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Complexes of the neutral ligands methane, propane, and dimethyl ether (DME) with a dimethylcuprate-
() anion (DMCA) were studied using B3LYP and MP2 methods. The quantum theory of atoms in molecule
and the second-order perturbation natural bond orbital analysis were applied to analyze the electron density
distributions of these complexes and to elucidate the nature of weak closed-shell interactions between
the C—H bonds of the ligands and different atoms and bonds of DMCA. The presented results show that
the copper center of DMCA interacts with the-8&l bonds of methane, propane, and DME via formation
of Cu-+H—C hydrogen bonds, with the Cu center being an electron charge donor (hydrogen bond acceptor).
The formation of weak dihydrogen bonds ane-id---C hydrogen bonds between-& bonds of the
neutral ligands and methyl groups of DMCA additionally stabilizes these complexes. Second-order orbital
interactions of C-Cu bonds with G-H bonds contribute also to the formation of the complexes. Each
of these interactions is very weak, but the sum of these interactions may have the potential to influence
the structures of organocuprates(l), possessing very flat potential energy surfaces.

Introduction

The interaction of transition metals (TMs) with carben
hydrogen (C-H) bonds is fundamentally important for-C
bond activatior, which plays a key role in heterogeneous and
homogeneous hydrocarbon transformations.

In TM---H—C interactions, the interactions of orbitals of a
TM atom with orbitals located on the-€H bond are of crucial
importance. It is recognized now that metal atom orbitals exhibit
amphoteric charactéThis amphoteric behavior is reflected by
the ability of TM atoms to accept electron density from and
donate it to C-H or X—H bonds. Electron-deficient TMs, i.e.,
bare atoms of the left-hand side of the TM rows, bare cations,

and atoms of cationic complexes tend to accept electron densr[yI

from X—H bonds. The term agostic interaction was initially

proposed for such intramolecular interactions of an electron-

deficient TM with a G-H bond? and then extendé&@to both
intramolecular and intermolecular interactions of TMs with
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X—H (X = C, B, N, Si) bonds. To emphasize the difference
between intra- and intermolecular agostic interactions, the latter
were suggested to be called pseudoagdslibe very right-
hand TMs and metal centers of electron-rich neutral and anionic
complexes of other TMs are more prone to donate electron
density to hydrogen-bond-donating=¥ (X is an electroneg-
ative main group element, e.g., N, O, S) bonds to formhx
+«TM hydrogen bonds* (HBs). The formation of GH+-TM
HBs was also establishég#¢Both agostic interactions and HBs
can appreciably affect the structufesand reactivities of
organometallic compounds and TM complexes.

Cuprates(l) are well-known synthetic reagents broadly used
n organic synthesisHowever, the existence of agostic interac-
tions or hydrogen bonds in diorganocuprates(l) and organocop-
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per(l) compounds has never been discussed or even proposegery weak, in total they should be able to influence the highly
up to now. The only exceptions are two weak association flexible aggregate structures of diorganocuprates(l) and their
complexes of a dimethylcuprate(l) anion (DMCA) with dimethyl reactivity.
ether (DME), (MeCu) ---HCH,OCH;, localized by the B3LYP

calculations of Mori et af. The authors found that these weak

complexes did not affect the activation energy of the reaction

studied and stated that the copper atom in lithium organocu- The calculations were carried out with the Gaussial? @898)
prates(l) does not accept any neutral ligand. They argued thatand Gaussian 63 (G03) quantum chemistry software packages.
this conclusion is supported by a lack of coordination of neutral The geometries of the studied molecules were completely optimized
ligands to copper centers in lithium organocuprate(l) structures at the B3LYP® and MP2* theory levels. Core electrons were not

deposited in the Cambridge Structural DataBa@@SD) or included in the correlation treatment with MP2 calculations, i.e.,
described in the existing reviews. the MP2 frozen core (FC) method was explored. Ahlrichs 8VP

Nevertheless, a very close contact of 2.23 A between Cc)pperall-electron basis set for Cu together with 6-31G(d) or with 6-31G-

d H at f b found i lid b (2df,p) basis sets for the rest (hereafter referred to as basis set |
and an H atom of norbornene was found in a solid norbornene- 5,y I, respectively) were used for the majority of optimizations.

(d|etr:3ylenetr|am|ne)copper(|) tetraphe_nylborate as early as i js tg be noted that the B3LYP/I method is explored intensively
1978° The close GH---TM contacts in Cu(l) and Cu(ll) by Nakamura et &1:20for the theoretical study on structures and
complexes with organic ligands were also fotimdstructures _ reactivities of organocuprate(l) and organocopper(lll) species. It
deposited in the CSD. Agostic interactions were revealed in yas show®h2! that B3LYP/I calculations give structures and
copper(l) complexes with XH (X = C, Si, Ge) bonds of  energetics for organocopper(l) species almost identical to those
saturated and unsaturated alkanes, silanes, and geffh#ame$  obtained using the SDD basis set with Stuttdgardt's quasirelativistic
XH3 (X = B, Al, Ga) molecule$* A strong interaction of €H effective core pseudopotential (ECP) for copper or the data obtained
bonds of ethane with Cuions in Cu(l}-ZSM-5 zeolite was by the CCSD(T) calculations. The 6-31G(2df,p) basis was recom-
recently describet® A short distance (2.454 A) between the mended for geometry optimization and zero point energy (ZPE)
C—H bond and the copper atom in the Cu(ll) complex with calculation in the frame of G3X theof§. DMCA and its complex
chiral ephedrine was recently fouktiThis C—H---Cu interac- with methane were also optimized using the B3LYP and MP2-
tion, initially referred to as an agostic interactitiwas recently
reassessed as a weak intramolecular hydrogen bond formed by'vI (}f_) lérri]sch, M. J; TJrucFlf, ZGlll\/ SCE_Ies\;/eI,CI_;-L. BM; Sc;useria, G'JE'A R%bp,
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Formation of Hydrogen Bonds

(FC) methods together with the 6-3t3+G(2d,2p) basis for C and
H, while the small core quasi-relativistic effective SDD pseudo-
potential of the Stuttgardt gro&p and the contracted scalar
relativistic 19 valence electron basis Zavere explored for Cu.

Organometallics, Vol. 25, No. 24, 208611

AIM2000 program?®® G98 and GO03 failed to give B3LYP/XL wave
functions presumably because the XL basis costairg function
on Cu. Therefore the topological analysis for B3LYP/XL-optimized
complexes was not performed.

This basis set is hereafter designated as basis Ill. Target molecules

were also optimized without any constraints using for all atoms
the large and flexible 6-3H+G(3df,3pd) basis set (denoted as

XL) stored internally in the G98 and G03 packages. The basis set

XL was also used for calculations of energies for both B3LYP/I-
and B3LYP/ll-optimized species, while the energies of B3LYP/
IlI- and MP2(FC)/llI-optimized species were also calculated using
6-311++G(2d,2p) for C and H and quadruplevalence basis
combined with the PP set of polarization functions (QZ\APRyr

Results and Discussion

B3LYP and MP2 optimizations of the bare DMCA, (h&i)",
were carried out using basis sets I, Il, and XL. Also basis IlI
was explored to take into account relativistic effects, which can
potentially affect the structure of copper compouftiBoth
B3LYP and MP2 calculations of the DMCA lead to the linear
anion 1 with eclipsed methyl groups (Figure 1). All B3LYP

Cu. The last composite basis is henceforth denoted as basis |v Calculations underestimate carbecopper interactions ifh and

Ahlrichs SVP? all-electron basis set for Cu was used in this work

result in sufficiently longer CaC bonds (Tables 1 and 2)

instead of SDD or other ECP-based basis sets to avoid complica-compared with those X-ray measured in solvent-separated ion

tions’® in the topological analysis of B3LYP/I- and B3LYP/II-
calculated species in the frame of QTAMMFor the same reason
the QZVPP all-electron basis set (without g functidhdpr Cu
was explored to obtain wave functions for B3LYP/III- and MP2-
(FC)/llI-calculated species. The lack of g functions has practically
no effect on the energy and other properties of the mole€ale.
Thus, the energy of the B3LYP-calculated DME#ethane
complex increases by 0.013 kcal/mol only if both g functions are
removed from the QZVPP basis. The Molden?8 grogram was
applied for a visualization of molecular orbitals.

All stationary points located on potential energy surfaces (PESs)

pairs (SSIPs) of DMCAS It is important to note that the
relativistic B3LYP/III calculation yields the same €€ bond
length @(Cu—C)) as the nonrelativistic B3LYP/Il optimization,
whereas the extralarge XL basis leads to even laiieu—C).
On the other hand, fdt B3LYP optimization with the smallest
basis | gives results that are closer to B3LYP/Il and B3LYP/III
results. At the same time, the relativistic MP2/III calculation
predicts (Table 2) too short CtC bonds forl, whereas the
nonrelativistic MP2/Il optimization gives the best estimation
of d(Cu—C) in that anion.

B3LYP and MP2 calculations show that an interaction of

were obtained without any symmetry assumptions and characterizeddMCA with methane results in complex&sMolecular graphs
by vibrational frequencies calculated at the corresponding theory for B3LYP/Il-, B3LYP/IIl-, MP2/1l-, and MP2/Ill-optimized
level. All optimized structures correspond to energy minima because DMCA—methane complexes, described by B3LYP/Ra)

no imaginary frequencies were found. The dissociation energies B3LYP/IV (2b), MP2/II (2¢), and MP2/1V @d) wave functions,

of complexes into the isolated DMCA and neutral ligand were
corrected for ZPE to givée® values. Scale factors of 0.986%,
0.985422 and 0.967& were used for B3LYP/I-, B3LYP/II-, and
MP2(FC)/I-calculated ZPEs, respectively. The B3LYP/III-, B3LYP/
XL-, MP2(FC)/lI-, and MP2(FC)/lll-calculated ZPEs were explored

respectively, exemplify the structures of these complexes (Figure
1). The uncorrected for BSSE dissociation enefgg) of 2 is
positive at all theory levels used (Table 3), demonstrating that
2 is stable with respect to the separatethd methane. However,
the counterpoise-corrected dissociation enerdi€9 calculated

without corrections, since there are no scale factors well documentedysing basis sets | and Il are negative (Table 3). The counterpoise

for these methods. MP2(FC)/Ill- and B3LYP/lll-calculated ZPEs
were also used for MP2/IV/IMP2/11l and B3LYP/IV//B3LYP/II

correction often results, however, in overestimated BSSEs and
thus underestimates the binding energies compared to experi-

calculations of dissociation energies, respectively. The basis setmental valuest In such cases it is recommended to employ a

superposition error (BSS#)corrections forE® were computed
using the counterpoise method of Boys and Bern&réihe standard
procedure (“counterpoise2” option) of GO3 was explored to
calculate the BSSE.

The NBO Version 3.1 prograth implemented in the GO03
package was used for natural atomic orbital, natural bond orbital,
and the second-order perturbation NBO analysis. QTAIM anafysis
of B3LYP- and MP2-calculated electron density distributions in
the molecules optimized in this work was performed using the
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50% BSSE correctioff23"Notably, B3LYP/I- and B3LYP/II-
calculatedECPs are also positive (0.37 and 0.40 kcal/mol,
respectively) with 50% BSSE corrections. Using larger basis
sets for the optimization and the energy calculation gives small
but positive E° and ECP energies, demonstrating that an
interaction of DMCA with methane results in a stable complex.
It is worth noticing that the dissociation energies, calculated
using the B3LYP functional with relativistic basis Il and
nonrelativistic basis sets IV and XL, are close to each other.
MP2 calculations predict a similar picture (Table 3). However,
MP2-calculatedE“P's exceed the B3LYP-calculatee-"s by
more than 2 times. Significantly larger MP2-calculated binding
energies compared with those predicted by B3LYP were also
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Figure 1. Molecular graphs for the dimethylcuprate(l) aniband its complexes with methan®)(propane §), and DME @). The black,
gray, and red spheres are carbon, hydrogen, and oxygen atoms, and small red and yellow spherel§ amn(Beritical points and (3;1)

ring critical points, respectively

found for methanenitric oxide complexe&$2a very weak meth-
ane-water complex8?and dimeric complexes such as methane
dimer, ammonia dimer, water dimer®-(NHz), CHs*(NHs3),

and (FHF) .3 At the same basis set, MP2-calculated BSSEs

-+H1) distances (3.086 and 2.824 A, respectively), compared
with those predicted by B3LYP/IIl (3.222 and 3.226 A,

respectively) (Table 2). One could propose that larger separa-
tions in the second case are presumably because B3LYP

are also much larger than B3LYP-predicted ones. That result overestimates the repulsion interaction of closed shells of the

agrees with the existing data on a sufficiently lower sensitivity
of DFT calculations to the BSSE compared with methods taking
electron correlations into accoutit’® As a whole, B3LYP-
calculatedeCP values for2 are about 6 and 3 times lower than
B3LYP/6-31H-+(2df,p)-calculated dissociation energies (with
50% BSSE) for complexes of methane with methyl and
dichloromethyl carbanions, respectivélf.On the other hand,
ECPs calculated fo2 using MP2 methods are comparable with
the B3LYP-calculated dissociation energy of the,€HCHCL,)~
complex372 As the dissociation energies of hydrogen-bonded
complexes for a given proton donor are correlated with the
proton affinities of the basé€2the comparisons described show
that proton acceptor ability of a sufficiently delocalized DMCA
is noticeably lower than that of methyl carbanion and com-
parable with the proton acceptor ability of dichloromethyl
carbanion. This conclusion is quite expected.

MP2/11I theory predicts for2 shorter distances between the
atoms of DMCA and methane, namet{(Cu---H1) andd(C1-

(38) (a) Crespo-Otero, R.; Montero, L. A.; Stohrer, W.-D.; Garde la
Vega, J. M.J. Chem. Phys2005 123 13410711341078. (b) Novoa, J.
J.; Sosa, CJ. Phys. Chem1995 99, 15837-15845.

(39) RappeA. K.; Bernstein, E. RJ. Phys. Chem. 200Q 104 6117
6128.

(40) (a) Simon, S.; Bertran, J.; Sodupe, MPhys. Chem. 2001, 105
4359-4364. (b) Zhechkov, L.; Heine, T.; Patchkovskii, S.; Seifert, G.;
Duarte, H. A.J. Chem. Theory Compu2005 1, 841-847.

neutral molecule of methane and negatively charged DMCA
and, as a result, provides too low interaction energies. Indeed,
it is well known that B3LYP as well as other current DFT
methods are often not able to describe correctly the dispersion
interactions?8:39:400.410n the other hand, B3LYP/I and B3LYP/

Il methods give shorter GuH1 separation (2.850 and 2.835
A, respectively) than MP2/Il theory (2.865 A), while the C1
--H1 distance predicted by the first two methods (3.125 and
3.096 A, respectively) exceeds that of 2.817 A calculated using
MP2/Il. The data obtained show that both B3LYP and MP2
methods lead to a strengthening of the interaction of methane
with the C1-methyl group of DMCA and to a weakening of the
interaction with Cu on the extension of the basis set and, as a

(41) (a) Kristyan, S.; Pulay, PChem. Phys. Let1994 229 175-180.
(b) Hobza, P.; Sponer, J.; Reschel JT Comput. Chenil995 16, 1315
1325. (c) Tsuzuki, S.; Uchimaru, T.; Tanabe, ®hem. Phys. Lettl998
287, 202-208. (d) Miller-Dethlefs, K.; Hobza, PChem. Re. 2000 100,
143-167. (e) Tsuzuki, S.; Ui, H. P.J. Chem. Phys2001, 114, 3949~
3957. (f) Koch, W.; Holthausen, M. CA Chemist's Guide to Density
Functional Theory 2nd ed.; Wiley-VCH: Weinheim, 2001; Chapter 12.
(g) Johnson, E. R.; Wolkow, R. A.; DiLabio, G. £hem. Phys. Let2004
394, 334-338. (h) Hyla-Kryspin, I.; Haufe, G.; Grimme, &hem. Eur. J.
2004 10, 3411-3422. (i) Zhao, Y.; Truhlar, D. GJ. Phys. Chem. 2004
108 6908-6918. (j) Gerny, J.; Hobza, PPhys. Chem. Chem. Phy005
7,1624-1626. (k) Zhao, Y.; Truhlar, D. Gl. Chem. Theory Comp@005
1, 415-432. (I) Meier, R. JChem. Phys. LetR005 401, 594. (m) Korie
M.; lllien, B.; Graton, J.; Laurence, Q. Phys. Chem. 2005 109, 11907
11913.
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Table 1. Selected Internuclear Distances (A), Bond Path Lengths (A) in Parentheses, and Bond Anglgs eg) for
B3LYP-Optimized Dimethylcuprate(l) Anion and Its Complexes with Neutral Ligands

molecule parameter B3LYP/I B3LYP/II B3LYP/XL
(MexCu)~, 1 Cu—C1, Cu-C2 1.970,1.97 1.966, 1.93%,1.929¢ 1.937¢1.963¢ 1.981
Cl1-H, C2-H 1.106 1.105 1.100
Cl-Cu-C2 180.0 180.0, 180¢ 180.0
(MexCur+*H—CHz)~, 2 C1-Cu, C2-Cu 1.970 1.966 1.982
Cu—H1 2.850 (2.875) 2.835 (2.862) 3.197
C1-H1 3.125 3.096 3.158
CI'—H1 1.095 1.094 1.089
CI—H2 1.095 1.093 1.089
C1—H3,C1-H4 1.095 1.094 1.089
Cl-Cu-C2 180.3 180.3 180.3
H1-Cu-C1 78.5 78.0 70.8
[Me,Cu---H>C(Me),] —, 3 Cl-Cu 1.967 (1.967) 1.981
C2-Cu 1.964 (1.964) 1.980
Cu—H4 2.717 (2.738) 3.012
Cl-H4 3.176 3.081
H1-H12 2.729 (2.929) 3.137
C2—-H4 1.097 1.092
C2—-H5 1.097 1.094
Cl-Cu-C2Z 179.7 180.4
H4—Cu-C1 83.7 72.9
[MexCur++(H—CH>)20]~, 4 C1-Cu, C2-Cu 1.973 1.969 1.981
Cu—H1, Cu-H4 2.914 2.904 3.109
C1-H1,C2-H4 2.830 (3.216) 2.817 (3.307) 2.984
C1'—H1,C2-H4 1.100 1.100 1.094
C1'—H2,C2—H5 1.105 1.105 1.098
C1—H3, C2—H6 1.096 1.096 1.089
Cl1-Cu—C2 182.4 182.4 180.2
H4—Cu-C1 67.6 67.5 67.6

aB3LYP/I data from ref 20aP X-ray data from ref 35a¢ X-ray data from ref 35b9 MP2 data from ref 47¢ These values represent directional-C1
Cu—C2 bond angles calculated accordinggC1CuC2)= ¢(C1CuH) + ¢(C2CuH); values slightly exceeding 18@emonstrate that the copper apex of
DMCA is directed toward H There, the fact is used that 3, and4, the atoms Cu, C1, C2 and the hydrogen atoms of théliCbonds directly interacting
with DMCA (2: Hi = H1; 3: Hi = H4; 4: Hi = H1 or H4) lie practically in the same plane.

Table 2. Internuclear Distances (A), Bond Path Lengths (A) in Parentheses, and Bond Angleg,(deg) for B3LYP/IlI- and
MP2-Optimized Dimethylcuprate(l) Anion and Its Complex with Methane

molecule parameter B3LYP/IN MP2/1I MP2/1II

(MexCu)~, 1 Cu—C1, Cu-C2 1.966 1.943, 1.9351.9291.9371.96F 1.904
C1-H, C2-H 1.100 1.100 1.098
Cl1-Cu-CX 180.0 180.0 180.0

(MexCur+*H—CHza)~, 2 Cl-Cu 1.966 1.945 1.905
C2-Cu 1.965 1.943 1.903
Cu—H1 3.222(3.271) 2.865 3.086
Cl-H1 3.226 2.817 (3.170) 2.824 (2.915)
CI'—H1 1.089 1.089 1.085
C1'—H2 1.089 1.089 1.085
C1'—H3,C1-H4 1.089 1.089 1.086
Cl-Cu-CX 180.2 180.4 180.0
H1-Cu-C1 72.3 68.7 63.9

aX-ray data from ref 35a2 X-ray data from ref 35b¢ MP2 data from ref 479 See footnotee in Table 2.

result, to the shift of the methane molecule toward the C1-methyl involved in the formation of the complexes is the second goal
group. The values of the HICu—C1 angle (Tables 1 and 2, of this work. The simplest possible complexes of DMCA with
Figure 1) clearly confirm this trend and show that MP2 methane, propane, and DME were chosen as model systems.
calculations overestimate the interaction of methane with the In relation to the goals stated, the MP2 calculations, which can
C1-methyl group compared with B3LYP calculations. As in the overestimate the stability of the target complexes, are obviously
case ofl, MP2/lll results in too short CuC bonds of 1.903 less suitable, as a complex with an overestimated computed
and 1.905 A in complex (Table 2) compared with those in  stability is not guaranteed to exist in reality. Therefore, B3LYP
experimentally studied SSIPs of DMCA (1.929.937 A)3® calculations resulting in slightly underestimated stabilities of
MP2/lI-calculatedd(Cu—C) values of 1.943 and 1.945 A being the investigated complexes were preferred. The B3LYP ap-
again much closer to experimental d&tahus the relativistic proach is also legitimized by the fact that, despite the differences
MP2/III calculations strongly overestimate €Q interactions mentioned above for bond lengths and -Hlu—C1 angles,
in 1 and2. It could not be excluded therefore that the interaction B3LYP and quite demanding MP2 calculations result in similar
of methane with the Cl-methyl group of DMCA is also structures of2 as well as similar interactions withi@ (see
overestimated, and this overestimation leads to a larger stability below). Therefore, sufficiently larger complexes of DMCA with
of 2 compared with that predicted by other methods used. propane and DME were studied using the less demanding
The main goal of this work is to evaluate the possibility that B3LYP calculations. B3LYP/II-optimized geometries and data
DMCA and other diorganocuprate(l) anions can form complexes on QTAIM and NBO analysis of B3LYP/Il wave functions for
with C—H bonds of neutral ligands surrounding a countercation all complexes studied will be mainly discussed unless otherwise
in diorganocuprates(l). To elucidate the nature of interactions mentioned.
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Table 3. Dissociation EnergiesE°, kcal/mol), BSSEs Egssg kcal/mol), and BSSE-Corrected Dissociation Energies=CP,
kcal/mol) for Dimethylcuprate(l) Anion Complexes with Methane, Propane, and DME

complex method E° Egsse ECP
(MexCur+H—CH3)~, 2 B3LYP/I//B3LYP/I 0.81 —0.88 —0.07
B3LYP/II//IB3LYP/II 0.93 —1.05 —-0.12
B3LYP/XL//B3LYP/II 0.22 -0.12 0.10
B3LYP/III//B3LYP/II 0.45 —0.02 0.43
B3LYP/IV//B3LYP/III 0.44 —0.03 0.41
B3LYP/XL//B3LYP/XL 0.49 —0.10 0.39
MP2/1I//MP2/11 0.86 —1.98 —-1.12
MP2/XL/IMP2/11 1.59 —0.48 1.11
MP2/11I//MP2/111 1.38 —0.33 1.05
MP2/IVIIMP2/111 1.41 —0.33 1.08
(MexCu---MeCH,Me), 3 B3LYP/II//B3LYP/II 1.25 —-0.78 0.47
B3LYP/XL//B3LYP/II 1.03 —0.13 0.90
B3LYP/XL//B3LYP/XL 1.33 —-0.15 1.18
[MeCur++(H—CHy)20] ™, 4 B3LYP/I/B3LYPI/I 3.11 —0.45 2.66
B3LYP/XL/B3LYP/I 2.96 0.01 2.97
B3LYP/II//IB3LYP/II 2.24 —0.10 2.14
B3LYP/XL//B3LYP/II 2.87 —0.05 2.82
B3LYP/XL//IB3LYP/XL 3.15 —0.10 3.05

B3LYP optimizations of complexes of DMCA with propane another in the usual chemical sense of the wdfdFor a stable
and DME without any constraints led to the comple8esnd equilibrium structure, the (3;1) CP and the associated atomic
4 as real minima on the corresponding PESs. The 3D structuresinteraction line are termed the bond CP (BCP) and bond path
of 3 and4 as defined by the molecular graphs are presented in (BP), respectively. Selected internuclear distances, bond path
Figure 1. The dissociation energies3&nd4 into the isolated lengths, and bond angles for the complexes studied are listed
1 and the corresponding neutral ligand are listed in Table 3. in Tables 1 and 2. The electron denéitfpscp), the Laplaciat®
The E°P values show tha8 and 4, according to B3LYP/Il// (V20scp), the local energy density(Hgcp), and the ellipticity>45a46
B3LYP/II, B3LYP/XL//B3LYP/II, and B3LYP/XL//B3LYP/XL (€) values for the most important BCPs bf-4 are presented
theory levels, are stable with respect to the separated reactantsn Table S1 of the Supporting Information. Fbthe QTAIM
Even B3LYP/I//B3LYP/I-calculated with the ECP of 2.7 kcal/ analysis of B3LYP and MP2 wave functions shows that in a
mol is stable. Despite appreciably larger separations betweenvacuum the Ca-C bond is strongly polarized toward the carbon
DMCA and propane i3 as well as between DMCA and DME  atom and is appreciably ionic, as evidenced by attyup value
in 4, predicted by B3LYP/XL optimization, this theory level for the Cu-C bond (Table S1). This agrees with the calculations
yields the larges€®” of 1.2 and 3.0 kcal/mol foB and 4, previously published! which were based on MP2 wave
respectively. The binding energies of hydrogen-bonded com- functions. The residual partially covalent character was also
plexes have been shown to correlate with the acidity of theiC  proven experimentally in solution through the NMR detection
proton donor$’2 Therefore, a larger stability o8 and 4 of 2Jcc and3J,c scalar couplings across GtAccording to the
compared t@® is most likely explained by their higher binding  calculations, a strong polarization af results in a positive
energies due to a lower intrinsic energy of the G{&)bonds QTAIM and NBO charge at Cugg,) (Table S2). Remarkably,
in propane and the €H bonds in DME than in metharfé One the QTAIM charge at Cu calculated using both B3LYP and
can conclude that coordination of& bonds of ethereal = MP2 densities decreases, whereas the NBO charge calculated
solvents and crown ethers to diorganocuprate(l) anions is using the same densities increases on the expansion of the basis
feasible. However, the largest stabilities3&nd4, calculated set. For the carbon atoms @f the NBO analysis of B3LYP
using the B3LYP/XL method, are significantly smaller than and MP2 densities predicts a too high negative charge (about
those previously calculated for complexes ofGuith C—H —1.2), while for the hydrogens a positive NBO charge (614
bonds of neutral ligand®:*43A lower positive charge on the  0.18) was calculated. The negative charges at both carbon (from
copper (see below), strong Pauli repulsion between the closed—0.28 to—0.38) and hydrogen (about0.11) atoms predicted
shells of the neutral ligands studied, and the negatively chargedby QTAIM analysis seem to agree better with the appreciably
DMCA are obviously responsible for the much lower binding jonic character of the GuC bond in1 and with the hydridic
energies of complexes studied and for abdu A larger nature of hydrogen atoms in DMCA.
internuclear Cu-H distancesq(Cu-+-H)) in 2, 3, and4 (Tables In 2, 3, and4 slightly larger positive charges at copper, as

i b

1 and 2) than in CUCOTSPfoe§' _ _ compared tol (Table S2), suggest that copper donates to
According to QTAIM;>* a molecular structure is defined  methane, propane, or DME a larger electron charge than it

as a network of interatomic interaction lines linking nuclei. This  accepts from these neutral ligands. This is confirmed by the

network is called a molecular graph. A €3l) critical point calculation of changes in the electron populationslj using

(CP) between two linked atoms should also exist. The presenceihe equationAN; = N€ — NR, with Ni€ and NiR being the

of a (3-1) CP and the associated bond path revealed by the g|ectron populations dth atom in the complex C and in the

topological analysis for a stable equilibrium structure are “both

necessary and sufficient for two atoms to be bonded to one

(45) (a) Cremer, D.; Kraka, BAngew. Chen1984 96, 612-614; Angew.
Chem., Int. Ed. Engll984 23, 627-628. (b) Cremer, D.; Kraka, Eroat.
(42) Dentyanov, P. I.; Polestchuk, P. M.; Petrosyan, V. S., to be Chem. Actal984 57, 1259-1281.

published. (46) Bader, R. F. W.; Slee, T. S.; Cremer, D.; KrakaJEAm. Chem.
(43) (a) Hill, Y. D.; Freiser, B. S.; Bauschlicher, C. W., JrAm. Chem. Soc.1983 105 5061-5068.

Soc.1991 113 1507-1510. (b) Berthier, G.; Cimiraglia, R.; Daoudi, A.; (47) Béthme, M.; Frenking, G.; Reetz, M. Drganometallicsl994 13,

Mestdagh, H.; Rolando, C.; Suard, M.Mol. Struct. (THEOCHEM}.992 4237-4245.

254, 43—-49. (48) Mobley, T. A.; Miler, F.; Berger, SJ. Am. Chem. Sod998 120,

(44) Bader, R. F. WJ. Phys. Chem. A998 102 7314-7323. 1333-1334.
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isolated reactant R, respectively. Although the QTAIM and NBO

Organometallics, Vol. 25, No. 24, 20®8L5

C—H bond linearly decreases frofito 2 to 4 (2.2, 1.6, and

approaches predict quite different absolute charges at carbor0.8 kcal/mol) and correlates with the enlargement(@u---

and hydrogen atoms df, 2, 3, and4, the AN; values obtained

H), E(TBD—CH) being 21, 25, and 11 times larger than the

by either of the methods agree much better (Tables S3 and S4)corresponding specific stabilization energieg(CH—Cu)) due
and show that electron charge is transferred not only from Cu to donations fromo(C—H) orbitals to RY*(Cu) orbitals. On
but also from hydrogen and carbon atoms of DMCA. The charge the contrary, for the complex of copper(l) cation (Guwvith

transfer from DMCA to ligands results in an appreciable

one hydrogen of each of the terminal methyl groups of propane

decrease of electron density on hydrogen and carbon atoms oin the gas phase, the stabilization energy of the complex due to

hydrogen-bond-donating-€H bonds of methane, propane, or

0(C—H) — Cu donations Es{CH—Cu)) exceeds that due to

DME. The decrease of electron density on the hydrogen atom Cu — ¢*(C—H) back-donationsEs(BD—CH)) by 3 times?®

of the hydrogen-bond-donating< bond seems to be a general
feature predicted for any hydrogen boré&0On the other hand,
electron density is increased on hydrogen atoms-efi®onds
that do not interact directly with DMCA. Also, the QTAIM
analysis of B3LYP/IV and MP2/1V densities f@rand B3LYP/

Il density for 4 predicts an appreciable increase of electron
density on the carbon atoms of methane and DME. This
particularity is also a common feature of the hydrogen boad.
Due to the donation of electron density from DMCA toward

The E¢(XH—Cu)/Es(BD—XH) ratio for interactions of Ct
with X—H bonds of MeCH—XH3 (X = Si, Ge)?* HC=C—
XH3, MeC=C—XH3s, and HG=C—XH,Me (X = Si, Ge)?and
XHs (X = B, Al, Ga)*® was calculated to be between 3.0 and
4.0. Similar ratios oEg(XH—Cu) andEs(BD—XH) were found
for complexes of Nf with X—H bonds of MeCH—XH3 (X =
C, Si, Ge)3?22H,C=CH—XH3 (X = C),522and HG=C—XH3,5%
whereasEs{ XH—Cu)/Eg(BD—XH) of 8.3 and 7.4 were fourté?
for complexes of Ni with H,C=CH-SiH; and H.C=CH—

the interacting €&H bonds, a larger value of the density is GeHs (X = Si and Ge, respectively) in the gas phase. The
obviously pushed away from the contacting H atoms to the interactions of Cti and Nit with X—H bonds, which are
corresponding carbons and then to the peripheral hydrogensstabilized to a significantly larger extent through accepting
The Pauli repulsion between DMCA and closed shells of the electron charge from these bonds by metal cations, are
ligands can also push electron density away from the contactingconsidere®i>2to be agostic interactions in accordance with the
H atoms. Thus, changes of electron densities on different atomsdefinition given for such interactiorfdJsing the energy criterion

of the target complexes do not allow describing unambiguously for complexes of DMCA, which are characterized by much

the origin of stabilizing interactions in these complexes. The

larger Es(TBD—CH) energies compared witks{CH—Cu)

second-order perturbation NBO analyses of electron densitiesones, allows us to conclude that interactions efHCbonds of
calculated for the complexes give clearer insight into the nature methane, propane, and DME with the Cu center of DMCA are

of those interaction$’
B3LYP/lI-calculated total second-order perturbation NBO

stabilization energiessE,{DMCA—L)) due to donations from
DMCA to ligand L (L = methane, propane, DME) (3.2, 4.8,

hydrogen bonding, but not agostic interactions.

The presented data show that compared to complexes™of Cu
the reduced positive charge at Cu in DMCA causes a drastic
change in the interaction mode between Cu and thél@onds.

and 5.8 kcal/mol, respectively) are about 10 times larger than The copper center of DMCA mainly donates electron density

those Es(L—DMCA) for the reverse direction (Table SHgr
(DMCA—L) of 1.2 kcal/mol calculated fo2 using B3LYP/IV
densities exceed&s(L—DMCA) by about 4 times. Much
smaller Es(L—DMCA) values are probably caused by the

to the C-H bonds and forms GetH—C HBs, while Cu” mainly
accepts electron density from these and other bonds; that is, it
prefers agostic interactions with liganti$he analysis of data
obtained shows that the formation &f3, and4 is accounted

negative charge of DMCA that hampers the electron charge for not only by Cu--H—C HBs but rather by multiple

transfer toward the anion. Additionally, the second-order
perturbation NBO analysis of B3LYP/II (Table S5) and B3LYP/

interactions differing in energy and leading to differegft”
values (Table 3). Therefore, there is, for example, no correlation

IV (Table S6) densities shows that donation of electron charge betweend(Cu-++H) and ESF.

from the copper center is one of the most important factors in
the stabilization of these complexes. Thujm6% (B3LYP/

IV) or even 51% (B3LYP/II) of theEs{ DMCA—L) is related

to the energy Es(LP(Cu)—L)) characterizing back-donations
from lone pair (LP) orbitals of Cu to the*(C1'—H1) and
Rydberg (RY*) orbital of H1 of methane. I8, 46% of Eg-
(DMCA—L) corresponds to the stabilization due to back-
donations from Cu LPs to*(C2'—H4) and RY*(H4) orbitals

of propane. Ir4, back-donations from Cu i@*(C—H) and RY*-

(H) orbitals of the C1-H1 and C2-H4 bonds of DME
contribute only 29% toEg(DMCA—L). LP(Cu) — L back-
donations in2, 3, and4 are equivalent to the formation of Cu
-*H—C HBs. TheV?pgcp values for BCPs describing GeH
interactions in2 and 3 (Table S1) are in the range 0.0093
0.139 au determined for HB8 and the positive and small values
of theHpcp for the respective BCPs idand3 agree withHgcp
values characterizing closed-shell interactions including
HBs1544.45b50c.51 The total NBO stabilization energ¥Esr
(TBD—CH) characterizing all back-donations to orbitals of one

(49) The second-order perturbation NBO analysis of MP2/Il and MP/
IV densities failed, as a bond orbital with an occupancy-@.004 and
—0.001 electron, respectively, was found in each of these cases.

For all structures calculated in this study as well as Tor
calculated at the HartredFock level?” the NBO theory
describes DMCA as a complex between a Me(@hion and a
neutral Me(2)Cu(l). As a consequence of this computational
artifact, only the donations from*(Cu—C2) ando(Cu—C2)
into orbitals of the interacting €H bonds are found. The fully
symmetric structure off (Figure 1) excludes the artificially
calculated asymmetry, but proposes the interaction of both Cu

(50) (a) Carroll, M. T.; Bader, R. F. WMol. Phys.1988 65, 695-722.
(b) Koch, U.; Popelier, P. L. AJ. Phys. Cheml995 99, 9747-9754. (c)
Matta, C. F.; Herfadez-Trujillo, J.; Tang, T.-H.; Bader, R. F. \Chem.
Eur. J.2003 9, 1940-1951. (d) Jensen, S. J. K.; Tang, T.-H.; Csizmadia,
I. G. J. Phys. Chem. 2003 107, 8975-8979. (e) Wojtulewski, S.;
Grabowski, S. JChem. Phys. LetR003 378 388-394. (f) Sosa, G. L.;
Peruchena, N. M.; Contreras, R. H.; Castro, E. A. Mol. Struct.
(THEOCHEM)2002 577, 219-228. (g) Rybarczyk-Pirek, A. J.; Grabowski,
S. J.; Malecka, M.; Nawrot-Modranka, J. Phys. Chem. 2002 106,
11956-11962. (h) Grabowski, S. J.; Sokalski, W. A.; Leszczynsky].J.
Phys. Chem. 2004 108 5823-5830.

(51) (a) Bader, R. F. W.; ESsgH. J. Chem. Phys1984 80, 1943~
1960. (b) Bone, R. G. A.; Bader, R. F. \0/.Phys. Chen.996 100, 10892~
10911. (c) Herhadez-Truijillo, J.; Bader, R. F. WI. Phys. Chem. 200Q
104, 1779-1794.

(52) (a) Corral, I.; Mg O.; Yaiez, M. New J. Chem2003 27, 1657
1664. (b) Corral, I.; MpO.; Yaiez, M. Theor. Chem. Ac004 112, 298-
304.
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C1 and Cu-C2 bond orbitals with the €H bonds. The same
should be valid fo2 and3. Despite the limitations described,
the NBO theory gives an interesting insight into the nature of
interactions in the complexes studied.

According to the NBO analysig, and DMCA in 2—4 are
formed mainly due to a LP(CHo*(Cu—C2) donor-acceptor
interaction. A strong interaction of the LP(C1) of the methyl
anion with theo* (Cu—C2) orbital of Me(2)Cu results in a high

occupancy ofg*(Cu—C2) in 1 (0.33, B3LYP/Il; 0.29 au, a b
B3LYP/IV), 2 (0.32, B3LYP/II; 0.29 au, B3LYP/IV)3 (0.32

au), and4 (0.32 au). Sufficiently small (0.280.37 au) energy h,
gaps (AEap) separatings* (Cu—C2) ando* (C—H) orbitals of /

methane, propane, and DME lead to appreciable stabilization
of o*(Cu—C2) — ¢*(C—H) interactions (Tables S5 and S6).

The respectiver* (Cu—C2) orbitals consist of more than 80% >____P
of copper atomic orbitals, and hence the positively charged \
copper center is mainly accounted for by these interactions. The c

contribution of theo* (Cu—C2) — ¢*(C—H) interactions into Figure 2. Contour maps of some MOs for the B3LYP/Il-calculated
Es(DMCA—L) of 2, 3, and4 was found to be 37, 32, and 21%. DMCA—methane complex. The MO energie) (are given in
Another important feature of B3LYP/II-calculated complexes atomic units [au]: HOMG-11, E = —0.255, contour value 0.004
of DMCA is the donation from thes(Cu—C2) orbital to the ~ (8); HOMO-12,E = —0.265, contour value 0.001 (b); HOMO
correspondingo* (C—H) orbitals of the ligands. In all the 18:E = —0.563, contour value 0.001 (c).

complexes studied the(Cu—C2) ando*(C—H) orbitals are

separated by a significantly larger gAfap of 0.80 au because . . 4 .
the bondinga(Cu—C2) orbital lies significantly lower than 15,44,50c5%he shared interactions and the closed-shell interactions.

0*(Cu—C2). Consequently, this leads to a sufficiently lower AN accumulation of electron density between the nuclei along
E for 6(Cu—C2) — o* (C—H) interactions for2, 3, and4. In a BP is the main factor in the potential energy lowering in the_
place ofo(Cu—C2) — o* (C—H) interactions NBO analysis of ~ CaS€ _of shar(_ad interactions, and therefore the energy de_nsny
B3LYP/IV density reveals* (Cu—C2)— RY*(H1) donations. Hgcp is negative in this case. For shared nonpolar interactions

The described donations froo¥(Cu—C2) ando(Cu—C2) are VZpgcp < 0 as a result of a predominating perpendicular
second-order CHC—H—C and Cu4C—H orbital interactions contraction of the density toward the BP, while for a polar

which obviously cannot be considered either as hydrogen interaction,SVZpBCp can be positive or gegative, but large in
bonding or as agostic interactions. Their contributions to the Magnitude: Relatively large positivevZpace and small but
total Eo(DMCA—L) of 2, 3, and 4 (45, 43, and 38%, negativeHgcp values are observeq .fo.r{C.u bonds inl and
respectively) are comparable with those of the respective back-COMPlexe2—4 (Table S1). The minimization of the energy of

donations from copper LPs @ (C—H) and RY*(H) orbitals an interaction between two atoms leads to the appearance of an
discussed above. atomic interaction line (a bond path in the case of a stable

In addition to the described two main types of interactions, equilibrium structure): a line betweer_1 two atoms along Whi.Ch
a number of significantly weaker second-order charge transfersth_e potential energy Of_ electr_on o_lenﬂty is maximally negative
contribute to the formation o2, 3, and4 according to NBO with respect to any neighboring lire: For a molecule In its
and MO analyses. Thus, MO analysisZshows, for example, stable state the presence of g—(:B) BCP betwgen a pair of
that methane interacts additionally with the C1-methyl group atoms and its assoq_ated BP is, as was mentioned above, both
via deep MOs (Figures 2), which is confirmed by the NBO necessary and sufficient for the two atoms to be bonded to one
analysis (Table S5), and leads most probably to the tilt of the another. A BCP IS & point Whe@{p(r) =0 and Wherg the
methane molecule toward the C1-methyl group (Figures 1 and density attains its minimal magnitude along the BP. Since the

2). QTAIM analysis does not deal with orbitals, but describes electron_ densn_y is concentrated betweer_1 atoms bonded via
interactions between atoms A and B as a local pairing of the shared interactions, thesce value at BCP is relatively large

,44,51¢,53
densities of opposite spin electrons, i.e., the exchange of (0.1 au as a rulef44sie5Values of pacp calculated for
electrons between the basins of these at¥¥f§332b The C—Cu bonds irl and complexe2—4 only slightly exceed 0.1

exchange of electrons and their accumulation between nuclei &Y ) ) )

of atoms A and B balances the force of repulsion on the nuclei !N the case of closed-shell interactions, dipolar and quadru-
and lowers the potential energy of the nuclei. The pairing of Polar polarizations of approaching closed-shell atoms or ions
electrons depending on the distance between A and B and thé’emove electron denSIty from the area of OVerlap and facilitate
strength of the interaction should be distinguished from the the approach of two atoms (ions) and the interpenetration of
Lewis Concept requiring one pair Of electrons per bond between thell’ denSItIeS, the penetl’atlon be|ng I|m|ted to create a Value
two atoms. The delocalization inde&(@,B)) is a measure of  Of pace that is approximately equal to the sum of densities of
the number of electrons between atoms A and B and the extentthe unperturbed aton®$¢ Thus, in the case of a closed-shell

of the sharing of electrons between atomic basins of any given interaction the electron density is not shared between but
pair of atoms3 concentrated within the atomic basins, leading to a weak

interaction. Despite the lack of a significant accumulation of
(53) (a) Fradera, X.; Austen, M. A.; Bader, R. F. W.Phys. Chem. A density between interacting atoms, a BCP exists between these

Two types of interactions are distinguished by QTAIM:

1999 103 304-314. (b) C(O)rte-%uzma, F.; Bader, R. F. WCoord. Chem. atoms. Closed-shell interactions are dominated by the kinetic
Rev. 2005 249 633-662. (c) Bader, R. F. W.; Matta, C. F.; C@t&uznia, 2

F. Organometallic2004 23, 6253-6263. (d) Merino, G.- Vela. A.: Heine, ~ Snergy. and therefore the energy densﬂgcpzandv pecp are

T. Chem. Re. 2005 105, 3812-3841. (e) Poater, J.; Duran, M.; SpM.; positive. Positive and very smaflsce and V2pgcp values are

Silvi, B. Chem. Re. 2005 105, 3911-3947. observed for Cu-H contacts in2 and 3, both G--H contacts
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Figure 3. Molecular graph for the DMCAmethane complefa and envelopes for some atomic basins bound by surfaces=00.001
au. Black and gray spheres represent carbon and hydrogen atoms, respectively. Small red spheres are bond critical points.

in 4, and the H--H contact in3 (Table S1). Worthy of note is
that B3LYP/II//B3LYP/Il- and even B3LYP/I//B3LYP/I-
calculated values opgcp, Hecp, and V2pgcp for the Cu--H
contact in2 are very similar to those computed for the similar
contact in2c using the correlated MP2/11//MP2/1l method. Thus,
all three methods estimate quite similarly the strength of the
weak Cu--H interaction, despite that MP2 predicts appreciably
stronger C-Cu interactions: (i) for these bonds the MP2/11//
MP2/ll-calculatedogcp and positivevZpgcp values are somewhat
larger and thédgcp values are more negative compared to those
computed using B3LYP/I//B3LYP/I and B3LYP/II//B3LYP/II
method; (ii) C-Cu bonds in MP2/ll-optimize@c are shorter
than in B3LYP/ll-optimized2a. It is interesting that MP2/1V//
MP2/lll-computedpscp, Hscp, and V2pgcp values for the C1
-*H1 contact in2d are comparable with those computed for the
Cu+-H contacts in2a and 2c. On the contrary, B3LYP/IV//
B3LYP/lll-calculated pgcp, Hecp, and V 2pgcp values for the
Cu---H interaction in2b are twice as low, obviously because
in this complexd(Cu-+-H1) of 3.222 A is much larger than in
2a(2.850 A).

In contrast to the computation of properties of BCPs,

found for1 (6(C1,H) = 8(C2,H) = 1.009, B3LYP/II; 1.019,
B3LYP/IV), additionally confirm charge transfer from DMCA
to the neutral ligands. On the other hand, distinctly smalter
(C1,H) (i =11, 12, 13) indices compared ¢C2,H) (j = 21,

22, 23) ones predicted f@and3 confirm second-order doner
acceptor stabilizing interactions (bondings) of & bonds of
methane and propane with the C(1)-methyl but not with the
C(2)-methyl group of DMCA in2 and 3. However, according

to QTAIM, two atoms are bonded if they share an interatomic
surface and are consequently linked by a bond path31¢.532.55
the latter being considered as a universal indicator of bonded
interactionst*

The analysis of the envelopes of atomic basinsZar2b,
and?2c shows that in addition to the interatomic surf&€u,-
H1) between Cu and H1 (Figure 3a) linked by,BE, (Figure
1) small but clearly pronounced interatomic surfa&édi,-
C1),§H1,H11), and§H1,H12) between H1 and the atoms of
the C(1)-methyl group exist (Figures 3b, 3d, and 3e, respec-
tively), but not between H1 and the atoms of the C(2)-methyl
group (Figure 3f). The molecular graph and the envelopes for
some atomic basins are exemplified in Figure 3 for complex

delocalization indices can be also computed for a pair of atoms 24 gnly. On the other hand, in MP2/IV//MP2llI-calculated

that are not linked by BP. Delocalization indicé6A,B) for
different pairs of atoms of complexes-4 (Table S7) were
computed using B3LYP densiti€$.First of all it is worth
mentioning that a high degree of delocalization of electrons
between carbon and copper atoms 1o{d6(C,Cu) = 0.823,
B3LYP/II; 0.835, B3LYP/IV) and in DMCA of complexe2—4

in which DMCA and methane are linked by a single ;BP
between H1 and C1 (Figure 1), the analysis of the envelopes
reveals the existence &Cu,H1) (Figure 4a)(H1,H11), and
S(H1,H12) (not shown in Figure 4) in addition t§H1,C1)
(Figure 4b). Thus, in alk complexes H1 shares interatomic
surfaces and consequently is bonded simultaneously with Cu,

(Table S7) demonstrates a significantly large sharing of the C1, H11, and H12. Even though QTANM451c532considers

bonded CG-Cu pairs and confirms NMR data on a substantial
covalent character of the-&Cu bonds in DMCA® Somewhat
smallerd(C,Cu) as well a®)(C1,H) (i = 11, 12, 13) and-
(C2,H) (j =21, 22, 23) computed fd2—4, compared to those

(54) Strictly speaking, delocalization indices apply only to a molecule
in which all molecular orbitals are doubly occupied. Therefore, the indices
based on MP2 densities are not discussed here.

only interactions between two atoms, an atom with a bond or
one bond with another one, Figures 3 and 4, can be considered
to confirm NBO predictions on interactions of the’€H1 bond

of methane with Cu and C1 centers as well as with the-Cli

bond (see above). From the analysis of the envelopes for basins
of key atoms oRa—2d one could thus expect the existence of
four BCPs (denoted as primary BCPs) between H1 and Cu
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Figure 4. Molecular graph for the MP2/1V/IMP2/11l-computed DMCAmethane comple2d and envelopes for some atomic basins bound
by surfaces op = 0.001 au. Black and gray spheres represent carbon and hydrogen atoms, respectively. Small red spheres are bond critical
points.

Scheme 1. Hypothetical Primary Bond and Ring Critical the Cu-C bonds. In the space between H1 and C1 the density
Points (small filled and empty circles, respectively) and is lower than that between H1 and Cu, but much higher than
Primary Bond Paths Linking the C1'—H1 Bond of Methane between H1 and H11, as well as H1 and H12. NBO data confirm
with the Cu Atom and Atoms of the C(1)-Methyl Group in a stronger interaction of H1 with C1 compared with that of H1
the DMCA —Methane Complex, and Coalescences of These with C1—-H11, C1:-H12, and C+H13 bonds. One must expect
Critical Points into a Single Bond Critical Point between (a) therefore that the bond path resulting from the coalescence of
H1 and Cu Atoms (BCPy—cy) or (b) H1 and C1 Atoms the primary critical points should link H1 just with the Cu atom
(BCP1-1) and Its Associated Bond Path (Bf-cu or BP1-, and deviate slightly toward both C1 and the -@u bond
respectively) (Scheme 1a), which is observed in fact a and2b (Figure
91' 1). Compared t@a and2b, with H1—Cu—C1 angles of 78.0
H, and 72.3, methane ir2cis shifted toward the C(1)-methyl group
BOP,.c, (H1—Cu—C1 angle is 68.9), and consequently the interaction
of CI'-H1 and H1 with the C(1)-methyl group (with C1
particularly) should increase. This increase, as well as the
s _oH12 'HJ.]H12 interaction of densities of CH1 bond and H1 atom with the
Cu——C1 Cu——CJ density of the C+Cu bond, for whichpscp is the largest in
H13 H13 the row2c (0.110 au)> 2b (0.109 au)> 2a(0.105 au), result
a most likely in a dramatic deviation of the BR;, toward the
c1' C(1)-methyl group and BGRc, (Figure 1). In2d methane is
¢ even more tilted toward the C(1)-methyl group (HCZu—C1
b angle is 63.7), and both the C*+H bond and H1 atom interact
BCP1-1 obviously stronger with this group (and particularly with C1
atom) than with the Cu atom. That interaction leads to the
H11 transformation of four primary BPs into the BR that links
ooy h12 H1 and C1 (Scheme 1b). A small deviation of BPtoward
.H13 the Cu center and the GICu bond in the molecular graph for

2d (Figure 1) is most likely because a weak interaction of the
C1—H bond and H1 still exists with both the Cu atom and
(BCPy—¢y), H1 and C1 (BCPR-4), H1 and H11 (BCPR-13), and density of the C+Cu bond. The ellipticity of 1.66 for BCRcy

H1 and H12 (BCR-1,) and their associated primary bond paths in 2cis very high, demonstrating that this complex is topolog-
(BP1—cu, BP1-1, BP1-11, and BR-1,, respectively) in molecular  ically unstable. The length of the bond path linking Cu and H1
graphs for these complexes. These BCPs and BPs as well agl(Cu-+-H1)) in 2cexceedsi(Cu-+-H1) by 0.3 A, which provides
the required three ring critical points (RCP1, RCP2, and RCP3) additional evidence of the topological instability of this complex.
are exemplified foR in the left parts of Scheme 1. The closeness Since a topologically unstable structure is not necessarily an
of atoms and critical points in the primary structure should result energetically unstable or¥é,as in the case ofc, the latter
most likely in very similar properties of the primary bond and complex is most probably topologically unstable with respect
ring CPs, which can lead to a catastropffee0c.d:51b.57Thjs to the BR_cy, Which is a result of the catastrophe described
catastrophe would induce the coalescéhe®:51%f the primary above. In2aand2b the ellipticity of density at the bond critical
bond and ring CP§ and result in the formation of a new
topologically unstable BCP and its associated BP. The bond 36((3;5)3';'5{@' C. F.; Castillo, N.; Boyd, R. J. Phys. Chem. 2005 109,
pathis the l.me of max'".‘”".‘ de.nSIj[y between two atdfrfs:>c . (56) The coalescence of each pair of BCP and RCP does not breach the
The analysis of delocalization indices (Table S7) shows that in pgincafe-Hopf relationshipté-55

the space between DMCA and methan@aand2b maximum (57) (a) Cioslowski, J.; Mixon, S. TCan. J. Chem1992 70, 443-449.

i i i (b) Alkorta, I.; Elguero, JChem. Phys. LetP003 381, 505-511. (c) Bader,
density is between H1 and Cu. According to NBO data (see R F.W. Matta, C. Finorg. Chem2001, 40, 5603-5611,

above), the strongest stabilizing don@cceptor interaction is (58) Ritchie, J. P.; Bachrach, S. N Am. Chem. S04.987, 109, 5909
observed also between H1 and Cu, as well as between H1 and916.
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Figure 5. Molecular graph for the DMCApropane comple8 and envelopes for some atomic basins bound by surfaces=d?.001 au.

Black and gray spheres represent carbon and hydrogen atoms, respectively. Small red and yellow spheres are bond and ring critical points,

respectively.

point for the HZ--Cu interaction and the differences between
[(Cue--H1) andd(Cu---H1) are appreciably less than 2t, but
significantly larger compared with those for the-Cu bonds
(Table S1) or G-H bonds in all the complexes studied. Hence,
one can conclude th&aand2b are also topologically unstable
with respect to the BR¢,, because the last is the result of a

interaction decreases simultaneously the interaction between H4
and the C(1)-methyl group of DMCA and leads to a largerH4
Cu—C1 angle in3than in2. The HX--H12 hydroger-hydrogen
interaction in3 corresponds to a donation fromfC1—H12) of
DMCA to ¢*(C1' —H1) of propane. For the H1 atom of propane

in 3 both QTAIM and NBO predict a positive charge, whereas

coalescence of primary bond and ring critical points described for H12 of DMCA QTAIM predicts a small negative charge

above.

Compared td2, propane in3 is slightly shifted toward Cu
(Table 1), and consequently the interaction of th&-¢24 bond
and H4 with Cu should increase compared2& while the
strength of interactions with the C(1)-methyl group of DMCA
should decrease. A comparison of the valueggeb, Hgcp, and
V2pgcp (Table S1) and(H4,Cu) andd(H4,C1) (Table S7) as
well as of the NBO stabilization energies ®and2 confirms
that conclusion. As in the case 2f an analysis of envelopes
of atomic basins o8 (Figure 5) reveals the complexity of the
bond path for the Cu-H contact. That bond path obviously
results from a coalescence of primary BCE, BCP,—1, and
BCP,-11. Despite a delocalization index of 0.0008 computed
for the pair of atoms H4 and H12, there is neither overlapping

(—0.11) and NBO a smalll positive charge (0.18). Experiméfial
and theoreticg}50c6061data show that stabilizing interactions
between two hydrogen atoms bearing identical or similar charges
may exist. However, the hypothesis of hydrogérydrogen
interactions was seriously questioned recef#tl§.more prob-
able explanation of the H1:H12 interaction ir8 is a distinctly
pronounced hydridic property of H12 (as well as the rest of the
hydrogen atoms of DMCA) as predicted by QTAIM, resulting
in a contact with the positively charged H1. The formation of
close contacts between hydridic H atoms and acigitiCN—H,

or O—H bonds is a well-known phenomenon in chem-
istry 2b.49.i.50h.63ak gnd this type of interaction was referred to
as a dihydrogen borf# Typical compounds, for which dihy-
drogen bonds were found and studied, are transition metal hy-

(Figure 5e) nor BCP between the basins of these atoms (Figuresdrides and hydrides of some main group elemegsgi50n63ad|

1 and 5). In place of an H4H12 interaction, a significant
overlapping (Figure 5f) and BCP between H1 and H12 are
observed (Figures 1 and 5). A slightly shorter-CH distance

in 3 (Table 1) and largeECRvalue predicted for this complex
(Table 3) compared t® can be explained by a stronger
interaction of Cu with the more acidic C2H4 bond of
propané? as well as by the additional HEH12 interaction
(Figures 1 and 5). The space requirement of the-HHl2

(59) Bombicz, P.; Czugler, M.; Tellgren, R.; Kaan, A. Angew. Chem.
2003 115 2001-2004; Angew. Chem. Int. EQ2003 42, 1957-1960.

(60) Novoa, J. J.; Whangbo, M.-H.; Williams, J. M.Chem. Phys1991,
94, 4835-4841.

(61) Bader, R. F. WChem. Eur. J2006 12, 2896-2901.

(62) (a) Dunitz, J. D.; Gavezzotti, Angew. Chem2005 117, 1796~
1819; Angew. Chem., Int. EQR005 44, 1766-1787. (b) Poater, J.; Sqgla
M.; Bickelhaupt, F. M.Chem. Eur. J2006 12, 2889-2895. (c) Poater, J.;
Sola M.; Bickelhaupt, F. M.Chem. Eur. J2006 12, 2902-2905.
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Figure 6. Molecular graph for the DMCAdimethyl ether compleX and envelopes for some atomic basins bound by surfacgs-of

0.001 au. Black and gray spheres represent carbon and hydrogen atoms, respectively. Small red and yellow spheres are bond and ring

critical points, respectively.

The formation of dihydrogen bonds with hydrogen atoms bound of about 1.6 were predicted for BgR and BCR-, (Figure

to carbanionic centers is less studféd®3amo On the basis of
the hydridic nature of the H12 atom predicted by QTAIM, the
H1---H12 interaction irB can be considered a dihydrogen bond.
For 4, only the interactions of H1 and H4 of DME with C1
and C2 of DMCA but not with Cu are predicted by QTAIM
analysis (Figure 1), although the HiCu and H4--Cu separa-
tions are comparable with the HIC1 and H4--C2 internuclear

1), reflecting structural instabilities of these bond paths. The
topological instability of the H%+-C1 and H4--C2 interactions

in 4 is apparently the result of a catastrophe similar to that
described foR, and more complex interactions of the'€H1

and C2—H4 bonds of DME with DMCA are most likely
realized. The complexity of these interactions is confirmed by
the analysis of envelopes of atomic basing ¢Figure 6), MO

distances (Table 1). In addition, the corresponding bond pathsanalysis (Figure 7), and NBO data. The NBO data show that

(BP1—1 and BR-,) are strongly curved (Figure 1), and their
lengthl is about 0.4 A longer thad(H1:+-C1) andd(H4::-C2)
internuclear distances, exceeding even tHeskvalues previ-
ously published®edAdditionally, large ellipticity:>45>4%values

(63) (a) Alkorta, I.; Rozas, |.; Elguero, £hem. Soc. Re 1998 27,
163-170. (b) Braga, D.; De Leonardis, P.; Grepioni, F.; Tedesco, E.;
Calhorda, M. JInorg. Chem.1998 3337 7—3348. (c) Custelcean, R.;
Jackson, J. EChem. Re. 2001, 101, 1963-1980. (d) Maseras, F.; LIédp
A.; Clot, E.; Eisenstein, OChem. Re. 200Q 100 601-636. (e) Pakiari,
A. H.; Mohajeri, A.J. Mol. Struct. (THEOCHEMRO003 620, 31-36. (f)
Govender, M. G.; Ford, T. Al. Mol. Struct. (THEOCHEM2003 11-16.

(g) Crabtree, R. H.; Siegbahn, P. E. M.; Eisenstein, O.; Rheingold, A. L.;
Koetzle, T. F.Acc. Chem. Resl996 29, 348-354. (h) Belkova, N. V.;
Besora, M.; Epstein, L. M.; Lledn A.; Maseras, F.; Shubina, E. 5.Am.
Chem. Soc2003 125 7715-7725. (i) Shubina, E. S.; Belkova, N. V.;
Krylov, A. N.; Vorontsov, E. V.; Epstein, L. M.; Gusev, D. G.; Niedermann,
M.; Berke, H.J. Am. ChemSoc 1996 118 1105-1112. (j) Morrison, C.
A.; Siddick, M. M. Angew. Chen2004 116, 4884-4886;Angew. Chem.,
Int. Ed.2004 43, 4780-4782. (k) Richardson, T. B.; de Gala, S.; Crabtree,
R. H.; Siegbahn, P. E. Ml. Am. Chem. S0d.995 117, 12875-12876. ()
Cybulski, H.; Tyminska, E.; Sadlej, ZGhemPhysCher2006 7, 629-639.
(m) Alkorta, I.; Elguero, J.; Foces-Foces,Chem. Commurl996 1633-
1634. (n) Grabowski, S. J. Phys. Chem. R200Q 104, 5551-5557. (0)
Clement, N. D.; Cavell, K. J.; Jones, C.; Elsevier, CAdgew. Chen2004
116, 1297-1299; Angew. Chem., Int. E®004 43, 1277-1279.

the donations from €H bond orbitals of the C(1) and C(2)
methyl groups of DMCA to orbitals of the CtH1 and C2—

H4 bonds of DME additionally contribute to these interactions.
Thus, the interaction of the C(1)-methyl group is described as
donations fromp(C1—-H13), 6(C1—H11), ando(C1—H12) to
0*(C1—H1). The donation from the first orbital is mainly
realized as interaction of C1 with the GIH1 bond of DME,
whereas donations from(C1—H11) ando(C1—H12) orbitals
should be considered as interactions of the-€11 and Ct+

H12 bonds with the same CiH1 bond. The difference in
strength ofp(C1-H13)— o*(C1—H1), o(C1—H11l)— o*(C1—

H1), and 0(C1-H12) — o0*(C1—H1) interactions is most
probably associated with the directionality of the bonds and the
symmetry of their orbitals. According to QTAIM and NBO
analyses, H1 of bears a small positive charge, while a negative
charge 0.34, QTAIM; —1.24, NBO) was found at C1.
Therefore, one can consider the interaction between C1 and the
C1—H1 bond as a hydrogen bond donation from'-€d1 of
DME to the carbanionic center C1 of DMCA. Correspondingly,
QTAIM and NBO analyses reveal that C2H4---C2 interaction
can be regarded as a hydrogen bond. The hydrogen-bonding
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e toward the CuCl and Cu-C2 bonds, respectively, are
a “f obviously due to appreciable interactions of the-€41 and
'-/'J C2—H4 bonds with Cu. Indeed, sufficiently strong back-
- ? donations from Cu taw*(C—H) and RY*(H) orbitals of the
interacting C-H bonds of DME as well as second-order-€u
C—H—-C orbital interactions exist as shown above. These
donations stabilizd to an extent similar to interactions of C1
H1 and C2—H4 bonds with the methyl groups of DMCA (Table
a b S5). Sufficiently strong interactions of CiH1 and C2—H4
bonds with both the copper center and electron densities of

N m C—Cu bonds in4 lead, like a similar interaction of the G1
= oo / H1 bond in complexXd, to a significant deviation of H1-C1
i@ aF _ and H4--C2 bond paths toward Cu and the corresponding
@8 «5&:}
c d

C—Cu bond. It is interesting to note that G‘H1 and C2--H4
separations of 2.817 A in B3LYP/Il-optimizediare equal to
Figure 7. Contour maps of some MOs for the B3LYP/II-calculated
DMCA—DME complex. The MO energieg€] are given in atomic

d(Cu—H1) in the MP2/ll-optimized complex of DMCA with
methane Zc). At the same time, Cu-H1 and Cu--H4 separa-
tions (2.904 A) in4 exceedd(Cu—H1) in 2c by 0.04 A. As

was mentioned above, the structize with the bond path
linking the H1 and Cu and strongly deviating toward the-C1

units [aul: HOMO-3, E = —0.0276, contour value 0.03 (a): Cu bond, is topplogiqally uns_tablle. It can be easily transformed
HOMO-4, E = —0.0287, contour value 0.016 (b); HOMQT, E to a structure in which H1 is linked with the €TCu bond
= —0.126, contour value 0.007 (c); HOME3, E = —0.248, critical point to yield a “conflict structure®>5or a structure
contour value 0.01 (d). in which H1 is linked by a bond path with C1 (as 2d) or

] ] ] another (H11, H12) atom. The described data show that the
Scheme 2. qud (sma_lll filled circles) and Ring (small empty lengthening of the Cw-H1 and Cu--H4 separations in4
H%‘(’)'t?;)tig;'lt'_l‘f::(u':gg:ésdajy\é\ﬁ?)g:s BBé’:g E;&Zefgrtr?e compared with the GurH1 distance ir2c results in a structure
. . in which the Cu--H1 and Cu--H4 bond paths are transformed
CI'—H1 Bond of DME and the C(1)-Methyl Group in 4 to those linking H1 and H4 of DME with C1 and C2 of DMCA,

91'BCP ?1' respectively.
scp, H1 [ H1 The discussion shows that the '€H1---C1 and C2-H4--
A BOP1-12 -C2 interactions predicted fdrby QTAIM are the multicenter-
N copper-assisted hydrogen bonds betweerH®onds of DME
and DMCA according to NBO. Hence, a significant deviation
,H11 .HJJHQ of a bond path linking a particular-€H bond of a ligand with
CU_’—CJX Cu——C/ the carbanionic center of a diorganocuprate(l) anion toward the

)
H13 H13 Cu—C bond is strong evidence for an interaction of thattC
bond with Cu and the €Cu bond. Again, thé/2pgcp value of
0.018 au for BCR-; and BCR—, in 4 is in the range determined
Jor hydrogen bond&5"Pand the positive and smaflgcp values
calculated for BCR-.; and BCR-; in 4 (Table S1) agree with

The same is valid for atoms H21 and H22. Thus, according to those characte;al:]%bgr;ceSlclosed-shell interactions including
QTAIM (Figure 6) and NBO theory, the interaction of the'€1 hydrogen bonds: #4457

H1 bond of DME with the C(1)-methyl group of DMCA iA Conclusions

can be considered as a weak trifurcated hydrogen %5&ftbf
C1—H1 to the carbanionic center C1 and two hydridic atoms
H11 and H12, of DMCA. Three primary bond critical points
(BCP,—1, BCP—11, and BCR-15), two ring critical points (RCP1
and RCP2 of the three-membered ringsHH11-C1 and H}:-
H12—C1), and the bond paths BR, BP;—1;, and BR-15,
describing this trifurcated hydrogen bond, should occur in the
very narrow space (Scheme 2, left side). As described®for
the closeness of atoms and critical points mentioned should
result in the formation of new topologically unstable BCP

and BR-;. The new BR-; should most probably deviate rather
toward H11 and H12 (Scheme 2, right side) than toward the
Cu—C1 bond®® as predicted fo# (Figures 1 and 6). As in the
case of complexe®, strong deviations of BR1 and BR_»

character of the above-described interaction of the 811 and
C1-H12 bonds with the Ct+H1 bond is supported by a
decrease of electron densities at the respective atoms H11 an
H12 in 4 compared with those in the unboudd(Table S4).

The complexes of dimethylcuprate(l) anion (DMCA) with

'’ methane, propane, and dimethyl ether (DME) were theoretically
studied using B3LYP and MP2 methods. The quantum theory
of atoms in molecules (QTAIM) and the second-order perturba-
tion NBO analyses were used for electron density distribution
analysis and for the elucidation of the nature of weak closed-
shell interactions of the ligands with DMCA. DMCAmethane,
DMCA—propane, and DMCADME weak complexes were
found to be real minima on the respective potential energy
surfaces. From the dissociation energies of these complexes it
was concluded that coordination of-E& bonds of ethereal
solvents and crown ethers to diorganocuprate(l) anions is
feasible.

The formation of G-H---Cu hydrogen bonds (HBs) was

(64) Ranganathan, A.. Kulkarni, G. U.. Rao, C. N..RPhys. Chem. A shown to be the most important factor stabilizing the calculated
2003 107, 6073-6081. DMCA—methane and DMCApropane complexes. In the

(65) For the sake of clarity, the same picture for a hypothetical trifurcated formation of C-H:--Cu hydrogen bonds, the copper atom
E)e/criéogen bond between C2H4 and the C(2)-methyl group is not shown  hearing a partial positive charge acts as donor of electron charge

(66) This assumption is based on the analysis of reasons for the curving {0 the C-H bonds. Such behavior of the copper atom of DMCA
of bond paths described in the Appendix. differs completely from that of bare Cuwhich accepts electron
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density mainly from G-H and other bonds and forms agostic paths are observed in many other molecular systems described
complexes:87 in the literature. The origin of the curving is likely to be the

In DMCA the presence of two methyl groups with negatively same for all types of closed-shell interactions such as hydrogen
charged carbon atoms and hydridic hydrogens can lead ad-bond, agostic, and van der Waals interactions.
ditionally to the formation of &H---C hydrogen and €H--
-H—C dihydrogen bonds with €H bonds of methane, propane, Acknowledgment. We gratefully acknowledge financial
and DME. Such hydrogen-bonding interactions are predicted support from the Deutsche Forschungsgemeinschaft (Sonder-
by NBO, molecular orbital analysis, and QTAIM analysis of forschungsbereich 260) and the Fonds der Chemischen Industrie.
envelopes of atomic basins. Second-order orbital interactionsAlso we thank the “Hochschulrechenzentrum der Philipps-
of C—Cu bonds with G-H bonds of methane, propane, and Universitd Marburg”, the “Rechen- und Kommunikationsze.n-
DME (Cu—C—H—C donor-acceptor interactions) also stabilize ~ trum der RWTH Aachen”, an"d the “John von Neumann-Institut
the complexes studied according to the second-order perturbatiorfd” Computing (NIC) in Jlich” for providing calculation time.
NBO analysis. This analysis predicts the formation of multi-
center-copper-assisted hydrogen bonds with DMCA. Despite Appendix
the complex nature of interactions in all complexes studied, there
are only one or two bond paths linking hydrogen atoms of
methane, propane, or DME with atoms of DMCA in the
molecular graphs predicted by QTAIM. As a rule, these bond
paths are strongly curved and deviate toward carfmmpper
bonds, suggesting the interaction of-8 bonds of the ligands
with electron densities of carbeitopper bonds. Such QTAIM
description of the different closed-shell interactions in complexes
of DMCA with methane, propane, and DME is explained by a
coalescence of primary bond and ring critical points caused by
their very similar properties. This QTAIM description is thus
evidently different from the description by NBO.

Reasons of Bond Path CurvaturesCurving of bond paths
linking atoms of C-H bonds of methane, propane, and DME
with atoms of DMCA (Figure 1) is not a uniqgue phenomenon
and previously has also been observed for other hydrogen-bon-
ded systenf§0.d.64.67.69gr complexes of Cu(l§,other transition
metals’2:53¢.70.71and different weakly bonded complex&@8.70.72
The curved metatcarbon bond paths were revealed for some
3d metal metallocenésand ethylenebis(indenyl-1)zirconium
dichloride’* Also significantly curved metaicarbon and metal
metal bond paths were computed for transition metal carbonyl
clustergtb.75aand for three-membered rings of bis(1,5-cyclo-

) _ - _ octadiene)nickel®® For [Ni(HsL)][NO 3][PFe] [HsL = N,N',N"'-

According to the theoretical predictions of this work-8  ig(2-hydroxy-3-methylbutyl)-1,4, 7-triazacyclononane] a strongly
bonds of free ligands or ligands coordinated to a countercation c,rved Ni-O bond path is observed, whereas the-Nibond
of monomeric or dimeric diorganocuprate(l) can interact with path is almost lineaf® Thus, a curvature of the bond path is
diorganocuprate(l) anion and may affect the structure of highly not an exclusive characteristic Sfagostic alkyls of the early
flexible cuprate(l) aggregates. Indeed, QTAIM and NBO {ransition meta® and cannot be used to distinguish agostic
analyses, carried out on the X-ray structures of some monomericinteractions from classical hydrogen bonds, as was supposed
diorganocuprates(l), revéélthat all predicted types of weak recently’” To understand general reasons of bond path curva-
interactions do really exist in the solid-state structures of tyres, let us consider second-order orbital interactions between
cuprates(l). closed-shell molecules AB and XY shown in Scheme 3. The

Binding energies calculated for model complexes noticeably same results will be obtained if the QTAIM approach is applied
increase on going from methane (6.4.1 kcal/mol) to propane  with respect to closed-shell interactidhg*450.50c.51.53etween
(0.5—-1.2 kcal/mol) and then to dimethyl ether (2.3.0 kcal/ molecules AB and XY. The analysis of the literature data cited
mol), i.e., on increasing the acidity of-€H bonds interacting above and results of this work show that a significant curving
with dimethylcuprate(l) anion. It is reasonable to propose that of a bond path between the atoms B and X seems to occur if
coordination of solvent molecules or molecules of other ligands the A—B---X angle (p(A—B---X)) decreases to about 120r
to a cation (Li as a rule) of a diorganocuprate(l) should enhance further. Such a decrease @{A—B---X) may be caused by
the acidity of C-H bonds of ligands and result in significantly
larger binding energies of complexes of diorganocuprate(l)  (69) (&) Popelier, P. L. A.; Bader, R. F. V€hem. Phys. Lett1992

; ; ; ; i~ lithi 189 542-548. (b) Rozas, I.; Alkorta, I.; Elguero, J. Phys. Chem. A997,
anions with the ligands. DFT calculations of monomeric lithium 101 9457-9463, (c) Znamenskiy, V. S.: Green, M. & Phys. Chem. A
dimethylcuprate(l) solvated by three molecules of dimethoxy- 2004 108 6543-6553. (d) Palusiak, M.; Grabowski, S.J1.Mol. Struct.
ethane as well as some oligomers of this solvated dimethylcu- (THEOCHEM)2004 674, 147-152. (e) DuPreD. B. J. Phys. Chem. A
prate(l) demonstrate that the energy of an interaction of 2005 109 622-628.

dimethylcuprate(l) anion with ligands surrounding”ldan be 10&301)1?%“&’ P.L. A Logothetis, @. Organomet. Chen1998 555

as large as 10 kcal/mol, which can certainly affect the reactivity  (71) Scherer, W.; Hieringer, W.; Spiegler, M.; Sirsch, P.; McGrady, G.
of a diorganocuprate(l). Results of these calculations will be S.; Downs, A.J.; Haaland, A.; Pedersen@em. Commuri998§ 2471

. ) : . . 2472.
published elsewhere. Ligands surrounding fdorm multiple (72) () Popelier, P. L. AJ. Phys. Chem. A998 102, 1873-1878. (b)

hydrogen bonds with diorganocuprate(l) anions. This hydrogen- cioslowski, J.; Mixon, S. TChem. Phys. Lett199Q 170, 297-300. (c)
bonding interaction is accompanied by an unsymmetrical Cioslowski, J.; Mixon, S. T.; Edwards, W. . Am. Chem. Sod 991,

; : i i 8 113 1083-1085.
interaction of two parts of these anions with-8 bonds®8 It (73) Lyssenko, K. A Golovanov, D. G.: Antipin, M. YWendelee

could not be excluded that such unsymmetrical hydrogen- commun2003 209-211.
bonding interaction can lead also to a change in selectivity of  (74) Stash, A. |.; Tanaka, K.; Shiozawa, K.; Makino, H.; Tsirelson, V.
diorganocuprates(l) with two different organic moieties. G. Acta Crystallogr.2005 B61, 418-428,
9 P 0 . 9 (75) (a) Macchi, P.; Garlaschelli, L.; Sironi, &. Am. Chem. So2002
The reasons why the bond paths in molecular graphs of the 124 14173-14184. (b) Macchi, P.; Proserpio, D. M.; Sironi, A. Am.
complexes studied are curved were analyzed. Such curved bondchem. Soc199§ 120, 1447-1455. )
(76) Smith, G. T.; Mallinson, P. R.; Frampton, C. S.; Farrugia, L. J.;
Peacock, R. D.; Howard, J. A. K. Am. Chem. S0d.997, 119 5028~
(67) Alcaniy M.; Luna, A.; Mg, O.; Yaiez, M.; Tortajada, JJ. Phys. 5034.
Chem. A2004 108 8367-8372. (77) Scherer, W.; McGrady, G. 8ngew. Chen2004 116, 1816-1842;
(68) Dentyanov, P. I.; Gschwind, R. M., to be published. Angew. Chem., Int. EQR004 43, 1782-1806.
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Scheme 3. Molecular (1), Orbital (2), and Topological (3) Scheme 4. Molecular (1), Orbital (2), and Topological (3)
Representations of Hypothetical Transformations of End-On Representations of Hypothetical Intramolecular
into Side-On Interactions of Orbitals of Atom X in Molecule Transformations of End-On into Side-On Interactions of
XY with Orbitals of Molecule AB 278 Atom X Orbitals in Molecule BA —S—YX with A —B Bond
v Y Y v Orbitalsa 78
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interacting atoms are bond critical points. 3 ( repy X , Qp% .
A+{/ECP1
i

geometrical and/or electronic requirements, with the latter j
resulting in an increased energy of the-9B interaction. With
T h... N aIn line 3, the small filled circles on the bond paths linking

the decrease ap(A—B---X) to 120° and farther, orbitals of interacting atoms and the small open cycles are bond and ring critical
atom X as well as those of the bond-X located closer to or oints. respectively.

. . . . ) ) p , resp y
mainly on atom X should interact increasingly with orbitals o _ o
located between A and B, whereas their interaction with those deviation of the lower terminus of the B, which links atoms
orbitals located mainly on the outer part of atom B should B and X, to the A-B bond and to a shift of this BP as a whole
decrease. In other words, the end-on mode of interactions oftoward atom A. BCP1 associated with the gxPwould
atom X and bond XY with the A—B bond in structurd subsequently shift toward the RCP1 as a result of these changes.
changes appreciably to a side-on mode in structiiraadiii In further displacement of the -xB—A interaction domain
(Scheme 3, line 1). On moving the interaction domain of atom along the B-A bond toward atom A, a coalescerge’®51bof
X and bond %-Y along the B-A bond, an atomic interaction ~ the BCP1 and RCP1 occurs, which results in the formation of
line (bond path for a stable [(AB)-(X—Y)] complex) between @ new BCP2 between A and X, a new &Rlinking A and X,
atoms X and B (BRs), a line along which the electron density ~and a new RCP2 (Scheme 4, right side). As a result, the structure
is maximal with respect to any neighboring line in the space €2 described by the molecular graghwill be formed. It is
defined by A, B, and X, will be displaced from B to A and notable that similar changes in molecular graphs were described
bend increasingly toward bond path BRinking atoms Aand  for three-membered €TM—C (TM is a transition metal atom)
B, as shown in line 3 of Scheme 3. Consequently, BCP1 rings’™ and for [FeCo(CQJ~ upon changing the FeCo—C
associated with Bk will be shifted from its position in to angle along the terminal to bridging conversion p&itl>
that inii andiii. Such changes occur on going frdta to 2b The general considerations described here allow one to estab-
and to2c. If the charge transfer interaction domains of orbitals lish a rationale for the curved bond paths2ir8, and4, which
of atom X and bond XY with orbitals of the A-B bond move are results of multicenter side-on interactions eff€bonds of
closer to atom A, at first the BR switches from atom B i, methane, propane, and DME with DMCA. It should be pointed
i, andiii to the bond critical point of the AB bond iniv. This out that the changes in structures and molecular graphs described
transformation leads to structures described by the conflict were not associated with the particular type of second-order (non-
molecular grap¥ iv (Scheme 3, line 3) or the conflict structures ~ covalent) orbital interactions of atom X and/or boneh X with

of the van der Waals complexes&C,H,, Ar++-CO;, and Ar atom B and/or A-B bond. Hence these changes are obviously
--COS5! |t should be noted that the molecular graph2ofis applicable equally to all so-called closed-shell interactions, i.e.,
close to a conflict structure. Then, the structure described by honcovalent interactions such as ionic bonds, hydrogen bonds
molecular graplv, similar to that predicted for compled, is including those formed with transition metal atoffsyan der
formed. In this structure the orbitals of atom X and bond¥ Waalg'd5Pand hydrogerhydrogefi®tinteractions, agostic

interact with those orbitals of theAB bond located closer to  interactions;*7""and formation ofo-complexes!"
atom A as well as those located on atom A itself. Further moving

along the B-A bond may finally result in switching the Supporting Information Available: Properties of bond critical
interaction to atom A, i.e., lead to the formation of the end-on points; QTAIM and NBO charges of the individual atoms of the
Y —X-+-A—B complex (not shown in Scheme 3). dimethylcuprate anion and the complexes studied; changes in

If in a molecule BA-S—YX with spacer S there is an  QTAIM and NBO electron populations of the atoms in the com-
intramolecular closed-sh&ii*445b50c53gnoncovalent) interaction ~ Plexes with respect to those in the respective free reactants; data

of atom X with atom B and/or an end-on interaction with the ©n selected second-order donacceptor orbital interactions in the
A—B bond via its B terminus, a cyclic structucd described complexes; delocalization indices for the complexes. This material
by molecular graph (Schemé 4) is formed. Let us consider is available free of charge via the Internet at http://pubs.acs.org.
what happens if a decrease of the-B---X angle takes place  OM0604066
due to some reason. This decrease can lead to switching of
second-order charge transfer interactions of orbitals of atom X, (78) In line 2, only one of these interactions, namely, an interaction of
and possibly bond XY orbitals located closer to atom X, to the LP orbital of atom X with the AB bond orbital, is demonstrated for

. : . . ’ implicity.
the interactions .Wlth orbitals of thefB t?ond only. In the sz%():'garatta’ W.: Mealli, C.: Herdtweck, E.: lenco, A.: Mason, S. A.:
molecular graphj for the cyclecl, this will lead both to a Rigo, P.J. Am. Chem. So@004 126, 5549-5562.




