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Abstract: Lithium diisopropylamide-mediated lithiations of N-alkyl ketimines derived from cyclohexanones
reveal that simple substitutions on the N-alkyl side chain and the 2-position of the cyclohexyl moiety afford
a 60,000-fold range of rates. Detailed rate studies implicate monosolvated monomers at the rate-limiting
transition structures in all instances. Comparisons of experimentally derived regioselectivities and rates,
taken in conjunction with density functional theory computational studies, reveal a number of factors that
influence reactivities including: (a) axial versus equatorial disposition of the proton on the cyclohexane
ring, (b) syn versus anti orientation of the lithiation relative to the N-alkyl group, (c) the presence or absence
of a potentially chelating methoxy moiety on the N-alkyl group, (d) the presence of a 2-methyl substituent
at the geminal or distal a-carbon, and (e) branching in the N-alkyl group. The isolated contributions are not
large, yet they display a strong and predictable additivity leading to a kinetic resolution of imines derived
from racemic 2-methylcyclohexanone.

Introduction reactivity and offer a vehicle to control reactivity and selectivity
unavailable to ketones and ketone enola#&$he favorable
properties of imines and lithioimines that have captured the
imagination of synthetic chemists also make them excellent
templates for mechanistic studig§Ve illustrate this point by
foreshadowing results summarized in Chart 1 and Scheme 1.
Chart 1 contains structurally related imines along with relative
rate constantskf; in parentheses) for the lithium diisopropyl-
amide (LDA)-mediated lithiations (eq 1). Seemingly minor
structural variations afford a striking 60 000-fold range of
relative reactivities. In addition, results emerged that were not
predicted based on previous studigd:) LDA/THF-mediated
lithiation of a 1:1 mixture of diastereomeric imines shown in
Scheme 1 proceeds with a 75:1 preference for the lithiation of
. " o . . one diastereomer, and (2) lithiation occurs predominantly at the

(1) Recent reviews describing some organolithium chemistry of imines: . i i .

Denmark, S. E.; Nicaise, O. J.-C. Gomprehensie Asymmetric Catalysis more substituteda-carbon. Further investigation of LDA-

The organolithium chemistry of imines has played a central
role in synthetic organic chemistty3 Although imines and
lithioimines appear to be functionally equivalent to ketones and
ketone enolates, their reactivities are quite different. Imine
lithiations are orders of magnitude slower than the analogous
ketone enolization$and the resulting lithioimines are substan-
tially more reactive toward electrophiles than are their enolate
counterpartd:® Self-condensations during the lithiations of
imines are almost nonexistent due to the markedly lower
electrophilicity of the imine &N moiety as compared to the
ketone G=0 moiety® Of particular importance, th&-alkyl
substituents on imines and lithioimines markedly influence their

Jacobsen, E. N., Pfaltz, A., Yamamoto, Y., Eds; Springer-Verlag: Heidel- : ot F. ;
berg, 1999 Chapter 26.2. Kobayashi, S.. IshitaniGHem. Re. 1099 medlgt_ed Ilthlqtlons_of the |m|_nes in Chart_:lrreveal_s_sFruefure
99, 1069. Enders, D.; Reinhold, Uetrahedron Asymmetryl997, 8, 1895. reactivity relationships that display surprising additivity.

Volkmann, R. A. InComprehensae Organic SynthesisTrost, B. M.,
Fleming, I., Eds; Pergamon: Oxford, 1991; Chapter 1.12. BIoclﬁ;H@m
Rev. 1998 98, 1407. NR NR

(2) For general reviews on the chemistry of lithiated imines, see: Bergbreiter,

D. E.; Momongan, M. IrComprehensie Organic Synthesigrost, B. M., LDA / THF €] 1)

Fleming, I., Eds.; Pergamon: New York, 1989; Vol. 2, p 503. Martin, S.

F. In Comprehensie Organic Synthesisirost, B. M., Fleming, I., Eds.;

Pergamon: New York, 1989; Vol. 1, p 475. Hickmott, P. Wetrahedron

1982 38, 1975. Enders, D. I€urrent Trends in Organic Synthesidozaki,

H., Ed.; Pergamon: New York, 1983. Whitesell, J. K.; Whitesell, M. A.

Synthesidl983 517. Also, see ref 3. (6) (a) Wanat, R. A.; Collum, D. B.; Van Duyne, G.; Clardy, J.; DePue, R. T.
(3) Fraser, R. R. IlComprehensie Carbanion ChemistryBuncel, E., Durst, J. Am. Chem. S0d.986 108 3415. (b) Kallman, N.; Collum, D. Bl. Am.

T., Eds.; Elsevier: New York, 1980. Chem. Socl987, 109, 7466. (c) Bernstein, M. P.; Romesberg, F. E.; Fuller,
(4) By comparison, whereas LDA/THF lithiates simple imines of cyclohexanone D. J.; Harrison, A. T.; Williard, P. G.; Liu, Q. Y.; Collum, D. Bl. Am.

slowly below 0°C, enolizations of cyclohexanone are too fast to monitor Chem. Soc1992 114, 5100. (d) Bernstein, M. P.; Collum, D. B. Am.

—78°C. Chem. Soc1993 115 789. (e) Bernstein, M. P.; Collum, D. B. Am.

(5) Huryn, D. M. InComprehensie Organic Synthesigrost, B. M., Fleming, Chem. Soc1993 115 8008. (f) Romesberg, F. E.; Collum, D. B. Am.

I., Eds.; Pergamon: New York, 1991; Vol. 1, Chapter 1.2. Chem. Soc1995 117, 2166. (g) Ma, Y.; Collum, D. B., unpublished.
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Chart 1. Relative Rate Constants for LDA/THF-Mediated Lithiations at —40 °C
CH, CH,
MeO\/\N MeO\/_\N

CH{\?B Hsc*& i‘j i‘j

1; 1,300 2;120 3; 60,000 4; 24,000
)C\HS CHj CHj,
MeO MeO._~ oM
HC N e \/\N e \/\N N/K/ e
t-Bu t-Bu t-Bu t-Bu
5; 190 6; 46,000 7; 44,000 8; 8,100
MeO. oM
H,C” N N">cH, TN N
H,C H3C\© HSC\ij H,C
9;7.0 10; 1.0 11; 8,800 12;910
CH; CH, CH; CH,
MeO\/'\N N)\/OMe MeO\/'\N N/K/OMe
H,C., H,C.,, H,C H,C
13; 630 14; 150 15; ~150 16; 2.0
Literature Background Scheme 1
_Li
It is instructive to preface the results with a brief survey of NR* NR* R'N
the literature germane to understanding the mechanism of LDA- HsC oA /THE i€ H,C
mediated imine lithiations. Because the chemistry of ketimines —0°Cc +
dlffers con5|de_ra_bly from that of their aldimine, hydrazone, ky \ki/ .
oxime, and oximino ether counterpattsye focus solely on (3:1 mixture)

the N-alkyl ketimines. CH,

Syn—Anti Stereochemistry. The consequences of the ster- NR* = N/'\/OMe ky/ky=75:1
eochemistry about the=EN bond of imines and lithioimines
reviewed by Frasércan be qwtg confusing due t_o a large ot jife for syn—anti isomerization is typically=0.5 h at 25
number of related issues. In particular, syn and anti are used t0o~ 3.7-9 1o stereochemistry of the=eN bond can influence
refer to the stereochemical relationship of tialkyl moiety the reactions of imine¥®

relative to (1) a substituent on an unsymmetrical substrate, (2) (2) After some early confusion about whether lithiations occur

_the site of deprotonation., (3) location of the substituent syn or anti to theN-alkyl moiety of imines and related Schiff's
introduced through alkylation, and (4) placement of the car- bases, the groups of Bergbreiter, Newcomb, and Meyers

t_)anlo_nlc parbon of the result_mg lithioimine. Past debates and meticulously investigated lithiations of acyclic ketimines and
lingering issues are summarized as follows. found that the regiochemistry depended on a number of factors
anti ™\ including the steric demands of tidalkyl group as well as
S~ temperaturé® Subsequent semiempirical calculations revealed

Chem.1981, 59, 705.
(8) Leading references: Jennings, W. B.; Boyd, DJRAm. Chem. So4972
94, 7187. Boyd, D. R.; Jennings, W. B.; Waring, L.Z£.0Org. Chem1986
51, 992.
(9) Steinig, A. G.; Spero, D. MOrg. Prep. Proced. Int200Q 32, 205.
. i . . Willoughby, C. A.; Buchwald, S. LJ. Am. Chem. S0d.994 116, 11703.
(1) Previous workers investigated the relative preference for (10) (a) Smith, J. K.; Bergbreiter, D. E.; Newcomb, 8 Am. Chem. So4983
5 A ; ; ; fni 105 4396. (b) Smith, J. K.; Newcomb, M.; Bergbreiter, D. E.; Williams,
the syn versus _antl orientation |_n_unsym_me_tr|cal imines as well D R. Meyers, A. I Tetrahedron Lett1983 24, 3559. (¢) Smith, J. K.
as the mechanism of the syanti isomerizatiorf.Because the Bergbreiter, D. E.; Newcomb, MI. Org. Chem1981, 46, 3158.

( N~ R syn
R / (7) Knorr, R.; Hintermeyer-Hilpert, M.; Barer, P.Chem. Ber199Q 123 1137.
@) Fraser, R. R.; Banville, J.; Akiyama, F.; Chuaqui-OffermannsChin. J.
17

J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003 15115



ARTICLES Liao and Collum

little inherent syr-anti preferences in the deprotonatfryet unclear. Glazer and Streitwieser suggested that syn alkylations
they focused on the lithiations anti to thé-alkyl moiety. may derive from aggregation effects.

Lithiations of imines derived from unsymmetrically substituted Stereoelectronic Effects.The relative reactivities of axial
ketones are complex due to the superposition of-symti and equatorial positions on cyclohexane ring systesascalled
preferences and steric effects. Lithiations often occur at the lessstereoelectronic effectshave received considerable attentidfi.
substituted sité12 as illustrated by the conversion b9 to 20 Although we have not uncovered support in the literature for
(eq 2)12 The regioselectivity seems logical in light of highly axially selective deprotonation of imineg1),2° the resulting
regioselective LDA-mediated ketone enolizatidfislonetheless, lithioimines display a high propensity to alkylate axial®).32*
lithiations at the more substituted positions of imines have been

reported, the most compelling cases being those reported by RN E" equatorial

Sakurai and co-workef$.The asymmetric alkylations reported equatorial A;H%/wu R%fz +-Bu

by Meyers and co-workers (eq 2) are especially pertifént. i~ RS E* axial

Although it was unclear to Meyers whether the isomerization ” "

of syn imine 19 to the anti isomer occurred before or after

lithiation, the methyl moiety irl9 appeared to retard lithiation. Mechanisms of Lithiation. Most studies of the lithiation and

- - - alkylation of imines offer no insight into the underlying

L 7 L organolithium chemistry. In contrast, we became interested in
N OMe MeO N OMe exploiting the imines as vehicles to investigate organolithium
A LDA/THF a)LDA [ 66°C ypo, R chemistry without becoming embroiled in debates about the syn
N @ effect and other substrate-centric issues. A series of rate studies
b) Mel / -78 °C b)RI / -78°C ) o
of LDA-mediated imine lithiations uncovered three general
18 19 20

mechanisms loosely depicted by transition structu?8s-

S 25.6de.22 Although LDA is a disolvated dimer2g) in a wide
(3) There appears to be consensus that lithioimines alkylate ;g6 of solvents at all experimentally accessible concentra-

syn to the N-alkyl moiety as illustrated in eq 2117 0023 ate studies showed that simpleisopropyl ketimines
Nonetheless, the origins of the effect have been a topic of iiate via transiently formed monosolvated monomers as
considerable debate. . . ) depicted generically b3. Semiempirical computational studies
(4) The syn alkylations have been attributed to a high rovided some evidence that a syn lithiation might be
preference for the lithioimine to orient thi¢-alkyl moiety syn competitive®” LDA/THF-mediated lithiations of an imine bear-
to the carbaniodl” Subsequent solid-state and solution-phase ing a potentially chelatingN,N-dimethylamino appendage
structural studies of aN-phenyl lithioimine confused the issue e\ eqled little influence of the MBI moiety on the relative rates

by showing that thé\-phenyl moiety was neither syn nor anti o rate Jaw for the lithiatiof® suggesting that the dimethyl-
to the carbanionic carbon but rather skewed out of tHe€EN amino moiety is unable to compete with THF for coordination

plane in a dimeric structuf®:”Moreover, some concern arose , jithium (24). (This is not completely correct, as shown below.)
that the dimers and monomers characterized by NMR spectros-gy contrast, lithiations of potentially chelating imines using

cop)f’lae might have been misassigned as conformational is0- | pa splvated by poorly coordinating trialkylamines proceed
mers.® We hasten to add, however, that the relationship of iz 5 dimer-based transition structure suggested to be a solvent-
N-phenyl lithioimines to theN-alkyl lithioimines remains free open dime25.54¢We will demonstrate below that chelation

(11) Fustero, S.; de la Torre, M. G.: Jofre, V.: Carlon. R. Q.. Navarro, A. by the potentially chelatingN-alkyl moiety depends on other

Fuentes, A. S.; Cario, J. 9. Org. Chem1998 63, 8825. Larcheveque, substituents within the substrate.

M.; Cuvigny, T.; Normant, HSynthesisl975 256. Ahlbrecht, H.; Von

Daacke, A.Synthesis1984 610. Bunnelle, W. H.; Singam, P. R, Results

Narayanan, B. A.; Bradshaw, C. W.; Liou, J. Synthesis1997 439.

Katritzky, A. R. M.; Fang, Y.; Donkor, A.; Xu, JSynthesi200Q 2029. Reagents and Starting Materials The LDA generated from
(12) A report of an anti lithiation may derive from selective destruction of the .. . . . 4

lithioimine derived from the predominant syn lithiation: Salgado, A.; diisopropylamine anah-BuLi was recrystallized* Condensa-

ggg%’kseé‘32’7'\g§ Gauthier, C.; Declerg, J.-P.; De Kimpe, Tétrahedron tions of amines and ketones to form imines followed standard
(13) Meyers, A. I.; Williams, D. R.; Erickson, G. W.; White, S.; Druelinger,  literature procedure®. The 2,6,6-trideuterated and 2,2,6,6-

M. J. Am. Chem. S0d.981, 103 3081. _tri A
(14) Heathcock, C. H. IrComprehensie Carbanion ChemistryBuncel, E.. tetradeuterated analogues were prepared from 2,6,6-trideuterio

Durst, T., Eds.; Elsevier: New York, 1980; Vol. B, Chapter 4. Evans, D.

A. In Asymmetric SynthesiMorrison, J. D., Ed.; Academic Press: New (19) Fraser, R. R.; Banville, J.; Dhawan, K. .. Am. Chem. Sod.978 100,

York, 1983; Vol. 3, Chapter 1. Evans, D. Aldrichimica Actal982 15, 7999.

23. d’Angelo, J.Tetrahedron1976 32, 2979. (20) For computational studies of axial versus equatorial deprotonation of
(15) Hosomi, A.; Araki, Y.; Sakurai, HJ. Am. Chem. Sod.982 104, 2081. cyclohexanones, see: Behnam, S. M.; Behnam, S. E.; Ando, K.; Green,
Welch, J. T.; Seper, K. WJ. Org. Chem.1986 51, 120. Welch, J. T.; N. S.; Houk, K. N.J. Org. Chem.200Q 65, 8970. Bordwell, F. G.;
Seper, K. W.J. Org. Chem1988 53, 2991. Hayes, J. F.; Shipman, M.; Scamehorn, R. GJ. Am. Chem. Sod 968 90, 6749. Abou Rachid, H.;

Twin, H. J. Org. Chem2002 67, 935. Evans, D. AJ. Am. Chem. Soc. Larrieu, C.; Chaillet, M.; Elguero, Jetrahedron1983 39, 1307.

197Q 92, 7593. Hart, T. W.; Guillochon, D.; Perrier, G. Sharp, B. W.; (21) Huff, B. J. L.; Tuller, F. N.; Caine, DJ. Org. Chem.1969 34, 3070.

Toft, M. P.; Vacher, B.; Walsh, R. J. Aletrahedron Lett1992 33, 7211. House, H. O.; Umen, M. J. Org. Chem1973 38, 1000. Kahne, D.; Gut,
(16) For computational studies as well as a detailed discussion of syn alkylations S.; DePue, R.; Mohamadi, F.; Wanat, R. A.; Collum, D. B.; Clardy, J.;

of imines and syranti isomerizations of lithioimines, see: Glaser, R.; Van Duyne, GJ. Am. Chem. S0d.984 106, 4685.

Streitwieser, AJ. Org. Chem1991, 56, 6612. Glaser, R.; Streitwieser, A. (22) Rutherford, J. L.; Hoffmann, D.; Collum, D. R002 124, 264. Qu, B.;

J. Org. Chem1991, 56, 6625. For other computational studies, see: Pratt, Collum, D. B., unpublished.

L. E.; Hogen-Esch, T. H.; Khan, I. Mletrahedronl995 21, 5955. Stork, (23) Galiano-Roth, A. S.; Collum, D. Bl. Am. Chem. S0d.989 111, 6772.

G.; Polt, R. L.; Li, Y.; Houk, K. N.J. Am. Chem. S0d.988 110, 8360. Gilchrist, J. H.; Collum, D. BJ. Am. Chem. S0d.992 114, 794. Collum,
(17) Houk, K. N.; Strozier, R. W.; Rondan, N. G.; Fraser, R. R.; Chuaqui- D. B. Acc. Chem. Red.993 26, 227.

Offermanns, NJ. Am. Chem. Sod.98Q 102, 1426. (24) Kim, Y.-J.; Bernstein, M. P.; Galiano-Roth, A. S.; Romesberg, F. E.; Fuller,
(18) Fraser, R. R.; Chuaqui-Offermanns, N.; Houk, K. N.; Rondan, NJ.G. D. J.; Harrison, A. T.; Collum, D. B.; Williard, P. Gl. Org. Chem1991,

Organomet. Chenil 981, 206, 131. 56, 4435.

15116 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003



Lithium Diisopropylamide-Mediated Lithiations of Imines

ARTICLES

t ¥

Me,N

L

i-Pre, Li. i-Pr
i-Pr” [IJ Ni-Pr
S
26

2-methylcyclohexanone and 2,2,6,6-tetradeuteriocyclohex-
anoné® (respectively) using deuterated ammonium salts (END
to ensure>97% isotopic enrichmerft:e

Structures of Imines. We must first describe how the imines

in Chart 1 were prepared and characterized using representative

examples and relying heavily on the Supporting Information.
Syn and anti orientations of tié-alkyl moieties in imines have
been assigned on the basis€ chemical shifts and simple
NOE studies:?” We used a more contemporary approach that
included combinations dH,'H—NOESY,'H,'H—-COSY, and
1H,1H-J-resolved spectroscopiésThe conformational assign-
ments are consistent with long-standing conformational prin-
ciples and are supported by density function theory (DFT)
computations (see the Supporting Informatigh).

Several conformational issues are germane to the forthcoming
mechanistic discussion. First, the imines substituted by a

secondarN-alkyl group are suggested to reside in the rotamers

1 h. The neat oil and solutions in THF cont@rand 10 as a
1:10 mixture. Curiously, samples in CD@&quilibrate substan-
tially faster and contain only a 1:3 mixture &fand 10 as
noted3® Syn and anti isomerd1 and 12 were prepared and
characterized using analogous meth#dsnines7 and8 were
prepared from 4ert-butylcyclohexanone as a 1:1 mixture.
Unfortunately, the anticipated NOE between the syn-axial proton
at the 2-position of the cyclohexane and the methyl moiety on
the N-alkyl side chain of imine8 was too small to detect. It is
presumed, using analogy to computations described herein and
computations of the analogous ketone enolizatf8nbat the
more reactive isomer is the one requiring axial deprotonation.
(The preference for axial deprotonation will be discussed below.)

¢
Imines 13—16, corresponding to synranti pairs of two
diastereomers, were initially prepared as a four-component
mixture by treating racemic 2-methylcyclohexanone wig (
2-amino-1-methoxypropane. A 1:10:1:10 mixture was observed
by 13C NMR spectroscopy in either THF solution or as the neat
oil consistent with equilibrium populations containing low
concentrations of syn isomers3and15) and high concentra-
tions of anti isomersi4 and16).32 CDCl; solutions contain a
1:3:1:3 mixture, consistent with the reduced anti selectivity noted

in the simpler cases above. TA&/15 and 14/16 pairs were
distinguished as follows. Sequential lithiation and alkylation of

R.

N
CH,
@

anti

R 20°C

N
f CH, h/2>05 hr

syn

a) LDA / THF
b) Mel

that place the methine hydrogen atom proximate to the equatorial.” "

hydrogen on the cyclohexanéepicted generically ir27 and
28—s0 as to minimize As strain?® Second, the imines derived
from 2-methylcyclohexanone are either syn-axif)(or anti-
equatorial 28). The syn versus anti orientations are readily
ascertained by the NOEs indicated. The distinction of axial and
equatorial protons follows directly from the magnitudes of the
coupling constants.

R syn-anti NOE TN
><N H isomerization &\VH H Janti
R ;{H —_———— R >LH %H ®
2 H N” cH
NOE~ \&Hs 4 K 3H
]gauche
27 28

(syn-axial) (anti-equatorial)

The assignments of the syanti stereochemistry require
elaboration. Five pairs of isomer3/8, 9/10, 11/12, 13/14, and
15/16—are interconverted by syranti isomerization (eq 3). Syn
imine 9, prepared>95% stereochemically pure by lithiation
(LDA/THF) and syn-selective alkylation (Mel9,*6was shown
to be of general structut®’ using the 2-D NMR spectroscopies
described above. On standing in THF at°85 9 isomerizes to
predominantly anti imine.0 (general structur@8) with t;, ~

(25) Larock, R. CComprehensie Organic Transformationd/CH: New York,
1989; p 758.

(26) Peet, N. PJ. Labelled Compd1973 9, 721.

(27) Fraser, R. R.; Akiyama, F.; Banville, Jetrahedron Lett1979 3929.
Oliveros, E.; Riviere, M.; Lattes, AOrg. Magn. Resorl976 8, 601. Also,
see refs 10a,c and 19.

(28) NMR Spectroscopy Techniqud&ruch, M. D., Ed.; Dekker: New York,
1996

(29) Johnéon, FChem. Re. 1968 68, 375.

imine 4 affords what was shown by the bevy of NMR
spectroscopies to be a 6:1 mixture of syn-axial imih@sand
15. Hydrolysis without allowing intervening syranti isomer-
ization afforded predominantlys(-2-methylcyclohexanone (4:1
er),18 confirming the relative stereochemistry of the stereogenic
center on the cyclohexanone moiety andhalkyl side chain
of 13 and15. On standing at 38C, the 6:1 mixture ofLl3 and
15isomerized i, = 6 h) predominantly to the anti isomet4/
16 = 4:1). Hydrolysis of the isomerized material afforde&)-(
2-methylcyclohexanone with limited epimerization (3.4:1 er).
Overall,13and15 can be prepared stereoisomerically enriched.
As shown below, the lithiation of6 can be easily monitored
in a 13—16 mixture. The most elusive imind,5, can only be
formed as a minor component of a four-component mixture.
Rates of Syn-Anti Isomerization. To summarize the details
above, isomerization of the syn and anti isomers routinely occurs
with half-lives of 6-10 h at room temperature consistent with
literature report8:831The isomerization is most readily observed
by monitoring the equilibration of the syn isomers available by
alkylation310 Under all circumstances studied, the lithiations
proved to be fast as compared to the isomerizations, allowing
lithiation rates to be ascertained for syn and anti isomers
independently?

(30) Knorr, R.Chem. Ber198Q 113 2441.

(31) The equilibration ofl1 and12is measurably faster than that ®&nd 10,
for example, as evidenced bytg of approximately 0.5 h at 20C and
1.0 h at 35°C, respectively.

(32) A similar mixture was observed for an imine derived from 2-methylcy-
clohexanone: Kosmrlj, J.; Weigel, L. O.; Evans, D. A.; Downey, C. W.;
Wu, J.J. Am. Chem. So@003 125, 3208.

(33) Although, in principle, some ill-defined species in the reaction could
facilitate syn-anti exchange, this would manifest equivalent rates and
regioselectivities for the lithiations of the syn and anti isomers.

J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003 15117
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Table 1. Regioselectivity of Imine Lithiations by LDA/THF (eq 5)@ Table 2. Rate Data for Imine Lithiations
NR ; o HaC o compound temp (°C) THF order? LDA order isotope effect
.LDA /THF 3
HC : HaC T mc ) 1 —40
b, CHAL 2 0 0 0.54+ 0.02 10+ 1
.H C§+ 3 —78 o 0.58+ 0.04 9+ 1
¢ Hf 29 30 4 —65 0 0.59+ 0.03 14+ 4
5 —40 0 12+ 2
starting material product temp, time 6 —78 0 8+1
entry compd syn/anti® 29:30° (°C, h) reference ; _;g g Zgi 411
19 >20:1 >100:1 0,15 9 0 0 0.49+ 0.04 9+1
2 910 1:10 1:4.2 15,13 10° 20 0 0.49+ 0.02 8+ 2
3 10 1:>20 1:8.0 calcd (entries 1,2) 11 —65 @ 0.57+ 0.05 1.5+ 0.2
4 11 >20:1 >100:1 —65,1.0 12 —-40 0 0.51+ 0.02 2.6£0.1
5 1112 1:10 1:1.4 —40,0.8 _ 13 —40 ® 0.55+ 0.05 114+ 2
6 12 1:>20 1:1.8 calcd (entries 4,5) 14 -20 0 0.50+ 0.05 1242
7 1313 >20:1 >100:1 —40,1.0 15 —-20
8 131415 1:10:1 1:24 -20,0.8 16 15 o 0.56+ 0.01 5.3+ 04
9 14 1:>20 1:5.5 calcd (entries 7,8) 31c 0 0 0.55+ 0.03 >5
10 13141516 1:10:1:10 1:2.0 15,7.0 32 —40 0 0.514+0.03
11 16 1:>20 1:1.6 calcd (entries 710)

. ] ] N aThe zeroth orders were determined by visual inspection rather than by
2Reactions were carried out under pseudo-first-order conditions as numerical fit (Figure 3)° Reaction rates increase at low THF concentration.

described in the text Numerical ratios are obtained froC NMR spectra. ¢ From a previous studse

¢ Ratios obtained from gas chromatographalculated from the regiose-

lectivity of the corresponding syn isomer and the mixture of syn/anti isomers. . . . . L
e1315= 6:1. Inspection of the synanti ratios and the regioselectivities

(Table 1) indicates that the regioselectivities are determined
largely, but not entirely, by the orientation of thiealkyl groups.
Regioselectivity of Lithiation. The regioselectivities of the Syn imines9, 11, and13 show a strong preference for lithiation

lithiations were measured by quenching the lithioimines with antj to the N-alkyl moiety because anti lithiation also corre-
Mel, hydrolyzing the imine with pH 4.5 buffé?,and measuring  sponds to lithiation at the less substituted (methylene) carbon.
the ratio of 2,6-dimethylcyclohexanon2d) and 2,2-dimethyl-  Anti imines 10, 12, 14, or 16 lithiate predominantly anti to the
cyclohexanone30) by GC (eq 5, Table 1¥* The alkylations  N-alkyl moiety despite the requisite unfavorable lithiations at
were fast at—=78 °C as shown by in situ IR spectroscofly.  the more substituted 2-position to provide 2,2-dimethylcyclo-
Moreover, the regioselectivities arose from kinetically controlled hexanone. (The impact of lithiation geminal to the methyl is
lithiation. For example, solutions of 6-lithio-2-methylcyclohex-  discussed below.) However, the-180% lithiation at the less

anone imines derived from the syn-oriented imifes 13 do substituted sites cannot be derived solely from the 10%
not equilibrate to provide the 2-lithio derivatives on standing contamination by the syn isomers. It would appear, therefore,
in the absence or presence of unlithiated imine &t@4_imited that some syn lithiation must be occurring. Logically, the

(1%) proton transfer was observed by letting the anion derived regioselectivities derived from syranti mixtures depend on
from 6 and unlithiated12 stand at 20°C for 2.0 h. The the extent of lithiation attributable to the rapid lithiation of the
regioselectivities for lithiations of imines with a simpiealkyl minor syn isomers followed by the substantially slower lithiation
group syn to the 2-methyl moiety are measured directly using of the major anti imines.

substrates available from the highly syn-selective alkylation. In ~ Kinetics: General Methods.Rate studies of the LDA/THF-
contrast, the regioselectivities for the anti imines (entries 3 and mediated lithiations provide a foundation to understand the
6) are extracted from results derived from 1:10 -spnti substituent effects. Pseudo-first-order conditions were achieved
mixtures (entries 2 and 5) by factoring out the contributions Py setting the initial concentrations of imines at 0.005 M. The
from the minor syn isomers (entries 1 and 4). Regioselectivities LDA and THF were maintained at high, yet adjustable,
for 13-16 included an additional layer of complexity. The concentrations using hexane as the cosol¥&mhe lithiations
regioselectivity for the lithiation of3is measured using a highly ~ Were monitored using in situ IR spectroscoey by following the
enriched sample dE3 (with 15%15) available by syn alkylation loss of the imine absorbance at 1655667 cn! as describef

(Table 1, entry 7). The regioselectivity for the three imines that | "€ resulting pseudo-first-order rate constanks,s) are
lithiate quickly (L3—15; entry 8), in conjunction with an independent of the initial concentration of imine, confirming

exhaustive lithiation 13—16; entry 10), provides the regiose- tzhg éirts_téordter ?egen((jjezniéés(soio?edeff(?ctstrr:jeasll;rtedtusinTg bl
lectivity for 16 (entry 11). The regioselectivity derived from ,2,6-trideuterated and 2,2,6,6-tetradeuterated substrates (Table

14 and 15 cannot be extracted. However, if one assumes by 2), despite the considerable ranga/kp = 1.5-23), pointto a

_limiti ,e,38
analogy to the other syn imineéksand 11 (supported by the rate-limiting proton transfeft

computations) thal5 lithiates with total anti selectivity, then Kinetics: .Relat!ve Rate Constants.Thg relative rate con-
the selectivity forl4 (entry 9) can be extracted. stants ki) listed in Chart 1 were determined from the values

of Kopsg measured under pseudo-first-order conditions as de-
scribed above. Lithiation rates for iminds 2, 5, and12—14

(34) Alkylations of11and12 both show 46-60% 2-methylcyclohexanone after
hydrolysis that could derive from N-alkylation. This could cause some

distortion in the reported regioselectivities. (36) The concentration of the lithium amide, although expressed in units of
(35) (a) Sun, X.; Collum, D. BJ. Am. Chem. So@00Q 122, 2452. (b) Rein, molarity, refers to the concentration of the monomer unit (normality).

A. J.; Donahue, S. M.; Pavlosky, M. Zurr. Opin. Drug Disceery Dev. (37) Espenson, J. HChemical Kinetics and Reaction MechanisivEGraw-

200Q 3, 734. Hill: New York, 1995; p 15.
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Figure 1. Biphasic decay of the lithiation of a 1:1 mixture of imin&s 4
and8 (total concentration: 0.005 M) by LDA (0.13 M) in THF (12.2 M) B
at—78°C. The decay was fit to (1) = alexp(—kobsd)] (— — — line), Kobsd )
= (6.04 0.1) x 1074 (2) y = alexp(—kst) + exp(kst)] (solid line), k; =
(1.53+ 0.08) x 1073, ks = (3.44 0.2) x 104 o 3¢
i
were measured directly at40 °C. Especially reactive substrates g .
(3, 4, 6—8, and11) and relatively unreactive substrat&s 10, g 2-'.
and 16) were monitored at two temperatures and extrapolated 2 \
to —40°C. Rate studies described below reveal that all lithiation 3
rates are independent of the THF concentratiorrssa®d M THF i% 14
(see the Supporting Information). Iminds-6 presented no
technical challenges beyond the temperature extrapolations.
Measuring the relative rate constants of the other imines 0 e ey
demanded varying degrees of innovation as follows. 0 4l é 1'2 1I6 20
In principle, a 1:1 mixture o7 and8 might display biphasic

kinetics (see below) due to differential lithiation rates. Indeed, Time x 103 (s)

the loss of the IR absorbance at 1663 ¢morresponding to Figure 2. Biphasic decay of the lithiation of a 1:10:1:10 mixture of imines
the 7/8 mixture displayed a deviation from a clean first-order 13, 14, 15 and 16 (total concentration: 0.005 M) by LDA (0.13 M) in
decay in which the initially high rates in the first half-iife give E:Fd Q%f;\"jg- (g{;))—ng(;gi tggegeggzbgﬁ T 4}<¥(B=) fg&%ﬁbﬁg d:g;y
way to attenuated rates in the remaining half-lives as shown by (eyciuding points from the first 600 s) was fit §0= exp(—Kobsd) + C,
the dotted line in Figure 1. Alternatively, the data were fit t0 kppsa= (1.34 0.2) x 1074
the expression
Consequently, concentrated solution®glenerated in situ were
[imine],yi = [7]oexpkat) + [8],expkgt) injected without workup or warming into solutions of LDA.
The small amounts of Lil or other contaminants could, in
(k; and kg correspond to the rate constants for lithiation7of ~ principle, influence the rate of lithiation. Nonetheless, an
and 8), affording an excellent fit. (The curve is obscured by analogous sample of imirf generated by alkylation followed
the data points in Figure 1.) BecauZeand 8 could not be by warming to 25°C (to effect syn-to-anti isomerization)
distinguished spectroscopically, we rely on computational displays the same reactivity as sampled0@fnjected as a neat
evidence described herein and elsewffete attribute the oil. The relative rate constants fad and12 were determined
approximate 5-fold difference to the preferred axial lithiation using analogous methods.
of 7 as compared to the equatorial lithiation ®{vide infra). Measuring the relative rate constants for the lithiatiod ®F
Lithiation of anti iminel10, contaminated by 10% syn isomer 16 proved challenging. The lithiations of a 1:1 mixture bf
9, was monitored directly by IR spectroscopy. The relatively and16 (contaminated by low concentrations of syn imiriés
rapid lithiation of9 at the outset allowedO to be monitored  and15discussed above) showed striking biphasic kinetics. The
independently. By contrast, the syn imiewas prepared |ithiation followed a first-order decay to 5660% conversion
isomerically pure by the syn-selective alkylation protocol but at—20 °C due to rapid lithiation ofi4 (Figure 2A) as well as

could not be isolated without intervening isomerizatiori.t the low concentrations df3 and15. Alternatively, lithiation at
) ) ) 15 °C proceeded immediately to 580% conversion due to
(38) The small isotope effects fdrl and 12 could be interpreted as evidence . s .
of a rate-limiting syr-anti isomerism as suggested previoudéiyhe LDA- the nearly instantaneous lithiation b8—15 followed by a first-

concentration-dependent rate constants argue against such a mechanismyrder loss of the remaining imine corresponding to the lithiation
due to the dependence of regioselectivity on syn/anti orientation in the

substrate. Moreover, we have noted surprisingly low isotope effects in the Of 16 (Figure 2B). Therefore, the lithiation rates b4 and 16
LDA-mediated lithiation of the dimethylhydrazone of cyclohexanone, in ; [T ithiati

which symmetry renders syranti isomerism irrelevant. Collum, D. B.; were measured lndepend_ently. Monitoring the I|th|at|oné3ﬁ;/
Romesberg, F. E., unpublished. NMR spectroscopy confirmed that tAC=N resonances of
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Fi 3. Plot of kg fi [}jrillf]](h:) for the lithiation &f [LDA] (M)

igure 3. Plot o versus free in hexane for the lithiation ) . e

(0?005 M) by LDA ?6?13 M) at—65 °C. The line depicts an unweighted Figure 4. Plot of kopsgversus [LDA] in THF (12.2 M) for the lithiation of
least-squares fit thopsa= KTHF] + K (k= (3 + 2) x 10°5 K = (2.5+ 4 (0.005 M) at—65 °C. The curve depicts an unweighted least-squares fit
0.1) x 10°9). bsd ' ‘ 10 Kopsa= K[LDA]" (k = (9.8 + 0.4) x 1073, n = 0.59 4 0.03).

13—15 begin to disappear at+20 °C, whereas thé3C=N 15
resonance ol6 decreases measurably at U5.

The syn iminel3, prepared through a syn alkylation (with a
15% contamination byl5), was further lithiated without
warming or isolation (as noted fd above). The loss o013
proceeds to full conversion by a standard first-order decay. Once
again, a control experiment indicates that samples of imine
generated in situ are well behaved. Thusl3fis prepared in
situ, isomerized to anti isomet4 by warming (with ap-
proximately 10% epimerization df3 to 16), and then lithiated
by excess LDA, we obtain the same rate const&tit006) as
that obtained for the lithiation of4 added to LDA as a neat
0|| 0""|""|""

The most difficult relative rate constant to measure was that 0 5 10 15
of syn imine 15, available only as a minor component in a [THF] (M)
mixture of 13-16. By following the loss of the four Igomers Figure 5. Plot of kopsq versus free [THF] in hexane for the metalation of
by 3C NMR spectroscopy, we could show that syn imite 3(0.005 M) by LDA (0.13 M) at—78°C. The curve depicts an unweighted
lithiates at approximately the same rate as anti isotdeiThe least-squares fit thopsa= K[THF]" + k' (k= (1.4£ 0.5) x 1072 k' = (5.2
NMR spectroscopic experiment also qualitatively confirmed the * 0-6) x 10°% n= —1.6 4 0.6). The reaction is zeroth order in THF at
relative lithiation rates of all four imines. high [THF].

Kinetics: Rate Laws. We have argued vehemently that ghow increases in the rates at low THF concentrations (Figure
relative rate constants are of limited value in the absence of 5). These rate spikes are attributable to pathways requiring
detailed rate studies showing mechanistic homo- or heteroge-gissociation of one or more coordinated THF. Because such
neity > The protocol used to determine a number of rate laws THE concentration-dependencies are confined to only the lowest
is described below using the lithiation #emblematically. The  THE concentrations, we were unable to probe the details of that
results are summarized in Table 2. pathway. We suspect, however, that the rate spikes at very low

A plot of ksq versus THF concentration with hexane as THE concentrations derive from previously observed open
cosolvent (Figure 3) reveals a zeroth-order dependence on THFgimer-based lithiations (analogousaB). We hasten to add that

concentration consistent with a lithiation that involves neither he dissociative pathways do not measurably influence the
dissociation nor association of THF from dim26 leading to  rg|ative rate constants in Chart 1, nor do they influence the

the rate-limiting transition structuf A plot of kopsqversus LDA mechanistic discussions below. Projected investigations using
concentration shows a clean half-order dependence (Figure 4,ess strongly coordinating solvents should be revealing.

Table 2) consistent with a dimemonomer preequilibriurf’ The biphasic kinetics noted in a previous section for the
The rate data are described by the idealized rate law in eq 6jjthiation of the 14/16 mixture afforded the two term rate law
and are consistent with monomer-based transition structure yegcriped by eq 7k{s andkss correspond to the rate constants
[(i-PRNLi)(THF)(4)]*. for lithiation of 14 and16.) The term for lithiation of iminel4

was determined a+20 °C, whereas that for the lithiation of
imine 16 was determined at 18C. The concentration-depend-
encies (Table 2) are consistent with monosolvated monomer-

10 1

Kobsd x 103 (S_l)

—d[imine]/dt = k[imine][LDA] Y{THF]° (6)

In several of the more reactive methoxy-substituted cases
3, 7/8, 11, 13, and16—plots of kopsqversus THF concentration  (39) Edwards, J. O.; Greene, E. F.; Ross].JChem. Educl968§ 45, 381.
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Scheme 2
H,C._ _CH R CH +
3~~~ 3 7 R 3
) ) b
HyC,, _Li. .CH, R H NS /e,
1/2 SN OUNG + - - ' l1
H,C" "Li” YCH, ~—R
| H N\
_O. o | ~CH,
H,C~  “CH, HaC
R R R
H, N H, N H;g N
~—H ~(—Me ~—Hy
H H, Me
H,; Hs Hg
A B C
based transition structuresj-RrL.NLi)(THF)(imine)]* in both Table 3. Activation Energies (AG*, kcal/mol) for the Lithiation of
- - . _Imines A, B, and C (Scheme 2) Calculated with B3LYP/6-31G(d)
cases. The relative rate constants, however, provide compelling oHy
evidence of substantial mechanistic differences (see below). A~ _OCH, OCH;
Compd. AG*y R=CH, iPr & s
dliminel/idt = (k,[14] + kyJ L6)[LDA] YATHF® (7 A ag, o w1 owo e oo MOUOE
— = AGH, . . f 1 - -
[imine}/ct = (k,[14] + k,J 16)[LDA] *{THF]° (7) sc, ;s B oo 180 -
AGI3 26.2 -- 20.0 19.8 --
Kinetics: Me;N-Substituted Imines Revisited Previous rate AG, 281 - 222 22 -
studies of the LDA/THF-mediated lithiations of imir81/32 B Ag} 52'6 26.2 ;9.9 - ﬂ; 2?; (zz.s):
(1:1) containing a pendant Mé moiety afforded rates and a ﬁG{ o - = ’ 24(35 )
rate law that were |nd|st|ngu[shable from thosd\sisopropyl c A, 219 2 193 B 198 256 (2420
analoguel 0.54¢The apparent first-order decay led us to conclude Ag} gig - ;g.i - 28.1 213
AGY, X - y - - -

that diastereomer8l and 32 lithiate with equal facility.
Moreover, we concluded that the lithiation proceeds via transi-
tion structure24 with the pendant MgN moiety unable to
compete with THF for coordination to lithium. On the basis of

the results for the analogous mixture of methoxy-substituted DFT Computational Studies.We explored the origin of the
imines 14 and 16 showing striking biphasic kinetics, we  structure-dependent regioselectivities and relative rates using
suspected that we may have missed the lithiatioB2fThis DFT calculations performed with the 6-31G* basis set at the
oversight is readily understood by noting that previous rate g3 yp |evel of theory’® Me;NLi and MeO were used as
studies were carried out using transmission IR spectroscopy models for LDA and THF, respectivef§. A range of initial
rather than in situ IR spectroscopy. The contents of the reaCtiO”geometries were sampled for all reactant and transition struc-
vessel were fixed at either 0 or 2& and pumped through the  ,re5. | egitimate saddle points were shown by the existence of
IR cell using approximately 1.0 m of intramedic tubing, 5 gingle imaginary frequency. Corrections for the Gibbs free
rendering the first 2630 s of the reaction spectroscopically energy AG) are included. The structures and energies for

invisible.. . he lithiati ; . cyclohexanone- and 2-methylcyclohexanone-derived imines of
We reinvestigated the lithiation of th&l/32 mixture and general formA, B, and C (Scheme 2) are included in the

indeed found that the diastereomers lithiated>&00-fold Supporting Information. Optimized transition structures of

S|fLerent _ra;gst_ by_LhDﬁllT?FﬁThe sIOV\I/-reatl:tmg a:)mmﬁl stoichiometry [(MeNLi)(Me 0)(imine) for the abstraction of
ehaves indistinguishably Iroli-iSopropyl analogue.®, con- the 10 different protons (labeled;HH;o on A—C) are also

sistent with transition structui@3. In contrast, the fast-reacting o . . S

. . N . . . archived in the Supporting Information. The calculated activation
form lithiates readily akc —40 °C. Detailed rate studies of this . " . .

. : . energiesAG™s) are summarized in Table 3. A select group of
fast-reacting form (Table 2) are consistent with a monomer- " : A
- . - L e transition structures are depicted in Figures 6 and 7.

based transition structura {Pr,NLi)(THF)(imine)]*, which we ) ;
depict as transition structur@4 bearing a chelating Ml The selected geometric details of the calculated structures

moiety. Thus, the rate law previously reported for the lithiation 1~ Viii are listed in Table 5. All calculated-€H—N bond angles

of the 31/32 mixture is actually the rate law for the lithiation

_ i fni (40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

of the slow reaCtmg imin&1. 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,

a Structures oB andC with 2-(R)-methyl are not shown in Scheme 2.
b Methoxy group is not coordinated to the lithium in the transition structure.

ks Me Me ¥ K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

NMe, NMe, N R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

J/ TITIF J/ THF~L/ j Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K_;
Li A Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

N "CH,4 RN N "CH, RN N CH, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.:

RZ:,, H., H Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
R H.C Heo M. A,; Peng, C. Y.; Gill, A.; Nanayakkara, C.; Gonzalez, M.; Challacombe,
1 3 3 P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,

C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGRaussian 98Gaussian,
3LR, =CH, R,=H 33 34 Inc.: Pittsburgh, PA, 1998.

(41) Romesberg, F. E.; Collum, D. B. Am. Chem. Sod992 114, 2112.

32;R;=H,R,=CH;,4 Ramirez, A.; Collum, D. B., unpublished.
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iv syn equatorial

+1.9 keal /mol

ii anti equatorial

+1.0 keal / mol

i anti axial

AGF =20.8 kcal /mol

+4.4 kcal /mol
H, N"CH3
i H,
H;

Figure 6. Transition structures and activation energy diagram ofNllé-mediated metalation oN-methyl imine of cyclohexanone.

vi anti equatorial

+2.1 kecal /mol

v anti axial

AG* =17.0 keal/ mol

1 +2.2 kcal /mol
vii syn axial '
. +0.9 kcal /mol
H, N~&"0cCH,
] H,
H, +1/2(Me,NLi®Me,0),
Hj

Figure 7. Transition structures and activation energies of theMl&-mediated metalation lithiation of thi-methyloxyethyl imine of cyclohexanone.

fall in a narrow 166-17C° range with relatively invariant €H
and N-H distances. As one might expect, the-B and G=N

intuitively more in line with stereoelectronic principles, yet this
is not manifested in the calculated energies.

bonds are longer than those found in the imines consistent with The calculated activation energies provide insight into the

fractional bonding. The lithium in the syn lithiations orients more
nearly perpendicular to the=€N-containing plane than does
the lithium in the anti lithiations as evidenced by the-C—
N—Li dihedral angles more closely approximating 90he syn
structures also show-HC—C—N dihedral angles approaching
90°, allowing the C-H bond to be collinear with the p-orbitals
of the CG=N & system. The anti structures show a shorterdN

relative facilities of proton abstraction (1) syn versus anti to
theN-alkyl group, (2) axial versus equatorial on the cyclohexane,
(3) geminal to a methyl moiety versus a proton, and (4) distal
to an axial methyl versus a proton. Of the 55 possible
comparisons oAG"s in Table 3, a select group of especially

pertinent examples are listed in Table 4. The general strueture
reactivity relationships will be exploited to provide insights into

bond, possibly emblematic of a more advanced proton transfer.the structure-dependent rates, regioselectivities, and kinetic
Therefore, the syn lithiations show geometries that seem resolutions'?
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Table 4. Selected Comparisons of Calculated Activation Energies
(kcal/mol) for the Lithiations of Imines A, B, and C (Scheme 2)

from Table 3
H3
/&/OCH3

Topic Entry AG* R=CH, ~~OCH;

2-H 2-(S)-CH, 2-(R)-CH,
axial 1 AGH-AGH, 1.0 2.1 24 - -
vs 2 AGYAGH 19 22 24 - -
equat. 3 AG'AGH, 24 3.9 - - 6.9

4 AG'vAGH 21 0.1 - 8.3 43
syn 5  AG':AG', 54 3.0 1.8 - -
vs 6 AG-AG, 63 3.1 1.8 - -
anti 7 AG'-AGY, 40 0.9 - 0.1 5.6

8  AGH-AG, 107 9.0 - - -
2H 9 AGH-AG, 18 29 - 2.1 8.1
vs 10 AGWAGH, 1.1 23 - 1.8 7.6
2-CH, 11 AG-AGH, 22 0.3 - 7.7 0.9

12 AGH-AGH, 04 0.8 - 14 119

13 AG-AGH, 09 25 - - 26

14 AGHAG, 66 6.2 - - -

aNonchelating transition structures are not included.

Discussion

The organolithium chemistry of ketimines and aldimines has
been investigated largely from a substrate-centric perspective
in which the nuances of the underlying organometallic chemistry
are largely ignored:318 Conversely, our previous studies follow
an organolithium-centric approach in which the imines are
simply exploited as templates to study issues of solvation and
aggregatioif.It appears naive in retrospect to have believed that
an approach philosophically biased in either direction could

adequately explore frequently observed odd stereo- and regio-
€

selectivities and substrate-dependent rates exemplified in Schem
1 and Chart 1. By studying a range of relatively simple substrates
(1—12), we sought to understand how structural features within
the imines influence their reactivities. Do these structure
reactivity relationships then allow us to understand the odd
selectivities in Scheme 1 and relative reactivities of imibgs

16? Before this point is addressed, some of the more germane

observations are summarized as follows.
RegioselectivitiesThe LDA-mediated lithiation highlighted
in Scheme 1 exhibited a 3:1 preference for lithiation at the more
substituted-carbon as well as a 75:1 relative reactivity of the
two diastereomers. A more comprehensive investigation of
regioselectivity (Table 1) provides some useful details. Imines
prepared directly from 2-methylcyclohexanone exist as ap-
proximate 1:10 syn/anti mixtures both in THF solution and as
neat oils (eq 4; Table 1, entries 2 and 5). The syn and anti
isomers both lithiate several orders of magnitude faster than a
potentially competing synanti equilibration, allowing the
regioselectivities and lithiation rates to be determined indepen
dently. As summarized pictorially below, the observed regio-
selectivities were attributed to (1) a totally regioselective
lithiation anti to theN-alkyl moiety of the syn form, and (2) an
attenuated £9:1) regioselective lithiation anti to thi-alkyl
moiety in the anti form. Although the regioselectivities in Table

1 were determined by indirect methods in some cases, it is clear

that the lithiations display a high, but not total, anti selectivity.
The seemingly sporadic reversals in regioselectivity re-
ported®13.15 gre easily understood as deriving from varying
proportions of the syn and anti forms which, in turn, depend

(42) For excellent references and discussions of kinetic resolutions Asee:
Chem. Res200Q issue No. 6.

on whether the substitutionally unsymmetrical imines were
prepared from unsymmetrical ketones or by alkylation of imines
derived from symmetric ketones. These results are consonant
with those from the groups of Bergbreiter, Newcomb, and
Meyers!0

LDA LDA
major ( ) minor 56 ) exclusive
-R R{
N N
H H H H
R \Eﬂ/ ) R \Ej/ )
anti form syn form

Mechanism of Lithiation. The results from detailed rate
studies are summarized in Table 2. In short, the rate laws are
all of a mathematical form (eq 6) consistent with lithiation via
monosolvated monomers. At risk of stating the obvious, the
rate studies do not offer insights into geometric details such as
whether (1) a pendant methoxy moiety chelates at the transition
structure, (2) deprotonation occurs from an axial or equatorial
site, or (3) lithiation occurs syn or anti relative to tNealkyl
moiety. The rate laws do, however, serve the critical function
of confining computational studies and mechanistic discussions
to transition structures bearing a single, well-defined stoichi-
ometry—[(i-PrLNLi)(THF)(imine)]*.3® Of course, it is much
simpler to explore relative reactivities of the fauprotons on
a computer than in the lab. The synergies arising from the
structural, rate, and computational studies are central to unravel-
ing the complex structurereactivity relationships.
Caveats.Before specific structurereactivity relationships
are discussed, it seems prudent to digress briefly by mentioning
a few misconceptions that often emerge at the murky interface
where prose and thermochemistry meet.

First, it is easy to be fooled by seemingly large relative rate
constants. For example, although the difference in relative rate
constants foi7 (ke = 44 000) and8 (ke = 8100) may seem
vastly different on first inspection, their relative magnitudes are
a modest 5.4:1, corresponding to only 0.8 kcal/mot-40 °C.

The reactivities 06 (ke = 190) and2 (ke = 120) are essentially
indistinguishable.

Second, there is an insidious phenomenon that we facetiously
refer to as the “universal ground-state assumpfitiftat seems
to arise from confusion over the distinction of “relative transition
state energies” versus “relative activation energies”. In short, it
is surprisingly common for authors to ignore the role of ground-
state energies when discussing reactivity. By doing so, one
implicitly (and quite erroneously) assumes that reactants are of
a common energy. The 7-fold greater rate for the lithiation of
syn imine 9 as compared to anti isomd is illustrative.
Because syn and anti imines generally do not equilibrate at the
temperatures of the lithiations (rendering the Curtin Hammett
principle not at issue), it might be tempting to focus on divergent
steric or electronic effects in putative transition structusés
and 36 to explain the higher reactivities of syn imirgeas
compared to those of anti isom&d. However, if one considers
the relative energies of the reactants (as determined by their
populations at equilibrium), one finds that isomeric transition
structures35 and36 are of nearly equal energy. Consequently,
the relative lithiation rates d® and 10 derive almost entirely
from the relative stabilities of imine8 and 10 rather than the
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Table 5. Selected Bond Lengths, Bond Angles, and Dihedral Angles for Calculated Transition Structures i—viii (Figures 6 and 7)

parameter? i i iii iv v vi vii viii
Bond Lengths (A)
C1-C2 1.45 1.45 1.53 1.53 145 145 1.53 1.53
C1-Cs3 1.53 1.52 1.45 1.45 1.53 1.53 1.45 1.45
C1-N1 1.33 1.32 1.32 1.32 1.32 1.32 1.32 1.32
C2-H 1.35 1.35 1.33 1.32
C3—-H 1.34 131 1.33 1.31
N2—H 1.42 1.42 1.47 151 1.45 1.45 1.47 151
N1-Li 2.00 1.99 2.09 2.08 2.07 2.06 2.23 2.21
N2—Li 1.96 1.96 1.96 1.95 1.98 2.00 1.98 1.98
O1-Li (v—viii) 2.08 2.09 2.02 2.03
O2—Li 1.93 1.93 1.91 1.91 1.99 2.02 1.98 1.98
Bond Angles (deg)
C2-H—-N1 162.6 165.5 163.8 165.3
C3—-H—-N1 165.3 166.3 167.0 168.1
N1-Li—N2 115.2 116.0 112.4 112.3 110.0 107.3 107.1 106.4
N2—Li—02 127.4 124.2 134.9 135.2 117.7 120.4 120.8 1214
02-Li—N1 117.1 119.6 112.7 112.5 111.6 119.5 109.3 110.0
O1-Li—N1 (v—viii) 83.8 82.6 83.7 83.9
O1—-Li—N2 (v—viii) 119.4 123.3 122.2 122.2
O1-Li—02 (v—viii) 109.4 98.5 107.0 106.0
Dihedral Angles (deg)
H—C2---C1---N1 62.9 58.9 64.9 61.5
H—C3---C1--:N1 74.5 72.2 72.9 69.9
C2---C1---N1—Li 30.9 30.5 40.9 39.8
C3:+-C1---N1-Li 79.7 78.2 77.2 76.8

aC2 = anti-Ca, C3 = synCa, N1 = nitrogen of imine, N2= nitrogen of lithium amide, O% oxygen of chelating methoxy group, G2 oxygen of
dimethyl ether.

_______ 36 Table 6. Contributions to Imine Reactivity: Theory versus
AGrs= (00T Experiment?
-0.7 keal/mol theory experiment (=40 °C)
entry contribution keal/mol source® kcal/mol source®
. 1 axial vs equatorial 1:62.4 4(1,2) 0.8 7/8
172 (RNLi) S, 2 synvsant 1.86.3 4(56) 2232 10and1lX
+9 3 chelation 2.66.3 3(1-10F 1.8-2.4 13,24
4 geminal methyl 1829 4(9) 1.9-2.2 210 3/12
AG® = ) 5 branchedN-alkyl 0.0-2.4 3(-4) 04-11 123/4
(80 6= 9 12(RNLD),S, 6 distal (axial) methyl 1.42.3 4 (10) 0.9-1.3 2/9,3/11
2.3 keal/mol +10 7 distal (equat) methyl 0:40.8 4 (12)
Figure 8. Thermochemistry for lithiation 09 and 10. aComparisons exclude complex imin&8—16. ® Table number (entry
. . . " numbers)¢ Compound numbers in Chart 1 used to calculate experimental
energies of their respective transition structuBssand 36 contributions AG = —RT In(k/kz), T = —40 °C). 9 Calculated from

(Figure 8). Of course, although one can compare relative regioselectivities of0and12 (Table 1, entries 3 and 6) and geminal methyl
activation energies for the reaction of fundamentally different ©ffect (Table 6, entry 4, 1:92.2 kcal/mol). This value does not include
provisions for the distal equatorial methylComparing Me versus

substrates, it is invalid to discuss the relative energies of tWo cH,CH,0CH; andi-Pr versus CH(CHCH;OCH; in Table 3. Comparing
transition states that are not isomeric or related by a balancedMe versusi-Pr and CHCH,OCH; versus CH(CH)CH,OCH; in Table 3.

equation.
interesting patterns that help us understand the more complex

s + s + o e
I R R lithiations of imines13—16.
i-Pr _Li_ /_R R -Lis _i-Pr
N N™ N
= = R s R s
° ! o H_N=if H K=
3 % NR, %H NR,
b j\y K ‘s_y/
3 36 rg;st:;l A ax (preferred) anti (preferred)
Contributions to Rates: Theory versus Experiment.With 37 38
the aid of both experimentally observed rate constants and
computationally determined activation energies, we can at least branf M/i/\ “~
partially dissect the observed rates and selectivities into six ER chelate
components as summarized in Table 6 and illustrated generically H__N=Li"
by 37—39. Thermochemical dissections are often difficult both %H3 NR,
scientifically and linguistically because the components are HH‘_)Z, geminal
superimposed and can be correlated. Nevertheless, by focusing methyl
on the lithiations of simple imine¢—12, we discover some 39
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(1) Axial versus equatorial: Representative anti-axial, anti- predicted 2.6-6.3 kcal/mol reduction in activation energy for
equatorial, syn-axial, and syn-equatorial deprotonations arethe chelated forms. The most pertinent comparistie chelated
illustrated by the calculated transition structures and free energyversus nonchelated anti-axial deprotonation via transition struc-
diagrams in Figures 6 and 7. A significant (+.B.4 kcal/mol) turesi andv (Figures 6 and #shows a 3.8 kcal/mol lower
preference for axial over equatorial deprotonation (cf., entries AG,* for the chelated form (Table 3, entry 1). Moreover,
1 and 2 in Table 4; se&7) is predicted regardless of whether chelation is predicted to accelerate the syn lithiatiafig (nore
the deprotonation occurs syn or anti to tRealkyl group and so than the anti lithiations (cf., R Me versus CHCH,OMe;
regardless of whether thHé-alkyl forms a chelate. Table 4, entry 5), suggesting that chelation might cause a

Isotopic labeling studies could, at least in principle, delineate reduction in regioselectivity.
the preference for axial versus equatorial deprotonation; how-  Although rate studies do not distinguish chelated versus
ever, the challenges confronted in preparing the labeled isomersnonchelated forms in the transition structures, the accelerations
due to imine-enamine tautomerization were too daunting. imparted by the potentially chelating side chains, in conjunction
Nonetheless, conformationally anchored substratesnd 8 with the computational studies, leave little doubt that chelation
provide tacit evidence that axial deprotonation is preferred. occurs at the transition structure. By example, the 200-fold
Given the strong evidence that chelation is involved (discussed higher reactivity of iminet when compared t@ (corresponding
below), the high conformational control imparted by A-strain to 2.4 kcal/mol at-40 °C) certainly attests to the importance
forces the preferred anti lithiations @fand8 to occur from the of the methoxy moiety. Similarly, the methoxy group on imine
axial and equatorial sites, respectively, as illustratedCmand 3 causes an approximate 40-fold acceleration by comparison
41 Given the 1:1 ratio of7 and 8,4 the approximate 5-fold  to the n-butyl group of1. Moreover, the regioselectivities in
higher rate for the lithiation o¥ reflects a 5-fold preference  Table 1 suggest that the methoxy moiety of imit2erodes
for axial proton abstraction~0.8 kcal/mol at—40 °C). Thus, the anti selectivity (entry 6) when compared to Mésopropyl
the theory and experiment are in qualitative agreement, althoughgroup of imine10 (entry 3), although the loss of regioselectivity
the calculations using MBILi/Me,O as a model appear to is less than predicted computationally.

overestimate the stereoelectronic effect. (4) Geminal methylation: Introducing a methyl moiety at the
2-position of the cyclohexane provides a regiochemical tag but

Hf‘cl anti-equatorial zN\ O also retards the lithiation (se9). Calculations suggest that a

H" geminally disposed methyl group in the equatorial position

N OMe causes thG¥s for the preferred anti-axial lithiation to increase
\% NRZ \% CH; by 1.8-2.9 kcal/mol (Table 4, entry 9). Indeed, the lithiation
) of 10, which occurs predominantly geminal to the methyl, is
40 anti-axial a 120 times slower (2.2 kcal/mol at40 °C) than the lithiation
of its unsubstituted counterpatwhich matches the calculated
(2) Syn versus anti: Transition structuriesviii (Figures 6 value of 3.1 kcal/mol (cf.AG;* and AGs* for i-Pr in Table 3).
and 7) and the affiliatedhG¥'s (Table 3,AG;*—AG,*) provide Similarly, the lithiation of3 is predicted computationally to be
perspectives of syn versus anti deprotonations 88eCom- 2.9 kcal/mol more favorable than the lithiation 12 (Table 4,
paring syn versus anti deprotonation via the preferred axial modeentry 9), whereas experimentally an approximate 60-fold greater
(Table 4, entry 5) is most germane and shows a distinct anti rate (1.9 kcal/mol at-40 °C) is observed.
selectivity. Although the selectivity is attenuated by both (5) Distal methylation: To understand the regioselectivity,
branching on théN-alkyl group and methyl substitution on the one must also understand how lithiation at the 6-methylene
cyclohexane ring (Table 4, entry 7; vide infra), lithiation anti group is influenced by a distal 2-methyl substituent 3@e If
to theN-alkyl group is predicted for all cases. the N-alkyl group is anti to the 2-methyl moiety (as in general
The experimental results are consistent with the computations.structureB; Scheme 2), syn lithiation at the Ghposition is
The regioselectivities listed in Table 1 show a substantial calculated to be slower than the syn lithiation in the unsubstituted
preference for deprotonation anti to thealkyl moiety. Syn case (Table 4, entry 12). However, the 2-methyl group iis
imines9 and 11 undergo a totally regioselective anti deproto- predicted to retard the anti lithiation (Table 4, entry 9) more so
nation at the less-substituted site (Table 1, entries 1 and 3). Antithan the syn lithiation.
isomerslOand12 undergo predominantly anti lithiation despite Lithiations of the syn-axial imines of general structuCe
the requisite deprotonation at the more substituted position. prefer anti-axial lithiation at the unsubstituted £Hosition
Imines10and12 undergo a small but measurable syn lithiation despite the distal methyl moiety (Table 4, entry 4). H@*'s
as well. for the anti-axial deprotonations are predicted to be inhibited
(3) Chelated versus nonchelated: The presence of a potenfy only 1.1-2.3 kcal/mol due to the axial distal methyl (Table
tially chelating methoxy moiety on thid-alkyl group (see39) 4, entry 10)* Thus, imines with theN-alkyl group syn to the
appears to be the largest determinant of reacttiomparing 2-methyl moiety are predicted to lithiate rapidly and with a high
calculatedAG*'s for simple imines (Table 3, R= Me)* and selectivity to the less-substituted side.
the chelating imines (Table 3, R CH,CH,OMe) reveals a Comparing the relative rates in Chart 1 versus9 (K =
: : : : 17; 1.3 kcal/mol at—40 °C) and3 versus1l (ke = 6.8; 0.9
(43) The calculated relative energies of two isomers correspondifgatm 8 o . .
with the tert-butyl group omitted show a 0.2 kcal/mol preference or kcal/mol at—40°C), we find that syn imines of general structure

(Without thetert-butyl group, there are still two isomers.) C display reactivities that are intermediate between the anti
(44) For examples and leading references, see: ‘®amA.; Collum, D. B.J.

Am. Chem. Sod999 121, 11114.
(45) The calculated\G;* for imine 1 bearing ann-butyl group is 21.9 kcal/ (46) In fact, computational studies of the lithiation 2&nd9 (Table 3) show
mol. no difference inAGg* versusAG;* due to the distal methyl.
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Table 7. Contributions to Relative Rates for Lithiation of Imines 13—16 Scaled to Imine 3

estimated relative free energies of activation (kcal/mol)

contribution AG(44) AG(45) AG(46) AG(47) AG(48) AG(49)
axial vs equatorial 0 0 0.8 0.8 0 0
syn vs anti 0 0 0 2232 2.2-3.2 0
chelation 0 0 0 0 0 1824
geminal methyl 0 1.92.2 0 1.9-2.2 0 1.9-2.2
N-alkyl branch 0411 0411 0.4-1.1 0.4-1.1 0.4-1.1 0.4-1.1
distal methyl 0.9-1.3 0 ® 0 0.9-1.3 0
chair—chair flip 0.9y
predicted 1324 2.3-33 1.2-1.9 5373 4.4-6.5 4.1-5.7
observed 2.1 2.8 2.8y 4.7 4.7 4.7

aScaled to—40 °C (Chart 1).° Distal axial methyl is on the opposite face of the cyclohexane fidgproximate.d Calculated energy of placing a
methyl group axial from the preferred equatorial orientation in the ground state fdkiethylimine of cyclohexanoné.Cost of a syn-equatorial lithiation
was estimated from the calculations to be very laty&4, Table 3).

forms B) and unsubstituted derivative8). The prohibitively Kinetic Resolution. Having assessed the independent con-
high AG"s associated with the syn-equatorial deprotonations tributions that determine the rates of imine lithiations, we are
of syn form C are completely borne out by the high regiose- now in a position to examine the kinetic resolution depicted in
lectivities for syn imine® and11 (Table 1). Scheme 1. The starting imine was shown to be a 1:10:1:10
(6) N-Alkyl branching: Calculations predict that branching mixture of iminesl3, 14, 15, and16. The relative rates in Chart

on theN-alkyl group (see89) retards the lithiation. For example, 1 reveal the relative reactivities 48 > 14 ~ 15> 16. The
comparingAG*s for the lithiation of the unsubstituted imine  biphasic kinetics affiliated with a kinetic resolution in Scheme
A (Table 3, entries +4) shows that the methyl group on the 1 arose becausk3—15 lithiate readily at—20 °C, whereasl6
chelating side chain [R= CH(CHs)CH,OCHg] is predicted to lithiates slowly at 15°C. The individual structurereactivity
cause 0.6-2.4 kcal/mol higher activation energy. Similarly, the ~ relationships gleaned from Table 6 were compiled for imines
preferred anti-axial lithiation afl-isopropylcyclohexanone imine ~ 13—15, affording predicted activation energies. The results are

2 is calculated to be considerably less favoralfl&(* = 23.1 summarized in Table 7. (The energetic contributions listed in
kcal/mol; Table 3) than the corresponding anti-axial lithiation Table 7 are scaled relative to the most reactive indip¢mines
of N-n-butyl-substituted imindl (AG* = 21.9 kcal/mol)* 13—15 are predicted to undergo facile lithiation because they

The experimentally measured relative rates show a similar Suffer from only minor problems arising from a distal methyl
effect. The lithiation ofN-isopropylimine2 is approximately ~ 9roup (seet4), a geminal methyl group (sek), or a requisite

10 times slower than that of thé-n-butyl analogue.. Similarly, equatorial deprotonation (se€). In contrast, a chelation-
lithiation of 4 is 2—3 times slower than that of the unsubstituted @ssisted lithiation o016 s forced to proceed via a syn-equatorial
analogues. deprotonation (sed7) predicted by computations to be pro-

Additivities. The six identifiable contributions to the lithiation ~ NiPitively poor. Alternatively,16 could undergo a chairchair

rates (listed in Table 6), although of moderate influence in TP (costing 0.9 kcal/mol relative to its lowest energy con-
. ) ;
isolation, display surprising additivities. The additivities are best former)” followed by a syn-axial deprotonation (ség). The

illustrated by dissecting the experimentally derived 60 000-fold COSt Of the conformational adjustment, the syn lithiation, and
relative rates for the lithiation of imine&and10 (5.1 kcal/mol ~ the distal methyl renders the relative activation energy quite

at —40 °C) into the individual contributions as illustrated by |&rge and more than offsets any advantages offered by the
42 and43. Whereas both imines can undergo the preferred anti- chelation. Consequentlys appears to undergo lithiation without
axial lithiation, lithiation of3 (via 43) is facilitated by chelation ~ @sSistance by chelation (sé) to a significant extent, as
(1.8-2.4 kcallmol from Table 6) and is not inhibited by any evidenced by a I|_th|at|on rgte_ that is analogous to the rate
other structural features. In contrast, the lithiation16f (via observed for the\-isopropyl imine10.
42) is inhibited by the branching in thid-alkyl moiety (0.4~
1.1 kcal/mol) and by a geminal methyl group (22 kcal/
mol). The predicted relative activation energies of-%617 kcal/ A recurring theme emerges in these studies: spectroscopic,
mol obtained by summing these contributions compare favorably computational, and rate studies function synergistically, offering
to the observed value of 5.1 kcal/mol. This analysis works quite Views of synthetically important reactivities and selectivities that
well for other binary comparisons in Chart 1. It would also work are unavailable when the methods are used in isolation. The
well using the computational results from Table 6 were it not structure-dependent rates and selectivities of LDA/THF-medi-
for the substantial overestimate of stabilization by the chelate. ated imine lithiations highlighted in Scheme 1 and Chart 1 were
traced to a combination of factors including proton abstraction
(1) axial versus equatorial, (2) syn versus anti, (3) geminal to
u a methyl moiety, (4) distal to a methyl moiety, (5) with chelation

c 7\ AN
H N‘LI\NR N‘Li/OMe chelate assistance, and (6) in the presence of a brandiedkyl
' /-CH; 2 ~~H | substituent. Although many of these factors have been identified
H '_X/gemmal H NR,

Conclusions

f\
branch iPr g

H methyl Her .. _. - - ) —
.. anti-axial (47) The 0.9 kcal/mol is an estimate from the value derived for the €lchiair
4 anti-axial 43 flip of N,2-dimethylcyclohexanone imine. The cost of the chainair flip
(from 10) (from 3) musft be included because the anti-axial form is not the lowest energy
conformer.
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H,C geminal ROR principles described herein translate to the dimer-based lithiation
o, methyl N. _O should be fruitful. In a more general sense, the results offer a
H N i-axial %‘72 better understanding of how the synthetically important orga-
~. .OMe anti-axia CH; N L . . i, .
Li H nolithium chemistry of imines depends critically on controlling
% I\?Rz H HH cH, the syn-anti stereochemistry about the=Gl bond. This notion
distal AH~s is not new? but it may be underappreciated. By example, the
methyl anti-axial kinetic resolution in Scheme 1, although not yet ful in it
44 45 , yet useful in its
(from 13) (from 14) current form due to problems with regiocontrol and partial
epimerizatiorf® warrants further study.
H,;C RN I\O/Ie _ _
H)\\ 2L’ Experimental Section
H.C H N, .OMe CHgy 1\? Reagents and SolventsAmines and hydrocarbons were routinely
3 H H }“‘ HH on distilled by vacuum transfer from blue or purple solutions containing
X NR, H 8 . sodium benzophenone ketyl. The hydrocarbon stills contained 1%
anti-equatorial H Syn-equatorial tetraglyme to dissolve the ketyl. The LDA was prepared and purified
46 47 by recrystallization as describétiDeuterated imines were prepared
(from 15) (from 16) from the deuterated ketorf€sand RNDCI salt (to minimize loss of
deuterium) as describéé Air- and moisture-sensitive materials were
. R R manipulated under argon or nitrogen using standard glovebox, vacuum
r:claiﬁél INR J%’Ie geminal chrell(;te\‘ line, and syringe techniques.
}1 methyl \ OMe NMR Spectroscopic AnalysesSamples were prepared, and the
( H N CHg N- and ®C NMR spectra were recorded as described in the Supporting
H3CH HH CH H HY, . CH; Information.
] 3 H A IR Spectroscopic AnalysesSpectra were recorded with an in situ
syn-axial UR? ) IR spectrometer fitted with a 30-bounce, silicon-tipped probe optimized
48 49 anti-axial for sensitivity as described in the Supporting Information and elsevifffere.
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We must confess that we began this study with the intention ) ) )

of investigating the previously detected dimer-based pathway = SUPPorting Information Available: NMR spectra and rate
fostered by weakly coordinating donor solvents. However, with d&t@ (PDF). This material is available free of charge via the
the aid of new technologyin situ IR spectroscogy—it soon Internet at http://pubs.acs.org.
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