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An efficient method for the preparation of quaternary a-
aminophosphonic acid derivatives is reported. The nucleo-
philic addition of organometallic reagents to o-ketiminophos-
phonates allows the preparation of quaternary a-aminophos-

phonates. The diastereoselective synthesis of a quaternary a-
aminophosphonate using a chiral tartaric-acid-derived phos-
phonate is also described.

Introduction

Quaternary stereogenic centres are ubiquitous in natural
products and pharmaceutical agents, and the efficient for-
mation of quaternary centres is still a crucial challenge in
chemical synthesis.['l The formation of quaternary centres
from ketones and ketimines was for a long time unachiev-
able, due to the low electrophilicity of the carbonyl or ket-
imine groups and also to steric hindrance, both of which
contributed to the lack of reactivity.[!

Aminophosphorus derivatives are significant compounds
in organic and medicinal chemistry.®] The biological ac-
tivity and natural occurrence of a-aminophosphonates was
discovered half a century ago.[l Since then, the chemistry
and biology of these compounds have been widely devel-
oped.’] They can be considered to be isosteres of g-amino
acids, where the planar carboxylic acid has been substituted
by a bulkier tetrahedral phosphonate moiety. As may be
envisaged based on this structural analogy, simple a-amino-
phosphonic acid molecules or their phosphonate esters, as
well as their phosphapeptide derivatives, have found numer-
ous applications,[® for example, as haptens of catalytic anti-
bodies,[’? peptide mimetics,[’?! enzyme inhibitors,’ and
antibacterial agents,’¥l as well as agrochemical applica-
tions.[®

The biological potential of a-aminophosphonates has re-
sulted in considerable attention being given to the develop-
ment of improved methods for their synthesis.[”! However,
few methods have been described for the preparation of a-
aminophosphonates containing quaternary centres in the a-
position.! One straightforward method for the preparation
of a-aminophosphonates consists of the addition of nucleo-
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philes to o-iminophosphonates.!’1 Progress in this field
is complicated by the availability of the starting imines,
and to date, most of the research has been limited to
phosphaaldimines,[1°°-194 which may only be used for the
generation of tertiary aminophosphonates.

In recent years, our group has been involved in the prep-
aration of phosphorus-containing three-,l'l five-,l'?! and
six-membered!'3] heterocycles, and in the preparation of
simple,['¥ vinylic!'>! g-aminophosphonates as well as phos-
phadepsipeptides derived from a-aminophosphonates,!!°!
and we recently reported an efficient synthesis of B,y-unsat-
urated a-iminophosphonates by an aza-Wittig approach.[!”]
These imines have been shown to have very variable reactiv-
ities, and have proved to be very useful intermediates for the
synthesis of several a-aminophosphonic acid derivatives.['®]
Although it is quite general, one of the drawbacks of the
aza-Wittig methodology is that only N-aryl phosphazenes
can be used for the generation of the imine bond, which
means that only N-aryl-o-iminophosphonates can be pre-
pared. For this reason, we recently developed an improved
strategy for the synthesis of a-iminophosphonates derived
from ketones by formal oxidation of the C-N single bond
of the parent trisubstituted a-aminophosphonates.['%] As
part of on ongoing research into the chemistry of a-amino-
phosphonates and a-iminophosphonates, we report in this
paper the synthesis of tetrasubstituted a-aminophosphonic
acid derivatives by nucleophilic addition of Grignard rea-
gents or sodium acetylide to a-ketiminophosphonates,
which are generated by the oxidation of trisubstituted a-
aminophosphonates.

Results and Discussion

The substitution of a hydrogen atom by an alkyl group
(electrophilic reagent, E-X, Scheme 1) has been reported
for secondary o-aminophosphonates IV (R> = H,
Scheme 1).I'1 However, only one example has been de-
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scribed for an acyclic tertiary a-aminophosphonate IV (R?
# H),?% and three examples have been reported for cyclic
tertiary a-aminophosphonates IV.>!l1 The conversion of a-
aminophosphonate I into an imine derivative would open a
route for the overall substitution of a hydrogen atom by a
nucleophilic reagent. This could allow the conversion of a
tertiary a-aminophosphonate into a quaternary a-amino-
phosphonate, and may be considered to be complementary
(an “umpolung reaction) to the electrophilic substitution
of tertiary a-aminophosphonates. The fact that this method
uses nucleophilic reagents would even allow the introduc-
tion of, for example, aryl groups, which are not easily intro-
duced using electrophilic reagents.

R3 R3 ,R3
HN’ E-X HN’

R'O. /{LzE<— rRio. JxH —= Rrio._ N

R1og R? basieH R1O(,F)f R? R (,';, R?
v ref. [20,21] I R3 I
"
L+ rio. L , Nud

Scheme 1. General strategies for the synthesis of quaternary o-
aminophosphonates.

The construction of a carbon-nitrogen double bond
from a-amino-phosphonate 1 may be performed by selec-
tive N-chlorination of tertiary N-tosyl a-aminophosphonate
1 with an excess of trichloroisocyanuric acid (TCCA) in
CH,Cl,, followed by treatment with an excess of poly-
(4-vinylpyridine), to give a-ketiminophosphonate 2
(Scheme 2).1'%4 The presence of phosphonate and sulfonyl
groups in the structure of a-ketiminophosphonates 2 gives
electrophilic character to their iminic carbons and makes
them suitable substrates for nucleophilic addition reactions.

1. TCCA/CH,Cl,

HN”' S 2. Poly-Py/CH,Cl, 40 °C TS
meo. k" : meo.
Ph ref. [10a] _P” "Ph

MeO~ (IDI MeO 6
1 \ 2

\ HN/TS RM
THF, -80 ©

R
MeO. = )< Ph
MeQO” 1t
Scheme 2. Synthesis of quaternary a-aminophosphonates.

o 3

Therefore, treatment of a-ketiminophosphonate 2 with
organometallic reagents at —80°C gave quaternary o-
aminophosphonates 3 in very high yields (Table 1). The re-
action is quite general, since it allowed the preparation of
quaternary o-aminophosphonates with the introduction of
a second alkyl group (Table 1, entries 1 and 2), or of an
allyl group (Table 1, entry 3) or, remarkably, of a nucleo-
philic aryl group (Table 1, entries 4-6) when Grignard rea-
gents were used. But also, it allowed the incorporation of
7096
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an alkynyl group (Table 1, entry 7), when sodium acetylide
was used. As far as we know, these are the first examples
of the formal substitution of a hydrogenatom from a terti-
ary a-aminophosphonate 1 by an organometallic reagent
(an “umpolung reaction”) to obtain a quaternary a-amino-
phosphonate 3 (Scheme 2; I and III in Scheme 1).

Table 1. Synthesis of quaternary a-aminophosphonates 3 from a-
iminophosphonates 2.

Entry R-M Yield [%]®
1 3a MeMgBr 80
2 3b EtMgBr 81
3 3c CH,=CH-CH,MgBr 77
4 3d PhMgBr 79
5 3e (2-naphthyl)MgBr 79
6 3f (3,4-methylenedioxyphenyl)MgBr 78
7 3g CH=CNa 80

[a] Yield of isolated purified a-aminophosphonates 3 from o-imino-
phosphonates 2.

In recent years, some syntheses of optically active quater-
nary ca-aminophosphonic acid derivatives have been re-
ported based on the chiral auxiliary approach. In such
methods, a phosphorus reagent reacts with chiral imines[??!
or amines,>3l or imidazolidine-derived phosphono esters
are alkylated.>* However, there is no precedent for the dia-
stereoselective generation of quaternary a-aminophos-
phonates using a chiral phosphorus template. Therefore,
TADDOL-derived (TADDOL = 2,3-O-isopropylidene-
1,1,4,4-tetraphenylthreitol) o-ketiminophosphonate 7 was
generated by oxidation of the parent a-aminophosphonate
(i.e., 6; Scheme 3). TADDOL-derived a-aminophosphonate
6 was generated by Pudovik-type hydrophosphonylation of
tosylimine 4 using TADDOL phosphite 5. a-Aminophos-
phonate 6 was obtained in excellent yield as a mixture of
diastereoisomers (Scheme 3, 93%, dr = 77:23) from which
a single diastereoisomer could be isolated, if needed, by
crystallization from diethyl ether. Selective N-chlorination
of N-tosyl a-aminophosphonate 6 with trichloroisocyanuric

Ph ph

Ph
N/TS 5 Qo HN Ts
| X ,
Ph EtaN (10%) o o“o Ph
Tol, r.t.

93% Ph Ph

i TCCA CH2C|2 L.t 5
2. Poly-Py, CH,Cl, 40°C | 82%

Ph pn

X &
O‘\CO O Ph

Ph Ph

Scheme 3. Synthesis of TADDOL-derived a-ketiminophosphonate
7.

Eur. J. Org. Chem. 2013, 7095-7100



Tetrasubstituted a-Aminophosphonic Acid Derivatives

Eur

R Ph

>< N-Ts
o\

Ph Ph

THF —80°C
80—81 %

Xor

8a: R = Me (dr = 94:6)

European Journal
of Organic Chemistry

Ph ph
aq HCI H,N
o HN-Ts (1OM) 2" Ph
..ph HO._
P Me
o o R 0% HO )
Ph R =Me
Ph
(S)y9

8b: R = 2-naphthyl (dr = 55:45)

Scheme 4. Synthesis of quaternary a-aminophosphonic acid (S)-9.

acid (TCCA) in CH,Cl,, followed by treatment with poly(4-
vinylpyridine), gave a-ketiminophosphonate 7 (Scheme 3)
in good yield (82%).

Nucleophilic addition of Grignard reagents to TAD-
DOL-derived imine 7 at low temperature in THF gave en-
antiomerically enriched a-aminophosphonates 8 in good
yields, but with variable diastereoselectivities.

Although no significant diastereoselectivity was observed
for the addition of aromatic organometallic reagents (R =
2-naphthyl; dr = 55:45), the addition of methylmagnesium
bromide at —80 °C gave quaternary a-aminophosphonate 8a
in a highly diastereoselective fashion (dr = 94:6). After
crystallization from Et,O, only one of the diastereoisomers
was detected by NMR spectroscopy. Simultaneous hydroly-
sis of the phosphonate and tosyl groups using hydrochloric
acid (10 M aq.) gave enantiomerically pure quaternary o-
aminophosphonic acid (S)-9 in good yield (Scheme 4).
Comparison of the optical rotatory power of a-aminophos-
phonic acid (S)-9 with literature values®)! confirmed an S-
(+) absolute configuration of the stereocentre.

Based on the configuration of the stereogenic centre, we
propose a model for the addition of the nucleophilic rea-
gent. The phosphorus-containing seven-membered ring
adopts a more stable boat conformation, fixed by the trans
configuration of the fused five-membered ring. The two he-
teroatoms adopt the more stable equatorial orientations,
with the two hydrogen atoms in axial positions (Figure 1).
In this conformation, nucleophilic attack to the Re face is
substantially favoured, due to the presence of the axial
phenyl group, which blocks the Si face (Figure 1).

Ho%"\/Ie

Figure 1. Model for the nucleophilic addition of organometallic
reagents to o-ketiminophosphonate 7.

Conclusions

In summary, we have described an efficient strategy for
the preparation of quaternary a-aminophosphonates from
tertiary a-iminophosphonates. The synthetic protocol com-
prises the generation of an intermediate o-iminophos-
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phonate by oxidation of the amine C-N bond, and the sub-
sequent nucleophilic addition of organometallic reagents. It
should be noted that this method allows functionalization
with nucleophilic reagents such as, for example, aryl or acet-
ylenic groups; the introduction of such groups is less feas-
ible when electrophilic reagents have to be used. The pres-
ence of the tosyl group on the nitrogen atom allows easy
deprotection of the nitrogen, and is essential for the acti-
vation of the imine bond towards nucleophilic addition.
This strategy opens a new approach for the preparation of
quaternary o-aminophosphonic acid derivatives from terti-
ary a-aminophosphonates by formal substitution of the
hydrogen atom by nucleophilic reagents, and allows the
stereoselective addition of carbon nucleophiles to o-ket-
iminophosphonates.

Experimental Section

General Remarks: All reactions were performed under an atmo-
sphere of dry nitrogen. 'H (300 MHz), '*C (75 MHz), and *'P
NMR (120 MHz) spectra were recorded in CDCl; with tetrameth-
ylsilane as an internal reference for 'H and '3C NMR spectra, and
phosphoric acid as an external reference for 3'P NMR spectra.
Chemical shifts are reported in ppm, and coupling constants are
reported in Hertz. '3C NMR peak assignments were supported by
DEPT experiments. High-resolution mass spectra (HRMS) were
obtained by positive-ion electrospray ionization (ESI). Infrared
spectra (IR) were recorded as neat solids. Peaks are reported in
cm!. g-Iminophosphonate 2, N-tosyl imine 4,?% and TADDOL
phosphite 571 were prepared following literature procedures.

Nucleophilic Addition of a Grignard Reagent or Sodium Acetylide
to o-Ketiminophosphonate 2: An organometallic reagent (1.0 M solu-
tion in THF; 1.1 mL, 1.1 mmol) was added to a solution of a-
ketiminophosphonate 2 (1.0 mmol) in THF (3 mL) at -80 °C. The
mixture was stirred for 1 h at —80 °C, and then it was warmed to
room temp. The reaction was then quenched with NH4Cl (satu-
rated aq.; 5 mL). The resulting mixture was diluted with CH,Cl,
(15 mL), washed with water (3 X 10 mL), dried with MgSO,, and
concentrated under vacuum. The residue was purified by column
chromatography (EtOAc/hexanes, 4:1).

3a: White solid (80%), m.p. 161-162 °C (Et,0). '"H NMR: 6 = 1.99
(d, *Jpy = 16.9 Hz, 3 H, CHs), 2.36 (s, 3 H, CHs), 3.41 (d, 3/py =
10.6 Hz, 3 H, CH;0), 3.82 (d, 3Jpy; = 10.8 Hz, 3 H, CH;0), 5.91
(d, 3Jp = 7.8 Hz, 1 H, NH), 7.11 (d, *J31.5 = 8.0 Hz, 2 H, 2 CHy)),
7.20 (d, 3Jy = 8.0 Hz, 2 H, 2 CHy,), 7.40-7.44 (m, 3 H, 3 CH,,),
7.54 (d, 3/ = 8.3 Hz, 2 H, 2 CH,,) ppm. *C NMR: § = 20.4
(d, 2Jpc = 5.2Hz, CHs), 21.3 (CHs), 53.9 (d, 2Jpc = 7.0 Hz,
CH;0), 54.5 (d, 2Jpc = 7.1 Hz, CH;0), 61.1 (d, Jpe = 152.2 Hz,
CquatP). 1267 (2 CHa,), 128.0 (d, SJpc = 2.9 Hz, CHy,), 128.1 (d,
4Jpc = 2.2 Hz, 2 CHy,), 1284 (d, 3Jpe = 6.0 Hz, 2 CH,,), 128.6
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(2 CHa,), 133.4 (Cquar), 141.8 (d, 2Jpc = 1.7Hz, Cgyua), 142.3
(Cquav) ppm. *'P NMR: § = 26.1 ppm. IR: ¥ = 3315 (N-H st) 1332
(O=S=0 st as) 1244 (P=0 st), 1167 (O=S=0 st sim) cm '. HRMS
(ESI): caled. for C;H,,NOsPS [M + HJ]" 384.1035; found
384.1037.

3b: White solid (81%), m.p. 90-91 °C (Et,O). 'H NMR: § = 1.02
(t, 3Juu = 7.3 Hz, 3 H, CHa), 2.31 (s, 3 H, CH3), 2.37-2.66 (m, 2
H, CH,), 3.37 (d, 3Jpy = 10.6 Hz, 3 H, CH;0), 3.43 (d, 3Jpy =
10.5 Hz, 3 H, CH;0), 5.63 (d, 3Jpy = 8.8 Hz, 1 H, NH), 7.07-7.09
(m, 5 H, 5 CHy,), 7.35 (d, 3Jyu = 7.0 Hz, 2 H, 2 CH,,), 7.47 (d,
3Jun = 8.1 Hz, 2 H, 2 CH,,) ppm. '*C NMR: § = 9.6 (CH3), 21.7
(CH3), 27.6 (CH.), 53.9 (d, 2Jpc = 7.6 Hz, CH;0), 54.5 (d, 2Jpc =
7.5Hz, CH;0), 65.9 (d, 'Jpc = 148.1 Hz, Cquy), 127.2 (CHp,),
127.3 (2 CHa,), 128.1 (d, 3Jpc = 2.5Hz, 2 CH,,), 128.5 (d, *Jpc
=35.2Hz, 2 CHy,), 129.4 (2 CHy,), 136.5 (d, 2Jpc = 4.5 Hz, Cqua),
139.9 (d, *Jpc = 1.4 Hz, Cquar), 143.2 (Cquar) ppm. 3P NMR: 6 =
25.6 ppm. IR: ¥ = 3307 (NH st), 1322 (O=S=0 st as), 1230 (P=0
st), 1160 (O=S=0 st sim) cm!. HRMS (ESI): caled. for
CsH»4NOsPS [M + H]" 398.1186; found 398.1193.

3c: White solid (77 %), m.p. 141-142 °C (Et,0). '"H NMR: 6 = 2.40
(s, 3 H, CH3), 2.65 (m, 1 H, CH,), 2.92 (m, 1 H, CH,), 4.95-5.33
(m, 2 H, CH,=), 5.57 (d, 3Jpyz = 9.6 Hz, 1 H, NH), 3.49 (d, 3Jpy
=10.6 Hz, 3 H, CH;0), 7.09-7.42 (m, 7 H, 7 CH,,), 7.50 (d, 3Ju 1
= 8.3 Hz, 2 H, 2 CH,,) ppm. *C NMR: ¢ = 21.7 (CH3), 39.3 (d,
2Jpc = 1.5 Hz, CH,), 54.0 (d, 2Jpc = 7.6 Hz, CH30), 54.5 (d, 2Jpc
= 7.8 Hz, CH;0), 64.7 (d, 'Jpc = 148.7 Hz, CHP), 119.8 (d, *Jpc
=13.6 Hz, CH,=), 127.1 (d, 3Jpc = 3.7 Hz, CH,,), 127.3 (2 CHy,),
128.1 (2 CHa,), 128.6 (d, 3Jpc = 5.0 Hz, 2 CH,,), 129.3 (d, *Jpc
= 3.3 Hz, 2 CHy,), 132.9 (d, 2Jpc = 2.9 Hz, Cquap), 133.2 (d, *Jpc
= 11.6 Hz, CH=), 139.8 (Cquar), 143.3 (Cquar) ppm. 3P NMR: § =
24.6 ppm. IR: ¥ = 3312 (NH st), 1329 (O=S=O0 st as), 1240 (P=0
st), 1170 (O=S=0 st sim). HRMS (ESI): calcd. for C,;oH,sNOsPS
[M + H]* 410.1191; found 410.1188.

3d: White solid (79 %), m.p. 176-177 °C (Et,0). '"H NMR: ¢ = 2.34
(s, 3 H, CH3), 3.50 (d, 3Jpu = 10.5Hz, 6 H, 2 CH;0), 5.91 (d,
3Jpu = 10.0 Hz, 1 H, NH), 6.96 (d, 3Ji; 5 = 8.2 Hz, 4 H, 2 CHy,),
7.06 (d, 3Ju = 8.2 Hz, 4 H, 2 CHy,), 7.17-7.25 (m, 6 H, 6 CH,,),
7.79 (m, 4 H, 4 CH,,) ppm. 3C NMR: ¢ = 21.4 (CH3), 54.5 (d,
2Jpc = 1.8 Hz, 2 CH;30), 69.2 (d, 'Jpc = 149.4 Hz, CyyolP), 126.4 (2
CHa,), 127.5 (d, *Jpc = 1.5 Hz, 4 CHy,), 128.0 (d, °Jpc = 2.1 Hz, 2
CHap,), 128.8 (2 CHa,), 130.3 (d, 3Jpc = 6.0 Hz, 4 CH,,), 135.6 (d,
2Jpc = 4.2 Hz, 2 Cgyar), 139.0 (Cquar), 142.2 (Cquar) ppm. 3'P NMR:
0 = 23.8 ppm. IR: ¥ = 3314 (NH st), 1365 (O=S=0 st as), 1222
(P=0 st), 1166 (O=S=0 st sim). HRMS (ESI): calcd. for
C,,H,5sNOsPS [M + H]* 446.1191; found 446.1188.

3e: White solid (79 %), m.p. 211-212 °C (Et,0). '"H NMR: § = 2.09
(s, 3 H, CH3), 3.40 (d, 3Jpu = 10.5 Hz, 3 H, CH;0), 3.48 (d, 3Jpy
= 10.6 Hz, 3 H, CH;0), 6.00 (d, 3Jpy; = 10.6 Hz, 1 H, NH), 6.60
(d, 3Juy = 8.4Hz, 2 H, 2 CH,,), 6.88 (d, 3Jyu = 8.1Hz, 2 H, 2
CHy,), 7.19-7.68 (m, 11 H, 11 CHy,), 7.98 (s, 1 H, 1 CH,,) ppm.
13C NMR: 6 = 21.2 (CH3), 54.5 (d, 2Jpc = 7.7 Hz, CH;0), 54.7 (d,
2Jpc = 7.9 Hz, CH30), 69.3 (d, 'Jpc = 148.2 Hz, Cyya0), 125.8-
130.2 (m, 16 CHp,), 132.3 (d, 3Jpc = 1.5 Hz, Cquar), 132.6 (d, 2pc
= 4.8 Hz, Cyuar), 132.7 (d, ¥Jpc = 1.1 Hz, Cquar), 135.6 (d, 2Jpc
= 5.5Hz, Cquar), 138.6 (Cquar), 142.2 (Cquar) ppm. *'P NMR: 6 =
23.9 ppm. IR: ¥ = 3357 (NH st), 1325 (O=S=0 st as), 1236 (P=0
st), 1157 (O=S=0 st sim). HRMS (ESI): calcd. for C,4H,cNOsPS
[M + H]* 496.1342; found 496.1344.

3f: White solid (78 %), m.p. 167-168 °C (Et,0). '"H NMR: § = 2.34
(s. 3 H, CH3), 3.41 (d, 3Jpyy = 10.5 Hz, 3 H, CH;0), 3.60 (d, *Jpyy
=10.6 Hz, 3 H, CH;0), 5.85 (d, 2J;;; = 1.4 Hz, 1 H, CH,0), 5.85
(d, 3Jpsy = 10.9 Hz, 1 H, NH), 5.91 (d, /3.y = 1.4 Hz, 1 H, CH,0),
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6.54 (d, 3Jgu = 9.3Hz, 1 H, CHyu,), 6.93 (m, 2 CH,,), 6.99 (d,
3Jan =74 Hz, 2 H,2 CHa,), 7.11 (dd, 3Jgu = 8.2, *7Jpu = 1.5 Hz,
2 H, 2 CHy,,), 7.25-7.27 (m, 3 H, 3 CH,,), 7.62 (m, 2 H, 2 CH,,)
ppm. 3C NMR: 6 = 21.2 (CH3), 54.1 (d, 2Jpc = 7.9 Hz, CH;0),
54.6 (d, 2Jpc = 7.7 Hz, CH;0), 68.6 (d, "Jpc = 149.3 Hz, Cyua),
101.0 (CH,0), 106.8 (CHa,), 111.0 (d, 3Jpc = 6.0 Hz, CHy,), 124.8
(d, 3Jpc = 7.5 Hz, CHy,), 126.3 (2 CHy,), 127.3 (d, 3Jpc = 2.3 Hz,
2 CHa,), 128.0 (d, 3Jpc = 2.3 Hz, CHy,), 128.5 (2 CH,,), 128.9 (d,
2Jpc = 4.8 Hz, Cquar), 130.0 (d, “Jpc = 5.4 Hz, 2 CH,,), 135.7 (d,
2Jpc = 5.3 Hz, Cquar), 139.0 (Cquar), 142.1 (Cquar), 146.6 (d, 5Jpc =
1.5 Hz, Cquar), 147.1 (d, *Jpc = 1.8 Hz, Cqyyr) ppm. 3P NMR: 6 =
23.8 ppm. IR: ¥ = 3244 (NH st), 1335 (O=S=0 st as), 1232 (P=0
st) 1161 (O=S=0 st sim). HRMS (ESI): calcd. for C,sH,sNOsPS
[M + H]* 490.1084; found 490.1112.

3g: White solid (77 %), m.p. 181-182 °C (Et,0). '"H NMR: ¢ = 2.31
(s, 3 H, CHy), 2.67 (d, *Jyug = 6.0 Hz, =CH), 3.39 (d, 3Jpy =
10.6 Hz, 3 H, CH;0), 3.73 (d, 3Jpu = 10.7 Hz, 3 H, CH;0), 5.81
(d, 3Jpy = 5.8 Hz, 1 H, NH), 7.08 (d, 3Jy ;s = 8.1 Hz, 2 H, 2 CHy,),
7.20-7.22 (m, 3 H, 3 CHy,), 7.53 (d, 3Ji = 8.1 Hz, 2 H, 2 CHy,),
7.59 (m, 2 H, 2 CH,,) ppm. 3C NMR: J = 21.5 (CHj3), 55.8 (d,
2Jpc = 7.4 Hz, CH;0), 55.9 (d, 2Jpc = 7.4 Hz, CH;0), 58.5 (d,
Upc = 160.0 Hz, Cyyar), 77.0 (d, 3Jpc = 23.1 Hz, =CH), 79.0 (d,
2Jpc = 8.8 Hz, =CH), 127.7 (d, 3Jpc = 4.7 Hz, 2 CHy,,), 128.1 (d,
4Jpc = 2.6 Hz, 2 CH,,), 128.5 (d, >Jpc = 2.9 Hz, CH,,), 129.0 (2
CHa,), 133.7 (d, 2Jpc = 6.2 Hz, Cquar), 138.2 (Cquar), 143.4 (Cquar)
ppm. *'P NMR: § = 18.3 ppm. IR: ¥ = 3310 (NH st), 3257 (=C-
H st), 2109 (C=C), 1325 (O=S=0 st as), 1249 (P=0 st) 1157
(O=S=0 st sim). HRMS (ESI): caled. for C;gH,NOsPS
[M + H]* 394.0873; found 394.0879.

Synthesis of TADDOL o-Aminophosphonate 6: Triethylamine
(0.35mL, 2.5 mmol) was added to a suspension of N-tosylimine 4
(6.48 g, 25 mmol) and TADDOL phosphite 5 (12.8 g, 25 mmol) in
toluene (50 mL), and the reaction mixture was heated at reflux in
toluene for 24 h. The solvent was evaporated under vacuum, and
the resulting solid was purified by crystallization from diethyl ether
to give 6 (17.95g, 93%) as a mixture of diastereoisomers (dr =
77:23, determined by 3'P NMR spectroscopy). A second crystalli-
zation from diethyl ether gave a single diastereoisomer of 6 (13.7 g,
71%) as a white solid (dr > 95:5, determined by 3'P NMR spec-
troscopy), m.p. 235-236 °C (Et,0). 'H NMR: 6 = 0.49 (s, 3 H,
CHs), 0.79 (s, 3 H, CH3), 2.29 (s, 3 H, CH3), 4.85 (dd, 3Jy . = 7.1,
2Jpu = 24.6 Hz, 1 H, CHP), 5.05 (d, *Jyu = 7.9 Hz, 1 H, CHO),
5.36 (d, 3Jn = 8.1 Hz, 1 H, NH), 542 (d, 3Jyn = 79 Hz, 1 H,
CHO), 6.91-7.51 (m, 29 H, 29 CH,,) ppm. *C NMR: ¢ = 21.3
(CHs3), 26.2 (CH3), 26.8 (CH3), 58.2 (d, 'Jpc = 165.1 Hz, CHP),
79.4 (CHO), 80.0 (CHO), 88.0 (d, 2Jpc = 8.5 Hz, Cquat0), 91.5 (d,
2Jpc = 14.0Hz, CquaO), 114.1 (OCquaO), 126.4-129.7 (m, 29
CHa,), 133.8 (Cquar)s 133.9 (d, 2Jpc = 5.4 Hz Cquar), 138.0 (Cyyar).
139.4 (Cquar)s 139.5 (Cquar), 143.0 (d, *Jpc = 8.1 Hz, Cyyar), 143.6
(d, *Jpc = 7.1 Hz, Cqua) ppm. P NMR: ¢ = 14.3 ppm. IR: ¥ =
3329 (NH st), 1333 (O=S=0 st as), 1251 (P=0 st), 1163 (O=S=0
st sim). HRMS (ESI): calcd. for C4sH4,NO,PS [M + H]* 772.2498;
found 772.2500.

Synthesis of TADDOL a-Iminophosphonate 7: Trichloroisocyanuric
acid (3.49 g, 15 mmol) was added to a solution of a-aminophos-
phonate 6 (7.72 g, 10 mmol) in CH,Cl, (30 mL) at room temp. The
resulting suspension was stirred overnight until the disappearance
of starting a-aminophosphonate 6 was observed, as monitored by
3IP NMR spectroscopy. Then the solid residue was removed by
filtration to give a clear solution of the N-chloro-a-aminophos-
phonate intermediate (*'P NMR: 6 = 10.2 ppm). Poly(4-vinylpyr-
idine) (3 g), which had been dried at 100 °C overnight, was added.
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The resulting suspension was stirred under reflux overnight, then
it was filtered, and the filtrate was concentrated under vacuum. The
crude residue was purified by crystallization from Et,O to give 7
(6.31 g, 82%) as a white solid, m.p. 138-139 °C (Et,0). 'H NMR:
0=0.57 (s, 3 H, CH3), 0.70 (s, 3 H, CHy), 2.46 (s, 3 H, CH3), 5.17
(d,3Jyn =79 Hz, 1 H, CHO), 5.48 (d, 3Jy.;1 = 7.8 Hz, 1 H, CHO),
7.02-7.56 (m, 27 H, 27 CHa,), 7.73 (d, *Jyu = 8.2Hz, 2 H, 2
CH,,) ppm. 3C NMR: 6 = 21.5 (CH3), 26.5 (CHj3), 26.6 (CHj),
79.4 (d, 3Jpc = 2.1 Hz, CHO), 79.9 (d, 3Jpc = 1.8 Hz, CHO), 88.6
(d, Jpc = 8.5 Hz, Cquai0), 92.2 (d, 2pc = 13.0 Hz, CyyaO), 114.4
(OCquatO), 126.6 (2 CHy,), 127.0 (2 CHa,), 127.1 (2 CHa,), 127.2
(2 CHy,y), 127.6 (CHpy,), 127.7 (2 CHy,), 127.9 (2 CHy,), 128.1 (2
CH,,), 128.2-128.5 (m, 7 CH,,), 128.6 (CHy,), 128.6 (CHyy),
129.4 (d, 3Jpc = 2.6 Hz, 2 CHy,), 129.5 (2 CHy,), 131.4 (d, 3Jpc
= 1.0 Hz, CHy,,), 133.5 (d, 2Jpc = 27.3 Hz, Cquay), 137.1 (d, “Jpc
= 2.5Hz, Cyuar), 139.0 (d, 3Jpc = 13.6 Hz, Cquar), 139.1 (Cquar),
142.7 (Cquar)s 143.3 (d, 3Jpc = 4.8 Hz, Cyyay), 144.0 (Cquar), 176.6
(d, Jpc = 217.0 Hz, C=N) ppm. 3'P NMR: § = -5.6 ppm. IR: ¥
= 1617 (C=N st), 1336 (O=S=0 st as), 1262 (P=0 st), 1166
(0=S=0 st sim). MS (EI): m/z (%) = 769 (12) [M]*, 614 (3), 258
(100). HRMS (ESI): calcd. for C4sHy4oNO,PS [M + H]* 770.2341;
found 770.2343.

Nucleophilic Addition of a Grignard Reagent to TADDOL a-Imino-
phosphonate 7: The organometallic reagent (1.0 M solution in THF;
0.6 mL, 0.6 mmol) was added to a solution of a-ketiminophos-
phonate 7 (385 mg, 0.5 mmol) in THF (1 mL) at —80 °C. The mix-
ture was stirred for 1 h at —80 °C, and then it was warmed to room
temp. The reaction was then quenched with NH,4Cl (saturated aq.;
2mL). The resulting mixture was diluted with CH,Cl, (5 mL),
washed with water (3 X 5SmL), dried with MgSO,, and concen-
trated under vacuum. The residue was purified by column
chromatography (EtOAc/hexanes, 4:1).

8a: dr = 94:6 (> 95:5 after chromatography). White solid (81%),
m.p. 116-117 °C (Et,0). '"H NMR: § = 0.49 (s, 3 H, CH3), 0.81 (s,
3 H, CH3;), 2.00 (d, 3Jpy = 18.0 Hz, 3 H, CH3), 2.39 (s, 3 H, CH3),
5.04 (d, 3Jyn = 5.5Hz, 1 H, CH), 542 (d, 3Jun = 5.5Hz, 1 H,
CH), 7.05-7.59 (m, 29 H, 29 CH,,) ppm. *C NMR: ¢ = 20.5 (d,
2Jpc = 6.0 Hz, CH3), 21.3 (CH3), 26.2 (CH3), 26.8 (CH3), 60.4 (d,
'Jpc = 160.6 Hz, CHP), 78.6 (CHO), 79.2 (CHO), 86.9 (d, 2Jpc =
8.3 Hz, CquatO), 91.5 (d, 2Jpc = 14.2 Hz, C 40 0), 113.8 (OC40:0O),
126.1-129.6 (m, 29 CH,,), 137.4 (d, *Jpc = 3.4 Hz Cgya), 138.9 (d,
2Jpc = 9.9 Hz, Cyuar), 139.0 (Cyuar)s 139.6 (Cquar)s 142.8 (Cyuar),
1429 (d, *Jpc = 8.2Hz, Cyuar), 143.6 (d, *Jpc = 7.1 Hz, Cquar)
ppm. 3P NMR: ¢ = 18.4 ppm. IR: ¥ = 3328 (NH st), 1333 (0=S=0
st as), 1251 (P=0 st), 1163 (O=S=0 st sim). MS (EI): m/z (%) =
785 (60) [M]*, 631 (11), 353 (100). HRMS (ESI): calcd. for
Cy46H44NO,PS [M + H]* 786.2654; found 786.2649.

8b: dr = 55:45 (63:37 after chromatography). White solid (80%),
m.p. 139-140 °C (Et,0). '"H NMR: § = 0.37 and 0.40 (s, 3 H, CH;
major and minor), 0.68 and 0.72 (s, 3 H, CH3 major and minor),
2.24 and 2.42 (s, 3 H, CH; major and minor), 4.63 and 4.73 (d,
3Jun = 79 Hz and d, 3Jyy = 7.8, 1 H, CHO major and minor),
5.36 and 5.40 (d, 3Jyy 1 = 7.8 Hz, and d, 3Jy iy = 7.5 Hz, 1 H, CHO
major and minor), 5.94 (d, 3Jpy = 7.7 Hz, 1 H, NH major and
minor), 6.71-7.92 (m, 36 H, 36 CH , major and minor). 3C NMR:
0 = 21.3 and 22.3 (CH;, major and minor), 21.6 and 22.6 (CHs,
major and minor), 26.8 and 26.9 (CHj3, major and minor), 69.0
and 69.3 (d, 'Jpc = 156.9 Hz and d, 'Jpc = 157.1 Hz, CHP, minor
and major), 78.5 and 78.7 (d, *Jpc = 1.2 Hz and d, 3Jpc = 1.1 Hz,
CHO, major and minor), 78.8 and 78.9 (d, 3Jpc = 2.3 Hz and d,
3Jpc = 1.9 Hz, CHO, minor and major), 87.5 and 87.6 (d, 2Jpc =
8.0 Hz and d, 2Jpc = 8.1 Hz, Cgy,O, major and minor), 87.5 and
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87.6 (d, Jpc = 8.0Hz and d, 2Jpc = 8.1 Hz, CquyiO, major and
minor), 92.8 and 93.0 (d, 2Jpc = 13.0 Hz and d, 2Jpc = 14.4 Hz,
CquatO, minor and major), 114.0 and 114.1 (OCy;,,O, major and
minor), 125.3-130.8 (m, 36 CH4, major and minor), 131.9-143.9
(m, 10 Cgyyue major and minor). 3'P NMR: ¢ = 17.6 (major), 17.9
(minor) ppm. IR: ¥ = 3310 (NH st), 1334 (O=S=O0 st as), 1259
(P=0 st) 1160 (O=S=0 st sim). MS (EI): m/z (%) = 785 (60)
[M]*, 631 (11), 353 (100). HRMS (ESI): calcd. for CssHysNO,PS
[M + HJ* 898.2967; found 898.2975.

Hydrolysis of TADDOL-Derived o-Aminophosphonate 8a: A sus-
pension of c-aminophosphonate 9a (393 mg, 0.5 mmol) in HCI
(10 M aq.; 2 mL) was heated at reflux overnight. The resulting solu-
tion was concentrated under vacuum, the residue was dissolved in
hot EtOH (2 mL), and an excess of propylene oxide was added to
this solution. The mixture was stirred for 3 h at room temp., and
the resulting white solid was collected by filtration to give (S)-9
(80 mg, 80%). [a]®) = —52.6 (¢ = 0.80, 1 M NaOH). Data agree with
literature values.?®!

Supporting Information (see footnote on the first page of this arti-
cle): 1) 'H and '3C NMR spectra of quaternary N-tosyl a-amino-
phosphonates 3a-3g, N-tosyl a-aminophosphonate 6, N-tosyl o-
iminophosphonate 7, and quaternary N-tosyl a-iminophosphon-
ates 8a and 8b.
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