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ABSTRACT: Room-temperature sodium metal reduction of
phenyl isocyanate (PhNCO) in hexamethylphosphoramide
yields the anion radical (PhNCO•−) where the unpaired
electron exhibits coupling to one nitrogen and five unique
protons. The extent of coupling to the carbon in the NCO
group was obtained via the reduction of 13C-labeled PhN13CO.
Remarkably, this coupling is over 2 orders of magnitude
smaller than that found for the alkyl-substituted analogue. This
large attenuation indicates that the electron is not localized
within the isocyanate group (as in the alkyl analogues) but is
distributed throughout the entire π system including the phenyl ring. The consequence of this delocalization is that the
isocyanate is expected to remain linear upon reduction of PhNCO. The anion radicals of p-tolyl- and p-methoxyphenyl
isocyanate have also been generated. We find that these electron-donating substituents on the phenyl ring have little effect on the
nitrogen coupling. Hence, the NCO group has the same geometry as the PhNCO•−. When PhNCO is reduced in
tetrahydrofuran, a solvent where ion association effects are common, PhNCO•− is not observed. Here, a cyclotrimerization
occurs (initiated by PhNCO•−), generating the triphenyl isocyanurate anion radical where the unpaired electron is predominately
localized in one of the carbonyl moieties.

■ INTRODUCTION

The chemistry of isocyanates (R-NCO) has been extensively
explored since their discovery in 1848 by Wurtz,1 with their
greatest use being in the production of polyurethane
materials.2,3 Moreover, the cyclotrimerization of isocyanates
leads to the formation of heterocyclic aromatic isocyanurates
(1,3,5-triazinane-2,4,6-triones), which are also commonly used
in polyurethane blends giving these materials added resil-
ience.4−6 More recently, isocyanates have been widely used in
the production of new cyclic lactam precursors as potential
antibiotics and protein inhibitors,7−11 and for the synthesis of a
variety of natural products.2,12−14 Even polyisocyanate macro-
molecules (e.g., 1-nylon) formed through poly amide bond
linkages,2,15 have been widely studied as artificial helical
polymers that mimic some aspects of protein structure.16−20

Due to the unique structural properties of 1-nylon, these
polymers have also been exploited for possible use in liquid
crystalline materials and as linkers to optical and molecular
switches.17−22

Formation of these polyisocyanates is commonly performed
using an anionic initiator that attacks the electrophilic carbon of
the isocyanate forming an intermediate anion that propagates
the polymerization reaction.15−18,20 Many of these methods
have utilized the formation of an isocyanate anion radical to
initiate the polymerization.15,16,20 The one-electron reduction
of an isocyanate and subsequent polymerization is done using
alkali metals or other electron donors (such as the naphthalene
anion radical, C10H8

•−) at low temperatures.15,16,20 The

mechanism describing polymer formation involves the rapid
radical−radical coupling of two isocyanate anion radicals with
formation of a diamagnetic oxanilide dianion (Scheme 1). The
propagation reaction continues with this dianion species, as a
bidirectional polymerization occurs generating two intra-
molecular polyisocyanate chains attached to the oxanilide
moiety, Scheme 1.16,20 The high reactivity of isocyanate anion
radicals, and their propensity to rapidly polymerize, makes
exploring their structure extremely challenging.
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Scheme 1. Formation of Polyisocyanate Initiated by the
Coupling of Two Isocyanate Anion Radicals
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Our group recently investigated the one-electron reduction
of both ethyl and cyclohexyl isocyanate in dilute solution under
ambient conditions in the hope of observing the respective
anion radicals, but we were unsuccessful.23 Instead, the reduced
alkyl isocyanate participates in a rapid cyclotrimerization
generating a stable trialkyl isocyanurate anion radical, reaction
1.23 The unpaired electron was found to localize in the π
system of one of the carbonyl groups in the ring.

To the best of our knowledge, the only published finding of a
stable isocyanate anion radical is that of methyl isocyanate
(MeNCO) by Symons and Trousson; however, this was done
at exceedingly low temperatures.24 In their studies, the
MeNCO•− was generated in a dilute solid solvent matrix of
2-methylTHF or methanol at 77 K using γ-radiation to generate
the anion radical. Under these conditions, the anion radical is
trapped within the solvent matrix, unable to undergo
polymerization, and was readily observable using EPR spec-
troscopy. They concluded, from the large observed electron
coupling to the nitrogen and carbon atoms in the NCO moiety,
that the unpaired electron is localized on the carbon atom in
MeNCO•− resulting in a bent geometry for the isocyanate
group.24 Other than in this study, no spectral data have been
observed for any other isocyanate anion radical.
We are particularly interested in generating an isocyanate

anion radical for spectroscopic investigation to explore the
similarities, if any, with the structure and the electron-spin
distribution found in ketyls (e.g., RNCO•− vs R2CO

•−), which
are possibly the most important and most investigated class of
anion radicals.25−40 EPR spectroscopy has been instrumental in
understanding the structure of ketyls as well as any perturbation
in electron spin density as a consequence of ion association in
solvents of varying polarity.26,27,29−36 As with MeNCO•−,
aliphatic ketyls have the majority of the electron density
residing in the carbonyl moiety resulting in a deviation from
planarity for the sp2-hybridized carbon.33 Alternatively, aryl-
substituted ketyls have the spin population throughout the
extended conjugated π-system resulting in a structure where the
ketyl moiety remains planar.40 Will the same be true for
reduced aryl isocyanates?
The reactivity of ketyls is also well documented, and they

have been shown to dimerize under conditions that favor
strong ion association to the countercation.26−28,34,36,39

Remarkably, benzophenone ketyl (a commonly used anion
radical for the preparation of absolute THF) not only can
dimerize but also can undergo hydrogen isotope exchange with
THF-d8.

38 This exchange appears to be dependent on the alkali
metal used (and therefore the degree of ion association) in the
one-electron reduction.38 We imagine that ion association is
critical to any chemistry involving isocyanate anion radicals
(such as polyisocyanate formation) and an understanding of
their structure is currently lacking.
Herein, we report the results describing the one-electron

reduction of phenyl isocyanate, as well as of three para-

substituted phenyl isocyanates, and the first spectroscopic
observation of their respective anion radicals. Moreover, it will
be shown that the electron spin distribution in the NCO
moiety is substantially different from that found for
MeNCO•−,24 and that solvation effects do play an important
role in the chemistry of these newly observed anion radicals.

■ RESULTS AND DISCUSSION
The sodium metal reduction of phenyl isocyanate (PhNCO, 1)
in hexamethylphosphoramide (HMPA) results in a solution
exhibiting a unique EPR spectrum, Figure 1. A nearly perfect

computer simulation reveals that the odd electron is coupled to
five nonequivalent protons and one nitrogen atom, which
strongly suggests that the signal is due to the anion radical of
phenyl isocyanate (1•−). No ion-pairing effects with the Na+

cation were observed due to strong solvation by the HMPA.41

Upon further exposure of this solution to the metal the signal
from 1•− eventually disappears and no other radical was
observed during the remainder of the reduction.
A complete picture of the electron-spin density in the

isocyanate moiety, especially at the carbon atom, is crucial to
predicting the geometry of this anion radical. This was
accomplished by reducing 13C labeled phenyl isocyanate
(PhN13CO) that was synthesized from 13C enriched benzoic
acid (Ph13COOH). The Na metal reduction was repeated using
a 1:1 mixture of PhNCO/PhN13CO in HMPA, and the
resulting EPR spectrum clearly shows the additional coupling to
the isocyanate 13C atom (a13C = 0.83 G), Figure 2. Notably, we
find that the measured nitrogen and carbon coupling constants
for 1•− are quite different from those found for MeNCO•−

determined by Symons and Trousson (e.g., aN = 7 G and a13C =
110 G) where they concluded, based upon these large hyperfine
couplings, that the electron is localized on the isocyanate
carbon and that the NCO takes on a bent geometry upon
reduction. However, it is clear from our measured aN and a13C
values for 1•− that the electron is not localized in the isocyanate

Figure 1. (Upper) X-band EPR spectrum recorded at 295 K after a
HMPA solution containing phenyl isocyanate (PhNCO) was exposed
to Na metal under vacuum. (Lower) Computer-generated EPR
spectrum using aN of 1.19 G and aH’s of 2.80, 2.40, 0.860, 0.710, and
0.085 G for five unique protons. The peak-to-peak line width (Δwpp)
is 0.09 G.
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group given that the 13C coupling is over 2 orders of magnitude
smaller than that found for MeNCO•−.24 This large attenuation
in spin density is caused by the extended π conjugation
between the isocyanate group and the phenyl ring which allows
for greater delocalization of the unpaired electron throughout
1•−. With substantially less total spin density now residing at
the carbon, the geometry for 1•− is likely to be similar to that of

the neutral molecule where the ∠NCO bond angle remains
linear and the ∠CNC remains bent. Moreover, the rotation of
the isocyanate group with respect to the phenyl ring must be
slow on the EPR time scale causing all five protons to be
nonequivalent. Results obtained from density functional theory
(DFT) calculations on 1•− support these conclusions.
Two DFT geometry optimizations were performed for 1•−

both at the B3LYP/6-311++G** level of theory. The initial
geometry used for these anion radical calculations was that of
the B3LYP/6-31G* optimized structure for 1. For the first
calculation on 1•− the NCO moiety was kept at the same bond
angle as that found for the optimized geometry in 1 (∠NCO =
174°), while the second calculation had no constraints on the
isocyanate group. These results along with the B3LYP/6-311+
+G**/EPR-II computed Fermi contact electron−nuclear
coupling constants (shown in parentheses) are displayed in
Figure 3. Interestingly, the optimized geometry where no
constraints were used gives the more stable gas phase structure
for 1•− by 53 kJ/mol and contains a bent NCO geometry
(∠NCO = 132°). However, we find with this structure that the
calculated a13C and aN are in very poor agreement with the
experimentally determined values (Figure 3) and suggests that
the electron will localize in the isocyanate group of 1•− when
formed in the gas phase. Remarkably, by keeping the NCO
geometry the same as that obtained for the optimized neutral
molecule (e.g., nearly linear), we find that the electron spin is
more delocalized into the phenyl π system and that the
calculated carbon and nitrogen coupling constants are in good
agreement with our measured values, Figure 3. We favor this
calculated structure over the former to best resemble 1•− in
solution, which indicates that solvation effects are important to
the stability and structure of the phenyl isocyanate anion
radical.
The assignment of the measured aH’s to the five ring

hydrogens is also displayed in Figure 3 and is based upon the
magnitude of the calculated Fermi contact coupling values
where we find better agreement between the measured and
calculated aH’s for the linear isocyanate structure over that for
the bent geometry. Furthermore, these assignments are
consistent with the results obtained with other similarly

Figure 2. (Upper) EPR spectrum recorded at 295 K of a HMPA
solution containing a 1:1 mixture of PhNCO and PhN13CO reduced
with Na metal. (Lower) Computer-generated EPR spectrum using a
1:1 mixture of two spectra representing the PhNCO•− and
PhN13CO•−. For both simulated spectra the same coupling constants
were used: aN of 1.19 G for one nitrogen and aH’s of 2.80, 2.40, 0.860,
0.710, and 0.085 G for five unique protons. An additional coupling,
a13C, of 0.83 G was included for one of the simulated spectra. The
Δwpp is 0.19 G.

Figure 3. B3LYP/6-311++G**-predicted geometries for two structures of 1•−. The left structure was obtained by locking the NCO moiety in the
same configuration as that obtained for the B3LYP//6-31G* optimized neutral molecule (∠NCO = 174°), while in the other calculation no
restrictions were made to the NCO group (right structure). All measured coupling constants are shown with the left structure along with the 6-311+
+G**/EPR-II-computed Fermi contact coupling constants (in parentheses) for both calculated 1•− structures. The assignment of the measured aHs
to each proton was made based on the magnitude of the DFT calculated values.
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substituted phenyl anion radicals where the substituent has
electron withdrawing characteristics.40a,42 The anion radicals of
nitrosobenzene and benzaldehyde exhibit larger spin densities
in the ortho and para positions relative to those found for the
meta positions. We see in the case of 1•− that a similar result is
obtained where one of the ortho and the para hydrogens have
the largest aHs. Furthermore, a significant difference in the
measured aHs for the two ortho and the two meta hydrogens has
been observed for the nitrosobenzene and benzaldehyde anion
radicals.40a,42 In the case of the latter this difference is 1.29 G
(ortho positions) and 0.56 G (meta positions).40a A similar
effect caused by the asymmetric isocyanate group would
account for the differences in the observed couplings found in
1•− (Figure 3). Interestingly, we conclude from the different
proton couplings that the amount of spin density at these
positions is significantly smaller than that found for the
benzaldehyde ketyl,40a and this would suggest that the NCO is
a much weaker electron-withdrawing group.
Placement of a methyl group or methoxy group at the para

position on phenyl isocyanate appears to have a negligible effect
on the nitrogen hyperfine coupling upon reduction; however,
significant redistribution of spin density in the ring is evident by
the change in coupling to the remaining four protons. We find
with the anion radicals of p-tolyl isocyanate (2•−) and p-
methoxyphenyl isocyanate (3•−) that the presence of these
electron-pushing substituents attenuates the nitrogen coupling
only slightly from that of the parent 1•−. The hyperfine
couplings to the four ring protons are very similar for both
anion radicals. The assignment of each aH to the different

protons was made using the same computational procedure
described for 1•− (see Figure 4) even though the calculated aHs
are in poor agreement (especially for 3•−) with the
experimental values suggesting that solvation effects are
important to the distribution of electron spin (and structure)
within these anion radicals. In both systems we see a significant
augmentation in the aH’s for the hydrogens that are meta to the
isocyanate while coupling to one of the ortho protons has
lessened considerably.
One-electron reduction experiments were also performed

with p-nitrophenyl isocyanate, and it was found that the
presence of the strongly electron-withdrawing nitro substituent
draws much of the electron density away from the isocyanate
group resulting in an EPR signal that is similar to those of other
para-substituted nitrobenzene anion radicals.43 The coupling
constants obtained for the p-nitrophenyl isocyanate anion
radical are: aN = 7.78 G (1 N), aN = 0.10 G (1 N), aH = 3.40 G
(2 H), and aH = 1.12 G (2 Hs). The large observed nitrogen
coupling, as well as the triplet of triplets due to the proton
couplings, is consistent with these anion radicals; see the
Supporting Information for EPR spectrum and simulation.
Symons and Trousson also investigated the structure of the

methyl isothiocyanate anion radical (MeNCS•−) under similar
experimental conditions as that for MeNCO•− (e.g., low
temperature in a solid solvent matrix) and obtained similar
spectroscopic results indicating that the electron is localized in
the p orbital of the isothiocyanate carbon atom.24 Our attempts
to generate PhNCS•− in HMPA were unsuccessful and would

Figure 4. (Left) X-band EPR spectrum recorded at 295 K after a HMPA/p-tolyl isocyanate (2•−) solution was exposed to Na metal under vacuum. A
computer simulation of this spectrum (lower) was generated using aN of 1.16 G and aH’s of 2.74 G (1H), 2.45 G (1H), 0.842 G (1H), 0.075 G (1H),
and 0.73 G (3H). The Δwpp is 0.12 G. (Right) EPR spectrum recorded at 295 K after reducing p-methoxy phenyl isocyanate in HMPA with Na
metal. The computer simulation (lower) was generated using an aN of 1.14 G and aH’s of 2.78 G (1H), 2.51 G (1H), 0.851 G (1H). The Δwpp is
0.10 G. Structures shown include the B3LYP//6-311++G**/EPR-II-computed Fermi contact electron−nuclear coupling constants (shown in
parentheses).
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suggest that this anion radical is more susceptible to
polymerization than the isocyanate analogue.
Reduction of Phenyl Isocyanate in Tetrahydrofuran.

When the reduction of PhNCO is performed in THF, a solvent
where ion association effects are common with anion radicals,44

the results are quite different than those obtained in HMPA. As
described above, only 1•− was detected when reduction
experiments were carried out in HMPA. This was somewhat
surprising since the one electron reduction of alkyl isocyanates
in HMPA resulted in the formation of isocyanurate anion
radicals (see reaction 1).23 However, when the one-electron
reduction of 1 is carried out in tetrahydrofuran (THF) the
resulting EPR spectrum reveals that a stable isocyanurate anion
radical is formed.
The potassium metal reduction of 1 in THF gives a solution

that exhibits a strong EPR signal with a 1:2:3:2:1 pentet from
the unpaired electron coupling to two equivalent nitrogen
atoms (aN = 1.37 G), Figure 5. No signal from 1•− was detected

under these conditions, which suggests that this anion radical is
much more reactive in solvents of lower polarity.45 In
generating a computer simulation of this spectrum it was
necessary to include a small unresolved coupling from
hydrogens in two of the phenyl rings (aH = 0.080 G, 6 Hs),
Figure 5. Six hydrogens were used in the simulation since the
majority of spin density in the rings attached to the two Ns is
expected to reside at the ortho and para positions.40a,42 Further
proof of this unresolved proton splitting was obtained via the
reduction of penta-deuteriophenyl isocyanate (Ph(2H5)NCO,
1-D5). By replacing the 1Hs on the phenyl rings with 2Hs, a
noticeable decrease in the apparent peak width should occur
since the ratio of gyromagnetic ratios is, γ2

H/γH = 0.154, and
therefore, any coupling to 2Hs will be lost in the spectral line
width.46 Figure 6 contains the EPR spectrum obtained from the
one-electron reduction of 1-D5 using experimental conditions
identical to those used with 1; as expected, the spectral peak
width is much narrower when compared to the EPR spectrum
in Figure 5. Clearly these results show that very little spin
density is distributed into the phenyl rings of the anion radical
formed.

Upon closer inspection of the spectrum shown in Figure 6
we find that the pentet exhibits further splitting due to a third
nitrogen (aN = 0.095 G). This splitting is not from any
deuterium atoms since a2

H ≅ 0.012 G (aH x 0.154), and
therefore any coupling (even to six 2Hs) would be lost in the
spectral line width. As further evidence that an isocyanurate
anion radical has formed in solution, the reduction of PhN13CO
was also performed and the resulting spectrum clearly exhibits
additional couplings to only three carbons with a13C = 1.52 G
(1 × 13C) and a13C = 0.835 G (2 × 13C), Figure 7. The
observed coupling to 3 N’s and 3 13C’s, as well as the

Figure 5. (Upper) EPR spectrum recorded at 295 K after a THF
solution containing phenyl isocyanate was exposed to K metal under
vacuum. (Lower) Computer-generated EPR spectrum using aN of 1.37
G (2 Ns) and aH of 0.080 G (6 Hs) with Δwpp = 0.14 G.

Figure 6. (Upper) EPR spectrum recorded at 295 K after a THF
solution containing Ph(2H5)NCO was exposed to K metal. (Lower)
Computer simulation using aN = 1.37 G (2 Ns) and aN = 0.095 G (1
N) and Δwpp = 0.12 G.

Figure 7. (Upper) EPR spectrum recorded at 295 K after a THF
solution containing PhN13CO was exposed to K metal. (Lower)
Computer-generated EPR simulation using aN = 1.38 G (2 Ns), a13C =
1.52 G (1 13C), a13C = 0.835 G (2 13Cs) and aH = 0.10 G (6 Hs), Δwpp
= 0.15 G.
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symmetrical nature of these couplings, leaves little doubt that
the anion radical was generated from a cyclotrimerization of
three PhN13CO molecules. The electron-spin distribution
within this trimer is nearly identical to that observed in the
reduction of trialkyl isocyanurates,23 which also strongly
supports the formation of the triphenyl isocyanurate anion
radical (4•−) upon reduction of 1 in THF. Moreover, we
envision that a cyclotrimerization mechanism, initiated by 1•−,
drives the rapid formation of the trimer anion radical, Scheme
2. Finally, upon oxidation of the reduced THF solution with
iodine, 1H and 13C{1H} NMR spectroscopy were used to
determine that 4 was the major species (∼ 93%) found in
solution. As was observed with the trialkyl isocyanurate anion
radicals,23 the electron spin in 4•− is predominately localized
within the π system of one of the three carbonyls.
B3LYP/6-31G* calculations on both 4 and 4•− suggest that

the neutral molecule will undergo a significant structural
rearrangement once an electron is added to the π system. The
structure of 4 has D3h symmetry where the phenyl rings are
orthogonal to the planar isocyanurate ring, Figure 8. These
calculations also indicate that the isocyanurate ring in 4 must
undergo a first order Jahn−Teller (J−T) distortion and lose of
planarity upon electron attachment. This distortion reduces the
symmetry of the ring in 4•− which now has a nonplanar
geometry (Cs symmetry) where the carbonyl with high spin
density is now slightly pyramidalized. The decrease in
symmetry upon addition of an electron means that two or
more deformed structures (or J−T species) must be present
which can undergo rapid exhange.47 In the EPR data, we
observe only one J−T species in solution, even at low
temperatures, but this may be the result of a dynamic J−T
effect between the different conformers that interchange rapidly
on the EPR time scale.47

We performed a conformational search of other possible J−T
species involving the isocyanurate ring. These calculations were
performed using the less structurally complex trimethyl
isocyanurate anion radical where conformers of the isocyanu-

rate ring could be readily found. The lowest energy conformer
of the trimethyl isocyanurate anion radical has nearly the same
geometry, π-SOMO and spin distribution for the isocyanurate
ring as that found for 4•−. Two other possible conformers were
found and their structures are shown in Supporting
Information.
We see from the optimized structure for 4•− (Figure 8) that

two of the phenyl rings have become almost coplanar with that
of the isocyanurate ring. This structure allows for increased π
orbital overlap between the rings as well as increased spin
density into the two phenyl rings. On the whole, the shape of
the π-SOMO surface for 4•− conforms remarkable well to the
magnitude of the coupling constants (and therefore the
electron spin density) observed for the carbons and nitrogens
in the isocyanurate ring.

Scheme 2. Potassium Metal Reduction of a THF/PhNCO Solution Resulting in a Rapid Cyclotrimerization and the Formation
of the Triphenyl Isocyanurate Anion Radical

Figure 8. B3LYP/6-31G*-predicted geometries for 4 and 4•−.
Structure 4 has D3h symmetry where the plane of the phenyl rings is
orthogonal to the planar isocyanurate ring. In the case of 4•− the
isocyanurate is no longer flat and the carbonyl with high electron
density is slightly pyramidalized. Note that the phenyl rings adjacent to
this carbonyl have rotated to become somewhat coplanar with the
isocyanurate moiety. Also shown is the shape of the π-SOMO surface
for 4•−, which supports the experimental result that the electron is
localized in one carbonyl.
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Attempts were made to reduce 4 directly in THF; however,
no anion radical was detected via EPR, and NMR analysis
revealed that 4 was still present in solution. It was apparent in
these experiments that the metal became covered by a thin-film
residue and that this film likely inactivated the metal surface.
Even exposure to solvated electron in THF (generated with 18-
crown-6 ether) did not form 4•−; instead, complete
decomposition of 4 occurs as evident in the NMR data.
Further experimental techniques are currently being explored
(e.g., cyclic voltammetry) to attempt to reduce 4, as well as
other aryl-substituted isocyanurate compounds. However, we
surmise that the reaction pathway described in Scheme 2
circumvents this difficulty, which has made it possible to obtain
4•− in solution starting with 1•−.
Tight ion pairing is clearly evident with some isocyanurate

anion radicals which exhibit coupling to the metal cation.
Notably, the degree of ion pairing has a noticeable influence on
the hyperfine coupling to the nitrogen and carbon atoms in
these systems. In the case of the triethyl isocyanurate anion
radical, 5•− (Figure 9), a tight ion pair exists in solution even

when the K+ is encapsulated in an 18-crown-6 ether. (The EPR
spectrum exhibits hyperfine coupling to the K+ nucleus (I = 3/
2), aK = 0.10 G.) This tight (or contact) ion pair likely involves
the oxygen that has the majority of charge density within the
isocyanurate ring, see Figure 9. Alternatively, no metal splitting
is apparent for the anion radical of 4•− (see Figures 3 and 4),
and therefore a loose or solvent separated ion pair must exist
where it is likely the phenyl rings are sterically inhibiting the K+

from forming a contact ion pair with the negatively charged
carbonyl group. These differences in ion association result in a
measurable difference in the nitrogen and carbon hyperfine
coupling constants in 4•− and 5•−. Although the electron is
predominately localized in one carbonyl for both anion radicals,
we find that the contact ion pair formed with 5•− has more
electron density in the carbonyl, which is apparent when
comparing the nitrogen and carbon hyperfine couplings with
those found for the loose ion pair (4•−), see Structures 4•− and
5•−. (Supporting Information contains the EPR spectrum of
13C labeled 5•− along with the computer generated simulation).

In the case of 4•−, an increase in electron distribution
throughout the ring allows for more spin density to reside on
the remaining nitrogen and enhances our ability to observe the
small hyperfine coupling (aN = 0.095 G), Figure 6.

■ CONCLUSION
The reduction of phenyl isocyanate, under conditions where
ion association is typically absent (e.g., in HMPA), leads to the
formation of the respective anion radical where the electron is
not localized on the carbon in the isocyanate group but is
distributed throughout the π system. The magnitude of the
carbon- and nitrogen-coupling constants as well as DFT
calculations reveal that the isocyanate group remains linear in
these anion radicals (as in the neutral molecule). Alternatively,
when the reduction is carried out under conditions where ion
association is likely to occur, no isocyanate anion radical is
observed. Instead, we find that a rapid cyclotrimerization,
initiated by the isocyanate anion radical, takes place resulting in
the formation of an isocyanurate anion radical. Finally, ion
pairing effects result in a noticeable perturbation in the
electron-spin distribution throughout the isocyanurate ring.
This methodology for reducing isocyanates represents a
convenient way to study the chemistry of these anion radicals
and to see how different substituents attached to the isocyanate
moiety influence the reduction chemistry.

■ EXPERIMENTAL SECTION
Materials. 13C-Benzoic acid (C6H5

13COOH) and perdeuteriated
benzoic acid (Ph(2H5)COOH) were purchased from Cambridge
Isotopes, Inc., and used in the synthesis of the respective isocyanates.

Synthesis of 13C-Phenyl Isocyanate (PhN13CO) and Perdeu-
teriated Phenyl Isocyanate (Ph(2H5)NCO). A mixture of 8.2 mmol
of Ph13COOH (or Ph(2H5)COOH) and 10.4 mmol of SOCl2 was
dissolved in 50 mL of CH2Cl2. The solution was refluxed for 8 h under
an argon atmosphere after which the CH2Cl2 was distilled off, leaving
the crude benzoyl chloride (Ph13COCl) behind. To the flask
containing Ph13COCl were added 30 mL of benzene and 50 mL of
an aqueous solution containing a large excess of NaN3 (34 mmol).
This solution was stirred vigorously to maximize the mixing of both
layers. Aliquots of the benzene solution were removed and
interrogated using GCMS to monitor the complete conversion of
Ph13COCl to the acyl azide (Ph13CON3). The conversion took
approximately 24 h. After this time, the benzene layer was separated
from the aqueous layer and dried with anhydrous MgSO4. The filtered
benzene solution containing Ph13CON3 was refluxed for 6 h under
argon to drive the conversion of the acyl azide to the isocyanate via a
Curtius rearrangement. The benzene was then removed and the crude
product (PhN13CO) was distilled under reduced pressure (18 Torr) at
71 °C. 13C{1H} NMR spectral analysis confirm the formation of the
isocyanate, Figure 10. The same procedure was used to synthesize

Figure 9. (Upper) EPR spectrum of a THF solution containing 1.5:1
mixture of EtNCO/18-crown-6 ether after exposure to K metal at 295
K. (Lower) Computer-generated EPR spectrum using aN = 1.54 G (2
N) and aK = 0.10 G (1 K), Δwpp = 0.10 G.
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Ph(2H5)NCO and the 13C{1H} NMR spectrum is displayed in Figure
11.
Reduction of Phenyl Isocyanate Compounds in HMPA and

THF. A sealed glass tube (with fragile ends) was charged with 0.15
mmol of phenyl isocyanate and placed into bulb E of the Pyrex glass
apparatus shown in Figure 12. A small amount of either sodium or
potassium metal was placed into bulb B, which was then sealed at
point A, and the entire apparatus was evacuated. The alkali metal was
distilled into bulb D to form a pristine metal mirror, after this, bulb B
was sealed at point C. Three milliliters of HMPA (dried with
potassium metal) or THF (dried over NaK) were distilled from the

vacuum system directly into bulb E, and the evacuated apparatus was
sealed from the vacuum line at point F. The glass tube containing the
isocyanate was broken by shaking, and the solution was well mixed
before brief exposure to the metal mirror.

The EPR spectrum was immediately recorded after pouring a
sample of the solution into the 3 mm EPR tube. The apparatus was
removed from the EPR instrument and the solution exposed to more
metal and the spectrum recorded again. This process was continued
until the best signal-to-noise ratio for the anion radical was obtained.
All EPR data was collected on a Bruker EMX-080 spectrometer
equipped with a variable-temperature unit.

Figure 10. 125 MHz 13C{1H} NMR spectrum of PhN13CO in CDCl3. Note that the ipso carbon resonance is split by coupling to the isocyanate
carbon (2JCC = 6.3 Hz).

Figure 11. 125 MHz 13C{1H} NMR spectrum of synthesized Ph(2H5)NCO in CDCl3. Note the carbon resonances that are split into a triplet by the
deuterium (I = 1) attached.
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