mL) at room temperature.
The color of the solution became yellow immediately. All volatilematerials
were immediately removed to afford 1 as a yellow powder in quantitative
yield. Method A yield: 60% (0.22 g). Mp: 186 °C (red oil). Due to high
fluxionality, 1H and 13C NMR spectra could not be obtained even with
cooling to−50 °C. λmax (ε): 297 nm. IR (ATR) ν(C−N): 2161 cm−1 (m).

(ArMe6)Ge(CNMe)(ArMe6) (1′). To a stirred slurry of Ge(ArMe6)2 (0.35 g,
0.5 mmol) in hexane (20 mL) methylisocyanide (0.75 mmol) was added
at room temperature. The purple color of the solution became yellow, and
the reaction mixture was allowed to stir at room temperature overnight,
whereupon the color of the solution changed to deep red. All of the
volatiles were removed under reduced pressure, and the reddish oil was
extracted with ∼20 mL pentane and filtered via a filter tip cannula. Free
Ge(ArMe6)2 and complex 1 were separated from the product by overnight
storage of the dilute pentane solution at ca. −18 °C. The mother liquor
was decanted from the solids and the volume of the solution was reduced
by half and stored at ca.−18 °C overnight to yield deep-red crystals of 1′.
Yield: 29% (0.11 g). Mp: 186 °C (red oil). 1H NMR (600 MHz, C6D6,
25 °C): δ 1.85 (3H, br, p-Me), 1.89 (3H, s, N-Me), 2.21 (6H, s, o-Me),
2.31 (6H, br, o-Me), 2.37 (3H, s, p-Me), 6.58 (1H, br,m-Mes), 6.77 (1H,
s,m-Mes), 6.82 (4H, d, JHH = 7.5 Hz,m-C6H3), 7.02 (1H, t, JHH = 7.5 Hz,
p-C6H3), 7.11 (1H, t, JHH = 7.5 Hz, p-C6H3).

13C NMR could not be

obtained due to the low solubility of 1′. λmax (ε): 377 nm. IR (ATR) ν(C−
N): 1710 cm−1 (m).

(ArMe6)GeC(NHMe)C(NMe)C(ArMe6)NMe (3″). To a stirred slurry of
Ge(ArMe6)2 (0.35 g, 0.5 mmol) in hexane (20 mL) methylisocyanide
(5 mmol) was added at room temperature. The purple color of the
solution became yellow, and the reaction mixture was allowed to stir at
room temperature for 2 days, whereupon the color of the solution
changed to deep red. All of the volatile components were removed under
reduced pressure, and the reddish oil was extracted with ∼20 mL
pentane and filtered via a filter tip cannula. Free Ge(ArMe6)2 was
separated from the product by overnight storage of the dilute pentane
solution at ca.−18 °C. The mother liquor was decanted from the solids,
and the volume of the solution was reduced by half. Storage at ca.−18 °C
overnight yielded deep red crystals of 3″. Yield: 23% (0.09 g). Mp: 158 °C
(dec). 1HNMR (400MHz, C6D6, 25 °C): δ 1.98 (3H, s, CNMe or ArMe6),
2.07 (3H, s, CNMe or ArMe6), 2.08 (6H, s, o-Me), 2.10, 2.11, 2.13, 2.21,
2.26, 2.34 (all s, 3H, CNMe or ArMe6), 4.56 (1H, q, N−H), 6.24 (1H, d,
JHH = 7.5 Hz,m-C6H3), 6.59 (2H, br,m-Mes) 6.76 (2H, br,m-Mes), 6.79
(2H, br, m-Mes), 6.88 (2H, d, JHH = 7.5 Hz, m-C6H3) 6.96 (1H, dd,
p-C6H3), 6.98 (2H, d, JHH = 7.5 Hz, m-C6H3), 7.02 (1H, dd, p-C6H3),
7.16 (2H, m, NCH2).

13C NMR spectrum could not be obtained due to
the low solubility of 3″. λmax (ε): 343 nm, 421 nm. IR (ATR) ν(CC)
639 cm−1 (br), ν(CN) 1729 cm−1 (br).

(ArMe6)2SnCNMe.Methylisocyanide (5mmol) was added via a syringe
to a stirred solution of Sn(ArMe6)2 (0. 37 g, 0.5 mmol) in∼20mL of a 1:1
pentane toluene mixture. The reaction mixture was allowed to stand at
ca. −78 °C for 2 weeks, after which time a yellow power precipitated
from the purple solution. The solid was maintained at ca. −78 °C via
cooling in a dry ice/acetone bath, while the mother liquor was decanted
off and an FTIR spectrum could quickly be obtained before complete
dissociation of MeNC and conversion of the yellow powder to a purple
solid, which was confirmed to be Sn(ArMe6)2 by

1H NMR spectroscopy;
decomp.: ca.−50 °C (free CNMe and Sn(ArMe6)2). IR (ATR): ν(C−N)
2197 cm−1.

X-ray Crystallographic Data Collection. Crystals of 1, 1′, and 3″
suitable for single crystal X-ray diffractometry were removed from a
Schlenk flask under a stream of N2 and immediately covered with a layer
of hydrocarbon oil. A single crystal was selected, attached to a glass fiber
on a copper pin, and placed in the cold N2 stream of the diffractometer.
Data were collected based upon a single component, processed with
SAINT,30 and corrected for Lorentz and polarization effects and
absorption using Blessing’s method as incorporated into the program
SADABS.31 The structures were determined by direct methods using
the program XS.32 Refinement of the structure was achieved using the
program XL.32 All of the nonhydrogen atoms were located initially or
from one difference-Fourier map least-squares cycle, and convergence
proceeded quickly with all of the hydrogen atoms located from a
subsequent difference-Fourier map. See SI for more details.

Details of DFT Calculations. All calculations were done with
Turbomole v6.3 program.33 The geometries of studied systems were
optimized with DFT using the hybrid PBE1PBE exchange−correlation
functional34 in combination with the TZVP basis sets.35 Due to the size
of terphenyl ligands in experimental compounds, calculations were
performed for model systems with smaller phenyl substituents. All
reported energy values represent reaction enthalpies at 0 K.

In addition to the mechanism discussed in the main text, a number of
other pathways were investigated via the calculations. For example,
addition of the second equivalent of isocyanide to the germanium prior
to phenyl migration resulted in Ge−C bond breaking and simple
shuffling of the coordinated isocyanides. If, on the other hand, the
second equivalent of methylisocyanide was reacted directly with the
carbon in the coordinated isocyanide, coupling of the two isocyanides to
a free diamine was observed. Similarly, an attack of the third equivalent
of a methylisocyanide to a carbon atom in the azagermacyclobutene
intermediate led to a C−C bond formation and to a structure with a
three-membered CNN ring with no apparent further reactivity. The
possibility of hydrogen transfer occurring before the formation of 3′Ph
was also tested computationally, but it resulted only in a formation of a
five-membered ring with no apparent further reactivity. Hence, the

Scheme 2. Formation of 3″ via Migratory Insertion of
Methylisocyanide
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mechanism discussed in the main text was the only plausible reac-
tion pathway connecting 1 to 3″Ph which could be identified
computationally.

■ RESULTS AND DISCUSSION
Treatment of a purple solution of Ge(ArMe6)2 with an excess of
MeNC immediately yielded a bright yellow solution, indicative of
the formation of the adduct species, 1. Storage of this solution at ca.
−18 °C yielded X-ray quality yellow crystals of the germylene−
isocyanide adduct (see Figure 1 for structural details). The bond

dissociation energy for 1 was found to be −20 kJ mol−1 by Van’t
Hoff analysis of the variable temperature UV−vis spectrum, and it
exists in equilibrium with free MeNC and Ge(ArMe6)2. If the
reaction is continued overnight, the yellow solution changes to
deep red, and the three-fold insertion product, 3″, can be isolated
in moderate yield (∼25%).
Adduct formation is often an initial step in the reaction of main

group species with unsaturated molecules, and synergistic
interactions between main group species and the frontier orbitals
of the ligand propagate further reaction.36 The infrared spectrum
of 1 shows a slight shift of the C−N stretching band to higher
frequency (2165 cm−1) in comparison to the free isocyanide
(cf. 2161 cm−1), indicative of n → π* back-bonding between
the germanium(II) lone pair and the π* orbital of the isocyanide
ligand. These data are in good agreement with the spectrum
of (ArMe6)2GeCNBu

t, in which the C−N stretching band is
5 cm−1 lower in frequency.27 In contrast, the tin congener of 1,
(ArMe6)2SnCNMe, can only be isolated at low temperatures with
use of a 10-fold excess of MeNC and readily dissociates to
Sn(ArMe6)2 and MeNC above ca. −50 °C. Although the bonding
between MeNC and Sn(ArMe6)2 is weak, the C−N stretching
band in the infrared spectrum of (ArMe6)2SnCNMe is shifted by
36 cm−1 to higher frequency. The direct comparison between
isoleptic tetrylene−isocyanide adducts does not support the view
that hypsochromic shift of the C−N stretching band is directly

proportional to the M−C bond strength but that the back-
bonding interaction in complex 1 plays a large role in the strength
of the dative bond.37

To suppress the subsequent isocyanide insertions which lead
to the formation of 3″, only 1.5 equiv of MeNC was added to a
solution of the germylene to produce the one-fold insertion
product, 1′. X-ray quality red crystals of 1′ (structure, Figure 1)
had a Ge(1)−C(1) bond length of 2.046(4) Å, which is very
close to that in Ge(ArMe6)2 (cf. 2.033(4) Å). The Ge(1)−C(49)
bond length of 2.022(5) Å is also very similar to that of the Ge−
C(1) bond. The C(1)−Ge(1)−C(49) bond angle of 107.4(2) °
is less than that (114.4(2)°) in Ge(ArMe6)2.

28 The C(49)−N(49)
bond length of 1.271(5) Å in the isocyanide indicates the
conversion of the triple bond to a double bond, and the lowering
of the bond order is confirmed by a decrease in the C−N stretching
frequency to 1710 cm−1 in comparison to the 2165 cm−1 in 1.
Additionally, the nitrogen lone pair is now datively bound to the
germanium through the p-orbital of the germylene. The Ge(1)−
N(49) distance (2.104(4) Å) is long,38 and the dative bond creates
an acute Ge(1)−C(49)−N(49) angle of 75.6(3) ° at C(49). These
two factors, coupled with a broadened 1HNMR spectrum for 1′ are
indicative of a relatively weak Ge−N bond that is dissociating in
solution. Overall, the structural and spectroscopic data do not
strongly support a side-on, π-bonded model for the CN double
bond of the ArMes

6CNMe unit with Ge(1).
In order to understand the initial migratory insertion ofMeNC

into the Ge(1)−C(Ar) bond, we examined the possible reaction
pathway (Scheme 3) for the formation of 3″ by use of DFT (see
Supporting Information, SI) and via the isolation of the
intermediates 1 and 1′ and the product 3″. The model complex,
Ge(C6H5)2, was used to study the reaction pathway computa-
tionally. Although the replacement of bulky terphenyl groups
with the significantly smaller phenyls will certainly have some
effect on the calculated energies, it is unlikely to have a major
effect on the mechanism, especially in view of the relatively small
size of CNMe. The formation of the model adduct species 1Ph
was found to be more stable than the free starting materials. A
transition state (TS-1Ph) was found for the formation of 1′Ph
which involves the concerted migration of the isocyanide
molecule into the Ge−C(Ph) bond. We hypothesize that the
insertion reaction depends on having a highly activated,
electron-rich germanium atom, and removal of this electron
density is accomplished by either dissociating to the free
starting materials or migratory insertion of the isocyanide
molecule. The activation energy for this process is predicted
to be less than the energy gained from the dative bond
formation, and the coordination number at the germanium
is maintained through a weak dative interaction with the
β-nitrogen of the imino moiety.
As mentioned earlier, the N−Ge dative bond in 1′ is relatively

weak, and in the presence of excess isocyanide, it is readily broken
and is replaced by a second isocyanide molecule which possesses
a greater electron-donating capability than the imino-nitrogen.
The second adduct species, 2Ph, undergoes a further migratory
insertion process (TS-2Ph) in a manner similar to the first
insertion, yielding an azagermacyclobutene complex 2′Ph which,
like 1′Ph, possesses a dative interaction between the γ-nitrogen
and germanium. As before, formation of an isocyanide adduct
complex of 2′Ph is energetically favored and is rapidly followed by
a third migration of MeNC to yield the heterocyclic complex
3′Ph. The C−H bond activated complex, 3″Ph, is predicted
to be more stable than 3′Ph by 49 kJ mol−1 and adopts
a cyclopentadienyl-type structure after hydrogen transfer.

Figure 1. Thermal ellipsoid (30%) drawing of 1 (left) and 1′ (right).
Carbon-bound hydrogen atoms and a cocrystallized hexane molecule
(in 1′) are not shown for clarity. Selected bond lengths (Å) and angles
(°) 1: Ge(1)−C(1) 2.057(3), Ge(1)−C(25) 2.060(3), Ge(1)−C(49)
2.028(4), C(49)−N(49) 1.164(5), N(49)−C(50) 1.422(5), C(1)−
Ge(1)−C(25) 116.6(1), C(Ar)−Ge(1)−C(49) (ave) 96.4(1), Ge(1)−
C(49)−N(49) 156.6(3). 1′: Ge(1)−C(1) 2.046(4), Ge(1)−C(49)
2.021(5), Ge(1)−N(49) 2.104(4), C(49)−C(25) 1.496(4), C(49)−
N(49) 1.271(5), N(49)−C(50) 1.465(6), C(1)−Ge(1)−C(49)
107.4(2), Ge(1)−C(49)−N(49) 75.6(3), C(49)−N(49)−C(50)
128.2(4), Ge(1)−N(49)−C(50) 155.2(3), C(25)−C(49)−Ge(1)
150.4(3).
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The final product 3″Ph is predicted to be favored over the tris-imino
complex 3′Ph for steric reasons. We hypothesize that there is
considerable steric strain placed on the α and β imine bonds by the
aryl ligands, and the bond reduction allows these bonds to bend
inward away from the bulky aryl ligands. Relief of this bond strain,
coupled with the energy gained by allowing the C−Nbond to freely
rotate away from the germanium-bound ligands, is sufficient to
overcome the calculated activation energy of 72 kJ mol−1.
Deep-red crystals of 3″ suitable for X-ray diffraction were

isolated from a concentrated pentane solution, and the structure
is shown in Figure 2. The diene fragment comprised of N(49)−
C(49)−C(51)−C(53) is twisted 13.7(4) ° from planarity, and
the sum of angles within the five membered ring is 560.5°. The
C(51)−N(51) and C(53)−N(53) bond lengths are 1.413(3)
and 1.345(5) Å, and the contracted distance of the sp2−sp3
C(53)−N(53) bond is indicative of conjugation between the
nitrogen lone pair and the unsaturated heterocycle. The
conjugation is further supported by broadening of the 1H NMR
spectrum for the amido and alkenyl protons. The C(49)−N(49)
bond (1.333(3) Å) maintains its imido character, and the Ge(1)−
N(49) (1.968(2)) is short for germanium bound dative bonds
(cf. 2.104(4) Å in 1′). We attribute the increased strength of the
germanium−nitrogen dative bond to a decrease in the steric bulk at
the germanium atom as well as ability for the γ isocyanide fragment
to freely coordinate without causing undue bond strain as in 1′.
Migratory insertion reactions have been reported by our group for
the reaction of CO with germylenes, although no CO adduct
analogues of 1′ could be isolated.39 Driess and co-workers have
also reported coupling reactions for isocyanides with silylenes

stabilized by β-diketiminate ligands, but at present, no mechanistic
information is available for these reactions.40

Scheme 3. Calculated Reaction Pathway for the formation 3″Ph

Figure 2. Thermal ellipsoid (30%) drawing of 3″. Carbon-bound
hydrogen atoms of the m-terphenyl ligands are not shown for clarity.
Selected bond lengths (Å) and angles (°): Ge(1)−C(1) 2.036(3),
Ge(1)−C(53) 1.992(3), Ge(1)−N(49) 1.968(2), C(49)−N(49)
1.333(3), N(49)−C(50) 1.455(3), C(25)−C(49) 1.510(3), C(49)−
C(51) 1.423(4), C(51)−N(51) 1.413(3), N(51)−C(52) 1.265(4),
C(51)−C(53) 1.401(4), C(53)−N(53) 1.345(4), N(53)−C(54)
1.460(4), C(1)−Ge(1)−C(53) 107.9(1), C(1)−Ge(1)−N(49)
108.5(1), Ge(1)−N(49)−C(49) 111.4(2), Ge(1)−C(53)−C(51)-
110.2(2), C(51)−N(51)−C(52) 120.1(3), C(49)−N(49)−C(50)
123.8(2).
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■ CONCLUSION
In conclusion, we have prepared an azagermacyclopentadienyl
species by the three-fold insertion of methylisocyanide into the
germanium−carbon bond of a diarylgermylene. Additionally, we
have isolated key intermediates in this reaction which, along with
DFT calculations, have provided further insight for the coupling
reactions of unsaturated organic molecules with heavy carbene
analogues. Further study of coupling reactions between 1 and
other substrates is underway as well as investigations into
catalytic capabilities of the migratory insertion reactions.
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