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1,7-homo hydrogen shift products from 2 at 100 0C in solution 
is 0.9:1.0 with 4 being the major 1,7-shift product at low con­
versions.4 

A significant difference between the previously reported product 
distribution from flow system pyrolysis of 1 and these results is 
the observation of only small amounts of 2 in the gas-phase, static 
pyrolysis of 1. The present observations are reasonable given the 
kinetics for conversion of 2. For sequential first-order reactions 
the mole fraction of 2 calculated to be present over the time range 
investigated at 209.0 0C is 0.002-0.004. The observed values are 
0.005 ± 0.002. This agreement lends credibility to the suggestion1 

that 2 is, indeed, along the reaction pathway. We have found that 
1 and related hydrocarbons, like a-pinene,8c are very sensitive to 
wall catalysis, and surface catalysis of the rearrangement of 1 may 
have been responsible for the flow system product distribution. 

The 5^n-7-(trideuteriomethyl) derivative of 1, l-d3,
1 was also 

pyrolyzed in the static reactor at 209.0 0C. The GC peak cor­
responding to 2 on two different columns increased by a factor 
of ~4 at both 15% and 29% conversion. The ratio of 1,5- to 
1,7-hydrogen shift products was not affected by the deuterium. 
In addition, the high-field 2H NMR of the reaction mixture 
revealed a 2:1 ratio of deuterium on the exo methylenes of 3-6 
relative to the methyls at both 25% and 45% reaction. Since most 
of 2 is converted to 3-6 under these conditions and since the 
hydrogen shifts in 2 have been shown to be stereospecific,1 this 
corresponds to 75% inversion and 25% retention in the conversion 
of 1 to 2. There was no scrambling (syn-anti isomerization) in 
l-d3. From the kinetics of loss of 1 it was also possible to determine 
^1"/*:,03 = 1.26 ± 0.05 at 209.0°. 

The factor of 4 increase in the amount of 2 observed upon 
deuterium substitution is consistent with k^/k^ =* 4. This value 
is reasonable for a primary isotope effect.5 On the other hand 
the small kinetic isotope effect in the loss of 1 excludes formation 
of 3-6 by a process involving C-H bond breaking in the rate-
determining step for rearrangement of 1. However, this small 
value is consistent with the secondary kinetic isotope effect ex­
pected if formation of 2 is the rate-determining step in the loss 
of 1. 

The activation parameters for disappearance of 1 are consistent 
with a biradical reaction. The A factor is high, and the activation 
energy is close to the 43 kcal/mol estimated for the dissociation 
energy of the C-1,C-7 bond using Doering's upwardly revised 
estimates of C-C bond energies.6 The major stereochemical path 
is clearly opposite to the prediction of the Woodward-Hoffmann 
rules for a concerted suprafacial 1,5-carbon shift, but there is no 
violation of the Woodward-Hoffmann rules if the reaction is not 
concerted. We suggest that nonconcerted ring opening occurs in 
a conrotatory-bevel sense,7 and this is followed by a least motion 
closure. These results are similar to those of Klarner,8" of 
Baldwin81* on the Berson-Willcott tropilidene circumambulatory 
1,5-carbon shift,9 and of the cleavage of <*-pinene.8c 

The relatively slow rate of rearrangement of 1 would appear 
to rule out the intermediacy of bicyclo[4.1.1]octa-2,4-diene in the 
Grimme-Doering butadienylcyclopropane degenerate rear-
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rangement of bicyclo[5.1.0]octa-2,4-diene (Jw2 = 0.5 h vs. 140 
h for 1 at 150 0C).10a Further, Kirmse found only a small rate 
effect from 8-methoxy substitution on this diene indicating that 
cleavage of the C-l.C-8 bond does not occur.10b This rear­
rangement is not observed with 2, despite the fact that the rate 
constant for carbon rearrangement of the parent bicyclo[5.1.0]-
octadiene is comparable to that for the hydrogen shift in 2. Models 
suggest that the endocyclic methyl in 2 should sterically destabilize 
the transition state for the Grimme-Doering rearrangement. 
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There is currently intense interest in the photochemistry of metal 
carbonyls, in part due to the important role played by coordina-
tively unsaturated species in a variety of reaction mechanisms. 
Of particular interest are those species such as Mn2(CO)10 having 
a metal-metal bond where two distinct types of primary photo­
chemical events can occur; one involving loss of CO without 
metal-metal bond cleavage and the other involving homolytic 
cleavage of the Mn-Mn bond. Both processes have been reported 
in the UV photolysis of solution-phase Mn2(CO) 10.'

,2 In addition, 
the kinetics of the Mn(CO)5 recombination reaction and the 
reaction of Mn2(CO)9 with CO have been measured in solution.3 

Both Mn(CO)5 and Mn2(CO)9 have also been studied in a matrix 
environment.3 

Gas-phase studies are considerably more limited. Freedman 
and Bersohn have measured the effect of polarized light on the 
angular distribution of fragments produced via photodissociation 
of Mn2(CO) 10 setting an upper limit of several picoseconds on 
the excited-state lifetimes.4 Leopold and Vaida's report of the 
presence of Mn2 ion signals in the mass spectrum of the photo-
products generated via photolysis of gas-phase Mn2(CO)10 suggests 
that CO loss is a photochemical pathway in the gas phase.5 

In this paper we report on the first example of direct detection 
via transient infrared spectroscopy of the Mn(CO)5 radical pro­
duced via XeF (351 nm) laser photolysis of a gas-phase sample 
of Mn2(CO)10. In addition the recombination kinetics of the 
Mn(CO)5 radical have been studied, and a rate constant for 
recombination has been determined. Finally, we are able to make 
some comments on the nature of the primary photolytic processes 
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Figure 1. Transient infrared absorption spectrum obtained 25 ^s fol­
lowing XeF laser photolysis of gas-phase Mn2(CO)10. The positive fea­
ture at 2000 cm"1 is attributed to an Mn(CO)5 absorption. The negative 
features arise from photolytic depletion of Mn2(CO) 10. Infrared ab­
sorptions of gas-phase Mn2(CO) 10 and matrix-isolated Mn(CO)5 are 
denoted by down arrows and up arrows, respectively. The tic marks 
above the ordinate depict the probe frequencies used to construct the 
spectrum. 

occurring in Mn2(CO)10 for 351-nm radiation. 
The time-resolved IR apparatus used for monitoring photo-

chemically generated metal carbonyl transients in the gas phase 
has been previously described in detail.6 Briefly, an excimer laser 
operating on XeF (3 mJ/cm2) was used to photolyze Mn2(CO)10. 
Photofragments were monitored via their attenuation of infrared 
radiation (CO laser), as measured by a high-speed InSb detector. 
Spectral data were obtained by having a computer join points 
corresponding to the amplitude of the transient signals at various 
frequencies for a given time delay following the photolysis pulse. 

Kinetic data for Mn(CO)5 recombination were obtained from 
transients at a given probe laser wavelength. In these experiments 
the source of Mn2(CO)10 was a small amount of solid placed on 
the bottom of the flow cell. This provided a pressure of ~2 mtorr 
of Mn2(CO) I0 at room temperature. If desired, the cell could be 
warmed to 50 0 C to increase this pressure. 

Figure 1 shows the IR spectrum obtained 25 us after photolysis 
of 2 mtorr of Mn2(CO)10 in the presence of 15 torr of Ar buffer 
at 21 0C. Depletion of Mn2(CO)10 is evident at ~2023 cm"1, 
illustrating that net photolysis has occurred. The positive ab­
sorption at ~2000 cm"1 is assigned to the Mn(CO)5 radical. The 
assignment is based on correlation with known absorptions of 
solution-phase Mn(CO)5 (1988 cm"1)3 and the matrix-isolated 
species (1987.6 and 1978.4 cm"1).7 The observed difference in 
frequency between the gas-phase and condensed-phase bands for 
Mn(CO)5 is compatible with the characteristic condensed-phase 
red shifting of infrared absorptions. 

From studies involving the 13CO substituted species, it has been 
shown that Mn(CO)5 adopts the predicted8 C4,, geometry in the 
matrix.7 The E and A1 bands of the matrix-trapped species were 
not resolved in solution3 and, similarly, we have not been able to 
resolve these bands in the gas phase. Resolution of these bands 
is made more difficult by the convolution of the Mn(CO)5 ab­
sorption with a parent band at 1993 cm"1. This parent band, which 
is easily seen in the gas-phase IR of Mn2(CO)10, is not observable 
as a negative feature in Figure 1 due to an overlap with the intense 
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Figure 2. Disappearance of Mn(CO)5 presented as a second-order decay. 
The data displayed in this figure were obtained from the transient ab­
sorption of Mn(CO)5 at 2004.3 cm"'. The transient waveform, which is 
shown over a 2-ms range (inset), was obtained under the conditions 
described in the text, except that the cell temperature was 50 0C. From 
the slope of the curve, 1/I0 measurements, and an estimated extinction 
coefficient, the rate constant for the second-order decay of Mn(CO)5 is 
calculated to be (2.7 ± 0.6) X 1013 cm3 mol"1 s"1. The value of t used 
in this calculation is that of Mn(CO)5Cl at 1988 cm"1 (107 cm2 mol"1). 
The error brackets represent the 95% confidence limits of the experi­
mental data and do not account for the error introduced upon assuming 
a value for t. 

Mn(CO)5 absorptions. Our assignment implies that gas-phase 
Mn(CO)5 also is likely to have a C41, geometry. 

Identification of Mn(CO)5 was confirmed by its kinetic be­
havior. Figure 2 shows a plot of the decay of the Mn(CO)5 signal 
vs. time. The decay clearly follows a second-order rate law 
consistent with the reaction 

2Mn(CO)5 — - Mn2(CO)1 (1) 

Also, Mn2(CO)10 is seen to be regenerated as Mn(CO)5 is depleted. 
As described in the caption of Figure 2, a rate constant of 2.7 X 
1013 cm3 mol"1 s"1 can be determined from the data. Though the 
dependence of ^1 on the buffer gas pressure has not been studied 
in detail, we have measured the same k{ at various buffer gas 
pressures. An estimate of the lifetime of Mn2(CO)10 formed via 
radical recombination confirms that third-body effects should be 
unimportant under our experimental conditions. This rate constant 
is quite close to that expected for a gas kinetic radical-radical 
recombination process, which is calculated to be ~ 1 X 1014 cm3 

mol"1 s"1. This result is consistent with liquid-phase kinetic 
measurements, in which nearly diffusion-controlled rates have been 
observed for reaction I.3 

Interestingly, all of the initially photolyzed Mn2(CO)10 is not 
regenerated via reaction of Mn(CO)5. Moreover, though Mn-
(CO)5 is inert to CO, addition of CO does lead to an increase in 
both the rate of regeneration and amount of Mn2(CO)10 regen­
erated. This is compatibile with the regeneration of parent via 
reaction of CO with a photoproduct of Mn2(CO)10 which was 
produced via CO loss. By analogy with solution-phase studies, 
the simplest of these species is Mn2(CO)9, though other species 
which have lost one or more COs are also possible. Thus we are 
presently working to verify whether Mn2(CO)9 can be detected 
via its characteristic semibridging CO absorption in the 1750-cm"1 

region. We are also investigating the possible production of other 
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photoproducts that have lost one or more CO ligands, such as 
Mn(CO)x (x < 5) and Mn2(CO), (y < 9). 
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The measurement of appearance energies (AE) for ionic 
fragments whose heats of formation (AZZf) are well-known can 
lead to accurate AZZf values for the neutral product of the dis­
sociative ionization. Work in this laboratory has yielded AHt for 
the enol forms of acetaldehyde and acetone1 and a number of 
simple organic free radicals.2 The structure of the neutral product 
of an ion fragmentation for which a metastable peak is observed 
can be assigned via its collision-induced dissociative ionization 
(CIDI) mass spectrum. The latter can be obtained by the use 
of a double-focusing mass spectrometer of reversed geometry (e.g., 
V.G. Analytical ZAB-2F) which has been slightly modified3 to 
permit only neutral fragmentation products to enter the collision 
cell4-6 situated in the second field free region of the instrument. 

We report here measurements of AZZffor the radicals CH2CHO 
and CH2COCH3 and have derived the homolytic bond dissociation 
energies (HBDE) Z)[H-CH2CHO], Z)[H-OCHCH2], Z)[H-
CH2COCH3], and D[H-OC(CH3)=CH2]. The latter mea­
surement yields a AH1 value substantially different from that 
derived from gas-phase kinetic studies7 and the associated HBDE 
is now in close agreement with the correlation between HBDE 
values and the barriers to internal rotation in the radicals described 
by Nonhebel and Walton.8 

The compound CH3COOCHCH2 has m/z 43 as base peak in 
its normal mass spectrum. The reaction [C4H6O2J

+- —*• C2H3O
+ 

+ C2H3O- is accompanied by an intense, narrow Gaussian-type 
metastable peak. The fragment ions m/z 43 have the structure 
[CH3C

+O] as was shown by measuring their collisional activation 
mass spectrum and comparing it with that for acetyl ions.9 Since 
the above metastable peak is the only one present in the ion kinetic 

(1) Holmes, J. L.; Lossing, F. P. J. Am. Chem. Soc. 1982, 104, 2648. 
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Phys.lett. 1983, 102, 1. 
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Spectrom. 1985, 20, 207. 
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493. 
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731. 
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energy spectrum of [CH3COOCHCH2J
+-, the structure of the 

neutral C2H3O- species could be examined by its CIDI mass 
spectrum. Experimental details have been described elsewhere,3 

but in brief, the mass selected [C4H6O2]
+- {m/z 86) ions fragment 

unimolecularly in the linear second field free region of the ZAB-2F 
spectrometer. AU ions are deflected away and the high velocity 
(kV) neutral fragments pass into a cell containing a gas (He) 
where they are ionized by collision and subsequently fragment. 
Mass analysis of the ions is performed by the electric sector which 
is placed after the cell, it was observed that the CIDI mass 
spectrum of the C2H3O- radicals was very closely similar to the 
charge reversal mass spectrum Of-CH2CHO anions,10 showing 
that the radicals generated at energies near the dissociation 
threshold for [CH3COOCHCH2J

+- were CH2CHO. Accordingly 
we have measured the AE m/z 43 using energy-selected elec­
trons.11 The result, AE = 10.04 ± 0.05 eV, combined with 
AWf[CH3C

+O] = 156 ± 1 kcal mol"1 n and AZZr 
[CH3COOCHCH2] = -75.3 ± 0.1 kcal mor113 gives AHr 
[CH2CHO] = +0.2 ± 2 kcal mol"1. This AHf for the radical is 
in fair agreement with the 3 ± 2 kcal mor1 derived from gas 
kinetics experiments by Rossi and Golden.14 The HBDE from 
the present value is Z)[H-CH2CHO] = 92 ± 2 kcal mol"1. The 
strength of this bond can be compared with Z)[H-CH2CHCH2] 
(86 ± 1 kcal mol"1).7 An O-H bond strength can also be obtained. 
With AZZf[CH2CHOH] = -30 kcal mol'1,1 the value Z)[H-OC-
HCH2] in vinyl alcohol is 82 ± 2 kcal mor1, somewhat less than 
the corresponding bond strength in phenol, 86.5 ± 2 kcal mol"1.7 

Similar experiments were performed on the compounds 
C H 3 C O O C ( C H J ) = C H 2 and CH3COCH2COCH3; AE m/z 43 
was measured in each case and its structure confirmed to be 
[CH3C

+O]; the CIDI mass spectra of the neutral fragments were 
the same as that of charge-reversed "CH2COCH3 anions.10 AE 
m/z 43 from CH3COOC(CH3)=CH2 (AZZf = -84.1 kcal/mol"1, 
by additivity15) was 9.88 ± 0.05 eV and from CH3COCH2COCH3 
(AZZf = -90.8 kcal mol"1, by additivity15) was 10.20 ± 0.05 eV, 
giving values for AZZf[CH2COCH3] of-12.3 and —11.6 ± 1 kcal 
mol"1, respectively. It should be noted that AE values give upper 
rather than lower limits for the heats of formation of reaction 
products; however, the narrow metastable peaks accompanying 
the above fragmentations attest to the lack of either a significant 
kinetic shift or reverse energy barrier and so the observed AE 
values will be close to the reaction's thermochemical threshold.16 

Note that the effect of CH3 substitution in these radicals (-12 
kcal mol"1) is the same as the difference in heat of formation of 
an aldehyde and its corresponding methyl ketone.13,15 The mean 
value for AZZf[CH2COCH3], -12 ± 1.5 kcal mol"1, is in poor 
agreement with the value of-5.7 ± 1.8 kcal mol"1 selected in the 
recent review by McMillen and Golden.7 However, we suggest 
that the latter value may be too high. Two HBDE values can 
be calculated from the new result, namely: Z)[H-CH2COCH3] 
= 92 ± 1.5 kcal mol"1 (AZZf[CH3COCH3] = -51.9 kcal mol"113) 
and 78 ± 2.5 kcal mol"1 for the C-H bond in the enol of acetone, 
for which AZZf = -38 ± 1 kcal mol"1.1 

Recently, Nonhebel and Walton8 showed that a good linear 
relationship exists between the barriers to rotation in radicals 
[R-CH2] and the HBDE Z)[H-CH2R]. The magnitude of the 
barrier increases as the odd electron becomes more delocalized 
in the radical. The radical CH2COCH3 was anomalous, not lying 
on the line when its heat of formation was taken to be -6 kcal 
mol"1, i.e., D[H-CH2COCH3] = 98 kcal mol"1. We have replotted 
their line in Figure 1 using the present value for CH2COCH3 and 
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