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angiography and furthermore indicates the potential to
develop a whole new class of MR contrast agents based on
water-soluble calixarene chelates.

Experimental Section

The reaction was carried out under argon. The tetraethyl calix[4]arenete-
traacetate 1 was prepared according to the literature procedure.’) The N,N-
dimethylethylenediamine and Gd(NO;);-5H,0 were purchased from
Aldrich Chemical Co., Milwaukee, WI. Chemical shifts 0 are given relative
to the relevant standard tetramethylsilane. The stability constant of the
[Gd"(2)] complex was determined by MicroCal Inc., Northampton, MA.[°!

2: Compound 1 (10.0 g) was added in small portions to N,N-dimethylethy-
lenediamine (30 mL) and the resulting solution was stirred for 18 h under
argon. The unconverted amine was removed by evaporation under reduced
pressure and the residue treated with diethyl ether. The white precipitate
was filtered, rinsed with diethyl ether, and dried in vacuo. Yield: 11.2 g
(92%). m.p. 213°C. Elemental analysis (%) calcd for Cs,H;,N3Og: C 66.6,
H 7.74, N 12.0; found: C 66.7, H 7.86, N 11.8; FAB-MS: m/z: 9375 [M"];
'H NMR (CDCl;): d =2.19 (s, 24H; NCH,), 2.44 (t, 8H; NCH,), 3.22 (d,
4H; CH,), 3.41 (q, 8H; CH,NH), 4.44 (s, 8H; CH,0), 447 (d, 4H; CH,),
6.58 (m, 12H; ArH), 7.57 (br.s, 4H, D,0 exchangable; NH); *C NMR
(CDCl): 6 =31.03,37.04, 45.29, 58.11, 74.13, 123.31, 129.02, 134.48, 155.98,
169.76.

MR dispersion measurements: A HSA stock solution (20% w/v) was
prepared in deionized water from 96 % —99 % albumin (fraction V, Sigma
Chemical Co., St. Louis, MO). Relaxation measurements were made on a
custom-designed variable field 7,-7, analyzer (Southwest Research
Institute, San Antonio, TX) at 23°C. The magnetic field strength was
varied from 0.02 to 1.5 T (corresponding to a proton Larmor frequency of
1-64 MHz). T, was measured by using a saturation recovery pulse
sequence with 32 incremental recovery times. The relaxivities (relaxation
rates per mM Gd concentration) were obtained after subtracting the water
contribution or the appropriate diamagnetic 2% or 10% HSA solution
contribution, respectively. 7, was measured by using a Carr—Purcell -
Meiboom - Gill pulse sequence of 500 echoes and a time interval of 2 msec
between echos.
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Lithium Amides: Intra-Aggregate
Complexation of Lithium and Entropy Control
of Basicity

Gerbert L. J. van Vliet, Henri Luitjes, Marius Schakel,
and Gerhard W. Klumpp*

Lithium amides (LiNR,, LiA) are the most widely used
reagents for the generation of enolates and their cognate
species from carbonyl compounds and related CH acids.!
This practical importance has led to extensive lists of pK
values of secondary amines (HA).J However, interpretation
of ApK values in terms of enthalpy and entropy effects,
fundamental to understanding the basicity of lithium amides,
is severely limited. Commonly, pK values are determined at a
single temperature, usually around 25°C. This permits only
correlation of ApK with differences in relative free energy,
AG,,(LiA(2), LiA(1)), at that temperature.’! We now report
on the prominent influence of entropy on the basicity towards
triphenylmethane (TPMH) in THF of lithium N-(3,6-diaza-
3,6-dimethyl)heptyl-N-methylamide (1-Li), lithium bis(N,N-
dimethyl-2-aminoethyl)amide (2-Li), and lithium N-(N,N-
dimethyl-2-aminoethyl)-N-methylamide (3-Li).[! Despite the
rather special nature of 1-Li—3-Li, our findings have some
bearing on the thermodynamics of lithium amides in general.

| Li |
\T/\/N\/\'t‘-/ \T/\/N\/\’T‘/ /N\/\N‘/
i Li
1-Li 2-Li 3-Li

1-Li and 2-Li were shown! to exist in toluene or THF
exclusively as the dimers (1-Li), and (2-Li),, with exhaustive
intra-aggregate complexation of lithium. Their congener 3-Li
lacks one of the amino groups of 1-Li and 2-Li and forms an
equilibrium mixture (THF, —108°C: 2.3:1) of a monomer and
a dimer, for which the structures 3-Li-2 THF and (3-Li), - THF
were suggested by THF titration, MNDO calculations,”! and
reaction kinetics.®!
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The equilibria of 1-Li, 2-Li, and 3-Li with triphenylmethane
[TPMH, Eq. (1a)] in THF were measured in the temperature
range —20 to 15°C.[" Values of the TPMH-based pK of the
conjugate acids 1-H-3-H at 30°C [the temperature at which
numerous pK values were determined;® pKj;ryupso-cs
Eq. (1b); 30.4 = pKy; rppao-c(TPMH)?] and of AH[Eq. (1a)]
and AS[Eq. (1a)] are given in Table 1 (entries 1-3).1

TPMH + 1-Li(2-Li, 3-Li) = Ph,CLi + 1-H(Q2-H, 3-H) (1)

pKiitars-c(1-H (2-H, 3-H)) =30.4 + 1gK(1-H (2-H, 3-H), 30°C) (1b)

Table 1. Values of pKi;rur3-c of the conjugate acids of 1-Li-3-Li
[Eq. (1b)]; AH[Eq. (1a)] [kJmol~'] and AS[Eq. (1a)] [JK~'mol~].l

Entry pKiitnrso-c  AH[Eq. (1a)]  AS[Eq. (1a)]
1 1-Lil 254+03 —369+3 —220420
2 2-Lil"! 23.8+0.6 —357+10 —240+40
3 3-Lil 27.9+0.1 —33.8+6 —160+20
4 1-Li+1equiv 1-HY  27.7+0.4 —20.7+3 —120+20
5 1-Li+2 equiv 1-HY  27.9+0.4 —22.6+3 —120+20

[a] [1-Li];—[3-Li];~ [TPMH] ~ 0.03M, THF. [b] Average of three determi-
nations. [c] Average of two determinations. [d] Single experiment.

Disregarding intra-aggregate complexation of lithium by
the dimethylamino groups, one would expect pKj; ryrso-c of
2-H, 3-H, and Me,NH to follow the same order as those of
Et,NH (31.7) > EtMeNH (30.9) > Me,NH (29.7), for which
successive replacements of ethyl by methyl groups change
PKiithrsoec by roughly the same amount (ApKy;rygsoc=
—0.8, —1.2). In fact, the values of pKj;rurs-c of 2-H and
3-H are considerably lower than those of Et,NH and
EtMeNH, respectively, and their order runs counter to that
of the simple dialkylamines: compared to Et —Me, replace-
ment of CH,CH,N(Me), by Me affects pKy; ryr in the opposite
sense by amounts that distinctly differ for the two steps
(APK ;i trrs0cc = 4.1, 1.8097).

The values of AH[Eq. (1a)] and AS[Eq. (1a)] provide a
clue to the mode by which intra-aggregate complexation of
lithium by (alkyl)(methyl)amino groups influences pKy; ryr.!!
The strongly negative reaction entropies are most telling.
They indicate that the reactions of 1-Li—3-Li with TPMH in
THF involve the binding of a considerable number of THF
molecules, that 1is, the actual reaction product is
Ph;C[Li(thf),]*.['! Detailed analysis is impossible. However,
because THF is already bonded to lithium in the reacting 3-Li
species—probably 3-Li-2THF and (3-Li),- THF (see

1644 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

above)B—fewer THF molecules are immobilized in the
reaction of 3-Li than in the reactions of 1-Li and 2-Li, the
(1-Li), and (2-Li), constituents of which do not contain bound
THF. Consequently, in the case of 3-Li, the decrease in
entropy is smaller and the basicity pKy; tyrso-c is higher, even
though the reaction of 3-Li with TPMH is (slightly) less
exothermic than those of 1-Li and 2-Li. We recognize a clear
case of basicity control by the entropy of THF complexation.
The decrease in entropy is smaller, the cost in AG[Eq. (1a)] is
lower, and the basicity pKj; tyrso-c is higher, if 1-H - 3-H act as
ligands towards lithium. Owing to the polydentate nature of
these ligands, the decrease in the number of particles upon
complexation/chelation is lower than with THF. Accordingly,
when one or two equivalents of 1-H were added to the
equilibrium reaction mixture of 1-Li (Table 1, entries 4 and 5),
PK1itHE30°c TOSE by approximately 2.4 units, and less negative
values of AS[Eq. (1a)] and AH[Eq. (1a)] were found. This is
ascribed to chelation by 1-H of both Ph;CLi and a dimer of
1-Li.l" Again, the effect on pKy; rypso-c Of the (1-H)-induced
lowering of | AS[Eq. (1a)]| is stronger than the counteracting
influence of the decrease in |AH[Eq. (1a)]].['>10

Clearly, entropies of LiA reactions are strongly influenced
by the interdependent modes of aggregation and Lewis base
complexation of both the reactant and the product lithium
species. This led to the working hypothesis that reactions of
lithium amides having the same type of aggregation and
complexation (e.g., dimers of lithium amides with tricoordi-
nate lithium such as (iPr,NLi),-2THF)['l with the same
substrate (e.g., TPMH) have about the same entropy. Con-
sequently, their ApKy; ryr should approximately reflect differ-
ences in reaction enthalpies and relative enthalpiesP®! [AHY,;
Eq. (2)].%

23RTApKy; rur(HA(2), HA(1)) ~ AH(LIA(2)) — AH(LIA (1)) =

AH(LIA(L) - AHO(LIAQR) )

The enthalpies of reaction with TPMH of 1-Li-3-Li
(AH[Eq. (1a)], Table 1) are rather similar, and that of 3-Li
is smallest.['¥] This shows that intra-aggregate tetracoordina-
tion of lithium by (alkyl)(methyl)amino groups in LiA dimers
has no enthalpic advantage over the THF-induced modes of
aggregation/coordination (3-Li-2 THF and (3-Li), - THF) that
are ascribed to 3-Li in THF.I'l What, then, is the cause of the
special stability of 2-Li, that is, the strong decrease in basicity
on going from Et,NLi to 2-Li, and from EtMeNLi to 3-Li, as
well? An important role is played by the entropically
unfavorable structure of 2-Li. On the simplifying assumption
that AS[Eq.(1a)] depends solely on the number of
THF molecules that are immobilized by formation of
Ph;C-[Li(thf),]* and that this number is approximately the
same for (Et,NLi), -2 THF!'l and (EtMeNLi), -2 THF!'7 (im-
mobilization of n — 1 molecules of THF per lithium atom) and
3-Li (average of 3-Li-2THF and (3-Li),- THF: ca. n —1.25
molecules of THF immobilized per lithium atom), about four
units of ApKy;tupso-c(Et,NH, 2-H) =79 are caused by the
entropy effect (cf. Table 1, entries 2 and 3). We attribute a
large part of the remaining four units to inductive stabilization
of N~ in 2-Li by its two dimethylamino groups. In the case of
3-Li, about the total of ApKy;rurz-c(EtMeNH, 3-H)=3
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would be due to this effect. The supposition that two
dimethylamino groups per lithium atom in 2-Li lead to a
lowering of pKj; rurs-c by about four units, while nearly the
same effect is produced by a single such group in 3-Li, implies
nonadditivity of these inductive interactions in lithium amides
with intra-aggregate complexation.

In conclusion, the values of pKj;yrs-c (based on that of
TPMH) of the conjugate acids of 1-Li—3-Li are 4.3, 5.9, and
1.8 units lower than that of dimethylamine. The differences in
basicity of 1-Li—3-Li are due to the entropic consequences of
the differences in Lewis base complexation of these lithium
amides and Ph;CLi. The rather similar reaction enthalpies of
1-Li-3-Li indicate that intra-aggregate tetracoordination of
lithium in LiA dimers has no enthalpic advantage over THF-
induced modes of aggregation/coordination. Besides entropy,
inductive stabilization by dimethylamino groups is proposed
as a major cause of the basicity differences between 2-Li, 3-Li
and Et,NLi, EtMeNLi, respectively. In the wider realm of LiA
properties, our findings suggest that within a family of lithium
amides of the same aggregation and complexation type,
ApK;; ryr provides an approximate value of the difference in
relative LiA enthalpies.
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