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Abstract: The first catalytic enantioselective Abramov reaction
is described. The process is based on the utilization of a chiral
disulfonimide catalyst, which efficiently avoids the difficulties
encountered with metal-based catalysts. Several functionalized
a-hydroxy phosphonates were synthesized in good yields and
with excellent enantiomeric ratios of up to > 99:1. The process
was shown to be scalable and up to 1 g of starting material
could be employed under mild reaction conditions.

The hydrophosphonylation of aldehydes with dialkyl phos-
phites (“Pudovik reaction”) is an atom-economic approach
toward a-hydroxy phosphonates (Figure 1, top right).[1] In

light of the potential of enantiopure a-hydroxy phosphonates
with regard to biological activity and synthetic utility,[2]

significant efforts have been devoted toward developing
asymmetric variants of this reaction.[3] As a result, a number
of highly efficient catalytic systems using chiral organic
bases[4] or metal-based chiral Lewis acids[5] have been
developed. Dialkyl phosphites are in equilibrium with their
predominating though unreactive dialkyl phosphonate form,
which can in some cases result in sluggish reactivity and the
requirement to use base activation to facilitate the reaction.[6]

This situation is analogous to the aldol reaction, in which an

enol species and not the normally dominant carbonyl
tautomer acts as the nucleophile. Here, the preformation of
the enol equivalent has proven useful, for example, in the
Mukaiyama aldol reaction of enolsilanes. Aldol and
Mukaiyama aldol reactions are often complementary and
enantioselective variants of both reaction types have been
thoroughly studied (Figure 1, left). Interestingly, silyl esters of
dialkyl phosphites, which were originally introduced by
Abramov,[7] display excellent reactivity in hydrophosphony-
lation reactions of aldehydes.[8] However, in contrast to the
analogous Mukaiyama aldol reactions, enantioselective Abra-
mov reactions of aldehydes are entirely unknown (Figure 1,
bottom right).[9] Importantly, after hydrolysis of the silyl ether,
the Abramov reaction delivers the same products as the
Pudovik reaction. In extending the aldol analogy further, it
appeared logical and desirable to develop an asymmetric
Abramov reaction, as this would add an additional dimension
of possible reaction conditions to the application of hydro-
phosphonylations in synthesis. Moreover, the initial products
of the Abramov reactions are stable a-silyloxy phosphonates,
in principle allowing for the direct isolation of protected a-
hydroxy phosphonates.[10]

We have recently introduced chiral disulfonimides as
effective catalysts for the activation of aldehydes in asym-
metric Mukaiyama aldolizations.[11] These catalysts achieve
enantioinduction based on the concept of asymmetric coun-
teranion-directed catalysis (ACDC).[12] This strategy was
shown to offer a general solution to the problem of silylium
ion background catalysis,[13] which has likely hampered the
development of asymmetric Abramov reactions utilizing
chiral metal-based Lewis acids.[14] Encouraged by these
considerations, we became interested in applying chiral
disulfonimide catalysis to the enantioselective Abramov
reaction and report here the successful realization of this
concept.

After optimizing the reaction conditions with 2-naphthal-
dehyde and commercially available diethyl trimethylsilyl
phosphite (2a) as model system (see the Supporting Infor-
mation, SI), we could indeed obtain the hydrophosphonyla-
tion product 3 in excellent yield and enantioselectivity using
catalyst 1 a (Table 1, entry 1).[15] We also explored several
other substituted silylphosphites in this reaction. These
reagents were either commercially available or readily
synthesized in one step by the silylation of the corresponding
phosphonates with TMSCl (trimethylsilyl chloride) in the
presence of Et3N or with TBSCl (tert-butyldimethylsilyl
chloride) and LDA (lithium diisopropylamide).[10, 12a,b,16] Sub-
stituents on the phosphite nucleophiles had a significant
influence on the reactivity and enantioselectivity. Sterically
less demanding dimethyl-substituted silyl phosphite delivered
the corresponding product 4 with high enantioselectivity
(entry 2). Efficient product formation was also observed by

Figure 1. Analogy between the aldol/Mukaiyama aldol reactions and
the Pudovik/Abramov reactions, respectively.
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applying sterically demanding diisopropyl(trimethyl)silyl
phosphite (2c ; entry 3), furnishing the corresponding phos-
phonate 5 in an excellent enantiomeric ratio of 98.5:1.5.
However, the even bulkier tert-butyl-substituted silyl phos-
phite 2 d did not give any product (entry 4). Phenyl-substi-
tuted phosphite 2e was found to be only moderately reactive,
providing the product at �20 8C with moderate enantioselec-
tivity (entry 5). When we employed TBS-substituted phos-
phite 2 f, a significant lowering of the reaction efficacy was
realized (entry 6). Silylphosphites bearing two nonidentical
alkoxy substituents were also investigated.

The corresponding a-hydroxy phosphonates with a P-
stereogenic center were obtained in good yields and enantio-

selectivities.[17] However, only poor diastereoselectivity was
achieved, even upon introducing sterically more distinguish-
able substituents (entries 7 and 8). Importantly, control
experiments showed that the reaction indeed requires the
use of silylated nucleophiles and no reaction was observed
when the corresponding dialkyl phosphites were employed as
nucleophiles under identical conditions (entry 9).

Having explored the variation of silylphosphites, we next
investigated the utility of various aldehydes using phosphite
2c (Table 2). Substituted 2-naphthaldehydes bearing various

Table 1: Phosphite scope of the disulfonimide catalyzed enantioselective
Abramov reaction.

Entry[a] Phosphite Product Yield [%] e.r.[b]

1 98 98:2

2 97 96.5:3.5

3 96 98.5:1.5

4 no reaction – –

5[c] 66 80.5:19.5

6 70 75:25

7[d] 96[f ] 96.5:3.5
96.5:3.5

8[d] 95[f ] 96:4 (major)
97:3 (minor)

9 no reaction – –

[a] Unless otherwise indicated, all reactions were carried out on
a 0.1 mmol scale with 3.0 to 5.0 equiv of phosphite and 5 mol% of
catalyst (S)-1a for 4 d. [b] Determined by HPLC analysis on a chiral
stationary phase. [c] At �20 8C. [d] Reactions were carried out in 0.125 to
0.2 mmol scale with 3.0 equiv of phosphite and 5 mol% of catalyst (S)-
1a for 4 d. [e] Diastereomeric ratio (d.r.) was determined by 1H and
31P NMR analysis. [f ] Combined yield of both diastereoisomers.

Table 2: Aldehyde scope of the disulfonimide catalyzed enantioselective
Abramov reaction.[a,b]

[a] Unless otherwise indicated, all reactions were carried out on
a 0.2 mmol scale using 5.0 equiv of phosphite 2c and 5 mol% of catalyst
(R)-1a for 4 d. [b] Enantiomeric ratios (e.r.) were determined by HPLC
analysis on a chiral stationary phase. [c] At �50 8C. [d] Phosphite 2a was
used. [e] The reaction was conducted on a 0.125–0.15 mmol scale with
5.0 equiv of phosphite and 2.5 mol% of catalyst (R)-1b for 4 d. [f ] 5 d
reaction time. [g] Reaction performed with 10 mol% of catalyst (R)-1a at
�10 8C for 10 d.
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functionalities underwent efficient reactions providing the
corresponding phosphonates 9–11 in good yields (88–98%)
and with excellent enantioselectivities (e.r. = 96:4–98:2).
Phosphonate 12 was obtained with similar efficiency and
selectivity from the corresponding phenanthrene carbalde-
hyde. Benzaldehyde as well as para- and meta-substituted
benzaldehyde derivatives afforded the corresponding prod-
ucts 13–16 in good yields (50–90%) and with good to very
good enantioselectivities (e.r. = 90:10–95:5). 3,5-Disubsti-
tuted benzaldehydes with electron-neutral, electron-rich,
and electron-deficient substituents furnished the correspond-
ing products 17–20 in good yields (76–98 %) and with good to
excellent enantioselectivities (e.r. = 92:8–99:1). Similarly, tri-
substituted benzaldehydes could also be employed in our
reaction, delivering the corresponding phosphonates 21–23 in
excellent yields (92–98%) and high enantioselectivities (e.r. =

93:7–97:3). Heteroaromatic aldehydes such as thiophene-3-
carbaldehyde, benzo[b]thiophene-5-carbaldehyde, and furan-
3-carbaldehydes were efficiently converted into the corre-
sponding phosphonates 24–26. Phosphonylation of 9H-fluo-
rene-2-carbaldehyde to product 27 could be achieved in good
yield and stereoselectivity. A conjugated aromatic aldehyde
was also transformed into the corresponding phosphonate 28
in excellent yield with an enantiomeric ratio of 96:4. Aliphatic
aldehydes proved to be challenging substrates for our
reaction. Under slightly modified conditions, hydrocinnamal-
dehyde could be converted into the corresponding phospho-
nate 29 in moderate yield and with a disappointingly low
enantiomeric ratio of 55:45.[18]

Absolute (R)-configurations were established for com-
pound 11 by single-crystal X-ray structure analysis and for
compounds 13 and 16 by comparing optical rotation values
with literature data (see SI).[5c] The absolute configurations of
all other compounds were assigned by analogy.

To illustrate the practical synthetic utility of our method-
ology, a gram scale experiment was performed. Phosphite 2a
was reacted with 1 g of 2-naphthaldehyde, providing 1.85 g of
the corresponding phosphonate 3 in 98% yield and an
enantiomeric ratio of 2.5:97.5 (a, Scheme 1). Additionally,
we envisaged that our protocol for the enantioselective
Abramov reaction might be suitable for N-Boc imines as
substrates, which, due to their sensitivity toward hydrolysis,
are incompatible with the reaction conditions of most

protocols for the enantioselective Pudovik reaction.[19]

Indeed, in a preliminary experiment, the hydrophosphonyla-
tion of benzaldehyde-derived N-Boc imine could be achieved
with high yield and a promising enantioselectivity. Product 30
was isolated with an enantiomeric ratio of 81.5:18.5 (b,
Scheme 1). This initial result highlights the value of having
enantioselective protocols available for complementary reac-
tions such as the Pudovik and the Abramov reaction.

In summary, we have developed the first catalytic
enantioselective Abramov reaction. Our approach comple-
ments previously established methods for synthesizing enan-
tioenriched a-hydroxy phosphonates including the related
Pudovik reaction. The successful realization of our enantio-
selective methodology relies on our recently introduced chiral
disulfonimide silyl–Lewis acid precatalysts, which enabled us
to circumvent the difficulties typically faced by metal-based
catalyst systems. Different substituted silylphosphites and
aromatic aldehydes have been utilized in this study, giving
access to functionalized a-hydroxy phosphonates, cleanly,
effectively, and in excellent enantioselectivity. Our approach
offers a scalable, mild, and base-free protocol for the
asymmetric hydrophosphonylation of aldehydes, which may
enable its application in cases, in which substrates are
incompatible with the reaction conditions required by pre-
vious methodologies. In addition, we have shown for the first
time that our approach to the asymmetric Abramov reaction
can be extended to an asymmetric silyl phosphonylation of N-
Boc imines. The identification of advanced catalysts for these
substrates as well as for challenging aliphatic aldehydes and
ketones, and the application of our methodology in the
synthesis of bioactive materials are current goals in our group.
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c) L. Woźniak, J. Chojnowski, Tetrahedron 1989, 45, 2465 – 2524.

[8] For uncatalyzed diastereoselective hydrophosphonylations of
chiral aldehydes with silyl phosphites, see: a) A. Bongini, R.
Camerini, M. Panunzio, E. Bandini, G. Martelli, G. Spunta,
Tetrahedron: Asymmetry 1996, 7, 3485 – 3504; b) E. Bandini, G.
Martelli, G. Spunta, M. Panunzio, Tetrahedron: Asymmetry
1995, 6, 2127 – 2130; c) V. Sum, C. A. Baird, T. P. Kee, M.
Thornton-Pett, J. Chem. Soc. Perkin Trans. 1 1994, 3183 – 3200;
d) N. Greene, T. P. Kee, Synth. Commun. 1993, 23, 1651 – 1657.
For a stoichiometric TiCl4-mediated diastereoselective hydro-
phosphonylation of chiral aldehydes with silyl phosphites, see:
e) T. Yokomatsu, Y. Yoshida, S. Shibuya, J. Org. Chem. 1994, 59,
7930 – 7933. For an N-heterocyclic carbene-catalyzed hydro-
phosphonylation of aldehydes with silyl phosphites, see: f) Z.-H.
Cai, G.-F. Du, L. He, C.-Z. Gu, B. Dai, Synthesis 2011, 2073 –
2078.

[9] For the related asymmetric hydrophosphonylation of aldehydes
with trialkyl phosphite, which is mediated by a chiral Lewis base
catalyst and a stoichiometric amount of SiCl4, and furnishes

products with up to 76:24 e.r., see: K. Nakanishi, S. Kotani, M.
Sugiura, M. Nakajima, Tetrahedron 2008, 64, 6415 – 6419.

[10] D. A. Evans, K. M. Hurst, J. M. Takacs, J. Am. Chem. Soc. 1978,
100, 3467 – 3477.

[11] a) P. Garc�a-Garc�a, F. Lay, P. Garc�a-Garc�a, C. Rabalakos, B.
List, Angew. Chem. Int. Ed. 2009, 48, 4363 – 4366; Angew. Chem.
2009, 121, 4427 – 4430; b) L. Ratjen, P. Garc�a-Garc�a, F. Lay,
M. E. Beck, B. List, Angew. Chem. Int. Ed. 2011, 50, 754 – 758;
Angew. Chem. 2011, 123, 780 – 784.

[12] For reviews on ACDC, see: a) R. J. Phipps, G. L. Hamilton, F. D.
Toste, Nat. Chem. 2012, 4, 603 – 614; b) K. Brak, E. N. Jacobsen,
Angew. Chem. Int. Ed. 2013, 52, 534 – 561; Angew. Chem. 2013,
125, 558 – 588; c) M. Mahlau, B. List, Angew. Chem. Int. Ed.
2013, 52, 518 – 533; Angew. Chem. 2013, 125, 540 – 556.

[13] For a recent review on enantioselective catalysis using chiral
enantiopure disulfonimides, see: a) M. van Gemmeren, F. Lay,
B. List, Aldrichimica Acta 2014, 47, 3 – 13. For a kinetic study on
the mechanism of disulfonimide-catalyzed reactions, see: b) Z.
Zhang, B. List, Asian J. Org. Chem. 2013, 2, 957 – 960.

[14] For early studies highlighting the challenge of silylium ion
background catalysis with silicon containing nucleophiles, see:
a) E. M. Carreira, R. A. Singer, Tetrahedron Lett. 1994, 35,
4323 – 4326; b) S. E. Denmark, C.-T. Chen, Tetrahedron Lett.
1994, 35, 4327 – 4330; c) T. K. Hollis, B. Bosnich, J. Am. Chem.
Soc. 1995, 117, 4570 – 4581; d) C.-T. Chen, S.-D. Chao, K.-C. Yen,
C.-H. Chen, I.-C. Chou, S.-W. Hon, J. Am. Chem. Soc. 1997, 119,
11341 – 11342.

[15] It should be noted that the reaction conditions were optimized to
maximize the enantiomeric ratio. Shorter reaction times can be
achieved with slight loss of enantioselectivity by raising the
temperature or increasing the catalyst loading. Likewise, reduc-
ing the equivalents of (trimethyl)silyl phosphite employed to 2.0
was possible with a slight loss of enantioselectivity. For details,
see the SI.

[16] K. Afarinkia, C. W. Rees, J. I. G. Cadogan, Tetrahedron 1990, 46,
7175 – 7196.

[17] O. I. Kolodiazhnyi, Tetrahedron: Asymmetry 2012, 23, 1 – 46.
[18] In one of our preceding studies we could show that the poor

results obtained with aliphatic aldehydes are due to the
formation of enol silanes under the reaction conditions as well
as the significantly lower reactivity of these substrates requiring
the reaction to be conducted at suboptimal conditions in terms of
enantioselection. For details, see: M. Mahlau, P. Garc�a-Garc�a,
B. List, Chem. Eur. J. 2012, 18, 16283 – 16287.

[19] For rare examples of enantioselective Pudovik reactions with N-
Boc imines, see: a) D. Pettersen, M. Marcolini, L. Bernardi, F.
Fini, R. P. Herrera, V. Sgarzani, A. Ricci, J. Org. Chem. 2006, 71,
6269 – 6272; b) J. George, B. Sridhar, B. V. S. Reddy, Org.
Biomol. Chem. 2014, 12, 1595 – 1602. For an example involving
the in situ generation of the N-Boc Imine, see: c) F. Fini, G.
Micheletti, L. Bernardi, D. Pettersen, M. Fochi, A. Ricci, Chem.
Commun. 2008, 4345 – 4347. For nonenantioselctive reactions
employing silyl dialkyl phosphites, see: d) M. Hatano, S. Suzuki,
E. Takagi, K. Ishihara, Tetrahedron Lett. 2009, 50, 3171 – 3174;
e) C. Zhihua, F. Yecheng, D. Guangfen, H. Lin, Chin. J. Chem.
2012, 30, 1658 – 1662.

.Angewandte
Communications

358 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 355 –358

http://dx.doi.org/10.1002/chem.200802237
http://dx.doi.org/10.1002/chem.200802237
http://dx.doi.org/10.1021/ja810043d
http://dx.doi.org/10.1021/ja810043d
http://dx.doi.org/10.1016/S0040-4039(00)61920-2
http://dx.doi.org/10.1016/S0040-4039(00)61920-2
http://dx.doi.org/10.1016/S0040-4039(00)94232-1
http://dx.doi.org/10.1016/S0040-4039(00)94232-1
http://dx.doi.org/10.1021/jo9022099
http://dx.doi.org/10.1021/jo9022099
http://dx.doi.org/10.1039/c2ob25810b
http://dx.doi.org/10.1039/c2ob25810b
http://dx.doi.org/10.1002/anie.200905158
http://dx.doi.org/10.1002/anie.200905158
http://dx.doi.org/10.1002/ange.200905158
http://dx.doi.org/10.1002/anie.200704116
http://dx.doi.org/10.1002/anie.200704116
http://dx.doi.org/10.1002/ange.200704116
http://dx.doi.org/10.1002/anie.200801766
http://dx.doi.org/10.1002/anie.200801766
http://dx.doi.org/10.1002/ange.200801766
http://dx.doi.org/10.1002/ange.200801766
http://dx.doi.org/10.1016/j.tet.2008.01.022
http://dx.doi.org/10.1021/ja803859p
http://dx.doi.org/10.1021/ja803859p
http://dx.doi.org/10.1021/ja0651005
http://dx.doi.org/10.1002/anie.200501008
http://dx.doi.org/10.1002/ange.200501008
http://dx.doi.org/10.1002/ange.200501008
http://dx.doi.org/10.1016/j.crci.2003.10.020
http://dx.doi.org/10.1039/a608161d
http://dx.doi.org/10.1039/a608161d
http://dx.doi.org/10.1016/S0040-4039(97)00437-1
http://dx.doi.org/10.1021/jo960180o
http://dx.doi.org/10.1016/S0040-4039(00)76517-8
http://dx.doi.org/10.1016/S0040-4039(00)76517-8
http://dx.doi.org/10.1016/S0957-4166(00)80415-2
http://dx.doi.org/10.1016/S0957-4166(00)80415-2
http://dx.doi.org/10.1021/ja00377a009
http://dx.doi.org/10.1021/ja00377a009
http://dx.doi.org/10.1021/cr60209a002
http://dx.doi.org/10.1021/cr60209a002
http://dx.doi.org/10.1016/S0957-4166(96)00456-9
http://dx.doi.org/10.1016/0957-4166(95)00281-S
http://dx.doi.org/10.1016/0957-4166(95)00281-S
http://dx.doi.org/10.1039/p19940003183
http://dx.doi.org/10.1080/00397919308011262
http://dx.doi.org/10.1021/jo00104a064
http://dx.doi.org/10.1021/jo00104a064
http://dx.doi.org/10.1016/j.tet.2008.04.078
http://dx.doi.org/10.1021/ja00479a031
http://dx.doi.org/10.1021/ja00479a031
http://dx.doi.org/10.1002/anie.200901768
http://dx.doi.org/10.1002/ange.200901768
http://dx.doi.org/10.1002/ange.200901768
http://dx.doi.org/10.1002/anie.201005954
http://dx.doi.org/10.1002/ange.201005954
http://dx.doi.org/10.1038/nchem.1405
http://dx.doi.org/10.1002/anie.201205449
http://dx.doi.org/10.1002/ange.201205449
http://dx.doi.org/10.1002/ange.201205449
http://dx.doi.org/10.1002/anie.201205343
http://dx.doi.org/10.1002/anie.201205343
http://dx.doi.org/10.1002/ange.201205343
http://dx.doi.org/10.1002/ajoc.201300182
http://dx.doi.org/10.1016/S0040-4039(00)73344-2
http://dx.doi.org/10.1016/S0040-4039(00)73344-2
http://dx.doi.org/10.1016/S0040-4039(00)73345-4
http://dx.doi.org/10.1016/S0040-4039(00)73345-4
http://dx.doi.org/10.1021/ja00121a015
http://dx.doi.org/10.1021/ja00121a015
http://dx.doi.org/10.1021/ja970900o
http://dx.doi.org/10.1021/ja970900o
http://dx.doi.org/10.1016/S0040-4020(01)87899-6
http://dx.doi.org/10.1016/S0040-4020(01)87899-6
http://dx.doi.org/10.1016/j.tetasy.2012.01.007
http://dx.doi.org/10.1002/chem.201203623
http://dx.doi.org/10.1021/jo060708h
http://dx.doi.org/10.1021/jo060708h
http://dx.doi.org/10.1039/c3ob42026d
http://dx.doi.org/10.1039/c3ob42026d
http://dx.doi.org/10.1039/b807027j
http://dx.doi.org/10.1039/b807027j
http://dx.doi.org/10.1016/j.tetlet.2009.01.028
http://www.angewandte.org

