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Introduction

The use of a 1:1 complex a$ecbutyllithium and ¢)-
sparteine for the asymmetric deprotonation of a prochiral carbon
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Abstract: The enantioselective lithiation of N-Boc-pyrrolidine using sec-butyllithium and isopropyllithium
in the presence of sparteine-like diamines has been studied experimentally and computationally at various
theoretical levels through to B3P86/6-31G*. Of the (—)-cytisine-derived diamines (N-Me, N-Et, N-"Bu, N-CH,*-
Bu, N-Pr) studied experimentally, the highest enantioselectivity (er 95:5) was observed with the least
sterically hindered N-Me-substituted diamine, leading to preferential removal of the pro-R proton i.e., opposite
enantioselectivity to (—)-sparteine. The experimental result with the N-Me-substituted diamine correlated
well with the computational results: at the B3P86/6-31G* level, the sense of induction was correctly
predicted; the lowest energy complex of isopropyllithium/diamine/N-Boc-pyrrolidine also had the lowest
activation energy (AH* = 11.1 kcal/mol, AG* = 11.5 kcal/mol) for proton transfer. The computational results
with the N-Pr-substituted diamine identified a transition state for proton transfer with activation energies
of AH* = 11.7 kcal/mol and AG* = 11.8 kcal/mol (at the B3P86/6-31G* level). Although comparable to
(—)-sparteine and the N-Me-substituted diamine, these AH* and AG* values are at odds with the experimental
observation that use of the N-Pr-substituted diamine gave no product. It is suggested that steric crowding
inhibits formation of the prelithiation complex rather than increasing the activation enthalpy for proton transfer
in the transition state. Three other ligands (N-H and O-substituted as well as a five-membered ring analogue)
were studied solely using computational methods, and the results predict that the observed enantioselectivity
would be modest at best.

usingsecbutyllithium and ¢)-sparteine in diethyl ether at78

°C and subsequent electrophilic trapping generates substitution
products with an enantiomer ratio (ex) 95:5 via preferential
removal of thepro-S proton. From a mechanistic perspective,

to give a configurationally stable, nonracemic organolithium is
a powerful methodology in asymmetric synthéstsSome of
the best substrates for such asymmetric lithiationsCaegky!|
carbamates, as identified by Hoppe et 3dl.and N-(tert-
butoxycarbonyl)pyrrolidineN-Boc-pyrrolidinel), as developed
by Beak et aP. For example, lithiation oN-Boc-pyrrolidinel

T University of York.

*Yale University.

§ University of Connecticut.
(1) For reviews, see: (a) Hoppe, D.; Hense Afiigew. Chem., Int. Ed. Engl.
1997 36, 2282. (b) Beak, P.; Basu, A.; Gallagher, D. J.; Park, Y. S;
Thayumanavan, SAcc. Chem. Red996 29, 2283.
For recent examples, see: (a) Seppi, M.; Kalkofen, R.; Reupohl,” Bljdfro
R.; Hoppe, D.Angew. Chem., Int. EQR004 43, 1423. (b) Reuber, J,;
Frohlich, R.; Hoppe, DOrg. Lett.2004 6, 783. (c) Dieter, R. K.; Gire, V.
K.; Chen, N.Org. Lett. 2004 6, 763. (d) Dieter, R. K.; Watson, R. T.;
Goswami, ROrg. Lett.2004 6, 253. (e) Liu, G.; Sieburth, S. McNDrg.
Lett. 2003 5, 4677. (f) Jang, D. O.; Kim, D. D.; Pyun, D. K.; Beak, P.
Org. Lett.2003 5, 4155. (g) Hodgson, D. M.; Buxton, T. J.; Cameron, I.
D.; Gras, E.; Kirton, E. H. MOrg. Biomol. Chem2003 1, 4293. (h)
Whisler, M. C.; Beak, PJ. Org. Chem2003 68, 1207. (i) Coldham, I.;
Copley, R. C. B.; Haxell, T. F. N.; Howard, 8rg. Biomol. Chem2003
1, 1532. (j) Sieburth, S. McN.; O’Hare, H. K.; Xu, J.; Chen, Y.; Liu, G.
Org. Lett. 2003 5, 1859. (k) Metallinos, C.; Szillat, H.; Taylor, N. J.;
Snieckus, VAdv. Synth. Catal2003 345, 370.
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kinetic results reported by Beak and Gallagher are consistent
with initial formation of a thermodynamically preferred three-
component alkyllithium/-)-sparteinel-Boc-pyrrolidinel com-

plex followed by rate-limiting lithiatiorf.

Our interest in the enantioselective lithiation bFBoc-
pyrrolidine 1 is two-fold. First, we are interested in evaluating
the effect of the diamine structure on the sense and degree of
theN-Boc-pyrrolidine deprotonation, and we recently described
the first example of a chiral diamine that delivers a comparable

(3) (a) Hoppe, D.; Hintze, F.; Tebben, Rngew. Chem., Int. Ed. Engl99Q
29, 1422. (b) Schwerdtfeger, J.; Hoppe, Bngew. Chem., Int. Ed. Engl.
1992 31, 1505. (c) Hintze, F.; Hoppe, DSynthesis1992 1216. (d)
Woltering, M. J.; Frdlich, R.; Hoppe, DAngew. Chem., Int. Ed. Engl.
1997, 36, 1764. (e) Oestreich, M.; Fntich, R.; Hoppe, DJ. Org. Chem.
1999 64, 8616. (f) Heinl, T.; Retzow, S.; Hoppe, @hem. Eur. J1999
5, 3464. (g) Deiters, A.; Hoppe, 0. Org. Chem2001, 66, 2842.

(4) Wiurthwein, E.-U.; Behrens, K.; Hoppe, @hem. Eur. J1999 5, 3459.

(5) (a) Kerrick, S. T.; Beak, Rl. Am. Chem. S0d.991, 113 9708. (b) Beak,
P.; Kerrick, S. T.; Wu, S.; Chu, J. Am. Chem. S0d.994 116, 3231. (c)
Bertini-Gross, K. M.; Beak, PJ. Am. Chem. So001, 123 315.

(6) Gallagher, D. J.; Beak, B. Org. Chem1995 60, 7092.
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(-)-sparteine ent-2

a:R=Me;b:R=Et;c: R.= "Bu
d:R=CHyBu;e:R=Pr

level and opposite sense of enantioselectivity-tp-¢parteine’:8

Thus, use of{)-sparteine-like diaminent2ato lithiate N-Boc-

pyrrolidine 1 produced a substitution product with &r 95:5

and the opposite sense of asymmetric induction compared to

that obtained with-¢)-spartein€:® Second, we are applying ab
initio molecular orbital theory to a range of enantioselective

lithiation processes, and our computational results on the >

lithiation of N-Boc-pyrrolidinel using isopropyllithium and-)-
sparteine were recently report&drhe experimental results were

accurately reproduced by ab initio calculations at the B3P86/

6-31G* levell! and the interactions that lead to the enantiose-
lectivity were shown to be mainly steric in origin by application
of the ONIUM model of Morokuma et &f in which theN-Boc-
pyrrolidine 1 and isopropyllithium were treated quantum
mechanically and the~)-sparteine ligand and its interaction
with the rest of the complex were treated by molecular
mechanics. As well as information from ligand variation and
computational studies, reports on solutibH and solid-staté
structures of alkyllithium/-)-sparteine complexes also provide
useful insight into reactivity.

Despite all of the previous efforts, there remains the intriguing
guestion of exactly what portion of)-sparteine’s structure is

(7) (a) Dearden, M. J.; Firkin, C. R.; Hermet, J.-P. R.; O'Brien, JPAm.
Chem. Soc2002 124, 11870. (b) Hermet, J.-P. R.; Porter, D. W.; Dearden,
M. J.; Harrison, J. R.; Koplin, T.; O'Brien, P.; Parmene, J.; Tyurin, V.;
Whitwood, A. C.; Gilday, J.; Smith, N. MOrg. Biomol. Chem2003 1,
3977.

The most detailed study of ligand variation in the asymmetric lithiation
substitution ofN-Boc-pyrrolidine1 has been carried out by Beak et al.,
but none of the ligands could match the efficacy ef){sparteine (no
substitution products were obtained wittvy5% ee and most were40%
ee). Similarly, Kozlowski et al. had limited success (26% ee substitution
product) using 1,5-diazeis-decalins. See: (a) Gallagher, D. J.; Wu, S.;
Nikolic, N. A.; Beak, P.J. Org. Chem1995 60, 8148. (b) Li, X.; Schenkel,

L. B.; Kozlowski, M. C.Org. Lett.200Q 2, 875. (c) Xu, Z.; Kozlowski,
M. C. J. Org. Chem2002 67, 3072.

The result we obtained using diamiexet2a for the lithiation—substitution

of N-Boc-pyrrolidinel has also been verified using diamida (prepared
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by a different synthetic approach). See: Danieli, B.; Lesma, G.; Passarella,

D.; Piacenti, P.; Sacchetti, A.; Silvani, A.; Virdis, A.etrahedron Lett.
2002 43, 7155.

(10) (a) Wiberg, K. B.; Bailey, W. FAngew. Chem., Int. E®00Q 39, 2127.
(b) Wiberg, K. B.; Bailey, W. FJ. Mol. Struct200Q 556, 239. (c) Wiberg,
K. B.; Bailey, W. F.Tetrahedron Lett200Q 41, 9365. (d) Wiberg, K. B.;
Bailey, W. F.J. Am. Chem. So001, 123 8231.

(11) 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.; Ortiz, J. V.; Baboul,
A. G.; Cioslowski, J.; 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.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. aussian 99 Development
Version (Rev. B.04); Gaussian, Inc.: Pittsburgh, PA, 1998.

(12) (a) Maseras, F.; Morokuma, K. Comput. Chem1995 16, 1170. (b)
Matsubara, T.; Sieber, S.; Morokuma, Kit. J. Quantum Cheml996
690, 1101. (c) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.;
Sieber, S.; Morukuma, KJ. Phys. Chem1996 100, 19357. (d) Humbel,
S.; Sieber, S.; Morokuma, K. Chem. Physl996 105, 1959. (e) Dapprich,
S.; Komaromi, |.; Byun, K. S.; Morokuma, K.; Frisch, M. THEOCHEM
1999 462 1.

(13) Gallagher D. J.; Kerrick, S. T.; Beak, . Am. Chem. Sod.992 114
5872

(14) (a) Rutherford J. L.; Hoffmann, D.; Collum, D. B.Am. Chem. So2002
124, 264. (b) Hoffmann D, Collum D. BJ. Am. Chem. S0d.998 120,
5810.

responsible for the observed high enantioselectivity in the
lithiation of N-Boc-pyrrolidine 1. Why does {)-sparteine
occupy such a privileged position in terms of asymmetric
induction in this reaction? In an attempt to address this issue,
we have compared the experimental results for the lithiation of
N-Boc-pyrrolidinel using diaminegnt2a—e (with substituents

R of different steric demands) with the results generated from
a computational study using diamir2s 2b, and2e In addition,
three modified diamines have been investigated solely from a
theoretical perspective. Ligand variation in combined experi-
mental/computational studies using alkyllithiumj¢sparteine
systems has been somewhat limited in previous reports (pre-
sumably due to size of the complexes involved in the calcula-
tions): O-alkyl carbamates R R)-1,2-bis(\,N-dimethylamino)-
cyclohexane only}, N-Boc-pyrrolidine 1 [(—)-sparteine and
(RR)-1,2-bis(\,N-dimethylamino)cyclohexan&] and N-Boc-
piperidine [()-sparteine only}® This is the first detailed study

of ligand variation using a combined experimental and com-
putational approach in an alkyllithium#{-sparteine-mediated
process.

Results and Discussion

Enantioselective Lithiation of N-Boc-pyrrolidine Using
Sparteine-like Diamines.A range of diaminegnt2a—e with
N-alkyl groups of different steric sizes was prepared from(
cytisine extracted fromLaburnum anagyroideseeds’ The
preparation of diaminesnt2a—d using a simple three-step route
(N-acylation, pyridone hydrogenation, and lithium alumi-
num hydride reduction) has been described previoli§l\Di-
amineent2e was prepared by modifications of this approach
(as noted by Kann et &%): (i) reductive alkylation of €)-
cytisine (to give theN-'Pr derivative); (ii) pyridone hydrogena-
tion under acidic conditions, and (iii) lithium aluminum hydride

reduction.
HN R. H a: R =Me
= | N b:R=Et
N - N c:R="Bu
d: R =CH,'Bu
(-)-cytisine 0o ent-2 e:R='pr

Diaminesent2a—e and (—)-sparteine were evaluated in the
lithiation—substitution ofN-Boc-pyrrolidinel (Table 1). The
typical procedure, analogous to that described by Beak et al.,
involved lithiation of N-Boc-pyrrolidine 1 using 1.3 equiv of
secbutyllithium and diamine in diethyl ether at78 °C for 5
h followed by trapping with MgSiCl. The trimethylsilyl adduct
3 and any recovered starting material were then isolated by
chromatography. For direct comparison of the experimental
results with those obtained from the computational study (vide
infra), we also carried out some reactions using isopropyllithium.

The yield and er of adduc§)-3 obtained using-)-sparteine
(entries 1 and 2) are comparable to those reported previously

(15) (a) Strohmann, C.; Strohfeldt, K.; Schildbach, JDAm. Chem. So2003
125 13672. (b) Strohmann, C.; Seibel, T.; Strohfeldt,Aqgew. Chem.,
Int. Ed. 2003 42, 4531. (c) Vestergren M.; Eriksson, J.; Hilmersson, G
Hakansson, MJ. Organomet. Chen2003 682 172. (d) Pippel, D. J,;
Welsenburger G. A.; Wilson, S. R.; Beak,Agew. Chem., Int. EA998
37, 2522. (e) Hoppe, l.; Marsch, M.; Harms, K.; Boche, G.; Hoppe, D.
Angew. Chem., Int. Ed. Engl995 34, 2158.

(16) Balley, W. F.; Beak, P.; Kerrick, S. T.; Ma, S.; Wiberg, K.BAm. Chem.
Soc.2002 124, 1889.

(17) Marrige, D. E.; Rouden, J.; Tadino, V.; Lasne, M.-Qrg. Lett.200Q 2,
1121

(18) Dearden, M. J.; McGrath, M. J.; O’Brien, P.0Org. Chem2004 69, 5789.

(19) Johansson, M.; Schwartz, L. O.; Amedjkouh, M.; Kann, NE@x. J. Org.
Chem.2004 1894,

J. AM. CHEM. SOC. = VOL. 126, NO. 47, 2004 15481
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Table 1. Evaluation of Diamines 2a—e in the
Lithiation—Substitution of N-Boc-pyrrolidine 1

» »

1. SBuLi or 'PrLi, diamine
Et,0,-78°C,5h

2. Me,SiCl

(N

N SiMe3

"'SiMes +

L Boc Boc
diamine: ent-2a-e
1 or (-)-sparteine (5)-3 (R)-3
alkyl- major proton  yield SM
entry lithium diamine? Rinent2 product removed® (%)° erd  (%)°
1 SBuLi (—)-sparteine — (9-3 pro-S 87 955 —
2 PrLi (—)-sparteine — (9-3 pro-S 78 9911 -—
3  SBuLi ent2a Me (R-3 pro-R 84 595 —
4 PrLi  ent2a Me (R-3 pro-R 66 6:94 —
5 SBulLi ent2b Et (R-3 pro-R 73 10:90 —
6 SBuLi ent2c "Bu (R-3 pro-R 27 11:89 20
7 SBuLi ent2d ‘BuCH, — - 35 51:49 36
8 SBuLi ent2e iPr - - 0 - 58

aReaction conditions: (i) 1.3 equRBuLi or 'PrLi, 1.3 equiv diamine,
Et,0, —78°C, 5 h; (ii) MesSiCl; each entry is a specific set of experimental
data that has been reproduced with essentially identical results on more
than one occasioi.Preferential proton removeélsolated yield §- or
(R)-3 after purification by column chromatograptyEnantiomer ratio
determined by chiral GC (Chiraldex G-PNy-cyclodextrin, propionyl
dervative in the 3-position}. Isolated yield of recovereN-Boc-pyrrolidine
1 after purification by column chromatography.

by Beak et al? although, in our hands, better enantioselectivity
(er 99:1, entry 2) was obtained using isopropyllithium compared
to secbutyllithium (er 95:5, entry 1). TheH)-sparteine-like
N-Me diamineent2a afforded opposite enantioselectivity and
isopropyllithium andsecbutyllithium behaved in essentially the
same way (entries 3 and 4).

When theN-alkyl substituent in diamine2 was changed,
some interesting trends were not®dEt diamineent2b (entry
5) and theN-"Bu diamineent2c (entry 6) produced slightly
lower enantioselectivity (et~ 90:10). In contrastN-CH,'Bu
diamineent2d generatedacemicadduct3 in 35% yield (entry
7). Furthermore, increasing the steric size of tNealkyl
substituent in diamineg leads to a reduction in the yield of
adduct 3 together with recovery of significant amounts of
N-Boc-pyrrolidine 1 (up to 58%, entries 68). The most
sterically hinderedN-"Pr-substituted diaminent2e did not
generate any isolable addu8t under comparable reaction
conditions. This is reminiscent of the relatively unsuccessful
lithiation of N-Boc-pyrrolidinel using ()-isosparteine{10%
lithiation by GC after MgSiCl quenchf2When alkyllithium—
diamine complexes slowly lithiat&l-Boc cyclic amine sub-
strates, alkyllithium addition to the carbamate group can become
competitivel® This could account for the remainder of the mass
balance in the reactions that give low conversions to adgluct
Itis tempting to conclude that more sterically hindered diamine
ligands lead to a reduced rate of lithiation in the alkyllithium/
diamineN-Boc-pyrrolidine 1 complex, but the results of the
computational study with thil-'Pr-substituted diamin2e are
not in line with this explanation (vide infra). Instead, formation
of the prelithiation complex of alkyllithium/diamini/Boc-
pyrrolidine 1 may be thermodynamically disfavored with the
more sterically hindered diamine ligands.

To summarize, the results presented in Table 1 demonstrate

the scope and limitations of using-J-sparteine-like diamines

Table 2. Calculated B3P86/6-31G* Relative Energies of
Isopropyllithium/N-Me Diamine 2a/N-Boc-pyrrolidine 1 Complexes
and Transition States for Proton Transfer?

H N/
N

2a

ground transition activation

state state energy proton
complex Hel Gl Hel Gl AHF AG* removed®
4-Me 2.8 2.3 35 2.8 11.8 11.9 pro-R
5-Me 0.0 0.0 0.0 0.0 111 115 pro-S
6-Me 3.0 2.4 3.8 3.1 11.9 12.2  pro-R
7-Me 3.3 2.9 4.1 4.1 11.9 12.8 pro-S

a All energies in kcal/mol? B3P86/31-G* energies in kcal/mol corrected
for both differences in zero-point energy and the change in enthalpy on
going fran 0 K (corresponding to the calculations) to 195 K (corresponding
to the lithiation temperature of-78 °C used in the experiments).
¢ Preferential proton removed.

is recommended for high yield and high enantioselectivity (in
the opposite sense te-§-sparteine) in such reactions (entries 3
and 5).

Computational Results: Comparison with Experimental
Results. For ease of comparison with—j-sparteine, the
calculations described in this section were carried out using the
theoretical diamine&a, 2b, and2e corresponding to the same
enantiomeric series as-{-sparteine (i.e. the ABC rings of)-
sparteine as depicted in this paper). The first set of calculations
used the four lowest energy, three-component complexes of
isopropyllithium, ()-sparteine, andN-Boc-pyrrolidine 1 that
we had previously examinéd? The D-ring of (-)-sparteine
was deleted from each of these structures to give the truncated
N-Me sparteine-like diaminga. Geometry optimizations were
initially carried out at the HF/3-21G level of theory and
vibrational frequencies were calculated for the four optimized
structures 4-Me, 5-Me, 6-Me, and 7-Me). The calculated
frequencies obtained at the HF/3-21G level were scaled by a
factor of 0.917, giving an estimate of the zero-point energy
(ZPE), and the enthalpy and free energy changes on going from
0 K (corresponding to the computations) to 195 K78 °C,
the lithiation temperature) were then obtained using these scaled
frequencies. The corresponding transition stai@dMe-TS,
5-Me-TS, 6-Me-TS and 7-Me-TS) for proton transfer within
these complexes were located at the HF/3-21G level using the
synchronous transit-guided quasi-Newton method of Schlegel
et al?® Subsequently, the HF/3-21G-optimized structures for
both ground and transition states were reoptimized using B3P86/
6-31G*. The results of these calculations are summarized in
Table 2 and the structures of the complexes and their corre-
sponding transition states are shown in Figures 1 and 2. Full
details of the calculations, including absolute energies, ZPEs,
and atomic coordinates for all species are available in the
Supporting Information.

Examination of the data in Table 2 reveals that complévte
has the lowest energy and lowest activation energy*(and
AG¥) for proton transfer fromN-Boc-pyrrolidine 1 to the
complexed isopropyllithium. Moreover, complé&xMe leads,
via transition stat&-Me-TS, to removal of thepro-S proton of
N-Boc-pyrrolidine 1. This result is in agreement with the

2 in the lithiation—substitution ofN-Boc-pyrrolidinel. Indeed,
use of theN-Me diamineent2a and theN-Et diamineent2b

15482 J. AM. CHEM. SOC. = VOL. 126, NO. 47, 2004

(20) (a) Peng, C.; Ayale, P. Y.; Schlegel, H. B.; Frisch, M1.J-Comput. Chem
1996 17, 49. (b) Peng, C.; Schlegel, H. Bsrael J. Chem1994 33, 449.
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Figure 1. Structures of the isopropyllithium/diamirga (N-Me)/N-Boc-pyrrolidinel intermediate complexes: (4)Me, (b) 5-Me, (c) 6-Me, (d) 7-Me. The
nitrogen atoms are blue, the lithium is orange, the oxygen atoms are red, the core carbons of Z&ganemgray, and thé&-Me carbon of diamin€a
together with the carbons ®f-Boc-pyrrolidinel and isopropyllithium are black.

experimental observations with tiN:Me-substituted diamine
ent2a, which shows a preference for removal of the-R
proton (Table 1, entry 4). Indeed, the calculated activation
energies fopro-Sproton removal oN-Boc-pyrrolidinel within

the isopropyllithium/diamine2a complex AH* = 11.1 kcal/
mol, AG* = 11.5 kcal/mol) are reasonable for a reaction that
occurs readily at—=78 °C and are virtually identical to the
activation energies calculated witk-)-sparteine (vizAH* =
10.9 kcal/mol,AG*¥ = 11.5 kcal/mol)t% The lowest energy
complex leading topro-R proton removal, complext-Me
(Figure 1a), is calculated to be less stable than compible
(Figure 1b) Hel = 2.8 kcal/mol,Gre = 2.3 kcal/mol), and its
transition state4-Me-TS, Figure 2a) has a free energy that is
some 3.2 kcal/mol higher (i.e. 04 2.8 kcal/mol) than the
transition state from complex-Me. In addition, the transition
state forpro-R proton removal4-Me-TS) has an enthalpy that
is 4.2 kcal/mol (i.e. 0.7 3.5 kcal/mol) higher than the transition
state from complexs-Me. This is virtually the same result
obtained with £)-sparteine AAH¥ = 4.5 kcal/mol, AAG* =

3.2 kcal/mol) and confirms the experimental result that the
truncatedN-Me sparteine ligan@a behaves in essentially the
same fashion as does)-sparteine in this chemistry.

5-Et, 6-Et, and 7-Et) or diamine2e (4-Pr, 5-Pr, 6-Pr, and
7-Pr) were initially optimized at the HF/3-21G level. Calcula-
tions involving diamine2b and2e pose additional difficulties,
since it is necessary to consider the effect of conformational
isomerism arising from rotation about the-IC bond. In the
event, as expected, there are three conformational minima for
each complex, arbitrarily termea b, andc, leading to a total
of 12 distinct structural isomers that must be evaluated for each
of the N-Et (2b) and theN-Pr (26) complexes. Geometry
optimization of each of the 12 complexes at the HF/3-21G level
gave minimum energy structures. In each case, the lowest energy
arrangement of thil-alkyl group is the one that minimizes the
steric interaction between the terminal atoms of the alkyl group
and thetert-butoxy group of the complexed-Boc-pyrrolidine
1. Due to the size of these complexes, it was not practical to
obtain B3P86/6-31G* energies for all 24 complexes, but a few
low-energy complexes were examined at this level, and the
results of these calculations are summarized in Tables 3 and 4.
The results for the complexes of tiEt diamine2b are
shown in Table 3. Vibrational frequencies were calculated at
the HF/3-21G level and were scaled by 0.917 to give estimates
of the zero-point energies. ComplBg-Et is the only low-energy

Next, calculations using the more sterically hindered diamines structure at the HF/3-21G level. Nonetheless, B3P86/6-31G*

2b (N-Et) and2e (N-'Pr) were carried out. Complexes between
isopropyllithium, N-Boc-pyrrolidinel, and diamine2b (4-Et,

geometry optimizations were carried out for all complexes
having relative energies less than 4 kcal/mol, and this exercise
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(d)

Figure 2. Structures of the transition states leading to deprotonatidwB6c-pyrrolidinel using isopropyllithium/diamin@a (N-Me): (a)4-Me-TS, (b)
5-Me-TS, (c) 6-Me-TS, (d) 7-Me-TS. Note that4-Me-TS and 6-Me-TS lead to removal of thero-R proton, whereas-Me-TS and 7-Me-TS lead to
removal of thepro-S proton. Colors as in Figure 1.

confirmed that comple%c-Et, leading to transfer of thpro-S 1 to isopropyllithium using diamin€b is complex6c-Et, and

proton ofN-Boc-pyrrolidinel, had the lowest energy. Structures the next lowest is comple#c-Et (Table 3).

of the lowest energy complexds-Et, 5¢-Et, 6¢-Et, and7c-Et It was not practical to locate the transition states for this large

are shown in Figure 3; complexek-Et and 6¢-Et lead to number of complexes, but, as we have noted previously, there

preferential removal of thpro-R proton, and complexesc-Et is generally a good correlation between ground-state energy

and7c-Et lead to preferential removal of theo-S proton. differences of the complexes and the corresponding transition
In each group of complexes{c) there was onecj that state energies for the lithiation ®-Boc-pyrrolidine 1.1%4 On

was more stable than the other two (Table 3); compléees the assumption that ground-state energy differences mirror
Et, 5b-Et, and5c-Et (Figure 4) are representative. In each case, transition state energy differences, compi&xEt should have

the lowest energy structure was that in which the terminal methyl the lowest transition state energy and the-S hydrogen of

of the N-Et group is positioned relatively distant from both the theN-Boc-pyrrolidinel should preferentially be removed using
tert-butoxy group of the complexeN-Boc-pyrrolidine 1 and diamine 2b, with similar enantioselectivity as th&-Me-

the associated isopropyllithium (Figure 4, compexEt). Such substitued diamin€a. This result is in agreement with the
an arrangement apparently minimizes nonbonded steric interac-experimental observations (Table 1, entry 5).

tions within the complex. Consequently, there is little difference  The complexes between isopropyllithiuht;Boc-pyrrolidine
within the prelithiation complex between the interactions of an 1, and theN-'Pr diamine2e (4-Pr, 5-Pr, 6-Pr, and7-Pr) were
N-Me or anN-Et group in the most stable complexes of each examined in the same fashion as tkeéet complexes (Table
diamine ligand (compare comple#-Me in Figure 1 with 4). There are thre&l-iPr group rotamers to consider for each
complex5c-Et in Figure 3). The lowest energyfe and Gre)) complex, and the lowest energy structure is the one that has
complex for transfer of thero-R proton of N-Boc-pyrrolidine the smallest steric interaction between MwPr group and the
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Table 3. Calculated Relative Energies of Isopropyllithium/N-Et
Diamine 2b/N-Boc-pyrrolidine 1 Complexesa?

H N/\
N

2b
HF/3-21G B3P86/6-31G* proton
complex 7° Hel ZPE Gl Heel G removed?
4a-Et  64.0 3.0 4419 2.7 4.0 3.6 pro-R
4b-Et —65.2 4.0 4419 36 — - pro-R
4c-Et 179.1 2.1 441.6 1.3 35 2.7 pro-R
5a-Et 73.7 2.9 442.1 3.1 1.4 1.6 pro-S
5b-Et —-71.3 1.6 442.3 2.0 0.4 0.8 pro-S
5c-Et 178.0 0.0 441.9 0.0 0.0 0.0 pro-S
6a-Et 62.4 5.1 4420 47 — - pro-R
6b-Et —58.7 5.3 442.1 47 - - pro-R
6¢-Et 172.7 29 441.9 2.4 2.7 2.2 pro-R
7a-Et 62.2 4.6 4420 46 — - pro-S
7b-Et —-71.8 4.5 4420 42 -— - pro-S
7c-Et 176.0 2.7 441.8 2.3 3.2 2.8 pro-S

a All energies in kcal/mol? B3P86/31-G* energies in kcal/mol corrected
for both differences in zero-point energy and the change in enthalpy on
going fran 0 K (corresponding to the calculations) to 195 K (corresponding
to the lithiation temperature 6f78 °C used in the experiments)Torsional
angle ¢) defined by N--N—CH,—CHjs, where N--N is the line connecting
the nonbonded nitrogen atoms of the diamfhBreferential proton removed.

tert-butoxy group of the associatédtBoc-pyrrolidinel. Due

to the long execution times needed for the evaluation of these
complexes, only representative zero-point energies were cal-

culated using the HF/3-21G-optimized structures, but the zero-
point energies that were computed (Table 4) are quite similar.
B3P86/6-31G* geometry optimizations were carried out for the
lowest energy complexes (Table 4). Structures of the lowest
energy complexega Pr, 5b-Pr, and 7b-Pr are shown in
Figure 5; complex4a-Pr leads to preferential removal of the
pro-R proton and complexesb-Pr and 7b-Pr lead to
preferential removal of thero-S proton.

The transition state for proton transfer within the lowest
energyN-Pr complex b-Pr), 5b-Pr-TS, was located using

the synchronous transit-guided quasi-Newton method, and the

vibrational frequencies as well as the B3P86/6-31G* geometry
(Figure 6) and energy were obtained (HF/3-2/&{* = 18.8
kcal/mol, AG* = 18.9 kcal/mol; B3P86/6-31G*AH* = 11.7
kcal/mol, AG* = 11.8 kcal/mol). This indicates that there should
be a significant preference for transfer of §he-S proton of
the associatetl-Boc-pyrrolidinel with an activation enthalpy

of approximately 11.7 kcal/mol. Thus, tHé-Pr-substituted
diamine2e would be expected to behave like theMe- and
N-Et-substituted diamine2é& and 2€). This result is perhaps
not surprising in the light of the structure of the lowest energy
N-Pr complex (Figure 5, comple#b-Pr) which serves to
minimize the steric interaction between the methyl groups of
the N-'Pr group and theert-butoxy group of the complexed
N-Boc-pyrrolidine 1. This computational result appears to be

Table 4. Calculated Relative Energies of Isopropyllithium/N-Pr
Diamine 2e/N-Boc-pyrrolidine 1 Complexes2?

) N
N

2e
HF/3-21G B3P86/6-31G*

proton
complex 7° Eq ZPE  Heg G Hel Ge  removed?
4alPr 59.8,—175.0 1.3 459.2 1.0-01 31 1.9 pro-R
4b-Pr —60.0,174.8 3.3 4593 32 1.7 3.8 2.3 pro-R
4¢iPr  50.2,—72.0 4.4 — - - - - -
5alPr 72.0,—163.8 2.3 4596 23 17 1.9 1.3 pro-S
5b/Pr —66.5, 169.2 0.0 459.6 0.0 0.0 0.0 0.0 pro-S
5¢c/Pr —57.3,65.3 3.6 4595 35 28 -— - -
6a'Pr 44.0,168.8 3.7 4593 36 24 -— - -
6b/Pr —49.3,—-175.2 3.6 4595 36 27 — - —
6¢/Pr 51.9,—70.1 59 — - = — - —
7alPr 59.3,-175.8 3.3 4593 32 23 3.7 2.8 pro-S
7biPr —54.7,179.8 3.1 4593 29 2.2 3.1 2.3 pro-S
7¢iPr  52.9,—68.9 49 — - = - - -

a All energies in kcal/mol? B3P86/31-G* energies in kcal/mol corrected
for both differences in zero-point energy and the change in enthalpy on
going fran 0 K (corresponding to the calculations) to 195 K (corresponding
to the lithiation temperature 6f78 °C used in the experiments)Torsional
angle ¢) defined by N--N—CH(CHs)—CHs, where N-:N is the line
connecting the nonbonded nitrogen atoms of the diamine (the two torsional
angles are to each of the methyl groups of Bregoup).? Preferential proton
removed.

kcal/mol) and within the €)-sparteine complexAH* = 10.9
kcal/mol). It is conceivable that low<(10%) yields in alkyl-
lithium/diamine-mediatedN-Bocpyrrolidine lithiations (e.g. us-
ing N-Pr-substituted diamin&e or (—)-isosparteine) are due
to steric crowding that inhibits formation of the prelithiation
complex rather than due to steric crowding increasing the
activation enthalpy for proton transfer in the transition state.
Computational Results: Predictions with Other Sparteine-
like Diamines. The computational results for diamin2a (N-
Me), 2b (N-Et), and2e (N-'Pr) indicate that increasing the size
of the N-alkyl group in sparteine-like diamine should not
adversely affect the enantioselectivity of the lithiatiorNeBoc-
pyrrolidine 1. However, at the computational level, we were
also interested in evaluating the effect of decreasing the steric
demands of theN-alkyl substituent and of modifying the
conformational constraints of the tricyclic fused structure. Hence,
complexes derived from diamin® (N-H substituted), amino

H N,H H o H N,Me
N N N

8 9 10

ether9 (O-substituted), and diamink0 (Cs-substituted, with a
much more conformationally flexible five-membered rifig)
were investigated.

In an analogous fashion to the calculations described previ-

at odds with the experimental observation, since no product wasQusly, four complexes of isopropyllithiunN-Boc-pyrrolidine

isolated upon treatment oRN-Boc-pyrrolidine 1 with sec
butyllithium in the presence oR-Pr-substituted diamin@e
(Table 1, entry 8). The experimental observation cannot be
rationalized by recourse to arguments attributing lack of reaction
to a high activation enthalpy for the proton transfer, since the
computed activation enthalpy for tie'Pr-diamine2e (AH* =
11.7 kcal/mol) is comparable in magnitude to that for proton
transfer within theN-Me prelithiation complex AH* = 11.1

1, and theN-H-substituted diamin8 (4-NH, 5-NH, 6-NH, and
7-NH) as well as theD-substituted ligan® (4-O, 5-0, 6-0,

(21) From an experimental point of view, tineH diamine8 is a “theoretical
ligand”, as the NH would itself be deprotonated by the alkyllithium base
(and presumably diamingwould be used in conjunction with 2 equiv of
alkyllithium, representing a significant departure from the usual experi-
mental conditions). Amino ethed is, to the best of our knowledge, an
unknown compound, and we have been unable to prepare didriime
enantioenriched form (ref 7b). See also: Harrison, J. R.; O'Brien, P.; Porter,
D. W.; Smith, N. M.J. Chem. Soc., Perkin Trans.1P99 3623.
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Figure 3. Structures of the lowest energy isopropyllithium/diamie(N-Et)/N-Boc-pyrrolidinel intermediate complexes: (dg-Et, (b) 5¢-Et, (c) 6¢-Et,
(d) 7c-Et. Note that complexedc-Et and 6¢c-Et lead to removal of thero-R proton, whereas complexég-Et and 7c-Et lead to removal of thero-S
proton. Colors as in Figure 1; thé-Et carbons of diamin&b are black.

and7-0O) were evaluated at the HF/3-21G and B3P86/6-31G* the O-substituted amino ethed were not examined further.

levels (Table 5). However, these computational results do indicate thakthkyl
Complex 7-NH, on geometry optimization, was slowly substituent in diamine® and ()-sparteine itself plays an
converted into comple&-NH, giving a total of only three low-  important role in the high enantioselectivity observed experi-

energy complexes. Of the two lowest energy complexes mentally (and mirrored in the computational results presented
identified @-NH and5-NH), complex5-NH, leading to removal herein and elsewhel¥).

of the pro-Sproton fromN-Boc-pyrrolidinel, was found to be To examine the effect of sparteine’s A-ring on the enanti-
slightly more stableHe = 0.9 kcal/mol;Ge = 0.6 kcal/mol oselectivity of the lithiation ofN-Boc-pyrrolidine 1, the six-

at the B3P86/6-31G* level) than compleNH, leading to membered ring (equivalent to ring A of sparteine) of Mie
removal of thepro-R proton. In light of the observation that diamine2awas converted into a more flexible five-membered
the difference in ground-state energies of the prelithiation ring N-Me diamine10. Geometry optimizations of the com-
complexes mirrors the difference in transition state energies for plexes of diaminel0 with isopropyllithium andN-Boc-pyrro-
proton transfet% it seems reasonable to suggest that any lidine 1 (4-Cs, 5-Cs, 6-Cs, and 7-Cs) were carried out (Table
enantioselectivity engendered by this theoretical ligand would 6). Interestingly, with complex-Cs, there were two protons
be poor at best. In a similar way, compl@&O was slowly on theN-Boc-pyrrolidine near the central carbon of the isopropyl
converted into complexs-O on geometry optimization. The  group with G-+H distances of 3.2 and 3.6 A, and thus both
difference in energyHre and Gy at the B3P86/6-31G* level)  complexes needed to be consideréa-Cs and7b-Cs). Transi-
between all three complexes with tiisubstituted ligand® tion states for proton removal from each of compleXasCs
(4-0, 5-0 and 6-0) was quite small, and the results suggest and7b-Cs were thus located.

that any enantioselectivity generated using this ligand would Complex 5-Cs has the lowest ground-state energy and
be small and in the opposite sense to that obtained with thecomplex 4-Cs has the lowest activation energy for proton
other sparteine-like diaminea In view of the small energy  transfer. The relative transition state energies for removal of a
differences, complexes of tH¢-H substituted diamin® and proton is the sum of the ground state relative energy and the
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Figure 4. Structures of the isopropyllithium/diamir2zb (N-Et)/N-Boc-
pyrrolidine 1 intermediate complexes: (&p-Et, (b) 5b-Et, (c) 5¢c-Et. Note
that all three complexes lead to removal of fire-S proton. Colors as in
Figure 1; theN-Et carbons of diamin@b are black.

activation energy. As a result, compl@&Cs has the lowest  Figure 5. Structures of the lowest energy isopropyllithium/diamzegN-
transition state free energy (11.6 kcal/mol) and comple3s iPr)N-Boc-pyrrolidine 1 intermediate complexes: (dg-Pr, (b) 5b-Pr,
has the next lowest transition state free energy 1.81.1= (c) 7b-Pr. Note that complexta-Pr leads to removal of thpro-R proton,
129 keal/mol). Th ther t it tat h .h' .h fi whereas complexesb-Pr and7b-Pr lead to removal of thero-S proton.
) .Ca mol). € other transition S ales nave higher 1ree coors as in Figure 1; thal-Pr carbons of diamin@e are black.

energies. On the reasonable assumption4kag and5-Cs are

in equilibrium, the transition state for the reaction of complex 4-Cs. Thus, the calculations predict that the-Sproton would
5-Cs has a 1.3 kcal/mol lower energy than that for complex be removed, but with significantly lower stereoselectivity than
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Figure 6. Structure of the transition state for deprotonation from the lowest
energy complex betweextBoc-pyrrolidine/isopropyllithium/diaminge (N-
iPr) Gb-Pr). Transition stat®b-Pr-TS should lead to removal of th@o-S
proton. Colors as in Figure 1; tié-'Pr carbons of diamin@e are black.

Table 5. Calculated Relative Energies of Isopropyllithium/Diamine
8 (NH) or Amino Ether 9 (O)/N-Boc-pyrrolidine 1 Complexes#?

H N,H H o
N N

8 9
HF/3-21G B3P86/6-31G* proton
complex Heel Geel Hel Grel removed®
4-NH 0.7 0.4 0.9 0.6 pro-R
5-NH 0.0 0.0 0.0 0.0 pro-S
6-NH 2.3 1.7 1.9 1.3 pro-R
4-0 0.3 0.1 0.1 0.0 pro-R
5-0 0.7 1.0 0.0 0.5 pro-S
6-0 0.0 0.0 0.3 0.4 pro-R

a All energies in kcal/mol? B3P86/31-G* energies in kcal/mol corrected
for both differences in zero-point energy and the change in enthalpy on
going fran 0 K (corresponding to the calculations) to 195 K (corresponding
to the lithiation temperature of-78 °C used in the experiments).
¢ Preferential proton removed.

found with the six-membered rifg-Me diamine2a. This lower
stereoselectivity arises from the lower activation energy for the
reaction of complex-Cs, thus reducing the effect found in the
ground states of the complexes.

Summary

The experimental results summarized in Table 1 indicate that
diamine 2a, which effectively lacks the D-ring of the parent
alkaloid but bears &l-Me group, is as effective as-j-sparteine
in mediating the enantioselective lithiationfBoc-pyrrolidine
1 usingsecbutyllithium or isopropyllithium. Using £ )-cytisine-
derived diamines, it is shown that the presence oNaalkyl
substituent more sterically demanding thduiEt, such aN-'Pr
or N-CHBu, results in a lower yield of addu8tand a loss of
enantioselectivity for the process (e.g. er 51:49, 35% yiel@l of
using diamineent2d with N-CH,'Bu). Significantly, lithiations
of N-Boc-pyrrolidinel using the truncated)-sparteine sur-
rogate ent2a, readily available from «)-cytisine, provides
essentially equal and opposite enantioselectivity-{pgparteine.
Our results suggest that diamiest2ais the best+{)-sparteine
surrogate for the-lithiation of N-Boc-pyrrolidinel. Thus, either
enantiomer of 2-substituted pyrrolidines may be prepared via

Table 6. Calculated B3P86/6-31G* Relative Energies of
Isopropyllithium/N-Me 5-ring Diamine 10/N-Boc-pyrrolidine 1
Complexes and Transition States for Proton Transfera?

H N,Me
N

10
ground state transition state activation energy proton
complex Heel Grel Heel Grel AH? AG*  removed®
4-Cs 2.8 1.8 2.3 1.3 10.6 11.1 pro-R
5-Cs 0.0 0.0 0.0 0.0 11.2 11.6 pro-S
6-Cs 2.1 15 2.4 1.8 114 11.9 pro-R
7a-Cd 2.0 1.1 2.3 1.5 11.5 12.0 pro-R
7b-Cs 2.0 1.1 35 35 12.6 14.0 pro-S

a All energies in kcal/mol? B3P86/31-G* energies in kcal/mol corrected
for both differences in zero-point energy and the change in enthalpy on
going fram 0 K (corresponding to the calculations) to 195 K (corresponding
to the lithiation temperature of-78 °C used in the experiments).
¢ Preferential proton removedThere are two H(2) protons oN-Boc-
pyrrolidine near the isopropyl central carbon of compfe&s with H---C
distances of 3.2 and 3.6 A; transition states for the removal of each of the
protons were located.

reported transmetalation results that expand the reactions
available to lithiatedN-Boc-pyrrolidines?

The results of the molecular orbital calculations reproduce
the experimental observation that diamirges(N-Me) and2b
(N-Et), which lack the D-ring of {)-sparteine, result in
essentially the same enantioselectivity in the asymmetric lithia-
tion—substitution ofN-Boc-pyrrolidinel as does+)-sparteine.
These computational results indicate that the etiology of the
high enantioselectivity observed in lithiations mediated by (
sparteine involves steric interactions within the prelithiation
complex (isopropyllithium/diamin&-Boc-pyrrolidine 1) en-
gendered by the A-, B-, and C-rings of the ligand. The lowest
energy prelithiation complexes of isopropyllithiutaBoc-
pyrrolidine 1/(—)-sparteine or diamin2a (N-Me) also had the
lowest activation energies for proton transfer. Replacement of
theN-Me group in truncated sparteine surrogaasy N-H (8)
or O (9) is predicted to result in markedly lower enantioselec-
tivity upon lithiation, indicating that th&l-alkyl substituent in
diamines2 provides a major source of the steric interaction,
leading to the observed enantiodifferentiation. In addition,
converting ring A of diamina (N-Me) into a five-membered
ring leads to a predicted lowering of enantioselectivity during
lithiation and suggests that steric interactions in ring A are also
of importance. Surprisingly, no product was isolated from the
reaction with theN-'Pr-substituted diamin2e, even though the
calculated activation energies were comparable to those estab-
lished for other ligands (e.g—)-sparteing’® and theN-Me
substituted diamin2a). One possible explanation is that steric
crowding inhibits formation of the prelithiation complex rather
than increasing the activation enthalpy for proton transfer in
the transition state, a conjecture that is worthy of further
investigation. We believe the results presented here validate the
use of a combined experimental and computational approach
as a way to understanding the subtle factors responsible for high
enantioselectivity in asymmetric lithiations mediated by alky-
llithiums and ()-sparteine or sparteine-like diamines.

Computational Methods

an asymmetric deprotonation strategy, and this could have wide calculations were performed using Gaussiart'9® the case of

synthetic utility, especially if coupled with Dieter et al.’s recently
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us to use a relaxed criterion for convergence, namely, a predicted changeroject and to Dr. D. B. Matthews (GlaxoSmithKline) for chiral
in energy of less than X 10°° hartrees (0.005 kcal/mol). GC analyses.
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