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Abstract: Density functional theory (DFT) calculations have been performed to investigate the origin of
the reactivity and ligand-transfer selectivity of organozincates in the 1,2-addition to carbonyl compounds.
Examination of the addition of MesZnLi to formaldehyde as compared with that of Me,Zn showed that the
addition reaction is facilitated by the push—pull synergy of the Lewis acidic Li atom and the negatively
charged MeszZn moiety. This analysis then provided an answer to the mechanistic question about the
experimentally established ligand-transfer selectivity in the 1,2-addition of heteroleptic organozincate Me,-
Zn(X)Li (X =H~, R:N-, and R3Si™). The addition of these heteroleptic zincate compounds results in selective
transfer of H, R;N, and R3Si groups owing to the favorable orbital interaction between these groups and
the carbonyl w-system. The addition reaction of the zincate compounds conforms to the mechanistic
framework of the conventional nucleophilic reaction, such as the addition reaction of MeLi dimer, and is
different from the reaction of organocuprates, where oxidation/reduction of the copper atom is involved.

Introduction

Lithium diorganocuprates &uLi have long been known to

be much more reactive than the corresponding neutral organo-

copper compounds RCuSimilarly, lithium triorganozincates
RsZnLil are more reactive than their neutral counterparts
R,Zn.2~% Heteroleptic organocuprates RCu(X)Li often transfer
selectively either R or X in carbonyl addition reactidnand
so do heteroleptic organozincatesZR(X)Li.”° For example,
dialkylhydridezincates ([Zn(H)]"M™),” dialkylaminozincates
([R2Zn(NR2)]~M*) 8 and dialkylsilylzincates ([Zn(SiRz)] M*)°
transfer selectively the non-carbon ligand to electrophiles
(Scheme 1).

Such similarity notwithstanding, one naturally suspects that
the similarity is only apparent since the Group 11 metal is a
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Scheme 1. Selective Transfer of Ligand on Heteroleptic Zincate?
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transition metal element and the Group 12 metal belongs to the
main group. The enhanced reactivity of the diorganocuprates
RoCuLi is due to their high-lying Cu 3d orbital that can mix
with the sp orbital of the R groupand the ligand-transfer
selectivity for RCu(X)Li is largely due to the stabilization of a
Cu(lll) intermediate by Li+X ligation. The zinc atom does not
have high-lying 3d orbitals, and hence there is no Zn(lV) state.
Thus, the Cu/Zn similarity must indeed be superficial, and
therefore one would be interested in finding the true reasons
for the higher reactivity of triorganozincate compounds and the
origin of the ligand-transfer selectivity for heteroleptic orga-
nozincate reagents. In this article, we report the results of the
computational/theoretical studies on these reactivity and selec-
tivity issues as studied for the 1,2-addition of #aLi and
MexZn(X)Li (X = H~, R:N~, and RSi™) to formaldehyde (eq

1).
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The present results indicated that the reactivity and the selectivity
issues can be explained in terms of an ordinary nucleophilic
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mechanism similar to the one invoked in the reaction of MeLi exaggerate the electrostatic interactions, the stability of the metal
dimer, that is, the electrophilic activation of the carbonyl group carbon bond, and hence the planarity of the complex. Nonetheless, these
with the Li cation and the nucleophilic attach of the Me group Structures provide a valuable starting point for our considerations of
that takes place without an electron-transfer process betweerf€ reactivity of the organozincate intermediates.

the organometallic reagent and the electrophile. Though there has been little structure and reactivity information
available for the heteroleptic zincate compounds, we assumed that their
Computational Methods and Chemical Models behavior is essentially the same as that ofEfd.i.1* The formation

process and the structure of Ma(H)Li will be discussed in detall in

All calculations were carried with a Gaussian 98 program package. ) - N
prog P 9 the Results and Discussion section.

The molecular structures and harmonic vibrational frequencies were dehvd q del of bonvl d Ki
obtained using the hybrid density functional method based on Becke's ormaldehyde was used as a model of a carbonyl compound. Lacking

three-parameter exchange function and the-béang—Parr nonlocal supstituents, thg TS of the l,2-additjon with a nucleophi_le tends t_o be
correlation functional (B3LYP): We used Ahlrichs’ SVP'2all-electron quite early, yet it has been proved, in a number of previous stéfties,
basis set for the zinc atom and 6-8&* for the other atoms (denoted ~ 1© Serve as a useful general model of aldehydes and ketones.
as 631SVP in the text). Geometry optimization and vibrational analysis Results and Discussion
were performed at the same level. All stationary points were optimized
without any symmetry assumptions and characterized by normal |, Pathway of 1,2-Addition of Me,Zn and MesZnLi to
coordinate analysis at the same level of the theory (the number of Formaldehyde. The addition of MeZn to formaldehyde is
imaginary frequency, NIMAG, 0 for minima and 1 for transition states  giscussed first (Figure 1). An association comp&Ri forms
(TSs)). ) o without much energy gain (3.6 kcal/mol) and with little change
We employ_ed Mezn, MeznL, a_nd MeZn(X)Li (X. = H, NH, of the geometry. The €Zn—C angle (169.3 is bent by only
SiHz) as chemical models for the zinc compounds with and without a 10.7, and the &0 bond length (1.21 A) is elonaated by onl
molecule of MeO coordinated either to the zinc or to the lithium atom. o . . g o g y only
The neutral diorganozinc compounds in crystasist with a linear 3% as_‘ compared with those in the reactants-GCbond
C—2Zn—C geometry, and so does the calculated structure oZkie formation occurs as the carbonyl carbon approaches one of the
The gas-phase calculations indicated that MeLi andZviereact to methyl groups with an activation energy of 19.9 kcal/mol. This
form a trigonal planar complekawith large exothermicity (24.2 kcal/  large energy loss is a result of the cleavage of the stablgrC
mol; B3LYP/631SVP), and dissociation of N&nLi into an ion pair, bond (bond dissociation energy of 44.46 kcal/rHodind of the
[Meszn]~ and Li*, occurs with 147.5 kcal/mol endothermicity (Scheme rather small energy gain to form an-@n bond in the expense
2). This structure [MgZn] Li* is essentially the same as the crystal- of the C—Zn bond cleavage. The overall gain to form the
lographic structure of M&nK,™ and the average of the calculated  aqition productCPii is rather small (29.1 kcal/mol). The
Zn—C bond lengths of [Me&n]"Li* (2.074 A) is in good agreement . 1ated result is consistent with the experimental fact that

with the experimental data for [M&n]"K* (2.071 A)23 Solvation of . . . . L. .
i . . dialkylzinc compounds are inert in the carbonyl addition reaction
the lithium atom with a MgO molecule does not alter much this planar . I
in a nonpolar mediurd’

geometry (Scheme 2).
We confirmed that the planar geometry is the global minimum by ~ We can expect a priori that M&nLi is more reactive toward
making an artificial pyramidal geometry of M&nLi by first placing an aldehyde than M&n, because of the higher electron density

the lithium cation 2.40 A above the zinc atom in an ideal trigonal of the [MeZn]~ moiety, and so it was found (Figure 2).
structure (Scheme 2). Geometry optimization then caused smoothMezZnLi and formaldehyde first form a Lewis acid/Lewis base
migration of the lithium atom without an energy barrier to form the comp|exCPi_1 with a reasonab]y |arge stabilization energy (159
planar structurda. In light of the experimentally known fractionality kcal/mol). The Li coordination takes place on the plane of the
of the organozincate structur€showever, we must keep in mind the carbonyl group as in the MeLi dimer/formaldehyde compféx.
fact that the gas-phase calculations and the crystallographic structures].here are two nonequivalent Me groupsGRi-1. One of the

(10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. (WO methyl groups bound to the lithium can migrate very
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, smooth|y, a|0ng the intrinsic reaction Coordmﬁ%eto the
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;  (14) Kubas, G. J.; Shriver, D. B. Am. Chem. Sod.97Q 92, 1949-1954.
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; (15) (a) Kaufmann, E.; Schleyer, P. v. R.; Houk, K. N.; Wu, Y.-D.Am.

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, Chem. Socl985 107, 5560-5562. (b) Nakamura, M.; Nakamura, E.; Koga,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; N.; Morokuma, K.J. Am. Chem. Socl993 115 11016-11017. (c)
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, Nakamura, M.; Nakamura, E.; Koga, N.; Morokuma, X.Chem. Soc.,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_; Faraday Trans1994 90, 1789-1798. (d) Mori, S.; Kim, B. H.; Nakamura,
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Nakamura, EChem. Lett1997 1079-1080. (e) Heeffner, F. E.; Sun,
M.; Replogle, E. S.; Pople, J. &Saussian 98Gaussian, Inc.: Pittsburgh, C.; Williard, P. G.J. Am. Chem. SoQ00Q 122, 12542-12546.
PA, 1998. (16) Kagaku Binran (Chemistry Handbook in Japanesd)e Chemical Society
(11) (a) Becke, A. DPhys. Re. 1988 A38 3098-3100. (b) Becke, A. DJ. of Japan: Maruzen: Tokyo, 2004; 11-317.
Chem. Phys1993 98, 1372-1377. (c) Becke, A. DJ. Chem. Physl993 (17) Noyori, R.; Kitamura, MAngew. Chem., Int. Ed. Endl991, 30, 49—69.
98, 5648-5652. (d) Lee, C.; Yang, W.; Parr, R. Bhys. Re. 1988 B37, (18) (a) Fukui, K.Acc. Chem. Resl1981, 14, 363-368. (b) Ishida, K;
785-788. Morokuma, K.; Komornicki, AJ. Chem. Physl977 66, 2153-2156. (c)
(12) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571-2577. Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154-2161. (d)
(13) Weiss, EAngew. Chem., Int. Ed. Engl993 32, 1501-1523. Schlegel, H. B.; Gonzalez, Q. Phys. Chem199Q 94, 5523-5527.
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Figure 1. Energy diagram of the M&n addition of HCO (B3LYP/631SVP). Energy changes at the B3LYP/631SVP level are shown in kilocalories per
mole and bond lengths in angstroms.
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Figure 2. Energy diagram of the M&nLi addition of HLCO (B3LYP/631SVP). Energy changes at the B3LYP/631SVP level are shown in kilocalories per

mole and bond lengths in angstroms.

carbonyl carbon atom with a small activation energy (8.0 kcal/ 'S [ g T T T g
mol from CPi-1). As judged by the degree of elongation of the I Zn

Me—Zn, Me—Li, and C=0 bond lengths in the TS (2%, 9%,

1 Ei

and 2%, respectively), as well as the short formingMebond

(2.24 A), we consider this TS to be rather late. As the Me group

migrates to the carbonyl carbon atom, the alkoxide group 0.5 .-:%‘““R

becomes attached to the zinc atom to produce the adduct
MexZn(OCH,CHg)Li (CPii-1). The stabilization energy is very
large (~53.1 kcal/mol) because of the formation ofH® and
Zn—0 bonds, and provides a driving force of the addition [
reaction. It is probable, as discussed later for the reaction of 3 5 [ o
MezZn(H)Li, that the product M&Zn(OCH,CH3)Li may dis- 2 [ ‘—__:><:/
proportionate into Mgn and CHCH,OLI tetramer to gain I > " '\

L i q
further stabilization. - Me

al Population Charge

[=]

All attempts to locate a TS in which the Mgroup inCPi-1 \"
undergoes €C bond formation with the aldehyde carbon atom B I SN SV RV B
(while keeping the L+O coordination) resulted in a sudden o RT CPi-1 TS1 CP ii-1

change of the geometry to generdt®1 through migration of Figure 3. Charge change in the 1,2-addition of MaLi to H,CO.
the Li atom to the M&group.

This transfer of the Me group from N2&nLi to the carbonyl the reactant to the product, and the negative charge of the
carbon takes place as a single event, as can be seen in the smoothansferred Mégroup decreased monotonically toward zero in
charge changes during the reaction (Figure 3). Thus, the negativethe product. The exchange of the electrons occurs exclusively
charge of the carbonyl oxygen increases monotonically from between the Me anion and the carbonyl oxygen, and the charges

J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004 10899
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Scheme 3. Two Alternative Hypothetical Possibilities of Me Transfer

+ Me
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of the Li and the Zn atoms remain essentially constant during of the carbonyl oxygen by the zinc and the lithium atoms. This
the reaction. This is a signature of the absence of any oxidation/pathway, however, first needs the formation of an open complex
reduction process in this reaction, and is markedly different from CPi-2, during which MeZnLi dissociates into Mgn and

the addition reactions of MEuLi to an o,3-unsaturated MeLi—a process leading the 24.2 kcal/mol loss of energy (vide
carbonyl compound, where the positive charge of the Cu atom supra). Both pathways (a and b) are therefore much less likely
first increases and then decreases as it goes from Cu(l) to Cu-to take place than the pathway shown in Figure 2.

(1) and then back to Cu(lj-* Note that attempts failed to let Solvation of MeZnLi does not change the conclusion of the
the zinc atom interact directly with the formaldehydeystem above analysis (Figure 4). Solvation does not change much the
as in the cuprate reaction, where the copper(l) directly interacts geometries o S1andTS2 and their energy relative to solvated

with the organic electrophile. CPi-1 (CPi-1S) (Scheme 3a). Solvation of the lithium atom of
Of several other possibilities of Me transfer from MaL.i TS3with one molecule of MgO led to collapse of S3 (Scheme

to formaldehyde, we could determine two TS§2 and TS3 3b).

(Scheme 3)TS2 (Scheme 3a) is a four-centered TS. The lack  Il. Ligand Transfer Selectivity of Heteroleptic Zincate

of the Li/carbonyl oxygen interaction makes this TS much less Me,Zn(X)Li. A. Catalytic Reduction of Formaldehyde by
stable thanTS1. TS3 (Scheme 3b) is energetically more MeyZn(H)Li. The issue of ligand-transfer selectivity was studied
favorable tharT S2 by 10 kcal/mol because of double activation first for the reaction of MgZn(H)Li with formaldehyde. This

CPi-18

18.1

TS3

Figure 4. TSs of 1,2-addition with MgD coordinated to Li. Energy changes at the B3LYP/631SVP level are shown on the arrows in kilocalories per mole
and bond lengths in angstroms.
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Scheme 4. MeyZn-Catalyzed Metal Hydride Reduction
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is the reactive species that has been assumed in th&rve
catalyzed reduction of a ketone with LiH or NaH (Schemé 4).
A catalytic mechanism involving the heteroleptic zincate
MexZn(H)Li or Na (Figure 5) has been proposed on the basis of
the inertness of LiH and NaH as reducing agents, IR detection of
a metal hydride species ascribable to a zinc hydride (vide infra),
the lack of Me transfer, and the diastereoselectivity of the reaction.

Two structures are a priori possible for pIa(H)Li, the
unsymmetrical on@a and the symmetrical on2b (Figure 6).

The coordination environments of the hydrogen atom in the two
complexes are very different from each other, and hence the
Zn—H stretching IR frequency must be different too. Indeed,
the calculated IR frequency (not scaled) 2z is 1085 cnt?
(0zn-n), While the Zn-H stretching frequency &b is calculated Q
to be 1787 cm?, and no IR bands exist between 650 and 1200
cm~L. Experimentally, the FTIR (ATR) spectra of a THF
solution of MezZn(H)Li, freshly prepared from M&n and LiH,
exhibits a single strong band at 1055 ¢imin good agreement
with the calculated value.

The feasibility of the formation of M&n(H)Li by the reaction
LiH and MeZn was then probed. As M&nLi forms smoothly
by the reaction of Mgn and Meli, the planar heteroleptic
zincate2a forms with 27.3 kcal/mol stabilization. Although the
assumption of monomeric LiH, which is polymeric in reality, Figure 6. Asymmetric and symmetric structures of Me(H)Li (B3LYP/
therefore must overestimate the stabilization energy, this 631SVP), relative energies, and calculated and experimental IR spectra.
overwhelmingly large stabilization strongly suggest thatXfe
can assist depolymerization of LiH (or NaH) by the formation of Me,Zn regeneration accounts for the catalytic role of,Kte
of the hydridezincate (Figure 7). in the carbonyl reduction with LiH (or NaH) in Figure 8.

Having obtained the structure of Mén(H)Li that is likely The hydride complexCPi-H can transfer its Me group to
involved in experiments, we examined the hydride-transfer formaldehyde, but the activation energy of this process (10.8
reaction from the zincate to formaldehyde. The reaction pathway kcal/mol) is comparable to the one for MaLi (8.0 kcal/mol,
of the reduction, as shown in Figure 8, is similar to the reaction Figure 2), and hence is much higher than the one of the
pathway of the MgZnLi addition to formaldehyde, but the H-transfer (3.1 kcal/mol). The 7.7 kcal/mol difference in energy
activation energy of the H transfer is much smaller than that of between the H and the Me transfers translates into over a
the Me transfer: Initial electrostatic coordination of Li to 10’-fold difference in the reaction rates at room temperature,

H-Zn m*

Me

(o]
A
R R
Figure 5. Proposed catalytic cycle of M&n-catalyzed reaction of carbonyl
compound with MH (M= Li or Na).

Symmetric Structure (2b)
E;er = 3.4 kecal/mol
Caled. 1787 cm™ (8z0-1)

Asymmetric Structure (2a)
E,e = 0.0 kecal/mol

Calcd. 1085 cm™ (8znp)
Experimental value 1055 cm™

carbonyl oxygen results in the formation of a complex
(CPi-H). The hydride transfer from the central Zn through
TS1-H generates an alkoxide complecRii-H). The key

interaction inCPi-H being the one between the carbonyl lone-

and hence is consistent with the experiment where carbonyl
reduction was observed exclusively in the JMe-catalyzed
reaction of LiH with a ketone (Scheme 4).

B. Ligand-Transfer Selectivity for Me,Zn(X)Li (X = NH»

pair electrons and the Li cation, all heavy atoms and the lithium or SiH3). It is experimentally established that mixed zincate
atom are located in a plane. To reach the TS of H-transfer compounds transfer selectively their nitrogen and silicon sub-
(TS1-H), the orientation of the carbonyl group changes so that stituents to an electrophile, and hence the Me group, which may
the st*-orbital can interact with the hydride nucleophile, and be less precious than the transferred group, acts a “dummy”
the Li—H electrostatic bond cleaves with an overall energy loss ligand’~° Transfer selectivity of H= NR, > SiR; > alkyl (Me)
of only 3.1 kcal/mol. The H-transfer produ@Rii-H) is a mixed has been reported.
zincate possessing a methoxide ligand adé.3 kcal/mol lower To examine the ligand-transfer selectivity in question, we
in energy thanTS1-H. examined the reactions of [MEn(NHy)]Li and [MexZn(SiHg)]Li

The alkoxide complexCPii-H is further stabilized by the  with formaldehyde. The transition structures of the nitrogen and
formation of MeZn and a MeOLi homodimer with 22.5 kcal/  the silicon group transfer are shown and compared with those
mol stabilization or much better by the formation of a tetramer of the Me TS1-Me) and the H transfersIS1-H) in Figure 9.
with 34.7 kcal/mol stabilization. Since the lithium alkoxide The activation energies for the transfer of Nehd SiH in
tetramer is an experimental minimum in solutidrhis process MexZn(X)Li (X = NHz or SiH) are 2.7 and 6.1 kcal/mol,

J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004 10901
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Figure 7. Representative reactants, complexes, and TS structures in ate complexatiofZofavid LiH addition of HCO. Energy changes at the B3LYP/

631SVP level are shown in kilocalories per mole and bond lengths in angstroms.
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respectively, and, being consistent with the experimental facts, experimentally used solvent, THE € 7.58), was chosen for

are much lower than the barrier of the Me transfewe also

the calculations. Although the individual SCRF activation

carried out calculations employing the self-consistent reaction energies 1S1-Me, 15.3 kcal/mol; TS1-H, 4.8 kcal/mol;

field (SCRF) method® In this model, the solvent effect is

TS1-NH,, 6.7 kcal/mol; andr'S1-SiHs, 10.3 kcal/mol, respec-

represented by a dielectric continuum characterized by its tively) show a tendency to increase in comparison with those

relative static dielectric permittivity.2! The

typical and

(19) The Gibbs energies of activation (298.15 K) are as folloWS1-Me, 16.1

kcal/mol; TS1-H, 3.5 kcal/mol;TS1-NH,, 3.4 kcal/mol;

9.3 kcal/mol, respectively. Nearly similar tendencies were obtained.
(20) (a) Dillet, V.; Rinaldi, D.; Angyan, J. G.; Rivail, J. IChem. Phys. Lett.

1993 202, 18—22. (b) Dillet, V.; Rinaldi, D.; Rivail, J. LJ. Phys. Chem.

1994 98, 5034-5039.
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of the gas-phase calculation, the solvent effect does not change
the conclusion of the above analysis.

andT S1-SiHs,

(21) (a) Wang, X.; Houk, K. N.; Spichty, M.; Wirth, T. Am. Chem. S0o¢999
121, 8567-8576. (b) Besley, N. A.; Hirst, J. Ol. Am. Chem. S0d.999
121, 8559-8566. (c) Cossio, F. P.; Morao, |.; Jiao, H.; Schleyer, P. v. R.

J. Am. Chem. S0d.999 121, 6737-6746.
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Figure 9. Kohn—Sham MOs of the TSs of Me, S#iH, and NH transfer.

While it is difficult to provide hard theoretical evidence that both neutral and anionic zinc compourids;d therefore would
accounts for the energy difference of only several kilocalories be incapable of directly interacting with any organic electrophile.

per mole among the four TSs, orbital analysis lends some  The origin of the ligand-transfer selectivity for the heteroleptic

support to the selective transfer of the hydrogen, nitrogen, and zincate compounds is therefore entirely different from that for

silicon groups in preference to the Me transfer. The Kehn  ne heteroleptic organocuprate, where the stabilization of Cu(lll)
Sham o_rbltaléﬁ of TS1-Me, TSI-H, TSI-NH, and intermediates through Li atom ligation plays the major role. The
TS1-Siks involved in the bond alternation of the ligand transfer - se|ectivity for the heteroleptic zincate reagent, on the other hand,
are shown in Figure 9. is controlled by the kinetic facility of the Zn(I)X bond

As is generally known as an asset of hydride tranSféne cleavage without change of the oxidation state of the metal.
lack of orientation of the 1s orbital of hydride generally makes In this first study, we have shown the viability of the simple

the H-transfer facile, allowing the hydrogen atom to undergo del : in the study of th leophili ivity of
smooth bond switching from Zn to the carbonyl carbon (though modetl systems in the study ot the nucieophilic reactivity o
triorganozincate compounds. Studies will continue to investigate

this is not obvious in Figure 9a). The nitrogen group transfer ; x )
exhibits a special character (Figure 9b): As we view the zincate 1€ nature of other standard synthetic reactions of organozincate
species, including conjugate addition and transmetalation.

complex as a zinc amide, one can identify a p-orbital corre-
sponding to the lone-pair orbital of the nitrogen atom that
interacts with the carbonyl carbon. The orientation of this orbital
appears to be ideal iS1-NH,.

No unexpectedly, the orbital pictures of the Me and the silicon
group transfers are very similar to each other (Figure 9c,d). With
this similarity, we understand that the more polarizable silicon
atom can be transferred more easily than the less polarizabl
carbon atom.
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version was posted August 12, 2004.
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