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Homochiral and Heterochiral Dimers of the Methylzinc Alkoxide Formed from 
Dimethylzinc and Enantiomeric 3-exo-(Dimethylamino)isoborneol-Origin of 
the Distinct Differences in Solution-Phase Behavior and Crystal Structures 

Masato Kitamura, Masashi Yamakawa, Hiromasa Oka, Seiji Suga, and Ryoji Noyori* 

Abstract: Dimethylzinc reacts with (2s)- 
or (2R)-3-exo-(dimethylamino)isoborneol 
[(2S> or (2R)-DAIB] to eliminate methane 
and produce a tricoordinate methylzinc 
aminoalkoxide, which forms a dimeric 
structure. The homochiral dimerization of 
the enantiomeric compound leads to the 
chiral, ( S , S )  or (R,R)  dinuclear Zn com- 
plex, while the heterochiral interaction 
forms the meso (S,R) dinuclear com- 
pound. In both solution and crystalline 
state, the heterochiral dimer is more stable 
than the homochiral dimer. This stability 
difference in solution is the origin of the 
chirality amplification observed in the 
amino alcohol promoted asymmetric ad- 
dition of dimethylzinc to benzaldehyde. 
In toluene, the homochiral dimer dissoci- 
ates more readily into the monomer than 
the heterochiral isomer and also under- 
goes dissociation of the N-Zn dative 

Introduction 

bond making the two N-methyl groups 
equivalent. The differences in solution be- 
havior between the diastereomers can be 
understood by comparing their crystal 
structures. X-ray analysis indicates that 
the labile Zn-0  and Zn-N bonds in the 
(S ,S)  dimer are longer than those in the 
(S,R) isomer. Skeletal congestion caused 
by the polycyclic framework is the prime 
factor determining the properties of the 
dinuclear Zn complexes, with both steric 
and electronic factors governing their ge- 
ometries. The distances between the C-2 
proton and N-CH, of the other DAIB 

With the growing significance of asymmetric catalysis,"] syn- 
thetic chemists have started to examine precise coordination 
chemistry of main group metal compounds with neutral or an- 
ionic heteroatom ligands. Properties such as coordination num- 
ber of metals, geometry, stability, and reactivity are subtly influ- 
enced by electronic and steric factors.'* - Slight structural 
changes sometimes have remarkable chemical consequences. 
Organozinc complexes formed from chiral fl-dialkylamino alco- 
hols and dialkylzincs present a typical example. As shown in 
Scheme 1, asymmetric addition of dialkylzincs to prochiral alde- 
hydes is accomplished in the presence of a small amount of 
(2S)-3-exo-(dimethylamino)isoborneol [(2S)-DAIB] in hydro- 
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moiety in the homochiral dimer are close 
to the sum of the van der Waals radii. A 
significant nuclear Overhauser effect is 
seen between these protons in the ho- 
mochiral dimer. The tetrahedral Zn atoms 
in the dinuclear complexes are linked co- 
valently to the methyl group, to two oxy- 
gen atoms through covalent/electrostatic 
hybrid bonds, and to the dimethylamino 
group through electrostatic interaction. 
The repulsive interaction of the 1,3-syn- 
oriented Zn -CH, bonds significantly 
contributes to the lower stability of the 
homochiral dimeric complex. The N - Zn 
interaction in the homochiral dimer is 
labile, owing to the increase in the electro- 
static interaction between the Zn atom 
and the neighboring oxygen atoms. This 
view is supported by the ab initio molecu- 
lar orbital calculations of the model sys- 
tems. 
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Scheme 1 .  Asymmetric alkylation of benzaldehyde with dialkylzincs promoted by 
(2s)-DAIB. 

carbon solvents.I6@ 'I The enantiomerically pure catalyst in the 
methylation reaction displays an excellent level of enantioselec- 
tivity ( ( S ) : ( R )  = 96:4). Furthermore, the reaction shows a 
marked nonlinear relationship between the enantiomeric purity 
of the DAIB auxiliary and the alcoholic product; catalysis with 
DAIB in 20% ee produces the (S) alcohol in up to 88% ee 
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( ( S ) : ( R )  = 94:6).16b*c*7a.8*91 The ethylation reaction using di- 
ethylzinc exhibited an even higher degree of enantioselectivity 
and chirality amplification (Scheme 1) .[lo] This unusual phe- 
nomenon is explained by the behavior of the chiral organozinc 
compound illustrated in Scheme 2. Dimethylzinc reacts with 
(2s)- or (2R)-DAIB to form the tricoordinate Zn compound 
( S ) -  or (R)-2,  which serves as a catalyst promoting the asymmet- 
ric addition of dimethylzinc to benzaldehyde. The coordinative- 
ly unsaturated catalysts 2, however, are in equilibrium with the 
dimers 1 .  Because of the unique three-dimensional structure of 
the DAIB auxiliary, the dimerization occurs stereoselectively. 
Homochiral dimerization of (S)-2 gives, out of three possible 
isomers, only (S,S)-1, which is characterized by the (S ,S)  con- 
figuration at the tetrahedral Zn atoms as well as the syn geome- 
try of the central 5/4/5-fused tricyclic framework. Similarly, the 
heterochiral interaction of ( 9 - 2  and (R)-2 leads, among four 
possibilities, solely to (S,R)-1 possessing the (S,R) configuration 
at the Zn atoms and the nnti-5/4/5 ring system. When both 
enantiomers (S) -  and (R)-2 coexist, the heterochiral combina- 
tion occurs preferentially, since (S,R)-1 is by far more stable 
than (S,S)-  or (R,R)-1 in a hydrocarbon solution. For example, 
the molecular weight measurement by vapor-pressure osmome- 
try indicates that the dissociation constant of (S,S)-1 is 3000 
times larger than that of (S,R)-1 in toluene at 40°C 
(Khomoz3 x lo-' vs. Khcterozl x 10-5).1111 The higher stability 
of the heterochiral dimer (AGz29 kJmol-') relative to the ho- 
mochiral dimers (AG = 9 kJmol-') results in the marked chi- 
rality amplification in the asymmetric alkylation.r61 However, 
the actual origin of the stability difference between the stereoiso- 
mers has remained unclear. We disclose here the structural char- 
acteristics of the diastereomeric complexes 1 in solution and in 
the crystalline state. This correlation, coupled with the ab initio 
calculations of model systems, leads to a deeper understanding 
of the organozinc '* '*- 1 3 ]  

CH, CH, 
\ /  

CH; 'CH, CH; 'CH, 

(S.Ri-1 

Scheme 2. Homochiral and heterochiral interaction of enantiomeric methylzinc 
aminoalkoxides. Kh- = k , / k . ,  ~3 x lo-*; Khr,.,. = k , / k - , s l  x (toluene. 
40°C). 

Results and Discussion 

Solution-Phase Behavior: 'HNMR spectra of (S,R)-l and 
(S,S)-1 taken in [D,]toluene revealed the contrasting dynamic 
behavior of the stereoisomers in solution. 

Skeletal Congestion: An obvious structural difference between 
the diastereomeric compounds is the extent of skeletal conges- 
tion. In the syn-configurated homochiral dimer (S,S)-1 the 
proximity of the C-2 proton of the DAIB skeleton and an N- 
methyl group in the other DAIB unit is suggested by the molec- 
ular model as well as the crystal structure (see below). Its 1 2 m ~  
[D,]toluene solution exhibited a 13 % nuclear Overhauser effect 
(NOE) at room temperature (Fig. 1 a). With heterochiral (S,R)- 
1, the C-2 proton is close to the Zn-CH, group in the enan- 
tiomeric organozinc moiety, exhibiting 7 YO NOE at room tem- 
perature in a 1 2 m ~  [D,]toluene solution (Fig. 1 b). 

Dimer- Monomer Equilibration: The spectrum of a 10 mM 
[D,]toluene solution of the heterochiral dimer (S,R)-1 at 25 "C 
exhibited a single sharp Zn-methyl singlet at 6 = - 0.28 and 
two distinct N-methyl singlets at 6 = 2.26 and 2.46, consistent 
with the meso structure. The spectrum was essentially tempera- 
ture-independent in a range of 0 to 80 "C (Fig. 1 b). The low 
solubility of (S,R)-1 did not allow measurement at lower tem- 
peratures. The Zn-methyl and N-methyl signals remained sharp, 
while the chemical shift drifted by -0.10 and by +0.02- 
0.07 ppm, respectively, from 25 to 80 "C. Thus the heterochiral 
dimer appears to be very stable in toluene solution. 
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Fig. I .  'H NMR spectra of a) (S.S)-I and b) (S.R)-I in (DJtoluene (IOmM) at 25 C with the expanded signals of Zn-methyl protons at 25 and 80-C 

The N M R  behavior of the homochiral dimer (S,S)-1 is entire- 
ly different (Fig. 1 a). Its 1OmM [D,]toluene solution at  -40°C 
gave a Zn-methyl singlet a t  6 = - 0.05 and two N-methyl sin- 
glets a t  6 = 2.18 and 2.23. At 25 "C, however, owing to the fact 
that (S,S)-1 dissociates to the monomer more readily than 
(S,R)- l ,  the Zn-methyl signal of (S,S)-l became broader than 
that of (S,R)-1 (2 Hz vs. 1 Hz).  Thus the time-averaged NMR 
spectra suggest that the dimer-monomer equilibration, (S,S)-  
1*2(S)-2. cannot be frozen at  room temperature. Heating the 
solution to 80°C gave a sharp Zn-methyl signal with a half- 
width of 1 Hz. The signal shifted from 6 = - 0.05 ( -  40 "C) to 
6 = - 0.19 (25°C) to  6 = - 0.27 (80°C). In addition, above 
25°C. the signal of the N-methyl groups in (S,S)-1 became a 
singlet a t  6 = 2.28 owing to  topomerization, which will be dis- 
cussed below. 

Both homochiral and heterochiral 1 have dinuclear interac- 
tions in toluene solution, but the stability of the dimer differs. 
Notably, mixtures of dimethylzinc and (2S)-DAIB of various 
enantiomeric purities appear to exhibit two sets of 'H N M R  
signals in a ratio corresponding to the resulting diastereomeric 
dimers, (S,S)-  and ( S , R ) - l ,  instead of the monomers, (S) -  and 
(R)-2. Because of the overwhelming stability of the heterochiral 
dimer, use of an n: 1 mixture of (3s)- and (2R)-DAIB (IZ> 1) 
resulted in a pair of signals in an (n - 1)/2: 1 ratio rather than an 
11:  1 ratio. The mole ratio of (2s)- and (X)-DAIB determined 
the signal intensities of the homochiral and heterochiral 
"dimers", but did not influence the chemical shifts. These obser- 
vations indicate that the equilibration of Scheme 2 is not rapid 
on the N M R  timescale. The homochiral dimer (S.S)-l must be 
equilibrating with the monomer ( 9 - 2 .  However, the 'H N M R  
of (S,S)-l displayed only time-averaged spectra at 80 to  
-40 "C; no monomerip species 2 could be detected as an inde- 
pendent entity, even at  low temperatures. Based on the vapor 
pressure osmometry measurements. the homochiral dimer and 
monomer were estimated to  be present in a ca. 2:l ratio in a 
4 - 6 m ~  toluene solution at  40 T . [ ' ' l  Thus we can conclude that 
heterochiral (S,R)-l exists mostly as  the dimer in toluene and 
dissociates to the monomeric species very slowly on the NMR 
timescale, while the homochiral isomers (S,S)-  and (R,R)- l  are 

in equilibrium with the monomeric species 2. The spectrum is 
actually due to  a mixture of stable (S,R)-1 and labile (S,S)-l 
equilibrating with ( 9 - 2 .  

Topomerization of the N-Methyl Groups: In addition to the dis- 
sociation into the monome'r, the homochiral dimer exhibits an 
interesting intramolecular dynamic change. illustrated in 
Scheme 3. Although the dimethylamino moiety in (S,S)-l is 
definitely bound to Zn in the crystalline state. as will be dis- 
cussed below, the dimer in toluene is in equilibrium with the 
tricoordinate complex (S.S)-3, in which a n  N - Z n  bond is rup- 
tured, while the central Zn,O, four-membered ring is intact. 
The averaging process takes place by dissociation of the 
dimethylamino moiety from Zn, rotation about the N-C3 
bond. configurational flipping at  the nitrogen (or vice versa). 

(S,S)-l 

Scheme 3. Topomerization of N-methyl groups in (S.S)-l. 

(S.S)-3 

Clrenr. Eiir. J. 19%. 2. No. '4 ,(:: VCH Verlu~,s~e.~~~llscha/r mhH. 0-69451 Weinhrim. 1'496 0947-653919610209-1175 8 I5.(x) + .25!0 1175 



FULL PAPER R. Noyori et al. 

I 
b Heterochiral dimer I a Homochiral dimer 

I . ' " " " ' ' " ' '  I " . '  

2.5 2.4 2.3 2.2 2.1 2.5 2.4 2.3 2.2 2.1 

chemical shin. ppm chemical shift, ppm 

Fig. 2. Variable-temperature 600 MHz 'H NMR spectra of a lOmM solution of a) (S,S)-I and b) (S,R)-I in [D,]toluene. 

and coordination to Zn. This mechanism is substantiated by the 
variable-temperature 'H NMR spectra of (S,S)-l taken with a 
600 MHz instrument, which showed the two N-methyl groups 
to be magnetically equivalent above room temperature 
(Fig. 2a). The signal coalesced at 21 "C, and base-line separa- 
tion of the two signals was attained only below 0 "C. The signals 
shifted upfield by 0.12 ppm from 80 to -40 "C. The standard 
line-shape analysis[141 indicated that the loss of nitrogen chiral- 
ity occurs with an activation energy of 61 kJmol-'. Although 
the topomerization of Scheme 3 occurs in four steps, the initial 
dissociation of the amine ligand is the rate-limiting process and 
detectable by NMR. The other three steps are lowenergy pro- 
ces~es.[ '~* The solute concentration in a 1 - 10 mM range did 
not affect the coalescence temperature in accordance with the 
maintenance of the dinuclear interaction during the intramolec- 
ular exchange reaction." ' - ' 91 The heterochiral dimer (S,R)-1 
did not show an intramolecular exchange in a 0-80°C temper- 
ature range; two distinct N-methyl signals were observed in the 
NMR spectrum (Fig. 2b). 

Crystal Structures: The marked differences in the solution be- 
havior between the diastereomeric dimers are reflected in their 
crystal structures. Calorimetric analysis has revealed that hete- 
rochiral (S,R)-l is more stable than homochiral (S,S)-1 by 
3.4 kJmol-' in the crystalline state.tt11 The molecular struc- 
tures of (S,S)-1 and (S,R)-l, determined by single-crystal X-ray 
analysis, are illustrated in Figure 3.16"* zOl The dinuclear Zn com- 
plexes contain two tetracoordinate Zn atoms with N-Zn dative 
bonds and two tricoordinate oxygen atoms in the central Zn,O, 
four-membered ring. The Zn(1)-O(1) and Zn(2)-O(2) bonds 
are present in the monomer 2, whereas the Zn(1)-O(2) and 
Zn(2)-0( 1) linkages are created in the electrocomplementary 
dimerization. 

Although the stereoisomers (S,S)-1 and (S,R)-l have a num- 
ber of common structural features, they display several notable 
differences. The most significant is in the structure of the central 

Zn,O, four-membered ring. The "dimer-forming" Zn(1)-O(2) 
and Zn(2)-O(1) bonds in (S,S)-1 are longer than in (S,R)-1 
(2.05 vs. 2.028 A), whereas the "internal" Zn(1)-0(1) and 
Zn(2) -0(2) bonds are shorter in the homochiral isomer (1.98 
vs. 2.001 A). The dimer structures are stabilized to different 
extents by the covalent and dative bonding contributions of 
these Zn-0  bond^.[^^*^^] The Zn(1)-O(2) and Zn(1)-O(1) dis- 
tances in (S,R)-1 differ by only 1.3% (2.028 vs. 2.001 A), while, 
in (S,S)-1, the Zn(1)-O(2) bond is 4% longer than Zn(1)-O(1) 
(2.05 vs. 1.98 A). This inequality, which reflects the extent of the 
electron delocalization, is consistent with the weaker dimeric 
interaction in the homochiral dimer. 

A second difference is in the conformations of the Zn,O, 
rings in the diastereomers. The four-membered skeleton in 
(S,R)-1 is completely planar, while that in the ( S , S )  isomer 
possesses a highly puckered conformation. In other words, the 
oxygen atoms in (S,R)-l are pyramidal, whereas the oxygens of 
(S,S)-1 have essentially flat structures, as illustrated by the sum 
of the three bond angles, namely, 330.4" (heterochial) vs. 347.2 
and 341 .O" (homochiral). 

An additional difference is in the Zn-N distances. The dative 
bonds in (S,S)-l are 1.0-3.8% longer than in (S,R)-1 (2.19- 
2.25 vs. 2.168 A). This is consistent with the dynamic behavior 
of (S,S)-1 in toluene, that is, the rapid topomerization of the 
N-methyl groups (Scheme 3). 

The difference in stability between the diastereomeric dimers 
correlates with the relative skeletal congestion of the central 
5/4/5-fused tricyclic skeletons (Fig. 3). The heterochiral dimer, 
(S,R)-I, with Ci symmetry possesses an unli geometry, which is 
favored over the syn framework of the C, homochiral dimer, 
(S,S)-1. Owing to the higher skeletal congestion in (S,S)-1, its 
Zn( 1)-0(2)-C-2' and Zn(2)-0( 1)-C-2 angles (average 128") and 
N(I)-Zn(l)-0(2) and N(2)-Zn(2)-0(1) angles (average 118.8") 
are substantially larger than those in (S,R)-1 (116.0 and 11 1.0", 
respectively). The spatial proximity of the bornane C-2 endo 
proton and one of the N-methyl groups in (S,S)-1 induces dis- 
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total valewe angle at Q1)  and o(2) 347 2" and 341 0" 
130.0° and 126 Oo 

I' 116 So and 120 6" 
117 8" and 116 Oo 

(S.R)-l 
total valeme angle at 0(1) and O(2) 330 4O 
Zn(l)-0(2)-C2'andZn(2)-o(1~-2 116 Oo 
N(l)-Zn(l)-0(2) and N(2)-Zn(2)-0(1) 11 1 0' 
C+Zn(l)-0(2) and CH3-2n(2)-o(l) 116 lo 

Fig. 3. Molecular structures of (S,S)-l and (S,R)-I determined by single-crystal X-ray analysis. The H .. . H distances are 
estimated by MO calculations. Note that the van der Waals surfaces of the hydrogens touch in (S,S)-l in the crystalline state. 

tortion of the whole structure, which mitigates the nonbonding 
repulsion. In fact, the short H . . . H distances shown in Figure 3 
(2.38 and 2.42 A) are very close to the sum of the van der Waals 
radii (2.4 A). The puckering of the Zn,O, plane in the syn ge- 
ometry somewhat relieves these steric interactions, but increases 
tortional and angular strain in the 5/4/5 tricycle. Overall, the 
structural modification is incapable of overcoming the instabil- 
ity of (S,S)-1. In contrast, in (S,R)-1, the C-2 proton is close to 
the Zn-methyl group, but the shortest H . .  . H distance (2.57 A) 
is too long to cause nonbonding repulsion. 

Electronic and Steric Effects on the Structures: The homochiral 
dimer of (S)- or (R)-2 is less stable than the heterochiral isomer, 
both in solution and in the crystalline state.r221 The solid-state 
structures provide explanations for the solution-phase proper- 
ties, since bond length is one of the most useful probes of in- 
tramolecular environments. The Zn(1)-O(2) and Zn(2)-O(1) 
distances in (S,S)-l are longer than those in (S.R)-1 (Fig. 3), in 
line with the relative stabilities of these stereoisomers. In addi- 
tion, the N-Zn dative bonds in (S,S)-l are substantially longer 
than the corresponding linkages in (S,R)-1, consistent with the 
lability of the dative bonds of the former in toluene. Thus, the 
X-ray crystallographic analyses offer precise information on the 
structures of the stable, crystalline Zn complexes 1 ,  which corre- 
lates with the information on the solution structures provided 
by the NMR spectra. The experimentally observed properties 
are a consequence of electronic and steric factors: the sterically 
demanding DAIB skeleton as well as the nitrogen substituents 
play a significant role in determining the molecular structures. 
Therefore, in addition to the spectroscopic and crystallographic 
data, a study of the molecular orbitals (MO) in simpler model 
systems should provide a more complete understanding of the 
structure-determining factors. 

We performed ab initio MO 
calculations on the structurally 
less perturbed systems. The 
simple dinuclear complex 5 
(dimer of4) and the N , N , N ' , N -  
tetramethyl analogue 7 (dimer 
of 6)  were selected as models of 
1.  The absence of the bornane 
skeleton in both 5 and 7 is re- 
flected in the twist angles 
around the C(l)-C(2) and 
C(4)-C(5) bonds in 5 and 
around the C(l)-C(2) and 
C(6)-C(7) bonds in 7 .  The N- 
methyl groups do not affect the 
monomer structures 4 and 6, 
but exert a profound influence 
on the geometries of the dimers 
5 and 7 ,  mainly for steric rea- 
sons. Figures 4 and 5 illustrate 
the calculated structures of the 
organozinc complexes 4 - 7 .  To- 
tal energies of the compounds 
are listed in Table 1. The rela- 
tive energies are corrected with 
ZPE. Formation of syn-5 and 
anti-5 from the monomer 4 is 
exothermic by 144.4 kJmol-' 
(72.2 kJ per mol of 4) and 
161.3 kJmol-' (80.6 kJ per mol 
of 4), respectively. The dimer- 
ization of the N-methvlated 

compound 6 to give syn-7 and anti-7 is exothermic by 
137.7 kJmol-' (68.9 kJ per mol of 6) and 179.1 kJmol-' 
(89.5 kJ per rnol 6), respectively. 

In going from compound 1 to the simplest model 5, the elec- 
tronic effects become more prominent. The calculated struc- 
tures indicate significant electron delocalization in the central 
Zn,O, four-membered rings. Like in the crystal structures of 1 
(Fig. 3), syn-5 has a puckered Zn,O, ring, while anti-5 possesses 
a planar geometry. This difference can therefore only partially 
be attributed to steric effects. The syn stereoisomer is more polar 
than the anti isomer; this results in more repulsions between 
bonding-pair electrons, which are alleviated in the nonplanar 
geometry. The greater sp2 character of the oxygen atoms in the 
syn isomer is indicated by calculation: the sum of the three bond 
angles for the syn and anti isomer are 348.2 and 340.4", respec- 
tively. This structural feature of the syn isomer is associated with 
electronic stabilization of the dinuclear structure. The oxygen 
atom with a p-like oxygen nonbonding orbital has electrostatic 
interactions with the neighboring Zn atoms; this effect is weaker 
in the anti isomer with sp3-like nonbonding orbitals at 0. It 
should be noted that the Zn atom cannot form a x bond by 
interacting with the oxygen p orbital since the 4s orbital is 

This electrostatic attraction results in a 0.4% short- 
ening of the Zn(1)-O(2) and Zn(2)-O(1) bond of syn-5 with 
respect to the corresponding bonds in anti-5 (1.979 vs. 1.985 A; 
Fig. 4). The internal Zn(1)-O(1) and Zn(2)-O(2) bonds, as well 
as the Zn-CH, bonds, are comparable. This oxygen-to-Zn elec- 
tron-releasing effect in syn-5 increases the Zn- N distances rela- 
tive to those in anti-5 (2.308 vs. 2.250 A; 2.6 % difference) .I23- 241 

The C-Zn bond in synd is highly polar: the calculated 
charges at C and Zn are - 1.0700 and + 1.5233, respectively 
(Table 2). The negative charge at the carbon atom is even larger 
than at the nitrogen atom (- 0.9594). The anti isomer has a 

Chem. Eur. J. 1996, 2. No. Y VCH Verlagsgtwllscha// mhH. 0 4 9 4 5 1  Weinheinl. 1996 0947453Y/%/02OY-11778 15.00+ ,2510 1177 



R. Noyori et al. FULL PAPER 

4 

Fig. 4. Calculated structures of 4, syn-5. and anti-5 

tdal valence argle at 0(1) and O(2) 348 2" 
Zn(l)-O(2)4(5) and Zn(2)-0(1)4(2) 132 9" 
N(l)-Zn(l)4(2) and N(2)-Zn(2)4(1) 110 7" 
C(3)-Zn(l)-0(2) and C(6)-Zn(2)4(1) 130 8" 

anti-5 
total valence angle at O( 1) and O(2) 340 4" 
Zn(l)-0(2)-C(5) and Zn(2)-0(1)-C(2) 125 5" 
N(l)-Zn(1)-0(2) and N(2)-Zn(2)-0(1) Ill 3" 
C(3)-Zn(l)-O(2) and C(s)-Zn(2)-0(1) 126 4' 

6 5P7 

tdal valeme angle at O(1) and q 2 )  358 1' 
Zn(l)-0(2)-C(7) and Zn(2)-0(1)-C(2) 138 7" 
N(l)-Zn(1)-0(2) and N(2)-Zn(2)4(1) 1240" 
C(3)-Zn(l)-9(2) and C(e)-Zn(2)4(1) 123 1" 

8IlIk7 

tdal valence angle at O(1) and O(2) 341 8" 
Zn(l)-0(2)-C(7) and Zn(2)4(1)4(2) 127 0" 
N(l)-Zn(l)4(2) and N(2)-Zn(2)4(1) 111 7" 
C(3)-2n(l)-o(2) and C(E)-Zn(2)4(1) 125 1' 

Fig. 5. Calculated structures of 6,  syn-7. and anti-7. 

Table 1. Total energies and zero-point energies (ZPE) for 4-9 (in hartrees). Table 2. Mulliken bond populations and atomic charges (e )  for 4-7 .  

RHFIIHRF ZPE [a] RMP2ilRHF 4 syn-5 anri-5 6 syn-7 anti-7 
_ _ _ _ _ _ _ _ _  ~ 

4 - 2025.7150 0.1337 - 2026.9087 
syn-5 - 4051.5003 0.2685 - 4053.8734 
anri-5 - 4051.5056 0.2691 - 4053.8804 
6 - 2103.7302 0.1932 - 2105.2590 
s~n-7  - 4207.5277 0.3882 - 4210.5723 
atJri-7 - 4207.5376 0.3887 - 4210.5885 
8 - 4207.5229 0.3873 - 4210.5631 
9 - 2103.7096 0.1921 - 2105.2295 

[a] The zero-point energies are from the RHF frequency calculations. 

similar charge distribution. The Mulliken population analysis 
indicates that the Zn atoms in 5 are bound to the neighboring 
atoms in three different ways, shown schematically in Figure 6.  
The Zn-CH, linkage is a covalent bond, while the Zn-0  bonds 
are hybrids of a covalent and, predominantly, electrostatic 
bond.[3d1 Notably, the Zn-N interaction is highly electrostatic 
in nature and has a negligible covalent character, as indicated by 
the very small bond population.[4". "1 The inherent electron 
deficiency at the Zn" atoms is further compensated by the dona- 
tion of nonbonding electrons from the oxygen atoms. The extent 
of this effect is strongly affected by the hybridization of the 

bond population 
Zn(l)-O(1) 0.0792 0.0211 0.0218 0.0783 0.0270 0.0215 
Zn(l ) -N(I)  -0.0069 -0.0049 0.0008 -0.0101 0.0051 0.0082 
Zn(l)-C(3) 0.2139 0.2176 0.2099 0.2154 0.2131 0.2067 
C(1) - N( 1 ) 0.1015 0.1276 0.1201 0.1038 0.1390 0.1210 
C( 1 )- C(2) 0.2599 0.2813 0.2729 0.2583 0.2859 0.2733 
O( 1 )- C(Z) 0.1959 0.1527 0.1444 0.1907 0.1375 0.1345 
Zn(l)-0(2) ~ 0.0216 0.0233 - 0.01 I9 0.0201 

) - C(4) - - - 0.1535 0.1644 0.1517 
N(I )-C(5) - - - 0.1408 0.1611 0.1395 

atomic charge 
ZnU) 1.4264 1.5233 1.5291 1.4314 1.5282 1.5412 
O(1) -1.0350 -1.1375 -1.1364 -1.0410 -1.1544 -1.1393 

C(1) -0.161 I -0.1657 -0.1653 -0.1403 -0.1405 -0.1395 
C(2) 0.1308 0.1410 0.1203 0.1248 0.1313 0.1097 

- 1.0880 - 1.0700 - 1.0748 - 1,0856 - 1.0650 - 1.0737 
-0.2300 -0.2290 -0.2322 

- - -0.2623 -0.2486 -0.2353 

"1) -0.9922 -0.9594 -0.9767 -0,8423 -0.7841 -0.8347 

C(3) 
C(4) 
C(5) 

oxygen atoms and, accordingly, marked differences are seen 
between the stereoisomers. The N-to-Zn donation, in addition 
to the Zn,O, sigma framework, is the major Coulombic term 
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combining the Zn-CH, bonding orbitals of 4 in the same phase 
(Fig. 8), which lead to the destabilization of the syn isomer by 
electronic repulsion. The 70th and 68th MOs result from inter- 
action of the nonbonding oxygen orbitals of 4, which tend to 
stabilize syn-5. The polar Zn-N bonds contribute less to the 
stability difference. 

- 

I 

w 
c - 4.84 c v  

m o  
Fig. 6. Nature of bonding in the tetracoordinated Zn complex. 

neutralizing the electron-deficient Zn" centers of anti-5, while 
the both N-Zn and 0-Zn interactions cooperate in the stabiliz- 
ing the syn isomer (Fig. 6). In fact, in spite of the shortness of the 
Zn(1)-O(2) (and Zn(2)-O(1)) bond of syn-5 relative to that of 
anti-5, the population is slightly smaller. 

The electronic model 5 has no N-methyl groups and thus does 
not suffer from any nonbonding repulsion between the sub- 
stituents. Consequently, unlike the real complexes 1, the dimer- 
forming Zn-0  bonds in syn-5 are shorter than those in anti-5. 
Nevertheless, syn-5 is less stable than anti-5 by 16.9 kJmol-'. 
The instability of the syn stereoisomer must therefore be elec- 
tronic in nature. In fact, the extent of repulsion between bond- 
ing-pair electrons has been found to be the major factor deter- 
mining the relative stabilities of the stereoisomers. The syn 
stereoisomer possesses sets of C-Zn and N-Zn linkages, both 
oriented 1,3-syn. The MO correlation diagram illustrated in Fig- 
ure 7 reveals that syn-5 is destabilized primarily by the repulsion 
between the Zn-CH, bonding-pair electrons. The 71st, 70th, 
and 68th MOs of syn-5 and anti-5 exhibit the greatest energy 
differences. The 71st MOs (next HOMOS) are created by 

6 

0V 

-8 I 
C -  -11 .23~V 

m#) 
t -10.95 CV 

Ma -9 - 

-10 . 

-11 ~ 

.12 - 

Fig. 8. Selected MOs of s y - 5  (left) and anti-5 (right). 

Steric factors are also significant. The calculation of the steric 
model 7 indicates that the anti isomer is more stable than the syn 
isomer by as much as 41.4 kJmol- I .  In going from syn-5 to the 
N-methylated compound syn-7, the Zn(1)-O(2) (and Zn(2)- 
O(1)) bond is considerably elongated from 1.979 to 1.992 8, 
(Figs. 4 and 5 ) .  In contrast to the electronic model 5, this dimer- 
forming bond is now slightly longer than in anti-7 (1.987 A). In 
syn-7, the dimer-forming Zn-0  bonds are longer than the inter- 
nal Zn-0  bonds, while the relative lengths are reversed in anti- 
7 .  Furthermore, the C(2)-O( 1)-Zn(2) and C(7)-0(2)-Zn( 1) 
angles in the syn isomer are larger than in syn-5 (138.7 vs. 
132.9'). The p character of the 0(1) and O(2) atoms is also 
greatly increased from the simple model syn-5 (sum of the the 
three bond angles, 348.2" (syn-5) vs. 358.1" (syn-7)), while the 
oxygens of anti-7 remain substantially sp3 in character (341.8'). 
Thus the electronic effects tend to shorten the dimer-forming 

-13 1 

Fig. 7. MO diagrams for 4. syn-5, and anri-5. The double arrows show the Fermi 
surface. 
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Zn-0 bonds, but the steric effects of the N-methyl groups actu- 
ally result in bond elongation. 

N-Methylation slightly affects the electronic nature of the 
N-Zn linkage of the organozinc compounds (Table2). The 
electronic repulsion of the 1 ,fsyn-CH, - Zn bonds contributes 
to the instability of sjjn-7. All the differences between 5 and 7 are 
due to the absence or presence of sterically demanding N-methyl 
groups, and the majority of the geometrical features of 7 are 
correlated to the real compounds 1. It should be added, how- 
ever, that the model 7 ,  which lacks the bornane skeletons, is still 
structurally more relaxed than the real system 1. For example, 
syn-7 no Ion er suffers C(2)-H/C(lO)-H nonbonded repulsion 

(2.47 8). 
Notably, the dimer forming Zn-0  bond in syn-7 is more ionic 

than in anti-7, which is most clearly reflected in the smaller bond 
population relative to that of the inner Zn-0 bond (syn-7, 
0.01 19 vs. 0.0270; anti-7. 0.0201 vs. 0.021 5) (Table 2). A differ- 
ence of this type is not seen in the non-methylated model 5. Thus 
N-methylation of the syn isomer elongates the dimer-forming 
Zn-0  linkages and also enhances the ionic character. Further- 
more, the N-Zn bonds in syn-7 are substantially longer than in 
anti-7, as was found in 5. This is consistent with the ready 
averaging process of the N-methyl signals in the 'H NMR of 
(S,S)-l, but not of (S,R)-l  (Fig. 2). The MO calculation sug- 
gests that the bond-dissociated isomer 8 (model of (S,S)-3 in 
Scheme 3; Fig. 9) is 21.9 kJmol-' less stable than syn-7. The 
monomer 6 can liberate the amino moiety, generating the linear 
dicoordinated species 9, but with a higher endothermicity 
(BE =74.6 kJmol-'). 

(3.89-4.02 1 ); the shortest distance is N(1)CH3 .. .N(2)CH3 

tdal v a k m  angle at O( 1) and q 2 )  358 2" and 347 3' 
Zn(1)-0(2)4(7)andZn(2)4(1~(2) 132O'and 12890 
N(2)-Zn(2)-0(1) 111 1' 
C(a)-Zn(l)-0(2) and C(8)-2n(2))-o(l) 138 1" and 127 3" 

Fig 9 Calculated structures of 8 and 9 

Thus the study of the solution and crystal structures of 1 and 
the MO calculations on the model systems 5 and 7 have clarified 
differences in the properties between the syn and anti dimeric 
compounds. The marked differences can be understood in terms 
of steric and electronic factors. The syn 5/4/5 tricyclic system, 
even without additional steric constraints, is less stable than the 
anti stereoisomer for electronic reasons. In addition, nonbonded 
repulsion induced by the syn-configurated DAIB skeletons sig- 
nificantly increases the difference in the relative stabilities. The 
puckering of the central Zn,O, skeleton of the syn isomer 
tends to reduce the unfavorable steric and electronic factors, 
but is unable to overcome the instability relative to the anti 
isomer. 

Conclusion 

The structures of the homochiral and heterochiral dinuclear 
Zn complexes 1. formed from (2s)- or (2R)-3-exo-(dimethyl- 
amino)isoborneol and dimethylzinc, are distinctly different. and 
this can be used to rationalize the chirality amplification, which 
has been observed in the asymmetric reaction of dimethylzinc 
and benzaldehyde in the presence of small amounts of these Zn 

The diastereomers (S,S)-1, (R,R)-1,  and (S,R)-1 
all possess central Zn,O, four-membered rings. The homochiral 
dimers are characterized by a syn-configurated 5/4/5 tricyclic 
skeleton, and the heterochiral isomer by an anti 5/4/5 frame- 
work. In both the solution and solid phase, the heterochiral 
dimer is more stable than the homochiral isomer. The crystal 
structures and behavior in toluene solution correlate well with 
one another. In the crystalline state, the dimer-forming Z n - 0  
bonds as well as the N-Zn dative (electrostatic) bonds in ho- 
mochiral 1 are longer than those in heterochiral 1. The relative 
lengths of these bonds are reflected in their lability in toluene 
solution. The homochiral dimer dissociates easily into the 
monomer 2 and also undergoes ready topomerization of the 
N-methyl groups. The three-dimensional structures of the dinu- 
clear complexes are subtly affected by both steric and electronic 
factors. MO calculations have elucidated the nature of bonding 
in the tetrahedral Zn complexes. The repulsion between the 
bonding-pair electrons of the 1,3-syn-oriented C-Zn bonds is 
the major factor destabilizing the syn isomer. Electronic effects 
tend to shorten the dimer-forming Zn-0  bonds in the homochi- 
ral 1, while the prevailing steric factors provide the opposite 
perturbation. 

Experimental and 
Computational Procedure 

Variable-Temperature NMR Studies: The ho- 
mochiral and heterochiral dimers were synthe- 
sized by the reported method [k]. The samples 
for the NMR measurements were prepared very 
carefully to avoid moisture and air, which de- 
compose the organozinc complexes. Dimen 
(S.S)-I and/or (S.R)-I (5-  10 mg) were weighed 
with the balance in a glove box tilled with argon 
with a dew point of -95 'C. The sample was 
placed in a dry 5 mm NMR tube with a Teflon 
needle valve. The sealed NMR tube was taken 
out of the glove box and equipped, under an 
argon stream. with a Schlenk adapter connected 
to a vacuum-argon double-manifold line. 
[D,]Toluene. distilled over a sodiumlpotassium 
alloy, was introduced into the NMR tube by use 
of a Teflon cannula under a slightly positive 
pressure of argon. The resulting solution was 
cooled to -78 "C. and the needle valve of the 
NMR tube was closed under reduced pressure. 
The NMR measurements were performed on a 

pulse FT NMR spectrometer JEOL JNM-A 600 (600 MHz 'H frequency) equipped 
with an NM-AVT3 variable-temperature unit. The accuracy of the sample temper- 
atures was f 1 "C, and no temperature corrections were applied to the data. Typical 
spectral parameters were as follows: spectral digitization. frequency = 8000 Hz. 
data point = 16 K ;  pulse width = 45" (6 ps); acquisition time = 2.0480 s: pulse de- 
lay = 3.9504 s ;  delay and dead time = 122 1s. Variable-temperature experiments for 
(S,S)-I were carried out over a temperature range from -40 to 80°C. The temper- 
ature was raised in 10°C steps from -40 to 10°C and from 30 to 80°C. and 1 "C 
steps from 15 "C to 25 "C. The spectra of (S,R)-1 were measured at intervals of 10 "C 
from 0 to 80°C. The topomerization rate constant k of the N-methyl groups of 
(S.S)-1 was calculated by Gutowsky-Holm equation [Eq. (l)]. where 6v is the width 

of a given coalescence signal. Substitution of 6v = 45 Hz for the N-methyl signal at 
the coalescence temperature of 21 "C affords k = 1 x lo* s - ' .  With the Eyring's 
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method 1261; the energy barrier for flipping at the nitrogen center was calculated to 
be 60.7 kJmol-'. 

Computational Details: The ab initio calculations on the organozinc compounds 
4-9 were carried out with the GAUSSIAN 92 program 1271 using an all electron 
[8~5p3d]/(14~9pSd) basis set (281 for Zn and 6-31 G for C, H, N. and 0. For each 
structure a full optimization was performed at the restricted Hartree- Fock (RHF) 
level using energy gradient techniques. The energy determination was made using a 
restricted second-order Msller-Plesset (MP 2) perturbation calculation by changing 
6-31 G to 6-31 Go* on the resulting local minimum. The closest atom distances 
between the C-2 proton and N-methyl proton of (S,S)-1 and between the C-2 proton 
and Zn-methyl proton of (S,R)-I were estimated from the minimized geometries. 
which were computed by semiempirical molecular orbital calculations using the 
MOPAC 6.0 package and the AM1 Hamiltonian by rotating the N-CH, or 
Zn-CH, bond with fixed coordinates for all atoms except for N -  and Zn-methyl 
protons. 
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