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Abstract: Alkoxytriphenylphosphoranyl and boranyl radicals have been observed using optical absorption spectroscopy. Kinet-
ic measurements of the formation of these species provide the first absolute measurements of radical attack at the phosphorus
and boron centers. For fert-butoxy radical attack at 22 °C the rate constants are 1.9 X 10%and 1 X 108 M~!s~! for Ph;P and
Ph;3B, respectively. The radicals so produced decay with lifetimes of 900 and 15 us, respectively. Methoxytriphenylphosphor-
anyl radicals are produced in the radiolysis of methanolic solutions of triphenylphosphine; a reinterpretation of earlier experi-
ments in the field is suggested. In the case of triphenylphosphine the radicals have been examined using laser flash photolysis,
ESR spectroscopy, pulse radiolysis, and conventional flash photolysis, the various techniques providing mutually supporting
results. In the case of triphenylborane our results provide for the first time conclusive evidence for the stepwise nature of radi-

cal reaction at the boron center.

Many free-radical reactions of organophosphorus com-
pounds are known to involve the intermediacy of tetracoordi-
nated phosphoranyl radicals of the type XPR3,3-5 where X is
frequently an alkoxy group. A number of studies have char-
acterized phosphoranyl radicals using ESR techniques and
have also examined the kinetics and mechanism of their decay
processes.* However, phosphoranyl radicals have never been
conclusively characterized using optical spectroscopy. Further,
no absolute measurements of their rates of formation have been
carried out, and the literature on aryl-substituted radicals is
noticeably scarce.>6

Phosphoranyl radicals typically decay by a- or 8-cleavage
(reactions 1 and 2).? The former frequently leads to overall
processes which can be regarded as Sy2 reactions at the
phosphorus center.

1-BuO- + PR3 — -BuOPR; — r-BuOPR, + R- (1)
1-BuO- + PR3 — 1-BuOPR; — OPR3 + t-Bu-  (2)

Substitution reactions of the type illustrated by reaction 1 are
quite common throughout organometallic chemistry;3® for
example, the substitution reactions of free radicals at the boron
center in organoboranes are among the most thoroughly
studied examples of bimolecular homolytic substitution.”* In
particular, the reaction of organoboranes with terz-butoxy
radicals has received considerable attention.” The presence of
a vacant p orbital at the boron center and the well-known
stability of trialkylborane-amine complexes (e.g., MesB:
pyridine)!0 have led to the speculation that the reaction in-
volves a tetracoordinate intermediate, but such species have
not, so far, been detected.”-® Reaction 3 illustrates the mech-
anism for the case of the tert-butoxy radical attack.

1-BuO- + R3B — [t-BuOBR;] = t-BuOBR, + R- (3)

In this paper we report a kinetic and spectroscopic study of
the reactions of alkoxy radicals with triphenylphosphine and
triphenylborane. With the phosphine we have used the tech-
niques of laser and conventional flash photolysis, pulse radi-
olysis, and electron spin resonance to identify the phosphoranyl
radical, -BuOPPh; (1), as well as to study its formation and
decay. Together these various techniques give a detailed un-
derstanding of the processes involved in the reaction of alkoxy
radicals with triphenylphosphine providing as they do cor-
roborative information concerning the mechanisms in-
volved.
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In the case of triphenylborane, we have examined its reaction
with tert-butoxy radicals using nanosecond laser flash pho-
tolysis. From these experiments we have obtained conclusive
evidence showing that the stepwise mechanism proposed (re-
action 3) is correct. We have examined the formation and
decay kinetics of the intermediate boranyl radical t-BuOBPh;
(2), as well as its absorption spectra. The choice of triphenyl-
borane as the substrate was based on our expectation that the
strong bond between the phenyl group and the boron atom
would make the transient relatively long lived, while the
presence of the aromatic rings would facilitate detection by
optical methods.

Results

This section has been divided according to the experimental
technique used. All experiments have been carried out under
oxygen-free conditions.

Laser Flash Photolysis. zert-Butoxy radicals were generated
by photodecomposition of freshly purified di-tert-butyl per-
oxide using pulses (337.1 nm, 8 ns, ~3 mlJ) from a nitrogen
laser; associated transient absorptions were monitored using
a detection system with nanosecond response (see Experi-
mental Section for details).

Transient intermediates characterized by easily detectable
absorptions were observed with both triphenylphosphine and
triphenylborane. The growths of these transient absorptions
follow clean first-order kinetics and are considerably faster
than their decay. The rate constant associated with transient
formation incorporates information on the rate constant, k.,
for attack at the metal center as well as on the rates of all other
possible modes of first- (or pseudo-first-) order decay of the
tert-butoxy radicals!! represented by reaction 4, where 7 is the
tert-butoxy radical lifetime in the absence of substrate; in the
solvent used (1:2 benzene-di-tert-butyl peroxide) it can be
expected to be largely determined by hydrogen abstraction
from di-rert-butyl peroxide, with minor contributions from
B-cleavage, reaction 5.

=1
t-BuQ. — first-order decay 4)

t-BuO- — CH;COCH; + CHj- (5)

Assuming that the generation of tert-butoxy radicals is much
faster than their decay, a simple first-order treatment of the
kinetic data leads to the equation!!3
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Flgure 1. Transient absorptions due to r-BuOPPh; (A) and t-BuOBPh;
(B) determined using laser flash photolysis.

kexpt =771+ k¢ [Ph;M] (n

where M is phosphorus or boron and keyp is the first-order rate
constant determined using the equation
Ax
In m = kexptt (1D
A and A are transient optical densities for 1-BuOMPh; at its
maximum, A, on the “plateau” and at time ¢, respectively.
1t should be remarked that for this treatment to be valid the
tert-butoxy radicals must decay solely by first- or pseudo-
first-order processes. A study of the time profiles’ dependence
on the energy of the incident laser pulse confirmed that this
criterion is met in the systems under study.!!

1. Triphenylphosphine. Laser excitation of solutions of tri-
phenylphosphine in 1:2 benzene-tBuOOBu-¢ (v/v) leads to
the transient spectrum shown in Figure 1A. The extinction
coefficient at the maximum is €430 ~6200 M~! cm~! and was
obtained by comparison with diphenylhydroxymethyl radicals
generated through reaction of tert-butoxy radicals with di-
phenylmethanol (see Experimental Section). The transient
formed by reaction of tert-butoxy radicals with triphenyl-
phosphine is assigned to 1. We note that the spectrum of Figure
1A is different from that reported for the triphenylphosphine
radical cation.!4

Figure 2 includes a representative plot for the determination
of kexpt, While Figure 3 illustrates the evaluation of k, (M =
P) and 7. The value for [Ph;M] = 0 was measured in a previous
study with diphenylmethanol.!! From the kinetic analysis
outlined above a rate constant of 1.9 X 10° M~!s~1 was ob-
tained for tert-butoxy radical attack on Ph3P at room tem-
perature.

2. Triphenylborane. The purification and handling of tri-
phenylborane proved to be critical in achieving reproducibility
in the kinetic measurements. The commercial product has
usually been exposed to air, which results in extensive super-
ficial oxidation. The solid can be handled briefly under dry air,
but solutions must be prepared under oxygen-free condi-
tions.

Laser excitation of triphenylborane in solution produces a
transient with significant absorption at A <530 nm. The
spectrum of this species, which we believe to be 1-BuOBPh;,
is shown in Figure 1B.

The absorption spectrum of this transient is independent of
the concentration of Ph;B (range examined: 0.12 < [Ph;B] <
0.97 M). Its intensity increases with increasing Ph3B concen-
tration.

The rate constant for attack of tert-butoxy radicals at the
boron center was measured as k, = 1.0 X 108 M~1s~1, Rep-
resentative kinetic plots using I and II are shown in Figures 2
and 3.
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Figure 2. Determination of k¢ for Ph3P, 0.0044 M (X), and Ph3B, 0.027
M (0), according to eq 11. Insert: representative oscilloscope trace for
Ph;P.
[F’h3P] , M
0.005 0.010

0015
T

N
T

Kexpy x 108(M'sT)

!
1 L
0.05 010

[PhsB] , M

Figure 3. Determination of &, for Ph;P (@) and Ph3B (O) according to
eq |. The intercept (A) was taken from ref 11.

Triphenylborane has been shown to react with terz-butoxy
radicals in the same manner as other organoboranes;’ there-
fore, the decay of 1-BuOBPh; must occur according to the
reaction

k
t-BuOBPh; (2) — -BuOBPh, + Ph. (6)

While individual decay plots show reasonably clean first-
order kinetics, changes in the initial concentration of ¢-
BuOBPh; produced by suitable adjustment of the laser in-
tensity indicate a slight dependence on concentration and lead
to an order of 1.15 for decay. The half-life (¢1/2) extrapolated
to zero radical concentration is 10.5 us, which gives k4 = 6.6
X 10%s~!. The purification of triphenylborane was seemingly
more critical for the evaluation of k4 than for k..

Conventional Flash Photolysis. All experiments described
in this section refer to triphenylphosphine. The samples were
excited by flashes from two xenon lamps parallel to the sample
cell (60-250 J, ~40 us, naphthalene in methanol was used as
a cutoff filter). We have found (vide infra) that the relatively
long lifetime of the phosphoranyl radical makes it more suit-
able for this technique than for laser photolysis because the
longer optical path (200 vs. 3 mm) allows the use of lower
radical concentrations, thus preventing kinetic interference
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Table I. Rate Constants for Decay of Phosphoranyl and Boranyl
Radicals

radical temp/K k,s™! solvent and methods

1 295 1110 benzene-t-BuOOBu-t, flash
photolysis

4 295 750 methanol, pulse radiolysis

1 272 87.7 toluene, ESR

1 263 39.6 toluene, ESR

1 253 12.9 toluene, ESR

1 241 5.59  toluene, ESR

1 239 4.18 toluene, ESR

1 232 2.17  toluene, ESR

1 225 1.28 toluene, ESR

2 295 66 000 benzene~t-BuOOBu-7, laser
photolysis

from second-order processes. Under these conditions we ob-
served simple first-order decays of tBuOPPh; over more than
5 half-lives and initial radical concentrations which varied by
a factor of ca. 4. Kinetic analysis leads to k4 = 1110 s™! at
room temperature.

. k
1-BuOPPh; —> ¢-Bu. + OPPh, (7)

The “end-of-pulse” spectrum observed in these experiments
agrees well with the “plateau” spectrum obtained in the laser
experiments and shown in Figure 1.

When the decay of 1 is monitored in the 400-nm region we
observe a residual absorbance which corresponds to the yel-
lowish coloration of the irradiated solutions. This coloration
is bleached in a few minutes when the samples are exposed to
air.

Electron Spin Resonance. UV irradiation of toluene solutions
of di-tert-butyl peroxide and triphenylphosphine in the cavity
of an ESR spectrometer gave the spectrum characteristic of
1 (a® = 45.0 G at —80 °C).? The decay kinetics of 1 were
monitored using the standard rotating sector technique.!® In
the temperature range —60 to —80 °C, the decay of 1 exhibited
a significant contribution from a second-order process at rel-
atively high radical concentrations (~10~3 M), This is pre-
sumably due to the loss of 1 via bimolecular self-reaction. By
contrast, 1 decays with clean first-order kinetics over at least
3 half-lives in the range —40 to 0 °C. In addition, the concen-
tration of 1 was proportional to the incident light intensity and
the first-order rate constants for its decay were independent
of reactant concentrations. Table I gives a summary of the
rates of decay for 1. These results are entirely consistent with
the rate constant observed at 22 °C using flash photolysis
techniques.

Attempts to characterize 2 using ESR spectroscopy have
so far been fruitless.!6

Pulse Radiolysis. In a recent study of the radiolysis of
methanolic solutions of triphenylphosphine, Brescia et al.!”
observed a transient intermediate which they suggested to be
Ph3;PCH,OH (3). The close similarity between the spectrum
of Figure 1A and that reported for 3 led us to believe that the
species observed was in fact CH30PPh; (4), and not' 3. We
therefore undertook some pulse radiolysis experiments on Ph;P
in N,O-saturated methanol. The same transient absorptions
were observed as those reported by Brescia et al.!” However,
under our conditions the decay of the transient was predomi-
nantly first order {with minor (<30%) contributions from
second order] whereas Brescia et al. have observed principally
second-order processes. This difference is not surprising since
their radiation doses were considerably higher than ours
(10 000 vs. 600 rad). The rate of decay measured at the lowest
“workable” radical concentration gave kg =~ 750 s~! in
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methanol at room temperature. In order to establish further
the mechanism of reaction we carried out experiments in both
methanol and in methanol d,4 using a Stern-Volmer approach
for treatment of the data. If the reaction intermediate was 3,
little or no isotope effect would be anticipated on the Stern-
Volmer slope, since the lifetime of its precursor would not in-
volve hydrogen transfer. If the species is 4 (see reaction 8) we
would expect an isotope effect reflecting the decay of CH30
via reaction 9. The yields of CH30 and CH,OH in methanol
have been reported as 2.0 and 7.4, respectively.!8

kr .
CH10- + PPh; = CH;0PPh; (4) (8)

ka .
CH30- + CH3OH —PCH3OH + CHon (9)

kr[PPh;]

k,[CH;0H] + k,[Ph;P]

G is the yield of 4, GO is the yield of methoxy radicals, and
the product k,{CH3;0H] is the reciprocal of the lifetime of
methoxy radicals in methanol, which has been reported to be
106 ns.'® A similar equation would hold for the deuteriosolvent,
except that the lifetime of methoxy-d; radicals should be
substantially longer as a result of the isotope effect on k,.
Figure 4 shows a plot according to the equation

G=G°

(11D

« o o 1
e T \'%
G Gy Go7k,[Ph3P] (Iv)
where « is a constant and
771 = k,[CH;3;0H] or k,/[CD;0D] (V)

The plot for methanol gives k,7 = 540 M~1, which com-
bined with 7 = 106 ns gives k, = 5.1 X 10° M~ s~!, a value
in reasonable agreement with that measured for tert-butoxy
radicals (vide infra). The intercept-to-slope ratio for metha-
nol-d,4 gives k,74 = 1080 M~1, Assuming that the change in
the Stern- Volmer slope reflects only changes in 7, we obtain
an isotope effect for reaction 9 of 2.0 £ 0.3.

Finally, experiments in N,O-saturated water-methanol
mixtures containing PhsP in the 10 uM-1 mM range showed
no evidence for the transient observed in pure methanol solu-
tions. In such mixtures the predominant radical species should
be CH,OH via reactions 10 and 11.

€ aq + N,O+ H,O—:OH+ OH™ + N,
-OH + CH;0H — CH,0H + H,0

(10)
(11)

Discussion

Generation of the Radicals. A number of earlier studies have
been concerned with rates of alkoxy radical attack at phos-
phorus and boron centers.?.7-° They have generally been based
on competitive techniques, e.g., attack at the metal center vs.
hydrogen abstraction from cyclopentane.” Our recent mea-
surements of the absolute rates of reaction of ters-butoxy
radicals with hydrocarbons (including cyclopentane) allow us
to put those earlier values on an absolute scale.!! Table 11
shows a summary of these rate parameters. Alkoxy radical
attack at both centers is extremely fast, and the reaction with
organophosphorus compounds approaches the diffusion-con-
trolled limit.

We have also included in Table 11 rate constants involving
the transient observed in the radiolysis of methanolic solutions
of triphenylphosphine. We assign these to 4, rather than 3, on
the following basis: (a) The radicals are not formed in aqueous
methanol (N,O saturated), where the attack of OH on
methanol produces hydroxymethyl radicals quite efficiently.
(b) The precursor has a longer lifetime in methanol-d4 than
in methanol, a characteristic which should be associated to
methoxy rather than hydroxymethyl radicals. (¢c) We do not
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Table II. Representative Rate Constants for Alkoxy Radical
Attack at the Phosphorus and Boron Centers at Room
Temperature

radical X3M k, M~1s-1 source

t-BuQ.  Ph;P 1.9 X 10° laser photolysis

MeO. Ph;P 5.1 X 10° pulse radiolysis

t-BuO.  P(OEt); 8.1 X 108 ESR competition with
cyclopentaned-?

1-BuO-  PEt; 1.2 X 10° ESR competition with
P(OEt);¢

1-BuO-  Ph;B 1.0 X 108 laser photolysis

t-BuO-  n-Bu;B 1.5 % 108 ESR competition with
cyclopentaned-9

1-BuO.  i-Bu3B 5.1 X 106 ESR competition with
cyclopentaned.d

t-BuO:  sec-Bu;B 1.5 X 106 ESR competition with
cyclopentane®.4

t-BuO-  (MeBO); 1.0 X 107 ESR competition with

cyclopentane®9

a Competitive rate measurements from the original publication
combined with the rate for cyclopentane from laser photolysis mea-
surements.!! The analysis usually assumes that the intermediate de-
cays solely to give scission products, a condition which is met at low
radical concentrations. ® References 4b and 4d. ¢ Reference 4f.
4 Reference Se.

observe significant changes in the radical yields when the ra--

diation dose is changed, which would indicate that the pre-
cursor decays in pseudo-first-order processes. (d) The rate of
reaction (5.1 X 109 M~!s~!) seems consistent with rates ob-
served in analogous tert-butoxy radical reactions. (e¢) The
spectrum observed is very similar to that of Figure 1A. (f) The
suggestion of an alkoxyphosphoranyl intermediate is consistent
with the observation that methane is among the products of
reaction (G¢n, = 0.8),!8 since methyl radicals can be expected
to result by 8-scission of 4.

Our results provide definite evidence for the involvement
of a discrete intermediate in the reaction of tert-butoxy radicals
on triphenylborane. The kinetics observed (Table 11) agree well
with relative reactivities reported earlier.”? Unfortunately, we
were unable to obtain ESR evidence to confirm our assignment
of this transient to ButOBPh;, though it should be noted that
the short lifetime observed is expected to make ESR detection
difficult. We believe that the combination of kinetic and
spectroscopic results presented here, as well as the mechanism
of reaction, which has been established by Davies et al.,”? leads
to the rather unequivocal characterization of the boranyl
radical. Two alternative explanations are worth considering
and we believe both can be disregarded: (1) It could be sug-
gested that the transient arises from a reaction of Bu'O- dif-
ferent from the one proposed. This seems highly unlikely since
the mechanism of reaction is known in addition to the fact that
tert-butoxy radicals are not prone to ring addition, the only
other process that could be proposed. Further, the spectrum
in Figure 1 does not resemble a cyclohexadienyl-type radical
and is too intense for a radical of this nature. (2) The other
possible suggestion would be that, even if zerz-butoxy does
react in the expected manner to yield phenyl, the species ob-
served is actually the result of further attack of phenyl radicals
on Ph3B. Again, this is virtually impossible: our data (Figure
3) extrapolate to the same intercept measured in the reaction
of Bu'O- with Ph;P and diphenylmethanol,!! this number being
characteristic of tert-butoxy, not phenyl; in addition, our ki-
netic studies indicate that the precursor of the radical detected
must be produced “instantaneously” in the time scale of our
éxperiments, which is again consistent with terz-butoxy, not
phenyl. Finally, phenyl radicals are likely to add to the abun-
dant benzene (3.5 M) or abstract hydrogen from the peroxide
(3.6 M).
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v,

All the evidence given above leads us to conclude that the
transient observed following laser excitation of the peroxide-
Ph;B system is indeed the boranyl radical. Previous studies,
largely by Davies and co-workers, showed that the substitution
at boron is a sterically controlled process,”® while the energy
of the bond cleaved in the scission step seems to be unimpor-
tant. This is in fact to be expected if bond breaking is not the
rate-determining step; the lifetime of 2, rather than its for-
mation, should depend on the B~C bond energy.

The only other reaction at the boron center where we ob-
tained indirect evidence for a stepwise process is the reaction
of trialkylboranes with the triplet state of aromatic ketones.
In such systems the reaction occurs with high rate constants
but low quantum efficiencies.!®

Spectroscopic Properties. The ESR spectra of 1 show an
unusually low ap coupling constant.’ This has been attributed
to a radical structure in which the unpaired electron is centered
largely on the aromatic rings, and it has been speculated that
these radicals would have tetrahedral rather than the typical
trigonal bipyramidal structure, The strong optical absorptions
that extend well into the near-infrared region presumably re-
flect the same effect, i.e., electron delocalization into the aro-
matic 7 orbitals. It seems possible that this property could be
exhibited by a wide range of aromatic phosphoranyl radicals,
which would make their spectroscopic detection straightfor-
ward.

To the best of our knowledge the spectrum shown in Figure
1B is the only one of its kind reported; as a result there is no
possibility for comparison with related radicals.

Decay Kinetics. Walling arid Pearson® have established that
1 decays via 3-scission, an observation that is also consistent
with the conclusion by Davies et al.2! that phenyl substituted
phosphoranyls undergo (-scission efficiently. The rates of
decay of 1 are given on Table [. On the critical assumption that
the mechanism of reaction does not change when the temper-
ature is lowered, from an Arrhenius plot (Figure 5 and Table
I) we obtain

kq(s™') = 10117 exp(—12 100/ RT) for 1

Figure 5 illustrates the excellent agreement obtained be-
tween the techniques used, which makes us confident of our
spectral assignments, a conclusion which can probably be ex-
tended to the boranyl radical as well.

Our results, both from ESR and pilse radiolysis experi-
ments, indicate that a second-order decay process can also be
of importance at low temperatures or high excitation doses.
Pulse radiolysis experiments indicate that, if 4 has an extinction
coefficient of the same order of magnitude as 1, the second-
order decay must have a rate constant in the neighborhood of
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Figure 5. Arrhenius plot for the decay of 1: (O), ESR data; (@), laser
photolysis.

10° M~1 =1 in order for the decay of 4 to have some contri-
bution from second-order processes under our experimental
conditions. Similar rates have been reported for other orga-
nophosphorus radicals. <2

It should be noted that the radicals produced in the decay
of 1 and 2 can in principle undergo cross-termination reactions
with 1 or 2. This is unlikely in the case of 2 because of its short
lifetime, but in the case of 1 reaction 12 seems quite prob-
able.

t-Bu- + ¢-BuOPPh; — products (12)

Under these conditions the apparent kinetics would still be
first order, but the actual k4 would be smaller than the mea-
sured value (one-half in the limiting case). This type of error
would be expected to affect the preexponential factor but not
the activation energy.

The radical t-BuOBPh3, while considerably shorter lived
than the analogous phosphoranyl radical, is still long lived
enough that one could hope to detect it using ESR techniques.
Experiments of this type have so far been unsuccessful, re-
flecting probably the complexity which results from side re-
actions of the displaced phenyl radicals when the process is not
examined immediately following the generation of the alkoxy
radicals. If the preexponential factor for the decomposition of
2 can be taken as ca. 1012 M1 s~1 then the activation energy
for reaction 6 would be in the neighborhood of 10 kcal/mol.
Other radicals of this type can be expected to be shorter lived
(e.g., t-BuOBELt3) as a result of their lower B-C bond en-

ergy.

Conclusion

Alkoxytriphenylphosphoranyl radicals show strong ab-
sorption bands in the visible region of the spectrum (Ap.x 430
nm, €max ~6200 M~ cm~! for 1) which extend well into the
near-IR region; these characteristics probably reflect an ex-
tensive delocalization of the unpaired electron on the aromatic
rings and are consistent with the low values of the 3'P hyperfine
coupling constants.’

Our results for triphenylborane provide conclusive evidence
for the stepwise nature of the reaction with terz-butoxy radi-
cals. In fact, the behavior of triphenylborane parallels that of
phosphorus compounds, though it is clear that the tetracoor-
dinate boranyl radical intermediate is considerably less stable
than its phosphorus counterpart.

The rates of reaction of alkoxy radicals with triphenyl-
phosphine are almost diffusion controlled and are among the
fastest known radical-molecule reactions. High rates are also
observed with other organophosphorus compounds as well as
organoboranes.
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Experimental Section

Materlals. Triphenylphosphine (Aldrich) was recrystallized from
ethanol or sublimed. Di-tert-butyl peroxide (MCB) was treated on
an alumina column and distilled. Methanol and benzene were Aldrich
Gold Label and were used as received. Methanol-d4 was an Aldrich
product with 99+% isotopic purity. Triphenylborane (Aldrich) was
sublimed twice under high vacuum conditions. A sample which was
zone refined (30 cycles) and then sublimed twice gave consistent re-
sults.

Laser Photolysls, A Molectron UV-400 nitrogen laser was used for
excitation (337.1 nm, ~8 ns, ~3 mJ). In the case of triphenylphos-
phine the samples were contained ina 3 X 7 mm cell, made of Suprasil
quartz, which was part of a flow system. Helium gas was bubbled
through the solutions in a container directly attached to the reaction
cell. The pulses from the nitrogen laser were incident on the sample
at ~15°. The monitoring beam consisted of a pulsed Eimac 150-W
xenon lamp, a Bausch & Lomb high-intensity monochromator, and
an RCA-4840 photomultiplier tube. The signal from the detector was
terminated with 93 € and into a Tektronix 7623 storage oscilloscope.
Averaging techniques were similar to those described previously.!!

In the case of triphenylborane a specially designed cell was used
for the experiments. The solid triphenylborane was weighed into a
Suprasil quartz cell which was then connected with an Ace Glass
Teflon adaptor to the main sample tube which in turn contained the
benzene-di-tert-butyl peroxide mixture. The solvent was then de-
gassed by three freeze~-pump~thaw cycles to a residual pressure of
less than 10~ Torr. The solution was then prepared under high vac-
uum conditions. Total exposure time of the solid triphenylborane to
air was usually in the neighborhood of | min.

ESR Experiments. In a typical experiment, a solution of triphen-
ylphosphine (~0.1 M) in di-rert-butyl pefoxide and toluene (1:3 v/v)
was passed via a flow system (flow rate 0.2 mL /min) through the
cavity of a Varian E104 spectrometer. Direct UV photolysis in the
ESR cavity gave an intense spectrum of 1. The decay kinetics were
measured using the standard rotating sector procedure.!s

Pulse Radiolysis, These measurements were carried out using a
computerized system similar to that described earlier.22 The apparatus
now makes use of the Notre Dame 10-MeV linear accelerator with
the capability of providing 5-ns pulses. A flow system was used to
assure that fresh solution was brought to the radiolysis cell between
electron pulses. All the experiments described have been carried out
in N,O-saturated solutions.

Most experiments were carried out in a 2-cm long cell, with the
exception of those using methanol-d, and the matched experiments
using methanol, where the optical path was reduced to 0.5 cm to
minimize the cost of the solvent. Typically 20~60 pulses were averaged
for each measurement.

Conventlonal Flash Photolysis. The system used had an optical
pathway of 200 mm and a time resolution of ca. 40 us. A more detailed
description can be found elsewhere.?3
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Abstract: A part of the C,SiH,4 potential energy surface has been explored using a nonempirical pseudopotential method. The
computed relative stabilities of the five isomers, silylacetylene (0 kcal/mol) < silacyclopropene (3) and silacyclopropylidene
(2) (both 17 kcal/mol) < 2-silaallene (46 kcal/mol) < 2-silapropyne (61 kcal/mol), differ significantly from those of the anal-
ogous carbon compounds: propyne < allene < cyclopropene <« cyclopropylidene. Silacyclopropylidene (2) has a singlet while
the carbene analogue a triplet ground state. The relative stabilities of the two cyclic structures 2 and 3 have been analyzed fur-
ther using extensive Cl calculations. The results do not suggest an aromatic character for 3.

Introduction

Silylacetylene (5) has been a well-known compound? for
many years and its structure has been elucidated. More re-
cently, derivatives of silacyclopropene (3) have been observed,?
and in 1978 Bertrand, Manuel, and Mazerolles® suggested the
existence of a digonal (i.e., sp-hybridized) silicon compound,
2-silaallene (1), as a possible intermediate in the copyrolysis
of the adduct (2,8-dimethyl-3,9-dichloro-6-sila[5.5]spiroun-
decatetra-2,4,8,10-ene + methyl acetylenedicarboxylate) and
benzaldehyde; see Scheme 1.

In this context, we thought it might be of some interest to
examine theoretically the existence and relative stability of
such an intermediate in comparison with other possible isomers
(especially those containing the C-Si-C linkage).

To this end, ab initio valence-only calculations have been
carried out for the following C,SiH4 isomers: 2-silaallene (1),
silacyclopropylidene (2), which is topologically very similar

Scheme I
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to the former, silacyclopropene (3), and 2-silapropyne (4),
which also contain the C-Si~C linkage; as a test of reliability
for the computational method used, silylacetylene (5), for
which many experimental data are available, was also inves-
tigated.

——siT—— S| Si Si——= H;Si———
. H,
! 2 3 4 5

Method

All the SCF calculations were performed according to the
PSIBMOL algorithm® using the pseudopotential method
proposed by Durand and Barthelat.® This method is well
adapted for calculations on molecules involving silicon atoms
since it does not require more computing effort than for the
analogous carbon compounds. Recent works” have shown that
pseudopotential methods lead to results of the same quality as
those obtained from an all-electron SCF method.

For each atom, the core electrons are taken into account
throngh a nonempirical atomic pseudopotential determined
from the double { atomic Hartree-Fock calculations of
Clementi and Roetti.® The atomic pseudopotentials have the
following analytical form:

W(r)= ; Wi (r)P; — z/r (1)
where z is the number of valence electrons for the neutral atom,

Py the projector on the /th subspace of the spherical harmonics,
and
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