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Reaction of nBuLi with a 1:1 mixture of diisopropylamine or tetramethylpiperidine and a
simple alkylamine R1NH2 (R1 ) nBu, sBu, tBu, nPe, 1-Me-nBu, 1,2-Me-nPr, or 1,3-Me-nBu),
under thermodynamic conditions, results in the exclusive isolation of lithium primary
amides: no solid lithium secondary amides are isolated. Preformation of the lithium
secondary amides followed by addition of the primary amine leads to complete transami-
nation, to give a lithium primary amide. Ab initio molecular orbital calculations at the HF/
6-31G* level show that the order of gas-phase Brønsted acidity increases in the sequence
NH3 < RNH2 < R2NH (R ) Me, iPr, or tBu), but the relative stability of the lithium amides,
as measured by anion exchange reactions, is in the order R2NLi < RN(H)Li. This reverse is
due, in part, to a decrease in steric crowding surrounding the nitrogen and an increase in
electrostatic stabilization, resulting in shorter Li-N bond distances. Solvation of the
monomeric lithium primary or secondary amides with the corresponding primary or
secondary amine, R2NLi‚H2NR or RN(H)Li‚HNR2, leads to anion exchange being essentially
thermoneutral. Consideration of increasing aggregation (dimer, trimer, tetrameric ring,
cubane, prismatic hexamer, and prismatic octamer) of the lithium primary amide MeN(H)-
Li results in a relative increase in stability. The possibility of forming aggregates or polymers
with each lithium bridging three anionic centers is the main driving force for primary amine
lithiation in the systems studied. The bulk of the secondary amides used limits their
aggregation to being either rings or primary amine solvated dimers. By considering the effects
of solvation, sterics, aggregation, and electronics in combination, a rationalization for
selectivity preference can be achieved.

1. Introduction

Deprotonation reactions of acidic organic compounds
using alkyllithium reagents are widely used in modern
chemistry.1 It is of fundamental importance when
considering these reactions that the location of the
proton removed from the organic molecule can be
identified.2 Complexity arises when examining selective
deprotonations of polyfunctional compounds or reactions
containing mixtures of protic compounds.3 In these
instances, nonselective or polylithiations may reduce the
utility of alkyllithium reagents.4 Selective deprotona-
tions can also be either thermodynamically or kineti-

cally controlled.5 There is recent precedent that some
metalation reactions may be directed by factors other
than the simple acidity of the protons present. Examples
include the 2,5-double deprotonation of toluene by a
bimetallic mixture of magnesium and sodium 2,2,6,6-
tetramethylpiperidide and the double deprotonation of
2,2′-bis(2-methoxyethylamino)diphenyl ether or 2,2′-bis-
(N,N-dimethylethylenediamino)diphenyl ether by bu-
tyllithium.6,7 We are interested in investigating the
factors involved in determining the course of lithiation
reactions when two apparently similar protic com-
pounds are available for deprotonation. Herein we
report an investigation into the reaction of alkyllithium
reagents with mixtures of primary alkylamines (RNH2)
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and secondary dialkylamines (R2NH). The utility of
secondary lithium amides as reagents in synthesis has
elevated this class of compounds to one of the most
important and widely used at present.1c,5 Moreover, the
reaction of primary amines with metalating reagents
is an area of current interest due to the possibility of
forming imido (RN2-) and mixed-metal geminal orga-
nodimetallic complexes (RNM1M2, M1 * M2).8,9

2. Results and Discussion

2.1. Synthetic Studies. A series of reactions outlined
in Table 1 was performed using diisopropylamine (DPA)
as the secondary amine, and s-butylamine, tert-butyl-
amine, n-butylamine, n-pentylamine (nPeNH2), 1-meth-
ylbutylamine (1-Me-nBuNH2), 1,2-dimethylpropylamine
(1,2-Me-nPrNH2), or 1,3-dimethylbutylamine (1,3-
Me-nBuNH2) as the primary amine. One molar equiv of
nBuLi was added to a hexane solution of a 1:1 mix-
ture of the primary and secondary amines, followed
by stirring for several hours at room temperature.
Precipitation of the individual amides was achieved
either spontaneously or by cooling (see Experimental
Section).

In all instances the primary amidolithium was ex-
clusively isolated from solution, with no evidence for
lithiation of the dialkylamines. Moreover, isolation of
the primary amide was independent of the order of
addition of the reactants; that is, if the secondary amide
was preformed before the addition of primary amine,
then anion exchange occurred. Reactions using 2,2,6,6-
tetramethylpiperidine (TMP) as an alternative second-
ary amine to DPA also gave the primary amide as the
major product, although small amounts (3-10%) of the
lithium secondary amide were present in some cases.
However, if the solutions were heated to reflux (≈70 °C)
for 1 h prior to crystallization, the primary amide
derivatives were exclusively precipitated. Therefore
under equilibrating thermodynamic conditions, primary
amine deprotonation is highly preferred for the systems
studied. It should be noted that, in general, the second-
ary amides would be expected to be more soluble than
the primary amides due to enhanced lipophilicity.

2.2. NMR Spectroscopic Studies. The reaction
involving DPA, tBuNH2, and nBuLi was studied by 1H
NMR spectroscopy to investigate if any equilibria were
discernible in solution at room temperature. A 1:1

mixture of preformed, crystalline tBuN(H)Li and DPA
in C6D6 (0.1 M) resulted in only lithium primary
amide and DPA being detected. The reaction of pre-
formed, crystalline lithium diisopropylamide (LDA) with
tBuNH2 in C6D6 (0.1 M) resulted in complete anion
exchange, again giving exclusively tBuN(H)Li and DPA.
This confirms that primary amide formation is thermo-
dynamically favored.

2.3. Ab Initio Molecular Orbital Calculations. An
ab initio theoretical investigation at the HF/6-31G* level
was initiated to rationalize the selectivity of the lithia-
tion reactions.10,11 This level of theory was chosen as it
has proved reliable both in geometry optimizations and
absolute energy predictions for organolithium species
and is at our current computational limit for the largest
molecules under investigation.12 Moreover, in this study
it is the trends in relative energies that are of most
interest, not necessarily a search for quantitative mea-
surements. A selection of the smaller molecules were
calculated at B3LYP/6-311+G** to compare the relative
energies obtained at HF/6-31G*.13 The use of calcula-
tions to ascertain stabilities in these systems is justified,
since all reactions were performed in hydrocarbon
solutions, reducing major solvation effects such as
hydrogen bonding from the solvent media.14 All energy
values quoted in the text, equations, and schemes are
normalized to a per-lithium basis to simplify analyses.
Also, energy differences are presented in kcal/mol.

Deprotonation Energies. Using the simple methyl-
amines as model compounds, the calculated Brønsted
acidity follows the sequence Me2NH > MeNH2 > NH3;
that is, the secondary amine has a lower deprotonation
energy than the primary amine (Table 2).15 This is
consistent with the experimentally measured gas-phase
deprotonation enthalpies and was confirmed by calcula-
tions at the B3LYP/6-311+G** level.16 At first this
appears contrary to the expected deprotonation se-
quence considering the inductive effect of the methyl
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M.; Mulvey, R. E. Chem. Eur. J. 1998, 4, 53. (b) Beswick, M. A.; Choi,
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N.; Snaith, R.; Wheatley, A. E. H. Eur. J. Inorg. Chem. 1998, 879. (d)
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Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian
94, Revision E.2; Gaussian, Inc.: Pittsburgh, PA, 1995.
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56, 2257. (b) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973,
28, 213. (c) Dill, J. D.; Pople, J. A. J. Chem. Phys. 1975, 62, 2921.

(12) An excellent review of past and present theoretical studies of
lithium compounds can be found in: Lithium Chemistry, A Theoretical
and Experimental Overview; Sapse, A. M., Schleyer, P. v. R., Eds.;
Wiley-Interscience: New York, 1995.
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W.; Parr, R. G. Phys. Rev. 1988, B37, 785.

(14) (a) Arnett, E. M. J. Chem. Educ. 1985, 62, 385. (b) Lowry, T.
H.; Richardson, K. S. Mechanism and Theory in Organic Chemistry,
3rd ed.; Harper & Row: New York, 1987; pp 296-316.

(15) For data related to quantitative ion-pair acidity measurements
using lithium amides see: (a) Furlong, J. J. P.; Lewkowicz, E. S.;
Nudelman, N. S. J. Chem. Soc., Perkin Trans. 2 1990, 1461. (b)
Streitwieser, A., Jr.; Juaristi, E.; Nebenzahl, L. In Comprehensive
Carbanion Chemistry; Buncel, E., Durst, T., Eds.; Elsevier: New York,
1980; Chapter 7. (c) Fraser, R. R.; Baignee, A.; Bresse, M.; Hata, K.
Tetrahedron Lett. 1982, 23, 4195. (d) Fraser, R. R.; Bresse, M.;
Mansour, T. S. J. Chem. Soc., Chem. Commun. 1983, 620. (e) Fraser,
R. R.; Bresse, M.; Mansour, T. S. J. Am. Chem. Soc. 1983, 105, 7790.
(f) Fraser, R. R.; Mansour, T. S.; Savard, S. J. Org. Chem. 1984, 49,
3442. (g) Fraser, R. R.; Mansour, T. S. J. Am. Chem. Soc. 1984, 49,
3443. (h) Fraser, R. R.; Mansour, T. S.; Savard, S. J. Org. Chem. 1985,
50, 3232. (j) Fraser, R. R.; Mansour, T. S. Tetrahedron Lett. 1986, 27,
331.

Table 1. Reactions of 1:1:1 Mixtures of
Diisopropylamine, a Primary Amine, and nBuLi
primary amine isolated product % yield of solid
sBuNH2

sBuN(H)Li 73
tBuNH2

tBuN(H)Li 25
nBuNH2

nBuN(H)Li 70
nPeNH2

nPeN(H)Li 55
1-Me-nBuNH2 1-Me-nBu(NH)Li 28
1,2-Me-nPrNH2 1,2-Me-nPrN(H)Li 64
1,3-Me-nBuNH2 1,3-MenBuN(H)Li 62

3590 Organometallics, Vol. 18, No. 18, 1999 Armstrong et al.

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 A

ug
us

t 6
, 1

99
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

99
02

87
c



groups. However, for the free anions the charge capacity
of the ligand becomes important and a methyl group
has a larger charge capacity than a hydrogen atom (2.8
vs 1.0).17 This leads to the more substituted anions being
relatively more stabilized, and hence their amines are
more acidic.18 It is worth noting that solvation, steric,
and electronic effects combine to give a rather unclear
picture for the order of acidity or basicity of these
simples amines when measured in water.19 Replacing
the methyl groups by either an isopropyl or tert-butyl
function similarly results in a lower deprotonation
energy for the secondary amines (eq 1 and Table 2).

Table 2 also illustrates that increasing the branching
of the alkyl function decreases the deprotonation energy
(tBu < iPr < Me), which is consistent with the increasing
charge capacity of the anions.17 As expected, this follows
the same order as the corresponding C-H acidities for
simple alkanes.20 However, the greater electronegativity
of nitrogen compared to carbon leads to smaller calcu-
lated deprotonation energies for the amines.

Using the common and simplistic assumption that the
most acidic proton will be removed upon lithiation, it
would be expected that the dialkylamines are more
susceptible than monoalkylamines to proton abstrac-
tion, if the latter is the crucial step in the lithiation
process. This inference is clearly contrary to our experi-
mental findings.

Lithiation Reactions. A different picture becomes
apparent when the relative stabilities of the monomeric
lithium amides are compared. The anion exchange
reactions generalized in eq 2 indicate a slight preference

for lithiation of the primary amines. (Structural details
are omitted for brevity. Tables of bond lengths and
angles are available in the Supporting Information.)

Hence, the stability of the lithium amides is in the
opposite direction of the acidity of the amines. Calcula-
tions for the methyl derivatives using the B3LYP/
6-311+G** method correlate well, showing the anion
exchange reaction in eq 2 to be exothermic by -0.4 kcal/
mol.

Lithium and the other alkali metals are known to
localize charge in anions. This negates the negative
hyperconjugative stabilization which is critical in de-
termining the order of stability of the free anions.18,21

The preference for primary amine lithiation increases
with increasing anion size (Me < iPr < tBu). In part this
is a consequence of steric effects. The C-N-C angles
of the lithium secondary amides are less than in the
corresponding parent amines (a reduction of between
2.6° and 3.6°). In addition, the free amines have
pyramidal geometries at nitrogen, whereas in the
amides the geometry at each nitrogen is almost planar.
The planarity of the amides is a consequence of the
repulsion between the three electropositive atoms sur-
rounding the nitrogen center and has previously been
described by Schleyer and others.22 Replacing an alkyl
substituent by a hydrogen allows a greater angle
between the remaining alkyl and the lithium compared
to the secondary amides (an increase of between 1.5°
and 14.1°).

An analysis of the distribution of electron density
(Mulliken charges quoted) on the molecules reveals little
variation in the charge on lithium (between +0.50 and
+0.57), but the negative charge on the amido nitrogen
decreases substantially on replacing a hydrogen with
an alkyl unit (charges on N: -0.95, -0.77 for MeN(H)-
Li and Me2NLi; -0.95, -0.82 for iPrN(H)Li and
iPr2NLi; and -0.95, -0.83 for tBuN(H)Li and tBu2NLi).
Hence, the primary amides provide a greater Coulombic
stabilization between the metal and the anion. An
increase in charge on the amido nitrogens, combined
with a decrease in steric crowding, allows shorter Li-N
contacts in the less substituted amides (a decrease of
between 0.011 and 0.026 Å). Therefore, in the simple
monomers, these effects lead to a stability preference
for the primary amides.

Solvation. The next factor to take into account is the
role of polar solvent molecules.23 Lithiation of one
amine, as in eq 1, leaves a second amine which is free
to act as a donor ligand, and therefore the relative
strengths of solvation have to be considered. Regarding
only monomeric fragments, the energies of solvation
were calculated according to eq 3, and the geometry

(16) Similarly, experimental gas-phase deprotonation enthalpies of
amines are in the following order: secondary amines < primary amines
< ammonia. See: Bartmess, J. E.; McIver, R. T., Jr. In Gas-Phase Ion
Chemistry; Bowers, M. T., Ed.; Academic Press: New York, 1979;
Chapter 11, p 103.

(17) (a) Brauman, J. I.; Blair, K. L. J. Am. Chem. Soc. 1968, 90,
6561. (b) Brauman, J. I.; Blair, K. L. J. Am. Chem. Soc. 1970, 92, 5986.
(c) Baird, N. C. Can. J. Chem. 1969, 47, 2306. (d) Lewis, T. P.
Tetrahedron 1969, 25, 4117. (e) Huheey, J. E. J. Org. Chem. 1971, 36,
204.

(18) For a discussion of negative hyperconjugation effects see: (a)
Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. Soc. 1990, 112, 1434. (b)
Schleyer, P. v. R.; Clark, T.; Kos, A. J.; Spitznagel, G. W.; Rohde, C.;
Arad, D.; Houk, K. N.; Rondan, N. G. J. Am. Chem. Soc. 1984, 106,
6467. (c) Schleyer, P. v. R.; Kos, A. J. Tetrahedron 1983, 39, 1141. (d)
Bingham, R. C. J. Am. Chem. Soc. 1975, 97, 6743.

(19) For a review of the basicity of amines see: Smith, J. W. In The
Chemistry of the Amino Group; Patai, S., Ed.; Wiley: New York, 1968;
p 161.

(20) HF/6-31G* calculations on simples alkanes show a decrease in
deprotonation energy with increasing branching at the R-carbon.
Deprotonation energies (Hartrees): CH4 457.0, CH3CH3 455.7, iPrH
452.4, and tBuH 448.1.

(21) (a) Kremer, T.; Schleyer, P. v. R. Organometallics 1997, 16, 737.
(b) Abbotto, A.; Streitwieser, A.; Schleyer, P. v. R. J. Am. Chem. Soc.
1997, 119, 11255. (c) Schleyer, P. v. R.; Chandrasekhar, S.; Kos,
A. J.; Clark, T.; Spitznagel, G. W. J. Chem. Soc., Chem. Commun. 1981,
882.

(22) (a) Wurthwein, E.-U.; Sein, K. D.; Pople, J. A.; Schleyer, P. v.
R. Inorg. Chem. 1983, 22, 496. (b) Sapse, A. M.; Kaufman, E.; Schleyer,
P. v. R.; Gleiter, R. Inorg. Chem. 1984, 23, 1569. (c) Raghavachari, K.
J. Chem. Phys. 1982, 76, 5421.

(23) Calculations on monomers and dimers of simple lithium
compounds have been carried out using a modified Born model to
imitate solvent effects: Sapse, A. M.; Jain, D. C. J. Phys. Chem. 1987,
91, 3923.

Table 2. Calculated (HF/6-31G*) Deprotonation Energies of the Alkyl Amines
R1 H Me Me iPr iPr tBu tBu
R2 H H Me H iPr H tBu
energy (kcal/mol) +444.4 +435.3 +425.5 +430.4 +418.3 +428.1 +417.1

(1)

(2)
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optimized structures can be seen along with some key
bond lengths and angles in Figure 1.

Each anion exchange reaction is almost thermoneu-
tral. Calculations at the B3LYP/6-311+G** level for the
methyl derivatives are consistent with this analysis,
giving a -0.3 kcal/mol enthalpy for the anion exchange
reaction in eq 3. These calculations take account of
solvation of the lithium species which occurs after
proton transfer, which is an important factor to consider
in determining the position of anion exchange equilib-
ria.24 The values obtained are consistent with the
experimental findings, that in general (i.e., except for
the smallest amines) primary amines solvate lithium
more strongly than secondary amines.25 In these in-
stances, the preference for primary amine lithiation of
the unsolvated species (eq 2) is significantly reduced or
indeed reversed when solvation of the monomers is

considered. Clearly, additional factors favoring primary
amine lithiation must therefore be present.

As with the unsolvated amides, there is a reduction
in the Li-N(amido) distances in the less substituted
amides (by 0.013, 0.030, and 0.035 Å for R ) Me, iPr,
and tBu, respectively). Similarly, the dative bonds from
the primary amines to lithium are shorter than for the
corresponding secondary amines (by 0.001, 0.012, and
0.010 Å for R ) Me, iPr, and tBu, respectively). Also,
the negative charges on the datively bound nitrogens
are greater for the primary amines (an increase of
-0.15, -0.13, and -0.11 for R ) Me, iPr, and tBu,
respectively). In comparison with the unsolvated mono-
mers, the negative charges on the amido nitrogens are
very similar (differences between 0.03 and 0.05), while
the positive charges on lithium are decreased (between
0.10 and 0.22) as a consequence of solvation.

Aggregation. The propensity for organolithium com-
pounds to aggregate has led to the study of these species
being an area of highly active research over recent
years.26 Consequences of simple dimeric aggregation in
the amide mixtures was assessed according to the anion

(24) Lucht, B. L.; Bernstein, M. P.; Remenar, J. F.; Collum, D. B. J.
Am. Chem. Soc. 1996, 118, 10707.

(25) Lucht, B. L.; Collum, D. B. J. Am. Chem. Soc. 1996, 118, 2217.

(26) (a) Weiss, E. Angew. Chem., Int. Ed. Engl. 1993, 32, 1501. (b)
Gregory, K. P.; Schleyer, P. v. R.; Snaith, R. Adv. Inorg. Chem. 1991,
37, 47. (c) Mulvey, R. E. Chem. Soc. Rev. 1991, 20, 167.

Figure 1. Geometry-optimized structures of the solvated monomeric amides, giving key bond lengths (Å) and angles
(deg).

(3)
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exchange reactions outlined in Scheme 1. (Structural
details are omitted for brevity. Tables of bond lengths
and angles are available in the Supporting Information.)
Enthalpies are shown for each reaction and are simpli-
fied to a monomeric lithium basis.

The reaction shown in equation A shows a clear pref-
erence for primary amine lithiation, and moreover the
enthalpy is increased compared to the simple monomer
anion exchange reactions (eq 2). However, the stronger
solvation achieved by the primary amines in comparison
to the secondary amines (between 2.2 and 2.5 kcal/mol
in equations B and C) leads to little overall energy
difference between the solvated dimers (equation D).

The conformation chosen for the diisopropylamide
dimers was with the methyl groups of the isopropyl
units directed toward the center of the dimeric ring. This
is the geometry observed in the structurally character-
ized compound [iPr2NLi.THF]2.27 Rotating the methyl
groups away from the dimeric ring resulted in a
destabilization of 8.4 kcal/mol for the unsolvated dimer.

A comparison of the structures attainable for both
amide mixtures proves enlightening. Over the past two
decades a great deal of structural information has been
gathered on secondary amidolithium compounds.26 How-
ever, it is only recently that the structures of primary
amidolithium compounds have been studied in de-
tail.8a,c,28 Using this information, it is now possible to

predict the likely aggregates present in our reaction
mixtures.

Generally, both primary and secondary amidolithium
compounds associate to produce ring systems. The
primary amides commonly associate into ring dimers,
which can further associate laterally to form ladder
structures such as cyclic prismatic oligomers or poly-
mers.29 Secondary amidolithium compounds can only
form extended ladder structures if the two groups
attached to nitrogen are small or fixed within a ring.30

In general, bulky secondary amidolithium compounds
are chain or ring structures (Scheme 2).31

(27) Williard, P. G.; Salvino, J. M. J. Org. Chem. 1993, 58, 1.
(28) (a) Mulvey, R. E. Chem. Soc. Rev. 1998, 27, 339. (b) Kennedy,

A. R.; Mulvey, R. E.; Robertson, A. Chem. Commun. 1998, 89. (c) Clegg,
W.; Liddle, S. T.; Mulvey, R. E.; Robertson, A. Chem. Commun. 1999,
511. (d) Barnett, N. D. R.; Clegg, W.; Horsburgh, L.; Lindsay, D. M.;
Liu, Q.-Y.; Mackenzie, F. M.; Mulvey, R. E.; Williard, P. G. Chem.
Commun. 1996, 2321. (e) Barr, D.; Clegg, W.; Cowton, L.; Horsburgh,
L.; Mackenzie, F. M.; Mulvey, R. E. J. Chem. Soc., Chem. Commun.
1995, 891.

(29) Armstrong, D. R.; Barr, D.; Clegg, W.; Mulvey, R. E.; Reed, D.;
Snaith, R.; Wade, K. J. Chem. Soc., Chem. Commun. 1986, 869.

(30) Barr, D.; Clegg, W.; Hodgson, S. M.; Lamming, G. R.; Mulvey,
R. E.; Scott, A. J.; Snaith, R.; Wright, D. S. Angew. Chem., Int. Ed.
Engl. 1989, 28, 1241.

(31) For example, the structure of LDA is a helical polymer and
LiTMP is an eight-membered ring tetramer: (a) Barnett, N. D. R.;
Mulvey, R. E.; Clegg, W.; O’Neil, P. A. J. Am. Chem. Soc. 1991, 113,
8187. (b) Lappert, M. F.; Slade, M. J.; Singh, A.; Atwood, J. L.; Rodgers,
R. D.; Shakir, R. J. Am. Chem. Soc. 1983, 105, 302.

Scheme 1. Anion Exchange and Solvation Energies for the Simple Dimeric Aggregates (normalized to a
per-lithium basis in kcal/mol)

Scheme 2. Selected Oligomerization Possibilities for Primary and Secondary Lithium Amides
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In our systems, the likely aggregates will be second-
ary amide ring dimers solvated by primary amine32 or
higher aggregates of primary amides (tetramers, hex-
amers, octamers, polymers, etc.) with noncoordinated
secondary amines.33

To determine the relative stabilities of these ag-
gregates, calculations were performed on disolvated
dimers [{R2NLi‚H2NMe}2] (where R ) Me, iPr, and
tBu) and various unsolvated primary amide species
[{MeN(H)Li}n] (where n ) 2, 3, 4, 6, 8). (Structural

details are omitted for brevity. Tables of bond lengths
and angles are available in the Supporting Information.)
The all-cis forms of the dimer, trimer, and ring tetramer
were found to be very slightly more stable than any
combination of cis and trans (by <1 kcal/mol).) The
results of the anion exchange reactions are summarized
in Scheme 3. Figure 2 shows the optimized structures
of the methylamide oligomers and lists some key bond
lengths and angles.

All of the calculations indicate a significant increase
in stabilization for the primary amide with increasing
aggregation.34 In part, this is due to increasing the

(32) Henderson, K. W.; Williard, P. G. Unpublished results.
(33) Lucht, B. L.; Collum, D. B. J. Am. Chem. Soc. 1996, 118, 3529.

Figure 2. Geometry-optimized structures of the various oligomers of MeN(H)Li, giving key bond lengths (Å) and angles
(deg).
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coordination number of the metal from two, for the
dimer, trimer, and tetrameric ring, to three, for the
prismatic aggregates. As calculated previously for the
LiNH2 complexes, the ring tetramer of MeN(H)Li is
found to be more stable than the corresponding cubane
(by 1.3 kcal/mol per lithium).35 In contrast, Sapse found
the hexameric cyclic ladders (D3h) of LiF, LiOH, and
LiNH2 to be more stable than the planar ring (D6h)
structures.34 These results are in accord with a signifi-
cant alleviation of strain on moving from a cubic
tetramer to a prismatic hexamer.36

Charge distributions on the methylamide oligomers
show only small variations (Li +0.57 ( 0.02; N 1.08 (
0.04). The charge distribution on the disolvated dimers
similarly shows only small differences (Li +0.50 ( 0.07;
N(amido) -0.86 ( 0.01; and N(dative) -0.95 ( 0.01).
However overall, the metal centers in the primary
amide prismatic oligomers (cubane, hexamer, octamer)
are surrounded by more negative charge than the
corresponding primary amine disolvated secondary
amide dimers; that is, they are electrostatically favored.

The geometry around lithium moves toward planarity
with increasing aggregation (sum of angles at Li are
298.0° 338.1° and 348.6° for the cubane, hexamer, and
octamer, respectively). Similarly, there is an overall
increase in the internal ring bond angles at nitrogen
(sum of angles at N are 218.0°, 245.3°, and 258.0° for
the cubane, hexamer, and octamer, respectively). The
movement toward planar lithium leads to a more even,
isotropic, distribution of electron density at the metal
center.

In addition, the solvation energy decreases with in-
creasing steric bulk of the coordinating primary amine.25

Equation 4 shows the general reaction for the solvation

of a lithium diisopropylamide dimer. (Structural details
are omitted for brevity. Tables of bond lengths and

(34) The increase in binding energy per monomer with increasing
aggregation has been noted previously for LiF, LiOH, and LiNH2
oligomers: Raghavachari, K.; Sapse, A. M.; Jain, D. Inorg. Chem. 1987,
26, 2585.

(35) Armstrong, D. R.; Barr, D.; Clegg, W.; Hodgson, S. M.; Mulvey,
R. E.; Reed, D.; Snaith, R.; Wright, D. S. J. Am. Chem. Soc. 1989, 111,
4719.

(36) The relative stabilities of ladders and stacks of mixed anion
aggregates of MeLi/LiOH and MeLi/LiNH2 have been studied: Sorger,
K.; Schleyer, P. v. R.; Fleischer, R.; Stalke, S. J. Am. Chem. Soc. 1996,
118, 6924.

Scheme 3. Enthalpies of Exchange between Methylamide Disolvated Secondary Amide Dimers and
Oligomers of Primary Amides (normalized to a per-lithium basis in kcal/mol)

(4)
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angles are available in the Supporting Information.) As
expected, the larger the primary amine, the weaker the
solvation. The calculations in Scheme 3 are limited to
examining only the methylamine derivatives; however,
the solvation energy calculations from eq 4 predict that
the primary amidolithium aggregates will be further
favored when sterically more demanding primary amines
are used. Entropy will also favor formation of the
primary amidolithium oligomers due to an overall
increase in the number of free molecules in solution.

These results are now consistent with the experimen-
tal findings; that is, lithium primary amide is preferred.
The crystal structure of tBuN(H)Li has recently been
determined to be a cyclized octameric ladder.28 The low
solubility in hydrocarbon solution of many of the
primary amides studied is consistent with polymeric
ladder structures (Scheme 2).26,37 Lithium dibenzyl-
amide is known to form a polymeric ladder structure
even in the presence of coordinating benzylamine or
tetrahydrofuran.28b,c Our finding of increasing stabiliza-
tion with higher aggregation dictates that the polymeric
ladders should be at least as stable as the calculated
octamer.

2.4. Conclusions. As expected, gas-phase acidity
measurements are of limited value in predicting lithia-
tion selectivity. A principal driving force for primary
amine lithiation in the systems studied is the stability
gain on forming aggregates in which lithium can triply
bridge three anionic nitrogens, in comparison to disol-
vated dimers of bulky secondary amides which contain
two anionic and one dative linkage to each lithium; that
is, the structural arrangement adopted in the products
is a critical factor in determining which amine is
preferentially lithiated.36 Increasing stabilization of the
primary amides with aggregation is, in part, a result of
the move toward a more trigonal-planar geometry at
lithium (alleviation of ring strain) and hence a more
even distribution of electron density around the metal.
The effects of solvation, sterics, aggregation, and elec-
tronics need to be considered in combination when
predicting lithiation selectivity. This study has delib-
erately been limited to the analysis of relatively simple
systems; an understanding of numerous other factors
influencing lithiation selectivity, such as solvent media,
possible chelation, coaggregation, and kinetics, will
require further detailed investigations. The results
reported are of practical significance when using protic
amines or related compounds in lithium-mediated
transformations.3a,38

3. Experimental Section

Syntheses. All solvents were distilled over sodium/ben-
zophenone until blue and stored over 4 Å molecular sieve
before use. Amines were distilled over CaH2 prior to use.

Standard Schlenk techniques39 were employed for the prepa-
ration and manipulation of the highly air- and moisture-
sensitive materials. All reactions were carried out under a
prepurified argon blanket. Glassware was flame dried before
use. A Saffron Omega glovebox was used for the manipulation
of solids. BunLi was standardized by titration with diphen-
ylacetic acid before use.40 1H NMR spectra were recorded on a
Bruker AMX 400 spectrometer at 298 K.

General Procedure for the Lithiation Reactions. A
typical experiment involved mixing the amines (5 mmol of
each) in a hexane solution (10 mL), followed by slow addition
of nBuLi (5 mmol of a 1.6 M solution in hexane). The solution
was then stirred at room temperature for several hours and
the reaction mixture placed in a -20 °C freezer to maximize
crystallization. All products were characterized by 1H NMR
spectroscopy (pyridine-d5, 400 MHz, 25 °C) and IR spectroscopy
and compared directly with spectra of the individual lithium
amides. NMR spectra were run in pyridine-d5 to completely
dissolve the products. The splitting patterns of the individual
signals were commonly difficult to distinguish due to the broad
peaks attained. The NH peaks were not located, except for
tBuN(H)Li, which dissolved in C6D6, due to fast exchange with
the solvent. sBuN(H)Li: δ 1.01, CH3; 1.25, â-CH3; 1.50, CH2;
3.21, R-CH. nBuN(H)Li: δ 0.86, CH3; 1.23-1.54, CH2-CH2;
2.78, R-CH2. nPeN(H)Li: δ 0.87, CH3; 1.31, CH2-CH2; 1.52,
â-CH2, 2.98, R-CH. 1-Me-nBuN(H)Li: δ 0.34, CH3; 0.54, CH3;
0.77, CH2-CH2; 2.34, R-CH.

1,2-Me-nPrN(H)Li: δ 0.87, CH3(×2); 1.00, CH3, 1.41, â-CH;
2.66, R-CH. 1,3-Me-nBuN(H)Li: δ 0.96, CH3(×2); 1.28, CH3,
1.37, â-CH; 1.43, â-CH; 1.90, γ-CH, 3.44, R-CH. tBuN(H)Li in
C6D6: δ -1.53, NH; 1.37, CH3(×3).

Theoretical Calculations. The Gaussian 94 program,
revision E.2, was used for the calculations. No constraints were
used in any of the optimizations.10 Mulliken charges are quoted
in the text. Care needs to be taken when locating minima for
the isopropyl derivatives due to numerous conformational
possibilities.7 Absolute energy values for the species calculated
are available in the Supporting Information. In some instances
more than one minimum was obtained, but for brevity only
the lowest energy is quoted.

Supporting Information Available: Tables 1 and 2
listing important bond lengths and bond angles for (i) the
unsolvated monomeric amines and amides and (ii) the methyl
amine disolvated secondary amide dimers, respectively. Table
3 listing the absolute energy values for all the calculated
species. This material is available free of charge via the
Internet at http://pubs.acs.org.

OM990287C

(37) (a) Dinnebier, R. E.; Behrens, U.; Olbrich, F. J. Am. Chem. Soc.
1998, 120, 1430. (b) Eppinger, J.; Herdtweck, E.; Andwander, R.
Polyhedron 1998, 17, 1195. (c) Englich, U.; Chadwick, S.; Ruhlandt-
Senge, K. Inorg. Chem. 1998, 37, 283. (d) Smith, J. D. Angew. Chem.,
Int. Ed. Engl. 1998, 37, 2071.

(38) (a) Myers, A. G.; Yoon, T.; Gleason, J. L. Tetrahedron Lett. 1995,
36, 4555. (b) Okamoto, Y.; Nakano, T. Chem. Rev. 1994, 94, 349.

(39) Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air-
Sentitive Compounds; John Wiley: New York, 1986.

(40) Kofron, W. G.; Baclawski, L. M. J. Org. Chem. 1976, 4, 1879.
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