2264 dJ. Org. Chem. 1989, 54, 22642266

Figure 1. ORTEP view of the osmium tetraoxide complex of
(dimethylcarbamoyl)dihydroquinidine (1).
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Figure 2. Atom numbering and important NOE's in the (a) closed
and (b) open conformation of the cinchona alkaloids. Curved
arrows indicate important NOE’s.

by changes in the NOE connectivity pattern. Irradiation
of H-8 in the complex yielded strong enhancements at H-5
and H-9, suggesting that these three nuclei are close to
each other. A significant NOE was also observed between
H-10 and H-1, which can only be accounted for by an
“open” conformation. Additional substantiation of the
conformational change was the disappearance of NOE’s
involving the pairs H-8, H-18 and H-9, H-1 upon com-
plexation of the alkaloid to OsO,.

Several important differences in the chemical shift
values between free and complexed alkaloids, which could
not be accounted for by direct shielding contributions from
the heavy metal oxo species, can be explained by the
change in the alkaloid conformation upon binding to os-
mium. In the transition from the “closed” to the “open”
conformation, the quinuclidine ring rotates around the
C-9-C-8 bond, changing the position of H-10 and H-11

relative to the quinoline ring. In the “open” conformation,
H-11 is positioned in the shielding cone above the quino-
line ring and experiences a strong upfield shift, whereas
H-10, being in the same plane as the quinoline ring, suffers
a downfield shift.

This NMR study reveals that the structure of the al-
kaloid-osmium tetraoxide complex in solution closely re-
sembles the solid state structure in Figure 1. Since the
1:1 complex is known to oxidize a wide range of unfunc-
tionalized olefins to their corresponding osmate esters with
good to excellent levels of asymmetric induction, we hoped
to be able to derive a coherent stereochemical model for
the reaction from the data presented here. However, we
find instead that the chiral centers in the alkaloid ligand
are quite remote from the oxo ligands, and there is no clear
indication of how chirality might be transmitted to the
substrate. This is exacerbated by the fact that there is still
very little known about the mechanism for the addition
of osmium tetraoxide to olefins.!*'? One important piece
of information obtained from the NMR studies may bear
some relevance to the asymmetric dihydroxylation. The
alkaloids which are effective ligands in the process all exist
in a “closed” conformation in their uncomplexed state,
whereas ineffective ligands (1, R = OH, OMe, OSiMe;, H)
all exist in an “open” conformation. The exact significance
of this difference is not obvious, particularly since upon
complexation to osmium tetraoxide all ligands adopt an
“open” conformation. In any event, it is apparent that the
steric and/or electronic factors governing the asymmetric
osmylation reaction are extremely subtle and require
considerably closer investigation. In this vein, solid state
and solution studies of the corresponding osmate ester—
alkaloid complexes are currently under way.
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Acid-Base Controlled Torquoselectivity: Theoretical Predictions of the Stereochemical Course
of the Electrocyclic Reactions of Cyclobutene-3-carboxylic Acid and the Conjugate Base and

Acid

Summary: Ab initio calculations using the 3-21G and
6-31G* basis sets were carried out on the electrocyclic
reactions of cyclobutene-3-carboxylic acid and its proton-
ated and deprotonated forms. The calculations predict
that the stereochemistry of the cyclobutene-3-carboxylic

acid ring opening can be reversed from outward to inward
rotation by protonation of the acid.

Sir: Substituted cyclobutenes undergo thermally allowed
conrotatory ring opening by inward or outward rotation
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Table I. Activation Energies (kcal/mol) of Ring Openings of Cyclobutene-3-carboxylic Acid (B), the Conjugate Base (A) and
Acid (C), Methyl Cyclobutene-3-carboxylate, and Lithium Cyclobutene-3-carboxylate

AE* AAE*
substituent method orientation in out in out
CO.H 3-21G syn® 40.0 385 15 0.0
3-21G anti® 409 39.1 24 0.6
6-31G*//3-21G syn® 44.2 419 2.3 0.0
6-31G*//3-21G anti® 444 42.7 2.5 0.8
CO, 3-21G 42.1 37.2 49 0.0
6-31G*//3-21G 471 39.8 7.3 0.0
C(OH),* 3-21G endo® 23.3 29.6 0.0 6.3
3-21G exo? 28.1 31.8 4.8 8.5
6-31G*/ /3-21G endo® 315 35.2 11 48
6-31G*//3-21G exob 30.4 36.0 0.0 5.6
CO,CH, 3-21G¢ syn® 40.3 386 17 0.0
anti® 41.5 39.2 29 0.6
CO,Li 3-21G¢ 431 39.3 38 0.0

3 Syn indicates the carbonyl oxygen is pointed toward the ring, while anti indicates the carbonyl oxygen pointed away from the ring. ®Exo
indicates the anti CCOH part in C points away from the ring and endo points toward the ring. °A standard methyl replaced the H in the

acid TS.1® 90nly the position of Li* was optimized.

of the substituent, X. According to the theoretical pre-
dictions, the tendency for outward rotation is increased
as X is made a better r-electron-donating group, and in-
ward rotation occurs only when X becomes a very strong
w-electron-withdrawing group like BH, or CHO.2* We

X
~  outward ID’ inward [~ X
™ x>

recently predicted that 3-cyano- and 3-formylcyclobutene
should give outward and inward rotation, respectively.?
The o parameters for CN, CHO, and COOH groups
suggest that the w-electron-withdrawing ability of the
carboxylic acid group is intermediate between that of the
cyano and formyl groups.® The mild electron-withdrawing
character of the carboxylic acid group can be changed by
deprotonation to form a group with weak donor character.
By protonation of the acid, a strong electron-withdrawing
group is formed.® If the protonation effects are large
enough, alteration of the stereochemistry of the cyclo-
butene ring openings should be observed. We have in-
vestigated this qualitative argument by quantitative com-
putations.

(o] O/H
b, W S
~0 —
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A B C

Calculations employed the GAUSSIAN 826 and 867 se-
ries of programs. The geometries of the ground states (GS)
and transition states (T'S) were fully optimized with the
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Figure 1. 3-21G optimized transition structures for cyclo-
butene-3-carboxylic acid electrocyclic reactions.

Table I1. 6-31G*//3-21G Activation Energies (kcal/mol) for
Electrocyclic Reactions of Cyclobutene-3-carboxylic Acid
and the Conjugate Base and Acid Relative to the Calculated
Activation Energy for Cyclobutene Opening'

substituent in out in — out
CO.H -2.0 -4.3 2.3
CO, +0.9 6.4 7.3
C(OH).* -15.8 -11.0 -4.8

ab initio RHF method by using the split-valence 3-21G
basis set.®2 The transition structures were found starting
from the cyclobutene case, replacing the appropriate hy-
drogen with the substituent. From these geometries,
second-derivative techniques converge on the stationary

points quite rapidly. Vibrational frequencies were com-
puted for each of the stationary points; zero or one im-
aginary frequency were found for reactants or transition
structures, respectively. Finally, 6-31G* single-point
calculations® on 3-21G geometries were carried out. This
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method was used previously to predict successfully the
stereochemistry of 3-formylcyclobutene and other ring
openings.®* Correlation energy corrections were found to
be unimportant in stereochemical predictions for other
substituents and were not made for these cases.

The accurate transition structures for cyclobutene-3-
carboxylic acid ring openings are shown in Figure 1, and
the activation energies for ring openings of A, B, and C
are collected in Table I. Activation energies relative to
that for the conrotatory ring opening of cyclobutene are

“given in Table II.

The calculated 3-21G activation energies of cyclo-
butene-3-carboxylic acid ring openings with outward ro-
tation of the carboxylic acid group are very close to the
corresponding activation energies for 3-formylcyclobutene.?
All are about 39 kcal/mol, about 10 kcal/mol higher than
experimental values expected.®# The activation energies
for the inward-syn TS of 3-formylcyclobutene and both
of the carboxylic acid TSs are about 40 kcal/mol. The acid
has a slight preference for outward rotation. On the con-
trary, the activation energy of the inward-anti TS for
3-formylcyclobutene (35 kcal/mol) is significantly lower
than the other T'S energies. In the inward-anti TS, the
formyl oxygen is pointed away from the cyclobutene ring,
and the steric interactions or secondary orbital interactions
between oxygen and the ring are much smaller than for
the T'S with the tnward-syn conformation, which has the
oxygen atom pointed toward C, of the cyclobutene ring.
The syn and anti T'S’s of 3-cyclobutenecarboxylic acid are
similar to each other because both forms have one oxygen
pointed toward the ring. It may be concluded that both
formyl and acid groups display the same stereoelectronic
preference for inward rotation during cyclobutene ring
openings, but the stronger steric interaction between the
acid group and the cyclobutene ring disfavors this rotation.
The acid is predicted to rotate outward with only 1.5-2.3
kcal/mol preference over the inward rotation. This pre-
dicts that the ratio of outward to inward rotation will be
7:1 (3-21G)-19:1 (6-31G*) at 100 °C.

The steric interactions between the acid group and the
cyclobutene moiety for the conjugate base, A, and conju-
gated acid, C, should be very similar to those of the free
acid. Differences in the stereochemistries of the ring
openings should be related to changes in stereoelectronic
effects. Deprotonation of the acid to form the carboxylate,
A, increases the inward activation energy, since the r-ac-
ceptor character is diminished. The activation energy for
outward rotation is further decreased, so the difference
between outward and inward rotation is higher than for
the carboxylic acid group. Therefore, only the outward
product should be observed for carboxylate A. This con-
trasts to the experimental results reported by Trost et al.,
in which a carboxylate shows only a slight preference for
outward rotation as compared to an ester.!%! Perhaps
the strong preference for the outward product calculated
for the gas phase becomes much smaller upon ion pairing
in solution. In order to estimate the importance of sol-
vation effects for the ring opening of an anion, single-point
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diction, Wang, Y.; Houk, K. N., unpublished results.
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calculations for the lithium salt of A were performed.!?
The outward rotation for the chelate is still favored over
the inward one by 3.8 kcal/mol, but this preference is
smaller than for A.

For the protonated cyclobutene-3-carboxylic acid, C,
however, the activation energies for ring opening are sig-
nificantly smaller than for A and B. The 16 kcal/mol
predicted decrease in activation energy implies that the
protonated acid should open at room temperature with a
barrier of only 16 kcal/mol. The calculations predict that
the protonated acid group will rotate inward, and there
is about a 5 kcal/mol preference for this stereochemistry.
The calculated energetic preference for inward rotation of
C is similar to that for 3-formylcyclobutene (4.5 keal/mol)
for which it was shown experimentally that the cyclobutene
ring opening gives only one product with the formyl group
rotated inward.? The dramatic decrease in activation en-
ergy, and the preference for inward rotation, is the result
of the low 7m*¢gg acceptor orbital energy in the protonated
acid. We have shown elsewhere that substituents with
low-lying vacant orbitals rotate inward to maximize sta-
bilizing cyclic two-electron interactions.3#

The ab initio calculations suggest that the stereochem-
istry of the 3-cyclobutenecarboxylic acid ring opening will
vary with the protonation of the acid group. Theoretical
predictions on cyclobutene-3-carboxylic acid methyl ester
ring openings were also performed. Single-point RHF/3-
21G calculations were carried out using the optimized
structures of cyclobutene-3-carboxylic acid with the acid
hydrogen substituted by the methyl group.’* The ap-
proximate activation energies obtained in this way are
shown in Table I. The calculations predict that the methyl
ester group should rotate outward, but with a preference
of only 1.7 kcal/mol over inward rotation. This predicts
a ratio of outward to inward products of 9:1 at 120 °C. In
an accompanying paper, Piers reports a substituted case
which gives experimental results in reasonable agreement
with this prediction.’® Our own experimental data on
cyclobutenes and benzocyclobutenes provides further
support, and will be reported in due course.!!
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