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In this Account we describe the preparation, structures, and properties of the most highly strained paracyclophanes
known to date, i.e. [4]- and [1.1]paracyclophanes and their derivatives. The preparation of these cyclophanes has been
accomplished through the photochemical valence isomerization of corresponding 1,4-bridged Dewar benzene deriva-
tives. These strained paracyclophanes are prone to polymerize and are not stable enough to isolate: [4]paracyclophane is
rapidly consumed even below —100 °C in fluid solution, though it remains intact indefinitely in a frozen organic glass at
77 K, while [1.1]paracyclophane is stable only below —20 °C in solution. By introducing substituents which sterically
hinder access to the bridgehead carbon atoms by other reagents, however, one can remarkably stabilize these species ki-
netically so as to allow the measurement of 'H NMR spectrum of the former and the isolation of the latter as crystals.
The '"H NMR spectrum of the [4]paracyclophane strongly support, in conjunction with theoretical calculations, the suste-
nance of considerable aromaticity despite the extreme bending of its benzene ring. [4]Paracyclophane is so strained that
it is thermodynamically less stable than the corresponding Dewar isomer and the thermal conversion of the benzene form
to the Dewar form is observed for the first time. A fully unsaturated derivative of [4]paracyclophane is also generated
and confirmed to prefer the structure of 1,2,3,4-tetradehydro[4]paracyclophane rather than that of w-bond isomer, bicy-
clo[4.2.2]deca-1,3,5,7,9-pentaene. The stabilized [1.1]paracyclophane is found to undergo efficient photochemical
transformation into a benzene p,p’-dimer structure, from which the former is thermally regenerated upon mild heating.
Structural characteristic features of the [1.1]paracyclophane and the benzene p,p’-dimer are revealed by X-ray crystallog-
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raphy. Limits for experimentally accessible strained paracyclophane are also discussed.

Benzene prefers a planar configuration. When bridged with
a side chain at the para positions, however, the benzene ring is
forced to bend into a boat form unless the bridging chain is
sufficiently long. In the past thirty years, the research on the
preparation of 1,4-bridged benzene derivatives, i.e. paracyclo-
phanes, with ever shorter bridges has made remarkable
progress, driven by the interest in the properties of strained
molecules as well as by the challenges inherent in their synthe-
sis and also in the pursuit of improved understanding of aro-
maticity. Recent developments in the chemistry of small and
strained cyclophanes have been summarized in several re-
views.! In this Account, the results of our research on the
preparation, structures, and properties of the most highly
strained paracylophanes known to date, i.e. [4]- and [1.1]para-
cyclophanes and their derivatives, are described.’

Flat and rigid was a general view of aromatic hydrocarbons
decades ago and the successive preparations of highly distorted
[7]paracyclophanes by Allinger™ and of [6]paracylophanes by
Jones and co-workers** as stable, isolable entities in the early
70’s were greeted with great surprise. [6]Paracylophane had
remained as the most strained paracyclophane for years until
the generation of [5]paracyclophane was confirmed by 'H

NMR spectroscopy in 1985 through the collaboration of
Bickelhaupt, Tobe, and their co-workers.”® A mere three years
later, Bickelhaupt et al. found that 1,4-tetramethylene-bridged
Dewar benzene underwent the addition of protic solvent mole-
cules to the bridgehead positions under irradiation, accompa-
nied by the cleavage of the central ¢ bond, and they proposed
the generation of [4]paracyclophane as a transient species.® At
about the same time, we independently made similar observa-
tions during the study of photo-induced electron transfer reac-
tion of Dewar benzene derivatives and we subsequently suc-
ceeded in measuring the electronic absorption spectrum of
[4]paracyclophane and confirming its generation.” On the oth-
er hand, [2.2]paracyclophane was first isolated in 1949 from
the pyrolysate of p-xylene.® Its structure, in which benzene
rings are bent and aligned in parallel in close proximity, has
fascinated chemists. Despite the ensuing extensive study on
the chemistry of cyclophanes, the lower [1.2] and [1.1] homo-
logues had long remained unknown. During the study on the
photochemical generation of [4]paracyclophanes, we realized
that [1.1]paracyclophane might well be produced by photo-
chemical isomerization of the corresponding bis(Dewar ben-
zene) derivative, and we subsequently succeeded in the genera-
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tion of [1.1]paracyclophane and its derivatives as metastable
species’ and then isolated a kinetically stabilized one!® as de-
scribed in this account.

The generation of [4]- and [1.1]paracyclophanes accom-
plished so far depends exclusively on the photochemical va-
lence isomerization of 1,4-bridged Dewar benzenes. This
methodology combines the following favorable aspects: (i)
Dewar benzene is a bent isomer of benzene and the Dewar
benzene precursors of small cyclophanes are not particularly
strained and relatively readily accessible, (ii) the aromatization
of Dewar benzene is a highly exothermic process and even the
large strain energy of extremely distorted [4]paracyclophane is
largely or more than compensated by the aromatization energy
in its generation from the Dewar isomer, and (iii) the photo-
chemical aromatization of Dewar benzene is generally devoid
of any complicating rearrangement.

1. [4]JPARACYCLOPHANE SYSTEM

1.1 [4]Paracyclophanes (Generation and Chemical
Trapping) Bickelhaupt and co-workers found that photoly-
sis of 1a in methanol and in CF;CO,H-THF led to the forma-
tion of 3a and 3b, respectively, and they proposed the interme-
diacy of [4]paracyclophane (2a).° We also observed that la—¢
underwent the addition of alcohols to give 3-3” under irradia-
tion (Scheme 1).” The addition reaction is subject to catalysis
by acid and the yields of 3-3" are substantially increased in the
presence of catalytic amounts of trifluoroacetic acid. Those
adducts indeed results from the electrophilic addition of the re-
agents to transient 2a—c as demonstrated by experiments de-
scribed later. Because the protonation of [4]paracyclophane at
the bridgehead carbon atom leads to an unfavorable bridge-
head carbonium ion, the acid-catalyzed addition of alcohol to 2
may proceed more or less concertedly.

L 4]~
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1a 2a 3a R=Me

b R = (CH,),OCOCF,
c R=Et

d R=/Pr
hy EtOH H OEt
| A _EOH
7 % 4 + 7
R o E0 g H R

3'b R=CH,OMe 3"b R=CH,OMe

1b R =CH,OMe
¢ R=CO,Me ¢ R=CO,Me

¢ R=CO,Me

2b R =CH,0Me
¢ R=CO,Me

Scheme 1.

(Electronic Absorption Spectra) Compound la exhibits
only a weak end absorption extending to ca. 270 nm in the ul-
traviolet region. Irradiation of 1a in a glassy mixture of EPA
(ether : pentane : ethanol = 5: 5 : 2) frozen at 77 K with a low-
pressure mercury lamp (254 nm) gives rise to the formation of
species showing an electronic absorption extending over 400
nm (Fig. 1A).” The development of similar absorption is also
observed in pentane—isopentane (1 : 1) or in ethanol. The gen-
erated species that was later confirmed to be 2a is indefinitely
stable under the matrix isolation in the dark at 77 K, but ex-
tremely labile in fluid solution even below —100 °C. The spe-
cies is also photochemically reactive and, when the resulting
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Fig. 1. Electronic absorption spectra (A) of 2a, Sa, and 6a,

and (B) of 2¢, 5b, and 6b in EPA at 77 K. Relative absorp-
tion intensities of the spectra are arbitrary.

mixture at 77 K is irradiated with filtered light (365 nm) with
which only the produced 2a but not 1a is electronically excit-
ed, the developed absorption quickly decays. The difference
spectrum obtained from the spectra before and after the sec-
ondary irradiation suggests the quantitative reversion of the
transient species to la. The ready photochemical valence
isomerizations of [5]- and [6]paracyclophanes to the corre-
sponding Dewar benzenes are well documented.'*® Irradia-
tion of 1b and 1c¢ in glassy mixtures with 254 nm light at 77 K
similarly leads to the formation of 2b and 2¢, respectively (Fig.
1B). Both the species are photochemically susceptible and can
be efficiently converted into the starting Dewar benzenes upon
secondary irradiation of the photolyzed glasses with 365 nm
light.

When a fluid solution of 1a in pentane-isopentane was irra-
diated with a 254 nm light source below —120 °C, the solution
turned cloudy and a colorless amorphous precipitate was soon
formed; no volatile product was detected in the photolysate.
Thus, [4]paracyclophane (2a) appears to be extremely prone to
polymerization.

(Structural Characterization) The results of the chemi-
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cal trapping experiments and of the spectroscopic investigation
at low temperature strongly support the transient generation of
[4]paracyclophanes from the corresponding Dewar benzene
isomers. It is still difficult, however, to rigorously rule out the
possibilities that the trapping products were directly derived
from the Dewar benzenes in electronically excited states and
that the observed absorption spectra were accidentally due to
unknown unstable by-products. Fortunately, the generation of
the species, thought to be 2, is photochemically reversible and
this reversibility was exploited to obtain more convincing evi-
dence for the structural assignment.

Compound 1a is stable in ethanol containing 1% (v/v) sulfu-
ric acid; irradiation of a glassy solution of this acidic mixture
at 77 K with 254 nm light leads to the development of the same
absorption as observed in neutral ethanol. Since 2a undergoes
slow photolysis to give p-xylylene and ethylene, as described
in the following section, the irradiation was discontinued while
the extent of the secondary photolysis remained still insignifi-
cant. The resultant mixture was warmed to room temperature
to allow the generated species to react with ethanol. If the sul-
furic acid is omitted, polymer is predominantly produced. Be-
cause the amount of 2a produced in one freeze—irradiation—
thaw cycle was minuscule, the cycle was repeated ten times
before the photolysate was analyzed by GC and GC-MS spec-
trometry. The formation of 3¢ under the above conditions was
thus confirmed. In the second experiment, the absorption de-
veloped by the initial irradiation of 254 nm light was bleached
with a secondary irradiation of 365 nm light each time before
the glassy mixture was thawed. After having repeated the
freeze-irradiation (254 nm)—irradiation (365 nm)-thaw cycle
ten times, we analyzed the resulting mixture as before. The
amount of 3¢ produced in the latter experiment was less than
one-tenth of that obtained in the former photolysis. Because
3c is transparent above 300 nm and hence inert toward 365 nm
light, the greatly diminished yield of 3¢ in the latter experi-
ment unequivocally demonstrates that 3¢ was produced pre-
dominantly, if not exclusively, during the thaw in the dark, but
not during the irradiation with 254 nm light, and that the pre-
cursor of 3¢ was quenched by 365 nm light. Thus, the species
exhibiting the absorption extending to 420 nm is certainly the
direct precursor of 3¢, and 2a is the only conceivable interme-
diate capable of accommodating all of the observations. The
possibility that 3c is produced by the addition of ethanol to 1a
in the excited state or to the corresponding prismane interme-
diate is definitely ruled out. Thus, it is concluded that the elec-
tronic absorption spectra developed upon irradiation of 1la—c at
77 K are due to 2a—c, from which the adducts 3-3” are de-
rived.

(Photochemical Reactivity) When 1a is irradiated with a
254 nm light source at 77 K, a quasi-photoequilibrium be-
tween la and 2a is reached after a short period of time and the
absorption due to 2a ceases to grow. Continued irradiation in-
duces the growth of a new band with a fine structure in the
270-310 nm range. The similarity of the shape of the band to
that reported for p-quinodimethane (4)!' suggested that sec-
ondary photolysis of 2a gave 4 and ethylene (Scheme 2).
Treatment of the photolysate of 1a in pentane-isopentane with
bromine, followed by GC-MS analysis of the product mixture,
proved the formation of p-bis(bromomethyl)benzene. The de-
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layed development of the absorption due to 4 as compared to
that due to 2a is in accord with its derivation from 2a via the
secondary photolysis rather than directly from 1a. This type of
photodecomposition, however, is not observed for 2¢ and the
photochemical interconversion between 1c¢ and 2c is clean and
quantitative under the matrix isolation at 77 K. The photo-
chemical isomerization of 2¢ to 1¢ may be so efficient that the
potential cleavage of the former into ethylene and the 1,4-phen-
ylenebis(methylene) derivative may be overshadowed. Anoth-
er possibility is that the fragmentation of 2a into 4 and ethyl-
ene may actually take place in vibrationally excited states dur-
ing the decay from the electronically excited state to the
ground state and that the excess vibrational energy may be dis-
sipated much more efficiently in the substituted 2c¢ than in 2a.

p CH,
hv - hv
— . + CH,=CH,
7 7 R=H f
R R CH,
4

1 2

a R=H
b R=CH,OMe
¢ R=

aR=H
b R =CH,OMe
¢ R= CO,Me

COMe

Scheme 2.

(Computational Analysis) Owing to extreme instability,
none of the structures of [4]paracyclophane and its derivatives,
including the kinetically stabilized one whose preparation is
described later, has been experimentally elucidated. A theoret-
ical study of [4]paracyclophane using the minimum basis set
and the semiempirical Hamiltonian has been reported by Bick-
elhaupt and co-workers.'> More recently, detailed theoretical
studies on the structures and properties of 2a and its valence
isomers have been carried out by two groups, Grimme'* and
Schaefer et al.'*

Table 1 displays selected geometrical parameters that have
been calculated for 2a; for comparison purposes, data for [5]-
and [6]paracyclophanes are also listed. The differences be-
tween the calculated geometries of 2a are generally small
(bond length < 0.03 A) and the critical bending angles oz and 3
are 29.7 = 0.3%nd 38.9 = 0.9°, respectively. The extent of
bond alternation in the benzene ring is less than 0.02 A at both
the SCF and MP2 levels and using the density functional
(DFT) method, and thus surprisingly small for the extreme dis-
tortion of the ring. The semiempirical method predicts a much
larger difference, Ar = 0.034 A (MNDO). Compared to the ab
initio calculations, the semiempirical methods tend to increase
o at the expense of . It has been pointed out that the overesti-
mation of ¢ in small cyclophanes is a common failure of
semiempirical MO and force field methods.!> As can be seen
from the large bond distances and bending angles, a significant
amount of strain is placed in the tetramethylene chain (Fig. 2).

Relative energies that have been computed for 1a and its va-
lence isomers are collected in Table 2. Dewar benzene is so
strained and its isomerization to benzene is so exothermic that
benzene even in its electronically excited state is thermally
populated from the former."”” The strain energy of paracyclo-
phane, however, is rapidly accumulated as the number of
bridging carbon atoms decreases from eight to four, whereas
the strain energies of the corresponding 1,4-bridged Dewar
benzenes remain virtually unaffected. Thus, the relative ener-
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Table 1. Calculated Geometrical Parameters for [n]Paracyclophanes (n = 4-6)!31416

Method afdeg  PB/deg (o + B)/deg y/deg r/A /A
[4]Paracyclophane (2a)

SCF/DZP 29.7 38.2 67.9 34.1 2.657 2.374

SCF/TZ2P 29.7 38.0 67.7 2.647

MP2/DZ+d 294 39.7 69.1 2.707

B3LYP/DZ+d 30.0 38.8 68.8 2.696
[5]Paracyclophane

SCF/6-31G 23.5 28.7 52.2 27.2 2.710 2.385
[6]Paracyclophane

SCF/6-31G 18.8 20.0 38.8 22.0 2.750 2.381

Table 2. Calculated Energy Differences of [4]Paracyclophane and its Valence Isomers

(in kcal mol ~1)»- 1314
Method [4]Paracyclophane (2a) Dewar form 1la  Prismane form
SCF/DZP 18.3 (17.7) 0 39.2
MP2/DZ+d 3.52.9) 0 38.0
B3LYP/DZ+d 2.2 (1.6) 0
TCSCF/CISD+Q/DZ+d" 9.9 (9.3) 0

a) Values after correction for the zero-point vibrational energy differences are given in
parentheses. b) Single point energy at the TCSCF/DZ+d optimized geometry.

116.6

Fig. 2. SCF/DZP optimized structure of [4]paracyclophane
(bond lengths in angstroms and bond angles in degrees).

gy of a paracyclophane to its Dewar benzene form is expected
to reverse at a certain chain length. In the pentamethylene-
bridged derivatives, the benzene form is still lower in energy
than the Dewar form."'® Calculations at the SCF/DZP level,
however, predict that the relative stability is reversed when the
bridging chain is shortened to tetramethylene; 2a lies ca. 18
kcal mol ™! higher in energy than 1a."* The energy difference
diminishes at the higher levels of theory, but 2a is still predict-
ed to lie 2-10 kcal mol~! higher in energy than la(l cal ~
4.18 J). As described later, thermal isomerization of bent ben-
zene ring into a Dewar form has been observed for the first
time in a kinetically stabilized [4]paracyclophane derivative,!”
in agreement with the theoretically predicted reversal of the
relative stability.

The total strain energy for 2a has been evaluated using the
homodesmotic reaction of Eq. 1.'* The strain energy obtained
from the reaction of Eq. 1 is 109.5 kcal mol ! at the SCF/DZP
level and 85 kcal mol ! at the MP2/DZP level. A comparable

value of 92.7 kcal mol ' is obtained by the
CsHy(CHy)4 (2a) + 5 CoHg — p-(CH3),CeHy + 4 C3Hg (1)

semiempirical AM1 method.'® The total strain energy for 2a
may be partitioned into two parts, one being the strain energy
due to the distortion of benzene ring and the other being the
strain energy due to the distortion of bridging chain. The
former is commonly evaluated as follows: freezing the ben-
zene ring in the conformation present in 2a and placing the two
hydrogens at a typical C—H distance in the same direction as
the first carbon atoms of the chain; the energy difference be-
tween the above structure and normal planar benzene gives a
measure of the strain energy resulting from the distortion of
the benzene ring. The analogous calculation for the methylene
chain provides the strain energy due to the bridging chain. The
results are summarized in Table 3. The total strain energy for
2a thus evaluated is 107.6 kcal mol ' at the SCF/DZP level
and 91.3 kcal mol ™" at the MP2/DZP level, in good agreement
with the values evaluated by using the reaction of Eq. 1. Evi-
dently the steric strain in 2a largely arises from the distortion

Table 3. Partitioning of Strain Energy of [4]Paracyclophane

(in kcal mol 11314

Theoretical level SE (C¢Hg) SE (chain) SE (total)
SCF/DZP 95.5 12.1 107.6
MP2/DZP 79.4 11.9 91.3
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HOMO LUMO
Fig. 3. Schematic description of the HOMO and LUMO of
[4]paracyclophane.

of the benzene moiety.

As depicted in Fig. 3, both the HOMO and LUMO of 2a are
essentially centered at the bridgehead positions and, according
to CAS-SCF calculations, the HOMO of 2a formally has a de-
ficiency of 0.23 electrons which are moved mainly into the
LUMO, consistent with the diradicaloid nature of 2a.

1.2 1,2,3,4-Tetradehydro[4]paracyclophane (7-Bond
Isomerism in Bicyclo[4.2.2]decapentaene) The successful
generation of [4]paracyclophanes 2 from the Dewar isomers 1
suggests that 1,2,3,4-tetradehydro[4]paracyclophane (6a) may
be accessible via the valence isomerization of 1,3-butadiene-
bridged Dewar benzene 5a. Compound 6a is a fully unsaturat-
ed species and m-bond isomerism in it leads to bicyclo-
[4.2.2]deca-1,3,5,7,9-pentaene (7a). It is of special interest to
determine whether the species resulting from the isomerization
of § will exist as 6 and/or 7 or conceivably some structure of
lower symmetry (Scheme 3). The paracyclophane structure 6a
is expected to be no less strained than 2a, due to the rigidity of
the bridging chain, and hence no less reactive. On the other
hand, the decapentaene structure 7a may be viewed as a 1,6-
etheno-bridged cyclooctatetraene in which the bridgehead
double bonds are constrained to interact through space and
there may also be through-bond interaction. The related com-
pounds, anti-Bredt dienes 8 and 9, have been prepared by
Wiseman'? and Wiberg,? respectively. Of particular interest is
the property of 10 reported by Greene et al. (Scheme 4)*!
Compound 10 is stable to heat, acid, and moisture, despite the
severe out-of-plane bending at the olefinic carbons. It appears
that the steric strain in 7 is more evenly distributed over the
skeleton than in 6 and the former may be superior in kinetic
stability to the latter. As described in the following sections,
the species photochemically generated from Sa,b possess the
structures of 6a,b, respectively, in preference to those of 7a,b
and are as labile as the corresponding [4]paracyclophanes.?

R R FIK

5a R=H 6a R=H 7a R=H
b R=CO;Me b R=CO,Me b R=CO,Me
Scheme 3.
8 9 10
Scheme 4.
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(Preparation of the Dewar Benzene Precursors) Syn-
thesis of [4.2.2]propellatetraenes 5, the Dewar benzene precur-
sors for 6/7, was achieved as outlined in Scheme 3,2>% namely,
the photocycloaddition of dichloroethylene to dihydroin-
danone 13 followed by the reductive elimination of chlorine,
and the diazotization and photo-Wolff ring contraction of the
cyclopentanone moiety to afford 18. The bromination of 18
exclusively occurred at the cyclohexene double bond and sub-
sequent dehydrobromination delivered 19, from which 5b was
obtained following the selenenylation-oxidation-elimination
protocol.?* The preparation of parent Sa was accomplished via
a reaction sequence in which 19 was converted successively
into the carbamate,” amine, quaternary ammonium salt, and
the tetraene (Scheme 5).

SncL. R
c2H2012 NH3
o

11 X=0OH 15 R=2H
12 X=Cl 16 R = CHOH
17 R=N,
hv LDA _H0p
v,
MeOH 7 (PhSE)z 'SePh
1 CO,Me CO,Me COzMe CO,Me
8
(PhO),P(O)N; _ 1. Mel/NaHCO;
7 2. tBuOK
COH
21 22 R= COZCHZCHZSMe
23 R=H
Scheme 5.

Electronic interaction among the three m-bond systems in 5§
is of considerable interest. Photoelectron spectroscopic study,
however, reveals that the interaction is rather weak at least in
the ground state.?

(Chemical Trapping Experiments) The chemical trap-
ping of transient anti-Bredt bridgehead olefins with reactive
conjugated dienes as Diels-Alder adducts is a well established
technique and provides reliable verification for their genera-
tion.”” This method, however, could not be applied for the
trapping of 2 because the photolysis of the Dewar benzene pre-
cursors 1 in the presence of conjugated diene was impractical,
owing to the preferential absorption of incident light by the lat-
ter rather than the former. Fortunately, the electronic absorp-
tions of Sa,b extend to wavelengths substantially longer than
that of cyclopentadiene, enabling the selective excitation of the
former in the presence of the latter. Irradiation of a mixture of
Sa and a large excess of cyclopentadiene in hexane through
Pyrex cleanly affords two 2 : 1 adducts of cyclopentadiene to
Sa in a ratio of ca. 2 : 1, for which the structures 24 and 25, re-
spectively, are assigned (Scheme 6). The strong electronic ab-
sorptions in the region of 250-300 nm exhibited by these prod-
ucts substantiate the presence of a conjugated diene unit and
effectively rule out their derivation from 7a. Products result-
ing from the addition of cyclopentadiene to 7a at the bridge-
head double bonds should only possess isolated double bonds.
Virtually no volatile product other than 24 and 25 is detected in
the photolysate. The preferential trapping of the decapentaene
in the form of [4]paracyclophadiene 6a was thus confirmed.
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Lol Ao 2. 2

5a 6a 24 25
Scheme 6.

Photolysis of 5b in the presence of cyclopentadiene leads to
the formation of a rather complex product mixture, from which
26-31 are eventually isolated in 27% yield in total (Scheme 7
and 8). The products 29-31 apparently result from the addi-
tion of cyclopentadiene to the substituted side of the bent ben-
zene ring of 6b and, interestingly, have suffered secondary
(photo)rearrangement. As illustrated in Scheme 8, their forma-
tion is rationalized in terms of the secondary di-m-methane
rearrangement®® and [2 + 4] addition in the initial adduct(s)
32, possibly facilitated by the accompanying relief of steric
congestion. The formation of products which could be derived

from 7b was not observed again.
»@* IR A

E = CO,Me
Scheme 7.

CO,Me hv

32

29 31
Scheme 8.

(Electronic Absorption Spectra) In addition to the afore-
mentioned trapping experiments, a spectroscopic study also
supports the preferential formation of bicyclo[4.2.2]decapen-
taene in the form of 6 rather than 7. Thus, irradiation of 5a in
an EPA glass with a low-pressure mercury lamp at 77 K gives
rise to an electronic absorption showing A at 274 and 347
nm (Fig. 1A). The generated species is indefinitely stable un-
der matrix isolation at 77 K in the dark, but undergoes com-
plete decomposition when the glass is thawed below —120 °C.
The species is also photochemically susceptible and, upon sec-
ondary irradiation with 365 nm light with which only the tran-
sient is excited, the developed absorption is efficiently
bleached to restore the original spectrum of Sa. This photo-
chemical behavior is reminiscent of [4]paracyclophane (2a)
and suggests that the intermediate photochemically reverts to
Sa. Irradiation of 5b also leads to a species which exhibits a
UV-visible spectrum shown in Fig. 1B and whose thermal and
photochemical behavior is similar to that observed for the
product from 5Sa.

The similarity in shape of the observed spectra to the spec-
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tral shapes of the corresponding [4]paracyclophanes 2a,c is
striking. In 6, the  bond system in the four carbon bridge and
that of the bent benzene ring are nearly orthogonal to each oth-
er, and there will be little interaction between them. If the spe-
cies generated from Sa,b have the structures of 7a,b, respec-
tively, the observed spectra will be much different from those
of 2a,c. In 7, the neighboring 7 bonds overlap with each other
only weakly. Such a poorly conjugated system tends to exhibit
a broad, weak absorption spectrum.” Cyclooctatetraene is a
notable example,*® and the & bond system of 7 may be viewed
as that of cyclooctatetraene perturbed by the etheno bridge
double bond.

On the basis of the regioselective addition of cyclopentadi-
ene and the transient absorption spectra being remarkably sim-
ilar in shape to those of the corresponding 2, it is concluded
that the irradiation of § leads to a species which is best repre-
sented by the structure 6.

(Computational Analysis: 1,2,3,4-Tetradehydro[4]para-
cyclophane vs Bicyclo[4.2.2]deca-1,3,5,7,9-pentaene) The
experimental observations described above unambiguously
demonstrate that the reacting species photochemically generat-
ed from 5 possesses the structure of 6 rather than that of 7.
Those results, however, do not provide information concerning
the latter. To investigate the structures and relative energies of
the species 6a and 7a, theoretical analyses were carried out by
ab initio quantum mechanical methods as well as by semiem-
pirical procedures.>'*? The geometrical optimizations of bicy-
clo[4.2.2]decapentaene were undertaken at various levels of
theory. An initial exploration of the potential energy surface of
the decapentaene with the 3-21G basis set and with semiempir-
ical methods furnished two local energy minima correspond-
ing to the C,, symmetric 6a and the C; symmetric 7a. The op-
timization of 6a and 7a with the 6-31G™ basis set were accord-
ingly performed within the constraint of C,, and C; symme-
tries, respectively. The selected geometrical parameters for 6a
and 7a are summarized in Table 4 and Fig. 4.7

The most pronounced differences among the structures of
6a optimized by the ab initio, DFT, and semiempirical meth-
ods are found in the deformation angles ¢ and f3, as is the case
with 2a. The total deformation angles (o + f3), however, agree
within 1.4° (73.9 £ 0.7°) in all the calculations. The aromatic
ring is significantly more distorted than that of 2a, and 6a rep-
resents the most strained of the [n]paracyclophanes prepared to
date. As has been pointed out for 2a, the degree of calculated
bond alternation in the benzene ring is remarkably small (Ar <
0.02 A) for such an extremely bent ring. The most notable de-
formation in the 1,3-butadienylidene bridge is the opening of
the C*~C°—C* angle to about 137° Figure 5A shows torsion
angles about the bond between C' and C® of 6a and degrees of
pyramidalization (out-of-plane bending) at these aromatic car-
bon atoms.** The pyramidalization at the aromatic methine
carbon atoms is the consequence of maximization of mt-orbital
overlap with the adjacent bridgehead carbon atom: otherwise
the corresponding 7 bonds are essentially broken to give rise to
the degeneration of 6a into a biradicaloid.®® Tt is instructive
that the corresponding unsaturated carbons of 7a remain virtu-
ally planar (out-of-plane bending at C’® and C*? < 2.29),

Structural parameters for the geometry-optimized C; form
7a are also presented in Table 4 and Fig. 4B. A separation be-
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Table 4. Comparison of Calculated Geometrical Parameters for the C5, and C; Forms of
220,33

Bicyclo[4.2.2]decapentaene

Ta

Method o/deg  P/deg (o + Pyldeg y/deg /A /A
C,, Symmetric form 6a
SCF/6-31G* 29.0 44.8 73.8 325 2.645 2.390
B3LYP/6-31G* 28.0 46.6 74.6 31.8 2.685 2413
MP2/6-31G* 26.7 47.8 74.5 30.3 2.700 2.420
C, Symmetric form 7a
SCF/6-31G* 123.8 118.8 131.6 2.400 2.711
B3LYP/6-31G* 124.9 118.4 132.0 2.422 2.738
MP2/6-31G* 125.2 118.2 129.3 2.414 2.680
1.490 1.357 mation angles are substantially smaller than the corresponding

3 [1.481] 4
N

8 1397 7 1498 1520 1.350
[13%] (1175 9 [1488] [1508] 8 [1.359]
(A) (B)

Fig. 4. Calculated molecular structures of 6a (A) and 7a (B)
optimized at the B3LYP/6-31G* level. Those at the MP2/
6-31G™ level are given in brackets.

(A) (B)

Fig. 5. Newman projections along the C(8)-C(1) bond of 6a
(A) and along the C(1)-C(2) bond of 7a (B), illustrating
geometrical distortions at the strained unsaturated carbon
atoms in their B3LYP/6-31G* optimized structures. The
corresponding distortions in the MP2/6-31G* structures
are given in brackets.

tween the bridgehead carbon atoms, C! and C8, of ca. 2.41 A
suggests that there should be significant interaction between
the 1 electrons of the two bridgehead double bonds. The de-
grees of torsion about the bridgehead double bond (28-29°)
and of pyramidalization at the terminal carbons C' and C? (ca.
41° and 25°, respectively) are shown in Fig. 5B. These defor-

values in 6a, suggesting the superior kinetic stability of 7a.
The increased HOMO-LUMO energy gap in 7a (0.445 au vs
0.355 au in 6a at the SCF/6-31G™ level) reinforces the above
expectation.

The energy differences between 6a and 7a, calculated with
ab initio and DFT methods as well as with the semiempirical
AMI1 method, are listed in Table 5. Inspection of the Table re-
veals that the semiempirical method as well as the ab initio cal-
culations at the SCF level predict, contrary to the experimental
observations, that the C,, form 6a is less stable than the C;
form 7a. With the application of the 2nd order Mgller—Plesset
(MP2) correlation energy treatment or with the DFT method,
however, the energy of 6a is remarkably lowered relative to 7a
and the C,, form is now predicted to lie 4-5 kcal mol ™! below
the C; form. Taking the experimental observations into ac-
count, it seems safe to conclude that the C,, form is thermody-
namically more stable than the C; form. The predicted energy
difference between the two forms, however, is small and it is
suggested that the structural preference may be electronically
and/or sterically shifted to the C; form by the introduction of
suitable substituents. Strain energies arising from the defor-
mation of the benzene moiety and the butadiene bridge of 6a
were evaluated separately in the same manner as that described
for [4]paracyclophane (2a). The results are summarized in
Table 6.%

1.3 Kinetic Stabilization and Aromaticity of [4]Paracy-
clophane The extreme lability of [4]paracyclophanes seems
to arise from the high propensity for undergoing addition at the
bridgehead positions, whereby the steric strain inherent to the
[4]paracyclophane skeleton is largely relieved. The chemical
trapping of 2 with protic reagents indeed resulted regioselec-
tively in the formation of adducts 3-3” at the bridgehead car-
bon atoms. The high reactivity at the bridgehead sites may
also be rationalized in terms of the HOMO and LUMO, which
are essentially centered at these positions. These observations
suggest that the [4]paracyclophane system may be kinetically
stabilized, to some extent at least, by introducing sterically de-
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Table 5. Calculated Energy Difference of 6a and 7a (in kcal mol ~!)***3
AM1 SCF/6-31G* B3LYP/6-31G* MP2/6-31G*
E (6a) — E (7a) 6.4 8.8 -39 —5.2

Table 6. Partitioning of Strain Energy in 6a (in kcal mol~!)* (Electronic Absorption Spectra) Irradiation of 43, 44,
- - and 47 in ether—isopentane glasses at 77 K with a 254 nm light
Theoretical ievel SE (CeHe)  SE (chain)  SE (total) source invariably leads to the development of bathochromical-
SCF/6-31G N 104.4 9.3 113.3 ly shifted absorptions. These decay upon subsequent irradia-
B3LYP/6-31G 924 7.7 99.9 tion with filtered light with which only the generated species

MP2/DZP 90.5 9.1 99.6

manding substituents that specifically shield the bridgehead
carbon atoms from access by attacking reagents. A molecular
modeling study suggested 35-37 as promising candidates and
their preparation was next investigated (Scheme 9).

Ha

NC CcN
PrySi Sii-Prg _ JNMe, NG CcN
N—7 s S—Z_sitPry

Hb

35 36 37
ty»=0.5h at-50 °C typ=1.7 hat-50°C

Scheme 9.

typ=0.2hat-20°C

(Preparation of the Dewar Benzene Precursors) The
preparation of the requisite precursors for 35-37, namely
Dewar benzene derivatives 43, 44, and 47, was carried out as
outlined in Schemes 10 and 11.% The addition of photochemi-
cally generated singlet oxygen to 5a afforded endo-peroxide
38 in an excellent yield, from which 43 and 44 were synthe-
sized following the known procedures. The precursor 47 for
36 was obtained from 46 in essentially the same manner as de-
scribed for Sb, and 46 was in turn prepared by the photocy-
cloaddition of 45 to 13.* In 37, the plane containing the
exocyclic double bonds bisects the bent aromatic ring, and one
of the cyano groups on each terminal carbon atom is disposed
near the neighboring bridgehead carbon atom. In 35 and 36,
the bulky substituents are conformationally not fixed, but are
expected to effectively shield the bridgehead sites in their pre-
ferred conformations.

BuSSnH

_ BN
" Pd(PPha)s HO?)

_CoHeNHeBry _ <y N
CHQ(CN)g iy
% e

lPr3$IOTl
OSii-Pra
I-Pl’gSiO,
44
Scheme 10.
hv RS { 2 RsSi <2
© Rgsl S|R3 RsSi CONMe,
13 R= f'PI’
Scheme 11.

are excited. This photochemical behavior and the shapes of
the absorption spectra suggested the generation of the corre-
sponding [4]paracyclophanes, 35-37. When the glasses con-
taining the photoproducts were thawed below —100 °C, the
absorptions ascribed to 35-37 remained unbleached, in marked
contrast to the instantaneous consumption of 2 and 6 in fluid
solution even below —120 °C. The half-lives of 35-37 at the
specified temperatures are listed in Scheme 9. The highest ki-
netic stabilization was attained in 37, and its stability was high
enough to permit the measurement of the '"H NMR spectrum.
Another hurdle to be cleared in order to measure an NMR
spectrum of [4]paracyclophane is its proportion to the Dewar
benzene precursor at the photostationary state. Fortunately,
the proportion of 37 to 43 at the (quasi)photoequilibrium (365
nm) was sufficiently high to permit the measurement of the 'H
NMR spectrum.

(*H NMR Measurement) The 'H NMR spectrum of 43 in
CD,Cl, at —90 °C exhibits a pair of singlets at § 6.93 and 7.20
in a ratio of 2 : 1. Irradiation of 43 with 365 nm light at this
temperature leads to the development of a pair of weak singlet
signals with an intensity ratio of about 1 : 2 at 6 5.85 and 7.97,
respectively; thus the signal of H* is shifted upfield by 1.35
ppm, whereas that of H is shifted downfield by 1.04 ppm upon
the transformation of 37 into the product. The intensities of
the product signals cease to increase after about 6% conver-
sion. When the resulting mixture is irradiated with light of
wavelength longer than 400 nm, the latter pair of signals disap-
pear and the original two line spectrum is restored. Thus the
observed changes in the '"H NMR spectra closely correspond
with those in the electronic spectra. If the generated species is
indeed 37, the observed chemical shift changes imply the in-
duction of a substantial aromatic ring current despite the ex-
tremely bent benzene moiety. For such a conclusion to be
drawn, an unambiguous structural assignment should be made
to the product. However, the newly developed spectrum was
extremely simple and of low relative intensity, and could hap-
pen to be due to an unknown side product. Therefore, recourse
to computational analysis was made to confirm the structural
assignment.

& A

48 49 50
Scheme 12.

Geometrical optimization and calculations of proton chemi-
cal shifts were carried out for truncated systems 48-50
(Scheme 12). The results are summarized in Table 7. Calcu-



T. Tsuji et al.

Table 7. Calculated 'H Chemical Shifts for 48—50%

Compound S(H) ASHYHY S(HP) ASH")Y
48 6.30 6.82
49 4.82 —1.48 8.38 1.56
50 6.51 0.21 2.72 —4.10

a) GIAO/6-31+G*//B3LYP/6-31G*. b) Chemical shift
changes from §(H*/H®) of 48. Positive values denote down-
field shifts.

lated chemical shifts (GIAO*/6-31+G*//B3LYP/6-31G™) are
not in particularly good agreement with the experimental val-
ues due to the omission of the substituents, but the results are
quite instructive. Thus, H* is predicted to be upfield shifted by
1.34 ppm whereas H® will be downfield shifted by 1.56 ppm
upon the isomerization of 48 to 49, in good agreement with the
experimental observation. The corresponding prismane deriv-
ative 50 is apparently incompatible with the observed signals.
Because it is expected that the effects of the cyano groups on
the chemical shifts are largely compensated in those chemical
shift changes, the calculation results provide a strong support
to the structure of 37 and suggest the sustenance of relatively
strong diatropicity in its aromatic ring despite the extreme
bending.

(Aromaticity of [4]Paracyclophane) Aromaticity is a
fundamental concept of great importance in organic chemistry,
yet unfortunately seems to lack a generally accepted criterion.
Recently, Schleyer and co-workers have proposed two probes,
as effective aromaticity/antiaromaticity criteria, in which aro-
maticity is associated with cyclic arrays of mobile electrons
with favorable symmetries; namely, diamagnetic susceptibility
exaltation (A)* and nucleus-independent chemical shift
(NICS).* According to these definitions, significantly exalted
(negative) A and large negative NICS denote aromaticity
whereas positive A and NICS denote antiaromaticity. The
NICS value is the magnitude of absolute magnetic shielding in
ppm, computed e.g., at ring center, and a negative value sug-
gests a diamagnetic ring current effect in the ring. The NICS
calculated at the center of the six-membered ring of 49 (GIAO/
6-31+G*//B3LYP/6-31G™) is —9.0 while those at the mid-
point between the bridgehead carbon atoms and at the center of
rectangle formed by the other four aromatic carbon atoms are
—11.8 and —7.8, respectively, as compared with —9.7 for pla-
nar benzene (Scheme 13). The value of A computed for a bent
benzene whose geometry is constrained to that present in 49 is
—11.6 ppm cgs (CSGT*/6-311+G**) as compared with
—15.1 ppm cgs reported for planar benzene.”* The relatively
large negative A and NICS values, together with the calculated
small degree of bond length variation in the six-membered ring
of 49, suggest that 49 and, accordingly, 37 retain relatively
good electron delocalization in their bent benzene rings. These
experimental and computational results for 37/49 are in line
with the predictions by Schaefer and co-workers for [4]paracy-
clophane (2a)."* They have shown in their theoretical study on
2a that boat-shaped benzene with the same geometry as in 2a
has almost the same magnetic susceptibility, a criterion of aro-
maticity, as a hypothetical planar cyclohexatriene and a weak
ring current is expected in it. It may be relevant to note that
benzene can assume localized cyclohexatriene structure with
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relatively little energy loss.**

[NICS values]

[Degree of bond alternation and bent angles]

r rz ar (A

MP2/6-31G*  1.4133  1.3909  0.0224

B3LYP/6-31G* 1.4100  1.3919  0.0181
Scheme 13.

On the other hand, the strain energy of [4]paracyclophane
(90-100 kcal/mol) mainly arises from the distortion of the ben-
zene ring and far exceeds the resonance stabilization energy of
benzene (20-30 kcal/mol).*® Moreover, [4]paracyclophane
and its derivatives behave chemically like activated alkenes
and readily undergo addition reactions rather than substitution
reactions. Accordingly, they cannot be regarded as aromatics
so far as their chemical reactivities are concerned. How can
the chemical property of [4]paracyclophane be reconciled with
its aromaticity? The sustenance of cyclic delocalization of &t-
electrons in the severely distorted benzene ring of [4]paracy-
clophane seems to be a consequence of extensive pyramidal-
ization-rehybridization at the ring carbon atoms to avoid the
rupture of the mt-bonds leading to the degeneration of [4]para-
cyclophane into a biradical(oid), and basically not attributable
to resonance stabilization effects. In other words, [4]paracy-
clophane may be stabilized to some extent by the cyclic delo-
calization of m-electrons, but it maintains the aromatic electron
delocalization as the result of the pyramidalization-rehybrid-
ization, at the expense of energy much greater than that of res-
onance stabilization, to accommodate the geometrical con-
straint imposed on the ring system. Thus, 37 seems to behave
like an aromatic as judged by those magnetic criteria of aroma-
ticity, and yet is a kinetically highly reactive, high energy spe-
cies.

(Benzene vs Dewar Benzene. Reversal of the Relative
Stability in [4]Paracyclophane) As described above, theo-
retical calculations suggest that 1,4-bridged Dewar benzene
becomes almost isoenergetic to or slightly lower in energy than
the corresponding paracyclophane when the bridging chain is
shortened to tetramethylene, -(CH,)s-. Thus it is suggested
that thermal isomerization of [4]paracyclophane to the corre-
sponding Dewar form is at least energetically feasible. The ex-
treme thermal instability of [4]paracyclophane and its deriva-
tives, however, has impeded the observation of their possible
thermal transformation into the Dewar forms. The kinetically
stabilized 37 is slightly more strained than the parent 2a and
the relative energy calculated for the truncated system, 48/49,
suggests that it is not unreasonable to expect the thermal cyclo-
reversion of 37 to 43 to occur, provided that the degree of ki-
netic stabilization in 37 against its consumption by bimolecu-
lar reactions is sufficiently high.* The spectral changes ob-
served upon briefly warming a solution of 37 to room tempera-
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Fig. 6. Electronic absorption spectra in diethyl ether—isopen-
tane (1 : 1) at 77 K: (A) for 43; (B) as the difference spec-
trum between those before and after the irradiation of 43
with 365 nm light, and (C) as the difference spectrum be-
tween those before and after the subsequent brief heating
of the photolyzed mixture to room temperature.

ture corroborated the expectation.!”

Compound 43 in an ether-isopentane glass at 77 K exhibits
a characteristic absorption band with fine structure in the range
of 300-390 nm (Fig. 6A). Irradiation of the glassy mixture
with 365 nm light leads to the development of absorption due
to 37 in the 280-420 nm range at the expense of 43, as clearly
displayed in the difference spectrum (B). When the frozen
mixture was thawed, warmed to room temperature, and then
refrozen after 1 min in the dark, the resulting difference spec-
trum (C) between those before and after the heating was a near
mirror image to spectrum (B), indicating nearly quantitative
thermal reversion of 37 to 43. The half life of 37 at —20 °C is
15 = 5 min and, accordingly, the free energy of activation for
the isomerization AG* is 18.3 *+ 0.3 kcal mol ! at the same
temperature. The agreement of this energy barrier with a re-
cent theoretical value (22 kcal mol™") for the isomerization of
parent 2a to the Dewar form 1a'* is extremely good, especially
when a slightly higher exothermicity for the process from 37 to
43 as compared to that from 2a to 1a is taken into account.

1.4 Limit for Experimentally Accessible Strained Para-
cyclophanes The generation of [5]- and [4]paracyclophanes
known to date has relied on the photochemical valence isomer-
ization of 1,4-bridged Dewar benzenes. Readers may wonder
if the more strained species, e.g. [3]paracyclophane, is experi-
mentally accessible. Our experimental observations suggest
that [4]paracyclophanes are near the limit in accessibility, at
least by the methodology described above. In contrast to the
experimental observations on 1, 5, and 43, no absorption as-
cribable to 55 is developed upon irradiation of 51 in an EPA
glass at 77 K (Scheme 14). Moreover, photolysis of 51 in
methanol provides no solvent-incorporated product even in the
presence of trifluoroacetic acid. Slow isomerization of 51 to
54 proceeds instead under irradiation. Owing to an additional
ethano bridge, the benzene ring in 58, if it were formed, suffers
more severe distortion than those in 2a and 6a. According to
theoretical calculations at the B3LYP/6-31G* level, the critical
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bending angles o and in 55 are 38.0° and 45.5°, respectively,
and, thus, the total bending angle (¢ + 8) amounts to 83.5°, ca.
10° greater than that for 6a. The photoisomerization of 51 into
54 is significantly slower than the transformation of 1a into 3a
in methanol under comparable conditions. It seems that the
photochemical isomerization of 51 to 55 is so inefficient that
the usually dormant [2 + 2] photocycloaddition or 1,3-migra-
tion, by which 51 is transformed into 54 by way of 52 or 53,
respectively, becomes operative.*’

v 52 53 54
78 -
51 \H\~ .MeOH H
A S Ay
MeO
55 56
Scheme 14.

Another limiting factor to be considered is the cyclorever-
sion of strained paracyclophanes to the Dewar benzene iso-
mers. As discussed in the preceding section, [4]paracyclo-
phanes are already predicted to lie higher in energy than the
corresponding Dewar isomers and 37 indeed thermally reverts
fairly rapidly to the Dewar form 43. The greater the degree of
bending of the benzene ring of an [n]paracyclophane, the more
facile the isomerization to the Dewar benzene form should be.
Although 55 would be easily detectable at 77 K, if it were
formed from 51, its thermal cycloreversion to 51 would be
much faster than that of 37 to 43.

2. [1.1]JPARACYCLOPHANE SYSTEM

2.1 [1.1]Paracyclophanes The construction of [1.1]-
paracyclophane (59a), i.e. the connection of two benzene rings
at the para positions with two methylene bridges in a cyclic ar-
ray, apparently requires severe bending of the rings and bonds,
and is seemingly almost prohibitive. Despite its fascinating
structure, to our knowledge, no report concerning 59 had been
published when we embarked on the preparation of 59. The
successful generation of [4]paracyclophanes from the corre-
sponding Dewar benzene precursors, however, suggested that
[1.1]paracyclophanes might well be accessible via valence
isomerization of the bis(Dewar benzene) isomers 57. The first
step of this isomerization from 57 to 58 is nothing else but the
generation of a [4]paracyclophane skeleton, if a stepwise
mechanism is assumed, and the second step corresponds to the
formation of much less strained, six-carbon-bridged paracyclo-
phane from the respective Dewar benzene precursors (Scheme
15). Thus, the second step should be much easier than the first.
This expectation is supported by computational analysis on
57a-59a which reveals, as described later, that the initial step
is a slightly endothermic process whereas the second step is
highly exothermic. Calculations also indicate that the degree
of ring deformation in 59a will be comparable to that in
[S]paracyclophane and much less than that in [4]paracyclo-
phane, implying that 59 might be isolable if electronic interac-
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tions between the aromatic rings held in close proximity do not
significantly destabilize the system.*®

R c R R

a b
hv hv
d —_— —_—
/ Ay Ay
R R

57a R=H 58a R=H 59a R=H

b R=CO,Me b R=CO,Me b R=CO,Me

Scheme 15.

(Preparation of Precursors) On the basis of our experi-
ence on the preparation of 1,4-bridged Dewar benzenes, we
envisioned that the bis(Dewar benzene) precursor 57 might be
accessible via a synthetic pathway including two-fold cycload-
dition of acetylene or its equivalent to bis(enone) 65 as a key
step. Compound 65 was unknown then and, after several un-
successful attempts, it was eventually synthesized by the acid-
catalyzed intramolecular cyclization of unsaturated dicarboxy-
lic acid 64, which was in turn prepared in four steps from di-
ethyl dihydroterephthalate (60). The subsequent transforma-
tion of 65 into 57a and 57b was carried out in essentially the
same manner as described for the preparation of [4.2.2]propel-
latetraenes Sa,b, as outlined in Scheme 16. The photocycload-
dition of acetylene to 65 proceeded stereoselectively to furnish
anti-bis(acetylene) adduct 67a. The observed stereoselectivity
probably results from the preferential bending of the central
six-membered ring toward the cyclobutene ring in the mono-
adduct 66a, as suggested by force field calculations.

o)
Ucoza UCHZX S .
EtO,C XCHy \»:(:l:(\o CoHp /
65 66a ©

61X =0H
( l — b57a

62 X =Br
63 X = CH,CO,tBu
64 X = CH,CO,H

MeO,C.

ZCOQMe PhS
MBOQC
67a R=2H
68a R = CHOH 57b
69a R=N, 7z SePh
72 COMe
Scheme 16.

(Spectroscopic Detection) The photochemical generation
of 59 from 57 was first investigated under matrix isolation at
low temperature. Compound 57a exhibits only an end absorp-
tion extending to 260 nm in its electronic absorption spectrum.
Irradiation of 57a in an EPA glass with a low-pressure mercury
lamp at 77 K leads to the development of absorption bands at
Amax 226, 237, and 290 nm, accompanied by a weak, broad
band (Anax 377 nm) in the range of 330—450 nm. These bands
are due to 59a as later assigned. [1.1]Paracyclophane (59a) is
photochemically labile and the observed absorption rapidly de-
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cays upon secondary irradiation of the resulting glass with
light of wavelength longer than 335 nm to give rise to a new
absorption band at A, 244 nm, which was later assigned to
transannular [4 + 4] adduct 73a (Scheme 17). The bis(meth-
oxycarbonyl) derivative 57b displays similar photochemical
behavior. Thus, irradiation of 57b in an EPA glass with light
of 254 nm at 77 K gives rise to 59b, which exhibits absorption
bands at A, 256 and 348 nm, accompanied by a weak, broad
band (A 405 nm) extending to 480 nm. The latter is effi-
ciently transformed into 73b upon secondary irradiation.
Broad, relatively weak bands in the long wavelength region in
the absorption spectra of 59a and 59b are a characteristic fea-
ture common to [1.1]paracyclophanes. Those bands, probably
of forbidden transitions, suggest significant electronic interac-
tions between the two bent benzene moieties of [1.1]paracy-
clophane. The photochemical transannular addition within 59
to give 73, to our knowledge, represents the first direct forma-
tion of a benzene p,p’-dimer and is certainly a consequence of
the face-to-face arrangement of the bent benzene rings in close
proximity.*

R R
hv
NS v
R R
59a R=H 73a R=H 74a R=H
b R=CO,Me b R=CO,Me b R=CO,Me
Scheme 17.

The thermal stabilities of 59a and 59b are much superior to
those of [4]paracyclophanes and their UV-visible absorption
spectra remain unchanged for several hours if their solutions
are kept below —20 °C. At higher temperatures, however, the
absorptions begin to decay and almost completely disappear
within 4 hours at room temperature, practically preventing iso-
lation of the compounds. The decomposition products are res-
inous materials, probably resulting from polymerization at the
most strained bridgehead carbon atoms.

Although [1.1]paracyclophanes 59a,b, to our disappoint-
ment, lack sufficient stability to allow their isolation, their 'H
NMR spectra have been recorded. The Dewar benzene precur-
sor 57b exhibits a simple "H NMR spectrum consistent with its
C; symmetric structure at least on the "H NMR time scale. Ir-
radiation of 57b in THF-dg with a low-pressure mercury lamp

—70 °C leads to the formation of two species in a ratio of ca.
1 : 2 after 10% conversion. Both the species also retain the C;
symmetry and the minor product is quantitatively converted
into the major one upon secondary irradiation of the mixture
with filtered light (> 390 nm). On the basis of these observa-
tions and their spectral characteristics, structures 59b and 73b
were assigned to the former and the latter, respectively. The
observed changes in chemical shift and in coupling constant
are fully consistent with the successive transformation of 57b
into 59b, and 59b into 73b (Table 8). Neither the less symmet-
rical products resulting from the rearrangement in only one of
the Dewar benzenes, i.e. 58b, nor the diprismane derivative
74b is detected in the photolysate. The transannular adduct
73b is also photochemically susceptible and extended irradia-
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Table 8. 'H NMR Parameters for 57b, 59b, and 73b*-°

Compound  H,(3) Jun/Hz Hy,H.(8)  Ju/Hz HoH.8)  Ju/Hz
57b 7.19 <1 6.45, 6.56 2.4 2.38,2.50 146
59h 7.60 2.5 6.95,7.14 8.8 4.44Y 11.7
73b 7.12 <1 6.03, 6.13 6.4 1.95,2.45 6.6

a) In THF-dg at —60 °C. The signals of OCH; were observed at 6 3.65, 3.94, and 3.61
for 57b, 59b, and 73b, respectively. b) The signal of the other proton could not be iden-
tified, probably due to its overlap with one of the much stronger signals due to the meth-
oxy group of 57b at §3.65, the solvent at 6 3.58, and water at 6 3.30.

2.24 i ) 3.38 1.28)
C%e) \(3.22) (1.28) (1.47)
A Z2S A %
6.48 6.94 5.90
(6.68) (7.40) (6.16) @3
57a 59a 73a 74a

Fig. 7. Experimental and calculated (in parentheses) proton
chemical shifts for 57a, 59a, 73a, and 74a.

tion of the mixture does not bring about an appreciable in-
crease in its amount, but induces decomposition of 57b and the
products.

Irradiation of 57a in THF-dg with a low-pressure mercury
lamp at —80 °C leads to the development of singlet signals as-
signable to 59a and 73a. The observed spectra were, however,
extremely simple and of low relative intensities, and could well
happen to be due to unknown side products. Therefore, re-
course to theoretical calculations was made to confirm the
structural assignments. The experimental and computed (GI-
AO/6-31G*//6-31G™) proton chemical shifts for 57a, 59a, and
73a, summarized in Fig. 7, are in reasonable agreement with
each other, supporting the above structural assignment. The
diprismane product 74a of the same symmetry is apparently
incompatible with either of the observed spectra. Again the
formation of mono-aromatized 58a was not detected.

It is of interest to compare the '"H NMR spectra of 59a and
59b with those of the corresponding [2.2]paracyclophane ho-
mologues. The aromatic ring protons of [2.2]paracyclophane
resonate at § 6.47 and the [2.2]paracyclophane counterparts to
the Hy_Hc of 59b resonate at § 7.17 (/ = 1.8 Hz), 6.68 (dd, J
= 7.7 and 1.8 Hz), and 6.51 (d, J = 7.7 Hz), respectively.*’
Thus the chemical shifts of aromatic protons in the [1.1]para-
cyclophanes are rather normal while those in the [2.2]paracy-
clophanes resonate 0.4—0.5 ppm upfield. The upfield shifts of
aromatic proton signals in [2.2]paracyclophanes suggest that
they are exposed to a shielding effect by the opposing aromatic
ring. The closer juxtaposition of the aromatic rings, in addi-
tion to the more pronounced inward bending of the aromatic
C-H bonds, in [1.1]paracyclophane than in [2.2]paracyclo-
phane, may place the aromatic protons of the former near the
boundary plane between the shielding and deshielding fields
due to the ring current in the facing benzene ring.

(Computational Analysis) The geometrical as well as
electronic structures of [1.1]paracyclophane, its strain energy
and thermodynamic stability relative to related compounds,
and the degree of aromaticity retained in it are of special inter-
est. To gain insights into these points, theoretical analyses
were carried out by ab initio and DFT quantum mechanical

methods.

The geometrical optimizations of 59a and 73a were under-
taken at the Hartree—Fock (RHF-SCF), second-order perturba-
tion (MP2), and density functional B3LYP levels employing 6-
31G* basis set. The structures of the related compounds, 57a
and 58a, were also optimized at the RHF/6-31G* level and
with semiempirical MNDO Hamiltonian. An initial explora-
tion of the potential energy surface of 59a with the 3-21G basis
set furnished a single energy minimum corresponding to the
D,, symmetric 59a. The optimizations with the 6-31G™ basis
set were accordingly performed within the constraint of D,,
symmetry. The optimized geometrical parameters for 59a are
summarized in Tables 9 and 10.°°

The differences between the optimized geometries of 59a
are generally small, A(bond length) =< 0.014 A and A(bond an-
gle) = 0.7°. The transannular distance R, is in a range of
2.36-2.40 A, almost 1.0 A less than the sum of the van der
Waals radii, suggesting strong electronic interactions between
the © bonds of the opposing aromatic rings. These calculated
parameters are in good agreement with the experimental values
for the heavily substituted derivative described later. The ex-
tent of bond alternation in the aromatic rings is small, indicat-
ing the retention of cyclic delocalization of electrons in the
bent benzene rings. The calculated bending angles o and 8
slightly deviate from the experimental values provided in the
following section, but the calculated and experimental total de-
formation angles (o + f) agree excellently with each other.
The angle (o + B) in 59a is much smaller than that calculated
for [4]paracyclophane and even slightly smaller than that for
[S]paracyclophane. In accord with the calculation results, 59a
is much superior to the former and is comparable to the latter
in kinetic stability. Thus, it appears that the reactivity of 5§9a is
primarily determined by the extent of bending of the aromatic
rings and 59a is neither particularly stabilized nor particularly
destabilized by the close stacking of the benzene rings.

Relative energies callculated for 59a and relevant related
compounds are collected in Table 11. Inspection of the Table
reveals that 59a is predicted to be the most stable of the iso-
mers and more stable than 73a, irrespective of the computation
methods and theoretical levels employed. The calculations
also indicate that the isomerization of 57a to 58a is endother-
mic whereas that of 58a to 59a is strongly exothermic, sug-
gesting that the latter process is significantly more facile than
the former. Accordingly, it is not unreasonable that S8a and
58b are not detected in the photolysates of 57a and 57b, re-
spectively, though a stepwise mechanism is likely in operation.
Although 59a is the most stable of the calculated isomers, it is
still a highly strained molecule. For the evaluation of strain
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Table 9. Calculated Distortion Angles and Nonbonding Interatomic Distances for [1.1]- and

[2.2]Paracyclophanes
Method o/deg  P/deg (a+ Py/deg y/deg RJA  RJA  RyA RyA
[1.1]Paracyclophane
RHF/6-31G* 23.7 26.3 50.0 28.6 2383 2982 2351 2.761
B3LYP/6-31G*  23.3 27.0 50.3 283 2396 2995 2371 2.787
MP2/6-31G* 225 274 49.9 272 2363 2938 2378 2792
[2.2]Paracyclophane®
experimental 12.6 11.2 23.8 2.778  3.093
Table 10. Calculated Bond Angles and Bond Lengths for [1.1]Paracyclophane
Method r/A rafA ra/A ¢1/deg ¢,/deg ¢s/deg ¢4/deg
RHF/6-31G* 1.557  1.393  1.390 99.8 118.3 115.1 119.5
B3LYP/6-31G* 1.558  1.406  1.400 100.5 118.6 115.0 118.6
MP2/6-31G* 1.545 1407  1.401 99.8 118.3 115.3 119.6
Table 11. Calculated Energies of 57a, 58a, and 73a Relative A s
to 59a (in kcal mol ™) 507 "Q“ L 2 e
.
Method 57a  58a 59 73 - 2
MNDO 4.1 496 0 9.7 Q T ey o T by
RHF/6-31G* 515 623 0 8.7 30+ —i (==t 313
MP2/6-31G* 0 20.0
B3LYP/6-31G* 70.7 0 25.6 > 20 . Ty
> ~
[ 3
energy in 59a, 9,10-dihydroanthracene, which also possesses ‘E CHsQCHs
two benzene rings bridged by two methylenes as 59a and yet is 8 big
strain-free, serves as an ideal reference compound. The total S 7o ba —_ T
strain energy of 59a thus evaluated is 128.1, 93.6, and 106.5 a0 ”{}Q TR _‘__—bs—g- -7.89
kcal mol™" at the RHF/6-31G*, MP2/6-31G™, and B3LYP/6- - L L b
31G™ levels, respectively, and is in good agreement with the S R Ly = 860
values evaluated using the homodesmotic reaction of eq 2, ’ g;
127.8 kcal mol~! at the RHF/6-31G™ level and 90.8 kcal/mol . 24 979
at the MP2/6-31G™ level. '

C14H12 (593) +4 C2H6 — 2p-C6H4M62 +2 C3Hg (2)

The close face-to-face arrangement of the two bent aromatic
rings in 59a suggests strong electronic interactions between
them. The RHF/6-31G™ calculations confirm that the HOMO
and LUMO of 59a are significantly raised and lowered in ener-
gy, respectively, as compared to those of p-xylene as the result
of bending of the benzene rings and of their mutual electronic
coupling. Figure 8 depicts a qualitative derivation of the high
energy occupied and low energy unoccupied molecular orbit-
als of 59a from those of planar p-xylene. The distortion of

Fig. 8. Derivation of the high energy occupied and low ener-
gy unoccupied MOs of [1.1]paracyclophane from those of
planar C,,-p-xylene (SCF/6-31G*).

C,,-p-xylene to the geometry present in 59a leads to the desta-
bilization of by(m) and the stabilization of a;(r*) MO, while
leaving the a, and b; MOs virtually unperturbed. The through-
space and -bond coupling of the resulting b, orbitals in 59a
yields by, and b3, MOs and that of the a; MOs leads to MOs of
a, and a, symmetries. The a, and b; MOs mutually interact
respectively, predominantly through space, to yield the bs,/by,
and a,/b,; MOs of 59a (Fig. 9). The reduced HOMO-LUMO
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Fig. 9. Schematic representations of the HOMO, NHOMO,
LUMO, and NLUMO of [1.1]paracyclophane (N denotes
next).
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Fig. 10. Variation of magnetic shielding effect (in ppm) in
59a along the z coordinate and comparison with the effect
due to two molecules of benzene (GIAO/6-31 +G*//
B3LYP/6-31G*): (A) for 59a, (B) for two benzene mole-
cules at the same mean distances with the aromatic rings of
59a from the center of gravity of the latter, and (C) sum of
the effects due to the two molecules of benzene. Negative
value denotes diamagnetic shielding.

energy gap in 59a (8.83 eV) as compared to that in p-xylene
(12.33 V) manifests itself in the UV-visible absorption spec-
trum extending to 450 nm.

It is of particular interest to investigate how the diamagnetic
property of [1.1]paracyclophane is affected by those geometri-
cal and electronic perturbations. Figure 10 illustrates the plot
of NICS value for 59a against the distance from the center of
molecule along the z coordinate computed at the GIAO/6-
31+G*//B3LYP/6-31G* level, together with those for planar
benzene rings placed at the same mean distances as in 59a and
their sum. The partially reduced diamagnetic shielding in 59a
as compared to the sum of the effects due to the two planar
benzene molecules suggests that 59a sustains slightly dimin-
ished diamagnetic ring current and hence loses some aromatic-
ity owing to the geometrical constraints imposed on its struc-
ture.

2.2 Kinetic Stabilization of [1.1]Paracyclophane The
fact that the stabilities of 59a and 59b were insufficient to al-
low isolation prompted us to search for a way to kinetically
stabilize the [1.1]paracyclophane skeleton without disturbing
its essential properties. The instability of [1.1]paracyclophane
seems to arise from susceptibility of the bridgehead carbon at-
oms toward addition of various reagents, as is the case with
[4]paracyclophane and its derivatives. Accordingly, we next
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investigated the feasibility of stabilizing the skeleton of
[1.1]paracyclophane kinetically by introducing substituents
that sterically shield all four bridgehead sites.

Substituents conventionally used for such a purpose are ster-
ically demanding, inert ones whose bulkiness remains largely
unaffected by conformational changes, like #-butyl. Synthetic
difficulty accompanying the introduction of such substituents
into the bis(Dewar benzene) precursor 57, however, seemed in-
surmountable. Fortunately, examination of molecular models
suggested that kinetic stabilization of the [1.1]paracyclophane
system may be achieved through 59¢, for which the appropri-
ate precursor 57¢ should also be accessible (Scheme 18). The
substituents in 59¢, trimethylsilylmethyl and dimethylcarbam-
oyl, are conformationally flexible and the effective bulkiness is
very much dependent on their adopted conformations, yet they
are expected to shield the bridgehead carbon atoms of 59c¢
from access by attacking reagents in the most preferred confor-
mation. For the construction of 1,4-bridged Dewar benzene
skeletons, we have so far resorted to the photo-Wolff ring con-
traction of diazocyclopentanone derivatives to the correspond-
ing cyclobutanecarboxylic acid derivatives. While the dimeth-
ylcarbamoyl group on the aromatic ring of [1.1]paracyclo-
phane seemed to exert a substantial stabilizing effect by plac-
ing one of the methyl groups over the proximate bridgehead
carbon atom, the corresponding alkoxycarbonyl substituent ap-
peared not to contribute appreciably to the steric protection of
the skeleton. These expectations were experimentally verified,
as described later.

X R X R X R
R hv R hv' R
—_— _—
Rz RS 4 Az 2
R R R X
57c-e 59c-e 73c-e

¢, R=CH,SiMes, X = CONMey; d, R =Et, X = CONMe,
e, R =CH,SiMes, X = CO.Me

Scheme 18.

(Preparation of the Bis(Dewar benzene) Precursors)
The preparation of the substituted bis(Dewar benzene) precur-
sors 57c—e was carried out in essentially the same manner as
described for 57a,b, except for a few critical modifications
(Schemes 19 and 20). Thus, the two-fold [2 + 2] photocy-
cloaddition of 1,4-bis(trimethylsilyl)-2-butyne (75)* to 65 fol-
lowed by the diazotization and photo-Wolff ring contraction in
MeOH furnished 76, while the photo-Wolff rearrangement in
an aprotic solvent provided diketene 78, from which diamide
82 was prepared by the addition of LiNMe, followed by hy-
drolysis. However, ester 76 and amide 82 are already so steri-
cally crowded that attempts to o-phenylselenenylate them met
with difficulty. Thus, neither treatment of 76 with LDA/PhSe-
Br nor attempts to react PhSeBr with the enolate ion which
was generated from 78 and MeONa*? provided the desired
product. For the selenenylation of sterically hindered esters,
their treatment with KH in the presence of (PhSe), has been
recommended.” Application of this method to 76 followed by
the usual oxidation-elimination reaction resulted in the forma-
tion of 77 in a modest yield. Through the repetition of the
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same reaction sequence, 77 was finally converted into 57e.

o
o X R
h h R
u 66b id
RC=CR 75 A
o
65 7% R X
o
67b X =2H
69b X =N,
MeO,C. R MeO,C R
hv R 1.KH, (PhSe), R 1.KH, (PhSe),
MeOH g 2. Hy0, R 2. H,0,
Z.
R CO,Me R CO,Me
76
Scheme 19. (R = CH,SiMejy).
0,
N
N, R CONMe,
4 PhSe - o
hv 2U2
6%b R PhSeNMe; R A 57¢
74
R 7 79 R SePh
78 ‘O 80 CONMe,
oL / LiNMe,
Me,N R Me,NCO, R Me,NCO, R
R R R
H,0
R 7 Rz R
R NMe, R CONMe, R CONMe,
81 Lo 82 83

Scheme 20. (R = CH,SiMe;).

The selenenylation of 82 was all the more difficult and the
above methods proved useless. Selenenamide 79 adds to the
carbon—carbon double bond of conjugated enone by way of the
initial formation of zwitterion 84 followed by intramolecular
migration of the phenylselenyl group (Scheme 21).>* The cen-
tral carbon atoms of the ketene moieties of 78 are apparently
less sterically encumbered than the carbon atoms adjacent to
the amide groups of 82. If 79 is able to add to ketene to gener-
ate zwitterionic intermediate 85, a-selenenylated amide 86
may well be produced through the subsequent migration of the
phenylselenyl group. This hypothetical reaction worked excel-
lently and treatment of 78 with 79 furnished 80, from which
57c¢ was obtained following the usual oxidation-elimination
protocol. The less sterically crowded amide 57d was also pre-
pared in the same manner from the twofold adduct of 3-hexyne
to 65.

SePh

i o N i
NM
Ph + PhSeNMe, ——~ S I Ph)>(\NMe2
79 Ph SePh

84
1 1 - 1
LN N 0 2 AR
L=C=0 + PhSeNMe, — L=<, — R —?—C\
g 70 R NMe, Phse  NMe;

Phsé 86
85
Scheme 21.

(Isolation of a Kinetically Stabilized [1.1]Paracyclo-
phane) Amide 57c exhibits a featureless electronic absorp-
tion spectrum extending to 350 nm. Irradiation of §7¢ in de-
gassed n-decane with a low-pressure mercury lamp at —20 °C
leads to the formation of 59¢ (Ana 321, 377, and 464 nm), iso-
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mer 73c resulting from a secondary transannular [4 + 4] addi-
tion within 59¢, and a product to which structure 83 is tenta-
tively assigned. The intensity of the UV-visible absorption
bands due to §9¢ remains unchanged for 3 h at 50 °C and de-
creases only by 8% after the solution is heated for 2 h at 100
°C, demonstrating the greatly improved stability of 59c¢ as
compared to that of 57a or 57b. Compounds 57d and 57e also
underwent successive phototransformation into 59d and 59e,
and then into 73d and 73e, respectively. The kinetic stability
of 59d is significantly inferior to 59e, which is in turn substan-
tially less stable than 59¢, as summarized in Scheme 22. This
order of kinetic stabilities is in accord with predictions based
on molecular modeling.

R CHaCH, CONMe,

, __{ _CH,CH,

R R=H, CO,CHg

CH3CHy”

Me,NCO' "CHoCHy

stable at -20 °C,
complete decomposition
within 1 h at room temperature

slow decomposition
at room temperature,
typ =2 -3 days

Me;SiCH, MegSiCH, CONMe,

CH,SiMey

Me;SICH,” Me5SICH,"

MeO,C “CH,SiMe, Me,NCO' "CH,SiMe,
stable at room temperature, stable at 50 °C,
20% decrease after 1h 8% decrease after 2 h
at 50 °C at 100°C

Scheme 22.

When a solution of 59¢ was irradiated to furnish 73¢ and
then allowed to stand in the dark at room temperature, the
characteristic UV-visible absorption due to 59¢ was slowly re-
generated. This observation demonstrates the ability of 73c¢ to
thermally revert to 59¢ at ambient or higher temperature! The
corresponding cycloreversion is also observed for 73d and 73e.
This reactivity of 73 proved to be quite advantageous to the
preparation and purification of air-sensitive 59 because the lat-
ter is difficult to prepare directly from 57 in pure form in rea-
sonable yield. The photochemical isomerization of 57 tends to
produce mainly 73 rather than the primary product 59, except
at very low conversion, because 59 is very susceptible to pho-
tochemical transformation into 73 and, moreover, its high ab-
sorptivity extends to a wavelength much longer than that of the
precursor 57. Air-stable 73c is readily isolated from the mix-
ture as colorless crystals, and it can be quantitatively converted
into 59c¢ by mildly heating its solution in a deaerated solvent
such as benzene or hexane. Thus, the fairly air-sensitive 59c¢ is
now readily prepared in pure form. When a solution of 73c in
degassed benzene was heated at 45 °C for 15 h and then cooled
to 5 °C, the resulting 59¢ separated from solution in the form
of orange-red crystals.

Figure 11 illustrates the development of electronic absorp-
tion due to 59c¢ upon heating a solution of 73c in hexane at 40
°C. The thermal isomerization follows first-order kinetics and
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Fig. 11. Development of UV-vis absorption due to 59c¢ re-

corded at 15 min intervals upon heating a solution of 73¢
in hexane at 40 °C.

activation parameters for the process are: AG* = 24.4
kcal mol™! at 40 °C, AH* = 21.1 = 0.8 kcal mol ™!, and AS* =
—10.5 = 2.6 cal K~ mol™!. The half-life of 73¢ at 40 °C is
191 £ 2 min in hexane. Scheme 23 lists activation parameters
for the cycloreversion of related benzene p,p’-dimers 87-89,
for comparison purposes. The values for 73c are rather sur-
prisingly comparable to those for 87 and 88,%>°¢ despite tre-
mendous differences in the heats of reaction.’” The effect of
the lesser exothermicity of the process on the activation energy
for 73c may be counterbalanced by the lesser strength of cleav-
ing (cyclopropane) bonds.

% D D
87 88 89
AG¥ (kcal/mol) 22.0 (0°C) 23.2 (30 °C) 27.2 (80 °C)
AH* (keal/mol) 224 +12 228 + 0.4 33.0+ 0.9
AS* (cal/Kemol) 0.9 + 3.9 14 +13 164+ 2.4
Scheme 23.

(X-ray Crystallographic Analysis) The molecular struc-
tures of 59c¢ and 73c are given in Figs. 12 and 13, respectively.
Both 59¢ and 73c have C; symmetry in the crystalline state and
their polycyclic cores are slightly distorted from ideal D,
symmetry. The transannular interatomic distance between the
opposing bridgehead carbon atoms C(1)-C(4) of 59c¢ is
2.376(5) A, less than the sum of the van der Waals radii (3.5-
3.6 A)*® by more than 1.0 A, and the corresponding distances
between nonbridgehead aromatic carbon atoms C(2)—C(5”) and
C(3)-C(6") are 3.025(5) and 2.996(5) A, respectively. The di-
hedral angle & between the mean plane of the four nonbridge-
head carbon atoms and the plane of the adjoining flap is 25.6°
on the side bearing the amide group and 24.3° on the other.
The extent of out-of-plane bending of the bridging bonds S is
26.8° on the side nearer to the amide group and 22.9° on the
far side.® Thus, the averaged total bending angle (o + f) is
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Fig. 12. Crystal structure of 59¢. Selected bond lengths (&),
nonbonding interatomic distances (A), and angles (°) are:
C(1)-C(2), 1.443(6); C(2)-C(@3), 1.396(6); C(3)-C®4),
1.422(6); C(4)-C(5), 1.421(6); C(5)-C(6), 1.400(6); C(1)—
C(6), 1.386(6); C(1)-C(7), 1.551(6); C(4)-C(7"), 1.560(6);
C(1)--C(4"), 2.376(5); C(2)--C(5"), 3.025(5); C(3)---C(6"),
2.996(5); C(1)---C(4), 2.760(5); C(1)-C(2)-C(3), 117.6(4);
C()-C(3)-C@), 119.3(4); C(B)-CA)-C(5), 116.54);
C4)-C(5)-C(6), 116.4(4); C(5)-C(6)-C(1); 121.6(4);
CQ2)-C(1)-C(6), 115.4(4); CQR)-C()-C(7), 120.94);
C(6)-C(1)-C(7), 118.2(4); C(1)-C(7)-C(4"), 99.6(3).

Fig. 13. Crystal structure of 73c. Selected bond lengths (&),
nonbonding interatomic distances (A), and angles (°) are:
C(1)-C(2), 1.508(2); C(2)-C(3), 1.350(2); C(3)-C@4),
1.516(2); C(4)-C(5), 1.505(2); C(5)-C(6), 1.345(2); C(1)—
C(6), 1.494(2); C(1)-C(4", 1.601(2); C(1)-C(7), 1.499(2);
C(4)-C(7"), 1.494(2); C(2)---C(5"), 2.789(2); C(3)---C(6"),
2.808(2); C(1)---C(4), 2.519(2); C(1)-C(2)-C(3), 112.8(2);
C()-C(3)-C#@), 112.7(2); CB)-CA)-C(5), 112.5(1);
C@4)-C(5)-C(6), 112.3(2); C(5)-C(6)-C(1), 113.8(2);
C(2Q)-C(1)-C(6), 112.2(1); C(1H)-C@H-C(7), 57.8(1);
C(1)-C(7)-C4&"), 64.7(1); C(4")—C(1)-C(7), 57.5(1).

49.8°, which is the largest value ever observed for a
paracyclophane®® and only slightly less than that calculated for
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[S]paracyclophane. The bonds of methylene bridges are
lengthened from normal 1.50-1.52 At01.55-1.56 A, probably
due to the steric repulsion between the aromatic rings, while
the bond angle, C(1)-C(7)-C(4"), is narrowed from 112.5° in
diphenylmethane®' to 99.6° to accommodate planarity-prefer-
ring benzene rings in the [1.1]paracyclophane structure.

In good agreement with the results of molecular modeling,
the nearly planar amide group adopts s-trans conformation,
with respect to the adjacent bridgehead carbon atom, placing
one of the methyl groups (C(18) and C(18")) above the bridge-
head site. Preferential adoption of a similar conformation in
solution is supported by the NOE experiments. The inferior
kinetic stability of ester S9e as compared to amide 59c¢ is most
probably due to the lack of a corresponding methyl group pro-
truding above the neighboring bridgehead site, as presumed on
the basis of molecular modeling. The trimethylsilyl groups
preferentially occupy the space near the proximate bridgehead
carbon atom to sterically hinder the access of other reagents to
the latter, thereby minimizing repulsive steric interactions: mu-
tual, transannular, and with the methylene bridges. Thus, the
bridgehead carbon atoms of 59c¢ are effectively protected by
the aromatic substituents: this is certainly the reason for its re-
markable stability.

The most prominent feature in the structure of 73c is the un-
usual lengthening of the inner cyclopropane bonds to 1.601(2)
A. They are longer by 0.10-0.11 A than the peripheral cyclo-
propane bonds, while the latter appear to be slightly shortened
from a bond length of 1.51 A for cyclopropane. Compound
73c possesses the structure of benzene p,p’-dimer bridged by
methylenes. Similar lengthening of bond has been observed
for related dibenzene structures® and, to explain the anoma-
lous bond lengthening, m—c-7 through-bond coupling® has
used to be invoked. Siegel and co-workers recently questioned
this explanation and have asserted that steric/electrostatic re-
pulsion is the dominant cause of bond elongation.** Nonbond-
ing interatomic distances between the proximate unsaturated
carbon atoms C(2)---C(5") and C(3)---C(6") are only 2.789 and
2.808 A, respectively, and thus significantly shorter than the
sum of the van der Waals radii. It is interesting to note in this
respect that the length of the inner cyclopropane bond of 73c is
reproduced satisfactorily by the theoretical calculations for the
parent 73a at both the B3LYP/6-31G* (1.607 A) and MP2/6-
31G™* (1.597 A) levels, but only poorly at the RHF/6-31G* lev-
el (1.564 A) and by the semiempirical AM1 (1.563 A) and
PM3 (1.548 A) methods.
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