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Abstract: A highly efficient and versatile chemical cycle has
been developed for the production of isocyanates through the
molecular fixation of N,, CO, and R;ECI (E = C, Si, and Ge).
Key steps include a ‘one-pot’ photolytic N—N bond cleavage of
a Group 6 dinuclear dinitrogen complex with in situ trapping
by R;ECI to provide a metal terminal imido complex that can
engage in simultaneous nitrene-group transfer and oxygen-
atom transfer to generate an intermediate metal terminal oxo
complex with release of the isocyanate product. Reaction of the
oxo complex with additional equivalents of R;ECI regenerates
a metal dichloride that is the precursor for dinuclear dinitrogen
starting material.

One of the ultimate objectives of exploring metal-mediated
nitrogen (N,) fixation is to develop more energy-efficient and
atom-economical routes to high-value nitrogen-based chem-
icals in a manner that generates little or no waste by-
products.'! In this regard, heterocumulenes, comprising iso-
cyanates (RN=C=0) and carbodiimides (RN=C=NR’), are
ideal synthetic targets since the overall free-energy penalty
associated with breaking the exceptionally strong triple bond
of N, can be partially offset through the compensating
formation of N—C double bonds within these products. To
date, some progress has been made towards the development
of N, fixation cycles that generate small molecules containing
N—C single and multiple bonds; however, the challenge of
coupling high chemical efficiency with synthetic versatility
has not yet been demonstrated.”® Herein, we report
a versatile and atom-economical chemical cycle that formally
converts N,, carbon dioxide (CO,), and a Group 14 element
alkyl- or aryl-substituted chloride, R;ECI, into a set of
isocyanate derivatives, R;EN=C=O0, for E =C, Si, and Ge.
Scheme 1 provides a summary of the new N, fixation
cycle, exemplified using Me;SiCl, that comprises four sepa-
rate chemical processes involving: Step A) dinuclear coordi-
nation of N, through reduction of a metal dichloride (1—2),
Step B) photolytic N=N bond cleavage and N-atom func-
tionalization to form a terminal metal imido (2—3), Step C)
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Scheme 1. Complete N, fixation cycle for production of Me;SiNCO.
See text for descriptions of Steps A-D.

Me;SiNCO generation through simultaneous nitrene group
transfer (NGT) and oxygen-atom transfer (OAT) from
carbon dioxide (CO,) to produce an intermediate metal
terminal oxide (3—4), and Step D) regeneration of the
starting metal dichloride through OAT with concomitant
formation of Me;SiOSiMe; (4—1).

For Step A in Scheme 1, we have previously reported that
chemical reduction of the Group 6 M" dichlorides, [Cp*M{N-
(iPr)C(Me)N(iPr)}ClL] (Cp* =n*-CsMes), 1a (M =Mo) and
1b (M =W), using sodium amalgam (0.5% NaHg) provides
excellent yields of the corresponding diamagnetic dinuclear
‘end-on-bridged”  dinitrogen  complexes, [{Cp*M[N-
(iPr)C(Me)N(iPr)]},(un'm'-N,)] 2a (M =Mo) and 2b (M =
W), respectively.”! Tmportantly, while both 2a and 2b were
determined to be thermally robust in hydrocarbon solution up
to temperatures of at least 100°C, during the course of
subsequent investigations, it was discovered that both of these
compounds are light sensitive in hydrocarbon (e.g. benzene or
methylcyclohexane) solution. Following this lead, preliminary
photolysis experiments were conducted with a [D¢]benzene
solution of 2 that was sealed under Ar within a Pyrex J-
Young-NMR tube and irradiated using a Rayonet carousel of
medium-pressure Hg lamps.®! A series of "H NMR spectra
taken at timed intervals then revealed the complete disap-
pearance of 2a after 48 h of irradiation with concomitant
formation of new paramagnetic species. In the case of 2b,
a similar set of "H NMR spectra showed that photoconversion
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to a single new diamagnetic product occurred quite cleanly up
to about 50 % conversion. However, the much longer time
required for complete conversion of 2b (ca. 72 h) resulted in
a subsequent small degree of photodegradation of this initial
product. Following the course of photolysis of a solution of 2a
in methylcyclohexane (¢ =0.86 mm) by UV/Vis spectroscopy
did not produce a well-defined isosbestic point from an
overlay of electronic spectra taken at timed intervals, thereby
indicating formation of more than one photoproduct. On the
other hand, a similar UV/Vis spectroscopic investigation of
the photolysis of 2b under identical conditions now produced
well-resolved isosbestic points at 430, 583, and 761 nm after
a relatively short period of time (e.g. <9h). However,
consistent with the photodegradation observed by '"H NMR
spectroscopy, these isosbestic points became less resolved
upon continued irradiation of 2b.®!

Fortunately, large-scale photolysis of 2a provided crystal-
line material directly from the reaction mixture on two
different occasions, and when subjected to single-crystal X-
ray analyses, two different photoproducts were identified,
with these being the formal Mo (d'), Mo" (d') bis(u-nitrido)
complex, [{Cp*Mo[N(iPr)C(Me)N(iPr)](N)},] (5), and the
formal Mo™ (d%*), Mo" (d®) mono(u-nitrido) complex,
[{Cp*Mo[N(iPr)C(Me)N(iPr)]},(N)] (6), that are shown in
Scheme 2.1 The occurrence of both 5 and 6 as photolysis

TN ) _ _
N— =N X N
N\ | hv (Pyrex) \4"‘7M \4N Mo
N med. press. Hg lamp N \N |
r\/J// [Dglbenzene \ ' / + N
| M= Mo: 48 h, NN ”
M—nZ\ M=Ww:72h M—N o e
R 25-40°C =) N
- A )
A
Za: W= Mo 5:M = Mo 6
2b:M=W 7M=W

Scheme 2. Photolysis of compounds 2a and 2b.

products is consistent with reported observations of compet-
ing N =N bond cleavage and N, extrusion reaction pathways
in the photolysis of dimolybdenum p-N, complexes.!"!
Finally, although crystalline material could not be isolated
in the case of large-scale photolysis of 2b, the structure of the
new diamagnetic photoproduct observed by 'H NMR spec-
troscopy was tentatively assigned as being the corresponding
dinuclear bis(p-nitrido) complex [{Cp*W[N(iPr)C(Me)N-
POIN)L] (7).

To have adequate supplies of 5§ and 7 for more extensive
characterization and chemical reactivity studies, an alterna-
tive synthetic route to these photoproducts was devised. Thus,
as Scheme 3 shows, reaction of the M dichlorides 1a and 1b
with a slight excess of trimethylsilylazide, N;SiMes, in toluene
solution at room temperature provided excellent yields of the
corresponding MY' terminal nitrido, chlorides, [Cp*M{N-
(iPr)C(Me)N(iPr)}(N)CI] 8a (M =Mo) and 8b (M =W).[519
The molecular structures of 8a and 8b were confirmed by
single-crystal X-ray analyses which revealed solid-state struc-
tural similarities with the reported pair of M"! nitrido,
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Scheme 3. Alternative synthesis of 5 and 7.

trimethylsiloxy complexes, [Cp*M{N(iPr)C(Me)N(iPr)}(N)-
(OSiMe;)] (M =Mo and W).[511

As presented in Scheme 3, chemical reduction of 8a and
8b in diethyl ether (Et,0O) solution using a slight excess of
0.5% NaHg provided good yields of the dinuclear bis(u-
nitrido) complexes 5 and 7 as analytically pure crystalline
materials. As Figure 1 presents, single-crystal X-ray analyses

NG)

Figure 1. Molecular structures (thermal ellipsoids set at 30% proba-
bility) of a) 5 and b) 7. Hydrogen atoms have been removed for the
sake of clarity. Selected geometric parameters for the M,N, cores of 5
and 7 are provided in (c) and (d) respectively.

of 5 and 7 served to confirm the dinuclear bis(p-nitrido)
molecular structures of these two compounds in the solid
state.’! For the Group 6 metals, only one experimental
example of the formal MY (d'), MY (d') ground state
electronic configuration that is suggested by the {M(u-N)},
four-membered ring core of 5§ and 7 has been reported for
M =Cr."” For [{(iPr,N),Cr(u-N)},], variable temperature
NMR spectroscopy and SQUID data support the conclusion
that the two Cr¥ metal centers are antiferromagnetically
coupled in solution and the solid-state, while a crystallo-
graphic analysis reveals a rhomboid structure for the {Cr(p-

www.angewandte.org

NG)

die

Chemie

10221


http://www.angewandte.org

Angewandte

10222

Communications

N)}, core with a pair of ‘long’ and ‘short” Cr—N bond
lengths of 1.743(3) A and 1.730(3) A, respectively. For
5 and 7, the exact nature of the ground-state
electronic configuration for each compound is far
less certain. The detailed crystallographic analyses of
the data for 5 and 7 establish, with a very high degree N
of confidence, that the two bridging first-row elements
are indeed nitrogen in each case—thereby ruling out
any possible structural artefact that might be intro-
duced with partial or full occupancy by adventitious 5:
inclusion of oxygen in these positions.”! Variable 7
temperature 'H NMR (500 MHz, [Dg]toluene, 213
354 K) spectra establish that while 7 is diamagnetic in
solution, it is engaged in a dynamic structural
process.’l Geometric parameters for the {W(u-N)},
core of 7 are also consistent with a W—W bonding
interaction in the solid-state (see Figure 1). In contrast, the
corresponding {Mo(u-N)}, core of 5 displays a striking
asymmetry with a pair of ‘long’” Mo(1)-N(1A) bonds of
1.9636(13) A being associated with the Mo(1) center and
a pair of ‘short’ Mo(2)-N(1A) bonds of 1.8495(13) A being
assigned to the Mo(2) center. Preliminary magnetic data
obtained using a SQUID magnetometer strongly supports
a diamagnetic closed-shell electronic configuration in the
solid-state.’! On the other hand, variable temperature NMR
and EPR spectra recorded for solutions of 5 are indicative of
paramagnetic character. Additional detailed experimental
and computational investigations of the molecular and
electronic structures of 5 and 7 are clearly warranted and
the results of these studies will be reported in due course.

A preliminary screen of the chemical reactivity of 5§ and 7
revealed that addition of a slight excess of Me;SiCl to
a benzene solution of these compounds rapidly produced an
excellent yield of a 1:1 mixture of the corresponding mono-
nuclear nitrido, chlorides, 8a and 8b, respectively, along with
the previously reported Mo' terminal imido complexes,
[Cp*M{N(iPr)C(Me)N(iPr)}(NSiMes)] 3a (M =Mo) and 3b
(M =W), according to Scheme 4.%*15] More interestingly,
as Scheme 4 further presents, replacement of Me;SiCl with
the trisubstituted Group 14 chlorides, Ph;SiCl, Me;GeCl, and
Me;CCl provided the corresponding Mo" imido complexes,
3¢, 10, and previously reported 111" in modest to excellent
yields. Thus, with the isolation of analytically pure 10 and
solid-state characterization achieved through a single-crystal
X-ray analysis,[s] the collection of compounds, 11, 3a, and 10,
now establish an unprecedented Group 14 vertical series of
isostructural metal imido congeners."" 'l Finally, in support of
the hypothesis that reaction of 5 with Me;SiCl proceeds
through chloride-atom abstraction and capture of a trimethyl-
silyl radical to produce 8a and 3a, respectively, use of one
equivalent of bis(trimethylsilyl)mercury, Hg(SiMe;),,'”! now
led to a near quantitative yield of 3a (Scheme 4).

With respect to the development of Step B in Scheme 1,
the chemical transformations presented in Scheme 2 and
Scheme 4 raised the possibility of being able to directly
convert 2—3 by photolyzing 2 in the presence of excess
equivalents of Me;SiCL! In practice, while this hypothesis
proved to be correct, its experimental verification yielded yet
another surprise. More specifically, in addition to the
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Scheme 4. Functionalization of 5 and 7. Yields are based on durene as an
internal standard.
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Scheme 5. Photolysis of 2 in the presence of excess equivalents of
R;ECI and subsequent nitrene-group transfer from 3, 10, and 11 to CO.
Yields of products are relative to 2 and based on durene as an internal
standard.®!

expected terminal imido product 3, this ‘one-pot’ photo-
conversion of 2 now provided the corresponding metal
dichloride 1 as the co-product with no 8 being observed
(Scheme 5). Importantly, results obtained from five separate
experiments conducted with 2b firmly established a reprodu-
cible yield for 3b of 63 +£1% and for 1b of 33 £1%. On the
strength of these data in which up to 96 % of the metal can be
accounted for based on the stoichiometry of Scheme 5, it is
reasonable to propose a formal mechanism in which one
equivalent of the dinuclear p-N, starting material 2 is
efficiently acting as an internal trap for the total of four
chlorine atoms that are being generated. Finally, one of the
most exciting consequences of Scheme 5 is that we had
already reported NGT using CO as a substrate. Namely,
treatment of the terminal imido complexes 3a and 3b with
CO (10 psi) as shown in this scheme, provides an excellent
yield of Me;SiNCO and the corresponding Group 6 M"

Angew. Chem. Int. Ed. 2015, 54, 1022010224
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bis(carbonyl) complexes, [Cp*M{N(iPr)C(Me)N(iPr)}(CO),]
9a (M =Mo) and 9b (M = W), respectively.'

The versatility of the N, fixation process established by
the chemistry in Scheme 5 was explored further. To begin,
chemical reduction of 1a under an atmosphere of isotopically
labeled N, (98%) first provided ('°N,)-2a that was then
photolyzed to first provide ("’N)-3a, which was then reacted
with isotopically labelled *CO (99%) to produce double
isotopically labelled [°N, *C]-Me;SiNCO in high yield.® The
series of heteronuclear (*C, "N, and *Si) NMR spectra
obtained for this product (Figure 2) serve to establish the

|

126 125 124 ppm 3

C
JML Me;Si'PN="3Cc=0

T T T T
45 4.0 3.5 ppm

32 ppm

Figure 2. Partial heteronuclear NMR spectra for ['°N, *C]-Me,SiNCO.
a) *C{'"H} NMR (125.76 MHz, [D¢]benzene): 0 =124.41 ppm; '/ ("*C-
*N) =42.8 Hz, b) "N NMR (50.68 MHz, [D¢]benzene, neat MeNO, as
external standard): 6 =33.48 ppm; 'J(*N-*C) =42.8 Hz., c) *Si DEPT-
35 NMR (99.36 MHz, 4.67 % natural abundance ?°Si, [Dg]benzene, neat
Me,Si as external standard): 0 =3.91 ppm; 'J(*Si-"N) =14.7 Hz, }-
(Si1°C) = 8.5 Hz.

efficiency and extent of double isotopic incorporation.!
Similar results were obtained upon substitution of Me;SiCl
with the other R;ECI derivatives Ph;SiCl, Me;GeCl, and
Me;CCl in the photolysis of 2a (Scheme 5) to respectively
provide the corresponding terminal imido complexes 3¢, 10,
and 11.%% Finally, treatment of 3¢ and (*’N)-10, and (*N)-11
with PCO yielded [N, “C]-Ph;SiNCO and [“N, "C]-
Me;GeNCO, and [N, "C]-Me;CNCO respectively
(Scheme 5), and the structural identities of these heterocu-
mulene products were confirmed by 'H, *C, and ®N NMR
spectra and comparison with literature values. %!

To complete the formal catalytic cycle for N, fixation
presented in Scheme 1, a step is required to recycle the metal
bis(carbonyl) complexes 9 back to the starting metal dichlor-
ides 1. Gratifyingly, this goal could be realized by relying on
our reported catalytic OAT process involving CO, and
a Group6 M"/M" redox couple. More specifically, as
presented in Scheme 6, photolysis of 9a and 9b in the
presence of CO, cleanly provides the corresponding mono-
nuclear terminal oxo complexes 4a (M =Mo) and 4b (M =
W).!"!' In the present work, it was determined that both 4a
and 4b react with excess equivalents of Me;SiCl in benzene
solution to produce one equivalent of hexamethyldisiloxane,
Me;Si-O-SiMe;, and the desired respective products 1a and
1b (see Scheme 6).5%) Even more satisfying, the 9a—1a
transformation could be achieved by simply photolyzing 9ain
the presence of CO, and excess equivalents of Me;SiCl, to
directly produce 1a in high yield and without the need to
isolate the intermediate terminal oxo complex 4a.
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Scheme 6. Synthesis of Group 6 metal dichlorides by oxygen atom
transfer.®!
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Scheme 7. Synthesis of Group 6 metal dichlorides by nitrene-group
transfer/oxygen-atom transfer with CO, and Me;ECI. Yields are based
on durene as an internal standard.®!

Although Scheme 5 and Scheme 6 comprise a formal N,
fixation chemical cycle for production of Group 14 isocya-
nates, the overall process requires both CO and CO,, as well
as photolysis. Accordingly, to provide a more efficient path,
the direct reaction of 3a, 3b, and 10 with CO, and Me;ECI
(E =Si and Ge) was investigated. As Scheme 7 reveals, when
a solution of 3a in [D¢]benzene was heated under CO,
pressure (70 psi) at 75°C for 14 days within a thick-walled
sealed NMR tube, conversion into 4a (76% yield) and
Me;SiNCO (73 % yield) occurred as established by '"H NMR
spectroscopy and an internal standard (durene).’] Under
lower CO, pressure (20 psi), compound 10 was observed to
convert even more efficiently at the same temperature into 4a
and Me;GeNCO in 82% and 80% respective yields after
a total of 14 days. To our knowledge, these results provide the
first documentation of simultaneous NGT and OAT involving
CO, and a Group 6 metal imido as substrates.”!! A final
consideration was to determine if 3a and 10 could be directly
converted into 1a by simply heating under CO, pressure in
the presence of excess equivalents of Me;SiCl and Me;GeCl,
respectively. Fortunately, as shown in Scheme 7, this goal was
achieved in a surprisingly easy manner and in high yield.”

To test the validity of combining the NGT and OAT
processes of Scheme 5-7 to provide complete N, fixation
cycles for production of isocyanates, fixed amounts of 2a and
2b were carried through in one-pot fashion to provide these
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dinuclear p-N, starting materials in 50 % recovered yields
when CO was employed (Scheme 6) and a 82 % yield of the
dichloride 1a was isolated when CO, was used for simulta-
neous NGT and OAT according to Scheme 7./

In summary, the present work establishes a highly efficient
and versatile chemical cycle for the production of isocyanates
from N,, CO,, and R;ECI, and one that proceeds under
relatively mild conditions. We are currently investigating
further refinements to this chemical cycle that would permit it
to proceed in true catalytic fashion.

Keywords: nitrene-group transfer - nitrogen fixation -
oxygen-atom transfer - small-molecule activation
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