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Carbon Dioxide Fixation by Lithium Amides: DFT Studies on the Reaction
Mechanism of the Formation of Lithium Carbamates
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A realistic picture of the complete insertion reaction for a rep-
resentative example of the formation of carbamates from li-
thium amides is given by combining experimental informa-
tion with detailed DFT investigations. The chiral lithium (S)-
2-(pyrrolidin-1-ylmethyl)pyrrolidide (2) reacts with CO, to
form its corresponding carbamate. In this reaction the second
pyrrolidine ring functions as an intramolecular ligand, and
therefore, “symmetrical” as well as “unsymmetrical” dimers
of 2 have to be taken into account. On the energetically pre-
ferred reaction pathway this amide exists predominantly as
a (solvated) dimer 4. Attack by CO, occurs in an “end-on”
manner to give several heterodimers 5 which are composed

of a lithium amide and a lithium carbamate. This exergonic
step is rate determining, and the activation barrier was estim-
ated to be about 10 kcal mol!. A second lithium-mediated
CO, insertion into a nitrogen-lithium bond yields the en-
counter complex 5d—(CO,), which then goes on to form sev-
eral almost isoenergetic homodimeric carbamates 6. This
strongly exergonic insertion reaction has a barrier of 9.7 kcal
mol~'. We also report on novel lithium-mediated CO, inser-
tion reactions into oxygen-lithium bonds in lithium carba-
mates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Is the formation of carbamates from lithium amides and
CO, a simple story? By no means! One only needs to con-
sider the important aspects of aggregation/disaggregation
as well as microsolvation of the species involved (starting
materials, intermediates, transition structures and prod-
ucts). Organic carbamates are important intermediates in
the synthesis of a number of drugs,!! ~>! agricultural chemi-
cals (e.g. Carbaryl and Propoxur) and fuel additives, and
are also involved in fatty acid synthesis by means of biotin-
dependent carbon dioxide fixation.[! However, the syn-
thesis of carbamates by traditional procedures requires the
use of phosgene or isocyanates, which are toxic compounds.
Recently, carbamates have been generated through N- or O-
alkylations with caesium bases, or through electrochemical
synthesis from amines and carbon dioxide.’" ' In an
alternative procedure of carbon dioxide fixation recently
presented by us, easily accessible chiral lithium amides!'!]
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and CO, were used for the first time for the synthesis of
chiral carbamates (Scheme 1).'2! The chiral lithium carba-
mates are aimed to be used in novel CO, transfer reactions
to prochiral carbon atoms,['3~13] for example to prochiral
ketone enolates for enantioselective synthesis of B-keto ac-
ids which are important precursors in medicinal chemis-
try.16:17]
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Scheme 1. Formation of lithium carbamate 1 from lithium amide
2 and carbon dioxide

In our previous study several chiral lithium carbamates
were characterised by cryoscopy, NMR spectroscopy and
computational chemistry.'? In this study, we report on
DFT investigations on possible reaction mechanisms for the
formation of lithium carbamates from CO, and lithium am-
ides. As a model we have chosen the formation of lithium
carbamate 1 from lithium (S)-2-(pyrrolidin-1-ylmethyl)pyr-
rolidide (2, see Scheme 1), an example of a useful reagent
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Computational Details

All compounds were optimised by using Gaussian 98.12!
All stationary points were characterised as minima or TSs
by the sign of the eigenvalues of the force-constant matrix
obtained from a frequency calculation. Optimised TSs with
one imaginary frequency were confirmed to describe the
correct displacement by a normal-mode analysis using
Molden.? In general, compounds were optimised with the
hybrid density functional B3LYP?27-28! and two different
basis sets: Ahlrichs’ SVP?? and Pople’s 6—31+G(d).[30 33
Free energy correction terms were, if not otherwise stated,
taken from frequency calculations at 298.15 K and 1 atm
pressure at the B3LYP/SVP (BI) level of theory.** To ob-
tain the estimated free energy at the B3LYP/6-31+G(d)
(BII) level of theory the SVP-calculated correction term was
added to the 6—31+G(d)-calculated potential energy. Some
compounds were also optimised using either MP2/6-
31+G(d)*1 (MID) or MP2/6-311+G(d,p) (MIII) with the
frozen-core approximation, or alternatively using mPWI1K/
6-31+G(d)P*1  (mPWII) or mPWI1K/6-311+G(d,p)
(mPWIII). Generally, energies given in the text are at the
BII/BI level.

Results and Discussion

Lithiated organic compounds are known to form dy-
namic aggregates whose size is dependent on the solvent
used, the steric requirements of the substituents on the lith-
ium amide and the temperature.l’’~#!1 Such aggregates have
been well investigated by colligative measurements, NMR
spectroscopy, and X-ray and computational studies.[*>>3!

In order to elucidate the composition of the lithium amide
reactant 2 involved in the formation of lithium carbamate
1, results on its aggregation and solvation are presented in
the first paragraph.

Lithium Amide Aggregation

NMR spectroscopic studies by Ahlberg and co-workers
have shown that a dimer 3 of 2 (Figure 1) is preferred in
ethereal solvents in the presence of, for example, N,N,N',N'-
tetramethylethylenediamine (TMEDA).*4 In 3, one lithium
atom [Li(1)] is intramolecularly tetracoordinated, while the
other [Li(2)] is dicoordinated, thus making the lithium
atoms non-equivalent. In another dimer of 2, 4 (Figure 1),
the two lithium atoms are equivalent. In THF solution it
has been found that a number of different aggregates of 2
are involved in dynamic processes.4

In this study, we have optimised the geometries of dimers
3 and 4 at the BII level of theory. It is found that the pre-
viously reported PM3-optimised geometry of dimer 3 shows
significant deviations from the B3LYP-optimised ge-
ometry.*# For example, the N(2)—Li(2) bond length in 3 is
longer calculated with PM3 than with BII (see Table 1 and
Figure 1). In addition, the Li—Li distance is distinctly dif-
ferent at these levels (DFT: 2.34 A and PM3: 2.64 A). The
N—Li bond lengths in 3 and 4 optimised with BII and with
BI are in good agreement (Table 1), which justifies the use
of the latter method for geometry optimisations of larger
aggregates and of solvated compounds. As a further vali-
dation of the methods, optimisations of the dimer of lith-
ium N,N-dimethylamide at the MP2 and mPWI1K levels of
theory were performed (Table 1). These results confirm that
the PM3 method gives very long N—Li and Li—Li dis-
tances, while the DFT and MP2 results are in very good
agreement. This shows that the BI-optimised geometries are
adequate to use.

Figure 1. Optimised lithium amide dimers 3 and 4; For basis sets and relative energies: See text and cf. Table 3 and Scheme 4
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Table 1. Selected bond lengths (A) of lithium amide dimers 3, 4
and LiN(CH3), using different methods; for method abbreviations
see Computational Details)

Table 3. Calculated relative Gibbs free energies [kcal mol™!] of
dimers 3 and 4 (free and CO, and/or THF solvated) and the tran-
sition structures TS1—TS4

Structure  PM3 BI  BII MII MII mPWII mPWIII Structure BII//BII BII//BI BI//BI
3 4 0 0 0
N(@2)-Li(2) 201 191 1.88 3 +3.9 +3.6 +33
NQ2)-Li(l) 2.09 2.09 2.08 4—(THF) +0.1 +0.6 —4.1
N()-Li(l) 2.18 2.16 2.14 4a—(THF), - +7.2 -1.8
Li—Li 264 237 234 4b—(THF), - - +79
4 3—(THF) +25 +2.0 -1.9
N(Q2)-Li(2) 2.02 197 194 3—(THF), - +12.1 +3.6
N(@2)-Li(1) 2.05 201 1.99 3—(CO,) +8.6 +5.2
N()-Li(2) 2.13 211 2.09 3a—(CO,)—(THF) +12.5 +54
Li—Li 258 236 232 3b—(CO,)—(THF) +12.0 +5.6
LiN(CH;), 4—(COy) +9.7 +6.5
N-Li 201 196 194 196 196 1.93 1.93 4—(CO,)—(THF) +17.0 +9.6
Li—Li 238 230 227 230 231 227 2.26 TS1 +9.9 +6.5

TS2 +16.1 +8.4

TS3 +11.8 +8.5

TS4 +19.6 +12.0

However, although BI calculations might give accurate
geometries, it has been stated that to obtain acceptable ener-
gies for lithiated compounds, a basis set including diffuse
functions is needed.*>3 This is especially true when using
density functional theory.’® In order to explore this, we
have, at various levels of theory, calculated the dimerisation
energy for the model compound LiN(CHj3), and the sol-
vation energy resulting from specific coordination with a
dimethyl ether molecule (Table 2).

There is an excellent agreement between the BII/BI,
MIIT//MIIT and mPWIII/mPWIII calculated dimerisation
energies, while the solvation energies calculated using the
BI/BI approach are more consistent with the MII//MII and
mPWII/mPWIII values than those calculated at the BII/
BI level. Overall, the BII/BI energies seem to be the most
efficient alternative to use.

For our main system, we have compared relative free en-
ergies calculated with the BI//BI, BII//BI and BII//BII ap-
proaches (see Table 3). Dimer 4 is calculated to be 3.9 kcal
mol~! more stable than dimer 3 at the BII/BII level. Simi-
lar free energy differences are found at both the BII/BI and
BI//BI level of theory (Table 3).

To investigate the role of solvation of 3 and 4, specific
coordination of THF molecules was performed (Figure 2).
In 3, only the dicoordinated Li(2) was considered for solv-
ation, while in 4 both lithium cations were considered, be-
cause they are equivalent.

The free energies of solvation (AG,,) calculated at the
BII/BII level of theory is found to be —1.4 kcal mol ™! for
3 and +0.1 kcal mol~! for 4. It is observed that AG,, is
larger for 3 than for 4, meaning that with a sufficiently

powerful solvent the solvated dimer 3 will eventually be the
dominating species, in line with the observations of the
TMEDA solvated dimer 3.14 Both the BII//BI and BI//BI
approaches indicate that disolvation of 3 and 4 are pre-
dicted to be endergonic processes. Such structures are as-
sembled in the Supporting Information. Due to the small
solvation energies of 4 and the uncertainties in the accuracy
of the DFT functional used, it is predicted that the unsol-
vated isomer 4 together with 4—(THF) are in equilibrium
with both 4—(THF), and the isomer 3—(THF) (Figure 2).
Although the degree of solvation of the lithium amide
reactant 2 could not be determined computationally due to
this equilibrium, we show in the next section that addition
of carbon dioxide will result in relatively large kinetic differ-
ences between reaction paths involving solvent molecules
and those in which solvent molecules are not involved.

Addition of Carbon Dioxide

Addition of one molecule of CO, to dimer 4 initially re-
sults in the formation of the encounter complex 4—(CQO,),
in which one lithium cation coordinates the CO, molecule
(Figure 3). The free energy value resulting from this ad-
dition is calculated to be about +10 kcal mol~!; at the BII/
BI level of theory this is thus an endergonic process. Simi-
larly, addition of CO, to the dimer 3 gives the encounter
complex 3—(CO,) (Figure 3). The two isomers 3—(CO,)
and 4—(CO,) are close in terms of free energy; the differ-
ence is only about 1 kcal mol~! in favour of 3—(CO,).

Addition of THF to the most stable CO, solvated dimer
3—(C0O,) leads to 3—(CO,)—(THF) (Figure 4). Two almost

Table 2. LiN(CH3),: Calculated dimerisation and solvation energies [kcal mol™!]

Energy BI//BI BII/BI BII/BIT MII//MIL MITI/MIII mPWII/mPWII mPWIII/mPWIIL
Dimerisation energy —66.20 —57.60 —57.34 —59.90 —57.76 —60.26 —57.64
Solvation energy —17.49 —14.72 —14.60 —21.74 - —15.32 —17.18

2870 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Optimised monosolvated lithium amide dimers
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Figure 3. Optimised encounter complexes of dimeric lithium amides with CO,

isoenergetic isomers, 3a—(CO,)—(THF) and 3b—(CO,)—
(THF), mainly differing in the orientation of the CO, moi-
ety, were located on the potential energy surface (PES). In
both isomers the CO, molecule is weakly bonded to Li(2),
and thus the distortions of CO, in the encounter complexes
are found to be small relative to uncoordinated CO,. The
solvation energies are found to result in an equilibrium be-
tween the encounter complex 3—(CO,) and its solvated
counterparts, while 4—(CQ,) is probably not solvated in
THF.

Transition Structures for CO, Insertion into the N—Li
Bond

By gradually reducing the distance between the electro-
philic carbon atom in carbon dioxide and the nucleophilic
amidic nitrogen atom in the most stable encounter complex

Eur: J. Org. Chem. 2004, 2868 —2880 www.eurjoc.org

3—(CO,), a TS for carbamate formation, TS1, was detected
(Figure 5). The CO bond lengths in TS1 and the OCO an-
gle (170°) are indicative of an attack at the central carbon
atom. Only small changes in the N—Li bonds are detected
on going from 3—(CQO,) to TSI, indicating an early TS on
the reaction coordinate.

Since TS1 is found to be only 1.3 kcal mol~! less stable
than the complex 3—(CQ,) (Table 3), once the encounter
complex has been formed the product formation is almost
barrierless. Attempts to locate a TS from the encounter
complex 4—(CQO,) resulted in TS3. This TS has a free en-
ergy barrier of 2.1 kcal mol~! from 4—(CQ,). Comparison
of the free energies of the TSs with those of the separate
reactants (dimer 4, CO, and THF) shows that the lowest
activation barriers are found for the wunsolvated TSs TS1
and TS3 in which THF had previously dissociated. The sol-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2871
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Figure 4. Optimised isomers of THF solvated encounter complexes, cf. Figure 3

TSt

Figure 5. Optimised transition structures: TS1 for insertion of CO, into an N—Li bond of 3—(CO,), or TS3 for the analogues insertion

into 4-(CO,), cf. Figure 3

vated TSs TS2 and TS4 are given in the Supporting Infor-
mation. According to the energies of TS1 (+9.9 kcal mol ')
and TS3 (+11.8 kcal mol™ ), it is likely that both will con-
tribute to product formation but TS1 will predominate over
TS3. The activation barriers are low, in accordance with the
experiments that show that after addition of CO, to a lith-
ium amide solution, carbamate formation is completed rap-
idly (<1 h) at room temperature.l'? Thus, although reactant
4 is thermodynamically in equilibrium with the solvated
species 4—(THF), the unsolvated encounter complexes
3—(CO,) and 4—(CO,) are kinetically preferred according
to the DFT calculations presented here.

Heterodimer Formation
The product formations from the located TSs are found
to be stepwise and exergonic processes. Initially, a hetero-

2872 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dimer 5 composed of one lithium amide monomer and one
lithium carbamate monomer is formed (Scheme 2 and Fig-
ure 6). The most stable isomers of 5 are given in Figure 6;
others can be found in the Supporting Information.

CNQD UVO

4

Scheme 2. Formation of heterodimer 5 from lithium amide dimer
4 and carbon dioxide

Www.eurjoc.org Eur: J. Org. Chem. 2004, 28632880
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Figure 6. Optimised isomers of the heterodimer 5

The most stable TS (TS1) results in isomer 5b, while TS3
results in isomer 5S¢ (Figure 6). Several different isomers of
heterodimer 5 (5a—5h) have been located on the PES. How-
ever, the most stable isomer of 5 is 5d, which is calculated
to be —33.2 kcal mol~! more stable than the separate reac-
tants (Table 4). In this isomer the CO, moiety has inserted
into the N(2)—Li(2) bond.

Table 4. Calculated relative Gibbs free energies [kcal mol~'] of het-
erodimers 5a—h (free and CO, and/or THF solvated) and tran-
sition structures TS5—TS10 on the way to forming homodimers

Structure BII//BI BI//BI
4 0 0

5a — —21.6
5b -21.9 —254
5¢ —28.6 —-31.4
5d —-332 —34.4
Se — -29.0
5f —26.8 —28.3
5g — -30.0
5h — —21.7
5b—(THF) — —29.6
5d—(THF) -329 —38.5
5d—(THF), —29.6 —40.2
5g—(THF) — —35.8
5g—(THF), - —342
5b—(CO,) — —23.7
5¢—(COy) —23.2 —28.7
5d—(CO,) -29.1 —34.0
5f—(COy) — —28.8
5g—(COy) — —30.3
5d—(CO,)—(THF) —27.1 —36.8
TS5 —23.5 —27.6
TS6 —16.4 —21.2
TS7 —18.2 —24.3
TS8 —13.3 —-19.9
TS9 -20.5 —29.7
TS10 -20.5 -29.6

Eur. J. Org. Chem. 2004, 2868 —2880 wWWww.eurjoc.org

In 5d, an almost planar six-membered ring is formed in
which the two carbamate oxygen atoms coordinate one lith-
ium atom each, and the amide nitrogen atom coordinates
both lithium atoms (Figure 6). The amine nitrogen atom
from the lithium amide monomer additionally coordinates
one of the lithium cations, while the amine nitrogen atom
from the lithium carbamate is not part of the lithium coor-
dination sphere. The structural differences between the iso-
mers of the 5 series are mostly found in the amine nitrogen
and carbamate oxygen coordination to the two lithium cat-
ions. At this point we anticipate that coordination between
the lithium and amine-nitrogen atoms, both in the lithium
amide and in the lithium carbamate, can also be of import-
ance for dynamic processes in which the exchange of solvent
molecules coordinating the lithium cations is involved. The
computational studies of the isomerisation processes be-
tween structures Sa—5h (which are presumably separated by
small activation barriers) are therefore immensely difficult,
and thus have not been the objectives of this study.

Solvation of isomer 5d by one THF molecule results in a
net destabilisation of +0.3 kcal mol~!, calculated at the
BII//BI level of theory (Figure 7). Further solvation leads
to increased destabilisation (+3.3 kcal mol™!). Using the
BI//BI approach, 5d—(THF), is the most stable compound,
which indicates that in a THF solution the isomers 5d,
5d—(THF) and 5d—(THF), are in equilibrium. Other sol-
vated isomers of 5 are found to be less stable than
5d—(THF), sece Table 4.

Formation of Homodimers of the Lithium Carbamate

Addition of a second CO, molecule to the heterodimer 5
leads to the formation of the homodimer 6 of the lithium
carbamate 1 (Scheme 3).

Initially, CO, acts as a solvent for lithium forming an
encounter complex 5—(CO,), of which several different iso-
mers were located on the PES (Figure 8).

The most stable isomer is found to be 5d—(CQO,) (see
Table 4). However, the free energy for CO, solvation is cal-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2873
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5d-(THF)

Figure 7. Optimised THF solvated heterodimers 5d, cf. Figure 6
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Scheme 3. Formation of homodimer 6 from heterodimer 5 and car-
bon dioxide
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Figure 8. Optimised CO,/heterodimer encounter complexes

2874 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5£-(CO;)

1.91A

2 01ALT
Li i@
I 2.04A

culated to be +4.1 kcal mol™!, a similar magnitude to that
for 3. In some isomers of 5—(CQO,) the distance between
the CO, carbon atom and one of the carbamate oxygen
atoms is rather short (about 2.5—2.8 A; Figure 8). This
indicated the possibility of another reaction path from the
heterodimer, i.e. insertion into the O—Li bond rather than
the N—Li bond. However, no such reaction paths or stable
products thereof could be located using DFT methods, and
therefore such a reaction does not appear to be very
realistic for that type of a heterodimer. Nevertheless, as
indicated by our homodimer and monomer calculations

52-(COy)
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Figure 9. Optimised transition structures for the lithium carbamate homodimer formation from different encounter complexes 5—(CO,)

and CO,, cf. Figure 8

(cf. the paragraph “Further reaction paths” in Supporting
Information), such a path cannot be excluded completely.

The different encounter complexes located were used to
find TSs for formation of the homodimer 6 of the lithium
carbamate 1. Four different TSs for nucleophilic attack at
CO, by an amide nitrogen were located, TS5—TSS8, of
which TSS is calculated to be the most stable (Figure 9 and
Supporting Information).

The carbamate formation via TS5 requires 5.6 kcal
mol~! from the initial complex 5d—(CO,) at the BII//BI
level of theory. The calculated free energy activation barrier
for TS5 from reactant 4 and two molecules of CO, is —23.5
kcal mol™!, while from 5d it is 9.7 kcal mol~! (Table 4 and
Scheme 4). The other located TSs are at least 5.3 kcal mol ™!
less stable than TSS5.

10 3= FSt
4 3

- 0 'S Prad i)

TE 4- (€O,

£ o [ (OHE)

2 |

=20 .

g 5b* TS5

g 5d 5d .

: 30 S “Ed

g

§_40 5d- (COy

£ (THF)

< 50

" 6h-
60 6i—(THF)

e Seri Ghe

-70 6d 6h CFHF);

Scheme 4. Suggested preferred reaction pathway for lithium carba-
mate formation; free energies are calculated at the BII//BI level of
theory and are relative to the dimer 4, cf. Figure 1
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THF solvation of the most stable TS TSS indicates that
for this second step of CO, insertion, an equilibrium be-
tween solvated and unsolvated TSs is present. Both lithium
cations in TS5 were investigated by separate monosolvation
giving the isomers TS9 and TS10 with nearly equal free
energies of solvation (see Figure 9). In TS10, the unsolvated
lithium features coordination to both oxygen atoms in the
carbamate moiety, which differs from that observed in TSS.
The four different unsolvated TSs (TS5—TS8) were found
to lead to the formation of four different isomers in the
homodimer family 6. In addition, four other isomers were
located on the PES (Figure 10 and Table 5). This, in combi-
nation with the small energy differences of all these isomers,
again indicates the complexity of the systems involved in
this study. In the dimers 6, the second CO, moiety is in-
serted into a N—Li bond.

Among the different isomers of the homodimer 6, iso-
mers 6d, 6h and 6i were found to be the most stable, and
these structures are depicted in Figure 10, while the others
can be found in the Supporting Information. The most
stable isomers differ in the sense that 6h and 6i are ladder-
like dimers in which each lithium cation is coordinated to
one carbamate monomer in a bidentate fashion and to the
other monomer through one of the oxygen anions; thus
they are only coordinated to oxygen atoms. The “ladder-
system” is found to be remarkably flat. The major differ-
ence between 6h and 6i is the manner in which the two
monomers are coordinated; 6h can be viewed as left-coordi-
nated and 6i as right-coordinated. In 6d on the other hand,
one lithium ion is coordinated to oxygen atoms only as de-
scribed above, while the other lithium cation is coordinated
to one carbamate monomer in a monodentate fashion and
also to an amine-nitrogen atom.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2875
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Figure 10. Optimised lithium carbamate homodimers 6

Table 5. Calculated relative Gibbs free energies [kcal mol~!] of the
homodimers 6 (free and THF solvated)

Structure BII//BI BI//BI
4 0 0

6a — —62.3
6b —43.8 —48.9
6¢ — —634
6d —64.5 —67.8
of —-59.1 —64.3
6g —58.2 —62.8
6h —63.7 —66.2
6i —64.7 —67.0
6a—(THF) - —65.1
6d—(THF) —62.5 -71.5
6g—(THF) - —59.0
6h—(THF) —65.0 713
6h—(THF), —64.2 ~75.4

THF solvation of 6 causes a small stabilisation, or in
some cases a destabilisation. Thus, 6d, 6h, 6i, 6h—(THF)
and 6h—(THF), are the most stable dimers of lithium car-
bamate 1 with a free energy difference of only 1.3 kcal
mol ™! (Figure 11 and Table 5). In the disolvated isomer, the
ladder-like construction of 6h is broken and an eight-mem-
bered, boat-shaped ring consisting of four oxygen, two lith-
ium and two carbon atoms is formed. Such boat-shaped,
eight-membered ring structural motifs in lithium carbam-
atesl®”! and in lithium carboxylates!*®! have previously been
characterised by X-ray structural studies. In the monosol-
vated isomer 6h—(THF), only one of the rings in the ladder
is broken, which indicates that this is a structural intermedi-
ate between 6h and 6h—(THF),.

Monomer—Dimer Equilibrium of Lithium Carbamate 1
In order to elucidate the thermodynamic preference be-
tween monomers and dimers of 1 (Scheme 5), several differ-
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ent isomers of the monomer have been included in this
study (la—1d; Figure 12 and Table 6). Some of the less
stable monomer isomers can be found in the Supporting In-
formation.

The most stable isomer is found to be 1d, in which the
lithium is dicoordinated by the two carbamate oxygen
atoms.

Upon THF solvation, the disolvated lithium carbamate
monomer 1d—(THF), is preferred (Figure 13). It should be
noted that the relative energies for the monomers given in
Table 6 are quoted relative to the energy of dimer 4; thus
the true energy difference between monomeric isomers is
calculated by multiplying this number with the factor one
half. Further solvation as in 1d—(THF); destabilises the iso-
mer.

Interestingly, the calculated free energy for the dimeris-
ation of 1 is found to be relatively high (—23.5 kcal mol™ ).
Here, the most stable, solvated dimer 6h—(THF) is com-
pared with the most stable, solvated monomer 1d—(THF),.
These calculations clearly indicate that the dimer 6 is fav-
oured over the monomer 1. Furthermore, the aggregation
of two monomers of the lithium amide with two monomers
of the lithium carbamate which leads to the formation of
two heterodimers, is preferred over the formation of the
homodimers [see Equation (1)]. This means that there is no
thermodynamic driving force to separate the heterodimer
into monomers for further strongly exogenic reactions lead-
ing to homodimers.

25d+4 THF 2 1d-(THF) + 2 2-(THF) 4+ 6h~(THF) + 3 THF
0 22

M
These results shed some new light on our preliminary
study (°Li-'H HOESY experiments and cryoscopy measure-
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Figure 11. Optimised THF solvated lithium carbamate homodimers 6—(THF), from their precursors 6, cf. Figure 10

Figure 12. Optimised lithium carbamate monomer 1d

ments!'?)), which seemed to indicate that monomeric species
exist to a significant extent in the equilibrium. In this pre-
vious study we reported on the monomeric structures
1b—(THF), and 1d—(THF),, and found that 1b—(THF),
is thermodynamically less stable than 1d—(THF), but its
structure is more consistent with the interpretations from
the HOESY experiments. A plausible explanation that is in
agreement with both the experiments and calculations is

Eur: J. Org. Chem. 2004, 2868 —2880 www.eurjoc.org

Table 6. Calculated relative Gibbs free energies [kcal mol~'] of the
dimer (6) — monomer (1) equilibrium

Structure BII//BI BI//BI
4 0 0

6h—(THF) —65.0 -71.3
1a — —11.1
1b — —-8.2
1c — +14.6
1d -27.1 -22.5
la—(THF) — —35.0
la—(THF), —26.1 —43.1
1b—(THF), —18.0 -34.1
1d—(THF) — —46.1
1d—(THF), —41.5 —55.7
1d—(THF); — —48.4

1d-(THF),

Figure 13. Optimised THF solvated lithium carbamate monomer
1d—(THF),
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now presented. We suggest that the HOESY measurements
have been performed on a kinetically preferred isomer con-
taining the structural motif of 1b—(THF),, e.g. isomer 6d
(c.f. Figure 14), rather than the thermodynamically most
stable isomer 6h—(THF).

The product formation via TS5, the most stable TS for
homodimer formation, leads to isomer 6d. It should be
noted that isomer 6d is calculated to be only 0.5 kcal mol !
less stable than 6h—(THF). Considering the accuracy of the
DFT methods, the isomers should be seen as almost iso-
energetic. In the optimised structure of isomer 6d, as shown
in Figure 14, the upper part contains the structural motif
of 1b. Short Li—H distances (< 3.5 A) to the hydrogen
atoms at C2 and C2'/C5’ are detected, which are in agree-
ment with the HOESY measurements reported in our pre-
vious paper. On the other hand, the short distances to the
hydrogen atoms at C5 and C3'/C4’ as previously reported
could not be found in the conformations calculated here
(for atom numbering, see Scheme 1). As such interactions
are characteristic for structures which — e.g. starting with
6d — with great certainty can be interconverted by energeti-
cally inexpensive conformational changes, they belong to
a very flat part of the conformational energy surface. As
expected, in the related thermodynamically preferred “lad-
der-like”” isomers 6h and 6i no short Li—H distances could
be detected. Thus, they are not the dominant isomers on
which the HOESY-measurements have been performed.

Conclusion

In this study, we have computationally investigated reac-
tion mechanisms for the formation of chiral lithium carba-
mates from chiral lithium amides and CO,. The lithium am-
ide 2 exists as a mixture of THF solvated and unsolvated
dimers. There is a slight preference for dimer 4, which pos-
sesses equivalent lithium cations. We conclude from our in-
vestigations that the fixation of carbon dioxide through the
formation of the lithium carbamate follows a two-step
mechanism. Each step inserts one CO, molecule into a
nitrogen—lithium bond of a lithium amide dimer
(Scheme 4). Initial addition of carbon dioxide to the re-
agent leads to two almost isoenergetic encounter complexes
3—(C0O,) and 4—(CO,); the former is preferred by only ca.
1 kcal mol~'. From 3—(CQ,), this exergonic reaction pro-
ceeds over a small activation barrier (ca. 10 kcal mol™!) to
give the heterodimers 5 that are composed of one lithium
amide and one lithium carbamate. Interestingly, it is found
that the TSs without solvent coordination to the lithium
cation are more stable than those in which solvent mol-
ecules have been incorporated. Addition of a second carbon
dioxide molecule to the heterodimer then leads to the en-
counter complex 5d—(CQ,). Several homodimers 6 of the
lithium carbamate 1 are formed from 5d—(CQO,) after over-
coming a small activation barrier (ca. 5 kcal mol™!).

1b-(THF),

Figure 14. Structural motif similarities between lithium carbamate 6d dimer and the monomer 1b—(THF),

2878 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The rate determining step is computationally determined
to be the first CO, insertion reaction. A multitude of iso-
mers of both the hetero- and the homodimers were localised
and we propose that several isomers of 6 and of 1 will co-
exist in solution. However, when thermodynamic equilib-
rium conditions are present, the concentration of the mono-
mers of 1 can be expected to be quite low. Finally, in the
course of our systematic investigations we detected a novel
CO, fixation mode — the insertion of this cumulene into
O—Li bonds of carbamates, cf. Supporting Information. In
contrast with the formation of the most stable homodimer
isomers 6d and 6h—(THF), the formation of insertion prod-
ucts such as 7 is endergonic (+21 kcal mol~! relative to 6
+ CO,). At present, such reaction paths appear to be of
minor importance.

We think that the investigation presented here could serve
— due to its predictive power based on high-level DFT cal-
culations — as a useful tool for designing other metal-me-
diated reactions that can be employed for the fixation of
cumulenes and/or heterocumulenes.
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