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was attached to the outflow of the detector. The GLC analyses
were carried out at 85 °C with He as the carrier gas on a 6 ft X
/g in. aluminum column packed with 50-80 mesh Porapak Q
(Waters) installed in a Varian Aerograph Model 2700 chroma-
tograph (thermal conductivity detection). Both HPLC and GLC
quantitations were performed on a Hewlett-Packard Model 3390A
reporting integrator. HPLC grade H,0 and MeCN (J. T. Baker)
were used for all reactions. 1 (Aldrich) was recrystallized from
EtOH, mp 76-77 °C (lit.}42 mp 79.5-80 °C), and 2 was prepared
by the literature procedure, bp 140-145 °C (ca. 20 mmHg) [lit.1¢?
bp 174-175 °C (10 mmHg)].

HPLC Kinetic Measurements. Reactions were performed
at room temperature (23 = 1 °C) with the procedures given in
the text. The extent of reaction was determined by comparison
of the peak area for unreacted ester with that for ester in a blank.*
Rate constants were obtained with least-squares analysis as de-
scribed in the text, and the limits of error were estimated with
the use of the Student’s ¢ test.!® Even though the volume of the
NaOH aliquot will increase as it moves through the column due
to dilution by the eluant, the initial volume was used in calcu-
lations. It is likely, at least for runs where little or no MeCN was
used in the equilibration, that ester was sorbed by the polymer
at or near the head of the column, where minimal dilution of the

aliquot has occurred. The volume of the line between the injector
and column inlet was 0.02 mL. The results are summarized in
Tables I and II. Comparable results for selected entries were
obtained on a second, identical column.

The pump pressure did not exceed 2000 psi. The activation
volume for the "OH-catalyzed hydrolysis of 1 in HyO at 24.5 °C
is -3 em®/mol.’® At 2000 psi, &, in H,O would experience about
a 2% increase compared to atmospheric pressure. Thus, it is
unlikely that the lesser reactivity for 1 under the HPLC reaction
conditions as compared to homogeneous conditions® resulted from
the elevated pressure, and the same is assumed for 2.

GLC Eluant Analyses. The procedures given in the text were
used. The retention times for HyO and MeCN were 1.0 and 5.8
min, respectively. The MeCN content was calculated from the
peak area ratios for the sample and 5:95 (v/v) MeCN-H,0. The
results are summarized in Table IIT and Figure 3. With literature
data!? the pseudo-first-order rate constant for hydrolysis of MeCN
in 0.5 M NaOH at 25 °C is calculated to be 7.7 X 10 "1, Thus,
MeCN was effectively inert during the reaction procedure.
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The ground-state conformations and internal mobilities of 10,11-dihydro-5H-dibenzo[a,d]cycloheptene (1),
of the 5-hydroxy derivative 2, and of 10,11-dihydrodibenzo[a,d]cyclohepten-5-one (3) as well as of their mono
tricarbonylchromium complexes 1m-3m are analyzed. It is shown that with use of the lanthanide induced shift
method, together with empirical force-field calculations (1-3) and X-ray analysis (1m-3m), the conformations
and interconversion modes of these highly flexible structures (with interconversion barriers less than 29 kJ mol™®)
can be analyzed. In solution, 2 and 3 adopt at room temperature a conformation similar to that of 1 and 3,
respectively, in the solid state. m-Complexation with tricarbonylchromium does not change the structure of the
tricyclic system to a very significant degree, although the Cr(CO); unit is located either on the convex (1, 3) or
on the concave (2) face of the ligand. In solution, a predominant conformation of 2m with the tricarbonylchromium

unit on the concave face is found.

This paper reports the results of a conformational
analysis whose aim was to study the conformations of 1-3
in solution and to quantify the effects induced by #-com-
plexation on the ground-state conformations and internal
mobility of the tricyclic cycloheptene system. 5H-Di-
benzo[a,d]cycloheptene (4a) and 10,11-dihydro-5H-di-
benzo[a,d]cycloheptene (1) are common substructures of
a variety of pharmacologically and clinically active com-
pounds! such as protryptyline (5) or butaclamol (6). In
order to investigate structure—activity relationships, sys-
tematic conformational analyses have been previously
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reported using X-ray spectroscopy,” quantum mechanical
calculations,’® and other methods.> Models, including
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Table I. Symmetry and Relative Steric Energy (kJ/mol) of the Transition-State Structures of 1-3

ground state

transition state reached by mode

energy symmetry b
1 0 c 19.7 C, 16.9 C,
2 0(2.2)% c, 25.2 (23.2)° C; 15.4 (14.0)° C, (C)¢
3 0 C 13.2 C, 98.6 c,

% The steric energy of 2 with the hydroxyl group pseudoaxial (2-ax) is set to zero. The relative steric energy of 2-eq (the hydroxyl group
pseudoequatorial) with respect to 2-ax is given in parentheses. ® Transition-state energy relative to the ground-state energy of 2-ax and 2-eq
(in parentheses). ¢Relative steric energy of the transition-state structures connecting the two enantiomeric conformations of 2-ax and 2-eq
(in parentheses). ¢Small deviations from a perfect C, symmetry are caused by the hydroxyl hydrogen.

a geometrical model of the drug-receptor interaction, have
been deduced.® Drug receptor binding is believed to in-
volve several intermolecular interactions: == stacking of
a drug-aromatic moiety with a receptor-aromatic amino
acid residue, ionic interactions between a basic amino
group (5-7 A distant from the aromatic ring) and an acidic
amino acid residue, and finally, hydrophobic and hydro-
philic forces. This model has proved to be very powerful
in designing new drugs,? but still relatively little is known
about the conformations of such drugs in solution and
about the influence of r-complexation on the preferred
conformations.

We chose as our models the parent compound 10,11-
dihydro-5H-dibenzola,d]cycloheptene (1), the alcohol 2,
and the ketone 3. As wm-complexation unit we used the
tricarbonylchromium moiety. This sterically demanding
unit certainly does not mimic an actual receptor site, but
allows the study of the influence of nonbonding interac-
tions, resulting from w-complexation, on the ligand con-
formations.

To determine the conformations in solution of the lig-
ands 1-3 and their mono tricarbonylchromium complexes,
we have used primarily the lanthanide induced shift (LIS)
NMR technique, accompanied by empirical force-field
calculations and X-ray structure analysis. We also com-
pare our results with the already reported X-ray structures
of 1, 3, and related compounds.

Results and Discussion

Empirical Force-Field Calculations. It is well es-
tablished® that in solution seven-membered ring systems
may adopt several distinct geometries of similar energy
which can interconvert by different modes. To explore
such conformational possibilities we resorted to empirical
force-field calculations which have already proved to be
highly successful in modelling the structures of hydro-
carbons.” Using Allinger’s MM2 force field and the program
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St. W.; Remy, D. J. Org. Chem. 1985, 50, 339. (c) Drake, J. A. G.; Jones,
D. W. Spectrochim. Acta, Part A 1981, 37A, 77. (d) de Paulis, T. Chem.
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Swindles, M. E. J. Chem. Soc., Chem. Commun. 1976, 981.
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(6) (a) Tochtermann, W. Fortschr. Chem. Forsch. 1970, 15, 378. (b)
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troscopy; In Jackman, L. M,, Cotton, F. A,, Eds.; Academic: New York,
1975; p 543. (c) Favini, G. J. Mol. Struct. 1983, 93, 139. (d) Lindner, H.
J. Tetrahedron 1981, 37, 535. (e) Oki, M. Applications of Dynamic NMR
Spectroscopy to Organic Chemistry; VCH: Deerfield Beach, 1985; p 307.
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177; American Chemical Society: Washington, DC, 1982.
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Figure 1. Ground-state and transition-state structures of the
10,11-dihydro-5H-dibenzo[a,d]cycloheptene skeleton.
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Figure 2. Interconversion scheme of 2 (top) and 1 and 3 (bottom).

;a

A BTN
N

BIGSTRN-3 (for details on the calculations, see supplemen-
tary material), we found one asymmetric biplanar mini-
mum-energy structure and two additional statiomers of
C, and C, symmetry (Figure 1) characterized as transition
states for 1. Very similar results were obtained for the
ketone 3. MMP2 calculations again gave a minimum-energy
structure of C; symmetry as well as C, and C, structures
of higher energy (Table I). According to the MM2 calcu-
lations, the alcohol 2 adopts two minimum-energy con-
formations of C; symmetry, the hydroxyl group occupying
either a pseudoequatorial or a pseudoaxial position. The
pseudoaxial arrangement is calculated to be lower in energy
by 2.2 kJ/mol. In addition, two transition states of C; and
C, symmetry respectively have been characterized (single
partial maxima with one negative eigenvalue) for 2.
Since both minimum-energy conformations for 2 are
asymmetric, their enantiomeric conformations will also be
part of any interconversion scheme. Indeed, eigenvector
distortion of all transition states of 1 and 2 shows that
there exist two independent interconversion modes: mode
a associated with isomerization which interconverts dia-
stereomeric conformations (2), or with homomerization (1
and 3) which involves the C, (2) and C, (1, 3) symmetrical
transition states; mode b associated with enantiomerization
and a C,-symmetrical transition state (1-3). A graphical
representation is given in Figure 2. For example, assume
that alcohol 2 is in conformation A with the hydroxyl group
pseudoequatorial. Mode a will interconvert conformation
A via a C;-symmetrical transition state into the diaste-
reomeric conformation B (with the hydroxyl group now
pseudoaxial). B is interconverted by mode b into its en-
antiomer B’ (via a C,-symmetrical transition state) and so
on. However, the ground-state structure of 1 and by
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Table I11. Conformational Parameters of 1-3, ilm-3m, and Related Structures

al® a2t ad® did dazb dst
1 caled 119.1 53.7 70.3 59.8 176.3 107.6
1 123.0 52.8 66.8 58.0 177.0 109.7
Im 133.1 43.0 62.1 71.9 163.6 110.6
2 caled 115.9 56.9 73.0 56.1 -179.9 108.1
2m 1194 49.6 69.3 61.1 175.4 104.6
3 caled 128.2 40.1 60.1 70.1 164.8 107.2
3 145.2 14.1 39.6 81.8 143.7 119.0
3m 142.5 20.9 41.2 76.3 150.9 114.4
set A° 142.4 16.7 41.3 82.5 145.8 115.1
set BY 122.8 (4.8) 53.3 (10.2) 67.7 (6.1) 60.9 (4.2) 173.2 (5.3) 110.3 (2.5)

%Angles of intersection of planes A and B (al), A and C (e2), B and C (a3). A, B, C: best least-squares planes, defined by
C4,C5,C6,C7,C8,C9 (A), C12,C18,C14,C15,C16,C17 (B), and C4,C17,C18 (C) for 1m, 2m, and set B and by C4,C17,C18,04 (C) for 3m and set
A. The numbering system is given in Figure 5. ®Dihedral angles: d1, C9,C10,C11,C12; d2, C8,C9,C10,C11; d3, C10,C11,C12,C13. ¢Mean

values. ¢Mean values, standard deviations in parentheses.

Figure 3. Interconversion scheme of one enantiomer of 1m.

analogy of 3 will be interconverted by mode a into a
structure that is indistuinguishable from the starting
structure, but action of mode b again results in enan-
tiomerization. The calculated interconversion barriers are
given in Table I and are significantly lower than those of
the related dibenzo[a,d]cycloheptene derivatives.t®

If asymmetric structures like 1 and 3 with four different
(non symmetry equivalent) complexation sites form -
complexes, a maximum number of four diastereomeric
complexes (pairs of enantiomers) may result. However,
if interconversions by modes a and b are fast on a par-
ticular time scale, only one isomer (residual enantiomers®)
is detectable under achiral conditions. Figure 3 shows the
interconversion scheme of one enantiomer of the mono
tricarbonylchromium complex 1m.

Syntheses and X-ray Structures of the Mono Tri-
carbonylchromium Complexes 1m-3m. The mono
tricarbonylchromium complexes 1m and 3m were syn-
thesized by standard procedures,’ and from each reaction
mixtures was isolated only one racemic mono complex.
Contrary to 1 and 3, complexation of 2 should give at least
two diastereomers, even if both interconversion modes are
fast on a particular time scale. One diastereomer is
characterized by a syn relationship of the tricarbonyl-
chromium unit and the hydroxyl group whereas in the
second diastereomer this relationship is anti.

However, complexation of 2 with hexacarbonylchromium
gave exclusively one mono complex, which was shown to
be the syn isomer (2m, Figure 4). The same isomer was
formed by the reduction of complex 3m with diborane in
THF. By analogy with previous reports, it is plausible that
in 2 the hydroxyl group acts as a directing group!® whereas
in 3 the reducing agent approaches the ketone carbonyl
from a position opposite to the tricarbonyl unit,!* both
reactions giving the same isomer.

The structures of 1m-3m were determined by X-ray
crystallography. Crystals of 1m and 3m belong to the

(8) Mislow, K. Acc. Chem. Res. 1976, 9, 26.

(9) Silverthorn, W, E.; Adv. Organomet. Chem. 1975, 13, 48.

(10) Jaouen, G.; Dabard, R. Bull. Soc. Chim. Fr. 1974, 9-10, 2009.

(11) Besaucon, dJ.; Tirouflet, J.; Card, A.; Dusausoy, Y. J. Organomet.
Chem. 1973, 59, 267.

Figure 4. ORTEP plots and numbering scheme of the X-ray
structures of Im-3m.

monoclinic system, space groups P2;/n and C,, respec-
tively. Crystals of 2m are triclinic, space group P1. ORTEP
plots of Im-3m are shown in Figure 4. Final atomic co-
ordinates and the hydrogen positions are given in sup-
plementary material.

Inspection of Figure 4 shows that complexes 1m and 3m
differ markedly from 2m. In 1lm and 3m, the tricarbonyl
unit is located on the convex face of the ligand, but it is
located on the concave face in 2m. From steric arguments
alone, one would expect the tricarbonyl unit to be located
on the convex face of the molecule and thus minimize steric
interactions. Complexation on concave faces (like tryp-
ticene) should cause considerable intramolecular strain.!?

It is therefore surprising that 2m adopts, at least in the
solid state, a minimum-energy conformation with the
tricarbonylchromium unit on the concave face, particularly
since interconversion of this structure by mode a results
in a conformation with the chromium tripod on the convex
face.

In the next section the structures of Im—3m are analyzed
in more detail and compared with the calculated structures
of 1-3 as well as with the X-ray data of 1, 3, and related
structures.

A search of the Cambridge Crystallographic Data Base
reveals 25 structures with the 10,11-dihydro-5H-dibenzo-
[a,d]cycloheptene skeleton as a substructure. For our
analysis we selected only those structures in which the
central seven-membered ring is not part of an additional
ring system as, e.g., in butaclamol (6).!> The remaining

(12) Gancarz, R. A.; Blount, F. J.; Mislow, K. Organometallics 1985,
4, 2028.
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Table III. 'H Chemical Shifts and Selected Coupling Constants of 1-3 and Im-3m

chemical shifts,® ¢

H1 H2 H3 H4 Hé H7

H9 Hsa H5b H10a  H10Db Hilla Hi1lb

1 7.07-1.15
2 7.16 7.41 7.41 7.16
3 7.22 7.32 7.43 8.00 8.00 7.43 7.43

Im 49285 438 432 452 679¢  6.96°  7.01°
2m  4.01 4.58 4.12 5.33 7.25 7.18 7.21
3m  4.03 4.63 4.32 6.20 7.94 6.94 7.00

4.06 3.12
594  2.28 3.10 3.42 3.42 3.10

7.22 3.22
6.83¢ 393 279 2.83 2.42 2.06 2.76
8.85 5.33  1.84/ 2.46 2.79 3.09 2.09
6.65 2.63 2.39 2.19 2.41

coupling constants, Hz

2 8J

10a-10b 11a-11b 10a-11la 10a-11b 10b-11a 10b-11b
Im -15.4 -16.2 4.3 4.4 10.4
2m# -15.5 -16.3 12.2 4.8 4.8 5.0
3m -15.0 -16.7 10.2 1.0 1.0 9.7

aSolvent CDCl, for 1-3, CgDy for Im-3m. ¢ Assignments interchangeable. fHydroxyl proton. € Coupling constants are identical within

+0.3 Hz if the solvent is CDCl,.

13 structures fall into two classes: (i) structures related
to 1M with different substituents on an sp®-hybridized C18
(the numbering system given in Figure 4 is used) and (ii)
structures related to 3!° with different substituents on an
sp®hybridized C18. (A list of REFCODEsS is given in the
Experimental Section.) To compare these structures, we
used the following conformational parameters: ol-a3, the
angles of intersection of planes A, B, and C; d1-d3, tor-
sional angles. A definition of these parameters is given in
Table II. Comparison of the conformational parameters
shows that the structures of 3 and the closely related
2,3-dimethoxy-10,11-dihydro-5H-dibenzo[a,d]cyclo-
hepten-5-one (MXBSUB) differ significantly from all
others in classes i and ii. For these two compounds the
angle of intersection a1 (angle between the best planes A
and B, defined by the benzene ring carbons) is about 20°
larger than that of all other structures, whereas o2 and a3
are smaller by about 37° and 26°, respectively. It has been
noted previously!® that replacement of the carbonyl oxygen
04 in 3 by a =CHR substituent significantly reduces al.
This is also true for =NR!® and even =MnR!" substitu-
ents. Except for 3 and MXBSUB, the overall shape of the
tricyclic system of all compounds of classes i and ii is very
similar. Thus we may partition all structures into two sets:
set A including 3 and MXBSUB and set B including all
other structures (Table II).

The structures of Im—-3m show some similarities: the
benzene rings are almost planar with a maximum deviation
from the least-squares planes of 0.01 A. The chromium
tripod is bonded to that benzene ring which defines plane
A (Table II) and the torsional angle d1 (in 7, plane A is

(13) Bird, P. H.; Bruderlein, F. T.; Humber, L. G. Can. J. Chem. 1976,
54, 2715.

(14) Reboul, J. P.; Cristau, B.; Pépe, G. Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem. 1981, B37, 394.

(15) Reboul, J. P.; Soyfer, J. C.; Cristau, B.; Darbon, N.; Oddon, Y;
Pépe, G. Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1983, C39,
600.

(16) Herrmann, W. A; Plank, J.; Kriechbaum, G. W.; Ziegler, M. L.;
Pfisterer, H.; Atwood, J. L.; Rogers, R. D. J. Organomet. Chem. 1984, 264,
327.

(17) Bandoli, G.; Nicolini, M. J. Cryst. Spectrosc. 1983, 13, 191.

defined by the benzene ring with protons 1-4). The car-
bonyls of the Cr(CO); unit adopt a conformation with one
carbonyl located above the bond vector C9-C10. The
deviations from the staggered conformation as described
by the dihedral angle of two vectors, one pointing from the
benzene ring centroid to C9 and the other one pointing
from chromium to the carbonyl carbon, are 19.3° for 1m,
4.6° for 2m, and 16.5° for 3m.

The conformational properties of the individual com-
pounds 1m-3m and 1-3 are listed in Table II together with
the calculated data for 1-3 as well as the mean values for
set A and set B. The X-ray data for 3m, 3, and set A are
almost identical. In addition, the structure of 2m is also
very similar to those of 1 and set B and to the calculated
structures of 1 and 2. Apparently, complexation of 3 and
2 has no influence on the conformation of the tricyclic
system, despite the fact that the Cr(CO); unit is located
on the convex face of 3 but on the concave face of 2.
However, the structure of 1m deviates to some degree from
that of 1 as reflected, e.g., by enhanced values of d1 and
al (Table II). One reason for this distortion might be that
complexation of 1 on the convex face results in nonbonding
interaction (repulsion) between one tripod carbonyl and
proton H11b (7). Increase of d1 and consequently of «l
minimizes such an interaction. It should be noted, how-
ever, that this distortion in the solid state is not reflected
by the NMR data (see below). In summary, in the solid
state the influence of 7-complexation with Cr(CO); on the
overall structure of the tricyclic system is relatively small.
Moreover, the calculated data for 1 and 2 are in good
overall agreement with the X-ray structures, whereas the
MMP2 calculations for 3 deviate significantly from the X-ray
data and will be discussed below.

Conformation and Internal Mobility of 1-3 and
1m-3m in Solution. The analysis is based on proton
NMR spectroscopy, especially by the lanthanide induced
shift (LIS) technique.!® Table III lists chemical shifts and
selected coupling constants for 1-3 and 1m-3m. The
proton numbering is given in formula 7. Shift assignments
for the bridge protons H10a, H10b, H11a, and H11b are
based primarily on NOE measurements and on the as-
sumption that the geminal coupling constants of protons
next to the complexed aryl ring (H11la, H11b) are more
negative than those for protons next to the uncomplexed
ring (H10a, H10b). The coupling constants for these bridge
protons were calculated by standard software (see Ex-
perimental Section).

(18) Hofer, O. In Topics in Stereochemistry; Allinger, N. L., Eliel, E.
L., Eds.; Wiley: New York, 1976; Vol. IX, p 111.
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According to our calculations, the ligands 1-3 are ex-
pected to adopt ground-state conformations of C; sym-
metry which interconvert rapidly by modes a and b (Figure
2), resulting in time-averaged NMR spectra in solution at
room temperature. Furthermore, both diastereomers of
2 should be present to a significant amount. By analogy,
the diastereomers of 1m-3m are also expected to inter-
convert rapidly in solution (Figure 3), provided that com-
plexation does not enhance the interconversion barriers
to such a degree that the interconversion becomes slow on
the NMR time scale. This assumption is based on previous
studies showing a maximum experimentally observed
change in rotational barriers on complexation of +32
kJ /mol.1®

The observation of single ~CH,CH,- bridge proton
NMR spectra for 1 and 3 indicates that both intercon-
version mechanisms are fast as the action of only one mode
should result in apparent C, (a) or C, (b) molecular sym-
metry, giving an AA’'BB’ spin system. Symmetry argu-
ments do not give an unequivocal answer for the alcohol
2. An AA’BB’ system is observed for the -CH,CH,~ bridge
protons of this compound. Mode a will result in an ap-
parent C, structure and can therefore be excluded. How-
ever, mode b, as well as mode b followed by a, will result
in the observed apparent C, symmetry. Hence, these two
latter possibilities cannot be distinguished by symmetry
arguments.

For complexes 1m—-3m, any rapid interconversion still
results in an apparent C; molecular symmetry, giving an
ABCD spin system for the -CH,CH,— bridge protons.
However, to a first approximation modes a and b can be
separated experimentally by the following procedure: As
already noted, mode a interconverts ligands 1 and 3 into
homomers. Thus the geometry of the starting and the final
structure will be exactly the same. Nevertheless, this
process causes an NMR exchange phenomenon. The
ABCD spin system of the -CH,CH,~ bridge protons
changes to an AA’BB’ system, since the axial protons H10a
and H1la as well as the equatorial protons H10b and H11b
become symmetry equivalent. This results in averaging
of all coupling constants except for the vicinal ax—ax
(JHi0aH112) 80d eq—eq (Jyiop111) constants. It follows that
these coupling constants do not depend on mode a and are
only affected by mode b. This conclusion is more nearly
valid for the homomerization process (1 and 3) but not for
the interconversion of diastereomers like 2 and 1m-3m.
However, the X-ray structures of 1m—-3m show that neither
complexation on the concave face nor complexation on the
convex face changes the ligand conformations to a very
significant degree, and it is reasonable to assume that to
a first approximation the vicinal ax-ax and eq—eq coupling
constants of the -CH,CH,— protons remain effectively
independent of mode a. Thus, spin-system analysis of the
observed ABCD systems of 1m—-3m supplies information
about interconversions caused by mode b (flips of the
—~CH,CH,- bridge). These results are listed in Table III
and will be discussed in detail together with the results
of the LIS calculations. Internal mobility caused by modes
a and b as well as more detailed structural information can
be deduced from the LIS data.

However, before we discuss the LIS results for com-
pounds 2, 2m and 3, 3m in detail, some general comments
on the use of the LIS method for flexible structures seem
necessary. Several problems may arise in the LIS simu-
lation of flexible structures, depending on the course of
the interconvesion: (i) homomerization or enantiomeri-

(19) Weissensteiner, W.; Scharf, J.; Schlogl, K. J. Org. Chem. 1987, 52,
1210,
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zation and (ii) interconversion of diastereomers.

(i) In the LIS simulation, the overall molecular sym-
metry caused by possible interconversion modes must be
reflected in the substrate-lanthanide complex as well. The
usual way to allow for flexibility is to average the so-called
geometrical factors of corresponding atom positions of all
possible conformers.

The geometrical factors, derived from the McConnell-
Robertson equation,® represent the magnetic field strength
of the Ln(III) point dipole at particular (usually proton)
positions within the complex and are directly proportional
to the experimental LIS.?® The position of the coordi-
nating Lin(III) ion is optimized in the computational pro-
cedure to give the best fit when the geometrical factors for
the proton positions are scaled to the experimental LIS
by a least-squares method (the quality of the fit is usually
given by the crystallographic R factor,2? with values <10
representing reasonable fits). In cases where there is only
one possible substrate geometry with a rigid structure, this
is no problem, and the fit may be further refined by rea-
sonable variations in the suggested substrate geometry.
For flexible molecules, however, all possible molecular
geometries must be included in the calculation. This is
a minor problem if the interconverion process produces
either identical or enantiomeric structures since then all
possible geometries are equally populated and no addi-
tional adjustable parameters must be introduced into the
LIS calculation. The simplest way to simulate LIS data
for this type of compound (e.g., 3 with interconversion
modes a and b) is to average the geometrical factors of
corresponding atom positions before scaling to the ex-
perimental LIS (which are of course also averaged values
on the NMR time scale).

Note: If an interconversion process produces magnet-
ically equivalent atom positions in homomers and/or en-
antiomers, these (equal) LIS values are simulated by auv-
eraging of corresponding geometrical factors in the cal-
culation.

The time-averaged symmetries of the substrate and the
substrate-lanthanide complex are thus assumed to be the
same. Most LIS programs include this averaging option.!®

(ii) If an interconversion process results in a diastereo-
meric structure (for instance, compound 2 with intercon-
version mode a), matters are more complicated. Then the
expected LIS values (or geometrical factors) of two dif-
ferent molecular geometries must be calculated separately
and mixed for corresponding atoms according to the
population ratios of the two isomerie structures. If the
flexible part of the substrate molecule is far away from the
complexing site, this still represents a minor factor in the
calculation, since only one further adjustable (population)
parameter has to be introduced for each isomer in the LIS
calculation. In our case, where the coordinating OH group
is involved directly in the interconversion, we expect two
further complications: (1) the complexation constants are
usually not known for the individual isomeric complexes,
and therefore, the population ratios obtained in the best
fit of the mixing procedure can only be used as estimations
of the true population ratios (e.g., if isomer X coordinates
better than Y to a shift reagent, the population of X will
be overestimated in the fit); (2) the Ln(III) positions in
both interconverting isomers are expected to be different
due to an entirely different environment in the vicinity of

(20) McConnell, H. M.; Robertson, R. E. J. Chem. Phys. 1958, 29,
1361.

(21) Willcott, M. R., III; Lenkinski, R. E.; Davis, R. E. J. Am. Chem.
Soc. 1972, 94, 1742

(22) Davis, R. E.; Willcott, M. R., III1 J. Am. Chem. Soc. 1972, 94, 1744.

(23) Hamilton, W. C. Acta Crystallogr. 1965, 18, 502.
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Table IV. Experimental and Calculated Lanthanide-Induced Shifts of 2/2m and 3/3m°

2 2m
caled caled 3 3m

no. exptl ps-eq ps-ax eq:ax 64:36 exptl ps-eq eq:ax 97:3 exptl caled® exptl caled®
1 0.25 0.19 0.22 0.24 0.20¢ 0.18 0.19 0.16 0.15 0.17¢ 0.18

2 0.20 0.15 0.13 0.17 0.14¢ 0.13 0.13 0.08 0.06 0.13¢ 0.13

3 0.20 0.20 0.13 0.21 0.14¢ 0.15 0.15 0.08 0.06 0.14¢ 0.15

4 1.00 1.12 0.34 1.00 1.00¢ 1.00 0.98 1.00 1.01 1.004 1.00

5 0.77 - 1.28 -€ - - - -

6 1.00 1.12 0.34 1.00 0.82 0.85 0.83 1.00 1.01 0.80 0.78

7 0.20 0.20 0.13 0.21 0.13 0.14 0.14 0.08 0.06 -0.01 -0.01

8 0.20 0.15 0.13 0.17 0.13 0.11 0.11 0.08 0.06 0.03 0.03

9 0.25 0.19 0.22 0.24 0.20 0.17 0.17 0.16 0.15 0.12 0.11

10a 0.36 0.25 0.40 0.36 ax: 0.27 0.31 0.32 0.28 0.27 0.26 0.26/
10b 0.58 0.30 0.85 0.59 eq: 0.23 0.20 0.22 0.28 0.27 0.26 0.26/
1la 0.58 0.30 0.85 0.59 ax: 0.33¢ 0.23 0.32 0.28 0.27 0.25¢ 0.248
11b 0.36 0.25 0.40 0.36 eq: 0.22¢ 0.21 0.23 0.28 0.27 0.25¢ 0.24¢
R* 26% 57% 2.7% 8.6% 4.9% 3.2% 1.9%

aEu(fod),; for better comparison, relative values are listed, normalized to a value of 1.00 for H4 (ortho H); the numbering of the protons
corresponds to formula 7. ®Identical with the X-ray structure. °TSM; the values for the OSM were very similar (see supplementary
material). ?Protons of the benchrotrene unit or CH, next to benchrotrene. ¢ Not included in the fit (possibly contact shifts'®?). /Individual
values 0.35 for 10a and 0.18 for 10b. #Individual values 0.27 for 11a and 0.21 for 11b. *For further details of the calculation (lanthanide ion
positions, population ratios in the TSM, etc.), see supplementary material.

the complexing sites (for instance, the pseudoequatorial
and pseudoaxial isomers of compound 2, interconverting
by mode a). In this case some knowledge of the complexing
behavior of particular coordinating groups is required to
predict expected Ln(III) positions and the expected geo-
metrical factors (or LIS values) of individual isomeric
conformers of the substrate molecule. For OH as a coor-
dinating group, a simple geometrical model for the shift
reagent “cavity” which gives good results for the prediction
of complex geometries for a series of primary, secondary,
and tertiary alcohols?* has been described.

Note: If an interconversion process produces diaste-
reomers, the expected LIS values (or geometrical factors)
of the isomers have to be mixed in proper population
ratios. The individual isomers may of course again possess
a time-averaged structure of high overall symmetry in
solution (e.g., interconversion mode b for 2) which has to
be accounted for by averaging the corresponding geome-
trical factors within the LIS calculation in the single iso-
mers (vide supra, i).

On the basis of the principles outlined above, the LIS
method may be used for the conformational analysis of
molecular geometries of flexible structures if a limited
number of conformers is present in solution. The method
is therefore not suited for molecules with pseudorotational
behavior, for example. In special cases, a change of sub-
strate conformation may occur upon coordination with the
shift reagent; however, this should be clearly indicated by
changes in the coupling constants (which was not observed
in our case). Any structural information obtained from
independent methods should be used in the proposed
substrate geometry. This includes the following: results
from force-field calculations; X-ray structural analysis of
the most favored conformer(s) in the solid state; infor-
mation on magnetically equivalent proton positions on the
NMR time scale, spin system simulation; NOE experi-
ments; etc. In favorable circumstances, the LIS method
may either help to solve stereochemical problems of
molecules with limited flexibility or at least allow a decision
on whether or not some model assumptions about inter-
conversion systems are valid.

2m. The structure derived from the X-ray data—with
the chromium tripod on the concave face—was also found
to be strongly favored in solution. Using the assignments

(24) Foldesi, P.; Hofer, O. Monatsh. Chem. 1980, 111, 351.

of the 'TH NMR resonances obtained from unambiguous
decoupling experiments and NOE measurements, we ob-
tained the best LIS fit for a geometry with OH in a
pseudoequatorial position and with both methylene carbon
atoms in the plane of the Cr(CO)s-complexed aromatic ring
(syn isomer, R = 8.6%). The other possibility with both
methylene carbon atoms in the plane of the uncomplexed
aromatic ring (a product of interconversion mode b) gave
only a poor fit (R = 17%). For the isomeric structure with
pseudoaxial OH (a product of interconversion mode a), an
R factor of less than 35% was unobtainable. However, it
is of interest to note that in the first case the largest dif-
ference between experimental and calculated LIS values
is observed for the axial methylene proton close to the
benchrotrene ring (H11a, 7). Here, the calculated value
is too low. Allowing interconversion by mode a brings this
proton very close to the hydroxyl group, which now be-
comes axially orientated. Mixing 3% of this conformer
with 97% of the X-ray derived geometry lowers the R
factor in the LIS calculation from 8.6% to 4.9% (Table
IV). That there might be some of the OH pseudoaxial
conformer present in solution is further supported by the
fact that upon irradiation at H1 the NOE effect is clearly
stronger for the equatorial proton H11b than for the axial
proton H1la. Both these experimental findings are con-
sistent with a conformational equilibrium in solution with
the presence of a small percentage of a conformer with a
pseudoaxial hydroxyl group. Hlla may thus on average
be closer to OH (explaining the LIS data) while on the
other hand the average distance H1-H11a increases since
both effects are the result of the same geomeétry change
in the molecule. (Axial and equatorial H refer to the
assignment in the predominant conformer 7 which is
identical with that found in the X-ray structure and which
has the chromium tripod located on the benzene ring with
protons H1-H4).

The fact that one diastereomer predominates in solution
is also consistent with the spin-system analysis for protons
H10 and H11l. For an ABCD system resulting from a
molecule with the torsional angle d1 = 61° (Table II), one
large (ax—ax) and three smaller vicinal coupling constants
are expected, in agreement with the experimental findings
(Table III).

2. In the case of carbinol ligand 2 (conversion scheme
Figure 2), neither the geometry with a pseudoequatorial
OH group (A + A’ in Figure 2) nor that with a pseudoaxial
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OH (B + B’) gave a reasonable LIS fit. The best R factor
obtained for the former case (LIS calculation of A + A’
by averaging of corresponding geometrical factors) was
26 %, for the latter case 57% (Table IV). However, mixing
both possible conformers gave a fit with R = 2.7% at a
population ratio of 64% pseudoequatorial OH (A + A’) to
36% pseudoaxial OH (B + B’). It should be emphasized
that this is only an estimation of populations since the
complexing abilities of both isomers and the geometries
of the two individual substrate-reagent complexes are not
exactly known. However, it may be safely concluded from
the LIS calculations that both conformers must play an
important role in a conformational equilibrium in solution.
This is consistent with the empirical force-field calculation,
showing only a small difference in steric energy (2.2 kJ/
mol) for both diastereomers.

3m. In the LIS calculations for this compound, two
computational models were used. In the simpler one-site
model, which allowed for one average lanthanide ion
position in the substrate-reagent complex,® the fit using
the X-ray-derived proton positions gave R = 4.6%. The
Eu(III) position was found to avoid both nonbonded in-
teractions with the two aromatic ortho H adjacent to the
carbonyl group [Eu(III) at the “convex side” of the sad-
dle-like structure] and steric interaction with the Cr(CO);g
moiety (see supplementary material). This result is even
more apparent in the two-site model, which assumed two
possible Eu(ITl) positions corresponding to the two free
electron pairs in carbonyl compounds.??’ The best fit
obtained was characterized by R = 2.5% at a population
ratio of 85% for the Eu(IIl) position close to the benzene
ring to only 15% close to the benchrotrene ring (Table IV).
The usual planar arrangement >C==0---Eu gave a poor fit
(R = 22%), the best fit being obtained for a torsional
Caromatic—C=0--Eu angle of 40° [Eu(II) 40° off the
>C==0 plane, away from the benzene ortho H; the calcu-
lation is rather less sensitive to the Eu(IIl) torsional angle
of the second (less dominant) Eu position]. One require-
ment for a good fit of the experimental LIS data of the
methylene protons was the averaging of the geometrical
factors of the two protons within the individual methylene
groups (H10a/H10b and H11a/H11b). This corresponds
to interconversion modes a + b. All experimental meth-
ylene LIS values are within 25 and 26 units in the nor-
malized scale (Table IV). Without averaging, values of 18,
21, 27, and 35 were expected, whereas averaging results in
calculated values of 24 for the methylene protons H11 and
26 for H12 (Table IV). The saddle-like X-ray structure
is therefore compatible with the LIS results in solution if
one allows interconversions a + b.

This is in full agreement with the spin-system analysis
(Table III). With a torsional angle d1 = 76° (Table II) the
ax—eq (CJyioaui1es JHi0bH11a) COUpling constants are ex-
pected to become significantly smaller than for 2m,
whereas the eq—eq coupling constant will be enhanced. In
addition, mode b averages the ax—ax and eq—eq as well as
the two ax—eq coupling constants, as observed.

3. The X-ray structure!® used for the proton positions
in the LIS calculation is again characterized by a saddle-
like geometry (angle between the aromatic planes 145.2°).
However, the simple 'H NMR as well as the LIS data
indicate that the average geometry in solution must be of
higher symmetry (C,,) due to interconversion modes a and
b (homomers and enantiomers). Averaging proper geo-

(25) Foldesi, P.; Hofer, O. Tetrahedron Lett. 1980, 21, 2137,

(26) Lenkinski, R. E.; Reuben, J. J. Am. Chem. Soc. 1976, 98, 4065.

(27) Abraham, R. J.; Chadwick, D. J.; Sancassan, F. Tetrahedron Lett.
1979, 265.
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metrical factors for corresponding positions, the R factors
are 2.2% in the one-site carbonyl LIS model (OSM) and
3.2% in the two-site model [TSM, 50% population for
both Eu(IIl) positions]. On the basis of the geometry
derived from the force-field calculation (angle between the
aromatic planes 128.2°), the LIS simulation was less suc-
cessful (R factor of 4.1% for the OSM and 5.6% for the
TSM). Therefore, the conformation of 3 in solution seems
to be similar to that observed in the solid state.

Since the structures of 3 and 3m are similar in both the
solid state and solution but significantly different from the
calculated structure (3, Table II), MMP2 calculations for
compounds of type 3 are expected to be less accurate than
MM2 calculations for compounds related to 1. Nevertheless,
the calculated transition-state energies (Table I) should
be good estimates.

Im. For 1m no LIS data are available, but an ABCD
spin system analysis of the methylene proton subspectrum
was possible. On the basis of the X-ray structure of Im
with a torsion angle d1 = 72°, the ax—eq coupling constants
should be similar to those of 3m (Table III). However, the
experimental ax—eq coupling constants are almost identical
with those of 2m, indicating that in solution the structure
of the tricyclic system differs less from 1 and 2 than in the
solid state. The averaged ax—ax and eq—eq coupling con-
stants are the result of the action of mode b. The inter-
conversion by mode b results also in an Overhauser en-
hancement of protons H11b and H10a if H5b is irradiated.
For 1m we have no conclusive data showing the presence
or absence of interconversion by mode a.

Summary

From empirical force-field calculations, X-ray structure
analysis, and NMR studies, we find that in solution com-
pounds 1-3 interconvert rapidly by two distinct intercon-
version modes with calculated transition-state energies
smaller than 29 kJ/mol. As deduced from lanthanide
induced shift (LIS) studies, the ground-state structure of
3 in solution agrees well with the solid-state structure and
to a lesser degree with the MMP2 calculations. LIS calcu-
lations also show that both diastereomers of 2 (the OH
group pseudoequatorial or pseudoaxial) must play an im-
portant role in the conformational equilibrium. This
differs from the case of 4b, where as predominant con-
formation with the OH pseudoaxial has been found in
solution.?¢

The effects of w-complexation on the ground-state
structures of 2 and 3 are small in solution as well as in the
solid state. In the solid state, the structure of 1m does
show some deviation from that of 1, but in solution, the
conformation of its tricyclic system is apparently similar
to the solid-state structure of 1. The most striking ob-
servation is, however, that in the ground-state conforma-
tions the Cr(CO), unit can be located either on the concave
(2m) or on the convex (1m, 3m) face of the tricyclic system
both in the solid state and in solution.

The influence of complexation on the internal mobility
differs for 2m as compared to 1m and 3m. For 1m and
3m, no predominant conformation in solution was found,
and hence, all four diastereomers of 3m must be present
to a significant amount in a conformational equilibrium.
For 1m, interconversion by one mode can be shown con-
clusively although the other mode cannot be excluded and
may also be present. At least two diastereomers are
therefore present in equilibrium. In contrast, for 2m, a
single conformation, almost identical with that found in
the solid state [with the Cr(CO); unit on the concave face
of the tricyclic system and the OH pseudoequatorial]
predominates in solution. The LIS data show that at most
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Table V. Crystallographic Data of Im-3m

lm 2m 3m
lattice constants
a, pm 1073.9 (7) 744.8 (1) 2551.1 (4)
b, pm 825.1 (5) 918.9 (2) 827.7 (1)
¢, pm 1704.6 (19) 1262.9 (2) 1553.0 (2)
a, deg 90.00 (4) 97.01 (1) 90.00 (1)
8, deg 78.09 (4) 104.69 (1) 110.97 (1)
v, deg 90.00 (4) 112.35 (1) 90.00 (1)
space group P2, /n Pi C.
molecules/unit cell 4 2 4
calcd density, g cm™ 1.484 1.53 1.495
exptl density, g cm™ 1.483 - 1.493
cryst dimens, mm? 0.3 X 0.3 X 0.05 0.38 X 0.35 X 0.25 0.25 X 0.25 X 0.3
collected data 2232 2859 4726
26(max), deg 45 50 45
unique data 2153 2632 2192
obsd data 1299 2467° 1188
F > 4¢(F)
largest peak in final diff Fourier 0.11 0.26 0.15
final residual R, % 5.3 3.0 8.2
R, % 4.8 3.4 5.6
SF > 30(F).

about 5% of a second diastereomer (with OH pseudoaxial)
is present in a conformational equilibrium.

We conclude that a combination of the lanthanide in-
duced shift method combined with other methods for
structure analysis, such as empirical or semiempirical
calculations and X-ray analysis, can give information
concerning the structures of highly flexible and complex
molecules in solution under room-temperature conditions.
We are therefore confident that by using these combined
methods other flexible structures like the related phar-
macologically active compounds can be studied.

Experimental Section

Proton NMR spectra were recorded with a Bruker WM-250
spectrometer, operating at 250,13 MHz. The Bruker-supplied
program PANIC was used for spin-system analyses. Mass spectra
were recorded with a MAT-CH?7 instrument. Melting points were
determined on a Kofler microscope and are uncorrected. Me-
dium-pressure chromatography was carried out at a pressure of
3 bar using silica gel (Merck 60, 0.04-0.006).

Compounds 1-3 were purchased from Aldrich and used without
further purification.

Complexation of Ligands 1-3 to Tricarbonyl(n%-aryl)-
chromium Complexes: General Procedure. The ligand was
refluxed with a 4-fold molar amount of Cr(CO)g in dry di-n-butyl
ether/heptane (2:1) (20 mL for 1 mmol of ligand) for 48 h. The
reaction mixture was filtered, the solvent and excess of Cr(CQO)g
were removed under reduced pressure, and the residue was pu-
rified by chromatography (MPLC) on silica gel.

Complexation of 1. Complexation of 1 g (5.1 mmol) of 1 gave
0.95 g (67%) of 1m, mp 124 °C (chromatography: eluent, pe-
troleum ether/15% ethyl acetate): mass spectrum, m/e 330 (M*),
274, 246, 52 (100); 'H NMR spectrum (Table III).

Complexation of 2. Complexation of 1 g (4.8 mmol) of 2 gave
0.81 g (49%) of 2m, mp 134-135 °C (chromatography: eluent,
petroleum ether/30% ethyl acetate): mass spectrum, m/e 346
(M), 262, 244, 210, 192; 'H NMR spectrum (Table III).

Complexation of 3. Complexation of 1 g (4.8 mmol) of 3 gave
0.97 g (69%) of 3m, mp 135-137 °C (chromatography: eluent,
petroleum ether/30% ethyl acetate): mass spectrum, m/e 344
(M™), 288, 260, 52 (100); 'H NMR spectrum (Table III).

Crystallography. The intensity data of Im and 3m were
measured at room temperature on a modified four-circle STOE
diffractometer, the data of 2m on a Nicolet R3m diffractometer
using graphite-monochromated Mo Ko irradiation (A = 0.71069
A). The structures were solved either by the heavy-atom method
(2m) or by direct methods (1m, 3m).%® For details, see supple-

(28) Roberts, J. D.; Hawkes, G. E.; Husar, J.; Roberts, A. W.; Roberts,
D. W. Tetrahedron 1974, 30, 1833.

mentary material. Crystal data and structural parameters are
given in Table V.

Empirical Force-Field Calculations. The structures of 3
were minimized with use of the original MMP2*® program. For 1
and 2 the program BIGSTRN-3>! with the MMz force field was used.

Cambridge Crystallographic Data Base Search. The
REFCODE:S of the retrieved 13 hits are as follows: HBZCHP,*
BERWOK,* CIKVEX,® CIKVIB,3 BCHMPY,** PIRHMB,*
BMBZCH,* BUTCUO,'” CERJIS,!¢ CERJIS10,5” CERJOY,¢
BUFDOV,* MXBSUB.%

Lanthanide-Induced Shifts. The LIS values were deter-
mined by adding increasing amounts of tris|1,1,1,2,2,3,3-hepta-
fluoro-7,7-dimethyl-4,6-octanedionato]europium (Merck) to a
solution of 5-10 mg of substrate in 0.5 mL of CDCl; (2, 2m, 3)
or CgDg (3m). The spectra were recorded at four to six different
reagent concentrations up to a molar ratio of reagent:substrate
= 0.7; the LIS for the 1:1 complex were obtained by extrapolation.
However, in Table IV relative values are listed to allow a better
comparison of data within the series; factors of 5.9 for 2, 0.35 for
2m, 10.0 for 3, and 6.1 for 3m may be used to convert the relative
values of Table IV into the usually given so-called 1:1 values in

‘parts per million (e.g., 5.9 ppm for H4 of 2 and only 0.35 ppm

for 2m). As usual, the Cr complexes show a weaker complexing
ability in comparison with their ligands®® (however, one should
be careful in quantitative interpretations of complex formation
constants, since for weakly complexing substrates the values
obtained by extrapolation to the 1:1 value are not identical with
the true lanthanide-induced shifts of the 1:1 substrate-reagent
complex'34%), For the LIS calculations, a modified program of

(29) Sheldrick, G. M. SHELX7, a computer program for crystal-struc-
ture determination; University of Cambridge, England, 1976.

(30) MMP2 (Allinger, N. L.) is available as QCPE No. MMP?2 from
QCPE, Department of Chemistry, Indiana University, Bloomington, IN
47405,

(31) BIGSTRN-3 (Nachbar, R. B, Jr.; Mislow, K.) is available as QCPE
No. 514 from QCPE, Department of Chemistry, Indiana University,
Bloomington, IN 47405.

(32) Reboul, J. P.; Cristau, B.; Pépe, G. Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem. 1982, B38, 1489.

(33) Horsburgh, C.; Lindley, P.; Stride, F.; Asscher, Y.; Agranat, L.
Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1984, C40, 1296.

(34) Tokuma, Y.; Nojima, H.; Morimoto, Y. Bull. Chem. Soc. Jpn.
1971, 44, 2665.

(35) Tokuma, Y.; Koda, S.; Tsubouchi, S.; Morimoto, Y. Bull. Chem.
Soc. Jpn. 1975, 48, 294.

(36) Larsson, K. Acta Chem. Scand. 1970, 24, 1503.

(37) Herrmann, W. A,; Plank, J.; Hubbard, J. L.; Kriechbaum, G. W.;
Kalcher, W.; Koumbouris, B,; Ihl, G.; Schafer, A.; Ziegler, M. L.; Pfisterer,
H.; Pahl, C.; Atwood, J. L.; Rogers, R. D. Z. Naturforsch., B. Anorg.
Chem., Org. Chem. 1983, 38B, 1392.

(38) Gupta, M. P.; Prasad, S. M.; Rabinovich, D.; Leser, J. Cryst.
Struct. Commun. 1974, 3, 163.

(39) Hofer, O.; Schlogl, K.; Scholm, R. Monatsh. Chem. 1979, 110, 437.



3996 J. Org. Chem. 1988, 53, 3996-4000

the PDIGM type?»?? was used (written in BASIC for an Apple
Macintosh PC).
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The light-sensitive tetraene 1 is relatively stable at room temperature in diluted form. Dimerization/po-
lymerization does, however, occur slowly when 1 is stored in neat condition. At temperatures in the vicinity
of 100 °C, 1 rearranges smoothly to Kukla’s hydrocarbon (7) by a concerted [1,3] carbon migration. Irradiation
with long wavelength light (366 nm) also leads to 7 and, to a lesser extent, bicyclo[6.4.0]pentaene (12). In contrast,
2 rearranges at 20 °C and below via isobullvalene (14) to lumibullvalene (15). Appropriate deuterium labeling
has shown this rearrangement to proceed via biradical 18. When heated to 80 °C in benzene, 3 undergoes smooth
first-order isomerization to 22 with a half-life of 65 min. The underlying causes of this divergent behavior are

discussed in terms of orbital symmetry allowedness.

As in spiroconjugated systems, the level and conse-
quences of through-bond interaction between two =-rib-
bons linked orthogonally across a cyclobutane ring is in-
timately related to the total number of electrons involved.?
Whereas the split between the first two photoelectron (PE)
bands of 13 amounts to 1.44 eV and points to a strong
through-bond interaction between the cyclobutane relay
and the peripheral r-systems,® the PE spectra recorded
for 248 reveal a lack of interaction between its two olefinic
fragments. The PE spectrum of 3*7 has an appearance

similar to that of 1.
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Herein, we report on the varied responses of 1-3 to heat
and light. Tricyclo[3.3.0.0%¢]octa-3,7-diene (4), the smallest
member of this series earlier synthesized by Meinwald?
and by Zimmerman,®® exhibits in its UV spectrum a ba-
thochromic shift to 300 nm (contrast the A, for 6 at 250

(1) Fulbright Scholar, 1982-1983; Evans Fellow, 1985-1986.

(2) (a) Bischof, P.; Gleiter, R.; Haider, R. Angew. Chem., Int. Ed. Engl.
1977, 186, 110; (b) J. Am. Chem. Soc. 1978, 100, 1036.

(3) Paquette, L. A.; Dressel, J.; Chasey, K. L. J. Am. Chem. Soc. 1986,
108, 512.

(4) Dressel, J.; Chasey, K. L.; Paquette, L. A. J. Am. Chem. Soc., in
press.

(5) Gleiter, R.; Toyota, A.; Bischof, P.; Krennrich, G.; Dressel, J,;
Pansegrau, P. D.; Paquette, L. A. J. Am. Chem. Soc., in press.

(6) Dressel, J.; Paquette, L. A. J. Am. Chem. Soc. 1987, 109, 2857.

(7) Paquette, L. A.; Dressel, J.; Pansegrau, P. D. Tetrahedron Lett.
1987, 28, 4965.

(8) (a) Meinwald, J.; Tsuruta, H. J. Am. Chem. Soc. 1969, 91, 5877;
(b) 1970, 92, 2579.

(9) (a) Zimmerman, H. E.; Robbins, J. D.; Schantl, J. J. Am. Chem.
Soc. 1969, 91, 5878. (b) Frey, H. M.; Hopkins, R. G. J. Chem. Soc. B 1970,
1410.
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nm)® that has invited theoretical analysis.2’® The notable
thermal lability of 4 (estimated ¢;/; of 10 min at room
temperature)® and its ready isomerization to semi-
bullvalene (5) have precluded PE analysis.

>l >

Thermal and Photochemical Rearrangement of 1.
During monitoring of the formation of 1 by analytical gas
chromatography (GC), two peaks were noted in the (CH),,
range, their ratio being markedly dependent on the in-
jection port temperature. Under controlled conditions
(C¢Dg, 102 °C, sealed NMR tube), 1 isomerized cleanly and
quantitatively to 71! (k = 1.8 X 107 s t;,, = 63 min).
Homonuclear proton decoupling permitted specific as-
signment to be made to the 'H NMR signals of 7 (see
Experimental Section). Many similarities were seen be-
tween 7 and bicyclo[3.2.1]octa-2,6-diene, previously ana-
lyzed by Brown and Occolowitz.!?

The stage was now set for use of deuterium labeling as
a probe of mechanistic detail. Halogen-lithium exchange
in the 3,9-dibromo derivative?* followed by a D,O quench
gave 1-d, with 87% deuterium incorporation. The Dy,
symmetry of 1 causes C-3, -6, -9, and -12 to be equivalent.
Consequently, 1-d; can be considered to be quadruply
labeled as shown in 8. When 1-d, in carbon tetrachloride
solution was thermolyzed for 5 h at 110-115 °C in a sealed

(10) (a) Gleiter, R.; Kobayashi, T. Helv. Chim. Acta 1971, 54, 1081. (b)
Kanda, K.; Koremoto, T.; Imamura, A. Tetrahedron 1986, 42, 4169.

(11) (a) Paquette, L. A,; Kukla, M. J; Ley, S. V.; Traynor, S. G. J. Am.
Chem. Soc. 1977, 99, 4756. (b) Kukla, M. J. Ph.D. Thesis, The Ohio State
University, Columbus, OH, 1974,

(12) Brown, J. M.; Occolowitz, J. L. J. Chem. Soc. B 1968, 411.
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