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Mo3O(O-Z-Pr)10 has been found to react separately with each 
of O2 and MoO2(O-Z-Pr)2 to form Mo6O10(O-;-Pr)l2 which has 
been structurally characterized and found to react further with 
O2 to give [Mo02(0-(-Pr)2]„. The details of this work will be the 
subject of a full paper. The thrust of this communication is to 
emphasize the potential of the generalized reaction 3 for syntheses 
of triangulo complexes of the type described here. A variety of 
X groups can be envisaged and conceivably this approach could 
be extended to include heterometallic systems.9 

M = M + M = X — M3X (3) 

(8) Preparation OfMoO(O-Z-Pr)4. Mo2(O-I-Pr)8
6 (1.8 g) was dissolved in 

dry toluene (25 mL) in a 250-mL round-bottomed flask under a nitrogen 
atmosphere. The solution was frozen at -198 0C (liquid N2), and the flask 
was evacuated and attached to a vacuum manifold. Dry molecular oxygen 
was added, and the solution was thawed and warmed to room temperature. 
The solution changed rapidly from blue to green to pale yellow and was stirred 
for 1 h at room temperature under 1 atm of O2. The solvent was stripped, 
yielding a yellow viscous liquid MoO(O-Z-Pr)4. The compound was vacuum 
distilled (53 0C, 1(T1 mmHg). Anal. Calcd for MoO(O-I-Pr)4: C, 41.38; 
H, 8.10; N, 0.00. Found: C, 41.11; H, 7.90; N, 0.10. The 1H NMR spectrum 
recorded in toluene-d8 at 220 MHz, 16 "C, showed a septet at 5 4.77 and a 
doublet at 6 1.34 (J in ppm relative to Me4Si). The natural abundance "O 
NMR spectrum recorded at 30 0C in benzene showed a singlet at 5 = 894 
with a peak width at half-height of 150 Hz (517O relative to external H2

17O). 
The narrow peak width is consistent with a terminal MoO group in a mo­
nomelic compound. A cryoscopic molecular weight determination in benzene 
also indicated that MoO(O-J-Pr)4 is at least mostly monomeric in solution; 
M, = 410 (calculated AZ1 = 348 for the monomer). Preparation of Mo3O-
(0-1-Pr)10. MoO(O-I-Pr)4 (1.84 mmol) was dissolved in dry degassed toluene 
(25 mL) in a 50-mL round-bottomed flask fitted with a side arm and magnetic 
spin bar under a nitrogen atmosphere. Mo2(O-I-Pr)6 (1 g, 1.84 mmol) was 
added via the side-arm adaptor with stirring. The solution immediately turned 
from yellow to red and then to green. The solution was stirred for 1 h at room 
temperature and then the solvent was stripped and the green solids dissolved 
in CH2Cl2 (ca. 8 mL). The flask was placed in a refrigerator at ca. -15 0C 
for 12 h, during which time green crystals, Mo3O(O-I-Pr)10, formed which 
were collected by filtration and dried in vacuo; yield 1.5 g (ca. 80% based on 
Mo). Anal. Calcd for Mo3O(O-J-Pr)10: C, 40.27; H, 7.89; N, 0.00. Found: 
C, 40.17, H, 7.71; N, 0.07. The 1H NMR spectrum recorded in toluene-^, 
at 220 MHz, 16 0C, showed septets at 6 5.67 (3 H), 5.42 (3 H), 4.64 (3 H), 
and 4.00 (1 H) and doublets at 8 1.64 (18 H), 1.57 (18 H), 1.19 (6 H), and 
1.16 (18 H) with / H H = 7.0 Hz; S relative to Me4Si. MoO(ONe)4 and 
Mo3O(ONe) 10 prepared in analogous reactions, are air-sensitive yellow and 
green crystalline solids, respectively. Both compounds gave satisfactory ele­
mental analyses. 

(9) We thank the Office of Naval Research for support. M.H.C. is the 
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Knowledge of the structures and the bonding properties of 
electronic excited states is of primary importance in interpreting 
the photochemical reactions from these states. The current un­
derstanding of transition-metal photoreactions is based on pre­
dictions of both the bonding and the structural changes which 
occur after photoexcitation.1"3 These predictions use ligand field 
and molecular orbital considerations. Experimental measures of 
these changes are rare. The primary experimental technique has 
been low-temperature electronic emission and/or absorption 
spectroscopic measurement of vibronic structure in concert with 
Franck-Condon calculations of the displacement along metal-
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Figure 1. Raman spectra of aqueous K2Fe(CN)jNO. (a) Low laser 
power (or unfocused laser beam); (b) 0.1-W laser power, tightly focused; 
(c) 0.5-W laser power, tightly focused. 

ligand normal modes.4"6 Optical spectra do not usually contain 
as detailed structural information as do vibrational spectra. Thus, 
an experimental measurement of the Raman spectra of metal 
complexes in their photoactive excited states could in principle 
provide direct measurements of the important bonding changes. 
The first such examples were recently obtained by using pulsed 
techniques.7 We report here the first CW excited-state Raman 
spectrum of a photochemically active metal complex, that of the 
nitroprusside ion, Fe(CN)5NO2". 

The 406.7-nm line of a krypton ion laser with maximum power 
of 0.5 W was used to excite the nitroprusside ion into its 1A1 

electronic excited state. This transition corresponds to a metal 
d orbital (dxz, d„) to nitrosyl T*, metal-to-ligand charge-transfer 
transition.8 The laser beam was tightly focused to a diameter 
of about 6 jim by using a 44 power microscope objective as the 
final focussing element. Plasma lines and the 413.1-nm line were 
removed (vide infra) by passing the beam through two dispersing 
prisms and an iris diaphragm. The E vector of the laser beam 
was adjusted to be either parallel or perpendicular to the line of 
the entrance optics. The Raman signals were collected by using 
an optical system containing a collecting lens, a right angle dia­
phragm, and a focusing lens and passed through a 1Ii-Ta mono-
chrometer to a PAR optical multichannel analyzer. In a typical 
experiment, data were collected over 15-min interval using a delay 
time on the OMA of 15 s. A saturated solution of K2Fe(CN)5NO 
(ca. 1 M) was circulated by using a peristaltic pump through a 
250-jjm hyperdermic needle to produce a roughly 200-^m diameter 
jet stream of solution at the point of the laser focus. The calculated 
residence time in the focused laser beam ranged between 6 and 
83 /us. The collecting optics allowed the tightly focused laser spot 
to be visually observed in the jet stream. All parts of the stream 
except that containing the most tightly focused spot were shuttered 
out. Under nearly optimum conditions of focus and laser power, 
the flux was about 1.02 X 1018 photons per second on an irradiated 
volume of 6.2 X 10"12 L. Given a calculated residence time per 
molecule for this situation of 77 jxs, we estimate the photon-to-
metal ratio to be 21 photons per molecule. 

The metal-ligand and C-N stretching regions of the Raman 
spectrum obtained under tight focus and high power conditions 
are shown in Figure 1. The major peak of interest is the 2148 
cm"1 peak arising from a C-N stretching mode.9'10 The peak at 
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449.7 nm is caused by internal scatter of the exciting laser line. 
It is present when the jet stream consists of distilled water but 
disappears when a 420-nm cutoff filter is placed in front of the 
entrance slit. The low-frequency peaks at 662 and 465 cm"1 are 
the M-C and M-N stretches, respectively.9'10 The behavior of 
the 2148-cm"1 peak as a function of laser power is also shown in 
Figure 1. As the laser power decreases, the intensity of this peak 
decreases relative to that of the 449.7-nm scatter peak. A plot 
of the logarithm of the intensity of the Raman peak vs. the log­
arithm of the laser power gives a straight line with a slope of 2.3 
± 0.2, proving that the 2148-cm^ peak arises from an incoherent 
two-photon process. The power dependences of the peaks in the 
metal-ligand stretching region could not be determined because 
of the background Raleigh scatter.11 

The appearance of only one C-N mode in the excited-state 
Raman spectrum is probably a result of resonance enhancement 
of that mode in the excited state. In an attempt to observe other 
modes, both the 406- and 413-nm lines were used simultaneously 
with the goal of producing the excited state by absorption of the 
406-nm line and observing resonance enhancement of other ex­
cited-state normal modes with the 413-nm line. The 2148-cm"1 

C-N stretching mode was observed from both these laser lines, 
but no other normal modes were clearly detected. Apparently 
the 413-nm line is not different enough in frequency to provide 
resonance enhancement of any other modes. The technique of 
using several lines simultaneously is of great potential utility and 
is being explored further. 

The C-N stretching frequency observed from the excited state 
of the complex is in the same region as those observed from the 
ground-state complex.9"10 In order to assign the excited-state 
Raman peak, two orthogonal polarization direction were used. 
No readily distinguishable qualitative differences in the intensities 
were observed. These results must be interpreted with caution, 
because the intensities are extremely sensitive to small changes 
in the geometry, the position of the jet stream, etc. As a pre­
liminary interpretation, the lack of a major intensity change under 
the two polarizations suggests that the excited-state Raman peak 
belongs to a nontotally symmetric normal mode. If this assignment 
is valid, the change in the stretching frequency between the ground 
and excited state is a maximum of only -6 cm"1. If the excited 
state peak is the totally symmetric stretch, the shift would be a 
maximum of -14 cm"1. In both cases, the shift is small. 

The small shift is consistent both with the observed photo­
chemical reactions12 of the nitroprusside ion and with the molecular 
orbital interpretations of the bonding.8 The primary photochemical 
reaction is loss of nitric oxide and aquation, yielding Fe-
(CN)5H2O

2".12 The metal-cyanide bonds are not broken. The 
excited-state Raman spectrum suggests that the metal-cyanide 
bonding is not strongly perturbed. The molecular orbital calcu­
lations show that the major cyanide component in the depopulated 
orbital is C-N bonding in character.8 Thus depopulating this 
orbital should lead to C-N bond weakening and a Raman shift 
to lower frequencies. However, the populated orbital is mainly 
nitrosyl antibonding in character. Populating this orbital does 
not directly affect the C-N bond, but it indirectly changes the 
bonding by increasing the formal positive charge on the metal, 
decreasing the back-bonding to the cyanide, and thus strengthening 
the C-N bond leading to a Raman shift to higher frequency. The 
two effects occurring as a result of the electronic transition are 
thus in opposite directions and partially cancel, leading to only 
a small change in the C-N stretching frequency in the excited 
state. 

Acknowledgment. We thank the National Science Foundation 
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(11) The dependence of the Raman signal intensity on the degree of focus 
provides a qualitative test of the origin of the signal. As expected, the intensity 
of the 2148-cm"1 peak increases as the focus is tightened. The peaks in the 
metal-ligand stretching region also exhibited this dependence on the focus, 
suggesting that they could also be excited-state Raman peaks. The qualitative 
nature of these observations prevents us from drawing quantitative conclusions. 
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Alkylation reactions almost invariably involve either base or 
acid catalysis. Preclusion of such catalysts would generate one 
of the mildest ways to form C-C bonds. Palladium-catalyzed 
allylic alkylation1 offers such an approach provided the leaving 
group X (eq 1) is sufficiently basic to remove a proton from Nu-H. 

+ Nu-H (D 

Unfortunately, an X" which would be of sufficient basicity is 
normally too poor a leaving group in this reaction.lb In this paper, 
we wish to report that vinyl epoxides surprisingly offer a very nice 
solution to this problem and involve an unusual regioselectivity. 
Furthermore, the characteristics of the reaction indicate a fun­
damentally different reaction type than other reactions of vinyl 
epoxides. 

The recently reported palladium-catalyzed isomerization of vinyl 
epoxides to a,/3-unsaturated ketones and/or dienols, which invoked 
an insertion of the palladium in the C-O bond, would appear to 
preclude their being substrates in allylic alkylation.2 Nevertheless, 
while epoxide 1 is reported to isomerize to 3-cyclopenten-l-one 
with a Pd(O) catalyst, treatment of 1 with (Ph3P)4Pd (2) in the 
presence of 1.2 equiv of malonic ester leads only to a single 
alkylation product 33 (eq 2). Its regio- and stereochemistry is 

(2) 

77% 

(Ph3P)4Pd 
THF 

57% 

clearly assigned on the basis of the 270-MHz proton NMR 
spectrum where Ha (8 1.58) couples with both Hc (8 3.27) and 
Hd (8 4.79) with similar couplings of / = 5.0 and 3.3 Hz, re­
spectively, indicative of a trans orientation, and Hb (8 2.56) couples 
with the same two hydrogens with appreciably larger couplings 
of J = 8.7 and 7.5 Hz, respectively, indicative of a cis relationship.4 

Table I establishes the generality of the observation according 
to eq 3. While ~5 mol % of 2 generally serves as the catalytic 

system, with more sterically hindered substrates (dppe)2Pd proves 
superior.5 Cyclic and acyclic vinyl epoxides participate equally 
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