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ABSTRACT: Two-coordinate silylamido complexes of nickel and M
copper rapidly react with CO, to selectively form a new cyanate ligand \
along with hexamethyldisiloxane byproducts. Mechanistic insight into
these reactions was obtained from the synthesis of proposed ,
intermediates, several silyl- and phenyl- substituted amido analogues, i

and their subsequent reactivity with CO,. These studies suggest that a O — C - O
unique intramolecular double silyl transfer step facilitates CO,
deoxygenation, which likely contributes to the rapid rates of reaction.
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The deoxygenation reactions create a platform for a synthetic cycle in -9l Si
which copper amido complexes convert CO, to organic silylcarba-

mates.

B INTRODUCTION

With growing atmospheric concentrations of carbon dioxide,"
the most well-known and abundant greenhouse gas, strategies
for its conversion into useful chemical feedstocks have become
an important yet unresolved challenge for chemists. Serving as
the final thermodynamic carbon product for many important
industrial and agricultural processes, such as the combustion of
hydrocarbon fuels, modern energy, and consumer practices
have had a direct negative impact on the planet’s carbon
economy. Without sufficient capacity for the consumption of
anthropogenic carbon dioxide, natural systems are unable to
compensate for their growing atmospheric presence.2 This
disruption of the natural carbon cycle has contributed toward
significant ecological changes primarily in the form of climate
change and ocean acidification which continue to persist as
threats to the planet.””

With its large environmental impact, high abundance, and
challenging chemistry, CO, is a target of significant interest for
metal-based catalysis as a C, building block for chemical fuels,
specialty organic synthesis, and polymer materials.”~'® The
binding and activation of CO, by organometallic complexes
have long been investigated.11 As the carbon core of CO, is in
its highest oxidation state, most conversions targeted today are
reductive transformations involving the addition of electrons
and often some type of electrophile, typically protons. Three of
the most common are reductive deoxygenation, hydro-
genation, and reductive coupling. Often overlooked in
comparison to reductive processes, redox-neutral transforma-
tions serve as an alternative route for the conversion of CO,
into useful chemical feedstocks. These processes allow for
reactivity that may circumvent some of the thermodynamic
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challenges associated with reduction and can provide addi-
tional possibilities for synthetic applications of CO,.

One important target is the conversion of CO, to organic
isocyanates which are a more reactive form of carbon, able to
rapidly react with alcohols and amines to form organic
carbamates and urea.'” Exploiting this reactivity, diisocyanates
can be used as monomer building blocks in reactions with diols
or diamines to give polyurethanes and polyureas, respectively.
These are both important materials used in many everyday
products.”” For this reason, diisocyanates are industrially
produced in millions of tons each year, primarily from
phosgene, a toxic gas.'* Here, CO, may provide a safer and
even cheaper alternative for the synthesis of isocyanates with
the added benefit of environmental remediation.

The conversion of CO, to cyanate requires both a
nucleophilic nitrogen source that attacks the electron-poor
carbon core as well as an electrophile that facilitates the C—O
bond cleavage and sequesters the oxygen atom. In this regard,
the ambiphilicity of silylamido ligands makes them well poised
for this transformation. Specifically, the anionic nitrogen
provides the nucleophilic site,">™'® while the labile Si—N
bonds facilitate transfer of the electrophilic trimethylsilyl
groups to oxygen. Furthermore, the inherent oxophilicity of
silicon provides a strong thermodynamic driving force for
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deoxygenation. For example, slow addition of CO, to the
simple compound NaN(TMS), at slightly elevated temper-
atures results in the formation of small amounts of
hexamethyldisiloxane (HMDSO) and NaNCO." However,
these products are produced along with a mixture of other
silylated carbon-containing compounds, highlighting a lack of
selectivity. By contrast, silylamides of divalent group 14
elements (Ge and Sn) stoichiometrically form trimethylsilyli-
socyanate (TMSNCO) and siloxide-bridged Ge and Sn
compounds at elevated pressures, hi§hlighting the role of the
metal in engendering selectivity.”" >

There are now a handful of transition metal silyl amides that
are known to react with CO, to form cyanates, where cyanate
is either coordinated to the metal product or liberated as
TMSNCO. However, in most cases, these reactions are slow
with rates on the order of hours to days (Figure 1)
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Figure 1. Previously reported cyanates derived from CO, and
transition metal trimethylsilylamides.

Notably, most of these reported examples contain electron-rich
late transition metals. This property is particularly suited for
channeling the desired reactivity because the higher d-electron
count prevents s-donation from the lone pair on the amide
ligand into an empty d-orbital, which would quench its
nucleophilicity.

To this end, two-coordinate N-heterocyclic carbene (NHC)
ligated silyl- and phenyl- substituted amide complexes of nickel
and copper were synthesized for their reactivity toward CO,.
Lower coordination numbers are predicted to allow for more

facile reactivity with substrates due to the more accessible
active site, and the unique monovalent nickel complex provides
an especially intriguing framework for reactivity studies as its
odd d-electron count makes it an unsaturated 13-electron
species primed for reaction with substrates. Furthermore, low-
valent nickel systems have been demonstrated to be
particularly good at CO, coordination, a possible initial
mechanistic step before insertion.'"””°™** Previous work in
our group has already shown the capacity of monovalent nickel
ligated with a silyl-containing PNP ligand to deoxygenate CO,
at the expense of the ligand backbone,** making it an enticing
choice for targeted reactivity with supporting ligand
modifications. To evaluate the role of the highly reactive
monovalent nickel center as well as other factors that may
contribute to transformations of CO, to cyanate, isostructural
complexes of d'° monovalent copper were explored. In
comparison to nickel, the monovalent oxidation state is typical
for copper and tends to have lower reducing power due to its
stable filled d-orbital configuration and lower overall orbital
energy. Copper also provides the benefit of giving exclusively
diamagnetic species in the absence of redox chemistry,
allowing for facile characterization by NMR spectroscopy.

B RESULTS AND DISCUSSION

Metal Silylamide Synthesis. As with the synthesis of
IPrNiN(TMS), (1),* analogous NHC-ligated copper silyla-
mido complexes 2 and 3 are synthesized through salt
metathesis reactions of LIN(TMS), with the corresponding
(NHC)CuCl starting material (Scheme 1). The postulated
two-coordinate linear geometry of 3 is confirmed by structural
characterization using single crystal X-ray diffraction (Figure
2). With a C—Cu—N angle of 176.3(1)°, the two-coordinate
linear geometry of 3 is very similar to that found in the
analogous nickel complex 1 (178.71(9)°), confirming their
isostructural character. The metal ligand bond distances in 3
are similar to those found in related monovalent copper
complexes (see the SI).*® The sum of the bond angles around
the amido nitrogen atom reveals a nearly planar nitrogen
(355°) likely due to steric effects as the amido lone pair is
unable to donate into the filled z-symmetry d-orbitals of d'°
Cu(I). Interestingly, the steric bulk of the trimethylsilyl groups
is not fully impeded by the large mesityl substituents of the
NHC, as evidenced by a dihedral angle of 55.5° between the
two ligands, which is significantly less than the expected

T Si(1)

e

C-Cu: 1.860(4) A
N-Cu: 1.853(3) A
Amide sum

of angles: 355°

c(10)
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Figure 2. ORTEP representation of the molecular structure for 3 and 6. Thermal ellipsoids are shown at 30% probability. Hydrogen atoms and aryl

substituents are omitted for clarity.
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perpendicular arrangement. The 'H- and "*C-NMR spectra are
consistent with the solid-state structure, suggesting that the
two-coordinate nature is maintained in solution. While 2 was
not characterized by single crystal X-ray diffraction, 'H- and
BC-NMR spectral characterizations for this complex are also
consistent with the proposed linear geometry.

Scheme 1. Synthesis of 2-Coordinate Metal Amido
Complexes (DIPP = 2,6-Diisopropylpheny, Mes = 2,4,6-
Trimethylphenyl)
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The previously reported diphenylamido nickel complex
(4),” its copper analogue (5), as well as a copper
trimethysilylphenylamido complex (6) were also synthesized
from the appropriate metal halide and the corresponding
lithium amido salt (Scheme 1) and fully characterized (see the
SI). Structural characterization of 6 confirms the two-
coordinate linear geometry with similar metal—ligand bonds
and a similarly planar amido geometry (Figure 2).

Metal Cyanate Formation from CO,. Addition of 1
equivalent of CO, to 1 in tetrahydrofuran (THF) at —78 °C
results in a slight color change from yellow to light orange/
yellow and the immediate formation of a new diamagnetic
product, 7, together with stoichiometric hexamethyldisiloxane
(HMDSO) (Scheme 2). The 'H-NMR spectrum of the
resulting nickel product indicates a highly symmetric species
with only a single set of NHC signals between 1.0 and 8.5
ppm. The diamagnetism suggests the presence of a Ni—Ni
bond, resulting from coupling of the single unpaired electron
of each monovalent d° metal, indicating a ligand-bridged
dimeric species.

Crystals of 7 suitable for single-crystal X-ray diffraction were
grown from a concentrated toluene solution layered with
pentane and cooled to —40 °C. The solid-state structure
reveals the original silylamidoligand to have successfully
deoxygenated CO, to give an N-bound cyanate bridged
dimer (Figure 3). The complex shows idealized two-fold
symmetry in the solid-state with a close Ni—Ni distance
consistent with previously reported monovalent nickel-bonded
systems.”®~*® Together, these data confirm the presence of a
Ni—Ni bond consistent with diamagnetism observed in the
NMR spectrum. The bond distances within the two NCO
units are similar to those reported in other cyanate
complexes”’ ~>* and are therefore unperturbed by the bridging
binding mode and the electron-rich monovalent nickel ions.

Unexpectedly, the solution IR spectrum of yellow/orange 7
in THF shows two strong vibrations at 2172 and 2203 cm™}

Scheme 2. Synthesis of Cyanate Complexes
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both characteristic of NCO (see the SI) and consistent with
other metal cyanate complexes.”’~>* The IR spectrum of 7-
N'3CO, prepared using '*CO,, gives the expected shift in
frequency of these bands (vyco = 2113 and 2147 cm™),
respectively), confirming CO, as the carbon source of the
cyanate ligand. The presence of two unique cyanate stretches
in the IR spectrum suggests the presence of a possible dimer-
monomer or solvent adduct equilibrium in THEF, as the
idealized C,, symmetric dimer should only give one signal
based on IR selection rules. This hypothesis is supported by
the spectrum of 7 obtained in benzene, which shows only a
single cyanate stretch (vyco = 2172 ecm™). This hypothesis is
further supported by significant broadening of signals and loss
of observable coupling in the "H- and *C-NMR spectra when
recorded in THF-dg rather than C4Dg. Peak broadening further
results in the absence of an observable cyanate signal by '*C-
NMR spectroscopy in THF-dg and the region associated with
metal cyanates is obscured by the residual carbon signals of
C¢Dy, making direct observation of the N'*CO in 7-N"*CO by
NMR impossible.

Further confirmation for the identity of 7 comes from an
independent synthesis of the cyanate complex (Scheme 2).
The reaction of (IPrNiCl), with KOCN affords a yellow
powder whose 'H- and "*C-NMR spectra, as well as IR spectra
are identical to the product obtained from the reaction of 1
with CO,.

Likewise, the copper complexes 2 and 3 react with 1 atm of
CO, at room temperature to afford the analogous cyanate
complexes 8 and 9, respectively. Stoichiometric formation of
HMDSO is observed in both reactions (Scheme 2). Single
crystals of 8 and 9 suitable for X-ray diffraction were both
grown from concentrated THF solutions layered with pentane
and cooled to —40 °C, revealing (Figure 3) the formation of
monomeric copper cyanate complexes. The bond lengths
within the NCO ligand are similar to those found in the
dimeric nickel analogue and typical of other reported metal
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Figure 3. ORTEP representations of the molecular structures for 7—9. Thermal ellipsoids are shown at 30% probability. Diiso-propylphenyl groups
in 7 are displayed as wireframes and hydrogen atoms are all omitted for clarity.

cyanates.”” Interestingly, while the Cu—N—C linkage is linear
in 8 (175.1(3)°), in complex 9, it shows significant bending
(160.0(6)°). Linear coordination of triatomic ligands such as
cyanate is generally attributed to z-donation of a ligand lone
pair to empty metal d-orbitals or back-bonding from the metal
to an empty ligand #* orbital. Neither is likely in these
complexes: the filled d'° electron configuration of monovalent
copper prevents m-donation from the ligand, and the low
energy of its filled orbitals makes copper(I) poor at back-
bonding. Together, this suggests that the difference in bond
angles is steric in nature and likely a result of molecular
packing in the crystal.

The solution "H-NMR spectra for 8 and 9 are consistent
with complexes having twofold symmetry, supporting the
hypothesis that Cu—N—C bending is a solid-state effect. The
solution IR spectra each show a single NCO stretch, which,
together with the NMR data, suggests that 8 and 9 maintain
their two-coordinate monomeric geometry in solution in
contrast to the nickel analogue. Synthesis of 8-N*CO using
B3CO, results in the expected shift in the cyanate stretch from
2227 to 2167 cm™, confirming CO, as the source of carbon.
The *C-NMR spectrum of 8-N**CO in THF-dg shows a new
broad signal at 125 ppm, consistent with a CO,-derived
cyanate.”™ The broadness of the peak is attributed to coupling
with the adjacent "N nucleus (Iy = 1).

The work presented demonstrates the first example of
selective cyanate formation from CO, using a molecular Cu(I)
species. This is notable because other Cu(I) complexes have
been observed to favor reductive coupling to oxalate.”®*” This
result also demonstrates that strongly reducing metal
complexes, such as those based on Ni(I), are not required
for conversion to cyanate and suggests that the nucleophilicity
of the amido ligand is more important for CO, capture and
conversion. It is worth noting, however, that the rates of
reaction for 1 are qualitatively faster than those observed for 2
and 3, This observation possibly could be due to coordination
of CO, to nickel, allowing a lower barrier pathway than that
attainable by copper or simply that the nickel amido is more
nucleophilic than its copper analogue. Nonetheless, the two-
coordinate copper complexes react significantly faster than the
previously reported complexes, suggesting the importance of
low coordination numbers for cyanate formation.

Mechanistic Investigation into Cyanate Formation.
Based on the consensus mechanism for CO, deoxygenation
and nitrogen transfer involving metal trimethylsilylamido
complexes (Scheme 3; pathway A),”**” we targeted the

Scheme 3. Proposed Mechanistic Pathways for Cyanate
Formation
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synthesis and reactivity of likely intermediates for the reactions
of complexes 1—3. In contrast to previous examples, the fast
rates of these two-coordinate nickel and copper complexes
have precluded the direct isolation and characterization of any
reaction intermediates.

The transformation to cyanate is proposed to begin with
initial CO, insertion into the metal-nitrogen bond (I), which is
then followed by rapid silyl group migration to an oxygen atom
in the newly formed carboxylate ligand, as driven by the
inherent oxophilicity of silicon (II). This provides an O-
silylcarbamate ligand, which has previously been found to
rapidly eject TMSNCO, affording a metal siloxide complex
(II). In the case of the reported Fe-formazanate* and Fe-
phenylenediamide™ complexes shown in Figure 1, this is the
terminal step of the reaction, providing isolable bridging
siloxide complexes along with TMSNCO. In contrast,
rhodium,”” zinc,””*® and cadmium®>*° examples (Figure 1)
form metal siloxides which react further with the released
TMSNCO to generate the final metal-cyanate complex.
Although final metal cyanate formation only appears to require
a simple o-bond metathesis reaction with the free TMSNCO,
this reaction has not been previously observed to occur at a
rate compatible with the overall transformation, despite the
expected thermodynamic favorability. Metathesis is generally
only observed in the presence of excess CO, enabled by an
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additional insertion of the siloxide intermediate to form a silyl-
carbonate complex (IV). It is speculated that the large
trimethylsiloxide ligand is too sterically bulky and blocks the
metal from metathesis reactions.

We probed the initial association of CO, to complexes 1—-3
(I) using the diphenylamido analogues 4 and S, where the
absence of silyl groups is expected to inhibit downstream
deoxygenation steps. Stoichiometric addition of CO, to 4 at
—78 °C in Et,O initiates a dramatic color change from dark
blue to red which reverts back to blue upon warming of the
reaction mixture, implying a reversible CO, association
process. Monitoring this process by VT-IR spectroscopy
shows the appearance of two new features at 2229 and 2295
cm ™" below 253 K (see the SI), both of which disappear when
warmed to 263 K. These frequencies are at slightly lower
energy than that of the antisymmetric C=0 vibration of free
CO, (~2340 cm™). Similarly, VT-NMR of 5 under 1 atm of
CO, suggests the reversible association of CO,. Here, lowering
the temperature results in the appearance of resonances for a
twofold symmetric complex. The concentration of this new
species, tentatively assigned as IPrCu(CO,)(NPh,) (5-CO,),
increases with decreasing temperature (see the SI). Impor-
tantly, warming results in the loss of these signals, with
complete conversion back to S.

With evidence for the weak binding of CO, to the amido
complexes, we investigated the subsequent silyl migration (II)
and deoxygentation (III) steps. Analysis of the proposed
mechanism led us to hypothesize that a phenylsilylamido
ligand would divert the reaction to yield phenylisocyanate
along with 10. Surprisingly, the reaction of 6 with CO, does
not result in the stoichiometric formation of phenylisocyanate
and 10 but instead undergoes complete conversion to a new
metal-containing product, 11, which can be isolated as a white
solid. The 'H- and "*C-NMR spectra are consistent with a new
diamagnetic complex containing an intact NHC ligand as well
as both phenyl and trimethylsilyl groups distinct from the
amido starting material in appropriate integration. Notably, the
protons assigned to the phenyl substituent of the initial amido
ligand shift downfield now ranging from 6.8 to 7.4 ppm
compared to 6.0—6.7 ppm in the starting material (see the SI),
consistent with the greater electron-withdrawing capabilities of
a CO,-derived carbamate compared to the initial amido ligand.
The natural abundance *C-NMR spectrum of 11 shows a
resonance at 160 ppm, consistent with the region associated
with organic carbamates®® with peak intensity increasing
dramatically when the complex is prepared from '*CO,.
These observations suggest the formation of a carbamate from
CO, and indicates that CO, inserts into the amido ligand of 6
(Scheme 4). The proposed structure for 11 is based on the
demonstrated propensity for NHC-ligated copper complexes
to adopt a two-coordinate linear geometry, the symmetry
observed in the NMR spectra, and IR spectroscopy showing a
new stretch at 1632 cm™ characteristic of a C=0 bond in the
newly formed carbamate ligand.

Attempts to thermally induce the release of phenylisocyanate
from 11 were unsuccessful. To determine whether this lack of
reactivity was thermodynamic or kinetic in nature, we further
investigated the siloxide complex IPrCuOTMS, which is the
anticipated copper product of phenylisocyanate liberation from
11. The two-coordinate complex (10) is readily synthesized
from IPrCuCl and NaOTMS (Scheme S5) and fully
characterized by single crystal X-ray diffraction and solution
spectroscopic methods (see the SI for more details).

Scheme 4. Synthesis of Copper-Carbamate and Reactivity
with TMSCI
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Scheme S. Synthesis and Reactivity of a Copper Siloxide
Complex
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Treating 10 with phenylisocyanate results in the quantitative
formation of 11, indicating that phenylisocyanate liberation is
thermodynamically unfavorable. Considering this observation,
we also investigated the reaction of 10 with TMSNCO
(Scheme $). In this case, complete conversion to the cyanate
complex 8 and HMDSO occurs within ten minutes, as
evaluated by 'H-NMR spectroscopy. In addition, we do not
observe any reaction between 10 and CO,. These observations
lead to the conclusion that a second insertion step (IV) does
not occur in the mechanism for cyanate formation in the
NHC-supported two-coordinate systems and is inconsistent
with mechanism A.

We therefore propose that double silyl transfer is required
for the complete deoxygenation of CO, to cyanate and likely
proceeds through this second silyl transfer step before
undergoing direct loss of HMDSO rather than releasing
TMSNCO and reincorporating the cyanate ligand through
subsequent metathesis reactions (Scheme 3, pathway B). After
the initial insertion of CO,, this proposed mechanism may also
account for faster reaction rates observed for complexes 1-3.
In previous examples, the rate-limiting steps are proposed to be
either the insertion of a second molecule of CO, prior to o-
bond metathesis, likely due to the decreased nucleophilicity of
the siloxide ligand in comparison to the amido or the final o-
bond metathesis itself. In the case of the two-coordinate
complexes reported here, deoxygenation by the proposed
double silyl transfer pathway is intramolecular, accounting for
the faster reaction rates.
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Synthetic Cycle for CO, Functionalization. With
deoxygenation necessitating double silyl transfer, we speculated
that 11 may itself serve as a precursor to phenylisocyanate
through the addition of a second silyl source. This hypothesis
was tested by treating 11 with *CO, and excess TMSCI in
C¢Dg. Interestingly, the '"H-NMR spectrum of this reaction
does not show the formation of phenyl isocyanate but is
instead consistent with the known bis(silyl)phenylcarbamate
Ph(Me;Si)NC(0)OSiMe; (see the SI). The *C-NMR
spectrum of this product confirms that the added CO, gas is
incorporated in the final organic product, with high-intensity
resonance at 160 ppm. The reaction also results in the
precipitation of a white solid, which is confirmed to be
IPrCuCl by NMR spectroscopy. This reaction therefore closes
a synthetic cycle for the conversion of LiN(Ph)(TMS), CO,,
and TMSCI to the previously reported bis(silyl)-
phenylcarbamate (12) (Scheme 6). Bis(silyl)carbamates such
as 12 have recently been demonstrated to transform to
isocyanate and HMDSO under thermal conditions;*? thus, this
synthetic cycle may provide a new avenue toward CO,-derived
organic isocyanates.

Scheme 6. Complete Synthetic Cycle for the Conversion of
LiNPhTMS with CO,
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B CONCLUSIONS

In this work, the reactivity of CO, with two-coordinate
complexes of nickel and copper-containing silyl- and phenyl-
substituted amido ligands was investigated. Reactions of the
bis(silyl)amido complexes 1—3 resulted in clean and fast
conversion to the corresponding metal cyanate complexes,
which are formed in high yields. Analogous reactivity of the
related phenyl-substituted amides 4 and $ provided important
mechanistic insight into this deoxygenation process. In
addition, the reactivity of a siloxide complex, 10, was evaluated
for its competency as a reaction intermediate in CO,
conversion.

20991

Together, these investigations suggest that a multistep
mechanism for the reaction of CO, with a metal silylamido
similar to those proposed for other complexes is unlikely to be
operative. Instead, we hypothesize an alternative mechanism
involving double N-to-O silyl transfer that facilitates the rapid
deoxygenation of a carbamate intermediate to afford the final
cyanate complex. Finally, a complete synthetic cycle for the
synthesis of an organic bis(silyl)carbamate, 12, was established
through the reaction of CO, with 6 in the presence of TMSCI
as an additional silyl source. As silyl carbamates can be
thermally transformed into organic isocyanates, this result
provides early optimism for the prospect of utilizing CO, as a
feedstock for building blocks used to make many common

polymers.
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