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Abstract The enantioselective alkynylation of aldehyde
catalyzed by chiral zinc(Il)-complexes was studied by
means of the density functional theory (DFT). All the
structures were optimized completely at the B3LYP/6-31G
(d,p) level. To obtain more exact energies, single-point
energy calculations at B3LYP/6-31+G(d,p) level were car-
ried out on the B3LYP/6-31G(d,p) geometries. As shown,
this enantioselective alkynylation was endothermic. The
chirality-determining step for the alkynylation was the for-
mation of the catalyst—ethanol complexes and the transition
states for this step involved a six-membered ring. The
dominant products predicted theoretically were of (R)-
chirality, in good agreement with experiment.

Keywords Enantioselective alkynylation - Chiral zinc(II)-
catalyzed complexes - DFT - Reaction mechanism

Introduction

The enantioselective formation of the C—C bonds has
attracted much attention [1-19]. The enantioselective ad-
dition of terminal alkynes to aldehydes [7—18] or ketones
[19] directly affords optically active propargyl alcohols that
are useful and versatile building blocks that enjoy wide
application in chemical synthesis. Chiral zinc(II) com-
plexes are the active catalysts used to induce high stereo-
selectivity for these reactions [7—19].
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Noyori’s research group [20, 21] put forward a double-
zinc model of the reaction mechanism of the enantiose-
lective addition of ZnR, to aldehydes and studied the
mechanism by quantum chemical methods [22, 23]. Gong’s
group [24] studied the asymmetric alkynylation of C=0
and C=N bonds catalyzed by double-zinc complexes both
experimentally and theoretically. Single-zinc complexes
have been found experimentally [20, 21, 25]. Carreira’s
group investigated the enantioselective addition of ter-
minal alkynes to aldehydes and suggested a single-zinc
model of the reaction mechanism [2, 8—-15]. However,
the theoretical data available for the mechanism of the en-
antioselective addition of terminal alkynes to aldehydes are
rather limited [22, 23] and quantum chemical studies on the
mechanism of the single-zinc-catalyzed enantioselective
alkynylation are rare. Therefore, in order to understand the
mechanism of the single-zinc-catalyzed enantioselective
alkynylation in detail, the chiral zinc(II)-catalyzed enantio-
selective alkynylation of aldehydes has been studied in the
present work.

Models and computations

The present studies are based on the chiral zinc(Il)-cata-
lyzed enantioselective alkynylation of aldehyde [8—15]. As
showed in Fig. 1, the attack of aldehyde on the intermediate
states 6M and 6M’ leads to four plausible reaction paths. In
the following discussion, the attack of aldehyde on 6M and
6M’ from the re-surface is marked by “a” and that from the
si-surface by “b”.

All intermediates and transition states are fully optimized
using density-functional theory (DFT) at the B3LYP/6-31G
(d,p) level. Vibrational and natural bond orbital (NBO) an-
alyses were performed at the same computational level. All
transition states were optimized until their Hessian matrices
had a sole imaginary eigenvalue and were verified by in-
ternal reaction coordinate (IRC) calculations at the B3LYP/
6-31G(d,p) level and by animating the negative eigenvector
coordinates with the visualization program (Molekel 4.3)
[26, 27]. The IRC calculations for some transition states are
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Fig. 1 The enantioselective alkynylation of aldehyde catalyzed by chiral Zinc(IT)-complexes

shown in Fig. 2. To obtain more exact energies, single-point
energy calculations at the B3LYP/6-31+G(d,p) level were
carried out on the B3LYP/6-31G(d,p) geometries. All the
computations were carried out with the Gaussian 03 pro-
gram package [28]. In addition, the electron densities at
the bond-critical points (BCP) and the ring-critical points
(RCP) for some species were calculated using the AIM2000
program [29]. Total electronic energies corrected with zero-
point energies, E, formation energies, AE, reaction energy
barriers, AE7, and the first two vibrational frequencies, v,
and 15, are summarized in Table 1. In all figures of the
optimized structures, only some important atoms and bonds
are presented for clarity.

Results and discussion
Formation of the active catalyst 3M

The optimized structure of the catalyst 1 is shown in Fig. 3.
The H(1)-O(2) bond is 0.998 A. The catalyst is of ana-
morphic tetrahedral structure and the O(2)-N(5)-Zn(6)-O
(7) torsion angle is 120.5°.

The transfer of H(1) from O(2) to O(7) in the catalyst 1
leads, via the transition states TS1 and TS1’, to the inter-
mediates 2M and 2M’. In the transition states TS1 and
TS1°, the H(1)-O(2) bonds lengthen considerably and the
H(1)-O(7) bonds are shortened compared with those in the
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Fig. 2 The IRC calculations on some transition states

catalyst 1. It is clear that there is a significant interaction
between H(1) and O(7), and the H(1)-O(2) bonds are
weakened greatly. As illustrated in Fig. 4, there is a H(1)-O
(2)-Zn—0O(7) four-membered ring for each of these tran-
sition states and the electron densities of their RCPs are
0.0402 and 0.0405, respectively. The present computations
show that the fracture of the H(1)-O(2) bonds and the
formation of the H(1)-O(7) bonds may be in concurrence.
The complexes 2M and 2M’ are similar to catalyst 1 in
structure and all have anamorphic tetrahedral structures. In
the complexes 2M and 2M’, Zn—O(2) is a 6-bond and Zn—
O(7) is a 6-coordinate covalent bond, whereas Zn—O(2) in
the catalyst is a o-coordinate covalent bond and Zn—O(7) is
a o-bond. The decomposition of methanol from 2M and
2M’ generates the active catalyst 3M. The ZnL; complex

3M is almost planar and the O(2)-N(5)-Zn(6)-O(7) torsion
angle is 173.9°.

Formation of the catalyst-alkynyl complexes
6M and 6M’

The reaction of the terminal alkyne 4 with the active cat-
alyst 3M leads to the catalyst-alkyne complexes 5M and
SM’. The transfer of H(8) to O(2) in 5M and 5M’ traverses
the transition states TS2 and TS2’, respectively, and then
leads to the catalyst-alkynyl complexes 6M and 6M’. As
illustrated in the NBO analysis, SM and 5M’ exhibit 7t-
back bonding. The occupied 7t-orbital of alkyne acts on the
empty incoordinate sp>-hybrid orbital of zinc leading to the
o-coordinate bond and, on the other hand, the occupied d-
orbital (d,,, d., d,.) of zinc acts on the empty 7t* orbital of
the alkyne, leading to 7-back bonding. Obviously, the
formation of the 7t-bonds lowers the system energies and
makes the complexes SM and SM’ more stable. Compared
with H(8)-C(9) of 4, the H(8)-C(9) bonds of 5M and 5M’
are weakened (bond: 1.064—1.069 A the electron density
of the BCP: 0.2891—0.2872). The transition states TS2
and TS2’ are similar to the transition states TS1 and TS1’ in
geometric structure. In the transition states TS2 and TS2’,
the o—mt coordinate bonds between alkyne and zinc are
fractured and the H(8)—O(2) distances become shorter and
the H(8)-C(9) bonds become longer, which implies a
strong interaction between H(8) and O(2) and the H(8)-C
(9) bonds are weakened remarkably. As shown in Fig. 4,
each of these transition states involves a H(8)-O(2)-Zn—-C
(9) four-membered ring and the electron densities of the
RCPs are 0.0411 and 0.0306, respectively. The present
computations show that the fracture of the H(8)-O(2)
bonds and the formation of the H(8)—-C(9) bonds may be in
concurrence. 6M and 6M’ are similar to the catalyst in
structure. As shown by the NBO analysis, the Zn—C(9)
bonds of 6M and 6M’ are strong single bonds and the
natural bond orbital energies of these 6 bonds are —1185.75
and —1196.20 kJ mol ', respectively.

In addition, we tried to compute the direct coordination
of alkyne to the catalyst 1, the transfer of H(8) in alkyne to
O(7) in the catalyst, and the decomposition of methanol
leading to the catalyst—alkynyl complexes 6M and 6M’, but
all of our efforts failed.

The reaction mode “a”

The reaction mode “a” expresses the attack of aldehyde on
the re-surface of the complexes 6M and 6M’ (Fig. 1). The
attack of aldehyde leads to the formation of the catalyst-
ethanol complexes 9Ra, 9Sa, 9Ra’, and 9Sa’, and the cor-
responding transition states are TS3Ra, TS3Sa, TS3Ra’,
and TS3Sa’. As shown in Figs. 4 and 5, there are strong
interactions between H(8) and O(12) and between C(9)
and C(13) in these transition states. The transition states



Table 1 Total energies F(x2625.5 kJ mol "), formation energies AE(kJ mol "), reaction energy barriers AE?(kJ mol "), and frequencies

(em ™) for all the compounds
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ZPE E6-31G(dpa  >Ea >E% vl ) E6-31+G(dp)b  >Eb >E#b
1 02966  —2,376.8124 39.9 61.1 ~2,377.1664

TSI 02923  -2,376.8101 6.04 834.21i 3214 -2,377.1576 23.10
TSI’ 02919  —2,376.8114 2.63 762.93i 2551 —2,377.1586 20.48
M 02964  -2376.8140  —4.20 33.69 4500  —2,377.1665 -0.26

oM’ 02959  -2376.8134 -2.63 25.44 4298  -2,377.1656 2.10

3M 02423 —2,261.1155 25.28 46.54  —2,261.4165

4 0.0556  —116.6038 3482 3482 ~116.6672

5M 02996  —2,377.7326  —34.92 30.62 36.54  —2,378.0879 ~11.03

SM? 02992  -2,377.7321  -33.61 21.08 4171 -2,378.0878 ~10.76

TS2 02962  —2,377.7110 5671 1,184.54i 2850  —2,378.0611 70.36
TS2’ 02961  —2,377.7133 4936  1,070.23i 2813 —2,378.0635 63.80
6M 03020  -2,377.7361  —9.19 17.0 20.8 ~2,378.0948 ~18.12

6M’ 03021  -2,377.7377 1470 33.6 372 ~2,378.0958 ~21.00

7 0.0556  —153.7801 155.9 505.1 ~153.8452

8Rb 03587  -2,531.5263  —26.52 13.8 234 ~2,531.9464 ~14.18

8Sb 03591  -2,531.5235  —19.17 14.8 32.1 —2,531.9425 -3.94

8Rb’ 03592  -2,531.5295  —-30.72 214 31.8 ~2,531.9472 ~16.28

8Sb’ 03590  -2,531.5279  —26.52 245 303 ~2,531.9465 ~14.44

TS3Ra 03584  —2,531.5096 17.33 387.0i 22.5 ~2,531.9246 43.06
TS3Sa 03579  —2,531.5046 30.46 386.7i 13.9 —2,531.9206 53.56
TS3Ra’ 03579  —2,531.5081 25.47 406.2i 226 ~2,531.9238 45.16
TS3Sa> 03581  —2,531.5061 30.72 384.9i 244 ~2,531.9220 49.88
TS3Rb 03593 —2,531.4883 99.77 380.2i 237 ~2,531.9031 113.68
TS3Sb 0.3594  —2,531.4878 93.73 383.4i 228 ~2,531.9025 105.02
TS3Rb> 03595  —2,531.4934 94.78 384.4i 19.5 ~2,531.9081 102.66
TS3Sb> 03592 —2,531.4937 89.79 381.8i 20.8 ~2,531.9082 100.56
9Ra 03629  -2,531.5364  —53.04 227 417 ~2,531.9586 ~46.21

9Sa 03627  -2,531.5381  —57.50 243 389 ~2,531.9607 ~51.72

9Ra’ 03624  —2,531.5389  —55.40 18.8 35.7 -2,531.9615 ~53.82

9Sa’ 03624  —2531.5377 ~52.25 18.1 44.4 ~2,531.9596 ~48.83

TS3Ra, TS3Sa, TS3Ra’, and TS3Sa’ involve a H(8)-O(2)—
Zn—C(9)-C(13)-0O(12) six-membered ring and the electron
densities of the RCPs are 0.0112, 0.0107, 0.0112, and
0.0109, respectively. Compared with those in the catalyst-
alkynyl complexes 6M and 6M’, the H(8)-O(2) and O
(12)-C(13) bonds in these transition states are weakened
greatly and are lengthened by about 0.12 and 0.08 A, and
the electron densities of their BCPs are decreased by about
0.11 and 0.055. It is clear that the weakening of the H(8)-O
(2) and O(12)—C(13) bonds is of advantage for the transfer
of H(8) to O(12). As shown, the formation of the H(8)-O
(12) and C(9)—C(13) bonds and the fracture of the H(8)-O
(2) bonds may be in concurrence.

The decomposition of the catalyst-ethanol complexes
9Ra, 9Sa, 9Ra’, and 9Sa’ results in the products 10 and
leads to the regeneration of the active catalyst 3M. As
illustrated in the NBO analysis, the complexes 9Ra, 9Sa,
9Ra’, and 9Sa’ also include o-7t coordinate bonds. As
shown in Fig. 5, there are hydrogen bonds between H(8)
and O(2), the distances of which are, respectively, 1.709,

1.685, 1.670, and 1.682 A. It is these hydrogen bonds that
lead to the ring structures in these complexes. In addition,
the O(12)—-C(13) 7t bonds (the carbonyl 7t bonds) in these
complexes are broken.

The reaction mode “b”

The reaction mode “b” expresses the attack of aldehyde on
the si-surface of 6M and 6M’. The addition of aldehyde
to the complexes 6M and 6M’ leads to the catalyst—alkynyl—
aldehyde complexes 8Rb, 8Sb, 8Rb’, and 8Sb’, and then
generates the catalyst—ethanol complexes 9Rb, 9Sb, 9Rb’,
and 9Sb’ via the transition states TS3Rb, TS3Sb, TS3Rb’,
and TS3Sb’. In the complexes 8Rb, 8Sb, 8Rb’, and 8Sb’
with ZnLs coordination, the distances between C(9) and C
(13) are 4.074, 3.316, 3.840, and 3.273 A, respectively, and
the carbonyl of aldehyde is weakened (the electron density of
its BCP is decreased by about 0.01). In the transition states
TS3Rb, TS3Sb, TS3Rb’, and TS3Sb’, the C(9)-C(13)
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Fig. 3 The optimized geometries of the catalyst and some intermediate states

distances are shortened considerably and the O(12)-C(13)
bonds are lengthened greatly. These results imply that there
is a significant interaction between C(9) and C(13) and the O
(12)—C(13) bonds are weakened greatly. As shown in Fig. 4,
there is a C(9)-Zn—0O(12)-C(13) four-membered ring for
each of these transition states and the electron densities of
the RCPs are 0.0318, 0.0322, 0.0299, and 0.0299, res-
pectively. In addition, the electron densities of the BCPs for
the Zn—C(9) bonds in the transition states are decreased by
about 0.04 relative to those of the complexes 8, and thus
these bonds are weakened. The fracture of the Zn—C(9)
bonds and the formation of the C(9)-C(13) bonds may also
be in concurrence. Unlike the complexes 9Ra, 9Sa, 9Ra’,
and 9Sa’, the complexes 9Rb, 9Sb, 9Rb’, and 9Sb’ do not
involve any ring structures, because there are no hydrogen

V4 -
0.2099
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bonds in the complexes, and the carbonyl 7-bonds are
broken. The decomposition of the complexes 9 also results in
the products 10.

Overview of the mechanism

By investigating the structures of all the intermediates
and transition states, it is known that the intermediates and
transition states marked by “R” lead to the (R)-ethanol and
those marked by “S” result in the (S)-ethanol. As demon-
strated in Fig. 1, there are two chiral carbon atoms in
catalyst 1 and their chirality remains unchanged in the
reaction. The enantioselective alkynylation of aldehyde can
cause the carbonyl carbon of aldehyde to become the third
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Fig. 4
RCPs)

chiral carbon, that is of (R)- or (S)-chirality. Therefore, the
intermediates and transition states marked by “R” or “S”,
such as 8Rb and 8Sb, 9Rb and 9Sb, TS3Ra, TS3Sa, TS3Rb
and TS3Sb, etc, are diastercoisomers and have different
energies. Fig. 6 illustrates the DFT energy relationship for
the asymmetric alkynylation of aldehyde.

Figure 1 and Table 1 show that the formation of the
complexes 2M, 2M’, and 3M is endothermic. Because of
the 7t-back bonding between the terminal alkyne and zinc
in the catalyst-alkyne complexes 5SM and 5M’, these two
complexes are stable and thus their formation is exother-
mic. The strong single Zn—C(9) bonds of the catalyst-
alkynyl complexes 6M and 6M’ lower the system energies
a little and thus the formation of 6M and 6M’ is exo-
thermic. For the reaction mode “a”, there are o—7m co-
ordinate covalent bonds and the H(8)-O(2) hydrogen
bonds in the catalyst-ethanol complexes 9Ra, 9Sa, 9Ra’
and 9Sa’, and thus the formation of these catalyst-ethanol
complexes is also exothermic. For the reaction mode “b”,

The two-dimensional electron density contours for all the transition states (including electron densities of some selected BCPs and

prior to the formation of the catalyst—ethanol complexes,
the catalyst—alkynyl-aldehyde complexes 8Rb, 8Sb, 8Rb’,
and 8Sb’ are generated. Due to the formation of the stable
Zn—0O(12) bonds, the formation of the catalyst-alkynyl—
aldehyde complexes 8 is exothermic. The formation of the
catalyst—ethanol coordination 9Rb, 9Sb, 9Rb’, and 9Sb’ is
also exothermic. In addition, as illustrated in Table 1 and
Fig. 6, this enantioselective alkynylation of aldehyde is
endotlhermic and the total absorbed energy is about 31 kJ
mol .

In the transition states TS2 and TS2’, the o—7t coordinate
bonds between zinc and alkyne are broken and there are
strained four-membered rings. The energies for these tran-
sition states are high. The transition states TS3Ra, TS3Sa,
TS3Ra’, and TS3Sa’ have stable six-membered rings and
this reaction step is related to the fracture of the H(8)-0O(2),
Zn—C(9), and O(12)—C(13) 7-bonds and the formation of
the H(8)-0(12), C(9)-C(13), and the zinc-alkyne o—7t
coordinate bonds. The transition states TS3Rb, TS3Sb,
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TS3Rb’, and TS3Sb’ have strained four-membered rings
and the corresponding reaction step is related to the fracture
of the Zn—C(9) and O(12)-C(13) 7t-bonds and the forma-
tion of the C(9)-C(13) bonds. The bonds formed in the
transition states for the reaction mode “a” are stronger than
those in the transition states for the reaction mode “b” by
roughly one zinc-alkyne o—m coordinate bond. On the
other hand, the strain for the four-membered ring is greater
than that for the six-membered ring, and thus the six-
membered ring is more stable than the four-membered
ring. Therefore, the energies of the transition states TS3Ra,
TS3Sa, TS3Ra’, and TS3Sa’ are lower than those of the
transition states TS3Rb, TS3Sb, TS3Rb’, and TS3Sb’.
Table 1 shows that the energies of the transition states
for the reaction mode “a” are lower than those of the tran-
sition states for the reaction mode “b” by 3258 kJ mol .
The energy barriers of the transition states TS3Ra, TS3Sa,
TS3Ra’, and TS3Sa’ are lower than those of the tran-
sition states TS3Rb, TS3Sb, TS3Rb’, and TS3Sb’ by
47-60 kJ mol ™.

As discussed above, both the reaction mode “a” and the
reaction mode “b” have four reaction channels. The energy
barriers of the transition states for the mode “a” are lower
than those of the transition states for the mode “b”. Both
reaction modes pass through the transition states TS2 and
TS2’ with a high energy. Therefore, the enantioselective
alkynylation of aldehyde catalyzed by chiral zinc(II)-com-
plexes mainly pass through the reaction mode “a”. The
energy barriers of the transition states TS3Ra, TS3Sa,
TS3Ra’, and TS3Sa’ are 43.06, 53.56, 45.16 and 49.88 kJ
mol ™', respectively. It is clear that the reaction channel
1-TS1-2M—3M—5MTS2— 6M—TS3Ra—9Ra—10R

Reaction coordinate

is the dominant channel leading to the chiral ethanol. The
dominant products obtained from this reaction channel
are of (R)-chirality, in good agreement with experiment
[8, 10, 13]. Furthermore, the energy barriers of TS2 are
much higher than the barrier of TS3Ra in the reaction
mode “a”. The rate-determining step for the enantiose-
lective alkynylation of aldehyde catalyzed by the chiral
zinc(Il)-complexes is therefore the formation of the cat-
alyst-alkynyl complexes 6M, and the formation of the
catalyst-ethanol complexes 9 is the chirality-determining
step for this alkynylation reaction.

Conclusion

In summary, the enantioselective alkynylation of aldehyde
catalyzed by chiral zinc(Il)-complexes involves eight pos-
sible reaction channels. The alkynylation of aldehyde goes
mainly through the formation of the catalyst—alkyne com-
plexes, the catalyst—alkynyl complexes, and the catalyst-
ethanol complexes. The formation of the catalyst—ethanol
complexes is the chirality-determining step for the alky-
nylation. The transition state for the chirality-determining
step has a six-membered ring. The alkynylation reaction
is endothermic. The dominant products predicted the-
oretically are of (R)-chirality, in good agreement with
experiment.
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