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Although the reaction of ethylene with 1,3-butadiene yields a 
trace of vinylcyclobutane,1 by far the major product (99.98%) is 
cyclohexene, the product of a concerted Diels-Alder reaction.2 

In contrast, tetrafluoroethylene (TFE) reacts with 1,3-butadiene 
to give, as the only isolated product, l,l,2,2-tetrafluoro-3-vinyl-
cyclobutane,3 presumably via a stepwise mechanism involving a 
diradical intermediate.4 As part of an ongoing study of the effects 
of fluorine substituents on structure and reactivity,5 we have 
investigated computationally whether the four fluorines in TFE 
destabilize the transition state for the Diels-Alder reaction or 
stabilize the transition state for diradical formation. We report 
the results of ab initio calculations which show that while the 
fluorine substituents in TFE have little effect on the relative energy 
of the Diels-Alder transition state, they have a profound stabilizing 
effect on diradical formation. 

The transition state for the Diels-Alder reaction of ethylene 
with butadiene has previously been located by RHF calculations 
with both the 3-21G6 and 6-31G*7 basis sets. We performed RHF 
calculations with these two basis sets8,9 in order to locate the 
transition state for the Diels-Alder addition of TFE to butadiene. 
The calculations described in this communication were performed 
with the Gaussian 8610 and Gaussian 88" packages of ab initio 
programs. 

The calculated transition-state geometry for the Diels-Alder 
reaction of TFE with butadiene12 is very similar to that reported 
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Table I. Calculated Energies at Stationary Points on the C2X4 + C4H6 
Potential Energy Surface, Optimized with the 3-2IG Basis Set 

level of theory' 

RHF/3-21G 
RHF/6-31G* 
RHF/6-31G" 
RMP2/6-31G* 

UHF/3-21G 
UHF/6-31G* 
UMP2/6-31G* 
PUHF/3-21G 
PUHF/6-31G* 
PUMP2/6-31G* 
ROHF/3-21G 
GVB/3-21G* 

energy, 

X = H (4) 
hartrees 

X = F(I) X 

Diels-Alder Transition States 
-231.603 21'' 
-232.87947 
-232.879 61' 
-233.677 63 

-624.857 31 
-628.25169 
-628.256 28 
-629.73317 

1,4-Diradical Intermediates' 
-231.65283 
-232.943 58 
-233.65019 
-231.66791 
-232.95903 
-233.66313 
-231.62442 
-231.625 27 

-624.947 77 
-628.365 65 
-629.747 23 
-624.961 94 
-628.38009 
-629.75939 
-624.92069 
-624.921 96 

Af,0'4 

- H (4) 

35.9 
45.1 
45.0 
17.0 

4.8 
4.8 

34.3 
-4.7 
-4.9 
26.1 
22.6 
22.1 

kcal/mol 

X = F(I) 

36.1 
50.2 
49.6 
16.8 

-20.7 
-21.3 

12.5 
-29.6 
-30.4 

0.4 
-3.7 
-4.5 

"Relative to reactants (C2X4 + s-trans-l,3-butadiene). 'Uncorrected for 
zero-point energies. c Unless otherwise stated, all energies are based on 3-
21G optimized geometries (RHF or UHF). ^ Reference 6. 'RHF/6-31G* 
optimized geometry. 'Reference 7a. 'Triplet states. *Singlet state. 

for the parent Diels-Alder reaction.6,7 In addition, as shown in 
Table I, the calculated energy differences between the transition 
states and the reactants for the two Diels-Alder reactions are also 
very similar at all levels of theory. Indeed, at the RMP2/6-3IG* 
level of theory the two energy differences are essentially the same.13 

Clearly, the presence of the fluorines in TFE has little effect on 
the transition state for the concerted Diels-Alder reaction of TFE. 

In order to examine the effect of fluorine substituents on the 
transition state for diradical formation, we have performed 
UHF/3-21G optimizations of the all-trans conformers of the allylic 
1,4-diradical intermediates in the butadiene + TFE and butadiene 
+ ethylene reactions. Previous calculations on tetramethylene14 

and vinyltetramethylene15 have found that these two diradicals 
are essentially isoenergetic with the transition states from which 
they are formed and that closure of these two diradicals to give 
cyclobutane and vinylcyclobutane, respectively, is inhibited only 
by small conformational barriers. 

We optimized the geometries of the triplet states of the two 
allylic 1,4-diradicals, since closure and cleavage from the triplet 
states are spin forbidden. The optimized geometries for the two 
diradicals12 are quite similar, with two exceptions: (i) The py-
ramidalization angle at the nonallylic CX2 radical center is, as 
anticipated,5 substantially larger when X = F than when X = H 
(4> = 46.6° versus </> = 9.6°). (ii) The new C-C bond between 
butadiene and TFE is shorter than the corresponding bond between 
butadiene and ethylene (R = 1.509 A versus 1.555 A). The 
energies of the two diradicals, relative to the reactants, have been 
calculated at several different levels of theory and are given in 
Table I. Comparison of the triplet ROHF and singlet GVB energy 
of each diradical shows that, as expected for trans-1,4-diradicals,16 

the two electronic states are nearly isoenergetic. 
As shown in Table I, the energies of the two diradicals, relative 

to the reactants from which they are formed, depend on whether 
electron correlation is included and whether higher spin states are 
projected from the heavily contaminated (S2 = 2.23) UHF wave 
functions of the two triplet diradicals. However, relative to the 
reactants, at all levels of theory the 1,4-diradical formed from 
TFE is 25-26 kcal/mol more stable than the 1,4-diradical formed 
from ethylene. The computational finding that fluorine substi-

(13) MP2 calculations overestimate the amount by which the correlation 
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to the experimentally measured value.7 
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tution does not retard the rate of Diels-Alder addition, but ac­
celerates the rate of diradical formation,17 is consistent with 
available kinetic data.18 

Our calculations reveal why fluorine substitution has such a 
profound effect on accelerating the rate of diradical formation. 
In the allylic 1,4-diradicals, the erstwhile it bond of the dienophile 
is broken and one new C-C a bond is formed. Calculations at 
the (U)MP2/6-31G* level51-19 have found that the w bond in TFE 
is 18.1 kcal/mol weaker than the tr bond in ethylene and that this 
Tr-bond weakening is largely due to the preference of CF2 radical 
centers for pyramidal geometries. Thus, the weaker TT bond in 
TFE is responsible for the bulk of the 25-26 kcal/mol greater 
relative stability calculated for the fluorinated diradical.20 The 
remainder (7-8 kcal/mol) of the difference in relative stabilities 
must be contributed by the greater strength of the new C-C a 
bond formed in the case of the TFE-butadiene addition. 

Calculations show that, in general, formation of C-C <r bonds 
to CF2 groups is thermodynamically more favorable than for­
mation of such bonds to CH2 groups. For example, replacement 
of one hydrogen in tetrafluoroethane by methyl is computed at 
the MP2/6-31G* level to be 10.0 kcal/mol more favorable than 
the same methyl-for-hydrogen substitution in ethane. The a 
fluorines contribute the bulk of this stabilization, since methyl-
for-hydrogen substitution is calculated to be 8.0 kcal/mol more 
stabilizing in difluoroethane than in ethane when the product is 
2,2-difluoropropane,21 but only 0.8 kcal/mol more stabilizing when 
the product is 1,1-difluoropropane. 

The greater thermodynamic stability of 2,2-difluoropropane 
versus the 1,1-isomer, amounting to 7.2 kcal/mol at the MP2/ 
6-3IG* level, reflects the general preference that we and others 
have found for the attachment of electronegative elements like 
fluorine22 and oxygen,22'23 to the more highly alkylated of two 
carbon centers.24 This effect favors the formation of new C-C 
bonds to fluorinated carbon centers, and it contributes about 25% 
to the greater relative stability of the 1,4-diradical formed from 
reaction of butadiene with TFE, than with ethylene. 

One might have expected that the weaker tr bond being broken 
and the stronger C-C a bond being formed would also tend to 
stabilize the transition state for the Diels-Alder reaction of TFE, 
relative to that for ethylene. These two stabilizing effects, however, 
are apparently offset by the destabilization, resulting from the 
syn pyramidalization of the two CF2 groups that is required in 
this transition state. For example, we find at the RMP2/6-31G* 
level that syn pyramidalization of TFE to 4> — 25.9° (the degree 
of pyramidalization found in the TFE + butadiene Diels-Alder 
transition state at the RHF/3-21G level) costs 4.8 kcal/mol more 
than does the same distortion of ethylene. By contrast, anti 
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(24) Hyperconjugation of C-H bonds with the low-lying, antibonding C-X 
orbital, when X is an electronegative substituent, provides an attractive ex­
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pyramidalization to <j> = 25.9° is 0.9 kcal/mol less costly for T F E 
than for ethylene. 
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In this communication we report the remarkable ability that 
cyclobis(paraquat-p-phenylene) I4+ exhibits to form very stable 
inclusion charge-transfer complexes with amino acids possessing 
electron-rich aromatic subunits. Several groups have described 
the formation of charge-transfer complexes between electron 
acceptors and amino acids with donor character, such as tryp­
tophan, tyrosine, or phenylalanine.1 Typically, these interactions 
are rather weak, with binding constants in the range 1-10 M"1. 
In contrast, the title compound shows a much stronger affinity 
for the same amino acids in aqueous media, with binding constants 
about 2 orders of magnitude higher than those exhibited by simple 
acceptors. The origin of the added binding strength resides in 
the conformational rigidity of I4+, which has a box-like structure 
with a very well defined cavity lined by the two paraquat acceptor 
subunits.2 This cavity is thus ideally suited to include donor 
aromatic rings. 

Two of us (M.V.R. and J.F.S.) have recently reported the 
synthesis of I4+ (see structure in Scheme I) as well as its binding 
properties in acetonitrile with the three isomeric dimethoxy-
benzenes2" and catechol dimethyl ethers.25 We have also reported3 

the synthesis, solid-state structure, and electrochemical properties 
of a catenane based on I4+. Although many cyclophane hosts have 
been described in the literature, I4+ offers several novel design 
features such as (i) a rigid cavity in which the distance between 
the two paraquat subunits is ideal for inclusion of an aromatic 
ring, (ii) a substantial electron-acceptor character provided by 
the two paraquat subunits, (iii) redox properties (also provided 
by the paraquat groups) that may afford a mechanism to control 
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