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The crystal structure of the zwitterionic complex (CO)5WNPhNPhC(Ph)OMe (1) shows
that it is best described as an amido complex in which the “imidate” fragment PhNdC(Ph)-
OMe serves as a substituent on the amide nitrogen. The structural information allows the
previously reported conversion of 1 to an isomeric zwitterion to be assigned as simple rotation
about the N-C double bond. The twisted intermediate for such a rotation also offers a
pathway for the previously reported isomerization of 1 to a 2,4-diazametallacycle. The
electronic spectrum of 1 reveals a low-energy MLCT transition that is responsible for its
photodecomposition via N-N bond cleavage. INDO/1 CI calculations support assignment
of the MLCT band as the HOMO to LUMO transition, where depopulation of the HOMO
initiates the cleavage of the N-N bond.

Introduction

Amido complexes have proven to be valuable in the
synthesis of transition metal imido compounds.1 Al-
though there are many useful synthetic methods that
transfer the NRmoiety from an organic substrate to the
metal,1,2 it is often more convenient to generate an imido
ligand from a precursor in which the nitrogen is already
bound to the metal. This has proven to be the case for
low-valent metal imido complexes, which are particu-
larly challenging targets because they are less stable
than their higher valent counterparts. The transforma-
tion of amides to imides has been used successfully by
Brookhart and Templeton in the synthesis of low-valent
tungsten imido complexes.3 These reactions typically
involve hydride abstraction from the amide with Ph3C+

or deprotonation using a strong base.
Applying a somewhat different strategy, we have

exploited the facile N-N bond cleavage of the zwitt-
erionic amido complex (CO)5WNPhNPh(OMe)R [R )
Me, Ph (1)] to generate the low-valent imido compound
(CO)5WdNPh as a reactive intermediate (Scheme 1).4
Zwitterion 1 can also serve as a precursor to imido
complexes in higher oxidation states. Chemical oxida-
tion of 1 with 1 equiv of I2 results in formation of W(IV)

imido dimer 2 while reaction with 2 equiv of I2 produces
W(VI) metallacycle 3.5 Both of these reactions have
been demonstrated to occur through the same initial
pathway, where oxidation of the W(0) center in 1 results
in rapid N-N bond cleavage to give PhNdC(OMe)Ph
and reactive tungsten imido complexes.
During our investigations on generation and trapping

of (CO)5WdNPh, extensive mechanistic studies on the
decomposition of zwitterion 1 were carried out.4a Al-
though no intermediates were detected under photolytic
conditions, thermal decomposition of 1 at room temper-
ature revealed two intermediates which eventually
decompose to give [(CO)5WdNPh] and PhNdC(OMe)-
Ph (Scheme 2). On the basis of the spectroscopic
evidence, intermediate 4 was identified as an isomer of
1 although the site of isomerism that differentiates 1
from 4 could not be ascertained. Intermediate 5 was
formulated as a 2,4-diazametallacycle.
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We now report the X-ray crystal structure of 1, which
allows the stereochemistry of 4 to be assigned. Fur-
thermore, the structure of 1 offers clues to its formation
from (CO)5WdC(OMe)Ph and cis-azobenzene and helps
elucidate the mechanistic details for Scheme 2.6 The
electronic spectrum of zwitterion 1 is also examined and,
with the aid of INDO/1 calculations, provides insight
into the chemical and photochemical N-N bond scission
observed for 1.

Results and Discussion

Structure of Zwitterion 1. Although zwitterion 1
decomposes at room temperature in solution over the
course of 3 h, it is stable for weeks at -40 °C. Therefore,
X-ray-quality crystals of zwitterion 1 were grown from
a cold chloroform solution which was slowly allowed to
evaporate over a period of 3 weeks. This resulted in
isolation of dark red needles that were washed in cold
hexane and stored under an inert atmosphere. The
crystal structure was obtained by coating a single
crystal in Paratone oil and placing it in a stream of cold
N2. After the structure was solved, 1H NMR analysis
of the remaining crystals confirmed that they were
indeed zwitterion 1.
The crystal structure of 1 unequivocally confirms the

atom connectivity originally derived from the spectro-
scopic data4a,d and in addition provides the conformation
of 1. A thermal ellipsoids diagram is shown in Figure
1, and selected structural data appear in Table 1. The
geometry is octahedral at the metal, but with the CO
ligands being distorted from perfect symmetry by the
presence of the phenyl rings on N1 and N2. Evidence
for the steric bulk of the amido ligand can be seen in
the C1-W-N1 and C2-W-N1 angles of 98.4(2) and
94.0(2)°, respectively. Another effect of this steric
crowding can be observed in the W-N1 bond length of
2.262(4) Å, which is considerably longer than the
expected value of 1.952 Å for W-NR2 bonds.7 The
W-N1 bond length is also longer than the W-N bond(6) Related chemistry with chromium complexes has been reported

by Hegedus: (a) Hegedus, L. S.; Kramer, A. Organometallics 1984, 3,
1263-1267. (b) Hegedus, L. S.; Lundmark, B. R. J. Am. Chem. Soc.
1989, 111, 9194-9198.

(7) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson,
D. G.; Taylor, R. J. Chem. Soc., Dalton Trans. 1989, S1-S83.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for 1
W-C(5) 1.976(6) W-C(4) 2.055(6) N(1)-N(2) 1.422(6)
W-C(2) 2.019(5) W-N(1) 2.262(4) N(2)-C(13) 1.314(6)
W-C(1) 2.047(6) N(1)-C(31) 1.396(6) N(2)-C(41) 1.455(6)
W-C(3) 2.054(6)

C(5)-W-N(1) 174.2(2) C(13)-N(2)-N(1) 120.0(4)
C(31)-N(1)-N(2) 112.2(4) N(2)-C(13)-C(21) 123.2(4)
C(31)-N(1)-W 130.1(3) O(6)-C(13)-C(21) 121.7(4)
N(2)-N(1)-W 117.4(3)

W-N(1)-N(2)-C(13) -123.8(4) W-N(1)-C(31)-C(32) 25.0(6)
W-N(1)-N(2)-C(41) 68.3(5) N(1)-N(2)-C(13)-O(6) -163.6(4)
W-N(1)-C(31)-C(36) -154.4(4) N(1)-N(2)-C(13)-C(21) 10.4(7)

Table 2. Crystal Data and Structure Refinement
for 1

empirical formula C25H18N2O6W
fw 626.26
temp 173(2) K
wavelength 0.710 73 Å
cryst syst triclinic
space group P1h
unit cell dimensions a ) 8.3071(2) Å

b ) 11.4298(2) Å
c ) 12.9757(2) Å
R ) 76.459(1)°
â ) 86.425(1)°
γ ) 79.896(1)°

volume, Z 1178.91(4) Å3

density calcd 1.764 Mg/m3

absorptn coeff 4.942 mm-1

F(000) 608
crystal size 0.23 × 0.14 × 0.07 mm
θ range 1.61-27.50°
limiting indices -9 e h e 10, -12 e k e 14,

-16 e l e 15
no. of reflctns collected 6918
no. of independent reflctns 4819 [R(int) ) 0.0359]
refinement method full-matrix least squares on F2
data/restraints/params 4779/0/308
goodness of fit on F2 1.056
final R indices [I > 2σ(I)] R1 ) 0.0334, wR2 ) 0.0766
R indices (all data) R1 ) 0.0387, wR2 ) 0.0829
extinctn coeff 0.0000(3)
largest diff peak and hole 2.690 and -1.002 e Å-3

Scheme 2

Figure 1. Thermal ellipsoids diagrams of 1 showing the
crystallographic numbering scheme. Ellipsoids are drawn
at the 40% probability level.
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lengths of 2.125(5) and 2.156(5) Å in the W(0) bis(amido)
complex [Et4N]2[(CO)3W(HNC6H4NH)].8 The W-N1
bond lengthening in 1 also has an electronic origin that
will be addressed later.
Another noteworthy feature is the N2-C13 bond

length of 1.314(6) Å that lies in the range for C-N
double bonds with a positive charge on the nitrogen.9
The CdN bond of 1 is significantly longer than the CdN
length of 1.270(8) Å observed in the related nitrone
complex 6,10 however, indicating reduced double bond
character with respect to 6. The W-N1-N2-C13 chain

is strongly twisted [W-N1-N2-C13 ) -123.8(4)°] and
the N2-C13 π system is thus unable to conjugate well
with the p orbital on N1. This effect can be seen in the
distribution of coefficients in the HOMO and LUMO (see
Figure 3 below) where W-N1 and N2-C13 function as
separate π systems. The p orbital on N1 is instead
conjugated into the phenyl ring, as evidenced by the
short N1-C31 distance of 1.396(6) Å. All in all, 1 is
best described as an amido complex in which the
positively charged “imidate” fragment serves as a sub-
stituent on the amide nitrogen.
The crystal structure of 1 confirms that the amido

nitrogen possesses an almost perfectly planar geometry,
as evidenced by the sum of 359.7° for the three bond
angles about N1. Amido ligands are universally ob-
served to adopt a planar geometry. This is a result of
π donation from the nitrogen lone pair to a metal d
orbital. Since the tetrahedral-to-planar distortion is
relatively facile, even a small amount of donation from
the nitrogen lone pair will result in a planar amido
ligand. In some systems, this pπ f dπ interaction is
substantial enough to generate a measurable barrier to
rotation about the M-NR2 bond. However, the fact that
the amido nitrogen in 1 is planar is not easily explained
by simple electronic arguments, since there are no low-
lying empty d orbitals on the d6 W(0) tungsten atom of
1 to accept pπ donation. Interaction between the
nitrogen lone pair and filled d orbitals would be desta-
bilizing, suggesting that the amido ligand should not
bind well to the (CO)5W fragment. This expectation is
supported by the properties of the related W(0) bis-
(amido) complex [Et4N]2[(CO)3W(HNC6H4NH)],8 a mol-
ecule that accepts a five-coordinate, formally 16 e-

configuration in order to accommodate π-donation from
the amido ligands. Also of note with respect to the long
W-N1 bond is the strong trans influence of the C5
carbonyl. The W-C5 bond length of 1.976(6) Å is
significantly shorter than the average of 2.044 Å for the
W-C distance of the other four carbonyls, each of which
is trans to another.
MM2 calculations were performed to further probe the

nature of this complex. The MM2 geometry optimiza-

tion of 111 resulted in a near-perfect planar arrangement
of the amido nitrogen. Since these calculations contain
no information on the electronic structure of the com-
plex, this result suggests that steric congestion about
the amido nitrogen forces the R-nitrogen into a planar
structure. Therefore, steric considerations appear to
override the electronic destabilization associated with
planarity at N1.
Formation of Zwitterion 1. Since the original

spectroscopic data for 14a,b established the connectivity
of the zwitterion ligand but did not offer any clue to the

three-dimensional structure of the complex, the site of
isomerism that differentiates 1 from 4 could not be
ascertained. At the time, E/Z isomerism at the CdN
bond was considered most likely although s-cis/s-trans
isomerism at the N-N or C-O single bonds could not
be ruled out. The crystal structure of 1, however, allows
a solution to this problem. The twisted conformation
about the N-N bond rules out s-cis/s-trans isomers at
that site and the C-O bond is not sufficiently hindered
for the rotamers to be isolable. Although crystal-
lographic data on zwitterion 4 are not available, there
exists only one reasonable site of isomerism: the C-N
double bond. Since the phenyl groups of the “imidate”
fragment are trans in 1, they must then be cis in 4. This
leads to assignment of the isomeric zwitterion 4 as
depicted.
In the reaction between (CO)5WdC(OMe)Ph and cis-

azobenzene, zwitterion 1 is produced exclusively as the
kinetic product and converts over time to the thermo-
dynamically more stable isomer 4. Therefore, any
mechanism proposed for the reaction between the
tungsten carbene and cis-azobenzene to give 1 must
include an explanation of the preference for formation
of the less stable trans isomer.
Given that cis-azobenzene reacts rapidly with

(CO)5WdC(OMe)Ph while the trans azo compound is
unreactive, the first step of this reaction is most likely
the attack of the more nucleophilic nitrogen lone pair
of cis-azobenzene on the electrophilic metal carbene
carbon to form ylide 7 (Scheme 3). Although the ylide
has not been observed in this reaction, a strong prece-
dent exists for this intermediate since reactions between

(8) Darensbourg, D. J.; Klausmeyer, K. K.; Reibenspies, J. H. Inorg.
Chem. 1996, 35, 1535-1539.

(9) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen,
A. G.; Taylor, R. J. Chem. Soc., Perkin Trans. 2 1987, S1-S19.

(10) Peng, W.-J.; Gamble, A. S.; Templeton, J. L.; Brookhart, M.
Inorg. Chem. 1990, 29, 463-467.

(11) CAChe WorkSystem, Release 3.8. CAChe Scientific, Beaverton,
OR.
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Fischer carbenes and Lewis bases such as tertiary
phosphines and amines are known to give similar ylide
complexes.12

Nitrogen-containing metallacycles have been proposed
as intermediates or products in the reaction of a variety
of unsaturated substrates with metal carbenes10,13 and
metal carbynes.14 In fact, evidence for such a metalla-
cycle in the related thermal reaction of (CO)5CrdC-
(OMe)Me with cis-azobenzene has been reported.6 Clo-
sure of ylide 7 to a four-membered ring would result in
metallacycle 8, which upon W-C bond cleavage would
yield a zwitterion.15 Scheme 4 shows two possible
stereochemistries at the ring C-N bond of 8. Metalla-
cycle 8b would be less stable than 8a, since there is an
unfavorable steric interaction between the cis-phenyl
groups. Molecular modeling (MM2)11 estimates the
energetic difference between 8a and 8b to be nearly 7
kcal/mol. To the extent that this developing steric
interaction is present in the transition state for forma-
tion of 8b, it would favor formation of 8a, the precursor
to the observed zwitterion 1.
Thermal Isomerization Reactions of Zwitterion

1. One mechanism that would account for the isomer-
ization of 1 to 4 involves a simple rotation about the
N-C double bond. The positively charged nitrogen
should lower this barrier by increasing the involvement
of the oxygen lone pair. In fact, protonation of the
nitrogen has been used to facilitate isomerization and
shift the position of the E/Z equilibrium in imidates.16

The participation of resonance structure B and the

sterically demanding environment in 1 are consistent
with the relatively facile conversion of zwitterion 1 to
4. In this context, it is interesting that both zwitterions
1 and 4 produce the E isomer of the imidate (Scheme
2). However, E/Z interconversions in the related N-
arylimines and N-aryliminocarbonates are known to be
rapid,17 and the equilibrium population of the E isomer
of PhNdC(OMe)Ph is reported to be 100%.18 Thus,
rapid equilibration of the imidate after cleavage would
account for the observation of only the E isomer.
If rotation about the N-C double bond is the operative

mechanism that converts 1 to 4, the intermediate in this
isomerization pathway may also be shared by the
pathway that converts zwitterion 1 to the 2,4-diaza-
metallacycle 5 (Scheme 5). Diaziridine complex 9 has
previously been demonstrated to be an intermediate in
the conversion of 1 to 5.4a As shown in Scheme 5, the
twisted intermediate 10 is a reasonable common ele-
ment between path A to diaziridine complex 9 and path
B to the isomerized zwitterion 4. Path B results when
species 4 completes rotation about the N-C bond,
whereas path A results from the attack of the amido
nitrogen on the empty carbon p orbital.
Additional experiments that support the involvement

of 10 as the focal point between path A and path B
(Scheme 5) are shown in Scheme 6. The thermal
decompositions of zwitterions 11 and 124a result in very
different product distributions. In the case of the more
electron rich 11, the major product is the isomeric
zwitterion 13. The p-methoxy substituent is capable of
stabilizing the positive charge that develops at the
benzylic carbon in 10 by resonance, thus slowing attack
of the amide lone pair on the benzylic carbon. Comple-
tion of the C-N rotation to yield 4 then dominates
reactivity (path B in Scheme 5). For zwitterion 12, the
primary product is the 2,4-diazametallacycle 14. Since
the p-CF3 group on 12 destabilizes the developing

(12) (a) Kreissl, F. R.; Fischer, E. O.; Kreiter, C. G.; Fischer, H.
Chem. Ber. 1973, 106, 1262-1276. (b) Fischer, H.; Fischer, E. O.;
Kreiter, C. G.; Werner, H. Chem. Ber. 1974, 107, 2459-2467. (c)
Fischer, H. J. Organomet. Chem. 1979, 170, 309-317. (d) Kreissl, F.
R.; Fischer, E. O.; Kreiter, C. G.; Weiss, K. Angew. Chem., Int. Ed.
Engl. 1973, 12, 563. (e) Kreissl, F. R.; Fischer, E. O. Chem. Ber. 1974,
107, 183-188.

(13) (a) Fischer, H.; Zeuner, S. J. Organomet. Chem. 1987, 327, 63-
75. (b) Fischer, H.; Märkl, R. Chem. Ber. 1985, 118, 3683-3699. (c)
Maxey, C. T.; McElwee-White, L. Organometallics 1991, 10, 1913-
1916. (d) Pilato, R. S.; Williams, G. D.; Geoffroy, G. L.; Rheingold, A.
L. Inorg. Chem. 1990, 29, 463-467.

(14) (a) Mercando, L. A.; Handwerker, B. M.; MacMillan, H. J.;
Geoffroy, G. L.; Rheingold, A. L.; Owens-Waltermire, B. E. Organo-
metallics 1993, 12, 1559-1574. (b) Handwerker, B. M.; Garrett, K.
E.; Nagle, K. L.; Geoffroy, G. L.; Rheingold, A. L. Organometallics 1990,
9, 1562-1575. (c) Handwerker, B. M.; Garrett, K. E.; Geoffroy, G. L.;
Rheingold, A. L. J. Am. Chem. Soc. 1989, 111, 369-371.

(15) It is also possible to devise mechanisms for the conversion of 7
to 1 that involve migration of tungsten instead of the intermediacy of
8. However, isolation of the isomeric metallacycle 5 from this system
lends credence to the transient existence of 8.

(16) Walter, W.; Meese, C. O. Chem. Ber. 1977, 110, 2463-2479.

(17) McCarty, C. G. In The Chemistry of the Carbon-Nitrogen
Double Bond; Patai, S., Ed.; Wiley: London, 1970, pp 363-464.

(18) Meese, C. O.; Walter, W.Magn. Res. Chem. 1985, 23, 327-329.

Scheme 4 Scheme 5
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positive charge at the benzylic position of 10, the
intermediate is much more susceptible to intramolecular
attack by the amide nitrogen (path A in Scheme 5).
Photochemistry of Zwitterion 1. Zwitterion 1 is

a black powder that readily dissolves in polar solvents
to give dark-colored solutions. The observation that
very dilute solutions of zwitterion 1 appear green in
toluene and red in methylene chloride prompted the
study of its UV-visible spectrum. The spectrum of 1
in methylene chloride (Figure 2a) shows strong absor-
bances at short wavelengths, which tail into the visible
region of the spectrum. The band primarily responsible
for the observed color of 1, however, is a relatively weak
band found at 556 nm which appears as a shoulder on
the higher energy transitions. The zwitterionic nature
of 1, with its negative charge on the metal and positively
charged nitrogen suggested the possibility that the
shoulder band is a metal-to-ligand charge-transfer
(MLCT) transition.19

In an MLCT transition, the solvation of the ground
state may differ significantly from that of the excited
state, leading to solvatochromism.20 When the ground
state is more effectively solvated by polar solvents than
the excited state, negative solvatochromism is the result
(i.e., the MLCT band blue-shifts upon increasing solvent
polarity). This situation would be expected for MLCT
states of zwitterion 1, where the ground-state charge
separation would be decreased upon charge transfer to
the ligand. The assignment of the absorption at 556
nm as a low-energy MLCT band was confirmed by
observing the solvent dependence of its λmax. Shown in
Figure 2b is a series of UV-vis spectra of zwitterion 1
taken in four different solvents ranging in polarity from
toluene to acetonitrile. Increasing the polarity of the
solvent causes a significant blue-shift in the maximum
absorption of the MLCT band, while the rest of the UV-
vis spectrum appears unchanged.
Calculations using the INDO model Hamiltonian in

the program ZINDO21 have proven valuable in examin-
ing the electronic transitions of zwitterion 1. The
calculations were performed on the molybdenum zwit-
terion 15 as a model compound for its tungsten congener

1. The atomic coordinates for 15 were taken directly
from the crystal structure of 1, and the calculation was
done using INDO/1 parameters. The HOMO and LUMO
of the model zwitterion 15 are depicted in Figure 3. The
HOMO is primarily a metal-nitrogen π* molecular
orbital and the LUMO is a π* MO centered on the
“imidate” fragment of the zwitterion ligand.
An electronic spectrum was generated from configu-

ration interaction (CI) calculations on 15 (Figure 4).
Although the relative absorbances and maximums do
not match the spectrum of 1 precisely, the general
features of the calculated spectrum closely resemble
those of Figure 2a. Of significance in the calculated
spectrum is the low-energy HOMO to LUMO transition
at 540 nm which corresponds to the MLCT band in the
observed spectrum. Calculations using different simu-
lated solvent environments reproduced the blue shifts
of the low-energy transition of 1 in more polar solvents,
consistent with assignment of the MLCT band as the
HOMO to LUMO transition.
Upon low-temperature photolysis using a medium-

pressure mercury vapor lamp, zwitterion 1 decomposes
to give the imidate PhNdC(OMe)Ph in high yield as the
only identifiable product. Trapping experiments have
demonstrated that the other primary photoproduct is
the unstable nitrene complex (CO)5WdNPh.4b,c Al-
though zwitterion 1 is perfectly stable in solution at low

(19) (a) Meyer, T. J. Pure Appl. Chem. 1986, 58, 1193-1206. (b)
Roundhill, D. M. Photochemistry and Photophysics of Metal Complexes;
Plenum Press: New York, 1994.

(20) (a) Kaim, W.; Kohlmann, S.; Ernst, S.; Olbrich-Deussner, B.;
Bessenbacher, C.; Schulz, A. J. Organomet. Chem. 1987, 321, 215-
226. (b) Manuta, D. M.; Lees, A. J. Inorg. Chem. 1983, 22, 3825-3830.

(21) (a) Zerner, M. C. ZINDO, A Semiempirical Quantum-Chemistry
Program Package; Quantum Theory Project, University of Florida. (b)
Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff, U. T.
J. Am. Chem. Soc. 1980, 102, 589-599. (c) Ridley, J.; Zerner, M. C.
Theor. Chim. Acta 1973, 32, 111. (d) Bacon, A. D.; Zerner, M. C. Theor.
Chim. Acta 1973, 53, 21.

Figure 2. (a) UV-vis spectrum of 1 in CH2Cl2 with the
weak low-energy transition shown as an inset. (b) Solvent
dependence of MLCT transition in 1 [λmax in nm, (ε)]:
toluene, 580 (1360); CH2Cl2, 556 (1330); THF, 552 (1190);
CH3CN, 526 (1120).

Scheme 6
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temperatures, photolysis of 1 in toluene at -50 °C using
a Corion LG-555 long-pass filter to block wavelengths
shorter than 555 nm results in disappearance of the
starting material after 3 h. The photodecomposition
rate of 1 in toluene is comparable to the rate of
photolysis in a control sample using unfiltered radiation
under the same conditions. In addition, gas chroma-
tography (GC) demonstrated that the same amount of
PhNdC(OMe)Ph was produced in comparison to the
control sample. This experiment illustrates that excita-
tion to the MLCT state is responsible for photochemical
decomposition of 1 via N-N bond cleavage.
The INDO/1 study of zwitterion 15 discussed above

suggests that removing an electron from the HOMO of
1, a W-N π* orbital, will strengthen the W-N bond in
the excited state. Although a weakening of the N-N
bond is not an obvious consequence of this excitation,
the increased bonding interaction between the tungsten
and amido nitrogen in the MLCT excited state may
cause structural changes which favor N-N bond cleav-

age to give PhNdC(OMe)Ph and (CO)5WdNPh. The
MLCT transition seen in zwitterion 1 is not typical, in
that excitation results in a photochemical reaction. In
most MLCT excitations of organometallics, the transi-
tion originates in a metal-centered nonbonding d orbital
and terminates in a ligand-localized orbital that does
not influence metal-ligand bonding.19a,22 The excited
state then undergoes electron transfer, luminescence,
or nonradiative decay. The MLCT transition in 1 is
different in that it originates from a metal-ligand
antibonding orbital. The bonding between the metal
and ligand is thus significantly altered upon excitation
and a chemical reaction follows.23

Photochemistry of Zwitterion 4. Over the course
of 3 h, a solution of 1 in CH2Cl2 turns from black to red.
Zwitterion 4 can be isolated as a brown powder in low
yield by the addition of cold hexane to this solution. This
zwitterion, however, appears red in solution and its color
is independent of the nature of the solvent. The UV-
vis spectrum of 4 shows some of the same features as
the spectrum of 1, although it is not as well resolved.
Surprisingly, the MLCT band could not be found. Even
at much higher concentrations in a number of different
solvents, the UV-vis spectrum did not reveal a transi-
tion analogous to the MLCT band in the spectrum of 1.
As was done for zwitterion 1, INDO/1 calculations

were performed on the molybdenum zwitterion 16 as a

(22) Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochemistry;
Academic Press: New York, 1979; pp 15-18.

(23) A reviewer has suggested that photochemical cleavage could
also result from redistribution of thermal energy upon relaxation to
the ground state. We cannot rule this possibility out based on our
experimental data, but we believe that N-N bond cleavage upon both
photolysis and oxidation5 provides support for cleavage from the excited
state.

Figure 3. Frontier orbitals of 1. Orbital surfaces are taken from ZINDO calculations as described in text and plotted
with an isosurface value of 0.07: (a) HOMO. (b) LUMO.

Figure 4. Calculated UV-vis spectrum of 15 in the ab-
sence of solvent. Absorptions and extinction coefficients are
taken from ZINDO-CI calculations as described in the text.
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model compound for its tungsten congener 4. The
coordinates of the atoms in the (CO)5MoN fragment of
16 were obtained from the X-ray structure of 1. The
rest of the geometry was obtained by MM2 optimization
with the (CO)5MoN fragment locked in place. An
electronic spectrum was generated from CI calculations
on 16. The MLCT band is clearly present in the
simulated spectrum but is strongly red-shifted to 796
nm. Since the calculated position of the band is near
the long-wavelength limit of the spectrometer, it is
possible that it was not detected because it lies too far
to the red. However, the existence of the MLCT
transition may be inferred from the observation that
photolysis of 4 leads to N-N bond cleavage to give the
imidate PhNdC(OMe)Ph, a photochemical process that
was attributed to the MLCT excited state in 1.
Conclusion. The crystal structure of zwitterion 1

has allowed the assignment of the stereochemistry for
1 and its isomer 4. The exclusive formation of 1 in the
reaction of cis-azobenzene with (CO)5WdC(OMe)Ph can
be explained in terms of the relative stability of the
intermediate metallacycles 8a and 8b. The isomeriza-
tion of 1 to 4 is proposed to be a simple rotation about
the NdC bond. The twisted intermediate in this
isomerization (10) also offers a direct route to the
coordinated diaziridine intermediate 9, the precursor to
2,4-diazametallacycle 5. The proposed mechanism
(Scheme 5) is supported by experiments in which para
substitution of the phenyl ring significantly alters the
product distribution of zwitterion 4 and 2,4-diazamet-
allacycle 3, consistent with positive charge developing
at the benzylic position in the intermediate.
The crystal structure of zwitterion 1 confirms that the

amido nitrogen is planar. Electronic arguments do not
adequately explain the planar geometry about the
amide nitrogen, but MM2 calculations suggest that the
amido nitrogen is planar due to steric interactions
between the phenyl rings on the “imidate” fragment and
the tungsten carbonyls. This planar geometry has a
direct effect on the electronic spectrum of 1, where a
low-energy MLCT band was found to be the HOMO to
LUMO transition. The HOMO is a π* antibonding
orbital between the metal and amido nitrogen. Depopu-
lation of this orbital by irradiation of the MLCT band
strengthens the W-N bond, initiating N-N bond cleav-
age and the formation of PhNdC(OMe)Ph. Photolytic
N-N bond cleavage in 1 at long wavelengths (above 555
nm) in toluene supports this hypothesis.

Experimental Section

General Details. Standard inert atmosphere Schlenk,
cannula, and glovebox techniques and freshly distilled solvents
were used in all experiments unless stated otherwise. THF
was distilled from Na/Ph2CO. Toluene was distilled over
sodium. CH2Cl2 was distilled over CaH2. CH3CN was de-
gassed by three freeze-pump-thaw cycles and stored over 3
Å molecular sieves under N2. All chemicals were purchased
in reagent grade and used with no further purification unless
stated otherwise. Zwitterions 1 and 4were prepared according
to previously published methods.4a,5b PhNdC(OMe)Ph was
synthesized according to the method reported by Lander.24
Analytical GC was performed on a HP5890A chromatograph
containing a 5 m × 0.25 mm column of SE-54 on fused silica.
UV-vis spectra were recorded using a Hewlett-Packard 8450A
diode array spectrophotometer. All photolysis experiments
were performed in 5 mm NMR tubes or Schlenk tubes by

irradiation with a Hanovia medium-pressure mercury vapor
lamp in a Pyrex immersion well. Computational chemistry
was performed on a Macintosh Quadra 950 using a CAChe
system.11
Crystal Structure of 1. Data were collected at 173 K on

a Siemens Smart Platform equipped with a CCD area detector
and a graphite monochromator utilizing Mo KR radiation (λ
) 0.710 73 Å). Cell parameters were refined using the entire
data set. A hemisphere of data (1321 frames) was collected
using the ω-scan method (0.3° frame width). The first 50
frames were remeasured at the end of data collection to
monitor instrument and crystal stability (maximum correction
on I was <1%). ψ-Scan absorption corrections were applied
based on the entire data set.
The structure was solved by the direct methods in SHELX-

TL525 and refined using full-matrix least squares. The non-H
atoms were treated anisotropically, whereas the hydrogen
atoms were calculated in ideal positions and were riding on
their respective carbon atoms. A total of 308 parameters were
refined in the final cycle of refinement using 4779 reflections
with I > 2σ(I) to yield R1 andwR2 of 3.34 and 7.66, respectively.
Refinement was done using F2.
UV-Visible Spectroscopy of Zwitterions 1 and 4. The

following procedure is typical. Solutions were prepared in an
inert atmosphere box. All glassware, solvents, and cuvettes
were cooled to -40 °C before the solutions were prepared and
the UV-vis measurements obtained. Spectroscopic data were
collected at low concentrations of 1 in toluene (1.285 × 10-4

M), CH2Cl2 (2.640 × 10-5 M), THF (2.652 × 10-5 M), and CH3-
CN (2.684 × 10-5 M) over a 200-800 nm range. Spectra were
obtained at higher concentrations of 1 in toluene (1.294× 10-3

M), CH2Cl2 (1.390 × 10-3 M), THF (1.326 × 10-3 M), and CH3-
CN (1.342 × 10-3 M) for observation of the solvent dependence
of the MLCT band. These data were collected over a 450-
750 nm range. The UV-vis spectrum of 1 is shown in Figure
2.
Photolysis of Zwitterion 1 at Wavelengths Greater

Than 555 nm. Zwitterion 1 (25.6 mg, 0.0409 mmol) was
dissolved in 5 mL of cold toluene (-40 °C). One milliliter
aliquots of the solution were added to two NMR tubes. One
sample was placed behind a Corion LG-555 filter and sub-
merged in an acetonitrile/dry ice bath. Both samples were
photolyzed at -50 °C. Photolysis of the samples was judged
complete when the dark green color of the solutions had
completely disappeared. Photolysis of the control sample
(unfiltered radiation) was complete within 2.5 h, whereas the
sample photolyzed behind a filter required 3 h. GC analysis
indicated that a similar yield of PhNdC(OMe)Ph had been
produced in each sample. Another reaction was performed to
determine the yield of imidate produced using a long-pass
filter. Zwitterion 1 (19.8 mg, 0.0316 mmol) was placed in a
cooled Schlenk tube and 15 mL of precooled toluene (-40 °C)
was added. The tube was fitted with a Corion LG-555 filter
and photolyzed for 8 h at -50 °C. The solution was concen-
trated under vacuum and then diluted to 1 mL. A GC analysis
using a standard solution of PhNdC(OMe)Ph showed that
photodecomposition of zwitterion 1 at wavelengths above 555
nm resulted in a 64% yield of PhNdC(OMe)Ph.
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(24) Lander, G. D. J. Chem. Soc. 1902, 591-598.
(25) Sheldrick, G. M. SHELXTL5; Siemens XRD Corp.: Madison,
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