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Abstract Nucleus Independent Chemical Shift (NICS) values, pioneered by Schleyer, provide detailed
insights into electronic structures of transitiorteta These show that the [2+2+2]-cycloaddition tran-

sition states, studied early by Schleyer and by us, have aromatic transition structures and that fused
cyclopropanes are aromatic in the transition structure, while fused four-membered rings are antiaromatic.
The nucleophilic ring-opening of 1- and 2- cyanobicyclo[1.1.0]butanes, studied earlier by Hoz, and
ring openings of cyanocyclopropane, cyanocyclobutane, and 2-cyanobicyclo[2.2.0]hexane by hydrox-
ide were investigated at the B3LYP/6-31+G* level. Orbital interactions through bonds explain relative
facilities of ring opening.

Keywords NICS, Aromaticity, Molecular orbital theory

posed OITB should be a general phenomenon. An alterna-
tive hypothesis for the facility of 3-membered ring-opening

) o . in several nucleophilic reactions was proposed by Hoz et
The remarkable differences between the activation barrierg| pased upon frontier MOs of reactants.[3]

of [2+2+2] cycloreversions qf cyclopropane and cyclobutane | this paper we report the results of an examination of
fused cyclohexanes shown in Schemé and3, have been e transition states of the nucleophilic ring opening reac-
explained as a result of orbital interactions through bondgigns by hydroxide of cyanocyclopropaBeand cyanocyclo-
(OITB).[1] Verhoeven had suggested that OITB could influ- pytane,6, the systems studied by Hoz,and 8, and 2-
ence the rate of bond formation in bifunctional carbon Chainscyanobicyclo[z.2.0]hexan9, shown in Scheme 2. Nucleus
intramolecular hydrogen and hydride transfer, and fadicahndependent Chemical Shift (NICS) values, a probe of
olefin cyclizaions.[2] Wenoted the aromaticity of transi- aromaticity created by Schleyer,[4] were used to test the
tion states involving 3-membered ring cleavage and antifypothesis that aromatic stabilization of the transition state
aromaticity of 4-membered rings in these cases, and prqg responsible for the faster ring opening of 1-cyanobicyclo-
butane vs. 2-cyanobicyclobutane and cyanocyclopropane vs.
- cyanocyclobutane.
Correspondence td<.N. Houk Three-membered rings open much faster than four-mem-

) 3 bered rings, in spite of the fact that both ring openings are
Dedicated to Professor Paul von Ragué Schieyer on the 0Gjmjlarly exothermic.[5] In our earlier study of [2+2+2]
casion of his 70birthday
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Scheme 1[2+2+2]-Cyclo-
reversion of cyclopropane
and cyclobutane fused cyclo-
hexanes
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Scheme 2Nucleophilic ring opening of cyanocyclagrane 5, cyanocyclohtane 6, 2-cyanobicyclobtane 7,
1-cyanobicyclobtane 8, and 2-cyanobicyclolxane 9

cycloreversions of fused cyclohexanes, we showed the origalues were analyzed to examine the aromaticity or
of the 25 kcal-mat lower activation barrier to cycloreversiorantiaromaticity in the center of the ring undergoing bond
of derivatives ofl relative t03.[1,5] In a cleaving cyclopro- cleavage.

pane,o bonds’ interactions with the breaking bond stabilize

the transition state. For the cyclobutane, the transition state

is destabilized by these interactions. The reactidhisfless

exothermic than that df by only 7 kcal-mot, but the acti-

vation barrier to cycloreversion &fis more than four times .
the change in heat of reaction. The lower barrier of cyclopfdactants, transition structures, and products for sysiems
pane-fused cyclohexanes relative to cyclobutane fusded 9 were fully optimized using the B3LYP/6-31+G*
cyclohexanes cannot be explained by ring strain, since Bjethod. Complexes fasystemsS and 8 were also fully

energies of 27.6 kcal-mdland 26.2 kcal-mol, respec- Systen8could not be located with DFT, so a B3LYP/6-31+G*

tively.[6] single point calculation on the RHF/6-31+G* geometry was

Sella, Basch, and Hoz found another example where thegsformed. Computations were carried out using
is no relationship between reaction exothermicity and adgAUSSIAN94[7] and GAUSSIAN98.[8]o assess the aro-
vation energy.[3] Thetudied the nucleophilic ring open-matic properties of the transition states, NICS values were
ings of 1- and 2-cyanobicyclo[1.1.0]butane. Ring opening &flculated with GIAO-SCF/6-31+G* on B3LYP/6-31+G*
1-cyanobicyclobutane involves cleavage of the central bddemetries.[4]
shared by the two trimethylene fragments. In the ring open-
ing of 2-cyanobicyclobutane, a side bond of bicyclobutane_is
cleaved, leaving one cyclopropane ring intact. At the RHF Results
31+G* level, these two reactions differ in exothermicity by
only 4 kcal-matt. However, the activation barrier for cleav-.l.he [2+2+2]-cycloreversion of the adis tris-cyclopropa-
age of the central bond is 26 kcal-mdbwer than cleavage Y : yclopropa-
of the side bond. Strain relief does not explain the differ 3 té:lohexanel, and the mono and bis analogs were studied

activation barriers for these cleaesg The pposed expla- viously at the B3LYP/6-31G™ level.[1] Cycloreversions
é’f thecismono-, bis-, and tris-cyclobutacyclohexaBeyere

nation involves frontier MO’s of the central or side bond. : I . .

Theo* orbital of the cleaving bond interacts with the HOM(&IISO itgdzlegd Iimdlwere]:r fﬁ_unrsl 0 thr?ve at%tlvatlon barnerz .Wh'Ch

of the nucleophile. The LUMO of the central bond is lowd} o, ~-°" cal-mor higher than the corresponding
c%jclopropacyclohexanes even though the reactions of the

in energy than the LUMO of the side bond and will thu clobuta fused systems were only 3-7 kcal Thidss

. . . . . C
mterggt more readily with 'Fhe HOMO of hydroxide in th%xothermic(:is mono-, bis-, and tris-cyclopentacyclohexanes
transition state of the reaction.

. ; . were examined and found to have activation barriers that were
Is it possible that the through-bond effects which explaI'&Ner than the cyclobuta-fused compounds based on their

i ? . X i~
tsr,gﬁ d[izetjz';ﬂ ﬁslse go;l:ﬁica(ljsoeﬁiapla:)r; E:hzenecl)ﬂtsdo\g/li;fgse Eeats of reaction. In order to understand this oscillating trend
P b g Y Y activation barrier with increasing ring size, NICS values

hyﬁ]rox'?beit allr}?\tg?ar::]ggrzgihtrr(l)iseh Vt\)'(')tz d'[sheTLzeJ'éZﬂeree?cﬁfggre calculated at the center of cyclohexane rings and also
using orbita 9 ' y ifT the center of the cyclopropane, cyclobutane and

Computational methods
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Table 1 (continues next pageNICS values for concerted cycloreversion systems

Reactant TS TS Reactant Reactant Produdia]
Center [a] Small Ring[b] Center [a] Small Ring [b]
[~7 -27.0 2.1
H
@ -25.2 -29.4 -4.6 -43.7
H
HoH
-28.0 -36.1 -6.4 -43.7
H H

-30.2 -39.4 -10.0 -44.3 -0.4
-25.5 2.2 -1.9 -2.6

-25.3 1.3/2.6[c] -1.9 1.2/-0.1][c]

-25.3 2.5 -1.7 -1.4 -1.6

H
[;z> -26.5 -6.0 2.7 5.6
H
H H
[;zjzj -26.2 -4.5/-6.6[d] 2.9 5.4 -0.5
H H

[a] NICS value at the center of the 6 carbon atoms of thgd Two NICS values are given, one for the center of each
cyclohexane ring cyclobutane ring

[b] NICS value at the center of the cyclopropane, cyclobutaid], Two NICS values are given, one for the center of each
or cyclopentane, or cyclobutene ring cyclopentane ring
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Table 1 (continued) NICS values for concerted cycloreversion systems

Reactant TS TS Reactant Reactant Produdia]
Center [a] Small Ring[b] Center [a] Small Ring [b]

boH

-27.3 -4.4 2.6 -5.2 -1.7
-25.2 0.4 2.7 -0.5 -1.1
/\ -42.9 [b]

[ ] -0.3 [b]

Q -5.6 [b]

[a] NICS value at the center of the 6 carbon atoms of tfg Two NICS values are given, one for the center of each

cyclohexane ring cyclobutane ring
[b] NICS value at the center of the cyclopropane, cyclobutaid], Two NICS values are given, one for the center of each
or cyclopentane, or cyclobutene ring cyclopentane ring

cyclopentane fused rings in reactants, transition structurtb® reaction coordinate. Nevertheless, comparisons of the
and products. cyclopropane-, cyclobutane-, and cyclopentane-fused systems
Table 1 shows the NICS values from our previous wopkovide a clear pattern reflecting aromatic, antiaromatic, and
for 1 and3 and also their mono- and bis- substituted analogmn-aromatic contributions from the fused rings.
in addition to the mono-, bis-, and tris- substituted The nucleophilic ring opening of cyanocyclopropabe,
cyclopentane, and tris- substituted cyclobutene. The NIG$ the hydroxide ion was studied. Geometries for reactant,
values for cyclopropane, cyclobutane, and cyclopentane emenplex, transition structure, and product are shown in Fig-
also given. TheNICS values reveal that cyclohexanes fusade 1. The transition structure is early with a O-C bond form-
with cyclopropane and cyclopentane are the most aromaitigy distance of 2.20 A and a short C-C bond cleavage dis-
i.e. have the highest negative NIC&lues. Tis trend goes tance of 1.85 A. The relative energies of the complex, transi-
across reactants, transition states, and products. In the cditterstate, and product are shown in Table 2. The complex is
of the tetramethylene fragment of the cyclobutane-fus&d.7 kcal-motft lower than the isolated reactants, due to the
cyclohexanes and the tris-cyclobutenacyclohexane transitanon-dipole at@ction. Although the activation energy for
structures, the NICS value is positive. Schleyer has notai ring-opening reaction is negative compared to the en-
that the NICS value in a cyclopropane ring may be inflatedgy of isolated reactants, 11.0 kcal-thid required to reach
due to the close proximity of tleebonds, however the quali-the transition structure from the reactant complex. The tran-
tative trends should still be valjdc] That isthe three- and sition structure lies 6.7 kcal-mdllower than the isolated
five- membered rings are aromatic and the cyclobutanes @&ctants, and the energy of reaction is -37.1 kcaftmol
antiaromatic. The cyclopropane rings have large negativeReactant, transition structure, and product for the nucle-
NICS values which are still quite large in the transition statghilic ring opening of cyanocyclobutar,by the hydrox-
While the through-bond coupling increases in the transiti@e ion are shown in Figure 2. A reactant complex for this
state because of the narrowing HOMO-LUMO gap itself agstem was not found. The transition structure is 0.9 kcat-mol
well as the increasing size of the ring, the increase in rinigher than the isolated reactants. The transition state is later
size causes the absolute value of the NICS to decrease albag for the cyanocyclopropane ring opening; for cyano-
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Figure 1 B3LYP/6-31+G* optimized geometries of (afigure 2 B3LYP/6-31+G* optimized geometries of (a)
cyanocyclopropane, (b) hydroxide anion-cyanocyclopropanganocyclobutane, (b) transition structure, (c¢) 1-cyano-4-
complex, (c) transition structure, (d) 1-cyano-3-hydroxypropkiydroxybutyl anion

anion

cyclobutane the C-C cleaving bond distance is 2.04 A. Thend breaking, but is more exothermic overall by 3.2
reaction is exothermic with an energy of reaction of -33k@al-mot™.
kcal-motl. The activation barrier for the cyclobutane ring- The cleavage of the side bond in 2-cyanobicyclobutane
opening relative to isolated reactants is 7.6 kcal'nhigher 7, is exothermicAH_ = -48.9 kcal-mol. The reactant, tran-
than for the cyclopropane ring-opening. These data aresition structure and product for this ring opening are shown
agreement with our results in the [2+2+2] cycloreversion iof Figure 3. The transition structure is early, with an O-C
cyclopropa- and cyclobuta- cyclotenes. The gnocy- bond forming distance of 2.20 A. The C-C bond breaking
clopropane has a 7.6 kcal-mdiower activation energy for distance is 1.90 A. The transition structure lies 2.2 kcaf*mol
below the reactants.

Hoz et al. examined this reaction at the RHF/6-31+G*
level.[3] Relative to a reactant complex, the activation bar-
rier was 30.6 kcal-mdl and the heat of reaction was -34.0

1.543 ¢

Figure 3 B3LYP/6-31+G* optimized geometries of (a) 2Figure 4 B3LYP/6-31+G* optimized geometries of (a) 1-

cyanobicyclobutane, (b) transition structure, (c) 2eyanobicyclobutane, (b) complex, (c) RHF/6-31+G* transi-

hydroxycyclopropylcyanomethyl anion tion structure, (d) B3LYP/6-31+G* 3-cyanohydroxyl-
cyclobutanyl anion



J. Mol. Model.2000 6 163

Table 2 B3LYP/6-31+G* Zero Point Corrected Activation Energies and Energies of Reaction for Nucleophilic Ring Open-
ing Reactions (kcal-md)

System|[a] Reactant Complex TS Product
5 0.0 -17.7 -6.7 -37.1
6 0.0 0.9 -33.9
7 0.0 -2.2 -48.9
8 0.0 -25.4 -17.3[b] -49.4
9 0.0 2.0 -41.5

[a] Numbers refer to the respective compound in Scheme 2
[b] B3LYP/6-31+G*//[RHF/6-31+G*

kcal-mot™. At this level of theory, the activation barrier relaaromatic systems. Theeightened aromaticity of transition
tive to the isolated reactants is 12.0 kcal-fnahd the heat structure of cyanocyclopropane may account for its more fac-
of reaction is -52.6 kcal-mdl ile ring opening compared to cyanocyclobutane. The NICS
Reactant, complex, transition structure, and product\@flues at the center of the rings in the transition structure of
central bond cleavage in 1-cyanobicyclobutgheye shown 1-cyanobicyclobutan€], are slightly more negative than for
in Figure 4. The activation energy is based on the B3LYPthe transition structure of 2-cyanobicyclobuta®élhe more
31+G* single point calculation on the RHF/6-31+G* geommegative NICS values of the 1-cyanobicyclobutane transition
etry and will therefore be underestimated. Even in spite sifucture, reflect the doubly activated nature due to the two
this approximation, the activation energy for cleavage of ttramnethylene fragments.
central bond ir8 is 15.1 kcal-mat lower than the energy for
cleavage of the side bond T The heat of reaction f@ is
-49.4 kcal-mat, which is similar to7. ] .
This system was also studied by Hoz et al. at the RHI_J,)é§cussmn

31+G* lewel.[3] Theactivation barrier relative to a reactant .

complex is 4.4 kcal-md}, and the heat of reaction is -38.3 he HOMO and LUMO of a breaking bond (a), and the
kcal-mot. When isolated reactants are used to compute §andorfy-Daudel C-approximation [8] orbitals of trimeth-
activation barrier, it is -9.5 kcal-mal The heat of reaction Ylene (b), and tetramethylene (c) chains are shown in Figure
computed using isolated reactants is -52.2 kcat'mohe 6. The LUMO of the breaking bond is of the correct sym-
difference in activation barrier for cleavage of the side aftgtry to overlap with the HOMO of the trimethylene frag-
central bond at the RHF/6-31+G* level relative to isolated
reactants is 21.4 kcal-mélThis is in close agreement to the
AAE* at the B3LYP/6-31+G*, 19.5 kcal-mal The differ-
ence in product energy of the side and central bond, relative
to isolated reactants, is 0.4 kcal-mhalt the RHF/6-31+G*
level. This is nearly identical to thAAE,,, using B3LYP/6-
31+G*, 0.5 kcal-mot.

To provide a comparison with a system having two
cyclobutane moieties, Figure 5 shows the reactant, transition
structure, and product for 2-cyanobicyclohex&h& his nu-
cleophilic ring opening involves cleavage of the side bond as
in 2-cyanobicyclobutanéZ. The transition structure for the
ring opening of 2-cyanobicyclohexane by hydroxide lies 2.0
kcal-mot! above the isolatedeactants. Theeaction is
exothermic by -41.5 kcal-md! A transition structure corre-
sponding to cleavage of the central bond in cyanobicyclo-
hexane was not located successfully.

NICS values for system§-8 are given in Table 3. The
NICS values at the centers of the cyclopropane rings of reac- b
tants, transition structures, and products, are large and nega-
tive, typical of aromatic systems. In cyanocyclobutéahe, Figure 5 B3LYP/6-31+G* optimized geometries of (a) 2-
and 2-cyanobicyclohexan®, the ring opening transitioncyanobicyclohexane, (b) transition structure, (c) 2-
structure have NICS values that are close to zero, as in ngydroxycyclobutylcyanoethyl anion
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Table 3 NICS values of at the centers of rings in nucleophilic ring-opening reactions

System[a] Reactant Complex TS Product
5 -44 -44 -38 -26

6 -2.0 -3.9 -18

7 [b] -49/-49 -38/-42 -41/-39

8 [b] -50/-50 -50/-50 -42/-42[d] -13/-23
9]c] 1.4/2.2 2.2/-5.0 -12/-8.0

[a] Numbers refer to the respective compound in Scheme[@ Two NICS values are given, one for the center of each
[b] Two NICS values are given, one for the center of eackiclobutane ring
cyclopropane ring [d] B3LYP/6-31+G*//RHF/6-31+G*

ment. The HOMO of the breakirgybond can likewise inter- butane is lower in energy than the LUMO of the side in 2-
act with the LUMO of the trimethylene fragment. These aoyanobicyclobutane. The HOMO-LUMO gap between hy-
stabilizing two-electron intactions. TheHOMO of the droxide and 1-cyanobicyclobutane will be smaller, and thus
tetramethylene fragment is symmetric; of the same symmesult in faster ring cleavage. The frontier molecular orbital
try as the HOMO of the breaking bond. This is a four-elearguments proposed by Hoz, while valid, are limited to only
tron destabilizing interaction. these particular nucleophilic reactions. In the case under con-
These orbital interactions influence the energetics of batlderation, there is a parallel between the LUMO energy of
[2+2+2]-cycloreversions of cyclopropane or cyclobutartbe reactant and the aromaticity of the transition state. This
fused cyclohexanes and the ring opening reactions studiad be considered to be a result of the favorable distortion
here. In the [2+2+2]-cycloreversions these orbital effects avhich results from aromaticity, results in bond stretching,
most dramatically illustrated in the 25 kcal-mMastabilization and lowers the LUMO energy. Indeed, the two explanations
in the transition state @sent incis-tris-cyclopropane-fused may be parallel, but the transition state aromaticity appears
cyclohexane derivatived, relative tocis-tris-cyclobutane to us to be the origin of the effect.
fused cyclohexanes}. The more facile ring opening of Considerations of orbital interactions through bonds pro-
cyanocyclopropane relative to cyanocyclobutane can alsovise a general approach that can be applied to the nucle-
accounted for using this orbital explanation. In the caseagthilic ring opening reactions of 1- or 2-cyanobicyclobutane
side bond cleavage of 2-cyanobicyclobutahé¢here is a sta- studied here, [2+2+2]-cycloreversions of fused cyclo-
bilizing effect due to the presence of the trimethylene fragexanes,[1] radical ring cleavage reactions,[11] the intramo-
ment. Aconcurrent destabilizing effect occurs due to tHecular §2 reactions of Mandolini,[2c] the heterolytic Grob
tetramethylene fragment and a less facile ring opening relagmentation,[12] the Birch reductions of Paddon-Row and
tive to central bond cleavage results. Cleavage of the cenittattcher,[13] and the carbanion cyclizations of Stirling.[14]
bond of 1-cyanobicyclobutang, is doubly stabilized. In the
transition structure o8, there are two trimethylene fragment
HOMOs which have the correct symmetry so they can int
act with the breaking LUMO. The LUMOs of the trimeth- /g
ylene fragment can also interact with the HOMO of the bree
ing o bond. The net effect of this stabilization is a very faci LUMO  (CHo),
ring-opening reaction with an activation energy of -17 Q
kcal-motl. Cleavage of the side bond of 2-cyanobicyclc
hexanep, is even more unfavorable than side bond cleave
of 2-cyanobicyclobutanéZ. In the transition state for ring-
opening of 2-cyanobicyclohexane, a tetramethylene fragm
is cleaved. The HOMO of the tetramethylene fragment a HOMO (CH,),
the HOMO of the breakings bond will interact in a
destabilizing fashion, and this is reflected in the positive ¢
tivation barrier for this reaction. Haddon used similar orbit
interaction arguments to explain the preference of a cyc
propane unit over a cyclobutane unit as a homoaromatic |i (@ (b) (c)
age.[10]
Sella, Basch, and Hoz proposed an alternative analysigigure 6 Schematic representation of HOMO and LUMO of

explain the more facile ring opening of 1-cyanobicyclobya) a cleaving s bond in the transition state, (b) trimethylene,
tane[3] The LUMO of the central bond in 1-cyanobicyclo-and (c) tetramethylene
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