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ABSTRACT: The first highly diastereo- and enantiose-
lective additions of a halogen and phosphoramidic acid to
unactivated alkenes have been developed, catalyzed by a
chiral Brønsted acid. A unique feature of these additions is
the opportunity for stereocontrol at two noncontiguous
chiral centers, carbon and phosphorus, leading to cyclic P-
chiral phosphoramidates. In addition to their inherent
value, the phosphoramidates are precursors to enantioen-
riched epoxy allylamines.

P hosphoramida t e s and the i r de r i v a t i v e s a r e
organophosphorous(V) compounds featuring a P−N

bond and are used as pesticides in agriculture and prodrugs
in therapeutic development, among other synthetic applica-
tions.1 The central chirality of the phosphorus group of a
phosphoramidate has a strong impact on the biological activity
of the drug;2,3 therefore, methods to stereoselectively construct
phosphorus (P-) chiral centers are essential tools. The
diastereoselective synthesis of phosphoramidate prodrugs was
recently reported by using phosphoryl chloride with a chiral
auxiliary, where the phosphorus group plays a role as the
electrophilic reagent.3b The preparation of P-stereogenic
compounds is still challenging,4,5 and to the best of our
knowledge, there are no examples of enantioselective reactions
in which the phosphoramidate configuration is governed by a
chiral catalyst. In contrast to the use of phosphorus
electrophiles, we reasoned that phosphoramidic acids might
add as nucleophiles to a halogen-activated alkene. The halogen,
in turn, could be activated by a hydrogen bond catalyst.6 This
design raised the interesting challenge of not only controlling
diastereotopic oxygen−carbon bond formation but also using a
chiral Brønsted acid reagent as the master stereocontrol
element since phosphoric acids and their derivatives are
effective catalysts.7 We reasoned that the use of a polar ionic
hydrogen-bond catalyst might offer the ion pairing necessary to
achieve reagent-controlled stereoselection, and ultimately an
innovative entry to P-chiral small molecules (Figure 1).
Phosphoramidic acids have Brønsted acidic (O−H) and
Brønsted basic (O) sites which offer potential interactions
with a bifunctional Brønsted acid/base catalyst.
Since 2010, enantioselective alkene functionalizations using

an electrophilic halogen source by organocatalysis have

emerged as an attractive method in asymmetric synthesis.8−10

Considerable efforts have been devoted to this area, especially
to the development of enantioselective halolactonizations.9c We
reported an enantioselective iodolactonization catalyzed by a
chiral Brønsted acid, StilbPBAM·HNTf2 (1·HNTf2), which is
composed of an uncharged chiral Brønsted base backbone with
an achiral Brønsted acid.6 A variety of nucleophilic donors, e.g.,
carboxylic acids, amides, alcohols, and N-protected amines,
have been employed for this class of reactions.9i,10 Organo-
phosphorus acid derivatives are conspicuously absent from
either chiral Brønsted acid or transition-metal-catalyzed alkene
halo-oxygenation reactions, presumably due to the lower
nucleophilicity of these acids relative to carboxylic acids.11

Conversely, this character may be responsible for their
extensive success in catalysis, engaging substrates only
transiently and in a noncovalent manner.7,12 Herein, we report
the chiral Brønsted acid catalyzed diastereo- and enantiose-
lective iodocyclizations of phosphoramidic acid 3 for the
synthesis of C- and P-chiral cyclic phosphoramidates 4.13 Two
noncontiguous chiral centers are constructed during the
formation of 4, with high levels of absolute and relative
stereocontrol.
At the outset of these studies, a control experiment was

performed using phophoramidic acid 3aa, 1.5 equiv of N-
iodosuccinimide (NIS), and molecular sieves (MS) 4A in
toluene at −20 °C for 48 h (Table 1, entry 1). NIS cleanly
afforded product 4aa in good yield (82%) but with low
diastereoselection (2:1 dr). Insofar as the substrate is a
Brønsted acid itself, capable of catalyzing the transformation,

Received: September 3, 2014
Published: October 14, 2014

Figure 1. Addition of phosphoramidic acids to alkenes using an
electrophilic halogen source for the construction of carbon and
phosphorus chiral centers.
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a series of experiments directed at formation of a chiral proton
complex with a Bis(AMidine) ligand was performed; use of the
chiral free base alone could form a phosphoramidic acid salt,
whereas a separate strong Brønsted acid might favor a distinct
chiral proton complex. This was investigated by probing the
effect of the protonation state of StilbPBAM (1) on selectivity.
Brønsted base 1 catalyzed the iodocyclization efficiently,
affording 4aa in good yield with high diastereoselectivity and
moderate enantioselectivity in spite of the background reaction
proceeding under the same conditions (Table 1, entry 2). A
higher level of enantioselection was observed with the
preformed triflimidic acid complex (1·HNTf2) (Table 1,
entry 3), and interestingly, a 1:2 mixture of free base (1) and
HNTf2 gave the product in 94% ee (Table 1, entry 4).
However, a 1:3 ratio of the 1/HNTf2 decreased the diastereo-
and enantioselectivity (Table 1, entry 5) and illustrated the
potential to inhibit the reaction relative to the catalyst-free case
(Table 1, entry 1). In order to probe the importance of the
bifunctional chiral acid’s basicity,14 we employed chiral base 2,
having no pyrrolidine substituents, in an otherwise identical
reaction. The reaction of 2 led to a considerable reduction in
the stereoselectivity (Table 1, entry 6). In addition, both 2·
HNTf2 and 2·(HNTf2)2 gave lower levels of diastereo- and
enantioselection than those of 1 (Table 1, entries 7 and 8).
These results indicate that the pyrrolidine unit is critical to
achieve high levels of selectivity. Furthermore, iodine (I2) was
tested as another halogen source, but both the chemical yield

and stereoselectivity of 4aa dramatically dropped (Table 1,
entry 9).15

The initial scope is summarized in Table 2. The investigation
of substituents on the aromatic ring showed that both electron-
donating groups16 and electron-withdrawing groups were
tolerated to give the products in good yields with high levels
of stereoselection (Table 2, entries 1−4). Secondary and
primary alkyl groups also underwent the iodocyclization well,
while lower diastereoselectivity (8:1 dr) was observed in the
case of a sterically less hindered methyl group (Table 2, entries
5−7). Allylamine derivative 3ai was most challenging (Table 2,
entry 8), and although the enantioselectivity for this case was
promising at the 68/75% ee level, the transformation was not
diastereoselective; overall, a substituent at the internal position
of the alkene appears essential for relative stereocontrol. To
expand the substrate scope and further challenge the catalyst, a
trisubstituted alkene was examined. The reaction of 4aj having
a dimethyl cis-substituted alkene afforded only two diaster-
eomers with 6:1 dr and 93% ee, the same level of
enantioselection as that for disubstituted alkenes (Table 2,
entry 9). It should be noted that a trace amount of 6-endo-
cyclized product was observed in the reaction using
trisubstituted alkene 3aj. Phosphoramidic acid 3ba, bearing
an N-4-methoxybenzyl (PMB) group, behaves similarly to 3aa
(cf. Table 2, entry 10 and Table 1, entry 3). The relative and
absolute configurations of phosphoramidate 4ad (R1 = 4-
ClC6H4, R

2 = H: Table 2, entry 3) was determined by X-ray
crystallographic analysis (Figure 2). Intriguingly, a methoxy
group on the phosphorus (P2) and a phenyl group on the
quaternary carbon (C5) are located in the pseudo axial position
of cyclic phosphoramidate 4ad.
The regioisomer and minor diastereomer could be removed

by column chromatography, and as a result, 4aj was obtained in
63% yield (over 2 steps, from dimethyl phosphoramidate 5)
with 92% ee (Scheme 1). Taking into account the electrophilic

Table 1. Iodocyclization Catalyzed by a Chiral Brønsted
Acid: Initial Studya

entry catalyst yieldb drc eed

1 none 82 2:1 −
2 1 86 >20:1 83
3 1·HNTf2 85 >20:1 96
4 1·(HNTf2)2 85 >20:1 94
5 1·(HNTf2)3 70 3:1 15
6 2 62 4:1 32
7 2·HNTf2 70 4:1 46
8 2·(HNTf2)2 76 3:1 10
9e 1·HNTf2 33 7:1 45

aUnless otherwise noted, all reactions were carried out at 0.10 mmol
scale using 1 equiv of phosphoramidic acid 3aa, 10 mol % catalyst, and
1.5 equiv of NIS in toluene (0.08 M) at −20 °C for 48 h. The relative
and absolute configurations of 4aa have been determined by X-ray
crystal structure analysis of 4ad; see Supporting Information for
details. bIsolated yield of a mixture of diastereomers. cDetermined by
1H NMR. dDetermined by HPLC with a chiral stationary phase for the
major diastereomer. eI2 was used instead of NIS.

Table 2. Substrate Scope of the Chiral Brønsted Acid
Catalyzed Diastereo- and Enantioselective Iodocyclizationa

entry 3 R1, R2 yieldb drc eed

1 ab 4-MeOC6H4, H 83 18:1 94
2 ac 3-MeOC6H4, H 71 18:1 93
3 ad 4-ClC6H4, H 74 >20:1 97
4 ae 2-FC6H4, H 80 >20:1 96
5 af Cy, H 95 >20:1 95
6 ag 3-butenyl, H 92 >20:1 98
7 ah Me, H 91 8:1 91
8 ai H, H 69 1:1 68/75e

9 aj Me, Me 92f 6:1 93
10 ba Ph, H 85 >20:1 93

aUnless otherwise noted, all reactions were carried out at 0.10−0.20
mmol scale using 1 equiv of the phosphoramidic acid, 10 mol % of 1·
HNTf2, and 1.5 equiv of NIS in toluene (0.08 M) at −20 °C for 48 h.
bIsolated yield of a mixture of diastereomers. cDetermined by 1H
NMR and/or HPLC. dDetermined by HPLC with a chiral stationary
phase for the major diastereomers. eEe for each diastereomer.
fCombined yield of 5-exo and 6-endo product.
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feature of cyclic organophosphorous compounds,11a iodophos-
phoramidate 4aj was treated with sodium methoxide to afford
the corresponding cis-dimethyl-epoxide 6a. The present
method could be regarded as a formal asymmetric epoxidation
of allylamine derivatives, where only one example of an
enantioselective epoxidation of allylamine derivatives has been
reported.17 The protocol is also applicable to the synthesis of
gem-disubstituted epoxy allylamines. Although partial epimeri-
zation at the P-chiral center was observed, cyclic phosphor-
amidate 4aa (>20:1 dr, 96% ee) was converted to
enantioenriched epoxide 6b18 as an acyclic chiral phosphor-
amidate in good yield with high enantioselectivity.1c,d,3b

In conclusion, the functionalization of unactivated alkenes
with the use of NIS and phosphoramidic acids has been
developed, leading to cyclic phosphoramidates in which both
carbon and phosphorus configurations are forged with a high
degree of absolute stereocontrol. Importantly, the present
reaction enables a catalytic formation of P-chiral phosphor-
amidates using a tactic that could be applied more broadly to
organophosphorous compounds. While stereodefined phos-
phoramidates are valuable in their own right, their treatment
with a base leads to an epoxide and, vis-a-vis, epoxy allylamines
in high enantiomeric excess. Noteworthy is the use of a (chiral)
polar ionic bond to promote the enantioselective cyclization
involving a polar covalent hydrogen bond. Efforts to identify
new synergistic transformations using these two types of
hydrogen bonds will be reported in due course.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental procedures and spectroscopic data for all new
compounds, and X-ray data (cif) for 4ad. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
jeffrey.n.johnston@vanderbilt.edu
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Research reported in this publication was supported by the
National Institute of General Medical Sciences of the National
Institutes of Health (GM 084333).

■ REFERENCES
(1) (a) Eto, M. Organophosphorous Pesticides: Organic and Biological
Chemistry; CRC: Cleveland, OH, 1974. (b) Fest, C.; Schmidt, K. J. The
Chemistry of Organophosphorous Pesticides; Springer: Berlin, Heidel-
berg, NY, 1982. (c) Mehellou, Y.; Balzarini, J.; McGuigan, C.
ChemMedChem 2009, 4, 1779−1791. (d) Sofia, M. J.; Chang, W.;
Furman, P. A.; Mosley, R. T.; Ross, B. S. J. Med. Chem. 2012, 55,
2481−2531. (e) Molt, O.; Schrader, T. Synthesis 2002, 2633−2670.
(2) (a) Lin, K.; Zhou, S.; Xu, C.; Liu, W. J. Agric. Food Chem. 2006,
54, 8134−8138. (b) Wang, C.; Zhang, N.; Li, L.; Zhang, Q.; Zhao, M.;
Liu, W. Chirality 2010, 22, 612−617.
(3) (a) Morales, E. H. R.; Balzarini, J.; Meier, C. Chem.Eur. J. 2011,
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