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A computational (B3LYP/6-31G* and MP2/6-31G*) study shows that electrostatic interaction is control-
ling the p-facial selectivity for the addition of peracid and diazomethane to 5,6-cis,exo-disubstituted
bicyclic[2.2.2]oct-2-enes (1). The nitrogen centre of diazomethane which does not participate in bond
formation governs the p-face selectivity in 1,3-dipolar cycloaddition reactions with 1. The calculated
results show that Cieplak model is less important in controlling the face selectivity in these cases.

� 2009 Elsevier Ltd. All rights reserved.
The origin of p-facial diastereoselection has been the subject of
intense debate for half a century and being an active area of re-
search.1–8 The possibility of inducing p-facial selectivity in addition
to trigonal carbon through remote electronic perturbation has
been of considerable interest.2–8 A number of carefully designed
substrates in which the role of steric effects has been avoided were
used to examine the relative preferences with remote substitu-
ents.5 The impressive volume of experimental data obtained in re-
cent years provides a testing ground for the numerous qualitative
models,6 semi-quantitative models7 and quantitative studies8

which have been employed for rationalizing and predicting p-face
selectivity. Qualitative models employed for interpreting the ob-
served face selectivities include steric and torsional models
emphasizing geometrical features in the ground state as well as
in the transition states,6,10 orbital distortion effects,11 electrostatic
effects8,9 and different types of specific orbital interactions (Cieplak
and Felkin-Anh type) in the idealized transition states.7,11a,b In a
conformationally unconstrained substrate, the above factors may
all be operative. However, in a sterically unbiased substrate, the
geometrical features may not be very important. The debated Cie-
plak model (r–r* hyperconjugative hypothesis) rationalized a
large body of experimental data,4,7 however, soon turned contro-
versial as it was considered to weaken the forming bond.12 The Cie-
plak model highlights the importance of anti-periplanar r bond
ll rights reserved.
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donations to the r* of the incipient bond at the idealized transition
state.7 Newer skeletal probes with remote substituents have been
employed to examine the role of hyperconjugative interactions
towards the face selectivity.4 Gandolfi et al. have employed
torsionally and sterically unbiased 5,6-cis,exo-disubstituted bicy-
clic[2.2.2]oct-2-enes (1) (bearing electron-withdrawing groups)
with electrophiles to probe the diastereoselectivity through re-
mote substituents and to conform the prediction based on Cieplak
model.13 The high syn selectivity observed in epoxidation of 1 is in
favour of the Cieplak model. However, dominance of an anti attack
in the reactions of diazomethane is in contrast with the predictions
based on the Cieplak theory.13 The dramatic reversal of p-facial
selectivity of 1 with diazomethane questioned the r–r* type
hyperconjugative interaction in the transition state and remained
a puzzle (Scheme 1, Table 1).13 In this Letter, we have demon-
strated the origin of reversal of facial selectivity of peracid and
diazomethane with 1. The density functional and ab initio calcula-
tions revealed that p-facial selectivity can be controlled by the
atom centres of an electrophile, which is not directly involved in
the bond formation while interacting with substrates.

The skeleton of 5,6-cis,exo-disubstituted bicyclic[2.2.2]oct-2-
enes (1) is sterically and torsionally unbiased. Both centres of the
p bond are equivalently controlled, and the presence of strong
electron-attracting groups at positions C(5) and C(6) significantly
decreases (through inductive effects) the electron-donating power
of C(1)–C(6)/C(4)–C(5) bonds thus imbalancing the electron-
donating power with respect to that of C(1)–C(7)/C(4)–C(8) bonds
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Scheme 1.

Table 1
Syn/anti ratios of m-chloroperbenzoic acid (m-cpba) and diazomethane (CH2N2)
reactions with bicyclooctenes 113

Reagent CN OH OAc OSO2Me OCMe2O OCOO
syn:anti syn:anti syn:anti syn:anti syn:anti syn:anti

m-cpba 95:5 83:17 82:18 96:4 90:10 96:4
CH2N2 31:69 — — 30:70 — 38:62

(—) experimental ratios are not available.
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(Scheme 1). Such a difference in the donating power of C–C bonds
can influence the approach of an electrophile to the dissymmetric
p-faces of olefinic bond of 1.7 Preliminary semi-empirical calcula-
tions performed by Gandolfi et al. suggested that the allylic anti
r bonds bear an almost exact anti-periplanar relationship to the
1,3-dipolar diazomethane addition to 1.13

To investigate the observed difference in the selectivities of 1
with m-cpba and diazomethane, we have performed density
Table 2
The B3LYP/6-31G* relative energies calculated for syn- and anti- transition states (TS)
parentheses] with ZPVE corrections (kJ/mol)

B3LYP/ TS 0.0(0.0) 11.7(5.4)
6-31G* Charge on O4 0.0 10.0
MP2/ TS 0.0(0.0) 13.1(6.7)
6-31G* Charge on O4 0.0 9.5

B3LYP/ TS 3.0(4.8) 0.0
6-31G* Charge on N2 3.9 0.0
MP2/ TS 3.1(4.6) 0.0
6-31G* Charge on N2 4.8 0.0

Single point MP2/6-31G* relative energies (kJ/mol) are shown here. Bond lengths are in
[Nitrogen: blue; carbon: grey; oxygen: red; hydrogen: white].
functional and ab initio calculations with B3LYP/6-31G* and
MP2/6-31G* levels of theory using the GAUSSIAN 03 suite of pro-
grams.14 Detailed computational study has been discussed in the
Supplementary data. Performic acid was considered as a model
for m-cpba.15 The respective transition states for syn- and anti-
additions of performic acid and diazomethane to 1a and 1f were
located at B3LYP/6-31G* level (Table 2). The substrates 1a and 1f
were selected to avoid conformational flexibility in calculations.8a

MP2/6-31G* single point calculations were also performed to com-
pare the relative energies with B3LYP/6-31G* optimized transition
state geometries of syn- and anti-addition of electrophiles to 1a
and 1f. Additionally, solvent effect was considered on the transi-
tion states by performing PCM continuum model calculations.16

Dichloromethane was used as a solvent for performic acid addition
to 1a and 1f, whereas, diethyl ether was employed for diazometh-
ane addition as performed experimentally. The butterfly transition
states have been located for the addition of performic acid to the
olefinic double bonds of 1a and 1f.17 The transition states calcu-
lated for the 1,3-dipolar cycloaddition of diazomethane to 1a and
1f are concerted in nature similar to earlier reports.18 The forma-
tion of incipient bonds is unsymmetrical in nature. The B3LYP-
and MP2-calculated results suggest that the approach of performic
acid to 1a and 1f is energetically preferred from the syn-face com-
pared to the corresponding anti-face in excellent agreement to the
observed results (Table 2).13 Solvent phase calculations also repro-
duced the syn selectivity though the energetic preferences were re-
duced compared to the gas phase results. The anti selectivity with
diazomethane for 1a and 1f was also borne out in the transition
state energy differences at B3LYP and MP2 levels of theory (Table
2). Solvent calculations were also in agreement with the gas phase
results. Based on Cieplak model, the electron-withdrawing groups
(X@CN 1a and X–X @ OCOO 1f) substituted to 1 should dictate the
of 1a and 1f with performic acid and diazomethane in gas and solvent phase [in

0.0(0.0) 11.8 (8.4)
0.0 12.0
0.0(0.0) 14.8(10.9)
0.0 11.9

0.5(1.3) 0.0
0.8 0.0
0.7(0.6) 0.0
0.7 0.0

(Å). The relative energies (in kJ/mol) derived with charge model is also shown here.
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syn approach of electrophiles. The syn selectivity predicted with
performic acid in the transition state calculations is in the line of
agreement with Cieplak model, however, the anti selectivity pre-
dicted for the approach of diazomethane towards 1a and 1f is in
contrary to this model. The apparent failure of hyperconjugative
effects in sterically unbiased 1a and 1f to explain the stereoselec-
tivity with diazomethane suggests that other factors are important
to dictate the selectivity in this case. The electrostatic effects of re-
mote substituents suggested to be important on the stereoselectiv-
ities of nucleophilic additions on bicyclic systems.8,9e In the semi-
quantitative model, electrostatic effect was modelled with a charge
placed at 1.4 Å away from the reactive carbon centre,8a and in an-
other model study, the electrostatic interactions between substitu-
ents and nucleophile, the negative charge was placed at the
location of the hydride in the LiH transition structures.9e Similar
evaluation of electrostatic effects with electrophiles is not known
to rationalize the face selectivity for trigonal carbons, presumably
placing the charge on a particular position of a multi-centre elec-
trophile is non-trivial and hence a unique model cannot be made.
Combination of ab initio MESP maps and pre-reaction complexa-
tion was formulated to explain the stereoselectivity for electro-
philic additions to sterically unbiased systems.4b However, the
formation of such pre-reaction complexations may be unlikely
with electrophiles like diazomethane or other linear 1,3-dipolar
systems.

To evaluate the electrostatic effects with charge model in the
transitions states, it is therefore important to locate the position
of an electrophile to place the charge that can have a significant
influence on the stereoselectivity. Analyzing the CHelpG charges,19

it has been found that the performic acid oxygen (O4) participates
in the bond formation bears a considerable negative charge on it,
whereas, the nitrogen atom (N2) not involved in the bond forma-
tion with 1a and 1f of diazomethane bears a large positive charge
(Fig. 1). The m-cpba showed similar charge distribution as ob-
served for modelled performic acid on respective atoms (see Sup-
plementary data). The B3LYP/6-31G(d)-computed electrostatic
potentials Vs(r) on the surface of performic acid and diazomethane
show that the negative potential Vs,min on O4 is �100.46 kJ/mol,
whereas, positive potential Vs,max on N2 is 76.18 kJ/mol (Fig. 1).20

Examining the transition state geometries of 1a and 1f with perfor-
mic acid and diazomethane it appears that these atom centres of
electrophiles are appropriately placed for the interaction of posi-
tive charges on C(5) and C(6) carbon atoms compared to C(7)
and C(8) atoms in Scheme 1. Hence the attractive interaction with
the performic acid oxygen atom (O4) would be larger with syn-face,
whereas, the deleterious repulsive interaction should occur more
on syn-face with the nitrogen atom (N2) of diazomethane. The cal-
culations performed with the relative CHelpG charges taken from
the respective transition states for oxygen atoms (O4) and placing
them at their positions in transition state geometries suggest that
the syn-face is preferred over anti-face.21 The relative energies cal-
Figure 1. The CHelpG charges (in brown) at B3LYP/6-31G(d) of performic acid and
diazomethane are given here. The computed B3LYP/6-31G(d) Vs,min and Vs,max on
the electrostatic isopotential surface20 in kJ/mol for performic acid and diazometh-
ane are shown in italics. The locations of Vs,min and Vs,max are given in Å.
culated with the charge model are similar to the transition state
energies computed at the same levels of theory (Table 2). Similar
analysis with CHelpG charges on (O3) oxygen atoms also predicted
the observed trend of selectivity, however, the energy differences
are much smaller compared to (O4) oxygen atoms (see Supplemen-
tary data). Performing similar analysis, anti selectivity was pre-
dicted while placing the relative CHelpG charges on the nitrogen
atom (N2) positions in diazomethane TSs in agreement with the
observed results.13 The relative CHelpG charges on the interacting
carbons and hydrogens in the transition states of 1a and 1f with
performic acid and diazomethane also corroborates the above
analysis (see Supplementary data). These results clearly indicate
that the face selectivity observed for 1 with peracid and
diazomethane is primarily governed by electrostatic effects. The
Cieplak-type orbital interactions are less important in these cases
(see Supplementary data). The relative energy difference predicted
with transition states and charge model for the addition of
diazomethane to 1f is smaller than that of 1a. Comparing the
selectivities observed for the addition of diazomethane with 1f is
also lower compared to those with 1a.13 The difference in the
selectivities for 1a and 1f presumably arises due to the transition
state distortions with diazomethane. The single-point calculations
performed without diazomethane for syn- and anti-transition
states geometry suggest that there is no preference in energy for
1a, whereas, the geometry obtained from syn-addition of diazo-
methane to 1f is 1.3 kJ/mol stable compared to anti addition, which
contributes to dampen the anti preference for the latter case (see
Supplementary data).

We report the origin of p-facial selectivity of 1 with performic
acid and diazomethane computationally. The reversal of selectivity
observed with electrophiles performic acid and diazomethane
arises due to the electrostatic effect. Cieplak-type hyperconjuga-
tive interaction is less important to control the face selectivity
for 1. The combined transition state and charge model calculations
showed that the atom centre of an electrophile which is not di-
rectly involved in the bond formation can contribute to govern
the face selectivity, besides other factors known in the litera-
ture.6–11 The application of such charge models will be useful to
rationalize or to predict the face selectivity with electrophiles in
other cases as well.

Acknowledgements

The authors thank BRNS (DAE), Mumbai, India, for support to
this work. One of the authors A.S. is thankful to UGC, New Delhi,
India, for awarding junior research fellowship. They also thank
the reviewer’s for their suggestions that have helped them to im-
prove the paper.

Supplementary data

Absolute energies and Cartesian coordinates and frequencies of
transition states 1a and 1f with performic acid and diazomethane
are given. Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.2009.10.100.

References and notes

1. (a) Klunder, A. J. H.; Volkers, A. A.; Zwanenburg, B. Tetrahedron 2009, 65, 2356–
2363; (b) Ruano, J. L. G.; Alonso, M.; Cruz, D.; Fraile, A.; Martı́n, M. R.;
Peromingo, M. T.; Tito, A.; Yuste, F. Tetrahedron 2008, 64, 10546–10551; (c)
Kobayashi, S.; Semba, T.; Takahashi, T.; Yoshida, S.; Dai, K.; Otani, T.; Saito, T.
Tetrahedron 2009, 65, 920–933; (d) Soteras, I.; Lozano, O.; Escolano, C.; Orozco,
M.; Amat, M.; Bosch, J.; Luque, F.-J. J. Org. Chem. 2008, 73, 7756–7763; (e) Lam,
Y.-h.; Cheong, P. H.-Y.; Mata, J. M. B.; Stanway, S. J.; Gouverneur, V.; Houk, K. N.
J. Am. Chem. Soc. 2009, 131, 1947–1957; (f) Cruz, D. C.; Yuste, F.; Martı́n, M. R.;
Tito, A.; Ruano, J. L. G. J. Org. Chem. 2009, 74, 3820–3826; (g) Catak, S.; Celik, H.;
Demir, A. S.; Aviyente, V. J. Phys. Chem. A 2007, 111, 5855–5863; (h) Berardi, R.;

http://dx.doi.org/10.1016/j.tetlet.2009.10.100


146 A. Sen, B. Ganguly / Tetrahedron Letters 51 (2010) 143–146
Cainelli, G.; Galletti, P.; Giacomini, D.; Gualandi, A.; Muccioli, L.; Zannoni, C. J.
Am. Chem. Soc. 2005, 127, 10699–10706; (j) Bhargava, G.; Ananda, A.; Mahajan,
M. P.; Saito, T.; Sakai, K.; Medhi, C. Tetrahedron 2008, 64, 6801–6808; (k) Illa, O.;
Bagan, X.; Baceiredo, A.; Branchadell, V.; Ortuño, R. M. Tetrahedron: Asymmetry
2008, 19, 2353–2358; (l) Suzuki, Y.; Kaneno, D.; Miura, M.; Tomoda, S.
Tetrahedron Lett. 2008, 49, 4223–4226.

2. (a) Lu, T.; Song, Z.; Hsung, R. P. Org. Lett. 2008, 10, 541–544; (b) Mehta, G.;
Singh, R. S.; Balanarayan, P.; Gadre, S. R. Org. Lett. 2002, 4, 2297; (c) Yadav, V. K.;
Ganesh Babu, K.; Balamurugan, R. Tetrahedron Lett. 2003, 44, 6617–6619; (d)
Mehta, G.; Singh, S. R.; Gagliardini, V.; Priyakumar, U. D.; Sastry, G. N.
Tetrahedron Lett. 2001, 42, 8527–8530.

3. Li, H.; le Noble, W. J. Recl. Trav. Chim. Pays-Bas 1992, 111, 199.
4. (a) For reviews on diastereoselection, see a thematic issue: Kobayashi, S.;

Ishitani, H. Chem. Rev. 1999, 99, 1069.; (b) Mehta, G.; Chandrasekhar, J. Chem.
Rev. 1999, 99, 1437.

5. (a) Cheung, C. K.; Tseng, L. T.; Lin, M.-h.; Silver, J. E.; le Noble, W. J. J. Am. Chem.
Soc 1986, 108, 1598; (b) Mehta, G.; Khan, F. A. J. Am. Chem. Soc. 1990, 56, 3229;
(c) Mehta, G.; Khan, F. A. Tetrahedron Lett. 1992, 33, 3065; (d) Okada, K.; Tomita,
S.; Oda, M. Tetrahedron Lett. 1986, 33, 3065; (e) Halterman, R. L.; McEvoy, M. A.
J. Am. Chem. Soc. 1990, 112, 6690; (f) di Maio, G.; Migneco, L. M.; Vecchi, E.
Tetrahedron 1990, 46, 6053.

6. (a) Cram, D. J.; Abd Elfahez, F. A. J. Am. Chem. Soc. 1952, 74, 5828; (b) Dauben,
W. G.; Fonken, G. J.; Noyce, D. S. J. Am. Chem. Soc. 1956, 78, 2579.

7. (a) Cieplak, A. S. J. Am. Chem. Soc. 1981, 103, 4540; (b) Cieplak, A. S. Chem. Rev.
1999, 99, 1265.

8. (a) Ganguly, B.; Chandrasekhar, J.; Khan, F. A.; Mehta, G. J. Org. Chem. 1993, 58,
1734; (b) Yadav, V. K.; Balamurugan, R. J. Org. Chem. 2002, 67, 587; (c) Yadav, V.
K. J. Org. Chem. 2001, 66, 2501–2502.

9. (a) Mukherjee, D.; Wu, Y. -D.; Fronczek, F. R.; Houk, K. N. J. Am. Chem. Soc. 1988,
110, 3328; (b) Wu, Y.-D.; Tucker, J. A.; Houk, K. N. J. Am. Chem. Soc. 1991, 113,
5018; (c) Frenking, G.; Kohler, K. F.; Reetz, M. T. Angew. Chem., Int. Ed. Engl.
1991, 30, 1146; (d) Coxon, J. M.; McDonald, D. Q. Tetrahedron 1992, 48, 3353;
(e) Paddon-Row, M. N.; Wu, Y.-D.; Houk, K. N. J. Am. Chem. Soc. 1992, 114,
10638.

10. (a) Cherest, M.; Felkin, H.; Prudent, N. Tetrahedron Lett. 1968, 2199; (b) Wu, Y.-
D.; Houk, K. N.; Florez, J.; Trost, B. M. J. Org. Chem. 1991, 56, 3656.
11. (a) Anh, N. T.; Eisenstein, O. Nouv. J. Chim. 1977, 1, 61; (b) Chérest, M.; Felkin, H.
Tetrahedron Lett. 1968, 2205; (c) Klein, J. Tetrahedron Lett. 1973, 4307; (d)
Paquette, L. A.; Hsu, L.-Y.; Galluci, J. C.; Korp, J. D.; Bernal, I.; Kravetz, T. M.;
Hatheway, S. J. J. Am. Chem. Soc. 1984, 106, 5743.

12. (a) Tomoda, S. Chem. Rev. 1999, 99, 1243; (b) leNoble, W. J.; Gung, B. W. Chem.
Rev. 1999, 99, 1069.

13. Gandolfi, R.; Amade, M. S.; Rastelli, A.; Bagatti, M. Tetrahedron 1996, 37, 1321.
14. Frisch, M. J. et al. GAUSSIAN 03, Revision E. 01; Gaussian: Wallingford, CT, 2004.

Full references for GAUSSIAN programs are provided in the Supplementary data.
15. (a) Singleton, D. A.; Merrigan, S. R.; Liu, J.; Houk, K. N. J. Am. Chem. Soc. 1997,

119, 3385; (b) Marchand, A. P.; Ganguly, B.; Shukla, R.; Krishnudu, K.; Kumar, V.
S. Tetrahedron 1999, 55, 8313.

16. (a) Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027; (b) Tomasi, J.; Mennucci,
B.; Cammi, R. Chem. Rev. 2005, 105, 716.

17. (a) Bartlett, P. D. Rec. Chem. Prog. 1950, 11, 47; (b) Bach, R. D.; Glukhovtsev, M.
N.; Gonzales, C. J. Am. Chem. Soc. 1998, 120, 9902; (c) Houk, K. N.; Washington,
I. Angew. Chem., Int. Ed. 2001, 40, 2001; (d) Freccero, M.; Gandolfi, R.; Amadè, M.
S.; Rastelli, A. J. Org. Chem. 2002, 67, 8519.

18. (a) Huisgen, R. J. Org. Chem. 1968, 33, 2291; (b) Nguyen, J. T.; Chandra, A. K.;
Sakai, S.; Morokuma, K. J. Org. Chem. 1999, 64, 65; (c) Ess, D. H.; Houk, K. N. J.
Am. Chem. Soc. 2008, 130, 10187.

19. (a) Martin, F.; Zipse, H. J. Comput. Chem. 2005, 26, 97–105; (b) Rozas, I. Int. J.
Quant. Chem. 1997, 62, 477–487; (c) Tsuzuki, S.; Uchimaru, T.; Tanabe, K.;
Yliniemela, A. J. Mol. Struct. (Theochem) 1996, 365, 81–88.

20. (a) Bulat, F. A.; Toro-Labbe, A. WFA: a Suite of Programs to Analyse Wave-
functions, Unpublished work; (b) Bulat, F. A.; Brink, T.; Toro-Labbe, A.; Politzer,
P. A.; Murray, J. S., submitted for publication; (c) Politzer, P.; Murray, J. S. In
Reviews in Computational Chemistry; Lipkowitz, K. B.; Boyd, D. B., Eds.; VCH
Publishers: New York, 1991, Vol 2, Chapter 7; (d) Pathak, R. K.; Gadre, S. R. J.
Chem. Phys. 1990, 93, 1770; (e) Brinck, T.; Murray, J. S.; Politzer, P. Mol. Phys.
1992, 76, 609; (f) Murray, J. S.; Politzer, P. J. Mol. Struct. (Theochem) 1998, 425,
107.

21. (a) Freccero, M.; Gandolfi, R.; Amadè, M. S. Tetrahedron 1999, 55, 11309–11330;
(b) Washington, I.; Houk, K. N. Angew. Chem., Int. Ed. 2001, 40, 4485–4488.


	Electrostatic origin towards the reversal of π-f
	Acknowledgements
	Supplementary data
	References and notes


