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Fixation of Heterocumulenes. 1. A Theoretical Study on the
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The mechanism of electrophilic addition of CO, to 2-lithio-2-phenyl-1,3-dithiane—tetrahydrofuran—
tetramethylethylendiamine, a Corey—Seebach “umpolungs” reagent for nucleophilic acylation, was
investigated at the B3YLP/6-311+G*//HF/6-31+G* level of theory with specific solvation effects
being included in the study. The overall reaction is exothermic by 18.8 kcal/mol and proceeds via
precomplexation of the CO, (necessary for activation). The reaction barrier is calculated to be 11.9
kcal/mol (relative to the precomplex 2a) and represents a lower boundary for the activation energy.
The reaction barrier is shown to originate from specific solvent effects. A detailed survey of the
electronic effects governing the reaction is given. The ab initio results were then compared with
semiempirical PM3 calculations, which were extended to include the heterocumulenes COS and
CS,. As expected, the reduced electrophilicity of these molecules leads to a higher activation barrier

by retention of the same reaction mechanism.

Introduction

The transformation of CO, into useful organic com-
pounds, usually with the help of an organometallic
reagent,® has received quite a lot of attention. The
fixation of CO, can occur either reversibly or irreversibly.
The reversible case is often found in nature for zinc
enzymes? with one of the classical examples being
carbonic anhydrase.® Reactions of CO, with organo-
lithium compounds, an essential synthetic tool in modern
organic chemistry,* are, on the other hand, irreversible
stoichiometric reactions. The fixation of CO, on a Li—C
moiety is one of the most valuable, generally applicable
methods for the synthesis of carboxylates.® Another
useful reaction is the insertion of CO, into a Li—N bond,
which leads to a carbamate having a wide range of
applications such as directed ortho metalation (DOM).®

To increase the number of feasible synthetic pathways
in modern organic synthesis, it is desirable to develop

reagents of differing polarities for the introduction of any
given fragment or functional group. Carbonyl groups, for
example, provide the experimentalist with either an acyl
cation or an enolate anion. By employing a suitable
“umpolungs” reagent,’ it is possible to reverse the polarity
of the acyl carbon thus allowing nucleophilic acylation,8®
to take place. The most thoroughly investigated method
for nucleophilic acylation is based on dithiane compounds
because of their high thermal and chemical stability.®
Reactions can be carried out in THF at temperatures
between —20 and —70 °C. The carbonyl group is con-
verted into a cyclic thioacetal that, due to the carbanion
stabilizing effect of the sulfur,’® can be easily deproto-
nated. These reagents can be employed in the synthesis
of aldehydes,® silyl and germanyl ketones,'! optically
active aldehydes and ketones,*? cyclic carbonyl com-
pounds,*® carbohydrates,® and o-keto acids.®

Especially important to us is the ability of these
reagents to react with CO, to yield o-keto carboxylic acids
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Figure 1. Reaction of a lithiated dithiane with CO, to yield
an o-keto carboxylic acid.

Figure 2. Solid-state structure (X-ray analysis) of the Corey—
Seebach “umpolungs” reagent 1. Reproduced from ref 15.

(Figure 1). Ab initio model calculations at the MP2 level
of theory for the reaction of the model systems LiH and
LiCH; with CO, show that the reaction proceeds with a
very low activation energy (+1.5 kcal/mol for LiH and
+0.9 kcal/mol for LiCHj3) and is quite exothermic (—56
and —62 kcal/mol, respectively).** An X-ray analysis of
an interesting lithiated dithiane compound, 2-lithio-2-
phenyl-1,3-dithiane—tetrahydrofuran—tetramethylethyl-
endiamine® 1 (Figure 2) shows, however, that the lithium
is coordinated not only by the dithiane but also by a
cosolvent molecule of tetramethylethylendiamine (the
addition of TMEDA is necessary in order to increase the
activity of the metalating species) and a molecule of
tetrahydrofuran (THF). A more accurate model for the
reaction of organolithium compounds with CO, must
therefore consider the initial replacement of one of the
solvent molecules with CO,. Indeed, it is to be expected
that the calculation of structure—activity patterns for this
class of compounds can only be achieved by explicitly
considering aggregated and solvated molecules. Since
compound 1 fulfills all conditions for such a model as it
allows theoretical predictions on a sound experimental
fundament, we undertook an ab initio study of the
reaction of 1 (Figure 2) with CO, under explicit consid-
eration of specific solvent coordination. This compound
is a typical representative of a Corey—Seebach “umpol-
ungs” reagent,” and its existence as an monomer has been
shown by X-ray analysis.’®> Complicating aggregational
effects thus do not have to be considered. Furthermore,
we contribute to the still ongoing discussion about the
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origin of the carbanion-stabilizing effect observed for
sulfur®® as well as the nature of the C—Li bond.®

The quantum mechanical treatment of even larger
molecules still exceeds the computer capacity of most
research groups. The application of semiempirical MO
methods, i.e., MNDO,Y” AM1,® and PM3,%° is therefore
clearly desirable because of their ability to calculate large
molecules. A parameter set for lithium has been devel-
oped in our research group? for the method PM3, which
has proved to be superior to MNDO and has been
successfully applied to a variety of problems.?! It has been
shown that PM3 adequately reproduces the structural
parameters of organolithium compounds as compared
both with experiment and with higher level ab initio and
DFT methods. However, the PM3 energies obtained are
usually not too accurate.?? We employed the PM3 method
and varied the heterocumulene (CO,, COS, and CS;) in
order to investigate which qualitative effect the heteroa-
tom has upon the reaction mechanism as well as once
again to assess the quality of the lithium parameter set.

Computational Details

All ab initio calculations were performed using either the
Gaussian94% or Gaussian982 suite of programs. Due to the
considerable size of the molecules under investigation (a
typical calculation had ca. 572 basis functions or 1020 primi-
tive Gaussians), we restricted our geometry optimizations to
the HF/6-31+G* level of theory. Full geometry optimizations
and harmonic frequency calculations for all intermediates were
carried out at this level. All zero-point energies (ZPE) were
scaled by a factor of 0.91.25 Single-point calculations at the
B3LYP/6-311+G* level of theory were carried out using the
optimal HF/6-31+G* geometries in order to introduce electron
correlation into the energy estimation. Atomic charges and
hyperconjugative interaction energies were obtained using the
natural bond orbital (NBO) analysis of Reed et al.?® as

(16) Sygula, A.; Rabideau, P. W. J. Am. Chem. Soc. 1992, 114, 821
and literature cited therein.

(17) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899.

(18) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
J. Am. Chem. Soc. 1985, 107, 3902.

(19) Stewart, J. J. P. J. Comput. Chem. 1989, 10, 209; 221.

(20) Anders, E.; Koch, R.; Freunscht, P. J. Comput. Chem. 1993,
11, 1301.

(21) Koch, R.; Anders, E. J. Org. Chem. 1994, 59, 4529.

(22) Arvidsson, P. I.; Hilmersson, G.; Ahlberg, P. J. Am. Chem. Soc.
1999, 121, 1883. Abbotto, A.; Streitwieser, A.; Schleyer, P. v. R. J. Am.
Chem. Soc. 1997, 119, 11255. Weiss, H.; Yakimansky, A. V.; Muller,
A. H. E. 3. Am. Chem. Soc. 1996, 118, 8897.

(23) GAUSSIANY4, Revision D.3: 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.; Ortiz, J. V.; Foresman, J. B.;
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M;
Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L,
Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S,;
Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez
C.; Pople, J. A. Gaussian, Inc., Pittsburgh, PA, 1995.

(24) GAUSSIAN98, Revision A.5: Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Zakrzewski, V. G.; Montgomery, J. A. Jr.; Stratmann, R. E.; Burant,
J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,
M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
l.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian, Inc.,
Pittsburgh, PA, 1998.

(25) Grev, R. S.; Jansen, C. L.; Schaefer, H. F., I111. 3. Chem. Phys.
1991, 95, 5128 and references therein.

(26) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. 3. Chem. Phys.
1985, 83, 735.



Fixation of Heterocumulenes

J. Org. Chem., Vol. 65, No. 4, 2000 1195

-THF
N? +7.68 (5.75) kcal/mol N
~=Li— = —= L
[ N [= \N’D
S o S /s
1a Q 1c
-TMEDA -TMEDA
“TMEDA o) kealimol +THF +2 THF
+20.63 (19.50) keal/mo +5.61 (4.46) kcal/mol -2.07 (-1.29)
kcal/mol
+THF ,,.OO
-15.02 (15.04) kcal/mol i

.

1d
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Figure 4. Mechanism of the addition of CO, to the Cory—Seebach “umpolungs” reagent 1. Calculated at the B3LYP/6-311+G*//
HF/6-31+G* level of theory, HF/6-31+G* values are given in parentheses.

implemented in Gaussian98. The PMS3 calculations were
carried out using MOPAC93.?” Default convergence criteria
were used for all calculations.

The six-membered dithiane ring was always calculated in
the chair conformation in the results presented here. For the
intermediates 2, 4, and 5 (Figure 4), we verified that the chair
conformation is indeed the most stable conformation at the
HF/6-31+G* level of theory. In all three cases, the chair form
was found to be more stable than the boat form with energy
differences lying between 3.9 and 6.5 kcal/mol.

(27) Stewart, J. J. P.; MOPAC 93, QCPE No. 455 version 6.0,
Department of Chemistry, Indiana University, Bloomington, IN.

All calculations were performed with the lithium in the
equatorial and the phenyl substituent in the axial ring
position. This structure corresponds to that found in the X-ray
analysis of the lithiated dithiane 1'®> and can be easily
rationalized due to the steric bulk of the solvated lithium
cation. In addition, an NBO analysis indicates the presence
of a favorable negative hyperconjugation interaction between
the lone pair on the metalated carbon atom and the antibond-
ing orbital of the sulfur carbon bond (nc — o*s_c) when the
lithium assumes an equatorial position (see Table 2). Our
calculations suggest that electronic and not steric effects
prevail since the lithium favors an equatorial position even
in the absence of solvent molecules.
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Table 1. Absolute Energies and Zero-Point Energies for
the Species Involved in the Reaction of Compound 1
with CO; (All Values Were Calculated at the B3LYP/

6-311+G*//HF/6-31+G* Level of Theory and Are Given in

Hartrees)

E ZPE? E ZPE?

la —1772.129 187 0.568 893 3ts_aP —1728.238595 0.454 596
1b —1772.129 462 0.568 728 3ts_bP —1380.396 952 0.212 493
1c —1539.607 145 0.440 678° 4a —1728.289 337 0.457 872
1d —1424.271156 0.325812 4b —1380.420 112 0.215764
le —1656.804 308 0.453 403 b5a —1728.299 187 0.458 133
1f —1191.738853 0.198911 5b —1380.424 143 0.215 866
2a —1728.261 984 0.459 428 CO; —188.645 624 0.012 828
2b —1728.259 102 0.454 837 THF —232.507 462 0.125 674
2c —1380.397 016 0.454 837 TMEDAY —347.821555 0.238 891

a Zero-point energy values were taken from the HF/6-31+G*
calculations. ° First-order transition structure. ¢ An imaginary
frequency of —7 cm~! corresponding to a methyl rotation was
calculated for this complex. ¢ Anti conformer.

The anti form of TMEDA was calculated to be 3.02 kcal/
mol more stable than the corresponding syn form (necessary
for bidentate coordination to lithium). All solvent equilibria
in which a noncoordinated TMEDA is present were therefore
calculated using the most stable (anti) form of TMEDA.

Results and Discussion

Solvation Equilibria. To determine which solvated
species is most likely to be present in solution under
experimental conditions, we explicitly calculated various
solvated complexes of the lithiated dithiane 1 (see Figure
3 and Table 1). It takes only 7.7 kcal/mol to detach a THF
molecule from 1a to form 1c. In contrast to this, removing
the TMEDA to generate 1d is energetically considerably
more demanding and requires 20.6 kcal/mol. Interest-
ingly enough, the solvate complex which incorporates one
TMEDA and one THF (1a) is 5.6 kcal/mol more stable
than the complex containing two molecules of THF (1e).
This result is in agreement with the X-ray structural
analysis of 1, which also shows a mixed coordination
(Figure 2). A comparison between complexes 1c and 1d
shows that a complex containing two THF molecules is
only slightly more stable (2.1 kcal/mol) than one solvated
solely by TMEDA (a bidentate ligand). Entropy effects
will, however, clearly favor the TMEDA complex. An
incoming electrophile (COy) will thus preferentially dis-
place a THF molecule. At no point in the reaction is it to
be expected that TMEDA will be replaced by THF.

Although the X-ray structural analysis of 1 gives the
position of the solvent molecules relative to the carbon
skeleton (TMEDA assumes a cis position to the phenyl
ring with respect to the C—Li bond), there is no reason
to assume that this (1a) is the only stable solvated
complex of 1 in solution. We therefore performed a
conformational analysis on 1 for rotation about the C—L.i
bond using the semiempirical method PM3. A second
stable conformer (1b) was located which was then reop-
timized at the HF/6-31+G* level of theory (see Figure
4). 1b is only very slightly (0.3 kcal/mol) more stable than
la at the B3LYP/6-311+G*//HF/6-31+G* level, thus
indicating that both species are likely to be found in
solution.

An NBO analysis (Table 2) shows that the electronic
structures of 1a and 1b are almost equivalent to each
other. Specific solvation is expected to lower the ionic
character of the Li—C bond. In agreement with this, the
charge on lithium in the complexes la/lb (4+0.87) is
indeed slightly lower than that calculated for the unsol-
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vated species 1f (+0.90 at the HF/6-31+G* level). As an
additional comparison, the charge on lithium in Li—CHj;
has been reported to be +0.92.4 Due to the low polariz-
ability of lithium, the reduction in the ionic character
upon solvation is quite small so that one can still consider
the metal carbon interaction in 1a/1b to be essentially
ionic, in agreement with the current understanding of
C—Li interactions.'® One must also take into account the
fact that two opposing electronic effects are present in
this molecule. The solvent molecules are donating charge
to the lithium and therefore to the C—Li bond. At the
same time, the negative hyperconjugation with the
dithiane unit withdraws electron density from the C—L.i
bond.

The NBO analysis of 1a/lb contributes furthermore
to the growing evidence!® that the carbanion stabilizing
effect of sulfur is mainly due to a nc — o0*s—c hypercon-
jugative interaction. d-Orbital stabilization is small in
comparison.

Reaction Mechanism. The overall reaction mecha-
nism is depicted in Figure 4. The most important
structural data for the stationary points are summarized
in Table 3. Due to computational limitations (single
optimizations and, more especially, transition structure
searches on molecules of this size take ca. 4 weeks of
computational time), we were not able to explicitly
investigate the complexation/displacement mechanism of
an incoming CO, molecule. Such reactions are, however,
known to be very facile. Assuming that CO, will displace
one THF, we searched for and found two energetically
stable complexes containing CO, coordinated in a head-
on manner with the lithium cation (2a and 2b). It is
possible that the lithium first expands its coordination
sphere to complex with the CO, before the THF is pushed
out. Computational limitations prevented us, however,
from investigating this possibility. The replacement of
THF by carbon dioxide costs 5.3 (2a) and 7.1 kcal/mol
(2b). This contrasts with calculations reported for the
addition of CO, to (unsolvated) methyllithium. The
unsolvated encounter complex is 8.6 kcal/mol more
stable than the separated reactants at the MP2/6-31G*//
HF/6-31G* level of theory.'* This prompted us to inves-
tigate the reaction of the unsolvated species (1f) with CO,
to form the initial encounter complex 2c (see Table 1).
In the gas phase, the formation of the initial encounter
complex is exothermic by 7.5 kcal/mol. Introduction of
specific solvation causes the reaction to become decisively
endothermic, thus depicting clearly the necessity of
including the solvent molecules in the calculation in order
to draw a realistic picture of the reaction in solution.

Formation of the precomplex activates the CO, as can
be seen from the charge polarization calculated for 2a/
2b (Table 3). The negative charge on the coordinated
oxygen atom is larger than in free CO,. This in turn
withdraws electron density from the central carbon thus
making it much more susceptible to an intramolecular
nucleophilic attack from the neighboring lithiated carbon
atom.

The carboxylation reaction proceeds through a single
transition structure 3ts_a (Figure 4), regardless of
whether complex 2a or 2b is considered. Analysis of the
transition vector showed that this is due to a coupled
vibrational/rotational process. In the course of reaction,
a rotation about the C;—Li bond in either 2a or 2b takes
place. As the complexed CO, becomes approximately
perpendicular to the phenyl group, the oop vibration of
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Table 2. Selected Atomic Charges (e) and Hyperconjugative Interaction Energies (kcal/mol) for the Species Involved in
the Reaction of Compound 1 with CO; (Calculated at the HF/6-31+G* Level of Theory)

la 1b 1f 2a 2b 2c 3ts_a 3ts_b 4a 5a
qui +0.871 +0.872 +0.900 +0.872 +0.867 +0.875 +0.854 +0.880 +0.889 +0.986
Jc —0.904 —0.906 —0.901 -0.917 —0.920 —0.896 —0.809 —0.810 —0.456 —0.438
qo(THF) —0.749 —0.750
On1 —0.681 —0.681 —0.693 —0.691 —0.698 —0.690 —0.697
gn2 —0.680 —0.680 —0.692 —0.692 —0.694 —0.689 —0.671
Jc(co2) +1.2702 +1.2832 +1.277 +1.287 +1.244 +0.993 +0.951
Jo(co2) —-0.671 —0.687 —0.698 —0.733 —0.802 —0.998 —0.883
Jo(co2) —0.584 —0.586 —0.559 —0.581 —0.595 —0.766 —0.917
Nc—0*s1-C 10.1 104 11.3 9.5 10.0 11.2 1.9 8.9
Nc—0*s2—C 10.1 10.1 11.3 12.2 10.0 11.2 1.9 8.9
Nc—ds: 33 33 4.7 3.4 3.4 4.7 3.3 3.4
Nnc—ds> 34 3.3 4.7 3.6 3.3 4.7 3.3 3.4
aThe partial charge on C in free CO; is +1.23. On oxygen: —0.61. ? Bound to lithium.
Table 3. Structural Parameters Calculated at the HF/6-31+G* Level of Theory for the Intermediates Involved in the
Reaction of Compound 1 with CO, (Bond Lengths Are Given in A and Angles in Deg)
la 1b 2a 2b 3ts_a 4a 5a
Li—0O1 2.092 2.062
Li—N1 2.257 2.278 2.132 2.139 2.149 2.101 2.118
Li—N2 2.264 2.253 2.165 2.145 2.243 2.112 2111
Li—C1 2.259 2.249 2.157 2.163 2.728 3.347 3.735
Li—02 2.279 2.229 2.063 1.761 1.926
Li—03 4.308 4.166 3.938 3.947 1.930
C1-C5 1.500 1.498 1.494 1.499 1.489 1.576 1.574
C1-C9 3.882 3.704 2.798 1.576 1.547
O1-Li—-C1 111.7 112.0
02-Li—C1 102.4 102.7 79.3 43.0 34.6
02—-C9-03 177.5 176.0 168.7 128.6 122.2
Cl1-S2 1.801 1.798 1.798 1.797 1.815 1.839 1.845
C1-S2 1.798 1.798 1.797 1.798 1.843 1.834 1.841
S2-C5 1.822 1.823 1.823 1.823 1.807 1.818 1.818
S1-C4 1.823 1.823 1.823 1.823 1.820 1.815 1.816

the complexed CO, swings the activated carbonyl carbon
close enough to the lithiated carbanion for bond formation
to take place at a C;—C, distance of 2.8 A (Table 3). Due
to the complexity of this coupled vibrational/rotational
process, it proved extremely difficult to cleanly locate the
transition structure 3ts_a. The product formed in the
course of reaction (4a) closely resembles the transition
structure 3ts_a. A major difference between the two
structures is to be found only in the C;—C, bond length
(2.8 A'in 3ts_a and 1.6 A in 4a). The activation energy
of the reaction relative to the complexes 2a and 2b (+11.9
and +10.1 kcal/mol, respectively) is quite high as com-
pared to that reported for the unsolvated reaction of CO,
with CHjsLi (6.8 kcal/mol at the HF/6-31G* and 0.9 kcal/
mol at the MP2/6-31G*//HF/6-31G* level).'* In accordance
with the results reported by Schleyer et al.,** we calcu-
lated the unsolvated transition structure 3ts_b to be
0.1 kcal/mol more instable at the B3LYP/6-31+G*//
HF/6-31+G™ level of theory than the encounter complex
2c. In the absence of specific solvent effects (gas-phase
scenario), the addition of CO, to organolithium com-
pounds proceeds practically without a barrier. Introduc-
tion of specific solvation leads to a significant increase
in the activation barrier. Indeed, one could say that the
presence of a reaction barrier is due to specific solvent
effects.

The solvent induced increase in the energy of activation
is most probably due to a reduced electrostatic interaction
between CO, and Li. The presence of the donor solvent
TMEDA weakens the charge polarization calculated for
2a as compared with 2c, thus making the CO, less
susceptible to intramolecular nucleophilic attack.

The Hartree—Fock calculations give an even higher
activation barrier (18.8 kcal/mol relative to 2a) as

Figure 5. Transition structure 3ts_a.

compared with the B3LYP/6-31+G*//HF/6-31+G* results
(11.9 kcal/mol). It has been shown for the addition of CO,
to CHsLi that the introduction of electron correlation
effects stabilizes the transition structure as compared to
the HF results.'* The density functional method B3LYP
is known to underestimate activation barriers.?® The DFT
and HF results therefore present a lower and an upper
bound for the activation energy.

The transition structure 3ts_a is quite interesting
(Figure 5). When 3ts_a is formed from either 2a or 2b,
the lithium simply moves to one side of the complex and
forms an electrostatic contact with one of the sulfur
atoms. At the same time, a partial rotation about the
C—Li bond takes place, thus positioning the bound CO,
so that it can easily interact with the metalated carbon
atom. As seen from the length of the carbon—carbon bond
being formed in the transition structure (2.78 A) and the
fact that the carbon dioxide is only slightly bent (<OCO
= 168.6°), the reaction proceeds via an early transition
structure. This is in good agreement with the Hammond

(28) Salahub, D. R.; Chrétien, S.; Milet, A.; Proynov, E. I. In
Transition State Catalysis in Computational Chemistry; Truhlar, D.
G., Morokuma, K., Eds.; submitted for publication.
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Table 4. Selected Structural Parameters for la
Calculated at the PM3 and the HF/6-31+G* Level of
Theory as Compared with X-ray Structural Data

X-ray? HF/6-31+G* PM3b

Bond Lengths (A)
Li—O 1.970 2.092 2.077
Li—N1 2.148 2.264 2.244
Li—Na 2.110 2.257 2.231
Li—Cy 2.280 2.259 2.203
C1—C; 1.468 1.499 1.471
Ci1—S: 1.776 1.801 1.789
Ci—S; 1.769 1.798 1.788

Bond Angles (deg)
O—Li—N; 105.8 104.4 101.8
O—Li—N2 108.8 109.6 106.7
O-Li—C; 117.2 111.7 124.8
Ci—Li—N; 119.8 122.4 117.5
Ci—Li—N2 114.1 121.3 114.4
N1—Li—N; 86.9 83.4 83.8
C,—Cy—Li 119.5 111.7 121.4

a Data were taken from refs 15 and 21. P Reference 21.

postulate, which states that exothermic reactions proceed
preferentially via early transition structures.

Reaction to form 4a is exothermic. Product 4a is 12.8
kcal/mol more stable than the sum of the energies of the
reactants (1a and CO,). The reaction does not stop here,
however. The initial carboxylate 4a undergoes rear-
rangement to yield 5a since a much stronger electrostatic
contact is formed between lithium and oxygen than
between lithium and sulfur. Due to the excessive amount
of computational time and resources required for calcula-
tions of this size, we did not investigate the mechanism
of this rearrangement in any great detail.

The NBO analysis shows that the nc — o0*s_c hyper-
conjugative interactions in the transition structure 3ts_a
are smaller as compared to those in the precomplexes
2a/2b. This can be easily understood since the electron
pair is needed for the formation of the new C—C bond.
Once the C—C bond is fully formed (the initial carboxy-
late 4a), the hyperconjugative interactions become zero.
The structural information in Table 3 correlates closely
with the NBO analysis. As the reaction progresses, the
negative hyperconjugation is weakened due to bond
formation. This is accompanied by a lengthening of the
C1-S bond. The C1-S bond increases continually from
ca. 1.80 A in 1a and 2a over 1.815 A in 3ts_a, 1.839 A
in 4a to 1.845 in 5a. At the same time, the diminishing
negative hyperconjugative effect of the lone pair causes
the adjacent S1—-C4 and S2—C3 bonds to become slightly
shorter (1.823 A in 1 to 1.816 A in 5a for the S1—-C4
bond).

PM3 Calculations. A comparison of HF/6-31+G* and
PM3 structural parameters of la with experimental
values taken from an X-ray analysis'® (Table 4) shows
that the semiempirical results are, on average, directly
comparable with experiment and slightly better than the
ab initio values. Both computational methods give Li—N
bond lengths that are somewhat too long as compared
with experiment. PM3 yields a C—Li contact that is a
little too short, a known deficiency of this method. The
C—Li—N bond angles are too large at the HF/6-31+G*
level, and the O—Li—C angle is too large for PM3.

The same qualitative reaction mechanism for the
addition of CO; to 1la is found for both computational
methods. CO, replaces a molecule of THF in la to
generate the complexes 2a and 2b, which then react via
3ts_a to form the carboxylate 4a. Interestingly enough,
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Table 5. Relative Energies Calculated Using the
Semiempirical Method PM3 for the Intermediates
Involved in the Reaction of 1 with Various
Heterocumulenes

CXz
CO* cosa  COSP CS;
la + CX»o 0.00 (0.00) 0.00 0.00 0.00
1b + CX, 3.45 (—0.27) 3.45 3.45 3.45
2a+THF  —0.70 (+5.30) -1.44  -317 -3.13
2b + THF 1.90 (+7.10) 129 -150 —0.64
3ts+ THF  10.07 (17.21) 2090 1135 3091
4+ THF 3.13(-12.76)  12.70 4.45 6.37
5+ THF 0.88 (—18.79) 4.65 0.67 1.09

aThe atom attached to Li is O. ? The sulfur is coordinated to
the lithium atom. ¢ B3LYP/6-311+G*//HF/6-31+G* values for
comparison are given in parentheses.

3ts_a differs slightly for PM3 as compared to the
structure obtained at the HF/6-31+G* level. The CO,
molecule in the ab initio transition structure is oriented
perpendicular to the plane of the benzene ring (Figure
5). The semiempirical results show the CO; axis as lying
in the plane of the benzene ring. This is probably a
computational artifact of the semiempirical method, as
a corresponding transition structure could not be found
at the HF level of theory.

In direct contrast to the relatively good structural
picture found for PMS3, calculation of the activation
energies for the reaction of 1a with CO, is qualitative in
nature (Table 5). The exchange of THF with CO; is
endothermic (5.3 kcal/mol) at the B3LYP/6-311+G*//HF/
6-31+G(d) level of theory, but slightly exothermic with
PM3 (—0.70 kcal/mol). As a consequence of this, the
energy required to reach the transition structure 3ts_a
appears much lower than in the case of the DFT results.
However, the energy required to generate the transition
state 3ts_a from the precomplex 2a, for example, is
reproduced relatively well. A distinct disadvantage of the
semiempirical method lies in the fact that the overall
exothermicity of the reaction (—18.8 kcal/mol at the
B3LYP/6-311+G*//HF/6-31+G* level vs +0.9 kcal/mol for
PM3) is very poorly reproduced.

These errors could, however, be systematized by ex-
amining the heat of formations of the various species
involved in more detail since a distinct advantage of the
semiempirical methods is their tendency toward error
cancellation, especially for larger molecules. The energy
of small specific molecules is often connected with large
computational errors at the semiempirical level. As an
example, PM3 underestimates the stability of carbon
dioxide by ca. 9 kcal/mol*® and thus introduces a large
error into the computational results. With careful cali-
bration of the semiempirical results, it should be possible
to obtain more accurate energetical results.

We expect the error in the energetics to be relatively
constant for the reaction of l1a with heterocumulenes
such as CO,, COS, and CS,. Two pathways for the COS
conversion are conceivable. The precoordination to the
lithium (structures 2a and 2b) can proceed via sulfur or
via oxygen. Substitution of oxygen by the less electrone-
gative, more polarizable sulfur does not alter the general
mechanism of addition. Nevertheless, a different ener-
getic pattern is calculated. When COS is coordinated with
the oxygen being bound on lithium, an increase in
activation energy of 11 kcal/mol is observed as compared
with CO,. The presence of the sulfur results in a less
activated cumulene. A smaller electrostatic interaction
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between C1 and C(OS) has to compete with an almost
constant energy of deformation for the substrate which
results in a higher activation energy. In contrast to this,
the activation barrier for COS is only slightly higher than
CO, when the sulfur is bound to the lithium. The highly
polarizable sulfur binds strongly to the metal thus
withdrawing electron density from the cumulene and
resulting in a more electrophilic substrate. Comparing
the activation barriers obtained for both pathways, we
suspect that the reaction with COS will procced via sulfur
coordination. The same reasoning can be applied to CS,.
Further deactivation of the central carbon due to the
presence of two sulfur atoms leads to an activation
barrier of 31 kcal/mol. Since the reaction pathway is
similar for all three cumulenes, it should be possible to
transform COS and CS; into the analogous products once
the activation barrier has been overcome. Joint experi-
mental and theoretical investigations on the mechanism
of heterocumulene fixation and its synthetic possibilities
are currently underway in ongoing studies.?®

Conclusions

The gquantum chemical calculations performed here
reveal that the solvate complex 1a with a mixed coordi-
nation (THF and TMEDA) is the most stable one. Since
TMEDA is the better donor solvent, an electrophile (CO,)
will preferably replace the THF in the first solvate sphere
of the lithiated dithiane. Precomplexation activates the

(29) Piffl, M.; Weston, J.; Anders, E. Manuscript in preparation.
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CO,, which then adds to the lithiated dithiane via the
transition structure 3ts_a. The overall reaction of sol-
vated la with CO, is considerably exothermic (—18.8
kcal/mol) but proceeds, however, with a relatively high
activation barrier. This barrier (ca. 11.9 kcal/mol rela-
tive to the precomplex 2a) is a lower estimation. The HF
(17.7 kcal) results should, in contrast, provide an upper
boundary.

The semiempirical method PMS3 is capable of reproduc-
ing the general mechanism of addition found at the HF/
6-31+G* level of theory; the relative energies thus
obtained are, however, not as reliable. The exothermicity
of the reaction, in particular, is very poorly reproduced.
Substitution of CO, with COS and CS, at the PM3 level
indicates that the general reaction mechanism is inde-
pendent of the heteroatom (oxygen/sulfur) involved.
However, the substitution of oxygen by sulfur requires a
higher activation energy.
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