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The regiochemical outcomes for s-BuLi/TMEDA deprotonations of N-Boc-2-azabicyclo[2.1.1]hexanes had
been shown to be temperature dependent. Computational methods have been applied to advance un-
derstanding of the complexes that the reagents form, the character of the deprotonations, and hence the
experimentally observed regiochemical biases. The tertiary anion is formed more readily than the sec-
ondary anion and is also the more stable anion. Computations for the enthalpy of proton abstraction from
the analogous N-methoxycarbonyl structure also indicate greater stability for the tertiary carbamate
anion.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The 2-azabicyclo[2.1.1]hexane ring system 1 (Scheme 1) has
been the focus of synthetic and mechanistic investigations to de-
velop practical routes to variously substituted structures in a regio-
selective, stereoselective, or enantioselective manner as required.1

These are bridged 2,4-methanopyrrolidines, and conformationally
constrained pyrrolidines have proven to be valuable scaffolds for
drug discovery.2 Development of a rearrangement route to 2-
azabicyclo[2.1.1]hexanes,3 which are themselves accessed photo-
chemically from dihydropyridines,4 has made this ring system
available with various patterns of substitution. A particularly at-
tractive method for obtaining the desired carboxylated azabicyclics
would entail deprotonation of carbamates under conditions that
have been well investigated and received wide use in synthetic
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icyclo[2.1.1]hexanes.
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chemistry.5–7 The resulting anions could then be treated with var-
ious electrophiles, for example, CO2, to obtain methanoprolines.

Lithiation of the carbamate, 2-tert-butoxyoxycarbonyl-2-azabi-
cyclo[2.1.1]hexane 1 (R¼CO2

t Bu), with sec-butyllithium/TMEDA in
diethyl ether was followed by allowing the anion(s) to react with
various electrophiles. This led to products in which substitution had
occurred at either the neighboring bridgehead carbon and/or the
adjacent methylene carbon.8 Reactions conducted at 0 �C produced
exclusively the tertiary product 2, while at �78 �C both 2 and 3
were isolated. The present calculations were undertaken, mindful
of the seminal work in this field by Wiberg and co-workers,9 in
order to evaluate the complexes that may form, their potential for
interconversion, and the energy barriers for anion formation. It was
desirable to gain insights for the changes in reaction parameters
that would permit selective reaction at the methylene carbon and
perhaps thereby open an avenue for stereoselective reactions at
that site.

2. Results

Initially we wished to evaluate the exothermicity of complex
formation (Table 1). Kinetic studies reported by Beak and Gallagher
indicated that such complexes consist of the carbamate, alkyl-
lithium, and diamine.10 The diamine is added in some cases as
a chiral auxiliary; here we added TMEDA to assist in breaking down
aggregates normally present in solutions of alkyllithium reagents.5

The energies of s-BuLi, TMEDA, and the two conformers of the
carbamate, 2-N-tert-butoxycarbonyl-2-azabicyclo[2.1.1]hexane, 4
(Fig. 1), were obtained by full optimization at the B3LYP/6-31G(d)
level.11 Complexes were constructed and then optimized for
geometry as above. We located two potential energy wells for
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Table 1
Energy of formation of complexesa (298.15 K)

Structure B3LYP/6-31G(d) DEformation (kcal/mol)

1. s-BuLi �165.331661
2. TMEDA �347.745016
3. 4-s-cis �596.485887
4. C1b �1109.631245 4�(1þ2þ3)¼�0.068681 (�43.1)
5. 4-s-trans �596.485856
6. C2c �1109.630807 6�(1þ2þ5)¼�0.068274 (�42.8)

a Energy in hartrees from full optimization, uncorr. (1 Hartree¼627.51 kcal/mol).
b Lowest energy conformer in which the carbonyl oxygen is oriented toward the

tertiary H on C(1).
c Lowest energy conformer in which the carbonyl oxygen is oriented toward

a secondary H on C(3).
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conformations in which the lithiated oxygen was oriented toward
the tertiary hydrogen on the neighboring bridgehead carbon, C1;
also two for complementary conformations in which the oxygen
was oriented toward C3. The pairs differed in the orientation of the
methyl and ethyl of the sec-butyl group, differed little in energy,
and we selected the lower energy conformation of each pair la-
beling them C1 and C3, respectively (Fig. 2). In parallel with the
kinetic data reported by Beak10 and the computations of Wiberg9

for the structures of complexes of organolithiums, diamines, and
carbamates, the formation of these complexes is highly exothermic.
Figure 1. Conformers of 4, s-cis and s-tran

Figure 2. The two conformations of lower energy of the complexed species C1 and C3, res
before; violet is Lithium.
The values obtained for C1 (�43.1 kcal/mol) and C3 (�42.8) (Table
1) suggest considerable stability. The dihedral angles H–C–(N)–
C]O(Li) are þ5.1� for C1, but þ49.0� and �61.3� for the dihedrals
involving the two methylene protons. The structural significance of
this will be discussed subsequently.

Several methods and basis sets were employed to obtain
optimized geometries and energies for complexes C1 and C3, the
corresponding anions A1 and A3, and the transition structures
separating them (Scheme 2). Transition structures were calculated
using the transit-guided quasi-Newton (QST3) method,13 and were
confirmed with a single imaginary frequency. The results in Table 2
uniformly indicate that the lower energy anion is the tertiary anion
A1. Moreover, as the basis set is improved the difference in energies
of TSC1–C3 and TSC3–A3 decreases indicating that formation of the
secondary anion is competitive with the interconversion of the
complexes.

At this juncture we continue descriptions using data from the
geometry of the B3P86/6-31G(d) optimizations that served earlier
research on similar complex anions well.9,12 Data from other
computations gave parallel results and did not alter the judgments
to follow.

Images of the structures with the TMEDA and butane residues
removed for clarity again are shown in Figure 3 in order to illustrate
changes in selected bond lengths as the anions are formed. The
s,resp. Blue is nitrogen; red is oxygen.

pectively. Images with sec-butyl and TMEDA removed are shown below. Colors are as



Table 2
Relative energies for the structures in Scheme 2 (kcal/mol)a

Methods/basis sets C1 TSC1–C3 C3 TSC1–A1 A1 TSC3–A3 A3

HF/3-21Gb 23.5 42.6 24.1 47.5 0.0 52.3 7.7
B3P86/6-31G(d)c 19.8 37.2 20.5 35.7 0.0 40.3 5.8
B3P86/6-31þG(d)c 19.4 37.0 20.2 35.9 0.0 40.2 5.6
B3P86/6-31G(d)d 20.4 37.6 20.7 35.4 0.0 38.0 5.8
B3P86/6-311þG(d,p)e 18.9 36.4 19.5 33.8 0.0 36.5 5.5

a Complete details are provided in Supplementary data.
b Full optimization with zero point energies scaled by 0.9804.
c Single point energies with corrected zero point energies taken from HF

geometry.
d Full optimization with corrected zero point energies taken from HF geometry.
e Single point energies using B3P86 geometry and corrected using the zero point

energies taken from HF geometry.

4

C1

C3

A1 (TSC1-A1)

(TSC3-A3)

TSC1-C3

A3

Scheme 2. Reactions of 1 (R¼CO2
t Bu) with s-BuLi in the presence of TMEDA. Labels

reflect the numbering of the azabicyclic system.
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carbonyl oxygen bond of the lithiated structures lengthens while
the N–(C]O) distance decreases. Similarly, the N–C1 and N–C3

bonds lengthen in response to the developing charges on the
deprotonating carbons. Inspection of the potential non-bonded
interactions in C1 and C3 and their respective transition structures
leading to A1 and A3 (which includes the TMEDA and sec-butyl
groups) revealed the following items. In complex C1 short distances
exist between C1 proton and sec-butyl C proton (2.00 Å) and
crowding exists between tert-butyl and TMEDA with a distance as
small as 2.30 Å between protons. However, the dihedral angle H–C–
(N)–C]O is 4.47�, and the H–(C]O) distance is 2.68 Å. This is
a situation conducive to proton removal induced by dipole stabi-
lization.5,14 As the proton shifts in TSC1–A1 little change occurs in the
short distances noted for C1 sec-butyl and TMEDA protons. The
Figure 3. Simplified structures of the complexes, transition structures, and prod
lengths of C1–N and C]O bonds increase while that of N–(C]O)
bond shortens. In C3 close distances are observed for a C3 methy-
lene proton with each of two sec-butyl protons (2.11, 2.22 Å); the
other methylene proton is close to a TMEDA proton (2.26 Å). A
methanobridge proton is at a distance of 2.28 Å to a sec-butyl C3

proton. In addition, the TMEDA and sec-butyl residues are in closer
proximity than in C1. The critical dihedral angles (distances) in-
volving the acidic protons are 48.85� (H–[C]O]¼2.81 Å) and
�61.43� (3.11 Å). The structure of TSC3–A3 shows that the methylene
proton that is not transferred is now closer to the TMEDA proton
(1.99 Å), and the methanobridge proton to sec-butyl C3 proton
distance is reduced to 2.17 Å. No steric relief from crowding of
TMEDA and sec-butyl is evident. The dihedral angle, C3–N–C]O, is
13.14�, but the path of proton transfer described by the dihedral H–
C3–(N)–C]O remains diverged at 44.69�. The stabilization to be
derived from the carbonyl dipole is presumably offset by p–lone
pair repulsion as well as some steric compression beyond that
present in the complex C3. These calculations are consistent with
favorable kinetics for formation of the tertiary anion A1.

What are the intrinsic acidities of the relevant protons in the
carbamate? Calculations for N-(methoxycarbonyl)piperidine
showed that the axial protons were more acidic than the equatorial,
and that protons distal from the carbonyl were more acidic than
those that were proximal.15 Bonds that were anti to the lone pair in
each of the possible anions were lengthened. The authors note that
the effects were similar to those calculated from cyclohexane an-
ions,16 and were then ascribed to coupling of the lone pair orbital
with those of antiperiplanar antibonding orbitals. An analysis of
charge distributions indicated that the acidity of a proton could be
related to the ability to disperse the charge of the resulting anion
more readily to the carbamate carbonyl oxygen.15 In the event, the
asymmetric lithiations of Boc-piperidine had involved removal of
the intrinsically least acidic proton. In light of the value for regio-
selective deprotonations of bridgehead azabicyclics such as 1, we
evaluated the acidities of the protons of the bicyclic carbamate 5
(Fig. 4) in similar manner at 195 K, which is the temperature at
which deprotonations had led to production of both 1- and 3-an-
ions. Specifically, the structures were initially optimized for
uct anions derived from C1 and C3 at the B3P86/6-31G(d) level of accuracy.



Table 3
Calculated proton abstraction enthalpies for 5

Structure B3P86/6-31þG(d)a ZPEb Hcorr
c DHd DHe

s-trans-carbamate �479.558855 0.179960 �479.557619 0.1
s-cis-carbamate �479.558911 0.179861 �479.557745
Ha �478.945468 0.162839 �478.944233 385.0 0.0
Hc �478.937445 0.162718 �478.93621 390.0 5.0
Hb �478.942035 0.162640 �478.940800 387.1 2.1
Hd �478.940545 0.162939 �478.939309 388.1 3.1

a Full optimization (1 Hartree¼627.51 kcal/mol).
b Zero point energy uncorrected.
c Sum of thermal and electronic enthalpies with zero point correction and calculated for 195 K.
d kcal/mol relative to s-cis-carbamate.
e kcal/mol relative to anion derived by removal of Ha.

Table 4
Bond lengths of the carbamates 5 and their anions (Fig. 4) (Å)a

Entry Structure 1–2(N) 1–5 1–6 2(N)–3 3–4 4–5 4–6 N–(C]O) C]O C–O O–Me

1 s-trans-5 1.471 1.545 1.549 1.472 1.535 1.554 1.555 1.353 1.221 1.358 1.426
2 s-cis-5 1.467 1.549 1.545 1.472 1.536 1.555 1.554 1.352 1.221 1.359 1.426
3 s-trans-1 1.511 1.584 1.584 1.473 1.529 1.545 1.545 1.327 1.243 1.372 1.410
4 s-cis-1 1.509 1.584 1.584 1.478 1.528 1.544 1.544 1.329 1.227 1.407 1.410
5 s-trans-3 1.461 1.553 1.549 1.505 1.531 1.577 1.555 1.322 1.235 1.409 1.409
6 s-cis-3 1.457 1.551 1.550 1.510 1.533 1.576 1.555 1.322 1.247 1.380 1.409

a Atom numbering as for 1 (Scheme 1).

Figure 4. Identities of the acidic protons of the carbamate 5.
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geometry at the RHF/3-21G level. The output geometries and force
constants were employed to hasten optimizations at the B3P86/
6-31þG(d) level of accuracy. Proton abstraction enthalpy was taken
as Hanion–Hconj.acid. Enthalpies reported in Table 3 include the un-
corrected values, and the values corrected by unscaled zero point
energies. Four deprotonations were considered: removal of C1–H
with carbonyl oriented anti or syn to the proton being removed (Ha,
Hb, respectively) and deprotonation of a C3–H, again with carbonyl
in either of two orientations (Hc, Hd) (Fig. 4 and Table 3). The more
acidic proton is tertiary regardless of carbonyl orientation; the
tertiary proton is most acidic when the carbonyl oxygen is distal.
The least acidic proton is the C3–H when the carbonyl is distal,
hence the order of acidity is Ha>Hb>Hd>Hc.

Examination of bond lengths (Table 4) showed that the N–
(C]O) single bond and the O–Me bond is uniformly shortened in
the anions, while the C–O single bond was slightly lengthened
(entries 3–6 vs 1 and 2). For the tertiary anions 1, bond lengthening
occurred for bonds associated with the anionic carbon, namely C1–
N, and C1–C5,6, while the secondary anions 3 showed lengthened
bonds for N–C3 and the antiperiplanar bond C4–C5. The C4–C6 bond
was essentially unaltered. Moreover, the sums of angles at the base
of each potential anion were commensurate with expectations for
the greater acidity of the tertiary proton of the bicyclic structure.
The angles subtending the lone pair of the tertiary anions totaled
274.3� and 274.6�, while the corresponding values for the second-
ary anions were 312.5� and 311.1�. As in the complexed anions, the
tertiary anion is stabilized by bond angles that permit greater s
character for the anion pair. In contrast to deprotonations of Boc-
piperidine, the anion formed in the bicyclic carbamate 5 involves
abstraction of the more acidic proton.

3. Conclusions

The computations reported here are consistent with a rapid
interconversion of the cis- and trans-carbamates 4 when deproto-
nations were conducted at 0 �C. The more readily deprotonated
complex was that which led to the tertiary anion.17 Deprotonation
at the lower temperature (�78 �C) led to a product composition
that reflected diminished equilibration of the complexed con-
formers. The observed reactions involved deprotonation of the
more stable sec-butyllithium–TMEDA complex and produced the
more stable anion. Additionally, by judging the data for deproto-
nation of 5 in the absence of lithium cation and TMEDA, it is evident
that the tertiary carbamate anion is generally the more stable.
Alteration of regioselectivity, therefore, will require defining a
dynamic kinetic basis for the deprotonation through use of site
directing complexing agents or altering the stabilities of the anions
themselves by appropriate substitutions.

4. Experimental

Computations were conducted with Gaussian 98 using methods
and basis sets as indicated in the text and table footnotes. Complete
details are provided in Supplementary data. Geometry optimiza-
tions and frequency calculations were used to locate PE minima and
obtain thermodynamic data, and transition structures were calcu-
lated using the transit-guided quasi-Newton (QST3) method.17

These were confirmed with a single imaginary frequency.
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