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Abstract: Recent reports of inward torquoselectivities in thermal electrocyclic ring-opening reactions of
3-silylcyclobutenes have revealed that saturated silyl substituents, just like the extensively studied
m-acceptors, can exert contrasteric effects. The origins of torquoselectivity for substituents lacking s orbitals
have been explained using B3LYP density functional calculations. Orbital interactions involving the
substituent vacant orbitals and the occupied orbitals associated with the breaking bonds are found to control
these contrasteric torquoselectivities, with minor contributions from electrostatic effects. Reaction energetics
and transition states for electrocyclic ring-opening reactions of 3-silyl, fluorosilyl, difluorosilyl, trifluorosilyl,
methylsilyl, methyl, fluoromethyl, difluoromethyl, trifluoromethyl, ammonio, phosphonio, formyl, and boro-
hydrido cyclobutenes are reported to complement previous extensive studies of unsaturated substituents.
Inward stereoselectivities are predicted for various silyl and phosphonium substituents, along with potent
m-acceptors studied earlier. Cope and Diels—Alder reactions involving silyl substituents are also computed.

Introduction Scheme 1 .
Every electrocyclic reaction can occur by two orbital sym- Nk R
metry allowed stereochemical modes. “Torquoselectivity” is the inward IE( outward =
. . - —e
preference for one of these modes, to form either the “inward” X §

or the “outward” products as illustrated in Scheme 1. In the
1980s, a theory to explain and predict torquoselectivities was
developed:? Since then, a number of predictions have been  Recently, Murakami and co-workers reported several ex-
made and verified in the case of Cyc]obutene r|ng open|ngs andamples of prefel’ences for inward rotation of 3- S|Iy| substituents
a general understanding of torquoselectivity in many types of in cyclobutene ring- -openindsWe have carried out computa-
reactions has been establisielIn general, the substituents tions on a variety of new silyl-substituted electrocyclic reactions
explored experimentally and theoretically have been unsaturatedof cyclobutenes as well as some additional neutral and charged

groups withsr SystemS' hak)gens with lone pairS, or a|ky| groups model SyStemS, to determine which of the various theories that
that exerted an influence through steric effects. have been proposed to explain the unusual contrasteric stereo-

selectivities observed in the Murakami reactions are cofrect.
Previous theoretical explorations have involved the roler of
andz* orbitals in stabilizing the transition statés? However,

in this study, the role ofr ando* orbitals in the ring-opening
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transition states is investigated. We have also explored the Cope
rearrangement and Dietd\lder reaction involving silyl sub-
stituents and address explanations for stereoselective substituent
effects proposed by Inagak?f.

Background

For electrocyclic ring-opening reactions of substituted cy-
clobutenes, Rondan and Houk discovered that donors rotate
away from the breaking bond preferentially, while strong
acceptors rotate inwaf:* As sketched in Scheme 2, they

(6) Murakami, M.; Miyamoto, Y.; Ito, Y.Angew. Chem., Int. EQ001, 40,
189-190.
(7) Inagaki, S.; Ikeda, HJ. Org. Chem1998 63, 7820-7824.

(8) lkeda, H.; Naruse, Y.; Inagaki, &hem. Lett1999 363-364.
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Scheme 2. Model for Torquoselectivity of Donor and Acceptor
Substituents in Cyclobutene Ring-Opening Transition States
According to Rondan—Houk®24

Scheme 5. Model for Torquoselectivity of Silyl Substituents in
Cyclobutene Ring-Opening Transition States According to
Murakami
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the inward-rotating transition state. This is shown schematically
in Scheme 5. Density functional calculations on a model system,
the ring-opening of 3-silylcyclobutene, were offered in support

Me,Si of this explanation. Calculations suggest that the activation

SMes 140°C, o \ ) * VSW‘GS energy of the inward rotation is 1.7 kcal/mol lower than the
m-xylylene PhMe.C barrier for outward rotatiof.
PhMe,C PhMe,C ’ Inagaki proposed an alternative explanation for this phenom-
6 T 6931 8 enort! based upon his studies of the role of-8i hypercon-

jugation in other pericyclic reactiod$. For a variety of
cycloadditions and electrocyclic reactions, Inagaki analyzed the
orbital interactions and proposed that there is a preference for

proposed that a filled orbital of a donor substituent experiences
closed-shell repulsion upon inward rotation and, therefore, the
substituent prefers to rotate outward. By contrast, a vacant overlap of G-Si, or other high-lyingo orbitals involving

acceptor orbital on the substituent was predicted to promote electropositive elements, with the forming butadieri@rbital

inward rotation to maximize orbital interactions between the (Scheme 6). He studied the interbond populations at the ring-
filled orbital of the breaking bond and the vacant orbital of the - o transition state of cyclobutenes to justify this proptal.
substituent. The inward rotation of a formyl substituent in the We also considered the possibility that partially or fully
ring-opening of 3-formylcyclobuteri#and mwzrd rotation of  .harged substituents could influence torquoselectivity through
tert-butyl in _3-tert-butyl-3-methoxycyc|obute e(driven _by electrostatic effects, with partially positive groups rotating
outward rotation of the stronger donor, methoxy) are particularly ;. ~-4 toward the electron-rich ,@erminus and negatively
striking examples of the dominance of electronic over steric charged groups rotating outward

effects and were predicted before the experimental determina- In a different system, Smith et al. found torquoselectivity
tions. A great many examples con_si_stent with this pi(_:ture have involving Nazarov cyclizations (Scheme ) They studied
bgen found: _for gxample, the surprising stereoselectivity recently computationally the effect of inneZ) and outer E) silyl groups
dlscovergd In blcyclo[3.2.0]hgpt.-e-en-z-one.s (Scheme 3) can g, the barriers of cyclizations of protonated 1,4-pentadien-3-
be explained by the preferential inward rotation of the acceptor ¢ gjiy| substituents favor inward rotation in the reverse of

ketone rather than the. donor alky| SUbSt'tU%nF' . Nazarov-type cyclizations. This was attributed to carbsiticon
_Rece_ntly, Murakam| et al. reported reac’_uons of various hyperconjugation with ther system in the inward-rotating

trlglkyIS|IyI-subst|tuted cyclobutenes, shown in Scheme_4. A transition staté®14 Denmark found a related effect of allylic

mixture of 1 and4 was found to produc®, 3, and5. The ratio silyl substituentds

of 2:3, which resulted froni, was found to be 83:17. Compound

6 formed7 and 8 in a 69:31 ratio with a 95% overall yieRl. ~ Computational Methods

Elegant applications in synthesis were also repofted. Calculations with the Becke3LYP functional and the 6-31G(d) basis
To explain these results, Murakami et al. proposed that the set using the Gaussian 98 softwéeere carried out to locate transition
preference for inward rotation of the silyl substituent results states for inward and outward electrocyclizations of substituted cyclo-
from favorable overlap of low-lyings* orbitals of the silyl
substituent with the occupied orbital of the breaking bond in (11) lkeda, H. Kato, T.; Inagaki, SChem. Lett2001, 270-271.

(12) Nazarov, I. NUsp. Khim.1949 18, 377.
(13) Smith, D. A.; Ulmer, C. W., I1.J. Org. Chem1993 58, 4118-4121.

(9) Bajorek, T.; Werstiuk, N. HChem. Commur2002 648-649. (14) Smith, D. A.; Ulmer, C. W., I1.J. Org. Chem1997, 62, 5110-5115.
(10) Murakami, M.; Miyamoto, Y.; Ito, YJ. Am. Chem. So@001, 123 6441- (15) Denmark, S. E.; Wallace, M. A.; Walker, C. B., Jr.Org. Chem199Q
6442. 55, 5543-5545.
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butenes and the transition states for silyl-substituted Bi&lder

reactions and Cope rearrangements. Energetics reported are of opti-

mized, zero point corrected, electronic energies of the most stable
conformation of cyclobutene derivatives and transition states. Energetics
reported for Cope and DietsAlder reactions are also for the most stable
conformations unless otherwise stated. Single points on B3LYP/6-
31G(d) optimized geometries with B3LYP/6-3t3+G(3d,3p) were also
carried out to compare energetics of different basis sets.

Frontier molecular orbital diagrams were generated with restricted
Hartree-Fock calculations with the 6-31G(d) basis set using Spdftan.
Hartree-Fock orbitals provide a direct correspondence with ionization
potentials and electron affinities through Koopmans’ theorem and are
useful for frontier orbital discussior$.Spartan was also used to

generate the electrostatic potential surfaces for various substituted ring-
opening transition states of cyclobutenes. Electrostatic charges were

calculated with HF/6-31G(d) and are fitted as point charges to the
electrostatic potential.

Results and Discussion

To clarify the orbital description of torquoselectivity, Figure
1 illustrates an orbital correlation diagram for the conversion
of cyclobutene to butadiene by the allowed conrotatory path.
This figure is an elaboration of the orbital correlations by
Woodward and Hoffmard and also by Longuet-Higgins and
Abrahamsor??® who showed that stereospecificity may be
rationalized by correlations of, #*, ¢, and ¢* orbitals of
cyclobutene with the twar and twosr* orbitals of butadiene.
This correlation diagram has also been used to help explain
torquoselectivity by consideration of the correlation of reactant
orbitals with those of the transition state and the transition state
with those of the s-cis produé® The conrotatory ring-opening
retainsC, symmetry throughout the reaction. At the transition
state, the HOMO and LUMO are not the and z* frontier
molecular orbitals of cyclobutene, but the distorteénd o*
orbitals. Theo orbital of the breaking bond of cyclobutene
becomes the HOMO of the transition state. On the other hand,
the o* of the breaking bond of the reactant correlates with the
LUMO of the transition state. Donor and acceptor substituents
can facilitate bond breaking by orbital mixing with thesand
o* FMOs, respectively.

As described in earlier publications, the substituent effect on
outward rotation is related to the interactions of substituent
orbitals with those of the breaking boath general, both donors
and acceptors lower activation energies for outward rotations:

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; He&wbrdon,

M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,

Inc.: Pittsburgh, PA, 1998.

Deppmeier, B. J.; Driessen, A. J.; Hehre, W. J.; Johnson, J. A.; Klunzinger,

P. E.; Lou, L.; Yu, J.; Baker, J.; Carpenter, J. E.; Dixon, R. W.; Fielder, S.

S.; Johnson, H. C.; Kahn, S. D.; Leornard, J. M.; Pietro, W. J. SPARTAN

SGI V5.0.3, Wave function Inc.: Irvine, CA.

(18) Szabo, A.; Ostlund, N. $4odern Quantum Chemistry Introduction to
Advanced Electronic Structure Thegfpover Publications: Mineola, NY,
1989; pp 127159.

(19) (a)Woodward, R. B.; Hoffmann, Rhe Conseration of Orbital Symmetry
Academic Press: New York, 1970. (b)Woodward, R. B.; Hoffmann].R.
Am. Chem. Sod 965 87, 395-397.

(20) Longuet-Higgins, H. C.; Abrahamson, E. W.Am. Chem. Sod 965 87,
2045-2046.
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Figure 1. Correlation of frontier orbitals of cyclobutene with those of the
conrotatory transition state and the product, butadiene (HF/6-31G(d)).

Table 1. Literature Values of Calculated Activation Energies
(kcal/mol) for Outward and Inward Electrocyclic Ring-Opening of
3-Substituted Cyclobutenedik

RHF/6-31G(d)//3-21G MP2/6-31G(d)//
RHF/6-31G(d)//3-21G(d) 3-21G+ZPE
-R AEoutt AEmt AAE(m—nut)t AAE(m—oul)x
H 41.6 41.6 0.0
OLi 27.8 52.2 24.4
NH 34.7 52.2 175
OH 37.4 54.6 17.2
F 42.0 58.9 16.9 15.1
Cl 46.6 60.2 13.6
SH 41.3 55.0 13.7
Me 44.5 51.3 6.8 5.3
HCCH, 40.4 453 4.9
CO 39.8 47.1 7.3
NHz* 46.3 54.2 7.9
CHNHerans 42.3 39.3 —3.0
CHNHcis 42.6 45.6 3.0
S(O)H 45.3 45.4 0.1
CCH 40.6 48.2 7.6
SO(OH) 46.6 45.2 —-1.4
CR 48.3 50.9 2.6
SOH 42.5 42.2 -0.3
CN 42.9 47.2 4.3 4.2
COH 41.9 44.2 2.3
NO, 42.8 50.1 7.3
COMe 41.4 42.6 1.2
CHO 42.6 38.0 —4.6 —4.7
NO 41.7 39.1 —2.6 —4.7
COH" 35.2 30.4 —4.8
B(Me), 40.5 29.0 -11.5
CHNHz"™ 34.8 24.7 —10.1
BH> 39.0 20.8 —18.2 —18.7

conrotatory transition structures have both high-lying HOMOs
and low-lying LUMOs, and both donor and acceptor substituents
stabilize the transition structure. Consequently, the interaction
with either donor or acceptor substituents will be very strong
in the transition state.

Table 1 lists the previously studied ring-opening process
of 3-substituted cyclobutenes with primarily unsaturated sub-
stituents or those with lone pairs, and the effects on torquo-
selectivity3 These calculations were carried out with HF and
MP2 methods before the rise of DFT methods. The substituents
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Table 2. Activation Energies (kcal/mol) for Outward and Inward Electrocyclic Ring-Opening and Substituent LUMO Energy (eV)31-24

AHo AHy* AH* AAHg-on’* AAH? AAH* LUMO € (V)

-R B3LYP/6-31G(d) exp B3LYP/6-31G(d) B3LYP/6-31G(d) B3LYP/6-311++(3d,3p) exp of substituent?*
—H 33.8 32.381 33.8 0.0 0.0
—CHO 29.2 25.3 —-3.9 -3.8 <—2.7 4.0
—CHs 31.4 31.62 37.3 5.9 6.5 > 432 7.0
—CHF 32.2 34.2 2.0 2.2 6.8
—CHR, 34.0 34.3 0.3 0.5 6.9
—CR; 34.5 35.52 36.8 2.3 2.6 >2.3% 7.3
—SiH3 32.2 30.6 —-1.6 —-1.5 4.6
—SiHF 32.2 26.9 —-5.3 —-4.7 3.5
—SiHR, 32.6 26.6 —6.0 4.0
—Sik 32.4 28.3 —-4.1 -3.8 4.9
—SiMe3 31.9 30.6 -1.3 -1.0 —0.724 55
—NH; 20.7 354 14.7 16.0 6.1
—NH3z™ 33.0 39.3 6.3 6.2 -1.8
—PH, 29.7 33.8 4.1 4.2 4.6
—PHg*t 30.4 29.6 —-0.8 -1.6 —-2.0
—BH> 25.8 9.9 —-15.9 —15.0 2.4
—BH3~ 24.8 69.8 35.0 14.9

that produce inward torquoselectivity are imino, sulfinic acid, There is a greater effect on the inward activation energy upon
sulfonyl, formyl, nitroso, protonated carboxyl, protonated imino, fluorination of silyl-substituted systems than on the outward
boryl, and dimethylboryl cyclobutenes, all stroneacceptors. activation energy. Silyl substitution has an inward transition state
The torquoselectivity for these systems was attributed to the that is 3.2 kcal/mol more stable than the ring-opening of the
low-lying LUMO of the substituents and strong stabilization parent cyclobutene. Silyl substitution also equates to an inward
from overlap with the HOMO of the TS upon inward rotati®n.  activation energy that is 6.7 kcal/mol lower than the inward
These results have been described extensively in previousactivation energy of a methylcyclobutene. Fluoro- or bisfluo-
publication$=> and do not warrant further discussion here. rosilyl-substituted cyclobutene has an inward activation energy
Table 2 summarizes the calculations on new systems that werethat is approximately 4 kcal/mol lower than silylcyclobutene
carried out in this study. B3LYP/6-31G(d) data were listed here ring-opening. Trimethylsilyl and silylcyclobutenes have equal
for some previously studied systems as well for direct com- inward activation energies (30.6 kcal/mol). The trend that is
parisons with these new results. apparent for silylcyclobutenes is that addition of a fluorine
The 33.8 kcal/mol activation barrier for the parent system initially decreases the inward activation energy but the addition
obtained by B3LYP methods is comparable to the 32.5 kcal/ of a third fluorine to the silyl increases the inward activation
mol obtained by experimeAt. As predicted and verified  energy due to electrostatic repulsion between the fluorine and
experimentally previousl$ the formyl-substituted system has  the electron-richr bond in cyclobutene in the transition state.
a lower activation barrier than the parent system for outward The torquoselectivity valueNAH in—ouy’) exhibits a similar trend
rotation and favors the inward rotation by 3.9 kcal/mol over for the fluorosilyl cyclobutenes as for the inward activation
the outward. This is comparable to th@.7 kcal/mol selectivity  energy. Consequently, the torquoselectivity for silylcyclobutenes

for inward rotation obtained by experimefitSimilarly, the is dependent on the stability of inward transition states rather
methyl, trifluorosilyl, amino, and boryl results agree with those than the outward transition states.

computed before and with experiment, where available. For 3-aminocyclobutene, the substituent substantially stabi-
Relative to methyl-substituted cyclobutene ring-opening, | es the outward rotating transition structure when compared
fluorination of 3-methyl cyclobutene results in an increase of ., cyclobutene, as evidenced by the drop from 33.8 kcal/mol

the outward ring-opening barrier, primarily due to a reduced ¢, e parent to 20.7 kcal/mol for the 3-amino derivative. This
hyperconjugative ability of the substituents and reduced mixing ig 5 result of the lone pair of the amine substituent, which is

with LUMO of the TS. Consequently, the inward activation lined up to overlap with ther* orbital of the breaking bond,
energy decreases from GHo CHF, and CHF, due to the  giahjjizing the outward transition state. The enormous preference
increasing acceptor nat_ure of the_ Su_bSt'tuentS' _For the CF for outward rotation, by 15 kcal/mol, is in accord with earlier
substituted system, the inward activation energy is larger than calculations® Upon protonation of the amine, this stabilization

the :’n_onot-) and d'ﬂﬁognat?d Cﬁsesbdge to th;ﬁelectrostaﬂc is lost, and there is an increase by 12.3 kcal/mol of the outward
repulsion between the fluorinated substituent andrisystem activation energy. This value is now comparable to that for the

of the cyclobutene. : :
3-methylcyclobut - 33.0 and 31.4 kcal/mol,
The focus of this study, derivatives of 3-silylcyclobutenes, re;npeect)i/vcglls)o utene ring-opening ( an camo

has an outward activation energy that is-1129 kcal/mol lower Inthe | dt i tate for th . lobut .
than the parent cyclobutene ring-opening with SildRd SiMe n t € Inward transition state for the aminocyclobutene ring-
opening, the lowest energy conformation has the lone pair of

substituents, respectively. Overall, fluorination of a silyl sub- h ; faci ; he breaki aqt id
stituent has little effect on the outward activation energ.¢4 the amino group acmg awaY rom t ? rga ingond to av.0|
an unfavorable antiaromatic situation if the lone pair was

kcal/mol). The increased diffuseness of the silyl relative to a0Di he breaking bond H ith the |
methyl accounts for this smaller effect in activation energy upon ©Verliapping the breaking bond. Furthermore, with the lone
pair anti to the breaking bond, there is overlap between the

fluorination. ) : '
lone pair and the formingr bond at G (Figure 2A). Upon
(21) Cooper, W.; Walters, W. Dl. Am. Chem. Sod.958 80, 4220-4224. protonation, these effects are eliminated, and there is an increase
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Figure 2. Inward ring-opening transition structure of aminocyclobutene
(A) and phosphonylcyclobuten8);
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* -CH,F
34
32
30

28

AH¥invara (kcal/mol)
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Figure 3. Plot of AHinward (B3LYP/6-31G(d)) versus the substituent
LUMO energy (HF/6-31G(d)).

in AHinward. Consequently, there is greater destabilization of

-SiMe;

AAH* (kcalimol)
A b o o~ a

-SiF;
8 -SiHF,

3 4 5 6 7 8
LUMO(eV)

Figure 4. Plot of AAH* (AHinward — AHouward) Versus the substituent
LUMO energy (HF/6-31G(d)).

As the LUMO energy increases, the activation energy for inward
rotation increases. The net effect of fluorination of a silyl
substituent results in a greater change in inward activation than
fluorination of a methyl substituent, as illustrated by the greater
dispersion of SifH, data points relative to GH, data points.
Addition of the first fluorine to a methyl or a silyl cyclobutene
lowers the LUMO and also lowers the inward activation energy.
The second fluorine increases the LUMO of the substituent and
results in a slight decrease in inward activation for the silyl
and a slight increase for the inward ring-opening for methyl-
cyclobutene. The third fluorine results in an increase in the
LUMO energy and the inward activation energy for both silyl

the outward transition state relative to the inward upon proto- and methyl substituents. Trimethylsilylcyclobutene ring-opening
nation of the amino substituent, but not such that there is a has a higher inward activation energy than the fluorinated sily!
switch in the torquoselectivity from outward to inward for the cyclobutene ring-openings and equally has a higher LUMO

protonated 3-aminocyclobutene.

On the other handAHiwward decreases for phosphino upon
protonation. There is little or no overlap between the breaking
o bond and the phosphino substituent. The lone pair of

phosphine is essentially the 3s orbital of the P. This is also the

energy. There is a clear correlation between the LUMO and
the inward activation energy for fluorinated silyl and fluorinated
methyl substituents, which therefore supports thatdhe™
effects dominate in inward ring-opening.

Figure 4 is a plot of the difference between inward and

reason the H’s are anti to cyclobutene for phosphino, rotated outward rotation activation energies4H*) versus the LUMO

127 relative to the amine substituent (Figure 2B). Upon
protonation, there is loss of unfavorable interactions in the
inward rotation transition structure, and also theorbitals of
the PH group are lowered, and a decreasé\dia:d for the

energy of the substituents. As in the previous correlation (Figure
3), there is a greater dependence of the LUMO energies for
silyl-substituted systems as compared to the methyl-substituted
systems for inward torquoselectivity. Furthermore, as in the

phosphonium system as compared to the phosphine system iprevious correlation (Figure 3), there is also a clear correlation
observed. For the outward ring-opening activation energy, there between the LUMO energies and the difference in activation
is only a 0.7 kcal/mol increase because the phosphino substituenenergies for fluorosilyl- and fluoromethyl-substituted cy-

does not stabilize the breaking as in the amino-substituted
case.

Substituents, such as formyl and other previously studied
systems with low-lyingz* orbitals, prefer inward rotation as
evidenced by thAAH* values in columns 5 and 6 of Table}2.
Silyl and protonated phosphinyl may prefer inward rotation by
any, or a combination of the effects described earlier: of1)
overlap with the distal terminus of the breaking bond; (2) the
overlap of the G-Si o* with the & system (as in the case of
Nazarov-type cyclizations); (3) the Inagaki overlap of theSt
o with thes* orbital at the distal terminus of the breaking bond;
or (4) the attraction of the partially positive substituent with
the electron density on the distal terminus of the breaking bond.

Figure 3 is a plot of the LUMO «*) energies of the

clobutene ring-openings. This correlation further supports that
the torquoselectivity is dependent on the inward activation
energies because the correlation in Figure 4 is very similar to
the correlation illustrated in Figure 3.

Additional support for the role of the substituerit orbital
comes from the relationship between the distance between the
substituent X (C or Si) and the distal terminus, ©f the
breakingo bond, and the activation energy for inward rotation.
Figure 5 is a graph that plots the correlation between theXC
bond length versus the inward activation for silyl substituents,
as well as for methyl substituents. The trend that is illustrated
here is that as this distance decreases between th¥,Ghe
inward ring-opening activation energy decreases. Relative to

the fluorinated methyl substituent®%(= 0.84), there is a better

substituents (calculated for the simple hydrocarbon HR for each correlation for the fluorinated silyl substituent®2(= 0.96),

substituent, R) versus the activation energy for inward rotation

presumably because the-C bond is shorter than a-€Si bond

(AHinward) for 3-R-cyclobutenes. Figure 3 illustrates a trend and there is less flexibility for the methylated transition structure
between the LUMO energy and the inward activation energy. than the silyl transition structures as evidenced by the distance
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Figure 5. Plot of substituent ¢&-X distance (X= substituent C or Si) -CH,F -CHF; -CF,
versus bottAHinward for the CHyF, system and\Hinward® for the SiHnFn
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Figure 7. Electrostatic potential of inward rotating ring-opening transition
163 A/o K / structures of cyclobutene and substituted cyclobutene systems. Red corre-
~, sponds to the negative electrostatic potential, and blue corresponds to the
OV e positive potential. The numbers correspond to the fitting point charges to

) szA zm& \1 654 292 A ‘ electrostatic potential at the 3-substituent C or Si.
t! ,,‘-uﬂ(“‘ - wﬂ“«. — =l r 1%
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) e A .
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Figure 6. Possible rotamers of inward transition state-&fiH,F-substituted o l |
cyclobutene. The most stable is one with-8io* antiperiplanar to the - \ _ N A W‘K
breakingo bond of the distal terminus (middle). | g
between G—X (£0.13 A for X = C, £0.15 A for X = Si). In z E
summary, as the distance betweep-& decreases, where X AHE = 24.9 kcal/mol AHE = 22.5 keal/mol
is the center atom of the substituent, tNElinward® decreases. AAH# = 2.4 kcal/mol
This suggests that larger—o* interactions decrease ;€X AHqg™ 4.7 keal/mol
distances and stabilize the transition state. This trend is consistentigure 8. Activation energies for the DielsAlder reactions of Z)- and
with the Murakami hypothesis. (E)-1-silylbutadiene with ethylene (B3LYP/6-31G(d)).

The conformational dependence of the substituents on thegreater, there is a decreaseiRlinward. For methyl substituents,
energies of activation was also tested, to determine if there is agddition of fluorine results in a net decreaseNRlinward" Until
relationship between the orientation of the substituémrbitals the addition of a third fluorine, where th&Hinward® increases.
with respect to the breaking bond, and the facility of inward This is attributed to an electrostatic repulsion between the inner
rotation. Several rotamers of the inward transition structures of F and the breakings bond. The net effect of protonation or
fluorosilyl-substituted cyclobutene ring-opening were explored, fluorination is the same, in that the torquoselectivity preference
with the F-Si—Cs—C, torsional angle staggered, or ap- for outward rotation is decreased. For silyl-substituted systems,
proximately+60° or 18C. These three rotamers are illustrated inward selectivity increases upon fluorination except forsSiF
in Figure 6. With respect to the most stable fluorosilylcy- due to sterics/electrostatic repulsion. Although electrostatic
clobutene conformer, the middle structure has an energy of 26.9¢ffects could play a role in determining torquoselectivity,
kcal/mol, the structure on the left has an energy of 28.3 kcal/ substituents such as the protonated amine substituent, which is
mol, and the structure on the right has an energy of 30.0 kcal/ positively charged, have a torquoselectivity similar to that of
mol. The rotamer which has the-SF o* antiperiplanar to, and  methyl, which is not positively charged. Electrostatic effects
lined up to interact with, the breakingbond is the most stable  parallel torquoselectivity, but are likely to be a minor factor in
transition state. This supports the Murakami postulate becausethe control of stereoselectivities as compared to orbital interac-
the o§_r—oc_c overlap is highest in the favored TS, while the tions.
others involveoy;,_,—oc-c overlap, which will be somewhat A Cope rearrangement and Dieldlder reaction with silyl
less stabilizing. substituents were examined to test whether the Murakami

The possible role of electrostatic effects on torquoselectivity Rondan-Houk postulate can be applied to these systems and
was also studied. Figure 7 shows the electrostatic potential in aalso to test Inagaki’'s earlier proposal that these systems
sampling of inward transition states. A silyl substituent is a better supported the donor* hypothesis’® B3LYP/6-31G(d) calcula-
acceptor than a methyl, and this is shown as a bluer color ontions were carried out here on cycloadditions of silyl-substituted
the substituent and the greater positive charge of the substituentE andZ butadiene with ethylene. Transition state and activation
Addition of fluorine to a methyl substituent increases the positive energies are shown in Figure 8 and are relative to the
electrostatic potential at the substituent C, which is aligned to corresponding@ andE dienes with ethylene. The transition state
interact with the distal terminus of the breaking bond. As the of the Diels-Alder reaction with theE diene is more stable
substituent region becomes bluer and the point charge becomeshan that with theZ diene by 4.7 kcal/mol, and the activation
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AAHF = 0.1 keal/mol
AH ¢~ 2.0 keal/mol

Figure 9. Energetic profile of the Cope reaction of the silyl-substituted inward outward
system (B3LYP/6-31G(d)).

Cyclobutene Ring-Opening

; ; ; . PR Figure 10. Orbital diagram of the two possible transition structures for
energy of the Diels-Alder reaction with thee configuration is the Diels-Alder reaction E andZ) and cyclobutene ring-opening (inward

2.4 kcal/mol lower than that with th2 configuration. and outward).

These results are provided to supplement studies carried out
by Inagaki and Ikeda where they argue that the electron-donatingargument for the trend is that the silyl group is an electron-
o bonds at th&-positions enhance the reactivity more than those donatingo bond, which facilitates such rearrangement products.
at the E-positions? In their study, they support their claim by ~ They did not report results for 1-silyl-1,5-hexadiene. Fhealue
presenting data of the activation energy of Diefdder reactions  for silyl is 1.45 kcal/moF’ whereas the\ value for methyl is
of E- and Z-isomers of 2_Si|y|_2,4_pentadiene with ethy|ene_ 1.74 kcal/moPk8 AlSO, theA value for trlmethy|SI|yI is2.42.6
They find that thez-isomer has an activation energy that is 2.8 kcal/mol? whereas thé\ value fortert-butyl is 4.9 kcaf® The
kcal/mol lower than theE-isomer with B3LYP/6-31G(d) A value, which quantifies the preference for axial or equatorial
calculations. They also found that tBe andZ-isomers of 2,4- positions in a cyclohexane, shows that silyl is actually somewhat
pentadiene with ethylene result in theisomer having an smaller than methyl in this environment and that trimethylsilyl
activation energy that is 5.5 kcal/mol lower than that of the iS also smaller than dert-butyl in this environment. The
Z-isomer. Hence, it can be argued that the enhancement of ratePreference for pseudoaxial silyl groups here is a simple steric
of a Diels-Alder reaction for Z)-2-silyl-2,4-pentadiene with  effect.
ethylene is a result of the competition between the methyl and Both of these results regarding Cope and Dieitder
silyl substituents, where methyl favoring tieisomer by 5.5 reactions are in contrast to previous models for reactions of this
kcal/mol wins over the silyl favoring th&-isomer. Results ~ type’® Indeed, the factors influencing torquoselectivity in
illustrated in Figure 8 clearly indicate that the silyl group favors Cyclobutenes cannot operate here, because there is no twisting
the E-position over theZ-position. This is contrary to Inagaki ~ Motion and hence no torque in the forming or breaking@C
and lkeda’s claim that 1-substituted butadienes with a better Ponds. The situations are illustrated in Figure 10. The two
acceptor substituent at th&position are more reactive than  different transition states of DietsAlder, theZ andE configu-
those at theE-position, because silyl groups, if categorized as rations, have similar overlap between the p orbitals of the

electropositive (better acceptor) as by Inagaki, are more reactivedienophile with theo bond of the diene and substituent.
in the E-position. Alternatively, there is a similar interaction between the p orbital

Exp|0rati0n of the Cope reactions for Sil)&- and Z- of the dienophile with the 6] orbital of the diene and thteof
substituted 1,5-hexadienes was also carried out.Ebenfig- the substituent, which is indicated by the red circles. However,
uration is favored by 0.1 kcal/mol for 1-silyl-1,5-hexadiene in the cyclobutene ring-opening, the overlap between the
(Figure 9). The difference in absolute energies of fe énd ~ breaking o and the o between the cyclobutene and the
(E)-1-silyl-1,5-hexadiene transition statesHrs) is only 2 kcal/ substituent (ov* of the substituent) is significant for the inward
mol. There is a very small preference for the silyl group to be (red circle), while it is absent in the outward. Consequently,
in the E configuration as compared to ttfe neither the geminal bond model nor the MurakafRondan-

Ingakaki has previously studied similar systems and has found Houk model is applicable to the prediction of the stereoselec-
that theZ transition state of 1-methyl-1-silyl-1,5-hexadiene is tivity of the Cope or Diels-Alder reactions.
more stable by 1.0 kcal/moAAH*),25 whereas 1-methyl-1,5-
hexadiene prefers thE transition state by only 0.4 kcal/mol

(AAH?). The differences in the absolute energies between the Various explanations for the torquoselectivity of silyl-
transition state oF andZ conformations for these two systems ~CYclobutene ring-openings have been investigated theoretically.

are —0.5 and 2.0 kcal/mol, respectively, where the negative As the energy of the™* orbital of the substituent is lowered,

value indicates a more stablg configuration?® Inagaki's torquoselectivity is strongly affected, and inward rotation
becomes favored. The results reported here are consistent with

Conclusion
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is no such effect in DielsAlder or Cope reactions, which do

not involve the required twisting of partial single bonds.  Supporting Information Available: Cartesian coordinates and
Electrostatic effects parallel the—o* effects, but they likely  energetics for all reactant and transition structures (PDF). This
play only a minor role on torquoselectivity. In summary, the material is available free of charge via the Internet at
Murakami et al. experiments and their explanations of stereo- http://pubs.acs.org.

selectivity extend the generality of torquoselectivity to substit-

uents with low-lyingo* orbitals. JA0287635
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