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The geometries of the copper compounds CH;Cu (1), (CH3)Cu~ (2), (CHj3)2CuLi (3), (CHy)s,-
CuLi*H2O (4), [(CH3);CulLil; (5), and [(CH3)2CuLi]e2H20 (6) are optimized at the HF and
MP2 level of theory, using an effective core potential for Cu and all-electron basis sets for
the other atoms. The Cu—C bond strength is calculated at correlated levels, and the
electronic structure of 1—-6 is investigated using the topological analysis of the electron
density distribution and the natural bond orbital partitioning scheme. The optimized
geometries at the MP2 level appear to be reliable, while the HF optimized structures have
Cu—C bond lengths which are too long. Methylcopper (1) is predicted with a Cu—C bond
length of 1.923 A and a Cu—C bond strength D, = 45. 0 kcal/mol. Dimethylcuprate anion
(2) has a linear (D) structure and slightly longer Cu—C bond distances (1.963 A) than 1.
The global energy minimum structure of the monomeric form of Gilman’s reagent (CHj)s-
Culi (38d) is predicted with an open (noncyclic) geometry and a nearly linear CHs—Cu—CHj
moiety. The lithium atom in 8d is coordinated to only one methyl group. The cyclic forms
with a bridging lithium atom are no energy minima on the potential energy hypersurface at
the MP2 level of theory. Complexation of 8 by one water molecule at Li does not influence
the geometries and relative energies of the open and cyclic forms. The global energy
minimum structure of (CH3);CuLi-H;0 (4) is 4d, which has an open (noncyclic) geometry
with a nearly linear CH;—Cu—CHj; moiety. The dimeric form of Gilman’s reagent [(CHj)e-
CulLilz (8) has a planar cyclic geometry with Dy, symmetry. Complexation of § at the lithium
atoms by two water molecules gives [(CH3)2CuLil3)2H20 (6). The geometry optimization of
6 yields two energetically nearly degenerate forms 6a,b with slightly twisted geometries
which deviate only little from Dy, symmetry. The analysis of the electronic structure shows
that the Cu—C bonds in 1—6 are strongly polarized toward the carbon atom. The polar
Cu—C bonds have distinct covalent contributions, however. The copper bonding has mainly
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s-character (~90%) as revealed by the NBO analysis.

Introduction

The preparation of the first organocuprate Me,Culi,
which is commonly referred to as “Gilman’s reagent”,
was reported in 1952.2 Since then, organocopper com-
pounds have become versatile agents in organic syn-
thesis.? But in contrast to the accumulated knowledge
concerning the synthetic utility of organccuprates, there
is very little information about the structure of orga-
nocopper compounds. Only a few X-ray structure
analyses of organocuprates are reported in the litera-
ture.* The experimental determination of the structures
of cuprates is difficult, because the aggregation state is
frequently not known and because several aggregation
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states may coexist in solution. The ongoing controversy
about “higher order” and “lower order” cuprates5®
demonstrates the need for more detailed information
about the structure of cuprates. The conflicting inter-
pretation of the NMR spectra of the investigated
compounds indicates the difficulties of experimental
techniques to determine unambiguously the geometry
of organocopper compounds.>8

In principle, quantum mechanical calculations may
provide additional information about the equilibrium
structures, which in combination with the experimental
data might help in the characterization of the structure
of cuprates. However, accurate theoretical studies of
transition metal compounds are believed not to be
possible because of the large number of electrons at the
metal. In a systematic investigation? of the reliability
of effective core potentials (ECP) we are able to show
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that the geometries and energies of transition metal
compounds can be predicted in good agreement with
experiment. From this work? and further studies of the
structures of transition metal complexes!® we can expect
good accuracy for the calculated geometries of Cu(I)
compounds at the MP2 level (Méller—Plesset perturba-
tion theory terminated at second order)? using split-
valence basis sets with polarization functions in com-
bination with an ECP for Cu.

In the present study we report the calculated geom-
etries, bond energies, and electronic structures of the
methyl cuprates CH3Cu (1), (CH3)eCu~ (2), (CH3)2CuLi
(3), (CH3)2CuLiH20 (4), [(CH3)2CulLil: (5), and [(CH3z).-
Culilo2H50 (8). The electronic structure of 1-6 is
analyzed using the topological analysis of the electron
density distribution developed by Bader and co-work-
ers!® and the natural bond orbital (NBO) analysis
developed by Weinhold and co-workers.1!

Only very few theoretical studies of methylcuprates
have been published previously. Methylcopper (1) was
calculated by two groups,1212 at the Hartree—Fock (HF)
level of theory. The reaction course of the addition of 1
to o,B-unsaturated carbonyl compounds has theoreti-
cally been investigated by Morokuma et al.!® The most
accurate theoretical study of 1 was published by Bau-
schlicher et al.,* who used the modified coupled pair
functional approach (MCPF). Methylcopper (1) has also
been calculated using density functional theory (DFT).15
The optimized geometry of 2 is reported in one theoreti-
cal study of the HF level only.!8 A partially optimized
geometry for the dimeric form of Gilman’s reagent
[(CH3)2CuLile (5) at the HF/STO-3G level using fixed
bond distances was reported by Stewart et al.l” There
are no other theoretical studies of the equilibrium
geometries of 3—6 known to us. We point out that
isomeric structures of (CH3)sCuLiz2H0 have thereti-
cally been investigated at the PRDDO and MP2/ECP
level of theory by Snyder et al.l®

Theoretical Details

The geometry optimizations were performed at the Har-
tree—Fock (HF) and MP2 level® of theory, using an effective
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Table 1. Notation of the Basis Sets I-III
BSI BS 1l BS IIT

Cu (ECP) [441/41/41] (ECP) [441/2111/41] (ECP) [441/2111/41/1)
C,H Li,O 321G 6-31G(d) 6-31+G(d)

core potential (ECP) for Cu developed by Hay and Wadt!®
which replaces the 1s—2p core electrons. For the 3s and 3p
outer core electrons and the 4s and 3d valence electrons (19
electrons) basis functions with the contraction schemes [441/
41/41] and [441/2111/41] are employed.” For the other atoms
the all-electron basis sets 3-21G% and 6-31G(d)** were used.
A set of five primitives is used for the d polarization functions.
The vibrational frequencies and zero-point energies (ZPE) were
calculated at the HF and MP2 levels of theory. Improved total
energies were calculated using Moller—Plesset perturbation
theory terminated at fourth order MP4 (SDTQ).22 In a few
cases, additional energy calculations were carried out at the
MP2 and CCSD(T) level (coupled-cluster theory with single,
double, and noniterative estimate of triple excitations)?® using
a larger basis set. For these calculations, the basis set for Cu
was augmented by an additional set of f-type polarization
functions [441/2111/41/1] with an exponent® of 3.525. A
6-31+G(d) basis set??® was used for the other atoms. The
different basis sets BS I, II, and III used in this study are
summarized in Table 1.

The calculations were carried out using Gaussian 90,2
Gaussian 92,27 TURBOMOLE,?® and ACES I1.22 For the
calculation of the electron density distribution g(r), the gradi-
ent vector field Vo(r), and its associated Laplacian V2o(r) the
program PROAIM, SADDLE, GRID, and GRDVEC were
used.’® The NBO analysis!! was carried out using Gaussian
92.27

Results and Discussion

Figure 1 shows the optimized structures of CH3Cu (1),
(CH3)2Cu~ (2), (CHjs)oCuLi (3), (CHs)9CuLi-H0 (4),
[(CHg3)2CulLil, (5), and [(CH3)2CuLile2H20 (6). Table
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Figure 1. Optimized structures of CHsCu (1), (CH3)2Cu~ (2a,b), (CH3);CuLi (3a—d), (CH;);CuLiH;0 (4a—d), [(CHs)s-

Culi]; (5), and [(CH3)2CuLil»2H;0 (6a,b).

2 lists the optimized geometry parameters. Table 3
gives the calculated total energies and zero-point ener-
gies for the compounds 1-6.

The optimized structure of methylcopper (1) has Cs,
symmetry. It isinteresting that the Cu—C bond length
of 1 calculated at the HF level is the same (2.005 A)
using basis sets I and II (Table 1). The calculated Cu—C
bond distance of 2.005 A is similar to the values at the
HF level of theory reported by other workers (1.991,12
2.040 A 1%5), The higher value of 2.040 A reported by
Dorige and Morockumal?® is probably due to the large-
core ECP (11 valence electrons) used by these authors.
At the MP2/11 level, the Cu—C distance is predicted to
be 1.923 A, which is significantly shorter than the HF
value. Previous studies have shownS5¢—¢ that metal—
ligand distances of transition metal complexes in Jow
oxidation states calculated at the MP2 level are in good
agreement with experimental values, while the bond
lengths predicted at the HF level are too long. The
optimized geometries of cuprates reported here are in

agreement with this observation.8—¢ The MP2/1I value
of 1.923 A for the Cu—C bond length of 1 is close to the
MCPF result of 1.936 A.1¢ The reported bond length of
1.86 A using DFT techniques is probably too short.1
The good agreement of the HF value (2.005 A) with the
measured Cu—C bond length of 2.04 + 0.05 A for the
crystal structure of an alkylcopper tetramer3? is prob-
ably fortuitous. The copper atoms in the tetramer are
dicoordinated. Our results for 2—6 indicate that di-
coordinated Cu complexes have longer Cu—C distances
than monocoordinated complexes.3!

We calculated the Cu—CHj bond strength of 1. Table
4 presents the theoretically predicted dissociation ener-

(30) Jarvis, J. A,; Killbourn, B. T.; Pearce, R.; Lappert, M. F. J.
Chem. Soc., Chemm. Commun. 1973, 475.

(31) The only available experimental value for 2 monocoordinated
Cu—C compound has been published for a Cu—phenyl complex. The
Cu—C distance of Cu—Cg¢Hj; calculated at MP2/1I is 1.900 A (Béhme,
M.; Frenking, G. To be published. The experimental value is 1.890 A:
Lingnau, R.; Strihle, J. Angew. Chem. 1988, 100, 409; Angew. Chem.,
Int. Ed. Engl. 1988, 27, 436.
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Table 2. Optimized Bond Distances ry—p (A), Angles (deg), and Torsion Angles (deg) of the Calculated Structures 1—-6

no. sym rcl—Cu reu—c? rei—Li rLi—c? oc—cu—C rcu—Cu L method
1 Cay 2.005 HF1
2.005 HF/II
1.923 MP2/11
2a D3y 2.025 2.025 180.0 HF/N1
2.053 2.053 180.0 HF/MI
1.963 1.963 180.0 MP2/1IL
2b D3g 2.025 2.025 180.0 HFN1
2.054 2.054 180.0 HF/TL
1.963 1.963 180.0 MP2/11
3a Cay 2.113 2.113 2.277 2.277 129.3 HF/1
2.147 2.147 2272 2272 126.9 HF/I
1.971 1.971 2.574 2.574 1554 MP2/11
3b Cay 2.127 2.127 2.236 2.236 126.2 HF/1
2.164 2.164 2.233 2.233 123.2 HF/I
1.965 1.965 2.650 2.650 161.0 MP2/1I
3c Cy 2.010 1.915 2.058 3.687 179.8 MP2/11
3d Cy 2.009 1.916 2.058 3.692 179.9 MP2/I
4a Cyy 2.058 2.058 2.470 2.470 143.3 HF/1
2.106 2.106 2412 2412 1364 HF/II
1.959 1.959 2.658 2.658 160.8 MP2/11
4b Ca 2.076 2.076 2.400 2.400 137.9 HF1
4c C1 2.086 2.023 2.121 3.742 169.8 HFA1
2.118 2.033 2.097 3.763 168.5 HF/II
4d Ci 1.998 1.942 2.077 3.731 175.2 MP2/11
5 Doy 2.057 2.057 2.086 2.086 1727 3.878 180.0 HF/1
2.066 2.066 2.069 2.069 1742 3.904 180.0 HF/L
1.968 1.968 2.043 2.043 174.2 3.826 180.0 MP2/1I
6a Cy 2.047 2.047 2.211 2211 169.1 3.753 173.1 HF/1
2.062 2.062 2.194 2.194 169.1 3.758 174.2 HF/M1L
1.982 1.982 2.255 2.255 167.7 3.763 177.0 MP2/1
6b G 2.047 2.047 2.214 2.205 169.3 3.731 165.9 HFN1
2.064 2.063 2.203 2.189 173.0 3.588 147.1 HF/IL
1.983 1.983 2.259 2.240 168.5 3.775 177.5 MP2/1

2 Torsion angle 7(C2—Cu—C*—Li).

gies at the MP2, MP3, and MP4 levels of theory using
basis set II and at the MP2 and CCSD(T) level using
basis set III. Previous theoretical studies using the
MCPF approach give a “best” value for D, = 49.9 keal/
mol after estimated corrections are made for relativistic
effects and basis set incompletion.’* The directly cal-
culated MCPF value is D, = 45.8 kcal/mol.1* The
theoretical value using DFT techniques is D, = 56.9
kcal/mol.’ Experimentally, the Cu—CHj bond strength
is estimated as 55 + 4 kcal/mol.32 Our theoretical
values (Table 4, reaction I) are in good agreement with
the theoretical and experimental estimates. The
Cu—CHjs; bond strength is predicted to be 47.0, 36.5, and
53.3 kcal/mol at MP2/1I, MP3/11, and MP4/11, respec-
tively (Table 4, reaction I). An oscillating behavior of
the calculated energies using Méller—Plesset perturba-
tion theory for transition metal complexes has been
found earlier.13® The CCSD(T) value D, = 45.0 kcal/
mol is in excellent agreement with the previous theo-
retical value 45.8 kcal/mol predicted at the MCPF
level.1* We think that the bond energies calculated at
CCSD(T) should be reliable.34

The dimethylcuprate anion (2) is the only methylcu-
prate whose geometry is known from X-ray diffraction
analysis.?® The (CHj3);Cu~ anion in [Li(12-crown-
4)5[(CH3)2Cu] has a linear structure with a Cu—C

(32) Armentrout, P. B.; Georgiadis, R. Polyhedron 1988, 7, 1573.

(33) (a) Jonas, V.; Frenking, G.; Gauss, J. Chem. Phys. Lett. 1992,
194, 109. (b) Neuhaus, A.; Frenking, G.; Huber, C.; Gauss, J. Inorg.
Chem. 1992, 31, 5355.

(34) Total Energies (au) of CHgy(2A;) and Cu(lS), respectively:
—39.66963, —195.26489 (MP2/1I); —39.68566, —195.18234 (MP3/1I);
—39.69020, —195.28665 (MP4/II); —89.67330, —195.43495 (MP2/1II).
Total Energies (au) of CHj3(2A;), Cu(!S), CuCHj;, respectively, at
(CCSD(TY/III): —-39.69572, —195.40323, —235.10857.

(35) Hope, H.; Olmstaed, M. M.; Power, P. P.; Sandell, J.; Xu, X. J.
Am. Chem. Soc. 1985, 107, 4337. -

distance of 1.935 A and staggered methyl groups. The
calculated Cu—C bond lengths of 2a,b at HF/I (2.025
A) and at HF/II (2.054 A) are longer than the experi-
mental value. At the MP2/II level a better agreement
of the theoretical Cu—C bond length (1.963 A) with the
experimental result (1.935 A) is achieved. The calcula-
tions predict that the eclipsed conformer 2a and the
staggered form 2b are energetically nearly degenerate
(Table 3). The D3 structure 2a is a minimum at HF/II
and MP2/II. The calculated bond strength (CHj-
Cu—CHs)™ of 2a is 106.1, 93.4, and 115.8 kcal/mol at
MP2/11, MP3/II, and MP4/II, respectively (Table 4,
reaction II). Thus, the MPn series shows again oszil-
lating bond energies. The lower D, value at MP2/III
(83.5) indicates that the addition of diffuse functions has
a significant influence on the calculated bond energy of
the cuprate anion. The calculated Cu—C bond strength
of 2a at CCSD(T)/III is D, = 77.5 kcal/mol.

Several isomeric forms (8a—d) were calculated for the
monomeric form of Gilman’s reagent (CH3)2CuLi (3)
(Figure 1). Geometry optimization of bridged forms
with Cy, symmetry yields the conformers 3a,b. Struc-
ture 3a is an energy minimum at HF/I and HF/II, while
3b has two imaginary frequencies which belong to the
rotation of the methyl groups. At MP2/I1 both confor-
mations 3a,b are not minima on the potential energy
surface. Relaxation of symmetry constraints leads to
the open structures 3c,d, which have a nearly linear
(CHj3);Cu~ fragment with the Li atom coordinated to
only one methyl group. The open forms 3e¢,d have one
Cu—C bond which is shorter and one Cu—C bond which
is longer than in the cyclic forms 3a,b (Table 2).
Structure 3c has one imaginary frequency at MP2/11,
which corresponds to the rotation of the monocoordi-
nated methyl group. The isomeric form 3d is a
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Table 3. Total Energies Ey,. (hartrees), Relative Energies Eq (kcal/mol), Number and Wavenumber (cm™) of Imaginary

Frequencies i, and Zero-Point Energies ZPE (kcal/mol) of the Calculated Structures 1—6

no. sym Eiot. Er ZPE i level of theory
1 Csy —234.356 96 20.6 0 HF/1
—234.574 04 20.4 0 HF/I
—235.014 10 20.2 0 MP2/11
—234.930 93 MP3/11¢
—235.066 50 MP4/11
—235.190 69 MP2/1114
—235.173 49 CCSD(T)/II®
2a Dsy, —273.744 53 0.0 39.9 1(—4) HF/1
—274.180 56 0.0 39.4 0 HFT
—-274.791 08 0.0 40.3 0 MP2/IL
—274.702 46 0.0 MP3/114
—274.880 36 0.0 MP4/11¢
. —274.979 50 0.0 MP2/11T#
-274.975 45 0.0 CCSD(T)/III*
2b Dsa —273.744 52 <0.1 39.9 1(—17) HF1
—274.180 55 <0.1 394 1(~24) HF/I
—274.791 05 <0.1 40.3 1(—32) MP2/1I
—274.702 47 <0.1 MP3/TI¢
—274.880 25 <0.1 MP4/11¢
—274.97945 <0.1 MP2/11I4
—274.975 41 <0.1 CCSD(T)/III?
3a Cyy —281.160 87 0.0 41.0 0 HF/1
—281.641 18 0.0 40.7 0 HF/II
—282.253 46 0.0 41.6 1(—124) MP2/11
—282.166 24 0.0 MP3/1I°
—282.343 96 0.0 MP4/114
~282.43572 0.0 MP2/11I4
—282.433 29 0.0 CCSD(T)/II4
3b Cyy —281.160 74 0.1 41.0 2(-26,—14) HF/1
—281.64078 0.3 40.3 2 (—71, —60) HF/I
—282.25095 1.6 412 3 (~187, —126, ~118) MP2/11
3c Cy —282.258 50 —-32 41.2 1(—39) MP2/1I
3d C —282.258 61 —-3.2 419 0 MP2/11
—282.166 77 -0.3 MP3/11?
—282.353 88 —-6.2 MP4/1I1°
—-282.441 09 —-34 MP2/1II#
—282.436 77 —-2.2 CCSD(D/11I#
4a Ca —356.804 60 0.0 55.2 1(—47) HF/1
—357.684 74 0.0 54.9 1(—58) HF/L
—358.493 03 0.0 553 2 (—145, —100) MP2/11
—358.409 43 0.0 MP3/1I*
—358.595 19 0.0 MP4/11°
—358.683 22 0.0 MP2/111¢
4b Cy --356.804 38 0.1 54.9 3 (—~65, —18, —14) HF/1
4c C —356.813 87 -58 56.5 0] HF/1
—357.689 51 -3.0 56.4 0 HF/I
4d Ci —358.502 67 —6.1 56.5 0 MP2/1L
—358.418 88 -5.9 MP3/1I#
—358.603 72 —-5.4 MP4/I*
—358.689 96 —-4.2 MP2/1114
5 Dy —562.421 98 85.2 0 HF/1
—563.369 76 84.2 0 HF/1
—564.63071 86.2 0 MP2/11
—564.450 50 MP3/11¢
—564.822 40 MP4/11¢
6a Cy —713.686 02 0.0 114.0 0 HF/1
—715.434 57 0.0 133.3 1(-21) HF/IL
—714.781 06 0.0 MP2/1
—=717.074 02 0.0 MP2/T1®
6b G ~713.685 99 <0.1 114.0 1(—15) HF/T
—715.435 51 -0.6 113.1 0 HF/T
—714.781 03 <0.1 MP2/1
—717.074 10 —-<0.1 MP2/I1®

¢ Geometry optimized at MP2/Il. ® Geometry optimized at MP2/1.

minimum at MP2/I1. Calculations at the CCSD(T) level
indicate also that the open form of (CHj3)2Culi is lower
in energy than the cyclic structure. The isomeric form
3d is 2.2 kcal/mol more stable than 3a (CCSD(T)/III),
Table 3).3¢ This is an important result, because previ-

(36) (a) A lower energy (—5.3 keal/mol) for the open form 8d than
for the cyelic structure 3a has also been calculated at the MP2 level
using an all-electron basis set for Cu [8s6[4d1f]?6b-d and 6-31G+G(d)
basis set for the other atoms. Bthme, M.; Frenking, G. Unpublished.
(b) Wachters, A. J. H. J. Chem. Phys. 1970, 52, 1033. (c) Hay, P. J.
Ibid. 19717, 66, 4377. (d) Stewart, R. F. Ibid. 1970, 52, 431.

ous theoretical studies of the addition of 3 to olefins
considered only the cyclic form.!3

The calculated reaction energy D, for the formation
of the global energy minimum form 3d from CuCHj; and
LiCHj3 is 49.5, 35.5, and 63.3 kcal/mol at MP2/II, MP3/
II, and MP4/I1, respectively. At MP2/1II D, is 50.2 kcal/
mol (Table 4, reaction III). As for reaction I and II
(Table 4) the oscillation of the D, values can be ex-
plained by the change of the coordination number of
copper in these reactions. The D, values at MP2/1I (49.5
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Table 4. Calculated Reaction Energies AE Using
Geometries Optimized at MP2/II for the Reactions I-IV®

CH;' + Cu— CH,Cu (1) [43)
CuCH; (1) + CH;” — (CH,),Cu™ (2a) (I1)
CuCH; (1) + LiCH, — (CH,),CuLi (3d) n
(CH,),CuLi (3d) + H,0 — (CH,),CuLi*H,0 (4d) av)
2(CH,),CuLi (3d) — ((CH,),CuLi), (5) V)
reacn
method I I I v A%

MP2/11 50.0 (47.0) 108.9 (106.1) 50.8 (49.5) 30.4 (28.2) 71.2(68.8)
MP3/11 39.5(36.5) 96.2(93.4) 36.8(35.5) 31.8(29.6) 73.4(71.0)
MP4/I 56.3(53.3) 118.6(115.8) 64.6 (63.3) 27.6(25.4) 71.9(69.5)
MP2/II 51.7(48.7) 86.3(83.5) 51.5(50.2) 25.3(23.1)

CCSD(T)/III 48.0 (45.0) 80.5(77.5) 45.8(42.8)

4 Values in parentheses include zero-point energy corrections calculated
at MP2/II.  All values are given in kcal/mol.

kcal/mol) and at MP2/1II (50.2 kcal/mol) show that the
basis set II is nearly saturated. The CCSD(T)III value
for the complex formation energy of 3d is D, = 42.8 keal/
mol (Table 4).

We also studied the effect of solvent complexation
upon the structures and relative energies of the bridged
(8a,b) and open (38c,d) forms of 8. Addition of one water
molecule to Li in 3a,b gives structures 4a,b (Figure 1).
The Cu—C bonds are shorter and the Li—C distances
are longer in 4a,b than in the uncomplexed molecules
3ab. Structure 4a is a transition state at HF/I and HF/
II (one imaginary frequency) and a higher order saddle
point at MP2/I1 (two imaginary frequencies). Structure
4b has even three imaginary modes at the HF/I level.
Therefore, no further calculations were performed for
4b. Geometry optimization, without symmetry con-
straints results in the open forms 4e¢,d, which have a
nearly linear C—Cu—C moiety and a monocoordinated
Li. At HF/1 and HF/II structure 4c¢ is an energy
minimum, but optimization of 4e¢ at MP2/I gives
structure 4d, which is a minimum at this level of theory.
The stabilization energy of 4d due to complexation by
one water molecule is —25.4 keal/mol at MP4/II//MP2/
IT (Table 4, reaction IV). The energy difference between
4a and 4d is 5.4 kcal/mol at MP4/1I//MP2/1I in favor of
4d (Table 3). The energy difference between the un-
complexed forms 3a and 3d at MP4/1I//MP2/11 is 6.2
kcal/mol in favor of 8d. It follows that the complexation
of 8 by one water molecule has little influence upon the
relative energy of the bridged and open forms of 3 and
4, respectively. Thus, theory predicts that the mono-
meric form of Gilman’s reagent (CH3)CuLi has an open
(noncyelic) structure in the gas phase as well as in
solution.

Dimerization of 3d leads to [(CH3)oCuLils (5). Ex-
perimental studies have shown that Gilman’s reagent
is a dimer in diethyl ether.3738 The results of tH-NMR
and solution X-ray scattering measurement of 5 in ether
indicate that 5 has a cyclic structure with approximate
Dy, symmetry.3® The X-ray structure analysis of the
phenyl derivative of Gilman’s reagent [(CeHs)2Culi]s3®
reveals a twisted eight-membered ring with nearly
linear RsCu fragments, which are linked by the Li

(37) Lipshutz, B. H.; Kozlowski, J. A.; Breneman, C. M. J. Am.
Chem. Soc. 1985, 107, 3197.

(38) Pearson, R. G.; Gregory, C. D. J. Am. Chem. Soc. 1976, 98, 4098.

(39) Lorenzen, N. P.; Weiss, E. Angew. Chem. 1990, 102, 322; Angew.
Chem., Int. Ed. Engl. 1990, 102, 300.

Béhme et al.

counterions. The Li atoms are tricoordinated; the
additional coordination site is occupied by an ether
molecule.??

We calculated [(CH3);CulLile (5) with a planar ring
structure with Dg, symmetry (Figure 1). Structure
5 is a minimum at all three levels of theory. The Cu—C
bond distances are 2.057 A at HF/I, 2.066 A at HF/II,
and 1.968 A at MP2/II. The (CHj3);Cu fragments are
nearly linear (a(C—Cu—C) = 172-174°). Also, the
C—Li—C angles are only slightly bent (e(C—Li—C) =
160—167°). The calculated Cu—Cu distances are 3.878,
3.904, and 3.826 A at HF/I, HF/II, and MP2/11, respec-
tively. A Cu—Cu distance of 4.4 + 0.7 A was estimated
from the X-ray scattering pattern of 5 in ether solu-
tion.38 X-ray studies of solid cuprates containing larger
organic groups give Cu—Cu distances between 2.7 and
3.0 A4 The calculated dimerization energy of 38d
yielding 5 (reaction V, Table 4) is 69.5 kcal/mol at MP4/
I//MP2/I1. We optimized 5 using different starting
geometries such as a twisted form of 5, dimeric forms
of 8a, and a structure with a tetrahedral CusLis core.
The only energy minimum form which could be found
is the Dy, form 5.

Geometry optimization of 5 complexed by one water
molecule at each Li atom gives a slightly twisted ring
structure for the isomeric forms 6a,b (Figure 1). The
optimized geometries of [(CHj3)oCuLile2H20 (6a,b) gave
C2, and C; symmetry, respectively. The complexation
of the lithium atoms yields significantly longer Li—C
distances compared to 5 (Table 1). The Cu—C bond
lengths are predicted at the MP2 level to be slightly
longer in 8a,b than in 5. The energy difference between
the isomeric forms 6a,b is very small at all levels of
theory (Table 3). The two structures differ only slightly
in the torsion angle 7(C2—Cu—C*—Li) (Table 1), which
is a measure of the degree of twisting.

A comparison with the crystal structure of [Li(OEt)s)-
CuPh;]2® (7) shows that 6 has a less twisted ring than
7, probably due to the different steric interactions in
the two compounds. This explains why the internuclear
Cu—Cu distance in 6a (HF/I, 3.753 A; HF/IL, 3.758 A;
MP2/1, 3.763 A) and in 6b (HF/I, 3.731 A, HF/II, 3.588
A; MP2/1, 8.775 A) are longer than in 7 (2.87 A). Except
for the Cu—Cu distance, the calculated geometries for
6a,b are very similar to that for the experimentally
obtained structure 7. As noted above, experimental
studies of 5 in ether showed that the complex has nearly
Dy, symmetry. This is in excellent agreement with the
optimized structures of 6a,b at the MP2/1 level, which
deviate only slightly from Dy, symmetry (twisting angle
7 = 177.0° (6a), 177.5° (6b)).

In further studies we investigated the electron density
distribution of 1, 2a, 3a.d, 4a,d, 5, and 6b using the
topological analysis of the electron density distribution
developed by Bader and co-workers.! Figure 2 sum-
marizes the Laplacian distribution for 1, 2a, 3a,d, 4a,d,
5, and 6b. Table 5 gives the results of the topological
analysis of the wave function.

The contour line diagram of 1 (Figure 2a) reflects a
nearly isotropical Laplacian distribution with an area
of charge depletion (VZo(r) > 0, dashed lines) around
Cu. The carbon atom has an area of charge concentra-
tion (V2o(r) < 0, solid lines) pointing toward the copper
atom. The shape of the Laplacian distribution suggests
that the Cu—C bonding in 1 is best described as an
interaction between a methyl anion and copper cation.
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() 2a

() 3a

@© 3d

Figure 2. Contour line diagrams of the Laplacian distribution V2p(r): (a) Structure 1 at MP2/1I; (b) structure 2a at
MP2/1I; (¢) structure 3a at HF/II; (d) structure 3a at MP2/11; (e) structure 3d at MP2/1I1; (f) structure 5 at MP2/II. Dashed
lines indicate charge depletion (V2p(r) > 0); solid lines indicate charge concentration (V2o(r) < 0). The solid lines connecting
the atomic nuclei are the bond paths; the solid lines separating the atomic nuclei indicate the zero-flux surfaces in the
molecular plane. The crossing points of the bond paths and zero-flux surfaces are the bond critical points ry.
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Table 5. Results of the Topological Analysis of the Wave
Function for 1, 2a, 3a,d, 4a,d, 5, and 6b: Laplacian
Concentration —V2p(rp,) (¢ A~5), Energy Density (hartree
A-3), and Electron Density o(rp) (e A~3) at the Bond Critical
Point rp, (R Related to RX—Y) =1)

no. method X—Y oy —V%@&, Hy, R(X-—T1v) Rrpy—Y)

1 MP2II Cu—C 0.748 6.639 —0252 0.506 0.494
2a MP2II Cu—C! 0710 8.033 —0.218 0486 0.514
3a HFII Cu—Li 0.143 2411 0.004 0.633 0.367
Cu—C 0481 6.596 —0.062 0477 0.523
Li—C 0.149 2578 0.023  0.343 0.657
3a MP2II Cu—Li 0.182 2689 —0011 0.638 0.362
Cu—-C 0.692 7945 -0204 0.490 0510
3d MP2II Li—C! 0205 4.006 0.032  0.356 0.644
Cu—C! 0.636 7.782 —0.169 0.482 0.518
Cu—C? 0.787 7.580 —0.280 0.496 0.504
4a MP2II Cu—Li 0.175 2488 -0.012 0.639 0.361
Cu—C 0712 8002 -0.220 0491 0.509
4d MP2/II Li—C!' 0.184 3.664 0.033  0.360 0.640
Cu—C! 0654 7.900 —0.180 0.484 0.516
Cu—C? 0738 7.841 —0.241 0493 0.507
5 MP2II Cu—Cu 0.061 0.279 —0.002 0.500 0.500
Li—Li 0.061 0279 —0.002 0.500 0.500
Cu—C 0.695 7.892 —0.208 0.489 0.511
Li—C 0.186 3.879 0.035  0.366 0.634
6b MP2/1I1* Cu—C 0.670 7.602 —0.199 0.488 0.512
Li—C 0.129 2279 0.024 0.352 0.648

4 Geometry optimized at MP2/1.

The NBO analysis reveals a partial negative charge of
—0.54 e at CH; and a positive charge of +0.54 at Cu
(Table 6). The energy density at the bond critical point
of the Cu—C bond of 1 (H}, = —0.252, Table 5) indicates
largely ionic character but that there are clearly cova-
lent contributions. A negative value of H, has been
suggested to indicate covalent bonding with typical
values for C—C and C—H bonds between —1 and —3,
while ionic and van der Waals interactions are charac-
terized by Hy = 0.4° The location of the bond critical
point ry, is nearly in the middle of the Cu—C bond
(R(Cu—ryp) = 0.508).

The Laplacian distribution for 2a shows (Figure 2b)
a similar shape for the Cu—C bonds as in 1. The results
of the topological analysis indicate slightly less covalent
contributions to the Cu—C bonds in 2a than in 1 (H}, =
—0.218). The additional negative charge is concentrated
at the methyl groups. The partial charge at Cu in 2a
calculated by the NBO partitioning scheme is +0.48
(Table 6), which is nearly the same as in 1.

The contour line diagram of 3a (Figure 2¢, HF/II/HF/
II; Figure 2d, MP2/IVMP2/II) indicates a nearly iso-
tropical Laplacian distribution with an area of charge
depletion around Li and Cu. It is illustrative to discuss
the electronic structure of 3a at the HF/II and MP2/11
level of theory, because the two theoretical levels lead
to qualitatively different interpretations of the electronic
structure. From the analysis of the electron density
distribution of the HF/II level, result bond paths be-
tween Cu—C, Cu—Li, Li—C, and two ring critical points
for 3a. Thus, the topology of the electronic structure
at HF/II indicates that 3a should be considered as a
bicyclic compound. The dropletlike appendix of charge
concentration at the carbon atoms points toward the
center of the bicyclic ring. The H), values for the Cu—C
and Li—C bonds are nearly zero, indicating purely ionic
bonds. The MP2/II results are different. At the cor-
related level the bond paths between Li and the carbon
atoms disappear (Figure 2d). The area of charge
concentration at C is clearly directed toward Cu. The
energy densities at the bond critical points for the Cu—C
bonds show distinct covalent contributions (H, =
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—0.204). It is noteworthy that the calculated partial
charges at the methyl groups in the neutral compound
3a have the same negative values (—0.74, Table 6) as
in the anion 2a. Thus, the bonding situation in 3a
analyzed at the MP2/II level is characterized by polar
Cu—C bonds similar to 2 with an ionic bonded Li atom
bridging the carbon atoms. This result is in agreement
with an earlier MO study by Stewart et al.1”7 They found
that the methyl groups in [(CHj);CulLil; have lone pair
electrons which are almost exclusively bonded to copper
rather than to lithium.

The Laplacian distribution of 3d is very similar to 3a,
but the bond paths and critical points indicate a slightly
different type of electronic structure. Unlike 3a, the
isomeric form 3d has a bond path between Li and C1.
The topology of the electronic structure indicates that
3d has an open noncyclic form with the Li atom bonded
only to C. The Li—C bond is purely ionic as revealed
by the Hj, value 0.032 (Table 5). The Laplacian distri-
bution pictured in Figure 2e explains the acute
Cu—C!—Li angle in 3d. The electronic charge at the
negatively charged carbon atom exhibits an area of
charge concentration toward the Cu atom. The posi-
tively charged Li atom is attracted by the accumulation
of charge at C! in the Cu—C bonding region, which is
only slightly distorted by the Li cation. This has
nothing to do with Cu—Li attractive interactions, which
might be expected because of the short Cu—Li distance.
The Hy values for the Cu—C bonds of 8d indicate
covalent contributions (—0.169, —0.280).

The Laplacian distribution of the water-complexed
structures 4a,d shows very little differences relative to
the uncomplexed forms 3a,d, respectively. Therefore,
they are not reproduced here. Table 5 shows that the
results of the topological analysis are very similar for
the respective monomeric lithium cuprates with and
without water.

The Laplacian distribution for the dimeric cuprate 5
(Figure 2f) at the MP2/11 level gives bond paths between
C and Li, unlike the monomeric form 3a, which has only
Cu—C bond paths (Figure 2d). The shape of the
Laplacian distribution demonstrates that the methyl
groups in 5 resemble the CHj; group of 8d (Figure 2e).
The Cu—C bonds in 5 are partially covalent (Hy, =
—0.208). The Laplacian distributions of 6a,b are very
similar to 5. Therefore, they are not shown here. The
analysis of the electron density distribution at MP2/11
using the MP2/] optimized geometry indicates that the
complexation of Li by one water molecule in 6 has little
influence upon the nature of the copper bonding, similar
to the situation in the case of 4.

We also studied the electronic structure of 1, 2a, 3a,d,
5, and 6b using the natural bond orbital analysis.!!
(Table 6). The results (Table 6) reveal a nearly complete
occupation of the 3d(Cu) orbitals (occupation > 9.8 e),
while the 4p(Cu) orbitals remain practically unoccupied.
Except for the 4s(Cu) orbital, the calculated metal AO
populations do not differ significantly from the formal
population (45°93d1%4p®) of Cu™. The population of the
4s orbital at Cu is between 0.52 e (1 and 6b) and 0.68
e (2a). The partial charge at Cu is between +0.48 (2a)
and +0.59 (6b).

The methyl groups in 1—6b always carry a significant
negative partial charge. The NOB analysis indicates
that the Cu—C bonds can be interpreted as the result
of charge donation from the lone pair electrons from the
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Table 6. Results of the NBO Analysis Calculated at HF/II Using Geometries at MP2/I1
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population (Cu) Cu—C Bond* charges®
no. sym 4s 3d 4p pop. % Cu % 4s % 4p % 3d gcu gcH,
1 Csy 0.52 9.93 0.01 20 23.23 95.06 1.12 3.73 0.54 —-0.54
2a D 0.68 9.83 0.01 20 15.42 88.93 0.98 10.09 0.48 -0.74
3a Cy 0.54 9.88 0.01 1.96 13.45 91.89 1.94 6.17 0.57 —-0.74
3d C 0.65 9.83 0.01 1.97 18.85 89.87 1.06 9.07 0.50 -0.77
—0.65
4a Ca 0.57 9.86 0.01 2.0 14.03 91.62 1.42 6.96 0.55 -0.73
4d o} 0.59 9.86 0.01 1.97 15.66 91.21 1.05 7.74 0.54 -0.76
—-0.70
5 Dy 0.58 9.85 0.01 1.95 13.90 91.30 0.69 8.02 0.57 —-0.71
6bc (&) 0.57 9.85 0.01 1.94 13.86 91.38 0.67 7.95 0.57 -0.71

9 % Cu gives the contribution of the Cu—C bond orbital at Cu; % 4s, % 4p, and % 3d give the hybridization of the Cu~~C bond at Cu. ® g¢, and gcn, are

the partial charges at Cu and CHj, respectively. ¢ Geometry optimized at MP2/1.

methyl anion into the formally empty Cu 4s orbital.
Back-donation of the 3d electrons from Cu into =*
orbitals of the methyl group is negligible; the Cu—C
bond has mainly s character (~90%). The rather small
contribution of Cu orbitals to the Cu—C bonds (12—23%)
demonstrates the distinct polarization toward the car-
bon atom. This is in agreement with the shape of the
Laplacian distribution shown in Figure 2.

The breakdown of the electronic structures of 2—6b
into bond orbitals gives only one Cu—C bond orbital in
the CH3—Cu—CHj fragments. The orbital of the second
bond is characterized as a carbon lone pair MO. This
result can be explained in terms of Lewis structures,
e.g. of the anion 2:

CH,—Cu CH,™ <> CH,” Cu—CH,

A final question concerns the nature of the lithium
bonding in structures 8—6. The topological analysis and
the NBO partitioning scheme indicate that the lithium
bonding is practically only ionic. There are no C—Li or
Cu—Li bonds found in the NBO scheme, and the
topological analysis shows that the energy density at
the bond critical points of the Li bonds is always
positive, which is a strong indication for an ionic bond.*
In particular, there are no two-electron three-center
bonds in the dimer 8, which should rather be considered
as a complex held together by the Coulombic interac-
tions between the positively charged Li and negatively
charged methyl groups.

Summary

The optimized geometries of the copper compounds
1-6 at the MP2 level of theory have Cu—C bond lengths
which are in good agreement with the existing experi-
mental data. At the HF level the Cu—C bond distances
are too long. CuCHj (1) is predicted to have a Cu—C
bond length of 1.923 A. The Cu—C bond strength of 1
is calculated at the CCSD(T) level as D, = 45.0 kcal/
mol. The dimethylcuprate anion 2 (Dg;) is predicted to
have a slightly longer Cu—C bond (1.963 A) than 1. The
formation of 2 from 1 + CHjs™ is calculated to be 77.5
keal/mol exothermic. Geometry optimization of lithium
dimethylcuprate (8), which is the monomeric form of
Gilman’s reagent, yields the open form 3d with a nearly

(40) Cremer, D.; Kraka, E. Angew. Chem. 1984, 96, 612; Angew.
Chem., Int. Ed. Engl. 1984, 96, 627.

linear C—Cu—C arrangement and monocoordinated
lithium as the global energy minimum structure. The
cyclic form 3a with lithium bridging the methyl groups
is 2.2 kecal/mol higher in energy at the CCSD(T) level.
The Cu—C bond lengths of 3d are 1.916 and 2.009 A,
respectively. Complexation of the Li atom by one water
molecule in the corresponding complex 4 has little
influence upon the structural features. The open form
4d is clearly more stable than the cyclic structure 4a.

The dimeric form of Gilman’s reagent 5 is predicted
to have a cyclic planar geometry with Dy, symmetry.
The optimized structure 5 exhibits nearly linear
C—Cu—C and C—Li—C angles. The Cu—C bonds are
calculated with a similar bond length (1.968 A) as in
the bridged isomer of the monomer form 3a (1.971 A).
Complexation of 5 at the lithium atoms by two water
molecules gives two energetically nearly degenerate
forms 6a,b, which have a slightly twisted cyclic struc-
ture. The Cu—C bond lengths in 6a,b are a little longer
(1.982 and 1.983 A) than in 5. The optimized geometries
of 6a,b are in good agreement with experimental studies
of Gilman’s reagent in ether solution.

The topological analysis of the electron density dis-
tribution of 1-6 shows that the Cu—C bonds are
strongly polarized according to Cut—C~. The energy
density at the bond critical points indicates significant
covalent contributions to the polar Cu—C bonds, while
the Li—C bonds are purely ionic. The NBO analysis also
indicates that the Cu—C bonds are clearly polarized
toward the carbon atom; the contribution from Cu is
only 13—~24%. The copper bonding has mainly s char-
acter (88—95%). The partial charge at Cu is always
~+0.5 e.

In summary, the present calculations represent the
most complete study of several forms of cuprates,
providing valuable insight into the bonding. Further
studies which address the question of the existence and
possible electronic structure of higher order cuprates are
in progress.
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