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The conformational spaces and dynamic stereochemistry of
representative overcrowded homomerous bistricyclic aromatic
enes (1, X =Y) are investigated, applying the semiempirical
PM3 method. The experimental energy barriers for E,Z iso-
merizations, enantiomerizations, and conformational inver-
sions of 1 and related compounds, derived from DNMR and
other kinetic studies, are reviewed. This study focuses on the
analysis of the minima, transition states, and dynamic mechan-
isms of the conformational isomerizations of bifluorenylidene
(2), dixanthylene (3), dithioxanthylene (9), and bi-5H-di-
benzo[a,d]cyclohepten-5-ylidene (11). The four representative
bistricyclic enes differ in the sizes of their central rings and in
their bridging groups. The mechanisms of the interconversions

of the twisted, anti-folded, and syn-folded conformations and
of thermal E,Z isomerizations (topomerizations), enantiomeriz-
ations, and conformational inversions (including combinations)
are elucidated. The calculated energy barriers for E,Z topomer-
izations of 2, 3, 9, and 11 are 25.3, 16.4, 24.3, and 39.3 kcal/
mol, respectively. The corresponding barriers for enantiomeriz-
ations or conformational inversions are 4.9, 15.9, 24.3, and 37.6
kcal/mol, respectively. In most cases, the agreement with ex-
perimentally determined values is within 1-3 kcal/mol. New
mechanisms are proposed for the E,Z isomerizations and con-
formational inversions of anti-folded 3, 9, and 11, involving
low-symmetry folded/twisted transition states and the respect-
ive syn-folded intermediates.

1. Introduction

The bistricyclic aromatic enes!"? (1) have fascinated
chemists since bifluorenylidene (2) was synthesized in
1875,B31 dixanthylene (3) was synthesized in 1895, and
thermochromism and piezochromism were revealed in bi-

X=Y: homomerous

X #Y: heteromerous
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anthrone (4).5°1 They can be classified into homomerous
bistricyclic enes (1, X = Y) and heteromerous bistricyclic
enes (1, X # Y).[ They may be viewed as bridged tetraaryl-
ethylenes or as tetrabenzofulvalenes. These systems are at-
tractive substrates for the study of the ground state con-
formations and dynamic stereochemistry of overcrowded
polycyclic aromatic enes (PAEs).[>#° The topic of bis-
tricyclic enes has been reviewed previously.[!-2:%:10:11]

Thermochromic and photochromic bistricyclic enes are
candidates for potential molecular switches.['>~ 161 Bifluor-
enylidene (2) and bi-4 H-cyclopenta[def]phenanthren-4-ylid-
ene (5),[' with their central five-membered rings, are fuller-
ene fragments, and potential starting materials for the pre-
paration of buckyballs.'® 271 Lucigenin (6), a dicationic salt
derived from N, N'-dimethylbiacridan (1, X,Y: NCH3), was
considered the most powerful of all synthetic chemilumines-
cent substances.”®2°1 Bianthrone (4) is found in plantsPO]

0.0 o8 T O‘O
Q'Q O » O‘O

MICROREVIEWS: This feature introduces the readers to the authors’

research through a concise overview of the

selected topic. Reference to important work from others in the field is included.

Eur. J. Org. Chem. 2001, 15—34

0 WILEY-VCH Verlag GmbH, 69451 Weinheim, 2001

1434—193X/01/0101—0015 $ 17.50+.50/0 15



M|CROREV| EW P. U. Biedermann, J. J. Stezowski, I. Agranat

chromic B conformer are identical. Syn-folded conformers
of bistricyclic enes with central six-membered rings have
been reported as metastable conformations — the photo-
chromic E form — in the cases of, for example, 10,10’-di-
methylbiacridan (8) (1, X,Y: NCH3), dithioxanthylene (9)
(1, X,Y: S), and the methylene-bridged bistricyclic ene 10
(1, X,Y: CH,).?*~#2 Piezochromism of bistricyclic enes has
so far gained only little attention.[*%-*3 Values of AH® have
5 6 7 been determined for the thermochromic equilibrium A ~ B
in bianthrones and dixanthylene.[3%44461 No direct correla-
tion was found between AH° values and possible steric in-
teractions in the fjord regions.*®! The thermal decay of the

and its derivatives are topologically related to the natural

product hypericin (7), abundant in St. John’s wort (hyper- . hnn ;
icum perforatum, German: Johanneskraut), an important colored B species of 2,2’-bis(trifluoromethyl)bianthrone has

remedy for depression,*'32 and an antiretroviral agent with ~ 0¢en studied by laser flash photolysis (AH'5_..5). The rela-
potential anti-AIDS capabilities.[*>3 tionship betw.een th.e thprmochronpc process and the fz.tst
The thermochromism in solution of bianthrones, dixan- thermal E,Z isomerization found in the bianthrone series

thylenes, and several other bistricyclic enes has been shown  indicated that both thermal phenomena have a common
to result from a thermal equilibrium between two distinct highest transition state.*) Thermochromism has also been

and interconvertible conformers (A = B), where A is the found in the solid state.[*’*1 The A — B transformation
ground state, anti-folded, yellow conformer, and B is the can be triggered not only by heating, photoexcitation, and
thermochromic, green or blue, twisted conformer.[1135-401 ~ pressure, but also by electrochemical redox cycles.l>4°~>

Conformers of type A and B have also been detected (along The important role of conformational equilibrium and kin-

with other conformers) in studies of the photochromic and etics in electrode reactions in the bianthrone series has
. . [ . . [58]

piezochromic phenomena exhibited by bianthrones, dixan- ~Peen noted.

thylenes, and some other bistricyclic enes. It is generally ac- This microreview is focused mainly on the analysis of the

cepted that the thermochromic B conformer and the photo- minima and transition states of the conformational spaces
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for a set of representative homomerous bistricyclic aromatic
enes, with the emphasis on the mechanisms of conforma-
tional isomerizations. This set was selected from the 45 bi-
stricyclic enes previously reviewed,?! for a detailed study of
conformational behavior. This study includes a search for
possible conformations of lower symmetry, and for trans-
ition states involved in conformational isomerizations, in-
cluding enantiomerizations and/or inversions of the con-
formations. The mechanisms of the dynamic stereochem-
istry are elucidated. The homomerous bistricyclic enes
studied are bifluorenylidene (2) (1, X,Y: —), dixanthylene
(3) (1, X,Y: O), dithioxanthylene (9) (1, X,Y: S), and bi-5H-
dibenzo[a,d|cyclohepten-5-ylidene (11) (1, X,Y: CH=CH).
The four homomerous enes differ in the size of their central
rings and in their bridging groups. The conformational en-
ergies of the twisted conformations, relative to the respect-
ive anti-folded conformations, have been shown to vary over
a wide range of values: —4.6 kcal/mol to +50.5 kcal/mol.l?]
The semiempirical method PM3 was employed.[® For bi-
stricyclic enes, PM3 geometries are close to those found by
X-ray crystallography.?!

Intramolecular Overcrowding is a steric effect shown by
aromatic structures in which certain (intramolecular) dis-
tances between nonbonded atoms are smaller than the sum
of the van der Waals radii of the atoms involved.[®!?] The
bistricyclic aromatic enes 1 are overcrowded in the fjord
regions. This intramolecular overcrowding requires out-of-
plane deformations to alleviate prohibitively close contacts
of nonbonded atoms in the fjord regions on both sides of
the central double bond (C°=C%) resulting from the
sterically demanding tricyclic moieties.

A variety of conformations has been identified in the
homomerous bistricyclic enes series.!! The nonplanarity of
bifluorenylidene was inferred as early as 1935, from the di-
pole moment of 2,2'-difluorobifluorenylidene.[*! Red bi-
fluorenylidene (2), with central five-membered rings, adopts
a twisted conformation.[’:3%647¢71 Yellow dixanthylene
(3)7:47:48.681 and bianthrone (4),%°~71 with central six-
membered rings, are anti-folded with boat-shaped central
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rings. Colorless 5,5'-bi-5H-dibenzo[a,d]cycloheptenylidene
(11), with central seven-membered rings, can adopt both an
anti-folded and a syn-folded conformation.l’>~7¢1 'TH NMR
spectroscopy has been used to distinguish between twisted,
anti-folded, and syn-folded conformations of 1 in solu-
tion.1>77]

1.1 Nonplanarity in Overcrowded Bistricyclic Enes

Two principal modes of out-of-plane deformations of
enes are considered: twisting around the double bond and
out-of-plane bending.'®7® In 1, the bending is brought
about by folding about the C°-+X and C%+Y axes of the
tricyclic moieties at both ends of the central ene, resulting
in boat conformations in the central rings.

The pure twist @ of the central ethylene group is defined

as the average of the signed torsion angles
1(C*—C?—C” —C°) and 1(C8—C7'—C* —C3"):[]
® = 1/2 [f(C%—C—C¥ —C%) + ¢(CH—CP—C? —C™)] 1)

In addition to the twist in the double bond, the carbon
atoms C° and C° of the ethylene group may be
pyramidalized.l”~8% This out-of-plane deformation results
in a change in the pure sp?> hybridization (towards
sp?),[B081831 and improves the m-overlap across the adjacent
formal single bonds.[®3) Pyramidalization of C° and C°" may
lead to syn and to anti pyramidalization, as shown in Fig-
ure 1.

syn anti

Figure 1. Hybridization in syn- and anti-pyramidalized double
bonds

Various measures for pyramidalization have been used in
the literature.®*=84 In this study, the pyramidalization
angle %(C%) — defined as the improper torsion angle
1(C%2—C?—C — (%) minus 180° — will be used:

o %(C%) = [1(C*-C°~C*-C**) MOD 360°] - 180° 2)

(G o

g2 4(C”) = [1(C*-C’-C’~C*) MOD 360°] - 180° ®3)

In syn-pyramidalized double bonds, the pyramidalization
angles y(C°) and %(C”) have identical signs, whereas in anti-
pyramidalized double bonds they have opposite signs.

The degree of nonplanarity of the tricyclic moieties may
be measured by the dihedral angles A—B and C—D of the
least-squares-planes defined by the carbon atoms of the
peripheral benzene rings.

1.2 Types of Conformations

The classification scheme adopted for the conformational
types of bistricyclic enes is given in Table 1. The schematic
projections along the C°=C® bond should not be confused
with Newman projections of the central double bond. The
lines represent the peripheral benzene rings of the tricyclic
moieties.
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Table 1. Conformational types of bistricyclic enes

P planar conformation =@=
t, orthogonally twisted conformation ‘éf
t twisted conformation ;@:
a anti-folded conformation >@<
s syn-folded conformation ;&
f folded conformation with a planar (or nearly planar) second moiety —ﬁ-
ta twisted/anti-folded conformation %:

ts twisted/syn-folded conformation ﬁ
tf twisted/folded conformation >@:
at anti-folded/twisted conformation )9:

au anti-folded conformation with unequal degrees of folding M
st syn-folded/twisted conformation §94
su syn-folded conformations with unequal degrees of folding ﬂ
ft folded/twisted conformation ﬂ
pt planar central ethylene group with propeller twisted bistricyclic moieties ;g

In the cases where two out-of-plane modes are combined,
their order of listing is used to designate the dominant
mode. Thus, ta is closer to a twisted conformation, while at
is closer to an anti-folded conformation. The symbols au
and su describe unequally folded conformations close to
anti- and syn-folded conformations (a and s, respectively).
In the same spirit, symbols tau, tsu, aut, and sut may be
defined; however, in this work, the shorter symbols tf and
ft will be preferred for conformations of these types. It
should be noted that this classification according to con-
formation types is empirical and qualitative.

1.3 Chirality

The helicity of the central double bond in twisted con-
formations of 1 introduces an inherently chiral structural
element.!®® The chirality sense, or helicity, defined by the
sign of the pure ethylenic twist @ (vide infra), is indicated
by subscripts P and M, following the Klyne—Prelog con-
vention (Figure 2).871 This chirality of the central ethylene
group vanishes in planar conformations (o = 0° or 180°)
and in orthogonally twisted conformations (® = =90°).

\
N
\' ,’,.l"'

M

Figure 2. Definition of helicity in twisted central double bonds
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In substituted bistricyclic enes, the folding of the tricyclic
moiety introduces another, independent element of chiral-
ity,[®8] reminiscent of a tripodal unit.[®® The assignment of
chirality sense (configuration) for a tripodal unit requires
two rules: a sequence rule and a conversion rule (or assign-
ment rule), as provided by the Cahn Ingold Prelog (CIP)
system.[8¢89 In this work, the atom C° is chosen to define
the center of the tripod, and the atoms C!, C% and C*
define the “ligands” in the given sequence, assuming relat-
ive priorities X > C and R > H. This is in agreement with
the CIP rules, which allow ranking of the three tree-graph
ligands of C°, based on the atoms three and four bonds
from the center:[8°]

C%*{C[X(C), C(C,H)], C[C(C,R), H]} >

C**{C[X(C), C(C,H)], C[C(C,H), H]} >

C”{CIC(Y.C), C(C.H)], CIC(Y.C), C(C.H)]}

The assignment of chirality sense — R or S — for substi-
tuted, folded tricyclic moieties is illustrated in Figure 3.
Note that unsubstituted folded moieties are achiral, but
nevertheless may be assigned handedness in a labeled
atom sense.

X R 1 w8
L
R gt 8 X
1/%;8 1\;s
> <
R S

Figure 3. Assignment of chirality sense — R or S — for substituted,
folded tricyclic moieties

1.4 Conformations and Point Group Symmetry

Combination of the above classification schemes and de-
scriptors with a symmetry analysis based on the point
groups leads to a detailed classification of the conforma-
tions, symmetry, and chirality of overcrowded homomerous
bistricyclic aromatic enes. The results are summarized in
Table 2. A preliminary classification was presented in ref.[”]

In Table 2, the homomerous unsubstituted and disubsti-
tuted classes are arranged in columns. Each of the basic
conformation — p, t,, t, a, s, and f — is listed in a separate
block. Conformational symbols and the point group sym-
metry are given, along with the chirality or achirality of the
conformation. The E and Z isomers, the helicity of the cent-
ral double bond (P, M), and the chirality of the (substi-
tuted) folded moieties (R, S) are indicated by subscripts.
For each of the basic conformations the highest point group
is listed first, followed by the subgroups. In cases where the
point group symmetry, in addition to the basic conforma-
tional mode, allows twisting, anti-folding, or syn-folding,
this is indicated using symbols for mixed conformations —
ta, at, ts, st, au, su, and f. Note that, from a symmetry point

Eur. J. Org. Chem. 2001, 15—34
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Table 2. Conformations, symmetry, and chirality of homomerous
bistricyclic aromatic enes (1, X = Y)

Unsubstituted™ 2,2°-Disubstituted™®

R=R'=H R=R’

p-Dan achiral [E: Con (); Z: Cay 0)]™

p-Cov (2 achiral [Cs (yz)][b]

P-Con (¥) achiral Pe-Con (%) achiral

pP-Cov ) achiral Pz-Cov () achiral

p-Cs 02) achiral pe-Cs G2) achiral
pz-C; (32) achiral

pt-Con (@) achiral [E: Cy; Z: Cs (xy)][b]

t,-Diq achiral [E: G @), Z: G o)™

t1-Coy (@) achiral [E: G Z: Coy™

t-Cs (@ achiral [c™

tipa-Ss (2) mesol®! [E: see Gy (x); Z: see C3 )™

tp-D; chiral [E: Cyx); Z:Ch (y)][b]

t-C2 (@) chiral [y

tap-C; () chiral [Cl]n’]
tazrer~-C: () chiral

tsp-C7 (x) chiral tse.rpr~C2 (%) chiral
[c®™

a-Caop, () achiral (E: C; Z: C; o)™

a-C; achiral agrs~Ci mesol®!
[z: ™

atp-Cs () chiral [E: )™
atz.RpR'-Cz o) chiral

au-C; (x2) achiral [c®

$-Cay (%) achiral [E: Ca(x); Z: Cs o™

$-Cs (xy) achiral [E: C)1™
sz.85~Cs () mesol®!

stp-Cs (x) chiral ste.rpr~-Cs () chiral
[z: ¢

su-Cs (x2) achiral (™

£-C, (x2) achiral (™

ftp-Cy chiral fterpr-Ci chiral
fte.rps~Cy & chiral
ftz.rpr-Ci chiral
ftz res—Ci chiral

[ For chiral conformations, only one enantiomer (P) is given. Con-
formations with C; symmetry are represented by ft, listed at the
bottom of the table. — ! See this point group further down in this
column. — [ In this orientation of the point group C,, the
reflection planes are the diagonal planes y = x and y = —x, re-
spectively. — 9 The reflection plane is the plane y = x. — [l The
two moieties have opposite chirality sense. — 1 The relative direc-
tion of folding of the two moieties is syn. — [&The relative direction
of folding of the two moieties is anti.

of view, the magnitude of the contributions of two modes
in a mixed conformation is irrelevant. The point group and
symmetry properties are identical. However, the conforma-
tions may look significantly different (vide infra). Any con-
formation combining three modes (t, a, and s) of out-of-
plane deformation has point group Cj.

1.5 Dynamic Stereochemistry

In bistricyclic enes, three fundamental dynamic processes
have been observed:

Eur. J. Org. Chem. 2001, 15—34

(a) E,Z isomerization as illustrated in Figure 4

(b) enantiomerization or conformational inversion: inver-
sion of the helicity in twisted 1 (Figure 5), or inversions of
the boat conformations in the central rings of anti-folded
1 (Figure 6);

(¢c) syn, anti isomerization (s — a) as illustrated in Fig-
ure 7.

It should be noted that enantiomerization and conforma-
tional inversion may also be considered in processes (a)
and (c).

0 @
R I A
o @
Figure 4. Thermal E,Z isomerization of 2,2'-disubstituted bi-
stricyclic enes

QO
R
“OX

Figure 5. Enantiomerization of twisted bistricyclic enes
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Figure 6. Conformational inversion of anti-folded bistricyclic enes
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Figure 7. The syn,anti isomerization of bistricyclic enes
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The dynamic stereochemistry of bistricyclic aromatic — studied.[®8:71.77.90=105] The experimental Gibbs energies of
enes has been reviewed recently.l'!] The dynamic processes activation for thermal E,Z isomerization [AGX(E,Z)] of di-
of bifluorenylidenes and of the homomerous bistricyclic — substituted bistricyclic enes are reviewed in Table 3. Table 4
enes with central six-membered rings have been extensively = summarizes the Gibbs energies of activation for thermal en-

Table 3. Experimental Gibbs energies of activation for thermal E,Z isomerizations [AGE(E,Z)] of disubstituted bistricyclic enes

Parent Bridges Substituents AGHE Z) Method
system X, Y [kcal/mol]

2 - 2,2'-di-Me 25.0 DNMR [¢7]

3 (0] 2,2'-di-Me 17.1 DNMR [68l

4 CO 2,2'-di-Me 20.0 DNMR [6.98]
8 NCH; 2,2'-di-Me 20.8 DNMR 711
10 CH, 2,2'-di-Me 23.8 DNMR "7

9 S 2,2'-di-Me 27.4 kinetict?] [103]
2 - 2,2'-di-F >25 DNMR P3I

2 - 2,2'-di-NH, 25 kineticl®! [°0]
3 (0] 2,2'-di-iPr 17.5 DNMR [68

3 (0] 2,2'-di-tBu 18.0 DNMR [68l

3 (0] 2,2'-di-OMe 18.4 DNMR P2

4 CO 2,2',3,3'-tetra-Me-6,6'-Br 20.3 DNMR P8I

4 CO 2,2'-di-O-iPr 21.0 DNMR P2

4 CO 2,2'-di-CF; 21.5 DNMR [6.98]
8 NCH; 2,2'-di-Et 21.4 DNMR 71l

8 NCH; 2,2'-di-tBu 21.8 DNMR 71

8 NCH; 2,2-di-OCH;_6,6'-Cl 20.3 DNMR [71.9€]
12 - 2,3:2',3’ -dibenzo 23.5 DNMR P4
13 CO 2,2'- di- Me, 6,7:6',7'-dibenzo 21.6 DNMR P8l
14 CcO 2,2'-di Me, 5,6:5’,6'-dibenzo 22.7 DNMR P8l
15 CO 2-Me 14.6 DNMR P
16 CH, 2,2'-di-Me, 6,7:6',7'-dibenzo 24.0 DNMR 71

2 - 1,1’-di-F >22.4 DNMR [3.94]
2 - 1.1'-di-Cl fe] DNMR D3

2 - 1,1’-di-Me 19.0 DNMR P3I

2 - 1,1’-di-CO,Me 20.1 DNMR P1.921
2 - 1-CO,Me, 1'-CO,-IPr 20.9 DNMR P1.92]

[al Tsomerization kinetics followed by HPLC. — [®l Activation energy E, from E,Z 1somerlzat10n kinetics, followed by column chromatog-
raphy and photometry. — [l A coalescence point 7, = 140 °C was reported, see ref.”

Table 4. Experimental Gibbs energies of activation for thermal enantiomerizations and conformational inversions [AGi(inv)] of bis-
tricyclic enes

Parent Bridges Substituents AGi(inv) Method
system X, Y [kcal/mol]
2 - 2-CH(CHs;), 10.5 DNMR [©7]
3 0 2,2'-di-CH(CHs), 17.7 DNMR (8]
10 CH, 2 2'-di-CHj; 234 DNMR 771
C(CHs), >25.8 DNMR ["7)
9 S 2,2'-di-CH; 274 kineticlel [103]
9 S 2-CHj; 27.3,27.4 kineticl®! [16.103]
9 S 2,2 d1 CH,OH, 7,7'-di-OCH; 26.7 kineticl®! [105]
S, O 2- CHg <20 kineticl®! [103]
S, C(CHs;), 2-CH 25.1 kineticl®! [103]
S, NCHj; 2- CH 21.3 kineticl®! [16.103]
CH, 2,2 dl Me, 6,7:6',7'-dibenzo 23.1 DNMR 771
S 1, 2-benzo 28.6 kineticl®! [104]
S 1,2-benzo 28.4 kineticl®! [1€]
o, S 1,2 benzo 26.7 kinetict®! [16]
S, 0 1,2-benzo 259 kinetict®! [10]
17 - 2,2'-di-CONH-CHMePh 11.5 DNMR o1
18 - 2,2'-tethered 12.0 DNMR [10o.101]
19 - 2,2'.7,7 -tetra-tBu 15.0 DNMR 1021
2 - 1,1- dl CO,-iPr 21.0 DNMR P1.92]
2 - 1:CO,Me, 1'-COiPr 208 DNMR (1921
3 O 1,1',3,3'-tetra-OCH(CH3), 24.1 DNMR P2
4 CO 1.1"-di-OCH(CHs), 25.8 DNMR 12

[l Jsomerization kinetics followed by HPLC. — [®l Racemization kinetics followed by polarimetry.
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antiomerizations and conformational inversions [AGE(inv)]
of representative homomerous and heteromerous bi-
stricyclic enes.

The dynamic stereochemistry of bifluorenylidenes has
been a controversial issuel!-21793:102.106.107] gince the seminal
communication in 1970 on the conformational behavior of
1,1’-bis(alkoxycarbonyl)bifluorenylidenes.®  These over-
crowded diesters showed low barriers (AGE = 20—21 kcal/
mol) both for E,Z isomerizations and for conformational in-
versions.’!l The conformational behavior of 1,1’-disubsti-
tuted bifluorenylidenes was found to be strongly substituent-
dependent.!%31 In 1,1'-difluoro- and 2,2’-difluoro-9 H-biflu-
oren-9-ylidene, AGX(E,Z) is > 25 kcal/mol.’"%3 In 2,2'-di-
methyl-9 H-bifluoren-9-ylidene, which closely resembles the
parent system 2, AGH(E, Z) is 25.2 kcal/mol.l°” (E)- and (Z)-
2,2'-diamino-9 H-bifluoren-9-ylidene have been separated by
column chromatography, and the Arrhenius activation en-
ergy of their interconversion determined to be 25 kcal/
mol.PY In (E,Z)-11,11’-bis(11 H-benzo[b]fluoren-11-ylidene)
(12), the lower barrier of AGXE,Z) = 23.5 kcal/mol, has
been attributed to an enhanced stabilization of an ortho-
gonal diradical transition state.[*”]

The free energies of activation for thermal enantiomeriz-
ation of bifluorenylidenes are remarkably low, and an at-
tempt to resolve them has failed.['%®) The enantiomerization
barrier of 2-isopropyl-9H-bifluoren-9-ylidene is 10.5 kcal/
mol.171 Barriers of 11.5 kcal/mol for rapid equilibration be-
tween two diastereomers of N,N'-bis[(R)-1-phenylethyl]-
(Z2)-9H-bifluoren-9-ylidene-2,2’-dicarboxamide (17) and
12.0 kcal/mol for “racemization” of a chiral (£)-2,2'-
tethered bifluorenylidene 18 have been reported.!'00:1011 A
“racemization” barrier of AG(inv) = 15.0 kcal/mol was re-
ported for a 4,4'-bis(cyclohepta[def]fluorenylidene).l'®? The
higher barriers for “racemization” of bifluorenylidenes with
additional steric constraints!!?°~1921 do not reflect the in-
trinsic enantiomerization barrier of the parent hydrocar-
bon 2.

Eur. J. Org. Chem. 2001, 15—34
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The low barriers associated with the E,Z isomerization
of the bistricyclic enes with central six-membered rings
[AGY(E,Z) = 14.6—27.4 kcal/mol] were interpreted predom-
inantly in terms of ground-state destabilization due to steric
strain and overcrowding, rather than in terms of stabiliza-
tion of the biradical transition state.l°®°7] These barriers are
considerably lower than the E,Z isomerization barriers for
substituted tetraarylethylenes.['®! For example, the Arrhen-
ius activation energy for thermal E,Z isomerization of 1,2-
diphenyl-1,2-bis(4-methylphenyl)ethylene is 35.3 kcal/
mol.[10]

The increase in AGE(E,Z) with the bulkiness of the 2,2'-
substitutents (Me < Et < iPr < ¢Bu) in the N,N’'-dimethyl-
biacridane (8) (1, X,Y: NMe)l"!l and dixanthylene (3) (1,
X,Y: O)18 series was interpreted in terms of R(2)-H(2')-
type secondary steric interactions in the folded/twisted
transition state.[®871 This indicated that the orthogonally
twisted biradical transition state is not the highest trans-
ition state in an E,Z isomerization.[8:71]

In the bianthrone (4) and the methylene-bridged bi-
stricyclic ene (10) series, AGi(E,Z) values are not lowered
by benzannulation of the parent systems (Table 3). In the
dibenzobianthrone analogs 13 and 14, AGL(E,Z) values
were even somewhat higher than that of 2,2'-dimethyl-4
[21.5 kcal/mol (13) and 22.7 kcal/mol (14) versus 20.2 kcal/
mol].®®! This benzoannulation effect ruled out the ortho-
gonally twisted biradical conformations as the highest
transition states for the E,Z isomerizations in 1 with central
six-membered rings (in contrast to the situation in bifluor-
enylidenes).®® It is interesting to note the significantly
lower AGX(E,Z) value of 14.6 kcal/mol for the bianthrone
analog 15, bearing a sterically less demanding azulene moi-
ety.[?]
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The barriers for conformational inversion and for E,Z
isomerization of 2,2’-disubstituted dixanthylenes, dithio-
xanthylenes, and methylene-bridged 10 are identical, within
experimental error.877:1931 This argues in favor of a com-
mon highest transition state for both dynamic pro-
cesses.[68:77]

Feringa et al. have shown that, for a series of substituted
bistricyclic enes 1: X = S, Y = S, C(CH3),, NCHj3, and O,
the racemization barriers (27.4, 25.1, 21,3, and < 20.0 kcal/
mol, respectively) depend upon the aryl-Y bond
lengths.['%31 It should be noted that, in these 2-methyl-sub-
stituted bistricyclic enes, a racemization may be due to a
conformational inversion or to an E,Z isomerization.[!?3
The high barrier for the dithioxanthylene (9) derivatives —
27.4 kcal/mol — permitted a separation of the three ste-
reoisomers (the achiral ag gg, and the enantiomers az_gp
and a,_g¢).l'%% The syn 2 anti isomerization barrier of bi-
5H-dibenzo[a,d|cyclohepten-5-ylidene (11) was found to be
even higher — AG44; = 36.4 kcal/mol — in a bistricyclic ene
with central seven-membered rings.[?]

A PM3 study of the a Z t conformational isomerization
of bianthrone (4) has previously been reported.[''%-111] PM3
results on bifluorenylidene (2), dixanthylene (3), diseleno-
xanthylene (1, X,Y: Se), ditelluroxanthylene (1, X,Y: Te),
the methylene-bridged ene 10, and the isopropylidene-
bridged 1 (1, X,Y: C(CH3),) have been reported.l’-77:112]
Two earlier MINDOY/3 studies of the a Z t isomerization of
bifluorenylidene and bianthrone, using partially optimized
structures with fixed bond lengths and angles and planar
benzene rings, have been reported.[!!3-114 Recently, ab initio
DFT calculations on twisted bifluorenylidene (2) and anti-
folded bianthrone (4) (B3LYP/6—31G*), and of anti- and
syn-folded vinylidene-bridged 1 (1, X,Y: C=CH,) (B3LYP/
6—31G*//HF/6—31G*) have been reported.?!151 A PM3
study of the conformational space of the heteromerous
fluorenylidene-xanthene (1, X: O, Y: —) has been reported
very recently.[!1°]

1.6 Methods

The geometries of all conformations were fully optimized
using the semiempirical method PM3[°% as implemented in
the program MOPACG6.I!!7:118] Optimization criteria were
increased and a gradient norm below 0.1 enforced in order
to secure reproducible results.[''®! Vibrational frequencies
were calculated for all conformations.'?”! The conforma-
tional space was searched comprehensively for conforma-
tions of lower symmetry, in particular for transition states
of dynamic processes. Internal coordinates pertaining to
twisting, folding, bending, and the passage of the two hy-
drogen atoms in a fjord region were incrementally raised or
decreased in 2° steps. The other geometrical parameters
were optimized at each point. All minima and maxima
found in these searches were used as starting points for op-
timizations.">!1 Intrinsic reaction coordinates (IRC)!??l
were calculated to identify unambiguously the reactant and
product of each transition state, verifying that no interme-
diates were missing among the various potential conforma-
tions and in order to elucidate the mechanisms of the dy-
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namic stereochemistry in detail. For the orthogonally
twisted biradicals, no IRC calculations were carried out, be-
cause these calculations would have been excessively de-
manding.

2. Bifluorenylidene

Bifluorenylidene (2) (1, X,Y: —), the smallest over-
crowded bistricyclic aromatic ene, is a unique case among
the homomerous bistricyclic enes, because of its central 5-
membered rings. This topology introduces a bias towards
planarity of the tricyclic moieties, while at the same time
rendering these tricyclic moieties sterically less demanding,
especially in twisted conformations.[?! Bifluorenylidenes are
the only known homomerous bistricyclic aromatic enes with
a twisted global minimum conformation.?>64671 The 2D
structure and atom labeling is shown in Figure 8.

Figure 8. Structure and atom labeling of bifluorenylidene (2)

2.1 Conformers and Transition States

For bifluorenylidene (2), 4 minimum energy conforma-
tions, 5 transition states, and 2 higher order saddle points
were computed. The results of the PM3 calculations are
summarized in Table 5. The conformations are listed in or-
der of increasing energy. The shorthand symbols for the
various conformations are derived from the conformational
type (see Table 1). Transition states and higher order saddle
points are indicated by square brackets ([ ]) and double
square brackets (|[ ]|), respectively. Some 3D projections of
minima and transition states are shown in Figure 9 and Fig-
ure 10, respectively.

The global minimum twisted/anti-folded conformation ta
has a pure ethylenic twist of ® = 31.5° and is slightly
folded, with A—B = 3.8°. The nonbonding distance
H8--H*¥ (1.78 A) is highly overcrowded (22% overlap of the
van der Waals radii).['?3]

The anti-folded/twisted conformation at is a local min-
imum with a relative energy of 4.3 kcal/mol and character-
ized by a high degree of folding (A—B = 20.9°), and consid-
erably less twisting (o = 11.4°). This structure has the
shortest double bond of all bifluorenylidene conformations
(1.353 A). The nonbonding distance H®-+-H® (1.71 A) is
highly overcrowded (26% overlap).

The C,,-symmetric, anti-folded conformation a is a local
minimum with a relative energy of 4.8 kcal/mol, 0.5 kcal/
mol higher than that for the at conformation. The fluorenyl-
idene moieties are folded by A—B = 20.8°. There is no
pure ethylenic twist ®. The atoms of the central double
bond are anti-pyramidalized, with ¥y = *7.9°. The fjord
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Table 5. Conformations of bifluorenylidene (2) calculated by PM3

Conformation fa] PM3 AH® AAH{ ol  Folding Bond  y(C°  ClL-C! CleH" H!-HY
[kcal/mol] [kcal/mol] [°] A—-B[] C°=C” C8..C¥ (C8--H¥ HS--HY
ta twisted/ ta-C, (y) Min 140.7 0.0 31.5 3.8 1.357 —2.4 3.06 2.50 2.29
anti-folded 3.16 2.39 1.78
t twisted t-D, Min 140.9 0.2 302 2.5 1.358 0.0 3.08 2.36 1.88
[ta-t] ta-Co(y) TS 1409 0.2 303 25 1358 —04 307 237 194
3.09 2.36 1.86
at anti-folded/ ta-C,(y) Min 145.0 4.3 11.4 209 1.353 -9.2 2.92 2.45 2.37
twisted 3.14 2.37 1.71
a anti-folded a-C,, (y) Min 145.5 4.8 0.0 20.8 1.354 -79 2.99 2.29 1.86
[at-a] ta-C, (y) TS 1455 4.8 0.8 20.8 1.354 -7.9 2.98 2.29 1.88
2.99 2.29 1.84
[ta-at] ta-C, (y) TS 145.6 4.9 23.3 16.6 1.357 —8.9 2.90 2.51 2.55
3.36 2.52 1.58
[s] syn-folded s-Cp, (x) TS  149.0 8.4 0.0 225 1.355 222 311 2.51 1.64
[[a-s]| su-C (xz) 2 149.3 8.6 0.0 11.0 1.356 15.3 3.10 2.66 1.66
30.3( 22.8l 2.25l
[t.] 90°-twisted  t,-D»y TS 1659 25.2 90.0 0.0 1.437 0.0 437 4.09 4.07
Ipll planar p-Do 3 1702 296 0.0 00 1375 0.0 307 218 116

[l Minimum (Min), transition state (TS), or number of imaginary frequencies of a higher order saddle point. — [®! Pure twist of central

ethylene group. — [l Refers to second moiety.

Figure 9. 3D projections of the twisted/anti-folded global minimum
conformation ta (left), the anti-folded/twisted local minimum con-
formation at (center), and the anti-folded local minimum con-
formation a (right) of bifluorenylidene (2)

Figure 10. 3D projections of the transition states [ta-at] (left), [s]
(center), and [t ] (right) of bifluorenylidene (2)

regions are highly overcrowded: C--C = 2.99 A, C+H =
2.29 A, and H~H = 1.86 A (13%, 20%, and 19% overlap).

The transition state [ta-at] has a relative energy of
4.9 kcal/mol, and is highly twisted (o = 23.3°) and folded
(A—B 16.6°). The ethylene group bond angles C**—C°—C*
(123.2°) and C3—C—C” (132.6°) differ by 9.4°, indicating
a high degree of in-plane bending. In this structure, the dif-
ferences between corresponding geometrical parameters on

Eur. J. Org. Chem. 2001, 15—34

the left- and right-hand side of the molecule are the largest
observed in all the conformations of bifluorenylidene. The
nonbonding distances are C'+C!" = 290 A versus
C8+C% = 3.36 A, and H'-~-H" = 2.55 A versus H+H® =
1.58 A. The hydrogen atoms H® and H® are in the process
of passing one another at a distance reflecting 31% overlap.
This is the “edge passage”3%194 where the two bucking hy-
drogen atoms of one fjord region pass one another.

The twisted conformations ta and t, the anti-folded/
twisted conformation at, and the anti-folded conformation
a are part of an isomerization cycle, which also involves the
corresponding enantiomeric conformations and is the basis
of the low energy thermal enantiomerization mechanism of
bifluorenylidene illustrated in Figure 11. The connectivity
of the various transition states and minima was verified by
IRC calculations.

The syn-folded conformation [s] with C,, symmetry is a
transition state for an alternative enantiomerization of the
twisted conformation t, with a barrier of 8.4 kcal/mol,
shown in Figure 12. The folding dihedral A—B is 22.5° and
syn-pyramidalization x = 22.2°. In this transition state,
both pairs of bucking hydrogen atoms pass one another
simultaneously at a distance of 1.64 A, (29% overlap).['?*

The conformation |[a-s]| is the highest point on the C-
symmetric minimum energy pathway from a to [s]. How-
ever, this stationary point is a second order saddle point
with two imaginary frequencies, and therefore does not
qualify as transition state.!'?4

The orthogonally twisted D,y conformation [t, ] is a bi-
radical and the transition state for rotation of t about the
central double bond. The orthogonal biradical has a relat-
ive energy of 25.2 kcal/mol. Both fluorenylidene moieties
are planar, and there is no overcrowding in this structure.
The transition state [t ] serves as a model for the E, Z iso-
merization in disubstituted bifluorenylidenes (Figure 13).
It should be noted that, in disubstituted bifluorenylidenes,
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Figure 11. Scheme of the dynamic mechanism for the interconversion of the twisted and anti-folded conformations of bifluorenylidene
(2). Symbolic projections along the C*=C® bond are given for the minima and the highest transition state [ta-at]

Figure 12. Scheme of an alternative dynamic mechanism for enantio-
merization of twisted bifluorenylidene t via the syn-folded trans-
ition state [s]

there are two enantiomeric transition states [t,]p and
[ti]m.

The planar D»;,, conformation [[p]| has a relative energy
of 29.6 kcal/mol and can thus be excluded as a transition
state for the dynamic stereochemistry of bifluorenylidene.
Indeed, this stationary point is not a proper transition state:
it has 3 imaginary vibrational frequencies.

R
tom [tilnm ter
R r R ] R R
R>®< | R‘?*_ /\®:
tzr = [tilp tew

Figure 13. Scheme of the thermal E,Z isomerization mechanism in
disubstituted bifluorenylidenes

2.2 Dynamic Stereochemistry of Bifluorenylidene

Figure 14 summarizes the dynamic stereochemistry of bi-
fluorenylidene (2), as derived from the PM3 calculations.
For simplicity, the conformations ta and t are represented
by t. Only the highest transition states and most important
intermediates are shown. The most rapid process in the dy-
namic stereochemistry of bifluorenylidene (2) is the enantio-

[tL]p 25.2 keal/mol
- e
a-a
Z-RPR’ [ta-at],, 1. ¢/ [ta-at] ,
49 k% Y tly sps E-RMS, \E-SMR
atz.rer' atz.sps' ate.pMs' atesmur’
4.3 kcal/mol [s] 55
[S]Z SR’ i

[S] lZ_RS" [S]E-RR'

8.4 kcal/mol
atz rMr’ atz.sms: ategres' atg.spr:

[‘a-a%\

Figure 14. Scenario of the dynamic processes in bifluorenylidene (2)
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merization of the twisted conformations t via the anti-
folded/twisted intermediates at and the highest transition
states [ta-at] (bold arrows in Figure 14). The barrier of 4.9
kcal/mol is due to the steric requirements of an edge pas-
sage. The alternative single-step enantiomerization via [s]
has a higher barrier (8.4 kcal/mol), due to the simultaneous
double edge passage. However, the PM3-calculated barriers
for both mechanisms are below the experimental barrier
for enantiomerization of 2-isopropyl-9 H-bifluoren-9-ylid-
ene [AGi(inv) = 10.5 kcal/mol].1’! The E,Z isomerization
may proceed in a single step via the orthogonal biradical
transition state [t,] (25.2 kcal/mol). This is in excellent
agreement with the experimentally determined E,Z iso-
merization barrier in 2,2'-dimethyl-9 H-bifluoren-9-ylidene
[AGXE Z) = 25.0 kcal/mol].l! In bifluorenylidene, the
transition state for E,Z isomerization, [t ] is much higher
and is clearly distinct from the highest transition state for
enantiomerization [ta-at].

3. Dixanthylene

Dixanthylene (3) is a representative homomerous bi-
stricyclic aromatic ene with central 6-membered rings and
an anti-folded global minimum conformation. It is thermo-
chromic and photochromic and has been extensively
studied.*>~48:681 The 2D structure and atom labeling is
shown in Figure 15.

Figure 15. Chemical structure and atom labeling in dixanthylene (3)

Table 6. Conformations of dixanthylene (3) calculated by PM3

3.1 Conformers and Transition States

For dixanthylene, 3 minima, 3 transition states, and 3
higher order saddle points were identified. The results are
summarized in Table 6. 3D projections of the minima and
transition states are shown in Figure 16 and Figure 17, re-
spectively.

The global minimum conformation of dixanthylene is the
anti-folded conformation a, with C,;, symmetry, a folding
dihedral A—B of 40.4° and zero ethylenic twist. In the fjord
regions, the nonbonding C-++C distance of 2.95 A indicates

Figure 16. 3D projections of the anti-folded global minimum con-
formation a (left), the syn-folded local minimum conformation s
(center), and the twisted local minimum conformation t (right) of
dixanthylene (3)

Figure 17. 3D projections of the [s-t] (left), [a-s] (center) and [t ]
(right) transition states of dixanthylene (3)

Conformation fal PM3 AH® AAH{ o™ Folding Bond  y(C° Cl-C" (ClH" H'-HV
[kcal/mol] [kcal/mol] [7] A—-B[] C’=C” x(C) C8&-C¥ (C8-H¥ HS-H¥
a anti-folded a-C,, (y) Min  65.7 0.0 0.0 404 1.354 —4.8 295 2.72 291
S syn-folded s-C,, (x) Min  69.8 4.0 0.0 44.0 1.353 15.6 3.03 2.53 1.72
t twisted t-D, Min 744 8.7 492 23 1.386 0.0 298 2.58 2.61
[s-t] ts-C, (x) TS 75.2 9.5 44.6 26.6 1.375 —44  3.09 2.28 2.47
2.97
[a-s] ft-C, TS 81.6 15.9 13.1 7.6 1.365 49 3.06 3.17 2.58
59.96 159 292 2.18 1.71
2.75M
1.90k
[t.] t,-Dyy TS 820 16.3 90.0 0.0 1.460 0.0 391 3.6l 3.62
[[a-s]| s f-C(xz) 2 82.6 16.9 0.0 0.5 1.365 3.8 2.89 2.84 2.06
59.16 13.4 1.89kl
[[a-t]| ta-Cy, (y) 2 83.5 17.8 493 249 1.385 -84 335 3.50 391
3.39 2.50 1.50
Il planar pD 9 2060 140.3 0.0 0.0 1.437 0.0 287 196 094

2l Minimum (Min), transition state (TS), or number of imaginary frequencies of a higher order saddle point. — ! Pure twist of central

ethylene group. — [¢! Refers to the second moiety.

Eur. J. Org. Chem. 2001, 15—34
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a high degree of intramolecular overcrowding (14% over-
lap).[123]

The second minimum is the syn-folded C,, conformation
s, with a relative energy of 4.0 kcal/mol and a folding dihed-
ral A—B of 44.0°. The very short fjord region H-H dis-
tance of 1.72 A indicates a high degree of overcrowding
(27% overlap).

The D,-symmetric, twisted conformation t is a third min-
imum, with a relative energy of 8.7 kcal/mol. The central
double bond is twisted by @ = 49.2° and is 0.03 A longer
than in the anti-folded and syn-folded conformations. There
is no pyramidalization and no folding; the dihedral A—B
of 2.3° is due to a propeller twist. The fjord regions are
less overcrowded.

The conformations s and t interconvert via the transition
state [s-t], with a relative energy of 9.5 kcal/mol (Figure 18).
The central double bond is twisted by @ = 44.6° and the
folding dihedral is A—B = 26.6°. In the fjord region, the
C!-H!" distance of 2.28 A (20% overlap) is much shorter
than in a and t.

1

JexX

SIRCN

tlz.spp > SNz rrs

1\6\{/ Sz.sr’ SZ-RS'}'
o A

[stlzspm? Stz rmsy
S

Figure 18. Scheme of the dynamic mechanism of the syn-folded to
twisted conformational isomerization s  t of dixanthylene (3)

[a-sly gprme

AN

The conformations a and s interconvert via the folded/
twisted C;-symmetric (type ft-C,) transition state [a-s], with
a relative energy of 15.9 kcal/mol, ethylenic twist ® of 13.1°
and folding dihedrals A—B of 7.6° and C—D of 59.9° (syn).
In the fjord regions, H?® is in the process of passing the op-
posing C¥ and H® at a distance of 1.90 A and 1.71 A (34%
and 28% overlap), respectively. Conformational inversion of
the anti-folded conformations of dixanthylene may proceed
in two steps via an intermediate, as outlined in Figure 19.

The D,q orthogonally twisted biradical [t,] is the trans-
ition state for rotation about the double bond. The biradical
state has a relative energy of 16.4 kcal/mol; the length of
the C°—C% bond is 1.460 A. Obviously, there is no over-
crowding in this conformation. For E,Z isomerization, the
anti-folded global minimum conformation first has to be
converted into a twisted conformation via a syn-folded con-
formation. An example is shown in Figure 20.

The Cy-symmetric pathway for the interconversion of the
conformations a and s (synchronous double edge passage)
does not have a bona fide transition state, but a second
order saddle point |[a-s]|cs. The relative energy of 16.9 kcal/
mol renders it less favorable than [a-s].

The C,-symmetric edge passage pathway from a to t
passes through the second order saddle point |[a-t]| with a
relative energy of 17.8 kcal/mol (a and t interconvert via the
intermediate s and transition states [a-s] and [s-t], vide
infra).

The planar conformation |[p]] has a relative energy of
140.3 kcal/mol and 9 negative Hessian matrix eigenvalues.
It has no relevance to the dynamic stereochemistry. How-
ever, it illustrates the degree of overcrowding in a hypothet-
ical planar conformation of dixanthylene.

]

E PR g

P

[a-s]Z-RMg'

[a-s]Z-RPQ 2

1
Sz.rs

Figure 19. Network of pathways for the anti-folded, syn-folded conformational isomerization a Z s via a folded/twisted transition state

[a-s] of dixanthylene (3)
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Figure 20. Example of a thermal E,Z isomerization pathway of a disubstituted dixanthylene, including a schematic energy profile

3.2 Dynamic Stereochemistry of Dixanthylene

The lowest dynamic barrier (9.5 kcal/mol) calculated for
dixanthylene (3) corresponds to the interconversion of the
syn-folded and twisted local minima s and t via [s-t] (bold
arrows in Figure 21). The barrier for interconversion of the
anti-folded global minimum a and the syn-folded conforma-
tion s is 15.9 kcal/mol. This conformational isomerization
via the C;-symmetric folded/twisted transition state [a-s]
also facilitates the conformational inversion of the anti-
folded conformation in two steps. The E,Z isomerization of
a proceeds in 5 steps through intermediate syn-folded and
twisted conformations, s and t. The highest transition state
is the orthogonal biradical [t ] (16.3 kcal/mol).

Note that the PM3 dynamic mechanisms are different
from those derived from the experimental results.[®] In the
latter, a direct conversion of the anti-folded conformation
to the twisted conformation was postulated. It is possible
that a syn-folded intermediate may not have been detected
because of its higher energy and very low equilibrium con-
centration. The experiments found essentially identical bar-
riers for the E,Z isomerization, and conformational inver-

sion [AGL(E,Z) = 17.9 * 0.3 kcal/mol and AG(inv) = 17.7
* 0.5 kcal/mol for 2,2’-diisopropyldixanthylene].[5!

4. Dithioxanthylene

Dithioxanthylene (9), a homomerous overcrowded bis-
tricyclic aromatic ene with sulfur bridges, is a higher
homologue of dixanthylene (3). It has an anti-folded global
minimum conformation. However, 9 proved to be nonther-
mochromic in solution, contrary to dixanthylene (3).1°1 A
metastable syn-folded conformation was generated photo-
chemically.?*4?l The 2D structure and atom labeling of di-
thioxanthylene are shown in Figure 22.

Figure 22. Structure and atom labeling in dithioxanthylene (9)

[t_L]P 16.4 keal/mol

8.7 kcal/mol te-m
[s't]z RPS' S t] S-t] ,
Z-SPR' s-t ' E-SMS
9.5 kcal/mol ! ]E -RMR
[a-s]. SPR' L= Sz SRy [a-s] E SPS’ E sssl2-slg gpgr
z SPR' 2slesps
a 785" a E SR’
a z RR' SS a E- RS'
Sz RS'
[a- S]Z RPS' 4.0 kealfmol [a's]Z-RPg' (2] ppr> SE RR' [a s]E RPR'
15.9 kcal/mol s-t]
- '
(st carm’ (5t pp: E-SPS
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Figure 21. Scenario of the dynamic processes in dixanthylene (3)

Eur. J. Org. Chem. 2001, 15—34

[tL],

27



MICROREVIEW

P. U. Biedermann, J. J. Stezowski, I. Agranat

4.1 Conformers and Transition States

For dithioxanthylene, 2 minima, 3 transition states, and
3 higher order saddle points were identified. The results are
summarized in Table 7. 3D projections of the minima and
transition states are shown in Figure 23 and Figure 24, re-
spectively.

The global minimum conformation of dithioxanthylene
is the C,,-symmetric, anti-folded conformation a, with
A—B = 46.8°. In the fjord regions, only the nonbonding
distance C-+C (3.13 A) corresponds to overcrowding (9%
overlap).

Figure 23. 3D projections of the anti-folded global minimum con-
formation a (left) and the syn-folded local minimum conformation
s (right) of dithioxanthylene (9)

Figure 24. 3D projections of the transition states [t] (left),
[t.] (center), and [a-s] (right) of dithioxanthylene (9)

Table 7. Conformations of dithioxanthylene (9) calculated by PM3

The C,,-symmetric, syn-folded conformation s is a local
minimum. It is 3.3 kcal/mol higher in energy than a and
considerably more folded, with A—B = 50.4°. The central
double bond is not twisted but highly syn-pyramidalized,
with x(C%) = 10.7°. The fjord-region hydrogen atoms are
subject to severe overcrowding: H---H = 1.76 A (23% over-
lap).

The D,-symmetric, twisted conformation [t] is the trans-
ition state for inversion of the syn-folded conformation
(Figure 25) with a relative energy of 20.1 kcal/mol. The
central double bond C°=C”"is twisted by 55.9° and is 0.05
A longer than in a. The nonbonding distance C-C =
3.01 A corresponds to overcrowding (12% overlap).

e

[tly.p
R
\_//
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[ty ar

o

Sz.sr’
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Figure 25. Scheme of the dynamic mechanism for inversion of the
syn-folded conformation s via the twisted transition state [t] of di-
thioxanthylene (9)

The D,4-symmetric, orthogonally twisted biradical [t ] is
a transition state. Its conformational energy is 20.7 kcal/
mol, only 0.5 kcal/mol higher than t. The central C°—C*
bond is 1.477 A. There is no intramolecular overcrowding
in this conformation. The transition vector of [t ] is of sym-
metry species B, and leads to t-D, type structures. However,
no local minimum energy conformation with D, symmetry
was found for dithioxanthylene. The conformation [t] is a
transition state. Thus, the pathways bifurcatel!?>12°] at the
valley ridge inflection point (VRI)!'?7] between [t,] and [t]
and lead to syn-folded conformations. The mechanism is
outlined in Figure 26.

Conformation [l PM3 AH® AAHY® o®  Folding Bond  y(C% C!'--C" C'--H" H'--H"
[kcal/mol] [kcal/mol] [°] A-B[°] C°=C” y(C°) C%-C¥ (C8-H¥ HS-H¥
a anti-folded a-C,, (y) Min 145.2 0.0 0.0 46.8 1.353 =29 3.3 3.12 3.47
S syn-folded s-C,, (x) Min 148.5 33 0.0 504 1.352 10.7  3.01 2.55 1.76
[t] twisted t-D, TS  165.3 20.1 559 7.1 1.404 0.0 3.01 2.75 2.91
[t.] t -Dyg TS 165.8 20.7 90.0 0.0 1.477 0.0 3.73 3.45 3.51
[a-s] ft-C, TS  169.5 24.3 122 20.2 1.369 2.3 3.06 3.29 2.98
68.4[c 9.5 2.87 2.81 1.76
2.41ll
1.841¢l
[[a-s]| cs f-C, (xz) 2 171.1 25.9 0.0 5.1 1.368 2.3 299 3.14 2.35
72.5 12.2 1.97
[[a-t]| ta-Cy, (y) 2 175.4 30.2 58.1 30.3 1.397 =73 3.75 4.00 4.39
3.36 2.46 1.48
ol planar p-Dy 9 3631 217.9 0.0 0.0 1.464 00 285 192 090

[a] Minimum (Min), transition state (TS), or number of imaginary frequencies of a higher order saddle point. — [} Pure twist of central

ethylene group. — [ Refers to the second moiety.
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Figure 26. Thermal E,Z isomerization mechanism of the syn-folded conformations s in dithioxanthylene (9) via the orthogonally twisted
transitions state [t,] and the Valley-Ridge inflection points VRI with D, symmetry, where the pathways bifurcate; the transition states
[t] for inversion of the syn-folded conformations s are also included in the scheme
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Figure 27. Example of a thermal E,Z isomerization pathway of a disubstituted dithioxanthylene (9), including a schematic energy profile;
VRI is the Valley-Ridge inflection point at which the pathway bifurcates

24.3 keal/mol ¥

[tl7. s
20.1 keal/mol [tily,

Figure 28. Scenario of the dynamic processes in dithioxanthylene (9)

The conformational isomerization of a to s may proceed energy is 24.3 kcal/mol, the ethylenic twist @ = 12.2°, the
via the transition state [a-s] (type ft-C;), with a mechanism A —B folding dihedral = 20.2°, and the C—D folding dihed-
analogous to that for dixanthylene (Figure 19). The relative ral = 68.4°. Hydrogen atom H?® is passing H® and C* at
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distances of 1.76 A and 1.84 A (23% and 36% overlap), re-
spectively. The [a-s] transition state facilitates the conforma-
tional inversion of a in a two-step process (Figure 19) and
is the highest transition state for the E,Z isomerization of
a by a three-step process. An example is shown in Figure 27.

The C,-symmetric pathway from a to s (synchronous
double edge passage) leads to the second-order saddle point
|[a-s]|cs with a relative energy of 25.9 kcal/mol, and thus is
less favorable than the above mechanism.

The C,-symmetric pathway from a to [t] passes through
the second order saddle point |[a-t]|, with the high relative
energy of 30.2 kcal/mol.

The D,,-symmetric, planar structure |[p]| has nine ima-
ginary vibrational frequencies. The very high relative energy
of 217.9 kcal/mol and the highly distorted geometry illus-
trate the extreme level of overcrowding in a hypothetical
planar dithioxanthylene.

4.2 Dynamic Stereochemistry of Dithioxanthylene

PM3 predicts high barriers for the dynamic stereochem-
istry of dithioxanthylene (9). The results are summarized in
Figure 28. The conformational inversion of the anti-folded
global minimum conformation a proceeds via the syn-
folded intermediate s and the ft-C; type transition state [a-
s] (24.3 kcal/mol barrier). The E,Z isomerizations proceed
via the intermediates s, the orthogonal biradical transition
state [t ] (20.6 kcal/mol), and bifurcating pathways. The
highest transition state in this three-step process is [a-s].
Thus, in dithioxanthylene, [a-s] is the highest transition state
common to both processes: the conformational inversion
and the E,Z isomerization. The experimental barriers
AG(inv) and AGXE,Z) are 27.4 kcal/mol for both pro-
cesses.! 103

5. Bi-5H-dibenzo|a,d|cyclohepten-5-ylidene
Bi-5H-dibenzo[a,d|cyclohepten-5-ylidene  (11),  also

known as tetrabenzoheptafulvalene, is a homomerous over-
crowded bistricyclic aromatic ene with central 7-membered

rings. The long bridges X = Y: CH=CH allow high degrees
of folding. Both an anti-folded and a syn-folded conforma-
tion have been characterized by X-ray crystallography and
by solution NMR spectroscopy.l’”>~ 7! In solution at high
temperatures, the syn-folded conformation completely iso-
merizes to the anti-folded conformation.[’®) The 2D struc-
ture and atom labeling used in this work are shown in Fig-
ure 29.

10 11

Figure 29. Structure of bi-5H-dibenzo[a,d]cyclohepten-5-ylidene
(11) and atom labeling used in this work

5.1 Conformers and Transition States

The PM3 calculations located 2 minimum energy con-
formations, 2 transition states, and 4 higher order saddle
points in the conformational space of bi-5H-dibenzo[a,d]cy-
clohepten-5-ylidene (11). The results are summarized in
Table 8. The 3D projections of the minima and transition
states are shown in Figure 30 and Figure 31, respectively.

The global minimum conformation of 11 is the anti-
folded conformation a, with C,;, symmetry. The folding di-
hedral A—B is 61.6°. Surprisingly, this conformation is not
overcrowded in the fjord regions.

The second (local) minimum conformation is the syn-
folded conformation s, with C,, symmetry and a relative
energy of 0.5 kcal/mol. The folding dihedral A—B is 64.8°
higher than in a. However, this conformation is over-
crowded, with HH = 1.81 A (21% overlap).

The conformations a and s interconvert via the trans-
ition state [a-s] (type ft-C;), with a relative energy of
37.6 kcal/mol. The mechanism is analogous to that of di-
xanthylene (Figure 19) and also allows conformational in-

Table 8. Conformations of bi-5H-dibenzo[a,d]cyclohepten-5-ylidene (11) calculated by PM3

Conformation [a] PM3 AH® AAHY o Folding Bond  y(C% C!--C" (Cl-H" H'--H"
[kcal/mol] [kcal/mol] [7] A-B[] C°=C” (C%) C%-C¥ C(C8-H¥ HS-H¥
a anti-folded a-Cy, (y) Min 1554 0.0 0.0 ol.6 1.347 —-0.1  3.66 3.82 4.23
S syn-folded s-C,, (x) Min 1559 0.5 0.0 64.8 1.347 2.1 3.09 2.60 1.81
[a-s] ft-C, TS 193.0 37.6 10.5 57.2 1.369 0.5 3.22 3.53 3.71
78.71¢ 4.0 2.89 2.84 1.78
3.10(!
2.04l<
[ft.] ts-C, (x) TS 1947 39.3 914 59.2 1.442 6.4 452 4.79 4.22
3.83
[[a-s]| ¢s f-C, (xz) 2 197.2 41.8 0.0 27.6 1.372 =7.1  3.03 3.23 2.84
87.41¢ 3.7 2.29cl
it t -Dyy 2 203.7 48.3 90.0 0.0 1.499 0.0 3.54 3.30 3.40
1] twisted t-D, 2 205.9 50.5 58.0 26.9 1.423 0.0 3.08 3.10 343
ol planar p-Day 13 5193 363.9 0.0 00 1,509 00 28 187 085

[a] Minimum (Min), transition state (TS), or number of imaginary frequencies of a higher order saddle point. — [} Pure twist of central

ethylene group. — [ Refers to the second moiety.
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Figure 30. 3D projections of the anti-folded global minimum con-
formation a (left), and the syn-folded local minimum conformation
s (right) of bi-5H-dibenzo[a,d]cyclohepten-5-ylidene (11)

Figure 31. 3D projections of the transition states [a-s] (left)
and [ft ] (right) of bi-5H-dibenzo[a,d]cyclohepten-5-ylidene (11)

version of a. Both tricyclic moieties are highly nonplanar:
A—B = 57.2° and C—D = 78.7°. Hydrogen atom H? is in
the process of passing H® and C® at short distances:
1.78 A and 2.04 A (23% and 29% overlap), respectively.
The high barrier, as compared to dithioxanthylene (9) and
dixanthylene (3), may also reflect the lower degree of in-
tramolecular overcrowding of the anti-folded and syn-
folded conformations of 11.

The C,-symmetric biradical transition state [ft ] has an
almost orthogonally twisted central C°—C® bond, with

o = 88.6°. The relative energy is 39.3 kcal/mol. Each
tricyclic moiety is folded by A—B = 59.2°. The nonbonding
distances C!-+H® = 2.56 A and H!-+H® = 1.79 A corre-
spond to overcrowding (14% and 22% overlap). The
tricyclic moieties remain folded during the rotation about
the central double bond. Thus, simultaneously with the E,Z
isomerization, an anti-folded conformation is converted
into a syn-folded conformation and vice versa, as shown
in Figure 32.

The symmetry-constrained C, pathway (synchronous
double edge passage) from a to s crosses the second-order
saddle point |[a-s]|¢,, With a relative energy of 41.8 kcal/mol.

The D,4-symmetric, orthogonally twisted biradical |[[t ]|
is a second order saddle point, with a relative energy of
48.3 kcal/mol.

The D,-symmetric conformation [[t]| is a second order
saddle point, with a relative energy of 50.5 kcal/mol. This
explains why bi-5H-dibenzo[a,d]cyclohepten-5-ylidene (11)
is not thermochromic.

The D,,-symmetric, planar conformation |[p]| has a very
high energy of 364 kcal/mol and a highly distorted geo-
metry due to the extreme intramolecular overcrowding.
There are 13 imaginary frequencies.

5.2 Dynamic Stereochemistry of Bi-5H-dibenzo|a,d]-
cyclohepten-5-ylidene

Figure 33 summarizes the dynamic stereochemistry of bi-
5H-dibenzo[a,d]cyclohepten-5-ylidene (11). PM3 predicts
the local minimum syn-folded conformation s to be only
0.5 kcal/mol higher than the global minimum anti-folded
conformation a. The isomerization of the anti-folded and
syn-folded conformations via the ft-C; type transition state
[a-s] (37.6 kcal/mol), which also facilitates the inversion of
a (and s), is similar to the inversion mechanisms found for

Figure 32. Pathways for the E,Z isomerization with simultaneous anti,syn isomerization via the transition state [ft ] in bi-5 H-dibenzola,d]-

cyclohepten-5-ylidene (11)

Eur. J. Org. Chem. 2001, 15—34
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Figure 33. Scenario of the dynamic processes in bi-5H-dibenzo-
[a,d]cyclohepten-5-ylidene (11)

dixanthylene (3) and dithioxanthylene (9). The E,Z iso-
merization of 11 involves a simultaneous anti,syn isomeriz-
ation, because the tricyclic moieties remain folded in the
orthogonally twisted transition state [ft, ] (39.7 kcal/mol).

For 11, the experimental barrier AG* for the process
s — a is 36.4 kcal/mol.l”* Adding the PM3-calculated relat-
ive energy of s — 0.5 kcal/mol — one arrives at 36.9 kcal/
mol, which compares very well with the PM3-calculated en-
ergy of the [a-s] transition state: 37.6 kcal/mol. However,
the complete conversion of s to a observed in the experi-
ment!’® is not consistent with the calculated relative energy
of 0.5 kcal/mol.

In cases where a pure stereoisomer of a disubstituted syn-
folded 11 (sg.gr’) can be isolated, it should be possible to
determine both barriers in a kinetic experiment. The prod-
ucts ag pg and ag_gp should be formed at a different rate
from az gp.

6. Conclusions

The PM3 calculations of the minima and transition states
of overcrowded bistricyclic aromatic enes give a detailed
picture of the dynamic stereochemistry and the energetic
and geometric effects involved in the conformational iso-
merizations of bistricyclic enes.

The conformational energies of the twisted conforma-
tion, the syn-folded conformation, and of the most import-

ant transition states are summarized in Table 9. For com-
parison, experimental values are given in parenthesis.

The PM3-calculated and experimentally determined bar-
riers of the thermal E,Z isomerization processes and con-
formational inversion processes agree within 1—3 kcal/mol.
Only the energy of the highest transition state for enanti-
omerization of bifluorenylidene (2) — [ta-at] — is underes-
timated (4.9 versus 10.5 kcal/moll®”)). Formally, the com-
puted energy barriers in Table 9 are enthalpies (AH*), while
the experimental barriers are free energies (AG?). However,
in these monomolecular conformational isomerizations, the
contributions of entropy are small.’%!%2] New mechanisms
are proposed for the conformational inversion processes of
dixanthylene (3), dithioxanthylene (9), and bi-5H-di-
benzo[a,d]|cyclohepten-5-ylidene (11): in two steps via
folded/twisted (type ft-C;) transition states [a-s] and the
syn-folded intermediate s. The mechanisms for E,Z iso-
merization of 3 and 9 include a s isomerizations as initial
and final steps. In 9, [a-s] is the highest transition state for
E,Z isomerization, while in 3 the orthogonally twisted bi-
radical transition state [t,] is calculated to be slightly
higher. For 11, a unique mechanism with simultaneous E,Z
and syn,anti isomerization was found. It is interesting to
note that low-symmetry mechanisms, bypassing highly
strained conformations, are preferred over the “high sym-
metry”, or “least motion”, mechanisms that might be ex-
pected intuitively.

Hopefully, the elucidation of the dynamic stereochem-
istry of the parent homomerous bistricyclic enes as a func-
tion of their molecular structure will contribute towards the
development of the molecular architecture of new poly-
cyclic aromatics and molecular devices with novel and inter-
esting properties.
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Table 9. Energies of the twisted and syn-folded conformations and of the transition states for enantiomerization, conformational inversion,
and E,Z isomerization, relative to the global minimum (anti-folded) conformations of 2, 3, 9, and 11 [kcal/mol]

Twisted conformation®! syn-Folded conformation

Enantiomerization or E,Z TIsomerization barrier?!

inversion barrier!?]

2t 0.21b] Is] 8.410]
30t 8.7 (4.9,451 5.6)461 g 4.0
9 [t 20.1 s 3.3
1 g9 505 s 0.5

[ta-af] 498 (105067 [t) 2521 (25.0)67
[a-s] 15.9 (17.7)l6 [t.] 16.4 (17.9)
[a-s] 24.3 (27.4)1103 [a-s] 24.3 (27.4)11031
[a-s] 37.6 (36.9)4 [ft, ] 393

[al Experimental values are given in parenthesis where available. — [®l Relative to the global minimum ta. — [l Second order saddle point.
— 14 Composed from AE,(s) = 0.5 kcal/mol (PM3) and the exptl. barrier for s — a of 36.4 kcal/mol.[”?!

32

Eur. J. Org. Chem. 2001, 15—34



Overcrowded Homomerous Bistricyclic Aromatic Enes — A Theoretical Study

MICROREVIEW

1" G. Shoham, S. Cohen, R. M. Suissa, 1. Agranat, in Molecular
Structure: Chemical Reactivity and Biological Activity (Eds.: J.
J. Stezowski, J.-L. Huang, M.-C. Shao), IUCr Crystallographic
Symposia 2, Oxford University Press, Oxford, 1988, pp.
290—-312.

P. U. Biedermann, J. J. Stezowski, 1. Agranat, in: Advances in

Theoretically Interesting Molecules, vol. 4 (Ed.: R. P. Thum-

mel), JAI Press, Stamford, Connecticut 1998, pp. 245—322

C. de la Harpe, W. A. Van Dorp, Ber. Dtsch. Chem. Ges. 1875,

8, 1048—1050.

¥ G. Gurgenjanz, S. v. Konstanecki, Ber. Dtsch. Chem. Ges. 1895,
28, 2310—2311.

BI H. Meyer, Monatsh. Chem. 1909, 30, 165—177.

61 H. Meyer, Ber. Disch. Chem. Ges. 1909, 42, 143—145.

7l P. U. Biedermann, A. Levy, J. J. Stezowski, 1. Agranat, Chirality
1995, 7, 199—-205.

B R. L. Avoyan, Y. T. Struchkov, V. G. Dashevskii, J Struct.
Chem. (USSR) 1966, 7, 283—320.

1 J. Sandstrém, Top. Stereochem. 1983, 14, 83—18]1.

01 W. Luef, R. Keese, Top. Stereochem. 1991, 20, 231—318.

U ], Sandstrom, in: The chemistry of double-bonded functional
groups, Supplement A3, (Ed.: S. Patai), Wiley, New York, 1997,
pp. 1253—1280.

121 B. L. Feringa, A. M. Schoevaars, W. F. Jager, B. de Lange, N.
P. M. Huck, Enantiomer 1996, 1, 325—335.

[131'W. F. Jager, B. de Lange, A. M. Schoevaars, F. van Bolhuis, B.
L. Feringa, Tetrahedron: Asymmetry 1993, 4, 1481 —1497.

141 B. L. Feringa, W. F. Jager, B. de Lange, Tetrahedron 1993, 49,
8267—8310.

(151 B. de Lange, W. F. Jager, B. L. Feringa, Mol. Cryst. Lig. Cryst.
1992, 217, 129—132.

161 W. F. Jager, B. de Lange, B. L. Feringa, Mol. Cryst. Lig. Cryst.
1992, 217, 133—138.

U71]. J. Stezowski, T. Hildenbrand, M. R. Suissa, 1. Agranat,
Struct. Chem. 1990, 1, 123—126.

(181 S, Hagen, U. Nuechter, M. Nuechter, G. Zimmermann, Tetra-
hedron Lett. 1994, 35, 7013—7014.

[191S, Hagen, U. Nuechter, M. Nuechter, G. Zimmermann, Poly-
cycl. Aromat. Compd. 1995, 4, 209-217.

(201 p. U. Biedermann, T.-Y. Luh, D. T.-C.Weng, C.-H. Kuo, J. J.
Stezowski, 1. Agranat, Polycycl. Aromat. Compd. 1996, 8,
167—175.

[211'S. Pogodin, P. U. Biedermann, 1. Agranat, in Recent Advances
in the Chemistry of Fullerenes and Related Materials, vol. 6
(Eds.: K. M. Kadish, R. S. Ruoff), The Electrochemical Soci-
ety, Pennington, NJ, 1998, pp. 1110—1116.

(221 P. W. Rabideau, A. Sygula, Acc. Chem. Res. 1996, 29, 235—242.

(231 L. T. Scott, Pure Appl. Chem. 1996, 68, 291.

[24'S. Pogodin, P. U. Biedermann, 1. Agranat, J Org Chem. 1997,
62, 2285—2287.

[251 G. Mehta, H. S. P. Rao, in Advances in Strain in Organic Chem-
istry (Ed.: B. Halton), JAI Press, London, 1997, vol. 6, pp
139—-187.

(261 G. Mehta, H. S. P. Rao, Tetrahedron 1998, 54, 13325—13370.

[271 P. W. Rabideau, A. Sygula, in Advances in Theoretically Inter-
esting Molecules (Ed.: R. P. Thummel), JAI Press, Greenwich,
CT, 1995, vol. 3, pp. 1—30.

(281 H. Decker,W. Petch, J Pract. Chem. 1935, 143, 211.

29V A. Albert, The Acridines: Their Preparation, Physical Proper-
ties, Chemical and Biological Properties and Uses, 2nd ed., Ed-
ward Arnold, London, 1966, pp. 392—393 and 540.

[301'T. J. Nagem, V. L. Alves, Fitoterapia 1995,66, 278; T. Nagem,
M. A. Ferriera, Fitoterapia 1993, 64, 382—383.

B K. Linde, G. Ramirez, C. D. Mulrow, A. Pauls, W. Weiden-
hammer, D. Melchart, Br. Med. J 1996, 313, 253—258.

(321 M. Philipp, R. Kohnen, K.-O. Hiller, Br. Med. J. 1999, 319,
1534—1539.

331 D. Lavie, D. Freeman, H. Bock, J. Fleischer, K. van Kranen-
burg, Y. Ittah, Y. Mazur, G. Lavie, L. Liebes, D. Meruelo, in
Trends in Medicinal Chemistry '90. Proceedings of the XIth In-
ternational Symposium on Medicinal Chemistry, Jerusalem, Is-
rael, 1990 (Eds.: S. Sarel, R. Mechoulam, I. Agranat), Interna-
tional Union of Pure and Applied Chemistry, Blackwell Scient-
ific Publications, Oxford 1992, pp. 321—-327.

[2

3

Eur. J. Org. Chem. 2001, 15—34

341 G. Lavie, F. Valentine, B. Levin, Y. Mazur, G. Gallo, D. Lavie,
D. Weiner, D. Meruelo, Proc. Natl. Acad. Sci. 1989, 86,
5963—5967.

331 E. D. Bergmann, Prog. Org. Chem. 1955, 3, 81—171.

1361 J. H. Day, Chem. Rev. 1963, 63, 65—80.

371 G. Kortiim, Ber. Bunsenges. Phys. Chem. 1974, 78, 391—403.

381'Y. Tapuhi, O. Kalisky, 1. Agranat, J Org Chem. 1979, 44,
1949—-1952.

B9 E. Fischer, Rev. Chem. Intermed. 1984, 5, 393—422.

MOl K. A. Muszkat, in The Chemistry of Quinonoid Compounds,
vol. 11, (Eds.: S. Patai, Z. Rappoport), Wiley, Chichester, 1988,
p. 203-224.

[#11 R. Korenstein, K. A. Muszkat, G. Seger, J. Chem. Soc., Perkin
Trans. 2 1976, 1536—1540.

421 R. Korenstein, K. A. Muszkat, E. Fischer, J. Photochem. 1976,
5, 345-353.

41 D. L. Franselow, H. G. Drickamer, J Chem. Phys. 1974, 61,
4567—4574.

#4'W. T. Grubb, G. B. Kistiakowsky, J. Am. Chem. Soc. 1950,
72, 419—-424.

431 W. Theilacker, G. Kortiim, G. Friedheim, Chem. Ber. 1950,
83, 508—519.

[461'Y, Hirschberg, E. Fischer, J Chem. Soc. 1953, 629—636.

471 J. F. D. Mills, S. C. Nyburg, J. Chem. Soc. 1963, 308—321.

481 J. F. D. Mills, S. C. Nyburg, J. Chem. Soc. 1963, 927—935.

91 E. Ahlberg, O. Hammerich, V. D. Parker, J Am. Chem. Soc.
1981, 103, 844—849.

301 O, Hammerich, V. D. Parker, Acta Chem. Scand. 1981, 35B,
395—-402.

BUP Neta, D. H. Evans, J Am. Chem. Soc. 1981, 103, 7041 —7045.

521 B. A. Olsen, D. H. Evans, J Am. Chem. Soc. 1981, 103,
839—-843.

331 B. A. Olsen, D. H. Evans, 1. Agranat, J. Electroanal. Chem.
1982, 136, 139—148.

B4 D, H. Evans, R. W. Busch, J Am. Chem. Soc. 1982, 104,
5057—-5062.

551 D. H. Evans, N. Xie, J. Electroanal. Chem. 1982, 133, 367—373.

1561 D, H. Evans, N. Xie, J Am. Chem. Soc. 1983, 105, 315—320.

BTD. H. Evans, A. Fitch, J Am. Chem. Soc. 1984, 106,
3039—-3041.

1381 T. Matsue, D. H. Evans, I. Agranat, J. Electroanal. Chem.1984,
163, 137—143.

[ M. Jorgensen, K. Lerstrup, P. Frederiksen, T. Bjernholm, P.
Sommer-Larsen, K. Schaumburg, K. Brunfeldt, K. Bechgaard,
J Org. Chem. 1993, 58, 2785—2790.

(601 J. J. P. Stewart, J. Comput. Chem.1989, 10, 221—264.

11 F. Bell, D. H. Waring, J Chem. Soc. 1949, 2689—2693.

21 E. Harnik, F. H. Herbstein, G. M. J. Schmidt, Nature 1951,
168, 158—160.

031 E. Bergmann, J. Chem. Soc. 1935, 987—989.

(641 M. Rabinovitz, I. Agranat, E. D. Bergmann, Tetrahedron Lett.
1965, 18, 1265—1269.

IN. A. Bailey, S. E. Hull, Acta Crystallogr, B 1978, 34,
3289—3295.

166l J.-S. Lee, S. C. Nyburg, Acta Crystallogr., C 1985, 41, 560—567.

671 P, U. Biedermann, A. Levy, M. R. Suissa, J. J. Stezowski, 1.
Agranat, Enantiomer 1996, 1, 75—80.

181 1. Agranat, Y. Tapuhi, J. Am. Chem. Soc. 1979, 101, 665—671.

91 E. Harnik, G. M. J. Schmidt, J Chem. Soc. 1954, 3295—3302.

701p A. A]pgar, E. Wasserman, unpublished results, 1978 (quoted
in ref.l'l).

UUT. Agranat, Y. Tapuhi, J Am. Chem. Soc.
5604—5609.

[721 K. S. Dichmann, S. C. Nyburg, F. H. Pickard, J. A. Potworow-
ski, Acta Crystallogr., B 1974, 30, 27—36.

[731 1. Agranat, M. R. Suissa, Struct. Chem. 1993, 4, 59—66.

74 E. D. Bergmann, M. Rabinovitz, I. Agranat, Chem. Commun.
1968, 334—335.

[731 A. Schonberg, U. Sodtke, K. Priifcke, Tetrahedron Lett. 1968,
3253—-3256.

[761 A. Schénberg, U. Sodtke, K. Priifcke, Chem. Ber. 1969, 102,
1453—1467.

[771'Y. Tapuhi, M. R. Suissa, S. Cohen, P. Ulrich Biedermann, A.
Levy, I. Agranat, J. Chem. Soc., Perkin Trans. 2 2000, 93—100.

1978, 100,

33



MICROREVIEW

P. U. Biedermann, J. J. Stezowski, I. Agranat

781 A. Z.-Q. Khan, J. Sandstréom, J. Am. Chem. Soc. 1988, 110,
4843—4844.

791 A. Greenberg, J. F. Liebman, Strained Organic Molecules, Aca-
demic Press, New York, 1978, p. 91.

801 R, C. Haddon, Chem. Phys. Lett. 1986, 125, 231—234.

BUR. C. Haddon, J. Am. Chem. Soc. 1987, 109, 1676—1685.

821 W. T. Borden, Chem. Rev. 1989, 89, 1095—1109.

B3 R. C. Haddon, J. Am. Chem. Soc. 1990, 112, 3385—3389.

B4 T P Radhakrishnan, 1. Agranat, Struct. Chem. 1991, 2,
107—115.

851 A. P. Scott, 1. Agranat, P. U. Biedermann, N. V. Riggs, L. Ra-
dom, J. Org. Chem. 1997, 62, 2026—2038.

1861 G, Helmchen, Methods Org. Chem. ( Houben-Weyl), 1995, vol.
E2la, p. 1-75.

871'W. Klyne, V. Prelog, Experientia 1960, 16, 521—523.

18811, A9gra6nat, Y. Tapuhi, J. Y. Lallemand, Nouv. J. Chim. 1979,
3, 59—61.

BI'R. S. Cahn, C. K. Ingold, J Chem. Soc. 1951, 612—622.

01 R, Kuhn, H. Zahn, K. L. Scholler, Justus Liebigs Ann. Chem.
1953, 582, 196—217

P, R. Gault, W. D. Ollis, 1. O. Sutherland, J. Chem. Soc., Chem.
Commun. 1970, 269—271.

21 1. O. Sutherland, Annu. Rep. NMR Spectrosc. 1971, 4, 71—235.

31 1. Agranat, M. Rabinovitz, A. Weitzen-Dagan, 1. Gosnay, J
Chem. Soc., Chem. Commun. 1972, 732—733.

4 1. Agranat, M. Rabinovitz, I. Gosnay, A. Weitzen-Dagan, J
Am. Chem. Soc. 1972, 94, 2889—2891.

931 M. Rabinovitz, 1. Agranat, A. Weitzen-Dagan, Tetrahedron
Lett. 1974, 1241—1244.

P61 1. Agranat,Y. Tapuhi, J Am. Chem. Soc. 1976, 98, 615—616.

P71 1. Agranat,Y. Tapuhi, Nouv. J. Chim. 1977, 1, 361—362.

P811, Agranat,Y. Tapuhi, J Org. Chem. 1979, 44, 1941—1948.

991 J. Bindl, T. Burgemeister, J. Daub, Chem. Ber. 1985, 118,
4934—-4945.

001X -j. Wang, T.-Y. Luh, J Org Chem. 1989, 54, 263—265.

o1y, C. Yip, X.-j. Wang, D. K. P. Ng, T. C. W. Mak, P. Chiang,T.-
Y. Luh, J Org. Chem. 55, 18811889, 1990.

1021y, Grieser, K. Hafner, Tetrahedron Lett. 1994, 35, 7759—7762

1031B. L. Feringa, W. F. Jager, B. de Lange, Tetrahedron Lett. 1992,
33, 2887—2890.

104, L. Feringa, W. F. Jager, B. de Lange, J. Chem. Soc., Chem.
Commun. 1993, 288—290.

HOSIE, M. Geertsema, A. Meetsma, B. L. Feringa, Angew. Chem.

Int. Ed. 1999, 38, 2738—2741.

IM. OKki, Applications of Dynamic NMR Spectroscopy to Or-

ganic  Chemistry, VCH, Deerfield Beach, FL, 1985, pp.

108—111.

UO7E, L. Eliel, S. H. Wilen, L. N. Mander, Stereochemistry of Or-
ganic Compounds, Wiley, New York, 1994, p. 546—548.

[108]S, Wawzonek, J. P. Henry, J Org. Chem. 1953, 18, 1461 —1465.

109TW. J. Leigh, D. R. Arnold, Can. J. Chem. 1981, 59, 609—620.

9T Sommer-Larsen, T. Bjernholm, M. Jorgensen, K. Lerstrup,
P. Frederiksen, K. Schaumburg, K. Brunfeldt, K. Bechgaard,
S. Roth, J. Poplawski, H. Byrne, J. Anders, L. Eriksson, R.
z\g’\glilbgrgndt, J. Ferderiksen, Mol. Cryst. Liq. Cryst. 1993, 234,

UK. Schaumburg, J.-M. Lehn, V. Goulle, S. Roth, H. Byrne, S.

[106

34

Hagen, J. Poplawski, K. Brunfeldt, K. Bechgaard, T.
Bjornholm, P. Frederiksen, M. Jorgensen, K. Lerstrup, P.
Sommer-Larsen, O. Goscinski, J.-L. Calais, L. Eriksson, Pro-
ceedings of the CEC Workshop on Nanostructures Based upon
Molecular Materials, Tibingen, 1991 (Ed.: W. Gopel), VCH,
Weinheim, 1992, pp. 153—173.

2TA | Levy, P. U. Biedermann, S. Cohen, 1. Agranat, J Chem.
Soc., Perkin Trans. 2 2000, 725—735.

1310, Kikuchi, K.-I. Matsushita, K. Morihashi, M. Nakayama,
Bull. Chem. Soc. Jpn. 1986, 59, 3043—3046.

1410, Kikuchi, Y. Kawakami, J Mol Struct. (Theochem) 1986,
137, 365—372.

151§, Kammermeier, R. Herges, Angew. Chem. Int. Ed. Engl. 1996,
35, 417—419.

6IA | Levy, P. U. Biedermann, I. Agranat, Org. Lett. 2000, 2,
1811—1814.

7], J. P. Stewart, MOPAC 6.00, QCPE 455, 1990.

(1813 J. P. Stewart, MOPAC Manual, 6th ed., Frank J. Seiler Re-
search Laboratory, United States Air Force Academy, Color-
ado Springs, 1990.

19 Keywords (see ref!''8l) PM3 PRECISE SYMMETRY EF
GNORM=0.1 and a z-matrix, including dummy atoms, which
reflects the symmetry. The orthogonally twisted conformations
were calculated as biradicals, adding the keyword BIRAD-
ICAL.

1201Keywords PM3 PRECISE SYMMETRY FORCE and the
optimized z-matrix of the archive file. For the orthogonally
twisted conformations, the keyword BIRADICAL was added
and PRECISE was omitted.

121lKeywords PM3 PRECISE SYMMETRY EF GNORM=0.1
for minima, and PM3 PRECISE SYMMETRY TS HESS=1
GNORM=0.1 for transition states. In cases where the trans-
ition state optimizations did not converge, the keywords RE-
CALC=1 and DMAX=0.02 were added in a second and
third try.

122lFor the IRC calculations, the dummy atoms and symmetry
constraints were removed from the z-matrix in a MOPACG6 cal-
culation with the keywords PM3 1SCF XYZ (symmetry con-
straints cannot be used in MOPACS6 intrinsic reaction coordin-
ate calculations). Second derivatives were recalculated for this
new z-matrix, using the keywords PM3 PRECISE FORCE
ISOTOPE. Starting from these results, two IRC calculations
for each transition state were run to follow the normal mode
with imaginary frequency in both directions. The keywords
were: PM3 PRECISE IRC=1 GNORM=.01 LARGE LET X-
PRIORITY=5 NOINTER RESTART ISOTOPE. In cases
where the calculation ran out of time, it was restarted using the
Keywords PM3 PRECISE IRC GNORM=.01 LARGE LET
X-PRIORITY =5 NOINTER RESTART ISOTOPE.

U231y, V. Zefirov, Crystallogr. Rep. 1997, 42, 111—116.

12413 N. Murrell, K. J. Laidler, Trans. Faraday Soc. 1968, 64,
371-377.

125D, K. Hoffman, R. S. Nord, K. Ruedenberg, Theor. Chim. Acta
1986, 69, 265—279.

12011, J. Schaad, J. Hu, J Am. Chem. Soc. 1998, 120, 1571—1580.

1271P. Valtazanos, K. Ruedenberg, Theor. Chim. Acta 1986, 69,
281—-307.

Received February 17, 2000
[000080]

Eur. J. Org. Chem. 2001, 15—34



