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Figure 1. An ORTEP drawing of [Fe,Co(CO)y(CPMe3)]". Some selected
bond distances (A): Col-Fe2 = 2.5460 (7), Col-Fe3 = 2.5332 (6),

Fe2-Fe3 = 2.5567 (8), Col-C1 = 1.914 (3), Fe2-C1 = 1.934 (3),
Fe3-Cl = 1.903 (3), C1-P1 = 1.715 (3), av PI-CH; = 1.792 (3).
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face. The C1-PI distance, 1.715 (3) A, is significantly shorter
than the three equivalent PI-CH, distances (av 1,792 (3) A). In
comparison to organic and organometallic phosphorus ylides,? the
C1-P1 distance is longer than the C=P bond of Ph;P=CH,
(1.661 (8) A)? but shorter than or similar to the C=P bonds of
pAhos(I),)_h?rus ylides bridging two metal centers (1.750(18) — 1.82(4)

).10-1

Compound 2 does not react further with excess PMe; and
cannot be reconverted to 1 under CO. Protonation of 2 using
HSO,;CF, occurs across the Fe~Fe bond, giving HFe,Co(CO),-
(CPMe;) (3).1* Compound 3 can also be generated from the
reaction of Fe,Co(CO)5(u5-CH) (4)!* with PMej, a reaction in
which the phosphine induces C—H bond cleavage. The reaction
of 4 with PMe, was monitored by 'H, *C, and *'P NMR spec-
troscopies and initially gave spectra which suggested the formation
of numerous intermediates. Nonetheless, 3 is produced cleanly
upon completion of the reaction. Scheme I summarizes the re-
actions described above.

Compound 1 can be viewed as a heteroatomic carbonyl cluster
based on a pseudotetrahedral M;C core. This treatment of 1 is
in accordance with the valence formalisms of Wade!¢ and Min-
gos.!” In addition, an analogy is evident between eq | and ligand

(8) (a) Schmidbaur, H. Angew. Chem., Int. Ed. Engl. 1983, 22, 907. (b)
Kaska, W. C. Coord. Chem. Rev. 1983, 48, 1.

(9) Bart, J. C. J. J. Chem. Soc. B 1969, 350.

(10) Jeffery, J. C.; Navarro, R.; Razay, H.; Stone, F. G. A. J. Chem. Soc.,
Dalton Trans. 1981, 2471,

(11) Belmonte, P.; Schrock, R. R.; Churchill, M. R.; Youngs, W. J. J. Am.
Chem. Soc. 1980, 102, 2858.

(12) Uedelhoven, W.; Neugebauer, D.; Kreissl, F. R. J. Organomet. Chm.
1981, 217, 183.

(13) Henrick, K.; McPartlin, M.; Deeming, A. J.; Hasso, S.; Manning, P.
J. Chem. Soc., Dalton Trans. 1982, 899,

(14) 3: IR vco (CH,Cl,) 2074 (w), 2050 (m, sh), 2028 (vs), 2019 (vs),
1999 (s), 1972 (m, sh) cm™'; MS (70 eV ionization), parent ion m/c 512 with
successive loss of 9 CO units; 'H NMR (CD,Cl,, +25 °C) 2.02 (d, 2/py =
12.2 Hz, P(CH,)3), -19.01 (s, HFe,Co) ppm; *'P NMR (CD,Cl,, +25 °C)
36.2 (s) ppm; 3C {'H} NMR (CD,Cl,, =90 °C) 213.4, 210.7, 210.0, 206.8,
203.8 (2:2:1:2:2, CO), 202.1 (d, 'Jpc = 30.4 Hz, C-P(CH,);) ppm.

(15) Kolis, J. W.; Holt, E. M.; Hriljac, J. A.; Shriver, D. F. Organo-
metallics 1983, 2, 185.

(16) Wade, K. Adv. Inorg. Chem. Radiochem. 1976, 18, 1.

(17) Mingos, D. M. P. 4cc. Chem. Res. 1984, 17, 311.

substitution reactions of tetranuclear metal carbonyl clusters.
Indeed, 1 and a four-metal analogue, [Fe (CO)y3]%, exchange
all CO ligands with 13CO gas at a comparable rate.>!® Despite
the ease with which 2 is formed, phosphine substitution for CO
at the carbon vertex of M;(CO)(CCO) clusters is not a general
reaction. The reaction of [Co3(CO)y(CCO)]* with PPh; leads
to substitution at Co, yielding [Co3(CO)g(PPh;)(CCO)]*."* Thus
the relative affinities of carbonyl and phosphine ligands for carbon
and metal centers appear to be delicately balanced in these clusters.

The reaction shown in eq 1 is surprisingly facile considering
the evidence for a strong C=CO bond in 1 (C-CO distance =
1.29 (5) A% and e = 79.4 Hz'%). The kinetic facility of this
ligand displacement reaction at carbon may be the result of a
transition state in which a ligand bridges between the metal
framework and the capping carbon atom. A transition state of
this type has been proposed in the synthesis of H,Ru3(CO)4(C-
C0).%% Evidence for incipient ligand bridging is evident in the
structure of 1, in which the CCO moiety tilts toward one Fe
atom,?! thus forming a semibridging CO between the C and Fe
atoms. Ligand bridging may also facilitate the previously cited
exchange of the carbon-bound CO ligand of 1 with gaseous 1*CO
and to the displacement of the carbon-bound proton of 4 by PMe,
(Scheme I). The tendency for the M3(CO), ensemble to delocalize
electron density from the capping carbon atom may also lower
the energy of the transition state for ligand exchange.
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The photochemistry of the aromatic azides (ArNj) has been
a subject of interest and some controversy for more that 60 years.’
Their irradiation leads to loss of nitrogen and to the formation
of one or more reactive intermediates. For example, irradiation
of phenyl azide creates its excited singlet state which loses nitrogen
to give the singlet nitrene. Singlet phenylnitrene can intersystem
cross to form its ground-state triplet which has been detected by
ESR spectroscopy.* Azobenzene is formed by dimerization of

(1) University of Illinois.

(2) University of Nottingham.

(3) Azides and Nitrenes; Scriven, E. F. V., Ed.; Academic Press: 1984;
Chapters 3 and 7.
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Figure 1. Photolysis of azide 1 in cyclohexane with time-resolved IR
detection of the transient intermediate. Inset A shows the decay of the
1887-cm™ absorption assigned to dehydroazepine 3 in the absence of
DEA; inset B, the decay of 3 in the presence of ca. 0.01 M DEA.

the triplet nitrene.> Reversible isomerization of the singlet nitrene
to a ground-state intermediate competes with formation and
dimerization of the triplet nitrene.® The valence isomer can be
trapped by added nucleophiles (such as diethylamine, DEA) to
give 2-substituted-3H-azepines’ which are often the major products
of reaction under these conditions, eq 1 and 2.
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Communications to the Editor

The structure of the valence isomers formed from singlet
nitrenes has been a matter of considerable interest. Huisgen and
co-workers suggested first that they are bicyclic azirines.® Later,
Sunberg and co-workers,” by analogy from the gas-phase work
of Wentrup,! proposed an alternative dehydroazepine structure.
This suggestion was strengthened by Chapman and LeRoux!! who
recorded an infrared spectrum characteristic of the dehydroazepine
by irradiating phenyl azide in an argon matrix at 8 K. However,
Dunkin and co-workers!? showed that azirines may be converted
to dehydroazepines by irradiation, and it is widely recognized that
detection of an intermediate isolated in a matrix at low temper-
ature does not mean necessarily that the same species is present
at higher temperature or that it participates under other reaction
conditions. This is apparently true in this case since Platz, Wirz,
and co-workers!? have recently shown that irradiation of phenyl
azide at 77 K gives primarily the triplet nitrene.

We report herein investigation of the photochemistry of 4-
(dimethylamido)phenyl azide (1) at room temperature in fluid

| N

O

3, A=CON(Me),

S

1, A = CON{Me),

4, A=CON(Me),

solution by transient absorption techniques with detection by
infrared and ultraviolet spectroscopy. These experiments establish
with certainty the intermediacy of 5-(dimethylamido)-1,2-
dehydroazepine (3), identify it as the species trapped by nu-
cleophiles, permit the estimation of its lifetime, and allow mea-
surement of the rate of its reaction with DEA.

Irradiation of azide 1 at room temperature in deoxygenated
cyclohexane solution (5 X 1073 M, 350 nm, Rayonet Photoreactor)
gives 4,4’-(dimethylamido)azobenzene in ca. 72% yield.!* When
DEA (0.05 M) is present in the photolysis solution, 2-(diethyl-
amino)-5-(dimethylamido)-3H-azepine (2)!° is isolated in nearly
quantitative yield, eq 3. By analogy with phenyl azide, the
3H-azepine may be considered to arise from the reaction of either
an intermediate dehydroazepine 3 or an azirine 4. These two
possibilities were distinguished by transient spectrophotometric
techniques,

The most distinctive spectral features that allow differentiation
of a dehydroazepine from an azirine occur in the IR region.!:12
Spectra of these intermediates isolated in matrices reveal a strong
ketenimine absorption band for dehydroazepines at ca. 1890 em™
and a characteristic band for azirines at ca. 1730 cm™. Time-

(8) Huisgen, R.; Vassius, D.; Appl. M. Chem. Ber. 1958, 91, 1. Huisgen,
R.; Appl. M. Ibid. 1958, I, 12.

(9) Sundberg, R. J.; Brenner, M.; Suter, S. R.; Das, B. P. Tetrahedron
Lert. 1970, 2715.

(10) Crow, W. D.; Wentrup, C. Tetrahedron Lett 1968, 6149,

(11) Chapman, O. L.; LeRoux, J.-P. J. Am Chem. Soc. 1978, 100, 282.

(12) Dunkin, I. R.; Thomson, P. C. P. J. Chem. Soc., Chem. Commun.
1980, 499. Donelly, T.; Dunkin, I. R.; Norwood, D. S. D.; Prentice, A.;
Shields, C. J. ; Thompson, P. C. P. J. Chem. Soc., Perkin Trans. 2 1985, 307.

(13) Leyva, E.; Platz, M. S. Tetrahedron Lett. 1985, 26,2147. Leyva, E.;
Platz, M. S,; Persy, G.; Wirz, J. J. Am. Chem. Soc. 1986, 108, 3783.

(14) The amide-substituted azide was chosen for study primarily for its
ability to survive a trans-Atlantic voyage.

(15) 4,4'-Bis(dimethylamido)azobenzene: 'H NMR (CDCl;) 6 3.1 (d, 12
H), 7.75-7.9 (d, 8 H). Anal. Calcd. for C;sH5xN,O,: C, 66.65; H, 6.21; N,
17.27. Found: C, 66.65; H, 6.22; N, 17.25.

(16) 2-(diethylamino)-5-(dimethylamido)-3H-azepine: 'H NMR (CDCl;)
6 1.25 (t, 6 H), 2.70 (d, 2 H), 2.80 (s, 3 H), 3.0 (s, 3 H), 4.15 (t, 4 H), 5.45
(t, 1 H), 6.1 (d, 1 H), 7.05 (d, 1 H); exact mass caled for C;;H,; N,O
235.1684, found 235.1694.
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resolved IR spectra recorded following flash photolysis (308 nm,
100 mJ, 10 ns) of azide 1 in cyclohexane (2 X 1073 M) at room
temperature are shown in Figure 1. The region of the IR
spectrum examined (1709-1985 cm™) is limited by the probing
CO laser, and the time resolution of the experiment (>1 us) is
set by the response of the detector.!”

The time-resolved IR spectra of the intermediate formed by
photolysis of 1 shows a single, strong absorption band at 1887 cm™,
clearly identifying it as dehydroazepine 3. There are no detectable
absorptions characteristic of azirine 4 in the examined spectral
region. The dehydroazepine is formed within the rise time of the
laser apparatus and decays following an approximate first-order
rate law (inset A on Figure 1) with an initial half-life of ca. 1 ms.
Further confirmation of the structure of the intermediate comes
from verification of its rapid reaction with amines. Irradiation
of 1 in cyclohexane solution containing ca. 0.01 M DEA also gives
the 1887-cm™ band of the dehydroazepine, but under these
conditions it decays away in a few us (inset B on Figure 1). The
rate of reaction of the dehydroazepine with DEA can be measured
more accurately by flash photolysis with UV spectral detection.

Irradiation of azide 1 (2 X 10™* M) in deoxygenated cyclo-
hexane with a quadrupled Nd-YAG laser (266 nm, 4 mJ, 20 ns)
generates an intermediate whose UV absorption spectrum recorded
2 us after the laser pulse is shown in Figure 2A. This species
is formed immediately on the time scale of this experiment (ca.
20 ns) and then decays with a half-life of ca. 1 ms, Figure 2B.
When DEA is present in solution, a new, strong absorption band
with maximum at ca. 365 nm (Figure 2C) grows into the spectrum
with a rate that is directly proportional to the amine concentration.
Analysis of these results yields a second-order rate constant for
the reaction of DEA with the intermediate of 4.4 (£0.5) X 107
M5!, Figure 2D.

It is normally a difficult matter to assign with certainly the
structure of a transient intermediate detected solely by UV
spectroscopy. In the present case however, IR and UV spectral
detection in combination with the kinetic measurements leads to
sensible assignment of the spectrum shown in Figure 2A to
dehydroazepine 3. The product formed directly from the reaction
of DEA with 3 does not have any IR absorptions in the region
probed. However, its UV spectrum (Figure 2D) and the isolation
of 3H-azepine 2 in high yield support Sundberg’s suggestion that
the detected species is the 1 H-azepine precursor to 2 formed by
addition of DEA across the carbon-nitrogen double bond of 3.1

These experiments resolve the long-standing debate concerning
the structure of the intermediates formed by irradiation of phenyl
azides at room temperature. Ring expansion to the dehydroazepine
is the exclusive fate for azide 1. The dehydroazepine has a lifetime
of ca. 1 ms in the absence of a nucleophilic trapping reagent and
may isomerize with moderate efficiency to the triplet nitrene
(presumably first passing through the singlet). There is no evi-
dence for the existence or participation of azirine 4 in these
reactions.!’® Comparison of these results with product, kinetic,
and spectral data for phenyl azide itself shows excellent corre-
spondence.® On this basis we conclude that ring expansion to the
dehydroazepine is also the dominant pathway in the irradiation
of phenyl azide. This finding will necessitate careful reevaluation

(17) Dixon, A. J.; Healy, M. A.; Hodges, M.; Moore, B. D.; Poliakoff, M.;
Simpson, M. B,; Turner, J. J.; West, M. A. J. Chem. Soc., Faraday Trans.
2 1986, 82, 2083.

(18) DeGraff, B. A.; Gillespie, D. W.; Sundberg, R. J. J. Am Chem. Soc.
1974, 96, 7491.

(19) We cannot exclude with certainty the possible formation of 4 and its
subsequent isomerization to 3 in less than 20 ns.
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Figure 2. Flash photolysis of azide 1 in cyclohexane with UV detection
of the transient intermediate. Part A shows the spectrum recorded 2 us
after the laser flash in the absence of DEA; part B shows the decay of
the absorption assigned to dehydroazepine 3 monitored at 360 nm; part
C shows the spectrum recorded 100 us after the flash in the presence of
0.015 M DEA; part D is a plot of the pseudo-first-order rate constant
(kyeq) for reaction of 3 with DEA.

of the hypothetical “molecular explosion in solution” of phenyl
azide which was supported in part by improper assignment of the
dehydroazepine absorption spectrum to triplet phenylnitrene.?

(20) Go, C. H. L.; Waddell, W. J. Am Chem. Soc. 1984, 106, 715. Fe-
ilchenfeld, N. B.; Waddell, W. H. Chem. Phys. Lett. 1983, 98, 190. Feil-
chenfeld, N. B.; Waddel, W. H. Chem. Phys. Lett. 1984, 106, 297.
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Pyrazolylborate-transition-metal chemistry has developed ex-
tensively over 20 years! but has not previously intersected the area
of carbon~hydrogen activation. We now report that the tris-
(dimethylpyrazolyl)borato complex (HBPz*,)Rh(CO), (1, Pz*
= 3,5-dimethylpyrazolyl)? photochemically activates aromatic and
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saturated hydrocarbons with great efficiency and high thermo-
dynamic selectivity at room temperature. Unlike previously re-
ported photochemical systems, activation proceeds under daylight
or tungsten illumination as well as with use of a mercury arc.

When a pale yellow solution of 1 (ca. 2 mM) in a closed,
evacuated Pyrex Schlenk tube was irradiated under standard
conditions® for 5 min by means of a 450-W Hanovia medium
pressure mercury lamp, the solution became colorless, and con-
version to the hydridophenyl rhodium(III) complex 2a according
to eq | was complete. Under the same conditions, conversion of
(7*-CsMe;)Ir(CO), to the hydridophenyl complex was only ca.
60% after 6-h irradiation, and there was general degradation at
longer times.* Activations using (9°-CsMes)Ir(PMe;)H, also
require long irradiation with a powerful UV source and do not
proceed to completion.* After 2-h irradiation at a distance of
2-3 cm from an ordinary 75-W incandescent reflector flood light,
a benzene solution of 1 (2.9 mM) was >95% converted to 2a.

Complex 2a is a moderately air stable colorless crystalline solid,
although crystals of X-ray quality have not yet been obtained.
The six methyl resonances in the 'H NMR spectrum are consistent
with the three nonequivalent pyrazole rings in the octahedral
structure; phenyl protons are broad at ambient temperature but
sharpen at =20 °C to show five sharp sets of multiplets as rotation
about the rhodium—phenyl bond slows. Above room temperature
solutions of 2a in benzene-ds undergo exchange forming
(HBPz*;)Rh(CO)(D)(C¢Ds) (217, = 1.5 h at 60 °C) at a rate
similar to that observed for (3°-CsMes)Rh(PMe,)(H)(C4H;).}

(1) Trofimenko, S. Acc. Chem. Res. 1971, 4, 17-22. Trofimenko, S. Chen.
Rev. 1972, 72, 497-509. Trofimenko, S. Prog. Inorg. Chem. 1986, 34,
115-210.

(2) Trofimenko, S. Inorg. Chem. 1971, 10, 1372-1376. May, S.; Rensalu,
P.; Powell, J. Inorg. Chem. 1980, 19, 1582-1589. For 1 we find: IR (n-
hexane) vco 2054, 1981 em™L,

(3) Hoyano, J. K.; Graham, W. A. G. J. Am. Chem. Soc. 1982, 104,
3723-3725.

(4) (a) Janowicz, A, H.; Bergman, R. G. J. Am. Chem. Soc. 1982, 104,
352-354. (b) Janowicz, A. H.; Bergman, R. G. Ibid. 1983, 105, 3929-3939
(particularly footnote 17). (c) Buchanan, J. M,; Stryker, J. M,; Bergman,
R. G. Ibid. 1986, 108, 1537~1550.

(5) Jones, W. D.; Feher, F. J. J. Am. Chem. Soc. 1984, 106, 1650-1663.

Irradiation of 1 (ca. 1.8 mM) at room temperature in rigorously
purified cyclohexane® in an evacuated vessel resulted in partial
conversion to the cyclohexyl hydride 2b (vco 2028 cm™ in cy-
clohexane). Infrared spectra showed complete conversion of 1
to 2b within 5 min when a N; or Ar purge was used during
photolysis to prevent the back reaction with released CO. In view
of its lability and limited stability,” 2b was not isolated but con-
verted with minimum delay by reaction with CCl, to the chloro
derivative (HBPz*;)Rh(CO)(CI)(C4H,;) (3) for full character-
ization.?

Addition of a slight excess of benzene to a freshly prepared
cyclohexane solution of 2b at 25 °C results in its quantitative
conversion to 2a within 10 min. This transformation underlines
the lability of 2b and relative stabilities in the system;® 2b is a
remarkably efficient scavenger for aromatic hydrocarbons.

A fresh cyclohexane solution of 2b (2.2 mM) was prepared with
N; as purge. The lamp was extinguished, and the purge was
changed to CH,. After 17 min, the solution exhibited IR bands
at 2035 cm! (assigned to (HBPz*3)Rh(CO)(H)(CHj), 2¢), 2028
cm™ (2b), and weak bands of decomposition products.” The ratio
of absorbances of the 2035- and 2028-cm™ bands was ca. 0.6.1°
Another estimate of the molar ratio 2¢:2b was 0.63, obtained from
the 'H NMR of the mixture of stable chloride derivatives
(HBPz*;)Rh(CO)(C1)(CH,) (4) and 3 resulting from reaction
with excess CCl,. At 25 °C, the solubility of CH, is 0.0302 M,!!
[cyclohexane] is 9.20 M, and whence K., = 190 for eq 2. This
indicates a reasonably high equilibrium selectivity favoring the
primary rhodium~methyl bond and its minimal (though not
negligible) steric requirement.2

co co
(HBPz"’s)RhiH + CHy == (HBPz*a)RhﬁH + CgHiz
CgH1y \CHs
2b 2¢

As judged from carbonyl-stretching frequencies, the electron
richness of 1 (vcg 2054, 1981 cm™! in hexane) is similar to that
of (n*-CsH5)Rh(CO), (vco 2049, 1986 cm™! in hexane); the av-
erages of the band pairs are identical. The ability of 1 to function
with near UV light presumably results from the position of its
lowest energy electronic absorption band at 353 nm.!* High
quantum efficiency is also necessary for response to the much less
intense incandescent and daylight sources. Although the origin
of this efficiency is not yet clear, we speculate that it may involve
facile tridentate-bidentate interconversions of the tris(pyrazo-
lyl)borate ligand. It is hoped that experiments in collaboration
with Dr. A. J. Rest (University of Southampton) invelving 1 in
Nujol mulls at 12 K will clarify the primary photoprocess.

On the basis of the foregoing results, we are expanding our
investigation of pyrazolylborate complexes and their interaction
with hydrocarbons, with rhodium and iridium the current focus.
It is now clear that there are the expected similarities! to CsHj
and CsMes systems, while preliminary results suggest some

(6) Murray, E. C,; Keller, R. N: J. Org. Chem. 1969, 34, 2234-2235.

(7) Monitoring the cyclohexane solution by IR shows the disappearance
of 2b within 2-3 h in the dark at room temperature as new, weaker bands
appear at 2048 and 2040 cm™'. This process is under investigation.

(8) Reaction with CCl, was fast, and yields of isolated 3 after chromato-
graphic purification were 70-75%.

(9) Displacement of alkane by arene in (7°-CsMes)M(PMes)(H)(R) com-
plexes appears general. Rates are significant at —=17 °C for M = Rh® but only
above 100 °C for M = Ir.% .

(10) Absolute yields of 2¢ and 2b were not accurately determined but were
estimated from IR band intensities to account for >90% of 1 used in the
reaction,

(11) Wilhelm, E.; Battino, R. Chem. Rev. 1973, 73, 1-9.

(12) With the assumption that AS® = Oineq 2, AH® & -3 kcal. By using
established values of D(H-CH;) and D(H-C,H;,)," one estimates {D(Rh-
CH,) - D(Rh-C4H,;)} = 13 kecal/mol at 25 °C, a further indication of the
variability of D(M-R) with the organic group.*>!*

(13) McMillen, D. F.; Golden, D. M. 4nn. Rev. Phys. Chem. 1983, 33,
493-532.

(14) Halpern, J. Inorg. Chim. Acta 19858, 100, 41-48.

(15) UV (solvent, A\, nm, ¢). (HBPz*;)Rh(CO), (1): n-hexane, 221
(17600), 353 (1820). (n5-C5Meg)Ir(CO)2: n-hexane, 220 (13000), 290
(5500). (#>-CsMes)Ir(PMe;)H,:*® cyclohexane, 259 (1600).
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