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Abstract 
The stereoselective reduction of carbonyls is of key importance in the total synthesis 
of natural products and in medicinal chemistry. Nevertheless, models for rationalizing 
the stereoselectivity of the hydride reductions of cyclobutanones towards 
cyclobutanols are largely lacking, unlike cyclohexanone reductions. In order to 
elucidate the factors that control the stereoselectivity of these reductions, we have 
investigated the effect of the reaction temperature, solvent, substituent and type of 
reducing agent using a synergistic experimental-computational approach. On the 
experimental side, the hydride reduction of 3-substituted cyclobutanones was proven 
to be highly selective for the formation of the cis alcohol (> 90%) irrespective of the 
size of the hydride reagent. The pronounced selectivity can be further enhanced by 
lowering the reaction temperature or decreasing solvent polarity. On the 
computational side, DFT and noncovalent interaction analysis reveal that torsional 
strain plays a major role in the preference for the anti-facial hydride approach, 
consistent with the Felkin-Anh model. In the presence of benzyloxy substituent, the 
high selectivity for the cis isomer is also driven by repulsive electrostatic interactions 
when the hydride attacks following a syn-face approach. The computed cis:trans ratios 
are in good agreement with the experimental ones and thus show the potential of 
computational chemistry for predicting and rationalizing the stereoselectivity of 
hydride reductions of cyclobutanones.   
 
Introduction 
The carbonyl group is a highly versatile group in organic chemistry being involved in a 
plethora of chemical transformations. These transformations often exploit the 
electrophilic character of the carbon atom of the carbonyl group, which is prone to 
nucleophilic additions. A textbook example of such a reaction is the addition of a 
hydride to a chiral cycloalkanone, resulting into a cis:trans mixture of cyclic alcohols 
(Figure 1).1 The stereoselectivity of the hydride reduction is affected by reaction 
conditions such as temperature,2-3 solvent,4-6 bulkiness of the reducing agent7-12 and 
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complexation ability of the corresponding counterion.4,12-15 Thus, enhancing the 
selectivity for a given isomer can be achieved by fine-tuning these reaction conditions. 

  
Figure 1. Schematic overview of cis and trans alcohols resulting from the anti and syn addition 
of the hydride to the carbonyl group with respect to the substituent R, respectively. 
 

Stereoselectivity can be increased by lowering the reaction temperature.2-3 
Alternatively, the metal counterion of the reducing agent can modify the 
diastereomeric ratio based on the cation-anion association and cation-carbonyl 
complexation.12-15 The former effect describes the interaction strength between the 
hydride and its positively charged counterion. In general, loosely bounded hydrides 
will be more prone to undergo a nucleophilic addition to the carbonyl group. The 
cation-carbonyl complexation, on the other hand, influences the reactivity by 
complexation between the metal counterion and the oxygen atom of the carbonyl 
group. Consequently, counterions that are stronger Lewis acids give rise to a carbonyl 
group more prone to nucleophilic additions.12-15 Finally, the solvent influences the 
reactivity of the carbonyl moiety. In the specific case of borohydride reducing agents, 
highly polar solvent molecules compete with the oxygen of the carbonyl group to 
coordinate with the metal counterion, reducing therefore the cation-carbonyl 
complexation effect.4-6 Accordingly, the electrophilicity of the carbonyl carbon atom 
decreases with increasing solvent polarity.  
 
Although there are numerous factors influencing the facial selectivity of the hydride 
reduction of a carbonyl group in a chiral molecule, several explanatory stereochemical 
models have been proposed. For open chain compounds, the most recognized is the 
Felkin-Anh model,16 in which the bulkiest or most electron-withdrawing substituent is 
placed orthogonally to the carbonyl moiety in a staggered conformation, in order to 
allow the nucleophile to attack from the least hindered side. However, this model 
cannot be applied to cycloalkanones as it requires free rotation around the carbon 
backbone to ensure the staggered conformation. Consequently, different effects have 
been proposed to steer the preferred facial approach of a hydride towards cyclic 
ketones such as: (i) steric hindrance and torsional strain,16b (ii) electrostatic repulsion 
effects,17 (iii) asymmetry in π-orbitals,18 or (iv) hyperconjugation.19  
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Figure 2. Examples of natural products bearing a cyclobutanol ring. 

 
Due to the importance of the diastereomeric ratio in synthetic pathways, several 
models to rationalize the stereoselectivity of the reduction of substituted 
cyclohexanones have been proposed.16b-19 However, the reduction of common 
naturally occurring small-sized four-and five-membered cycloalkanones has been 
investigated to a much lower extent. For cyclopentanones, the lack of models 
conceptualizing the preferential facial approach of a nucleophile can be justified by 
the rapid conformational flip of the envelope conformation, which diminishes 
stereoselectivity.1 In contrast, the corresponding conformational flip of the butterfly 
conformation of cyclobutanones occurs at a smaller rate.1 Furthermore, the reduction 
of cyclobutanones hold a prominent position in organic chemistry and the 
stereoselective synthesis of cyclobutanols is important in total synthesis of natural 
products and medicinal chemistry (Figure 2).20 Several experimental studies indicate 
that the reduction of substituted cyclobutanones yields predominantly the cis alcohol, 
irrespective of the type of reducing agent (Figure 3).21 However, unlike the reduction 
of cyclohexanones, a rationalization of the observed selectivity is almost never 
reported. 
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Figure 3. Experimentally observed cis:trans ratio for the reduction of different 3-substituted 
cyclobutanones with small and bulky reducing agents. 

 
In order to elucidate the factors controlling the stereoselectivity of the hydride 
reduction of cyclobutanones towards cyclobutanols, we have investigated the effect 
of temperature, solvent, substituent on the four-membered ring and size of the 
reducing agent using a combined experimental-computational approach. In this study, 
3-phenylcyclobutanone (1) and 3-benzyloxycyclobutanone (2) are selected as model 
cyclobutanones based on the different stereo-electronic effects of the substituents, 
their straightforward synthetic pathways and commercial availability. Experimental 
cis:trans ratios of the reduction of the corresponding 3-substituted cyclobutanones at 
different reaction conditions were determined by means of 1H-NMR, while Density 
Functional Theory (DFT) calculations were employed to rationalize the stereoisomeric 
ratios. The computational approach was selected based on our recent benchmark 
study of DFT methods for describing accurately the cis:trans ratios of hydride 
reductions of 2-substituted cyclohexanones.22 Overall, the computational study aims 
to rationalize the experimentally observed stereoselectivity and reveal stereo-
controlling factors in the hydride reduction of chiral cyclobutanones.  
 
Computational methodology 
 
All quantum-chemical calculations were performed using the Gaussian quantum 
chemistry package (version G09.D01).23 A two-step computational protocol was 
selected based on our recent benchmark of DFT approximations for describing the 
thermodynamics and kinetics of hydride reductions of cyclohexanones.22 In this work, 
the performance of a variety of exchange correlation functionals was carefully assessed 
relative to canonical CCSD(T) energies. Among the tested functionals, an approach in 
which single-point energy calculations using the double hybrid B2PLYP-D324 functional 
on ωB97X-D25 optimized geometries provides the most accurate transition state 
energies for these kinetically-controlled reactions. Accordingly, the same computational 
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protocol was applied to investigate the facial selectivity of hydride reductions of 
cyclobutanones.  
 
All structures were computed and characterized by means of harmonic-vibrational-
frequency calculations at the ωB97X-D25/cc-pVDZ26 level of theory. The nature of the 
stationary points was assessed according to the appropriate number of negative 
eigenvalues of the Hessian matrix from the frequency calculations. Minima are 
exclusively characterized by real eigenvalues, whereas transition states exhibit exactly 
one negative eigenvalue corresponding to the hydride transfer. The thermodynamic 

contributions to the enthalpy (H) and Gibbs free energy (G) were computed at 1 
atm for a series of reaction temperatures: 298 K, 273 K, 203 K, 195 K and 173 K. For all 
DFT calculations, an ultrafine grid was used to minimize the integration grid errors.27 

Subsequently, single-point energy calculations were performed at the B2PLYP-
D324/aug-cc-pVTZ28 level of theory. These calculations were performed including 
Grimme’s DFT-D3 atom-pairwise dispersion with the Becke-Johnson damping function 
to overcome the deficiencies of conventional functionals in the treatment of 
dispersion.29 The DFT-D3 dispersion correction improves the accuracy not only for 
non-covalent interactions, but also for reaction barrier heights.29 For the reductions 
with potassium triisopropylborohydride (KTBH), the potassium atom was described 
using the 6-31G(3d) basis set30 for the geometry optimization and the 6-
311+G(3df,2p)31 basis set during the subsequent energy calculation, since the Dunning 
basis sets are not implemented for potassium. The remaining atoms for the KTBH-
containing structures were described using the corresponding Dunning basis sets.  
 

Implicit solvent effects were computed using the polarizable continuum model with 
radii and non-electrostatic terms from Truhlar and co-workers’ SMD model.32 The 
solvent effects for tetrahydrofuran (THF) and diethyl ether (Et2O) were calculated at 
both the gas- and solvent-phase geometries at the same level of theory, resulting in 
solvation free energies.  
 
Although this computational protocol is able to reproduce the experimental cis:trans 
ratios of hydride reductions of cyclohexanones and cyclobutanones, several hybrid 

functionals (B3LYP-D3,33 M0634 and B97X-D25) were also tested on the geometry 
optimization and single point energy calculations. With the exception of the popular 
B3LYP functional, the overall influence of the remaining methods on the structural and 
energetic trends appeared to be rather limited. Nevertheless, the two-step 
computational protocol showed the best agreement with the experimental cis/trans 
ratios. A more detailed description of the benchmark data can be found in the 
supporting information (Table S1 and Figure S1). 
 
The theoretical ratio of cis:trans cyclobutanols was obtained through the Gibbs free 

energies of the different transition states (G≠) using a Maxwell-Boltzmann 
distribution at the appropriate temperature.  
 

To assess the role of non-covalent interactions on the facial selectivity of the hydride 
reductions, the non-covalent interaction (NCI) index was computed on the ωB97X-
D/cc-pVDZ obtained electron densities of the transition states. By plotting the reduced 
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density gradient (s) against the electron density () (Equation 1), non-covalent 
interactions appear as peaks at low density values due to the annihilation of the 
reduced density gradient at these points.35  
 

s =  
1

2(3π2)
1
3

|∇ρ|

ρ
4
3

 (1) 

 
Attractive and repulsive interactions are discriminated from each other by analysing 

the sign of the second eigenvalue of the electron-density Hessian matrix (2). A 

negative value of 2 indicates attractive interactions such as hydrogen bonding, 

whereas a positive value of 2 corresponds with repulsive interactions such as steric 
clashes. A great value of the NCI method lies in the visualisation of a reduced density 
gradient isosurface in real space, providing a three-dimensional visualisation of non-
covalent interactions. Often an RGB colour scale is employed with red surfaces 
visualising repulsive interactions, green surfaces visualising weak attractive 
interactions and blue surfaces visualising strong attractive interactions. Computations 
of the NCI index is achieved through the NCIPLOT program,36 while reduced gradient 
isosurfaces are conveniently visualised with the VMD software which is open-source 
for academic research purposes.37 Importantly, the NCI is a robust technique, 
providing similar results regardless of the choice of method and basis set.38 
 
Results and discussion 
 
Experimental stereoselectivity for the hydride reduction of 3-substituted 
cyclobutanones 
The influence of varying reducing agents (LiAlH4, L-selectride and N-selectride) and 
reaction temperatures (298 K, 273 K and 195 K) on the stereoselective outcome of the 
reduction of 3-phenylcyclobutanone (1) and 3-benzyloxycyclobutanone (2) was 
experimentally assessed based on 1H-NMR observed cis:trans ratios. The 
diastereomeric ratios, summarized in Table 1, were established by averaging the 
integration of characteristic cis and trans 1H-NMR signals, as described in equation 2. 
By taking an average ratio over different matching cis and trans 1H-NMR signals 
instead of a single pair of peaks, errors originating from the integration procedure or 
indistinguishable peak overlaps are diminished. The signal assignment for the 
identification of cis- and trans-3-phenylcylobutanol or cis- and trans-3-
benzyloxycyclobutanol was determined using corresponding 2D-NOESY spectra cross 
peaks of the crude mixtures and validated based on available literature data.21c,39 
Accordingly, the signals of cis-3-phenylcylobutanol were assigned based on the 
observed cross peaks indicating coupling between H3 (m, 3.02-2.91 ppm) and H2’/4’ (m, 
2.82-2.74 ppm), H2’/4’ and H1 (m, 4.33-4.24 ppm) as well as H3 and H1. In the case of 
cis-3-butoxycyclobutanol, cross-peaks were observed between H3 (m, 3.67-3.56 ppm) 
and H2’/4’ (m, 2.76-2.65 ppm), H2’/4’ and H1 (m, 3.95-3.84 ppm) as well as H3 and H1. All 
spectra including relevant peak integrations used to determine diastereomeric ratios 
can be consulted in the supporting information (Figure S2-S23).  
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From Table 1, it can be observed that for both compounds an anti-face attack of the 
hydride with respect to the R substituent will preferentially occur as large amounts of 
cis isomer (> 90%) are obtained, in agreement with previous reports.21 Furthermore, 
as outlined in the literature, the pronounced selectivity for cis-3-phenylcylobutanol 
and cis-3-benzyloxycyclobutanol can be enhanced by lowering the reaction 
temperature.2-3  
The reduction of 3-phenylcyclobutanone (1) with LiAlH4 and L-selectride at 298 K gives 
rise to respectively 92% and 91% of cis product. This suggests that the use of a non-
sterically hindered, weak electronegative aluminium-based or a sterically hindered, 
strong electronegative boron-based reducing agent does not significantly affect the 
selectivity. In other words, selectivity is not affected by the strength of the hydride-
metal interaction. Furthermore, the results suggest that the complexation strength 
between the oxygen atom of the carbonyl group and the strong Li+ Lewis acid or the 
weaker coordinating Na+ does not influence the final stereoselective outcome, as the 
reduction of 3-benzyloxycyclobutanone (2) with L- or N-selectride both result in 94% 
of cis-3-benzyloxycyclobutanol. Consequently, it can be concluded that the steric bulk 
nor the philicity character of the reducing agent seems to influence the selectivity of 
cyclobutanone reductions towards the cis isomer. These findings are in sharp contrast 
with the reduction of substituted cyclohexanones, where small reducing agents give 
rise to the thermodynamically most advantageous isomer, while sterically hindered 
reagents usually yield the other isomer due to diaxial strain.16,40  
 
Table 1. Overview of the experimentally obtained diastereomeric cis:trans ratios determined 
via 1H-NMR for the reduction of 3-phenylcyclobutanone (1) and 3-benzyloxycyclobutanone (2) 
with a variety of reducing agents and different reaction temperatures. 

Reducing agent T (K) 
3-phenylcyclobutanone (1) 3-benzyloxycyclobutanone (2) 

cis trans uncertainty* cis trans uncertainty* 

LiAlH4 
298 92% 8% ± 1% 93% 7% ± 1% 
273 95% 5% < 1% 95% 5% ± 1% 

195 97% 3% ± 1% 98% 2% < 1% 

L-selectride 

298 91% 9% < 1% 94% 6% ± 1% 

273 92% 8% ± 2% 95% 5% ± 1% 

195 95% 5% ± 1% 96% 4% ± 2% 

N-selectride 

298 92% 8% ± 2% 94% 6% ± 1% 

273 93% 7% < 1% 95% 5% ± 1% 
195 98% 2% ± 1% 98% 2% ± 1% 

* defined as the uncertainty on the average value. 
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Computational assessment of the factors influencing the stereoselective reduction 
of cyclobutanones 
 
To elucidate the factors influencing the facial selectivity of the reduction of 3-
phenylcyclobutanone (1) and 3-benzyloxycyclobutanone (2), a thorough 
computational study was undertaken. First, the role of the size of the reducing agent 
on the stereoselectivity was analysed. To achieve this goal, we have considered three 
different hydride reagents (Figure 4): lithium aluminium hydride (LiAlH4), lithium 
triisopropylborohydride (LTBH) and sodium triisopropylborohydride (NTBH). Whereas 
LiAlH4 represents a small hydride, TBH corresponds to a bulky hydride that mimics the 
reactivity of Selectride (tri-sec-butylborohydride) as for example LTBH was found to 
reproduce the experimental selectivities of L-Selectride,40b while reducing the 
conformational complexity and computational cost. Furthermore, different 
counterions of the TBH reducing reagent (Li+ and Na+) were considered to assess the 
importance of the metal counterion during the reduction. Likewise, structures 
containing the potassium counterion were also computed and showed fully analogous 
trends as compared to the other triisopropylborohydride reducing agents. However, 
as we did not experimentally investigate the reductions with K-selectride, the 
computational results for the reductions with KTBH are only reported in the 
supporting information (Tables S20-S24). Besides hydride bulkiness and metal 
complexation effects, the role of temperature and solvent on the stereoselectivity has 
also been considered in this study.  
 

 

Figure 4. Hydride reagents investigated in the computational work.   

 
The mechanistic aspects of the stereoselective hydride reduction of 3-substituted 
cyclobutanones were studied following a similar computational approach as recently 
proposed for 2-substituted cyclohexanone reductions.22 In the case of the reduction 
of cyclobutanone by LiAlH4, the facial selectivity of the hydride attack is determined 
by four transition states in which the metal counterion of the reducing agent 
coordinates either to one (bidentate) or two hydrogen atoms (tridentate), in analogy 
with the mechanistic study performed by Luibrand and co-workers for the reduction 
of 2-substituted cyclohexanone with LiAlH4 (Figure 5).41 In the case of TScis, the hydride 
attacks from the anti-face with respect to the substituent R, which results in the cis 
cyclobutanol. In contrast, for TStrans the hydride attacks through a syn-approach 
yielding the trans product. Structures TScis and TStrans are referred to as bidentate, 
whereas the transition states TS’cis and TS’trans are tridentate. For the TBH reducing 
agents, only a single hydrogen atom is amenable for coordination, confining the study 
to the two bidentate transition structures TScis and TStrans. 
 

LiAlH4 LTBH NTBH KTBH
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Figure 5. Schematic representation of the reactants, transition states and corresponding 
alcohol products involved in the reduction of 3-substituted cyclobutanones by LiAlH4. TScis and 
TS´cis correspond to a hydride anti-attack with respect to R resulting in the cis product, while 
TStrans and TS´trans result from the hydride syn-attack yielding the trans product.  
 

Influence of the reducing agent and substituent 
 
After optimising the transition states involved in the reduction of 3-substituted 
cyclobutanones (Figure 5), the impact of the reducing agent’s bulk and cyclobutanone-
substituent on the preference for a given transition state and hence on the 
stereoselectivity is computationally assessed. Relative Gibbs free energies of 
transition states involved in the reduction of 3-phenylcyclobutanone (1) and 3-
benzyloxycyclobutanone (2) with the different reducing agents were computed at the 
B2PLYP-D3/aug-cc-pVTZ// 𝜔 B97X-D/cc-pVDZ level of theory and are listed in the 
supporting information for distinct temperatures (Tables S20-S24). Based on the 
relative Gibbs free energies, the cis:trans ratios were estimated using a Maxwell-
Boltzmann distribution at 298K (Table 2). 
 
Table 2. Overview of the experimental (in THF) and computational (gas phase) cis:trans ratios 
determined for the reduction of 3-substituted cyclobutanones with a variety of reducing 
agents at 298K. 

Reducing Agent 
3-phenylcyclobutanone (1) 3-benzyloxycyclobutanone (2) 

cis:trans 
exp. 

cis:trans 
theor. 

cis:trans 
exp. 

cis:trans 
theor. 

LiAlH4 92:8 88:12 93:7 99:1 

L-selectride/LTBH 91:9 98:2 94:6 99:1 

N-selectride/NTBH 92:8 82:18 94:6 95:5 
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Regarding the reducing agent, our experimental and computational cis:trans ratios 
indicate a rather small influence of the bulkiness on the facial selectivity of hydride 
reductions in cyclobutanones (Figures 6-7). Indeed, LiAlH4, LTBH and NTBH prefer to 
approach the carbonyl group from the face opposite to the substituent, following an 
anti-facial hydride attack. Accordingly, irrespective of the size of the hydride reagent, 
TScis corresponds to the lowest-energy transition structure, yielding the cis alcohol. 
Hence, both small and bulky reducing agents attack from the less sterically congested 
face in cyclobutanones. These findings are in sharp contrast with the reduction of 
cyclohexanones, in which the stereoselectivity can be reversed by using more 
sterically demanding reagents.16,40 More bulky reagents usually approach the carbonyl 
moiety of cyclohexanone from the anti-face yielding the cis alcohol, while a 
thermodynamically controlled syn-approach of the hydride giving mainly rise to the 
trans alcohol is observed for small nucleophiles. 
 

 
Figure 6. Schematic representation of the possible reaction paths of the reduction of 3-
phenylcyclobutanone (1) with LiAlH4 (bidentate and tridentate), NTBH (bidentate) and LTBH 
(bidentate). Optimized geometries of the transition states are provided together with relative 
Gibbs free energies computed in the gas phase at 298 K. 
 

Table 2 indicates that the obtained Boltzmann averaged cis:trans ratios describing the 
reduction in gas phase at room temperature are in good agreement with the 
experimental ratios, both indicating a distinct preference for the formation of the cis 
alcohol. The largest dissimilarity between the experimental and computational 
diastereoselective ratios are retrieved for the reduction of 3-phenylcyclobutanone (1), 
being 92% with N-selectride and 82% with NTBH. We hypothesize that this difference 
might be ascribed to the presence of the bulkier sec-butyl side chains of the selectride 
reducing reagent used during the experiments, which completely suppresses the 
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possible influence of the cationic counterion. This steric effect is less pronounced for 
the smaller isopropyl side chains of the TBH reducing agents used for the 
computational modelling.  
 

 
 
Figure 7. Schematic representation of the possible reaction paths of the reduction of 3-
benzyloxycyclobutanone (2) with LiAlH4 (bidentate and tridentate), NTBH (bidentate) and 
LTBH (bidentate). Optimized geometries for the transition states are provided together with 
relative Gibbs free energies computed in the gas phase at 298 K. 

 
Considering the predominance of the cis isomer as the major product, it can be 
concluded that the reduction of 3-substituted cyclobutanones, irrespective of the type 
of reducing reagent or substituent, will preferentially occur via the TScis transition 
state. As can be observed from Figures 6 and 7, this implies that the hydride 
approaches the 3-substituted cyclobutanone through an anti-face Bürgi-Dunitz 
trajectory42 with respect to the R-substituent. To assess the driving forces behind the 
clear preference for the anti-facial attack resulting in the cis alcohol, we focus on the 
comparison of the ring puckering and torsional strain of the different transition 
structures. This analysis is based on two structural parameters corresponding to the 

puckering angle (), which is defined as the angle formed by the intersection between 
the C2-C1-C4 and C2-C3-C4 planes,43 and the dihedral angle D(O-C1-C2-H’2) (Figure 8). The 

puckering angle  measures the distortion of the butterfly conformation of the 
cyclobutanone ring, while the dihedral angle D represents the degree by which the C-
H and carbonyl bonds are eclipsed. To quantify the structural distortion induced by 
the hydride attack, the structural parameters of the initial reagents were taken as a 

reference. The puckering angle () and the dihedral angle (D) are 17.1° and 82.6° for 
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3-phenylcyclobutanone, while for 3-benzyloxycyclobutanone these respective angles 

are 16.5° and 84.6°. An increase in  with respect to the reference values is linked to 
a decrease in torsional strain, while the four-membered ring becomes more puckered. 
In this regard, it is important to note that cyclobutanone represents an example of an 
extremely fine balance between angle and torsional strain.43 Puckering of the 
cyclobutanone ring decreases the torsional strain associated with eclipsed 
interactions, while increasing the angle strain caused by the compression of C-C-C 
bond angles. Because the decrease in torsional strain is greater than the increase in 
angle strain, the puckered conformation is more stable than the planar one in 
cyclobutanones. On the other side, a more staggered conformation is obtained as the 
dihedral angle D becomes closer to 60°, and, accordingly, a decrease in D indicates a 
reduced torsional strain as the carbonyl bond and the neighbouring CH bond becomes 
less eclipsed (Figure 8). The different structural parameters for the different transition 
states are summarized in Table 3.   

 
Figure 8. Measurement of the ring puckering and torsional strain in the transition structures 
of hydride addition to cyclobutanones.  

 
Table 3. Relative Gibbs free energies (in kcal mol-1) calculated in the gas phase at 298 K 

together with selected torsional parameters ( and D in °) for the different transition states 
involved in the reduction of 3-phenyl- and 3-benzyloxycyclobutanone with LiAlH4. 

 3-phenylcyclobutanone (1) 3-benzyloxycyclobutanone (2) 

LiAlH4 ref[a] TScis TStrans TS’cis TS’trans ref[a] TScis TStrans TS’cis TS’trans 

Grel - 0.00 1.04 0.47 2.32 - 0.00 3.91 0.80 4.99 

 17.1 20.3 2.2 20.1 17.1 16.5 20.1 17.6 19.8 14.6 
D 82.6 73.4 100.1 77.4 77.6 84.6 72.7 75.8 76.7 81.4 

[a] The reference values correspond to the reactant 3-substituted cyclobutanone.  

 
As can be inferred from Table 3, the preference for anti-facial addition pathways for 
the reduction of 3-phenylcyclobutanone (1) with LiAlH4 can be fully attributed to a 
reduction in torsional strain. Indeed, the puckering angle for the preferred transition 
states TScis and TS’cis increases by approximately 3° with respect to the initial angle of 
reactant 1, while the dihedral angle D decreases indicating that the carbonyl bond and 
the neighbouring C-H bond are less eclipsed. This decrease is more pronounced (D = 

-9.2°) in the case of the bidentate transition state TScis as compared to its tridentate 
TS’cis analogue, which can explain the small difference in Gibbs free energy between 
both structures (+0.47 kcal mol-1). In contrast to transition state TScis, the less 
favourable syn-face approach via TStrans results in a pronounced decrease in the 

puckering angle , adopting a quasi-planar squared geometry characterized by high 
torsional strain. Consequently, our calculations support that torsional strain plays a 
major role in the preference for an anti-facial addition pathway in the reduction of 3-
phenylcyclobutanone (1) with LiAlH4, leading to a high population of the cis isomer 
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(88%), which is in very good agreement with our experimental ratio. These findings 
support the Felkin-Anh model,16 which is based on the torsional strain of the transition 
states for nucleophilic additions to cycloalkanones. 
 
For the LiAlH4 reduction of 3-benzyloxycyclobutanone (2), our calculations support 
almost full stereoselectivity towards the cis product (99%). Again, the largest increase 

in ring puckering and concomitant reduction in D is observed for TScis ( = +3.6°, D 
= -11.9°). Nevertheless, the syn-facial attack of the hydride via TStrans also involves a 

relief of torsional strain, but to a lesser extent ( = +1.1°, D = -8.8°). As the energy 
difference between TScis and TStrans amounts to 3.9 kcal mol-1, it is likely that the relief 
of torsional strain is not the sole driving force behind the observed stereoselectivity 
for the LiAlH4 reduction of 3-benzyloxycyclobutanone (2). 
 
In order to further explain the stereoselectivity of the reduction of 2, it is necessary to 
look beyond changes in structural parameters. For this reason, the role of non-
covalent interactions is assessed using the non-covalent interaction (NCI) index.35 The 
latter allows to distinguish attractive and repulsive non-covalent interactions based 
on a 2-dimensional plot of the reduced density gradient (s) with respect to the 
electron density (ρ) multiplied by the sign of the second eigenvalue of the electron 
density Hessian matrix (λ2). Peaks appearing at negative values of ρsign(λ2) indicates 
an attractive non-covalent interaction, while a peak at a positive value indicates a 
repulsive interaction. Additionally, a 3-dimensional representation of the non-
covalent interactions is provided by visualizing isosurfaces of s with an RGB colour 
scale indicating repulsive interactions as red surfaces, weak attractive interactions as 
green surfaces and strong attractive interactions as blue surfaces. 
 
Based on the 2-dimensional plots comparing the attractive and repulsive non-covalent 
interactions occurring during an anti-facial (TScis) or syn-facial (TStrans) approach of 
LiAlH4 towards 3-benzyloxycyclobutanone (2) (Figure 9), it can be observed that TStrans 
is characterized by more pronounced repulsive interactions, i.e. significant more 

peaks are observed with a positive value of sign(2), as compared to TScis. The 
gradient isosurfaces allow us to assign these repulsive interactions in TStrans to the 
presence of an additional interaction between the benzyloxy-substituent and the AlH4

- 
moiety. The latter can be assigned to a repulsive electrostatic interaction induced by 
the proximity of the electronegative oxygen atom of the OBn substituent and the 
reducing agent. As this interaction is not present during the anti-facial attack (TScis) of 
LiAlH4, we conclude that the strong preference for TScis in the reduction of 3-
benzyloxycyclobutanone (2) with LiAlH4 arose from the relief of torsional strain and 
repulsive interactions of the incoming hydride with the benzyloxy substituent. 
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Figure 9. Non-covalent interactions present in the various transition states describing the 
reduction of 3-benzyloxycyclobutanone (2) with LiAlH4, NTBH and LTBH. The gradient 

isosurfaces (s = 0.5) are coloured on a RGB scale according to sign(2) over the range -0.01 
a.u. to 0.01 a.u. Plots of the reduced density gradient vs the electron density multiplied by the 

sign of the second Hessian eigenvalue (2). Key interactions are highlighted with a circle. 

 
In contrast to the reduction of 3-benzyloxycyclobutanone (2), the stereochemical 
outcome of the reduction of 3-phenylcyclobutanone (1) with LiAlH4 does not appear 
to be influenced by non-covalent interactions. Accordingly, the 2-dimensional plots of 
the reduction of 1 with LiAlH4 clearly show that the difference in repulsive and 
attractive signals between TScis and TStrans is rather small (Figure 10), even for the 
tridentate transition states TS’cis and TS’trans. Therefore, it can be concluded that while 
the reduction of 3-phenyl- and 3-benzyloxycyclobutanone with LiAlH4 yields 
predominantly the cis alcohol, their stereoselectivity is driven by different factors. For 
the 3-phenylcyclobutanone, stereoselectivity is solely driven by the reduction of 
torsional strain during the anti-facial attack, while for 3-benzyloxycyclobutanone, 
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besides torsional strain, electrostatic repulsive interactions between the hydride and 
the OBn substituent also plays an important role. 

 
Figure 10. Non-covalent interactions present in the various transition states describing the 
reduction of 3-phenylcyclobutanone with LiAlH4, NTBH and LTBH. The gradient isosurfaces (s 

= 0.5) are coloured on a RGB scale according to sign(2) over the range -0.01 a.u. to 0.01 a.u. 
Plots of the reduced density gradient vs the electron density multiplied by the sign of the 

second Hessian eigenvalue (2). 
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Reduction with bulky reducing agents 
Having assessed the driving factors behind the stereoselectivity of the cyclobutanone 
reduction with the small reducing agent LiAlH4, we focus now on the influence of 
bulkiness of the hydride reagent. Accordingly, we have investigated the reduction of 
1 and 2 with bulkier triisopropylborohydride (TBH) reducing agents. As shown in Table 
2, overall the computed cis:trans ratios for reductions with TBH reagents compare well 
with the experimental diastereomeric ratios for reductions with bulkier selectrides. As 
mentioned before, the largest discrepancy between the TBH computed ratios and the 
experimental selectride ratios are observed for the reduction of 3-
phenylcyclobutanone (1) with NTBH (92:8 and 82:18, respectively). We hypothesize 
that this could be explained by the steric bulk of the sec-butyl side chains of the 
selectride reagents which completely suppresses the coordinating effect of the Na+ 
counterion with the oxygen of the carbonyl group. The smaller isopropyl side chains 
of the TBH reducing agent possibly does not succeed in reproducing this effect. With 
this in mind, we believe that when using less sterically demanding reducing reagents 
(e.g. TBH) the Lewis acid character of the counterion also affects the stereoselectivity 
of the reduction, as our calculations show that that the percentage of the cis product 
decreases from 98% to 82% when going from LTBH (Li+) to NTBH (Na+). This statement 
is consistent with experimental observations on reductions of cyclic and acyclic 
ketones with Na- and Li-based reducing agents, in which the latter also gives higher 
stereoselectivity.44 When more sterically demanding hydride reagents are used (e.g. 
selectride), the counterion effect diminishes and a similar stereoselectivity is observed 
regardless of the counterion of the reducing agent.  
 
Table 4. Relative Gibbs free energies (in kcal mol-1) together with selected torsional 

parameters ( and D in °) for the different transition states involved in the reduction of 3-
phenyl- and 3-benzyloxycyclobutanone with LTBH and NTBH. 

 3-phenylcyclobutanone (1) 3-benzyloxycyclobutanone (2) 

LTBH ref[a] TScis TStrans ref[a] TScis TStrans 

Grel - 0.00 2.38 - 0.00 3.63 

 17.1 16.4 3.4 16.5 15.5 2.0 
D 82.6 84.6 102.9 84.6 83.9 101.6 

NTBH ref[a] TScis TStrans ref[a] TScis TStrans 

Grel - 0.00 0.91 - 0.00 1.72 

 17.1 14.4 21.1 16.5 13.4 17.8 
D 82.6 85.9 126.8 84.6 85.5 124.6 

[a] The reference values correspond to the reactant 3-substituted cyclobutanone.  

 
In the case of LTBH, we observe that both syn- and anti-facial addition increases the 
torsional strain with respect to the starting cyclobutanone, but this increase is 
significantly larger for transition state TStrans as revealed by the puckering and D 
angles. It is noteworthy that the cyclobutanone ring adopts a quasi-planar geometry 
in TStrans and a puckered conformation in TScis. Consequently, torsional strain appears 
to be again the main driving force for the observed stereoselectivity of the reduction 
of 1 and 2 with LTBH. 
 
For the reduction with NTBH, the differences in the puckering angle between TScis and 
TStrans are smaller, with the four-membered ring being more puckered in TStrans. This 
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would explain the minor energy differences between TScis and TStrans for the 
reductions with NTBH. However, D indicates that the carbonyl group is almost eclipsed 
by the C(2)-H bond in TStrans (D ~ 125°), whereas a more staggered arrangement is 
observed in TScis (D ~ 86°). This torsional strain is then relieved in the anti-facial attack, 
which explain the preference for TScis according to the relative Gibbs free energies. 
Furthermore, no significant differences are observed between the 2-dimensional plots 
of TScis and TStrans for the reduction of 1 and 2 with both LTBH and NTBH (Figures 9 
and 10), suggesting a minor influence of repulsive electrostatic interactions on the 
preference for TScis. Consequently, the preference for the anti-facial attack by bulkier 
LTBH and NTBH is mainly driven by the lower torsional strain than the syn-facial attack. 
 
Effect of temperature and solvent 
Besides stereo-determining effects of the substituent and the reducing agent, the 
choice of appropriate reaction conditions is also important for the stereochemical 
outcome of hydride reductions of 3-substituted cyclobutanones, as shown in the 
experimental section. Consequently, the influence of the reaction temperature and 
solvent on the reduction of 3-phenyl- and 3-benzyloxycyclobutanone was investigated 
computationally. The corresponding cis:trans ratios obtained for different 
temperatures and solvent environments are summarized Table 4 and Table 5, 
respectively. An enhanced stereoselectivity by lowering the reaction temperature 
during hydride reductions2-3 is well known and also holds for the reduction of 
cyclobutanones, as both experimental and computational ratios reveal an increase in 
preference towards the cis product when the reaction is performed at 195K. In other 
words, this indicates that transition state TScis involving an anti-facial attack of the 
hydride on the cyclobutanone becomes energetically more favoured than transition 
state TStrans upon lowering the temperature, stemming from the lower entropy of TScis 
compared to TStrans (G=H-TS).  
 
Table 4. Overview of the experimental (in THF) and computational (gas phase) cis:trans ratios 
determined for the reduction of 3-substituted cyclobutanones with a variety of reducing 
agents at 298, 273 and 195 K. 

Reducing 
Agent 

Reaction 
temperature 

(K) 

3-phenylcyclobutanone (1) 3-benzyloxycyclobutanone 
(2) 

cis:trans 
exp. 

cis:trans 
theor. 

cis:trans 
exp. 

cis:trans 
theor. 

LiAlH4 

298 92:8 88:12 93:7 99:1 

273 95:5 91:9 95:5 99:1 

195 97:3 97:3 98:2 99:1 

L-selectride 
LTBH 

298 91:9 98:2 94:6 99:1 

273 92:8 99:1 95:5 99:1 

195 95:5 99:1 96:4 99:1 

N-selectride 
NTBH 

298 92:8 82:18 94:6 95:5 
273 93:7 85:15 95:5 96:4 

195 98:2 93:7 98:2 98:2 

 
The impact of solvation was determined using solvation Gibbs free energies computed 
with the implicit SMD model for THF and Et2O on both gas phase as well as on solvent-
optimised geometries. The influence of optimizing the different transition structures 
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in solvent on the structural parameters and Gibbs free energies is summarized in Table 
S26 of the supporting information. Regarding the structural parameters, the solvent 

effects on the puckering angle  and the dihedral angle D appears to be rather limited. 

Indeed,  of the solvent-optimized transition states involved in the reduction with 
LiAlH4 and LTBH agent differs from the gas phase geometry by an average of 0.78°, 
while almost identical averaged differences, i.e. 0.80°, are observed in the case of the 
bulky LTBH agent. Similarly, the extent to which solvent affects the degree by which 
the CH2 and carbonyl bonds are eclipsed, as measured by the dihedral angle D, is 
rather small. Regarding the energies, both methodologies indicate a clear preference 
for transition state TScis, in line with the predominant cis alcohol. Nevertheless, 
optimization in solvent reduces the Gibbs free energy difference between the 
bidentate transition states (TScis and TStrans) by an average of 1.1 kcal mol-1, while a 
further destabilization of the tridentate transition states (~ 1 kcal mol-1) relative to 
their bidentate analogues is observed for the reductions with LiAlH4. These energy 
changes translate into an average difference of 2.5% in the amount of cis alcohol 
between gas and solvent phase optimised structures. Despite the minimal influence 
of implicit solvation on the geometries and energies, the computed cis:trans ratios for 
the reduction in THF agrees better with the experimental ones upon optimization of 
the transition structures in solvent (Table S27).  
 
The cis:trans ratios computed for the different reductions in gas phase, THF and 
diethyl ether (Table 5) indicate that the polarity of the solvent might also affect the 
population of the cis product. As such, a higher selectivity is observed for the 
cyclobutanone reductions when using less-polar solvents, such as Et2O. Thus, 
selectivity increases as the solvent polarity decreases, according to the computational 
data. As such, an increase by 3 to 4% in the cis isomer population is observed for LiAlH4 
reductions when going from THF to Et2O, while only a difference of 2% between both 
solvents is observed for reductions with bulky TBH agents. We therefore hypothesise 
that the more polar THF molecules might compete with the oxygen of the carbonyl 
group to coordinate with the metal counterion. Accordingly, the electrophilicity of the 
carbonyl carbon atom decreases with increasing solvent polarity. However, a more 
accurate description of the solvent effect requires the use of explicit solvation 
models.45 
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Table 5. Overview of the computational cis:trans ratios determined for the reduction of 3-
substituted cyclobutanones in gas phase, THF and Et2O (solvent-optimised geometries) with a 
variety of reducing agents at 298K. 

Reducing Agent Solvent 

3-phenylcyclobutanone (1) 3-benzyloxycyclobutanone (2) 

cis:trans  
theor. 

cis:trans 
theor. 

LiAlH4 

Gas 88:12 99:1 

THF 90:10 94:6 
Et2O 93:7 98:2 

LTBH 

Gas 98:2 100:0 

THF 94:6 99:1 

Et2O 96:4 100:0 

NTBH 

Gas 82:18 95:5 

THF 88:12 99:1 

Et2O 93:7 96:4 

 
Conclusion  
Since models for rationalizing the facial selectivity of hydride reductions of 
cyclobutanones towards cyclobutanols are largely lacking, we have investigated the 
effect of substituent, reducing agent, temperature and solvent on the 
stereoselectivity of such reductions using a synergistic experimental-computational 
approach. The experimental and computational results indicate that the reduction of 
3-substituted cyclobutanones is highly stereoselective for the formation of the cis 
alcohol, irrespective of the size of the hydride reagent or reaction conditions. 
Nevertheless, the stereoselectivity can be further enhanced by lowering the reaction 
temperature or solvent polarity. Unlike the extensively investigated reductions of 
cyclohexanones, neither steric effects nor the strength of the hydride donor or 
cationic counterion of the reducing agent appeared to have a substantial influence on 
the stereoselectivity. Through DFT calculations and the NCI index, the preference for 
the cis isomer was rationalized. The computational results indicate that the reduction 
with small and bulky hydride reagents preferentially occurs through a bidentate 
transition state, in which the hydride approaches the carbonyl functionality from the 
opposite side as the substituent, thereby yielding the cis isomer. Torsional effects are 
shown to play a major role in the preference for the anti-facial approach, consistent 
with the Felkin-Anh model. Furthermore, the high selectivity of the LiAlH4 reduction 
of 3-benzyloxycyclobutanone is also driven by minimising the repulsive electrostatic 
interactions of the incoming hydride and the OBn substituent. With a bulky reducing 
agent, the preference for the anti-facial attack is mainly driven by the lower torsional 
strain as compared to a syn-facial approach. Our study demonstrates the potential of 
DFT and non-covalent interaction analysis to elucidate the factors controlling the high 
stereoselectivity of hydride reductions of cyclobutanones, providing cis:trans ratios in 
good agreement with our experimental results.  
 
Experimental Procedure 
 
NMR Spectroscopy 
1H-NMR spectra were recorded on a Bruker Avance III HD 400 (at 400 MHz) 
spectrometer. Samples were dissolved either in CDCl3 (7.26 ppm, singlet) or DMSO-d6 
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(2.50 ppm, quintet), while tetramethylsilane was used as an internal standard. All 
spectra including the relevant peak integrations used to determine diastereomeric 
ratios are provided in the supporting information. 
 
Chromatography 
TLC analysis was performed using Sigma-Aldrich 20 x 20 cm precoated glass TLC plates 
with fluorescent indicator at 254 nm (article number 99571: layer thickness 250 μm, 
particle size 8.0-12.0 μm, average pore diameter 60 Å). Visualization of the products 
and their fluorescence features were achieved by UV-radiation at 254 nm. 
 
Flash column chromatography (MPLC) was performed using a Büchi Sepacore® flash 
system, consisting of a Büchi C-660 Fraction Collector, a Büchi C-615 Pump Manager, 
a Knauer WellChrom K-2501 spectrophotometer (working at 254 nm), two Büchi C-
605 Pump Modules and a Linseis D120S plotter. Büchi PP cartridges (12/150 mm) were 
filled with 8 g of Acros ultra-pure silica gel for column chromatography (article number 
360050300: particle size 40-60 μm, average pore diameter 60 Å) using a Büchi C-670 
Cartridger. 
 
All procedures were carried out under nitrogen atmosphere and in flame-dried 
glassware. All chemicals were obtained from available sources (Fluorochem and Sigma 
Aldrich®) and were used without any further purification. Solvents were bought dry 
and for THF an additional drying process is performed by using a MBRAUN MB-SPS-
800 Solvent Purification System. Deuterated solvents were bought dry and 
additionally dried with molecular sieves. The authors note that it is crucial to work 
under dry conditions for safety reasons, as hydride reduction agents are well known 
to react violently with water. In the case of LiAlH4 reaction with water results in the 
formation of flammable hydrogen gas. For this reason, we advise to use premade 
solutions of the hydride reducing agent instead of the pure reagent if possible. 
 
Reduction procedure A with LiAlH4. Into a two-necked flask of 50 mL, equipped with 
a magnetic stirring bar, a septum and a balloon, 1.0 equivalent (0.6 mmol) of the 
cyclobutanone was suspended into 11 mL of dry THF. Subsequently, the reaction 
mixture was cooled to the desired temperature (-78°C, 0°C or room temperature). 
Next, 1.2 equivalents of the reducing agent in solution (1.0 M in THF) (0.72 mmol) was 
added dropwise to the reaction mixture at the appropriate temperature. The solution 
was stirred for 4h at the desired temperature. Upon completion of the reaction, 
anhydrous acetone (6 mL) was added, and stirring was continued for 5 min. The 
cooling bath (if present) was removed, 15 mL of aqueous saturated NH4Cl was slowly 
added to the reaction mixture. The mixture was stirred for another 1h at room 
temperature.  Afterwards the organic material was extracted with ethyl acetate. The 
organic layers were combined and dried over MgSO4, filtered and the solvent was 
removed under reduced pressure. Crude (except otherwise stated) NMR 
measurements were performed to determine the diastereomeric ratios of the 
cyclobutanol.  
 
Reduction procedure B with L-selectride. Into a two-necked flask of 50 mL, equipped 
with a magnetic stirring bar, a septum and a balloon, 1.0 equivalent (0.6 mmol) of the 
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cyclobutanone was suspended into 11 mL of dry THF. Subsequently, the reaction 
mixture was cooled to the desired temperature (-78°C, 0°C or rt). Next, 1.2 equivalents 
of the reducing agent in solution (1.0 M in THF) (0.72 mmol) was added dropwise to 
the reaction mixture at the appropriate temperature. The solution was stirred for 4h 
at the desired temperature. Upon completion of the reaction, anhydrous acetone (6 
mL) was added, and stirring was continued for 5 min. The cooling bath (if present) was 
removed, 15 mL of aqueous saturated NH4Cl was slowly added to the reaction 
mixture. The mixture was stirred for another 1h at room temperature.  Afterwards the 
organic material was extracted with ethyl acetate. The organic layers were combined 
and dried over MgSO4, filtered and the solvent was removed under reduced pressure. 
Crude (except otherwise stated) NMR measurements were performed to determine 
the diastereomeric ratios of the cyclobutanol.  
 
Reduction procedure C with L-/N-selectride. Into a two-necked flask of 50 mL, 
equipped with a magnetic stirring bar, a septum and a balloon, 1.0 equivalent (0.6 
mmol) of the cyclobutanone was suspended into 11 mL of dry THF. Subsequently, the 
reaction mixture was cooled to the desired temperature. Next, 1.2 equivalents of the 
reducing agent in solution (1.0 M in THF) (0.72 mmol) was added dropwise to the 
reaction mixture at the appropriate temperature. The solution was stirred for 4h at 
the desired temperature. Upon completion of the reaction, the reaction mixture was 
quenched with water (1 mL), ethanol (4 mL) and 3M NaOH (4 .5 mL). The mixture was 
cooled to 0 °C and a solution of H2O2 (4 mL, 30% in H2O) was cautiously added. After 
addition the reaction mixture was brought to room temperature and stirred for 1h. 
Next, the organic material was extracted with diethyl ether and washed with water, 
brine and aqueous NaHCO3. The organic layers were combined and dried over MgSO4, 
filtered and the solvent was removed under reduced pressure. Crude (except 
otherwise stated) NMR measurements were performed to determine the 
diastereomeric ratios of the cyclobutanol.  
 
Characterization of cis-3-phenylcyclobutanol: 1H-NMR (400 MHz, CDCl3) δ 7.34-7.16 
(m, Phenyl), 4.34-4.24 (m, H1), 3.02-2.91 (m, H3), 2.82-2.74 (m, H2’ & H4’), 2.07-1.97 
(m, H2 & H4), 1.79 (br s, OH). 
Characterization of trans-3-phenylcyclobutanol: 1H-NMR (400 MHz, CDCl3) δ 7.34-7.16 
(m, Phenyl), 4.59-4.52 (m, H1), 3.68-3.59 (m, H3), 2.55-2.38 (m, H2’ & H4’ & H2 & H4), 
1.79 (br s, OH).  
Characterization of cis-3-benzyloxycyclobutanol: 1H-NMR (400 MHz, CDCl3) δ 7.37-
7.26 (m, Phenyl), 4.42-4.39 (m, H5 & H5’), 3.95-3.84 (m, H1), 3.76-3.56 (m, H3), 2.76-
2.65 (m, H2’ & H4’), 1.98-1.89 (m, H2 & H4), 1.87* (br s, OH).  
Characterization of trans-3-benzyloxycyclobutanol: 1H-NMR (400 MHz, CDCl3) δ 7.37-
7.26 (m, Phenyl), 4.57-4.50 (m, H1), 4.42-4.39 (m, H5 & H5’), 4.32-4.24 (m, H3), 2.41-
2.32 (m, H2’ & H4’), 2.22-2.13 (m, H2 & H4), 1.87* (br s, OH). 
 
Supporting Information 
 

 
* ppm-value when LiAlH4 is used as reducing agent, 2.64 ppm (L-selectride), 1.80 ppm (N-selectride) 
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The NOESY spectra and 1H-NMR spectra, DFT benchmark study, Boltzmann averaged 
cis:trans ratios, relative electronic and Gibbs free energies for different temperatures 
and reducing agents, implicit solvation energies using gas-phase and solvent-phase 
geometry optimisation, XYZ coordinates of optimised transition states. 
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