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Abstract: The formation of g-lactone through Lewis acid-promoted [2 2] cycloaddition is studied using
semiempirical (AM1/RHF and AM1/CI) anab initio (HF/6-31G* and MP2/6-31G*) calculations. After a preliminary
semiempirical study of the Bfcatalyzed parent reaction through two distinct reaction pabsinitio and/or
semiempirical studies on solvent and Lewis acid ¢Bidd BF;) effects concentrate on the mechanism involving the
prior formation of the C-C bond. At the HF/6-31G* level of theory the introduction of BRduces a reduction of

the activation energy from 40.8 to 11.9 kcal/mol, and calculations performed with AM1/COSMO showed that the
introduction of a solvent results in the formation of an earlier transition state. The case;da$ Bemehow more
complicated since the studied system induces, both at the semiempiricabainitio levels, a hydride transfer
leading to a very stable product.

Introduction formation of cyclobutanonésand more recently-lactams’

by [2 + 2] cycloaddition reactions, are also rdfeAs part of

our interest in3-lactone and silylketene chemist25we have

also undertaken a theoretical study of the reaction. In our
preliminary communicatiof! we reported results on the parent
reaction. According to our semiempirical calculations, that were
performed at the RHF level and with configuration interaction
(C.1.), the formation of oxetanor® from formaldehydel and
ketene2, can occur through two different paths (Scheme 1)
(despite a careful search, no synchronous path was found):
Mechanism A, which involves the preliminary formation of the
C,—Cs bond, is a concerted, but asynchronous, closed-shell
mechanism. The approach between the two reactants is
synperiplanar and the activation energy is of 38 kcal/mol (AM1/
RHF). Mechanism B, which involves the preferential formation
of the &—C; bond, is a stepwise process with significant
biradical character. The approach between the two reactants is
antiperiplanar, and the activation energy is of 32 kcal/mol (AM1/

The chemistry of-lactone has advanced by leaps and bounds
over the last 15 years.One reason is the discovery of several
natural 8-lactones with very interesting biological activities.
This has therefore attracted much attention on the preparation
of this moiety and, consequently, on its use as a synthetic
intermediate. Among the preparation methodg3dactones,
the [2 + 2] cycloaddition reaction between a ketene and a
carbonyl compound is a well established one. It was first
reported by Staudinger at the beginning of the ceritand was
granted a second lease of life in 19¥%hen Zaisteva introduced
the use of silylketenes and Lewis acids in such reactions. Since
then, silylketenes have been widely used to prefdextones;
particularly, highly stereoselective examglesd natural prod-
ucts syntheséswere reported. However, the study of the
mechanism of this reaction has attracted little experimental
attention’ Theoretical studies, unlike those devoted to the

T Reactivite en Synthise Organique. C.L).
TAM3. Given the importance of Lewis acids in organic synthesis in
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® Abstract published irdvance ACS Abstract§ebruary 15, 1997. general” and in this reaction in particular, we then decided to
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Scheme 1Two Reaction Paths towaystlactone3: Mechanism Avs Mechanism B!
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study the effect of a Lewis acid on the reaction path. Although
the association of Lewis acids with carbonyl compounds was
studied from a theoretical point of view for many ye&tsheir
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Results and Discussion

(1) The BFs-Catalyzed Reaction between Ketene and

role in a dynamic process, i.e., along a reaction path, has only Formaldehyde, Mechanism A vs Mechanism B: An AM1

been tackled fairly recentfi#. Although BH; is commonly used

as a model Lewis acid in calculatiok§" we thought that BE
which is less studied from a theoretical point of vidbut
commonly used at the bench in many reactions including the
studied oné;® would be a better modé&b. While this work
was in progress, Cosséi al. reported, in two important papers,
ab initio calculations on catalyst (Bfff substituents, and solvent
(CH.CI,) effects on the reaction between ketene (or chloro-
ketene) and formaldehyde (or acetaldehyd&y. They showed
that the introduction of Bilinduces a significant diminution

of the activation energy of the reaction from 40.8 to 14.3 kcal/
mol (HF/6-31G*); in both cases, the reaction is concerted but
with a stronger asynchronous character, in favor of the
preliminary formation of the €C bond, in the presence of BH
Solvent (dichloromethane) effect, calculated with the Onsager
SCRF model, induced a diminution of the activation energy from
14.3 to 11.6 kcal/mol when calculated at the HF/6-31G* level
and from 3.1 to 1.1 kcal/mol when calculated at the MP2/6-
31G*. These papers prompted us to disclose our own results
based orab initio and semiempirical calculations, on the Lewis
acid-catalyzed reactionWe discuss particularly the respecti
effect of BH and BF; on the reaction path.

Methodology

All calculations reported in this work were performed using either
the semiempirical AM1 method (RHF/AM1 and AM1/&available
in the AMPAC prograr’ or the GAUSSIAN 948 package with the
6-31G* (HF/6-31G* and MP2/6-31G*) basis set. AM1/ClI calculations
were run with the following key words: OPEN (2,2) and €8. All
transition states showed only one negative eigenvalue in their diago-
nalized force constant matrices. Along wih initio studies, the AM1
method was chosen mainly for three reasons: (a) its reliability compared
to ab initio calculations (at least for these systems), (b) the reasonably
short calculation times which enabled tssperform IRC from eery
transition statewe found, and (c) our desire to tackle, in the future,
more complex structures, close to those involved in experimental work,
a task which can only be achieved with a semiempirical method.
Solvent effects were tackled at the semiempirical level (AM1) with
the COSMQ@® option recently available in the AMPAC program.
Finally, the simulated annealirf§ available in the AMPAC program,
provides a very efficient tool for a systematic multiple-minima search
and enabled us to check all our semiempirical calculations.

Study. As for the study of the uncatalyzed reactidnye have
studied the reaction path of both mechanisms A and B. In
mechanism A, we have associateds;BB formaldehydel,
inducing therefore an electrophilic activation of the aldehyde
(Scheme 2 and Figure 1), while in mechanism B, we have
associated Bfto ketene2 (Scheme 3 and Figure 2).

Not surprisingly, Bi induces a significant reduction of the
activation energy which falls to 14.2 kcal/mol (AM1/RHF). The
reaction keeps, however, its zwitterionic character illustrated
by a significant separation of net atomic charges ea@ Q
(Table 1). Imaginary frequency of transition stata was
assumed to be-431.3 cnTl. Calculations performed with C.I.
further confirmed the closed-shell nature of the reaction since

(12) Santelli, M.; Pons, J.-MLewis Acids and Seleetty in Organic
SynthesisCRC Press: Boca Raton, FL, 1996.

(13) Shambayati, S.; Schreiber, S.@omprehensgie Organic Synthesijs
Trost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol. 1,
Chapter 1.10, p 283.
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Asensio, A.; Houk, K. NJ. Am. Chem. Sod.995 117, 4347-4356. (d)
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12661-12666 (e) Gonzalez, J.; Houk, K. Bl.Org. Chem1992 57, 3031~
3037. (f) Suarez, D.; Sordo, T. L.; Sordo, J. A.Org. Chem1995 60,
2848-2852. (g) References 10c,d. (h) Eto, M.; Nishimoto, M.; Kubota, S.;
Matsuoka, T.; Harano, KTetrahedron Lett1996 37, 2445-2448. (i)
Yamabe, S.; Dai, T.; Minato, TJ. Am. Chem. Sod 995 117, 10994~
10997.

(15) Pommier, A. Thee Europenne, Marseille, 1994.

(16) Dewar, M. J. S.; Zoebish, E. G.; Healy, E. F.; Stewart, J. J. P.
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(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith,T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon,M.; Gonzalez, C.; Pople, J. A. Gaussian 94, Revision C.2; Gaussian,
Inc.: Pittsburgh, PA, 1995.
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799-805. (b) Klamt, A.J. Phys. Cheml995 99, 2224-2235. (c) Klamt,
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Scheme 3Formation off3-Lactone3'-BF3 through Mechanism B
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Figure 1. Formation of S-lactone 3-BF; through mechanism A.
Structures of transition statésa and 4b and intermediat&kl (AM1/
RHF).

energy values for transition statda (—307.6 kcal/mol) and
4b (—307.1 kcal/mol) were very similar to those obtained at
the RHF level (Table 1). Moreover, the contribution of the
ground state configuration was calculated to be 99% for both
4a and4b. Apart from the activation energy, the only other
noticeable difference with the uncatalyzed reaction is the
existence of a reaction intermedia®d. However both its
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favour of mechanism A is probably even greater due to the well-
known tendency of semiempirical methods to overestimate the
stability of biradical$?2 Finally, this finding is in good
agreement with independent experimental results (diastereo-
selectivity of the reaction) of our ovihiand of Romé3 on sily!
ketenes. We have therefore concentrated our study on solvent
and Lewis acid effects on mechanism A (which is also the one
that Cossio has studied in hab initio study of the BH-
catalyzed reactidfc9.

(2) BFs-Catalyzed Reaction between Ketene and Form-
aldehyde (Mechanism A): An ab Initio Study and a
Semiempirical (AM1/COSMO) Solvent Effect Study. Ab
initio calculations conducted at the HF/6-31G* level for
transition statéa confirmed the AM1/RHF calculations (Table
3). Indeed, the activation energy was found to be of 11.9 kcal/
mol (AM1: 14.2 kcal/mol) andio,—c, to be of 2.978 A (AM1:
2.825 A). Howeverdc, ¢, 2.016 A instead of 1.720 A (AM1),
and the dihedral angled0sC4C,, 57.C instead of 43.1(AM1),
are greater. Finally, the imaginary frequency 4& was
calculated to be-314.1 cmmt. When calculated at the MP2/
6-31G* level, with optimization of the geometnactivation
energy fell to 3.6 kcal/mol. Such a difference between HF and
MP2 calculations is very similar to the one reported by Cossio
in his study of the Bi-catalyzed reaction: 14.8s 3.1 kcal/
mo|_10(:,d

Solvent effects were calculated at the semiempirical (AM1)
level of theory with the COSMO option which allows the

geometry and energy value are very close to those found for @nalytic calculation of energy gradient amtessianand is

the two transition stateda and4b, of the reaction path (Table
1).
As for the uncatalyzed reaction, the Bpromoted formation

of the S-lactone through mechanism B is an open-shell process.

All semiempirical calculations were therefore performed with
C.I. The main point is that the introduction of the Lewis acid
does not induce an important diminution of the activation energy
of the reaction; indeed, it only diminishes from 32 to 24 kcal/
mol. Aside from that, the mechanism remains a stepwise on
and the approach is still antiperiplanar. The first transition state
5a, corresponding to the creation of thg-€C, bond, is the
highest transition state; it is followed b, associated to the
rotation around the new £ C, bond,5c, and5d which leads

to the product through a conrotatory electrocyclization.

It appears from this study that the introduction of:Bfas a
much greater effect on the activation energy of mechanism A
(from 38 to 14 kcal/mol) compared to this effect on mechanism
B (from 32 to 24 kcal/mol). The fact that a polar mechanism

should be more sensitive than a radical mechanism to the
introduction of a Lewis acid seems reasonable; nevertheless

Lewis acid promoted radical reactions do exXistAs a result

of this contrasted effect of BF mechanism A, involvinga
nucleophilic ketene attacking an agied electrophilic alde-
hyde becomes the likeliest one. Moreover, the difference in

(21) (a) Sibi, M. P.; Jianguo JAngew. Chem., Int. Ed. Endl996 35,
190-192. (b) Nishida, M.; Hayashi, H.; Nishida, A.; Kawahara JNChem.
Soc., Chem. Commuri996 579-580. (c) Nishida, M.; Nishida, A.;
Kawahara, NJ. Org. Chem1996 61, 3574-3575.

e,

therefore very accurate for the geometry optimization of critical
points!® It appears that in all three cases studied, diethyl ether,
dichloromethane, and toluene, the activation energy is lower.
Indeed, in each case transition state is earlier as indicated by
the greater values falc,—c;, dc,-0, and QCsCaCs.

(3) BH3s-Catalyzed Reaction between Ketene and Form-
aldehyde (Mechanism A). AM1 calculations performed at the
RHF level on mechanism A enabled us to localize and
characterize transition stae; its main parameters beirig}, =
14.0 kcal/mol;do,c, = 2.87 A; dc,c, = 1.79 A; OCsCaCo =
56.8 (Table 5). It appears from net atomic charges erafd
Os that although the reaction keeps a zwitterionic character, it
is less pronounced than with BF However, the I.R.C. never
allowed us to conneda, either directly or through reasonable
intermediates, to the expected 2-oxetan®&Hs. Indeed, after
a little shouldereb (AH; = —16.7 kcal/mol), the I.R.C. led to
a very stable producfa (AH; = —100.4 kcal/mol) resulting
from a hydride transfer from Bito the pseudoacylium ion
present irbaand6b. The same producte however, under a
different conformation, could also be reached from oxetanone
'3-BH3 through transition statéc. It is indeed possible to
connect the two conformations afa and 7e, but the whole
process cannot be considered as a coherent reaction path.

(22) (a) Dewar, M. J. S.; Olivella, S.; Stewart, J. JJPAm. Chem. Soc.
1986 108 5771-5779. (b) Dannenberg, J. J.; Tanaka, XK.Am. Chem.
Soc.1985 107, 671-674; (c) Dewar, M. J. S.; Jie, Q. Am. Chem. Soc.
1987 109 5893-5900. (d) See also in ref 10d the discussion of our previous
results by Cossio.

(23) Zemribo, R.; Romo, DTetrahedron Lett1995 36, 4159-4162.
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Figure 2. Formation ofg3-lactone3'-BF; through mechanism B. Structures of transition st&@sd and intermediateRla—c (AM1/C.1.).

Table 1. Main Parameters of the Critical Points Involved in the Formation ofgtiectone3-BF; through Mechanism A (AM1/RHF)

AHg¢ Ea do dc4c5 0:CsC4Co do3B BO3CsCs
critical points (kcal/mol) (kcal/mol) )i A (d°) A (d°) 903 aC;
da —305.3 14.2 2.825 1.720 43.1 1.690 817 —043 +0.42
RI —307.8 2.592 1.585 29.3 1.588 66.2 —0.45 +0.48
4b —306.9 2.348 1.602 23.0 1.618 136.2 —0.49 +0.48
a AHs: heat of formationE,: activation energyy: atomic charge.
Table 2. Main Parameters of the Critical Points Involved in the FormatioB-afctone3'-BF; through Mechanism B (AM1/C.I.)
AHg¢ Ea de —03 de, ¢ Cs03C,Cs do,8 BO,C,03
critical points (kcal/mol) (kcal/mol) (,i\) A d) (/i) (d°) 9Cs 3Cs
1+ 2-BF; —316.0 2.888 4.213 —174.8 1.929 79.9 —-0.37 +0.15
5a —292.0 24.0 1.393 3.044 —69.1 1.912 -8.9 -0.23 -0.21
Rla —299.7 1.376 3.618 —176.9 1.939 53.0 —0.12 -0.17
5b —293.3 1.398 3.198 89.2 1.906 10.2 -0.13 —0.22
RIb —294.9 1.380 2.834 26.9 1.893 3.6 —0.15 -0.21
5c —294.6 1.374 2.770 16.3 1.901 25 —0.20 —0.20
Rlc —295.3 1.372 2.765 25 1.905 1.5 —0.24 -0.21
5d —294.3 1.370 2,512 9.1 1.895 2.6 —0.25 —0.16
3-BF; —333.3 1.388 1.553 0.0 1.903 0.1 —0.20 —0.26
Table 3. Main Parameters of Transition Stata (AM1/RHF, 4a (gas phase) 4a (dicthvlether)
HF/6-31G*, MP2/6-SlG*) '
do dc4c5 0:CsC4Cy d038 BO3CsCs
4a (kcal/mol) & @ A (@ i o
AM1/RHF 142 2.825 1.720 431 1690 817 "-65; “v'-.’“
HF/6-31G* 11.9 2978 2.016 570 1558 76.3 ! }U b 1
MP2/6-31G* 3.6 3.084 2.048 68.2 1598 74.2 ::I"' b )

4a (HF/6-31G¥) 4a (MP2/6-31G*)

Figure 3. Structures of transition stata (HF/6-31G* and MP2/6-
31G*).

Figure 4. Structures of transition stata.

to the hydride transfer produ@g; indeed, we were not able to
find a pathway leading to the formation ofalactone.

Since AM1 calculations describe a completely different
reaction path compared to the one obtained withs, Bie
decided to check this process &ly initio calculations conducted
at the HF/6-31G* level of theory. Starting from the AM1
geometry of6a, we found a very similar transition staa*
(Table 7) which seems to be identical to the one described by
Cossioet al1% We then performed an IRC froéa*. On the
one hand, it led to the reactants,(= 16.0 kcal) but, on the

These results obtained in gas phase were confirmed whenother hand, only toward a hydride transfer product without

calculations were carried out with solvent effects. As in the
case of BE, transition stat&ais earlier, as shown by the greater

values ofdc,—c; anddo,-c,. Consequently, the activation energy

of the reaction falls from 14.0 kcal/mol to 6.8 (diethyl ether) or
5.6 kcal/mol (dichloromethane). Finally, in both caSedeads

reaching it, the energy gradient being then too low. However,
the geometry of the point we were able to reach, clearly
indicates that transition sta@* would not lead to the formation

of -lactone3-BH3 but rather to a hydride transfer product as
evidenced by AM1 calculations. Indeed, fr@a* to 7*, the
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Scheme 4Formation of7 from Formaldehydd and Ketene? in the Presence of BH
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Table 4. Main Parameters of the Transition stdt@ Calculated in Gas Phase (AM1/RHF) and with Solvent Effects (AM1/COSMO)

H: do Co dc4c5 0:CsCaCo d033 BO3CsCs
4a (kcal/mol) (kcal/mol) &) A (d°) A (d°) 903 aC,
gas 14.2 -12.1 2.825 1.720 43.1 1.690 81.7 —-0.43 +0.42
Et,0 7.0 -11.3 3.060 1.967 70.8 1.662 87.2 —-0.41 +0.47
CH.Cl, 6.8 —23.0 3.241 2.023 89.5 1.650 84.2 —0.40 +0.48
PhMe 9.0 —11.6 2.936 1.919 59.2 1.673 86.3 -0.41 +0.45

Table 5. Main Parameters of the Critical Points Involved in the BEhtalyzed Reaction between Formaldehydend Ketene2 (AM1/RHF)

AHg¢ Ea dosc, de,cs 0:CsCaCo doss BOsCsCs
critical points ~ (kcal/mol) (kcal/mol) &) A () A (@) 3905 3Cs

1-BHs + 2 -29.8 3.735 2.615

6a -15.8 14.0 2.873 1.792 56.8 1.594 718 —0.31 +0.41
6b -16.7 2.834 1.625 57.0 1.550 682  —0.34 +0.44
7a -100.4 2.928 1.516 61.9 1.341 1054  —0.27 +0.18
7b -99.3 3.483 1.529 117.4 1.342 981 —0.26 +0.18
7c -100.2 3.728 1.524 168.4 1.341 105.6  —0.27 +0.18
7d -99.1 3.560 1.519 -127.1 1.342 90.1 ~0.26 +0.18
7e -99.9 3.086 1.520 ~76.9 1.341 107.3 -0.27 +0.18
6C -20.1 1.940 1.543 42 1.589 834 —0.35 +0.45
3-BH; —-39.9 1.439 1.548 -0.7 1.798 -0.23 +0.31

Table 6. Main Parameters of Transition Steéa (Gas Phase, Diethyl Ether, and Dichloromethane) Calculated with AM1/COSMO

Ea dO Co dC4C5 O3C5C4C2 dOgB BOgC5C4
6a (kcal/mol) &) A) (d) A () 303 aC,

gas 14.0 2.873 1.792 56.8 1.590 71.8 —-0.31 +0.41

Et,O 6.8 2.924 2.000 51.0 1.580 79.3 —-0.31 +0.48

CHJCl, 5.6 2.943 1.962 47.7 1.569 82.1 —-0.31 +0.49
Table 7. Main Parameters of the Critical Points Involved in the
BHs-Catalyzed Reaction between Formaldehydend Ketene2 A
(HF/6-31G*)

total Ea  dehy oy CsCoCeOn 0
critical points  energy (au) (kcal) (A) (;&) (d®) E
1-BH3; + 2)* —291.995 310 1.200 3.343 394 6a
G 0 oolooaea 160 1238 seo6 376 (kcal/mol) —~ 5 6c
7* —292.073 708 1.990 1.155 26.3 ' ' —
7a —292.104 465 3.880 1.090  57.9 _ - \ [
1-BH3 '-. Y
1] —
distance between the boron atom and one of its hydrogen atoms, +2 ' ! 3-BH3
H13 increased from 1.235 to 1.990 A, while in the same time -50 - ' '
the distance between the same hydrogen ato#d, &hd the ) :
central carbon atom of the ketene®, @duced from 2.625 to ) '
1.155 A. Moreover, an energy minimization performed from ". '
7* with a quadratic method led to a very stable prodiett, H H
resulting from the complete hydride transfer and with a geometry VTh 7d
close to7a (AM1/RHF).2* Finally, the thermodynamic of the Vo, —
process is very similar to the one calculated by semiempirical -100 N
means (Table 5). Ta  7c
The reduction into alcohols of carbonyl compounds by;BH >

is well-knowr?® and has been investigated from an experimental Figure 5. Formation of7a—e from formaldehydel and ketene? in
point of view?26 but, to the best of our knowledge, a reaction the presence oBHs or from 3-BHs. Structures of critical points
involved in the process (AM1/RHF).

(24) Despite careful search, we were not able to find another transition
state, resulting from a rotation of Btaround the €-0Os bond, that would leading to the formation of a hydride transfer product, or any

be part of a different reaction path. When such a rotation was imposed in i i\ ati ; i ; ;
order to increase the distance between the hydrogen atoms pAmRHG corresponding derivative, is unknown; just as is the formation

over 4 A, the subsequent geometry optimization of such a structure led to Of A-lactones t_hrOUQh Biipromoted [2+ 2] cycloaddition. We
the hydride transfer product and not to the expegtédactone therefore decided to perform a reaction between hexanal and
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6a (gas phase) 6a (dicthylether) approach of the reagents is synperiplanar, and the acti-
vation energy is of 14.2 kcal/mol (AM1/RHF) or 11.9 (HF/6-
31G¥).

—Mechanism B is an open-shell stepwise process (priority
to the O-C bond formation). The approach of the reagents is
antiperiplanar, and the activation energy is of 24.0 kcal/mol
(AM1/RHF).

BFs; has a greater influence on the activation energy of
mechanism A compared to mechanism B. Consequently,
mechanism A, from unfavored in the uncatalyzed reaction (A
vs B: 38 vs 32 kcal/mol)!! becomes favored in the BF
catalyzed one (As B: 14 vs 24 kcal/mol).

The case of Bhlis somehow more complicated. Although
a transition state close to the one obtained with ®&s found,
it led (in an 1.R.C. sense) to a stable product resulting from an
hydride tranfer from the boron to the pseudoacylium cation.
) . ) ) No reasonable reaction path leading to fi#actone moiety
Flgurel 7.. . Structure; of critical pointéa* and7a* and of 7* obtained was found. Experiment could not reproduce that reaction but
by ab initio calculations (HF/6-31G?). led to a more classical reduction of the carbonyl moiety into
n-hexyl(trimethylsilyl)keten€ in the presence of Bl How- the corresponding alcohol. Despite the longer calculation times,
ever, and as could be expected from the literatéitbe only it is therefore, at least from our point of view, better to use BF
product of a reaction was 1-hexanol (84% yield), the silyl- rather than BH as a model Lewis acid in this reaction.
ketene being mainly recovered unchanged. No traces of either Further studies, devoted to the influence, on the cycloaddition
a B-lactone or a hydride transfer derivative could be identi- reaction, of substituents such aSiHs, —Cl, and—CN on the

fied. ketene, and alkyl and alkoxyalkyl on the aldehyde, and on the
reduction of carbonyl compounds by Bldre currently under-
Conclusion way 2’
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