5598

Excited state calculations were then performed in the
singly excited configuration-interaction approximation2?
with inclusion of a large number (~70) of configurations to
obtain the excited state energies and oscillator strengths for
the singlets in the dipole length approximation, including
one-center sp terms,?* consistent with the INDO model.
The results on 1a and 8 are shown in Table I

The calculated states and their energies are in good
agreement with observed spectroscopic properties, the esti-
mate of Er from the quenching experiments on 8, and the
commonly accepted singlet-triplet energy splittings for n —
m* transitions (0.4 eV).?” Some results from CNDO/S cal-
culations on 1a and 8 have recently been published by Houk
et al.%28 Although details about the calculations and results
were not given, some of their results and conclusions are in
apparent disagreement with our present calculations and
need reinterpretation. It was stated® that T; was =,7* for 1a
and n,7* (or CT) for 8, and that the relative energies of the
states of these Systems were ‘“‘extremely sensitive” to sym-
metry and substituents. The calculations® were used to ex-
plain apparent variations in singlet and triplet photochemis-
try as well as intersystem crossing efficiencies in 3,5-cyclo-
heptadienones, in agreement with the reported!? photo-
chemistry of 8, which we now have shown to be largely in-
correct, especially with respect to singlet reactivity. In con-
trast, our calculations show a striking similarity in both the
energies and contributions of configurations of all low-lying
singlet and triplet states of 1a and 8.

Our calculations are useful in interpreting the observed
photochemistry of 8. In S; the excitation is largely localized
on the CO group, and we find expulsion of CO is the domi-
nant if not the exclusive reaction mode. In S, the excitation
is largely localized in the diene, and cyclobutene formation
is observed. We had previously concluded® that cyclobutene
formation from the singlet manifold occurs only from pla-
nar dienones such as 4, 6 and 7. In the case of 8, it is con-
ceivable that the S, state relaxes from a twisted (C3)
toward a planar (Cs) diene conformation, allowing disrota-
tory ring closure to compete efficiently with IC, We can ex-
amine this hypothesis through additional calculations on
geometrically altered dienones. Furthermore, the similarity
in the state diagram for 1a and 8 suggests that the rate con-
stants for ISC should be nearly identical for the two com-
pounds. Differences in st must therefore be attributable
to structural effects on competitive reactions from S;, in
particular on the rate of decarbonylation. We are now de-
termining these rate constants explicitly using fluorescence
lifetime measurements.?’

The striking similarities in the results of our theoretical
calculations on 1a and 8 suggest that wavelength dependent
photochemistry should be observed for 1a and probably
other 3,5-cycloheptadienones and perhaps as a general fea-
ture of the photochemistry of 3,y-unsaturated ketones. We
intend to explore this possibility.
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Solvation of Gaseous Carbanions in
Dimethyl Sulfoxide !
Sir:

We present here solvation energies for several classes of
carbanions which are of importance to synthetic and theo-
retical organic chemistry. The effect of structural variation
on their solvation energies can be understood roughly in
terms of charge delocalization and steric hindrance to solva-
tion.
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Table I. Enthalpies of Deprotonation in the Gas Phase and DMSO for Protonic Acids with Corresponding Enthalpies of Solution of the

Same Acids and Their Anions in DMSO#4

No. Compound 8 AHp DMSO s AHDE § AHg8-DMSO 8§ AHg8-DMSO(A™)8
1 Cyclopentadiene 0 0 0 0
(—24.44 £ 0.38) (352.7)b (-6.15 £ 0.06) (—69.69)
2 1,4-Pentadiene 16.41 + 0.39 7.0 0.37 9.78
3 Diphenylmethane 17.88 + 0.42 7.9 0.231 10.21
4 Fluorene 6.24 + 0.55 —4,2b -0.15f 10.29
5 Acetonitrile 17.05 + 0.39 8.8p -2.16 6.09
6 Phenylacetonitrile 5.36 £ 0.43 —4.00 -1.68f 7.68
7 Malononitrile -8.09 + 0.48 -21.90 0.45f 14.26
8 Acetone 9.39 043 11.3% -0.87 -2.83
9 Acetophenone 7.09 + 0.39 6.5 -0.71f -0.12
10 Phenylacetone 1.07 £ 0.43 -2.9b -1.007 2.97
11 Acetylacetone -7.29 £+ 0.51 -11.1% -0.47f 3.34
12 Benzoylacetone -8.49 + 0.63 -14,90 -0.48f 5.93
13 Dimedone -9.49 + 0.56 -18.6b -1.51f 7.60
14 Phenol 0.14 £ 0.55 -5.8p -5.47f 0.47
15 terr-Butylacetylene 18.42 + 0.38 14.7¢ -2.8f 3.44
16 Methanole 8.44 + 0.48 24.1 -3.1+0.08 -18.76
17 Ethanole 13.34 £ 0.55 22.2 -3.67 £ 0.07 -12.53
18 Isopropyl alcohole 14.94 £ 0.43 20.8 -3.79 + 0.07 -9.65
19 tert-Butyl alcohole 15.24 £ 0.55 20.0 -3.01+0.1 -7.77
20 Neopentyl alcohole 13.84 + 0.55 18.7 -4.35 £ 0.3 -9.21
21 Di-tert-Butylcarbinole 16.94 + 0.48 17.0 -6.02 0.2 -6.08
22 Watere 12.24 + 0.43 37.3 -5.64 £ 0.06 -30.70
23 Hydrogen chloride -10.56 + 1.07 -19.7d -11.22 0.3 -2.08
24 Hydrogen bromide -9.54 £ 1.16 -29.7d -17.97 £ 0.4 2.19
25 Hydrogen iodide -16.58 = 1.16 -39.7d -19.10: 0.9 4,02

a All values relative to cyclopentadiene. » From ref 5. ¢From R. T. Mclver, Jr., and J. S. Miller, J. Am. Chem. Soc., 96, 4323 (1974).
dFrom JI. L. Beauchamp, Annu. Rev. Phys. Chem., 22,527 (1971). €From ref 4. fEstimated, see text. &See ref 4 for method of calculation.

The Bronsted acidity of carbon, oxygen, nitrogen, and
sulfur acids has long been a subject of curiosity to physical
organic chemists.? The crucial observation by Brauman and
Blair? that “inherent” gas phase acidities can be exactly the
reverse of those in solution has focused attention on the
commanding role which anion solvation may play in deter-
mining relative acidities. In collaboration with Mclver, we
reported recently on the solvation enthalpies of seven alkox-
yanions into dimethyl sulfoxide (DMSO).* Since then Ke-
barle’s group® has reported gas phase acidities for a number
of ketones, nitriles, and conjugated polyolefins. Bordwell®
has shown parallel trends between Kebarle’s results in the
gas phase and pK,’s for the same acids in DMSO. We have
reported previously’ a close correlation between pK,’s in
DMSO and the corresponding heats of deprotonation,
AHp, for many types of Bronsted acids in that solvent.? In
view of the crucial role of carbanions in synthetic chemis-
try® and the dramatic effects which may result from anion
solvation234 we wish to report experimental solvation
enthalpies of the anions AHg8PMSO (A—) derived from car-
bon, oxygen, and halogen acids presented in Table I. As be-
fore* gas phase heats of deprotonation, AHp, (g), were com-
bined with heats of deprotonation in DMSO, AHp
(DMSO) (using the potassium lyate salt (K*DMSYL™) as
base), through estimated (see below) heats of solution of
the neutral acids intc DMSOQ.!0 In contrast to our previous
report, we have normalized all thermodynamic properties
relative to cyclopentadienyl—rather than to fert-butoxy—
anion. Actual values for each acid and its anion can be de-
termined by adding the value shown in parentheses below
cyclopentadiene to the relative property: the relative heat of
deprotonation in the gas phase, SAHp (g); the relative heat
of deprotonation in DMSO, §AHp (DMSO); the relative
heat of solution of the neutral acid from the gas phase to
DMSO, §AHs#PMSO (AH); and the relative heat of solva-
tion of the ion from the gas phase to DMSO, §AHge-DMSO
(A7),

AH&PMSO (AH) normally would be calculated from the
heat of vaporization or sublimation of AH and the heat of

solution of liquid or solid AH in DMSO. Unfortunately, the
necessary vaporization data for many of the compounds in
Table I are not available. Worse still, the published values
for some of the others disagree so badly (in some cases by
over 6 kcal/mol) that we were unable to use them. Fortu-
nately, it is not really the heats of vaporization which are
needed for comparison of solvation enthalpies but the dif-
Sferences between the heats of solution for the various com-
pounds into DMSO from the gas phase. In order to estimate
the relative order for §AHs#PMSO (AH) we used the as-
sumption, based on our previous experience, that such dif-
ferences will normally be small and proportional to the heat
of transfer from an “inert” solvent to DMSO. This assump-
tion was tested with methanol, ethanol, acetonitrile, cyclo-
pentadiene, and acetone, compounds whose heats of vapor-
ization we believe to be reliable.

In Figure 1, 6AHp (g) are plotted against corresponding
relative solvation enthalpies §AHs&8PMSO (A~), The former
property represents the comparative energy of proton trans-
fer from each acid to cyclopentadienyl anion and presum-
ably is governed mainly by the inherent stabilities of the an-
ions. 8AH g8 DPMSO (A~) is the difference between the ener-
gy that is gained by interaction of the ion with the solvent—
chiefly through ion-dipole and dispersion force interac-
tions—and the energy required to produce a cavity in the
solvent at the expense of solvent-solvent interactions.!!

Figure 1 may be interpreted readily in terms of the inter-
play between anion stabilization by internal charge delocal-
ization and by solvation. The results are differentiated
clearly into four correlation lines representing different
functional groups, the intersections being especially intrigu-
ing.

The slopes of the three nearly parallel lines for sterically
unencumbered anions show a common inverse relationship
between ionic size and solvation energy. However, other
factors are also clearly at work. On the top line, showing the
lowest solvation enthalpies, are the conjugate bases of hy-
drocarbons and nitriles presumably reflecting the highest
degree of internal anion stability'? and hence the least ten-
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Figure 1. Comparison of gas phase deprotonation enthalpies of protonic
acids in Table I, relative to cyclopentadiene, with corresponding solva-
tion enthalpies of their anions in DMSO. Values for halide ions in
water (X) estimated from ent halb’les of transfer in ref 13.

dency toward solvation by ion-dipole interactions at a spe-
cific site. The differentiated solvation energies of N=C—
CH,™, t-Bu—C=C—, and

0
-
CH;—C—C—H,

are interesting in view of the nearly equal gas phase acidi-
ties of their neutrals. The position of the acetonyl anion is
especially noteworthy since it links the charge-delocalized
enolates with charge-localized alkoxides.

The spherical halide ions, unencumbered with organic
groups, provide the normative electrostatic model for the ef-
fect of ion solvation. The difference between their behavior
in aprotic DMSO and in water!? is attributed to differences
in polarizability and hydrogen bonding. The unusually high
solvation enthalpy of cyclopentadienyl anion relative to the
other hydrocarbanions is consistent with Bordwell’s propos-
al that dispersion force solvation is important here because
of its unique degree of symmetrical charge delocalization
over a relatively small volume.

Finally, we emphasize the striking sensitivity of alkoxide
ion solvation energies to elaboration of the alkyl group.
When contrasted with the other organic ions, their behavior
strongly confirms our previous suggestion* that steric hin-
drance to ion solvation is responsible for the dramatic dif-
ference between their Basicity in the gas phase and that in
solution. The possibilities for exploiting this phenomenon
have already been noted.!*

On the recommendation of a referee we wish to point out
that the accuracy of some of the gas phase data, on which
the derived solvation enthalpies depend, is questionable
since they have not all been linked together by stepwise
equilibration. We have therefore not reported the standard
deviations of solvation enthalpies in the last column of
Table I since such formal estimates of precision could give
a misleading impression of their ultimate reliability. How-
ever, we have confidence in the basic conclusions expressed
here for the following reasons: (a) Taft!> has found close
agreement between Kebarle’s high pressure mass spectrom-
etry results and independent icr equilibration studies, (b)
the alkoxide values were in fact based on gas phase equili-
bration,* (c) Bordwell® has noted systematic agreement be-
tween Kebarle’s gas phase acidities and pK,’s in DMSO for
series of similar carbon acids. His results, like those in Fig-
ure 1, suggest that major inaccuracies in the gas phase aci-
dities would probably result in vertical displacement of the

parallel lines with respect to each other rather than their
slopes.
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Transition Metal Catalyzed Acetylene Cyclizations.
4,5-Bis(trimethylsilyl)benzocyclobutene, a Highly
Strained, Versatile Synthetic Intermediate

Sir:

Benzocyclobutenes, valuable precursors to theoretically
interesting molecules,! are now gaining increasing impor-
tance as intermediates toward the synthesis of natural prod-
ucts.23 For this purpose complete control of substitution in
the aromatic ring of benzocyclobutene is highly desirable
and has been the source of considerable synthetic diffi-
culty.* We have recently developed a general synthesis of
benzocyclobutenes via the cooligomerization® of 1,5-hexa-
diynes and substituted acetylenes using a cobalt catalyst.®
Yields, however, were only moderate (ca. 15%) for func-
tionalized systems, and benzocyclobutenes substituted by
electrophilic moieties (halogen, acetyl, etc.) were inaccessi-
ble due to the instability of the corresponding acetylenic
precursors and/or catalyst under the reaction conditions.”
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