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Abstract: The torquoselectivity of ring opening of 3-CFs-cyclobutene, 3-CHF,-cyclobutene, 3-CH,F-
cyclobutene, 3-CFs-oxetene and perfluoro-3-CHs-cyclobutene have been studied at the MP2/cc-pVTZ
level of theory and the results analysed by using the differential activation energy approach and also
differential NBO interactions of the breaking ring bond with the substituent bonds. The outward or
inward opening that has lower activation energy in the differential activation energy approach or
larger interaction in the differential NBO interaction approach constitutes the preferred mode. The
predictions from the two approaches are found to be largely contradicting each other, specifically
when the substituent is electron-deficient. The CHF, and CH;F substituents on cyclobutene and
oxetene can adopt primarily three distinct conformations with respect to the cleaving ring bond. It has
been discovered that each conformer exhibits a distinct level of torquoselectivity and some may even
contribute to the overall selectivity substantially. The conformational profile of the substituent,
therefore, is recommended to be taken into consideration in any serious treatment of the subject. The
experimental torquoselectivity, if otherwise, is a likely consequence of secondary reactions such as

equilibration through reaction reversal while honouring the relative stabilities of ring opened species.
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Introduction

The ring opening of cyclobutene proceeds in conrotatory fashion under thermal conditions to form
1,3-butadiene.! The outward (1 = 2) and inward (3 - 4) rotations of, respectively, electron-rich and
electron-deficient substituents are controlled by the phenomenon called torquoselectivity. It is
typically predicted by estimating the transition structure barriers and the lower barrier pathway

constitutes the preferred mode of opening.?
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ERS = Electron-Rich Substituent
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In 2001, Murakami and co-workers observed 83:17 kinetic distribution of the inward and outward
opened products on heating 1-octyl-3-dimethylphenylsilylcyclobutene 5 at 140 °C in m-xylene for 1
hour.? Likewise, the reaction of 1-dimethylphenylmethy-3-trimethysilylcyclobutene 8 at 140 °C in m-
xylene for 9 hours generated a 69:31 mixture of the inward and outward opened products,
respectively. The preference for inward rotation of the silyl substituent was ascribed to a favorable
overlap of the low lying o* orbitals of the silyl substituent with the occupied Gcscsa orbital of the
breaking bond in the corresponding transition state (TS) structure. The differential activation energy
approach predicts the inward opening of 3-trimethylsilylcyclobutene favored over outward opening
by 2.0 kcal/mol at M06-2X/6-31G(d) level of theory.* The inward and outward opening reactions of 3-
trimethylsilylcyclobutene are exergonic by, respectively, 6.7 and 9.2 kcal/mol. The interaction ccacs >
o*csi was estimated at 11.3 kcal/mol in the inward TS structure as compared to only 5.0 kcal/mol in

the outward TS structure.
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In 2003, Houk observed that the filled orbital of a donor substituent experienced closed-shell repulsion
upon inward rotation and, therefore, it preferred to rotate outward. In contrast, a vacant acceptor
orbital on the substituent was predicted for inward rotation to maximize orbital interaction between
the filled orbital of the breaking bond and the vacant orbital of the substituent in the TS structure.®

Orbital interaction, thus, was indicated to be responsible for control on TS structure.



In application of differential activation energy approach in its purest form, calculations at B3LYP/6-
31G(d) level predicted outward openings of 3-CFs-, 3-CF,H- and 3-CH,F-cyclobutenes favored over the
corresponding inward openings by 2.3, 0.3 and 2.0 kcal/mol, respectively.> Activation energies
calculated at M06-2X/6-311+G(2d,p) level by Barquera-Lozada, however, favored inward opening of
3-CF;H-cyclobutene by 1.5 kcal/mol.® Dolbier and co-workers have experimentally discovered 3-CFs-
cyclobutene to open predominantly outward.” The relative concentration of the inward product was
found to significantly rise on raising the reaction temperature. For instance, the outward:inward ratio
was discovered changed from 43.5:1 at 56.5 °C to 13.2:1 at 188.5 °C while the outward product was
more stable than inward product with standard enthalpy difference of 2.5 + 0.4 kcal/mol. The
transformation of outward to inward product on rise in reaction temperature requires explanation
because it possibly cannot be due to double bond isomerization for the requirement of generally high

activation energy.
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In 2011, Mikami studied the ring opening of 2-CO,Et-2-CFs-3-dimethylphenylsilyl-4-aryloxetene 11
under thermal conditions (toluene-dg, 110 °C, 48 h) and observed its quantitative transformation to
12 with exclusive inward rotation of CF3.2 He also observed predominance of inward rotation of CFs on
ring opening of the closely related 2-CO,Et-2-CF3-3-methyl-4-phenyloxetene by a margin of 81:19 at
70 °C and 77:23 at 100 °C.° The rise in concentration of the outward product on rise in reaction
temperature must be noted. The results were explained by oc.o = oc.e* type NBO interaction that was
larger in the TS for inward rotation of CF; than outward rotation. Going by the original differential
activation energy approach, CFs3 group appears more electron-deficient than CO.Et. It will be
interesting to explore 2-CFs-oxetene alone to assess the otherwise unperturbed electronic effects of

CFsin regard to differential activation barrier and also NBO interactions.

In 2015, Houk and Mikami concluded from MO06-2X/6-31+G(d,p) level calculations that the
torquoselectivies of a series of mono-, di-, and trifluoromethylcyclobutenes and also oxetenes
resulted from the interplay of favorable orbital interactions and closed-shell repulsions.*® The authors
articulated that when the substituent rotated inward, there was a favorable interaction between the
breaking oc.o bond and o*cr of the fluoromethyl group in fluoromethyloxetenes. Also, the preference
for inward rotation of a fluoromethyl group decreased because the closed-shell repulsion ni-cc.o

competed with oc.o > ocr™* interaction. The closed-shell repulsion arose when the distance between



oxygen and fluorine was less than the sum of their van der Waals radii. An attempt to first amalgamate
the differential activation barrier with NBO interaction to lend additional support to the former and

then turning completely to NBO interaction alone is apparent.

Like the interaction oc.o = ocf™ in oxetenes, the interaction oc.c & ocr® may also be expected in the
openings of 3-fluoroalkyl-substituted cyclobutenes such as 3-CFs-, 3-CHF,- and 3-CH,F-cyclobutenes.
An investigation into this and also whether or not the findings differed from those for the
corresponding oxetenes was, therefore, felt necessary. It also provides an opportunity to study, for
the first time, the effects of conformational changes in CHF, and CH,F relative to the breaking ring
bond. The orbital interaction is the greatest when the two bonds are antiperiplanar.’’ The
conformational effect of a substituent on torquoselectivity has not been investigated prior to this

report.
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In 1986, Dolbier reported that perfluoro-3-methylcyclobutene 13 furnished only 14, the product of
inward rotation of CFs;, when the reaction was conducted at 157 °C. However, the product profile
changed to exclusively 15, the product of outward rotation of CFs;, on conducting the reaction at 268
°C.? The switch over from (2)-14 at lower temperature to (E)-14 at higher temperature requires an

explanation.

Computational Methodology: We have carried out quantum chemical calculations at MP2/cc-pVTZ level of
theory using Gaussian 09 to elucidate electronic controls on the torquoselectivities of 3-
fluoromethylcyclobutenes, 2-fluoromethyloxetenes and perfluoro-3-methylcyclobutene. Optimized structures
were verified as minima or first order saddle points by harmonic vibrational frequency analyses. All the energies
reported are Gibbs’ Free Energies (Sum of electronic and thermal Free Energies). See the Supporting Information

(SI) for the geometrical coordinates of the ground and transition state structures.
Results and Discussion

The activation energies of ring openings in 3-CFs-, 3-CF,H- and 3-CH,F-cyclobuetenes are collected in
Table 1. For the substituents CF,H and CH-F, three different conformers were considered. The torsion
angle of ocn bond in CF,H with ocsca bond of cyclobutene was varied to have three distinct
conformers. Likewise, the torsion angle of oc.r bond in CH;F with Gcs.ca bond of cyclobutene was

varied. This exercise was taken to study the conformational effects on torquoselectivity. Some of the



higher lying conformers are likely to be closer to the transition state structure and, hence, react faster
than lower lying conformers. Further, since the NBO interactions in TS structures for different
conformers are expected to be different in reference to stereoelectronic effects!, the

torquoselectivity may alter completely or, in the least, the level may be affected.

Table 1. Gibbs free energies of activation (AG*), kcal/mol, obtained at 298.15 K and 1 atm pressure for ring
openings of 3-fluoromethylcyclobutenes as compared to 3-methylcyclobutene. The enthalpy changes (AGproduct
- AGreactant) are given in parentheses. AAG* = AG¥outward - AGinward

Entry Substituent AG*ouward  AGinward AAG?
1 CF3 33.2(-5.6) 36.3(-1.8) -3.1
2 CHF,® 32.8(-5.4) 33.2(-50) -0.4
3 CHF," 329(-6.2) 36.1(-2.8) -3.2
4 CHF;¢ 31.9(-6.3) 35.4(-2.0) -3.5
5 CH,F¢ 31.4(-7.1) 345(-57) -3.1
6 CHyF¢ 31.3(-7.2) 329(63) -1.6
7 CHFf 30.6(-7.6) 36.5(-3.5) -5.9

aTorsion angle C4-C3-C-H = -47.0. P Torsion angle C4-C3-C-H = 70.7. “Torsion angle C4-C3-C-H = -169.0.
dTorsion angle C4-C3-C-F = 72.6. ¢ Torsion angle C4-C3-C-F = -167.6. f Torsion angle C4-C3-C-F = -49.4

A bird’s eye view of the activation energy data demonstrates that all the three substrates must open
predominantly outwards. However, two entries need special mention. First, the most stable of the
three conformers at Entry 2 shows the lowest level of selectivity with approximately 2:1 kinetic
distribution of the products in favor of outward opening. The other two conformers must exclusively
form the outward product for > 3.0 kcal/mol differential activation energies. Among conformers of
the substrate bearing CH.F substituent, all but the conformer at Entry 6 are expected to exclusively
open outwards. The conformer at Entry 6, which has occa and ocr nearly antiperiplanar, is

comparatively less selective as it can generate close to 10% of the inward product also.

Table 2. NBO interactions (kcal/mol) in the TSs for ring opening of 3-fluoromethycyclobutenes. The values in the
parentheses are for inward opening TSs.

Substrate Tcic2>0 % caca Caau->T¥ac Oczca>C ¥ cim OcFH>0%c3ca
CF; 64 (71) 78 (84) 11 (21) 1.9(1.7)
CHF;? 62 (64) 81 (83) 9 (25) 6.4 (2.8)
CHF;° 63 (73) 77 (84) 10 (18) 2.5(2.1)
CHF;* 61 (69) 81 (85) 9 (16) 6.4 (4.7)

CH,F* 55 (62) 78 (85) 7 (19) 9.5 (4.0)



CH,F¢ 55 (64) 78 (81) 7 (23) 9.5(3.2)
CH,F' 61 (68) 80 (86) 7 (12) 10 (7.3)

3Torsion angle C4-C3-C-H = -47.0. ® Torsion angle C4-C3-C-H = 70.7. “Torsion angle C4-C3-C-H = -169.0.
dTorsion angle C4-C3-C-F = 72.6. ¢ Torsion angle C4-C3-C-F = -167.6. fTorsion angle C4-C3-C-F = -49.4.

We now switch to looking at the NBO interactions collected in Table 2. The interactions ccsca 2 c*c
;i and ocem = 6%csca are to be taken together because both weaken Gcsca bond. The ocrm refers to
all the oc.n and ocr bonds in the substituent group. On account of significantly higher interaction in
the inward mode of opening compared to interactions in the corresponding outward opening, all the
three substrates are predicted to cause inward opening, which clearly contradicts the prediction made
by the differential activation energy approach. The difference of interactions in the inward and
outward openings of the least stable conformer at the last entry is the least (2.3 kcal/mol) and, hence,

the level of torquoselectivity may be compromised.

Suitable orbital interaction is more important than steric interaction, so much so that conformers
facing severest of steric interactions are known to react in exclusive preference to the all relaxed (the
most stable) conformer.’* We subscribe to NBO interaction argument for prediction of

torquoselectivity. We present the results herein.

3-CFs-cyclobutene has been reported to open exclusively outward on heating at 146-186 °C in the gas
phase at 3-4 mm pressure in a sealed tube. The experimental results of ring openings of 3-CHF,- and
3-CH,F-cyclobutenes are not reported in the literature. Both outward and inward openings of 3-CHF»-
and 3-CH,F-cyclobutenes are estimated to be sufficiently exergonic to discourage equilibration
through reversal under mild conditions. In contrast, the inward opening of 3-CFs-cyclobutene is only
1.8 kcal/mol exergonic in comparison to 5.6 kcal/mol for outward opening. This translates into 38.1
and 38.8 kcal/mol as activation energies for the ring closing reverse reactions of inward and outward
products, respectively. Since the barrier for ring closing reaction of the inward opened product is only
1.8 kcal/mol higher than the corresponding ring opening reaction, it is likely that the two processes
compete under the high energy conditions of the reaction while the more stable outward product

accumulates to predominate. The profiles of the reaction of 3-CFs-cyclobutene are given in Figure 1.
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Figure 1. Reaction profile for inward (solid red line) and outward (solid blue line) ring openings in 3-CFs-

cyclobutene

The activation energies and enthalpy changes for opening of 2-fluoromethyloxetenes are collected in

Table 3. All the reactions are highly exergonic and, hence, equilibration by reaction reversal is unlikely.

Since the activation energy for outward opening is significantly lower than inward opening, exclusive

outward opening is predicted. The conformer at Entry 2, however, deserves special comment. This

conformer is the most stable among the three conformers. The differential activation energy is only

0.7 kcal/mol and, hence, it will be expected to generate 20-25% of the inward product also. The

reaction profiles for outward and inward openings of 3-CFs-cyclobutene are given in Figure 2.

Table 3. Gibbs free energies of activation (AG*), kcal/mol, obtained at 298 K and 1 atm pressure for the ring

openings of 2-fluoromethyloxetenes. The enthalpy changes (AGproduct - AGreactant) are given in the parentheses.

AAG* = AG¥outward - AGFinward

Entry Substituent AG*outward AG*inward AAG*
1 CF; 28.0(-25.7) 30.8(-20.1) -2.8
2 CHFy? 28.5(-24.3) 29.2(-23.1) -0.7
3 CHF’ 27.2(-25.5) 29.9(-24.3) -2.7
4 CHF 26.5(-26.6) 30.8(-19.5) -4.3
5 CH,F* 247 (-24.3) 31.0(-24.9) -6.3
6 CHoF® 242 (-24.8) 28.5(-25.5) -4.3
7 CH,Ff 242 (-26.7) 30.7(-26.0) -6.5

2Torsion angle 01-C2-C-H =-49.1. " Torsion angle 01-C2-C-H = 60.6. ¢ Torsion angle 01-C2-C-H = -172.6.
dTorsion angle 01-C2-C-F = 74.6. ¢ Torsion angle 01-C2-C-F = -174.7. fTorsion angle 01-C2-C-F = -61.9.
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Figure 2. Reaction profile for inward (solid blue line) and outward (solid red line) ring openings in 2-

trifluoromethyloxetene

In contrast, NBO interactions cco > o*cr and ocr > 6*c.o support inward rotation of CFs group
because their sumis > 7.0 kcal/mol larger in the TS structure for inward over outward rotation. Though
all the conformers of CHF, are favored for inward rotation, the differential interaction decreases from
5.3 to 4.9 to 2.0 kcal/mol as one descends the Table. This could be taken for overall reduced
torquoselectivity. The story with CH,F substituent is different. The differential interaction is small, but
in support of outward opening for the first two conformers and a mixture for the last one. Overall, 3-
CH;F-cyclobutene is predicted for largely outward opening, which is the same as that predicted by

differential activation energy. The NBO interactions are collected in Table 4.

Table 4. NBO interactions (kcal/mol) in the TSs for the ring opening of 2-fluoromethyloxetenes. The values in
the parentheses represent interactions in the inward opening TSs.

Substrate Tcsca>6 ¥ co Cco>T*c3ca Gc-0>0*c/m Ccrn>0%co
CF; 72 (80) 53 (61) 2.4 (10) 3.0(2.6)
CHF;® 70 (76) 54 (63) 1.8 (12) 7.9 (3.0)
CHF,° 70(79) 54 (60) 1.8 (10) 7.9 (4.6)
CHF;* 74 (78) 57 (63) 1.8 (8.0) 12.4(8.2)
CH,F¢ 66 (76) 62 (72) 1.5(7.7) 18 (10)
CHyF¢ 66 (71) 62 (59) 1.5(12) 18 (4.9)
CH.F 68 (73) 56 (64) 1.5 (6.6) 19 (14)

aTorsion angle 01-C2-C-H = -49.1. ® Torsion angle 01-C2-C-H = 60.6. ¢ Torsion angle 01-C2-C-H = -172.6.
dTorsion angle 01-C2-C-F = 74.6. ¢ Torsion angle 01-C2-C-F = -174.7. fTorsion angle 01-C2-C-F = -61.9.



Finally, we return to perfluoro-3-methylcyclobutene, which is reported to furnish only the (Z)-product
from inward rotation of CFs on conducting the reaction at 157 °C and (E)-product from outward
rotation of CFs when the reaction was conducted at 268 °C.*? The activation energies for ring openings
entailing inward and outward rotations of CF; are, respectively, 38.9 and 48.1 kcal/mol. Thus, the
inward rotation is favored over outward rotation by 9.2 kcal/mol. Both the reactions are endergonic,
the enthalpy change being 7.5 and 7.9 kcal/mol, respectively, and hence reversible. The activation
energies of ring closing reactions, therefore, are 31.4 and 40.3 kcal/mol, respectively. The activation

energies are collected in Table 5.

Table 5. Energies of activation (AG¥), kcal/mol, obtained at 298.15 K and 1 atm pressure for ring openings of
perfluoro-3-methylcyclobutene 13. The enthalpy change (AGproduct - AGreactant) is given in parentheses. AAG* =
AG*outward - AGiinward

substrate AGtoutward AGtinward AAGt
13 48.1(7.5) 389(7.9) 9.2

Table 6. NBO interactions (kcal/mol) in the TSs for ring opening of perfluoro-3-methylcyclobutene 13. The values
in the parentheses are for inward opening TS structures

Te1c2>0* caca Teica>T* cacs e3> * caca Oczca>0%ce Ipr>m*cicascacs
0(0) 65 (62) 60 (60) 0 (0)® 76 (77)°

The o in the interaction Gcaca—>G*cr refers to the CFs group. Plpr—>m*cica/cacs refers to the interactions of the
lone pairs of electrons of the fluorine atoms directly attached to C3 and C4.
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Figure 3. Reaction profile for inward (solid red line) and outward (solid blue line) ring openings in perfluoro-3-

methylcyclobutene



At the lower end of temperature (157 °C), only lower energy inward opening leading to Z-olefin and
the associated ring closing reactions predominate, and we observe only the (Z)-olefin 14. At the higher
end of reaction temperature (268 °C), outward ring opening pathway requiring higher activation
energy also becomes active and the consequent (E)-product 15 predominates for its relatively lower

reversibility due to larger thermodynamic stability.

The relevant NBO interactions are collected in Table 6. The absence of Ttcica > 6*cscq interaction, and
presence of Ticica = T*cacs and Teacs = T¥caca interactions clearly demonstrate that the TS structure is
heavily advanced and product-like in both modes of ring opening. The 6csca bond is completely broken
and, hence, its interaction with o*c.f in CF; group is absent. F atoms directly bonded to the ring play a
key role and the interactions of their lone pairs with the largely developed 7 bonds between C1 and
C4, and C2 and C3 control the torquoselectivity. This differential interaction, however, is marginal and
in favor of inward rotation by only 1.0 kcal/mol. The profiles for ring opening reactions are shown in

Figure 3.

Conclusions. The torquoselectivity of ring opening of substituted cyclobutenes and oxetenes is a
consequence of NBO interactions of the breaking ring bond with substituent orbitals. The ring opening
(outward or inward) that has larger interaction constitutes the preferred pathway. The experimental
torquoselectivity, if otherwise, is a likely consequence of secondary reactions, specifically equilibration

by reaction reversal, while honouring the relative enthalpic stabilities of ring opened products.

The conformational profile of substituent relative to the cleaving bond also impacts the
torquoselectivity and, hence, it must be taken into consideration in any comprehensive treatment of
the subject.”® Conformational issues arise because the effective NBO interactions are largely
antiperiplanar interactions and, hence, the relative orientation of the cleaving ring bond with the

substituent bond is important.
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The conformational profile of substituent relative to the cleaving bond impacts torquoselectivity. The
ring opening (outward or inward) that has larger NBO interaction in the transition state structure

constitutes the preferred pathway.
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