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transformation of an indirect to direct gap, which could be induced 
by relaxation of the k-selection rule in the quantum confinement 
regime. This interesting explanation remains to be proven since 
the possibility of impurity absorption in the tail region has to be 
rigorously excluded. Bulk chemical analyses (Galbraith Labs., 
Knoxville, TN) demonstrate that at shorter contact times of PH3 

(3 h or less) the Ga:P ratio is large (11:1, at 300 0C, 3 h) but 
at longer times (12 h) the ratio is reduced (0.4:1), indicating the 
presence of unreacted (Me)3^Ga or phosphorus, respectively. 
X-ray diffraction patterns (both from a lab source and the syn
chrotron) of samples treated at 300 °C and below show no re
flections other than those of the zeolite host (with greatly modified 
relative intensities due to the inclusion); however, at PH3 treatment 
temperature of 400 0C, bulk GaP can be identified.13 

For lower annealing temperatures, the formation of micro-
disperse GaP was monitored by 31P MAS NMR. Figure 2 shows 
the spectra for four separate samples which had been exposed to 
(Me)3Ga by vapor transport and treated for 3 h in PH3 at various 
temperatures. The sample annealed at 200 0C shows several 
distinct signals (attributed to molecular precursor complexes) 
superimposed on a broad resonance (assigned to microdisperse 
GaP). As the temperature is increased, the sharp peaks disappear, 
and only the broad resonance, dominated by a distribution of 
isotropic chemical shifts, remains. Most notably, the center of 
gravity of the broad resonance is found significantly upfield with 
respect to bulk GaP (-143 ppm vs 85% H3PO4)14 and gradually 
shifts towards that position with increasing annealing temperature. 
For the 300 0C sample, the signal has sharpened significantly and 
resembles that of bulk GaP,14"16 whereas the NMR spectrum of 
the 400 0C sample confirms the formation of the bulk material. 

The EXAFS results,17 for a sample treated at 300 0C with a 
short PH3 contact time (i.e., 3 h), confirm the formation of small 
GaP clusters most likely located in the supercages of the zeolite.18 

Several different shells can be identified by fitting with adequate 
reference compounds. Ga is present in two distinct coordination 
environments. About 70% of the Ga is coordinated to the zeolite 
framework with an average Ga-O bond length of 2.04 A. A peak 
at about 2.5 A (uncorrected for phase shift) is interpreted as the 
corresponding Ga-Si/Al scattering from the host lattice. The 
second environment consists of GaP which is indicated in the 
EXAFS spectrum and the XANES (X-ray absorption near edge 
spectroscopy) region of the absorption edge. Three coordination 
shells of GaP were identified by the fitting procedure: a Ga-P 
shell at 2.37 A (coordination number = 0.9), a Ga-Ga shell at 
3.85 A (CN = 1.1), and a second Ga-P contribution at 4.56 A 
(CN = 1.5). These bond distances are consistent with those in 
bulk GaP. The small coordination numbers derived from the fit 
and the absence of any additional GaP shells indicate the formation 
of clusters with a size between 10 and 12 A. Further EXAFS 
and X-ray diffraction experiments are in progress to better elu
cidate the structural nature of the species which are formed. 

(13) J.C.P.D.S. Card Numbers: 12 191 and 32397. 
(14) Sears, R. E. J. Phys. Rev. B 1978, 18(7), 3054-3058. 
(15) Bogdanov, V. L.; Lemanov, V. V. Soviet Physics-Solid State 1968, 

10(1), 223-224. 
(16) The corresponding 6971Ga NMR signals in the disordered low-tem

perature samples are broadened beyond detectability due to quadrupolar 
coupling. The 300 0C sample exhibits a weak 69Ga MAS NMR signal, which 
is broadened and shifted due to second-order quadrupolar perturbations, 
whereas the NMR spectra of the 400 0C sample confirm the formation of the 
bulk material. 

(17) EXAFS measurements were performed at the National Synchrotron 
Lightsource at Brookhaven National Laboratories on beamline X-IlA with 
a stored electron energy of 2.5 GeV and ring currents between 100 and 130 
mA. Data were collected at the Ga K-edge of 10 367 eV at ~100 K in 
transmission mode using a Si(111) channel-cut monochromator. Harmonic 
contributions were eliminated by detuning the maximum signal ~30%. 
Samples and reference compounds were embedded in a 1:1 mixture of ico-
sane/octadecane and stored under nitrogen. Thickness of materials was 
calculated to give a total absorption /i„ <2.5, and data were collected up to 
1000 eV over the absorption edge with two scans/sample. Analyses were 
carried out according to published procedures. (See: Lee, P. A.; Citrin, P. 
H.; Eisenberger, P.; Kincaid, P. M. Rev. Med. Phys. 1981, 53, 769.) 

(18) Preliminary Synchrotron X-ray Rietveld data analyses indicate a 
disordered structure in the supercages of the zeolite. 

The results thus far indicate that we are able to synthesize small 
clusters of GaP within the pores of a zeolite and that we can 
change the optical properties by varying the synthetic conditions. 
The NMR results confirm the postulated chemistry and the 
suitability of this technique to monitor the transformation of 
microdisperse GaP during the synthesis. In conjunction with the 
UV-vis results and by analogy with the 77Se NMR studies of 
colloidal CdSe19 we interpret the chemical shift trend observed 
in Figure 2 in terms of a systematic change in the average ex
citation energy of Ramsey's paramagnetic chemical shielding 
contribution as a result of size quantization.20 We therefore 
propose that, with proper calibration, solid-state NMR chemical 
shifts can be used to measure the average cluster sizes of such 
systems. 
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(19) Thayer, A. M.; Steigerwald, M. L.; Duncan, T. M.; Douglass, D. C. 
Phys. Rev. Lett. 1988, 60, 2673-2676. 

(20) Ramsey, N. F. Phys. Rev. 1950, 78, 669. 
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We recently reported the formation of the zwitterion 
(CO)5WNPhNPhC(OCH3)CH3 (1) as an isolable intermediate 
in the metathesis reaction of (CO)5W=C(OCH3)CH3 with 
photochemically generated m-azobenzene.1 Decomposition of 
1 under thermal or photochemical conditions resulted in formation 
of the organic metathesis product PhN=C(OCH3)CH3

2 and other 
compounds apparently derived from the low-valent tungsten 
nitrene complex (CO)5W=NPh (2).3a Many imido complexes 
have been reported in the literature.4'5 However, although species 
such as the low-valent doubly bonded 2 have been invoked in 
reaction mechanisms,3 they have not been directly observed. We 
now report that thermal decomposition of 1 in the presence of PPh3 

results in the trapping of nitrene complex 2 as its phosphine 

(1) Sleiman, H. F.; McElwee-White, L. J. Am. Chem. Soc. 1988, 110, 
8700-8701. 

(2) Moodie, R. B.; Thomas, P. N.; Schofield, K. J. Chem. Soc, Perkin 
Trans. 2 1977, 1693-1705. 

(3) (a) Geoffroy has also reported the apparent generation of 2 via the 
metathesis of (CO)sW=C(OCH3)C6H5 with nitrosobenzene. Pilato, R. S.; 
Williams, G. D.; Geoffroy, G. L.; Rheingold, A. L. Inorg. Chem. 1988, 27, 
3665-3668. (b) Low-valent chromium nitrene species have been invoked in 
the reactions of Fischer carbenes with nitroso compounds and azobenzene. 
Herndon, J. W.; McMullen, L. A. J. Organomet. Chem. 1989, 368, 83-101. 
Hegedus, L. S.; Kramer, A. Organometallics 1984, 3, 1263-1267. Hegedus, 
L. S.; Lundmark, B. R., submitted for publication. We thank Prof. Hegedus 
for providing us with a copy of the latter prior to publication. 

(4) Nugent, W. A.; Mayer, J. M. Melal-Ligand Multiple Bonds; Wiley-
Interscience: New York, 1988. 

(5) (a) Nugent, W. A.; Haymore, B. L. Coord. Chem. Rev. 1980, 31, 
123-175. (b) Cenini, S.; LaMonica, G. Inorg. Chim. Acta 1976,18, 279-293. 
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stabilized adduct (CO)5W(Ph3PNPh) (4). 
In the absence of PPh3, thermal or photochemical decomposition 

of zwitterion 1 in C6D6 gives rise to product mixtures that contain 
imidate 3 and a variety of nitrene-derived compounds that includes 
frafls-azobenzene. In the presence of excess PPh3, the major 
inorganic product is (CO)5W(Ph3PNPh).6 The major organic 
product is imidate 3. The properties of 4 are identical with those 
of an authentic sample prepared from (CO)5W(THF)8 and 
Ph3P=NPh.7 

Kinetics experiments demonstrate that the rate for disap
pearance of 1 is first order in [1] but shows no dependence on 
PPh3 concentration.9 These results are consistent with formation 
of complex 4 via rate-determining cleavage to (CO)SW=NPh and 
imidate followed by trapping of 2 by the phosphine (Scheme I). 
The lack of [PPh3] dependence allows direct attack of PPh3 on 
zwitterion 1 to be ruled out. The intermediacy of free phenyl-
nitrene in the disappearance of 1 has been excluded by carrying 
out the decomposition reaction in neat diethylamine. Although 
free phenylnitrene is known to form 2-(diethylamino)-3.//-azepine 
upon reaction with Et2NH,10 the azepine could not be detected 
in the reaction mixtures. 

Decomposition of zwitterion 1 gives rise to 2 equiv of NPh 
fragments. Under photochemical conditions these can all be 
accounted for in the reaction products. 1H NMR of the reaction 
mixtures shows the yield of complex 4 from the primary photo-
process to be >95% (quantitative within experimental error). 
Complex 4 is stable to photolysis. The material balance of NPh's 
is completed by the organic products. Initially, the organic product 
is imidate 3. Control experiments indicate imidate 3 undergoes 
reaction with PPh3 to yield free Ph3P=NPh.11 If the light is 
Pyrex-filtered (X > 300 nm), free phosphinimine reacts photo-
chemically with W(CO)6 that is present in 1 to give 4, and the 
final yields are 131% 4 and 59% 3. If longer wavelength light 
(X > 400 nm) is used, W(CO)6 does not photolyze, and the yield 
of 4 is exactly 100%. We interpret these results to mean that the 
source of excess 4 in the photochemical reaction is free Ph3P=NPh 
and is not related to the trapping of nitrene 2 to give 4. 

Unstable metal-ligand multiply bonded complexes such as metal 
silylenes have been isolated as adducts in which a solvent lone pair 
stabilizes the reactive multiple bond.12 The spectra of complex 

(6) 1H NMR (CDCl3) i 6.84 (t, 1 H), 6.92 (d, 2 H), 7.07 (t, 2 H), 7.48 
(m, 6 H), 7.61 (m, 9 H); 31P NMR (C6D6) 6 31.2; IR (KBr) vco 2060, 1966, 
1909, 1866; vP.N 803 cm"1; MS (FAB) M+ 677 (isotope abundance for the 
molecular ion matched simulation for C29H20NO5PW). 

(7) Abel, E. W.; Mucklejohn, S. A. Phosphorus Sulfur 1981, 9, 235-266. 
(8) Strohmeier, W.; Mueller, F.-J. Chem. Ber. 1969, 102, 3608-3612. 
(9) Kinetic data were obtained by monitoring the disappearance of the 

440-nm absorption band of zwitterion 1 by UV. The initial concentrations 
of 1 were ca. 4 X lfr* M, and the amount of PPh3 ranged from 0 to 30 equiv. 
A new stock solution of 1 was prepared every three runs, leading to slight 
variations in the initial concentration of 1. Additional kinetics experiments 
were performed by following the disappearance of the 1.64 and 2.45 ppm 
signals of 1 by 1H NMR in the presence of 0-10 equiv of PPh3. 

(10) Doering, W. von E.; Odum, R. A. Tetrahedron 1966, 22, 81-93. 
(11) Azobenzene, a product of the decomposition of 1 in the absence of 

PPh3, also reacts slowly with PPh3 to give free PhN=PPh3. However, in the 
presence of PPh3, the formation of azobenzene is suppressed. 

(12) (a) Zybill, C; Mueller, G. Organometallics 1988, 7, 1368-1372. (b) 
Straus, D. A.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. J. Am. Chem. Soc. 
1987, 109, 5872-5873. 

4 suggest that this molecule should be viewed similarly. Its 
properties are more consistent with an ylide-type adduct of PPh3 

to nitrene 2 than with a coordinated phosphinimine that retains 
a phosphorus-nitrogen double bond. The values of vc0 for the 
(CO)5W unit of 46 strongly resemble those for zwitterion 1 (2061, 
1913, 1860 cm"1) and carbene ylide 513 (2051, 1950, 1909, 1871 
cm"1) suggesting similar amounts of electron density at the metal 

,Ph 
(CO)5W-N 

A + PPh, 

OCH3 

(CO)5W-C-CH3 

s +P(CH3), 

in each case. Upon coordination of Ph3P=NPh to (CO)5W, the 
P = N stretch at 1344 cm"114 disappears and is replaced by a strong 
band at 803 cm"1. Weak bonding between phosphorus and ni
trogen is suggested by the fact that this frequency is significantly 
lower than the 930 cm-1 reported for the bridging phosphinimine 
complex Mo2(CO)6(ju-Ph3PNH)3 in which the phosphinimine 
ligands have a zwitterionic structure.15 For coordinated phos-
phinimines in which the double bond is retained, fp=^ is found 
in the range 1100-1250 cm-1.16 An additional indication of P-N 
single bonding is found in the 31P NMR shift of 4 (31.2 ppm) 
which lies in the 30-35 ppm range reported for Ph3P+-NHR 
compounds.17 

Formation of adduct 4 upon addition of PPh3 to nitrene complex 
2 could be indicative of an interesting parallel between the 
chemistry of the low-valent nitrene complex and that of the related 
Fischer carbene (CO)5W=C(OCH3)CH3 (6). Fischer carbenes 
are quite sensitive to nucleophilic attack at the carbene carbon,18 

as evidenced by the formation of ylide 5 from 6 and PMe3.
13 The 

attack of nucleophilic PPh3 on nitrene complex 2 and the similarity 
of adducts 5 and 4 suggests that the chemistry of low-valent metal 
nitrenes with nucleophilic species could be related to the chemistry 
of the Fischer carbenes. 

It is also worth noting that this reaction is an example of 
arylnitrene transfer from the low-valent nitrene complex 2. Free 
Ph3P=NPh can be released from complex 4 by bubbling CO 
through the reaction mixtures (Scheme I). Formation of the free 
phosphinimine completes transfer of the NPh fragment from 2 
to PPh3. Although several cases of transfer of NX (X = tosyl, 
COCF3) fragments from metal imido complexes to organic 
molecules have been reported,19 this reaction is one of the first 
examples of transfer of a single aryl- or alkylnitrene moiety from 
a metal complex.20,21 Additional nitrene-transfer reactions are 
under investigation. 

(13) Kreissl, F. R.; Fischer, E. 0.; Kreiter, C. G.; Fischer, H. Chem. Ber. 
1973, 106, 1262-1276. 

(14) Wiegraebe, W.; Bock, H.; Luettke, W. Chem. Ber. 1966, 99, 
3737-3749. 

(15) Miller, J. S.; Visscher, M. 0.; Caulton, K. G. lnorg. Chem. 1974,13, 
1632-1639. 

(16) Bock, H.; torn Dieck, H. Z. Naturforsch. B 1966, 21B, 739-746. 
Beck, W.; Rieber, W.; Kirmaier, H. Z. Naturforsch. B. 1977, 32B, 528-532. 
Fukui, M.; Itoh, K.; Ishii, Y. Bull. Chem. Soc. Jpn. 1975, 48, 2044-2046. 

(17) (a) Albright, T. A.; Freeman, W. J.; Schweizer, E. E. J. Org. Chem. 
1976, 41, 2716-2720. (b) Cowley, A. H.; Cushner, M.; FiId, M.; Gibson, J. 
A. Inorg. Chem. 1975, 14, 1851-5. (c) Jain, S. R.; Brey, W. S.; Sisler, H. 
H. Inorg. Chem. 1967, 6, 515-518. 

(18) Doetz, K. H.; Fischer, H.; Hofmann, P.; Kreissl, F. R.; Schubert, U.; 
Weiss, K. Transition Metal Carbene Complexes; Verlag Chemie: Weinheim, 
1983. 

(19) (a) Mahy, J.-P.; Bedi, G.; Battioni, P.; Mansuy, D. / . Chem. Soc, 
Perkin Trans. 2 1988, 1517-1524. (b) Mansuy, D.; Mahy, J.-P.; Dureault, 
A.; Bedi, G.; Battioni, P. J. Chem. Soc, Chem. Commun. 1984, 1161-1163. 
(c) Groves, J. T.; Takahashi, T. J. Am. Chem. Soc. 1983, 105, 2073-2074. 
(d) Breslow, R.; Gellman, S. H. J. Am. Chem. Soc. 1983, 105, 6728-6729. 
(e) Breslow, R.; Gellman, S. H. J. Chem. Soc, Chem. Commun. 1982, 
1400-1401. 

(20) Transfer of alkylnitrene fragments in oxyamination and diamination 
reactions has been reported by Sharpless. (a) Patrick, D. W.; Truesdale, L. 
K.; Biller, S. A.; Sharpless, K. B. / . Org. Chem. 1978, 43, 2628-2638. (b) 
Chong, A. O.; Oshima, K.; Sharpless, K. B. J. Am. Chem. Soc. 1977, 99, 
3420-3426. 

(21) Bergman has recently reported two terminal imido species, 
[Cp2ZrNAr] and Cp*IrN'Bu, which undergo reaction with a variety of or
ganic compounds, (a) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. J. Am. 
Chem. Soc. 1988, 110, 8729-8731. (b) Glueck, D. S.; Hollander, F. J.; 
Bergman, R. G. J. Am. Chem. Soc. 1989, / / / , 2719-2721. 
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through reactions of the oxene (Fe+=O) with hydroperoxides. 
This and other reactions produce Fe=O. 

Fe+=O + ROOH 
I 

2ROO* — 

R O * ^ 

Fe+OH + ROO* 
I 

O2 •- 2RO 

R" + R 2CO 

(4) 

(5) 

(6) 

Fe+=O + Fe-OH 2Fe=O + H U) 
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The isolation of high-valent iron porphyrin intermediates,1,2 

kinetic studies,3 and product isolations3,4 have demonstrated that 
the principal reaction of iron(III) porphyrins with iodosobenzenes 
and peracids is a two-electron oxidation to the iron(IV) radical 
cation (oxene) reaction 1. 

XO + Fe+ Fe+=O + X (1) 

We find that the rate effects in reaction 2 upon changes in 
solvent acidity (pA"R/0H),5b buffer concentration3,515 (R'OD vs 
R'OH),6b and leaving group acidity (pATR0H) are essentially the 
same for peracids and hydroperoxides.6 These findings are con
sistent with similarities in mechanisms and therefore heterolytic 
cleavage. 

ROOH + Fe+ R OH 

B/B*H 
*• Fe+=O + ROH (2) 

Bruice et al.7 have found little effect of either buffer concen
tration (in water) or leaving group acidity and have concluded 
that hydroperoxides and hydrogen peroxide undergo homolytic 
cleavage under these conditions. 

ROOH + Fe+ R OH 
B 

B/B*H 
Fe=O + RO (3) 

The reasons for these different results are not clear. However, 
available kinetic data do not provide conclusive evidence for 
mechanisms of cleavage. Evidence for the presence of alkoxy 
radicals and Fe=O, along with failures to observe hemin-catalyzed 
epoxidation, has also been interpreted in terms of homolytic 
cleavage (reaction 3).8 However, alkoxy radicals are obtained 

(1) Groves, J. T.; Haushalter, R. C; Nakamura, M.; Nemo, T. E.; Evans, 
B. J. J. Am. Chem. Soc. 1981, 103, 2884. 

(2) Chin, D.; La Mar, G. N.; Balch, A. L. J. Am. Chem. Soc. 1980, 102, 
5945. 

(3) Traylor, T. G.; Lee, W. A.; Stynes, D. V. J. Am. Chem. Soc. 1984,106, 
755. 

(4) Chang, C. K.; Ebina, F. J. Chem. Soc, Chem. Commun. 1981, 778. 
(5) (a) Traylor, T. G.; Xu, F. / . Am. Chem. Soc. 1987, 109, 6201. (b) 

Traylor, T. G.; Xu, F. J. Am. Chem. Soc, in press. 
(6) Traylor, T. G.; Ciccone, J. P. J. Am. Chem. Soc, in press. 
(7) (a) Lee, W. A.; Bruice, T. C. J. Am. Chem. Soc. 1985, 707, 513. (b) 

Balasubramanian, P. N.; Lindsay Smith, J. R.; Davies, M. J.; Kaaret, T. W.; 
Bruice, T. C. J. Am. Chem. Soc. 1989, / / / , 1477 and references cited there. 

(8) (a) Dix, T. A.; Marnett, L. J. J. Am. Chem. Soc. 1983,105, 7001. (b) 
Labeque, R.; Marnett, L. J. Biochemistry 1988, 27, 7060. 

Furthermore we have obtained good yields of epoxide using 
hydroperoxides at low concentrations where reactions 4 and 5 are 
minimized. 

It is clear that the Fe(IV) and Fe(III) species are readily 
obtainable by electron-transfer reactions such as 4 or 7. However, 
production of the oxene Fe+=O through the endothermic reversal 
of such electron transfers is highly unlikely. Therefore the 
identification of products exclusively derived from the oxene should 
serve as an indication of heterolytic cleavage in the first step. 

We submit the following experiments as demonstrations of the 
presence of Fe+=O, assuming that the isolation of the oxene from 
reaction of iron(III) porphyrins with iodosobenzene1 unequivocally 
establishes reaction 8. 

ArIO+ Fe+ Fe=O + ArI 

(oxene) 

(8) 

We have found that the epoxidation of norbornene by use of 
the oxene from reaction 8 produces a mixture of products which 
is at once unlike that from any other epoxidation process and 
specific for the particular metalloporphyrin catalyst.11 In par
ticular, this is the only reaction which gives any appreciable endo 
product. 

F5C6IO+ he + / _ L / / — - / i 71 + V I A / (9) M>-^-dtf 
Among many other reactions which display product compo

sitions specific for the oxene of a particular metalloporphyrin are 
the opening of hexamethyldewarbenzene13 and epoxidation of 
cyclohexene.12 

F5C6IO + Fe + 

(10) 

Thus, for example, with the catalyst iron(III) tetrakis(2,6-
dichlorophenyl)porphyrin chloride (TDCPPFeCl) the product 
contains only 4-5% of alcohol or ketone.122 Other catalysts give 
different ratios, just as in the case of norbornene epoxidation.12a,b 

It is known that peroxy radicals give principally hydrogen ab
straction from cyclohexene.14 

We have therefore adopted known methods of producing al
ternatively the oxene, the oxo species, and peroxy radicals in the 
presence of these alkenes and compared the product compositions 
with those obtained from reactions of the same iron porphyrin 

(9) For example, although the "2,4,6-tri-re«-butylphenoI trap" method,3,10 

for following the rates of reaction of hemins with ROOH, affords accurate 
kinetics with peracids, it often leads to inconsistent kinetic constants with 
hydroperoxides, especially in the absence of proximal imidazole or buffers. 

(10) Lee, W. A. Thesis, University of California, San Diego, 1983. 
(11) Thus, the Cr(III), Mn(III), and Fe(III) complexes of tetraphenyl-

porphyrin give exo/endo epoxynorbornane ratios of 1000, 350, and 55, re
spectively,12 compared to 10 for the catalyst used here (all in dichloro-
methane). 

(12) (a) Traylor, T. G.; Miksztal, A. R. /. Am. Chem. Soc, in press, (b) 
Traylor, T. G.; Nakano, T.; Dunlap, B. E.; Traylor, P. S.; Dolphin, D. J. Am. 
Chem. Soc. 1986, 108, 2782. 

(13) Traylor, T. G.; Miksztal, A. R. / . Am. Chem. Soc. 1987, 109, 2770. 
(14) Bolland, J. L. Trans. Faraday Soc. 1950, 46, 358. 
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