HEeLveTICA CHIMICA ACTA — Vol. 95 (2012) 2265

Fluorine as a Regiocontrol Element in the Ring Opening of Bicyclic
Aziridiniums
by Yu-hong Lam and Kendall N. Houk*

Department of Chemistry and Biochemistry, University of California, Los Angeles, 607 Charles E. Young
Drive East, Los Angeles, California 90095-1569, USA
(phone: +1-310-206-0515; fax: + 1-310-206-1843; email: houk@chem.ucla.edu)

and
Janine Cossy, Domingo Gomez Pardo, and Anne Cochi

Laboratoire de Chimie Organique, ESPCI ParisTech, CNRS, 10 rue Vauquelin,
FR-75231 Paris Cedex 05
(fax: +33-1-40794660; email: janine.cossy@espci.fr)

Dedicated to Professor Dieter Seebach on the occasion of his 75th birthday

The origin of the variation in the regioselectivity of the nucleophilic ring opening of a series of
bicyclic aziridinium ions derived from N-alkylprolinols was investigated by quantum-chemical
computations (M06-2X/6-31 + G(d,p)-SMD). These aziridiniums differ only in the degree and the
configurations of F-substitution at C(4). With the azide ion as nucleophile, the ratio of the piperidine to
the pyrrolidine product was computed. An electrostatic gauche effect influences the conformation of the
adjoining five-membered ring in the fluorinated bicyclic aziridinium. This controls the regioselectivity of
the aziridinium ring opening.

1. Introduction. — Many 3-aminopiperidine derivatives are bioactive compounds.
The enantioselective synthesis of these substances is an area of active research [1]. A
longstanding strategy for the preparation of 3-substituted piperidines 2 is ring
expansion of N-protected prolinols 1 by a regioselective nucleophilic attack on bicyclic
aziridinium intermediates generated by judicious activation of the OH group (Scheme)

[2113].

Scheme. Nucleophilic Addition to an Aziridinium Intermediate Derived from N-Protected Prolinol 1

Recently, Cossy and co-workers reported that 3-azidopiperidines could be accessed
by this strategy starting from prolinols such as la-1d (7able 1) by utilizing
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Table 1. Ring Expansion of Nonfluorinated and Fluorinated Prolinol Derivatives, 1a and 1b—-1d,
Respectively

Et
N=SsF,
1 Et BF, - BUNNg

R R! R!
Rz/,,'_ ™ 2 N3 Rzr,,_
" (XtalFluor-E™™) R2:
+
N OH " CH,Cly, 0° or -78° N N
Bn Bn N3

!
Bn

1a-1d 2a-2d 3a-3d
Entry Prolinol R! R? Yield [%] 2a-2d/3a-3d
1 1a H H 70 50:50
2 1b H F 66 93:7
3 1c F H 58 50:50
4 1d F F 66 91:9

tetrabutylammonium azide in the presence of (diethylamino)difluorosulfonium tetra-
fluoroborate (XtalFluor-E™) as the activating reagent. The target amines can then be
obtained by a Staudinger reduction [4][5]. Remarkably, among the fluorinated
prolinols studied, the regioselectivity of the ring opening of the corresponding bicyclic
aziridinium is highly dependent on the extent of fluorination and the configuration of
the F-atoms at C(4) (Table I). Thus, while the reaction of 1b yields the piperidine
product with high selectivity (93 :7; Entry 2) the reaction of the epimeric compound 1c
is nonselective ( Entry 3). Difluorinated prolinol 1d gives rise to the piperidine product
as the major product with a ratio of 91:9 vs. the pyrrolidine (Entry 4), a much higher
selectivity than its nonfluorinated counterpart 1a, whose ring opening is nonselective
(Entry 1).

As reviewed recently by De Kimpe and co-workers [6] and Cossy and co-workers
[7], the regiochemistry of the ring opening of nonactivated aziridiniums, i.e.,
aziridiniums without an electron-withdrawing group on the N-atom, is more sensitive
to factors besides the substitution pattern on the ring than activated aziridiniums,
including [8][9] the nature of the nucleophile [10—14] and the method of activation
[4][15]. Nevertheless, we were drawn to the intriguing problem posed by the product
distributions of the ring opening of the aziridiniums in 7able 1, as the regioselectivity
displays a wide variation that depends only on the degree and the configuration of the
F-atoms at C(4) of the prolinol precursors 1a—1d. Although we previously showed that
the regioselectivity of the ring opening of bicyclic aziridiniums derived from prolinols
could be enhanced to some extent by the use of bulky substituents at N and C(4) [4], it
was less obvious how the F-atoms, with their minimal steric impact, exert such a
dramatic influence on the product outcome. Moreover, while the regiochemistry of the
ring opening of aziridines fused to six-membered rings has been reported [16][17], the
regioselectivity of the nucleophilic attack of the bicyclic aziridinium ions of type 1a—1d
has yet to be systematically investigated. We now present a computational analysis of
these reactions, focusing on the influence of F-substitution on the conformation of the
prolinols and the regioselectivity of the nucleophilic attack.
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2. Computational Method. — All of the computations were performed on Gaussian
09 [18]. The aziridinium and the transition structures (TSs) for the reactions with an
azide ion were modeled computationally. Cossy and co-workers have demonstrated the
intermediacy of the aziridinium in these reactions [5]. The reactions of 1a-1d proceed
under kinetic rather than thermodynamic control [4][17]. The geometries were
optimized at the M06-2X/6-31 + G(d,p) level of theory [19] [20] in conjunction with the
SMD continuum solvation model [21] using CH,Cl, as solvent. Each structure was
characterized as either an energy minimum or a transition structure by a frequency
computation. To study the influence of the substituent at C(4) of the prolinol on
product outcome, the nonfluorinated, monofluorinated, and difluorinated bicyclic
aziridiniums, 4a, 4b—4c, and 4d, respectively, were studied (see below). The N-Bn
groups in the experimental substrates were replaced by N-Me groups in the modeling.

F., Fa R
N + A\ + A\ .
N }“ ;“ N
Me Me Me Me

4a 4b 4c 4d

3. Results and Discussion. — Two conformations of 4a—4d were found (Fig. 1). The
conformers in which the five-membered ring exhibits the *E and the E, conformations
are termed the boat and the chair, respectively. To fully understand the conformational
energetics of the azabicycles, we also studied the boat and the chair forms of the carba
analogs 4e —4h. The computations show that for 4a, 4¢, and 4d, the boat conformers are
more stable than the chairs by 1.5-4.5 kcal/mol, whereas 4b shows the opposite
preference, if slightly, with the chair being the more stable. The carba analogs, on the
other hand, favor the boat forms regardless of F-substitution. The computed
preferences for the boat conformation in structures analogous to 4¢, where C(4) bears
an electronegative atom [22], and in the bicyclo[3.1.0]cyclohexanes [23-26] are
supported by several X-ray crystallographic structures, some of which are illustrated in
Fig. 2.

The chair conformers of the nonfluorinated aziridinium 4a and the fused
carbocyclic rings in 4e—4h are disfavored by eclipsing strain which is not found in
the boat forms. The chair conformers of these bicyclic rings contain two pairs of
eclipsing interactions between a pseudoaxial C—H bond in the five-membered ring (as
shown in Fig. 3,a, for 4a) and either an N*—R bond or a C—H bond at one of the ring
junctions (not shown), as documented previously [27-29]. When C(4) is fluorinated,
the so-called electrostatic gauche effect [30][31], i.e., the preference of the F-atom to
be gauche, rather than anti, to the quaternary ammonium N-atom, constitutes the
second important conformation-determining factor. Thus, in 4¢, F-substitution
enhances the stability of the boat form (shown in Fig. 3,c) relative to the chair
(4.5 kcal/mol, compare with 3.3 kcal/mol in favor of the boat for nonfluorinated 4a) due
to the synclinal disposition of the pseudoaxial F-atom to the ammonium N-atom in the
boat, while in 4b, the gauche effect is found in the chair (Fig. 3,b) and causes this
conformer to be less unfavorable, diminishing the energy difference between the
conformers compared with that in 4a. Both the boat and the chair forms of 4d
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Fig. 1. Structures and free energies of the boat and chair conformers of aziridinium ions 4a—4d (boxed in
blue) and their carba analogs 4e—4h (boxed in grey). The relative Gibbs free energies of the two
conformers are given in kcal/mol.
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Fig. 2. Crystallographic structures of molecules or ions containing the bicyclo[3.1.0]cyclohexane ring (b—
d) or its 1-aza analog (a), retrieved from the Cambridge Crystallographic Structural Database. For a, the
mirror image of the reported structure is shown to maintain comparability with the structure of 4c.
Reference codes: a) QOZDEO ([22]); b) HEBCHN ([23]); ¢) KIXSAL ([24]): d) EBUXAB ([25]).

accommodate one gauche F~-C—C—N" interaction, and the intrinsic boat preference of
the fused ring system dictates the conformational equilibrium. The role of the gauche
effect in biasing the conformation of the fluorinated bicyclic aziridiniums here is
directly analogous to that in influencing the conformational behavior of 4-fluoropro-
line [32][33], 3-fluoropiperidine, and its derivatives [34], and four- and eight-
membered ring systems [35].

The transition structures for the nucleophilic ring opening step of 4a—4d by the
azide ion leading to 3-azidopiperidine and 2-(azidomethyl)pyrrolidine were then
studied. These were optimized by starting from both the boat and the chair
conformations, as well as different dihedral angles at which the azide approaches the
aziridinium. The lowest-energy chair and boat forms of the regioisomeric transition
structures are illustrated in Fig. 4.

For all of the aziridiniums studied, good agreement was found between the relative
free energies of the regioisomeric transition structures and the experimental selectivity
(Table 2). For the non-fluorinated 4a, the energy difference of 0.5 kcal/mol between
the TS-5a and TS-Sc¢ predicts a low selectivity of 72:28 in favor of the piperidine
product, comparing well with the experimental ratio of 50:50 for reaction of prolinol
1a. The dependence of the regioselectivity on the configuration of the fluorinated
stereogenic center C(4) was also accounted for by the computations. Thus, the
nonselective reaction from 1¢ was reproduced, as TS-7a and TS-7¢, derived from 4c,
were found to be isoenergetic. Inverting the configuration at C(4) of 4c widens the
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Fig. 3. a) Newman Projection of 4a along C(3)—C(2) bond, showing one of the two eclipsing interactions
in the chair conformation. b—d) Newman Projections along the C(4)—C(5) bond of 4b, 4¢, and, 4d,
respectively. The F—C(4)—C(5)-N* dihedral angles are annotated.

energy difference between the transition structures, as TS-6b is now more stable than
TS-6d by 1.4 kcal/mol, corresponding to a selectivity of 97:3 favoring the piperidine
product at —78°. The high regioselectivity for difluorinated 4d was also reproduced
computationally.

The results compiled in Fig. 4 reveal two points of consideration that shed light on
the origin of the regioselectivity. First, the same conformation was adopted by the
aziridinium in the reactant and in the lowest-energy transition structures, except in the
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Aziridinium ion Transition structures Transition structures
leading to piperidine product leading to pyrrolidine product

TS-6a TS-6b TS-6¢c TS-6d
AAG*=3.0 AAG=0 AAGT =28 AAG* =14

L

Fig. 4. Optimized geometries and relative free energies (AAG*, in kcal/mol) of the lowest-energy transition

structures for the nucleophilic ring opening reactions of aziridinium ions 4a—4d by azide. Type a and type

¢ structures feature the azabicycle in a boat-like conformation, while type b and type d structures are

chair-like. The lowest-energy transition structures leading to the piperidine and the pyrrolidine products
are boxed in green and red, respectively.

case of 4d. Thus, the non-regioselective ring opening of 4a (and 4c¢) was predicted to
proceed through TS-5a (TS-7a) and TS-5¢ (TS-7c¢), which features a boat-like
conformation of the aziridinium analogous to that of 4a (4c¢). Bicyclic aziridinium 4b
also reacts predominantly via the chair-like TS-6b and TS-6d. The boat-like TS-6a and
TS-6¢ are at least 2.8 kcal/mol less stable than TS-6b, representing an amplified
difference in conformational energy compared with that found for the reactant
(0.2 kcal/mol, Fig. 2). The conformational preferences of 4d and its derived transition
structures are less uniform. The most stable transition structure was found to be the
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Table 2. Free Energies of Activation (AG*) for the Formation of the Piperidine Product and the
Regioselectivities of the Nucleophilic Ring-Opening Step of 4a—4d. The regioselectivities were computed
using the boxed transition structures in Fig. 4 at the experimental temperature (0° for 4a, —78° for 4b—

4d).
Entry Aziridinium ion AG* [kcal/mol] Piperidine/pyrrolidine ratio
Experimental Computed
1 4a 16.4 50:50 72:28
2 4b 12.0 93:7 98:2
3 4c 14.5 50:50 50:50
4 4d 12.0 91:9 >99:1

chair-like TS-8b, which differs from the boat-like TS-8a by 0.9 kcal/mol, although the
lowest-energy transition structure leading to the pyrrolidine, TS-8¢, preserves the boat
conformation. Second, all of the chair-like transition structures (types b and d) open
preferentially to give the piperidine product with high selectivity, while the boat-like
structures (types a and ¢) are nonselective except for 4d. Thus, the chair conformer TS-
5b for the piperidine product is 1.2 kcal/mol more stable than TS-5d, and the
corresponding difference between TS-7b and TS-7d is 2.5 kcal/mol. The computations,
therefore, revealed that no regioselectivity was experimentally observed with prolinols
1la and 1l¢, because the chair conformers of these aziridiniums are energetically
inaccessible, being at least 3.3 and 4.5 kcal/mol higher in energy than the most stable
boat conformer.

Why do the chair conformers of the bicyclic aziridiniums open regioselectively at
the more substituted end ? The preference of the azide nucleophile to react at the more
substituted C-atom of 4a-4d may seem surprising!). To understand the role of the
adjoining five-membered ring in influencing the regioselectivity of the nucleophilic
attack of the bicyclic aziridinium, we have computed the transition structures for the
ring opening of the model aziridinium ion 8 (Fig. 5). This monocyclic compound
preserves the Me substitution at N- and C(2)-atoms. TS-9a, in which the azide ion

TS-9a TS-9b
AAG* =0 AAG*=0.0

Fig. 5. The structure of model aziridinium 8, and the optimized transition structures TS-9a and TS-9b for
the nucleophilic ring opening step by azide

1) Ring opening of 2-(alk-1-enyl)-substituted aziridiniums is known to occur preferentially at the more
substituted C-atom (see [36]).
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reacts at the Me-substituted C(2), is analogous to the transition structures leading to
the piperidine products, and TS-9b corresponds to transition structures giving rise to
the pyrrolidine products. The computations show that these transition structures are
isoenergetic. Thus, contrary to expectations from steric effects, the basic bicyclic
aziridinium moiety in 4a—4d has no intrinsic regioselectivity with azide as the
nucleophile. Presumably, the longer length of the partial bond between C(2) and the
nucleophilic N-atom in TS-9a (2.13 A), compared with that in TS-9b (2.05 A), reduces
the steric strain experienced by the approaching nucleophile, making TS-9a less
disfavored than expected.

Since the model aziridinium 8 opens non-regioselectively, any regioselectivity in the
ring opening of the bicyclic aziridinium must be due to the presence of the pyrrolidine
ring. To understand why the piperidine TSs are lower in energy than the pyrrolidine TSs
when the bicycle is in the chair conformation, it proved instructive to examine the
Newman projections of these TSs along the C—C bond geminal to the breaking C—N*
bond of the aziridinium moiety. These Newman projections are shown in Fig. 6 for the
chair-like TS-6b and TS-8b, which, being lower in energy than the chair-like TS-6d and
TS-8d by 1.4 and 2.6 kcal/mol (Fig. 4), are responsible for the formation of the
piperidine as the major product. In the optimized structures of TS-6b and TS-8b, the
C(3)-C(4) bond is placed antiperiplanar to the partially formed C—N bond as
highlighted. This stereoelectronic effect might serve to stabilize TS-6b and TS-8b with
respect to TS-6d and TS-8d, which do not have these interactions.

p
" o
« Non ~Me, | o
I Nes I\ " e
- ) - P N 2l 3
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}
A

Fig. 6. Newman Projections along the C—C bond geminal to the breaking C—N* bond of the ring-opening
transition structures of 4b (chair) and 4d (chair). The transition structures for ring opening at C(2),
leading to piperidine, and C(3'), leading to pyrrolidine, are colored green and red, respectively.

It is also of interest to note that the chair-like TS-6b and TS-8b are more stable than
their boat-like conformers TS-6a and TS-8a ( Fig. 7), although these differences do not
impact the product outcome, since both type a and type b TSs lead to the same
piperidine product. The geometries in the vicinity of the partial bonds as revealed by
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the Newman projections in Fig. 7 reveal a more staggered arrangement in TS-6b and
TS-8b. This is reminiscent of the effect of transition-state staggering, or torsional
steering, which originates from the preference for a maximally staggered arrangement
of bonds in transition structures (as well as reactants and products). This effect is
responsible for inducing contra-steric stereoselectivity [37] (see also [27]), not least in
the well-known case of the totally stereoselective additions to 2,6-disubstituted 1,3-
dioxin-4-ones reported by Seebach et al. [37a].

" B .
M.+ = N; - ; N .+ 3 Ny, p 'v
Ne- 273 é \ A 243 \
N F N_
4b (chair) o 4b (boat) B
Me , e / F
¥ N; F ‘3\ ""*"a M9\+ F
I &3 . (ot ] N 3 Ni i
N ‘L \ f 2473
F I\I ']
4d (chair) L?;;‘iba 4d (boat) Jgag .

Fig. 7. Newman Projections along the C(3)—C(2) bond of the boat-like conformers TS-6a and TS-8a and

the chair-like conformers TS-6b and TS-8b of the ring-opening transition structure of 4b and 4d. These

Newman projections show that the bonds around the reacting C-atom (C(2)) are more staggered in the
chair-like conformers (type b) than in the boat-like conformers (type a).

In summary, the computations reported here have delineated the effect of F-
substitution at C(4) of prolinols 1a—1d on the regioselectivities of the nucleophilic ring
opening of bicyclic aziridinium ions derived from the prolinols. The azabicycle normally
prefers the boat conformation, but the F-ammonium gauche effect can arise as an
additional factor that tips the energy balance to the chair if the F-atom at C(4) is
incorporated with the appropriate configuration. The computed transition structures
show that, for 4a—4c, the chair conformers of the bicyclic aziridiniums are more
discriminating than the boats in their ring opening to give the piperidine products,
regardless of F-substitution. The high regioselectivity observed with fluorinated
prolinol 1b arises from the predominance of chair-like transition structures due to the
favorable gauche effect. The nonselectivities in the ring opening of the bicyclic
aziridinium starting from epimeric 1le¢ and nonfluorinated la are attributed to the
prevalence of boat-like transition structures. Fluorine, therefore, acts as a device for
conformational control through the electrostatic gauche effect. The exploitation of
these effects in organic and biological chemistry is currently an emerging area [38—41].
Our experimental and theoretical work illustrates how these effects result in enhanced
regiocontrol in the ring opening chemistry of bicyclic aziridiniums, complementing
much of the research to date on the stereoelectronic effects of fluorine, which mostly
focuses on their stereochemical ramifications [42] (see also [30-35]).
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