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Azaphosphatranes Catalyzed Strecker Reaction in the

Presence of Water

Jian Yang,"” Anne-Doriane Manick,” Chunyang Li,” Xavier Bugaut,” Bastien Chatelet,**
Véronique Dufaud,”™ Damien Hérault,* and Alexandre Martinez*"

Azaphosphatranes were found to act as efficient organo-
catalysts in the presence of water for the cyanation of differ-
ently substituted imines. A relatively safer source of cyanide,
trimethylsilyl cyanide (TMSCN), was used, and excellent yields
could be obtained with only 0.05mol% of catalyst. The
influence of acidity of azaphosphatranes on catalytic activity as
well as the role of azaphosphatranes in the mechanism of the
reaction were also investigated.

Azaphosphatranes are the protonated counterparts of the
proazaphosphatranes (Verkade's superbases) described by J. G.
Verkade in 1989 (Figure 1)." In contrast to proazaphospha-
tranes, which have been widely studied in organic trans-
formations as non-ionic bases or organocatalysts,*® and also as
ligands in metal-catalyzed reactions,”” their protonated ana-
logues have attracted much less interest. In 1999, the Verkade
group first used azaphosphatranes as procatalysts in dehydro-
halogenations and debrominations in the presence of sodium
hydride.” Later, the same group described the ability of these
species to catalyze the aza and thia-Michael reactions as well as
the Strecker reaction.” Benefiting from the robustness and
hydrophobicity of these azaphosphatrane cations, our group
employed them as phase transfer catalysts for the alkylation of
enolates, generation of carbene and oxidation of an electro-
philic alkene.” More recently, we have demonstrated that they
also can act as effective catalysts in lactide ring-opening
polymerization,® and in the synthesis of cyclic carbonates from
epoxides and CO,. In both cases, activity efficiency was found
to rely on better activation of the substrates through hydro-
gen-bond interactions.” Besides, to allow for easier recovery
and recyclability and to avoid the problem of salt solubility, the
immobilization of azaphosphatranes was carried out by
Verkade on Merrifield resin, and by our group on mesoporous
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Figure 1. (a) Azaphosphatranes 1a-c used in this study, (b) general structure
of Verkade's superbases (pro-azaphosphatranes).

SBA-15 silica." More recently, azaphosphatranes have been
shown to act as subcomponents in the construction of
tetrahedron cages for anion encapsulation and extraction."" In
addition, Johnson and co-workers studied the factors that
affect transannulation in azaphosphatranes, which further shed
light on this bicyclic architecture” These recent insights
highlight the growing interest aroused by azaphosphatranes,
to lead to new and original applications.

Strecker reaction consists of the direct cyanation of imines,
a reaction of utmost importance for the synthesis of a-
aminonitriles, which are versatile building blocks in organic
synthesis and present in many biologically active products."
Since Adolph Strecker discovered this reaction as a direct route
to access amino acids from aldehydes or ketones in 1850,
different methodologies have been developed to perform this
transformation. To this end, Lewis acids have been used
frequently,"¥ however, tedious workup is generally required,
and the generation of toxic metallic wastes hampers extensive
development at the industrial scale. On the other hand, some
organocatalysts' such as N-heterocyclic carbenes,"® guanidine
hydrochloride,"” and thioureas"® have been reported to
catalyze the a-cyanation of imines, however, relatively higher
catalyst loading or longer reaction times were needed to
achieve satisfactory reactivity. Very recently, Zhou, Zeng et al.
demonstrated that carbonyl-stabilized phosphorus ylides are
remarkable catalysts for the Strecker reaction using TMSCN as
cyanide source."™ Furthermore, our group reported the use of
proazaphosphatranes as organocatalysts in the Strecker reac-
tion, displaying excellent catalytic activity with high TOFs
around 10°h™" and TONs up to 10* in only 20 min with
0.1 mol% catalyst loading.”” Due to the very sensitive nature
of proazaphosphatranes toward moisture and air, and taking
advantage of the many benefits of the azaphosphatrane
architecture in terms of stability, robustness and handling, we
wished to explore their catalytic behavior in more details for
the Strecker reaction.



Herein, we report on the catalytic activity of azaphospha-
tranes in the Strecker reaction between imines and trimeth-
ylsilyl cyanide (TMSCN) in the presence of water. Excellent
yields are achieved with only 0.05 mol% catalyst in 2 h. The
influence of the acidity of azaphosphatranes on the catalytic
activity was also examined and a possible reaction pathway is
proposed.

The cyanation reaction was first examined on N-tosylben-
zaldimine 2a (1.0 equiv.) with TMSCN (1.5 equiv.) in the
presence of azaphosphatrane 1a as catalyst (0.1 mol%)
(Table 1). We were pleased to observe that, in 20 minutes and
at 0°C, a yield of 90% was reached without specific purification
or drying of the reaction medium (Entry 2, Table 1). It is
interesting to note that the presence of water has a dramatic
effect on the conversion. Indeed, with dry methylene chloride
(DCM), only 17% yield was obtained (Entry 1, Table 1) while,
with the solvent system DCM/H,O: 3/1 a nearly quantitative
yield was achieved (95%, Entry 3, Table 1). It is important to
note that, with both solvent systems, no conversion was shown
in the absence of catalyst (Entries 6-7). Using only 0.05 mol%
of catalyst, 61% and 99% yields were obtained after 20 min
(Entry 4, Table 1) and after 2 h (Entry 5, Table 1) respectively,
corresponding to TOF>3.6x10°h™' and TON around 2x 103
Further insight into the role played by the azaphosphatrane
moiety was obtained by testing other chlorine salts as catalysts.
When NaCl is used instead of 1a (Entry 9, Table 1), no product
is formed, whereas the use of Bu,NCl provides the expected
compound with a moderate yield of 58% (Entry 8, Table 1).
Thus, the hydrophobicity of the cation is probably key to allow
for solubilizing the salt in both the organic and aqueous
phases. Then, the chlorine anion probably reacts with TMSCN
to give the cyanide anion that forms a tight ion-pair with the
azaphosphatrane cation and the subsequent attack of the
imine function by this cyanide anion leads to the expected
product. Nevertheless, as a better yield is obtained with 1a

than with the Bu,NCl salt, we decided to examine more
carefully the exact role played by the azaphosphatrane unit.
Subsequently, we investigated the effect of the acidity of
the azaphosphatranes 1a-c on the catalytic activity under the
optimized conditions, i.e. using the solvent DCM/H,0: 3/1. We
observed a close relation between the pKa and the yield: the
lower the pKa, the higher the yield (Table 2).#'*? This could be
explained by the fact that azaphosphatranes with lower pKa
values are more acidic and therefore better hydrogen bond
donors to activate the C=N double bond of imines. Thus, two
main features of azaphosphatranes can account for the
catalytic activity observed: (i) their hydrophobicity allows the
counter ion chloride for reacting with the TMSCN in the organic
phase (vide infra) and (ii) their hydrogen-bond donor ability, as
also evidenced in the conversion of CO, or in lactide ring-
opening polymerization,” increases the electrophilicity of the
imine function. The combination of these two characteristics
provide here a remarkable catalyst for the Strecker reaction.
The scope of substrates for the cyanation of imines was
performed on representative examples like tosyl-protected
imines bearing phenyl groups with different substituents
(Entries 1-5, Table 3). The reaction conditions were slightly
modified in comparison with those of Table1. To take
advantage of the high activity of catalyst 1a, only 0.05 mol %
was used except for the more challenging furan derivative
where the reaction was conducted with 2 mol%. The reaction
time was also extended to 2 h. As shown in Table 3, excellent
to almost quantitative yields were obtained in all the cases,
highlighting the high applicability of 1a in this reaction.

Table 2. Effect of catalyst 1a-c pKa on the yield.”

Entry Catalyst pKa in CH;CN Isolated yield (%)
1 1a 32.14%" 95
2 1b 32.90% 65
3 1c 33.63% 19

Table 1. Cyanation of N-tosylbenzaldimine 2a with TMSCN catalyzed by
azaphosphatrane 1a.
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[a] Reaction conditions: 2a (0.3 M), catalyst (0.1 mol%), TMSCN (1.5 equiv.),
0°C, 20 min, DCM/H,0 (3/1).
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Entry Solvent Changes of standard Yields (%)
conditions @l
1 Dry DCM 17
2 DCM (< 200 ppm of 90
water)
3 DCM/H,0: 3/1 95
4 DCM/H,0: 3/1 0.05 mol% of 1a 61
5 DCM/H,0: 3/1 0.05 mol % of 1a after 2 h > 99
6 Dry DCM Without catalyst trace
7 DCM/H,0: 3/1 Without catalyst trace
8 DCM/H,0: 3/1 Bu,NCl as catalyst 58
9 DCM/H,0: 3/1 NaCl as catalyst trace

Table 3. Substrate scope of azaphosphatrane 1 a-catalyzed cyanation of

imines.
N 00smot%ta  HNT
M+ TMSCN ———
R4 H 45 i 0°C Ry CN
2 - €qUIV- - DCM/H,0:3/1 5
C=03M 2
Entry Imine R, R, Product Yield (%)@
1 2a Ph Tosyl 3a >99
2 2b p-MeC¢H, Tosyl 3b >99
3 2c p-MeOC¢H, Tosyl 3¢ >99
4 2d p-CNCH, Tosyl 3d 9
5 2e 2-naphthyl Tosyl 3e 97
6 2f t-Bu Tosyl 3f 93
7 29 2-furan Tosyl 39 95!
8 2h Ph Bn 3h 99
9 2i Ph N-Boc 3i 88

[a] Isolated yield.

[a] Isolated yield. [b] 2 mol% catalyst was used.




However, when ketimines were used as substrates, no product
could be isolated even with 2 mol% of catalyst. Changing the
protected group R, did not significantly affect the conversion
as high yields were obtained for both groups Ts, Bn and N-Boc
(Entries 1, 8 and 9, Table 3). The non-aromatic imine 2f seemed
to be slightly less reactive but still led to an excellent yield
(93%, Entry 6, Table 3). Using 2 mol% of catalyst 1a, the
cyanation of an imine bearing a heterocyclic furan group was
successfully achieved giving rise to the corresponding product
with 95% yield (Entry 7, Table 3). Compared to most of the
other methods previously reported for the Strecker reaction,
our procedure allows for a lower catalyst loading and temper-
ature, shorter reaction times, high selectivity (no side reaction
is observed) and proves easy to implement: no inert atmos-
phere and dry solvents are required and the catalyst is air-
stable and easy to handle. This contrasts sharply with (i) the
pro-azaphosphatrane catalyst - also effective for the Strecker
reaction - but which is very sensitive to air and water, and
therefore more difficult to synthesize and less practical to use
as catalyst and (ii) the supported azaphosphatrane nitrate salt
which catalyzes the three-component Strecker reaction but
with 20% mol of catalyst loading and long reaction times
ranging from 15 to 35 hours.”

A possible reaction pathway is proposed in Scheme 1 to
account for these results. The first step would be the reaction
of the chloride anion of 1 with TMSCN to give TMSCI and a
tight cynanide-azaphosphatrane ion pair. Indeed, upon addi-
tion of two equivalents of TMSCN to a solution of 1a in wet
CD,Cl,, the "H NMR spectrum shows that TMSOH is formed as
expected (Figure S20), but more interestingly, changes in the
chemical shift of 1a are observed: the peaks, corresponding to
the P—H and CH,-N protons, shift from 5.83 ppm to 5.86 ppm
and from 351 ppm to 3.42 ppm respectively (Figure S20).
Similarly, in the *'P NMR spectrum of 1a, the peak shifts from
—12.25 ppm to —11.88 ppm (Figure S19). This is consistent
with an anion exchange between CI~ and CN™ after reaction of
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Scheme 1. Proposed mechanism for the cyanation of imines catalyzed by
azaphosphatranes.

Cl~ with TMSCN especially since the changes in the chemical
shifts appears more marked for the protons in the vicinity of
the positive charge. Once formed, this cynanide-azaphospha-
trane ion pair would then interact with water and the imine
through hydrogen bonding, leading to complex A.** In this
complex water is proposed to bind simultaneously to the three
other partners of the reaction (the azaphosphatrane, the
cyanide anion and the imine) through three different hydrogen
bounds.” In agreement with the results obtained in table 2,
the increase of the acidity the azaphosphatrane will strengthen
its hydrogen bond with water and thus, the subsequent
hydrogen bond with imine. Therefore, the cyanide anion will
be more prone to attack the activated imine to yield the
desired amine product. The ability of 1a to interact with imines
via hydrogen bonding has been investigated: a change in the
chemical shift of the P-H" and CH,-N protons of 1a is
observed in the '"H NMR spectrum upon addition of one
equivalent of imine 2a in CD,Cl, (Figure S21). The peaks
corresponding to the P-H™ proton are downfield shifted,
suggesting a hydrogen bonding with the imine compound.
Finally, the hydroxide anion reacts with the previously formed
TMSCI to give TMSOH and the catalyst 1.

In summary, we have developed a novel methodology to
efficiently catalyze cyanation of imines under mild conditions
using azaphosphatranes as catalysts. In most cases, high
catalytic activity was achieved on tested substrates. Besides,
the effect of acidity of catalysts on activity was investigated
showing a close relation between the pKa and the yield.
Moreover, other chlorine salts were tested, showing lower
catalytic activities than azaphosphatranes. These results reveal
the key role of both the hydrophobicity and the hydrogen
bond donor ability of azaphosphatranes for this reaction.
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