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Solvation and Structural Effects on the Stability of 10-X-2
Ate-Complexes: A Computational Study
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The structures and energies of a variety of 10-X-2 ate-complexes derived from reaction of
alkyllithiums and aryllithiums with the corresponding organohalides have been studied at the
B3LYP/6-31++G** theoretical level. The results of the calculations, which are in good agreement
with the available experimental data, indicate that diaryl ate-complexes are more stable than their
dialkyl counterparts. Fluorine substitution was found to confer substantial stability to both diaryl
and dialkyl ate-complexes,and the calculations suggest that perfluoro dialkyl 10-X-2 ate-complexes
should be experimentally observable species. One of the most important factors contributing to
stability of a 10-X-2 ate-complex is removal of the formally cationic lithium from the vicinity of the
ate-anion via coordination with a Lewis basic solvent.

Introduction

The lithium—halogen exchange (eq 1), a reversible
metathesis favoring the more stable organolithium and
most readily accomplished with organobromides and
iodides,® was discovered independently and virtually
simultaneously by Wittig? and Gilman® some 60 years
ago. The mechanism of this intriguing reaction has been
the subject of a number of studies,* and it now appears
that the detailed course of the exchange is dependent on
the structure of the reactants and the reaction condi-
tions.5®

R—Li + X—R'=R-X + Li-R' 1)

Two general mechanistic scenarios have been proposed
to account for the exchange:* (i) a process involving
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radical intermediates initiated by single-electron transfer
(SET) from the organolithium to the organohalide’ and
(i) nucleophilic attack of the organolithium on the
halogen atom of the organohalide to give a 10-X-2 ate-
complex (eq 2)® either as a transition state® or as an
intermediate.’® More recently, it has been suggested the
latter mechanism may be the elementary step in all
lithium—halogen exchange reactions, since homolytic
fragmentation within a 10-X-2 ate-complex could account
for the observation of radical intermediates.!!

R—Li + X—R' = [R—X-R7] Li" =R-X + Li-R' (2)

The existence of 10-X-2 species having a formally
anionic halogen bonded to two carbons is well established,
but fully characterized structures are rather rare.’>-15 A
particularly simple example is the ICN—KCN adduct
isolated as a stable complex (1) with the diethyl ester of
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(diimino)oxalic acid by Tebbe and Frélich.*® More to the
point, 10-X-2 ate-complexes have been characterized as
intermediates in the lithium—iodine exchange between
aryl iodides and aryllithiums. Elegant kinetic and spec-
troscopic studies by Reich’'s group have demonstrated
that lithium diphenyliodinanide (2) is an intermediate
in the degenerate exchange between PhLi and iodoben-
zene,* and the perfluoro analogue 3, prepared by treat-
ment of pentafluoroiodobenzene with (pentafluorophenyl)-
lithium and crystallized as the TMEDA adduct, was
found by Farnham and Calabrese to be stable at room
temperature.’®> Although 10-X-2 complexes have been
postulated as intermediates in both lithium—iodine and
lithium—bromine exchanges involving simple aliphatic
reactants,*>1° such species have not been directly ob-
served.’® In this connection, it should be noted that
Hoffmann’'s group has recently presented convincing
spectroscopic and kinetic evidence for the existence of
long-lived 10-1-2 ate-complexes in both lithium—iodine
and magnesium—iodine exchange reactions of aliphatic
gem-diiodides.*”

Bt t -
[N=C—F—C=N] K* « w [Ph—i—PH] Li*

HN  NH 2
1

(CeFs)2l” Li* ® 2 TMEDA
3

In light of the extensive literature concerning the role
of 10-X-2 ate-complexes in the lithium—halogen ex-
change, it was of interest to explore the factors that might
influence the ability of such species to exist as detectable
intermediates. Herein we report the results of a compu-
tational investigation of the effect of structural changes
and solvation'® on the stability of hypervalent 10-X-2
species. This work complements and extends the insight-
ful theoretical studies by the groups of Boche and
Cioslowski on the role of halogen ate-complexes in the
lithium—halogen exchange reaction.*®

Computational Methods

B3LYP hybrid density functional calculations?® were carried
out using the Gaussian 95 series of programs.?* The standard
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dtfeger, P.; Schimeczek, M.; Hoffmann, R. W. Angew. Chem., Int. Ed.
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J. 1995, 1, 619.
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R. H.; Siegbahn, P. E. M. Organometallics 1997, 16, 6021.
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polarized 6-31++G** basis set?? with added diffuse functions
was used for all elements except iodine. A standard all-electron
TZ quality basis set,?® augmented by two D polarization (0.30
and 0.08 exponents) and one SP diffuse (0.025 exponent)
functions, was employed for iodine. Equilibrium geometries
and transition state (TS) structures were fully optimized, and
vibrational frequencies were calculated for all species to
characterize them as minima, TSs, or higher order saddle
points on the potential energy surface and for evaluating their
zero-point vibrational energies (ZPE). Enthalpies of the various
compounds at 0 K (here represented as AH°) were then
calculated as the sum of total energy and the ZPE. The
calculated absolute energies and zero point energies are given
in the Supporting Information.

Results and Discussion

At the inception of our investigation of factors that
affect the stability of 10-X-2 ate-complexes having a
central halogen bonded to carbon, it seemed prudent to
first demonstrate that the computational methods em-
ployed serve to accurately describe those few ate-
complexes (i.e., 1 and 3) whose structures have been
reported.

The structure of the linear ICN—KCN adduct (1)
reported by Tebbe and Frélich®® was well reproduced if
the counterion was ignored; the calculated bond lengths
are shown below along with the experimental values?!?
in parentheses. Inclusion of a Li or K cation in the
calculation led to imaginary frequencies characteristic of
a transition state. Indeed, as noted by Tebbe and
Frolich,’® the stability of 1 is undoubtedly related to the
fact that the counterion is well removed from the ate-
complex anion by strong coordination to the diethyl
(diimino)oxalate ligand. This aspect of ate-complex sta-
bility will be addressed below.

N 1.172 A (1.121 A)
I

= — = - C_
[N=c—tC=N]" " S amA (2.302 A)

1

Diaryl 10-X-2 Ate-Complexes. The lithium bis(pen-
tafluorophenyl)iodinanide complex (3) and the analogous,
albeit unknown, brominanide were investigated in more
detail. At the outset it is perhaps good to note explicitly
that, although many organolithium compounds are known
to exist as aggregates,! it is not practical to model the
reactions of interest in terms of higher aggregates and
all computations involved monomeric species. In this
connection, it is appropriate to recall that the monomer
is often the reactive form of the organolithium.?

Reaction of (pentafluorophenyl)lithium with penta-
fluoroiodobenzene, which was used by Farnham and
Calabrese to prepare 3, is calculated to be exothermic
by 3.8 kcal/mol, and the product (3a) is predicted to be a

(20) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(21) Frisch, M. J.; Trucks; G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb; M. A.; Cheeseman, J. R.; Keith, T.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A;
Zakrzewski, V. G.; Ortis, J. V.; Foresman, J. B.; Cioslowski, J.; Sefanov,
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
95, Development Version (Rev. D); Gaussian, Inc.: Pittsburgh, PA,
1995.

(22) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986.

(23) Poairier, R.; Kari, R.; Csizmadia, I. G. Handbook of Gaussian
Basis Sets; Elsevier: Amsterdam, 1985.
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Table 1. Comparison of Representative Bond Lengths
and Bond Angles Computed for Lithium
Bis(pentafluorophenyl)iodinanide (3a) and
Bis(pentafluorophenyl)iodinanide Anion (3b) with
Experimental Data for (CgFs)21~ LiT-2TMEDA (3)2

structure
(C5F5)2|_ Lit

bond length (A)

entry orangle(deg) 3a(Cz) 3b(D2s) -2TMEDA (3)
1 C()-1 2.384 2.405 2.403, 2.331°
2 C(1)-C(2) 1.376 1.386 1.375
3 C(2)-C(3) 1.389 1.395 1.371
4 C(3)—-C(4) 1.395 1.392 1.368
5 C(2)-F 1.417 1.362 1.365
6 C(3)—F 1.344 1.355 1.348
7 Li—1 2.596 5.839¢
8 C(1)-1-C(7) 1645 180 175.2
9 C(1)—1-Li 82.4 90.7

10 I-C(1)-C(2)  117.2 122.1 123.5
11 aryl—aryld 0 90 69.6

a Data are taken from ref 15. ® As a result of the asymmetric
environment in the crystal, there are two reported C—I bond
lengths. ¢ This nonbonded Li—I distance is included for compari-
son. 9 Dihedral angle between the planes defined by the two CeFs
aryl groups.

stable intermediate. As illustrated below, 3a is computed
to be a planar but nonlinear C,, species with long C—1
bonds (2.384 A; by way of comparison, the corresponding
bond length in CgFsl is calculated to be 2.100 A). The
planar, nonlinear structure of 3a is a consequence of
significant bonding interactions between the formally
cationic lithium, at 2.596 A from the central iodine, with
the two ortho fluorine atoms 1.901 A away; additional
representative structural parameters computed for 3a
are summarized in Table 1. The corresponding lithium
brominanide, 4a, was also investigated, and the results
were analogous. The reaction shown below (X = Br) is
calculated to be exothermic by 7.9 kcal/mol for the
bromine analogue, and the gross structural features®* are
similar to those found for 3a. The fact that the bromin-
anide (4a) is predicted to be more stable, relative to the
reactants, than the iodinanide (3a) is likely a conse-
quence of the stronger and shorter (2.390 A) Li—Br bond
in the bromine-containing ate-complex. Formation of the
lithium 10-X-2 complexes having a central chlorine or
fluorine are computed to be endothermic, and both
species are transition states characterized by an imagi-
nary frequency corresponding to the exchange.

R F R F R --Ti--F
F«Q—Li + F—QX - Fﬁ
F Ok FF Fk

AH®
(kcal/mol)
-3.8

XXX X

Although it is encouraging that the B3LYP calculation
predicts formation of a stable ate-complex when CgFsl is
treated with CgFsLi, the computed structure is not in
accord with that reported®® for the TMEDA adduct of
lithium bis(pentafluorophenyl)iodinanide (3). A cursory
comparison of the computed structure of 3a with that of

(24) Detailed structural data may be found in the Supporting
Information.
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3 (Table 1) reveals the origin of the discrepancy. In
contrast to the computed structure of 3a, the coordinated
lithium atom in the TMEDA adduct (3) is well removed
from the central iodine (the nonbonded distance is 5.839
A),15 and there is no interaction between the cation and
the fluorine atoms. In this connection, it should be noted
that coordination of the lithium ion in 3 with TMEDA is
most likely responsible for the observed stability of the
complex at room temperature. In fact, Farnham and
Calabrese report that a lithium bis(pentafluorophenyl)-
iodinanide may be isolated at —78 °C in the absence of
TMEDA, but the molecule decomposes violently at higher
temperatures.’® It is tempting to speculate that the
lithium iodinanide initially formed upon reaction of CgFsl
with CgFsLi in ether—petroleum ether (1:1 by vol) has
the structure of 3a.

It is not practical at the present state of the art to
attempt a calculation that includes two molecules of
TMEDA as ligands for lithium. On the reasonable as-
sumption, supported by the single-crystal X-ray analysis
of 3, that TMEDA serves to effectively remove the lithium
cation from interaction with the anionic portion of the
ate-complex, structures were simply modeled as anions.
As illustrated below, the reaction of a pentafluorophenyl
anion with CgFsl to give the bis(pentafluorophenyl)-
iodinanide anion (3b) is predicted to be exothermic by
21.5 kcal/mol. The corresponding reaction involving CgFs-
Br to give 4b is also favorable, but as expected, it is less
exothermic by ca. 1 kcal/mol. These results suggest that
4b should also be an experimentally accessible species.
The corresponding ate-anions having a central chlorine
or fluorine are computed to be transition states.?* Al-
though formation of the chlorinanide anion is predicted,
as shown below, to be mildly exothermic, intrinsic reac-
tion coordinate (IRC) analysis revealed that the chlori-
nanide is a transition state characterized by an imagi-
nary frequency (172i cm™?) related to formation of a
weakly bound association of chlorobenzene and the
phenyl anion lying some 3.6 kcal/mol below the transition
state. The fluorinanide anion is considerably less stable
than the reactants and possesses a single imaginary
frequency (465i cm™1) characteristic of a transition state
for the exchange.

KR F A
F t + F X = F X"_S___?—F
F
F F F O F F F

AH°
(kcal/mol)
-21.5
r =20.8
| -43 TS
31.8 TS

5w

oo
XXX x
Y

mow-—

The lowest energy structures computed for both 3b and
4b have D,yq symmetry. Apparently, the anions adopt a
conformation in which the aryl rings are perpendicular
so as to avoid peri-like interaction between the ortho
fluorine atoms. A comparison of the structural param-
eters calculated for 3b with those reported for 3 (Table
1) leaves little doubt that the anion (3b) is an excellent
model for the TMEDA adduct of lithium bis(pentafluo-
rophenyl)iodinanide (3). The bond lengths and bond
angles predicted for 3b are virtually identical to those
reported for 3. The only significant differences between
the structure calculated for 3b and the actual adduct are
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the C—1—-C angle (180° in 3b versus 175.2° in 3) and the
dihedral angle between the planes defined by the aryl
groups (90° in 3b versus 69.6° in 3). Given the unsym-
metrical environment of the ate-anion in the solid state
of 3,1° the agreement between the experimental structure
and that predicted for the isolated anion (3b) is remark-
able. These results serve to validate the computational
approach to understanding factors affecting stability of
10-X-2 ate-complexes.

Diphenyl 10-X-2 ate-complexes (2), which have been
detected as intermediates in the degenerate exchange
reaction between PhLi and Phl,* were next investigated.
As shown below, both lithium diphenyliodinanide (2a)
and the corresponding brominanide (5a) are calculated
to be transition states; each displays one imaginary
frequency (193i cm™! for X = | and 223i cm™! for X = Br)
corresponding to the exchange reaction. Thus, as might
be anticipated, both 2a and 5a are considerably less
stable, relative to the reactants, than 3a and 4a. As
illustrated below, the lowest energy structure for 2a
displays Cs symmetry, whereas the brominanide struc-
ture (5a) has C, symmetry (the phenyl—phenyl dihedral
angle is 84°); both structures are computed to have a
C—X—C angle of 160—161°. These transition states have
the expected long C—X bonds (2.385 A in 2a, 2.236 A in
5a) and Li—X bond lengths of 2.507 A (2a) and 2.270 A
(5a). The considerably less stable chlorinanide (AH® =
29.8 kcal/mol) and fluorinanide (AH°® = 49.7 kcal/mol)
complexes, as well as the corresponding ate-anions (vide
infra), were also investigated, but for the sake of continu-
ity, discussion of the computed structural data for these
species is deferred to the Supporting Information.?*

i
Ove O — I
2a
AH° =17.0 kcal/mol (TS)

O Ore = U

a
AH° =16.5 kcal/mol (TS)

Coordination of the formally cationic lithium in 2a and
5a would be expected to stabilize the ate-complex and
alter its geometry. In light of the success of modeling 3
as an anion, the reaction of a phenyl anion with iodo-
and bromobenzene to give the ate-anions 2b and 5b was
investigated. As illustrated below, generation of the ate-
anions in this way is predicted to be exothermic. The
iodinanide anion is more stable than the brominanide,
relative to the reactants, by some 6 kcal/mol, but both
2b and 5b display no imaginary frequencies and are
intermediates. The more stable conformer of the iodi-
nanide anion (2b) has D,, symmetry, as shown, but the
D,q4 isomer, in which the phenyl rings are perpendicular,
is calculated to lie only 0.2 kcal/mol higher in energy.
Presumably, there is little conformational preference as
a result of the long (2.407 A) C—I bonds in 2b. The
brominanide anion 5b by contrast is found to preferen-
tially adopt the D,y conformation (the Dy, isomer is less
stable by 0.6 kcal/mol). Apparently the shorter C—X
bonds in this species (2.233 A) engender repulsive peri-
like interaction between the ortho hydrogens when the
phenyl rings are parallel in the rotamer having Dy

J. Org. Chem., Vol. 65, No. 7, 2000 2017

symmetry. It is significant that lithium diphenyliodin-
anide (2) has been detected spectroscopically only in
solutions containing lithiophilic ligands that coordinate
the lithium cation and presumably remove it from the
vicinity of the ate-anion;* the computational results
suggest that such solvation plays an important role in
stabilizing 10-X-2 species.

O+ O = OO

AH® = -26.0 kcal/mol

DR e — )i
5b
AH® = -19.9 kcal/mol

The ability of fluorine substituents to stabilize diar-
yliodinanide ate-complex anions is apparent from the fact
that the perfluoro iodinanide adduct, 3, exists at room
temperature as a stable crystalline species,*® whereas the
lithium-solvated parent diphenyliodinanide, 2, has only
been observed at low temperature in solution.'* While
this seems intuitively reasonable, given the inductive
effect of fluorine, it would be useful to have a quantitative
gauge of the magnitude of such stabilization. Clearly, it
is not sufficient to simply compare reactions involving
generation of the ate-complexes from an anion precursor
to make an assessment of the effect of fluorine substitu-
tion on the stability of such complexes; such a comparison
(viz., formation of 3b from a pentafluorophenyl anion and
CsFsl versus formation of 2b from a phenyl anion and
CsHsl) will necessarily include as an artifact stabilization
of the anion precursor by the fluorines. The problem was
approached computationally by calculating the enthalpy
change for each of the hypothetical reactions, shown
below, involving generation of the ate-anion and an
unsolvated lithium cation from an aryllithium and an
halobenzene. All four reactions are endothermic as a
consequence of the relatively high energy content of a
naked Li" cation in the gas phase. Nevertheless, a
comparison of the reaction energetics is instructive.
Relative to the neutral reactants, the bis(pentafluoro-
phenyl)iodinanide ate-anion (3b) is approximately 16.5
kcal/mol more stable than is the parent 2b. The results
suggest that fluorine substitution has an even larger
effect on the stability of the brominanide; 4b is predicted
to be more stable than 5b by some 22 kcal/mol. Thus,

R 3 F R F F, F
F Li+F X ~— F X—Q-F + LY
F F
FoE ¢ F F ¥

AH°
(kcal/mol)

3b, X=1 116.5
4b, X=Br 117.2

Ome O = OO0 - v

AH° = 132.9 keal/mol

@—Li + @—Br — @-Er—@ + Lt

AH° = 139.1 keal/mol
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the stabilization afforded by fluorine substitution is
considerable.

Dialkyl 10-X-2 Ate-Complexes. Aliphatic 10-X-2 ate-
complexes, which are often invoked as transition states
for the lithium—halogen exchange between an alkyl-
lithium and an alkyl iodide or bromide,**% were inves-
tigated by exploring the reaction of methyllithium (MeLi)
with each of the methyl halides. As illustrated below, the
resulting 10-X-2 species are calculated to be transition
states. Calculations revealed that each structure pos-
sessed a single imaginary frequency (i.e., 186i, 256i, 315i,
and 410i cm™! for X = I, Br, Cl, and F, respectively)
corresponding to the exchange reaction. It might be noted
that the calculated activation energies, summarized
below, are in very good agreement with those reported
by Boche and Cioslowski from an MP2/6-31+G* treat-
ment of these systems.?® Not surprisingly, lithium di-
methyliodinanide (6a) and the corresponding bromi-
nanide (7a) lie considerably lower in energy, relative to
the reactants, than do the chlorinanide or fluorinanide.
These transition states, all of which are computed to have
C,, symmetry with C—X—C angles of 169° to 175°, have
C—X bonds that are significantly longer (2.456, 2.349,
2.287,and 2.116 A for X =1, Br, CI, and F, respectively)
than those of the methyl halides.?® However, the Li—X
bond lengths in these lithium ate-complexes (2.475, 2.213,
2.061, and 1.618 A for X =1, Br, Cl, and F, respectively)
are quite similar to those computed at this level of theory
for the lithium halides,?® suggesting a strong interaction
between the formally anionic ate-anion and the associ-
ated lithium cation. This conclusion mirrors that drawn
by Boche and Cioslowski from their MP2/6-31+G* analy-
sis of these systems.1%

i

CHy—Li + CHzy X —=— CH3~X/CH3
AH°

(kcal/mol)

20.6 TS
216 T8
328 TS
410 7S

~No
am

XX X X
B

mom—

It might be anticipated that solvation of the lithium
cation would lead to lengthening of the Li—X contact and
stabilization of the ate-complex. Indeed, the lithium—
halogen exchange reaction is typically conducted in an
ethereal medium capable of solvating the lithium cation
in an ate-complex transition state.»'® Of course, such
solvents may also serve to stabilize the MeLi reactant
via coordination with its Lewis acidic lithium site, and
this would tend to raise the activation energy leading to
the ate-complex transition state. In an effort to probe the
effect of solvation on the activation energies for lithium—
iodine and lithium—bromine exchange, solvent was mod-
eled computationally by using water as a surrogate for a
generic Lewis base.

To this end, the reactions of methyl iodide and methyl
bromide with water-solvated MeL.i to give solvated ate-
complexes, 6a and 7a, were investigated. As depicted

(25) The MP2/6-31+G* activation energies for reaction of CHsLi with
CH3X to give a 10-X-2 ate-complex transition state of C,, symmetry
are reported by Boche, Cioslowski, and co-workers (ref 19b) to be 22.6,
28.2, and 33.4 kcal/mol for X = I, Br, and Cl, respectively.

(26) The calculated C—X bond lengths for the methyl halides are
2.178 A for CHjsl, 1.970 A for CH3Br, 1.805 A for CHsCl, and 1.399 A
for CH3F. The calculated bond lengths for the lithium halides are 2.435
A for Lil, 2.195 A for LiBr, 2.055 A for LiCl, and 1.584 A for LiF.
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Table 2. Effect of Solvation on the Li—X Distance in
(CH3)2X_ Li+-nH20

Li-X distance (A)

no. H,O
entry molecules 6a, X=1 7a, X =Br
1 0 2.475 2.213
2 1 2.501 2.230
3 2 2.644 2.421
4 3 3.953 3.640
5 4 4.108 3.717

below, introduction of a single water molecule lowers the
activation energy leading to the transition states for both
the iodide (6a) and the bromide (7a) exchange by ap-
proximately 5 kcal/mol, in good agreement with a recent
calculation of the effect of water solvation on the barrier
height for a related exchange reaction.'® A second water
molecule reduces the activation energy leading to 6a or
7a by a further 4 kcal/mol. Thus, solvent stabilization of
the transition state for the exchange more than compen-
sates for the effect of solvation on the ground-state energy
of the MeL.i reactant. Although it would be useful to have
an estimate of the effect of three and four water molecules
on the energetics of the exchange reactions, these calcu-
lations posed an intractable problem: solvation of the
MeLi reactant with more than two water molecules leads
computationally to the formation of methane and LiOH
regardless of any symmetry constraints imposed on the
system. It was, however, possible to explore the effect of
additional water molecules on the structure of the ate-
complex transition states, and these results provide
additional insight into the etiology of ate-complex stabi-
lization by solvent.

i* n(H0)
CHymLi*n(H20) + CHy X === oy cH,

AH°
(kcal/mol)
n=1 n=2

6a, X=1 161 TS 126 TS
7a, X=Br 161 TS 118 TS

Solvation of the lithium cation in 6a and 7a by water
has only a minor effect on the CH3;—X—CH3; portion of
the ate-complex. The formally anionic moiety retains the
C,, symmetry of the unsolvated ate-complex, and the
C—X bond lengths are little changed.?* The major effect
of solvation is to remove the lithium cation from the
vicinity of the central halogen of the complex. Indeed,
the effect of increased solvation of lithium on the Li—X
distance in 6a and 7a may be quite dramatic, as
evidenced by the computed structural data summarized
in Table 2. Whereas inclusion of one or two water
molecules results in a slight lengthening of the Li—X
distance in both complexes (Table 2, entries 1-3), the
addition of a third or fourth water ligand leads to a
dramatic increase in the Li—X separation to a distance
well in excess of a typical bonding interaction (Table 2,
entries 4—5). Moreover, the tri- and tetrasolvated com-
plexes of 6a and 7a approach the status of true inter-
mediates as these species are characterized by very small
imaginary frequencies (~35i cm™?). The implication of
these results seems clear: strong solvation of the lithium
cation in a 10-X-2 ate-complex confers considerable
stability. In the extreme, such solvation results in forma-
tion of an ate-anion and a ligated lithium cation.

Dimethyl 10-X-2 ate-anions were generated computa-
tionally by reaction of a methyl anion with each of the
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Table 3. Calculated Energies (kcal/mol) for Reaction of
a Methyl Anion with the Methyl Halides

CHy™ + CHyX === CHyX—CHjs
basis set
B3LYP/ MP2/ MP2/
entry X 6-31++G*a  6-31+G*  6-311++G(2d,2p)°

1 1(eb) -30.2 -27.8
2 Br(7b) -198 -14.1
3 -6.9 -1.3 -6.6
4 F 28.3 TS 247 TS 263 TS

a This work. P Reference 19b. ¢ Reference 19a.

methyl halides: CH3;~ + CH3z—X = (CH3),X". The calcu-
lated energies (AH®) are summarized in Table 3. Also
included in Table 3 are the MP2 energies calculated by
Boche and Cioslowski for these reactions.® It is signifi-
cant that the hybrid density functional calculations give
relative energies that are in very good agreement with
the available larger basis set MP2/6-311++G(2d,2p)
results’®@ (Table 3, entries 3 and 4) and in satisfactory
agreement with the MP2/6-31+G* calculations®® (Table
3, entries 1—4). Moreover, the B3LYP structural param-
eters?* are essentially identical to those reported by Boche
and Cioslowski.!®

Formation of the iodinanide anion (6b), the bromi-
nanide anion (7b), and the chlorinanide anion are
predicted to be exothermic, and all three species are
computed to be intermediates having no imaginary
frequencies. The corresponding fluorine-containing ate-
anion is clearly a transition state as it has a large
imaginary frequency (326i cm™1) corresponding to cleav-
age of the C—F bond. Not surprisingly, given the long
C—X bonds in the ate-anions, both the D3, and the Daqy
conformations of each anion were found to have es-
sentially the same energy.?* As expected, the order of
stability of the dimethyl ate-anions increases as one
proceeds from F to I. In this connection, it is worth noting
that although the iodinanide ate-anion (6b) is calculated
to be some 10 kcal/mol more stable than the correspond-
ing brominanide anion (7b), the lithium dimethyl-
iodinanide transition state (6a) is found by computation
to be only 1 kcal/mol more stable than the analogous
lithium dimethylbrominanide transition state (7a). The
difference in relative stabilities is clearly a consequence
of the effect of differing Li—X bond strengths in the
lithium-containing ate-complexes. Insofar as solvation
removes the lithium cation from close proximity to the
central halogen of the ate-complex, the relative stabilities
of the ate-anions, rather than the neutral complexes, is
likely a better reflection of the actual situation to be
found in solution.

In view of the ability of fluorine substituents to
stabilize diaryl 10-X-2 ate-complexes, it seemed worth-
while to assess the effect of fluorine substitution on the
stability of aliphatic iodinanide and brominanide com-
plexes. Thus, the reactions of CF,H3_,Li with the corre-
sponding fluoromethyl iodides and bromides were inves-
tigated. The results, summarized below, show the
computed lowest-energy structures of the resulting lithium
ate-complexes (8a—13a).?* In each instance, generation
of the fluorine-containing ate-complex is calculated to be
an exothermic process, and all species were found to be
minima on the potential energy surface. As indicated in
the structures depicted below, there is a significant
bonding interaction between the formally cationic lithium
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and the two coplanar fluorine substituents located ap-
proximately 2 A from the lithium in each of the com-
plexes. As a result of this Li—F interaction, the calculated
C—X—C bond angles in 8a—13a (viz., ~145° in the
iodinanides and ~150° in the brominanides) are sub-
stantially smaller than those of lithium dimethyl-
iodinanide (6a) and lithium dimethylbrominanide (6b).

AH°
(kcal/mol)

skl
F T ¥ 8a, X=1 1.7
Hers \''H  9a, X=B8r -2.4
H H

|

CHoF—Li + CHoF—X

bk
. ¥ T il 10a, X=1 74
CHFLi + CHFy—X =—= Py v'H  11a, X=Br _gs
H F

CFali + CFeX —= F“J\x/k”': T X = Br 38
F F v !

It is of some interest to note that the fluorine-contain-
ing 10-X-2 brominanide complexes (9a, 11a, and 13a) are
computed to be more stable, relative to the reactants,
than the corresponding iodinanides (8a, 10a, and 12a).
To the extent that the Li—Br bond in the brominanides
is shorter and presumably stronger than the Li—I bond
in the iodinanides, the relative stabilities of the com-
plexes reflect these differing bond strengths. Of course,
the effect of Li—X bond strength is of no consequence
provided that the formally cationic lithium is strongly
solvated. This situation was modeled in the usual way
by computing the energy changes attending generation
of the ate-anions (8b—13b) by reaction of each of the
CF,Hz-n anions with the appropriate fluoromethyl halide.
The results, summarized below, indicate that, although
formation of both the iodinanide and brominanide ate-
anions is highly exothermic, the iodinanides (8b, 10b,
and 12b) are considerably more stable (by some 7—11
kcal/mol relative to the reactants) than are the corre-
sponding brominanides (9b, 11b, and 13b). All of the
linear anions depicted below are predicted to be inter-
mediates as none has an imaginary frequency, and the
most stable conformation of each is found, as illustrated,
to have a preferentially anti arrangement of C—F bonds.?*
Although a staggered arrangement of bonds is portrayed,
the eclipsed conformations have essentially the same
energy.

AH°
(kcal/mol)
R H
- y > . 8b, X =1 -345
FH,C™ + CHoF—X — H;}—X—Tz 9b. X = Br a8
. R f 10b, X =1
FoHC™ + CHFg—X —— H‘}-x—(‘ Hoo 1B x-S
d F , .
R £ 12b, X =1 34.4
- T TaF , X= -34.
FaC + CF3—X — F\g_ <F 13b, X=Br —27.4

To assess the extent to which fluorine substitution
stabilizes dimethyl 10-X-2 ate-anions, it is necessary to
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take into account the effect of fluorine substitution on
the stability of the reactants. Following the approach
discussed above in connection with fluorine stabilization
of diaryl 10-X-2 ate-ions, the enthalpy change accompa-
nying reaction of methyllithium and each CF,H3_,Li with
the appropriate methyl or fluoromethyl iodide and bro-
mide to give the corresponding ate-anion and a lithium
cation was evaluated. Because of the high energy of the
unsolvated Li*, all of these hypothetical reactions are
calculated to be endothermic. Be that as it may, com-
parison of the computed AH° values reveals some un-
expected trends.

AFP
(kcal/mol)

‘ - « Bb, X=1 1414
CHyLi + CHy—X ~== CHy—X—CHy + Li" ory-p  1oig

) F) v ‘HH 8b, X=1 1382
. .\ : i+ ’ = "
CHoF—Li + CHAFX == H TP e x=Br 1u88

R F

L Z i.H @+ 10b, X=1 1211

CHFy—Li + CHFr—X === H\E_X' <F * L7 q1b, X=Br 1305
R 3 12b, X=1|

i = N T IMF , X=1 1103

CFs—Li + CFz3—X FQ_X <F * 5 430 x=Br 1173

The effect of a single fluorine substituent attached to
each carbon of the dimethyliodinanide (6b) or bromin-
anide (7b) anion is small; 8b and 9b are computed to be
only some 3 kcal/mol more stable than are the parent
ions. A second fluorine substituent has a much more
pronounced effect; both iodinanide ion 10b and bromin-
anide ion 11b are predicted to be more stable than the
parent anions (6b and 7b) by ~20 kcal/mol. The fully
fluorinated ate anions, 12b and 13b, are computed to be
significantly more stable, by >30 kcal/mol relative to the
neutral reactants, than the corresponding (CHzs), X~ spe-
cies. Clearly, as was the case for diaryl 10-X-2 ate-anions,
the ability of multiple fluorine substituents to stabilize
aliphatic ate-complexes is substantial.

The computational results discussed above suggest
that fully fluorinated aliphatic 10-1-2 (and perhaps 10-
Br-2) ate-complexes might, under appropriate circum-
stances, be experimentally observable intermediates.
Indeed, such species may well have been observed but
not recognized as such in a prescient 1969 study by
Johncock describing the reaction of perfluoro-n-heptyl
iodide with n-butyllithium (BuLi).?” Johncock reported
that the lithium—iodine exchange between equimolar
guantities of n-C;F3sl and n-BuLi in diethyl ether solu-
tion at —95 °C proceeds only to 50% completion to give a
“stable heterogeneous system” that “reacts only slowly
with acetaldehyde below —90 °C”.27 Although Johncock
did not propose a structure for the precipitate detected
in his experiments, he attributed its formation to the
association of n-C;F3sLi with an equivalent quantity of
n-C;Fis1.%7 It seems quite reasonable in retrospect to
formulate the species observed by Johncock as an ether-

(27) Johncock, P. J. Organomet. Chem. 1969, 19, 257.
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solvated 10-1-2 ate-complex, (n-C;F15), I Li™, as initially
suggested by Farnham and Calabrese.'®

Homolytic Cleavage of Ate-Complexes. As noted
in the Introduction, it has recently been suggested?! that
homolytic cleavage of a C—X bond within an ate-complex
might account for reports implicating radical intermedi-
ates in reactions of organolithiums with organohalides.”
This proposal, if confirmed, would obviate the need to
postulate SET as the initiating event for subsequent
radical-mediated chemistry often observed in reactions
of organolithiums and organic halides.>"* In view of the
data available from the studies discussed above, it
seemed worthwhile to investigate whether there are
circumstances under which homolysis of a C—X bond in
a 10-X-2 complex would be an energetically favorable
process. It was clear from the outset that there is a major
difficulty in approaching this question: the systems most
likely to display homolytic chemistry are those least likely
to provide stable ate-complexes, and these latter species
are, as noted above, computed to be transition states for
the exchange reaction. In short, while it is possible to
computationally investigate the energetics of homolytic
cleavage within an ate-complex transition state, the
results of such a study are relevant only if one makes
the assumption that strong solvation of the lithium cation
in such an ate-complex might stabilize the species to such
an extent that it becomes an intermediate in the ex-
change process. Be that as it may, the results of this
analysis suggest that homolytic cleavage within a dialkyl
ate-complex may be an energetically accessible pathway.

As shown below, homolysis of a lithium dimethyl 10-
X-2 ate-complex to give two methyl radicals and LiX is
computed to be exothermic for all halogens. The forma-
tion of LiX provides the driving force for these hypotheti-
cal reactions, and not surprisingly, homolysis of the least
stable complex (X = F) is predicted to be the most
exothermic process. A limited study of the effect of
solvation by a single water molecule on the energetics of
the homolytic cleavage of the iodinanide (6a) and the
brominanide (7a), to give two methyl radicals and a
water-solvated LiX, revealed that such solvation reduces
the exothemicity of each reaction by only ~1—2 kcal/mol.
The extent to which these limited results might apply to
other dialkyl 10-X-2 ate-complexes remains to be seen.
In this connection, it might be noted that homolytic
cleavage of dialkyl 10-X-2 complexes having a secondary
or tertiary carbon bonded to the central halogen would
be expected to be energetically more favorable than the
dimethyl examples illustrated below because such ho-
molyses would generate more stable secondary or tertiary
radicals.

CHa~X¥—CHs 2H3Ce + LiX
AH®
(kcal/mol)
6a, X=1 ;gg
7a, X=Br —0.
X=cl -197
X=F 255

Homolytic cleavage within the fluorinated lithium 10-
X-2 ate-complexes (8a—13a) was also investigated, and
homolysis of the C—X bonds in each of these intermedi-
ates is computed to be a highly unfavorable process.
Indeed, cleavage of the fully fluorinated complexes, 12a
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and 13a, to give LiX and two CF; radicals is energetically
uphill by more than 30 kcal/mol.

Conclusions

The results presented above demonstrate that modern
computational methods are capable of providing detailed
information about the structures and energetics of fairly
complex systems. B3LYP hybrid density functional cal-
culations, which reproduce the observed structure'® of
(CeFs)21~ LiT-2TMEDA (3) to a high degree of accuracy
(Table 1), suggest that solvation of the formally cationic
lithium plays an important role in stabilizing lithium 10-
X-2 ate-complexes. The major effect of solvation, modeled
computationally by using water as a surrogate for a
lithiophilic solvent, appears to be sequestration of the
lithium cation, which effectively removes the lithium
from the vicinity of the ate-anion (Table 2) with little
change in the geometry of the core structure. As a result,
substituent effects on the stability of solvated 10-X-2 ate-
complexes may be modeled by considering the result of
substitution on the computed energies of the ate-anions.

The effect of fluorine substitution on the stability of
both diaryl and dialkyl 10-X-2 ate-complexes is consider-
able. Thus, the bis(pentafluorophenyl)iodinanide ate-
anion (3b) was found to be some 16.5 kcal/mol more
stable than the parent diphenyliodinanide anion (2b),

J. Org. Chem., Vol. 65, No. 7, 2000 2021

whereas the corresponding bis(pentafluorophenyl)bromin-
anide (4b) is stabilized by more than 20 kcal/mol relative
to the parent (5b). The ability of fluorine to stabilize
dimethyliodianide (6b) and dimethylbrominanide (7b)
ate-anions was found to be most pronounced when
multiple fluorine substituents were present. A single
fluorine attached to each carbon in the C—X—C frame-
work of 6a or 7a results in a stabilization of only 3 kcal/
mol relative to the parent structures, whereas each of
the fully fluorinated ate-anions, 12b and 13b, is com-
puted to be more stable than the parent by >30 kcal/
mol. These results suggest that perfluordialkyl 10-1-2 and
10-Br-2 ate-complexes may well be experimentally ob-
servable intermediates.?’
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