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Abstract: Aggregates consisting of lithium halides with either lithium amides or lithium enolates have been

characterized by X-ray crystallography. Two structural

types, solvated heterodimers and heterotrimers, have been

found for halide/amide combinations. Two compounds containing both lithium halide and lithium enolate have also
been identified as heterodimers. Using this information, we propose a reaction sequence for enolization and subsequent
aldol addition reaction involving halide-containing aggregates. annitio and PM3 theoretical study of model
systems shows that solvated heterodimers between LiBr and eithern dNHOC(H)=CH, are favored over the
respective homodimers. Calculations reveal a stable eight-membered ring transition state for the enolization step
between LiCILINH, and acetaldehyde. Two independent transition states, a 4,8 and a 4,4,6 ring system, were
calculated for the model reaction between the heterotrimer [(L)NHCI] and acetaldehyde. Dissociation of donor
solvent was computed to require more energy for heterodimers than for homodimers.

Introduction

One of the premier topics of modern organic chemistry is
asymmetric synthesis.In large part, this is a consequence of
increasing interest in natural product chemistry and the manu-
facture of biologically active moleculés.Great strides have
taken place in the development of many aspects of chiral
synthesis, but much remains to be done. A general problem is
in the specificity of synthetic strategies. For example, it is
commonplace to find that the degree of asymmetric induction
in a particular system is critically dependent on the physical
nature of the reagents.Even relatively small changes in
structure have drastic effects on the reaction’s outcome. It is
therefore usually necessary to conduct time-consuming repeai
syntheses in order to find suitable reagents, conditietts A
relatively recent approach to solving some of the problems
pertaining to selectivity questions is to study the structure of
the intermediates involved. The aldol addition reaction is a
visible example. Structural studies have utilized NMR spec-
troscopys X-ray diffraction/ and theoretical calculatiorfs One
increasingly important aspect in chiral synthesis is in the use
of Lewis acid additives to increase regio- and stereoselective
control® For instance, the addition of achiral lithium salts in
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asymmetric alkylation and aldol addition reactions has been
shown to affect reactivity, selectivity, and solubiliy. A
striking example was reported by Ashby that the rate of reaction
between MeLi and 4ert-butylcyclohexanone was increased
350-fold by addition of LiCIQ.1* The origin of these effects
is not fully understood.

It has been proposed that these additives form mixed
aggregate$? Solution NMR spectroscopic studies by BroWwn
and Collun}* have revealed that lithium halides form mixed
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Scheme 1
R
NHeHX + 2n-BuLi + x§ —> [LiX*R;N-Li*S, ] + 2n-butane (1)
=
R
NH + R-X + 2n-BuLi + XS —— [LiX*R,N-Li*S,] + 2n-butane + olefin  (2)
R

R = alkyloraryl; R' = alkyl; S = donor solvent

aggregates with alkyllithium and dialkylamidolithium com-
pounds. In light of the poor understanding of the function of
lithium halides as additives, we undertook a structural investiga-
tion of these species. This report outlines the synthesis and
structural characterization of some mixed anion species involved
in enolization reactions and describes a theoretical study of the
formation and structure of mixed amide/halide and enolate/halide
lithium aggregates.

Results and Discussion

Lithium Amide/Halide Aggregates. Soluble mixtures of
lithium halide and lithium amide were prepared by two methods. 1227 1287
The first used an amine hydrohalide,(fH-HX) as the source
of both halide and amin®. A slurry of the hydrohalide with
either tetrahydrofuran (THF) d¥,N,N',N'-tetramethyethylene-
diamine (TMEDA) in toluene was treated with Bl (Scheme
1, eq 1). Clear solutions resulted after vigorous stirring. In
the second procedure an alkyl halide, an amine, and a donor
solvent were mixed in toluene before addition of"BiScheme a b
1, eq 2). The latter method was preferred due to solubility Figure 1. Two independent molecules in the unit cell bfPertinent
problems of the amine hydrohalides. bond lengths (A) and angles (deg) are shown.

To confirm that mixed anion species were formed, we grew

crystals from the reaction between TMHBr (where TMP= N M MeoN
2,2,6,6-tetramethylpiperidine) and Bilin the presence of THF. g ez ez
X-ray analysis gave the structure [LiBITMP-(THF)3] (1) %, N

|_1—-N

N, 1.977 Og,, Nz 1.957
3.2

Y1242, 2054
Lizi013

135.3

1135 Li;———0,
1112 1949

137.4

1082 Li;——0
ks 1848 1 2044

2437

(Figure 1)1 Compoundl crystallizes with two independent THF,, JHF Ll Me,
but almost identical molecules in the asymmetric unit. The “, / S PrlmN \N Py
heterodimeric structure ol has a central four-membered / \ / \ ‘

LiNLiBr ring. Only two crystal structures have been previously  THF pr [
characterized for an alkali metal complex consisting of an amide 2 3

a_nd a halide: the 5,10-dihydroph_enazine der_ivative [LICI Figure 2. Structures of the other known lithium amide/halide ag-

LiINC12HgNH-(THF)4] (2)'” and the diisopropylamide complex  gregates.

[LiCl +(LiNPr;)2 (TMEDA)] (3)*° (Figure 2). _ . _ _

A few distinctions between compountis2, and3 are worth to 1. However, in2 each lithium atom is tetracoordinated by
pointing out. Since and3 contain chlorine in place of bromine ~ bonding to two anions and two dative bonds from THF
in 1, direct comparisons of the bond lengths and angles betweenmolecules. Such tetracoordination is commonly found for
the structures are not usefuB differs from 1 in that it is a solvated lithium halides and amidolithiurfs. A- much more
heterotrimer. 2, being a heterodimer, is more closely related unusual structure is found fdr. One lithium is coordinated

2@ T TV Nad M Keckeshior K Bor Akad by two THF molecules, and the second is coordinated by a single

a alaeva, |. V.; Nad, . ., KOCKesnKov, K. OKI. ada. H :
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Kockeshkov, K. ADokl. Akad. Nauk SSSF61, 140, 847. (c) Glaze, W.; Dy steric factors associated with the very bulky TMP ligahd.
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Figure 3. Crystal structure of molecukeof compoundL, viewed down
the N—Br axis. The amido ligand is clearly tipped toward Li(1).

Scheme 2
HiC o
i 3 \N/\/ \CHg
Messi\ HgC’
N-Li
MesSi CH,Cl,, hexanes, - 40 °C

[ LiCl » { LiN(SiMe;), ), * (Me;NCH,CH,0Me), ] (3)

actions, there is one pseudotetrahedral and one pseudotrigonal

planar lithium atom irl. Unsymmetrical solvation is also seen

in the complexes of lithium hexamethyldisilazide with both

fluorobenzene and 1,2-difluorobenzene and in the THF-solvate
mixed cation (Li, Na, K) dimers of hexamethyldisilazide

(HMDS) .20

Also apparent from Figure 3 is that the central LiNLiBr ring
is puckered (12.9and 9.4 for a andb, respectively, from the
N—Br axis). The unsymmetrical nature bfis also seen from
the bond lengths of the central ring. As expected, bond lengths
at the three-coordinate lithium are distinctly shorter than for
the tetracoordinated metal (averaged differences are 0.13 A for
Li—N and 0.15 A for Li-Br).

Using a third route for halide incorporation gave a HMDS-
containing mixed aggregate. The sensitivity of HMDS toward
acid negates the possibility of preparing its hydrohalide deriva-
tive. Attempts at preparing mixed HMDS/halide compounds
by the “ammonium salt route” of Snaitkt al.?! or by using
LiCl as halide source failed. A new method utilizing methylene
chloride was developed (Scheme 2, eq 3).

The complex [LiCH LIN(SiMe3)2} 2 (Me;NCH,CH,OMe))]

(4) was determined crystallographically to exist in a three-rung
ladder form similar ta8 (Figure 4)22 This is further evidence
for the stability of three-rung ladder structures proposed in
solution1%2.22 Other products were not identified, although the
synthesis o# proved reproducible.

d
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(a) Chen, H.; Bartlett, R. A.; Dias, H. V. R.; Olmstead, M. M.; Power, P.
P. Organometallics1991, 30, 2487. (b) Barr, D.; Clegg, W.; Mulvey, R.
E.; Snaith, RJ. Chem. Soc., Chem. CommuS84 285 287.
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Raithby, P. R.; Snaith, R., Wright, D. 8. Chem. Soc., Chem. Commun.
1989 318. (c) Banister, A. J.; Barr, D.; Brooker, A. T.; Clegg, W.;
Cunnington, M. J.; Doyle, M. J.; Drake, S. R.; Gill, W. R.; Manning, K;
Raithby, P. R.; Snaith, R.; Wade, K.; Wright, D. 5.Chem. Soc., Chem.
Communl199Q 105. (d) Barr, D.; Brooker, A. T.; Doyle, M. J.; Drake, S.
R.; Raithby, P. R.; Snaith, R.; Wright, D. 8ngew. Chem., Int. Ed. Engl.
199Q 29, 285.

(22) Crystal data fork: CpHeCliLisN4O,Sis, monoclinic, P2(1)h, a
= 12.726(4) A,b = 19.422(5) A,c = 15.874(3) A, = 101.93, V =
3824(2) B, Z = 4, dearc = 1.013 Mg/n#, F(000) = 1280, Dmax = 47°,
5839 measured reflections, 5561 independent reflections, 5561 reflections
used in the refinemenR(1) = 0.0414,wR(1) = 0.0950.
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o
Figure 4. Molecular structure ot shows the mean plane through the

atoms. Hydrogen atoms are omitted for clarity, and the heteroatoms
are labeled. Important bond lengths (A) and angles (deg) are shown.

143.5

The alkyl halide route with TMEDA as donor solvent gave
[LiCI-{(MesSi),NLi},-(TMEDA),] (5). Although the starting
materials BOCI, HMDS, TMEDA, and BuiLi were mixed in a
1:1:2:2 ratio, no heterodimer of the [LICIHMDS-(TMEDA)]
type was obtained. The crystal structuresa§howed another
three-rung ladder framework (Figure %).The gross structural
features of4 and 5 are very similar to3 and will only be
discussed briefly.

In the heterodimers each of the two terminal lithium atoms,
Li2 and Li3, lies in a pseudotetrahedral geometry, bonding to
one amido anion, chlorine, and one chelating ligand, with either
2-(N,N-dimethylamino)ethyl methyl ether (DAME) i or
TMEDA in 5. In both structures the trigonal planar bridging
lithiums bond to the chlorine and two amido anions. The ladder
cores are twisted from planarity, with Li(2) lying 0.29 and 0.37
A below and Li(3) lying 0.22 and 0.25 A above the anion plane
in 4 and>5, respectively.

The chelation of the DAME ligand is noteworthy. The
complexes of LIHMDS solvated by TMEDA or dimethoxyethyl
ether (DMEJ® are not bis-solvated cyclic systems astiand
5. A chelated monomer of [LIHMDS MEDA] and a bisy?-
solvated dimer of {LIHMDS-DME} ] have been found in the
solid state?®> Similarly, no bis-solvated TMEDA complex of
LIHMDS was detected in solutioff. The chelation it and5
may be due to the lower steric strain in the mixed anion rings
containing chlorine. Both the oxygen and the nitrogen of the

(23) (a) Romesberg, F. E.; Collum, D. B. Am. Chem. S0d.994 116
9187. (b) Romesberg, F. E.; Collum, D. 8. Am. Chem. S0d.994 116,
9198.

(24) Crystal data fob: Cu4HesCliLizNeSia, monoclinic, P2(1)lc, a =
17.744(5) Ab=13.115(2) Ac = 18.794(4) AS = 113.49, V = 4011(2)
A3, Z = 4, daic = 1.009 Mg/n?, F(000) = 1344, Dmax = 45°, 6454
measured reflections, 5236 independent reflections, 5235 reflections used
in the refinementR(1) = 0.0857,wR(1) = 0.2103.

(25) Williard, P. G.; Liu, Q.-Y. 204th National Meeting of the American
Chemical Society, Washington D.C., Aug 1992.

(26) Collum, D. B.Acc. Chem. Red.993 26, 227.
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Figure 6. Crystal structure ob with hydrogens omitted for clarity
and heteroatoms labeled.

Ny N
2.094 2082 -2
N3 2126 [820 155.1 83.4 Ns
L o1 2003 7
2295 1352 103.1 ' 136.1.°
0233
11011 2328 1027 |
83.8,Lio Liz". 83.8
1054 108.4%,
216 .° . 2153
Na 145.3 "Ng

Figure 5. Molecular structure ob showing the mean plane through
the atoms. Hydrogen atoms are omitted for clarity, and the heteroatoms
are labeled. Important bond lengths (A) and angles (deg) are shown.

Figure 7. Crystal structure of7 with hydrogens omitted for clarity

Scheme 3 and heteroatoms labeled.
R R R i i Table 1. Bond Lengths (A) and Angles (Deg) for the
AN W 4 Heterodimers and the Homodimers (Averaged Values)
N—Li—N S 25 RN N-liR
o NS —=2 |\u/| anglellength  LiBrO (6) LiJO(7) LizBra(8)  Lisl2(9)
Li
S| | Lj——S Li—X—Li 63.9 59.6 73.7 73.8
, \S i X—Li—X 99.2 98.9 106.0 106.3
LiCl s § Li—O—Li 95.3 99.2
Li(1)—X 2.569 2.874 2.487 2.74
Scheme 4 Li(2)—X 2.582 2.842 2.500 2.75
o Li(1)—0(1) 1.85 1.883
TN @O 18 18%
R

Pbca space group with almost identical unit cell parameters.
These two complexes are the first enolate/halide aggregates to
be fully characterized.

Bond lengths and angles éand7 can be compared to those
of the dimers of [(LIBFTMEDA),] (8) and [(Lil-TMEDA),]
(9).2° The Li—Br bond lengths of the heterodimer are 0.08 A
(averaged) longer than those of the homodimer. Similarly, the

[LiX*Li"OC(R)=CHR *(S),] + R,NH

DAME and TMEDA ligands bind to the metals as a result of
the reduced strain.

It was originally proposed that formation of structures such
as3—5 could arise from a lithium chloride molecule trapping
two [RoNLi-S)] monomers®> However, recent NMR spectro-
scopic studies of LIHMDS aggregates suggests another pos-—(7) Crystal data fo6: CagHaeli2N404Br, orthorhombica = 14.999(2)
sibility: the incorporation of a LiCl molecule into an open A, b= 12.025(3) A,c = 29.024(3) A,V = 5235(2) B, Z = 8, dcarc =
[(RoNLi) 2+(S)] dimer7e23 The dimer may then close into the  1.115 Mg/n¥, F(000) = 1888, Dmax = 45°, 4265 measured reflections,

three-rung ladder frame, as illustrated in Scheme 3 3384 independent reflections, 3383 reflections used in the refineRnt,
. . o = 0.0667,wR(1) = 0.1062.
Lithium Enolate/Halide Aggregates. We also wished to (28) Crystal data fof: CieHasLioN4Osl1, orthorhombica = 14.976(2)

characterize the complexes formed from reactions of the halide/A, b = 12.234(2) A,c = 29.230(3) A,V = 5355.4(13) &, Z = 8, dcaic =
amide mixtures with ketones. The lithium amide in these 1.206 Mg/n?, F(000) = 2032, Zmsx = 50°, 5829 measured reflections,
. 4716 independent reflections, 4714 reflections used in the refineR@nt,

solutions should react as a base toward the carbonyl group to_ g o515 WR(1) = 0.1173.
give an enolate (Scheme 4, eq 4). (29) Raston, C. L.; Skelton, B. W.; Whitaker, C. R.; White, A. Ast.

Two compounds were successfully characterized as a mixedJ-fChem-l?Sifa t‘:]l, 1?25i DISO\r/ser for ?tilTp%urﬁled t&] rg—’l%tlvely Ipoort

: - _ rerinement O e structure. e Crystallized compo naer solven
ar!lon S_peC'eS .by X-ray crystallography. z;l'he eno'qte gomplexesconditions different from those descibed in the above reference and were
[LiBr-LIOC(Pr)=CMe,*(TMEDA),] (6)*" and [Lil-LiOC- able to refine the structure to &walue of 0.0515% from a triclinic cell.
(PY=CMex*(TMEDA);] (7)?8 are isostructural (Figures 6 and The values quoted in Table 1 refer to our data.

; i i (30) Henderson, K. W.; Williard, P. G. Unpublished results.
7), except for the dlfference_m halide present._ Compouhds (31) (@) Lochmann. L. Trekoval. J. Organomet. Chen1975 99, 329.
and 7 can be prepared by either the hydrohalide or the alkyl (b) Williard, P. G.: Liu, Q.-Y.; Lochmann, LJ. Am. Chem. Soc.992

halide route. Both complexes crystallize in the orthorhombic 113 348.
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Scheme 5
o}
R,‘ .‘&\m HK ‘\\\\91 )k Ry P
) N "
/ LiX / \ R R: R o
S—Li Li—S —> s—1|j Li—S ——— >=0—1Li Li—S
AN N\ ./ R AN
(N., X 2 X
%,
rRY R,
A B C
R HR
g C, 2 R, CHR, (o]
/! \I—! H Rs3 Rs
e (I) “‘ —_— /o\ |
AR S—Li Li---N..,
Li Nt / Ry
AN X R,
X—Li Ry
D E
R,HC Ro
HR, R,
C -
H Ry A
Ra 0 | | H
f : > Raliime- 0 JR———
o—Li Li=—N-uy, N |
7 L o—1/  Li—N.
R3 X R, —Li Z ‘””R1
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F G
HR,
Rs c\(ﬁ2 HR, §R3 0 OH
Ro C = Rj H,0
e 2 -
R3 Y 'O T 4)_> - . II,IR
N\ | 0 Rz : R
O-. ‘L" Li N».,,,” O---Li Li—s : 3
'\ / N R =
X Ry X R>
H

iodine hetero dimer has averaged-libond lengths 0.11 A

and 20.9 from the O-X axis for 6 and 7, respectively).

longer than the homodimer. No structural data are available Puckering has the effect of reducing the ring angle at the lithium

for the enolate{[LiIOC(Pr)=CMey} ], S0 no direct comparison

atoms;i.e,, the O-Li—X angles are reduced by 2.and 1.4

of the structural features can be made concerning this residuefor 6 and by 2.7 and 0.7 for 7, compared to the planar

Nevertheless, the average+1® bond length found for simple

conformation. This decrease in the-Qi —X angles leads to a

homodimeric lithium enolates in the Cambridge Structural more nearly tetrahedral conformation at lithium.

Database is 1.90 A. Hence, thed® distance of 1.84 A fo6
and 1.86 A for7 is slightly shorter than for homodimeric lithium
enolates.

In our experience, the crystallization of mixed anion species
is uncertain. In numerous instances the complexes precipitating
from solutions containing both lithium halide and lithium enolate

Significant differences are found between the hetero- and (or amide) often gave only homodimers of either anion.
homodimers for the central four-membered ring angles (Table Solution NMR studies of a variety of lithium compounds show

1).

Both the homo- and heterodimer are significantly distorte
from square, but their angles are very different. The much mo
acute L=X—Li angle in the heterodimers can be accounte
for by a shortening of the LiLi distance in the heterodimers.
This is a result of the much shorter+© bonding pulling the
two metals closer together.

In both 6 and 7 the enolate residue lies almost perfectly

perpendicular to the plane of the LiOLiX ring, being 94for
6 and 88.0 for 7. Hence, the &C double bond of the enolate

and the lithium atoms do not interact as has been found in less

solvated system®. The four-membered LiXLiO rings i6 and
7 are puckered in a manner similar to that discussed {8.3

more than one distinct species to be present in solfiffdts:1423.25
d Relatively small structural variations can be critical in the
re determination of the isolable products. When isobutyrophenone
d was used as the enolizable ketone, under reaction conditions
identical to those foi7, only the dimeric iodine compound
precipitated. When similar conditions with either Bu or
Bu"Cl as halide source were used, only homodimeric enolate
[{LIOC(Ph=CMex» TMEDA},]3° was crystallized.

Insights into the Reaction Mechanism. The following
reaction sequence (Scheme 5) involving heterodimers is in
accordance with previous data for enolization reactions as well

(32) Henderson, K. W.; Williard, P. G.; Bernstein, P.Ahgew. Chem.,
Int. Ed. Engl.1995 34, 1117.
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SiMe, Scheme 6
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Figure 8. Framework of the dimeric structure of the ketone solvated,
mixed alkoxide/amide complex8, [LiN(SiMe3),-LIOC(Bu™BU',
(BU'C=0),].
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as the known structural types of mixed halide species. As the s S R, ,R S
coordination number of the metal atoms may change during o KN

the course of the reaction, a simplified version involving S'“'""'L"/l N Lniis TR LS
monosolvated species is (_)utllned in Scheme 5. [_)|mers su_ch |/u\| - ) S —
as A are now well established as common species both in o N—mR - :
solution and in the solid stat€. Compoundsl and? illustrate :
heterodimers likeB. Although compoundC is yet to be

Dl
;
.
\
\\“
‘
o
Dim

identified, homodimers of lithium hexamethyldisilazide solvated RHC R

by unreacted ketone or ester (preenolization complexes) are M L

analogous toC.3! However, a closer match t&€ is the

heterodimeric mixed anion [LiN(SiMg-LiOC(Bu")Bul,- remain to be answered. A molecular orbital study of these

(BU'C=0),] (Figure 8)3° This complex contains an amide and species was undertaken in order to probe these questions and
an alkoxide with each of the lithium atoms being tricoordinate investigate the credibility of the models proposed in Schemes
by solvation from a diert-butyl ketone molecule. 5 and 6.

The structures o and7 with TMEDA as bis solvating donor
are analogous t& in Scheme 5. Once the enolate has formed, Theoretical Calculations
the reconstituted secondary amine may be utilized as donor;

note the crystal structure of [iNafOC(Bu)=CHy}e Methods. Most calculations were carried out using the
(Pr,NH),].32 Hence, a model for complexes in the form®f Gaussian 92 program packafeGeometry optimizations were
are available. carried out at the HF/LANL1D®%¢level. Single-point energy

The carbonyl of a second ketone coordinated to a lithium calculations were carried out at MPEC/LANL1DZ(POL)
center is directed toward the-bond of the enolate as shown using HF/LANL1DZ geometries. The LANL1DZ(POL) basis
by F. It is vital that chiral amine remains in the complex if it set is obtained from the LANL1DZ basis set by adding the
is to be used for asymmetric induction. It may then direct the following d-orbital exponents: C, 0.8; N, 0.8; O, 0.8; Li, 0.2;
facial attack of the reactant. Competition between donor solvent Br, 0.389. Additional calculations on larger systems were
and chiral amine for coordination to lithium will lead to a performed using the MOPAC program pack&ge.
reduction in stereoselectivity. However, since asymmetric  stryctures, the “mixed” dimer of lithium bromide and lithium
induction has been observed for systems that contain only chiral gjisopropylketone enolate, crystallizes in preference to the
amine as additive, some degree of amine complexation is corresponding homodimers. While several factors can influence
likely.1% The second enolization and formation of a new ihe relative ease of crystallization of these species, a simple
carbon-carbon bond completes the sequence in Scheme 5.gyplanation for the exclusive formation of the mixed dimer

There are numerous species similar to compléxesdH that might be that the homodimers are thermodynamically less stable.
do not contain a halide atofi. We are attempting to prepare  \ye tested this hypothesis by performialy initio calcuiation&
such halide-containing complexes. on the model systems [LiBtiOC(H)=CH,+(NHs),] (1) (analo-

While the sequence suggested in Scheme 5 involves onlygous to 6), [{LiBr-(NH3)2},] (I1), and [LiOC(H)=CH,:

dimers, higher oligomers such as tetramers might also be \n 111} and calculating the enerav of the hvpothetical
involved. The stoichiometry of the halide may also be (NHa)a} 2] (1I1) g gy P

. . . L reaction:

important. Enolate trapping reactions of lithium 3-pentanolate

with trimethylsilyl chloride show an optimum 1:3 LiCI:LiNR (34) The Gaussian 92 program was used for all calculations described

ratio for selectivity'®@ Hence, a possible enolization mechanism here: Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong,

involving three-runa ladders similar t8—5 is tlined in M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A;

S f? 96 ung ladd 8-5 outline Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J.
c eme : . . S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.; Stewart,
Mair'® noted that an incoming enolate may be attracted to J. J. P.; Pople, J. AGaussian 92Gaussian, Inc.: Pittsburgh, PA, 1992.

the relatively open site of the central lithium of the lad@er (35) () Hay, P. J.; Wadt, W. R.. Chem. Physl985 82 270. (b) Hay,

; : ; At P. J.; Wadt, W. RJ. Chem. Phys1985 82 284.
Directional control would be exerted if enolization took place (36) Although the out-of-plane conformation of the enolate group in

via an intermediate of type. Several key questions pertaining  and Iii mimics that in6, our calculations indicate that the in-plane
to the mechanism and relative stability of mixed anion formation conformation is slightly preferred at HF/LANL1DZt' is 0.1 kcal mot*

more stable tham, while Il ' is 0.2 kcal mol! more stable tharil . At
(33) (a) Amstuz, R.; Dunitz, J. D.; Laube, T.; Schweizer, W. B.; Seebach, MP2/LANL1DZ(POL)//HF/LANL1DZ, the out-of-plane conformers become
D. Chem. Ber1986 119 434. (b) Williard, P. G.; Carpenter, G. B. Am. more stable, witH lying 0.3 kcal mot?! below !’ andlll 0.7 kcal mol—!
Chem. Soc1986 108 462. (c) Williard, P. G.; Salvino, J. Ml'etrahedron below Il '
Lett. 1985 26, 3961. (d) Arnett, E. M.; Moe, K. DJ. Am. Chem. Soc. (37) Stewart, J. J. P. MOPAC, Version 6.0. For the PM3 parameterization

1991 113 7288. (e) Geol, S. C.; Chiang, M. Y.; Buhro, W.EAm. Chem. of lithium, see: Anders, E.; Koch, R.; FreunschtJPComput. Chenl.993
So0c.1991 113 7069. 14, 1301. The keyword PRECISE was used for the optimizations.
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I+ 11 — 2l (5) IV + LiBr — V + LiNH, (6)

P
2,635 r:j\- 2,635 .
\‘ . W

A

II

m We also calculated the energy for the subsequent deproton-
ation of acetaldehyde by to give ammonia andl (eq 7):

V + CH,CHO— I + NH, @

v + NH;3
According to HF/LANL1DZ4-36 geometry optimizations,
reaction 5 is exothermic: two moleculesladre 3.1 kcal moi* The 12.4 kcal moll exothermicity of eq 6 (at MP2/
more stabl&than JI + Il ]. The Li—Brbonds inl are longer | ANL1DZ(POL)//HF/LANL1DZ) supports the notion that
than inll, while the Li~O bonds inl are shorter than il . mixed dimerV is involved in the reaction sequence. The

This suggests that the origin of the stabilityldies in charge optimized geometry oY is ana|ogous to that df the N—Li
transfer from the enolate oxygen to the bromine center. This bonds are shorter i than in the homodimelV, and the Li-

is analogous to what is observed at anomeric carbon centers irBr distances are very long (2.93 A, compared to 2.72 A for the
X—C-Y groups, where the bond between carbon and the donor Li—Br distance inll). Both the long Li-Br distance and the
atom X (bearing a lone pair) is shortened, while the bond large calculated natufdl charge (HF/LANL1DZ(POL)) of
between carbon and the center Y is lengthened. In our case, a-0.90 on Br indicate that structuié is best described as a
similar effect is observed for the bonds to lithium. The “salt’ of the bromine anion and the complex cation [Lip
magnitude of the negative charge on bromine increases from(NHzs)a]*. In eq 7, the right-hand side is strongly favored (by
—0.86 in the homodimeli to —0.90 in the heterodimer This ~ 18.6 kcal mot* at MP2/LANL1DZ(POL)/HF/LANL1DZ),
effect is absent in the homodimers. However, single point MP2/ Since CHCHO is more acidic than N&i Equation 8, which is
LANL1DZ(POL) energy calculations using the HF/LANL1DZ ~ &nalogous to eq 5, gives another measure of the stabili. of
optimized structures (hence denoted MP2/LANL1DZ(POL)/ Eduation 8 is 9.4 kcal mot exothermic at MP2/LANL1DZ
HF/LANL1DZ) gave only a 0.1 kcal mot preference for the (POL)//HF/LANL1DZ.

products in eq 5. This small difference in stability indicates . . .
that the homodimers may be also present. V + LiBr = [LiNH »(NHg),] + [LiBr-(NH),]  (8)
important in light of the lithium halide’s influence on the
stereochemical outcome of the enolate’s reacti8nScheme

5 proposes a mechanism to account for the effect of the halide

anion: the starting lithium amide dimé is first converted to

the mixed dimerB before being reacted with the carbonyl — @==F
compound to give the key intermedidEe also a mixed dimer, %
analogous td. To assess the viability of Scheme 5, we have
calculated the energy required for the conversion of model amide
dimer fLiNH2:(NH3)2}2] (IV) to mixed dimer [LiBFLINH
(NHg)4] (V) (eq 6).

The relative stability of homo- and “mixed” dimers is é
©a

(38) Absolute energies (Hartrees) at HF/LANL1DZ are as follows:
—405.158 60;1', —405.158 83;ll, —265.850 84;lll , —544.461 28;IIl ',
—544.461 63]V, —350.978 32; LiBr,—20.462 29V, —308.425 75; LiNH,
—63.044 75; NH, —56.18041; CHCHO, —152.869 19; LiBr2NH;,
—132.901 62; LiNH-2NHs, —175.463 50. Absolute energies (Hartrees) at
MP2/LANL1DZ(POL)//HF/ LANL1DZ are as follows:|, —406.512 76;

~ [ LiNH, * (NH3), ] + [ LiBr * (NH,), ]

I', —406.512 31;ll, —266.850 86;lll , —546.174 60;lll ', —546.173 44;
IV, —352.108 35; LiBr,—20.594 75)V, —309.487 29; LiNH, —63.235 56; . . .
NHs, —56.359 29: CHCHO, —153.355 18; LiBr2NHs, —133.398 91; Both mixed dimers and homodimers are Strongly favored over

LiNH 2-2NH;, —176.024 00VI, —350.119 79VIl , —489.785 53. their constituent monomeric “fragments”. In the cas&/ofor
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example, the energy required for the reaction in equation 9 is
40.4 kcal mot! at MP2/LANL1DZ(POL)//HF/LANL1DZ. g
The corresponding calculated values for the dissociation of /M
I andlll are 37.0 and 40.7 kcal mdl. Hence, mixed dimers z
such asV and| appear to be viable intermediates which are
not liable to break apart to give monomeric species.
A crucial question remains to be addressed: why does the &,
aldol addition proceed with enhanced stereoselectivity in the
presence of lithium halides? It is not readily obvious why a
chiral mixed dimer (analogous 9 should react with higher 1794
asymmetric induction than a chiral homodimer (analogous to VIII
IIl'). Since bothl andlll are highly stable to dissociation to
the monomerslll even more so thah—the lower enantio-
selectivity in the reaction of homodimers is probably not due
to the involvement of a nonselective monomer. We considered
the possibility that any loss in enantioselectivity might be due
to the dissociation of the chiral amine coordinated to a lithium | .gss
center and that this dissociation might be easier for a homodimer
such adll . Model MP2/LANL1DZ (POL) calculations were @
carried out on structures [LiBriOC(H)=CH,:(NH3)3] (VI) and
[{LIOC(H)=CHa}2:(NH3)3] (VII'), derived froml and Il ,
respectively, by simply removing a NKjroup while maintain-
ing the rest of the geometry unchanged. The energy of NH
loss from | to VI (21.1 kcal mot?l) is larger than the
corresponding energy dissociation (18.7 kcal mHalor IIl into
VIl and NH;. This lends some support to our hypothesis that
the lower enantioselectivity of the homodimer may be due to
easier dissociation. Figure 9. Transition structuresvIll , VIII ', IX, and IX' for the
A final comment on the formation of the enolate involves deprotonation of acataldehyde.
the transition structured and L in Schemes 5 and 6,
respectively. An analogous eight-membered structui2 bas L in Scheme 6. A more closed transition state of tygé
been proposed recently by Colléiron the basis of MNDO  cannot be ruled out for reactions involving heterotrimers.
calculations for the reaction of a lithium amide homodimer. We | yegard to the question of why the presence the lithium

have calculated structurélll at HF/6-31G* for the reaction  pyjige affects stereospecificity, several points may be raised.
of the mixed dimer LiNH-LICI with acetaldehyde (Figure 9).  gach aggregate type has a distinct physical form which shows
PM3 calculations gave a similar eight-membered ring structure giffering preferences for orientational control. Steric hindrance
VIII'' (heat of formation-132.3 kcal motf*). PM3 calculations s greater in dimers compared to monomers; therefore, hetero-
on the reaction of the heterotrimer [(LiNJ-LICI] with dimers will induce more directional control than simple
acetaldehyde gave a 4,8 ring system transition strutu(@eat  monomers. Theory predicts that donor molecules will bind more
of formation—171.4 kcal mof?), analogous td in Scheme 3. grongly to a heterodimer than to a homodimer. Hence, chiral
A second stable 4,4,6 ring system transition state(heat of  gmine will bind to lithium more strongly in enolization reactions

formation —173.1 kcal mot!) was located. The eight-  \hen lithium halide is present. This will lead to a greater degree
membered structure for deprotonation by a homodimer or mixed ¢ asymmetric induction.

dimer and also for a heterotrimer appears to be a plausible route.
However, in light of the stability ofi X', tricyclic transition
structures cannot be discounted.

IX'

The models proposed (Schemes 5 and 6) are very much
simplified. Several possible aggregated species are likely to
be involved in the aldol addition step during the course of the
reaction. Some or all of these aggregates may incorporate halide
. o ) . . ) as the reaction proceeds.

Mixed lithium amide/halide and enolate/halide anion ag- |, symmary, it is concluded that the formation of lithiated

gregates exist as distinct species. Theoretical calculations showyiyeq anion species between amides or enolates with halides
that heterodimer formation is competitive with and sometimes ., /st pe regarded as important intermediates in the reaction

favored over homodimerization. _ sequence for enolization. By continuing to isolate and to
The computed geometries are in general accord with the oo racterize structurally the species involved in enolization and

crystal structures. The calculated shortening of the@bonds 514 addition reactions, it should be possible to gain further

and a lengthening of the LiBr going from the homo- to the insights into the reaction mechanism.

heterodimers was shown in structueand? (for Li—I). This

has been explained in terms of charge transfer from the enola'[eE . tal Secti

group to the halide. Also of interest is the stability of the eight- xpenmental Section

membered ring transition statedl , VIIl ', andIX. Itappears All solvents were distilled over sodium/benzophenone until blue and
that the eight-membered ring remains “open” during enolization used directly from the still. Amines and ketones were distilled over
giving credence to structui2 in Scheme 5 and also to structure CaH, prior to use. Standard Schlenk techniques were employed for
the preparation and manipulation of the highly air- and moisture-
Natural charges were calculated by means of the NBO program (incorpo- sensitive materials_. All reactions_were ca_rrie_d out‘under apre purified
rated in Gaussian 92 as Link 607): (a) Glendening, E. D.. Reed, A. E.: argon blanket. BiLi was standardized by titration with 2,5-dimethoxy-

Carpenter, J. E.; Weinhold, INBO Version 3.1. See also: (b) Reed, A. " benzyl alcohol before use. The hydrohalides were prepared as either
E.; Weinhold, F.J. Chem. Phys1983 78, 4066. their diisopropylamine (DPA) or TMP derivatives. All hydrohalides

Conclusions

(39) For comparison, the charge on Br in the homoditheis —0.86.
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were prepared in a similar manner and the synthesis of-BIPi& given
as an example.

Diisopropylamine Hydroiodide (DPA-HI). A 57% hydriodic acid
(200 mmol) solution was diluted by 200 mL of ether and cooled to 0
°C. TMP (95 mmol) was added slowly, giving an instant white
precipitate. The mixture was stirred for 30 min, and the solid was
then filtered and washed with ether 310 mL). After being dried
under vacuum for 30 min, the solid was ready for use.

[LiBr -LiTMP +«(THF)3] (1). To a slurry of TMPHBr (0.9 mmol)
in THF (0.55 mL, 6.8 mmol) was added Bu (1.8 mmol) at 0°C
with vigorous stirring. After several minutes, the resulting clear,
colorless solution was placed in a freezer-at8 °C. After 1 week,
X-ray diffraction quality crystals ofl had formed.

[LiCI -{LiN(SiMe 3)2} 2*(Me,NCH,CH,0Me),] (4). Addition of
Bu"Li (1.25 mmol) to HMDS (0.28 mL, 1.33 mmol) in 1 mL of hexane
at 0°C gave a cloudy white mixture after 3 min of stirring. A clear
solution was achieved after addition of 0.20 mL of DAME. After 5
min, methylene chloride (0.16 mL, 2.50 mmol) was added without any
visible change. Opaque white crystals were grown after 12-h4ét
°C, and these became almost clear after 1 week4t°C. An edge
of one of the needle crystals was cut and used for X-ray analysis.

[LiCI -{ LIN(Me 3Si);} »(TMEDA) 5] (5). Bu"Cl (2 mmol), HMDS
(2 mmol), and TMEDA (4 mmol) were mixed with 3 mL of pentane
and the solution cooled to . BuU'Li (4 mmol) added over a period
of 2 min yielded a clear pale yellow solution. When the mixture was
cooled to—78 °C, a white solid was precipitated which was then
redissolved, and the solution was placed—&10 °C. After 1 day,
colorless crystals db deposited.

Compounds$ and7 were prepared by both the hydrohalide and the
alkyl halide routes. For brevity a general preparation using either
method is described.

[LiBr -LIOC(Pr)=CMe,*(TMEDA) ;] (6). A solution containing
Bu"Br (2 mmol), diisopropylamine (2 mmol), and TMEDA (4 mmol)
in 2 mL of toluene was cooled to 8C while BU'Li (4 mmol) was
added dropwise. The pale yellow solution was stirred for 10 min at 0
°C before the slow addition of diisopropylketone (2 mmol). After being
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stirred for a further 10 min, the solution was placed in40 °C freezer.
Clear colorless crystals & were formed after 2 days.

[Lil -LIOC(Pri)=CMey*(TMEDA) ;] (7). Bu'Li (4 mmol) was
added to a suspension of TIvH (2 mmol) and TMEDA (4 mmol) in
2 mL of toluene at 0C. The mixture was stirred for 5 min and then
subjected to ultrasound for 2 min. This gave a clear yellow solution.
When the solution was recooled td'G, diisopropyl ketone (2 mmol)
was added, yielding a clear, colorless solution. After the solution was
cooled at—50 °C for 3 days, crystals 08 precipitated.

X-ray Crystallography. Suitable crystals from the samples were
mounted in an oil drop directly from the crystallization vessels, to the
diffractometer, under a stream of nitrogen gas-80 °C. Data were
collected on a Siemens P4 X-ray crystallographic system fitted with a
LT-2 low temperature device. The structures were solved by direct
methods using SHELXL-90. All atoms are refined isotropically with
the exception of the hydrogens (which were fitted in idealized positions).
Full-matrix least-squares refinement d# was completed using
SHELXL-93. Complete crystallographic data is available in the
supporting information.
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