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Summary: [GIParacyclophane underwent nucleophilic 
addition with n-BuLi and s-BuLi and formal nucleophilic 
substitution with t-BuLi. 

It has been well documented that strained [nlcyclo- 
phanes exhibit remarkably enhanced reactivity and some- 
times undergo unusual reactions in electrophilic reactions 
such as addition and rearrangement.lI2 These properties 
are ascribed to the strain imposed on the aromatic ring, 
a large amount of which is released in the initial stage of 
the reactions, and the high HOMO levels which lower the 
transition-state energy. Likewise, it may well be expected 
that strained cyclophanes show enhanced reactivity in 
nucleophilic reactions from the viewpoint of strain release 
and LUMO level. Indeed, Bickelhaupt reported that 8,- 
11-dihalo-substituted [ 51 metacyclophanes, the smallest 
isolable [ n3 metacyclophane derivatives, underwent nu- 
cleophilic substitution (SNAr) under mild conditions 
despite the fact that they were not activated by strongly 
electron-withdrawing group~.M~e~3 We wish to report here 
that [blparacyclophane (la),ldq4 the smallest isolable 
representative in the [nl paracyclophane series, exhibits 
unusual reactivity toward alkyllithiums, Le., nucleophilic 
addition of n-BuLi and s-BuLi and formal nucleophilic 
substitution with t-BuLi, which are, to our knowledge, 
without precedent in the chemistry of its aromatic 
counterpart, benzene. 
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When l a  was treated with n-BuLi (5 equiv) in the 
presence of TMEDA (5 equiv) in hexane at rt for 1.5 h, 
nucleophilic addition products 2 and 3a were obtained in 
18% and 11% yields, respectively, along with unreacted 
la (27 %) after quenching with H20. The stereochemistry 
of the butyl group at C-8 of 2 and 3a was determined on 
the basis of the ‘H NMR coupling constants between H-8 
and H-9 (2, J = 9.2 Hz; 3a, J = 7.7 Hz).~@ When the 
reaction was worked up with TMSC1, adducts 3b (35 % ) 
and mono(trimethylsily1)paracyclophane (lbI7 (24% ) were 
obtained. The stereochemistry of the TMS group at the 
new stereogenic center ((2-11) of 3b was also assigned to 
be anti to the bridge based on the lH NMR coupling 
constant (J = ca. 8 Hz) between H-11 and H-12.6p6 
Similarly, reaction of la with s-BuLi under otherwise 
identical conditions yielded adducts 49 (7 % ) and Sag (30%) 
and recovered la (15%) after quenching with HzO. 
QuenchingwithTMSClaffordedSbs (50%) and lb (12%) 
(Scheme I). These results indicated that nucleophilic 
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(5) The same numbering as that for cyclophane la is used for the 
adducta 2-6 for convenience. 

(6) We observed coupling constants of 6-8 Hz for the relevant protons 
of the related structures.t Moreover, in order to support the assignments, 
we undertook MM2 calculations for the model compounds 9 and 10. The 
calculated dihedral angles between H-9 and H-8a and between H-9 and 
H-8b of 9 and 10 are 23.5O, 95.1°, 5 . 8 O ,  and 115.1°, respectively. The 
coupling constants between these protons estimated by using the Karplus 
equation are 6.9,0.2,8.1, and 1.2 Hz, respectively, which are in agreement 
with the experimental data 
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1) l-BULi, TMEDA 

l a  D 

f l  HP or COZ (CHdN3 

I 

& R' = I??= H 
8b R1 = H, F? = COzb 

8d R1 I # = CQMe 

l c  R' = C02Me, # = H 
i d  R' = F?= CQhk 

8cR1=COpMe,F?=H 

addition of n- and sec-butyl anionstook place as the major 
reaction which was accompanied by metalation of the 
aromatic ring. The former reaction represents the first 
example of nucleophilic addition of a benzene derivative 
which does not bear an activating electron-withdrawing 
group. 

It should be pointed out that the addition of butyl- 
lithiums took place regioselectively at the ortho position 
of the bridgehead carbon. In order to explain the 
regioselectivity, semiempirical PM3loJ1 calculations were 
undertaken for the carbanion intermediates 6 and 7, which 
would be formed by addition of methyl anion to the ortho 
(C-8) or ipso (C-7) position of la. As a result, 7 turned out 

6 7 

to be more stable than 6 by 10.7 kcal/mol. This can be 
readily understood from the fact that more (anti-Bredt) 
bridgehead double bonds are involved in the resonance 
structures of 6 than those of 7. Moreover, PM3 calculations 
of lalg indicate that net charge distribution in the aromatic 
ring of la is almost equal. These results suggest that the 
regioselectivity is not controlled by either stability of the 
intermediates or charge effect. The calculations show, 
however, that the LUMO of la resembles $4 of benzene 
and the coefficients of bridgehead carbons (C-7, -10) are 
larger than those of ortho carbons (C-8, -9, -11, -12), in 
contrast to the observed regioselectivity. On the other 
hand, NLUMO of la, which is 0.47 eV above the LUMO, 
resembles $5 of benzene, and the coefficients of the ortho 
carbons ((2-8, -9, -11, -12) are much larger than those of 
the bridgehead carbons ((2-7, -10). Consequently, we 
suppose that FMO interactions between the NLUMO of 
la and the HOMO of alkyl anion plays a major role in 
determination of the regioselectivity. 

In constrast to n- and s-BuLi, treatment of la with 5 
equiv of t-BuLi and TMEDA in hexane for 3 h at rt gave 
monosubstituted cyclophane 1 b in 66 % yield after quench- 
ingwith TMSC1. Thus, with t-BuLi, nucleophilic addition 
did not take place; the major reaction with this base was 
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metalation.7 However, when a large excess of t-BuLi (ca. 
20 equiv) was allowed to react for a longer period (20 h), 
a new product, 4-tert-butylhexylbenzene @a), was pro- 
duced in 41 % yield along with unreacted la (24%) after 
quenching with H2O. Quenching the reaction with C02 
followed by treatment with CHzNz gave diester 8d as the 
major product (38%) along with diester ld7J2 (13%) and 
monoesters lcldJ (4%), 8b ( 5 % ) ,  and 8c (8%) (Scheme 
11). The position of the methoxycarbonyl group in the 
aromatic ring of 8d was unambiguously established to be 

6% 

ortho to the tert-butyl group on the basis of the lH NMR 
coupling constants (H(a) 6 7.07 (d, J = 2.2 Hz), H(b) 6 7.14 
(dd, J = 8.1,2.2 Hz), H(c) 6 7.35 (d, J = 8.1 Hz)) and the 
NOE experiments. This represents, to our knowledge, 
the first example of formal nucleophilic substitution of an 
unactivated benzene derivative. The above results strong- 
ly suggested that the substitution took place on lithiated 
species le to give dilithio compound 8e (path b) but not 
directly on la (path a) as shown in Scheme 111. Likewise, 
the observed regioselectivity precluded the elimination- 
addition pathway through a benzyne intermediate (path 
C). 

In order to clarify the activating property of the ortho 
lithio group toward nucleophilic substitution, MNDO1lJ8 
calculations were undertaken for le. As is expected from 
the electron-donating property of lithium, the LUMO level 
of le is considerably higher than that of la (MNDO) by 
0.74 eV suggesting that le itself would not be susceptible 
to nucleophilic atgck of tert-butyl anion. Taking into 
account the well-known tendency of organolithiums to 
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aggregate in nonpolar ~olventa ,~~ we performed MNDO 
calculations for a postulated MeLi-le mixed dimer 9.16 
The LUMO level of 9 turned out to be only slightly higher 
than that of la by 0.26 eV. The LUMO of 9 as well as that 
of le resemble the benzene $4 orbital, suggesting that 
attack of tert-butyl anion would take place at the 
bridgehead carbon (C-7, -10). Since the coefficients of 
C-7 and (2-10 are almost same, the regioselective substi- 
tution at C-7 may be attributed to the proximity of the 
alkyllithium which aggregates to C-8 of le. Further works 
are in progress to clarify the mechanism of the 
reactions. 
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