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The synthesis of a new chiral diaminophosphino(silyl)carbene, based on the use of (R R)-cyclohexane-
trans-1,2-diamine, is described. Its reaction with methyl acrylate afforded a cyclopropane derivative as
a single diastereomer. The diastereoselectivity in the addition reactions between olefins and chiral carb-
enes derived from C-symmetric diamines has also been studied by theoretical calculations, which estab-

lish that it has a steric origin; we report a rationale to predict the absolute configuration of the adducts.
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1. Introduction

Chiral and polyfunctional cyclopropanes are useful compounds
either by themselves or as potent scaffolds in the preparation of
sophisticated molecules with cyclic or acyclic skeletons.! The
cyclopropane subunit is present in natural and designed com-
pounds, while chiral cyclopropanes play an important role in bio-
organic chemistry.? Therefore, the search for efficient and
stereoselective synthetic methods for their preparation is a very
active field. The most common methods used for the asymmetric
synthesis of cyclopropane derivatives are the Simmons-Smith
reaction® and metal-catalyzed decomposition of diazo compounds
in the presence of alkenes.* Nevertheless, these methods, albeit
highly enantioselective, usually provide low diastereoselection.

Bis(diisopropylamino)phosphino(trimethylsilyl)carbene 1 is a
stable singlet carbene,” which adds to activated olefins with total
syn-diastereoselectivity to afford cyclopropanes with a cis-stereo-
chemistry with respect to the phosphanyl group.® This stereoselec-
tivity is opposite to that observed in the addition of this carbene to
aldehydes providing oxiranes with a trans-configuration’ (Scheme
1). The predominant formation of cis-cyclopropanes has been
interpreted on the basis of theoretical calculations, which state
that these cyclopropanation reactions proceed via asynchronous
concerted mechanisms involving early transition structures with
a significant charge transfer from the carbene to the alkene moiety.
The geometric features of these transition structures preclude a
significant overlap between the orbitals required for secondary
orbital interactions between the reactants, and the diastereoselec-
tivity observed experimentally stems from favorable electrostatic
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and steric interactions between the reactants leading to diastereo-
isomers, in which the phosphanyl and carbonyl or aryl groups are
cis to each other.®
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The asymmetric version of this cyclopropanation reaction was
first undertaken by a [1+2] cycloaddition of 1 to olefins bearing a
chiral auxiliary. In this case, asymmetric inductions up to 87% de
were observed, although with low chemical yields.® The next alter-
native way explored consisted of the use of chiral carbenes.

Phosphino(silyl)carbenes are best described as phosphorus vi-
nyl ylides with a planar phosphorus atom;®!° only those bearing
amino substituents at the phosphorus atom are stable.>® This fea-
ture was taken into account to introduce chirality by using a cyclic
diamino C,-symmetric system at phosphorus. Thus, the first stable,
chiral phosphino(silyl)carbenes 2 (both enantiomers) were de-
signed and reacted with methyl acrylate to afford cyclopropanes
with total syn-diastereoselectivity and excellent enantioselectivity
(Scheme 2). The stereochemistry of these compounds was con-
firmed by X-ray structural analysis,!! while the enantioselectivity
was justified by considering steric effects exerted by the phenyl
groups.

Nevertheless, the synthetic route to 2 is long and difficult. Dur-
ing the course of those studies, the results obtained demonstrated
that the stability of these carbenes is strongly related to the steric
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bulk of the amino substituents at phosphorus. Herein, we report on
the synthesis and reactivity of a new type of chiral phos-
phino(silyl)carbenes exemplified by carbene 4. In addition, we pro-
vide a rationale, based on theoretical calculations, to understand
and predict the enantioselectivity of the reactions between olefins
and chiral carbenes 2 and 4.

2. Results and discussion

2.1. Synthesis and reactivity of carbene 4 toward methyl
acrylate

Carbene 4 bears bulky substituents in which the tert-butyl
groups are spacered from nitrogen by intercalating a methylene
group to confer more flexibility on the molecule. The contribution
of the N-alkyl groups to the stereoselectivity was expected. The
synthesis of 4 relies on the use of C;-symmetric cyclohexane-
trans-1,2-diamine, which is commercially available in both enan-
tiomeric forms. The (R,R)-enantiomer 5 was used in this work for
the preparation of 4; details on the synthetic sequence leading to
this carbene are provided in Scheme 3.

On the basis of a previously described methodology,'? chiral
diamine 5 was reacted with pivaloyl chloride in the presence of
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DMAP to afford diamide 6 in 98% yield. Reduction of the diamide
was carried out by reaction with BH3-THF for 3 days at room tem-
perature followed by stirring in the presence of HCl (pH 2) to de-
stroy the amine-boron complex. The previously known diamine 7
was thus obtained in 94% yield. Subsequent reaction with PCl; in
the presence of two equivalents of triethylamine afforded the
new chlorophosphine 8 in 91% yield. In the next step, commercial
trimethylsilyldiazomethane was treated with butyllithium, and
the resultant lithium salt was reacted with 8 to provide diazophos-
phine 9 in 87% yield.

Carbene 4 was then generated by photolysis via irradiation of 9
in THF at —65 °C for 18 h. The reaction was monitored by >'P NMR
spectroscopy following the disappearance of the peak at 5 = 127.0,
but any defined new signal was not observed, suggesting that car-
bene 4, if formed, must not be stable under these experimental
conditions. However, the transient carbene 4 could be trapped
when photolysis was performed in the presence of tert-butylisonit-
rile, and the formation of the corresponding Kketeneimine
(6 =133.7) was observed. The IR spectrum provided further infor-
mation of the reaction progress since the absorption of the diazo-
phosphine at 2027 cm~' changed to a band at 1982 cm™!, which
is typical of the cumulene.

After completion, elemental sulfur was added to stabilize the
phosphine by thiolation giving thioxo(phosphino)keteneimine 10,
which was isolated in almost quantitative yield. Although the pre-
parative work was performed under an inert atmosphere, and
freshly dried solvents and reagents were used, carbene 4 is very
sensitive to the presence of traces of water in the reaction medium
and phosphonodiamide 11 always resulted in variable amounts
when precursor diazocompound 9 was irradiated.
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Bis(tert-butyl) carbene 4 was generated and reacted in situ with
methyl acrylate to provide, after thiolation, cyclopropane (R,R,S,S)-
12 in 66% yield as a single stereoisomer. This compound was ob-
tained as an oil, and therefore was not suitable for X-ray structural
analysis. Otherwise, attempts to correlate it with a derivative of 3
failed. The relative cis-stereochemistry with respect to the phos-
phine group was assumed by comparison with other previous re-
sults on the reactions between similar phosphino(silyl)carbenes
and olefins.® The absolute configuration was assigned on the basis
of theoretical calculations as described below. Since the precursor
diamine (S,5)-5 is also available, the preparation of the enantio-
meric cyclopropane (S,S,R,R)-12 is guaranteed.

2.2. Theoretical calculations

Theoretical calculations were carried out in order to investigate
the origin of the diastereoselectivity observed in the [1+2] cycload-
dition reactions involving carbenes 2 and 4, and methyl acrylate.
Achiral carbene 1 was also considered for comparison. Figure 1
shows the optimized structures of the studied carbenes. The cyclic
carbenes 2 and 4 present shorter P-C and C-Si bonds than the acy-
clic 1. Regarding the P-C-Si bond angle, the values vary within a
wide range (145-173°). The largest value was observed in the case
of carbene 2, where the cyclic nitrogen atoms are substituted by
bulky tert-butyl groups.

Atomic spheres represent atoms in the first layer in ONIOM
calculations.

For each carbene, we studied the cycloadditon reaction with
methyl acrylate. Since experimentally only trans-adducts were ob-
served,®® we only considered the formation of this type of adducts.

P—

Figure 1. Structures of carbenes 2 and 4 optimized at the ONIOM(B3LYP/6-31G(d):AM1) level of calculation. Bond distances in A and bond angle in °. Atomic spheres

represent atoms in the first layer in ONIOM calculations.
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Table 1
Lengths of the forming bonds? at the transition states and potential energy barriers®
computed for the reactions between carbenes and methyl acrylate

Carbene Diastereomer o1 ) AE*
ONIOM® B3LYP?
1 2.191 2.894 6.4 7.8 (13.7)
2 RRSS 2179 2.785 8.2 13.4 (19.1)
RR.RR 2.144 2.788 12.2 19.1 (23.9)
4 RRSS 2.109 2.769 7.4 8.4 (12.7)
RR.RR 2.093 2.756 104 14.1 (18.6)
2 In A. See Fig. 2.
" In kcal mol~".
€ ONIOM(B3LYP/6-31G(d):AM1) level of calculation.
d

B3LYP//ONIOM(B3LYP/6-31G(d):AM1) level of calculation. Values corrected for
basis set superposition error are given in parentheses.

Figure 2. Structure of the transition state corresponding to the reaction between
carbene 1 and methyl acrylate. Hydrogen atoms have been omitted for clarity.

For the reactions involving chiral carbenes, we have studied the
formation of two possible diastereomers. The results are summa-
rized in Table 1, and the structures of the transition states are
shown in Figures 2 and 3.

Table 1 shows that the lengths of the forming C-C bonds (r; and
r,) are lower for the transition states of the reactions of carbenes 2
and 4 than that for the non-chiral carbene 1. The differences are
the largest ones for the (R,R,R,R)-transition states.

For carbene 2, our results predict that the (R,R,S,S)-diastereomer
of cyclopropane 3 is kinetically the most favorable one; this is in
excellent agreement with the experimental results. From the po-
tential energy barriers computed at the B3LYP level including cor-
rection for basis set superposition error, the ratio between the
rates of formation of (R,R,S,S)- and (R,R,R,R)-diastereomers is pre-
dicted to be around 3300 at 25 °C.

For the reaction of carbene 4, the formation of the (R,R,S,S)-dia-
stereomer is also predicted to be the most favorable one. In this
case, the ratio between diastereomeric reaction rates at room tem-
perature is around 21,000. From this result, the only product
experimentally obtained may be assigned as the (RRS,S)-
diastereomer.

The results obtained up to now show that chiral carbenes 2 and 4
lead to the formation of enantiomerically pure chiral cyclopro-
panes. The origin of this high diastereoselectivity may be analyzed
through a partition analysis of the potential energy barriers. The
potential energy barrier (AE*) for a cycloaddition reaction between
a carbene and methyl acrylate can be partitioned into several
terms

AEi = Eprep + El’auli + Eelstat + Eorb

The preparation energy, Eprep, is the energy necessary to distort
the reactant molecules from their equilibrium geometries to the
geometries they have at the transition state. Ep,y; is the Pauli
repulsion term associated to closed-shell repulsions between car-
bene and methyl acrylate fragments at the transition state. Eqjsiat
is the electrostatic interaction energy arising from the interaction
between both fragments, each one having the electron density that
it would have in the absence of the other fragment. The orbital

4- TS (R R,S.5)

4- TS (RRRR)

Figure 3. Structures of the transition states for the reactions of chiral carbenes with methyl acrylate. Hydrogen atoms have been omitted for clarity.
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interaction term, E,,, arises when the electron densities of both
fragments are allowed to relax, and it accounts for charge transfer
and polarization.

If we compare the contribution of each term to the energy bar-
riers of all reactions (Table 2), we can observe that the largest var-
iation takes place in the preparation energy term. This contribution
is lower than 10 kcal mol~! for carbene 1, whereas it reaches much
larger values for carbenes 2 (both transition states) and 4
[(R,R,R,R)-transition state]. The contribution of the Pauli repulsion
term varies within a range of 10.1 kcal mol~!, while the electro-
static and orbital interaction terms vary only in 4.9 and
5.2 kcal mol ™, respectively.

Table 2
Partition® of the potential energy barriers® for the reactions between carbenes and
methyl acrylate

Carbene Diastereomer Eprep Epauii st Eorb AE*
1 9.8 91.7 —47.0 —43.5 11.0
2 (RRS.S) 18.3 81.6 —42.1 -39.9 17.9
(RRR,R) 224 86.5 —42.7 -43.1 23.1
4 (RRS.S) 11.7 85.1 —42.9 —42.4 11.5
(RR.RR) 17.1 89.2 —44.1 —45.1 17.0

@ See text for definitions.
b All values in kcal mol~'.

For carbenes 2 and 4, the major contribution to the differences
between diastereomeric energy barriers comes both from the prep-
aration energy and from the Pauli repulsion terms. These terms ac-
count for the steric requirements associated with the formation of
the (R,R)-diastereomer. Geometry distortion of the carbene may
partly relieve the steric repulsion through a slight increase of elec-
trostatic and orbital stabilization.

Therefore, from the analysis of the different contributions to the
energy barriers, we can state that the diastereoselectivity in the
reactions between chiral diaminophosphino(silyl)carbenes and
methyl acrylate has a steric origin.

3. Conclusions

From these studies we can conclude that chiral diaminophosph-
ino(silyl)carbenes add to olefins with total diastereoselectivity,
which includes cis/trans-stereoselectivity and (R/S) asymmetric
induction. Theoretical calculations afford a rationale to understand
the origin of the optical diastereoselectivity, which lies on the ste-
ric effects provoked by the bulky substituents linked to the amino
groups, and allow us to predict the absolute configuration of the
resultant cyclopropane derivatives.

4. Experimental
4.1. Computational details

Calculation has been carried out using the caussian-03 pro-
gram.!? The structures have been fully optimized using the multi-
layer ONIOM method with two layers.'* The first layer includes
methyl acrylate, and the carbene atoms are represented by spheres
in Figure 1. For this first layer, the B3LYP density functional'® with
the 6-31G(d) basis set has been used.!® For the second layer, we
have used the semi-empirical AM1 method.!” All stationary points
have been characterized through the calculation of harmonic
vibrational frequencies at this level of calculation. The energies of
stationary points have been recomputed at the B3LYP/6-31G(d)
level of calculation. Basis set superposition error on potential
energy barriers has been estimated through the counterpoise
method.'® Finally, potential energy barriers of the reactions have
been analyzed through the energy partition scheme® implemented

115,20

in the ADF program'® using the B3LYP density functiona and a

triple-zeta plus polarization basis set.
4.2. General experimental

All manipulations were performed under an inert atmosphere
of nitrogen by using standard Schlenk techniques. Dry, oxygen-free
solvents were employed. 3'P NMR downfield chemical shifts are
expressed with a positive sign, in ppm, relative to external 85%
H3POy,.

4.3. (3aR,7aR)-2-Chloro-1,3-dineopentylperhydro-1,3,2-
benzodiazaphosphole, 8

Freshly distilled PCl; (0.28 mL, 3.2 mmol) and TEA (1.3 mL,
9.5 mmol) were successively added to an ice-cooled solution con-
taining diamine 7 (0.8 g, 3.2 mmol), prepared according to the lit-
erature,'? in dry THF (10 mL) under a nitrogen atmosphere. The
mixture was warmed to room temperature and stirred for 2 h. Sol-
vent was removed under reduced pressure and pentane (15 mL)
was added to the residue. The precipitated salts were filtered and
rinsed with pentane. The combined organic solutions were evapo-
rated under vacuo to afford chlorophosphine 8 (0.9 g, 91% yield) as
a rather unstable yellowish dense oil, which was identified by its
spectroscopic data. '"H NMR (250 MHz, benzene-dg): & 0.90-1.05
(m, 18H), 1.20-2.05 (m, 8H), 2.30-3.40 (m, 6H). '>C NMR
(62.5 MHz, benzene-dg): 6 24.4, 24.5, 28.2 (6C), 29.8, 30.0, 31.5,
33.2, 55.2 (d, %Jp_c = 20.5 Hz), 56.0 (d, ?Jp_c = 20.5 Hz), 64.1 (d, ?Jp_
¢=8.6 Hz), 65.5 (d, }Jp_c = 5.2 Hz). HRMS (CI) C;¢H3,CIN,P (M") re-
quires: 318.1992, found: 318.1983.

4.4. (3aR,7aR)-2-[Diazo(trimethylsilyl)methyl]-1,3-
dineopentylperhydro-1,3,2-benzodiazaphosphole, 9

At first, 2.0 M trimethylsilyldiazomethane in hexane (1.4 mL,
2.9 mmol) was dissolved in anhydrous THF (10 mL) and cooled into
a liquid nitrogen-ethyl acetate bath. Subsequently, 1.6 M BulLi in
hexane (2.0 mL, 3.2 mmol) was added and the mixture was stirred
for 30 min under a nitrogen atmosphere. Then, a solution of chlo-
rophosphine 8 (0.9 g, 2.9 mmol) in 8 mL of anydrous THF was
added via canula. The mixture was allowed to reach room temper-
ature and stirred for 3 h. Solvents were removed under reduced
pressure, and anhydrous pentane (15 mL) was added. The precipi-
tated salts were removed and washed with pentane. Finally, the
solvent was evaporated to afford diazophosphine 9 (1.0g, 87%
yield) as an unstable red dense oil that was identified by its spec-
troscopic data. IR: 2027.2 cm~'. 'H NMR (250 MHz, benzene-dg): &
0.25 (s, 9H), 1.12 (s, 9H), 1.14 (s, 9H), 0.90-1.80 (m, 8H), 2.05-3.25
(m, 6H). 3C NMR (62.5 MHz, benzene-dg): & -0.3 (3C), 24.9, 25.2,
28.7 (6C), 30.8 (d, ¥Jp_c = 77.2 Hz), 31.7, 34.2, 32.9 (2C), 65.1, 65.6,
67.1 (d, ?p_c=7.8Hz), 71.8 (d, ?Jp.c=5.9Hz). HRMS (CI)
CooH41N4PSi (M™) requires: 396.6256, found: 396.6242.

4.5. (3aR,7aR)-2-(2'-tert-Butylimino-1'-trimethylsilylethen-1'-
yl-1,3-dineopentylperhydro-1,3,2-1.>-benzodiazaphosphol-2-
thione, 10

A mixture containing diazophosphine 9 (400 mg, 0.1 mmol) and
tert-butylisonitrile (23 pL, 0.2 mmol) in 0.4 mL of anhydrous THF,
cooled at —65 °C, was irradiated for 18 h. Then excess of elemental
sulfur was added and the mixture was stirred at room temperature
for 30 min. Solvent was removed under reduced pressure and non-
reacted sulfur was filtered off to afford compound 10 (47 mg, 98%
yield) as an oil. [o]p = —42.9 (c 0.89, CH,Cl,). 3'P NMR (101.2 MHz,
CDCl3): 6 98.1. 'TH NMR (250 MHz, CDCl5): § 0.24 (s, 9H), 0.92 (s,
9H), 0.96 (s, 9H), 1.18-1.27 (m, 4H), 1.33 (s, 9H), 1.78 (m, 2H),
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1.95 (m, 2H), 2.24 (dd, 3Jp_y =17.4 Hz, 3Jy_y=14.3 Hz, 1H), 2.33
(dd, ¥Jy_=15.0Hz, 3Jp_;;=12.0Hz, 1H), 2.57 (m, 1H), 2.71 (m,
1H), 3.09 (dd, 3p_y; = 20.0 Hz, ¥Jy_y = 15.0 Hz, 1H), 3.78 (dd, 3Jp_
uw=21.1Hz, ?Jy_y=14.5Hz, 1H). '*3C NMR (62.5 MHz, CDCl5): ¢
1.3 (30), 24.4, 25.0, 28.8-32.1 (13C), 49.8 (d, YJp_c = 91.6 Hz), 56.7,
58.3, 58.6, 65.5 (d, %Jp_c=3.8 Hz), 66.9 (d, %Jp_c=2.9 Hz), 160.8.
ESI-MS (m/z): 506.3 (M+Na*). HRMS (CI) C5HsoN3sPSSi (M*) re-
quires: 483.3232, found: 483.3241.

4.6. (3aR,7aR)-2-[(Trimethylsilyl)methyl]-1,3-
dineopentylperhydro-1,3,2-1°-benzodiazaphosphol-2-one, 11

This compound was obtained as an oil under irradiation of dia-
zophosphine 9 as described above but in the presence of water.
[o]p=—-38.2 (c 2.20, CH,Cly). 3'P NMR (101.2 MHz, CDCl;5): &
48.11. 'TH NMR (250 MHz, CDCl3): 0.13 (s, 9H), 0.89 (2 s, 18H),
1.14-1.31 (m, 6H), 1.87 (m, 1H), 1.98 (m, 1H), 2.22 (m, 2H), 2.41
(m, 1H), 2.62 (dd, 3Jp_y = ¥}y = 14.7 Hz, 1H), 2.74 (m, 1H), 3.29
(dd, 3Jp_y=15.9Hz, %Jy_y=14.7Hz, 1H). 'C NMR (62.5 MHz,
CDCls): 6 0.8 (3C), 18.6 (d, Yp_c=99.6 Hz), 24.5, 24.8, 28.4 (30C),
28.7 (3C), 29.7-32.53 (4C), 54.4, 57.2, 63.5 (d, ?Jp_c=10.0 Hz),
66.0 (d, Yp_c=5.7Hz). ESI-MS (m/z): 387.3 (M+H)", 409.3
(M+Na)*. HRMS (CI) C;oH43N,0PSi (M*) requires: 386.2882, found:
386.2880.

4.7. (3aR,7aR,1'S,2'S)-2-(2'-Methoxycarbonyl-1'-
trimethylsilylcycloprop-1'-yl)-1,3-dineopentylperhydro-1,3,2-
2’-benzodiazaphosphol-2-thione, (R,R,S,S)-12

A mixture of diazophosphine 9 (350 mg, 0.9 mmol) and freshly
distilled methyl acrylate (0.08 mL, 0.9 mmol) in anhydrous THF
(4 mL) was cooled at —65 °C, and irradiated for 18 h. Excess ele-
mental sulfur was then added and the mixture was allowed to
reach room temperature and stirred for 30 min. Solvent was re-
moved at reduced pressure and the residue was chromatographed
on silica gel (9:1 hexane-ethyl acetate) to afford cyclopropane
(RRS,S)-12 as an oil (247 mg, 66% yield). [o]p = —33.3 (c 2.20,
CH,CL,). 3'P NMR (101.2MHz, CDCl3): & 102.79. 'H NMR
(250 MHz, CDCl3): 6 0.15 (s, 9H), 0.81-1.00 (m, 3H,), 0.92-1.04 (2
s, 2 x 9H), 1.2-3.2 (complex absorption, 14H), 3.68 (s, 3H). '3C
NMR (62.5 MHz, CDCl3): & 0.8 (3C), 14.2, 18.6 (d, 'Jp_c = 195 Hz),
25.0, 25.8, 28.0 (3C), 30.8 (3C), 28.0-34.1 (5C), 52.5, 54.8, 55.0,
65.2 (d, ?Jp_c =9.1Hz), 66.2 (d, %Jp_c =5.7 Hz), 171.5. ESI-MS (m/
z): 509.3 (M+Na)". HRMS (CI) C4H47N,0,PSSi (M) requires:
486.2865, found: 486.2859.
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