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reported®” for 2 prepared by protonation of cyclo-
octatetraene. The spectrum of the deuterio analog
2-4-d is again identical except for the absorptions at
lowest field (near 7 1.5) due to Hs,—¢. The intensity of
this group decreases from 5 units in the spectrum of 2
to 4 in the spectrum of 2-4-d, and the multiplicity is
simplified to a sharp five-line pattern (doublet 4+
pseudotriplet). Spin decoupling by irradiation at 7
3.6, where absorption due to H,; occurs, causes the
Ho—s multiplet of 2-4-d to collapse to an AB quartet
(Aty3 = 0.18 ppm; J, 5 ~ 8.6 Hz), in agreement with
values found” on the undeuterated cation 2 by analysis
of the 251-MHz nmr spectrum.

At equilibrium, after a large number of sequential
circumambulatory steps, the rearrangement shown in
Scheme I would have spread the deuterium label
equally over sites 1-7. Thus, in the H,—; absorption
region, the nmr proton spectrum would be six-sevenths
as intense as that of the undeuterated analog 2, but more
significantly, the clean doublet + pseudotriplet pat-
tern of Hy—s of 2-4-d would have returned to the un-
symmetrical multiplet pattern of 2 (slightly broadened
because of deuterium coupling). The latter multiplet
contains strong lines that occur in absorption “win-
dows” of the 2-4-d pattern and thus provides a means
to detect scrambling significantly in excess of a few per
cent. The conservative estimate that 5097 scrambling
would not escape notice, and the observation that the
7 1.5 multiplet remains unchanged even when solutions
of 2-4-d are heated almost to complete destruction of
the cation (75 min at 65° in FSO;H, 75 min at 80° in
H.SO,), place a lower limit of 26-27 kcal/mol on AF¥*
for the rearrangement. By exclusion, the most likely
mechanism for the 8-endo-8-exo hydrogen interchange
(AF* = 22.3 kcal/mol) is the previously postulated®
conformational isomerization.

The ring-deuterated 8-exo-carboethoxyhomotropyl-
ium ion (8-2-d) (nmr chemical shifts shown in 7 units),
prepared from the known?!? 8-exo-carboethoxybicyclo-
[5.1.0Jocta-3,5-dien-2-one, does not rearrange after 100
min at 60° in FSO;H~SO,CIF, so that again AF+ > 26
kcal/mol.

© (5.08,q) (8.20,1,3:7.5)
Hg . ¢o-CH;~CH;

(H3.50.92-1.34) 1ot du st M
He _:r} (3.28, br.d)

H3 D,

(9.26,"+)

8=2~-d

The billion-fold retardation of circumambulatory re-
arrangement in homotropylium ion 2 as compared to
bicyclo[3.1.0)hexenyl ion 1 presumably results from
two causes. The first operates in the ground state,
which must sacrifice its homoaromaticity in order to
cyclize (2-4-d — 4, Scheme I) in preparation for rear-
rangement. This factor, anticipated on qualitative
grounds, also is suggested by ab initio molecular orbital
calculations.'* The second is the rather inefficient
orbital overlap which would be imposed upon the
transition state by the twisting motion of the migrating

(13) Y. Sugimura and N. Soma, Tetrakedron Lett., 1721 (1970).

(14) W. J. Hehre, J. Amer, Chem. Soc., 94, 8908 (1972). We thank
Dr. Hehre for keeping us informed of the progress of his calculations
and for helpful exchanges of correspondence.

carbon in the ‘“allowed” pathway. The relative im-
portance of these factors is not known.
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Circumambulatory Degenerate Rearrangements in
Polyenyl Cations

Sir:
The bicyclo[3.1.0]hex-3-en-2-yl cation 1 undergoes
facile degenerate rearrangement in which the three-

membered ring circumambulates above the cyclic
polyene! (Scheme I). The positional identity of the

Scheme 1

polyene is completely lost as a result of such a process,
but the two methylene hydrogens retain their endo-exo
integrity, implying first that the rearrangement proceeds
through a bisected II (as opposed to eclipsed I1I) transi-
tion state or intermediate, in accordance with orbital
symmetry considerations for a suprafacial [1,4N] (N =
1) sigmatropic shift,? and second that inversion through
a planar benzenjum ion (and hence scrambling of the
endo—exo hydrogens) is not energetically competitive.
As pointed out in the work of Berson and Jenkins,?
however, the situation is entirely different for the corre-
sponding [1,4N 4 2] (N = 1) degenerate rearrangement
inthe homotropyliumionIV(SchemeII). Noscrambling
of the polyene skeletal positions is observed, suggesting
that neither the symmetry “forbidden’” bisected V nor
the “allowed” eclipsed VI transition states (interme-
diates) are energetically realizable. A low-energy path-
way to scrambling of the methylene hydrogens is avail-
able, presumably through the planar cyclooctatrienyl
cation.*

In this communication we report our preliminary

(1) (a) D. W. Swatton and H. Hart, J. Amer. Chem. Soc., 89, 5075
(1967); (b) R. F. Childs, M. Sakai, and S. Winstein, ibid., 90, 7144
(1968); (c) R. F. Childs and S. Winstein, ibid., 90, 7146 (1968); (d)
V. H. Koptyug, L. 1. Kuzubova, I. S. Isaev, and V. 1. Manatyuk, Chem.
Commun., 389 (1969); (e) R. F. Childs and B. Parrington, ibid., 1540
(1969); (f) P. Vogel, M. Saunders, N. M. Hasty, Ir., and J. A. Berson,
J. Amer. Chem. Soc., 93, 1551 (1971); (g) for a discussion of these and
related systems see R. E. Leone and P. v. R. Schleyer, Angew. Chem.,
Int. Ed. Engl., 9, 860 (1970). )

(2) R. B. Woodward and R. Hoffmann, *“The Conservation of Orbital
Symmetry,” Academic Press, New York, N. Y., 1969.

(3) 1. A. Berson and J. A. Jenkins, J. Amer. Chem. Soc., 94, 8907

1972).
¢ (4) (a) S. Winstein, C. G. Kreiter, and J. 1. Brauman, ibid., 88, 2047
(1966); (b) G. Boche, W. Hechtl, H. Huber, and R. Huisgen, ibid.,
89, 3344 (1967); (c¢) S. Winstein, Quart. Rev., Chem. Soc., 23, 141
(1969).
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Scheme 11

studies on the structures of the bicyclo[3.1.0Jhex-3-en-
2-yl and homotropylium carbocations and on the pos-
sible modes of degenerate circumambulatory rearrange-
ment. Two levels of single determinant ab initio mo-
lecular orbital theory have been applied. The STO-3G
basis® involves the use of an expansion of Gaussian func-
tions closely simulating a minimal set of Slater-type or-
bitals. Itisinexpensive enoughthatasignificant amount
of exploration of molecular potential surfaces, even on
species of the size considered here, is possible. The
extended 4-31G basis functions® give superior estimates
of relative molecular energies. They are, however,
more costly to apply and only a limited number of
calculations at specific points on the STO-3G surface
have been performed, and only on the smaller bicyclo-
hexenyl systems. All calculations were carried out
using the GAUSSIAN 70 series of programs.’

The bicyclo[3.1.0]hex-3-en-2-yl cation I is a minimum
on the CsH;+ potential surface, stable with respect to
the circumambulatory motion of the cyclopropane, in
agreement with nuclear magnetic resonance data on the
parent? and substituted molecules.!e~¢ The prelim-
inary geometrical structure we report (full details will
be given in a forthcoming paper) incorporates a five-
membered ring resembling much more closely that of
the cyclopentenyl cation rather than the antiaromatic

polyenyl cation of cyclopentadiene (Table I). Consis-
Table I. Theoretical (STO-3G) Geometry of
Bicyclo[3.1.0]hex-3-en-2-yl Cation®
HCiCy) = 1.46 A HCiCs) = 1.48 A
rCiCs) = 1.62 A rHCC;) =1.39A
£(C,CCy) = 110° £(CCsC;) = 55°
L(GCCC;) = 105° Z(C.C3Cy) = 109°
Z(a)p = 105° £(B) = 155°

e C-H bond lengths set at 1.10 A; bond C~H bisects angle
C.C,C;; C-H, angle C,C,C;; Cir-H, angle C.C;Cs; HC4H, angle
set at 120°. ® Angle between the planes formed by the two
rings. ¢ Angle between the C;~H bond and the plane of the five-
membered ring.

tent with this most of the positive charge (Mulliken an-
alysis®) is localized on positions 2, 3, and 4. Both theo-
retical methods predict the bisected II rather than the

(5) W. J. Hehre, R. F. Stewart, and I. A, Pople, J. Chem. Phys., 51,
2657 (1969).

(6) R. Ditchfield, W. J. Hehre, and J. A. Pople, ibid., 54, 724 (1971).

(7) caussiaN 70 is a series of programs designed to perform ab initio
molecular orbital calculations on organic molecules: W. J. Hehre,
W. A. Lathan, R. Ditchfield, M, D. Newton, and J. A. Pople, sub-
mitted to Quantum Chemistry Program Exchange, University of Indi-
ana, Bloomington, Ind.

(8) R.S. Mulliken, J. Chem. Phys., 23, 1833 (1955).
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eclipsed III form of cyclopentadienyl carbinyl to be the
favored transition state for circumambulatory rearrange-
ment. The minimal STO-3G set overestimates the bar-
rier to rearrangement, consistent with its known behavior
to favor tight (cyclic) structures; the extended 4-31G
functions predict an activation energy in moderate agree-
ment with the experimental (solution phase) estimate
of 15 kcal mol~! (see Table II).' The structure we

Table II, Theoretical Energies of Degenerate Circumambulatory
Rearrangement in Bicyclo[3.1.0]hex-3-en-2-yl Cation (kcal mol-1)
STO-3G  4-31G
Bicyclof3.1.0]hex-3-en-2-y1 (I) 0 0
Bisected cyclopentadienylcarbinyl (IT) 38 20
Eclipsed cyclopentadienylcarbinyl (IIT) 47 32

find for the bisected (and eclipsed) cyclopentadienyl-
carbinyl transition state contains a five-membered ring
of almost identical geometry with that of neutral cyclo-
pentadiene. Consistent with this most of the positive
charge is localized on the external methylene.

Much less searching of the geometrical potential sur-
face of homotropylium was possible than was for the
bicyclohexenyl cation. Several interesting features are
to be found in the preliminary structures we report.
In contrast with the bicyclo[3.1.0]Jhexenyl cation, the
external methylene in homotropylium is positioned
almost directly over a carbon-carbon bond, leading to
but a slight distortion of the C;H; ring system from
planarity. Also, the cyclopropane ring in homotropyl-
ium is more open than that in the bicyclo[3.1.0] cation,
consistent with experimental predictions (see Table
III).1% The transition state to degenerate circum-

Table ITI, Theoretical (STO-3G) Geometry of the
Homotropylium Cations

HCiCy) = 1.45 A
r(C1Cg) 1 . 56 /e\
HC,Cy) = 1.46 A
Z(C:CiCy) = 125° £(C3CiCs) = 136°
Z(a) = 93° Z(B)y = 164°

¢ Angles G,C,C; and C,C;C; set at 128.6° (5x/7); C-H bond
lengths set at 1.10 A; bond C;-H bisects angle C,C,C.; C-H,
angle C,C.C;;" C;-H, angle C.C,C:; C,~H, angle C;C,Cs; H-
C:H angle set at 120°. ? Angle between the planes formed by
the two rings. ° Angle between the C,-H bond and the plane of
the seven-membered ring.

HCC) = 1.49 A
HC:Cy) = 1.37 A
£(CCCy) = 57°

ambulatory rearrangement is indeed the orbital sym-
metry predicted eclipsed form of cycloheptatrienyl
carbinyl VI; however, the symmetry-forbidden bi-
sected structure V is but 3 kcal mol—-! higher in energy
(Table IV). Although extended basis 4-31G calcula-
tions are not feasible on systems of this complexity at
the present time, we may estimate their effect by using
our experience on the related bicyclohexenyl molecules.
Thus we would anticipate the barrier to degenerate
circumambulatory rearrangement proceeding through
an eclipsed cycloheptatrienylcarbinyl to be reduced
from the STO-3G value by some 15 kcal mol~!, to ap-
proximately 37 kcal mol-!, consistent with the experi-

(9) (@) J. L. von Rosenberg, J. E. Mahler, and R. Pettit, J. Amer.

Chem. Soc., 84, 2842 (1962); (b) P. Warner, D. L. Harris, C. H, Brad-
ley, and S. Winstein, Tetrahedron Lett., 4013 (1970).
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Table IV, Theoretical (STO-3G) Energies of Degenerate
Circumambulatory Rearrangement in the Homotropylium
Cation (kcal mol—?)

Homotropylium (IV) 0
Eclipsed cycloheptatrienylcarbinyl (VI) 52
Bisected cycloheptatrienylcarbinyl (V) 55

mental lower bound (26 kcal mol~!) placed on the
process by Berson and Jenkins.® As was the case for
the transition-state structures in the bicyclohexenyl
degenerate rearrangement, both bisected and eclipsed
forms of cycloheptatrienylcarbinyl (V and VI) show
alternation of single and double bonds, much what one
might expect from neutral planar cycloheptatriene.

Ex post facto it appears possible to rationalize the
difference in activation energies for the two rearrange-
ment processes primarily on account of the ground-
state properties of the bicyclohexenyl and homotropyl-
ium carbocations. The former has a choice of being
structured on the base of either the antiaromatic cyclo-
pentadienyl cation or the classical (charge localized)
cyclopentenyl ion. The lesser of the two evils is chosen,
resulting in an ion not expecially stable, but resembling
to a great extent the eventual transition state to cir-
cumambulatory rearrangement. The situation is differ-
ent for homotropylium. Here the aromatic (charge
localized) tropylium ion is the chosen base. Rearrange-
ment via the classical cycloheptatrienylcarbinyl cation
requires a significant change in geometry.
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Lanthanide Shift Reagents. X-Ray Structure of the
Seven-Coordinate 3,3-Dimethylthietane 1-Oxide (1)

Complex with Tris(dipivalomethanato)europium(III),
Eu(dpm);- (1), and Its Implication on Pseudocontact
Shift Calculations

Sir:
Exceptionally wide interest has been shown in the
paramagnetic lanthanide shift reagents.! Their

presence in solution often produces large isotropic
shifts, which generally spread out the chemical shifts,
frequently reducing the spectrum to first order, and
thereby facilitating analysis. The Eu(III) and Pr(III)
chelate complexes of 2,2,6,6-tetramethylheptane-3,5-
dione and 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-
octanedione have proven to be the most popular shift
reagents because of their favorable shift to line broaden-
ing characteristics.'>2

(1) For a recent survey see W. De W, Horrocks, Jr,, and J. P,
Snipe, I11, J. Amer. Chem. Soc., 93, 6800 (1971).

(2) D. R. Crump, J. K. M. Sanders, and S. H. Williams, Tetrahedron
Lett., 4419 (1970).

In addition to spectral simplification, there is evi-
dence that the magnitudes of the shifts (and perhaps the
line broadening as well)® can be interpreted in terms of
the molecular geometry of the complex.! If this holds
true, then the technique would be extremely important
for the determination of molecular stereochemistry.
In most cases it is clear that the shifts are a consequence
of through-space dipolar interactions. The spatial
dependence of the shifts for axially symmetric complexes
is given by eq 1,* where AH, is the change in field

AH, 1\ (3 26, —
= f<g[[, g, K, _>(~&LL) (1)

H T rs

strength at nuclei i, ; is the distance between the para-
magnetic metal and nucleus /, and 8, is the angle be-
tween the principal magnetic axis of the complex and
the vector ;.

In applying eq 1 to structural problems, a large num-
ber of authors have chosen to interpret the observed
shifts using only an =" term.?* The exponent »n has
either been taken to be equal to 3 or adjusted to im-
prove the fit between calculated and observed shifts.
The distance 7; has been estimated in a number of ways.
Some authors have chosen to set it equal to the distance
between the site of coordination, Q, and nucleus i.
Most have, however, estimated r;, by positioning the
lantanide (Ln) at some predetermined distance from Q
and calculating the Ln—(;) distance accordingly. Dis-
tances for Ln---Q ranging from the van der Waals
radius of Q to roughly one and one-half times the sum
of the covalent radii of Ln and Q have been employed.
Usually this distance is adjusted to improve the fit of
the calculated to the observed shifts.

There are a few examples in the literature where the
full form of eq 1 has been used.> This generally results
in fits which are significantly better® than those obtain-
able using only a distance parameter.

Several difficulties arise, however, when one attempts
to use eq 1. The first is that in order to calculate a
shift, it is necessary to average the calculated shifts over
all orientations of the shift complex. The various con-
formations of the shift complex are unknown, as are
their populations. A second difficulty is that the shift
eq 1, strictly speaking, is only applicable to axially sym-
metric complexes.” Third, the angle 8, is defined as
the angle between the vector »; and the principal mag-
netic axis. The location of this axis is unknown but
has generally been taken along the Ln- - - Q axis.

(3) C.'D. Barry, A. C. T. North, J. A. Glasel, R. J. P. Williams, and
A. V. Xavier, Nature (London), 232, 236 (1971).

(4) (a) H. M. McConnell and R. E. Robertson, J. Chem. Phys., 29,
1361 (1958}; (b) G. N. La Mar, W. De W, Horrocks, Jr., and L. C.
Allen, ibid., 41,2126 (1964); (c) G. N. La Mar, ibid., 43, 1085 (1965).

(5) (a) I. Briggs, F. A. Hart, and G. P. Moss, Chem. Commun., 1506
(1970); (b) I. Briggs, F. A. Hart, G. P. Moss, and E. W. Randall,
ibid., 364 (1971); (c) S. Farid, A. Ateya, and M. Maggio, ibid., 1285
(1971); (d) H. Huber and C. Pascual, Helv, Chim. Acta, 54,913 (1971);
(e) M. R. Willcott, R. E. Lenkinski, and R. E, Davis, J. 4mer. Chem.
Soc., 94,1742 (1972).

(6) Whether they are statistically better, considering the additional
parameters adjusted, remains to be demonstrated: W. C. Hamilton,
“Statistics in Physical Science,” Ronald Press, New York, N. Y., 1964.

(7) Clearly the generalized pseudocontact shift equation? could in
principle be solved, but the complexity of the problem, we feel, makes
such solutions impractical. In addition to R and 8, one would need to
know the three principal g values and an additional angle. The
geometry of the complex with respect to the magnetic axes would also
need to be known in order to evaluate the shifts. In the case of a
fluxional complex, the calculated shifts would have to be averaged over
all molecular orientations.
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