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Transition-state structures for the reaction between the chiral allenylzinc reagent
(M)-2 and acetaldehyde are located at the B3LYP/6-31G* and HF/6-31++G** levels of
theory. A tetrahedrally coordinated zinc atom in the transition state is found to give
energy differences that are most consistent with the observed results. The tetrahedral
zinc atom with the coordination of a solvent molecule also allows the staggering of the
bonding sp? carbons, which avoids the eclipsing of the aldehyde and the allenyl substituents.
A fluoride ligand is used to mimic the methanesulfonate anion present in the reaction, and
a methyl ether molecule is used to explicitly mimic the solvent molecule THF. The allenyl
carbons in the transition states are slightly bent, despite the fact that both the start-
ing allenylzinc reagent and the propargylic product are linear. The transition state for
allenylzinc addition to acetaldehyde is “late” in comparison to cyclic transition states of

similar type.

Introduction

Organometallic allenes have captured the interest of
organic chemists for a long time.2 More recently,
allenylmetal reagents with practical utility in organic
synthesis have been realized.3~® Enantioselective and
diastereoselective syntheses of stereotriads commonly
found in natural products using allenylmetal reagents
have been documented.”8

Several years ago one of us reported that chiral
propargylic mesylates (1) are converted to allenylzinc
reagents (2) through treatment with a Pd(0) catalyst
in the presence of Et,Zn.° These reagents afford anti
homopropargylic alcohols (4) upon in situ additions to
aldehydes. The predominant formation of anti adducts
suggested involvement of a cyclic transition state (3) for
the addition reaction:
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Additions to o-branched aldehydes were highly anti
selective (~95:5) and less so for unbranched and con-
jugated aldehydes (~80:20—90:10). Initially Zweifell®
and recently one of us!' and others®'? have assumed
that additions of allenylmetal reagents of the type
RCH=C=CHMX,, proceed via cyclic transition states
(3). Evidence to support this assumption is derived
solely from stereochemical correlations between the
allenyl reagents and the homopropargylic adducts. A
problem with the cyclic transition state is the eclipsing
of the aldehyde and allenyl substituents. As described
later, a totally eclipsed transition state (12) was com-
puted when no solvent molecule was considered. Since
no theoretical studies involving allenylzinc species have
been reported, it is our intention to examine the validity
of the cyclic arrangement (3) of this reaction.
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Previous ab initio calculations on the allenyl anion
reveal a strong preference for a bent structure.’® The
allenyl anion was found to be ca. 1.3 kcal/mol lower in
energy than the propyn-1-yl anion.* Another calculation
on allenylmagnesium hydride, a model for the corre-
sponding allenyl Grignard reagent, confirms the allenic
nature of the reagent.’®> No allenylzinc species has been
studied using computational methods at high levels of
theory. Since little is known about the nature of the
transition state of the allenylzinc additions to aldehydes,
and the proposed transition states have not been
confirmed, we have initiated an ab initio and density
functional theory (DFT) study of this newly developed
and highly stereoselective reaction.

Interest in the origins of diastereofacial selectivity
has prompted one of us to use ab initio molecular
orbital methods to investigate the diastereotopic transi-
tion states of synthetically useful reactions.617 The
transition states of the allenylzinc reactions with
acetaldehyde involve the zinc atom, a third-row element.
Although several computational studies of dialkylzinc
addition to aldehydes have been reported,18-23
studies of allenylzinc addition to aldehydes have not
appeared. To reach a reasonable convergence and
confidence, we have pushed the limit of our computa-
tional resources and located four transition states at the
B3LYP/6-31G* and HF/6-31++G** levels of theory.
These calculations support the proposed cyclic array and
provide transition states with a tetrahedrally coordi-
nated zinc atom, which avoid the eclipsing of the
aldehyde and allenyl substituents. A more complete
picture regarding the origins of stereoselectivity in these
additions is presented.

Computational Methods

In our calculations we employed complexes of the allenylzinc
and acetaldehyde as starting materials and the zinc alkoxide
of the propargyl alcohol as products (eqs 1 and 2). The
calculations were carried out using the Gaussian 98 pro-
grams? on the CRAY SV1 supercomputer at the Ohio Super-
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computer Center. Initial molecular structures, generated with
the ChemBats3D graphical program, were complexes of ac-
etaldehyde and (M)-1,2-butadienylzinc corresponding to si and
re w-face attack on the aldehyde. Both enantiomers of the zinc
atom were considered, leading to the four diastereomeric
transition states 5—8 and two derived adducts 9 and 10 (eqs
1 and 2).

Structural optimizations for the starting materials and
products were determined by means of the 3-21G split-valence
basis set. The transition-state structures were initially located
at the HF/3-21G level of theory by using the keyword opt=qst3
with input parameters for the starting material, the product,
and an initial transition-state guess.?* Successive optimization
continued at the HF/6-31G* and the B3LYP/6-31G™* levels of
theory using keywords opt=(ts, calcfc). The B3LYP/6-31G*
method (density functional theory) was chosen for its ability
to include electron correlation.?>2¢ The transition structures
(5—8) were fully optimized without any constraint and char-
acterized by vibration frequency calculations at the HF/
6-31++G** and B3LYP/6-31G* levels of theory. Only one
imaginary frequency was found for each structure. Relative
energies of transition states are tabulated in Table 2. Single-
point calculations were performed at the B3LYP/6-31++G**//
HF/6-31++G** and the B3LYP/6-311G(3df)//HF/6-31++G**
levels. No corrections were made on basis set superposition
errors, because all discussions are based on relative ener-
gies.?”?® No attempt was made to give absolute complex
formation energies or activation barriers.

Results and Discussion

Although various levels of calculations involving
organozinc compounds have been reported, we were
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Table 1. Comparison of Gaussian 98 Computed
Structure Parameters with Those from the X-ray
Analysis of the Crystal Structure of Reformatsky

Reagent 11: Selected Bond Distances (A) and
Angles (deg)

B3LYP/

HF/3-21G* HF/6-31G* 6-31G*  exptl
Zn(1)-0(11) 1.91 2.03 201 202
Zn(1)—C(2) 2.05 2.08 202  1.98
Zn(1)—0(15) 1.96 2.13 212 205
CI(7)-Zn(1)-C(2) 115.9 124.0 126.3 1276
0o(11)-zn(1)-0(15) 1015 95.8 939 932
0(15)-2zn(1)—C(2) 1135 110.0 109.3  106.9
0(11)-zn(1)—C(2) 110.6 109.8 1100 1112
Zn(1)-0(11)-C(10)  135.8 127.9 1227 1230

Table 2. Relative Transition-State Energies for
Allenylzinc (2) Addition to CH3CHO (kcal/mol)

transition state

anti anti syn syn
(S-zn), (R-Zn), (S-Zn), (R-Zn),
5 6 7 8

HF/6-31G* 0.0 0.36 1.23 1.96
HF/6-31++G** 0.0 0.12 1.10 1.96
B3LYP/6-31G* 0.0 0.56 154 1.63
B3LYP/6-31++G**a 0.0 0.32 1.42 1.64
B3LYP/6-311G(3df)2 0.0 0.47 1.36 1.68

a Single-point calculations.

uncertain about the quality of the reported methods. We
decided to calibrate the quality of the ab initio and DFT
methods on the zinc atom by a series of calculations on
a known organozinc compound. The crystal structure
of a famous organometallic reagent, the Reformatsky
reagent (11; Table 1), has many similarities to the
organozinc reagent in question.?® The zinc atom is
tetrahedral, and THF solvent molecules are among the
ligands. Similarly to the approximations made in the
following calculations, the THF solvent molecules are
substituted with dimethyl ether molecules to reduce
computational cost. The B3LYP/6-31G* method per-
forms most satisfactorily and gives a structure (11) that
closely resembles the X-ray structure. A comparison of
the calculated structural parameters to the reported
data for the X-ray analysis of the crystal structure is
listed in Table 1.

(29) Dekker, J.; Budzelaar, P. H. M.; Boersma, J.; Vanderkerk, G.
J. M.; Spek, A. L. Organometallics 1984, 3, 1403—1407.

Gung et al.

Table 3. Comparisons of Structural Parameters
Calculated at B3LYP/6-31G* and HF/6-31++G**
Levels of Theory for the Most Favorable
Transition State 5

structural param B3LYP/6-31G* HF/6-31++G**

Bond Lengths (A)

C(9)=0(8) 1.28 1.27
C(2)=C(3) 1.37 1.37
C(3)=C(4) 1.27 1.25
C(2)- - -C(9)incipient 2.10 2.09
C(2)—-C(1) 1.52 1.52
Zn(5)—C(4) 2.05 2.15
0O(8)—2n(5) 1.95 1.98
F(6)—2Zn(5) 1.80 1.82
O(7)—2Zn(5) 2.12 2.17
C(10)—C(9) 1.52 151
C(11)—0O(7) 1.44 1.42
Bond Angles (deg)
C(2)—C(9)—0(8) 112.0 112.4
C(4)—C(3)—C(2) 161.2 165.6
C(3)—C(2)—C(1) 119.6 119.3
C(9)—C(2)—C(3) 96.0 96.1
Zn(5)—C(4)—C(3) 108.5 105.8
0(8)—2Zn(5)—C(4) 98.6 96.2
Dihedral Angles (deg)
C(3)—C(2)—C(9)—0(8) —37.8 -34.0

Initially, structure 12 for the addition of the simple
allenylzinc to formaldehyde was studied. For these

12

calculations the zinc atom was assumed to be trigonally
coordinated and the other ligand in addition to the
allenyl unit was a hydride. The minimized structure
contained a bent-allenyl array, similar to that previously
reported for the allenyl anion.’® Eclipsed hydrogen
substituents on the two bonding sp? carbons were
obtained in this gas-phase model. The electrostatic
attraction between the trigonal zinc atom and the
aldehyde oxygen atom appear to dominate and render
the repulsion among the eclipsed C—H bonds less
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Figure 1. Perspective views from the side of the cyclic transition states for the (M)-1,2-butadienylzinc additions to
acetaldehyde calculated at the B3LYP/6-31G* level of theory. The relative energies are given in parentheses (kcal/mol)
and are calculated at the B3LYP/6-311G(3df)//HF/6-31++G** level.

important. The result was a totally eclipsed transition
state. We then considered modifications to this simpli-
fied model. Since the reaction of interest was performed
in THF, and zinc atoms prefer a tetrahedral coordina-
tion in solution,® we decided to model the solvent effect
with an explicitly coordinated dimethyl ether ligand as
illustrated in egs 1 and 2. The methanesulfonate anion
of the actual reaction was replaced with a fluoride anion
to simplify the calculations. When these modifications
were incorporated into the (M)-1,2-butadienylzinc/ac-
etaldehyde system, the calculated relative energies for
the diastereomeric transition states were in good agree-

(30) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.
Advanced Inorganic Chemistry, 6th ed.; Wiley: New York, 1999.

ment with the diastereoisomer ratios observed for
additions to unbranched aldehydes (Table 2). The large
basis sets (6-31++G** and 6-311G(3df)) had insignifi-
cant effects on the relative energies of the four transition
states.

To examine the basis set effect, the four transition
states (5—8) located at the HF/6-31G* level were
subjected to further optimization at the HF/6-31++G**
level of theory. All four transition states converged at
the HF/6-31++G** level. The relative energy differences
among the three methods are small, and the order of
transition state stability remains unchanged (Table 2).
Selected structural parameters for transition state 5 are
listed in Table 3 for a comparison between the B3LYP/
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6-31G* and HF/6-31++G** methods. Key bond lengths
and angles are similar for these two structures. How-
ever, the allenyl bond angle in the transition state using
the B3LYP/6-31G* method (162°) is slightly more bent
than that predicted by the HF/6-31++G** method
(165.6°). The dihedral angle (C(3)—C(2)—C(9)—0(8)),
which can be used as a measure of the degree of
eclipsing between the aldehyde and allenyl substituents,
indicates a slightly less eclipsed conformation for the
B3LYP structure (—37.8°) than for the Hartree—Fock
structure (—34°). Thus, the coordination of a solvent
molecule to the zinc atom allows the substituents on
the bonding sp? carbon to be substantially staggered.
This can be observed visually through the structures
shown in Figures 1 and 2.

The four calculated transition states are shown in
ChemBats3D graphics in Figures 1 and 2. These struc-
tures are optimized at the B3LYP/6-31G* level. The
same order of relative energies, anti-S < anti-R < syn-S
< syn-R, was found. The descriptors for the transition
states have the following meanings. The transition state
is labeled by the product stereochemistry it leads to,
either anti or syn. The configuration of the tetrahedral
zinc atom is indicated by R or S. Thus, both the anti-S
(5) and the anti-R (6) transition states lead to a product

Gung et al.

7 Syn(S) (1.36)

8 Syn-(R) (1.68)

Key:.. .O .

HC O F /n

Figure 2. Perspective views from the top of the allenyl sp? carbon to the acetaldehyde sp? carbon for transition states
calculated at the B3LYP/6-31G* level of theory. The relative energies are calculated at the B3LYP/6-311G(3df)//HF/6-
31++G** level (kcal/mol).

with anti stereochemistry and both the syn-S (7) and
the syn-R (8) transition states lead to a product with
syn stereochemistry. The anti-S transition state 5 is the
most favored and the anti-R (6) only slightly less so.
These two account for the major anti product.’* The
syn-S transition state 7 is slightly more than 1 kcal/
mol higher in energy than the anti state at all levels of
theory, consistent with the observation that additions
to unbranched aldehydes proceed with anti:syn ratios
of ca. 80:20.°

The calculated allenyl bond angle (Oc=c=c) is ca. 162°
in all three B3LYP transition states and is 165° for the
HF/6-31++G** structure 7. These results for the alle-
nylzinc species are similar to previous ab initio calcula-
tions for allenyllithium.1® The bond distance between
the two bonding sp? carbons averages 2.1 A. A compu-
tational study on the transition state for dialkylzinc
additions to aldehydes yielded bond lengths of 2.25—
2.28 A 18 Other cyclic transition states that may or may
not be relevant to this study also showed considerably
longer incipient bonds. The two incipient bonds in a
Diels—Alder cycloaddition of isoprene and maleic an-
hydride are 2.23 and 2.33 A.3! This Diels—Alder transi-
tion state was calculated at the B3LYP/6-31G* level of
theory and supported by experimental kinetic isotope
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effects. Recent calculations on the allylboration of
aldehydes led to a predicted bond distance of 2.25 A for
the bonding sp? carbons.!® The relatively shorter bond-
ing distance calculated for the allenylzinc addition is
suggestive of a “late” or more productlike transition
state.%?

To highlight the staggering of the aldehyde and
allenyl substituents and the steric interactions between
the allenyl methyl and the aldehydic methyl groups, the
transition-state structures in Figure 2 are displayed in
a Newman projection orientation in which the axis of
observation is the incipient C(sp%)—C(sp?) bond. It is of
interest to note that in the lower energy anti transition
state 5 the Zn atom is coordinated syn to the CHj
substituent of the aldehyde, resulting in a nearly anti
orientation of the allenyl and aldehyde methyl substit-
uents. This is unusual, in light of the fact that Lewis
acids coordinate preferentially syn to the aldehyde
hydrogen of benzaldehyde.3334 Steric repulsions between
the allenyl and aldehyde methyl substituents cause 5
to be favored over 6. This preference would not alter
the diastereoselectivity of the addition. However, the
more nearly eclipsed relationship of these substituents
in transition states 7 and 8 would disfavor the syn
adducts in accord with the anti preference of the
additions. As expected, this preference is greater with
a-branched aldehydes. It is interesting to also note that
in the lower energy syn transition state 7 the Zn atom
is coordinated anti to the CH3 substituent, opposite of
that in transition state 5. Structures 5 and 7 each have
an S-Zn atom. Thus, it appears that the chirality of the
zinc atom has a small influence on the transition-state
energy. Although this influence is small relative to the
steric effect, it is conceivable that one may manipulate
the ligand to achieve a cooperative effect with the allene
asymmetry and to maximize the stereoselectivity in
these reactions.
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P.; Heymanns, P. 3. Am. Chem. Soc. 1986, 108, 2405—2408.

(34) Gung, B. W. Tetrahedron Lett. 1991, 32, 2867—2870.
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Conclusions

In conclusion, ab initio and density functional theory
calculations at the B3LYP/6-31G* and HF/6-31++G**
levels support the proposed cyclic transition state for
chiral allenylzinc additions to aldehydes. A tetrahe-
drally coordinated zinc atom in the transition state is
found to give energy differences that are most consistent
with the observed results. The tetrahedral zinc atom
with the coordination of a solvent molecule allows the
staggering of the bonding sp? carbons, which alleviates
the steric repulsion from eclipsing of the aldehyde and
the allenyl substituents. The allenyl array has a “bent”
(Oc=c=c = ca. 162°) geometry in the transition state,
which is consistent with previously reported structures
for allenyl anions. A relatively “late” transition state is
proposed for this reaction on the basis of comparisons
to ab initio transition states for dialkylzinc additions,
Diels—Alder cycloaddition, and allylboration reactions.
This study suggests that steric interactions between the
aldehyde and allene substituents control the diastereo-
selectivity of the reaction. However, this study also
highlights a tetrahedrally coordinated zinc atom and
suggests the possibility of using ligand effect to maxi-
mize the stereoselectivity in these reactions. The results
of this study contribute to a better understanding of the
experimental observations.
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