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The title compound, lithium hexamethyldisilazide (LIHMDS), has been studied using modern quantum-chemical
methods in the form of the B3LYP approach. Monomers, dimers, trimers, and tetramers, microsolvated with up to
four THF molecules have been considered. The choice of model complex is seen to be important—for instance,
the simpler water molecule is shown to be an inappropriate substitute for the THF solvent. Calculated lithium NMR
shieldings are reported, but by themselves, they seem to be insufficient for unequivocal assignments of the different
species. The energetics of aggregation and solvation have been studied. Temperature effects are seen to be
important, and the degrees of solvation and aggregation are higher at 0 K than at 298 K. The highest degree of
THF solvation for the monomer and dimer is found to be three (0 K) and two (298 K), respectively. The highest
possible degree of aggregation for unsolvated LIHMDS is four. However, in nonpolar solvents, formation of the
LIHDMS dimer from the trimer is thermodynamically preferred. The pathway is likely to involve an intermediate
tetramer. In THF solution, di-solvated monomers and dimers are the most likely species.

Introduction

Lithium amide complexes are widely used in organic and
organometallic synthesis as nucleophilic or basic reagents.
Moreover, they are of interest as potential precursors for
metal-organic vapor deposition, aiming at advanced battery
materials, for instanck?

The general formula for these complexes iSRRLi-xL),
where L is the (usually polar) solvernt,is the degree of
solvation, R and Rare organic ligands (possibly binding
through a heteroatom, for example, P, S, or Se),reische
degree of aggregation. In solution, these complexes exist in
monomeric §i = 1), dimeric f = 2), and higher oligomeric
forms. Moreover, most of them are capable of forming
solvent complexes (i.ex > 0). There is a great variety in
the coordination chemistry of lithium, not only regarding

solvation and aggregation but possibly also regarding ligand-
bonding modes. For instance, it was recently shothiat

two closely related sulfur-containing dimeric lithium amide

complexes [RR—S)NLi-xL], show very different bonding
modes around the sulfur atom, monohapto in one case and
N—S—Li bridging in the other. These kinds of structural
details are of considerable interest because these details have
a profound impact on the reactivity (and, more generally,
on the properties) of the compounds under investigatfon.
On the other hand, they depend quite intricately on subtle
details of the system such as the precise nature and
concentration of the solvent, L, and of the ligands, R and
Lithium hexamethyldisilazide (LIHMDS) is a prototypical
and relatively simple lithium amide complex. As such, it has
been studied extensively using a number of experimental
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Scheme 1. Some Unsolvated Structures of LIHMDS
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mercially available reagent, and it is widely used in organic

The goal of the present work is to study the aggregation

synthesis as a strong base and reagent to form other lithiumand microsolvation of LIHMDS using an accurate, modern,

derivatives. LIHMDS can be prepared and used directly in
nonpolar solvents or in a mixture of nonpolar and polar
solvents. One of the popular mixtures of solvents for
LIHMDS is a mixture of pentane (as the nonpolar solvent)
with tetrahydrofuran (THF).

Similar to other lithium amides, LIHMDS shows a high
propensity in solution, as well as in the solid state, to self-

standard computational-chemistry method, i.e., density func-
tional theory (DFT349 utilizing the approximate B3LYP
functional?>4” and applying it to thentirecomplex without
any truncations or model substitutions. Progress in both
computer hardware and computational chemistry software
has made such an approach possible for the first time.
Specifically, we have studied aggregates from the mono-

associate into higher aggregates and to form complexes withmer up to the tetramen(= 1—4), in their unsolvatedx=
solvents. The aggregation and solvation degree depends o) and solvated forms (up to= 4). Some unsolvated and

the choice of solvent and precise conditions.

Theoretical studies on organometallic lithium complexes
have been reviewed:?! Previous theoretical studies of
lithium amide complexes have usually relied either on small
model complex€d-35 or on using lower-level semiempirical
methods such as MNDO, MM3, or PM3. Where ab initio

methods have been used on realistic systems, very small (to
small) basis sets such as STO-3G have often been used, a

the very least for the geometry optimizatiorig82228.34.3642
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solvated structures are shown schematically in Schemes 1
and 2, respectively.

Computational Methods

All calculations were performed with the Gaussian98 program
package’® Approximate DFT344was applied in the form of the
hybrid B3LYP exchange-correlation functiorfat#”

g
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Scheme 2. Some Solvated Structures of LIHMDS
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Energies:

(Top number):  at -273.15 °C (0 K), without zero point correction
Middle number: at -100°C

Bottom number: at +25°C

[Calculated 'Li NMR shieldings in square brackets (ppm)]

We have tested different model chemistries (i.e., combinations accuracy and computational expediency, as far as structures,
of approximate quantum-chemical methods and basis sets) for somevibrational frequencies, and energetics are concerned. This com-
small-sized model systems. The combination of B3LYP and the bination of method and basis set amounts to a well-established,
moderate 6-31G(d) basis sets provides the best compromise betweestandard model chemistry that, even from literature data, should

give accurate results for the systems at hrithas been employed
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All molecules have been optimized without symmetry constraints,
unless otherwise noted. Harmonic vibrational frequencies have been
calculated in order to verify the nature of each stationary point.
These frequencies are also used to calculate thermodynamic
properties such as relative free energies. In the (gas-phase)
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Table 1. Comparison of Selected Calculated Bond Distances (A) for the Unsolvated and Solvated MonomeysS[[fH.i-xTHF and the Respective
Model Compounds [(Chj2NLi] 2:xH20

monomer [(CH)sSi]oNLi-XTHF model compound [(CE)sSi]2NLi-xH20
degree of
solvationx N—Li Li —O (THF) N-Si N—Li Li —O (H0) N—Si
0 1.807 1.708; 1.697
1 1.829 1.892 1.702;1.702 1.842 1.915 1.699; 1.698
2 1.891 1.952;1.952 1.701;1.701 1.949 1.931;1.949 1.713;1.714
3 1.963 2.130; 2.052; 2.046 1.705; 1.704 1.984 2.193; 2.018; 1.935 1.723;1.723
4 1.974 2.144;2.057; 2.043; 4.952 1.709; 1.706 (1.700, 12697)3.436 2.054;2.004; 2.002; 1.887 1.765; 1.763

(1.906}  (1.955; 1.933; 4.726; 5.458)

a2The numbers correspond to structures with 1 and (in parentheses) 2 THF in the second coordination sphere, as is evident-filOrdigtenices (see
the text).P This structure corresponds §§(CHz)sSil,N—H} +{(HO)Li-3H,0} ~, see the N-Li distance and the text. The shortesti® distance of 1.857 A
corresponds to the OHligand. The G-H distance for this ligand is 0.966 A, whereas the-B(N) distance is 1.708 A. Note the calculatee-N distance
of 1.062 A.

method such as the GIAO (gauge-including atomic orbitals) clearly evidenced from the NLi distance, Table 1, but it
approachP->*is used. Thus, single-point calculations using the more follows from an inspection of the calculations (i.e., the

extensive 6-31+G(d,p) have been used together with the PBEO and N-H distances, footnote b to Table 1, and the calculated
hybrid DFT functiondl® to calculate théLi/’Li NMR shieldings. charges) also.

This particular model chemistry has been chosen after testing H for the | d f solvati h
various different combinations of basis set and approximate DFT owever, even lor the lower degrees of solvation where

methods as applied to thigi/’Li NMR shieldings (chemical shifts) ~ this bo'nd-breaking does not occw € 1, 2, 3), we see a
of a number of small molecules. The DFT-GIAO approach as Strong influence of the choice of solvent on the-N core

implemented in Gaussi&hwas employed. The result of theoretical  0f the compounds, as is evident from the respective bond
calculations is the absolute shielding. It can be converted to the lengths, Table 1. The difference in-N\i bond length
experimentally observed) chemical shift using the shielding of a amounts to as much as0.06 A for the di-solvated species.

suitable reference compound. Predictably, the N-Si distances are less influenced by the

choice of solvent, Table 1. There is almost no difference

between THF and ¥D solvation forx = 1, and that increases
Model Complexes.Due to the size of the systems and to changes of 0.01 and 0.02 A fer= 2 and 3, respectively.

the accompanying computational cost, it is often necessaryThe difference is largest for the = 4 case where the

or at least desirable to choose truncated model complexesgeometric and electronic structure is completely altered by

Thus, for LIHMDS, one could replace the bulkySi(CHs)s the water solvent as compared to the ether, as has been

groups by—SiHz or methyl groups (or even hydrogens), and discussed above.

the associated THF solvent molecules by the smaller dieth- gty ctures of the Unsolvated and Solvated Complexes.

ylether or water. Unsolvated and solvated structures are presented schemati-
We have tested the latter approximation for the LIHMDS Ca”y in Schemes 1 and 2, respective|y_ Some of the

monomers USing various degrees of solvation with THF and Optimized structures are shown in Figure 1. Selected
Hzo, respectively. The results are collected in Table 1. For calculated geometry parameters are provided in Tabl&s 1
now, we will concentrate on the differences between the two  p humber of interesting trends are apparent upon inspec-
solyent models. Later, we will also discuss the THF solvation tion of the structural data. Let us begin our discussion with
by itself. the unsolvated species and then extend the analysis to
The most dramatic effect is seen for the highest degree of g|ected solvated ones.
solvation,x = 4. If the THF solvent is used, then we obtain
di- or tri-solvated structures with the remaining two or one
THF molecules effectively located in the second coordination
sphere (Li-O(THF) distances of about 5 A), see also below.
However, the picture is very different for the;® solvent.
Indeed, the water ligand is seen to be a very different ligand
than THF in that it breaks the LN bond and creates a
complex that is best described as consisting of two separat
ions,{[(CH3)3sSi]l,N—H} ™ and{ (HO)Li-3H,0} ~. This is most

Results and Discussion

For some of the unsolvated species (Scheme 1), we were
able to locate symmetric structures, viz. a structurdgpf
symmetry for the dimeR and one with (approximate 4,
symmetry for the ring tetramet, Table 2. We should note
that the ladder tetramet appears to be not stable at this
particular level of theory because any attempt at optimizing
it resulted in the ring tetramér. The lowest-energy structures
Sor both the monomet and trimer3 were found to have no

symmetry C, symmetry only). Finally, we should note that
our best tetramer structuré still possesses four small

(50) London, FJ. Phys. Radiun1937, 8, 397.

(51) Wolinski, K.; Hinton, J. F.; Pulay, Rl. Am. Chem. S0d.99Q 112, imaginary frequencies (betweenizghd 11 cm™t) that we
8251. have been unable to remove, despite several attempts; note
(52) Schreckenbach, G.; Ziegler, I. Phys. Chem1995 99, 606. . . ’ P . P '

(53) Schreckenbach, G.: Ziegler, Theor. Chem. Acc1998 99, 71. also the size of this system and the associated computational
(54) Sﬁeeigggqbﬂi I;ZQT?rucks, G. W,; Keith, T. A;; Frisch, M. Zhem. cost. Inspection of the output shows that these residual
S. 3 . . . s

(55) Pe)r/dew, 3. P.: Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, frequencies are related te-CHs rotations. In addition,
3865. numerical noise might play a role too. In any case, these
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(b)

Figure 1. B3LYP-optimized structures: (a) unsolvated monortie(b) unsolvated dimep; (c) unsolvated trimeB; (d) unsolvated tetramef; (e) di-
solvated dimeR2-2THF.

Table 2. Selected Bond Lengths (A) and Angles (deg) for the Unsolvated Aggregated LIHMDS Structures

bond lengths bond angles

molecule symmetdy Li—N N—Si Li—N-—Li N—Li—N
unsolvated Cy 1.807 1.708; 1.697
monomerl
unsolvated D> 1.981 1.724 71.0 109.0
dimer2
unsolvated Cy 1.987;1.996; 1.962; 1.744;1.744; 1.743;1.743; 1.744; 1.745 93.4; 89.8; 88.8 146.0; 146.9; 151.1
trimer3 1.991; 2.002; 2.016
unsolvated ring ~DgpP 1.990; 2.030 1.75% 101.8 168.2
tetramerd

a As indicated in the text, the optimizations reported have been performed without symmetry constraint. However, for several cases, we haygedso attem
to find symmetric structures. The highest (approximate) symmetry corresponding to the global minimum structure is repoPt@tibesteucture, though
highly symmetric and almost converged with respect to the geometry, still possesses four low-lying imaginary frequencies bieamdehi29n—1! that
we have been unable to remove. Note that the ladder tetrdnoeilapses to the ring tetramdr see the text.

frequencies should thus not have any strong implications on  Solvated structures have been studied for the monomer,

the conclusions of this study. Table 1, and for the aggregates, Table 3. We will begin our
Increasing the degree of aggregation from the monomer discussion with the former. For the monomers, thelN

all the way to the tetramer leads to increasing-Ni bond bond length is increasing with an increase in the number of

lengths. The largest relative increase appears for the dimerTHF solvent molecules. On the other hand, the$\ bond

that is the first aggregate, Table 2. The 8i ligand distances  that is situated away from the THF ligands is essentially not

increase as well. The latter point is readily understood from affected. While trying to locate a structure with four

the increasing steric requirements with increasing degree ofcoordinated THF molecules, we found two minima, none of

aggregation. The optimized structures for the different which corresponds to a true tetra-solvated species, Table 1.

unsolvated aggregates are shown in Figured.a Instead, we find either a tri-solvated species with one THF

3860 Inorganic Chemistry, Vol. 46, No. 10, 2007
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Table 3. Bond Lengths (A) and Angles (deg) for Selected Solvated Aggregated LiIHMDS Structures

bond lengths bond angles

molecule LN N—Si Li—O Li—N—Li N—Li—N
monosolvated 1.962; 2.059 1.730; 1.728 1.951 71.6;71.6 104.6;112.3
dimer2-1THF
disolvated 2.032; 2.035; 2.037; 1.730; 1.728; 1.730; 1.970; 1.972 73.0; 73.0 107.0; 106.7
dimer2:2THR 2.041 1.730
trisolvated 2.083; 2.029; 1.900 1.741; 1.742; 1.717; 2.065; 2.232; 98.4 173.3
“open dimer’2-3THF (4.605) 1.712 2.066
monosolvated 1.975; 1.982; 1.986; 1.749; 1.748; 1.749; 2.052 95.8; 96.5; 154.6; 153.8;
trimer 3-THF 1.975; 2.158; 2.160 1.748; 1.755; 1.754 87.2 132.0

aDimer with one THF ligand per L{[(CH3)3Si]oNLi-THF},, see the text.

in the second solvation sphere, as indicated by the Li be related to the fact that five-coordination on Li is
O(THF) bond length of 4.952 A, or a di-solvated molecule unrealistic; the “open dimer” has a four-coordinated solvated
with two THF in the second coordination sphere (Li  Li.) This “open dimer” structure has also been included into
O(THF) bond length of 4.726 and 5.458 A, respectively; data Table 3 where the N bonds are listed in order starting

in parentheses in Table 1). Thus, we conclude that the highesfrom the solvated Li toward the terminal nitrogen. Thus, the
possible degree of solvation for the monomer is three, seeshortest bond length of 1.900 A corresponds to the terminal
also below. nitrogen. We provide the nonbonded distance between the

Geometry parameters for selected solvated aggregatederminal N and Li atoms in brackets. Note the sterically
structures are collected in Table 3. induced lengthening of the HO(THF) bonds.

Adding one THF molecule to the dime2;1THF, leads For the trimer, we have only studied the mono-solvated
to lengthened LN bond lengths of 2.059 A on the solvated species3-1THF, Table 3, since already this species is
side and shortened £iN bond lengths on the opposite side energetically unfavorable as compared to the unsolvated one
of the LizN; ring, as compared to the unsolvated dimer that (see below). The longer LN bond lengths correspond again
has a bond length of 1.981 A. (The smallerN—N angle to the solvated side of the ring, as does the smalledtiN-N
of 104.6 corresponds to the solvated side of the ring, angle.
accordingly. The THF molecule is slightly rotated, leading  6Li/7Li NMR Shieldings. NMR methods are used exten-
to an overall structure without symmetry.) The bond lengths sjvely for the experimental study of the solution structure,
effects should be due to both steric and electronic factors. energetics, and equilibria of lithium amides (e.g., refs 7, 12,

Attempts to locate a structure where the THF solvent is 14, 15, 17, 29, 5664 see also various revief¥s®9), and
bridging the ring by bonding to both Li atoms lead to either much of the information regarding likely solution species
a transition state structure with one imaginary frequency of or equilibria has been obtained from this technique. Not
126 cm?!, or back to the structure with the solvent always is the assignment unequivocal, though, especially in
coordinating one Li atom only. We conclude that the bridged high-symmetry cases, which can lead to experimental
mono-solvated structure likely does not exist. information on lithium amide structures that is contradictory.

Excluding bridged structures which is reasonable from the Thus, it would be useful to relate the observed NMR
preceding discussion, there are two possible structures for
the di-solvated dime2-2THF, one with both THF molecules  (56) Bernstein, M. P.; Romesberg, F. E.; Fuller, D. J.; Harrison, A. T;
coordinating to the same side of theNj ring, i.e., to the Colum. D- B.; Liu, Q. Y., Williard, P. G.J. Am. Chem. S0d.992
same Li atom, and another that has one solvent (THF) (57) Gilchrist, J. H.; Collum, D. BJ. Am. Chem. S0d992 114, 794.
molecule per Li atom. The latter has been included in Table (58) 1623"71‘“;%5‘3-? Nah, H.; Sachdev, H.; Schmidt, Mchem. Ber1996
3 and is shown in Figure 1e; we did not include a structure (sg) aubrecht, K. B.; Lucht, B. L.; Collum, D. BOrganometallics1999
for the former isomer that is expected to be significantly 18, 2981.
higher in energy due to steric factors. Similar to the case of ¢? Qg{;‘sgf’g_g;',v'?c;ifj_';?;”&erz(r’f’P}fhyygnﬁiﬂr"g‘%hgms'écie_rga\(t\gnj';
the monomer and mono-solvated dimer, THF solvation leads Trans.1999 4063.
to a lengthening of the KN bonds but leaves the NS (61) Qngr.e}.vséﬁérﬁ."s%léggoa;}{oi %-rva':g'[')%’a (1393?7'_’ McCarthy, T. D.; Peatt,
bonds essentially unaffected (only a very slight increase in (62) Amedjkouh, M.; Pettersen, D.; Lill, S. O. N.; Davidsson, O.; Ahlberg,
bond lengths of 0.0040.006 A), Table 3. P.Chem. Eur. J2001, 7, 4368.

. . . . (63) Chivers, T.; Krahn, M.; Parvez, M.; Schatte, GChem. Soc. Chem.

Similar to the di-solvated dimer, there are again two Commun2001, 1922.
possible structures for the tri-solvated din®2B8THF, one (64) Al-Masri, H. T.; Sieler, J.; Hey-Hawkins, Bppl. Organomet. Chem.
with all t_hree _THF_ molecules coordin_ating to the same side 65) %Ooﬁé?g“é:mc' Chem. Re<.993 26, 227.
of the Li;N; ring, i.e., to the same Li atom, and the other (66) Hartung, M.; Gather, H.; Amoureux, J.-P.; Fernandez, \@agn.
having one or two solvent (THF) molecules per Li atom, Reson. Chenl998 36, S61.

. . . . (67) Boman, A.; Johnels, DIMagn. Reson. Chen200Q 38, 853.
respectively. The latter isomer is again, of course, the most gg) zanicky, J. InThe Chemistry of Organolithium CompounBsppoport,

stable one due to steric factors. This time, however, we would Z., Marek, ., Eds.; Wiley: New York, 2004.

P . . . (69) Johnels, D.; Guther, H. InThe Chemistry of Organolithium Com-
like to briefly discuss the former isomer also as attempts at pounds Rappoport, Z., Marek, I.. Eds.. Wiley: New York, 2004; p

optimizing it lead to the “open dimer” structure. (This can 137.
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Table 4. MNDO Reaction Enthalpies According to Romesberg éf al. (a)
(kcal/mol) 35 -

MNDO 30 4
reactant product enthalpy 2
monomerl dimer2 —23.8
dimer2 trimer 3 +4.6 5 20 1
dimer2 tetramerd +8.5 £
monomer2THF (1-:2THF)  dimer2THF (2:2THF) 1.7 g
w

aReference 17.

—+—at0 K

parameters to the calculated ones and, in this way, to the

electronic structure and the geometry. As a first step in this | -G
direction, we have calculated the isotrofic/’Li NMR degres of aggregation, n
absolute shieldings. Results are presented in Scheme :(b)a<J
(numbers in square brackets) where we also summarize the
energetics of aggregation and solvation, to be discussed
below. 15
We have chosen absolute shieldings,over chemical B 10
. oo i X . E
shifts, 0, because of the difficulty in modeling the experi- 3§ s
mental standard (reference compound), usually aqueous ; o
solutions of LiCl or LiBr. Shieldings and shifts are related 5 1 2 3 4
by 0 . —e—at0K
-15 —s—at288 K
o= O — O (1) -20

degree of solvation, x

where ot is the iSOtI’OpiC shielding of the reference Figure 2. Stabilizgtion energy per Li atom \g) degree of agg_regation
d. If th h ical shift i ired. it d b n for unsolvated LIHMDS oligomers and (b) degree of solvatigr) K

compouna. € chemical shilt IS required, 1t would D€  (giamonds, top line) and 298 K (squares, bottom line), respectively.
preferable to use an “internal standard” such as the most ) ) . ) .
stable compound in a given group. In any case, we note that Energetics.A computational aggregatiersolvation dia-
differences in shieldings and chemical shifts have opposite gram for LIHMDS is shown in Scheme 3. For the different
signs, eq 1. equilibria of aggregation or solvation, we provide the free

Analyzing the NMR data in Scheme 3, we note a distinct, €N€rdy &0 K (number in brackets), and the free energy at

monotonic increase in shielding (decrease in chemical shifty ~100 °C (number in italic, where available), and the free
upon successive addition of THF solvent molecules. The €N€rgy at 298.15 K, 25.0C (provided as the bottom

increase amounts to 0.4, 0.6, and 0.2 ppm, for the formation"UMPEr). In éach case, a negative free energy means that
of mono-, di-, and trisolvated monomers, respectively. the product is more favorable than the reactant. (In the
The situation is less clear-cut for the dimer and trimer following discussion, we consider as the product the species

because they contain potentially inequivalent lithium sites, gnttthe ”?ht'hatr.]d |S|de ct)f a h\7\;|zolr1tal LeaCtlﬁn orlonl tth((aj
and moreover, some kind of dynamic average is observed ottom of a vertical reaction.) We also show the calculate

o T o . g
in solution. Overall, there is no clear relationship between Li/"Li NMR shieldings (in brackets) that have been dis

structure and lithium shielding (chemical shift) for these cussed separately above. .
species. Romesberg et df. have studied some of the same

equilibria using semiempirical MNDO calculations. Calcu-
For some of the complexes, we have also analyzed the g g b

calculated shielding in terms of the electronic structure, viz lated reaction enthalpies\H, from this work are provided
. . ) 7" in Table 4. These MNDO numbers can be compared to our
the molecular orbitals (MOs). This MO analysis has, at times P

been extremel werful in explaining trends in chemi I, AG values as provided in Scheme 3.
een extremely powerlul In explaining trends in chemical ) o s start with the successive aggregation processes by
shifts across series of related compounds (e.qg., ref¥3)D

In these cases. it was alwavs one or. at most. a few pairs ofconsidering the unsolvated species only. An analysis of the
occupied and \;irtual MOs cc))/u led b 'the ma heticfie?d that DFT-calculated free energies for the unsolvated LIHMDS
deter?nined the trends entirelp Hov)\//ever fc?r all LIHMDS oligomers, presented in the top line of Scheme 3, shows that,
complexes analvzed. we f'ng. alwavs a’Iar e number of the higher the degree of aggregationthe more stable the
el IR/ ;( mall yzntri’bvzi nl th tW ?;trib " alith u roxi structure. However, the gain of energy per Li atom with
n?i ley S Iaw Cioht uncc)j i t? ncdo Lljdeb f arg)dp OXI* increase ofn is not linear but rather inverse exponential.
ately equal weignts, a 0 frends could be found. Figure 2a shows the gain of stabilization energy at two
(70) Ruiz-Morales, Y.; Schreckenbach, G.; ZieglerJTPhys. Chenil996 dlﬁer?nt temperatures versus the degree of aggregation. From
100, 33509, this figure, one can see that, for degrees of aggregation
(71) Ruiz-Morales, Y.; Schreckenbach, G.; Ziegler,drganometallics greater than four, the gain in energy is negligible and amounts
1994 15, 3920. to less than 0.5 kcal/mol per monomeric urif0& (without
(72) Schreckenbach, @. Chem. Phys1999 110, 11936. : : ‘ p -
(73) Schreckenbach, Gnorg. Chem2002 41, 6560. zero-point correction to the energy). It is even smaller at
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(a) 50 dimer shows similar trends. For the trimer, though, even the
05 | (a)ddItIO”n of just Ior:je ;I’HF Ig)oleculgbls r:jo;vt#ntf?r\]/orr?blﬁ.
verall, we conclude from Figures 2b an at the higher
fg Hﬁ“‘““*\_\ﬂ the degree of aggregatian the fewer THF molecule can
3 10 complex Li. Moreover, all of this is in good agreement with
=§ 5 experimental data for THF solution, where the di-solvated
= — I . dimer and monomer are obsen®ti° It is also consistent
“ 5 1 2 3 with the existence of the di-solvated dimer in the solid
410 4 ok phase'®
-15 Calculated differences in (gas-phase) energies can be used
20 Tk to predict which species are thermodynamically more stable
degree of solvation, x at the given level of theory. Assuming full transferability
(b) from gas-phase calculations to solution, these results can then
30 1 be used te-cautiously-make predictions as to which species
251 might exist in THF or pentane solutions after reaching
fg equilibrium. For example, from one of the possible chains
3 10 of reactions, an analysis &G for the transformation:

z'g 3' \ trimer -1 THF==monomer-1THF + dimer (2)
iy — \? (the decomposition of the solvated trimer) shows that the
T .

-10 A T —eoatoK reaction is much more favorable as written at 298NG(=

15 1 T —e—ae —11.0 kcal/mol) than 0 K (AG = 7.6 kcal/mol). It also

-20 4 explains why no trimer exists in THF solutions of high
degree of solvation, x concentration and experimental temperatures, where only the

Figure 3. Stabilization energy per molecule () dimer and (b) trimer solvated dimer and monomer are obser¥&tf. A further
Vs degree of s_olvatiqni) K (diamonds, top line) and 298 K (squares, bottom analysis shows that the mono-solvated monomer and unsol-
line), respectively. . . . .

vated dimer (i.e., the products of reaction 2) readily attach
higher temperatures. In solution, where there is an interactionadditional THF molecules, up to a coordination number of
between solvent molecules and LIHMDS, and in the solid four at the lithium. This leads to further stabilization, as
state, where the interactions between different LIHMDS discussed in detail above (Figures 2b and 3a), further driving
molecules are even more significant, the degree of aggrega-+eaction 2 to the right-hand side. The overall process is again
tion might be similar or less. Therefore, the most probable temperature-dependent such that at very low temperatures
highest degree of aggregation at 298 K will not exceed (close to 0 K), the deaggregation reaction 2 does not take
4. This is consistent with the largest observed LIHMDS place, but at higher temperatures (298 K) only the smaller
oligomer in pentane solution being the cyclic tetramer, and species with higher degrees of solvation are stable (with a

in the solid state, the trimer. solvent coordination number &= 2 or 3 for the monomer
The preceding conclusions are not borne out by the MNDO andx = 2 for the dimer, Figures 2b and 3a).

calculations of Romesberg et & Table 4, who find positive In a similar fashion, one can predict that, at 298 K, the

AH values already for the dimetrimer equilibrium. MNDO tri-solvated dimer gives rise to a di-solvated monomer and

thus predicts lower degrees of aggregation than DFT. a mono-solvated dimer. Solvated monomers and dimers are

For the solvated monomer, differences in energy show thatthe most stable solvated species in the system.
addition of the next THF molecule increases the stability at ~ Finally, let us consider nonpolar solvents, i.e., solutions
0 K until the solvent coordination nhumber reaches 3, where no THF is present. The unsolvated monomer at 298
for a total coordination number of four at the lithium atom. K is not observed experimentally. This is consistent with
After that, the addition of THF becomes unfavorable, Figure the high energy requirement for its formation according to
2b. This has been discussed before from the point of view the following reaction (Scheme 3):
of the geometries, and it should be due to steric factors. .
Similargtrends are seen for the solvated dimeric and trimeric LiZdimer = monomer AG = 16.5 kcal/mol  (3)
LIHMDS, Figure 3a and b. Addition of each subsequent THF A possible path for dimer formation from the trimer (which

molecule to the LIHMDS aggregates produces a lesseris the preferred oligomer in the solid state), in the absence
stabilization effect than the addition of the previous one. This of THF, involves the following two reactions:

is especially true for the higher degrees of aggregation, Figure

3a and b. 2trimer =tetramer + dimer AG=+2.7 kcal/mol4)
In addition to the curves for 0 K, Figures 2b and 3 also _
show the gain in energy per molecule of LIHMDS versus tetramer = 2dimer AG = —15.5 kcal/mol  (5)

degree of solvation at 298 K. For the monomer at this
temperature, addition of the first and the second THF
molecule is favorable, as it leads to more stable species. The 2/3trimer =dimer AG = —4.3 kcal/mol (6)

for a net reaction as follows
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In other words, the trimerdimer equilibrium (in the absence  (to give free energies) and temperature effects: The degrees
of THF or other polar solvents) probably involves a bimo- of both solvation and aggregation are generally higher at 0
lecular mechanism with an intermediate tetramer. K than at 298 K. Another important result is that the current
DFT calculations yield a qualitatively different picture than
the older (semiempirical) MNDO calculations of Romesberg

In this paper we have presented a detailed computationalet al.;}” Table 4 and Scheme 3. MNDO predicts the trimer
study of LIHMDS species in various degrees of aggregation and tetramer formation to be energetically unfavorable,
and microsolvation. To the best of our knowledge, this is whereas we find that the highest possible degree of aggrega-
the first such study that applies reliable modern DFT to the tion for unsolvated LiHMDS is four.
complete complexes without truncation of the bulky ligands.  The energy gain per monomer unit is seen to be decreasing
We have shown the importance of using a modern quantum-with increasing degrees of aggregation, Figure 2a, leading
chemical method, as the results differ qualitatively between to the mentioned maximum degree of aggregation of four.
our B3LYP calculations and older semiempirical MNDO This energy gain is also temperature dependent. The stabi-
calculations from the literaturé.We have likewise shown lization energy of solvation is likewise a function of both
(by way of example) the dangers inherent in using truncated the number of solvent (THF) molecules and of temperature,
model ligands instead of the real, experimentally observed Figures 2b and 3.
systems, Table 1. The computational hardware and software While the highest possible degree of aggregation was
have reached a point that this can actually be done for thefound to be four, the picture is different for solvation in
first time. nonpolar solvents, where we have shown that the formation

We have reported calculatédi/’Li NMR absolute shield-  of the LIHDMS dimer (from the solid trimers) is preferred
ings for a number of species, Scheme 3. While some trendsover alternative species, reactionsé! The pathway is likely
are apparent from the calculations (notably an increase into involve an intermediate tetramer, reactions 4 and 5. A
shielding—decrease in chemical shifipon successive sol- monomer, however, is not expected to exist, cf. reaction 3.
vent coordination), in general, calculated lithium shieldings  If, however, a polar solvent such as THF is present, then
(chemical shifts) alone seem to be insufficient for unequivo- both the monomer and the dimer are formed (reaction 2).
cal assignments of the different species. This is principally Thus, given the most probable degree of solvation for these
due to difficulties in modeling dynamic effects. We should species at 298 K being two (Figures 2b and 3a), di-solvated
also keep in mind that any bulk effects of the solvent have monomers and dimers are the most likely species in THF
been neglected in our calculations. As for converting absolute solution.
shieldings into chemical shifts (eq 1), it appears preferable
to use some internal standard instead of-ttficult to
modet-experimental one. We conclude that future studies
should attempt to also calculate and interpret a wider range
of NMR observables, including the chemical shift tensor,
quadropolar couplings, NMR of other nuclei, or spspin
couplings.

The study of the energetics of aggregation and solvation
has been the central focus of this article, Scheme 3. Here,
we have seen the importance of including entropy correctionsiC061599S

Conclusions

Acknowledgment. Financial support from the Natural
Sciences and Engineering Research Council of Canada
(NSERC) and the Fonds de Recherche sur la Nature et les
Technologies du Quebec (NATEQ) is acknowledged. G.S.
is grateful to I. Vargas-Baca, McMaster University, for
suggesting the project and for helpful discussions. G.S.
further acknowledges the work of A. Carrasco who contrib-
uted to the project.

3864 Inorganic Chemistry, Vol. 46, No. 10, 2007



