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Abstract: Proton and '*C NMR studies of the title compound, 4, in THF-dj and toluene-dg show it to exist as an equilibrium
mixture of endo-silyl and exo-silyl species in which lithium is tridentately complexed to the pendant ligand and the whole
coordination moiety is bent over the plane of the allyl anion. NMR line-shape analysis, using several different resonances,
establishes the AH* for rotation around the SiC,~C, allyl bond to be 16 % 0.5 kcal/mol. Further, for rotation of coordinated
Li* around the Si—C, (allyl) bond dH* is 7 = 0.4 kcal/mol. This value is similar to the activation parameters for reorientation
of ions within ion pairs of (silylallyl)lithiums investigated previously.

Allyllithium is perhaps the simplest conjugated carbanionic!
species and has been extensively studied spectroscopically>® by
NMR and UV, crystallographically,* and theoretically by cal-
culations® as well as for its extensive chemistry.®

The stabilization of carbanionic substances by a-silyl substit-
uent(s) is well-known but not understood.” Silylallyl lithiums
have attracted considerable attention for their chemical virtues®-10
as well as their physical structures and unusual dynamic behav-
ior.''"** For example, electrophiles tend to react at C, of 1 giving
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trans product,®'® which implicates but does not establish the exo
structure shown, 1. This was later confirmed with NMR methods.
In fact, NMR established that a trimethylsilyl group at a terminal
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carbon on allyllithium preferentially occupies the exo site, as shown
in partial structures 1-3.''-!> NMR of 2-.TMEDA solutions!? as
well as X-ray crystallography of monomeric 22-TMEDA 4 show
that complexed Li* lies on one side of the allyl plane and is
unsymmetrically sited with respect to this allyl loop. Reorientation
of coordinated Li* is slow at 150 K with a mean lifetime of ca.
2's. The accompanying value for AH* is 7 kcal/mol. Similar
effects were observed for 1 complexed to pentamethyldi-
ethylenetriamine'! and for (1,1,3,3-tetramethylallyl)lithium.
TMEDA."* The nature of this reorientation process is not yet
clear.

This paper deals with the behavior of the title compound, 4,
a (silylallyl)lithium with a pendant potential ligand, [bis(2-
methoxyethyl)amino] methyl, attached to silicon, first reported
by Chan and Horvath.!® These authors proposed that if 4 assumes
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the fully folded, internally complexed conformation, then perhaps
proximity of Li* to C, would favor reaction of electrophiles at
C, instead of the usual result for 1, exclusive reaction at C,. The
experirglent was tried; reaction took place at C, and C, at similar
rates.'
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Table I. Proton NMR 4-exo and 4-endo Shifts and Coupling
Constants (J)

H
ex H_, 1 H \S/i/\N/ o
} ’ O~
en H
THF-dg* toluene-dg®
33% exo 67% endo  88% exo 12% endo
Shifts, 4
C,H 1.39 1.57 2.57
C,H 6.09 6.50 6.86 7.45
C,H., 2.58 2.58 3.52
C,H,, 2.82 2.82 3.80
SiCH, -0.16 -0.08, -0.10 0.31 0.44
SiCH, 1.79 1.79 1.69
NCH,C 2.35,2.07 2.35, 2.47 2.77
OCH, 3.57 3.57 3.15
OCH, 3.32 3.29, 3.26 2.97
J, Hz
C,H CH 1516 11.01 15.32 11.81
C,H,C;H,, 8.89 9.59 8.32 9.92
C,H,C;H,, 15.16 16.26 15.32 15.86

2200 K. 240 K.

Below, we report NMR studies of 4 which confirm the proposal
for a folded structure and reveal the intimate details of its internal
dynamic behavior, of relative motions inside ion pairs.

Results and Discussion

Compound § was treated with #-butyllithium in pentane—diethyl
ether at ~92 °C for 1.5 h. The resulting precipitate was washed
with diethyl ether, dried in vacuo (~78 °C to room temperature),
and then stored under an argon atmosphere until used. Samples
for NMR study were dissolved in toluene-d; and in THF-d;.

We previously reported the predilection of trimethylsilyl sub-
stituents at the termini of allyllithium to occupy exo sites, as
observed for 1-3, in all media tried and at least within the tem-
perature range 160320 K.!'"'> In contrast, NMR of 4 at low
temperature reveals the existence of two isomers, 4-exo and 4-endo,
as evidenced from proton NMR of the allyl moieties, Table I.
There are two clearly resolved C,H multiplets: one incorporating
the larger vicinal C) H-C,H coupling of 15.16 Hz indicating the
exo-silyl species; the other, 11.01 Hz for 4-endo; Figure 1. The
two species show different shifts for C,H, SiCH;, and OCH, in
proton NMR, as well as among the '3C resonances for C,, CH,Si,
CH,Si, CH;N, CH,0, and CH,0; see Tables I and II.

The 4-exo/4-endo ratio is different in the two media investi-
gated, being 0.49 in THF-d; and 7.3 in toluene-dy; see Figure 1.
From NMR data obtained between 160 and 320 K, these ratios
appear to change very little, less than 3%.

Further nonequivalencies observed at low temperature among
the proton and !’C resonances of 4-endo and 4-exo support the
folded structures proposed by Chan and Horvath.'® For example,
at 160 K the species assigned to 4-endo in THF exhibited equal
doublets for SiICH,, NCH,, and OCH, in proton NMR and for
CH,N, CH,0, and CH;0 in '’C NMR; see Table II. These
effects are not seen for 4-exo in THF. In toluene-d; the situation
for 4-exo is reversed, with equal doublets in '*C NMR for CH,Si,
CH;N, CH,0, and CH,0. The 4-endo species in toluene-d; was
too dilute to provide useful NMR data. All the '*C NMR data
for 4-exo and 4-endo, obtained at low temperature, are listed in
Table II.

Since the !>C chemical shifts in the pendant ligand in 4-exo
and 4-endo are quite different from those for starting material,
we can assume that all sites, oxygens and nitrogen, are coordinated
to lithium. This, together with the observation of magnetically
nonequivalent CCH,N, OCH,, and OCH, *C’s within the com-
plex, strongly supports the folded structure; see 4. Such a structure
maximizes electrostatic attraction between Li* and allyl anion.
However, these results do not rule out a head-to-tail dimer.
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Figure 1. Proton NMR, 300 MHz, C,H of 4-ex0 and 4-endo in THF-d,
at 200 K (top) and in toluene-d; at 240 K (bottom).

Table II. '3C NMR 4-ex0° and 4-endo? Shifts, &

THF-dg® toluene-dy*
€xo endo €xo endo
C 45.09 45.09 50.66
C, 146.61 148.12 147.55
(o 74.48 74.48 66.30
CH,Si 1.26 -3.14 1.60
1.33
CH,Si 43.60 42.31 48.93
CH,CN 55.57 53.39, 56.95 48.93, 53.10
CH,0 69.35 69.15, 68.79 69.68, 68.33
CH,0 59.58 59.01, 58.97 59.10, 59.20

2See heading of Table I. 200 K. €240 K.

With increasing temperature two kinds of signal averaging are
observed in NMR spectra of 4 in THF-d; and toluene-d;. Between
245 and 315 K there is progressive averaging of resonances of
4-exo with 4-endo, as, for example, among the data for C,H proton
resonances; see Figure 2. This is clearly the result of rotation
around the C,-C, allyl bond (eq 1). The coalescence is also seen
in the 13C NMR line shapes for sites on the pendant ligand, e.g.,
OCH, and NCH,C. A second, faster process detected among the
13C NMR data from 210 to 250 K is responsible for averaging
of shifts within one of the 4-exo or 4-endo species. For example,
with increasing temperature, the equal doublets in '*C NMR due
to CCH,N and OCH, in 4-exo in toluene-d; progressively average
to single lines at their respective centers, as shown in Figures 3
and 4. It will be shown that a common mechanism is responsible
for these latter line-shape changes. Phenomenologically this must
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Figure 2. (Left) Proton NMR, 300 MHz, C,H of 4-ex0 and 4-endo in
THF-d; at different temperatures. (Right) Calculated line shapes with

exo—endo interconversion rate constants.
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Figure 3. '3C NMR line shapes, 75.4 MHz, CCH,N of 4-exo in tolu-
ene-d;. (Left) Experimental spectra, different temperatures. (Right)
Calculated spectra with rate constants for exo—exo reorientation.

be due to inversion at lithium, i.e., the overall process shown in
eq 2. For the moment, this is ascribed to rotation of bound ligand
around the Si—C, (allyl) bond.

(2)

In the case of 4 in THF-d;, both 4-exo and 4-endo are abundant.
All 13C sites on the pendant ligand in 4-endo are magnetically
nonequivalent, while in 4-exo there is one single peak each for
OCH,, OCH3;, and NCH,C; see Table II. The line-shape changes,
¢.g., for OCH,, are due to both processes already proposed above;
see Figure 5. Within the lower temperature range, 195-240 K,
there is averaging of the nonequivalent OCH, resonances of 4-
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Figure 4. '*C NMR line shapes, 75.4 MHz, OCH, of 4-ex0 in toluene-d;.
(Left) Experimental spectra, different temperatures. (Right) Calculated
spectra with rate constants for exo—exo’ reorientation.
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Figure 8. Eyring plots for exo—exo reorientation in 4-exo in toluene-d;
using OCH, and CCH,N "*)C NMR line shapes.

endo, while above 240 K with increasing temperature all OCH,
resonances for both species average to a single line, by 296 K.

The NMR line shapes in proton-decoupled '*C NMR perturbed
by conformational dynamics are treated as uncoupled multi half
spin exchanging systems.!”!® Thus, line-shape analysis of the
coalescence and signal averaging of the equal doublets in !3C
NMR of 4-exo in toluene-d; due to NCH,C and OCH, give the
calculated absorptions shown on the right sides of Figures 3 and
4, respectively. The resulting Eyring plots, Figure 5, give es-
sentially the same activation parameters for both sets of line
shapes, AH* = 7.6 kcal/mol and AS* = -15 eu.

Analysis of the OCH, '3C line shapes from the equilibrium
mixture 4-exo with 4-endo in THF-d;, Figure 6, is more com-
plicated than the previous case since two species are present and
two dynamic processes are responsible for changes in the line

(17) (a) Gutowsky, H. S.; Saika, H. J. Chem. Phys. 1953, 2/, 1688. (b)
Gutowsky, H. S.; Holm, C. H. /bid. 1957, 25, 1288.

(18) (a) McConnell, H. M; Holm, C. H. J. Chem. Phys. 1958, 28, 430.
(b) Anderson, P. W. J. Phys. Soc. Jpn 1954, 9, 316. (c) Sack, R. A. Mol.
Phys. 1958, 1, 163.
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Figure 6. '*C NMR line shapes, OCH, of 4-exo and 4-endo in THF-d;.
(Left) Experimental spectra, different temperatures. (Right) Calculated
spectra with rate constants for exo—endo’ interconversions.

shapes.'"” The single line labeled t is due to 4-exo, and the equal
doublet, ¢ and ¢/, comes from 4-endo; see Figure 6. This system
exhibits three-site exchange, the averaging of ¢ with t and of ¢’
with t due to rotation around the C,-C, (allyl) bond (eq 3),

ka

et 3)
ke

==K 4
k. 4

together with the faster proposed rotation of complexed pendant
ligand around the Si—C (allyl) bond which averages ¢ with ¢’ (eq
5). To calculate line shapes for this system requires solving for
ko

c—=¢ %)
the three elements of the density matrix for ¢ and t given as
{a]e9|8), (a|p®|B), and {e|0"8), the two states in each element
being connected by a Am = +1 transition;'”'® for brevity these
elements will be rewritten as o°, p¢, and p, respectively. The
contribution of the two exchange processes to the density matrix
equations is given by eqs 6-8, where E is the exchange operator.'

Ep' = ky(p° + p° - 29") (6)
Ep = ko' = 0) + kool = 59) ™
Ep® = kalp' - 5°) + keolp* - %) ®

Then solving the derived coupled density matrix equations shown
in matrix form in eq 9 gives the p elements. In eq 9 », values are

1
22UV - V) — = —k -k ke ke
T
1
ke 2V = Ve) = = — ke —koe ke x
T
1
ke ke 20V = V) = e =2k
T

pt | =ic| 1 )
p 1

shifts, 1/T is the natural line width, and Cis a constant. Finally,
the p elements are summed and weighted with the appropriate
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Figure 7. Eyring plots for rotation around C,—C,, endo—exo, and around

Si—C, (allyl) in the equilibrium mixture of 4-exo with 4-endo in THF-ds,
using different '*°C NMR line shapes.

Table III. Activation Parameters for Rotation in 4-endo and 4-exo?

AH® AG* (298 K)
resonance (kcal/mol) AS* (eu) (kcal/mol)
In THF-d;
endo — exo OCH, 16.4 11.7 129
endo — exo C.H 15.4 9.2 12.6
endo — exo C,H 7.0 12.3 12,7
endo —~endo OCH, 16.4 -15.0 11.5
In Toluene-d;
€X0 —> eX0 OCH, 7.6 -15.0 12.0
€X0 —> X0 NCH, 8.1 -12.0 11.7

2Rotation around allyl C,-C,, endo — exo; rotation around Si-Cl,.

concentration factors, ¢ and ¢, to yield the calculated absorption,
Abs(v) (eq 10). Comparison of experimental with calculated

Abs(y) = —Im[tp‘ + (-;-)p° + (';')/f] (10)

fitted line shapes, Figure 6, yields the two sets of rate constants
k. and k... The resulting Eyring plots, Figure 7, give the acti-
vation parameters for rotation around Si-C (allyl) and C,-C,
which are listed in Table III.

The barrier to rotation around C,-C, in 4 in THF-d; was
determined separately from the !3C line shape of C, (allyl), Table
111, as well as by using the C,H proton NMR.!* These line shapes
were also used to estimate the rates of rotation around the C,—C,
(allyl) bond. For convenience, we renumber the hydrogens as
shown in Figure 8. Since the H, resonance is well resolved from
the other allylic proton resonances, one need only solve for the
first-order transitions of H,. The required elements of the density
matrix of t or ¢ using the spin-product representation are written
as in eq 11, where the order of spins follows the numbering in

(@1by03¢40p" (a1 byB5c4) = PLS)c.absc (1)

the diagrams, Figure 8. These elements are off-diagonal in spin
functions of Hy (AM = 1) and diagonal in the spin product for
H,, H,;, and H,. Eight such elements are written each for 4-exo(t)
and 4-endo(c). Given solutions for the 16 coupled density matrix
equations, the absorption is obtained from the imaginary part of
the sum in eq 12 suitably weighted with concentration factors.

Abs() = Im( ol + S at,) (12)

(19) (a) Kaplan, J. 1; Fraenkel, G. J. Am. Chem. Soc. 1972, 94, 2907.
Kaplan, J. I; Fraenkel, G. NMR of Chemically Exchanging Systems; Aca-
demic Press: New York, 1980; Chapter 6.
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Figure 8. Numbering of allyl hydrogens in 4-exo and 4-endo for purposes
of proton NMR line shape analysis.

The 16 elements of the density matrix equation take the form

[,-[,,z,m - % + kiloa1) - o] + Ky[p'(a2) - o ] =0
L,m (13)

where k.. and k, are first-order rate constants for rotation around
C,—-C, and C,-C;, respectively, in 4-exo/4-endo and al or a2 labels
the density matrix after a rotation around C,-C, or C,-C, bond,
respectively. Note that these last two terms take account of the
effects of exchange, including their mechanisms, on the NMR
line shapes. In a second set of equations, ¢ is switched with ¢, Since
the two H, resonances are first order, the Hamiltonian in radi-
ans/second in the rotating frame (for t) is given by eq 14. Terms

H'=2m(v - V)3 + 2p3l3 + 200 ol 1l + Joal3ls + Jau B30 (14)

for the other allyl hydrogens are not included since we only need

to plot the H, absorption. Elements of the commutator take the
form

i(H‘m.m - H‘I,I)P}.m + k[o'(al) - p‘]l,m - k;[p'(a2) - p']l.m -

Plm
—7':' = -iC (15)

where C is a constant. It remains to determine elements of the
density matrix after exchange. Rotation around C,~C, exchanges
the sites of H, and H, so that

p(az)zgc,abﬂc = pz(acgc,baﬂc ( 1 6)

while rotation about C,—C, leaves the order of spin functions
unchanged but changes the label of p (eq 17). The resulting 16

p (a 1 )zg:gzc,abﬂc = pgggc,abﬂc ( 1 7)

coupled density matrix equations are solved for the p}(S) elements
and the latter summed according to eq 12 to give the absorption;
density matrix equations are listed in the Appendix. In Figure
2, right side, are displayed line shapes so calculated to fit the
experimental spectra. The resulting Eyring plot is shown in Figure
9, giving AH* = 16.4 kcal/mol. Interestingly, this analysis does
not depend on the rate of rotation around C,-C;. It is apparently
too slow to perturb the proton NMR line shape of H;. In the case
of 4 in toluene-d; solution, the endo isomer is too dilute to allow
for an accurate determination of the C,~C, barrier.

Altogether, the barrier to C,—C, rotation has been measured
from three sets of line shapes for 4 in THF-d;, proton NMR of
C,H as well as 1°C data from OCH, and C,H; with very similar
results: see Table III. All the AH* values lie within the range
16 £ 0.5 kcal/mol with AS* = 10 = 2 eu.

The second and faster of the two dynamic processes is detected
from signal averaging in '*C NMR of nonequivalent carbons on
the pendant ligand in 4-endo in THF-d; and in 4-exo in toluene-d;.
All these analyses lead to very similar activation parameters, AH*
= 7 keal/mol and = -11 ta ~15 ey, clearly the result of a
common process. Experiments carried out using different con-
centrations of 4 in THF gave rise to very similar line shapes, This
argues that the two dynamic processes are first order in 4 or some
aggregate thereof. The simplest and most attractive mechanism
for the faster process is that it comes from rotation of coordinated
lithium around the C,~Si bond. One can imagine other mecha-
nisms, for example, involving ligand-lithium dissociation. Al-
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Figure 9. Eyring plots for rotation around C,-C, (allyl) in 4-exo and

4-endo in THF-d; and toluene-d;.
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Figure 10. Summary of activation parameters for reorientation of ions
within 4-ex0 and 4-endo.

though these cannot all be ruled out, the results presented above
strongly favor the rotational mechanism.

As noted in the introduction, effects similar to those seen for
4 have also been observed in NMR studies of TMEDA complexed
to exo,exo-[1,3-bis(trimethylsilyl)allyl]lithium,'? pentamethyl-
diethylenetriamine complexed to [1-(trimethylsilyl)allyl]lithium,!!
and the TMEDA complex of (1,1,3,3-tetramethylallyl)lithium. '
All these species exhibited nonequivalence among carbons on the
complexed ligand, carbons which would be equivalent in the free
ligand. In each case, the analysis of signal averaging of these
resonances leads to activation enthalpies of 7-8 kcal/mol. Hence,
we ascribed all these effects to reorientation of complexed Li*
with respect to counterion. In the case of 4, with the ligand
attached to silicon, this reorientation motion is constrained to the
rotation around the Si—C, bond of coordinated lithium, with a
AH* value of 7-8 kcal/mol. These results are summarized in
Figure 10.

These studies also show that while rates of rotation around the
C,-C, bond in 4 lic on the NMR time scale and are easily
measured using NMR line-shape analysis, rotation around the
C,—C; bond is too slow to measure up to 318 K. The rate constant
at this temperature for rotation about the equivalent bond in
exo-[1-(trimethylsilyl)allyl]lithium in THF is 349 s7!.1!

In cases where the effect has been investigated, it has been found
that barriers to rotation in allyllithiums depend significantly on
the nature of the lithium ligand present.!! It has been proposed
that the transition state for rotation involves some increase in
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covalence between lithium and one terminal carbon on allyl, or
at least a tighter type of ion pairing compared to the ground
state.>!! Models of 4 in which lithium is complexed tridentately
or bidentately show lithium to be sited near C, and C,, not C,.
Thus, lithium is not close enough to C, for covalency or a tighter
ion pair to develop.

Conclusions

In sum, we have shown that a (1-silylallyl)lithium with a
pendant ligand attached to silicon, 4, consists of a mixture of
l-endo and 1-exo species. In contrast, other terminal (silyl-
allyl)lithiums take the exo structures exclusively. NMR shows
that compounds 4-exo and 4-endo assume the folded structures;
see 4. New insight into the structure and the dynamic behavior
of these ion pairs shows reorientation of the two ions relative to
each other within the ion pair to be quite slow, with a barrier of
7-8 kcal/mol depending on the medium. Whereas this effect has
been detected before with similar activation parameters, in the
case of 4-exo and 4-endo the ion reorientation process is the result
of rotation of bound Li* around the Si-C, (allyl) bond.

Experimental Section

[1-[l[Bis(2-methoxyethyl)amino}methyldimethylsilylJallyl Jlithium (4).
A 50-mL Schlenk flask containing a glass-coated stir bar was flamed and

cooled under vacuum and then charged with a-butyllithium in pentane’

(0.37 mL, 0.11 mmol, 0.3 M) under argon. The flask was brought to
-92 °C with an external bath, and the reagent was then diluted with 1.2
mL of dry diethyl ether. To this was added dropwise from a syringe
allyl[bis(2-methoxyethyl)amino]methyl]dimethylsilane (0.05 mL, 0.155
mmol).! Within minutes the solution became cloudy, and compound 4
began to precipitate. After 1.5 h at -92 °C stirring was stopped, and the
precipitate was allowed to settle. The reaction solvent was then removed
with a syringe and replaced with 2 mL of fresh diethyl ether introduced
slowly and cold by running the solvent down the side of the reaction flask.
The mixture was then stirred for 5 min, and the organolithium compound
was again allowed to settle. The solvent was then removed and replaced
with fresh ether as described above; after the mixture was stirred for 15
min, the above procedure was repeated once more. The flask of the
washed allyllithium was then vacuum dried initially at -78 °C to remove
diethyl ether. The flask was then allowed to come to room temperature
and was then transferred to a glovebox. A sample of the solid organo-
lithium compound was then placed in a NMR tube fitted with a vacuum
adaptor, which was removed from the glovebox and connected to a
high-vacuum line. The dried allyllithium compound was dissolved with
vacuum-transferred deuterated THF or toluene. 'H NMR (THF, ppm,
318 K): OCH, 3.258 (t, *J(OCH,-NCH,) = 5.33 Hz), NCH, 2.432 (1),
Si(CH5); -0.31 (s), SiCH, 1.680 (s), OCH, 3.12 (s), allyl C3H, 2.830
and 2.519 (m, 3J(C2H-C3H) = 15.63 Hz, *J(C3H-C3H’) = 2.71 Hz,
3J(C2H-C3H) = 8915 Hz), C1H 1.438 (d, 3J(C2H-C1H) = 13.66 Hz),
C2H 6.152 (m). '3C NMR (THF, ppm, 296 K): C1H 47.04, C2H
147.74, C3H, 72.40, Si(CH;), - 0.27, SiCH, 44.43, NCH, 56.06, OCH,
69.96, OCH, 59.30. NMR samples of 4 for line-shape analyses were 0.23
M (0.032 g) in 0.6 mL of THF-d; and 0.41 M (0.062 g) in 0.6 mL of
toluene-dy; results of dynamics in THF were the same at 0.94 M.
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‘Appendix

NMR Line-Shape Analysis of the Proton Line Shape of H, in
fi-exo and 4-endo. The density matrix equation in matrix form
is

Apg = iCB, (A1)

Fraenkel and Cabral

in which the p,,, elements of p., are in numerical order, p, to
P and all b, = 1.

The 16 elements of the density matrix, p; ,, where / and m are
states connected by a Am = +1 proton transition of H; in 4-exoft)
and 4-endo(c), are listed:

P m index p},, index g5,
aaaa aafa 1 9
Baaa Bafa 2 10
afaa affa 3 11
aaaf aafp 4 12
BBaa B8Ba 5 13
Baap Bapp 6 14
afaf affp 7 15
BBap 8866 8 16

Elements of the 16 X 16 coefficient matrix A are listed below.

a,, = 2wy, - % c k- ket ix(-T, =T - A (A)
a,, = i2xAv, - -IT- k- ket v =B (A3)
a;; = i2zxAv, - -17: -k~ ket in(-J}, + 1‘2,3 -3 (A4)

Gua = 2B = = ke + nT = B+ ) (AS)

ass = 2w - 3= ke + iWla + Ty - L) (AB)
A = i27Ay, - %_, ~Ke— ke +in(N ;- Sy + T4 (A7)
ary = 2wt = 1= Ky = b i, T H D) (A8

ags = i2xAy, - %., -k +in(Siy+ N+ ) (A9)

age = 274y, - '17: ~k v in(-J55 - J51 - B4 (AL0)
Q010 = 27Ay, ~ -17: -ky -k, + i‘l'(J‘l:J -JB3-Bed  (All)
a = i2xly, - -17;— ko= ke +in(-J55+ J55 - S5 (Al2)
R RN I R A E)
P -IT- ko # in (S + - S5 (A14)
Grase = 2780~ = — kg~ ko + in(J55 =~ S5, + S5 (ALS)

T

Q5,15 = i2xAy, - '17:" ke — ke + ix(=J5 5 + J55 + J5,) (AL6)

Q16 = i27Ay, — % ~kytin(J, + S, + J) (A17)
a9 =k (A18)
a3 =k, (A19)
8310 = ki (A20)
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ay; = ky (A21)
a5, = ky (A22)
@1y = ki (A23)
as,y = ki (A24)
agr = ky (A25)
G614 = ki (A26)
876 = ky (A27)
arys = ki (A28)
g5 = ki (A29)
ay, = kg (A30)
a0y = kg (A3l)
@on = ke (A32)

any =ky (A33)
a0 = ke (A34)
A124 = kg (A35)
Q135 = kg (A36)
Aas = Ky (A37)
A5 = K, (A38)
a7 = ko (A39)
Q15,14 = Kr (A40)
Q108 = kot (A41)

Solution of the coupled density matrix equations provides the
elements p$", which are summed with concentration weighting
to give the absorption.

Abs(y) = —Im(c‘lépf + t{",pl‘-) (A42)
i= i=1

Rearrangement Mechanisms of B,,H,> and C,B,(H,,
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Abstract: Rearrangement mechanisms for B),;H,,>" and C,B,;H,, are deduced by ab initio calculations at the minimal basis
set level. In contrast to most previous discussions, but in accord with orbital symmetry considerations, all the transition states
are found to have low symmetry; the three carborane isomers of icosahedral B,;H,,%" interconvert via a complex series of higher
energy minima. The results illustrate how these systems adapt to the lack of low-energy orbital-symmetry-allowed pathways
and show that the topology of the potential energy surface changes significantly from the borane to the carborane.

Introduction

Speculations about how borane and carborane clusters rearrange
have figured in the literature for several decades. The development
of powerful orbital symmetry selection rules by the author and
co-workers has recently enabled the relative rearrangement rates
of these species to be explained, at least qualitatively.!* Two
fundamental cluster rearrangement mechanisms have also been
characterized by detailed ab initio calculations including the effects
of polarization basis functions and electron correlation.* One
tantalizing problem, in particular, remains to be properly answered,
namely the nature of the high-energy rearrangements of icosa-
hedral B,,H,,*” and the associated carboranes C,B,oH,,. The
earliest work considered various high-symmetry processes, and
this pattern has continued in the recent literature,® notwithstanding
calculations which showed that the highest symmetry structures
may be discounted as possible transition states.! Orbital symmetry
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considerations also suggested that lower symmetry, possibly
multistep, processes might be involved,'- given that no low-energy
orbital-symmetry-allowed mechanisms are available. In this paper
the potential energy surfaces of both B,,H,,>~ and C,B (H,, are
investigated by ab initio calculations at the minimum basis set
level, and numerous reaction pathways are characterized. Hence,
this work also provides a detailed investigation of how an inorganic
cluster may circumvent the lack of any low-energy orbital-sym-
metry-allowed pathways. Two key points emerge: (1) The to-
pology of the C,B,,H,, potential energy surface is significantly
different from that of B,,H,,>, although there are obvious in-
terrelations. (2) The three carborane isomers of icosahedral
B,,H,,*" probably rearrange via a series of higher energy minima
that are linked by generally low symmetry transition states. There
are, however, some important caveats that must be established.
First, the present results have been obtained from the SCF ap-
proximation with a minimal STO-3G basis. Second, the large
number of higher energy minima and transition states obtained
means that the investigation is incomplete and that the inter-
conversion routes obtained may not be the lowest available. Third,
some of the energy barriers involved are rather large, and it is
conceivable that excited electronic states could also be involved.

The minimal basis set SCF approach was unavoidable in this
study with current computational resources. Each search step
required the calculation of analytic first and second derivatives
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