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Cyclization of the N-dimethylphosphinoyl-2-methyl-3-aza-5-hexenyl radical has been studied at
the UB3LYP/6-31+G(d)//UB3LYP/6-31G(d) hybrid density functional level. The corresponding
radical precursor has been synthesized and found to give cis/trans ratios of up to 10/1 in reductive
radical cyclizations. The relative energies of reactant and transition state conformers were
determined. In discord with the Beckwith—Houk model, it has been found that chair-axial transition
states, which lead to cis products, are lowest in energy, rationalizing the observed experimental

diastereoselectivity.

Introduction

Due to rapid progress in the field of radical chemistry
during the last three decades, radical carbon—carbon
bond formation! is nowadays routinely considered in
retrosynthetic analysis. Although the chemo- and regio-
selectivity of radical reactions are often good, high levels
of stereocontrol can often be difficult to achieve.? For
acyclic stereoselection, significant levels of diastereocon-
trol have been observed in radical addition and reduction
reactions using preexisting chiral centers, chiral auxil-
iaries, or chiral Lewis acids. Attempts to control diaste-
reoselectivity in cyclization reactions have so far been less
successful. Selectivity is governed primarily by confor-
mational and steric effects as described by the Beckwith—
Houk transition state model for 5- and 6-exo cyclization.?
However, the diastereoselectivity in simple systems
rarely exceeds 4:1 in favor of the major diastereomer.
Recent successful strategies to perturb Beckwith—Houk
diastereoselectivities in intramolecular radical cyclization
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reactions are based on Lewis acid coordination* or the
stereochemical influence of the anomeric effect.> Some
time ago, we found that diastereoselectivity in the
cyclization of 2-substituted 3-aza-5-hexenyl radicals was
critically dependent on the N-substituent.® Thus, whereas
N-unprotected derivatives afforded trans-2,4-disubsti-
tuted pyrrolidines with fair to good selectivity, an N-
diphenylphosphinoyl group directed cyclization to occur
in a highly cis selective manner (Scheme 1).

Quantum chemical calculations, and density functional
theory (DFT) calculations in particular, have proved to
be of utility in understanding the selectivity in radical
cyclizations.” DFT has become the method of choice for
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radical chemists due to its inherent handling of electron
correlation, lower spin contamination, and relative cost-
effectiveness in comparison to correlated Hartree—Fock-
based methods such as second-order Mgller—Plesset
theory (MP2). Therefore, we decided to undertake a
computational investigation into the origin of diaster-
oselectivity in an N-protected 2-substituted 3-aza-5-
hexenyl radical cyclization. To minimize the size of the
computational system and limit the number of possible
conformers, model reaction RC (reactant conformer) —
PC (product conformer) (Scheme 2), which has an N-
dimethylphosphinoyl group and a 2-methyl substituent,
was chosen for calculation.

First, however, it was decided to synthesize the cor-
responding radical precursor 3 and study the diastero-
selectivity of its radical cyclization in comparison with
the systems already investigated.

Computational Details

All calculations were carried out with the Gaussian 98
program package.? Reactant (RC) and transition-state
(TS) geometries were optimized using the B3LYP hybrid-
DFT method of Becke,® together with the 6-31G(d) basis
set of Pople and co-workers.° The unrestricted formalism
was used, and spin contamination was low along the
reaction paths ([$20< 0.784). Frequency calculations were
performed on all stationary points at the UB3LYP/6-31G-
(d) level of computation in order to obtain corrections for
the zero-point energies (ZPEs) and to ascertain that the
computed transition states were first-order saddle points.
Finally, because diffuse functions were recently found to
be more important in DFT calculations than in calcula-
tions using wave function-based approaches,*! we carried
out single-point energy calculations with the 6-31+G(d)
basis set. The UB3LYP/6-31+G(d)//UB3LYP/6-31G(d)
energies, with ZPE corrections, scaled by a factor of
0.9806,%? are reported.

Results and Discussion

Synthesis. The radical precursor 3 was synthesized
by subjecting phenylselenenylacetone (1) to reductive

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.9; Gaussian, Inc.: Pittsburgh, PA,
1998.

(9) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. Stephens, P. J,;
Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J. Phys. Chem. 1994,
98, 11623.

(10) Hariharan, P. C.; Pople, J. A. Theo. Chim. Acta 1973, 28, 213.

(11) Lynch, B. J.; Zhao, Y.; Truhlar, D. G. J. Phys. Chem. A 2003,
107, 1384.

(12) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502.

1488 J. Org. Chem., Vol. 69, No. 5, 2004

Shanks et al.

1) allylamine, TiCly f

o} HN
2) NaBH;CN
)K/Seph - )\/SePh
1 2

SCHEME 3

Me,P(0)Cl,
Et;N, DMAP
P
/d TTMSS, AIBN hSe f
-
N hv, 15°°C N
or80 C |
P(O)Me, P(O)Me,
4 3
T(CC) VYield (%) cis/trans
15 74 101
80 65 41

amination with allylamine,® followed by dimethylphos-
phinoylation of the resulting secondary amine 2 (Scheme
3). Reductive radical cyclization of selenide 3 at 15 °C
using TTMSS/AIBN under UV irradiation gave pyrroli-
dine 4 in 74% vyield and a cis/trans ratio of 10/1.
Thermolytic conditions (heating at reflux in benzene)
gave both a lower yield (65%) and a poorer cis/trans ratio
(4/1). Although, as could be expected, the diastereomeric
ratio was not as good as that obtained using the di-
phenylphosphinoyl protecting group (18/1),° the cycliza-
tion was still largely cis selective, and with these
encouraging results in hand, we proceeded with calcula-
tions.

Calculations. The reactant (RC) and transition state
(TS) conformations identified were named chair-axial,
chair-equatorial, boat-axial, boat-equatorial, cis-twist-
axial, and trans-twist-axial depending on the relative
spatial arrangement of C'—C?—N—C*—C>—C? (Scheme 2)
and whether the methyl substituent adopted a pseu-
doequatorial or pseudoaxial position in the transition
state. The reactant conformers are named in accordance
with the corresponding transition state but do not neces-
sarily bear similarity to this conformation (Figure 1).

Each conformation was found to have four rotational
isomers around the P—N bond, which were further
labeled with the terms gauche-(+), gauche-(—), syn-
eclipsed, or anti-eclipsed depending on the O=P—N-C2
dihedral angle of the reactant conformer. This finding
was surprising because it would be anticipated that
eclipsed conformations are energetically unfavorable. The
eclipsed rotamers are, however, on average 1.2 kcal/mol
more stable than the gauche rotamers, suggesting that
the P=0 bond conjugates to the nitrogen lone pair in the
eclipsed conformations. The P—N bond length is ~0.01
A shorter in the eclipsed rotamers, and the mean devia-
tion of the nitrogen atom from planarity, measured using
the P—N—C2—C4 improper torsion angle, is only 15.7°
compared to 30.4° for the gauche rotamers, providing
strong evidence of O=P—N conjugation.

Interestingly, despite extensive searching, anti-eclipsed-
boat-equatorial, anti-eclipsed-chair-equatorial, and syn-
eclipsed-boat-axial transition states could not be located.
Instead, starting structures resembling these proposed
transition states invariably collapsed to the twist-axial
structures TS-8, TS-12, and TS-15 upon optimization
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RC-3 syn-eclipsed-chair-axial TS-3

RC-14 gauche-(-)-boat-axial TS-14

anti-eclipsed-cis-twist-axial

FIGURE 1. Lowest energy transition states of representative
conformations (right) and their corresponding reactant con-
formers (left).
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TABLE 1. Relative UB3LYP/6-31G+(d)//UB3LYP/
6-31G(d) + ZPE Energies of Reactant Conformers and
Transition States for the 5-Exo Cyclization of the
N-dimethylphosphinoyl-2-methyl-3-aza-5-hexenyl
Radical®

conformer label RC TS

gauche-(+)-chair-axial 1
gauche-(—)-chair-axial 2
syn-eclipsed-chair-axial 3
anti-eclipsed-chair-axial 4 .
gauche-(+)-boat-equatorial 5 5.2 10.1
gauche-(—)-boat-equatorial 6
syn-eclipsed-boat-equatorial 7
anti-eclipsed-cis-twist-axial 8

9

gauche-(+)-chair-equatorial 1.7 7.6
gauche-(—)-chair-equatorial 10 1.8 8.6
syn-eclipsed-chair-equatorial 11 1.2 8.6
anti-eclipsed-trans-twist-axial 12 0.3 7.1
gauche-(+)-boat-axial 13 2.0 8.3
gauche-(—)-boat-axial 14 14 7.2
syn-eclipsed-trans-twist-axial 15 0.9 6.0
anti-eclipsed-boat-axial 16 25 7.4

a2 Energies are in kcal/mol. RC-3 is taken as a reference.

(Figure 1). Twist transition states in 5-exo-trig radical
cyclizations have recently been discovered by the groups
of Schiesser®® and Houk.* Those findings and the work
presented herein (vide infra) demonstrate the importance
of considering these transition states in rationalizing or
predicting the outcome of 5-exo radical cyclizations.

Energies for all reactant conformers and transition
states are collected in Table 1. Entries 1—8 lead to cis
products and entries 9—16 to trans products (Figure 2).
The lowest energy reactant conformers, RC-3 and RC-
4, have relative energies of 0.0 kcal/mol and 0.1 kcal/mol
respectively, and both lead to the cis product. The lowest
energy reactant conformer leading to the trans product,
RC-12, has a relative energy of 0.3 kcal/mol, showing
that at the reactant state there is a very slight bias
toward conformers leading to the cis product. However,
this bias is substantially more pronounced when consid-
ering the relative energies of the transition states. The
lowest energy transition state leading to the cis product
is TS-3, with a relative energy of 4.4 kcal/mol. The lowest
energy transition state leading to the trans product is
TS-15, which lies ~1.6 kcal/mol higher in energy. The
difference between the calculated Gibbs free energies of
these two transition states at room temperature is ~1.4
kcal/mol, which would correspond to a cis/trans ratio of
11/1, assuming the reaction is under kinetic control. This
is in reasonable agreement with the experimental value
of 10/1.

In discord with the Beckwith—Houk model, the chair-
equatorial transition states lie between 2.1 and 4.3 kcal/
mol higher in energy than those of the chair-axial
conformations. This is due to A!? strain between the
dimethylphosphinoyl group and the pseudoequatorial
methyl substituent.'® The boat transition states lie 1.5—
4.1 kcal/mol higher than their chair counterparts. This
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FIGURE 2. UB3LYP/6-31+G(d)//UB3LYP/6-31G(d) + ZPE
energies (kcal/mol) for conformers leading to cis (right) and
trans (left) products.

means that the chair-axial conformations are lowest in
energy, and the boat-equatorial ones are highest. There-
fore, it is apparent that the chair-axial pathway will be
dominant for the production of the major cis product. The
favored pathway hangs more finely in the balance for the
minor trans product, since the reactants and transition
states of most conformations are similar in energy. The
trans-twist-axial transition state (TS-15) is, however,
significantly lower in energy, and it is therefore probable
that this pathway will be the most significant contributor
to formation of the trans product.

The Al? strain experienced by transition states with a
pseudoequatorial methyl group leads to the correspond-
ing reactant conformations distorting from a typical chair
or boat arrangement by rotation around the N—C? bond.
This results in these reactant conformers having a much
longer bond-forming (C'—C5) distance than those with an
axial methyl substituent. Thus, the chair-axial, boat-
axial, and twist-axial reactant conformers have an aver-
age distance of 2.99, 3.42, and 3.62 A, respectively,
compared to the chair-equatorial and boat-equatorial
conformers, which have average distances of 3.84 and
3.86 A. This trend vanishes for the transition states,
where chair-axial, boat-axial, twist-axial, chair-equato-
rial, and boat-equatorial conformers now have average
distances of 2.30, 2.32, 2.33, 2.32, and 2.33 A, respec-
tively. However, when comparing transition-state ener-
gies, it can be seen that on going from reactant conformer
to transition state, the increasing degree of constraint
on the bond-forming distance is paid for in increased
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FIGURE 3. Transition-state energy vs distance between
bond-forming carbons in the reactant conformer.

strain (Figure 3). This rationalizes the results from
previous studies,® which show that bulky C2 substituents
increase the cis selectivity. It can also be surmised that
larger alkyl substituents on the phosphinoyl protecting
group, such as tert-butyl groups, should further increase
the cis selectivity.

Conclusion

Density functional calculations have been used to
rationalize the cis selectivity in 5-exo cyclization of
N-protected 3-aza-5-hexenyl radicals. It was calculated
that both reactant and transition-state conformers lead-
ing to the cis products were lower in energy compared to
conformers leading to trans products. In discord with the
Beckwith—Houk model, conformers with a pseudoaxial
substituent were lower in energy than those with a
pseudoequatorial substituent due to unfavorable A!?
strain in the latter. This leads to the possibility of
designing reactions in the future which are even more
cis selective by variation of the N-protecting group.

Experimental Section

N-Allyl-N-dimethylphosphinoyl-2-aminopropyl Phen-
yl Selenide (3). DMAP (26 mg, 0.11 mmol) and Et;N (164
ul, 1.18 mmol) were added to a stirred solution of N-allyl-2-
aminopropyl phenyl selenide 2 (150 mg, 0.59 mmol) in dry CH,-
Cl; (10 mL) under N.. The mixture was cooled to 0 °C, after
which dimethylphosphinic chloride (133 mg, 1.18 mmol) was
added. The mixture was then stirred overnight. After in vacuo
removal of solvent, the residue was purified by flash chroma-
tography to afford the title compound 3 (148 mg, 76%): H
NMR (CDCl3) 6 1.34 (d, J = 6.7, 3H), 1.40 (dg, J = 11.4, 0.7,
3H), 1.43 (dg, J = 11.4, 0.7, 3H), 2.96 (dd, J = 12.3, 8.0, 1H),
3.18(dd, J = 6.6, 12.3, 1H), 3.50—3.65 (several multiplets, 2H),
3.71 (m, 1H), 5.09 (dg, J = 10.1, 1.5, 1H), 5.18 (dg, J = 17.1,
1.5, 1H), 5.84 (dddd, J = 5.6, 6.2, 10.1, 17.1, 1H), 7.24—7.28
(several multiplets, 3H), 7.50—7.54 (several multiplets, 2H);
13C NMR (CDCls) 6 15.5 (d, J = 45), 16.4 (d, J = 45), 19.8 (2
signals), 34.3 (2 signals), 44.4 (2 signals), 51.8 (2 signals),
116.3, 127.0, 129.2, 130.0, 132.8, 138.0.

N-Dimethylphosphinoyl-2,4-dimethylpyrrolidine (4).
AIBN (10 mg, 0.06 mmol) and TTMSS (224 uL, 0.73 mmol)
were added to a stirred solution of selenide 3 (200 mg, 0.61
mmol) in benzene (20 mL) under N,. The solution was either
irradiated in a micro photochemical reaction assembly (T =
15 °C) or refluxed (T = 80 °C) overnight. After removal of
solvent in vacuo and subsequent purification by flash chro-
matography, the title compound 4 (T = 15 °C; 78 mg, 74%,
cis/trans 10/1; T = 80 °C; 69 mg, 65%, cis/trans 4/1) was
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obtained as a mixture of cis and trans isomers. (4, cis): 'H
NMR (CDCl3) 6 0.99 (d, J = 6.5, 3H), 1.08 (ddd, J = 7.9, 10.6,
12.4, 1H), 1.22 (d, J = 6.2, 3H), 1.42 (dg, J = 11.4, 0.7, 3H),
1.46 (dg, J = 11.4, 0.7, 3H), 2.08 (m, 1H), 2.25 (m, 1H), 2.64
(dt, 3 = 9.3, 10.0, 1H), 3.33 (m, 1H), 3.71 (qddd, J = 6.2, 7.0,
7.9, 8.7, 1H); 13C NMR (CDCls) ¢ 15.5 (d, J = 45), 16.4 (d, J =
45),17.1, 23.9 (2 signals), 34.9 (2 signals), 43.9 (2 signals), 53.6
(2 signals), 54.1 (2 signals); IR (neat) 1142, 1307, 1640 cm™*;
HRMS calcd CsH1sNOPNa m/z 198.1024, found 198.1050. (4,
trans): *H NMR (CDCls) 6 1.00 (d, 3 = 6.5, 3H), 1.12 (d, I =
6.2, 3H), 1.42 (dg, J = 11.4, 0.7, 3H), 1.45 (dg, J = 11.4, 0.7,
3H), 1.53—1.68 (several peaks, 2H), 2.38 (m, 1H), 2.65 (m, 1H),
3.26 (ddd, J =2.2,7.3,9.0, 1H), 3.79 (m, 1H); *3C NMR (CDCls)
0 13.7 (d, J = 45), 15.0 (d, J = 45), 17.4, 26.9 (2 signals), 32.2
(2 signals), 42.4 (2 signals), 53.4 (2 signals), 53.6 (2 signals);
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IR (neat) 1142, 1307, 1640 cm™%; HRMS calcd CsH:sNOPNa
m/z 198.1024, found 198.1050.
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