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Silaolefins have become the subject of considerable
experimental scrutiny'™ since the appearance in late
1976 of back-to-back communications in the Journal
of the American Chemical Society by the groups of
Chapman and Barton® and of Shechter.® We concur
with the statement of Chapman® that this research
represented “the first physical and chemical charac-
terization of a silicon—carbon double bond”. Moreover,
the Chapman-Barton-Shechter papers were a mile-
stone comparable to the earlier work of Gusel'nikov’ (on
the pyrolysis of silacyclobutanes) in the ongoing
transformation of silaethylenes from “unstable
intermediates” to reasonably well understood chemical
compounds.

Chapman et al.5 found that the irradiation of either
(trimethylsilyl)diazomethane (1) or (trimethylsilyl)-
diazirine (2) matrix isolated in argon at 8 K gives rise
to 1,1,2-trimethylsilaethylene (3). The identity of the
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silaethylene 3 was established by the thermal dimeri-
zation at temperatures above 45 K to form the pertinent
disilacyclobutane. Although the infrared spectrum of
the trimethylsilaethylene was recorded with great care,
it was not possible to assign the Si=C double bond
stretching vibration. Shechter’s group® also reported
the IR spectrum of 3, but the more unique aspect of
their research was the electron spin resonance spectrum
of the triplet ground state of (trimethylsilyl)methylene
(4). The latter carbene of course is an isomer of the
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silaethylene 3 and serves as an intermediate between
1 or2and 3.

Recently, considerable additional information con-
cerning the infrared spectra of substituted silaethylenes
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has appeared. Two groups,®? have independently ob-
tained the IR spectra of 1,1-dimethylsilaethylene (5)
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(DMSE). Both groups claim characterization of the
Si=C double bond stretching vibration, and their as-
signments at 1001 and 1003 cm™ are in essential
agreement. In a paper to which we will make extensive
reference later, Drahnak, Michl, and West!® (DMW)
have reported the IR spectrum of the monomethyl-
silaethylene 6. No assignment of the vibrational fre-
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quencies was made by DMW, but we may observe that
the only frequency near the 1002-cm™ Russian Si=C
assignment is that of DMW at 986 cm™.

One of the two most exciting developments in sila-
olefin chemistry during the past year has been the
preparation of the first silaethylene that is stable at
room temperature. The importance of this achievement
by Brook and co-workers!! has been greatly enhanced
by preliminary single-crystal X-ray studies.> In their
first communication on the subject Brook et al.!! re-
ported the synthesis of 7 along with characterization by
IR, NMR, and mass spectrometry. This adamantyl-
substituted silaolefin displays a strong IR absorption
at 1135 cm™, a frequency Brook considers!? to be a
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signature of silaethylenes. The crystal structure per-
haps surprisingly shows a 16° twist about the C=Si
double bond. This slight twisting would on first glance
appear to be inconsistent with Chapman’s suggestion®
that the simpler silaethylene 3 has a planar skeletal
arrangement and also with theoretical predictions!41®
that the unsubstituted silaethylene is planar. However,
Brook has suggested* that this 16° twisting in 7 may
be due to the bulky substituents. The experimental
Si==C bond distance in crystalline 7 is 1.764 A, and this
important result will be discussed later in the present
Account.

The first convincing demonstration of the laboratory
preparation of the unsubstituted parent silaethylene
was the other key discovery in this field during 1981.
The conventional silacyclobutane pyrolysis was dem-
onstrated by Maier and his colleagues!® not to lead to
the parent silaethylene, with only propene, ethylene,
and acetylene being detected as cleavage products. The
eventually successful route to silaethylene exploited
instead the bicyclooctadiene pathway!® (eq 2). Both
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the infrared and ultraviolet (electronic) spectra of si-
laethylene were observed by Maier and co-workers, but
no assignments were presented. Maier finds silae-
thylene to be stable only under argon matrix conditions
at 10 K; upon thawing of the matrix at 35 K, dimeri-
zation to the 1,3-disilacyclobutane occurs.!®

The above thumbnail sketch of recent developments
in the characterization of silaolefins is obviously not
encyclopedic. Nevertheless it should be adequate to
indicate that several important experimental discoveries
have been made quite recently and more can be ex-
pected in the near future. A number of significant
papers have not been brought in above since they will
be discussed in detail later in conjunction with recent
theoretical results. Specifically in this category are the
electron diffraction study of DMSE by Mahaffy, Gu-
towsky, and Montgomery!” and Conlin and Wood’s
kinetic study!® of the isomerization of monomethyl-
silaethylene 6. A final recent experimental study of
special significance is the observation of the gas-phase
photoelectron spectrum of dimethylsilaethylene 5 by
Koenig and McKenna.!®

The experimental studies described above nearly all
stand at the frontier of what is presently possible. In
every case either the experiment per se is difficult or
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the interpretation is treacherous. Since most silae-
thylenes (Brook’s compound 7 must of course be ex-
cluded) are relatively small molecules, it might ac-
cordingly be anticipated that some assistance might be
rendered from the camp of theoretical chemistry. In
fact there is an approaching consensus that molecular
electronic structure theory, when carried out with great
care using state-of-the-art methods, can be an entirely
constructive guide in the interpretation of difficult ex-
periments. This trend has been labeled the “Third Age
of Quantum Chemistry” by Richards!® and provides a
general framework for the present Account. Specifi-
cally, we will argue that certain critical characteristics
of silaolefin chemistry are just beyond the reach of
existing laboratory measurements but just within the
reach of state-of-the-art theory. Ultimately it seems
likely the arbitrator of this healthy rivalry between
theory and experiment will be new experiments. Nev-
ertheless we suspect that when the final pages are
written, theory will be shown to have played an im-
portant role in the silaethylene chapter of chemistry.

Length of the Silicon-Carbon Double Bond

As silaethylene chemistry goes, the strength of the
Si==C bond is a rather old question. Stated more
precisely, the question is “what is the contribution of
the = bond to the Si==C dissociation energy?” We have
found the recent Account of Walsh® to be quite helpful
in addressing this issue. Since the Si—C single bond (or
o bond) energy is quite consistently ~88 kcal, only a
single silaolefin heat of formation is required to fix the
m-bond energy.? Unfortunately, as Walsh discusses, no
such reliable heat of formation exists. Therefore the
recommended 7-bond energy of 39 % 5 kcal is based on
bond strengths and kinetic arguments.® For comparison
the analogous carbon—carbon o¢- and 7-bond energies
are unequivocally known to be ~85 and ~57 kcal.?0
One concludes that the Si~C and C-C ¢-bond energies
are quite comparable, while present evidence suggests
that the Si—C w-bond energy is only ~70% of the C-C
m-bond energy. Nevertheless, we would conclude (again
on the basis of existing evidence) that the = bond in
silaethylenes is a very real bond.

Closely related to the issue of bond strength is that
of bond length. Standard single and double carbon-
carbon bond lengths are 1.54 and 1.35 A, respectively.
If methylsilane SiH;—CHj is accepted as the prototype
Si—C single bond, then we can take heart in the fact that
its Si~C bond distance of 1.867 A is well-established
from microwave spectroscopy.?’ If one adopts the
admittedly extreme view that the Si=C and Si—C
bond distances should lie in the same ratio (0.877) as
the C==C to C—C distances cited above (eq 3), then the

r(Si=C)m0de1 _ r(C=C)
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model Si=C bond distance may be empirically pre-
dicted to be 1.64 A. This is probably a lower limit for

what might be considered “intuitively reasonable”
values of the silicon—carbon double bond distance. If

(3)
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Table 1
Theoretical Values of the Si=C Bond Distance
in Silaethylene®
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Table II
Structural Results of the Electron Diffraction
Experiments of Montgomery'’ for Dimethylsilaethylene (5)

r(8i=C),
A year method authors
1.75 1974 CNDO/2 R. Damrauer
and D. R. Williams?
1.630 1975 MINDO/3 Dewar, Lo,

r(Si=C), A r(Si—C), A

plate I 1.832 < 0.064 1.903 = 0.035
plate II 1.815 + 0.036 1.908 + 0.017
plate Il 1.835 = 0.041 1.906 + 0.020
plate IV 1.832 + 0.005 1.905 = 0.003

and Ramsden®
Schlegel, Wolfe,

and Mislow!
P. H. Blustin®

1.693 1975 4-31G SCF

1.638 1976 FSGO SCF
1.666

1.637 1976 STO-4G SCF
1.69 1977 DZ SCF

O. P. Strausz et al @
Ahlrichs

and Heinzmann?®
Hood and Schaefer?*
H. B. Schlegel,

B. Coleman,

and M. Jones®
1.71 1979 pseudopotential J.-C. Barthelat,

SCF G. Trinquier,

and G. Bertrand/

1.715 1978 DZ SCF
1.637 1978 S8TO-3G SCF

¢ Predicted before the electron diffraction experiment of
Mahaffy, Gutowsky, and Montgomery inref 17. Y J.
Organomet, Chem., 66, 241 (1974). € J. Organomet,
Chem., 105,161 (1976). ¢ J. Am. Chem. Soc., 98, 1622
(1976). ¢ J. Am. Chem. Soc., 100, 6499 (1978). T J.
Am. Chem. Soc., 101, 3785 (1979).

one is a bit more realistic and uses the earlier mentioned
bond energy data,®? an empirical formula of the type

r (Si=c)realistic =

Si—C) + -———"(Si=C)
S0+ 5 =0

suggests itself. The application of eq 4 leads to a value
of 1.71 A for r(Si=C),eaiisticc Although this Si=C bond
distance is entirely empirical and based on an assumed
relationship between bond distance and bond energy,
it does provide a gauge, as it were, by which to think
about Si==C internuclear separations.

It may come as a bit of a surprise to the reader that
at least nine theoretical predictions of the Si==C double
bond distance in the parent silaethylene had been made
prior to the experimental determination of the structure
of dimthylsilaethylene 5 in the electron diffraction
study of Mahaffy, Gutowsky, and Montgomery.!” These
nine theoretical predictions are summarized in Table
I. Among the theoretical predictions, the double-¢ (DZ)
basis set self-consistent-field (SCF) study of Hood and
Schaefer?? is ostensibly the most reliable, followed
closely by that of Ahlrichs and Heinzmann,® who used
a somewhat smaller primitive Gaussian basis set.
Furthermore, it may be noted that both the Ahlrichs—
Heinzmann (1.69 A) and Hood~Schaefer (1.72 A) pre-
dictions for the Si=C bond distance are in good accord
with our empirical estimate (see previous paragraph)
of 1.71 A,

The electron diffraction report!” of Mahaffy, Gutow-
sky, and Montgomery (MGM) was pioneering in the
sense that it represented the first laboratory determi-
nation of any Si=C double bond distance. The MGM
experiment was a daring one, as may be seen from the
summary of their findings in Table II. Although one
does not typically expect from electron diffraction the

[r(81=C) moger = r(Si—C)] (4)

(22) D. M. Hood and H. F. Schaefer, J. Chem. Phys., 68, 2985 (1978).
(23) R. Ahlrichs and R. Heinzmann, J. Am. Chem. Soc., 99, 7452
(1977).

sort of precision obtainable from microwave spectros-
copy, some of the MGM error bars are rather large.
Perhaps the most judicious interpretation of the MGM
data is that the results of plate IV, yielding by far the
smallest error bars, represent the true electron dif-
fraction structure, while plates I-I1I serve primarily to
demonstrate in a qualitative way the reproducibility of
the experiment.

As noted by MGM, their final experimental value
of 1.83 + 0.04 A for the Si=C distance in DMSE lies
completely outside the range (1.63-1.75 A) of the nine
earlier theoretical predictions for the parent silaethyl-
ene. Since the “best” theoretical? Si=C bond distance
of 1.715 A was so much less than the experimental
DMSE value of 1.83 A, one was logically left with three
alternatives: (a) the two methyl substituents greatly
increase the Si=C distance in DMSE relative to the
parent HoSi=CH,, (b) the theoretical predictions for
the Si=C bond distance in H,Si=CH, are all incorrect,
and (c) the experimental Si=C distance in DMSE is
in error. Of course it is also possible that some su-
perposition of these three effects might lead to the
0.115-A gap between theory for H,Si=CH, and ex-
periment for DMSE. It should be noted that possibility
a above was fueled by the MINDO/3 prediction of
Dewar, Lo, and Ramsden®* that the Si==C distance in
DMSE is 0.04 A longer than that of the unsubstituted
silaethylene.

Faced with the seeming finality of the MGM exper-
iment, we considered it of critical importance to re-
consider the structure of silaolefins at a higher level of
theory.?? First, an explicit optimization of the geo-
metrical structure of DMSE itself was carried out.
Furthermore, this equilibrium geometry was deter-
mined at a level of theory higher than any previous
structural optimization of even the parent H,Si==CH,,.
To the double-{ (DZ) basis used by Hood and Schaefer?
was added a set of d functions on each heavy atom.
These polarization functions were assighed orbital ex-
ponents o = 0.75 (carbon) and « = 0.60 (silicon). The
designation of this DZ + d basis set is then Si-
(11s7pld/6s4pld), C(9s5pld/4s2pld), and H(4s/2s).

The predicted theoretical structure for DMSE is seen
in Figure 1. The relative orientations of the two methyl
groups was arbitrarily chosen to maintain point group
C,,, but the barriers to rotation about these Si—C single
bonds should be quite small. Figure 1 shows that the
predicted Si=C bond distance, 1.692 A, falls far outside
the range 1.83 + 0.04 A provided by the experimental
electron-diffraction study.!” The predicted Si—C single
bond distance, 1.873 A, is also shorter than experiment,
1.91 £ 0.02 A, but in this case the disagreement is much
less severe. None of the other geometrical parameters

(24) M. J. S. Dewar, D. H. Low, and C. A. Ramsden, J. Am. Chem.
Soc, 97, 1311 (1975).

(25) Y. Yoshioka, J. D. Goddard, and H. F. Schaefer, J. Am. Chem.
Soc., 103, 2452 (1981).
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Figure 1. Theoretical equilibrium geometries for 1,1-di-
methylsilaethylene (DMSE) and the parent unsubstituted sila-
ethylene. All bond distances are in A.

of DMSE were determined by MGM, but the predicted
theoretical values are all quite consistent with chemical
intuition. In particular, the theoretical value of 1.873
A for the Si—C single bond distance in DMSE is only
0.005 A less than that determined by microwave spec-
troscopy?! for the prototype H;Si-CH,. Furthermore,
a steadily increasing body of comparisons?®%” between
theory and experiment would suggest a typical?® relia-
bility of £0.01 A for bond distances predicted at the DZ
+ d SCF level of theory.

For an assessment of the relationship between the
structures of DMSE and the parent silaethylene, the
latter equilibrium geometry was theoretically deter-
mined in a manner precisely the same as that described
above for DMSE. This DZ + d SCF structure for the
parent is illustrated in the middle of Figure 1. Figure
1 shows that at the DZ + d SCF level of theory, the
Si==C bond distances of H,Si=CH, and (CH,),Si=CH,
are identical (1.692 A) to within one-thousandth of an
angstrom. This would appear to make rather unlikely
the possibility, suggested by MINDO/3 calculations®
and cited by MGM, that the Si==C distance is signifi-
cantly longer in DMSE.

The only remaining satisfactory explanation of the
experimental DMSE geometry is that the DZ + d SCF
level of theory systematically predicts Si=C distances
much too short. This possibility has been examined by
explicitly determining the structure of H,Si=CH, using
highly correlated?® wave functions. By use of the DZ
+ d basis set, configuration interaction (CI) was carried

(26) J. A. Pople, Bull. Soc. Chim. Belg., 85, 347 (1976).

(27) C. E. Dykstra and H. F. Schaefer in “The Chemistry of Ketenes,
Allenes, and Related Compounds”, S. Patai, Ed., Wiley, Chichester,
England, 1980, pp 1-44.

(28) For a notable exception, see R. R. Luccese, H. F. Schaefer, W. R.
Rodwell, and L. Radom, J. Chem. Phys., 68, 2507 (1978).

(29) H. F. Schaefer, “The Electronic Structure of Atoms and Mole-
cules: A Survey of Rigorous Quantum Mechanical Results”, Addison-
Wesley, Reading, MA, 1972.
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out including all single and double excitations relative
to the Hartree—Fock reference configuration. With the
six core orbitals [C(1s),Si(1s,2s,2p,,2p,,2p,)] constrained
to be doubly occupied in all configurations, this ap-
proach yields a total 6320 A, configurations.

The DZ + d CI structure of silaethylene shown at the
bottom of Figure 1 demonstrates clearly that electron
correlation has little effect on the predicted Si==C bond
distance. The theoretical distance is 1.705 A, or only
0.013 A longer than the analogous SCF result. From
the above-discussed comparison of the silaethylene and
DMSE structures, one anticipates that the DMSE
Si=C bond distances will also be ~1.71 A. This con-
clusion is supported by the subsequent work of Hana-
mura, Nagase, and Morokuma,® who used a generalized
valence-bond approach in concert with a smaller basis
set to predict a Si=C distance of 1.728 A.

On the basis of previous experience,’®?” we suggest
that the exact (unknown) Si=C bond distance r, for the
unsubstituted silaethylene is 1.705 + 0.03 A. To our
thinking this prediction casts serious doubt upon the
assumptions made by MGM in extracting the Si=C
distance in DMSE from the reported electron diffrac-
tion data.l”

Before this section is concluded, some discussion of
the recent crystal structure of the adamantyl- and
(trimethylsilyl)-substituted compound 7 is mandatory.
As noted earlier this molecule is twisted by about 16°
about the Si==C double bond and has a silicon—carbon
internuclear separation of 1.764 A. We concur with
Brook* that this twisting may be due to the bulky
substituents and not a property of the parent silae-
thylene. Perhaps more important, it must be noted that
twisting about the Si=C bond destroys the = bond
when the twisting angle becomes 90°. For a twist angle
of 90°, one is left with a single-bonded diradical, with
an Si-C bond distance expected to be comparable to
the 1.88 A predicted for triplet silaethylene.?2 For this
reason, we do not consider Brook’s silicon—carbon bond
distance!? of 1.764 A for the silaolefin 7 to be in conflict
with the theoretical results presented above.

The Barrier Separating Silaethylene from
Methylsilylene

Since the weakest bond-dissociation energy in silae-
thylene exceeds 80 kcal, the only possible low-energy
pathways in the absence of collisions are intramolecular
rearrangements. Specifically, the 1,2 hydrogen shift?!
connects silaethylene with both methylsilylene and
silylmethylene:

’w\ H\ /H H

\i—-.‘ -— = e ‘§i—C
7T 7N /7w

. " H H H H

The rearrangement of silaethylene to methylsilylene is
of particular importance, since (as will be discussed in
detail in the next section) these two isomers are nearly
degenerate.’? Given that the right half of reaction 5
is nearly thermoneutral and that one of these two sin-
glet species is the absolute minimum on the SiCH,
potential energy hypersurface, the barrier height be-

(30) M. Hanamura, S. Nagase, and K. Morokuma, Tetrahedron Lett.,
1813 (1981).

(31) H. F. Schaefer, Acc. Chem. Res., 12, 288 (1979).

(32) M. S. Gordon, Chem. Phys. Lett., 54, 9 (1978).
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tween silaethylene and methylsilylene becomes an im-
portant issue.

The first theoretical study of the barrier between the
singlet electronic ground states of H,Si=CH, and
HSi—CH, was that of Goddard, Yoshioka, and the
present author (GYS).3® The stationary point geometry
expected to correspond to the transition state was de-
termined at the double-{ basis set, self-consistent-field
(DZ SCF) level of theory. Subsequently all quadratic
force constants were determined, and this stationary
point was proven to be a transition state via a harmonic
vibrational analysis, which showed a single imaginary
frequency (1167i cm™). The transition state was pre-
dicted to lie 45.0 kcal above the reactant silaethylene.
Given this DZ SCF transition-state geometry and the
analogous structure for silaethylene, the barrier height
was predicted at three additional levels of theory.
Configuration interaction including all (core orbitals Si
1s282p, C 1s deleted) single and double excitations
(CISD) amounted to 10585 configurations for the
transition state and yielded a barrier of 43.4 kcal. When
the Davidson correction® for the effect of higher ex-
citations (unlinked clusters) was appended to reactant
and transition state, the barrier was reduced to 41.0
kcal. Finally, the effect of d functions on silicon and
carbon was tested at the SCF level only and had little
effect, reducing the barrier from 45.0 (DZ SCF) to 44.6
(DZ + d SCF).

The level of theory applied by GYS to the silae-
thylene rearrangement barrier was reasonable, but not
state-of-the-art. This is understandable if one appre-
ciates that this barrier was just one of a large number
of issues considered by GYS relating the singlet and
triplet electronic states of silylmethylene, silaethylene,
and methylsilylene.?® The subsequent examination of
analogous studies (of hydrocarbons, such as the vinyl-
idene — acetylene rearrangement)® would appear to
suggest that extension of the basis set, treatment of
higher order correlation effects, and correction for
zero-point vibrational energies would all reduce the
predicted barrier, but not to less than 25 kcal.

In light of this theoretical background, the publica-
tion of dissenting back-to-back experimental commu-
nications!%!8 in the Journal of the American Chemical
Society left us temporarily at a loss for words. Conlin
and Wood?® reported kinetic evidence that the reaction
of methylsilylaethylene to dimethylsilylene

H H H
\Si=c/ — 5i—C (8)
\ /o
HiC H HsC K

is rapid. Specifically they point to the pyrolysis of
methylsilacyclobutane leading to the isolation of prod-
ucts characteristic of dimethylsilylene reactions.
Moreover, Conlin and Wood suggested that the isom-
erization (eq 5) of the parent silaethylene might be even
more rapid than the isomerization in eq 6.

In the second communication, Drahnak, Michl, and
West!? present matrix isolation results which suggest

(33) J. D. Goddard, Y. Yoshioka, and H. F. Schaefer, J. Am. Chem.
Soc., 102, 7644 (1980).

(34) S. R. Langhoff and E. R. Davidson, Int. J. Quantum Chem.,
Quantum Chem. Symp., 8, 61 (1974).

(35) See, for example, Y. Osamura, H. F. Schaefer, S. K. Gray, and W.
H. Miller, J. Am. Chem. Soc., 103, 1904 (1981); R. Krishnan, M. J. Frisch,
J. A. Pople, and P. v. R. Schleyer, Chem. Phys. Lett., 79, 408 (1981).
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Figure 2. Theoretical structures for silaethylene, methylsilylene,
and the transition state connecting them. All results in this figure
were obtained at the DZ + P SCF level of theory.

that reaction 6 proceeds rapidly at 100 K and the
product dimethylsilylene is then trapped. DMW cite
the previously discussed GYS theoretical study® but
conclude that “unless the additional methyl (i.e., the
difference between reactions 5 and 6) has a dramatic
effect, this (theoretical) result is not compatible with
our interpretation. No simple alternatives have oc-
curred to use.” Thus, there appeared to be a conflict
between the theoretical expectation®® that the barrier
is not less than ~25 kcal and the experimental de-
duction that this same barrier is perhaps 5 kcal or less.

As with the conflict involving the structure of di-
methylsilaethylene, this apparent discrepancy between
theory and experiment made it imperative to reexamine
the barrier height for eq 5 at a higher level of theory.%
Specifically, it was thought that the addition of polar-
ization basis functions might significantly alter the
earlier predictions.?® Therefore, a set of p functions
(orbital exponent o = 1.0) was added to each of the four
hydrogen atoms, as were d functions on carbon and
silicon. The technical specification of this double-{ plus
polarization (DZ + P) basis set is then Si (11s7pld/
6s4pld), C(9s5pld/4s2pld), H(4slp/2slp). Although
heavy atom d functions are known®” to sometimes be
important for such systems, it was also though that the
p functions on hydrogen (particularly the migrating
hydrogen) might lower the predicted barrier.

The transition-state geometry for the silaethylene
rearrangement was accordingly redetermined at the DZ
+ P SCF level of theory and is illustrated here in Figure
2 along with the analogous structure for silaethylene.
Note that the small differences between the H,Si=—CH,
structures in Figures 1 and 2 are due to the addition

(36) Y. Yoshioka and H. F. Schaefer, J. Am. Chem. Soc., 103, 7366
(1981).
(37) T. H. Dunning and P. J. Hay, Mod. Theor. Chem., 3, 1-27 (1977).
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of hydrogen p functions in the latter case; i.e., the
structure in Figure 1 was determined with a DZ + d
basis, while that of Figure 2 was obtained by using the
fully polarized DZ + P basis. Comparison of the DZ
+ P SCF transition-state structure of Figure 2 with the
earlier DZ SCF result of GYS® shows the two stationary
points to be qualitatively similar. Moreover the DZ +
P SCF barrier height for reaction 5 is 44.7 kcal, only 0.3
kcal below the DZ SCF barrier. Thus, it is seen that
at the SCF level the addition of polarization functions
has little effect on either the reaction mechanism or
energetics.%

With the full DZ + P basis set and assuming the SCF
geometrical structures of Figure 2, CI including all
single and double excitations was carried out with the
restriction that the core molecular orbitals were deleted.
For the transition state, containing no elements of point
group symmetry other than the identity (point group
C,), the CI involved 32131 configurations. The varia-
tional energies thus obtained for silaethylene and the
rearrangement transition state were —329.297 03 and
-329.228 58 hartrees, respectively, yielding a barrier of
43.0 keal. Appendage of the Davidson correction® for
higher excitations yields a final prediction of 40.6 kcal
for the classical barrier.

Even if further refinement of the wave functions
lowered the barrier an additional 10 kcal (we consider
this unlikely) and zero-point vibrational energy cor-
rections make the activation energy 5 kcal less than the
classical barrier,3® one is still left with a theoretical
activation energy of 25 kcal. In our opinion, the body
of theoretical evidence supporting a high (>25 kcal)
barrier for the silaethylene rearrangement (eq 5) has
thus become sufficiently weighty that alternate inter-
pretations of the Conlin and Wood!® and Drahnak,
Michl, and West!? experiments should be sought.

A substantive effort toward the reinterpretation of
the Conlin and Wood experiment!® has recently been
made, and being of direct relevance to the topic at hand,
some discussion is in order here. Specifically Barton,
Burns, and Burns® introduce a note of caution in the
interpretation of silaethylene rearrangement results
from silacyclobutane pyrolyses. Barton points to a body
of data suggesting that silacyclobutanes may undergo
thermal decomposition initially through C-C rather
than Si—C ring-bond homolysis.** Should this be the
case, than the 1,2 shift might occur at the diradical stage
(rather than via reaction 6), from which Barton has
proposed two pathways® to dimethylsilylene (eq 7), and

H b "

Me—{& = Meél-—' = MeSi— e Me-Si-Me

HoC=CH, (7)
Me H
NS
A
neither of these involves methylsilaethylene. A series
of experiments to test this mechanism was designed by

Barton® and appears to significantly weaken the Con-
lin~-Wood interpretation that methylsilaethylene is

(38) For such an example, see J. D. Goddard, Y. Yamaguchi, and H.
F. Schaefer, J. Chem. Phys., 75, 3459 (1981).

(39) T. J. Barton, S. A. Burns, and G. T. Burns, Organometallics, 1,
210 (1982).

(40) See, for example, T. J. Barton, G. Marquardt, and J. A. Kilgour,
J. Organomet. Chem., 85, 317 (1975).
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formed by the pyrolysis of methylsilacyclobutane.
Only one conceivable reinterpretation of the DMW
matrix isolation results!® has occurred to us, other than
the obvious possibility (probably just wishful thinking)
that the molecule they assign as methylsilaethylene 6
is something else. Our thought here is that although
methylsilaethylene may be formed in the DMW ex-
periment, it rapidly dimerizes to the disilacyclobutane,
which could conceivably go on to produce dimethyl-
silylene by some (perhaps bimolecular) mechanism not
involving reaction 6. In any case, further experiments
would very much appear in order in the face of such
compelling theoretical evidence®% that the barrier for
the parent silaethylene rearrangement is substantial.

The Energy Difference between Silaethylene
and Methylsilylene

The activation energy for rearrangement of silae-
thylene to methylsilylene is clearly related to the energy
separation between these two potential minima. If
Drahnak, Michl, and West’s interpretation of their ex-
periment!? is correct and this rearrangement (eq 5, right
hand side) occurs unimolecularly at 100 K, then me-
thylsilylene necessarily lies energetically below silae-
thylene. The same conclusion follows from the work
of Conlin and Wood,® but other experiments suggest
a different conclusion. For example, Auner and Grobe?!
claim to have prepared silaethylene from the pyrolysis
of either silacyclobutane or 1,3-disilacyclobutane and
that H,Si==CH,; can be stored in the condensed phase
at 77 K for several months.

Although Maier, Mihm, and Reisenauer'® state spe-
cifically that their results contradict the findings of
Auner and Grobe, in a second paper*? they present in-
teresting evidence against the notion that methyl-
silylene lies lower than silaethylene and that the two
are separated by only a small barrier. In this significant
paper by Rosmus, Bock, Solouki, Maier, and Mihm#*?
are presented reliable theoretical predictions of the
photoelectron spectrum (PES) of the parent silae-
thylene, followed by a report of the experimental PES.
Of great importance in the present context is the
statement by Rosmus et al.*? that the pronounced vi-
brational fine structure of the first PE band resembles
that of the iso(valence)electronic ethylene. More spe-
cifically they state that “the vibrational progressions
assigned preclude, with a high degree of probability, the
presence of isomers such as CH;SiH or H;SiCH”. Since
this PES was recorded at 850 K, it would appear logical
to conclude that either (a) methylsilylene lies higher in
energy than silaethylene or (b) there is a significant
barrier separating the two (as predicted by theory®?26),
Of course Maier’s PES*? also allows for the possibility
that both (a) and (b) above are true. In any case, it
seems difficult to avoid the inference that this experi-
ment is suggesting exactly the opposite conclusion to
that drawn by Coulin and Wood®® and by DMW.1©

It is almost invariably instructive to examine in
hindsight the results of theoretical predictions made
prior to the existence of experimental answers. Under
such circumstances the theory is forced to he “honest”;
i.e., the temptation to adjust the theory to fit the known
answer is not present. In this context, Table TII enu-

(41) N. Auner and J. Grobe, Z. Anorg. Allg. Chem., 459, 15 (1979).
(42) P. Rosmus, H. Bock, B. Solouki, G. Maier, and G. Mihm, Angew.
Chem., Int. Ed. Engl., 20, 598 {1981).
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Table III
Theoretical Predictions of the Energy Difference between
Silaethylene and Methylsilylene®

AE-
(H,8i=CH, —
HSiCH,), kecal year method authors
-23.2 1978 STO0-4G SCF Gordon?®?
-9.2 STO-3G + d SCF
-12.5 STO-4G CI
-6.8 STO0-3G + d CI
-11.6 1980 DZ SCF Goddard,
-2.3 DZ CI Yoshioka,
-4.9 DZ + d SCF and Schaefer®
-0.4 DZ + d CI

@ Made prior to experiments of Conlin and Wood in ref
18 and Drahnak, Michl, and West in ref 10.

merates eight predictions of the energy difference be-
tween the singlet ground states of silaethylene and
methylsilylene, all made prior to the Conlin and Wood!®
and DMW?10 experimental reports. The predictions of
Gordon®? were particularly timely, being the first of
their kind and apparently the first suggestion from any
source that methylsilylene might actually be the abso-
lute minimum on the SiCH, potential energy hyper-
surface. Although the present author had a prior in-
terest?? in silaethylene molecular structures and the
singlet—triplet separation, the intriguing prediction of
Gordon®? concerning the stability of methylsilylene led
us to a much more detailed theoretical study of the
SiCH, energy surface.

Gordon’s most reliable level of theory suggests that
the energy of methylsilylene lies ~7 kcal below that of
silaethylene. The subsequent, more complete theo-
retical study of GYS® brings the two isomers much
closer energetically, with the final prediction that me-
thylsilylene lies only 0.4 kcal below that of silasthylene.
GYS suggest “an estimated uncertainly in (this) energy
difference of 5 kcal” and hence the theoretical conclu-
sion that the two isomers are essentially degenerate.
Subsequently, comparable (with the exception that a
pseudopotential was employed by Trinquier and Mal-
rieu) theoretical studies*® have come to a similar con-
clusion. Thus the two most reliable theoretical per-
spectives®4 do not support the experimental conclu-
sion'®!8 that methylsilylene lies energetically below
silaethylene by a significant amount.

In the preliminary stages of the preparation of this
Account, it was decided to make a more definitive
prediction of the above discussed energy difference. In
this vein, Bicerano* carried out a complete optimization
of the structure of methylsilylene at the fully polarized
DZ + P SCF level of theory. This theoretical structure
is included at the bottom of Figure 2. The energy of
methylsilylene obtained in this way is 3.7 kcal below the
analogous energy of silaethylene, When DZ + P Cl is
carried out in a manner comparable to that described
previously® for silaethylene, 16 941 configurations are
included variationally and the total energy obtained is
-329.296 25 hartrees. These correlated wave functions
allow us to predict that methylsilylene lies 0.5 kcal
above silaethylene. Appendage of the Davidson cor-
rection® for higher excitations yields the final classical
prediction that methylsilylene lies 1.7 kcal above sila-

(43) G. Trinquier and J. P. Malrieu, J. Am. Chem. Soc., 103, 6313
(1981).
(44) J. Bicerano and H. F. Schaefer, unpublished.
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ethylene. However, this result must be corrected for
zero-point vibrational energy (ZPVE), and it has re-
cently been suggested by Kohler and Lischka® that the
ZPVE of methylsilylene is 2.7 kcal greater than that of
silaethylene. If this is true, silaethylene is expected to
be observed at an energy 4.4 kcal below that of me-
thylsilylene.

A closely related and important theoretical study
which requires some discussion here is that of Hana-
mura, Nagase, and Morokuma.?® These authors pre-
dicted the energy difference between dimethyl-
silaethylene 5 and its 1,2 methyl shifted isomer 8 at

Me
gl
/S| \\H
Me H

8

several levels of theory. As illustrated in Table III for
the parent, improving the level of theory consistently
lowers the silaolefin relative to the silylene. Moroku-
ma’s final prediction is that dimethylsilaethylene lies
22 kcal below 8. If this is indeed true, it means that the
two methyl substituents significantly lower the energy
of the silaolefin relative to its silylene isomer. Moro-
kuma® has also predicted the vibrational frequencies
of DMSE and finds an intense Si=C stretching band
near 1000 cm™, in agreement with the experimental
assignments of Gusel’nikov® and Nefedov.® However,
Morokuma sounds a note of caution in mentioning that
the silylene isomer 8 also has a moderately strong CH;
rocking mode near 1000 cm™.

Concluding Remarks

This Account has concentrated on three questions for
which there appear (at present) to be striking conflicts
between theory and experiment. Although we suspect
that theory is correct in all three cases, these apparent
discrepancies will in all probability be ultimately ad-
judicated by new and definitive experiments. We await
such new experiments with much interest.

There are a number of reliable and interesting sila-
olefin predictions from theory for which there are as yet
no directly pertinent experiments. For example, the
geometrical structure of triplet silaethylene has been
predicted?>?? to be both twisted (about the Si-C bond)
and pyramidalized (with respect to the silicon atom).
Moreover, triplet silaethylene has been predicted to lie
only ~40 kcal above the singlet electronic ground
state.2? It will be important to see whether these pre-
dictions hold up under experimental scrutiny.

A more general question for the future is that if si-
laolefins can now be observed in the laboratory almost
routinely, what about silaacetylenes? For the parent
molecule, Murrell, Kroto, and Guest*® established the-
oretically some time ago that the isomerization

HSI=CH —= :Si=C (8)

is substantially exothermic. That is, the silylidene
:Si=CH, is the absolute minimum on its potential en-
ergy hypersurface. Moreover, Hopkinson and Lien?’

(45) H. J. Kohler and H. Lischka, to be published.
(46) 4. N. Murrell, H. W. Kroto, and M. F. Guest, J. Chem. Soc.,
Chem. Commun., 619 (1977).
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150.1° H

Figure 3. Theoretical equilibrium geometry for trans-sila-
acetylene predicted at the DZ + d CI level of theory.

subsequently discovered that the linear HSiCH is not
even a minimum on the potential surface. However, all
is not lost in light of Gordon and Pople’s finding*® that
silaacetylene favors a bent equilibrium geometry. The
only (as best we can determine) predicted equilibrium
geometry for silacetylene is that of Hoffmann,* seen
in Figure 3, which reveals a trans bent structure. The
silicon—carbon bond distance (1.64 A) is significantly

(47) A. C. Hopkinson and M. H. Lien, J. Chem. Soc., Chem. Commun.,
107 (1980).

(48) M. S. Gordon and J. A. Pople, J. Am. Chem. Soc., 103, 2945
(1981).

(49) M. R. Hoffmann and H. F. Schaefer, unpublished.

less than that in silaethylene (1.71 A), but notably
longer than would be anticipated for a hypothetical
Si==C triple bond. A cis bent equilibrium geometry is
also conceivable, and work in progress is designed to
pursue this and other points.*’ It may also be hoped
that a suitable choice of substituents might actually
place the silaacetylene energetically below the silylidene
isomer. Experiments probing the latter point would be
particularly welcome.
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In 1677, when Anton von Leeuwenhoek first observed
living spermatozoa with his primitive microscope, he
also discovered a crystalline substance from human
seminal fluid. It was described in his famous letter of
that year to the Royal Society of London:!

“Et cum praedicta materia paucillum temporis
steterat, in ea observabantur trilaterales figurae
ab utraque parte in aculeum desinentes quibus-
dam longitudo minutissimae arenae, aliquae al-
iquantulum majores, ut fig. A. Praeterea, adeo
nitidae ac pellucidae, ac si crystallinae fuissent.”

We now recognize that it was spermine phosphate,
a salt of the first known naturally occurring polyamine,
that had so easily and spontaneously precipitated under
van Leeuwenhoek’s lens. However it took a long suc-
cession of distinguished naturalists and medical in-
vestigators more than 250 years to unravel the identity
of this substance.? In a brilliant series of papers after
the First World War, Rosenheim®* and Wrede® used
organic synthesis to established conclusively the correct
composition of spermine and a related base, spermidine.

Together with the simpler diamines putrescine and
cadaverine, which were discovered in decomposing an-
imal carcasses, these four aliphatic bases constitute the

Bruce Ganem Is Professor of Chemistry at Cornell. He was born in Bos-
ton, MA, and received his Bachelor of Arts degree from Harvard College in
1869. After completing Ph.D. studies with G. Stork at Columbia University,
he was a National Institutes of Health Postdoctoral Fellow with W. S. John-
son at Stanford before joining the Cornell Faculty in 1874, He has been a
Visiting Professor at the University of Chicago and a J. S. Guggenheim Foun-
dation Fellow.
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principal members of an ubiquitous family of natural
products. Pathways for the biosynthesis of polyamines
have been uncovered in so many animals, plants, and
microorganisms that it is safe to say at least some
representatives are present in all eukaryotic and pro-
karyotic cells. Thus, it seems surprising that com-
pounds so widely distributed throughout nature and
whose discovery predates that of DNA by some 200
years have seldom merited more than passing mention
in scientific textbooks. More often than not, poly-
amines were viewed as odd curiosities of physiology and
metabolism.
NH,(CH,),NH,
NH,(CH,);NH,
N'H,(CH,);N*H(CH,),N®H,
N'H,(CH,),N*H(CH,),N®H-

(CH,);N?H,

That this is no longer the case can best be gauged by
the explosive proliferation of scientific literature on the
polyamines since the early 1970s. Only highlights of
some major developments will be presented here; re-
search on polyamines has been the subject of numerous
monographs®® and reviews.> 14

putrescine, 1
cadaverine, 2
spermidine, 3
spermine, 4

(1) A. Leeuwenhoek, Philos. Trans. R. Soc. London, 12, 1040 (1678).

(2) For an historical account, see H. G. Williams-Ashman, Invest.
Urol., 2, 605 (1965).

(3) O. Rosenheim, Biochem. J., 18, 1253 (1924).

(4) H. W, Dudley, O. Rosenheim, and W. W. Starling Biochem. J., 20,
1082 (1926).

(5) F. Wrede, H. Fanselow, and E. Strack, Z. Physiol. Chem. 163, 219
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