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Abstract: An ab initio computational study revealed the mechanism of the reaction between tin enolates and
aldehydes or organic halides in both cases with and without a bromide anion as a coordinating ligand to tin.
The calculations showed the stabilization of tin compounds by complexation with the bromide anion. The
order of stabilization is tin bromide tin enolate> tin alkoxide. In the reaction of tin enolate with aldehyde,

a noncoordinated tin enolate gave the cyclic transition state in sled-form while the acyclic transition state
which leads to deactivation of the reaction process is shown in the use of a highly coordinated enolate. This
open structure is ascribed to the bromide anion-coordinated tin which is reluctant to coordination by carbonyl
oxygen in aldehyde. In both cases with and without ligands, synclinal arrangements between carsOnyl C

in aldehyde and vinyl €C in enolate are observed. The reaction of tin enolates with organic halides proceeds
through two steps involving alkylation inn\@ mode and destannylation with formation of bromostannane.
The system of high-coordinated tin enolate is favored both kinetically and thermodynamically. The high
nucleophilicity of high-coordinated tin enolate is due to coordination of an anionic ligand.

Introduction Scheme 1

A high coordination of organometallic reagents often leads R. &
to a change in their reactivity and/or selectivity. In that case, h L ’,'-,R\
the highly coordinated species could have a totally different R’.-:/;S'\‘.?R =S
character from that of the original noncoordinated species, partly X L ~R
because of the change in the hybridization states of relevant X

metals. This phenomenon, while not exactly comprehended, is

generally considered and understood to be a solvent effect or In fact, we have recently reported the unusual reactivity of
an additive effect. We chose tin compounds to discuss com- highly coordinated tin compounds such as organotin(IV) eno-
parison between highly coordinated species and noncoordinatedates or organotin(lV) hydrides. NMR studies disclose the
species for our computational study since high coordination of existence of five-coordinated tin enolate arising from the

tin compounds has been extensively examined. addition of certain ligand&<¢In particular, the coordination to
Organotin(IV) compounds could be easily coordinated by an tin enolates by a bromide anion (from BNBr) shows novel
appropriate ligand, giving a highly coordinated speéi2Shis types of selective reactiod&which are summarized in eqs-4.

fact, of course, shows significant contrast between tin and carbon! general, organotin enolates readily add to aldefy(es 1)

from the point of view of high coordination. A five-coordinated ~and are inert to organic halide¢eq 2). On the contrary, the
carbon, which is well-known as a transition state iR2S highly coordinated tin enolates, which attained a marked change
reactions, lies on the top of the potential energy surface. On in chemoselectivity, have higher nucleophilicity to organic
the contrary, a five-coordinated organotin compound could lie halides (eq 4). However, they show low reactivity toward
at the bottpm of the energy §urface due to the co'ntr|l'3ut|on of (3) (a) Yasuda, M.. Hayashi, K.. Katoh, Y. Shibata, I.; BabaJAAm

their d-orbitals to be rehybridized to a hyper coordination state chem Soc 1998 120, 715. (b) Yasuda, M.; Oh-hata, T.; Shibata, |.; Baba,
(Scheme 1). Then the highly coordinated tin(IV) could be used A.; Matsuda, H.J. Chem Soc, Perkin Trans1 1993 859. (c) Yasuda, M.;

as a unique reagent which has far different properties from thosefgézhég Agsshéb?é?\(';sﬁgga,’wp}'bwizt:;ﬂa’,\ﬁ';Sﬁi%g?saﬂl\gg@%igq

of the noncoordinated tin. Chem 1999 64, 2180.
(4) (a) Kawakami, T.; Shibata, I.; Baba, A.Org. Chem 1996 61, 82.
T Osaka Univerity. (b) Suwa, T.; Shibata, I.; Baba, Arganometallics1999 18, 3965.
*Ryoka Sytem Inc. (5) (@) Noltes, J. G.; Creemers, H. M. J. C.; Van Der Kerk, G. JJM.
(1) Harrison, P. GChemistry of TinBlackie: Glasgow and London, OrganometChem 1968 11, 21. (b) Labadie, S. S.; Stille, J. Ketrahedron
1989. 1984 40, 2329. (c) Yamamoto, Y.; Yatagi, H.; Maruyama, &.Chem
(2) The adduct of pyridine and chlorotrimethyltin (d8nCl) was the Soc, Chem Commun 1981, 162.
first example of a highly coordinated tin compound. Hulme JRChem (6) A high temperatrue is required for halide-coupling with tin enolates.
Soc 1963 1524. Odic, Y.; Pereyre, MJ. OrganometChem 1973 55, 273.
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Reaction with noncoordinated tin enolate
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Reaction with highly coordinated tin enolate
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carbonyl compounds (eq %).Thus, this high coordination
method accomplishes significant change in chemoselectivity
even in a competitive reaction system which includes both
carbonyl compounds and organic halides.

The highly coordinated silyl enolates have been studied more
than tin enolates and they are reported to accelerate both
reactions with organic halideind carbonyl§.Compared to the
silyl system, the system using highly coordinated tin enolate
has a unique character and can be applied to a chemoselective
reaction. In this paper, we report a computational study of
the difference between non- and high-coordinated tin enolates
and their reactivities toward organic halides or carbonyl
compounds.

(-0.5334) 3q

Results and Discussion
. . . Figure 1. Structures of tin compounds-3 (distances in A, numbers
Computational Method. We applied an ab initio LCAO-  j, parentheses are NBO charges)) four-coordinated species aniaj)(
SCF-MO method based on HartreEock—Roothaah ap- five-coordinated species.

proximation. The electronic structure program, Turbombileas

used to carry out our all calculations for geometry optimization. Scheme 2

To obtain natural bond orbital charges, the NBO prodfam Me

Gaussian98 was applied to the optimized structures. A valence )\ MesSnOMe Me3SnBr
double¢ quality basis set made by Sdhaet all® and for Sn MesSno
atoms an effective core potential proposed by LaJohn ¥t al.

were employed. All molecular structures including transition gcheme 3

1 2 3

(7) (a) Kuwajima, |.; Nakamura, El. Am Chem Soc 1975 97, 3257. 3
(b) Kuwajima, |.; Nakamura, E.; Shimizu, M. Am Chem Soc 1982
104, 1025. (c) Kraus, G. A.; Roth, B.; Frazier, K.; Shimagaki, MAm
Chem Soc 1982 104, 1114.

(8) (a) Nakamura, E.; Shimizu, M.; Kuwajima, |.; Sakata, J.; Yokoyama,
K.; Noyori, R.J. Am Chem Soc 1983 48, 932. (b) Noyori, R.; Nishida,
|.; Sakata, JJ. Am Chem Soc 1981 103 2106.

(9) Roothaan, C. C. Rev. Mod. Phys 1951, 23, 69.

(10) Turbomole, ab initio Electronic Structure Program from MSI of San 0 T

kcal mol™
nN

Py

R.; Weinhold, F. dihedral angle 6 / degree

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,, Jr,; 0 =0 (s-cis) 0 = 180 (s-trans)
Stratmann, 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, Me Me
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; O)\
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, ] MegSn
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Me3Sn
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;; P :
Peng, C. Y.. Nanayakkara, A.. Gonzalez, C.. Challacombe, M.; Gill, P. M. staf[eslwere ful!y optimized to evaluate reactlo.n paths and
W.: Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; activation energies of those paths. To make a torsional potential
Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, Gaussian, curve for the tin enolate complex, constrained optimization

'”C(':lsg’itstgﬁg?hA P o A hirichs. Ry, Chem Phys 1692 87, 2571 calculations were carried out on seven structures by changing
(14) LaJohn, L. A.; Christiansen, P. A.: Ross, RJBChem Phys 1987, 30° of the Sn-O—C—C torsion angle. Model tin compounds

87, 2812. 1-3 which are representative of triorganotin enolates, triorga-

Diego. 0 100
(11) NBO Version 3.1, Glendening, E. D.; Reed, A. E.; Carpenter, J.

N
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Table 1
i, Messn—X + B —— MesSnX
g Br-
3
2 Tin compound  AE/ kcal mol™
5 3 1 -20
Sl - —E I 2 17
[} AR 3 -
s -L" 3 -31
[
ko)
<
= Without ligand investigation of the reaction of tin enolates with aldehydes and
—  with ligand organic halides, respectively.
Reaction coordinate H. _Ph Ph
Figure 2. Potential energy profile for the reaction dfwith benzal- 1+ bl — \ﬂ/\( (5)
dehyde. o O OSnMe;
notin alkoxides, and triorganotin bromides, respectively, were 4, o ~_~ \n/\/\ + MegSnBr (6)
chosen to mimic the structural and electronic features of the (o}

tin compounds we studied.
Optimized Structure of Tin Enolate. The geometry of High Coordination of Tin Compounds by Bromide (Br ).
tin enolate was optimized and the results are illustrated in Since three types of tin compounds are employed in eg§ 1
Scheme 3, which shows the correlation between dihedral anglenamely, tin enolate, tin alkoxide (aldol-adduct), and tin halide
0 (OC—C—0-Sn) and potential energy. The optimized struc- with or without coordination by a bromide, it would be important
ture of tin enolate gave°Oof dihedral angled, although it is to have information on these tin compounds with or without
only 2.5 kcal/mol more stable than the antiperiplanar structure highly coordinated structures. Three tin compounds (trimethyltin
(6 = 18C°) which has the highest enerdy. enolatel, trimethyltin methoxide2, and trimethyltin bromide
Model Reaction SystemEquations 51 + benzaldehyde) 3in Scheme 1) were chosen to investigate the degree of stability
and 6 (L + 1-bromopropane) are chosen as a model system for by bromide coordination to the tin center. For all cases, the

Figure 3. Structures along the reaction betwekand benzaldehyde with or without ligand (distances in A).
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Scheme 4
(a) The reaction of 1 with benzaldehyde without ligand o H
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(b) The reaction of 1 with benzaldehyde with ligand é
a :
Ph Ph el
Dl Y K
o O O OSnMe; I
SnMej [ mmres - Without ligand L
Br o _pnly FE —— with ligand P
1
- o Reaction coordinate
MesSn Figure 4. Potential energy profile for the reaction bivith bromopro-
Br g pane.
Scheme 6
Scheme 5
B (a) The reaction of 1 with bromopropane without ligand
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(b) The reaction of 1 with bromopropane with ligand

Br
\_(; Br,
Y/( . S
o, +Q, o p
SnMe; §nMe3 MeaﬁnBr
Br N Br Br
ANE ¥ ﬁ‘)/\ t
“SnMe, MesSn
ér‘ Br

tin compounds causes higher-field shifti#Sn NMR ¢ and
their shifts of| Ad(*1°Sn) also show the same ordeg ¢ 1 >

2) of high-field shift32 In fact, the high coordination of the
Me bromide (Br) changes the structure of the tin species from a
tetrahedral to a trigonal bipyramidal structure as shown in Figure

computational calculations showed the stabilization by high _ (15) The optimized geometry of silyl enolate has been reported.

coordination. As shown in Table 1, the order of stabilization is Takahashi, M.; Kira, MJ. Am Chem Soc 1999 121, 8597.
! . . (16) (a) Holecek, J.; Nadvornik, M.; Handlir, K. Organomet Chem
3> 1> 2. The results of the order are in good agreement with 1983241 177, (b) Nadvornik, M.; Holecek, J.; Handlir, . Organomet

those of'1°Sn NMR chemical shifts: stronger coordination of Chem 1984 275, 43.
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Figure 5. Structures along the reaction betweleand bromopropane with or without ligand (distances in A, numbers in parentheses are NBO
charges).

1. The tin and three methyl carbons on the tin lie in the same bromide coordination is much larger than that on oxygef in
plane for all cases1-3b). It is apparent that bromine can [—1.0123 (la) — —1.0063 (b)] or 2[—1.0453 Ra) — —1.0469
receive a negative charge better than oxygen since tin bromide(2b)].

3is the most strongly stabilized. The increment of the negative It is notable that the tin enolatkis stabilized more than tin
charge 0.5334 Ba) — —0.7480 Bb)] on bromine in3 by alkoxide2. This high-stabilization effect fot would be due to
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Scheme 7
H
sn ‘
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Br
H
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90.4°

the delocalization of the negative charge through the carbon
skeleton, and the terminal vinyl carbon can be charged
negatively. In fact, the terminal vinylic carbon inaccepts the
negative charge from the ligand-0.5489 (@) — —0.6035
(1b)], while the methyl carbon ir2 has almost no ability to
accept the negative charge(.1252 pa) — —0.1346 @b)].

The polarity of the vinylic =C bond can be estimated by the
difference in partial chargéq on those carbons. The larger
polarity occurs in highly coordinated tin enolate rather than in
noncoordinated enolate due to increaseAgf[—0.9772 (a)

— —1.0533 (b)], which means elevation of nucleophilicity.
Reaction with Aldehyde. The calculated potential energy
profiles for the reaction of four-coordinated and five-coordinated
tin enolate with aldehyde (eq 5) are shown in Figure 2. The
optimized geometries for their pathways and the detailed

reaction schemes are illustrated in Figure 3 and Scheme 4. While

both systems are exothermic, the reaction with four-coordinated
tin enolate has less activation energy (18 kcal/mol) than that
with five-coordinated tin enolate (27 kcal/mol). This contrast
can be explained by comparison of their transition stBtesd

E. In the structureB, the cyclic transition state, which is

Yasuda et al.

establishel in the aldol reaction between metal enolates with
aldehydes, is found because of the appropriate bond length (2.24
A) between Sn and oxygen (Figure 3). It should be noted that
the six-membered cyclic transition std@ehas a unique shape
which deviates from either chair- or boat-types. Five atoms other
than the methylene carbon are on the same plane (sled-type)
probably because of the steric hindrance of trialkylstannyl group
(Scheme 5). The transition stafeshows an acyclic structure

in which the bond length (4.54 A) of StO is too long to have
interaction. This open structure is ascribed to the bromide-
coordinated tin which is reluctant to coordination by another
ligand. In both cases, the synclinal arrangement between
carbonyl G=O in aldehyde and vinyl €C in enolate is
observed with the dihedral angles 58i6 B and 35.8 in E
(Scheme 5).

Reaction with Halides.The energy diagrams for the reactions
of four-coordinated and five-coordinated tin enolate with organic
halide (eq 6) are shown in Figure 4. The optimized geometries
for their pathways and the detailed reaction schemes are
illustrated in Figure 5 and Scheme 6. These reactions proceed
through two steps involving alkylation in they® mode (tol
or N) and destannylation with formation of bromostannane (to
K or P) as shown in Scheme 6. The system using bromide-
coordinated tin enolate is favored both thermodynamically and
kinetically, showing (1) higher stabilization of products and (2)
lower activation energy than the system using four-coordinated
species. The significant stabilization of organotin bromide by
high coordination as discussed in Table 1 allows this thermo-
dynamically favored feature. On comparing the transition states
H andM (Figure 5), the carbon at which the atom displacement
occurs is found to be more neutral [partial chargd).0323
(M)] in the high coordination system than in the four-
coordination system-{0.0585 H)]. Furthermore, the positive
charge on the carbon bonding to oxygemMn(0.5742) is closer
to neutral than that il (0.6177). These neutralization effects
caused by an anionic ligand lead to stabilization of the structure
of the transition state.

It is also notable that the high coordination on the tin center
significantly influences the approaching direction of bromopro-
pane to the enolate. To avoid the steric hindrance to the methyl
groups on tin, the bromine in bromopropaneMnresists the
tin center. As shown in Scheme 7, the antiperiplanar arrange-
ment between the ethyl group ane=C in enolate is observed
in H (dihedral angle1C—C—0O—H = 66.3). The structureM
is near the eclipsed conformation (dihedral angl@3.0°), in
which Br is away from the internal vinyl carbon in enolate.
Therefore, the following intermediatehas Br bounded to the
carbon which is an internal vinyl moiety while bromine
exists as an anion that is far away from the substrates. In the
next steps including the formation of 2-hexanone and bromo-
stannane fron or N, five-coordinated tin species are formed
in both transition state3 andO. The tin inJ is bound to three
methyl groups, bromine, and oxygen while the tinGnhas
three methyl groups and two bromines without interaction of
oxygen. The high coordination seriously affects this halide
coupling in each step and leads to the strong acceleration.

Conclusion

The computational study revealed the mechanism of the
reaction between trialkyltin enolates and aldehydes or organic
halides in both cases with and without coordinating ligands.

(17) Zimmerman, H. E.; Traxler, M. DJ. Am Chem Soc 1957, 79,
1920.
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