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Abstract 
The π-selectivity of 1-substituted tricyclo[2.1.0.02,5]pentan-3-one is not controlled by the 
electrostatic effects caused by the polarization of the σC1C5 bond as suggested recently. The 
observed selectivity could be explained by the application of the cation complexation approach. 
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Introduction 
 
Mehta et al.1 have recently introduced 1-substituted tricyclo[2.1.0.02,5]pentan-3-one as a new 
probe for the study of π-selectivity and  applied several theoretical models to evaluate their 
relative performance. The authors investigated the reduction of the substrates 1-3 (Scheme 1) 
with NaBH4 in MeOH and found them to favor the anti approach of the hydride ion. The 
causative factor for the anti preference was suggested to be the polarization of the σC1-C5 bond 
that was presumed to render C5 positively charged to facilitate the anti attack. 
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Scheme 1. The π-selectivity profile of the substrates 1-3. 
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Both the observed selectivity and the σC1-C5 polarization argument are truly interesting 
because, (a) the selectivity profile violated the Cieplak hypothesis2 as it will predict the 
predominantly syn selectivity for the poor electron-donating nature of the C1-substituent in 
comparison to the hydrogen atom on C5, (b) it must clearly be the C1 that must be rendered 
more electron-deficient than C5 and not vice versa, as proposed, for the electron-withdrawing 
nature of the C1-substituent, and (c) the central σC1-C5 could be more important than σC1-C2 and 
σC1-C4 on one side of the carbonyl bridge and σC2-C5 and σC4-C5 on the other side only if the 
suggested σC1-C5 polarization effects were true and the selectivity had indeed followed the 
electrostatic control model. The subject therefore deserved attention. We demonstrate herein that 
the rationale based on the σC1-C5 polarization is erroneous and that the experimental selectivity 
could very well be explained by the cation complexation approach.3 

Two major conformers 2a and 2b for 2 and 3a and 3b for 3 were envisioned (Figure 1). The 
ester carbonyl is syn in 2a (dihedral angle = 0o, Figure 3) and anti in 2b (dihedral angle =180o) to 
σC1-C5. Likewise, the ethereal σC-O is syn in 3a (dihedral angle = 55o) and anti in 3b (dihedral 
angle =180o) to σC1-C5 (Figure 2). The conformers 2a and 3a are 0.63 kcal/mol and 0.18 kcal/mol 
more stable than the conformers 2b and 3b, respectively.4 These energy differences are 
presumably due to the minimization of the dipole interactions in the conformers 2a and 3a in 
comparison to the conformers 2b and 3b, respectively. Indeed, the calculated dipole moments of 
2a and 3a were 2.12 D and 4.18 D and those of 2b and 3b were 4.89 D and 4.94 D, respectively, 
at B3LYP/6-31G* level. These conformers were investigated separately to discern the possible 
conformational effects on the selectivity. 
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Figure 1. The possible major conformers of 2 and 3. 
 

The NBO charges5 on atoms C1, C5, and C3 are collected in Table 1. C1 is always less 
electron-rich than C5 and, thus, the preferred approach of a nucleophile must have been syn for 
all the substrates if the σC1-C5 polarization and the resultant electrostatic effects were to control 
the selectivity. However, all the substrates exhibited the opposite anti selectivity. The 
polarization argument is synonymous with the Houk’s electrostatic model6 which we have 
demonstrated earlier not to be a generally valid tool for the π-facial prediction.7 The NBO charge 
on the carbonyl carbon that remained largely unchanged across 1-3 suggests subtle substituent 
effects in the ground states. 
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Table 1. NBO charges on selected atoms in the substrates 1-3 

Substrate B3LYP/6-31G* Natural Bond Orbital (NBO) charges on 
 C1 C5 C3 
1 - 0.1507 - 0.1856 0.5887 

2a - 0.1361 - 0.1997 0.5835 
2b - 0.1356 - 0.2025 0.5847 
3a - 0.0490 - 0.2106 0.5818 
3b - 0.0477 - 0.2170 0.5851 

 
The authors have claimed an excellent quantitative performance of the hydride ion model8a at 

the empirical AM1 level over the higher levels of theory through another publication.8b Energy 
differences were shown to correlate reasonably well with the observed level of selectivity. Table 
2 deals with the application of the hydride model and lists the relative preference for the anti 
approach of a hydride ion over the corresponding syn approach at the AM1 and B3LYP/6-31G* 
levels of theory. Irrespective of the conformational orientation of the substituents in 2 and 3, the 
AM1 calculations predicted anti approach throughout. 
 
Table 2. Relative energies (kcal/mol) for the anti-face addition of a hydride ion with respect to 
the syn-face addition 

AM1 B3LYP/6-31G* 
1  0.62  2.48 
2a  1.03  3.23 
2b  1.06  1.93 
3a  0.07 +1.25 
3b  1.73  1.80 

 
It is clear from the previously reported energy difference of 0.06 (0.07) kcal/mol for 3 that 

the previous authors1 considered only the conformer 3a. This relatively very small energy 
difference for 3a in comparison to those for 1 and 2 does not augur well for the highest anti 
selectivity observed for 3. In comparison, the B3LYP/6-31G* calculations predict anti approach 
to all but 3a. The energy differences at the B3LYP/6-31G* level also do not explain the observed 
relative level of selectivity. The experimental anti preference of 2 is small in comparison to that 
of 1 and even smaller than that of 3. The hydride ion model is therefore not suitable for a reliable 
prediction of the relative level of selectivity. Also, we do not understand why the hydride ion 
model should predict different approaches at different levels of theory. The case in question is 
that of 3a which is predicted for anti approach at the AM1 level and for syn approach at the 
B3LYP/6-31G* level. 
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(a)
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(c) (d)  
Figure 2. Calculated B3LYP/6-31G* geometries of 3a, 3b and their protonated derivatives 
(a) 3a, (b) 3a-H+, (c) 3b, (d) 3b-H+. 
 

In support of the conformational effects on the selectivities of 3a and 3b predicted above at 
both the AM1 and B3LYP/6-31G* levels, the cation complexation approach3 predicts the anti 
approach to all but 3a. However, since 3b-H+ is more stable (by 1.90 kcal/mol) than 3a-H+ at the 
B3LYP/6-31G* level,9 the anti approach must predominate. An enhancement in the dihedral 
angles O-C3-C4-C1 and O-C3-C2-C1 with a consequent reduction in the dihedral angles O-C3-
C2-C5 and O-C3-C4-C5 on complexation of the carbonyl oxygen with a cation indicates syn 
pyramidalization of the carbonyl function and, thus, the syn attack. Conversely, a decrease in the 
dihedral angles O-C3-C4-C1 and O-C3-C2-C1 with a consequent increase in the dihedral angles 
O-C3-C2-C5 and O-C3-C4-C5 indicates anti pyramidalization of the carbonyl function and, thus, 
the anti attack. The calculated geometries of 3a/3a-H+/3b/3b-H+ are collected in Figure 2. 

The low anti selectivity of 2 is likely to be due to a competitive coordination of the ester 
carbonyl as it has a charge distribution very similar to that of the bridge carbonyl. Allowing for 
this additional complexation of the ester carbonyl with a cation (H+ in here),3f, 7a both 2a and 2b 
are predicted for the syn selectivity. Thus, the selectivity of 2 is likely to be modulated by the 
reaction conditions, the nature (Lewis acidity) of the cation present, and the solvent that may act 
through hydrogen bonding.10 Therefore, the facial selectivity of 2 is likely to be compromised. It 
is, therefore, not surprising that 2 exhibits the poorest selectivity of the three substrates. The 
calculated geometries of 2a/2a-H+/2a-2H+ and 2b/2b-H+/2b-2H+ are collected in Figure 3. The 
changes in the important dihedral angles on protonation of 1-3 are collected in Table 3. 
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Figure 3. Calculated B3LYP/6-31G* geometries of 2a, 2b and their protonated derivative(a) 2a, 
(b) 2a-H+, (c) 2a-2H+, (d) 2b, (e) 2b-H+, (f) 2b-2H+. 
 
Table 3. The changes in the dihedral angles on carbonyl protonation at B3LYP/6-31G* level D1 
= O-C3-C4-C1, D2 = O-C3-C4-C5, D3 = O-C3-C2-C1, D4 = O-C3-C2-C5 

Substrate D1 D2 D3 D4 Energy (Hartrees) 
1 151.1 152.8 151.1 152.8 - 360.2608298 

1-H+ 121.1 175.6 123.4 177.8 - 360.5675274 
2a 151.5 153.4 151.5 153.4 - 495.8929637 

2a-H+ 119.0 173.9 121.7 176.2 - 496.2219526 
2a-2H+ 176.7 127.2 174.4 129.6 - 496.4082926 

2b 152.6 152.2 152.6 152.2 - 495.8919639 
2b-H+ 116.6 171.2 119.9 173.7 - 496.2225057 
2b-2H+ 176.8 127.1 174.4 129.6 - 496.4084032 

3a 152.0 152.8 152.0 152.7 - 421.8532541 
3a-H+ 172.3 118.1 174.6 120.4 - 422.1895952 

3b 152.9 151.6 152.9 151.6 - 421.8529770 
3b-H+ 120.8 174.8 123.0 176.9 - 422.1926221 

 
Finally, the previous authors have noted restoration of the commonly observed syn 

preference on the application of several theoretical approaches including the cation complexation 
approach to endo-4-cyanobicyclo[1.1.1]pentan-2-one, i.e., the species generated from the 
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elimination of the σC1-C5 bond from 1. This result was suggested to support the explanation based 
on the (erroneous) σC1-C5 polarization (C5δ+/C1δ-). On the very ground that we contemplated a 
reversed polarization of the σC1-C5 bond (C5δ-/C1δ+) in 1-3, C4 will be expected to be less 
electron-rich than C5 in endo-4-cyanobicyclo[1.1.1]pentan-2-one. Indeed, the residual NBO 
charges on C4 and C5 were computed to be, respectively, -0.36 and -0.45 units at B3LYP/6-
31G* level. 

In conclusion, the previously reported rationale based on the σC1-C5 polarization to explain the 
observed π-selectivities of 1-substituted tricyclo[2.1.0.02,5]pentan-3-ones, 1-3, is erroneous. Also, 
in contrast to the previous claim, the hydride ion model is incapable to predict the relative 
selectivity level from the differences of the transition state energies at the AM1 level of theory. 
The cation complexation approach predicts well the selectivities of both the 1-substituted 
tricyclo[2.1.0.02,5]pentan-3-ones and endo-4-cyanobicyclo[1.1.1]pentan-2-one. Additionally, the 
distance from C1 to C3 is about 2.17 Ǻ and the angle C1-C3-O is about 162o in the substrates 1-
3. The BH4

- ion has a van der Waals radius of 1.7-2.2 Ǻ (a diameter of about 4.0 Ǻ). It seems 
likely that the preference for the anti attack may, at least in part, be also steric in origin.11 
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