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A series of phosphonochloridates and phosphonyl dichlorides were prepared, and their reactivity with triethylamine has been investigated
using %P NMR spectroscopy. Taken together these studies provide evidence that an intramolecular hydrogen-bond is required for
phosphonylammonium salt formation to render the phosphorus more electron-deficient.

Phosphonate esters are privileged surrogates for the unstabldgeen made to develop more reactive phosphonylating agents
high energy tetrahedral transition states found in many [e.qg., bis(benzotriazolyl)-phosphonaté€)uring the course
chemical reactions, including enzyme-catalyzed reactiohs.  of our work on hapten synthesis, we reported a new method
Effective phosphorylation procedures are, therefore, of for the phosphonylation of alcohdishis protocol calls for
importance in the design and synthesis of, on one hand,treatment of phosphonochloridata,b with triethylamine
inhibitors of proteolytic enzymes and, on the other, haptens to afford a new species, the phosphony! triethylammonium
for the generation of catalytic antibodi€3hese protocols  salts (3a,b; Scheme 1). The reactivity of these phosphony-
are also of great interest for the preparation of analogues of

phospho-ester-containing natural prodtcts. -

The preparation of mixed phosphonate esters generally Scheme 1
relies on the reaction between phosphonochloridates or o o
phosphonyl dichlorides with alcohdisEfforts have also ! -OEt EtsN, [l OEt .
RHN___PC _ RHN. P of
* Corresponding authors. E-mail for R. Hirschmann: rth@sas.upenn.edu. X=0H 1 = (COCH:, 3
(1) Lerner, R. A.; Benkovic, S. J.; Schultz, P. 6ciencel991, 252, X=Cl 2 = DMF (cat), CHyCl
659—667. C|> OFt
(2) Benkovic, S. JAnnu. Rew. Biocheni992,61, 29-54. ROH RHN 1
(3) (a) Hirschmann, R.; Smith, A. B., lll; Taylor, C. M.; Benkovic, P. a R=Cbz ~ \OR
A.; Taylor, S. D.; Yager, K. M.; Sprengeler, P. A.; Benkovic, SSdience b R =Fmoc 4

1994,265, 234—237. (b) Smithrud, D. B.; Benkovic, P. A.; Benkovic, S.
J.; Taylor, C. M,; Yager, K. M.; Witherington, J.; Phillips, B. W.; Sprengeler,
P. A.; Smith, A. B., lll; Hirschmann, RJ. Am. Chem. Sod 997,119, ) )
272(34—)2':82. | (@) Pratt, R Sciencel989,246, 917919, (b) lating agents toward alcohols and amines was found to be
or example, see: (a) Pratt, R.$cienc ,246, —919. ; n ; ;
Bartlett, P. A.; Giangiordano, M. Al. Org. Chem1996,61, 3433—3438. high, often providing superior yields of phosphonate esters
(c) Chen, S.; Lin, C.-H.; Kwon, D. S.; Walsh, C. T.; Coward, JJKMed.
Chem.1997,40, 3842—3850. (6) Zhao, K.; Landry, D. W.Tetrahedron1993, 49, 363—368 and
(5) Engel, R.Chem. Re»1977,77, 349—367. references cited therein.
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(4a,b) or phosphonamides when compared with the reaction the 3'P NMR resonance (from 44.0 to 54.0), characteristic
of the corresponding phosphonochloridates. In addition to for phosphonylammonium salt formatién.

improved yields and reaction rate3a,b, obtained by the
sequential addition of triethylamine to the phosphonochlo-
ridates, also displayed a greater affinity for alcohols over
amines®

These examples clearly demonstrate that both mono- and
dichlorides can be converted into phosphonylammonium
salts. The difference in reactivity betwe2a and8 (or 11
and5) must therefore derive from the (N-benzyloxycarbon-

Recently, we became interested in applying this method yl)aminomethyl vs phenyl side chain. The presence of an

to phosphonyl dichlorid®. Unexpectedly, no phosphonyl-
ammonium salt was formed wheh was treated with
triethylamine in deuterated chloroform (Scheme 2). Accord-
ing to 3P NMR spectroscopy, the starting material remained
unchanged.
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Intrigued that this result could arise from the structural
differences between compounédsand 5, we examined in

o-alkyl substituent on compoun@a had already been
demonstrated to be compatible with phosphonylammonium
salt formatiorf® indicating that an electronic factor, rather
than steric, most likely accounts for the difference.
Following this reasoning, replacement of the Cbz-carbam-
ate by another electron-withdrawing substituent like a
phthalimide was expected to result in similar reactivity.
Phthalimidesl3'* and16'2 were converted, respectively, to
the corresponding monochloridetl and dichloridel?7, and
then treated with triethylamine (Scheme 3). Bathand17
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more detail the structural features of phosphonochIoridatesfa"ec's'i0 form the corresponding phosphonylammonium salt
that are suitable precursors of phosphonylammonium salts.(€-9->"P NMR), implying that the carbamate groupénd

For example, monochlorid®8 was examined to determine

11, absent inl4 and 17, promotes phosphonylammonium

whether the presence of an alkoxy group, more electro- salt formation by some mechanism other than a simple

negative than chlorine, but having a greatedlonor ability
compared to Cl is required. Toward this end, conversion of
dichloride 5 to the corresponding symmetrical diester fol-
lowed by alkaline hydrolysis furnishe@ in 97% vyield
(Scheme 2). Monochlorid®,® obtained by treatment of
compound? with oxalyl chloride, however, failed upon
addition of triethylamine (same conditions as f8) to
generate phosphonylammonium s&ltThe reverse experi-
ment, using phosphonyl dichloridd having the same alkyl

inductive effect.

This observation suggested that the acidic carbamate
hydrogen might be the distinctive feature. Formation of an
intramolecular hydrogen bond between the carbamate NH
and the phosphonyl oxygen would increase the polarization
of the P-O bond, rendering the phosphorus more electron-
deficient, and therefore more susceptible to attack by the
nucleophilic tertiary amine (Figure 1). The importance of

side-chain aa, was then explored. Conversion of phos- | GGG

phonic acid10'° to the corresponding dichlorid&l and
treatment with triethylamine resulted in a downfield shift of

(7) (a) van der Klein, P. A. M.; Dreef, C. E.; van der Marel, G. A.; van
Boom, J. H.Tetrahedron Lett1989 30, 5473-5476. (b) Dreef, C. E;
Douwes, M.; Elie, C. J. J.; van der Marel, G. A.; van Boom, JSkhthesis
1991, 443—447.

(8) (@) Hirschmann, R.; Yager, K. M.; Taylor, C. M.; Moore, W.;
Sprengeler, P. A.; Witherington, J.; Phillips, B. W.; Smith, A. B., I
Am. Chem. Socl995,117, 6370—6371. (b) Hirschmann, R.; Yager, K.
M.; Taylor, C. M.; Witherington, J.; Sprengeler, P. A.; Phillips, B. W.;
Smith, A. B., Ill. J. Am. Chem. S0d.997,119, 8177-8190.

(9) The mono- and dichlorides described in this report were prepared in

situ at 0°C, concentrated in vacuo in the presence of toluene and used

without further purification.
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Figure 1. Electrophilic activation of phosphorus via an intra-
molecular hydrogen-bond.

intramolecular participation of a hydrogen-bond in the base-
catalyzed hydrolysis of phosphonate esters has been re-

Org. Lett., Vol. 2, No. 24, 2000



ported!® We propose here that in similar fashion, a five-
membered-ring intramolecular hydrogen-bond activates the
phosphorus atom i2a and 2b and is thereby responsible
for formation of the phosphonylammonium salts (Figure 1).
Infrared andH NMR spectroscopy indicate that com-
pound2a indeed forms an intramolecular hydrogen-bond.
The IR spectra of compourghin chloroform displayed two
NH stretches; a broad peak at 3340 <¢nderives from
hydrogen-bonded conformers, whereas the sharp peak a
3445 cmt arises from non-hydrogen-bonded conformiérs.
The spectra are essentially identical over the concentration
range studied (5 102to 1 x 103 M), indicating that the
hydrogen-bond is intra- and not intermolecular. Likewise,
variable concentratioftH NMR spectroscopy betweenb
102to 1 x 102 M revealed only a small concentration
dependence of the NH chemical shift (0.25 ppm), consistent
with the presence of an intramolecular hydrogen-btnd.
Additional support for electrophilic phosphorus activation
arises from theN-methylated analogues of compourish
(Scheme 4). Treatment of diethyl phosphona@& with

This result was confirmed by carrying out the same
experiment on a 1:1 mixture of monochloridesand?22a.
Addition of triethylamine (3-fold excess) resulted in the
complete conversion dainto the corresponding phosphon-
ylammonium salt3a, whereas th&l-methylated derivative
2laremained unmodified (Figure 2). TR&# NMR spectra

t
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Figure 2. 3P NMR spectra: (a) monochlorid@a and22a (1:1
mixture); (b) phosphonylammonium s&k and monochlorid@2a,
derived by reaction of sample a with 3 equiv of triethylamine.

Scheme 4
ﬂ/ogt NaH, Mel, Me ﬂ £t
N
Q)ZHN\/p\oa THE Cbz/ ~~ Ot
19 (66%) 20
NaOH, H20
(69%)
e O e O
Y l_og _ Ee EtaN, M _or
Cbz/N\/ NEts Cl CDCl Cbz/N\/P\X
23a X=0H 21a —](COCl,,
X=Cl 22a -/ DMF (at}, CHoCl2
1, Hy, PO/C, EtOH
2. FmocCl, EgN, CHCl3
(46%)
Me e
,lq ot _ 33 EtsN, x ﬁ Et
Fmoc” NEt3 C’ €Cly  Fmoc” 7 X
23b X=0H 21b (COCl),
X=Cl 22 :] DMF (cat), CHxClp

methyl iodide in the presence of sodium hydride furnished
theN-methylated phosphona®®; basic hydrolysis then gave
21ain 69% yield. The corresponding Fmoc analodiidb
was obtained by hydrogenation ®21a, followed by repro-
tection of the amine with FmocCl. Conversion 2fa and
21b to the corresponding monochloridea and 22b,
followed by treatment with triethylamine, did not result in
phosphonylammonium salt formation, strongly supporting
the hydrogen-bond hypothesis.

(10) Rahil, J.; Pratt, R. FJ. Chem. Soc., Perkin Trans.1®91, 947—
950.

(11) Yamauchi, K.; Kinoshita, M.; Imoto, MBull. Chem. Soc. Jpri972
45, 2531—-2534.

(12) Chen, S.; Lin, C.-H.; Kwon, D. S.; Walsh, C. T.; Coward, JJK.
Med. Chem1997,40, 3842—3850.

(13) Naylor, R. A.; Williams, A.J. Chem. Soc., Perkin Trans.1®76,
1908-1913.

(14) Gellman, S. H.; Dado, G. P.; Liang, G.-B.; Adams, B.JRAm.
Chem. Soc1991,113, 1164—1173.

(15) (&) Mizushima, S.-l.; Simanouti, T.; Nagakura, S.; Kuratani, K.;
Tsuboi, M.; Baba, H.; Fujioka, QJ. Am. Chem. Sod950, 72, 3490—
3494. (b) Boussard, G.; Marraud, M.; Aubry, Riopolymers1979, 18,
1297-1331.
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of compound<0, 21a, and22adisplayed two resonancés
which were assigned to carbamate rotamers on the basis of
temperature-dependefiP NMR studies with compoundd
and22a (coalescence observed at 325 K).

To explore further the scope of this reaction, we synthe-
sized an analogue of monochloriBecontaining an ortho-
substitutedN-acetyl group which was anticipated to form
via a six-membered ring, an intramolecular hydrogen bond
with the phosphonyl (se25, Scheme 5). This experiment
was anticipated to determine whether aromatic phosphono-
chloridates react with tertiary amines, providing the phos-
phonyl oxygen is hydrogen-bonded. To this end, hydrogena-
tion of 24' followed in turn by acetylation and hydrolysis
of the derived phosphonat25 furnished monoesteR6.
Unfortunately, conversion to the corresponding monochloride
proved impossible. Realizing that this difficulty was likely
due to nucleophilic addition of the acetyl group to the
phosphonochloridate, we targeted cyclic carban3ate

Toward this end, reduction &7*8 with sodium borohy-
dride and zinc chloridé& followed by formation of the cyclic
carbamate and cross-coupling of the resulting aryl iodide with
diethyl phosphite, afforded phosphona&?° Treatment of

(16) Similar rotamers are observed B NMR.
(17) Cadogan, J. I. G.; Sears, D. J.; Smith, D.MChem. Socl969,
1314—1318.
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28 with NaOH in water to hydrolyze the phosphonate
unfortunately resulted in the cleavage of the cyclic carbamate.
This problem was circumvented by preparing ethyl benzyl

phosphonate29 using ethyl benzyl phosphifé. Hydro-
genolysis removed the benzyl groupaa to furnish30in

97% yield. Conversion d80 to the corresponding monochlo-

(18) (a) Newman, M. S.; Logue, M. W. Org. Chem1971,36, 1398—

1401. (b) Reissenweber, G.; Mangold, Bngew. Chem.,

1981,20, 882—883.

(19) Yamakawa, T.; Masaki, M.; Nohira, Bull. Chem. Soc. Jpri99]

64, 2730—2734.

(20) Jaffres, P.-A.; Bar, N.; Villemin, D1. Chem. Soc., Perkin Trans. 1

1998, 2083—2089.

(21) Ethylammonium phosphite, prepared as in Hammond, . Ghem.

Soc.1962, 2521-2522, was converted to ethylphenyl phosphite by treatment
with benzyl alcohol and pivaloyl chloride, similarly to Hill, J. M.; Lowe,

G. J. Chem. Soc., Perkin Trans.1D95, 2001—2007.
(22) Friedlénder, P.; Bruckner, S.; Deutsch@bigs Ann. Cheml912

388, 23-49; we have only observed formation of 5-iodo-2-nitrobenzoic
acid, and no 3-iodo-2-nitrobenzoic acid.
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ride 31 was accomplished using oxalyl chloride with catalytic
DMF. The presence of an intramolecular hydrogen-bond was
verified via variable concentration IR spectrosctgy in
CHCI; (concentration range 0.05 to 0.0025 M), as well as
variable concentratiofH NMR spectroscopy (0.0025 to
0.00010 M). In the IR experiment, the only observable NH
stretch was at 3285 cr indicating the hydrogen-bonding
was intramolecular. Likewise, during thel NMR experi-
ment, the NH resonance at 9.42 ppm did not vary across the
concentration range studied, again suggesting the hydrogen-
bonding is intramolecular. This observation is in marked
contrast ta33, obtained through a similar route from 5-iodo-
2-nitrobenzoic acid! The X-ray crystal structure of phos-
phonate33 illustrates that no internal hydrogen-bond is
possible, but the IR spectra showed a non-hydrogen-bonded
NH stretch at 3422 cnt (5 x 102t0 25 x 103 M in
CHCIl3), and at high concentration (above 20M), a weak
intermolecularly hydrogen-bonded NH stretch at 3240%tm

Treating a solution 081 in CDCl; with triethylamine did
not, however, result in the formation of phosphonylammo-
nium salt 32 (as observed by'P NMR spectroscopy).
Presumably, the aromatic ring deactivates the phosphorus
atom by resonance so that, despite the presence of a
hydrogen-bond, no reaction with triethylamine occurs.

In summary, we have obtained evidence that phosphorus
activation via the participation of an intramolecular hydrogen-
bond accounts for the formation of phosphonylammonium
salts 3a,b and 12. Accordingly, phosphono mono- and
dichloridatess, 8, 14,17, and22a,bthat lack the ability to
form an intramolecular hydrogen-bond remain unmodified
upon triethylamine addition. We have also demonstrated that
aromatic phosphonochloridates, regardless of the presence
of an intramolecular hydrogen-bond (sg€e8, and31), are
not sufficiently reactive to form phosphonylammonium salts.
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