
A computational study of regioselectivity in aluminum 
hydride ring-opening of cis- and trans- 4-t-butyl and 3-

methylcyclohexene oxides

Journal: Organic & Biomolecular Chemistry

Manuscript ID OB-ART-07-2019-001675.R1

Article Type: Paper

Date Submitted by the 
Author: 05-Sep-2019

Complete List of Authors: Deora, Nipa; Borough of Manhattan Community College, Science
Carlier, Paul; Virginia Polytechnic Institute and State University, 
Chemistry

 

Organic & Biomolecular Chemistry



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

a.
 Department of Science, CUNY, Borough of Manhattan Community College, New 
York, NY 10007. Email: ndeora@bmcc.cuny.edu 

b.
 Department of Chemistry, Virginia Tech, Blacksburg, VA 24061 

 Electronic Supplementary Information (ESI) available: Cartesian coordinates for 
select optimized structures (B3LYP/6-31+G*(PCM), single point energies, electronic 
energies, ZPVE and Gcorr for all calculated species.  See DOI: 10.1039/x0xx00000x 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

A computational study of regioselectivity in aluminum hydride 
ring-opening of cis- and trans- 4-t-butyl and 3-methylcyclohexene 
oxides 

Nipa Deora,*
a
 and Paul R. Carlier

 b
 
 

Nucleophilic ring opening of cyclohexene oxides is known to proceed preferentially through the trans-diaxial pathway (the 

Fürst-Plattner rule). This preference, however, is not absolute, and can be affected by substituents on the cyclohexene 

oxide ring, as illustrated by LiAlH4 ring-opening of the cis- and trans-isomers of 4-t-butyl- and 3-methylcyclohexene oxide 

(cis- and trans-1, cis- and trans-2). We performed B3LYP/6-31+G*(PCM) geometry optimizations to locate the chair-like 

and twist-boat-like transition structures for the hydride attacks on the pseudoaxial and pseudoequatorial conformers of 

these epoxides. Our calculations are consistent with the experimental observation of effective Fürst-Plattner control of 

AlH4
--opening of cis-1, trans-1, and cis-2, but low selectivity in ring-opening of trans-2. Our data at B3LYP/6-31+G*(PCM) 

suggests this reduction in selectivity is due to a diminished pseudoequatorial preference of the 3-methyl group in trans-2 

relative to that in cis-2. The two calculated chair-like transition structures for hydride opening of trans-2 differ in activation 

energy free energy (ΔΔG‡) by only 0.4 kcal/mol. Thus, these calculations account for the reduced regioselectivity of ring 

opening seen for trans-2 by AlH4
- and other nucleophiles.  

Introduction 

Cyclohexene oxides feature prominently in natural product 

and steroid chemistry.
1-3

 Nucleophilic ring opening of 

cyclohexene oxides normally proceeds with high 

regioselectively as governed by the Fürst-Plattner or “trans-

diaxial” effect.
4
 As shown computationally by Nakamura and 

Morokuma,
5
 Fürst-Plattner control of ring opening can be 

attributed to a preference for a chair-like transition state 

(giving the trans-diaxial product) rather than a twist-boat-like 

transition state (which would give the diequatorial product). 

Whereas cyclohexene oxide equally populates two 

enantiomeric half-chair conformers, monosubstituted 

cyclohexene oxides will favor the half-chair that places the 

substituent in a pseudoequatorial position. Thus a number of 

studies have shown that the magnitude of Fürst-Plattner 

control can be modulated by the position, size and orientation 

of alkyl substituents.
6-10 

In addition, in Lewis Acid-mediated 

ring opening of cyclohexene oxides, regioselectivity can be 

affected by chelating groups.
11-16

 

Most relevant to our study, Rickborn and coworkers 

reported the regioselectivity of LiAlH4 ring-openings of cis- and 

trans- 4-t-butylcyclohexene oxide (cis-1 and trans-1) and cis- 

and trans-3-methylcyclohexene oxide (cis-2 and trans-2).
6, 10

 

Scheme 1 represents the extrapolated data from both these 

studies. In some cases, pure diastereomeric epoxides could not 

be isolated and thus reactions of a range of diastereomeric 

mixtures were used to extrapolate the product ratio that 

would have been obtained from the diastereomerically pure 

epoxide. These extrapolated regioselectivities are depicted in 

Scheme 1, and in 3 of 4 cases indicate near-exclusive 

formation of the product of trans-diaxial addition of hydride to 

alkyl-pseudoequatorial conformer of the corresponding 

epoxide. Thus, hydride opening of cis-1 gave 100% C2-opening, 

consistent with Fürst-Plattner control: cis-3 was obtained in 

91% yield, and its epimer trans-3 was isolated in 9% yield. 

Subsequent experiments with LiAlD4 gave d2-trans-3, 

suggesting that trans-3 resulted from C1-hydride transfer from 

cis-3-Li (the lithium alkoxide of cis-3) to AlH3 in situ (forming 4-

t-butylcyclohexanone and regenerating AlH4
-
) followed by 

reduction of the ketone.
10

 In any event, no products of C-1 

opening were seen. Similarly, trans-1 reacted with LiAlH4 in 

100% Fürst-Plattner control, giving C-1 opening products trans-

4 in 90% yield, and the epimer cis-4 in 10% yield (presumably 

originating by the same mechanism that gave trans-3 from cis-

1). Once again, none of the C-2 opening product trans-3 was 

isolated.
10
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  For the cis-3-methyl system cis-2, products cis-5 and cis-6 

were formed in 2:89 ratio, and the epimer trans-6 was also 

obtained. Thus for cis-2, the Fürst-Plattner:anti-Fürst-Plattner 

ratio is again very high, 98:2. Interestingly however, for trans-

2, the reaction was much less selective, and a 61:30 ratio of 

the ring opening products trans-5 and trans-6 was obtained, 

along with 9% of epimer cis-5. The moderate preference for 

C2-opening (70:30) can once again be explained on the basis of 

preferred axial attack on the C2 carbon of the methyl-

pseudoequatorial conformer of trans-2. Rickborn and co-

workers proposed that the unexpectedly significant 

regioisomer trans-6 most likely formed by trans-diaxial 

addition of hydride to C1 of the methyl-pseudoaxial conformer 

of trans-2. Intervention of the twist-boat-like transition 

structure was considered less probable by the authors.   

 A similar dichotomy in ring-opening selectivity for cis-2 

and trans-2 was also seen by Bellucci and coworkers, who 

studied the ring openings with HCl and HBr in chloroform 

(Scheme 2).
8, 9 

As was seen for hydride-opening, 

regioselectivity for cis-2 was high.  Addition of HCl gave 8a and 

7a in a 93:7 ratio, and addition of HBr gave 8b and 7b in a 

90:10 ratio. Thus in both cases, the major product results from 

trans-diaxial addition of halide to the methyl-pseudoequatorial 

conformer of cis-2•H
+ 

(likely protonated). However, 

significantly lower regioselectivities were once again observed 

in reactions of trans-2.  Addition of HCl gave 9a and 10a in a 

62:38 ratio, and addition of HBr gave 9b and 10b in a 64:36 

ratio. Belluci et al. explained this lack of selectivity for trans-2 

differently than Rickborn et al., suggesting that approach of 

the attacking nucleophile to C2 of trans-2 occurred in an 

‘oblique’ fashion instead of perpendicular one, a path that 

would be adversely affected by a trans-3-substituent. 

To date, a limited number of computational studies have 

addressed selectivity in ring-opening of cyclohexene oxides.
5, 

12, 16-18
 The first of these was by Nakamura and Morokuma who 

investigated the ring opening of cyclohexene oxides with 

MeCuLi•LiCl.
5
 In their pioneering work, they located the ring 

opening chair-like and twist-boat-like transition structures, and 

provided a theoretical explanation for the trans-diaxial 

preference. Angalada and Delgado analyzed the effects of 

chelation by LiClO4 to predict the ring opening energetics of 

benzyloxy substituted cyclohexene oxides in their work on 

regioselective synthesis of aminocyclitols.
12

 Calculations on the 

ring openings of 1-methylcyclohexene oxide and limonene 

oxide were performed by Himo and coworkers in their study 

on the catalytic mechanism of limonene epoxide hydrolase.
17

 

Fürst-Plattner ring opening pathways were explored by Houk 

and Jung to explain the selectivities observed for non-aldol 

aldol rearrangements of isomeric 6-methyl-2,3-

epoxycyclohexyl silyl ethers with TESOTf.
18

 Computational 

studies were also performed by Taylor and coworkers during 

their work on boronic acid catalyzed ring opening of cis-3-

hydroxycyclohexene oxides with acyl chloride.
16

 Yet despite 

the extensive use of LiAlH4 in synthesis to reduce epoxides, to 

the best of our knowledge, there are no computational studies 

that have addressed the regioselectivity of LiAlH4 ring-opening 

of cyclohexene oxides. In this paper, we analyze the ring 

opening of 4-t-butyl and 3-methyl substituted cyclohexene 

oxides (cis- and trans-1, and cis- and trans-2) with LiAlH4 using 

density functional and MP2 methods. The results obtained 

account for the high regioselectivities seen for cis-1, trans-1, 

and cis-2, and provide an explanation for the low selectivity 

seen with trans-2. 

 

Scheme 2: Ring opening regioselectivity of cis- and trans-2 with HCl and HBr8,9  
Scheme 1: Regioselectivity of reactions of (cis- and trans- 1 and 2) with 

LiAlH4.  In the case of cis-1 and trans-2, the depicted regioselectivity was 

extrapolated from experiments on cis-/trans- mixtures.6,7 

All reactions carried out with i) LiAlH4, Et2O ii) HCl(aq). 
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Computational Methods 

All calculations were performed using Gaussian 09:
19

 the 

B3LYP functional
20

 and 6-31+G* basis set were used to 

calculate geometries and frequencies. All calculations were 

performed using the default grid option (Integral=FineGrid) for 

B3LYP in Gaussian 09. Fine grid is a pruned (75,302) grid with 

75 radial shells and 302 angular points per shell. All stationary 

points were characterized by vibrational frequency analysis as 

minima (zero imaginary frequencies) or as transition structures 

(with one imaginary frequency). Animation of the sole 

imaginary frequencies of located transition states confirmed 

their location on the reaction coordinate between the 

epoxide-Li
+
 complexes and the ring-opened products. Since 

available experimental data are solution-based, effects of bulk 

solvation were incorporated by using the Polarized Continuum 

Model (PCM) with ether as the solvent during geometry 

optimizations, which we denote as B3LYP/6-31+G*(PCM).
21-23

 

Activation free energies obtained were used to calculate the 

kf/ks ratios for attacks at C1 and C2 carbons. These ratios were 

then applied to predict the ratio of products obtained.
24 

Single 

point calculations were performed using the larger basis set at 

B3LYP/6-311+G(2d,p)(PCM), mPW1PW91/6-311+G(2d,p)(PCM) 

and using wb97xd/6-31+G*(PCM) method and basis on the 

B3LYP/6-31+G(d)(PCM) optimized geometries. Our previous 

work on epoxides has shown that in some cases, B3LYP may 

not provide accurate results, and should ideally be 

benchmarked against post-Hartree-Fock methods, so single 

point calculations were performed at MP2/6-31+G*(PCM).
25 

Free energy corrections were obtained from frequency 

calculations on the B3LYP/6-31+G*(PCM) geometries and 

applied to calculate the free energies for the single point 

calculations performed in this study. Molecular graphics were 

created using USCF Chimera visualization system.
26

 

Results and Discussion 

Before starting our ring opening investigations on 

substituted cyclohexene oxides, we investigated reaction of 

unsubstituted cyclohexene oxide, 11 with LiAlH4. To assess the 

importance of Li
+
 assistance in ring-opening, we located  

transition structures for ring opening of both 11 and 11-Li
+
 by 

AlH4
-
, at B3LYP/6-31+G*, using a continuum solvation model 

(PCM, Et2O). As expected, ring-opening of the neutral 11 gave 

large activation free energies (ΔG
‡
) values of 30.2 (chair-like 

transition state) to 34.2 kcal/mol (twist-boat-like transition 

state), Table 1).  

For the lithium complex of cyclohexene oxide (11-Li
+
), the 

coordinated lithium could adopt two orientations, endo- 
(towards the (CH2)4 portion of cyclohexene oxide ring) or exo-
(away from the (CH2)4 portion). Our calculations indicated that 
the exo-conformer (11-Li

+
exo) was lower in energy than the 

endo conformer by 0.9 kcal/mol. We then explored the ring 
opening pathways for 11-Li

+
 with AlH4

-
 as the nucleophile. Our 

attempts to locate chair-like and twist-boat-like ring-opening 
transition structures with lithium in the endo orientation 
proved unsuccessful, as all these structures converged to the 
corresponding exo-structures (Figure 1). 

Activation free energies (ΔG
‡
)
 
for reaction of 11-Li

+
exo with 

AlH4
-
 were 6.8 kcal/mol for 11-TS1 (chair-like transition state), 

and 10.0 kcal/mol for 11-TS2 (twist-boat-like transition state), 

nearly 25 kcal/mol lower in energy than those for reaction of 

neutral 11, indicating the mechanistic importance of Li
+
 

activation. The preference for the chair-like transition 

structure (ΔΔG
‡
) was 3.2 kcal/mol, similar to the preference 

seen by Nakamura and Morokuma for reaction of cyclohexene 

oxide with MeCuLi•LiCl (UB3LYP/6-31A).
5
  

The preference for the chair-like transition structure in 

reaction of  11-Li
+

exo with AlH4
-
 did not change significantly 

when ΔΔG
‡
 values were calculated using single point energies 

at MP2/6-31+G*(PCM), wb97xd/6-31+G*(PCM), B3LYP/6-

311+G(2d,p)(PCM) and mPW1PW91/6-311+G(2d,p)(PCM), 

(ΔΔG
‡ 

= 3.0 to 4.0 kcal/mol (Table 1)).  

 

Table 1: Free energies of activation (ΔG
‡
) at B3LYP/6-31+G*(PCM) in ether for ring opening of  11 and 11-Li

+
exo with AlH4

-
. 

Reactants Method/Basis 
ΔG‡ a,b 

ΔΔG‡ a,b,c 
C1-attack C2-attack 

11 + AlH4
- B3LYP/6-31+G*(PCM) 30.2 34.2 4.0 

11-Li+exo + AlH4
- B3LYP/6-31+G*(PCM) 6.8 10.0 3.2 

 MP2/6-31+G*(PCM)//B3LYP/6-31+G*(PCM) 8.3 12.3 4.0 

 wb97xd/6-31+G*(PCM)//B3LYP/6-31+G*(PCM) 7.4 11.1 3.6 

 B3LYP/6-311+G(2d,p)(PCM)//B3LYP/6-31+G*(PCM) 7.2 10.2 3.0 

 mPW1PW91/6-311+G(2d,p)(PCM)//B3LYP/6-31+G*(PCM) 8.5 11.7 3.2 
a
All energies are in kcal/mol and relative to separated reactants (11 or 11-Li

+
exo and AlH4

-
). 

b
Free energy corrections to electronic 

energies calculated at 298 K. 
c
ΔΔG

‡ 
= ΔG

‡
C2-ΔG

‡
C1 

Figure 1: Reaction coordinate of ring opening of 11-Li
+
 with AlH4

- 

Structures are optimized at B3LYP/6-31+G*(PCM. Relative free energies (298 K) are 
given in kcal/mol. 
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Since the magnitude of preference for the chair-like 

transition state was not affected by use of alternate 

functionals, larger basis sets, or explicit

electron correlation, all subsequent calculations in this paper 

focus on the B3LYP/6-31+G*(PCM) method, occasionally 

comparing free energies derived from other methods.  

As a prelude to locating hydride-opening transition 

structures for cis-1, trans-1, cis-2, and trans-2, we examined 

the conformational preference of the corresponding exo-Li
+
 

complexes and the free epoxides at B3LYP/6-31+G*(PCM). As 

expected, in each case the pseudoequatorial conformer was 

lower in energy. However, the magnitude of this preference 

varied considerably depending on the size, position and 

relative configuration of the alkyl group. As expected, t-butyl-

substituted epoxides cis- and trans-1 showed large 

pseudoequatorial preferences (6.8 and 4.1 kcal/mol for the 

exo-Li
+
 complexes (Scheme 3). For methyl-substituted 

epoxides cis- and trans-2, the pseudoequatorial preferences 

were much less pronounced (1.4 and 0.6 kcal/mol for the exo-

Li
+
 complexes respectively). Note that the conformational 

preferences for the neutral epoxides (Scheme 3, values in 

parenthesis) are similar in all cases.  

We then began our investigation of the possible ring-

opening pathways of the t-butyl-pseudoaxial (ax) and t-butyl- 

 

pseudoequatorial (eq) conformers of cis-1 (Scheme 4). For 

ax-cis-1-Li
+
, ring opening at C1 would proceed via a chair-like 

transition state to give product ax-cis-4-Li. In contrast, ring 

opening at C2 for ax-cis-1-Li
+ 

will feature a twist-boat-like 

transition state yielding the product cis-3-Li. The opposite 

regiochemistry would be observed for eq-cis-1-Li
+
,
 
where C2-

attack should be favored due to formation of the chair-like 

transition state, and C1-attack would occur via a twist-boat-

like transition structure. Thus, ring opening at C2 should be 

favorable for eq-cis-1-Li
+
 with the t-butyl group in the 

pseudoequatorial position, and the opposite regiochemistry 

would be preferred for the pseudoaxial conformer ax-cis-1-

Li
+
. 

We then located all four expected ring-opening transition 

structures for each epoxide at B3LYP/6-31+G*(PCM). The four 

transition structures for cis-1 are shown in Figure 2: eq and 

ax designate the orientation of the t-butyl group, and TS1 and 

TS2 refer to hydride attack at C1 and C2 respectively. As 

expected, transition states featuring a pseudoaxial-t-butyl 

group (ax-cis-1-TS1 and ax-cis-1-TS2) were much higher in 

energy than eq-cis-1-TS2. The same ordering and similar span 

of activation free energies was seen when single point 

energies of the four transition structures were calculated at 

MP2/6-31+G*(PCM), wb97xd/6-31+G*(PCM), B3LYP/6-

311+G(2d,p)(PCM) and mPW1PW91/6-311+G(2d,p)(PCM) 

(Table S1, Electronic Supplementary Information). Similarly, 

the ordering and energetic span of transition structures was 

replicated using B3LYP/6-31+G*(PCM) activation enthalpies 

(cf. ∆∆H
‡
 and ∆∆G

‡
 values in Table 1). Thus any errors in 

calculated ∆S
‡
 for these transition structures appear to be 

systemic and do not impact the predicted regioselectivity.
27

 To 

conclude, at B3LYP/6-31+G*(PCM), hydride attack at C2 is 

estimated to be >250-fold faster than attack at C1 (cf. kf/ks 

values), indicating almost exclusive formation of the C2 

product (>99.9%) thus matching the experimental observation 

cis-1 reacts with LiAlH4 at C2, giving cis-3 (Scheme 1).   

 

 

Scheme 3: Pseudoequatorial preference for lithiated (and neutral) cis- and trans- 1 

and 2 

Geometry optimizations performed at B3LYP/6-31+G*(PCM). Free energy corrections 

to electronic energies calculated at 298 K. Depicted free energies are in kcal/mol and 

are relative to the pseudoequatorial conformer; the pseudoequatorial preference of 

the corresponding neutral compounds is shown in parenthesis. 

 

Scheme 4: Possible ring opening pathways for cis-1-Li
+ 
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Table 2: Free energies of activation at B3LYP/6-31+G*(PCM) with ether 

for ring opening of compounds cis- and trans- 1 and 2 with LiAlH4 (Li+-O 

bond in exo position). 

 T.S. ΔG‡a,b ΔΔG‡c(ΔΔH‡) kf/ks 

cis-4-t-butyl     

ax-cis-1-TS1 chair 14.8 7.8 (7.1) 0.0005 

ax-cis-1-TS2 twist-boat 14.9 7.9 (7.3) 0.0004 

eq-cis-1-TS1 twist-boat 10.3 3.3 (3.1) 1 

eq-cis-1-TS2 chair 7.0 0.0 (0.0) 260 

trans-4-t-butyl     

ax-trans-1-TS1 twist-boat 14.1 6.5 (6.6) 0.0008 

ax-trans-1-TS2 chair 15.2 7.6 (6.9) <0.0001 

eq-trans-1-TS1 chair 7.6 0.0 (0.0) 48 

eq-trans-1-TS2 twist-boat 9.9 2.3 (2.7) 1 

cis-3-methyl     

ax-cis-2-TS1 twist-boat 11.3 3.6 (4.6) 0.14 

ax-cis-2-TS2 chair 10.0 2.4 (2.1) 1 

eq-cis-2-TS1 chair 7.7 0.0 (0.0) 59 

eq-cis-2-TS2 twist-boat 10.4 2.7 (3.4) 0.65 

trans-3-methyl     

ax-trans-2-TS1 chair 8.6 0.4 (0.9) 1 

ax-trans-2-TS2 twist-boat 13.3 5.1 (4.9) <0.0001 

eq-trans-2-TS1 twist-boat 10.6 2.4 (2.6) 0.03 

eq-trans-2-TS2 chair 8.2 0.0 (0.0) 1.7 
aAll energies are in kcal/mol and relative to separated reactants (eq-alkylcyclohexene 

oxide-Li
+

exo + AlH4
-
). 

b
Free energy and enthalpy corrections to electronic energies 

calculated at 298 K. 
c
Relative free energies (ΔΔG

‡
) and enthalpies (ΔΔH

‡
) of activation 

are very similar, indicating kinetic selectivities for ring opening are enthalpically driven.   

The corresponding transition structures for trans-1 are 

shown in Figure 3; the lowest energy transition structure (eq-

trans-1-TS1) is chair-like and features attack at the C1 carbon 

of eq-trans-1-Li
+
 conformer (ΔG

‡
 of 7.6 kcal/mol). The next 

lowest energy transition structure is for attack at the C2 

carbon and is twist-boat-like eq-trans-1-TS2 (ΔG
‡
 of 9.9 

kcal/mol) with a relative activation barrier of 2.2 kcal/mol 

(Table 2). Once again, the transition structures featuring the 

pseudoaxial t-butyl group were considerably higher in energy, 

but interestingly in this case, the chair-like (ax-trans-1-TS2) 

transition structure featured a higher activation energy (ΔG
‡
 = 

15.2 kcal/mol) than the twist-boat-like transition structure 

(ax-trans-1-TS1, ΔG
‡
 = 14.1 kcal/mol). This switch is likely due 

to the large 1,3-diaxial interaction of AlH4
-
 with pseudoaxial t-

butyl group in ax-trans-1-TS2, relative to the smaller 1,4-

diaxial interaction seen in twist-boat-like ax-trans-1-TS1. This 

ordering of transition states was maintained using MP2/6-

31+G*(PCM), wb97xd/6-31+G*(PCM), B3LYP/6-311+G(2d,p) 

(PCM) and mPW1PW91/6-311+G(2d,p)(PCM) single point 

energies  (Table S1). Thus, based on our B3LYP/6-31+G*(PCM) 

activation free energies, we estimate that hydride attack at C1 

would occur >48 times faster than attack at C2, supporting the 

experimental observations that trans-1 reacts with LiAlH4 to 

give only trans-4 (and oxidation-reduction product cis-4) with 

no detected trans-3 (Scheme 1).  

Figure 2: Reaction coordinate for the ring opening of cis-1-Li
+
 with AlH4

- 

Structures optimized at B3LYP/6-31+G*(PCM). Free energies provided in kcal/mol and relative to separated eq-cis-1-Li+ and AlH4
- 
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To test whether this selectivity would hold with a smaller 

alkyl group in the 4-position of cyclohexene oxide, we 

calculated the AlH4
-
 ring-opening transition structures for the 

lithium ion complexes of cis- and trans-4-methylcyclohexene 

oxides (cis- and trans-12). These calculations (See Table S5, 

Electronic Supplementary Information) predict >99:1 Fürst-

Plattner control of AlH4
-
 ring-opening of both cis- and trans-12, 

mirroring the high selectivity observed for the t-butyl analogs 

cis- and trans-1. Thus at the 4-position of cyclohexene oxide, a 

large substituent is apparently not needed in order to achieve 

a high degree of Fürst-Plattner control.  Unfortunately, to date 

no experimental studies of AlH4
-
 ring-opening of 

stereochemically pure cis- or trans-12 have been reported; 

thus these predictions cannot be confirmed.
28

 

Next, we investigated the effects of methyl substitution at 

position 3 on the selectivity of ring-opening by AlH4
- 
(Figure 4). 

For cis-2, the chair-like transition structure (eq-cis-2-TS1) for 

attack at C1 is the lowest energy structure (ΔG
‡ 

= 7.7 kcal/mol). 

The next lowest energy structure is 2.4 kcal/mol higher in 

energy, and features attack at the C2 carbon via the chair-like 

transition structure ax-cis-2-TS2 (ΔG
‡ 

= 10.0 kcal/mol) (Table 

2). This data was again supported by all single point 

Figure 3: Reaction coordinate for the ring opening of trans-1-Li+ with AlH4
-. 

Structures optimized at B3LYP/6-31+G*(PCM). Free energies provided in kcal/mol and relative to separated trans-1-eq-Li+ and AlH4
-. 

Figure 4: Reaction coordinate for the ring opening of cis-2-Li+ with AlH4
-

. 

Structures optimized at B3LYP/6-31+G*(PCM). Free energies provided in kcal/mol and relative to separated eq-cis-2-Li+ and AlH4
-.
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calculations for all methods used (Table S1).  For cis-2, hydride 

attack at C1 was estimated to occur >59-fold faster than attack 

at C2 (cf. kf/ks). The calculated ratio for C1:C2 opening of 97:3 

thus closely matches the observed 98:2 ratio of cis- and trans-

6 to cis-5 mentioned above (Scheme 1). 

Gratifyingly, as observed experimentally, our calculations 

for trans-2 predict reduced regioselectivity for reaction with 

LiAlH4. As shown in Figure 5, the lowest energy transition 

structure is for attack at C2 via the chair-like transition 

structure eq-trans-2-TS2 with ∆G‡ of 8.2 kcal/mol (Table 2). 

Interestingly, the second lowest energy pathway, for attack at 

C1 through the chair-like transition structure (ax-trans-2-TS1), 

is only 0.4 kcal/mol higher in energy (∆G‡= 8.6 kcal/mol).  Thus, 

the rates of attack at C2 and C1 are comparable (i.e. kf/ks = 

1.7), and would thus provide a mixture of the major (trans-5) 

and the minor (trans-6) products in a 63:37 ratio, similar to the 

70:30 ratio of trans- and cis-5 to trans-6 observed 

experimentally (Scheme 1). The small difference in energy 

between the two chair-like transition structures eq-trans-2-

TS2 and ax-trans-2-TS1 seen at B3LYP/6-31+G*(PCM) was 

again retained using single point calculations for all methods 

used, giving ΔΔG
‡ 

values between 0.2 and 0.4 kcal/mol (Table 

S1). 

The low regioselectivity for trans-2 can be rationalized by 

the reduced pseudoequatorial preference observed for trans-

2-Li
+
 (ΔG = 0.6 kcal/mol, Figure 4). This reduced 

pseudoequatorial preference carries forward into poor (only 

0.4 kcal/mol) energetic separation of the corresponding ring-

opening chair-like transition structures eq-trans-2-TS2 and 

ax-trans-2-TS1. The near-eclipsing interaction between the 

pseudoequatorial methyl group at C3 and the C2-H for eq-

trans-2-Li
+
 (H3C-C3-C2-H dihedral = -19.7⁰) is only somewhat 

relieved in eq-trans-2-TS2 (H3C-C3-C2-H dihedral = -31.5⁰). Thus 

torsional strain between C3-CH3 and C2-H appears to play a role 

in destabilizing eq-trans-2-TS2 just as Rickborn et al, had 

predicted for eq-trans-2 itself.
6
 The minor product (trans-6) 

would thus form through ax-trans-2-TS1 (∆ΔG
‡
 = 0.4 

kcal/mol). Note that this near-eclipsing interaction is avoided 

in eq-cis-2, in which the pseudoequatorial C3-methyl and the 

C2-H are nearly staggered (H3C-C3-C2-H dihedral = 59.7⁰). 

Consequently there is strong Fürst-Plattner control for ring 

opening of cis-2 and low Fürst-Plattner control of opening of 

trans-2.  

Conclusions 

In conclusion, we located ring-opening transition structures 

for the reactions of 4-t-butylcyclohexene oxides (cis- and trans-

1), 4-methylcyclohexene oxides (cis- and trans-12) and 3-

methylcyclohexene oxides (cis- and trans-2) with LiAlH4. The 

computed transition structure free energies predict a high 

degree of Fürst-Plattner control for ring-opening of cis-1, 

trans-1 and cis-2 by LiAlH4, and low selectivity for trans-2, 

matching experimental observations. Although no 

experimental data exists to benchmark the calculations of cis- 

and trans-12, high regioselectivities are predicted in these two 

cases. The low regioselectivity seen experimentally for trans-2 

is attributed to the low pseudoequatorial preference observed 

in trans-2 as a result of a near-eclipsing interaction between 

the pseudoequatorial C3-methyl and the C2-H (cf. Scheme 3, 

Figure 4). Thus, trans-3-alkyl cyclohexene oxides are expected 

to show reduced Fürst-Plattner selectivity, regardless of the 

size of the alkyl group. In contrast, cis-3-alkyl cyclohexene 

oxides, and both cis- and trans-4-alkyl cyclohexene oxides are 

Figure 5: Reaction coordinate for the ring opening of trans-2-Li+ with AlH4
-. 

Structures optimized at B3LYP/6-31+G*(PCM), Free energies provided in kcal/mol and relative to separated eq-trans-2-Li+ and AlH4

-. 
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all generally expected to show high Fürst-Plattner selectivity in 

ring-opening reactions (cf. Table 2 and Table S5).  
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