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The stereoselective organocatalytic addition of silyl enol ethers to aromatic aldehydes catalyzed by bisphosphoroamides

and the direct aldol reaction between ketones and aromatic aldehydes promoted by phosphinoxides in the presence of

tetrachlorosilane were investigated by DFT approach. The formation of different chiral cationic hypervalent silicon species

was investigated by calculations. Investigation on Lewis base catalyzed Lewis acid mediated cross aldol reactions were also

performed.

Introduction

Hypervalent silicon compounds have generated great interest
since their first discovery performed by Gay-Lussac in the
nineteenth century.! Nowadays, the ability of silicon to form
more bonds than the four predicted by the rules of primary
valence is well documented and this extra-coordination has
been exploited in the development of many organocatalyzed
and enantioselective reactions involving different silicon-based
Lewis acids (LA).Z7 The ability of silicon to break the “Lewis—
Langmuir octet rule” is related to the fact that when a Lewis
acidic silicon species interacts with a donor molecule (a Lewis
base, LB), it leads to the formation of a new highly reactive
adduct, endowed with enhanced electrophilic character.

Different theories have tried to explain this
behaviour,31® but the most accepted one

reorganization of the electronic density around the silicon
atom, as predicted by the Gutmann’ semiempirical analysis.?°
Following this statement, the coordination of a Lewis basic
donor ligand causes an enhanced activity of a Lewis acidic
silicon acceptor, in which the central atom of the Lewis acid
becomes more electrophilic, causing a transfer of electron
density on the peripheral ligands. This results in the ionization
of one of the ligands from the Lewis acid, emphasizing the Lewis
acidity of the central atom and generating a new species with
improved activity. According to this mechanism, a poorly Lewis
acidic silicon species could be activated upon binding of a Lewis
base, thus generating a cationic species, a new stronger acid.>
7.21 This activation mode is at the base of the class of reactions
named “Lewis base-catalysed Lewis acid-mediated reactions”,
where a small amount of a Lewis base (generally
phosphoramides and phosphinoxides) acts as a catalyst in the
activation of SiCls, present in stoichiometric amount. Although
many types of chiral phosphoramides and phosphinoxides have
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to promote different organocatalytic and
stereoselective transformations, computational investigations
aimed to the study of the mechanisms responsible of the
stereochemical outcome of these reactions has never been
explored in details. Usually, stereoselectivity has been
explained with reasonable but empirical stereoselectivity
models. In this paper we wish to report our DFT analysis on
transition states involved in some diastereoselective (direct)

aldol-type reactions.

been used

Results and Discussion

In 2003 prof. Denmark reported the stereoselective addition of
silyl enol ethers to aromatic aldehydes, one of the first examples
of LB-catalyzed LA-mediated reaction developed for the
formation of new carbon-carbon bonds.?2 In this
transformation, silicon tetrachloride can be activated by a
catalytic amount of the chiral bisphosphoramide (1) derived
from chiral (R)-N,N’-dimethyl-binaphthyl diamine to form a
highly reactive, chiral trichlorosilyl cation, which is the effective
promoter of the aldol addition of a variety of unsubstituted silyl
enol ethers to aromatic, olefinic, and heteroaromatic aldehydes
in excellent yields (Scheme 1). The reaction proceeds rapidly at
low temperatures, vyielding the corresponding [-hydroxy
ketones in high chemical and stereochemical efficiency. In a
further detailed paper,2® according to PM3 semiempirical
calculations, it was postulated that the carbonyl oxygen of the
aldehyde is bounded in a trans position to the phosphoramide
P=0 in according to the nature of the hypervalent bonds in the
ligand field around silicon.’® Furthermore, the presence of
stabilizing m-m interaction between the aromatic ring of the
aldehydes and one of the naphthyl rings of the catalyst in an edge-
on fashion represent a potential controlling factor for the
stereoselectivity (Figure 1, complex ii). According to this picture, the
attack of the silyl enol ether occurs on the Re face of the aldehyde,
since the skeleton of the catalyst acts as a shield to the Si face.
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Scheme 1: Catalytic, enantioselective addition of silyl enol ethers to aldehydes promoted

by bisphosphoramide 1.

In order to support this hypothesis and to validate our
computational approach, we initially investigated by DFT
approach the coordination of benzaldehyde to the enantiopure
hypervalent silicon species resulting from the coordination of
catalyst 1 to SiCls. Initial geometries of complexes i and ii
depicted
conformational analysis performed with Molecular Mechanics
using the OPLS_2005 force field?* of the
Macromodel package?® in the Schrodinger suite.?6 Then, the

in Figure 1 were obtained by Monte Carlo
calculations

two structures at lower energies were fully optimized by DFT
approach using the B3LYP functional with 6-31G(d) basis set of
Gaussian package.?’ As result, complexiiis favoured of 1.36 kcal
moll compared to complex i. This difference could be
attributed essentially to the steric repulsion between the N-
methyl group bounded to the binaphthyl ring and the
benzaldehyde aromatic ring, which is higher in complex i than
in complex ii. In addition, a non-covalent interaction (NCI)
analysis, performed using the NCIPLOT software,?82° revealed
that both complexes i and ii present a weak positive n—stacking
interaction (showed as a green surface in Figure 1) between the
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phenyl ring of the aldehyde and the binaphthyl ring of the
catalyst. Noteworthy, even if complex i has an extended
interaction compared to complex i, it is characterized by a face-
to-face sandwich interaction which is known to be less favoured
compared to the edge-to-face interaction of complex ii.30-31
This ground state catalyst-substrate complexes analysis does
not offer a definitive answer for reaction selectivity, but it is in
agreement with the experimental finding that using (R,R)-
catalyst-(1), the Re face of the aldehyde is most favourably
attacked by the silyl enol ether. On the basis of these results,
both complex i and complex ii were used as starting point in the
computational study of the catalytic, enantioselective addition
of trimethyl silyl enol ether (2) to benzaldehyde, where,
according to the original paper, B-hydroxy ketone (R)-3 was
obtained in 98% ee (Scheme 2).22 A rationale for the observed
enantioselectivity was already previously discussed, due to the
different possible approaches of the silyl enol ether. 5732
According to this analysis, the reaction proceeds through open
transition structures, and two antiperiplanar (ap) and four
synclinal (sc) transition structures can be hypothesized.
Transition-state structures TS(1)-Re-ap;, TS(1)-Re-sci, and
TS(1)-Re-sc; produce (R) aldol adducts, whereas TS(1)-Si-apz,
TS(1)-Si-sc3 and TS(1)-Si-sc, afford (S) products. Due to the
dipole—dipole interactions between the two carbon—oxygen
bonds and to the steric repulsion between the phenyl and i-
butyl groups, synclinal transition-states TS(1)-Re-sc; and TS(1)-
Si-sc4 are disfavoured.

si face

complex (ii)
AAG® = 0 keal mol!
edge-to-face interaction

complex (i)
AAG? = +1.36 keal mol!
face-to-face interaction

Figure 1: (op) structures related to benzaldehyde catalyst(1) coordination.
(Bottom) NCIPLOT analysis of complex i (left) and complex ii (right) calculated at
B3LYP/6-31G(d) level of theory.
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Scheme 2: B3LYP/6-31G(d) geometries of TSs related to the catalytic,
enantioselective addition of trimethylsilylenol ether (2) to benzaldehyde.
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Scheme 3: Comparison between BINAPO and TetraMeBITIOPO activity in direct aldol
reaction of cyclohexanone and benzaldehyde promoted in the presence of SICl,.

In  TS(1)-Re-sc; and TS(1)-Si-sc3 there disfavoured
interactions between the i-butyl group and the carbonyl oxygen
atom, therefore, only the two antiperiplanar transition states,
responsible of the formation of both (R)- and (S)-3 are
accessible. All these transition states have been located at a
B3LYP/6-31G(d) level of theory (both with one imaginary
frequency); as expected TS(1)-Re-ap; responsible of the
formation of the experimentally observed (R)-3 enantiomer is
the most favoured one compared to TS(1)-Si-ap; of 2.97 kcal
mol-l. Few years later, Nakajima demonstrated that also chiral
bisphosphinoxides can act as efficient catalysts in the direct

enantioselective aldol reactions; the generation of the silyl enol

are
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ethers from a carbonyl compound can be accomplished in situ,
in the presence of tetrachlorosilane and a tertiary amine
(Scheme 3).33

Also our group successfully extended the direct aldol
condensation between carbonyls and aromatic aldehydes using
the more electron-rich (S)-tetramethyl-
bisthiophenphosphinoxide (S)-Tetra-Me-BITIOPO and its
derivatives, obtaining the corresponding aldol products (6)
often with higher yields and stereoselectivities compared to
those observed using (S)-BINAPO.34-40 |n this transformation, as
postulated by Nakajima and co-workers, the interaction of a
ketone with the hypervalent silicon species generated by the
phosphinoxide-SiCls coordination leads to the in situ formation
of a trichloro silylenol ether. As consequence, this enol ether
results activated by the phosphinoxide to react with the
aldehyde, allowing the formation of the desired B-hydroxy
ketone. Even if the catalytic cycle of the direct aldol reaction
was never been investigated experimentally in details, it must
be noted that many computational analysis, conductivity
studies?? and Rapid Injection NMR investigations4244 were
conducted to elucidate the nature of the interaction of
hypervalent silicon Lewis species activated by the presence of
mono- and bisphosphoramides. For analogy with those
systems, it can be assumed that the interaction of SiCl, with
phosphinoxides follows the same behaviour: upon coordination
of the Lewis base with SiCls and after an initial formation of a
dimeric resting state, the ionization of a chloride ion occurs and
the chiral, cationic pentavalent trichlorosilyl species iii is
generated (Scheme 4).
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(6) State T cl _
| Cl
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Tquench <LB S|I cl
LB Cl
o osicl Cla a
Ph
©) + lPerEt
*TCl
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(iv)
(vii) \ PrEtNH* CI
+
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Scheme 4. Proposed mechanism of the enantioselective direct aldol reaction between ketones and aldehydes catalyzed by phosphinoxides. LB-LB =

BITIOPO
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Scheme 5: TS-pre(iv) related to the deprotonation of cyclohexanone coordinated to the
hypervalent specie ii calculated at B3LYP-D3/6-31G(d,p) level of theory.
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This new hypervalent species will then coordinate the ketone,
which undergoes the attack of iPr,NEt base (present in the
reaction media) to generate the neutral hypervalent chlorosilyl
enol ether iv. Due to this transfer of electron density, an
expulsion of a chlorine anion will occur, with the consequent
formation of the cationic species v that in turn will coordinate a
molecule of aldehyde generating species vi. The transition state
responsible of the new bond formation of species vii is the key
step of this transformation, is a cationic chair-like six membered
ring species, which is responsible for the stereochemical
outcome. From species vii, after the release of the Lewis Base
(which re-enters in the catalytic cycle), the formation of f3-
trichlorosilyloxy ketone 9 occurs and a simple aqueous work-up
will afford the expected B-hydroxy ketone 6. Since the
formation of hypervalent species iii was already experimentally
demonstrated, we started our investigation with the analysis of
specie iv. The computational analysis performed using the
dispersion-inclusive density B3LYP-D3 functional with 6-
31G(d,p) basis set revealed that the initial coordination of
cyclohexanone to silicon hypervalent species is favoured in
energy (AAG* values = -4.11 Kcal mol?! for TS-(iii)pre(iv));
moreover, the approaching of the ketone occurs on the same
plane containing the two P=0 groups of the phosphine oxide, as
predicted by the hypervalent bond theory. In the next step, the
deprotonation by iPr,NEt takes place, generating species iv.
Since catalyst 8 is a C; symmetric molecule, the four hydrogens
at the two alpha positions of the carbonyl moiety in complex
pre-iv exist as two sets of diastereotopic hydrogens. For each
couple, due to the steric hindrance of the base and to the poor
overlap between equatorial C-H bond and C=0 =©* orbital, only
the highlighted axial H, and Hp protons are accessible (Scheme
5) and the energy associated to the deprotonation is 10.68 kcal
mollin one case and 9.15 kcal mol in the other one. After the
deprotonation step, cationic species v is formed by the
expulsion of a chloride anion from hypervalent species iv and
the transition state associated to this expulsion requires 26.22
kcal moll. The four geometries of relative genuine TSs
responsible of the syn- and anti- products formation were
located using B3LYP-D3 functional with 6-31G(d,p) basis set
(each with one negative imaginary frequency), then finer
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Scheme 6: AAE? of transitions states expressed in kcal mol! and calculated at B3LYP-
D3/6-311+G(2df,2pd) // B3LYP-D3/6-31G(d,p) level of theory. LB-LB correspond to
TetraMeBITIOPO 8.

electronic energies of the optimized structure were successively
obtained increasing the basis set up to 6-311+G(2df,2pd). The
calculations, performed using (S)-TetraMe-BITIOPO 8 as
catalyst, showed that transition states TS(8)-(vi)-a, and TS(8)-
(vi)-b, responsible of the formation of the two anti
diastereoisomers, are more stable in energy compared to
transition states related to the formation of syn
diastereoisomers. As shown, TS(8)-(vi)-a, responsible of the
attack of the silylenol ether onto the Re face of the aldehyde,
leads to the experimentally observed anti-(2S,1’R)-
diastereoisomer,® and it is more stable by 0.47 kcal mol! than
TS(8)-(vi)-b. A possible explanation of this slight difference
between TS(8)-(vi)-a and TS(8)-(vi)-b could be ascribed to the
presence of a steric repulsion between the diphenyl
phosphinoyl group of (S)-TetraMe-BITIOPO phosphinoxide and
the silylenol ether in TS(8)-(vi)-b (Figure 2).

Finally, the construction of the new carbon-carbon bond
generates species anti-(vii) and syn-(vii) which release the Lewis
base in the presence of iPr,NEt. In this way, the so generated
trichlorosilyl compound 9 will then be converted into final
product 6 after an aqueous work up. To validate our proposed
model of stereoselection, we calculated also transition states
TS(7)-(vi)-a and TS(7)-(vi)-b, where catalyst 8 has been replaced
by (S)-BINAPO.

TS(8)-(vi)-a
0 kcal mol-!

TS(8)-(vi)-b
+0.47 kcal mol!

Figure 2: Geometries of TSs-(8)-(vi) responsible of the two (anti)-6 isomers
formation calculated at B3LYP-D3/6-311+G(2df,2pd) // B3LYP-D3/6-31G(d,p) level
of theory.

This journal is © The Royal Society of Chemistry 20xx
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As shown in the literature, (S)-BINAPO leads to the formation of
B-hydroxy ketone (2S,1'R)-anti-6.33 Gratefully, DFT calculations
confirmed this trend, and TS(7)-(vi)-a, responsible of the
formation of (2S,1’R)-anti-6 product was found to be more
favored of 0.48 kcal molt than TS(7)-(vi)-b (Figure 3).
Unfortunately, the TS energy differences obtained for catalysts
7 and 8 are very similar, and although they are able to explain
the sense of stereoselection, they are not sufficient to explain
the improved stereochemical efficiency observed for (S)-
TetraMe-BITIOPO (Scheme 3).

Since phosphineoxides can catalyze the cross aldol reaction
between aromatic and an aliphatic aldehydes,33 we decided to
extend our computational analysis to the formation of 1-phenyl,
2,2-dimethyl propan-1,3-diol 10 by computational approach.

It is known that catalyst 8 is able to perform the cross
condensation between benzaldehyde and isobutyraldehyde in
CH,Cl, as solvent in the presence of 3 equivalents of SiCly,
followed by reduction of NaBH4 (Scheme 7).35 Under these
reaction conditions, compound 10 can be isolated in modest
yield and 70% ee for the (S)-enantiomer. Calculations at B3LYP-
D3/6-311+G(2df,2pd) // B3LYP-D3/6-31G(d,p) level of theory
revealed that TS-(8)-Si, accounting for the formation of the
experimentally observed (S) enantiomer, is favored by 4.69 kcal
moll compared to TS-(8)-Re. Once again, this difference in
energy can be ascribed to the presence of steric repulsions
between the diphenyl phosphinoyl group and the aromatic ring
of benzaldehyde in the disfavored transition state.

Conclusions

In conclusion, the mechanism of the direct, organocatalytic
aldol reactions catalysed by a chiral cationic hypervalent silicon
species, generated by coordination of tetraMe-BITIOPO to SiCl,,
has been investigated by DFT approach. The same approach was
also extended to the stereoselective organocatalytic addition of
silyl enol ethers to aromatic aldehydes catalysed by Denmark
bisphosphoroamide.

These computational analysis confirm the previous empirical
model proposed for these transformations and can offer useful
suggestions for the design of new asymmetric catalysts as well
as in the comprehension of other chemical transformations
catalysed by phosphine oxides and mediated by SiCl,.

This journal is © The Royal Society of Chemistry 20xx

1) SiCly, (iPr),NEt
catalyst 8 (10 mol%) OH
CH,Cly, -45°C, 18 h :

(87 "OH
2) NaBH,, EtOH, RT, 30 min £

TS(8)-Re
+4.69 kcal mol!

TS(8)-Si
0 kcal mol!

Scheme 7: Geometries and AAE* of transitions states related to cross aldol reaction
between benzaldehyde and isobutyraldehyde calculated at B3LYP-D3/6-311+G(2df,2pd)
// B3LYP-D3/6-31G(d,p) level of theory. Re/Si faces are defined considering the aromatic
aldehyde.
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