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R. Sreedharan-Menon ABSTRACT

Rearrangement of N-Phosphinoyl-—-O-sulphonylhydroxylamines and

c-Bromomethylphosphonamidates: A Stereochemical Study

Part 1
The diastereoisomerically enriched N-phosphinoyl=-O-sulphon-
ylhydroxylamines PhCHMeP(O)(Ph)NHOX [X = methanesulphonyl

(Ms) or p-nitrobenzenesulphonyl (Ns)] react with MeNH, and
ButNH, (neat, 1.0 M, and 0.1 M in CH,Cl,) to give the expected
diamide rearrangement products PhCHMeP(O) (NHPh)NHR (R = Me or
Bu®). The rearrangement proceeded with high stereospecificity
for all concentrations of MeNH, and for neat Bu*NH, Single
crystal X-ray analysis revealed that rearrangement with MeNH,
proceeded largely with retention of configuration at phos=
phorus. Stereochenical and competition studies on
PhCHMeP(O) (Ph)NHOX (X = Ms or Ns) and studies on the enant-
iomers of Ph,P(O)NHOS(0),Camphor have provided strong evid-
ence for phosphonamidic-sulphonic mixed anhydride
RP(O)(NHPh)OX (X = Ms or Ns) involvement in the rearrange-
ment. MeNH, and Bu'NH, also reacted with PhCHMeP(O) (Ph)NHOMs
(Sy2 at N) giving the hydrazides PhCHMeP(O) (Ph)NHNHR (R = Me
or Bu'). This was more important for Bu'NH, and competition
studies with (Me-CgH,~CH,),P(O)NHONs using eqguimolar mixtures
of Bu‘NH,~-Bu*MeNH and Bu‘NH,-Pri,NH showed +that Bu'MeNH was
11.5 times better than Bu‘*NH, for hydrazide formation while
Bu'NH, was only slightly better than Pri,NH.

Part 2

The diastereoisomers of +the «a~-bromomethylphosphonamidate
BrCH,P(0) (NHBu*)OMenthyl react with PhCH,N'Me, ~“OMe (QOMe) to
give the aminomethylphosphonate Bu‘NHCH,P(0) (OMe)OMenthyl and
phosphoramidate Bu*MeNP(0)(OMe)OMenthyl products resulting
from the breakdown of an azaphosphiridine oxide intermediate.
Single crystal X-ray analysis revealed that the aminomethyl-
phosphonate was formed with inversion of configuration at
phosphorus and that the phosphoramidate was formed vexry
largely with retention of configuration at phosphorus, prov-
iding further evidence for azaphosphiridine oxide involve-
ment. The o-bromomethylphosphonamidates BrCH,P(0)(NHBu*)OR (R
= Me, Cyclohexyl, or Bu®) react with QOMe and KOBu®* to give
the corresponding aminomethylphosphonate and phosphoramidate
rearrangement products. It was found that bulky OR groups in
the substrate and bulky alkoxides enhance the yield of the
aminomethylphosphonate product.
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Part I; Chapter 1: Introduction

The Curtius, Hofmann, and Lossen Rearrangements
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Scheme 1

Acyl azides (1) undergo the Curtius rearrangement on heat-
ing.*? The substituent on the carbonyl group migrates to the
acyl nitrogen, with concerted elimination of nitrogen, to
give the isocyanate (2). The isocyanate may be isolated in
high yield? and reacted further with a nucleophile such as
methanol to give the carbamate (3); the carbamate is normally
hydrolysed to the amine (4) (acid hydrolysis followed by

treatment with base) (Scheme 1).

Acyl amides (5) react with aqueous sodium hydroxide and
bromine (sodium hypobromite in situ) to give N-bromocarbox-

amides (6). Deprotonation of an N-bromocarboxamide at nitro-




gen by sodium hydroxide gives the unstable salt (7) which
undergoes the Hofmann rearrangement to the isocyanate (2).3
The isocyanate may be isolated under special conditions but
it is normally hydrolysed by excess sodium hydroxide to the

amine (4) (Scheme 2).

(o) (o) (0]
| NaOH/Br, HO" | Na*
e — -—*:;;‘_—’
R NH, MO R NHBr R N=—Br
(5) (6) ?)
-Br
v
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Scheme 2

O-Acyl derivatives of hydroxamic acids (8) give stable salts
(9) when treated with base at low temperatures. On heating,
these salts undergo the Lossen rearrangement,*! eliminating
the O-acyl group, to give isocyanates (2) (Scheme 3). The
isocyanates may be isolated and reacted with a nucleophile of
choice, such as methanol to give the carbamate (3), but gen-
erally the Curtius rearrangement is preferred for this, since
acyl azides are more readily accessible than hydroxamic acid

derivatives.
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Phosphinic Azides

(o) (0)
\\P:NR \ —Q"~
e J

(10) 11)

Phosphinic azides (12) undergo a Curtius-like rearrangement
on photolysis to give the phosphorus equivalent of the iso-
cyanate, the monomeric metaphosphonimidate (10).5:¢ A mono-
meric metaphosphonimidate, like monomeric metaphosphate
(11),” is a planar three-co-ordinate pentavalent species and
a powerful electrophile which would polymerise if it were not

trapped by a nucleophile, such as methanol to give the phos-




phonamidate (13) (Eg. 1). There is some evidence for thermal
rearrangement of phosphinic azides (T > 200 °C),® but the
metaphosphonimidates have not been trapped. Studies on the
thermal rearrangement are of limited value since the azide
group is prone to nucleophilic displacement from phosphorus
at temperatures much lower than those required to bring about

rearrangement.’

N—N,* o o Me
P< w \\P:::NR MeOH \>\P/O
R~ R e v r” OWHR

(12) (10) (13)

NV

Eq.1

N-Halogenophosphinic Amides

(0]

NHHal o NH,
\p/ B N, + BHal
AN AN

R~ R R R

(14)

Eq.2

N-Halogenophosphinic amides (14),° unlike their carbon anal-
ogues, N-halogenocarboxamides, do not rearrange on treatment

with base but act as halogenating agents instead (Eq. 2).




N-Phosphinoyl-O-sulphonylhydroxylamines

O 1 (o} ON
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a7 (18)
l Scheme 4

The possibility that derivatives of N-phosphinoylhydroxyl-
amines (18), the phosphorus analogues of hydroxamic acids,
might undergo a Lossen-like rearrangement has been consid-
ered. However, the preparation of N-phosphinoylhydroxylamines
(18) is not as straightforward as might be expected.' Unlike
the reactions of hydroxylamine with acyl and sulphonyl
chlorides,'?}! which give the N-substituted hydroxylamines,
the reaction of phosphinic chlorides (15) with hydroxylamine
gives the O-phosphinoylhydroxylamines (16) (Scheme 4).'2? How-
ever, N-phosphinoylhydroxylamines (18) can be prepared by
treating phosphinic chlorides (15) with O-trimethylsilyl-

hydroxylamine and triethylamine,!? giving N-phosphinoyl-




-O-trimethylsilylhydroxylamines (17), followed by treatment
with methanol to remove the O-silyl blocking group (Scheme

4).

(0} NHR 0} NH—OSO,R’
/ NaOMe \\ / 2 BuNH, O\\\\\ / NHR

/P\OMe /P\

(20) (19)

R \NHBu‘

21)

Scheme 5

The O-acyl derivatives of N-phosphinoylhydroxylamines, un-
like their carbon counterparts, do not rearrange when treated
with base.4-15 However, the O-sulphonyl derivatives (19) do
undergo Lossen-like rearrangement;!? treatment with sodium
methoxide in methanol at room temperature gives phosphon-
amidates (20) (Scheme 5), and rearrangement is seen even with
weak bases, such as tert-butylamine giving phosphonic

diamides (21).

Initial experiments were confined to aryl migration, but
rearrangement is not restricted to substrates containing aryl
substituents; further study showed that the migratory aptit-
udes of the groups attached to phosphorus are in the order
PhNH, Me,N >> Ar >> benzyl > alkyl.'®?® amino groups migrate
exclusively over everything else while aryl groups migrate
exclusively over alkyl and benzyl groups; oxygen migration is
not seen.?' Substituents on the phenyl group also affect mig-
ration,!* with electron releasing groups promoting migration

and electron withdrawing groups having the reverse effect.



(23) . - MsO™

Scheme 6

The reaction of the N-phosphinoyl-O-sulphonylhydroxylamines
(22) (R = Me, Et, Pri, and Ph) with an equimolar mixture of
isopropylamine and tert-butylamine (no solvent) under com-
petitive conditions showed little selectivity.?*?® By contrast,
Ph,P(0)C1l showed complete selectivity (> 99 %) for the less
hindered isopropylamine nucleophile.?? This clearly suggested
that the hydroxylamine derivatives do not react by an
associative mechanism like that prevailing for the phosphinic

chloride substitution reactions - theArearrangement does not




proceed through the phosphorane (23) (Scheme 6; top pathway).
Furthermore the N-—phosphinoyl—O-—sulphonylhydroxylamings (22;
R = Me) and (22; R = Pr!) reacted at similar rates with
methylamine, and with sodium methoxide in methanol.!’” The
reactions of the hydroxylamine derivatives are therefore
insensitive to steric congestion in the substrate, as well as
in the nucleophile, whereas associative nucleophilic sub-
stitution at phosphoryl centres is greatly hindered.?* These
observations were thought to point to a mechanism involving
the metaphosphonimidate (24). In its rate limiting formation,
the reagent would act as a base, not as a nucleophile, and
steric effects in the substrate would be of little conseq-
uence. In its reactions, because it is both sterically ac-
cessible (three-~co-ordinate and planar) and a powerful
electrophile, it would be unlikely to discriminate between

the nucleophiles.

o NHOMs o G o)
\ / -HOMs \\\ ‘/ \\\P
_*ﬁ__} ——
. /P\Ph ] /P&{h e R/ ——NPh
(22) (25) (24)

Scheme 7

The metaphosphonimidate might be formed (after initial
deprotonation of the substrate at nitrogen by base) either by
a group mnigrating from phosphorus to nitrogen, with dis-~
placement of the leaving group (Scheme 6; bottom pathway) or
by rearrangement of a singlet nitrene (25) (Scheme 7). The
reaction of the methanesulphonate (22; R = Ph) with tert-

-butylamine in dimethyl sulphide (solvent and nitrene trap?*)

8




gave some of the sulphilimine (26), the by-product expected
for nitrene additiqn to dimethyl sulphide.?* However, the
methanesulphonate (22; R = Ph), normally stable in solution,
reacted with dimethyl sulphide in the absence of base to give
the salt (27) (nucleophilic displacement at nitrogen), which,
on treatment with tert-butylamine, was immediately converted
into the sulphilimine (26). This showed that the sulphilimine
could be formed by a non-nitrene pathway which might even be
competitive with the base induced rearrangement. Furthermore,
the nosylate (28), which reacted very much faster with tert-
-butylamine in dimethyl sulphide, gave none of the sulphil-
imine by-product. Changing the nature of the leaving group
should not influence the ability of dimethyl sulphide to trap
a nitrene, but for a non-nitrene mechanism the more electro-
negative nosylate leaving group could enhance deprotonation
at nitrogen with respect to nucleophilic attack at nitrogen
(salt formation) and rearrangement would proceed much faster,
i.e. sulphilimine by-product formation would be less compet-
itive. For these reasons the rearrangement is thought not to

involve a nitrene mechanism.

0>P /N=-S+Me2 0> /NHS‘”Me2 “OMs 0\ /NHONs
o o o N o o

(26) (27) (28)

When the reactions of the N-phosphinoyl-O-sulphonylhydrox-
ylamines (22; R = Me, Et, Pri, and Ph) with an equimolar mix-

ture of isopropylamine and tert-butylamine were examined in

9




dichloromethane solution they exhibited increasing select-
ivity for the less hindered nucleophile with increasing dil-
ution.?? This unexpected behaviour is clearly not consistent
with a free metaphosphonimidate as the reaction intermediate.
A similar increase in seiectivity with dilution was also
found for the phosphonamidic chlorides (29; R = Me, Et, Pri,
But, Ph, and o-tolyl) with the same amine mixture.?® Kinetic
studies on the phosphonamidic chloride (29; R = Ph),2® with
isopropylamine and tert-butylamine, showed that reaction was
second order in amine at high amine concentrations and first

order in amine at low amine concentrations.

If a metaphosphonimidate is generated from the phosphon-
amidic chloride, and it has an extremely short 1life span,
such that it cannot diffuse into the bulk solvent, it will
only be able to react with the nucleophile if it is already
in position; otherwise, it will merely revert to starting

material (Scheme 8; top pathway). To achieve substitution,
preassociation of the nucleophile with the phosphonamnidic
chloride (or its conjug_a'te base) will therefore be reg-
uired.?’ Then, since the nucleophile is already present when
the metaphosphonimidate is formed, it can react to give the
substitution product (21) (Scheme 8; bottom pathway). This
preassociation elimination-addition mechanism will be second
order in amine (base and nucleophile) and will be important,
relative to first order Sy2(P), at high amine concentrations.
Since the reactive species in the elimination-addition path-
way will be the metaphosphonimidate, +the observed low
selectivity at high amine concentrations can be understood.

At lower concentratioﬁs, Sy2(P) will be more important, and

10




greater selectivity will be observed. If the metaphosphon-
imidate could exist as the free species, preassociation would
not be necessary and elimination-addition would, like Sy2(P),
be first order in amine. Then the relative contributions of
elimination-addition and Sy2(P) would not depend on the con-
centration of the amine, and the observed selectivity (or

lack of it) would not change on dilution.

N - o g .
R/P\NHBu‘ R/P AN R/ \N But

N=But
(29)
/|
R'NH, R'NH,
N : N I
RNH{/P ;ig:i NHZ/} ——4>RWHt/p - CI-
R \NHBu' \ = But R S But

(0}

Scheme 8 \\\\

NHR’

N
N

R “\NHBut

21)
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0] NHOMs o) 1
b N
R Ph R \NHPh
(22) 31)

Owing to the similarities in the selectivities of the
reactions of the phosphonamidic chlorides (29) and the
N-phosphinoyl-O-sulphonylhydroxylamines (22), it was sug-
gested that the reaction iﬁtermediate for the latter was the
phosphonamidic-sulphonic mixed anhydride (30).?? This could
be formed either by combination of the sulphonate leaving
group with the metaphosphonimidate, or directly (after
deprotonation at nitrogen) by a concerted rearrangement of
the conjugate base of the substrate (Scheme 9). The observed
increase in selectivity for the less hindered nucleophile
with dilution could then be explained if the mixed anhydride
were to behave 1like the analogous phosphonamidic chloride
(31). The postulated phosphonamidic-sulphonic mixed anhydride
(30) was not detected spectroscopically, but this could be
attributed to it having very high reactivity. The case for
its formation was strengthened by a study which showed that

the conjugate base of the N,O0-diphosphinoylhydroxylamine

12




(32), formed from reaction of (32) with potassium tert-butox-
ide in tert-butanol, rearranged to the phosphonamidic-phos-

phinic mixed anhydride (33) (Eg. 3).2®

O, PhPh 0O 0 Ph Ph O
Ny N KOBut \P/ N
Ph \NH—O “\py BuoH PhN»g \0/ \ph
®2) (33)

Eq.3

Knowledge of the stereochemistry of the rearrangement of an
N-phosphinoyl-O-sulphonylhydroxylamine would be wuseful in
determining the nature of the reaction intermediate. To ob~
tain this, we need to observe the change in configuration at
a chiral phosphorus centre. Ideally one would study enantio-
mers, but the precursor to an enantiomer of an N-phosphin-
oylhydroxylamine is an enantiomer of a phosphinic chloride
(34). This would be difficult to obtain in an optically pure
form and would readily racemise in the presence of chloride
ions (Eg. 4). Separation of the enantiomers at the later
stages of synthesis would not be feasible and analysis of
substrate and product would require the use of chiral

chromatography columns and NMR shift reagents.

o) o
— | I
1 e . -
o RW/P\/%I o /PQW;M‘R c
Ph h
(34)
Eq. 4
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Unlike the Lossen rearrangement, where there is only one
group that can migrate, the phosphorus equivalent has two
potential migrating groups. If these are different, the
phosphorus will be chiral, and if one of the groups is itself
chiral, then the compound will exist as diastereoisomers. The
advantages of using diastereoisomers would be the relatively
easy separation of stereoisomers at the N-phosphinoylhydrox-
ylamine stage, or at the final stage of synthesis, and the
relatively straightforward analysis of substrates and prod-
ucts by conventional GLC and *H and 3'P NMR spectroscopy.
Furthermore, if the chiral group on phosphorus did not mig-
rate, 1its configuration could not change; it would then be
possible to determine any change of configuration at phos-

phorus relative to this chiral reference group.

It is known that benzyl does not migrate when it is in di-
rect competition with a phenyl group,!® and it was anticipm
ated that an o-methylbenzyl group would probably behave sim—
ilarly. Since only the change of configuration at phosphorus
is required, relative to the fiked configuration of the ref-
erence group, it is not necessary to know the absolute con-
figuration of the o-methylbenzyl reference group. Indeed, the

study can be conducted on racemic diastereoisomers.

A minor disadvantage of using diastereoisomers is that the
outcome of non-stereospecific reaction cannot be (quantitat-
ively) predicted. If the reaction proceeds through a free
planar monomeric metaphosphonimidate, both diastereoisomers
of substrate will give product having the same stereochem-
istry (complete non-stereospecificity), but this need not be

a l : 1 mixture of diastereoisomers; the faces of the meta-

14




phosphonimidate are diastereotopic, and its reaction may
proceed with asymmetric induction (stereoselectivity).
Therefore, both diastereoisomers (or enriched mixtures) must
be studied, to see if a common diastereoisomer ratio for the
product is obtained; this would be the equivalent of racem-
isation for a reaction performed with enantiomers. Thus, for
example, a 3 : 1 mixture and a 1 : 3 mnixture of the di-
astereoisomers of the substrate should both react to give,
say, a 45 : 55 mixture of the diastereoisomers of the product
if the reaction is completely non-stereospecific but slightly
stereoselective. If the reaction proceeds through the phos-
phonamidic-sulphonic mixed anhydride, there exists the pos-
sibility that the rearrangement leading to it could take
place with some degree of stereospecificity; reaction of the
mixed anhydride with a non-bulky nucleophile at low con-
centrations [Sy2(P) mechanism] would transfer this stereo-

chemical information to the final product.

A more serious disadvantage of using diastereoisomers is
that they may, in principle, behave rather differently. This

point will be considered later.

15




Part I; Chapter 2: The Lossen-Like Rearrangement of O-Sulph-

onyl Derivatives of N-[a-Methylbenzyl (phenyl)phosphinoyl]-

hydroxylamine

Preparation of the Phosphinic Chloride

OFt Ph  CH,Ph
- N
Ph——P: PhCH{‘GCl B /P"'\ “
Ve
. Ei0” O—-CH,CH,
Ph HPhMe Ph Ph
O))/C i) BuLi \P/C t
<———_—.—
ii) Mel
B \0 ii) Bl 0/ \O
(37) (36)

Scheme 10

The known ester (36),2° §,(CDCl,) 40.1, was prepared cleanly
from the Arbuzov reaction of diethyl phenylphosphonite (35)
with benzyl chloride (1.2 mol equiv.).3?® Treatment of the
ester (36) with n-butyllithium (1.0 mol equiv.) in THF-hexane
at -70 °c, followed by reaction with iodomethane (2.0 mol
equiv.) gave the ester (37), 6,(CDCl,) 44.3 and 43.4, in high
yield, as a 47 : 53 mixture of diastereoisomers (Scheme 10).
The more direct route to the ester (37), by the Arbuzov
reaction of diethyl phenylphosphonite with «a-methylbenzyl

bromide, was less satisfactory. It gave two additional prod-

16




ucts, believed to be EtPhP(O)OEt, 6, 45 (3 %), resulting from
reaction of the phosphonite with ethyl chloride (generated in
the reaction), and HPhP(O)OEt, 4, 24 (21 %), resulting from
reaction with HBr (believed to be generated by the thermal

decomposition of a-methylbenzyl bromide).

Ph Ph Ph
N Cone. HC! /° (coc, S
AN
MePhCH OEt MePhCH H MePhCH \Cl
@n (38) (39)
Eq.5

Acid hydrolysis of the ester (37) gave the phosphinic acid
(38),3 §,(CH,C1l,) 44.8, and treatment with oxalyl chloride
gave the phosphinic chloride (39), §,(CDCl,;) 59.6 and 59.2,
as a mixture of comparable amounts of the two diastereo-~

isomers (Eq. 5).

Preparation of the N-Phosphinoylhydroxylamine

The reaction of the phosphinic chloride (39) with O-tri-~
methylsilylhydroxylamine and triethylamine (1.0 mol equiv.)
in dichloromethane gave rise to a series of peaks in the 3P
NMR spectrum, 6, 41.5-40.5 (~ 90 %).!3 These were believed to
be due to the phosphinic anhydride (40), but they could con-
ceivably have been the diastereoisomers of the N-phosphin-
oyl-O-silylhydroxylamine (42) and their desilylated analogues
(43). In the hope that the latter was the case, methanol was
added to complete the desilylation process. However, this

produced a new compound, 4, 31.

17




0. Ph Ph O
\\\\P// N / Ph\\ /’7//0
P
yd \ pd AN /N
MeCHPh O CHMePh MePhCH “ONH,
(40) (41)

It seemed possible that the phosphinic chloride (39) was
hindered enough to slow down nucleophilic substitution at
phosphorus by O-trimethylsilylhydroxylamine to the extent
that desilylation of the O~trimethylsilylhydroxylamine by the
phosphoryl group occurred. The liberated hydroxylamine would
then compete as a nucleophile with its silylated precursor.
This would give the O-phosphinoylhydroxylamine (41), which,
if unstable under the reaction conditions, could decompose to
the salt of the phosphinic acid (38). The salt would react
further with the phosphinic chloride to give the phosphinic

anhydride (40).

If desilylation of O~trimethylsilylhydroxylamine was the
problem, then replacing it by N,O0-bis(trimethylsilyl)hydr-
oxylamine should give better results since the N-silyl group,
being more reactive, would be expected to be removed first.
The reaction of a phosphinic chloride with N,O0-bis(trimeth-
ylsilyl)hydroxylamine has, in fact, recently been reported,?!®
and it has been shown that the expected product was formed,

along with trimethylsilyl chloride as a volatile by-product.

The reaction of the phosphinic chloride (39) with N,0-bis-
(trimethylsilyl)hydroxylamine in dichloromethane gave the

N-phosphinoyl-O~-silylhydroxylamine (42), 6,(CH,Cl,) 41.7 and

18




40.7, as a mnixture of comparable amounts of the two di-
astereoisomers, and a by-product, &, 33.7 (ca. 10-20 %;
variable) (Eg. 6). Fortuitously, the highfield (P NMR)
diastereoisomer of the N-phosphinoyl-O-silylhydroxylamine
(42) was less soluble and precipitated from the reaction
mixture, to give essentially one diastereoisomer and a mother
liquor enriched in the other diastereoisomer. The highfield
diastereoisomer (42), §,(CDCl,) 42.0, was completely charact-
erised and showed incorporation of NHOSiMe,: NH, &,(CDCl;)
5.30 (1 H, s) and V. (Nujol) 3130; OSiMe,, &,(CDCl,) -0.11 (9

H, s); it decomposed at or below its melting point.

Ph o) Ph 0O Ph
>P// Me,SINHOSMe, >/ MeOH ///0
—T Ty, =5
CH,C
MePhCH  Cl e MePhéH \NHOSiMe3 MePhCH \NHOH

(39) (42) (43)

Eq.6

Desilylation of the enriched mother liquor (see above) with
methanol went cleanly and gave the N-phosphinoylhydroxylamine
(43), 6,(CDC1l,;) 41.9 and 40.1, as a 4.5 : 1 mixture of di-
astereoisomers (sample A) (Eg. 6). Crystallisation of a
portion of sample A gave an analysis sample that was entirely
the lowfield (3'P NMR) diastereoisomer. Similar desilylation
of the precipitated N-phosphinoyl-O-silylhydroxylamine (42)
gave, essentially pure, the highfield (3'P NMR) diastereo-
isomer of the N-phosphinoylhydroxylamine (43) (sample B) (Eq.
6). The 'H NMR spectra of the two diastereoisomers showed the
expected OH signals §,(CDCl,) 8.5 or 8.1 (samples A and B

respectively) and the NH signals §4(CDCl,) 6.30 or 5.961 (d;
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samples A and B respectively), the coupling to phosphorus for
- sample A (Jpy 11.5) being 30 % larger than that for sample B
(Jpy 8.8). A more striking difference between the diastereo-
isomers was evident in their IR spectra where, the pure
diastereoisomer A showed two bands for NH absorption,
Vpax. (Nujol) 3260 and 3220, instead of one for sample B,

Vmax.(Nuj°1) 3160'

The preparation of the N-phosphinoyl-O-trimethylsilylhydr-
oxylamine (42) was also performed without separation of the
diastereoisomers. Treatment of the mixture with methanol,
followed by trituration with ether, gave the N-phosphinoyl-
hydroxylamine (43) as an ca. 1 : 1 mixture of diastereo-

isomers.

Preparation of the N-Phosphinoyl-O-sulphonylhydroxylamines

Ph
N\ /O MsCI Ph\ /0

Et,N
MePhGH \NHOH oo, — MePhCH “\NHOMs

(43) (44)
Eq.7

Samples A and B of the N-phosphinoylhydroxylamine (43) were
converted into their methanesulphonates (44), §,(CDCl,;) 39.6
and 38.4 respectively, in high yield (> 90 %; ~ 60 % after
crystallisation), by treatment with methanesulphonyl chloride
(1.4 mol equiv.) and triethylamine (1.0 mol equiv.) in
dichloromethane (Eg. 7).}® cCrystallisation gave sample A,

mainly the 3P NMR lowfield diastereoisomer (ratio 80 : 20),
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and sample B, very largely the sparingly soluble highfield
(3P NMR) diastereoisomer (ratio 3 : 97), as determined by P
and 'H NMR spectroscopy. The !H NMR spectra of the methane-
sulphonates showed diastereoisomeric NH signals, §4(CDC1,)
8.45 and 7.199 (d; samples A and B respectively), with the
coupling to phosphorus for sample A (J,; 7) being almost
twice that for sample B (Jpy 3.7). The spectra also showed
the characteristic PhP(0) signals, diastereoisomeric a-methyl
signals, §,(CDCl;) 1.70 and 1.550 (dd, Jpy 16 or 17.9, Juy 7.5;
samples A and B respectively), showing coupling to the
a-hydrogen and phosphorus, and two widely separated di-
astereoisomeric S-methyl singlets, §,(CDCl,) 3.10 (for sample

A) and 2.701 (for sample B).

The 1 : 1 mixture of diastereoisomers of the N-phosphinoyl-
hydroxylamine (43) was similarly converted into the methane-
sulphonate (44). Trituration with dichloromethane-ether gave
the methanesulphonate as a 39 : 61 mixture of diastereo-
isomers. To give a 50 : 50 mixture, for use in studies with
competing nucleophiles, a calculated amount of the minor di-

astereoisomer (A) was added to the mixture.

Ph\\4¢o

Ph O
NsCI NIZ

AN ELN
MePhCH “NHOH G MePhGH “\NHONs
(43) (45)
Eq.8
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The reaction of a 1 : 4 mixture of diastereoisomers of the
N-phosphinoylhydroxylamine (43) (diastereoisomer B in excess)
with p-nitrobenzenesulphonyl (nosyl) chloride (1.4 mol
equiv.) and triethylamine (1 mol equiv.) in dichloromethane
(Eq. 8) was almost quantitative, according to the 3P NMR
spectrum, but the nosylate (45), 0,(CH,Cl,) 42.3 and 39.5
(diastereoisomers), was isolated in only about 60 % yield.
Crystallisation gave very 1largely the sparingly soluble
highfield (P NMR) diastereoisomer (3 : 97 mixture of
diastereoisomers by 3P NMR spectroscopy). A second prepar-
ation gave a similar sample (diastereoisomer ratio 4 : 96)

for use in studies with competing nucleophiles.

Preparation of the Phosphonamidic Chloride

P

O\/OH socl, O\/CI 2 PhNH, | 0\/0

/. OMFcat
MePhCH \OH MePhCH C1 20" i ephéH \NHPh
(6) (a7 (48)
Eq. 9

The phosphonamidic chloride (48) was required for the com-
petition study and the preparation of authentic samples of
the expected phenyl-migration rearrangement products. Treat-
ment of the phosphonic acid (46),3%33 §,(soCl,) 34.9, with
thionyl chloride and a catalytic quantity of DMF (0.03 mol
equiv.) gave the phosphonic dichloride (47), 6 (socCcl,) 54.1.
Reaction of this with aniline (2 mol equiv.) in benzene gave
the phosphonamidic chloride (48) as a mixture of diastereo-~

isomers (6, 41.7 and 41.3) in a ratio ca. 1 : 2 (Eq. 9).
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Crystallisation from ether containing benzene gave product
having a similar ratio (30 : 70), but crystallisation over-
night from a similar solvent mixture gave the pure 3P NMR

highfield diastereoisomer.

Reaction of the Methanesulphonate with Amines

The methanesulphonate (44) (samples A and B) was allowed to
react with neat tert-butylamine and methylamine and also with
1.0 M and 0.1 M solutions in dichloromethane. The products
were the diastereoisomeric N-tert-butylphosphonic diamides
(49), 6, 21.8 and 21.5, or N-methylphosphonic diamides (50),
6, 26.7 and 26.4. The crude products were investigated by 3*'P
NMR spectroscopy in order +to obtain their diastereoisomer
ratios. The diamides were isolated by partitioning between
dichloromethane and water, so that their dJdiastereoisomer
ratios could be re-examined by !H and 3P NMR spectroscopy,

and so that their identities could be confirmed.

The 'H NMR spectra of the rearranQement products contained
the expected NH and NBu®' or NMe signals, showing incorporat-
ion of the amine. They also revealed the absence of the
characteristic PhP(0) signals, although the aromatic integ-
rals showed no loss of phenyl, and the a-methyl groups still
showed coupling to phosphorus ([Jp; 17.3 or 17.4 £or the
diastereoisomers of the N-tert-butyl-diamide (49), and 17.3
for both diastereoisomers of the N-methyl-diamide (50)].
These features indicated phenyl migration to nitrogen (Scheme
11), and further evidence of this was provided by the mass

spectra, which showed m/z 93 attributable to PhNH,*. Compar-
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ison of the spectroscopic properties of the products with
those of authentic samples, prepared from the phosphonamidic
chloride (48) and the appropriate amine (Scheme 11),

confirmed their identities.

(o] NHBut
BuNH, AN / BuNH,

MePhCH \NHPh

(49)

O\ /Ph 0\ /Cl
MePhCH \NHOMS MePhCH \NHPh

(44) ' (48)

0\>P /NHM:I l

MeNH, \ MeNH,
MePhCH NHPh

(50)

Scheme 11

It was clear that the reactions of the methanesulphonate
(44) with tert-butylamine and methylamine gave largely the
products of phenyl migration. To ascertain whether any
a=-methylbenzyl migration had occurred, authentic samples of
these alternative rearrangement products were prepared.
Treatment of N-tert-butyl-N’-phenylphosphonamidic chloride
(51)3* with an excess of (%)-a-methylbenzylamine gave an

authentic sample of the diamide (52), §,(CDCl,) 17.3 and 16.5
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(diastereoisomers), the products that would result from
a-methylbenzyl migration in the with N-tert-butylamine (Eq.
10). The diamide (53), &,(CH,Cl,) 20.2 and 19.8 (diastereo-
isomers), that would result from a-methylbenzyl migration in
the reaction with methylamine was prepared from phenylphos-
phonic dichloride and (i)~-a-methylbenzylamine (2 mol equiv.),
followed by an excess of methylamine (Eq. 11). The 'H NMR
spectra of these compounds showed the characteristic PhP(0O)
signals, and the o«a-methyl signals were simply doublets,
showing coupling to the a-hydrogen but not to phosphorus.
Spectroscopic comparison of the rearrangement reaction
mixtures with these authentic a-methylbenzyl-migration prod-
ucts showed that they had not been formed in the reaction (1

% would have been detected).

0>/ NHBY PhCHMeNH, 0\ / NHBu
. a Ph/P\NHCHMePh

(s51) (52)
Eq. 10
(0] 1 o) 1 (o] NHMe
>/C 2PhCHMeNH, \P/C MeNH, \P/
\c VRN VAN
Ph 1 Ph NHCHMePh Ph NHCHMePh

(53)
Eq. 11

The reaction of the methanesulphonate (44) with tert-butyl-
amine gave a by-product (23 % for 0.1 M Bu®NH,;), 6, 33.6. This
could be isolated by extraction into aqueous acid (4§, 41.5),
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neutralisation, and back-extraction into dichloromethane; it
was identified as the hydrazide (54). The identity was con-
firmed by comparison with an authentic sample prepared from
the phosphinic chloride (39) and an excess of tert-butyl-
hydrazine in dichloromethane. This hydrazide by-product was
presumably formed by nucleophilic displacement of the sulph-
onate group from nitrogen by the amine, and its formation was
seen to be more prominent in the rearrangement reactions
using the lower concentrations of amine. The reaction with
methylamine also gave a by-product, 6, 33.8 =~ presumably the
hydrazide (55) = but in lower yield. This seemed surprising,
since competition to the base-induced rearrangement f£rom
nucleophilic attack at nitrogen might be expected to be more
extensive for the less hindered (more nucleophilic) amine. It
therefore seemed worthwhile to look briefly at the reaction
of the methanesulphonate (44) with N-methyl-tert-butylamine.
This secondary amine is more hindered than either methylamine
or tert-butylamine, yet it formed substantially more hydr-
azide (56), 6,(CDCl;) 31.1 (40 % with 1.0 M amine in CH,Cl1,);
the expected diamide rearrangement product (57), J, 28.2 and
25.9 (diastereoisomer ratio 42 : 58), was also formed (50 %).
Perhaps nucleophilic attack at nitrogen is not susceptible to
steric effects in the nucleophile, and larger or more
numerous groups in the amine serve only to enhance its nuc-

leophilicity (+I effect).
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P

h O P y
N A A
MePhCH \NHNHBu‘ MePhCH \NHNHMe
(54) (85)

Ph (0] N t
\ /O \ / MeBu
MePhCH \NHN MeBut MePhCH \NHPh

(56) (57)

Hydrazide formation was generally important for the high-
field diastereoisomer of the methanesulphonate (44) (sample
B), but was bonly significant for the lowfield diastereoisomer
A at low amine concentrations (0.1 M). This demonstrates a
- potential pitfall of using diastereoisomers, namely their
ability to undergo reactions and side-reactions at different
rates. This will not be a problem when working with pure di-
astereoisomers or mixtures of diastereoisomers if there are
no side reactions. If, however, one of the diastereoisomers
in the mixture is consumed relatively quickly by side react-
ions, the diastereoisomer composition of the substrate that
is converted into product will not be precisely the same as
the diastereoisomer composition of the substrate used for

doing the experiment.

Other minor by-products having 3'P NMR chemical shifts sim-
‘ilar to those of the hydrazides were also evident; they were
tentatively identified as the diastereoisomers of the phos-
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phinic amide (58) by comparison with (3P NMR) an authentic
sample of (58) prepared from the phosphinic chloride (39) and

an excess of ethereal ammonia (Eq. 12).

Ph //O - Ph é%p

74 \ >P
Ethe!
MephéH el " MePhCH \NH,

(39) (58)
Eq. 12

Stereochemistry of the Rearrangement

The diastereoisomer ratios of the products from the react-
ions of the methanesulphonates (44) (samples A and B) with
tert-butylamine and methylamine (neat, 1.0 M, or 0.1 M in
dichloromethane) were determined by 'H and 3P NMR spectros-
copy. The observed ratios will be affected to some extent by
the side reactions that diastereocisomer B preferentially
undergoes, since the diastereoisomer composition of the
substrate that is converted to product will differ somewhat
from the initial ratio in the substrate. The side reactions
became more extensive on dilution, so the product diastereo-~
isomer ratios observed at lower concentrations of amine must

be interpreted with particular care.
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Table 1; Reaction of the methanesulphonate (44) with tert-butyl-
amine: diastereoisomer ratios of substrate (A : B) and rearrangement
product (A* : B*).

A:B Bu®NH, A’ : B’
3 : 97 10 : 90
neat?®
80 : 20 75 : 25
3 : 97 1.0 MP 30 : 70
80 : 20 in CH,C1, || 67 : 33
3 : 97 0.1 MP 41 : 59
80 : 20 in CH,C1, || 57 : 43

® Neat amine (> 20-fold excess) added to substrate.
® Diastereoisomer B undergoes extensive side reaction.

The reaction of the methanesulphonate with neat tert-butyl-
amine was quite stereospecific; as the concentration of amine
was reduced it became less stereospecific, though it still
showed appreciable stereospecificity even with 0.1 M tert-
-butylamine (Table 1). The reaction with methylamine differed
dramatically, in that it proceeded with near constant
stereospecificity at all three concentrations of amine (Table
2). If we are to understand the mechanistic significance of
the stereospecificity, we must know whether it corresponds to

inversion or retention of configuration at phosphorus.
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Table 2; Reaction of the methanesulphonate (44) with methylamine:
diastereoisomer ratios of substrate (A : B) and rearrangement
product (A’ : B’).

A :B MeNH, A’ : B’
3 : 97 7 : 93
neat?

80 : 20 79 ¢ 21
3 : 97 1.0 MP 8 : 92
80 : 20 || in CH,C1l, || 82 : 18
3 : 97 0.1 M° 8 : 92
80 : 20 in CH,C1, 83 : 17

® 150 u#l1 neat amine added to substrate at -6 to -10 °C.
® piastereoisomer B undergoes some side reaction.
¢ Diastereoisomer B undergoes extensive side reaction.

A portion of the 3 : 97 methanesulphonate (sample B) was
crystallised from dichloromethane to give a crystal of the
major diastereoisomer for single crystal X-ray analysis (Fig.
1). That this crystal was indeed the major diastereoisomer
was checked, after the X-ray study, by reduction to the
phosphinic amide with sodium tetrahydridoborate, and compar-
ison of this (GLC) with the phosphinic amides obtained by
reduction of both diastereoisomers of the methanesulphonate.
The product formed from the methanesulphonate sample B with
neat methylamine was crystallised to give pure diastereo-
isomer B’ (determined by 'H NMR spectroscopy) and then re-
crystallised from toluene gave a crystal suitable for single
crystal X-ray analysis (Fig. 2). TLC examination of the
crystal after X-ray analysis confirmed that it was indeed the

diastereoisomer B’ of the product. By comparison of the two
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stereostructures it can be seen that, in the case of methyl-
amine, the major diastereoisomer of the product was formed

from the methanesulphonate with retention of configuration at

phosphorus (Eg. 13).%

o o
i M I
k eNH,
Ph\\\\““yp\ —_—> Me HNN\\\\\‘*"""
PhMeCH  NHOMs PhMeC/HP S NEph
Eq. 13

For the reaction with tert-butylamine, the sense of the
stereospecificity was determined indirectly. The phosphon-~
amidic chloride (48) (?*'P NMR highfield diastereoisomer)
reacted with neat methylamine and neat tert-butylamine to
give the lowfield diastereoisomers of the diamides (49) and
(50) respectively. Assuming that both reactions proceed with
the same stereochemistry at phosphorus, then the lowfield
diastereoisomers of the two diamides must have the same con-
figuration. The rearrangement reactions of the methanesul-
phonate sample B with the two (neat) amines both gave largely
the highfield diastereoisomer; by implication, these have the
same configuration, so the rearrangement with tert-butylamine

must also proceed with retention of configuration at phos-

phorus.
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Fig. 1; The structure of P-[a-methylbenzyl (phenyl)phosphinoyl]-
-O-methanesulphonylhydroxylamine (44) (diastereoisomer B) as determ-
ined by single crystal X-ray analysis; relative configuration at
phosphorus and carbon. Selected bond lengths (A) and bond angles
(") P-C(1) 1.824(3), P-C(21) 1.786(2), P-N 1.690(2), N-0(2)
1.459(3), C(1)~P-C(21) 109.8(1), C(21)-P-N 109.4(1), N-P-C{1)
98.6(1), C(1)-P-0(1) 115.0(1), C(21)-P-0(1) 111.4(1), N-P-0(1)
111.9(1), P-N-0(2) 111.3(2).
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Fig. 2; The structure of N-methyl-N’-phenyl-P-a-methylbenzylphos-
phonamidate (50) (major diastereoisomer) as determined by single
crystal X-ray analysis; relative configuration at phosphorus and
carbon. Selected bond lengths (&) and bond angles (°): P-C(2)
1.825(5), P-N(1) 1.624(6), P-N(2) 1.653(5), N(1)-C(1) 1.477(8),
N(2)-C(11) 1.414(5), C(2)-P-N(1) 108.8(3), N(1)-P-N(2) 108.4(3),
N(2)-P-C(2) 100.0(2), C(2)-P-O 114.4(2), N(1)-P-O 109.1(3), N(2)-P-O
115.6(2), P-N(1)-C(1) 124.4(5), P-N(2)-C-(11) 128.6(4).

c2 > C,Q__QO

c21
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The reaction of the nosylate (45) with methylamine was
cleaner than the corresponding reaction of the methanesul-
phonate (44), with only a small quantity of the hydrazide
being formed even at lowest amine concentration (0.1 M). The
rearrangement products were again formed largely with

retention of configuration at phosphorus, for all three amine

concentrations, but the reaction was not as stereospecific as
for the methanesulphonate. Curiously, the stereospecificity

increased (marginally) at lower concentrations (Table 3).

Table 3; Reaction of the nosylate (45) with methylamine: diastereo-

isomer ratios of substrate (A : B) and rearrangement product (A’
B’).
A : B MeNH, A’ : B’
3 : 97 neat® 14 : 86
1.0 M
3 ¢ 97 12 : 88
in CH,C1,
0.1 M
3 : 97 10 : SO
in CH,C1,

* Neat amine added to substrate at -4 °C.

(o]
Ph O
AN /// Nu: T~ ”
P Base - -
N —_ » / OMs | shielding
MePhCH NHOMs PhMeHCY Q -
(44) (59)

Scheme 12
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If +the rearrangement proceeds through a free monomeric
metaphosphonimidate (59), a planar species, both diastereo-~
isomers of the substrate will give the same mnixture of
diastereoisomers of the product. The stereospecificity
observed for the rearrangements is therefore not consistent
with a free metaphosphonimidate intermediate. If the meta-
phosphonimidate reacts with the amine before it diffuses away
from the leaving group, then the leaving group may shield one
face and impose some stereospecificity - presumably with
retention of configuration at phosphorus (Scheme 12). At
lower amine (nucleophile) concentrations the metaphosphon-
imidate would have more time to diffuse away from the leaving
group before reacting, thus reducing the stereospecificity of
product formation. This was indeed observed for the reaction
with tert-butylamine, but not with methylamine. This mechan-
ism 1is therefore not consistent with the stereochemical
results either. However, it should be recalled that this type
of stereochemical behaviour was previously observed for the
phosphonamidic chloride PhP(O)NHBu®Cl;2® at lower amine con-
centrations, substitution showed increasing stereospecificity
with isopropylamine as the nucleophile, but loss of stereo-—
specificity with the more hindered tert-pentylamine. The
behaviour of the methanesulphonate (44) and the nosylate (45)
would therefore be consistent with the formation of a phos-
phonamidic-sulphonic mixed anhydride (60) - analogous to the
phosphonamidic chloride (48) - as long as the mixed anhydride
were formed with high stereospecificity, and its behaviour

resembled that of a phosphonamidic chloride.
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O\\ / _NHPh O Ph

N

P Y
i AN
MePhCH \OSOZR MePhCH “NHONs
(60) (45)

o NHPh o NHPh
N ) NaOH N\
/P \C i) HCI /P N
MePhCH 1 MePhCH “OH
(48) (61)
CH,N,
Ether

(0] NHPh
NaOMe . \ /

»

MeoH MePhC{*IP \OMe

(62)

Scheme 13

Evidence for phosphonamidic-sulphonic mixed anhydride
involvement came from two minor rearrangement products that
were formed in the reactions of the methanesulphonate (44)
with amine [these products were also seen, in much lower
yield, in the reaction of the nosylate (45) with 0.1 M
methylamine]. The first minor product, 6, 18, isolated after
protonation by extraction in dichloromethane, was identified
as the salt of the phosphonamidic acid (61) by comparison of
the 'H and 3P NMR spectra of the isolated free acid with
those of an authentic sample. The authentic sample was

prepared from the phosphonamidic chloride (48) by treatment
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with aqueous sodium hydroxide, then hydrochloric acid (Scheme
13). Further evidence of the identity of this product was
obtained by comparison of the GLC retention time of the
methyl ester formed on treatment of the isolated acid with
diazomethane, with that of an authentic sample of (62),
prepared either from the phosphonamidic chloride (48) and
sodium methoxide, or from the phosphonamidic acid (61) and

diazomethane (Scheme 13).

The second minor product displayed a series of very close
peaks in the 3*'P NMR spectrum, §, 24.4-23.5. It was apparently
the phosphonamidic anhydride (64), as on prolonged standing
in the reaction mixture it was slowly converted into the
phosphonamidate salt (63). Moreover, the 3P NMR spectrum
compared well with that of an authentic sample of the phos-
phonamidic anhydride (64), prepared from the phosphonamidic

chloride (48) and the tert-butylammonium phosphonamidate (63)

(Eq. 14).
PhNH o NHPh
) /0 BuNH;* + >>/
AN
MePhCH O~ MePhCH \Cl
(63) (48)

PhMeCH O (0} HMePh
Eq. 14 N //// \\ //C e

//P\, // P\
PhNH S0 “NHPh

(64)
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The conversion of the phosphonamidic anhydride (64) into the
phosphonamidate salt was slow, and most occurred only on
standing in the reaction mixture, long after the rearrange-
ment was complete. However, some of the salt was already
present at the end of the rearrangement [accompanied by much
more of the anhydride (64)]. This suggests that the salt is
probably formed first, and is converted into the anhydride
during the reaction, but the anhydride is subsequently hyd-
rolysed by adventitious water on standing. The phosphonamid-
ate is formally the result of addition of water to the meta-
phosphonimidate, and in accord with this, it (or the derived
phosphonamidic anhydride) became more prominent on dilution,
when moisture would be more likely to compete with amine for
the metaphosphonimidate (Scheme 14). However, with 1.0 M
ButNH, in dichloromethane the amount of water relative to
amine is expected to be small, yet the phosphonamidate (or
theAphosphonamidic anhydride) seemed to be disproportionately
large. If the reactive species were the metaphosphonimidate,
the amount of product due to water would be expected to
reflect its proportion in the reaction medium. If, on the
other hand, the substrate rearranges to the phosphonamidic-
=sulphonic mixed anhydride, a reasonable explanation can be
found. Now the phosphonamidate ion can be formed from the
mixed anhydride not only by reaction with water at phosphorus
[Sg2(P): increasing selectivity at lower amine concentrations
(cf. behaviour of phosphonaridic chlorides)], but also by
reaction of the amine at sulphur [Sy2(S) or sulphene mechan-

ism] (Scheme 15). In either case, the phosphonamidic anhyd-
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ride (64) would be the result of the phosphonamidate ion
reacting further with the mixed anhydride by nucleophilic

attack at phosphorus (Scheme 14).

MePhCH O O HMePh
(89) & \\\P/C (65)
PhNH ~o” \NHPh
(64)
PhNH PhNH
\P/O ///0
p D
MePhCH \0 MePhCH \o
quolaaso H,O/Base
0 o) Ph
(o} Ms
P N S
MePhCH X ~HOMs Cat.
€ NPh MePhCH \NHOMs MePhC{-I \NHPh
(59) (44) (65)
Scheme 14
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Part I; Chapter 3: Further Studies on N-Phosphinoyl-O-sulph-

onylhydroxylamines

Competition Studies

0\ /Ph O\\\ /Ph 0\ /Cl

MePhCH \NHOMs MePhCH \NHONS MePhCH \NHPh

(44) (45) (48)

If phosphonamidic-sulphonic mixed anhydrides are formed in
the rearrangements of N-phosphinoyl-O-sulphonylhydroxylamines
it would be interesting to compare their behaviour with that
of a suitable model, such as the phosphonamidic chloride
(48). With this in mind the methanesulphonate (44) (a 50 : 50
mixture of diastereoisomers), the nosylate (45) (diastereo-
isomer ratio 4 : 96; B in excess), and the phosphonamidic
chloride (48) (ratio 30 : 70; 3P NMR highfield diastereo-
isomer in excess) were allowed to react with an equimolar
mixture of methylamine and tert-butylamine at three con-
centrations (neat, 1.0 M, and 0.1 M; total amine concentrat-
ion in dichloromethane). The N-methyl/N-tert-butyl product
ratios were determined by 3P NMR spectroscopy (Table 4).
This showed that for all three substrates the selectivity of
the reaction increased on dilution. The reactions of the
methanesulphonate and the phosphonamidic chloride were
remarkably similar, reinforcing the argument for the mixed
anhydride. The nosylate was substantially less selective than

the methanesulphonate, in agreement with previous work where
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a nosylate was found to exhibit lower selectivity than the

corresponding methanesulphonate.?? This may also be consider-

ed as further evidence of mixed

anhydride formation, since

changing the leaving group in the substrate should not

influence the selectivity of the

just leave.

Table 4; Reaction of different substrates with 1

reaction if all it does is

: 1 methylamine-

-tert-butylamine under competitive conditions: product
determined by *'P NMR spectroscopy.
Substrate M = methanesulphonate (44)°
P = phosphonamidic chloride (48)°
N = nosylate (45)°
Substrate [MeNH, + Bu‘NH,] || N-Me : N-Bu‘
M 86 : 14
P neat? 90 : 10
N 75 : 25
M 95 : 5
1.0 M
P 94 : 6
in CH,C1,
N 75 : 25
M 299 : 1
0.1 M
P 299 ¢ 1
in CH,C1,
N 89 : 11

* 50 : 50 mixture of diastereoisomers

30 : 70 mixture of diastereoisomers

° 4 : 96 mixture of diastereoisomers
¢ Neat amine added to substrate at 0 °C.
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Stereochemical Studies on Optically Active N-Diphenylphos-

phinoyl-0O-camphor-10-sulphonylhydroxylamine

If the reaction intermediate is a phosphonamidic-sulphonic
mixed anhydride, then an N-phosphinoyl-O-sulphonylhydroxyl-
amine achiral at phosphorus but with a chiral leaving group
will, on rearrangement, give the mixed anhydride as a mixture
of diastereoisomers. These diastereoisomers will be formed
via diastereoisomeric transition states, so there should be

the possibility of asymmetric induction.

Ph Ph
N /O Cam-SO,CI N /O
ST,

>
pi “wHoH e pi NHOSO;Cam

(66) (67)

Eq. 156

To test this idea the enantiomeric camphor-10-sulphonates
(67), é,(CDCl,) 29.6, were prepared, in high yield, by react-
ion of N-(diphenylphosphinoyl)hydroxylamine (66)*?* with (+)-
or (-)-camphor-10-sulphonyl chloride (1.35 mol equiv.) in

pyridine (Eq. 15).13

The (-)-camphor-l0-sulphonate (66) was allowed to react with
tert-butylamine (neat, 3.0 M, 1.0 M, 0.3 M, and 0.05 M in
dichloromethane) (Scheme 16). The enantiomer ratios of the
known diamide (68),'* §, 11.2, were determined by H NMR
spectroscopy with the aid of (-)-methylphenylphosphinothioic
acid (70)%*:37 (1 mol equiv.) as a chiral shift reagent. 1In

all cases some asymmetric induction was seen (Table 5).
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Ph O o NHBu! Ph O
NP4 BUNH, AN BUNH, N
A > A ) AN
Pi  NHOSO;Cam Pi  “NHPh Pi  NHOMs
©7) (68) (69)
Scheme 16

Table 5; Reaction of the (-)-camphor-10-sulphonate (67) with
tert-butylamine: enantiomer ratios L : H [lowfield : highfield ratio
of the NBu® peaks in the presence of the 'H NMR shift reagent (70)]
of the rearrangement product.

Bu‘NH, L: H
Neat® 53 : 47
3.0 M

53 : 47
in cH,C1,
1.0 M
55 : 45
in CH,C1,
0.3 M
56 : 44
in CH,C1,

0.05 M

55 : 45
in CH,C1,

® Neat amine (> 20-fold excess) added to the substrate

Me S But S
7 >/
/ AR
Ph \OH Ph “OH
(70) t4))
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The (+)-camphor-10-sulphonate (67) and the achiral methane-
sulphonate (69)'? were also allgwed to react with 1.0 M tert-
~butylamine in dichloromethane (Scheme 16). Examination of
the resulting diamide (68) revealed asymmetric induction, in
the opposite sense, for the former, but no asymmetric in-

duction in the latter (Table 6 and Fig. 3).

Table 6; Reaction of various sulphonates with 1.0 M tert-butylamine
or 1.0 M methylamine in dichloromethane: enantiomer ratios L : H
[lowfield : highfield ratio in the presence of the 'H NMR shift
reagent (70) or (71)] of the rearrangement products.

Substrate: (+)~-Camphor = (+)-Camphor-10-sulphonate (67)
Mesylate = Methanesulphonate (69)
(-)-Camphor = (-)-Camphor-10-sulphonate (67)

With With
Substrate
Bu®NH, MeNH,

(+)-Camphor 46 : 54° 52 : 48

Mesylate 50 : 50 -

(=)~Camphor 55 : 45 47 : 53

®* This is the ratio of the NBu®* or NMe peaks for rearrangement with
Bu'NH, or MeNH, respectively.

® This value was also obtained in a similar reaction with 1 mol
equiv. of tert-butylammonium (-)-camphor-10-sulphonate present in
the Bu®NH, solution before the addition of the substrate.
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Fig. 3; 'H NMR spectra (NBu® peaks) showing asymmetric induction in
the rearrangement of the camphor-10-sulphonate (67) and its absence
in the rearrangement of the methanesulphonate (69) with 1.0 M
tert-butylamine in dichloromethane {[a and ¢ are product peaks
derived from the (+) and (-) enantiomers of (67) respectively, while
b is for the product from (69)1].

ot 1 P

The reactions of both enantiomers of the camphor-10-sulph-
onate (67) with 1.0 M methylamine in dichloromethane gave the
diamide (72),%? §, 16.4, (Eg. 16). Investigation of the enant-
iomer ratios of the product by !H NMR spectroscopy, with the
aid of (+)-tert-butylphenylphosphinothioic acid (71) (1.3 mol
equiv.) as a chiral shift reagent,?:37 again showed some

asymmetric induction (Table 6 and Fig. 4).
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Ph\ //o O, NHMe
P MeNH, p
7N - SN

Ph NHOSO,-Cam Ph  "NHPh
67) (72)

Eq. 16

Fig. 4; ‘H NMR spectra (NMe peaks) showing asymmetric induction in
the rearrangement of the camphor-10-sulphonate (67) with 1.0 M
methylamine in dichloromethane [a and b are the product peaks
derived from the (-) and (+) enantiomers of (67) respectivelyl].

i Ll
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If the rearrangement of the camphor-10-sulphonate (67) pro-
ceeded through a free metaphosphonimidate intermediate there
would be no asymmetric induction, since the two faces of the
metaphosphonimidate (73) are enantiotopic and the nucleophile
is achiral. The source of asymmetry in the reaction is the
chiral sulphonate, and asymmetric induction will occur if it
was involved in some way in product formation. In principle,
the chiral leaving group could influence product formation by
merely being present in the reaction medium, but this was not
the case since the product ratios remained unaltered when the
reaction was repeated with the (-)-camphor-10-sulphonate ion

(1.0 mol equiv.) already present in the reaction medium.

A
\it::NPh
o

(73)

The chiral leaving group could influence product formation
if it remained close to phosphorus when the nucleophile
attacks (the two faces of the metaphosphonimidate will then
be diastereotopic). Rearrangement through the metaphosphon-
imidate involves migration of phenyl to nitrogen with the
expulsion of the leaving group. If the line of departure of
the leaving group places it close to phosphorus the faces of
the metaphosphonimidate would be diastereotopic. There is no
reason why this should occur unless the sulphonate leaving
group is interacting in some specific way with phosphorus,

i.e. bonding. This being the case, the most reasonable ex-
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planation is that rearrangement not only involves the mig-
ration of phenyl from phosphorus to nitrogen but also invol-
ves the transfer of the sulphonate group from nitrogen to
phosphorus to give the phosphonamidic-sulphonic mixed anhyd-
ride (74) as a mixture of diastereoisomers. Whether this
transfer is synchronous with phenyl migration will be dis-
cussed later. Since the mixed anhydride is diastereoisomeric,
the diastereocisomers may, in principle, be formed in unequal
amounts, and if they reacted stereospecifically with the
nucleophile their configurational inequality would be trans-
ferred to the product, i.e. an unequal quantity of enantio-

mers.

o o
I I
PR/ g \"“Ph
SO,-Cam* z e
A ,-Cam Cam*50,0” P}VH
Diastereoisbmers of (74)

The observed asymmetric induction was small but only a small
difference in the energies of the transition states leading
to the mixed anhydride can be reasonably be expected. The
very fact of asymmetric induction provides further useful
support for the formation of the phosphonamidic-sulphonic

mixed anhydride.
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Spectroscopic Evidence for the Mixed Anhydride

o. _'NHOMs
N P
M Phc/i/{ “Ph AN
e MePhCH 'NHPh
“e (65)

A 3P NMR investigation of the reaction of the methanesulph-
onate (44) (sample A; diastereocisomer ratio 80 : 20) with
0.21 M tert-butylamine in dichloromethane showed that the
substrate was initially converted into a species with a
chemical shift in the region expected for rearrangement, §;
27.7 and 27.5 (~ 80 : 20 mixture of diastereoisomers) (Fig.
5). This species was not the final product but a short-lived
reaction intermediate; the expected phosphonic diamide rear-
rangement product was formed at its expense. This reaction
intermediate is believed to be the phosphonamidic-sulphonic
mixed anhydride (65), and the ~ 80 : 20 ratio of its
diastereoisomers implies that it is formed with a high degree
of stereospecificity. A similar investigation of sample B of
the methanesulphonate (diastereoisomer ratio 3 : 97), but
with 0.1 M tert-butylamine in dichloromethane showed that
formation of the hydrazide by-product competed with mixed

anhydride (65) formation.
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Fig. 5; Detection of a reaction intermediate (*P NMR spectroscopy)
in the rearrangement of the methanesulphonate (44) with 0.21 M tert-
-butylamine in dichloromethane.

50 min.

«©
-4
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In an attempt to recreate the reaction intermediate, the
tert-butylammonium phosphonamidate (63) was treated with
methanesulphonyl chloride. The reaction was foilowed by 3P
NMR spectroscopy, which showed the salt being converted into
the pyrophosphate (64) (Eq. 17). The phosphonamidic-sulphonic
mixed anhydride was not detected, presumably because it

reacts too quickly with the phosphonamidate anion.

PhNH O - o\ /oM
—

AN
/P/ ButNH,;*
MePhCH \0' MePhCH \NHPh
(63) (65)
(63)

PhMeCi—I /O 0\\\P /CHMePh
AN

PhNH \NHPh

Eq.17

(64)

Attempts to synthesise the mixed anhydride with methanesul-
phonic anhydride and either from the imidazolide (75), prep-
ared from the phosphonamidic chloride and trimethylsilyl-
imidazole,3® or the O-silyl ester (76) of the phosphonamid-
ate, prepared from the methyl phosphonamidate (62) and tri-

methylsilylbromide,3® were unsuccessful (Scheme 17).4°
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N ~Cl o Im 0.  OMs
Ny Me,Si~im \ / Ms,O Ny
e P\ / P\ /‘P\\
4 AN /
MePhCH °“NHPh MePhCH “NHPh MePhCH “NHPh
(48) (75) (65)
Ms,O
O OMe (0] OSiMe
Qk(// Me,SiBr §§,// :
/P\ T /P\ —
MePhCH “NHPh MePhCH “NHPh
62) (76)
Scheme 17

The Rearrangement

It is clear that rearrangement of the N-phosphinoyl-O-sul-
phonylhydroxylamine directly to the monomeric metaphosphon-
imidate is not a major reaction pathway, since, contrary to
the observed results, both diastereoisomers of the methane-
sulphonate (44) would be expected to give the same ratio of
diastereoisomeric products. The evidence for phosphonamidic-
-sulphonic mixed anhydride (77) formation, however, is
strong. The existence of asymmetric induction in the react-
ions of the camphor-10-sulphonates (67) practically demands
mixed anhydride formation, while the persistence of asymmet-
ric induction with all concentrations of tert-butylamine
(Table 5), and the high stereospecificity of the reactions of
the methanesulphonate (44) and the nosylate (45) with
methylamine shows that mixed anhydride formation occurred at

all concentrations.
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0, OSOR o, cl

N A N\ // g
AN P
R "NHPh R NHPh
@) (31)

If the N-phosphinoyl-O-sulphonylhydroxylamine, on treatment
with base, rearranged to the phosphonamidic-sulphonic mixed
anhydride (77), it is the way that this then reacts with the
nucleophile that will determine the outcome of the reaction.’
It is reasonable to expect the mixed anhydride (77) to behave
like the phosphonamidic chloride (31). Phosphonamidic chlor-
ides have been shown to react with amines by three mechanisms
namely,? i) Sy,2(P), being stereospecific and first order in
amine and showing high selectivity for the less bulky nuc-
leophile, ii) preassociation elimination-addition,?’ being
second order in amine and showing low selectivity, though its
stereospecificity can vary, the reaction being anything from
completely stereospecific to non-stereospecific, and finally
iii) limiting elimination-addition, which is first order in
amine and completely non-stereospecific and non-selective.
The reaction can therefore be influenced by the nucleophile,
in that bulky nucleophiles will disfavour S,2(P), and high
nucleophile concentrations will favour preassociation
elimination-addition; for competing nucleophiles, the phos-
phonamidic chloride will show increasing selectivity for the
less hindered nucleophile as the nucleophile concentration is

lowered.
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In order to understand the behaviour of the substrates it is
necessary to examine the competition and stereochemical
studies more closely. Consider the competition study (Table
4), If +the phosphonamidic-sulphonic mixed anhydride was
formed, there will be a preference for methylamine over
tert-butylamine for a reaction proceeding by an Sy2(P) path-
way. The reaction of Ph,P(0)Cl, by an Sy2(P) mechanism (it
cannot react by an elimination-addition mechanism), with an
equimolar mixture of isopropylamine and tert-butylamine gives
an NPri/NBut product ratio of > 99 : 1.22 For methylamine this
ratio would be much greater, and tert-butylamine will not
compete with methylamine for the mixed anhydride by an Sy2(P)
pathway. If any NBu* product was formed under competitive
conditions it would be due elimination-addition. For the
reaction of the methanesulphonate (44) with neat amine the
ratio was 86 : 14 (Table 4), the 14 % NBu® product must be
due to elimination-addition. At least a further 14 % of the
substrate mnust have also reacted with methylamine by a
similar mechanism, since methylamine could hardly be a less
efficient trap than tert-butylamine; the Sy2(P) component for
nethylamine would be 72 % (100 - 14 = 14 = 72). However, an
elimination-addition mechanism need not be truly non-select-
ive, Consider, foxr example, PriP(O)NHBu'Cl reacting by an
elimination-addition mechanism with an equimolar mixture of
isopropylamine and tert-butylamine in dichloromethane, non-
-selectivity is 1.4 : 1 favouring isopropylamine,’* showing
that bulk on the nucleophile does affect its trapping ability
to some degree. For Ph,P(O)NHONs with 1 : 1 methylamine and
tert-butylamine non-selectivity is around 2.5 : 1 favouring

methylamine,?? and for the reaction of nosylate (45) with the
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neat amine mixture, assuming the reaction proceeds entirely

by an elimination-addition mechanism, it cannot be more than

3 : 1 (Table 4). Taking non-selectivity as 2.5 : 1, and

applying this to our 86 : 14 ratio we get the elimination-
-addition contribution by methylamine as 35 % (2.5 x 14 = 35)

and S,2(P) for methylamine as 51 % (100 - 35 - 14 = 51). The

other values in Table 4 were similarly manipulated and the

results are shown in Table 7.

Table 7; Derived from Table 4: reaction of different substrates with

1 : 1 methylamine/tert-butylamine under competitive conditions show-
ing the % contribution of §,2(P) and elimination-addition (assuming
non-selectivity is 2.5 : 1 favouring MeNH,).
Substrate M = methanesulphonate (44)
P = phosphonamidic chloride (48)
N = nosylate (45)
MeNH, % Sy2(P) % EA
Substrate + -
Bu®NH, MeNH, MeNH, Bu®NH,
M 51 35 14
P neat 65 25 10
N 12.5 62.5 25
M 82.5 12.5 5
1.0 M
P 79 15 6
in CH,C1,
N 12.5 62.5 25
M > 96.5 < 2.5 <1
0.1 M
P > 96.5 < 2.5 <1
in CH,C1,
N 61.5 27.5 11
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For the stereochemical study it would be useful to know how
each diastereoisomer behaved. The stereochemical study was
conducted on enriched mixtures of both diastereoisomers, but
the behaviour of each diastereoisomer can easily be determ-

ined by solving the two following simultaneous equations:

3A + 97B —— aA’ + bB’

80A + 20B —m— oA’ + fB’

The solutions being:

100A —— (1/77)(97a - 20a)A’ + (1/77)(978 - 20b)B’

100B — (1/77)(80a - 3a)A’ + (1/77)(80b - 38)B’

The solutions to these simultaneous equations are displayed
in Tables 8 and 9, where A and B are the substrate
diastereoisomers, A’ and B’ are the product diastereoisomers,
and the values (taken from Tables 1 and 2) a and b are the
coefficients of A’ and B’ respectively, for sample B, and «

and 8 are the corresponding coefficients for sample A.
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Table 8; Reaction of the methanesulphonate

(44) with tert-butyl-

amine: calculated product diastereoisomer ratios (A’ B*) from
substrate (X = diastereoisomer A or B).

A: B BuNH, 100 ¥ X —— A’ : B’ d.e.

3 : 97 B— 7.5 : 92.5 85.0

neat

80 : 20 A — 91.9 : 8.1 83.8

3 : 97 1.0 M B — 28.6 : 71.4 42.8

80 : 20 in CH,C1, A — 76.6 : 23.4 53.2

3 3 97 0.1 M B — 40.4 : 59.6 19.2

80 : 20 in CH,C1, A —— 61.2 : 38.8 22.4

Table 9; Reaction of the methanesulphonate

(44) with methylamine:

calculated product diastereoisomer ratios (A’ : B’) from substrate
(X = diastereoisomer A or B).
A: B MeNH, 100 ¥ X —— A’ : B’ d.e.
3 : 97 B — 4.2 : 95.8 91.6
neat
80 : 20 A —— 97,7 ¢ 2.3 95.4
3 : 97 1.0 M B—— 5.1 : 94.9 89.8
80 : 20 in CH,C1, A —— 972 : 3% 94
3 : 97 0.1 M B—— 5.1 : 94.9 89.8
80 : 20 in CH,C1, A — 972 : 3° 94

No sensible solution was obtained from the simultaneous equations

for this diastereoisomer at this concentration. This value was

obtained by extrapolation, assuming that there is no significant
difference between the diastereoisomers, then A’ =

94.9 = 96.8, and B’ = 100 - A’ = 3.2.
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Examination of Table 7 clearly shows that in all cases
selectivity for the less hindered nucleophile (methylamine)
increased with dilution. This behaviour is exactly what is
expected for a phosphonamidic chloride, indicating that the
substrates are behaving 1like phosphonamidic chlorides.
Furthermore, the behaviour of the methanesulphonate (44)
reinforced this view by closely paralleling the behaviour of
the phosphonamidic chloride (48). The reactions of the
phosphonamidic-sulphonic mixed anhydrides may be rationalised

as detailed below.

Ph O (0} Ms O Cl
NV \\P/O N\
MePhCH \NHOMS MePhC{'I \NHPh MePhCH \NHPh
(a4) ) (“8)

The mixed anhydride (65), once formed, could react further
at high amine concentrations by a preassociation eliminat-
ion-addition mechanism.?’” This pathway would not discriminate
much between competing nucleophiles, since the product form-
ing species would be the mnetaphosphonimidate (planar and
highly reactive); it may be responsible for the reduced
selectivity seen in the competition study (Tables 4 and 7).
Both diastereoisomers of the methanesulphonate (44) reacted
with tert-butylamine with high stereospecificity at high
amine concentration but with low stereospecificity at 1low
amine concentrations (Table 8). In this case preassociation
elimination-addition for the phosphonamidic-sulphonic mixed

anhydride (65) seems to go with a fairly high degree of
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stereospecificity, and it could be that the leaving group
blocked one face of the metaphosphonimidate. At lower amine
concentrations preassociation elimination-addition becomes
less important (proportional to [amine]?); Sy2(P) and, if the
metaphosphonimidate could exist as a free species, limiting
elimination-addition can compete more ably. From the compet-
ition study we saw that tert-butylamine competed with
methylamine by an elimination-addition mechanism. Since
Sy2(P) is very much faster for methylamine than for tert-but-
ylamine, and since elimination-addition for tert-butylamine
could compete with Sy2(P) for methylamine, it follows, as
expected, that elimination-addition is very much greater than
Sy2(P) for tert-butylamine. The reaction of the mixed anhyd-
ride with low concentrations of tert-butylamine would proceed
through a non-stereospecific elinination-addition pathway
involving the free metaphosphonimidate, explaining the loss
of stereospecificity seen in the reaction (Table 8). The
reaction of the methanesulphonate (44) with tert-butylamine,
however, was not completely non-stereospecific, even for the
0.1 M amine, but the remaining stereospecificity could be due
to a residual preassociation elimination-addition pathway

with, perhaps, an $,2(P) contribution.

The reaction of the diastereoisomers of the methanesulphon-
ate (44) with methylamine, in contrast with their reaction
with tert-butylamine, showed only a small reduction in
stereospecificity on dilution (Table 9). The stereospecific-
ity of the reaction with neat methylamine would be due to
contributions by both the fairly highly stereospecific pre-

association elimination-addition pathway and the stereospec—
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ific Sy2(P) pathway, which accounted for roughly half of
product formation (Table 7). At lower methylamine concentr-_
ations the preassociation elimination-addition mechanism
would be expected to be replaced by a stereospecific Syz2(P)
mechanism, resulting in continued high stereospecificity. The
observed small decrease in stereospecificity could be due to
competition from the non-stereospecific limiting eliminat-

ion~addition mechanism.

Table 10; Reaction of the nosylate (45) with methylamine: calculated
product diastereoisomer ratios (A’ : B’) from substrate B. The val-
ues were calculated assuming that the 3 % of substrate diastereo-
isomer A made no contribution to product diastereoisomer B*‘, then B’
= (B’ from Table 3)/97 and A’ = 100 - B*.

MeNH, 100 ¥ B —m A’ : B’/ d.e.
neat 11.3 : 88.7 77.4
1.0 M
9.3 : 90.7 81.4
in CH,C1,
0.1 M
7.2 t 92.8 85.6
in CH,C1,

When compared to the methanesulphonate (44), the nosylate
(45) showed a marked reduction in the preference for methyl-
amine over tert-butylamine at all concentrations (Table 7),
showing that preassociation elimination-addition was much
more dominant for the nosylate-containing mixed anhydride
(78). This is perhaps due to the more electronegative nosyl-
ate leaving group enhancing the acidity of the N-hydrogen,*?
encouraging elimination-addition. The rearrangement with
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methylamine also proceeded with lower stereospecificity than
the methanesulphonate but this could simply be due to the
lower S,2(P) contribution; the stereospecificity of the pre-
association elimination-addition pathway for the mixed
anhydride (78) is presumably similar to that of the mixed
anhydride (65). On the whole, though, the nosylate (45)
showed increasing selectivity and, interestingly, increasing

stereospecificity on dilution.

Ph (o}
> /0 \\\P /ONs
MePhCH \NHONS MePhé;I \NHPh

(45) (78)

A curious feature of the reaction of the nosylate (45),
under competitive conditions, was that the selectivity with
neat and 1.0 M amine mixture was the same. However, the
elimination-addition contribution at the two concentrations
must be different, but indistinguishable within experimental
error, since the stereochemical study showed a slight
increase in stereospecificity, due to a greater S,2(P) con-
tribution. The small increase in stereospecificity for the
nosylate with methylamine could simply be due the increasing

importance of the S,2(P) reaction pathway on dilution.

The behaviour of the N-phosphinoyl-O-sulphonylhydroxylamines
is consistent with rearrangement to the phosphonamidic-
-sulphonic mixed anhydride at all concentrations, but there

remains the possibility that rearrangement directly to the
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metaphosphonimidate (59) may have a small role. For the
methanesulphonate (44) with 0.1 M amine in the competition.
study elimination-addition accounts for ~ 4 % of the reaction
(Table 7). If all the elimination-addition was attributable
to rearrangement proceeding directly through the metaphos-
phonimidate (59) then this mechanism will account for no more
than 4 % of the rearrangement with 0.1 M amine. Since the
metaphosphonimidate (59) and the phosphonamidic=sulphonic
mixed anhydride (65) are both formed from the conjugate base
of the wmethanesulphonate (44) it might be reasonable to
expect that the ratio of the two rearrangement pathways will
remain roughly constant at all concentrations of amine, so
the metaphosphonimidate could account for 4 % of reaction at
all concentrations. However, in the reaction of the phos-
phonamidic chloride (48) under the same conditions, elimin-
ation-addition also accounts for 4 % of the reaction. Since
the phosphonamidic chloride (48) is already a ‘rearranged’
species, and bearing in mind the striking similarity in the
behaviours of the methanesulphonate (44) and the phosphon-
amidic chloride (48) under competitive conditions, we would
expect the mixed anhydride (65) to also show ~ 4 % eliminat-
ion-addition; <this must mean <that rearrangement directly
through the metaphosphonimidate (if any) occurs in even less
than 4 %, and suggests that rearrangement to the mnixed

anhydride is probably the only pathway.
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Ph O 0 Ms
\\P /, \\\ //O
—
P N
MePhCH “NHOMs MePhCH  “NHPh
(a4) (65)
A
Base
~HOMs o) HOMs
/P\\\\
MePhCH NPh
(59)
Scheme 18

The rearrangement of the substrates to the mixed anhydrides
could proceed either by i) a two step process in which a
inetaphosphonimidate recombines with the sulphonate leaving
group or, 1ii) a concerted mechanism (Scheme 18). If the
~ metaphosphonimidate had a very short lifetime (such that it
could not diffuse into the bulk solvent) and the nucleophile
was not already present we would expect it to recombine
immediately with the sulphonate (with inversion of configur-
ation at phosphorus). The short life time of the metaphos-
phonimidate would enforce a preassociation elimination-
-addition mechanism at all concentrations and the stereo-
chemistry of the methanesulphonate (44) with tert-butylamine
would be constant. This was not the case, and, in fact, the
loss of stereochemistry, on dilution, suggested that the

metaphosphonimidate could exist as a free species.
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If the metaphosphonimidate could exist as a free species, it
would be more able to diffuse into the bulk solvent at lower
amine concentrations. However, the ﬁetaphosphonimidate would
be less likely to recombine with the sulphonate leaving
group, to give the mixed anhydride, and more likely to react
directly with amine to give the product (the concentration of
amine 2 20 times that of sulphonate). Since the metaphos-
phonimidate would be the reactive species, low stereospecif-
icity and low selectivity would be expected for the reaction
of the methanesulphonate with methylamine, but the opposite
was observed and this suggested that mixed anhydride format-

ion was not a two-step process.

The stereochemical results (and the P NMR study) of the
rearrangement imply that the mixed anhydride was formed
directly (after deprotonation) from the substrate by a
concerted mechanism, with a high degree of (if not complete)
stereospecificity. The optically active study also suggested
that the mixed anhydride was formed directly from the
substrate. The reaction of the (+)»camphor=10msu1phonate (67)
with 1.0 M tert-butylamine in dichloromethane, containing
tert-butylammonium (-=)-=-camphor-=10-sulphonate (1 mol equiv.),
showed no change in the enantiomer ratio of the product, when
compared with the reaction without added salt (Table 6). This
showed <that no inter-molecular exchange of the sulphonate
occurred and suggested that the mixed anhydride was formed by

an intra-molecular rearrangement (Fig. 6).
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Fig.6

The rearrangement of the methanesulphonate (44) with
methylamine was shown to go with retention of configuration
at phosphorus. This result could be explained as rearrange-
ment to the mixed anhydride proceeding largely (or complete-
ly) with inversion of configuration at phosphorus, perhaps by
a intra-molecular process (Fig. 6), followed by stereospec-
ific displacement of the leaving group by methylamine with
inversion of configuration at phosphorus [Sy2(P) at low con-
centrations or stereospecific preassociation elimination-
-addition at high concentrations]. The overall retention of
configuration at phosphorﬁs, seen in the final product, would

then be the result of two inversions (Eg. 18).

(o] (o] O
’H Inversion }l Inversion ‘“
pmwﬁ?p\\\ g meﬁ?P IMeHhNMﬁ7P\\\
" NHOMs i “Soms R NHPh
R* = PhMeCH Overali Retention
Eq. 18
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A Brief Investigation of Hydrazide Formation

Hydrazide formation occurred to some extent in the reactions
of the methanesulphonate (44) with amines. This became more
prominent at lower amine concentrations, suggesting that
rearrangement to the mixed anhydride (65) may proceed by a
mechanism that is of a higher order in amine than is the
conversion to hydrazide. More curious, as noted earlier, was
that hydrazide formation was more prominent for more hindered
amines. If the hydrazide is formed by Sy2 attack at nitrogen,
then this behaviour is contrary to what is normally encount-
ered for Sy2 (at carbon), namely that less hindered nucleo-
philes are more able nucleophiles. It is conceivable that
hydrazide formation is enhanced with hindered amines, relat-
ive to rearrangement, simply because the bulk of the amine
affects the rearrangement process more than it affects nuc-
leophilic substitution at nitrogen (hydrazide forn{ation)°
This seems unlikely, however, if the rearrangement to the
mixed anhydride only requires the amine to act as a base in
the rate limiting formation of the phosphonamidic-sulphonic

nixed anhydride.

To explore hydrazide formation more closely, the nosylate
(79)%* was allowed to react with a range of amines (0.5 M) in
dichloromethane. Bath the low concentration of amine and the
relatively small migratory aptitude of the benzyl group in
the substrate should encourage hydrazide formation.** The
reaction of the nosylate (79) with methylamine gave several

products and, as a result, methylamine was excluded from the
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study. The reactions with tert-butylamine, diisopropylamine,
and N-methyl-tert-butylamine gave mainly the hydrazides (80),

(81), and (82) respectively.

0
%
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\NHONS NHNHBu*

2

(79) (80)

/
Pa

i
%

NHNPri, NHNMeBut

(81) (82)

The nosylate (79) was then subjected to a competition study,
" by using an equimolar mixture of either tert-butylamine and
diisopropylamine or tert-butylamine and N-methyl-tert-butyl-

amine in dichloromethane (0.5 M total amine) (Table 11).



Table 11; Reaction of the nosylate (79) with 0.5 M amine mixtures in

dichloromethane under competitive conditions: hydrazide product
ratios.
Amine: A =1 : 1 tert-butylamine-N-methyl-tert-butylamine

B =1 : 1 tert-butylamine-diisopropylamine

Amine -NBu®* : -NR!R?
A 8 : 92
B 55 : 45

Some previous work on nucleophilic substitution at nitrogen
has shown that steric hindrance is not very important,*s but a
(loose) correlation of reduced nucleophilicity with increased
steric hindrance was found in protic solvents.4 In the
competition study with the nosylate (79), a mixed result was
obtained; the reaction with the tert-butylamine-N-methyl-
-tert-butylamine mixture gave the opposite of what might be
expected (i.e. the more hindered amine was the more effective
nucleophile), while the reaction with the tert-butylamine-
-diisopropylamine mixture gave a normal result (i.e. the less
hindered amine was the more effective nucleophile), albeit

that diisopropylamine competed remarkably well.

Normally, progressive alkylation of an amine should reduce
its efficiency as a nucleophile (steric hindrance), but where
steric factors are unimportant, as would appear to be the
case for nitrogen, this same alkylation may serve to enhance

the nucleophilicity of the amine (+I effect), thus making the
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more alkylated amine the more efficient nucleophile. If this
was ‘indeed the case N-methyl-tert-butylamine would be
expected to be a better nucleophile than tert-=butylamine and
would be responsible for the major product, as seen. Sim-
ilarly one would expect diisopropylamine to be the more
efficient nucleophile, but here tert-butylamine proved to be
marginally better. It could be then that steric effects are
now sufficiently important for diisopropylamine so as to
moderate its overall nucleophilicity, such that tert-butyl-

amine is now the (slightly) more efficient nucleophile.
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Part II; Chapter 1: Introduction

a-Halogenoketones and a—-Halogenosulphones

0o (0]
RO~
R Hal “’TH*"—’ RVJYHaI
H R R
(83)
—Hal”
0o 0O
RO I
4_—_____._.__
R R ROH
R R
(85) (84)
Scheme 19

a-Halogenoketones (83) when treated with base undergo a
reaction known as the Favorskii rearrangement giving esters
(85).4 The first step is deprotonation at the a-carbon,
followed by ring closure giving the cyclopropanone (84) as an
intermediate;*” nucleophilic addition to the carbonyl group
by alkoxide followed by the displacement of the most stable
carbanion (and protonation) completes the rearrangement
(Scheme 19). a-Halogenosulphones (86) undergo the Ramberg-
-Backlund rearrangement when treated with base,*® forming epi-
sulphones (87) which are analogous to the cyclopropanones in

the Favorskii rearrangement. An episulphone, however, does
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not undergo simple ring opening but breaks down by cheleo-
tropic elimination of sulphur dioxide to give an alkene (88)

predominantly as the cis-isomer (Egq. 19).

(o) O (0] 0]
\\\ // RO~ \S’/ -80,

S
RY YHal hal /Z—KR ,
R R
H R R

(86) (87) (88)

|

Eq. 19

a-Halogenocarboxamides

o o}
Base ’
Hal —————p
NBut ~HHal
1, NBut
R H R
(89) (90)
Eq. 20

a-Halogenocarboxamides (89) eliminate hydrogen halide in the
presence of base to give o-lactams (90),%" analogues of the
cyclopropanones in the Favorskii rearrangement (Eg. 20).
a-Lactams are relatively stable species and may be prepared

optically pure from a-amino acids.>®

Treatment of «o-lactams with protic reagents gives products
unlike those from the Favorskii rearrangement, since nucleo-
philic displacement of nitrogen from the «a-carbon occurs,

giving a-substituted amides (92) (Scheme 20). However treat-
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ment with anionic nucleophiles effects substitution at the
carbonyl centre, with displacement of the most stable anion,
usually nitrogen, giving the a-amino acid derivatives (91)
(Scheme 20); products derived from C~C bond scission have

been observed when the a-carbon bears two phenyl groups.

(0] o (o]
RO~ ROH
ButHN W [ — RO
R NHBut
NBut
R R R
(91) (90) (92)
Scheme 20

a-Halogenophosphonic Amides

Et,N O Et,N
2 Vi RONa 2 AN /0
\/Cl R =Me, Ph /P NHPh
PhNH RO
(93) ’ (94)
Eq. 21

In 1977 Petrov et al’' observed that when the a-chlorophos-
phonic diamide (93) was treated with base it underwent a
reaction that was superficially similar to the Favorskii
rearrangement, giving the a-aminophosphonamidate (94) as the
product (Eg. 21). Subsequently, other workers’? found that
ao~halogenophosphonamidates (95) behaved similarly, to give

a-aninophosphonamidates (96) (Eqg. 22).
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(95) (96)
Eq. 22
PhNH
P — P NHPh
Cl (l) ;OMe MeO / \/
@7

Eq. 23
This rearrangement could proceed through a phosphorane (97),
with addition of the nucleophile to phosphorus, followed by
expulsion of halide as the amino group migrates to the
a-carbon (Eq. 23). Comparable phosphorane rearrangements,
- with migration of an alkyl or aryl group, have been report-
ed.®® Alternatively, deprotonation at nitrogen and ring
closure may give an azaphosphiridine oxide (98) (originally
proposed by Petrov et al’') which then experiences nucleo-
philic displacement of nitrogen from the phosphorus centre

(Eq. 24).

MeO\ /o Meo\éo\_om MeO\ /o

/P ccl e ! i \ MeOH /P NHPh
Phﬁ/\\/ \Neh MeO N

H (98)

“OMe
Eq. 24
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An azaphosphiridine oxide is an example of a three membered
ring containing the P=0 group. Related species, such as the
phosphirane oxides (99), (100), and (101)5* have been sug-
gested as short-lived intermediates in reactions, and in
certain cases, such as the diazaphosphiridine oxide (102)5%
and the phosphirane oxides (103)%® and (104)5’, they have been
isolated. However, azaphosphiridine oxides have not yet been
detected, let alone isolated, and must be expected to react

rapidly with nucleophiles.

0§§?//0Nh 0§§’//0Nk 0§§F//0Nk

P

Aco,m PhAPh Ph’

(99) (100) (101)

O\\\P /Bu‘ O\\P /Bu‘ O\P /Ph
/\
N

—N A RMMA\:‘SOPh
Bu?” gy Bu But PhSO

(102) (103) (104)
R=H, OAc

Recent evidence favours the azaphosphiridine oxide pathway,
since i) alkyl substituents at the a~carbon enhance the rate
of reaction,®® which is not consistent with rate-limiting
associative nucleophilic attack at phosphorus, and ii) more
important, when the N-substituent is an alkyl group,
phosphoramidate products (106) may be formed as well as
a-aminomethylphosphonates (107).5® Phosphoramidate formation
is not easily accounted for with the phosphorane mechanism
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but is easily explained by nucleophilic displacement of the
a-carbon from phosphorus in an azaphosphiridine oxide (105)
(Scheme 21). As would be expected, alkyl substituents on the
a-carbon discourage P-C bond cleavage and phosphoramidate

formation.58-52

RO R /\*om RO /o)
\/0 P 0\/0 PAN Vi
> NHBut
MeO/ \NMeBu‘ ANBU‘ MeO \/
(106) (105) (107)

Scheme 21

An important difference between the a-halogenophosphonamid-
ate reaction and the Favorskii rearrangement is that, whereas
the carbonyl group is trigonal, a phosphoryl group is tetra-
hedral; rearrangement may, therefore, have stereochemical
consequences that can furnish further mechanistic details. In
order to study the stereochemistry it would be necessary to
establish the relative configuration at phosphorus for the
substrate and the products. Ideally the substrate should be
one that gives both types of product (PN and P#C bond scis-
sion) and since, in this case, the stereochemistry of rear-
rangement would be determined by single crystal X-ray anal-
ysis the chosen substrate and its products (or their deriv-
atives) must be crystalline. The methyl a-chloromethylphos-
phonamidate (108)%® could be a useful starting point for the
study, and replacing the a-chlorine with bromine should allow
the reaction to proceed under milder conditions, thereby

reducing the risk of unwanted stereoisomerisation.
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One approach would be to prepare a single enantiomer of the
alkyl oa-bromomethylphosphonamidate (109), and study its
rearrangement. Preparation from the appropriate optically
active phosphonic halide or phosphonamidic halide (Scheme 22)
would almost certainly be hampered by racemisation, resulting
from halide exchange (Eq. 25), and in any case, preparation
of optically active acid halides would be difficult.
Preparation of the racemic alkyl a-bromomethylphosphonamidate
should be straightforward but subsequent resolution would be

required, and it is not obvious how that could be achieved.

X~ 0

s N\ I

\\‘“W‘““?P\\r\\‘ D —— x / P‘wwm/ Br

X
z Z

Eqg.25
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An alternative approach would be to prepare a substrate
(110) that exists as diastereoisomers, by incorporating a
chiral, non-migrating, alkyl group (Eq. 26), and establishing
the configuration at phosphorus relative to this chiral
group. The chiral group need not be optically pure, as the
study could be conducted on a pair of racemic diastereo-
isomers. With an ideal alkyl group the diastereoisomers would
be easily separable and the reaction could be readily monit-
ored by GLC and 'H and 3!P NMR spectroscopy. In this work the
alkyl group derived from menthol was chosen, and owing to its
cheapness and availability in optically pure form, the study
was conducted on single enantiomers of the pair of di-
astereoisomers. A disadvantage of using diastereoisomers is
that they may, in principle, behave differently, and the
reaction must therefore be performed on both diastereoisomers

(or enriched mixtures of both).

o o R*
AN / ~ -OR* N\ /0
Br\/P\NHBu' Br\/P\Nmaxut

(110)
Eq. 26
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Part TII; Chapter 2: The Base Induced Rearrangement Of

(-)-Menthyl P-(Bromomethyl )-N-tert-butylphosphonamidate

Preparation of the Bromomethylphosphonamidate

M
Manthol /0‘ o
\/P\NHBu' \/P\NHBu'

(111) (112)
Eq. 27

In principle the bromomethylphosphonamidate (112) could be
prepared from the phosphonamidic bromide (111) and
(-)-menthol in the presence of base (Eq. 27). However, the
phosphonamidic bromide approach was not pursued because of
evidence that during its attempted synthesis, from the
bromomethylphosphonic dibromide (113)5° and tert-butylamine,
it underwent further reaction with tert-butylamine,®® probably
by an elimination-addition mechanism,** to give the diamide

(114) (Eq. 28).

O\P/ B _BuNH, er\u-l2 NHBUt
Br \\B \\»//P\\NHBut \\v//P\\NHBut
(113) (111) (114)
Eq. 28

Instead, the bromomethylphosphonamidate (112) was prepared
by first reacting the bromomethylphosphonic dibromide (113)

with (-)-menthol (1.05 mol equiv.) and triethylamine (1.0 mol
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equiv.). This gave the menthyl phosphonobromidate (115), 4,
19.0 and 17.0 (diastereoisomers) [accompanied by a small
quantity of the dimenthyl phosphonate (4§, 15.7; ca. 15 %)]
which was then treated with an excess of tert-butylamine (Eq.
29). The crystalline product was formed as a 54 : 46 mixture
of diastereoisomers with the 3!P NMR lowfield diastereoisomer
dominant. Careful crystallisation from aqueous ethanol and
then light petroleum gave sample A, the pure highfield 3P
NMR diastereoisomer 6,(CH,Cl,) 18.0 (determined by GLC and 3P
NMR spectroscopy) and crystallisation of one of the mother
ligquors from light petroleum gave sample B, a 60 : 40 mixture
of diastereoisomers (determined by 2P NMR spectroscopy) with
the 1lowfield 3P NMR diastereoisomer, §,(CH,Cl,) 18.3, in

excess.

0\ e Br Menthol 0\ /0 Men ° Men
0! > N Bu'NH, ‘\ /0-
Br P T P b P
\/ \Br Et;N B \/ \Br Br\/ \NHBu‘

(113) (115) (112)

Eq. 29
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Reaction of the Bromomethylphosphonamidate with Methoxide

O. ,O-Men 0O 0O-Men (o} ~0O-Men
\P/ QOMe \\P/ N
Br. 7\ THF/MeOH . _NHBuw *t PN
NHBut MeQ” N~ MeQ” “NMeBut
(112) (116) 117)
Eqg. 30

Each sample of the bromomethylphosphonamidate was treated
with 0.2 M benzyltrimethylammonium methoxide (QOMe) in
THF-methanol (9 : 1 v/v) at room temperature and the progress
of the reaction was followed by 3P NMR spectroscopy. This
showed that the substrate (4§, 18.8; for A and 18.7 for B) was
gradually converted into the aminomethylphosphonate (116), §;
27.1 and 26.8, and the N-methylphosphoramidate (117), d; 10.4
and 9.3 (Eg. 30):; both products were formed as mixtures of
diastereoisomers, but the diastereoisomer ratios were very
different for the reactions of the two samples of substrate.
As the reaction neared completion some demethylation of the
P-methoxy group of the aminomethylphosphonate was apparent
(8 17.2; ca. 3 %) (Eg. 31);% the substrate was completely

consumed in 4.5 h.

Meof\ 0\ /O-Men Moo~ O\ /O-Men

—— P
MeO
1\/qu73,0 \NMeBut " o \NMeBu‘

Eq. 31
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The two types of product were separated by treatment of the
mixture with dilute hydrochloric acid (the aminomethylphos-
phonate passes into the acidic agueous portion); the products
were isolated as oils and were completely characterised (the
aminomethylphosphonate was further characterised as the
picrate). The phosphoramidate structure was confirmed by H
NMR spectroscopy, which showed incorporation of methoxide,
diastereoisomeric POMe signals (A§ 0.016, 4, Jpy 11.3 or
11.4), and P-C bond scission, indicated by the diastereo-
isomeric PNMe signals (A§ 0.004, d, Jyy 9.7 or 9.5), while
the IR spectrum showed no NH absorption. Confirmation of the
aminomethylphosphonate structure was also achieved by H NMR
spectroscopy which showed diastereoisomeric POMe signals (AS
0.026, &, Jpy 10.6 or 10.8) resulting from incorporation of
methoxide. The signals for the PCH,N structure, indicative of
P-N bond cleavage, were duite different for the two di-
astereoisomers; for the major product from sample A,
0z (CDCL,) 2.922 (2 H, ABP, Jp 13.9, Jpp 14.9, and Jy 15.7),
and for the major product for sample B, J,(CDCl;) 2.920 (2 H,
d, Jpy 15.2). The expected NH signals were hidden under the

menthyl residue but they were evident in the IR spectrum.
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Table 12; Reaction of menthyl P-{(bromomethyl)-N-tert-butylphosphon-
amidate (112) with benzyltrimethylammonium methoxide: diastereoisom-
er ratio of substrate (B : A) and ratio of aminomethylphosphonate
(PN) and phosphoramidate (P#C) rearrangement products as determined
by **P NMR spectroscopy.

B : A PAN : P#C
(Substrate)
60 : 40 83 : 17
(Sample B)
0 : 100 84 : 16
(Sample A)

In principle the two diastereoisomers of the substrate could
react with different rates and give different product ratios,
but examination of the reaction of sample B at 86 % complet-
ion (3P NMR spectroscopy) showed that the remaining substr-
ate was still in ~ 3 : 2 diastereoisomer ratio, implying that
there is no appreciable difference in the rates of reaction
of the diastereoisomers. Also, both samples of substrate gave
the two types rearrangement product in a ratio of about 5 : 1
(Table 12), implying no significant difference in their pro-

duct-forming behaviour.
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Table 13; Reaction of menthyl P-(bromomethyl)-N-tert-butylphosphon-
amidate (112) with benzyltrimethylammonium methoxide: diastereoisom-
er ratios of substrate (B : A) and rearrangement products (PN, A’ :
B’; PAC, A" : B") as determined by *'P NMR spectroscopy.

B : A A’ : B’ A" : B" Reaction Time®
(PAN) (P#C)
60 : 40 45 : 55 41 : 59 4.5 h
(Sample B)
96 : 4P| 95 : 5 4.5 h

0 : 100 29 1P} 95 : 5° 16 min

(Sample A)

88 : 12P} 95 : 54 6 h

* This is the time that the substrate spent in the reaction mixture
before quenching with ammonium chloride.

® This ratio became evident only after the reaction mixture was
worked up, and was determined by 'H NMR spectroscopy after isolation.
° Confirmed by 'H NMR spectroscopy.

4 Determined by *H NMR spectroscopy after isolation.

The ratio of the diastereoisomers of the N-methylphosphor-
amidate (117) (A" : B") reflected closely the ratio in the
substrate for the reaction of sample B (Table 13), but the
diastereoisomer ratio of the aminomethylphosphonate (116) (A’
: B’) was slightly less than the 60 : 40 of the substrate
(sample B), possibly because the major diastereoisomer
experienced more demethylation. For sample A a small differ-
ence was evident in the diastereoisomer ratio of both prod-
ucts, suggesting that reaction is not completely stereo-

specific. To check whether the lack of complete stereospec-
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ificity of the rearrangement for sample A was inherent or due
to stereochemical equilibration of the products, the reaction
with sample A was repeated; in one case reaction was gquenched
before it reached completion (93 % complete in 16 min), in
another it was allowed to continue for 6 h before quenching.
This established that the diastereoisomer ratio of the
N-methylphosphoramidate (117) remained constant for all three
experiments (95 : 5), but the ratio of the diastereoisomers
of the aminomethylphosphonate (116) was greater (99 : 1) than
originally observed (96 : 4) for the shorter reaction time,
and less (88 : 12) for the longer time (Table 13). This
implies that the aminomethylphosphonate (but not the phos-
phoramidate) experiences some stereochemical equilibration by
methoxide exchange (Eg. 32), and suggests that the deviation
from the expected ratio of 3 : 2 for sample B is also due to

this, rather than to demethylation.

MeO~ (s} o)
N j

ButHN .
\\\ww \2>0Nh NkO///

Eq. 32

Stereochemistry of the Rearrangement

A portion of sample A of the bromomethylphosphonate (112)
was recrystallised from dichloromethane-~light petroleum and

then agueous ethanol to produce a crystal suitable for single
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crystal X~-ray analysis (Fig. 7).%% Comparison of this stereo-
structure with those of the rearrangement products would give

the stereochemistry of the reaction.

The aminomethylphosphonate from the rearrangement of sub-
strate sample A was easily converted into its picrate salt,
6,(CDC1,;) 16.4. Crystallisation from ether-light petroleum
removed the small amount of the minor diastereoisomer, leav-
ing just the major diastereoisomer (!H and 3*'P NMR) and re-
crystallisation of this sample from ether-light petroleum
afforded a crystal suitable for single crystal X-ray analysis
(Fig. 8).%% Comparison of this stereostructure with that of
the substrate revealed that the aminomethylphosphonate (116)
was formed by cleavage of the P-N bond with inversion of

configuration at phosphorus.

] \O>P /O-Men O\ /O-Men O\ /O-Men
T NHBut
\NHBu‘ MeO/P \/ ¢ MeO/P \NMeBu‘

(112 (116) (11

The N-methylphosphoramidate (117), being an oil but also
being unamenable to derivatisation, presented more of a
problem. The first approach was to synthesise one diastereo-
isomer of the N-hydrogen analogue (120) of the N-methylphos-
phoramidate, with a view to determining its X-ray structure,
and relating it to the N-methyl rearrangement product (117).
The phosphoramidate (120) was prepared by first treating

phosphoryl chloride with (-)-menthol and triethylamine (1 mol
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equiv.). This gave the phosphorodichloridate (118) which was
treated with tert-butylamine (2 mol equiv.), giving the
chloramidate (119), and'then an excess of sodium methoxide
(Scheme 23). The phosphoramidate (120) was formed as a 60 :
40 mixture of diastereoisomers, 6,(CH,Cl,) 7.2 and 6.7. Crys-

°

tallisation from light petroleum (b.p. 40-60 °C) at -40 °C
failed to give crystals further enriched in one diastereo-
isomer; it gave crystals that were a 53 : 47 mixture of
diastereoisomers and an enriched mother liquor instead. How-
ever, repeated chromatography of the 60 : 40 mixture event-
ually gave a sample that was > 96 % the lowfield (3P NMR)
diastereoisomer. Unfortunately, owing to its high solubility
and its tendency to form clumps, a crystal suitable for X-ray

study could not be obtained. It was therefore necessary to

consider derivatisation of the phosphoramidate (120).

0\\ /C : Menthol 0\ /C !
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Scheme 23
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Treatment of the phosphoramidate (120) with tert-butyl
hypochlorite gave the N-chloro analogue (121) which was, 539
unfortunately, an oil (Eq. 33). Treatment with sodiuﬁl hydride
in DMF gave the nitrogen anion®* which was allowed to react
with p-methoxybenzyl chloride, p-cyanobenzyl bromide,®® and
N-bromomethylphthalimide®® to give the N-substituted phos-
phoramidates (122), (123), and (124) (Scheme 24), but these
were a semisolid, a glass, and an oil respectively, and in
the last two cases the yield was low (competing electron
addition reactions®’). It was clear that straightforward
N-substitution was unpromising, and that a more radical

approach would be required.

Scheme 25

The Wadsworth-Emmons reaction® is widely used in organic
chemistry to prepare imines from carbonyl compounds. In the
reaction, the anion of a phosphorus amide reacts with the
carbonyl (or C=S) group, exchanging the amido group for
oxygen (or sulphur), forming the imine and a phosphorus by-
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-product (Scheme 25). Of particular importance, this reaction
has been shown to proceed with complete retention of config-
uration at phosphorus,®:7® the mechanism probably being sim-
ilar to that of the Wittig reaction (Scheme 26), and it has
recently been used to synthesise optically pure phosphoro-

thioates from phosphoramidates.”

o TS c——3 [ B ]
I IL./ / -0’7/'1411:,,.,% P NR
A\\\\‘I\n\\\““""' \ e _—Pp P
N=—R A”’i !
AN
S
A d

W

At \ _

Scheme 26

The phosphoramidate (120) (60 : 40 mixture of diastereo-
isomers) was treated with sodium hydride in DMF, giving the
nitrogen anion, and then with carbon disulphide to give the
phosphorothioate sodium salt as a mixture of diastereo-
isomers. Treatment with hydrochloric acid gave the crude
phosphorothioic acid (125) as a solid (Scheme 27). Owing to

the high solubility of the acid, it was purified as the
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ammonium salt (the tert-butylammonium and anilinium salts
were also prepared, but were oils), either by precipitating
the salt (gelatinous) from dichloromethane by addition of
light petroleum (b.p. 40-60 °C), or by washing an aqueous
solution of the salt with ether (non-ionic impurities pass

into ether).

O OH
H i)NaH P HCI {
MeOm™ \NHB“‘ Cs,  MeO™ g™ o T * MeO f s
Men: Men Men
(120) (125)
(o] 0
- o
""" MeOw*" \O MeQm™
Men-()/ Men \OH
(126)
Scheme 27

The conversion of the phosphorothioic acid into its ammonium
salt, 6p,(CH,Cl,) 58.3 and 58.0 (diastereoisomers), revealed
the presence of a phosphorus containing by-product (~ 15 %),
6(CH,C1;) 0.3. This is believed to be the salt of phosphoric
acid (126) resulting from reaction of the amidate anion with
CO, instead of CS, (Scheme 27). The by-product could be
removed by washing a solution of the triethylammonium salts
in dichloromethane with water, the salt of the phosphoro-
thioic acid remaining in the organic phase. The phosphoro-
thioic acid, §,(cDCl,) 61.0 and 60.6 (diastereoisomers),
could be crystallised from light petroleum (b.p. 40-60 °C) at
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-20 °C, but this gave clumps of crystals of poor quality, not
suitable for X-ray studies. In the hope of obtaining a crys-
talline derivative, a portion of the acid was treated with
p-nitrobenzyl bromide and triethylamine in THF to give the
S-alkylated derivative (127) (Eg. 34), 6,(CDCl;) 26.5 and
26.1 (diastereoisomers); this, unfortunately, could not be

crystallised.

HO S (0] S
AN /// DELNTHF \P/ \CH24©>——N02
MeO/P \O-Menﬁ) BrCH,~CeH™NO, MeO/ \O-Men
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Eq. 34
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(128)

Finally, treatment of the phosphorothioic acid with dicyc-
lohexylamine afforded the corresponding salt (128), §,(CDCl,)
56.7 and 56.0 (diastereoisomers), which gave well formed
crystals from light petroleum (b.p. 40-60 °C). Encouraged by
this, the enriched phosphoramidate (120) (> 96 % one di-
astereoisomer; see p. 87) was converted, as above, into the
sodium phosphorothioate (some unreacted phosphoramidate was
recovered for use later), then into the free acid, and then
into the dicyclohexylammonium salt. This was crystallised to

give a sample that was 2 99.5 % one diastereoisomer §,(CDCl,)
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55.9, and this was recrystallised from a mixture of ether,
dichloromethane, and light petroleum to give a sample for

single crystal X-ray analysis (Fig. 9).%2

(o) Me (o) M
§§ //4) ) NaH R \\p//i) e
ii) Mel
Men-O/p \NHBu' I . Men—O/ \NMeBu‘

(120) (117
Eq.35

The unreacted phosphoramidate (120) recovered above, being
the same material that was converted into the phosphorothio-
ate salt for X-ray analysis, was treated with sodium hydride
in DMF and then methyl iodide to give a sample of the
N-methylphosphoramidate (117) that was found to be the low-
field P NMR diastereoisomer (98 %) (Eq. 35). To confirm
that this was indeed the lowfield diastereoisomer (and not
the highfield diastereoisomer, with an even more highfield
impurity) a sample was treated with a small portion of a
mixture of both diastereoisomers [3'P NMR lowfield diastereo-
isomer in excess; prepared as above from a 60 : 40 mixture of
diastereoisomers of the phosphoramidate (117)] and the
mixture was re-examined. This showed, as it should, an
enhancement of the highfield signal (from 2 % to 15 %), and
confirmed that the phosphoramidate (120) had indeed been
transformed into the 3P NMR lowfield diastereoisomer of the
N-methylphosphoramidate (117). This diastereoisomer was also
the dominant one formed in the rearrangement of sample A of
the bromomethylphosphonamidate. Since the phosphorothioate

salt will have been formed from the phosphoramidate (120)
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with retention of configuration at phosphorus, and conversion
of the phosphoramidate (120) into the N-methylphosphoramidate
(117) does not affect the configuration at phosphorus, it
follows, that the configuration of the lowfield N-methyl-
phosphoramidate formed in the rearrangement is the same as
that of the phosphorothiocate salt examined by X-ray crystal-
lography. The N-methylphosphoramidate rearrangement product

must therefore be formed with retention of configuration at

phosphorus (Eg. 36).

(o) (0] 0
| oo [ Lo
/P \O-Men MeOW/ \O-Men MCOW/P \O-Men
ButNH ButHN ButNMe
(112) (116) (117
Inversion Retention
Eqg. 36
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Fig. 7; The structure of menthyl P-(bromomethyl)-N-tert-butylphos-
phonamidate (112) as determined by single crystal X-ray analysis;
configuration at phosphorus. Selected bond lengths (A) and bond ang-
les (°): P-C(1) 1.837(20), P-N 1.618(16), P-0(1) 1.424(14), P-0(2)
1.573(13), C(1)~P-N  105.8(9), C(1)-p-0(1) 112.5(9), C(1)-P-0(2)
98.7(9), N-P-O(1) 115.5(9), N-P-0(2) 104.8(8), O(1)~-P-O(2) 117.7(8).
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Fig. 8; The structure of menthyl methyl (tert-butylamino)methylphos-
phonate (116) as determined by single crystal X-ray analysis of its
picrate salt (picrate anion not shown); configuration at phosphorus.
One of four unique formula units, each having different conformat-
ions but all having the same configuration at phosphorus. Selected
bond lengths (A) and bond angles (°) for this particular formula
unit: P-C(1) 1.836(20), P-0(1) 1.500(13), P~-0(2) 1.502(13), P-0(3)
1.559(15), C(1)-P-O(1) 119.3(8), C(1)-P-0(2) 100.2(8), C(1)-P-0(3)
100.1(8), 0(1)-P~0(2) 116.7(7), 0(1)-P-0(3) 110.9(7), 0(2)-P-0(3)
107.8(8).
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Fig. 9; The structure of dicyclohexylammonium O-menthyl O-methyl
phosphorothiocate (128) as determined by single crystal X-ray anal-
ysis (dicyclohexylammonium cation and diethyl ether of crystallisat-
ion not shown); confiquration at phosphorus. Selected bond lengths
(8) and bond angles (°): P-0(1) 1.577(7), P-0(2) 1.543{9), P-0(3)
1.483(8), P-S 1.932(3), O(1)-P-0(2) 99.1(6), O(1)-P-0(3) 105.6(4),
0(2)-P-0(3) 109.2(6), O(1)-P-S 113.2(3), O0(2)-P-S 111.4(4), O(3)-P-S
116.8(3).
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Part II; Chapter 3: The Base Induced Rearrangement Of Alkyl

P~(Bromomethyl )-N-tert-butylphosphonamidates

Preparation of Alkyl Bromomethylphosphonamidates

O—Men 0\ /OMe
\/P\NHBU.' Cl\/ \NHBw

(112) (108)

/OMe /O-Cy /OBu‘
\/ \NHBu‘ \/ \NHBu‘ \/ \NHBut

(129) (130) (131)

The 5 : 1 aminomethylphosphonate : phosphoramidate product
ratio seen for the reaction of the menthyl bromomethylphos-
phonamidate (112) is very different to that previously
observed for the methyl chloromethylphosphonamidate (108)
(ca. 2 : 3),% also with QOMe in THF-methanol. Such a differ-
ence was not expected, and must result from either changing
the leaving group from chlorine to bromine, or, more plaus-
ibly, changing the O-methyl group to O-menthyl. To clarify
the picture, and in particular to assess the importance of

steric factors, the investigation of the menthyl bromometh-
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ylphosphonamidate (112) was extended to include its O-methyl,
O~-cyclohexyl, and O-tert-butyl analogues (129), (130), and

(131).

The O-methyl bromomethylphosphonamidate (129), 6,(CDC1,)
22.6, was prepared by first treating the corresponding phos-
phonic dibromide with methanol and triethylamine (1 mol
equiv.) at =30 °C. This gave the methyl phosphonobromidate
(132), 4§, 22.1 [accompanied by a small quantity of the
dimethyl phosphonate (6, 20.3; ca. 10 %)], which was then
allowed to react with an excess of tert-butylamine (Scheme
28). The product, which was crystalline, was also prepared by
first treating the bromomethylphosphonic dichloride (134),
prepared from the dimethyl ester (133) and PCl; (Scheme 28),72
with tert-butylamine (2 mol equiv.). This gave the phosphon-
amidic chloride (135), 6,(CDCl;) 29.5, which was then treated

with sodium methoxide (Scheme 28).

NN
\/P\Br \/ \Br \/ \NHBU‘

—ao °C
(113) (132) (129)

NaOMe
MeOH

/0 Me PClg /C ! 2 BuNH, \\ /C !
\/ \OMe \/ Na 0 N7 \NHBu‘
(133) (134) (135)
Scheme 28
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The O-cyclohexyl analogue (130), §,(CDCl,) 19.9, was prep-
ared at room temperature from the phosphonic dibromide (113)
and cyclohexanol and triethylamine (1 mol equiv.); this gave
a mixture containing the cyclohexyl phosphonobromidate (136)
and the dicyclohexyl phosphonate (4, 17.8 and 16.9; ratio ca.
2 : 1) [and several anhydrides (ca. 50 %), probably due to
inadequate drying of the cyclohexanol] which was treated with
an excess of tert-butylamine (Eg. 37). The product was

purified by chromatography followed by crystallisation.

o) Br
AN Ve /OC BuNH, 0\ /O_C y
B’\/P \B \/P \Br B"'\/P

\NHBu‘
(113) (136) (130)
Eq. 37
o} B But
AN S _koBut /0 . Bu‘NHz o
Br \/P \Br \/P \Br .
(113) (137)
Eq. 38

The O-tert-butyl analogue (131) could, in principle, be
prepared from the phosphonic dibromide (113) with potassium
tert-butoxide, then tert-butylamine (Eg. 38). However, the
phosphonobromidate (137) would be unlikely to react with
tert-butylamine because of steric hindrance at phosphorus,??
so this approach was not adopted. Instead, the N-tert-butyl-
phosphonamidic chloride (135) (see Scheme 28) was treated
with potassium tert-butoxide (1.0 mol equiv.) in tert-butan-
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ol. This gave a mixture consisting of the starting material,
6, 28.8, the required product, 6, 15.1, and a by-product, §;
18.6. The by-product resulted from further reaction of the
required product with potassium tert-butoxide, and was
believed to be the aminomethylphosphonate (138) rearrangement
product (Eg. 39). To achieve complete consumption of the
starting material, more potassium tert-butoxide (0.8 mol
equiv.) was added gradually, in small portions; this appeared
to limit by-product formation (ca. 40 % at completion). The
by-product was removed by careful extraction into dilute
hydrochloric acid and the O-tert-butyl bromomethylphosphon-
amidate, §,(CDCl,) 16.4, was purified by crystallisation.

0\ /C ! KOBu! 0\ /0 Byt -OBu! O\ /O By

’ ................... ’
Br. \/P \NHB“’ Bu'OH Br \/P \\ ButHN\/P \OBut

(135) (131) (138)
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Reaction of Alkyl Bromomethylphosphonamidates

(0] OMe (0] Me 0. Me
\P/ Qome \P/) AN P
Br. BuHN- N\ MY
S NHBut ~ “OMe Bu'NMe “OMe
(129) (139) (140)
Eq. 40

The O-methyl compound (129) was treated with 0.2 M QOMe in
THF-methanol (9 : 1 v/v) at room temperature and the progress
of the reaction was monitored by 3!P NMR spectroscopy. This
showed that the substrate, §, 21.5, was converted into the
aminomethylphosphonate (139), &, 28.8, and the phosphoramid-
ate (140), 6, 11.8, in a ratio of ca. 1 : 1.3 over a period
of 2 h (see Table 14 and Eq. 40). Demethylation of the am-
inomethylphosphonate (139) appeared early on in the reaction
and was more prominent (8, 20.0; ca. 9 % after 40 min) than
in the reaction of the O-menthyl substrate (112). The
products were separated by extraction of the aminomethyl-
phosphonate into dilute  hydrochloric acid, and they were
characterised by comparison of their spectroscopic data with

that already published.S5®

(o) (o] C (o) C
AN 0 aom N0 N0
NN —» ButHN\>P N + >P
NHBu* OMe Bu'NMe \OMe

(130) (141) (142)

Eq. 41
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The O-cyclohexyl analogue (130), 8, 19.0, reacted with QOMe
over a period of 2 h to give the aminomethylphosphonate
(141), 4, 26.9, and the phosphoramidate (142), 6, 9.6, in a
ratio of ca. 1.3 : 1 (see Table 14 and Eg. 41), with not more
than 2 % demethylation of the aminomethylphosphonate. The
products were isolated and characterised, and the amino-
methylphosphonate was further characterised as the salt with
picric acid, 6,(CH,0H) 17.3. Likewise, the O-tert-butyl
substrate (131), §, 15.5, was transformed over 2.5 h into the
aminomethylphosphonate (143), §, 24.1, and the phosphoramid-
ate (144), 6, 5.9, in a ratio of ca. 2 : 1 (Table 14), with
virtually no demethylation of the aminomethylphosphonate (Eq.
42). These products were also formed in the reaction of the
O-methyl substrate (129) with potassium tert-butoxide, and

were isolated later (see below).

(o) But
\ /0 . But o] But
Br\/P\ qaome Bu,HN\O>P<O + >\P 0
NHBu* OMe ButNMe \)Me

(131 (143) (144)

Eq. 42

The alkyl bromomethylphosphonamidates were also allowed to
react with 0.2 M potassium tert-butoxide in THF-tert-butanol
(9 : 1 v/v), the 10 % alcohol (tert-butanol) being included
for the sake of consistency with the previous experiments
which used THF-methanol. For the O-methyl analogue (129),
6,(CDC1l;) 22.6, on treatment with 0.2 M KOBu® in THF-BuU‘OH,
reaction appeared to be instantaneous, with KBr precipitating

on mixing; the reaction was certainly complete within 5 min.
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The aminomethylphosphonate (143), 6, 23.8, and the phosphor-
amidate (144), 6, 5.9, were formed in a ratio of ca. 3 : 1
(Table 14), the products being the same as those from the
reaction of the O-tert-butyl compound (131) with QOMe (Eqg. 43

cf. Eq. 42).

0. Me (o) But (o) But
N kose \° \ 2B

Br\/P\ Bu‘HN\>P + >P/o
NHBut \OMe ButNMe \OMe

(129) (143) (144)

Eq. 43

The two rearrangement products had to be separated by
chromatography and not by extraction with dilute hydrochloric
acid, as was used earlier, as even slight acidity was found
to decompose the aminomethylphosphonate (143). Thus, the
aqueous acid extract, when basified with sodium hydroxide,
yielded no product on attempted back-extraction into organic
solvents. The 'H NMR spectrum (CD,0D) of the material in
aqueous solution revealed the absence of an OBu‘ group, but
showed NCH,P (d, Jpy 15), POMe (d, Jpy 10.5), and Bu®N signals.
Clearly acidification had removed the tert-butyl group from
oxygen, giving the parent amino~acid (145), perhaps by loss
of butene (Eg. 44). A similar acid-catalysed debutylation of
RP(O)(OBu®), has been reported using CF,CO,H.”®> Because of
their sensitivity to acid all products containing the POBu*

group were isolated by chromatography.
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HO\P /O
ButH,N*
HO! < O 7 \OMe
X HCI

/
But N+\/P / > +
s \OMe H/ H H0

Me,C——CH,

Eq. 44

(o] H 0 H
N 0
> HN\/p\OMe ButNﬁeP\OMe

(145) (146)

When the above reaction was performed using KOBu® that had
not been freshly sublimed, two further products were formed,
6, 20.4 and §, 7.7 (ratio ca. 1 : 3). These were believed to
be the potassium salts of the aminomethylphosphonate (145)
and the phosphoramidate (146), formed by reaction with hydr-
oxide impurity instead of tert-butoxide. Hydroxide, being
very much more nucleophilic than tert-butoxide, will inevit-
ably give rise to a disproportionately large amount of the
total product if there are traces of hydroxide in the potas-
sium tert-butoxide or water in the tert-butanol. To confirm
that water was responsible for these two additional products
the reaction was repeated with a little added water (0.3 mol
equiv.); examination of the reaction mixture showed that the

two additional products were indeed formed in enhanced yield.
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(o} C (0] OC O OC
\ /0 Yy KOBU \\ // y \ // y

— » P
Br\/P\NHBu' BN \\OBu'

(130) (147) (148)

ButNMe “OBut

Eq. 45

The reaction of the O-cyclohexyl analogue (130), &,(CDCl;)
19.9, with KOBu®* was almost instantaneous and produced the
aminomethylphosphonate (147), J, 21.9, and the phosphoramid-
ate (148), 6, 3.6, in a ratio of ca. 11.5 : 1 (see Table 14
and Eg. 45). The products were separated and fully charact-

erised.

0\13 /OBu‘ con o\ /OBu‘ . o\/P /OBu'
N \NHBu‘ B HN\/P\OBu‘ ButNMe \OBu‘.

(131) (138) (149)

Eq. 46

The reaction of the O—tert-butyl analogue (131), 4,(CDCl;)
16.4, with KOBu® was alsco almost instantaneous and gave pre-
dominantly the aminomethylphosphonate (138), 6, 18.98, the
phosphoramidate (149), 6§, (CDCl,;) 0.9, being detected only
after work up of the reaction (ratio ca. 32 : 1; see Table 14
and Eg. 46). The ease of this reaction, the chemical shift of
its major product, and the almost complete absence of the
phosphoramidate (149) reinforced the view that the major
product here was also the by-product formed in the prepar-

ation of the substrate (131) (see p. 101).
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Table 14; Reaction of the alkyl P-(bromomethyl)-N-tert-butylphos-
phonamidate (129), (130), or (131) with Dbenzyltrimethylammonium
methoxide or potassium tert-butoxide: product ratios (PN : P+C) as
determined by *'P NMR spectroscopy.

Alkoxide
P#AN : P#C
“OBu®
Alkyl group “OMe “OBu®
& H,0
Methyl 43 : 57 77 ¢ 23 24 : 76
Cyclohexyl 57 : 43 92 : 8
tert-Butyl 68 : 32 97 : 3*
Menthyl 84 : 16P

* Determined by 'H NMR spectroscopy.
® This ratio is for sample A (100 %).

The reactions of the three substrates and the two alkoxide
reagents show that steric effects are important as far as
product ratios are concerned. In particular, it seems that
hindered substrates favour formation of the aminomethylphos-
phonate (P»N), and hindered nucleophiles also favour format-
ion of the aminomethylphosphonate (Table 14). The fact that
the O-menthyl substrate (112), bearing a secondary alkyl
group, behaves as though it is sterically more encumbered
than the O-tert-butyl substrate (131) is noteworthy (Table
14). This is unlikely to be due to the effect of the ring in

the menthyl group - the O-cyclohexyl compound (130) shows the
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expected behaviour, intermediate between the O-methyl and
O-tert=butyl compounds = but is most probably due to the
2-isopropyl group; this will increase the steric impact of
the O-menthyl group at the phosphorus centre, making menthyl,

in effect, more bulky than tert-butyl.
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Part I1; Chapter 4: The Intermediate

(o) R (o) OR
Ny N
Br o
\\“//\\NBw / N\ .
\_] 'NBu
' /—~> H (150)
RO"
P#N P#C

-y N
utHN
R’ Bu’Ng:\OR’

Scheme 29

The alkyl bromomethylphosphonamidates (112), (129), (130),
and (131) reacted with alkoxides to give aminomethylphos-
phonate and phosphoramidate rearrangement products. The
products are probably formed through the azaphosphiridine
oxide (150) (Scheme 29) but it is also possible that the
aminomethylphosphonate (151) could be formed from the phos-
phorane (152) (Scheme 30). Since nucleophilic substitution at
4-co-ordinate phosphorus is highly sensitive to steric
hindrance we would expect a bulky substrate to react with a
bulky nucleophile only with some difficulty,?® so some relat-
ive enhancement of the product arising from P-C bond scission
could be expected if the phosphorane (152) does contribute to
formation of the aminomethylphosphonate (PN scission). How-

ever, the O-tert-butyl compound (131) reacted with potassium
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tert-butoxide much faster than it did with benzyltrimethyl-
ammonium methoxide and gave almost entirely the aminomethyl-
phosphonate (138), the product that would be formed by the
phosphorane pathway (Scheme 30; R = R’ = Bu®). This, in spite
of the fact that phosphorane formation must be particularly
difficult for such a hindered system. It therefore seems more
likely that both products are formed from the azaphosphirid-
ine oxide. Also, the product ratios for the O-methyl compound
(129) (ca. 1 : 1.3) and the corresponding chloromethylphos-
phonamidate (108) (ca. 1 : 1.6)5® with methoxide are very
similar, and possibly the same within experimental error, and
this could be considered evidence of a common intermediate,
i.e. an azaphosphiridine oxide quenched, in both cases, by

methoxide (Scheme 31).

o ® HNBut
N P
e UOFP — o
\A/)\NHBu' |
OR
RO (152)

Scheme 30 O§§,//OR
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(129) (108)
MeO~
MeOH
Products
Scheme 31

Once the azaphosphiridine oxide has been formed the nucleo-
phile could react with it in two different ways; i) it could
directly displace the nitrogen or carbon moiety from phos-
phorus by an Sy2 mechanism, resulting in inversion of the
configuration at phosphorus for both products (Scheme 32), or
ii) it could add to the phosphoryl group to give a phosphor-
ane (Scheme 33), with less obvious stereochemical conseqg-

uences for the products.

‘Nu
(o) .g?
P~C I 4==Nu
Inversion = ¢——" P P#N >  Inversion
7 or
ButN .
Scheme 32

For nucleophilic substitution proceeding through a phos-
phorane intermediate, the nucleophile will add to the phos-
phoryl group to form a phosphorane in which the nucleophile
occupies an apical position, and the leaving group will
depart from an apical position to give the product.”’ The
nucleophile need not attack opposite the leaving group, but

if the nucleophile did add opposite the leaving group, sub-
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stitution would occur with inversion of configuration at
phosphorus; 1if the phosphorane was a +transition state,
instead of an intermediate, the substitution would be equiv-
alent to an Sy2 displacement. There are, however, certain
rules that govern phosphoranes, a) that the most electroneg-
ative group - oxygen in this case =~ prefers to be apical,’
and b) that a small ring involving phosphorus will span the
apical-equatorial positions.”’ The second of these generally
over-rules the first. If rule ‘a)’ applied, the three-
-membered ring would have to occupy the equatorial plane with
an ideal bond angle of about 120° at phosphorus - twice the
preferred value for a three-membered ring. If the ring span-
ned apical-eguatorial positions it would have an ideal bond
angle of 90° at phosphorus, and furthermore, going from a
tetrahedral azaphosphiridine oxide, bond angle ~ 109° at
phosphorus, to the phosphorane would lead to a reduction in
ring strain; addition of the nucleophile would in this case
be expected to proceed rapidly.”” Thus, the nucleophile would
be expected to add to the azaphosphiridine oxide opposite
nitrogen, the more electronegative of the ring elements, to
give the phosphorane (153) (apical nitrogen). Cleavage of the
P-N bond would then give the aminomethylphosphonate product
with inversion of configuration at phosphorus (Scheme 33), as

observed for the O-menthyl compound (112).
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Once the phosphorane (153) has been formed it can pseudo-
rotate,’®'’ whereby an equatorial bond assumes the role of a
‘pivot’. The two remaining equatorial bonds and the apical
bonds deform, by converging on their counterparts, to give a
tetragonal structure in which the ‘pivot’ is apical and the
other four bonds are positionally equivalent. This structure
may return to the original phosphorane by reversing the above
process, or may generate a new phosphorane by placing the two
formerly apical bonds in equatorial positions (Scheme 34). If
the phosphorane (153) underwent a pseudorotation, to make a
new phosphorane (154) with carbon apical (the nucleophile

would now occupy an equatorial position), rupture of the P-C
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bond would then result in a phosphoramidate being formed with
retention of configuration at phosphorus (Scheme 33); this

was observed for the O-menthyl compound (112).

E A E
N
/) r
E "m,.,mwm,A ———e
iy
A— E
Scheme 34

Phosphoranes prefer electronegative elements to be apical
but there is evidence that the preference of nitrogen over
carbon is not great,’%7? so attack opposite the P-C bond
could be possible. If this was the case we would expect to
see some of the phosphoramidate formed with inversion of
configuration at phosphorus. For the O-menthyl compound (112)
some of the phosphoramidate (117) was formed with inversion
of configuration (5 %; ~ 1 % of total products). This could
occur by direct nucleophilic displacement of carbon from
phosphorus (Scheme 32), or by the breakdown of the phosphor-
ane (155) (apical carbon) formed by addition of the nucleo~-
phile to the azaphosphiridine oxide opposite the P-C bond
(Scheme 35). If the latter occurred, the phosphorane (155)
could undergo pseudorotation to (156), and then break down to
give the aminomethylphosphonate with retention of configur-
ation at phosphorus (Scheme 36). Although some of the menthyl
aminomethylphosphonate (116) was apparently formed with
retention of configuration, it was found that when the
reaction of the menthyl compound (112) with methoxide was

quenched early (16 min) it was in the region of 1 %, and for
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reaction quenched after 6 h it was about 12 %. This is most
probably due to stereochemical equilibration of the product,
by methoxide exchange in the reaction mixture (Eq. 47); it
is, therefore, not possible to say whether there is any
genuine retention of configuration in the formation of the

aminomethylphosphonate.

& °
Hx‘//“ “Nu ButN P#C H
N/ \OR u ButMeN®"" \OR
Bu* ,/
(155) Inversion
A 4
NBut o
/ w07 ooy ButHN I
PX ——p bu P
Ny \"”7 SOR
OR Nu
(156) Retenti
Scheme 35

o 0
MeO~
Men-0""g Some T Meo \———WO-L;HB ‘
u

Bu'HN

(116)
Eq. 47
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Further experiments revealed a definite trend in the
reaction, namely that hindered nucleophiles and hindered
substrates both favour formation éf the aminomethylphosphon-
ate. Owing to the absence of stereochemical information for
the reactions of the alkyl bromomethylphosphonamidates (129),
(130), and (131) it is not known whether the phosphoramidate
products were formed largely with retention of configuration,
as in the case of the O-menthyl analogue (112), or with
inversion, due to nucleophilic attack opposite the P-C bond.
If the course of nucleophilic attack is dependent on the
apicophilicities of carbon versus nitrogen,?: 7 and the
steric interactions in the <two competing phosphoranes
(Schemes 33 and 35),7? it becomes apparent that attack oppos-
ite the P-C bond is favoured on steric grounds as the NBut
group would then be placed eguatorial where it would have two
nearest neighbours instead of three. However, the hydrogens
on the apical carbon will eclipse two equatorial bonds and
may also project into the egquatorial alkoxy group, if it is
large, causing severe interactions. These interactions could
remove any steric benefit gained by placing the NBu® group
equatorial, and the small preference for apical nitrogen
could then prevail, i.e. a large O-alkyl group in the

substrate disfavours the phosphorane (155) (apical carbon).

We know that the phosphorane (155), formed by the addition
of the nucleophile opposite the P=C bond, accounted for at
least 0.8 % of the reaction for the O-menthyl substrate (112)
(as the phosphoramidate formed with inversion of configurat-
ion accounted for 0.8 % of the total products), and we would

expect that as the O-alkyl group decreases in size, from
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O-menthyl to O-methyl, this phosphorane would become more
important due to less severe interactions between the eguat-
orial O-alkyl group and the hydrogens on the apical carbon,
i.e. the yields of the phosphoramidate formed with inversion
of configuration should increase as the size of the O-alkyl

group in the substrate decreases.

It could be, then, that attack opposite the P-N bond is the
first step, but pseudorotation gives rise to a more open
structure which is favoured on steric grounds if the O-alkyl
group (now apical) and the nucleophile (now equatorial) are
small (Scheme 33). Although carbon is now apical, and perhaps
not as preferred as nitrogen, it could be that the difference
in the apicophilicities of carbon and nitrogen is small and
that lower steric interactions outweigh the preference for
apical nitrogen. If the OR group is large it will be reluct-
ant to occupy an apical position, as this will increase
steric interactions (three, instead of two nearest neigh-
bours), and the phosphorane (153) (apical nitrogen) will be
favoured. Also, if the nucleophile is large, the interactions
with the hydrogens on the apical carbon could offset any
benefit obtained by pseudorotation, and the preference for

apical nitrogen would be expected to prevail.

The relative apicophilicities of the competing groups on
phosphorus affect pseudorotation. In the case of Me,PF, the
preference foxr apical fluorine is large and pseudorotation,
putting one methyl group apical, is not seen at room temper-
ature.’ 7% However, with the phosphorane (157),7° the prefer-
ence for oxygen over carbon is not as large and pseudo-

rotation is fast on the NMR time scale at room temperature.
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The difference in the apicophilicities of nitrogen and carbon
is smaller still, and inter-conversion of the two phosphor-
anes (153) and (154) could be sufficiently rapid that they

equilibrate before they collapse to product.
Me

MeOun,,,

NEO"?T \ H

OMe Tth

(157)

A factor that must surely influence the product ratio is the
leaving ability of nitrogen relative to carbon. If pK, values
of amines and alkanes are taken as a measure of leaving
ability we would expect nitrogen to be the better 1leaving
group (cf. NH;, pK, = 38, and CH,, pK, = 48%) and the trans-
ition state leading to P-N bond cleavage to be more acces-
sible than that leading to P-C bond cleavage. It could be
that for the phosphorane with apical carbon (resulting either
from pseudorotation or addition opposite the P-C bond) the
energy required to cleave the P-C bond is lower than the
total energy required to pseudorotate and cleave the P-N bond
(Fig. 10); if the two phosphoranes have equilibrated, the
product ratios may reflect the thermodynamic ratio of the two

phosphoranes.
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AG prN*

N apical

C apical

Fig. 10

It is interesting to note that the phosphorane (155), from
nucleophilic addition of the alkoxide to the azaphosphiridine
oxide opposite the P-C bond, and the phosphorane (154),
derived from pseudorotation of the phosphorane (153) (apical
nitrogen), are the same in the case of the O-methyl compound
(129) with methoxide, and in the case of the O-tert-butyl
" compound (131) with tert-butoxide (Schemes 33 and 35; OR = Nu
= OMe or OBu*). In the former, if the phosphorane (154),
derived from pseudorotation of the phosphorane (153) is
favoured, then it is conceivable that nucleophilic attack
opposite the P-C bond may be significant, perhaps even more
important than attack opposite the P-N bond, and the phos-
phoramidate (140) may be substantially formed with inversion
of configuration at phosphorus. In the latter, where the
phosphorane (153) (apical nitrogen) is expected to be fav-
oured, the phosphoramidate (149) would be formed largely with

retention of configuration.
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Experimental

M.p.s. were determined using a Kofler hot-stage apparatus,
IR spectra were recorded with a Perkin-Elmer 298 instrument,
H NMR spectra were recorded at 90 MHz with a Varian EM390 or
a JEOL JNM-FX90Q spectrometer, and, where specified, at 300
MHz with a Bruker AM 300 spectrometer. 3P NMR spectra
(*H=decoupled) were recorded at 24 MHz or 36 MHz with a JEOL
JNM-FX60 oxr a JEOL JNM=FX90Q spectrometer respectively:;
positive chemical shifts were measured downfield f£from
external 85 % H;PO,. For NMR data where the solvent is not
specified the reaction medium was used. Where product ratios
were determined by P NMR the peak heights or integrals were
used unless otherwise specified. Routine mass spectra (EI at
70 eV) were obtained with a V. G. Micromass 16B spectrometer
or a Kratos Concept and high resolution mass spectra were
recorded by the SERC Mass Spectrometry Service at Swansea.
GLC analyses were vrecorded on a Pye Unicam PU4500
chromatograph (column; OV 1701 1lp £film, 15 m % 0.53 mm) ox
capillary chromatograph (column; BP 5 0.25u film, 25 m % 0.22
mm; egquivalent to SE 54), in both cases helium was used as
the carrier gas, TLC was performed on silica gel 60 F,;,, 0.2
mm £ilm on aluminium foil (Merck), and optical rotations were

obtained from a Perkin-Elmexr 141 polarimeter.

Methanol and ethanol were purified by distillation from
their magnesium salts, cyclohexanol and tert-butanol were
dried over powdered 3A molecular sieves. Tetrahydrofuran
(THF) was distilled from sodium/benzophenone and was stored
over 3A/4A molecular sieves and under nitrogen. It was

redistilled immediately prior to use. N,N-Dimethylformamide
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(DMF) was distilled from P,0; under reduced pressure and
stored over molecular sieves and under nitrogen, amines were
dried over potassium hydroxide unless otherwise specified,
potassium tert-butoxide was sublimed before use and light
petroleum refers to the fraction b.p. 60-80 °C unless other-
wise indicated. O-Trimethylsilylhydroxylamine was prepared by

a published procedure.'?

N,0=Bis(trimethylsilyl )hydroxylamine.- Based on the method
of Bottaro® et al, finely ground and dried hydroxylamine
hydrochloride (11.57 ¢, 0.167 mol) was added to a stirred
solution (powerful magnet) of dry ethylenediamine (15.03 ¢,
0.25 mol) in dichloromethane (130 ml). The flask was stop-
pered and left stirring until two distinct liquid phases were
present (~ 8 h). A long reflux condenser was fitted and
chlorotrimethylsilane (38.52 ¢, 0.35 mol) was added dropwise
over 30 min.,l When spontaneous reflux had ceased the reaction
mixture was stoppered and left stirring for 24 h. Unexpect-
edly, the reaction stopped at the monosilyl product
(H,NOSiMe,;), R, 2.6 min (10 % .E 30, 80 °C); an authentic
sample of the bis-silyl product had R, 7.8 min and refluxing
for a further 3 h produced no change. However, when tri-
ethylamine (16.87 g, 0.167 mol) in ether (30 ml) was dripped
in over 30 min, the reaction was mildly exothermic and much
solid was formed. More chlorotrimethylsilane (ca. 4 ml, 3.42
g, 31 mmol) was added and the mixture was refluxed for a
further 2 h to give the desired product (R, 7.8 min). The
reaction mixture was filtered under nitrogen and the solid
(amine hydrochloride) was washed with light petroleum spirit

(b.p. 40-60 °C) (70 ml). Solvents were removed from the
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filtrate by fractional distillation and the residue was dis-
tilled in a Spaltrohr apparatus giving N,O0-bis(trimethyl-
silyl)hydroxylamine, 13.9 g (47 %): b.p. 92-93 °C at 150 mmHg

(lit.,% 131-140 °C at 700 mmHG); Vy (film) 3280 cm™! (NH).

Diethyl Phenylphosphonite (35)%.- A mixture of dichloro-
phenylphosphine (26.9 g, 0.15 mol), anhydrous pyridine (24.5
g, 0.31 mol), and light petroleum (70 ml) was stirred under
nitrogen and cooled in ice. A mixture of anhydrous ethanol
(13.8 g, 0.30 mol) and light petroleum (5 ml) was added
dropwise, and the reaction was left stirring at room temper-—
ature overnight. The precipitated pyridine hydrochloride was
filtered off under nitrogen and washed with a small guantity
of light petroleum. The filtrate was concentrated and dis-
tillation afforded diethyl phenylphosphonite (35) (12.7 ¢, 43
%)s; b.p. 60-62 °C at 0.05 wmHg (lit.,% 99-100 °C at 4 mmHg);

85(CH,C1,) 156.1.

Ethyl Benzyl(phenyl)phosphinate (36)2°.- Diethyl phenylphos-
phonite (3) (12.0 g, 60.5 mmol) was stirred under nitrogen
and heated to 100 °C (bath temperature). Benzyl chloride (9.2
g, 72.7 mmol) was added dropwise, then the bath temperature
was raised to 200 °‘C and the reaction mixture was allowed to
stir for a further 3 h. Distillation at ca. 150 °C at 0.4
mmHg (lit.,% b.p. 198-202 °C at 6 mmHg) gave ethyl benzyl-
(phenyl)phosphinate (36) (11.8 g, 75 %), 06,(CDCLl;) 40.1;
8;(CDC1l;) 7.7-7.0 (10 H, m), 3.94 (2 H, m), 3.25 (2 H, d, Jp

18), and 1.25 (3 H, t, Juy 7).
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Ethyl o=-Methylbenzyl(phenyl)phosphinate (37).- (a)¥ A mix-
ture of diethyl phenylphosphonite (35) (496 mg, 2.5 mmol) and
l-bromoethylbenzene (463 mg, 2.5 mmol) was stirred in a
gentle stream of nitrogen, and the flask (fitted with an air
condenser) was placed in an oil bath, pre-heated to 155 °C,
for 75 min. The resulting mixture contained not only the
required phosphinate (35), 4, 43.3 and 42.6 (diastereo-
isomers) (~ 75 %) but also two other products, 8, 45.0 (4 %)
and 0, 24.0 (21 %), probably PhEtP(0)OEt and PhHP(O)OEt res-
pectively. Because this reaction was not clean an alternative

approach (see below) was adopted.

(b) A solution of ethyl benzyl (phenyl)phosphinate (36) (7.6
g, 29.1 mmol) in THF (50 nl) was stirred at =70 °‘C (bath
temperature) while a solution of n-butyllithium in hexane
(2.5 M; 12 ml, 30 mmol) was added dropwise over a period of
20 min. After a further 30 min at =70 °C, iodomethane (8.3 ¢,
60 mmol) in THF (10 ml) was added dropwise and the nixture
was allowed to warm slowly to room temperature. All solvent
was removed and the residue t«:aé dissolved in ether (70 ml).
The resulting solution was washed twice with water (50 ml,
then 20 ml), dried, and concentrated to yield crude ethyl
o=methylbenzyl(phenyl )phosphinate (37) (7.2 g, 90 %) as a
mixture of diastereoisomers, 0,(CH,Cl,) 43.0 and 42.4. A small
portion was distilled, b.p. 130 °C (oven) at 0.3 mmHg;
6,(CDCLl;) 44.3 and 43.4 (major) in a 47 : 53 ratio (impurity
at 47.1 ca. 5 %_);’ dy(CDC1l,, 300 MHz) 7.61-7.04 (10 H, m),
4,19-3.76 (2 H, m), 3.288 and 3.230 (major) (total 1 H; both
dg, Jpy 18.2 or 16.9, Jy 7.4, PCHMe), 1.594 and 1.502 (major)

(total 3 H; both dd, Jpy 16.9 or 17.5, Jy 7.4, PCHMe), and
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1.308 and 1.201 (major) (total 3 H; both €, Juy 7.0); m/z 274
(M, 40 %), 170 (M* - PhCH=CH,, 40), 169 (M* - PhCHMe, 30),
142 (M* - PhCH=CH, - H,C=CH,, 20), 141 (M* - PhCHMe - H,C=CH,,
100), and 105 (PhCHMe*, 50); V. (£film) 1220 cm? (P=0)
(Founds M*, 274.1123. C,¢H,40,P requires M, 274.1123). The bulk

of the product was used without further purification.

oa-Methylbenzyl(phenyl )phosphinic Acid (38).- The ester (37)
(7.0 g, 25.7 mmol) was stirred and heated under reflux (bath
temperature 140 °C) in concentrated hydrochloric acid (25
ml) for 14 h. The mixture was diluted and the product was
extracted into dichloromethane and dried. Evaporation of the
solvent gave a syrup, which on trituration with ether fol-
lowed by crystallisation from dichloromethane-ether yielded
a-methylbenzyl (phenyl)phosphinic acid (38) (4.1 g, 65 %),
m.p. 136-137 °C (from ethyl acetate) (1lit.,3 133-135 °C):
8, (CH,C1,) 44.8; 0&,(CDC1l,) 12.90 (s, OH), 7.6-7.0 (5 H, m),
7.08 (5 H, br s), 3.10 (1 H, dq, Jpy 18, JTyy 7), and 1.42 (3
H, A4, Jpy 17, Tm 7)) Vaax (Nujol) 2650, 2250, 1660 (all br
OH), 1170 (P=0), and 950 cm? (Found: ¢, 68.0; H, 5.9. calc.

for C,H,;0,P: C,68.3: H, 6.1 %).

a-Methylbenzyl(phenyl )phosphinic Chloride (39).- The phos-
phinic acid (38) was stirred in dichloromethane (ca. 2 ml per
mnol) and to it oxalyl chloride (2 mol equiv.) was added.
When the reaction was complete (§, 58.8 and 58.5, diastereo-
isomers) volatile material was removed, and remaining traces
of oxalyl chloride were removed by addition and evaporation
of solvent several times, followed by pumping at 0.4 mmHg (>
2 hours). The crude a-methylbenzyl(phenyl)phosphinic chloride

(39) was obtained as a mixture of diastereoisomers (47 : 53),
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8,(CDCLl;) 59.6 and 59.2; §;(CDCl,, 300 MHz) 7.7-6.9 (10 H, m),
3.577 and 3.566 (total 1 H:; both dq, Jpy 14.5, Jy 7.3), and
1.798 (major) and 1.626 (total 3 H; both dd, Jpy 20.1 or
20.9, Juyg 7+3)3 Vpax.(Nujol) 1225 (P=0). A portion was crystal-
lised from ether-light petroleum to give a sample (b.p. 40-60
°C) (90 % the diastereoisomer §, 59.6; highfield resonance)
having m.p. 108-111 °C; m/z 266, 264 (M*, 25 %, ratio 1 : 3),
162, 160 (M* - PhCH=CH,, 12, ratio 1 : 3), and 105 (PhCHMe*,
100) (Found: M*, 264.0471. C,,H;,ClOP requires M, 264.0471).

The bulk of the material was used without purification.

N=[a-Methylbenzyl(phenyl )phosphinoyl ]-O=-trimethylsilylhydr-
oxylamine (42).- (a) N,0-Bis(trimethylsilyl)hydroxylamine
(1.95 ¢, 11 mmol) was added!® +to a stirred solution of
a=methylbenzyl (phenyl)phosphinic chloride (39) (2.26 g, 8.6
mmol) in dichloromethane (7.7 ml) (slight effervesqence). The
vessel ﬁas stoppered in such a way that any excess pressure
would be released, and the temperature was maintained at ca.
35 °C for 24 h. Some solid was precipitated (see below) but
was not removed. All volatile‘material was evaporated (no
heat), and (to remove the last traces of Me,Sicl) light
petroleum was added to, and evaporated from, the residue.
Washing with ether afforded the solid N-[a-methylbenzyl-
(phenyl )phosphinoyl ]-O-trimethylsilylhydroxylamine (42) (1.63
g, 57 %) as a comparable mixture of the two diastereoisomers,

Oy (CH,CL,) 41.7 and 40.7.

(b) In a similar experiment the precipitated solid was fil-
tered off and washed with ether; it was found to be essent-
ially a single diastereoisomer of the N-phosphinoyl-O-silyl-
hydroxylamine (42) (18 %). A portion crystallised from di-
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chloromethane-light petroleum (b.p. 40-60 °C) had m.p-

o

140-142 C (decomp.); dp(CDCl;) 42.0; §y(CDCl,, 300 MHz)
7.96-7.88 (2 H, m), 7.61-7.26 (8 H, m), 5.30 (1 H, s, NH),
3.72 (1 H, dq, Jpy 11.8, Jyy 7.5), 1.45 (3 H, 4d, Jpy 17.0, Ty
7.5), and -0.11 (9 H, s); m/z 333 (M*, 30 %), 318 (M' - Me,
15), 245 [PhCHMe(Ph)P(O)NH,*, 15], 120 (80), and 105 (PhCHMe*,
100); Vpax.(Nujol) 3130 (NH), 1185 (P=0), and 850 (several
maxima) cm™! (Found: C, 60.85; H, 7.4; N, 4.05. C,,H,,NO,PSi
requires C, 61.2; H, 7.25; N, 4.2 %). The filtrate contained
both this diasterecoisomer (J, 41.0) and the other (§, 42.0) in
a 1l : 2.5 ratio, together with a by-product (6, 34.0, ca. 20
%); removal of volatile material (rotary evaporator) and

washing of the residue with ether-light petroleum gave a

solid that was desilylated as described below.

N=[a=Methylbenzyl(phenyl)phosphinoyl]hydroxylam@ne (43) .-
(a) The N-phosphinoyl-O-silylhydroxylamine (42) (1!63 g, 4.9
munol) from (a) in the above experiment was dissolved in di-
chloromethane (24 ml) and methanol (1.2 ml, 6 mol equiv.) was
added. The reaction was monitoréd by 3'P NMR spectroscopy [dp
43.7, 42,5 (diastereoisomers) ===> 42.1, 40.2]. After 86 h
all volatile material was removed (rotary evaporator) and the
residue was triturated with ether to give the N-phosphinoyl-
hydroxylamine (43) (1.24 g, 97 %) as a mixture (ca. 1 : 1) of

diastereoisomers, §,(CDC1l,;) 41.9 and 40.1.

(b) The silylated materials from (b) above were similarly
desilylated (complete in ca. 24 h), and the residues tritur-
ated and washed with ether to give two samples of N-[a-meth-
ylbenzyl(phenyl )phosphinoyl Jhydroxylamine (43): sample B
(derived from the precipitated material), essentially one
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diastereoisomer, m.p. 130-132 °C (decomp.) after crystal-
lisation from chloroform-light petroleum; &,(CDCl,) 40.1;
dy(CDC1l,, 300 MHz) 8.1 (br, OH), 7.73=7.37 (5 H, m), 7.20 (5
H, m), 5.961 (1 H, d, Jp; 8.8, NH), 3.407 (1 H, dq, Jpx 15, JTux
7.5), and 1.432 (3 H, dd, Jpy; 16.9, Jy 7.5); m/z 261 (M*, 5
%), 245 [PhCHMe(Ph)P(O)NH,*, 40], 141 [PhCHMe(Ph)P(O)NH,* -
PhCH=CH,, 45), 140 [PhCHMe(Ph)P(O)NH,* - PhCHMe', 100), 120
(10), and 105 (PhCHMe*, 65); vy (Nujol) 3160 (NH), 1155
(P=0), and 1115 cm™!; sample A (derived from the filtrate), a
mixture of diastereoisomers, §,(CDCl;) 41.9 and 40.1 (ratio
ca. 4.5 3 1). A small sample of the major diastereoisomer of
sample A was obtained by crystallisation from dichlorometh-
ane, m.p. 142.,5-144.5 °C (decomp.); 0z(CDC1;) 8,50‘(1 H, br
s, OH), 7°55=7°Q (10 H, m), 6.30 (1 H, 4, Jpy 11.5, NH), 3.72
(1 H, dq, Jpg 19.5, Juy 7.5), and 1.57 (3 H, dd, Jpy 16.5, Ty
7.5); m/z 261 (M*, 6 %); V. (Nujol) 3260, 3220 (NH), 1170
(P=0), and 1120 cm® (Found: C, 64.4; H, 6.3; N, S5.55.

C.4H gNO,P requires C, 64.4; H, 6.2; N, 5.4 %).

N=[a=Methylbenzyl(phenyl )phosphinoyl ]-O-methanesulphonyl-
hydroxylamine (44).- A suspension of the N-phosphinoylhydr-
oxylamine (43) (sample B) (496 mg, 1.90 mmol) in dichloro-
methane (8 ml) was stirred and cooled in ice. Triethylamine
(192 mg, 1.90 mmol) was added, followed immediately by
methanesulphonyl chloride (300 mg, 2.60 mmol).%085 After 20
min, the mixture was allowed to warm to room temperature. It
was diluted with dichloromethane (12 ml) and washed with
water (2 x 4 ml), some solid that separated being redissolved
by addition of more solvent and warming. The warm solution

was dried (MgSO,) and concentrated. Crystallisation from
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dichloromethane-light petroleum afforded N-=[a-Methylben-
zyl(phenyl)phosphinoyl J-O-methanesulphonylhydroxylamine (44)
(sample B) (395 mg, 61 %; 97 % one diastereoisomer),
8,(CDC1,) 38.1; &(cDCl,, 300 MHz) 7.92-7.85 (2 H, m),
7.69-7.52 (3 H, m), 7.45-7.30 (5 H, m), 7.199 (1 H, d, Jpy
3.7, NH), 3.627 (1 H, dq, Jpy 11.8, Jy 7.5), 2.701 (3 H, s),
and 1.550 (3 H, dd, Jpy 17.9, Jugy 7.5) [small peaks at 3.136
(s) and 1.725 (dd) due to the other diastereoisomer (3 %)]:
m/z 339 (M', 2 %), 324 (M" - Me, 2), 245 [PhCHMe(Ph)P(O)NH,*,
257, 141 [PhCHMe (Ph)P(O)NH,* -  PhCH=CH,, 401, 140
[PhCHMe (Ph)P(O)NH,* - PhCHMe*, 95], and 105 (PhCHMe*, 100):
m/%z (CIL) 340 (M+H*, 40) and 246 (M+H* = MeSO,H, 100);
Vgax. (Nujol) 3060 (NH) and 1185 cm™ (P=0). A sample further
purified by recrystallisation from dichloromethane-light
petroleum had m.p. 177-179 °C (decomp.) (Found: C, 53.1; H,
5.3; N, 4.1. CH,;NO,PS requires C, 53.1; H, 5.35; N, 4.1 %).
Crystallisation from dichloromethane afforded a sample (major
diastereoisomer, B) for single crystal X-ray analysis. The
crystal was glued to a glass filament. Data were measured on
a Stde STADI-2 Weissenberg diffractometer with \graphite
monochromated Mo-K, radiation (A 0.7107 A) using an w-scan
technique. The data were corrected for Lorentz and polaris-

ation effects.

Crystal data for (44) (racemate): CzH,,NO,PS, M = 339.35.
Monoclinic, space group I2/a, a = 20,132(16), b = 10.396(2),
c = 17.814(14) A, f = 117.8(1)°, U = 3299(5) A3, 2 = 8, pu =
2,62 cmt, F(000) = 1424, D, = 1.37 g cm™?, T = 293 K. The
structure was solved by direct methods. The phenyl and methyl

hydrogen atoms were included in calculated positions with
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isotropic thermal parameters refined as groups. The remaining
hydrogen atoms were refined as isotropic atoms and all other
atoms were refined with anisotropic thermal parameters.
Full-matrix least squares refinement of 187 parameters gave R
= 0.047 and R, = 0.049 for 2324 unique reflexions with I >

30(I). For complete details see Appendix 1.

Samples of the N-phosphinoylhydroxylamine (43) having other
diastereoisomer compositions were similarly converted into
the methanesulphonates. In particular, sample A gave the
methanesulphonate (44) (sample A) as a 4 : 1 mnixture of

°

diastereoisomers, m.p. 154-157.5 °C; 6,(CDCl;) 39.6 (major)
and 38.4; 6;(CDCl,) 8.45 (1 H, d, Jpy 7, NH), 7.63-6.85 (5 H,
m), 7.12 (5 H, br s), 3.66 (1 H, dg, Jpy 15, Jyg 7.5), 3.10
(major) and 2.73 (total 3 H; both s), and 1.70 (3 H, dd, Jpy
16, Jgyy 7.5); m/z (CI) 340 (M+H*, 35 %) and 246 (100);
Vpax. (Nujol) 3020 (NH) and 1180 cm? (P=0)., Also, a 1 3 1

mixture of diastereoisomers of the N-phosphinoylhydroxylamine
(43) was similarly converted into the methanesulphonate (44).
Trituration with dichloromethane-ether gave a 39 : 61 mixture
of diastereoisomers, but treatment with a calculated amount

of the minor diastereoisomer (A) gave a 50 : 50 mixture of

diatereoisomers for use in the competition study.

N=-[a=Methylbenzyl(phenyl )phosphinoyl ]=O-=p-nitrobenzenesul-
phonylhydroxylamine (45).- A suspension of the N-phosphin-

oylhydroxylamine (43) (107 mg, 0.41 mmol) [20 : 80 mixture of
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diastereoisomers, 6,(CDCl;) 40.1 in excess¥] in dichloro-
methane (2 ml) was stirred and cooled in ice. Triethylamine
(41 mg, 0.41 mmol) was added, followed by p-nitrobenzenesul-
phonyl (nosyl) chloride (128 mg, 0.58 mmol; 1.4 mol
equiv.).!® Cooling was continued for a further 2 min and the
nmixture was then allowed to warm to room temperature. All
volatile matérial was removed (rotary evaporator) and the
residue was washed with ether. The resulting solid was mixed
thoroughly with iced water (5 ml) and the crude product was
collected by filtration. Further washing with water and then
ether gave N=[a-methylbenzyl(phenyl)phosphinoyl J=0=-p-nitro-
benzenesulphonylhydroxylamine (45) (112 mg, 61 %), which
crystallised from chloroform as a 3 : 97 mnixture of di-
astereoisomers, §,(CH,Cl,) 42.3 and 39.5 (major). A small sam-
ple was further purified (crystallisation from chloroform-
-light petroleum), m.p. 162-163 °C (decomp.):; 8,(CDCl,) 40.9;
8;(CDC1l,, 300 MHz) 8.1-7.7 (4 H, AA’BB’; §, 8.07, 8 7.76, Jas
8.9), 7.65-7.3 (10 H, m), 7.08 (1 H, d, Jp 0.7, NH; exchanges
with D,0), 3.520 (1 H, dg, Jpy 10.3, Jug 7.5), and 1.392 (3 H,
ad, Jpy 18.0, Jy 7.8); m/z 446 (M*, 1 %), 245
[PhCHMe (Ph)P(O)NH,*, 301, 243 (M* = ArSO,H, 25), 141
[PhCHMe (Ph)P(O)NH,* = PhCH=CH,, 40], 140 [PhCHMe(Ph)P(O)NH,* -

PhCHMe, 100], and 105 (PhMeCH*, 55); m/z (FAB; NOBA matrix)

% The P NMR Ilowfield diastereoisomer of the N-phosphinoylhydroxyl-~
amine (43) was found to be sparingly soluble in ethyl acetate. Crys-

tallisation of a 1 : 1 mixture of diastereoisomers of (43) from hot
ethyl acetate gave a sample that was highly enriched in the *P NMR
lowfield diastereoisomer and a 20 : 80 mixture of diastereoisomers

(P NMR highfield diastereoisomer in excess) in the mother liquor.
Recrystallisation of the mother did not improve the diastereoisomer
ratio and this material was used in the preparation of the nosylate
(45). Recrystallisation of the sample enriched in the P NMR low-
field diastereoisomer from ethyl acetate gave the pure lowfield
diastereoisomer of (43).
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447 (M+H*, 80 %), 289 (100), and 246 [PhCHMe(Ph)P(O)NH,+H*,
80); Vpax.(Nujol) 3200-2500 (NH), and 1190 (P=0) cm'l. The
analysis sample was not obtained entirely free of chloroform
[Found: €, 51.4; H, 4.1; N, 5.5 (m.p. 159-161 °C).
C,oH;oN,0PS.0.2CHCLl, requires C, 51.6; H, 4.1; N, 6.0 %.
Found: ¢, 48.,0; H, 3.7; N, 5.25 (m.p. 162-163 °C).
C,oH N, 0,PS.0.6CHCL, requires C, 47.8; H, 3.8; N, 5.4 %]. A
second preparation of the nosylate (45) gave a 4 : 96 mixture
of diastereoisomers (*'P NMR highfield diastereoisomer in

excess) for use in the competition study.

o—-Methylbenzylphosphonic Dichloride (47).- The phosphonic
acid (46)32.33, §,(cDCl;) 34.6 (broad), prepared from the
Arbuzov reaction of P(OEt); with 1-bromoethylbenzene,
followed by acid hydrolysis of the resulting ester, was
stirred in thionyl chloride (20 mol equiv.) with a catalytic

quantity of dimethylformamide (0.03 mol equiv.) at 90 °C
(bath temp.) until the 3'P NMR spectrum contained only one
important peak, §,(S0Cl,) 54.1 (ca. 3 h). All volatile
material was removed and the residue was maintained at < 0.2
mnHg for 1.5 h. The resulting a-methylbenzylphosphonic

dichloride (47)% was used without further purification.

N=Phenyl=P-(a-methylbenzyl )phosphonamidic Chloride (48).-
a=Methylbenzylphosphonic dichloride (47) (2.27 g, 10.2 mmol)
was stirred (powerful magnet) with aniline (1.90 ¢, 20.4
mmol) in benzene (6 ml) at 25 °C for 24 hours (8, 41.7 and
41,3, diastereoisomers; ratio ca. 1 : 2). Much solid was
precipitated. The mixture was diluted with benzene (10 ml)
and the insoluble material (PhNH,Cl) was removed by
filtration. The filtrate was reduced in volume and ether was
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added. On standing (overnight), crystals of one of the
diastereoisomers of N=-phenyl=-P-(a=-methylbenzyl )phosphonamidic

chloride (48) (0.98 g, 34 %) were obtained, m.p. 146-148 °C
[from dichloromethane-light petroleum (b.p. 40-60 °C)]:
8,(CDCl,) 42.3; &g(cbCl,, 300 MHz) 7.27 (5 H, br s), 7.3-7.15
(2 H, m), 7.07-6.98 (3 H, m), 5.747 (1 H, br d, Jpy 9.4, NH),
3.650 (1 H, dq, Jpy 17.0, Juy 7-4), and 1.778 (3 H, 4&d, Juy
22.5, Jugy 7.4); m/z 281, 279 (M*, 25 %; ratio 1 : 3), 177, 175
(M* - PhCH=CH,, 15; ratio 1 : 3), and 105 (PhCHMe*, 100);
Vpax. (Nujol) 3170 (NH) and 1210 cm™! (P=0) (Founds C, 60.0; H,
5.3; N, 4.7. C,,H,;CINOP requires C, 60.1; H, 5.4; N, 5.0 %).
A similar preparation,® but with most of the benzene being
removed from the filtrate prior to the addition of ether,
gave the phosphonamidic chloride (83 %) as a mnixture of
diastereoisomers [in a 30 : 70 ratio, 06p(CDCl;) 43.3 and

42,7 (major)].

N=Phenyl-P=(a-methylbenzyl )phosphonamidic Acid (61).= The
phosphonamidic chloride (48) (110 mg, 0.39 mmol) was heated
with 1 M aqueous sodium hydroxide (1 ml) on a steam bath for
1 h. The cooled solution was filtered and acidified to pH 1
by addition, with stirring, of 2 M hydrochloric acid. The
mixture was extracted with dichloromethane and the dried
extract was concentrated. Trituration with ether gave
N=phenyl=-P=(a-methylbenzyl )phosphonamidic acid (61) (79 mng,
77 %): m.p. 125.5-127 °C (from dichloromethane-light petrol-
eum); 6p(CDCl;) 30.3; 0&y(CDCl;) 8.5 (2 H, very broad, OH and
NH), 7.4-6.6 (5 H, m), 7.10 (5 H, br s), 3.23 (1 H, dqg, Jpy
19.5, Ju 7.5), and 1.49 (3 H, d4dd, Jpgy 18, Jyy 7.5):

Vpax, (NUjol) 3235 (NH), 2700, 2360, 1650 br (OH), and 1155 cm?
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(P=0) (Found: C, 64.2; H, 6.2; N, 5.5. C,,H,(NO,P requires C,
64.4; H, 6.2; N, 5.4 %). This material was used to assist
identification of the tert-butylammonium N-phenyl-P-(a-meth-
ylbenzyl )phosphonamidate (63), d, 18.0, formed in the feactm
ion of the methanesulphonate (44) (sample A) with 0.1 M
tert-butylamine in dichloromethane. [The salt was extracted
into water, the extract acidified (pH £ 1), and the free acid
back-extracted into dichloromethane: §,(CDCl,) 30.6; &;(CDCl;)
7.4-6.8 (5 H, m), 7.18 (5 H, br s), 6.6-5.8 (> 1 H, very
broad, NH and OH), 3.27 (1 H, dd, Jpy 20, Jyy 7.5), and 1.50

(3 H, dd, Jpy 18, Ty 7.5)1.

Methyl N-Phenyl-P-(a-methylbenzyl)phosphonamidate (62).- The
phosphonamidic chloride (48) (73 mg, 0.26 mmol; a mixture of
diastereoisomers), was added to sodium methoxide (0.4 mmol)
in methanol (1.0 ml) and the mixture was stirred for 20 min.
The excess methoxide was quenched with ammonium cﬁloride and
methanol was removed in vacuo. The residue was partitioned
between ether and water and the organic portion was dried
(Mgso,) and concentrated. Crystéllisation from light petrol-~
eum containing a very small dquantity of dichloromethane
afforded methyl N=pheny1=P=(aamethylbenzyl)phosphongmidate
(62) (50 mg, 69 %) (a mixture of diastereoisomers), m.p.
101.5-103 °C; &(CDCLl,) 31.0 and 30.8 (major); &;(CDCl,, 300
MHz) 7.43-6.81 (10 H, m), 6.184 (major) and 5.800 (total 1 H;
both d, Jp; 5.3 or 5.0, NH), 3.757 and 3.605 (major) (total 3
H; both d, Jp; 11.0, OMe), 3.417 and 3.353 (major) (total 1 H;
both dg, Jpy 19.2 or 19.3, Jy 7.4), and 1.646 and 1.515
(major) (total 3 H; both dd, Jpy 18.1 or 18.9, Jygy 7.4, CMe):

m/z 275 (M*, 100 %), 171 (M* - PhCH=CH,, 18), 170 (M" =
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PhCHMe, 23), 105 (PhCHMe*, 72), and 93 (PhNH,*, 43);
Voax, (NUjol) 3140, 3080 (NH), and 1210 cm™* (P=0): R, 5.7 and
6.4 (major) min (OV 1701, 230 °C), (Found: M*, 275.1073.
C,;H,3NO,P requires M, 275.1075). This material was used for
identification of the tert-Butylammonium N-phenyl-P-(a-meth-
ylbenzyl)phosphonanidate (63), 6, 17.2, formed in the react-
ion of the methanesulphonate (44) (sample B) with 0.1 M
tert-butylamine in dichloromethane. [The salt was extracted
into water, the extract acidified (pH < 1), and the free acid
back=-extracted into dichloromethane; treatment with diazo-
methane then gave the methyl phosphonamidate (62) as a 1 : 1
mixture of diastereoisomers, R, 5.7 and 6.4 min (conditions

as above)].

N=Phenyl=P=-(a=-methylbenzyl )phosphonamidic Anhydride (64).- A
solution of the phosphonamnidic acid (61) in the minimum
quantity of ether was treated with tert-butylamine to give a
precipitate of the tert-butylammonium salt (63), §(CH,C1,)
18.2. The salt was added to a solution of the phosphonamidic
chloride (48) in dichloromethane to give N=phenyl=P-(o-meth-
ylbenzyl )phosphonamidic anhydride (64) as a mixture of
diastereoisomers, 6§,(CH,Cl,) 23-24 (several peaks); crystal-
lised from dichloromethane-light petroleum, m.p. 155mi61 ‘cs
dp(CDCl;) 25.5, 25.0 and 24.6; §z(CDCl,, 300 MHz) 7.4-6.7 (20
H, m), 6.25=-5.35 (total 2 H; a series of 7 multiplets,
exchangeable with D,0, NH), 3.6-3.15 (2 H, m, PhMeCH), and
1.74-1.22 (6 H, m, PhMeCH); m/z 504 (M*, 20 %), 489 (M* - Me,

5) 412 (M* - NHPh, 15) 105 (PhCHMe*, 100), and 93 (PhNH,*,
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60); Vpax.(Nujol) 3170 br (NH), 1240 (P=0), and 950 cm™
(several maxima) (P=-0-P) (Found: C, 66.4; H, 6.05; N, 5.7.

C,H;3N,0,P, requires C, 66.7; H, 6.0; N, 5.55 %).

a-Methylbenzyl(phenyl )phosphinic Amide (58).- A solution of
the phosphinic chloride (39) (146 mg, 0.55 mmol) in
dichloromethane was added to an excess of anhydrous ammonia
dissolved in ether. Volatile material was evaporated and the
residue was partitioned between dichloromethane and water.
The organic layer was separated, dried, and concentrated.
Crystallisation from dichloromethane-light petroleum afforded
o=-methylbenzyl(phenyl)phosphinic amide (58) (66 mg, 49 %) as
a mixture of diastereoisomers, m.p. 140-142 °C (resolidifies
and melts again at 151-153 °C); §,(CbCl,) 35.1 and 32.9
(major); dy(cDCl,) 8.0-6.9 (10 H, m), 3.5-2.9 (1 H, mnm,
PhMeCH), 2.80 (2 H, br s, NH,; exchanges with Dgn, and 1.48
and 1.40 (ﬁotal 3 H; both dd, Jpy 17, Jy 7): m/z 245 (M*, 55
%), 141 (M* - PhCH=CH,, 45), 140 (M* - PhCHMe, 100), and 105
(PhCHMe*, 60): Vu.n (Nujol) 3330, 3240, 3130 (NH), and 1175
cm™! (P=0) (Found: C, 68.4; H, 6,8; N, 5.7. C,,H;(NOP requires

C, 68.6; H, 6.6; N, 5.7 %).

N-tert-Butyl-N’-[o-methylbenzyl(phenyl )phosphinoyl Jhydrazine
(54) .= A solution of the phosphinic chloride (39) (455 mg,
1.85 mmol) in dichloromethane (1 ml) was mixed with a solut-
ion of tert-butylhydrazine (ca. 6 mmol) in dichloromethane (6
ml). After 30 min all volatile material was evaporated and
the residue was partitioned between ether and water. The -
organic portion was extracted with 0.5 M hydrochloric acid,
the aqueous extract was basified (pH 2 11), and the liberated

phosphinoylhydrazide was back-extracted into dichloromethane.
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The crude product (310 mg, 55 %) was crystallised from
dichloromethane-light petroleum to give N-tert-butyl-N’-
=[a=methylbenzyl(phenyl )phosphinoyl Jhydrazine (54) as a mix-
ture of diastereoisomers, m.p. 170-171 °C; §,(CDCl,) 36.9
(major) and 35.3 (ca. 2 : 1); &;(cDCl,, 300 MHz) 7.93-7.06
(10 H, m), 4.134 and 3.912 (total 1 H; both d, Jp; 14.5 or
13.3, NH), 3.604 and 3.446 (total 1 H; both dq, Jp; 16.6 or
13.2, Jyg 7.4), 3.061 and 2.936 (total 1 H; both br s, NH),
1.661 and 1.408 (total 3 H; both dd, Jp 16.0 or 16.8, Jyy
7.4), and 1.073 and 0.870 (total 9H; both s); m/z 316 (M*, 25
%), 301 (M* - Me, 30), and 105 (PhCHMe*, 100); m/z (CI) 317
(M+H*, 100 %):; Vy (Nujol) 3150 (NH) and 1185 cm! (P=0)
(Found: C, 67.7; H, 7.9; N, 8.75; M", 316.1705. C,3H,;N,OP
requires C, 68.3; H, 8.0; N, 8.85 %; M, 316.1705). This
compound was also formed in the reaction of the methanesul-
phonate (44) (sample B) with 0.1 M tert-butylamine in
dichloromethane. The isolated material (acid extraction of
the product, §, 41.5) was not pure, but was seen to be a
single diastereoisomer, [§,(CDCl;) 35.3; §z(CDCl,, 300 MHz)
7.96-7.85 (2 H, m), 7.60-7.24 (8 H, m), 3.918 (1 H, &, Jp
13.4 NH), 3.445 (1 H, dq, Jpy 13.3, Ty 7.4), 1.408 (3 H, d4d,

Jpy 16.8, Jyy 7.4), and 0.869 (9 H, s): m/z as above].

In the reaction of the methanesulphonate (44) (sample B) (24
mg, 0.07 mmol) with 1.0 M solution of N-methyl-tert-butyl-
amine (1.4 mmol, a 20-fold excess) in dichloromethane at 20
‘c, 3P NMR spectroscopy revealed an important by-product (6
29.6; 40 %) in addition to the expected rearrangement

products (57) {diastercoisomers, §, 28.2 and 25.9, ratio 42 3

58, 50 % [peaks assigned by comparison with a mnixture, 6;
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28.4 and 26.0, resulting from the reaction of the phosphon-
amidic chloride (48) (mixture of diastereoisomers) with
N-methyl-tert-butylamine]}. The by-product was extracted into
1 M hydrochloric acid (4§, 39.1), and was back-extracted into
dichloromethane after basification (2 M NaOH). It was
identified as N-tert-butyl-N-methyl-N’-[o-methylbenzyl(phen-
y1)phosphinoyl Jhydrazine (56) (a single diastereoisomer), and
crystallised from ethyl acetate-light petroleum, no clear
m.p. (changes without melting above 160 °C; gradually liqui-
fies above 180 °C); &y(CDCl;) 31.1; §,(CDCl,, 300 MHz)
7.95-7.85 (2 H, m), 7.60-7.25 (8 H, m), 3.323 (1 H, ddq, Jey
12.7, Juyg 7.4), 3.280 (1 H, &, Jpy 17.2, NH; exchanges with
D,0), 2.331 (3 H, s), 1.366 (3 H, dd, Jp; 16.8, Jy 7.4), and
0.794 (9 H, s); m/z 330 (M*, 25 %), 315 (M' - Me, 15), 245 (M*
- H,C=NBut, 15), 244 (20), and 105 (PhCHMe*, 100); V... (Nujol)
3200 (NH) and 1190 cm™* (P=0) (Found: M*, 330.1861. C,.H,,N,OP

requires M, 330.1861).

N=Alkyl=N’=-phenyl=P=(a-methylbenzyl )phosphonic Diamides.-
These compounds were produced in fthe reactions of the

methanesulphonate (44) with methylamine or tert-butylamine.

N=Methyl=N’-phenyl-P-(a-methylbenzyl )phosphonic diamide
(50). (a) A pure sample of one diastereoisomer (product B) of
éhe phosphonic diamide (50) was obtained by crystallisation
of the product from the reaction of the methanesulphonate
(44) (sample B) with methylamine (neat or 1.0 M solution in
dichloromethane): m.p. 132=1$3 °C (unusual softening at
120-122 °C) (from dichloromethane-light petroleum); §,(CH,CL,)
25.7; 64(CDCl,, 300 MHz) 7.45-6.85 (10 H, m), 4.660 (1 H, d,
Jpy 10.1, NHPh; exchanges with D,0), 3.247 (1 H, dq, Jpy 17.3,
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Jum 7.4, CHMePh), 2.698 (1 H, dq, Jpy ~ 12, Juyy ~ 6, NHMe;
exchanges with D,0), 2.589 (3 H, dd, Jpy 1ll.4, Jyy 5.6, NHMe;
simplifies to d when treated with D,0), and 1.616 (3 H, dd,
Joy 17.3, Jyy 7.4, CHMePh); m/z 274 (M*, 35 %), 169 (M* -
CHMePh, 100), 105 (PhMeCH*, 35), and 93 (PhNH,*, 40 %):
Vpax. (Nujol) 3220, 3190 (NH), and 1170 cm™* (P=0) [Found: C,
65.2; H, 6.5; N, 10.0 (approx; very small sample); C,;H,;,N,0P
requires C, 65.7; H, 7.0; N, 10.2 %]. A sample recrystallised
from toluene was used for single crystal X-ray analysis. The
crystal was glued to a glass filament. Data were measured on
a Stbe STADI-2 Weissenberg diffractometer with graphite
monochromated Mo-K, radiation (A 0.7107 A) using an w-scan
technique. The data were corrected for Lorentz and

polarisation effects.

Crystal data for (50) (racemate): C,;H,,N,OP, M = 274.3.
Monoclinic, space group P2,/a, a = 10.450(2), b = 13.204(14),
¢ = 10.755(11) A, B = 97.17(6)°, U = 1472(3) A}, Z2 = 4, p =
1.41 ew!, F(000) = 584, D, = 1.24 g cm?, T = 293 K. The
structure was solved by direct methods. The phenyl and methyl
hydrogen atoms were included in calculated positions with a
single fixed thermal parameter. The remaining hydrogen atoms
were refined as isotropic atoms and all other atoms were
refined with anisotropic thermal parameters. Full-matrix
least squares refinement of 166 parameters gave R = 0.056 and
R, = 0.059 for 1221 unique reflexions with I > 3¢(I). For

complete details see Appendix 1.

(b) A sample of the phosphonic diamide (50) having a
predominance of the other diastereoisomer (product A)

(diastereoisomer ratio ca. 5 : 1 ratio) was obtained by
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distillation of the product from the reaction of the
methanesulphonate (44) (sample A) with methylamine (neat or
1.0 M solution in dichloromethane): b.p. 150 °C (oven temp.)
at 0.03 mmHg; 0p(CH,Cl,) 26.2 (major component); §;(CDCl,, 300
MHZ) 7.45-6.85 (10 H, m), 5.697 (1 H, d, Jp 6.3, NHPh;
exchanges with D,0), 3.290 (1 H, dq, Jpy 16.4, Jy 7.4,
CHMePh), 2.512 (3 H, dd, Jpy 11.6, Jy; 5.8, NHMe; simplifies
to d with D,0), 2.281 (1 H, dq, Jpy ~ 12, Jyg ~ 5.5, NHMe;
exchanges with D,0), and 1.558 (3 H, dd, Jpy 17.3, Juyy 7.3,
CHMePh) (smaller signals for diastereoisomer B also present);
m/z 274 (M*, 40 %), 169 (100), 105 (60), and 93 (50) (Found:

M*, 274.1235. C, H,,N,OP require M, 274.1235).

(c) An authentic sample of the phosphonic diamide (50) was
obtained as a mixture of diastereoisomers (by 'H and 3P NMR;
A 2 B ~ 2 : 1) by treatment of N-phenyl=P-(a-methylbenzyl)-
phosphonamidic chloride (48)'with methylamine: m.p. 126-130
°‘C (from benzene-light petroleum). The two diastereoisomers
could not be separated GLC but were separable by TLC (silica:

elute with ethyl acetate).

N=tert=Butyl=N’=phenyl=P=(a-methylbenzyl)phosphonic diamide
(492). (a) A sample of the phosphonamidic diamide (49) (prod-
uct B dominant in 9 : 1 ratio before recrystallisation) was
obtained from the reaction of the methanesulphonate (44)
(sample B) with neat tert-butylamine: m.p. 120-124 °C (from
dichloromethane-light petroleum) (diastereoisomers in ca. 1 3
1 ratio after recrystallisation), for product B (major)
d,(CDC1,) 22.5; 6,(CDCl, 300 MHz) 7.40-6.85 (10 H, m), 4.71 (1
H, d, Jp 8, NHPh), 3.246 (1 H, dq, Jpz ~ 18, Jpy ~ 7.5,
CHMePh), 2.46 (1 H, d, Jpy 14, NHBu'), 1.622 (3 H, dd, Jp
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17.4, Jyy 7.4, CHMePh), and 1.304 (9 H, s); for product A
(minor) &(CDCl;) 22.75; &y(CDCl,, 300 MHz) 7.40-6.85 (10 H,
m), 5.11 (1 H, &, Jpy 6, NHPh), 3.227 (1 H, dg, Jpg ~ 17, Tux ~
7.5, CHMePh), 2.12 (1 H, d, Jpy 13, NHBu*), 1.529 (3 H, 44,
Jpy 17.3, Jyy 7.3, CHMePh), and 1.190 (9 H, s); m/z 316 (M*,
25 %), 301 (M* - Me, 5), 260 (M* = C,H,, 10), 2i1 (M* -
CHMePh, 45), 155 (M* = C,H; - CHMePh, 100), 105 (PhMeCH*, 45),
and 93 (PhNH,*, 50); Vp (Nujol) 3390 (free NH), 3210 (NH),
and 1190 cm™! (P=0); R, 8.3 and 9.5 (major) min (OV 1701, 230
‘C). [The data from the 300 MHz !H NMR spectrum belongs to
the 1 : 1 mixture of diastereoisomers obtained after crys-
tallisation. The assignments were made using the 90 MHz
spectra of the 9 : 1 mixture and of a 3 : 1 mixture (product
A dominant) obtained from the reaction of sample A with

tert=butylamine. The N-H data are from the 90 MHz spectra. ]

(b) Samples of the phosphonamidic diamide (49) in which
diastereoisomer B was less dominant were obtained from other

reactions of the methanesulphonate (44) with tert-butylamine.

(c) An authentic sample of the phosphonic diamide (492) was
obtained as a mixture of diastereoisomers (A 3 B ~
3 3 2) by treatment of N-phenyl-P-(a-methylbenzyl)phosphon=
amidic chloride (48) with tert-butylamine: m.p. 122-123.5 °C
(from ether-light petroleum) (Found: C, 68.1; H, 8.1; N,

8.85. Cy3H,sN,OP requires C, 68.3; H, 8.0; N, 8.85 %).
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N-Alkyl-N‘’-(a-methylbenzyl )-P-phenylphosphonic Diamides.~-
Authentic samples of these compounds were required to confirm
that they were not formed in +the reactions of the
methanesulphonate (44) with methylamine and tert-butylamine.

They were prepared as detailed below.

N-Methyl-N’-(a-methylbenzyl )=P-phenylphosphonic diamide
(53). (*)=o=Methylbenzylamine in benzene (1 mmol per ml; 2
mol equiv.) was added to a stirred (poweriul magnet) solution
of phenylphosphonic dichloride in benzene (0.5 mmol per ml)
over 20 min in a nitrogen atmosphere. After 2.5 h the nixture
was diluted with ether and insoluble material (amine hydro-
chloride) was removed by filtration under nitrogen. The
filtrate containing N-(a=methylbenzyl )-P-phenylphosphonamidic
chloride, §, 32.9 and 31.3 (diastereoisomers), was treated
with an excess of methylamine (4=5 mol equiv,):)much solid
(amine hydrochloride) precip.itai:ev.i° Solvent was removed
(rotary evaporator) and the residue was partitioned between
dichloromethane and water. The organic portion was dried
(Mgso,) and concentrated to giﬁe N-methyl=N’-=(a=-methylbenz-
y1)=P=-phenylphosphonic diamide (53), 0,(CH,Cl,) 20.2 (major)
and 19.8, diastereoisomer ratio ~ 55 : 45. Crystallisation
from chloroform-light petroleum gave an almost pure (97 %)

°

sample of +the major diastereoisomer, m.p. 133-136 C;
é;(cbCcl,, 300 MHz) 7.82-7.7L (2 H, m), 7.52-7.36 (3 H, m),
7.34-7.17 (5 H, m), 4.339 (1 H, ddd, Jpy ~ 9, Jg ~ 9 and 6.8,
NHCHMePh; simplifies to dg with D,0), 2.866 (1 H, br dd, Jp ~
Jyy ~ 9, NHCHMePh; exchanged with D,0), 2.522 (3 H, dd, Jpy
12.1, Jgy 5.8, NHMe; simplified to d with D,0), 2.38 (1 H, br

m, NHMe; exchanged with D,0), and 1.440 (3 H, d, Jy 6.8,
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CHMePh) [small signals for the minor diastereoisomer at 2.633
(dd, Jpy 11.8, Jy 5.8, NHMe) and 1.480 (d, Juy 6.8, CHMePh)1]:
m/z 274 (M*, 12 %), 259 (M* - Me, 25), 154 (M* -~ NHCHMePh,
35), and 120 (PhCHMeNH', 100): Vg (Nujol) 3290, 3240 (NH),
and 1180 cm* (P=0) (Found: C, 65.3; H, 7.0; N, 10.25.

C,sH,¢N,OP requires C, 65.7; H, 7.0; N, 10.2 %).

N=-tert=Butyl-N’-(a-methylbenzyl )-P-phenylphosphonic diamide
(52). (%)=a-Methylbenzylamine (363 mg, 0.39 ml, 3.0 mmol) was
added to a stirred solution of N-=tert-butyl-P-phenylphos-
phonamidic chloride (51)3* (231 mg, 1.0 mmol) in dichloro-
methane (3 ml). After 30 min the mixture was diluted with
dichloromethane and washed first with dilute aqueous sodiun
hydroxide (to remove any anhydride), then with dilute hydro-
chloric acid (HCl added until pH Jjust less than 7) to remove
the excess amine, and f£inally with water. The organic portion
was dried (MgSO,) and concentrated to give N-tert-butyl-N’-
=(a-methylbenzyl )=P=phenylphosphonic diamide (52), b.p. 128
°C (oven temp.) at 0.02 mmHg; d,(CDCl,) 17.3 and 16.5 (di-
astereoisomers; ratio ca. 1 : 1); &z(CDCl;, 300 MHZ) 7.90-7.15
(10 H, m), 4.62 and 4.29 (total 1 H; both ddg, Jpy, Juns Jun
all ~ 7-9, NHCHMePh), 2.81 and 2.71 br (total 1 H; both dd,
Jpy ~ 9, Jyg ~ 7.5, NHCHMePh), 2.42 and 2.24 (total 1 H; both
d, Jpy 7 or 8.5, NHBu®), 1.47 and 1.41 (total 3 H; both 4, Jy
6.8, CHMePh), and 1.23 and 1.13 (total 9 H; both s); m/z 316
(M*, 20 %), 301 (M* = Me, 85), 197 (M* = Me - H,C=CHPh, 45),
140 (M* - C,Hy - NHCHMePh, 60), 120 (PhCHMeNH*, 100), and 105
(PhCHMe*, 70); Vyax.(CH,Cl,) 3400 (NH), 1225, 1200, and 1120

cm? (Found: M* 316.1704. C,gH,N,OP requires M, 316.1705).
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Stereochemical Studies.~ In general the methanesulphonate
(44) (sample A or sample B) (27 mg, 0.08 mmol) was added to a
large excess of the amine (= 20 mol equiv.), neat or as a
solution in dichloromethane (1.0 or 0.1 M), at room temper-
ature (ButNH,) or below (MeNH,; 0 °C). In the case of neat
methylamine, the amine was added to the methanesulphonate at
-5 to =10 °C. Similar experiments were carried out using the
nosylate (45) [3 : 97 ratio, highfield diastereoisomer (3P

NMR) in excess] with methylamine.

After a preliminary examination of the reaction mixture by
31p NMR spectroscopy, volatile material was evaporated and
the residue was partitioned between dichloromethane and water
(to remove RNH;* "OMs). The organic layer was dried (MgSo0,),
and the diastereoisomer ratio of +the phosphonic diamide
rearrangement product (49) or (50) was determineq by 3P NMR
spectroscopy (Tables 1 ahd 2, and Table 3 for the nosylate)
and confirmed by H NMR spectroscopy. In some cases the
rearrangement prodﬁct was purified by distillation and/ox
crystallisation and further chafacterised. In one case, using
the methanesulphonate (sample A) with 0.21 M tert-butylamine,
the reaction was followed by 3P NMR spectroscopy which
revealed the presence of a reaction intermediate &, 27.7

(major) and 27.5 (diastereoisomers) (see Fig. 5).

The phosphonic diamide (49) or (50) was formed cleanly in
the reaction with neat amine, but side reactions were sig-
nificant with 1.0 M solutions (3-20 %) and extensive with 0.1
M solutions (15-50 %). The side reactions were more pro-
nounced with tert-butylamine than with methylamine, and for

diastereoisomer B of the substrate than for diastereoisomer
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A. In one case (substrate sample B with 0.1 M Bu‘NH,) a by-
-product was isolated by extraction from dichloromethane into
aqueous acid and back-extraction into dichloromethane after
basification: it was characterised as N-tert-butyl-N’-
~[a-methylbenzyl (phenyl)phosphinoyllhydrazine (54) by comp-
arison with the authentic sample (see p. 135). The phosphon-
amidic acid salt PhMeCHP(O)(NHPh)O™ *NH,But (63) (0, ~ 17-18;
variable) present in the water wash from a worked=-up reaction
mixture (substrate sample A or B with 0.1 M Bu®NH,) was
isolated as the free acid (61) or its methyl ester (62) and
compared with authentic samples (see pp. 132 and 133). Other
by-products were tentatively identified only by comparison of
their 3P NMR chemical shifts in the reaction mixture with
those of authentic samples (pp. 134 and 135), i.e.
a=methylbenzyl (phenyl)phosphinic amide (58) (6, ~ 33, two
diastereoisomers; signals very close to those of the phos-
phinoyl hydrazine) and the phosphonamidic anhydride
[PhMeCHP(O)NHPh],0 (64) (6, 24.4-23.5, several diastereo-
isomers). The by-product believed to be (64) was converted
into the phosphonamidate salt (63) on prolonged standing (96
h) in the reaction medium, strengthening the evidence for its

identity as the phosphonamidic anhydride (64).

No attempt was made to correct the observed diastereolisomer
ratios of +the phosphonic diamide rearrangement product
(Tables 1. to 3) to allow for the fact that the r.1or1-=
-rearrangement side reactions consumed diastereoisomer B more
quickly than diastereoisomer A (i.e. the rearrangement’ prod-
uct was formed from a substrate that became slightly more

enriched in diastereoisomer A as reaction proceeded), or for
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the possibility that side reactions involving rearrangement
(e.g. reaction with traces of water rather than with RNH,)
could, in principal, have diminished the formation of one of
the diastereoisomers of the phosphonic diamide more than the

other.

Competition Experiments.—- The methanesulphonate (44) (1 : 1
nixture of diastereoisomers) (0.07 mmol) was allowed to react
with a large excess (2 20 mol equiv.) of an equimolar mixture
of methylamine and tert-butylamine, neat (at 0 °C) or in
dichloromethane (1.0 or 0.1 M +total amine, at 12 °C). The
relative amounts of the N-methyl phosphonic diamide (50) (two
diastereoisomers) and the N-tert-butyl phosphonic diamide
(49) (two diastercoisomers) were determined from the 3P NMR
spectra of the reaction mixtures (relative peak areas; Table

4).

Similar experiments were carried out using the nosylate (45)
(ratio 4 : 96; 3P NMR highfield diastereoisomer in excess)
and the phosphonamidic chloride (48) (30 : 70 mixture of di-
astereoisomers) (Table 4). In the latter case both the
N-methyl and N-tert-butyl phosphonic diamides were formed as
mixtures of diastereoisomers in which the lowfield (ﬁP NMR)

diastereoisomer was in excess.

( =)=N=Diphenylphosphinoyl-0~-(camphor-=10-sulphonyl )hydroxyl-=
amine (67).- Powdered N-diphenylphosphinoylhydroxylamine
(66)¥3:87 (144 mg, 0.62 mmol) was stirred in an ice bath at 5
°C (bath temperature) and pyridine (0.6 ml) was added,'?® fol-
lowed immediately by (=)=-camphor-=10-sulphonyl chloride®® (209

mg, 0.83 mmol, 1.35 mol equiv.). The resulting paste was
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stirred for 10 min at 5-10 °C, during which time it became
much more mobile. The reaction was quenched with ice water (8
ml) and the precipitated solid was filtered off and was
washed first with water and then with light petroleum. Crys-—
tallisation from aqueous ethanol afforded (-=)=N=-Diphenyl-
phosphinoyl=0-(camphor=10~sulphonyl )hydroxylamine (67) (196
ng, 71 %), m.p. 153-155 °C (decomp.); [alp, =11.3° (¢ 8.5 x
10 in methanol; 1limited solubility): 6,(CDCl;) 29.6;
dz(CcDCl,, 300 MHz) 8.836 (1 H, d, Jp; 3.9, NH; exchanges with
D,0), 8.03-7.89 (4 H, m), 7.64=7.46 (6 H, m), 3.38 (2 H, AB,
8, 3.698, &, 3.064, Jz 15.3, SCH,), 2.44~2.26 (2 H, m),
2,15-1.91 (3 H, m), 1.78~1.65 (1 H, m), 1.49-1.39 (1 H, m),
1.037 (3 H, s, Me), and 0.833 (3 H, s, Me); m/z (FAB; NOBA
matrix) 470 (M+Na*, 12 %) and 448 (M+H*, 100): V., (Nujol)
3050 (NH), 1750 (C=0), 1220, 1210, 1200, and 1180 cm™' (P=0).
The analysis sample, recrystallised from agueous ethanol had
m.p. 150-152 °C (decomp.) (Found: C, 59.5; H, 5.95; N, 3.2.
C,,H,cNO,PS requires €, 59.05; H, 5.9; N, 3.1 %). The other
enantiomer (67), [alp +11.2° (¢ 8.5 x 1072 in methanol), was
prepared as above but using (+)-camphor=10-sulphonyl chlor-

ide.

N’/ ,P-Diphenyl=-N-tert-butylphosphonic Diamide (68).- The
combined products from the reactions of tert-butylamine with
the (=)-=camphor=10-sulphonate (67) (see stereochemical stud-
ies below) were dissolved in dichloromethane and the solution
was washed with dilute agueous sodium hydroxide (to remove
the NMR chiral shift reagent) and water. The organic portion
was dried (MgSO,) and concentrated and the residue was crys-

tallised from dichloromethane-light petroleum (b.p. 40-60 °C)
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to give the phosphonic diamide (68), m.p. 176-179 °C (lit.,??
m.p. 176-178 °C); [al, =0.66" (¢ 0.035 in chloroform);
d,(CDCl,) 12.7; &;(CDCl,) 8.03-7.35 (5 H, m), 7.25-6.78 (5 H,
m), 5.12 (1 H, &, Jpz 7.5, NHPh), 2.80 (1 H, d, Jpy 10,
NHBut), and 1.33 (9 H, s): m/z 288 (M*, 100 %); ¥, (Nujol)

3380, 3240 (NH), and 1200 cm® (P=0).

N’ ,P-Diphenyl-N-methylphosphonic Diamide (72).- The combined
products from the reaction of methylamine with the camphoxr-
=l0-sulphonate (67) (both enantiomers) were dissolved in
dichloromethane and the solution was washed with dilute
aqueous sodium hydroxide (to remove the NMR chiral shift re-—
agent) and water. The organic portion was dried (MgSO,) and
concentrated. Trituration with ether=-light petroleum gave the
phosphonic diamide (72), m.p. 156-160 °C (lit.,?2m.p. 156-158
‘c)s 6p(CcDCly) 17.4; &y(cbhCl,) 8.08-7.34 (5 H, m), 7.21-6.74
(5 H, m), 5.29 (1 H, br, NH), 3.03-2.33 (1 H, br), and 2.64
(3 H, dd, Jpy 12, Jyy 5); m/Z 246 (M", 83 %) Vg (Nujol) 3220

(NH) and 1175 cm™ (P=0).

Stereochemical Studies.- (a) The (=)=camphor-10-sulphonate
(67) (31 mg, 0.07 mmol) was added to a solution of tert-but-
ylamine (20 mol equiv,) in dichloromethane (0.05, 0.3, 1.0,
or 3.0 M) at room temperature. Also neat tert-butylamine (>
20 mol equiv.) was added to the substrate at room temper-
ature. When reaction was complete all volatile material was
removed and the fesidue was partitioned between dichloro-
methane and water. The organic portion was dried (MgsSoO,) and
all of the solvent removed. The crude product was dissolved
in c¢pcl; and investigated by 'H NMR spectroscopy using
(=)-methylphenylphosphinothioic acid (70)3 (1 mol equiv.) as
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a chiral shift reagent, to determine the enantiomer compos-
ition of the phosphonic diamide rearrangement product (Table

5).

(b) The (+)=-camphor=10-sulphonate (67) (31 mg, 0.07 mmol)
was added in one case to a 1.0 M solution of tert=butylamine
(20 mol equiv.) in dichloromethane at room temperature and in
the other to 1.0 M solution of tert-butylamine (20 mol
equiv.) in dichloromethane containing tert-butylammonium
(~)=camphor-10=-sulphonate (1 mol equiv.) at room temperature.
When reaction was complete, the mnixtures were treated as

described in (a) above (Table 6).

(c¢) The methanesulphonate (69)3:%7 (22 mg, 0.07 mmol) was
added to a 1.0 M solution of tert-butylamine (20 mol eguiv.)
in dichloromethane at room temperature. When the reaction was
complete, the mixture was treated as described in (a) (Table

6).

(d) For both enantiomers, the camphor-1l0-sulphonate (67) (31
mg, 0.07 mmol) was added to a 1.0 M solution of methylamine
(20 mol equiv.) in dichloromethane at 0 °C. When the reaction
had gone to completion, the mixture was treated as described
in (a) except that (+)-phenyl-tert=butylphosphinothioic acid
(71)36-%7 (1.3 mol equiv.) was used as the NMR chiral shift

reagent (Table 6).

The Reaction of N=[Bis(4-methylbenzyl )phosphinoyl ]=0-p-nit=
robenzenesulphonylhydroxylamine (79) with Amines.- The nosy-
late (79)%* (33 mg, 0.07 mmol) was added to a 0.5 M solution
of the appropriate amine (10 mol equiv.; tert-butylamine,
N-methyl-tert-butylamine, or diisopropylamine) in dichloro-
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methane at room temperature. When the reaction had gone to
completion all volatile material was removed and the residue
was partitioned between dichloromethane and water. The
organic portion was dried (MgSO,) and then concentrated to
give the crude hydrazide, which was purified and concentrated

as detailed below.

Hydrazide (80).- The crude hydrazide was dissolved in ether
and extracted into dilute hydrochloric acid. The acidic sol-
ution was treated with dilute aqueous sodium hydroxide and
the regenerated free hydrazide was back-extracted into
dichloromethane. The solution was dried (MgSO,) and concentr-
ated, and the residue was triturated with light petroleum
(b.p. 40-60 °C) to give N-[bis(4-methylbenzyl)phosphinoyl]-

o

=N’=-tert-butylhydrazine (80), m.p. 80-85 °C (lit.,* m.p.
88-90 °C): 8,(CDCl,) 42.5; 8,(CDCl,) 7.08 (8 H, br s), 3.83 (1
H, d,‘J‘PH 13, NH), 3.07 (4 H, 4, Jpy 15; slight non-equiv-
alence of diastereotopic hydrogens apparent), 2.29 (~ 6 H, s,

p=Me and ~ 2 H, br, NH and water), and 1.03 (9 H, s).

Hydrazide (82).- Trituration of the crude hydrazide with
light petroleum (b.p. 40-60 °C) gave N-[bis(4-methylbenzyl)-
phosphinoyl J=N’-methyl-N’-tert-butylhydrazine (82), m.p.

°

46=50 C (decomp.); §&(CDCl;) 36.2; 6y(CDCl,, 300 MHZz)
7.20=7.07 (8 H, m), 3.284 (1 H, d, Jpy ~ 15, NH), 3.248 (2 H,
ad, Jpy ~ Jgy ~ 15, PCHHAr), 2.946 (2 H, dd, Jpy ~ Ty ~ 15,
PCHHAY), 2.498 (3 H, s, NMe), 2.320 (6 H, s, p-Me), and 1.003
(9 H, s);: m/z 358 (M*', 30 %), 343 (M* - Me, 10), 273
[ (MeC¢H,CH,),P(0)NH,*, 551, and 105  (MeC¢H,CH,*, 100);
Vpax. (Nujol) 3155 (NH) and 1150 cm™* (P=0) (Found: M*,
358.2168. C,H,,N,OP requires M, 358.2174).
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Hydrazide (81).~ The crude product was triturated, then
crystallised from light petroleum (b.p. 40-60 °C) giving
N=[bis(4=-methylbenzyl )phosphinoyl J-N? ,N’-diisopropylhydrazine
(81), m.p. 50-52 °C; 8,(CDCLl;) 35.4; ©&,(CDCl,, 300 MHz)
7.23-7.08 (8 H, m), 3.544 (1 H, d, Jpy 20.4, NH), 3.225 (2 H,
dd, Jpy 17.6 Jyy 14.7, ArCHHP), 3.049 (2H, sept, Juy 6.5,
Me,CH), 2.999 (2 H, dd, Jpy ~ 15, Juyy 14.7, ArCHHP), 2.319 (6
H, s, p-Me), and 0.982 (12 H, d, Jy 6.5, Me,CH);: m/z 372 (M*',
100 %), 357(M* - Me, 20), 315 (M' - Me - CH,=CHMe, 70), and
105 (MeCgH,CH,*, 75)7 Vpax. (Nujol) 3190 (NH) and 1170 cm! (P=0)

(Found: M*, 372.2365. C,,Hy;N,OP requires M, 372.2331).

Competitive Reactions of the WN~[Bis(4-methylbenzyl)phos-
phinoyl J-O-p-nitrobenzenesulphonylhydroxylamine (79) with
Amines.- The nosylate (792) (33 mg, 0.07 mmol) was added to a
solution of the two amines (0.5 M total amine) in dichloro-
methane at room temperature. The two amines were in a 1 3 1
ratio (5 mol equiv. each) and were either tert-butylamine and
N-methyl=-tert-butylamine or tert-butylamine and diisopropyl-
amine. When reaction was complete the ratio of the two hydr-

azide products was determined by 3'P spectroscopy (Table 11).
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Menthyl P-(Bromomethyl )-N-tert-butylphosphonamidate (112).-
A mixture of dried (-)-menthol (2.55 g, 16.3 mmol; 1.05 mol
equiv.) and triethylamine (1.58 ¢, 15.6 mmol) in dichloro-
methane (15 ml) was added dropwise at room temperature, over
10 min, to a stirred (powerful magnet) solution of bromo-
methylphosphonic dibromide (113)%, §,(CH,Cl,) 0.5, (4.68g,
15.6 mmol) in dichloromethane (15 ml), with moisture exclud-
ed. After 20 min more (~-)-menthol (0.12 g, 0.78 mmol, 5 mol
%) and triethylamine (79 mg, 0.78 mmol, 5 mol %) were added
and the mixture was left stirring for a further 30 min.
tert-Butylamine (4.66 g, 63.9 mmol; 4.1 mol equiv.) was added
dropwise (exothermic) and when the reaction mnixture had
cooled (ca. 20 min) [6, 18.4 (major) and 18.1 (mixture of di-
astereoisomers, ratio 54 : 46); yield ~ 62 % (calc. 3.56 g)
(several by=products)] all volatile material was removed and
the residue was partitioned between toluene and water. The
organic portion was dried (MgSO,) and concentrated; crystal-
lisation from 90 % adqueous ethanol (20 ml) gave a mixture of
diastereoisomers [1.53 g, yield 27 %; 46 : 54 ratio, high-
field 3P NMR resonance now in excess]. Recrystallisation
from 92 % aqueous ethanol (10 ml; overnight refrigeration)
gave some material (374 mg) with a diastereoisomer ratio of 3
: 97 which was recrystallised from light petroleum (20 ml) to
give the pure highfield (3P NMR) diastercoisomer of menthyl
P=(bromomethyl )=N=tert=butylphosphonamidate (112) (sample A)
m.p. 155-155.5 °C; 8,(CH,Cl,) 18.0; §,(CDCl,, 300 MHz) 4.225 (1
H, ddt, Jpg 8.0, Juy 4.5 and 10.6), 3.278 (2 H, ABP, §, 3.341,
8 3.211, Jpz 13.0, Jap 10.3, Jgp 7.1, PCH,Br), 2.646 (1 H, 4,
Jpy 6.9, NH; exchanges with D,0), 2.287 (1 H, m), 2.077 (1 H,

d sept., Juy 2.5 and 7.0), 1.663 (2 H, m), 1.55-0.75 (14 H),
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and 1.355 (9 H, d, Jpy 0.6, NBu®): m/z (no M*) 354, 352 (M* -
Me, 7 %; ratio 1 : 1), 232, 230, (33; ratio 1 : 1), and 216,
214 (M* - Me = CygH,4, 100; vatio 1 : 1); my/z (CI) 387, 385
(M+NH,*, 1 %; ratio 1 : 1), 370, 368 (M+H*, 5; ratio 1 : 1),
290 (30), and 74 (100); Vyx (Nujol) 3220 (NH) and 1245 cm™?
(P=0); R, 14.7 min (BP 5, 210 °C) (Found: C, 48.85; H, 8.1;

N, 3.8. C;5H3;BrNO,P requires C, 48.9; H, 8.5; N, 3.8 %). A

o°

portion of this diastereoisomer (100 by GLC) was re-=
crystallised from dichloromethane-light petroleum and then
slowly from aqueous ethanol to produce a sample for single
crystal X-ray analysis. The crystal was glued to a glass
filament. Data were measured on a Stée STADI-2 Weissenberg
diffractometer. All data were collected using graphite mono-
chromated Mo-K, radiation (A 0.7107 A) at 293 K using an

w=scan technique. The data were corrected for Lorentz and

polarisation effects.

Crystal data for (112): C,H,,BrNO,P, M = 368.3. Hexagonal,
space group P6,, a = 10.581(2), ¢ = 30.345(25) A, U = 2942(3)
A, 2 =6, p=2.18 mm!, F(000) = 1164, D, = 1.248 g cm 3. An
absorption correction was applied to the data, maximum and
minimum transmission factors 0,757 and 0.250 respectively.
1732 Unigue vreflexions were measured with 687 having I >
30(I) regarded as observed. The structure was solved by
direct methods and difference Fourier techniques. The bromine
and phosphorus were refined as anisotropic, all other
non-hydrogen atoms were refined with isotropic thermal

parameters. The hydrogen atoms were included in calculated
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positions. The final R and R, values are 0.085 and 0.065
respectively for 90 variables, (A/0)p.x. = 0.001. See Appendix

2 for complete details.

The material from one of the mother liguors of the
bromomethylphosphonamidate (112) was crystallised from light
petroleum to give a mixture of the diastereoisomers of (112)
(sample B), m.p. 113-115 °C; &(CH,Cl,) 18.3 (major) and 18.0,
ratio 60 : 40; §y(CDCl;, 300 MHz) 4.34-4.17 (1 H, m),
3.39-3.17 (2 H, m), 2.731 (major) and 2.650 (total 1 H; both
d, Jpgy 7.2 Ooxr 7.5, NH), 2.34=2.03 (2 H, m), 1.72=1.62 (2 H,
m), 1.55=0.75 (14 H), and 1.355 and 1.351 (major) (total 9 H;
both d, Jpy 0.7); m/z as above; Vg (Nujol) 3300, 3260 (NH),
and 1235 cm! (P=0); R, 14.3 (major) and 14.7 min (BP 5, 210

c).

Menthyl Phosphorodichloridate (118)%.- A mixture of
(=)-menthol (3.13 g, 20 mmol) and triethylamine (2.02 g, 20
. mmol) in light petroleum (25 ml) was added dropwise over 20
min to a cooled (ice bath) and stirred solution of phosphoryl
chloride (3.07 g, 20 mmoi) in light petroleum (15 ml), with
moisture excluded. After addition, the mixture was stirred at
room temperature for 3.5 h and the precipitated amine hydro-
chloride was vremoved by filtration under nitrogen. The
filtrate was concentrated to give menthyl phosphorodichlor-
idate (118) (5.06 g, 93 %) 8,(CH,C1l,) 5.5; V. (£film) 1290
(P=0), 990, and 970 cm?! (P-0-C); this was used without
further purification. (N.B. An ampouled sample blackened

within two weeks at room temperature.)
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Menthyl N-tert-Butylphosphorochloramidate (119).- tert-But-
ylamine (2.66 g, 36.4 mmol) in benzene (5 ml) was added
dropwise over 5 min to a cooled (ice bath) and stirred sol-
ution of the phosphorodichloridate (118) (4.97 ¢, 18.2 mmol)
in benzene (20 ml), with moisture excluded. After 10 min the
nmixture was warmed to room temperature and stirred for a
further 2 h. The precipitated amine hydrochloride was removed
by filtration and the filtrate was concentrated to give
menthyl N-tert-butylphosphorochloramidate (119) ( 5.35 g, 95
%) as an oil (slowly solidified), §&,(CDCl;) 10.5 (major) and
9.8 (diastereoisomers; ratio 65 : 35) and an impurity (~ 9
$); &y(cDCl,) 4.63-4.13 (1 H, m), 3.23 (1 H, br, NH),
2.43-0.70 (18 H), and 1.33 (9 H, s). This material was used

without any further purification.

Menthyl Méthyl N=tert=Butylphosphoramidate (120).= To a
cooled (ice bath), stirred solution of the phosphorochloxr=
, amidate (1192) (4.3 g, 14 mmol) in light petroleum (b.p. 40-60
‘c) (8 ml), 2 M sodium methoxide (14 ml, 28 mmol; 2 mol
equiv.) in methanol was added. After 10 min the exceés meth-
oxide was dquenched with ammonium chloride (1.5 g, 28 mmol)
and volatile material was removed. The residue was partit-
ioned between light petroleum and water, and the organic
portion was dried (MgsSO,) and concentrated to give the crude
product (3.6 ¢, 85 %), 06,(CH,Cl,) 7.2 (major) and 6.7
(diastereoisomers; ratio 60 : 40). Crystallisation from light
petroleum (b.p. 40-60 °C) at =40 °C gave menthyl methyl
N-tert—butylphosphoramidate (120), m.p. 73-76 °C (diastereo-
isomer ratio now 53 : 47, lowfield 3P NMR resonance still

dominant); &/(CDCl,, 300 MHz) 4.22-4.09 (1H, m), 3.683 and
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3.670 (major) (total 3 H; both d, Jpy 11.3 or 11.4, OMe),
2,483 and 2.436 (major) (total 1 H; both 4, Jy 7.3 or 7.1,
NH; exchanges with D,0), 2.39=-2.08 (2 H, m), 1.72=1.59 (2 H,
m), 1.54=0.77 (14 H), and 1.275 (major) and 1.271 (total 9 H,
both d, Jpy 0.7 or 0.8); m/z 305 (M*, 1 %), 290 (M* - Me, 8),
168 (M* - C,;H;,, 50), 152 (M* - Me = C,;,H,;, 100), and 112 (M*
= CuoHi; = H,C=CMe,, 60): V. (Nujol) 3220 (NH) and 1240 cm™?
(P=0) (Found: C, 58.9; H, 10.3; N, 4.4; M*, 305.2127.
C,5H,,NOP requires C, 59.0; H, 10.6; N, 4.6 %; M, 305.2120).
Chromatography of a 60 : 40 mixture of diastereoisomers
[rotating silica layer (chromatatron), eluent 1 : 1 ethyl

°

acetate-~light petroleum (b.p. 40-60 C)] followed by the
repeated chromatography of enriched fractions afforded a
small sample that was > 96 % the lowfield (?*'P NMR) di-
astereoisomer (3 % yield).

~

Derivatives of Menthyl Methj/l Nmtertz-Butylphosbhoramidate
(120) .- Although the phosphoramidate (120) was crystalline,
all attempts to grow crystals suitable X-ray studies were
unsuccessful. Several derivativés were prepared as summarised
below, but none of these were obtained in a crystalline form.
(a) tert-Butyl hypochlorite® (87 mg, 0.8 mmol) in cpel; (1
ml) was added to a cooled (ice bath) and stirred solution of
the phosphoramidate (120) (mixture of diastereoisomers) (197
mg, 0.65 mmol) in cDbcl, (1.9 ml).®% After 3 h at room
temperature, removal of volatile material afforded menthyl
methyl N=tert-butyl=N-chlorophosphoramidate (121) as an oil,
dp(CDCl,;) 6.6 (major) and 6.5 (diastereoisomers; ratio 53 :
47); 6y(CDCl,) 4.43-3.90 (1 H, m), 3.72 (3 H, d, Jp; 10, OMe),

2.60-0.67 (18 H, m), and 1.40 (9 H, s).
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(b) The phosphoramidate (120) (mixture of diastereoisomers)
(153 mg, 0.5 mmol) was stirred with sodium hydride (31 mg,
1.3 mmol; 2.6 mol equiv.) in DMF (1 ml) at room temperature.
After 1.3 h, p-methoxybenzyl chloride (235 mg, 1.5 mmol, 3
mol equiv.) was added and the mixture was stirred for a
further 30 min. The excess sodium hydride was dquenched with
methanol (60 pl) and all solvent was removed. The residue was
partitioned between ether and water and the organic portion
was dried (Na,S0,) and concentrated. Chromatography [silica
layer; 1 : 3 ethyl acetate-light petroleum (40-60 °C): R,
0.21] to remove any remaining p-methoxybenzyl chloride,
afforded menthyl methyl N-p-methoxybenzyl-N-tert-butylphos-
phoramidate (122) (171 mg, 79 %) as a semi-solid (completely
molten above 50 °C); 6,(CH,CL,) 11.9 (major) and 10.8 (di=
astereoisomer; ratio 60 : 40); §y(CDCL;) 7.07 (4 H, AA’BB’;
Oans 7.32, Opg, 6.82, Jpg 9), 4.5=3.9 (1 H, m), 4.20 (2 H, br d,
Jpy 13, PNCH,Ar), 3.76 (3 H, s, p-OMe), 3.63 (3 H, 4, Jpy 11,
POMe), 2.5-0.8 (18 H), and 1.30 (major) and 1.28 (total 9 H;
both s, NBuf); m/z 425 (M*, 1 %), 369 (M* - H,C=CMe,, 5), and
230 (100); m/z (CI) 426 (M+H*, 11 %), 288 (M+H' = CyH,,, 17),
and 230 (100): Vg, (Nujol) 1240 cm™ (P=0). (N.B. p-Methoxy-
benzyl chloride was used without drying; a portion left over

molecular sieves for 24 h decomposed.).

(c) Similar alkylation of the phosphoramidate (120) (mixture
of diastereoisomers) (153 mg, 0.5 mmol) with p=cyanobenzyl
bromidef® (196 mg, 1 mmol; 2 mol equiv.) gave, after chromat-
ography, menthyl methyl N-p=cyanobenzyl-N-tert-butylphos=-
phoramidate (123) (17 % yield by 3P NMR spectroscopy) as a

glass, 6,(CH,Cl,) 11.4 and 10.4 (diastereoisomers; 1 : 1 mix-
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ture); 6y(CDCl,) 7.51 (4 H, br s), 4.42 and 4.40 (total 2 H;
both &, Jp; 12 or 13, PNCH,Ar), 4.10 (1 H, m), 3.66 (3 H, d,
Jpy 11, POMe), 2.45-0.65 (18 H), and 1.29 and 1.27 (total 9
H, both s); m/z 420 (M*, 1 %), 405 (M* - Me, 9), 283 (M* -
CioHi;, 14), 267 (M* = Me = CpoHe, 100), and 227 (M* - H,C=CMe,
- CoHy;, 15); m/z (CI) 421 (M+H*, 80 %), 405 (M* = Me, 17),
365 (M+H' - H,C=CMe,, 10), 306 (36), 283 (M+H* = CyH;,, 100),
267 (M* - Me = C,H;y, 75), 244 (21), and 227 (M+H* - H,C=CMe, -

CioHig, 24)3 Vyou (£ilm) 2220 (C=N) and 1240 cm™* (P=0).

(d) Similar alkylation of the phosphoramidate (120) (mix-
ture of diastereoisomers) (99 mg, 0.32 mmol) with N-(bromo-
methyl)phthalimides® (259 mg, 1.08 mwmol; 3.4 mol equiv.)
(reaction proceeded overnight) gave, after chromatography,
(silica layer; ethyl acetate; Ry 0.52), menthyl methyl
N-tert=butyl-N=(phthalimidomethyl )phosphoramidate . (124) (59
mg, 39 %) as an oil; 6,(CDCl;) 10.8 (major) and 9.9 (di-
astereoisomers; ratio 63 : 37 ); &;(CDCLl;) 7.78 (4 H, m),
5.34-5.10 (2 H, m, NCH,N), 4.22 (1 H, m), 3.74 (3 H, d, Jpy
12, POMe), 2.47-0.55 (18 H), and 1.42 (major) and 1.40 (total
9 H; both s); m/z (CI) 465 (M+H', 65 %), 449 (M* - Me, 20),
409 (M+H* = H,C=CMe,, 8), 327 (M+H' = C,H,4, 69), 311 -(M" = Me
= CoHig, 100), and 271 (M+H* = H,C=CMe, - CyHy,, 55);

Vpax. (£1lm) 1770, 1710 (C=0), and 1250 cm™* (P=0).

O-Menthyl O-=Methyl Phosphorothioate (125).- The phosphor-
amidate (120) (mixture of diastereoisomers) (765 mng, 2.5
mmol) was stirred with sodium hydride (103 mg, 4.28 mmol; 1.7
mol equiv.) in DMF (4.6 ml) at room temperature. After 1.7 h,
carbon disulphide (0.76g, 10 mmol; 4 mol equiv.) was added

(deep red colour) and the mixture was left overnight.%® The
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excess sodium hydride was gquenched with methanol (100 pul).
All solvent was removed and the residue was partitioned
between water and ether. "I'he agueous portion was a'cidified
(HC1) to pH < 1 and the liberated free aclid was extracted
into light petroleum. The crude acid (125) was purified by
crystallisation of its ammonium salt from dichloromethane-
-light petroleum (b.p. 40-60 °C) and then regenerated. The
required acid was accompanied by an impurity [the impurity (~
15 %), 06p(CH,Cl,) 0.3 (triethylammonium salt), was evident in
the salt of (125),% §,(CH,Cl,) 58.3 and 58.0 (diastereo-
isomers; triethylammonium salt), and was probably the dialkyl
phosphate salt of (126) resulting from reaction with CO,
insﬁead of CS,] which was removed by partitioning the tri-
ethylammonium salt of the impure product between dichloro-
methane and water (1 : 1; impurity passes into water). The
required acid (125) (545 mg, 82 %) was recovered from the
organic portion and crystallised from light petroleum (b.p.
40-60 °C) at =20 °C to give O-menthyl O-methyl phosphoro-
thioate (125) m.p. 65-75 °C; dp(CDCl,) 61.0 and 60.6 (di-
astereoisomers; 1 : 1 mixture); yz(CDCl;) 7.57 (1 H, br s,
OH), 4.53-4.05 (1L H, m), 3.73 (3 H, d, Jpy 13, OMe), and
2,40=0.67 (18 H); Vyux. (Nujol) 3600-1800 (several maxima; OH)

and 820 cm™? (P=S).

A portion of the phosphoramidate (120) having > 96 % the
lowfield diastereoisomer (3*P NMR) (52 mg, 0.17 mmol) was
treated as above to give the acid (125) [> 96 % of the
diastereoisomer §;(CDCl;) 61.2] and some unreacted substrate

(12 mg) which was used later (see p. 162).

% The sodium salt, §, 1.3, was evident in the reaction mixture.
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O-Menthyl O=Methyl S-p=Nitrobenzyl Phosphorothioate (127).-
A mixture of the phosphorothioic acid (125) (48 mg, 0.18
mmol), p-nitrobenzyl bromide (53 mg, 0.25 mmol; 1.4 mol
equiv.) and triethylamine (25 mg, 0.25 mmol; 1.4 mol equiv.)
in THF (2 ml) was stirred at 50 °C.% After 1 h the solvent
was removed and the residue was partitioned between ether and
water and the organic portion was dried (Mgso,) and
concentrated. Chromatography afforded O-menthyl O-methyl
S=-p-nitrobenzyl phosphorothiocate (127) (51 mg, 71 %) as an
oil; dy(cbCcl;) 26.5 and 26.1 (diastereoisomers; ~ 1 : 1
mixture); 6;(CDCl;) 7.84 (4 H, AA’BBY, 8, 8.15, bzpr 7.54, Jpg
9), 4.45-3.88 (1 H, m), 4.11 (2 H, d, Jpy 16, SCH,Ar), 3.62 (3
H, &, Jp 12, OMe), and 2.38-0.65 (18 H); m/z (CI) 419
(M+NH,*, 30 %), 402 (M+H*, 15), 281 (M+NH,* = C,oH;z, 100), and
264 (M+H* = CioHig, 10)3 Vyoy.(film) 1525 (NO,),” 1360 (NO,), and

1270 cm™* (P=0). A crystalline sample could not be obtained.

Dicyclohexylammonium O-Menthyl O-Methyl Phosphorothioate
(128) .~ The phosphorothioic acid (125) was treated with di-
cyclohexylamine in light petroieum (b.p. 40-60 °C) to give
its salt. Crystallisation from light petroleum (b.p. 40-60
°C) gave dicyclohexylammonium O-menthyl O-methyl phosphoro-
thiocate (128), m.p. 151=154 °C; §,(CDCl;) 56.7 and 56.0
(diastereoisomers; 1 3 1 mixture); 6y(CDCl,, 300 MHz) 8.85 (2
H, br s, NH,*), 4.144 (1 H, m), 3.612 and 3.600 (total 3 H;
both d, Jp; 13.2 or 13.0, OMe), 3.12-2.93 (2 H, m), and
2.47-0.77 (38 H); m/z [Negative ion FAB (NOBA matrix); M = X*
¥-] 265 (¥~, 100 %) Vpax. (Nujol) 3200-2140 (NH) cm™' (Found: C,
61.6; H, 10.1; N, 3.0. C,H,NO,PS requires C, 61.7; H, 10.4;:

N, 3.1 %).
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The phosphorothioic acid (125) [ > 96 % the diastereoisomer
6(CDCl;) 61.2] was similarly converted into the dicyclohex-
ylammonium salt and‘ bcrystallisation from light petroleum
(b.p. 40-60 °C) afforded a sample that was at least 99.5 %
one dliastereoisomer, §,(CDCl,) 55.9; §;(CDCl,, 300 MHz) 8.82
(very broad, NH,*), 4.117 (1H, dddd, Jpy ~ 10, Jw ~ 10, 10,
and 4.3), 3.612 (3 H, d, Jpy 13.3, OMe), 3.11-2.95 (2 H, m),
2,49=-2.38 (1 H, m), 2.256 (1 H, m), 2.17-2.04 (4 H, m),
1.89=1.76 (3 H, m), and 1.75=0.72 (22 H). This samnple was
allowed to crystallise slowly from a mixture of ether,
dichloromethane, and light petroleum to give a crystal suit-
able for single crystal X-ray analysis. The crystal was glued
to a glass filament. Data were measured on a Siemens P4 dif-
fractometer. All data were collected using graphite mono-
chromated Mo-K, radiation (A 0.7107 A) at 293 K using an
w=-scan technigue. The data were corrected for Lorentz and

polarisation effects.

Crystal data for (128): Cy3H,,0,PS™ C,,H,N*.'/,C,H,,0, M =

484.7. Monoclinic, space group C2, a = 18.218(10), b

1}

9.892(6), ¢ = 15.851(9) A, 8 = 90.27(3)°, U = 2856(3) A%, Z

4, p = 0.20 mm?, F(000) = 1068, D, = 1.127 g cm3. 1478
Unigue reflexions were measured with 1274 having I > 20(I)
regarded as observed. The structure was solved by direct
methods and difference Fourier technigues. All non-hydrogen
atoms except those of the solvent molecule were refined as
anisotropic. The hydrogen atoms bonded +to nitrogen were
located from difference Fourier maps and the positional

parameters refined; all other hydrogen atoms were included in
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calculated positions. The final R and R, values are 0.0583
and 0.0629 respectively for 277 variables, (A/0)pax. = 0.52.

See Appendix 2 for complete details.

Menthyl Methyl N-tert-Butyl-N-methylphosphoramidate (117).-
The phosphoramidate (117) was isolated from the reaction of
the bromomethylphosphonamidate (112) (sample B) with benzyl-
trimethylammonium methoxide: b.p. 74 °C (oven temp.) at 0.2
mnHg; 6,(CDCl;) 11.5 and 10.5 (major) (diastereoisomers:
ratio 41 : 59); dy(cDCl,, 300 MHz) 4.20-4.08 (1 H, m), 3.628
(major) and 3.612 (total 3H; both d, Jp; 11.3 or 11l.4, OMe),
2.665 (major) and 2,661 (total 3 H; both 4, Jpy 9.7 and 9.5,
NMe), 2.34-2.10 (2 H, m), 1.71-1.58 (2 H, m), 1.54-0.74 (14
H), and 1.315 (9 H, s): m/z 319 (M*, 1 %), 304 (M* - Me, 3),
182 (M* = C;H;,, 12), 166 (M* = Me - C, H,;, 68), and 95 (100);
m/z (CI) 320 (M+H*, 48 %), 264 (M+H* = H,C=CMe,, 13), 182
(M+H* = CyoHy,, 100), 166 (M* = Me = CjH,,, 59), and 126 (M+H*
= CyoH,5 = H,C=CMe,, 68); Vyu. (£film) 1250 cm'! (P=0) (Found: C,
59.4; H, 10.4; N, 4.4; M+H*, 320.2355. C,¢H,,NO;P requires C,

60.2; H, 10.7; N, 4.4 %; M+H, 320.2355).

A sample of the phosphoramidate (117) was also isolated from
the reaction of the bromomethylphosphonamidate (112) (sample
A) with benzyltrimethylammonium methoxide: §,(CDCl,;) 11.5
(major) and 10.5 (diasterecoisomers; ratio 95 : 5); 6,(CDCL,,
300 MHz) for major component: 4.137 (1 H, A4ddd, Jpg 7.5, Jyy ~
11, 10.6, 4.5), 3.614 (3 H, d, Jpy 11.4, OMe), 2.663 (3 H, d,
Jpy 9.6, NMe), 2.31-2.11 (2 H, m), 1.70-1.60 (2 H, m),
1.53-1.23 (3 H, m), 1.314 (9 H, s), and 1.15-0.79 (11 H, m);

vmax.(film) 1250 cm™! (P=0).
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An authentic sample of the N-methylphosphoramidate (117) was
prepared as follows: the phosphoramidate (120) (mixture of
diastereoisomers) (98 mg, 0.32 mmol) was stirred with sodium
hydride (18 mg, 0.75 mmol) in DMF (0.75 ml) for 2.7 h. Methyl
iodide (136 mg, 60 pl, 0.96 mmol, 3 mol equiv.) was +then
added. After 1 h, volatile material was removed and the
residue was partitioned between light petroleum and water.
The organic portion was dried (Mgso,) and concentrated to
give the product [mixture of diastereoisomers; ratio 58 : 42,
lowfield (3P NMR) diastereoisomer dominant]. The phosphor-
amidate (120) (12 mg, 0.04 mmol) [> 96 % the lowfield (3!P)
diastereoisomer] that was recovered unchanged from the prep-
aration of the dialkyl phosphorothioate (125) (p- 158)’was
similarly treated, giving the phosphoramidate (117) having a
diasterecisomer ratio 98 : 2 with the lowfield (3P NMR)

diastereoisomer dominant.

Menthyl Methyl (tert-Butylamino)methylphosphonate (116).-
The (tert-butylamino)methylphosphonate (116) was isolated
from the reaction of the bromomethylphosphonanidate (112)
(sample B) with benzyltrimethylammonium methoxide: §,(CDCL,)
28.4 and 28.1 (major) (diastereoisomers; ratio 1 : 1.3):
é;(CDCl;, 300 MHz) 4.33-4.21 (1 H, wm), 3.791 (major) and
3.765 (total 3 H; both d, Jpy; 10.6 and 10.8, OMe), 2.922 and
2.920 (major) [total 2 H; ABP or d, Jy 15.2, PCH,N],
2.22-2.07 (2 H, m)., 1.72=1.61 (2 H, m), 1.51=1.28 (2 H, m),
1.26-0,68 (13 H; includes NH), and 1.085 (major) and 1.078
(total 9 H, both s); m/z 319 (M*, 13 %), 304 (M* - Me, 39),
182 (M* = CpoH;y, 18), and 166 (M* = Me = CyoH;5, 100);

Vmax. (E1lm) 3280 (NH) and 1245 cm! (P=0). Treatment with
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picric acid in benzene and crystallisation from dichloro-
methane-ether-light petroleum afforded the picrate, m.p.
158-163 °C; 6,(CDCl;) 17.0 (major) and 16.2 (diastereo-
isomers); &;(CDCl,, 300 MHz) 8.886 (2 H, s), 4.37-4.16 (1 H,
m), 3.676 (major) and 3.649 (total 3 H; both d, Jy 11.3 or
11.4, OMe), 3.50-3.30 (2 H, m), 2.12-1.84 (2 H, m), 1.70-0.69
(16 H), and 1.475 (9 H, S); Vux (Nujol) 3200-2300 cm™* (NH)
(Found: C, 48.3; H, 6.7; N, 10.1. C,H;;N,0,,P requires C,

48.2; H, 6.8; N, 10.2 %).

A sample of the aminomethylphosphonate (116) was also
isolated from the reaction of the bromomethylphosphonamidate
(112) (sample A) with benzyltrimethylammonium methoxide:
6, (CDCLl,) 28.4 (major) and 28.1 (diastereoisomers; ratio 19 :
1): d&y(CDCl,;, 300 MHz) major diastereoisomer: 4.273 (1 H,
dddd, Jey 6.9, Jgg ~ 11, 10.7, and 4.5), 3.765 (3 H, d, Jpy
10.8, OMe), 2.922 (2 H, ABP, §, 2.941, 8 2.903, Jpz 13.9, Jpp
14.9, Jp 15.7, PCH,N), 2.26-2.06 (2 H, m), 1.73=-1.60 (2 H,
m), 1.58-0.75 (15 H; includesv NH), and 1.076 (9 H, s):
Vpax. (E11m) 3290 (NH) and 1245 cm! (P=0). Treatment with
picric acid in benzene afforded one diastereoisomer of the
picrate after crystallisation f£from ether-light petroleun,
m.p. 118.5-120.5 ‘cs d(CDCLl,) 16.4; &y(CDCl,, 300 MHz) 8.889
(2 H, s), 4.259 (1L H, addd, Jpy 6.8, Jy ~ 11, ~ 11, and ~ 5),
3.692 (3 H, d, Jpg 11.3, OMe), 3.360 (2 H, ABP, 0, 3.39L, &
3.329, Jpz ~ Jap ~ Jgpp ~ 15), 2.13-2.02 (1 H, m), 1.916 (1 H,
m), 1L.72=1.58 (2 H, m), 1.30-0.70 (14 H), and 1.470 (9’H, s);
Vnax. (Nujol) 3140-2300 cm™ (NH). A portion of this diastereo-
isomer was allowed to crystallise slowly from from ether-

-light petroleum to give a sample suitable for single crystal
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X-ray analysis. All crystals examined were found to be non-
-single. A relatively simple twin with the ¢ axes of both
components aligned and the a* and b* axes of one crystal
component aligned with -a* and -b* of the other component was
glued to glass filament and used for data collection. The
relative intensities of the two components were measured and
the coincident hkO0 reflexions scaled accordingly. Data were
measured on a Stde STADI-2 Weissenberg diffractometer. All
data were collected using graphite monochromated Mo-K, radiat-
ion (A 0.7107 A) at 293 X using an w-scan technique. The

data were corrected for Lorentz and polarisation effects.

Crystal data for the picrate of (116): C,¢H,;NO,P* C.H,N;0,”, M

= B48.5. Triclinic, space group Pl, a = 20.935(20), b
13.210(13), ¢ = 10.618(3) &, o = 91.80(6), B = 95.2(L), v =
94.5(1)°, U = 2913(4) A%, Z = 4, p = 0,15 mm’?, F(000) = 1168,
D, = 1.25 g cm™3. 7415 Unique reflexions were meésured with
4703 having I > 20(I) regarded as observed. The structure was
solved by direct methods and difference Fourier techniques;
it consists of four unique forﬁula units. No hydrogen atoms
were located and all atoms were refined as isotropic. The
final R and R, values are 0.132 and 0.142 respectively for
543 variables, (A/0)p.x. = 0.53. Although the final R factor
is high due to problems of possible overlap of reflexions and
lack of sufficient data for full refinement, the essential
details of the structure are unambiguous. See Appendix 2 for

complete details.

Stereochemical Studies.- A solution of the diastereoisomer-
ically enriched bromomethylphosphonamidate (112) (sample A or

B) (48 mg, 0.13 mmol) in THF (0.45 ml) was added to a mixture
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of methanolic benzyltrimethylammonium methoxide (40 % w/w)
(0.1 ml, 0.2 mmol) and THF (0.45 ml) (reaction medium 0.2 M
methoxide in 9 : 1 THF-methanol). After 4.5 h at room temp-
erature the reaction was quenched with ammonium chloride. The
mixture was then examined by 3P NMR spectroscopy (peak
areas) to determine the ratio of the two rearrangement prod-
ucts (Table 12) and for each, the ratio of the diastereo-
isomers (Table 13). Volatile material was removed and the
residue was partitioned between ether and water. To separate
the crude products, the ether layer was washed with 1 M
sodium hydroxide solution, water, 1 M hydrochloric acid (acid
wash retained), and finally water (final water wash
retained). The organic portion was dried (MgSO,) and concent-
rated to give the phosphoramidate (117). The acid wash and
the final water wash were combined and basified with 2 M
sodium hydroxide; the liberated (tert=butylamino)methylphos-
phonate (116) was then extracted into ether, dried (Mgso,),
and isolated by evaporation of the solvent. The isolated
products were further investigated by P and *H NMR

spectroscopy (Table 13).

Similar experiments were also performed (sample A only) in
which (a) the reaction was quenched before completion (16
miny 93 % completion), and (b) the reaction was allowed to

continue for 6 h before guenching (Table 13).

Bromomethylphosphonic  Dichloride  (134)°2.-  Phosphorus
pentachloride (6. 36 g, 30.5 mmol) was added’ to dimethyl
bromomethylphosphonate (133)°3, §,(CDCl;) 21.3, (2.62 ¢, 12.9
mmol) at room temperature over 10 min with stirring. After 30

min the mixture was heated at 90 °C for 3.5 h. Additional
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phosphorus pentachloride (546 mg, 2.6 mmol) was added and
heating was continued for a further 30 min. Volatile material
(POCl,;) was removed (rotary evaporator) and the residue was
distilled to give bromomethylphosphonic dichloride (134)
(1L.54 g, 56 %; some product lost during manipulation), b.p.
68 °C (oven temp.) at 0.2 mmHg; §,(CDCly) 35.1; ,(CDCl,) 3.95

(4, Jpy 6, CHp)-

P=( Bromomethyl )=N-tert=butylphosphonamidic Chloride (135).-
tert-Butylamine (876 mg, 12.0 mmol; 2 mol equiv.) in
dichloromethane (6 ml) was added to a stirred solution of
bromomethylphosphonic dichloride (134) (1.27 ¢, 6.0 mmol) in
dichloromethane (7 ml) at 0 °C over 5 min. The mixture was
then allowed to warm to room temperature. After 30 min it was
diluted with light petroleum (5 ml) and the precipitated
amine hydrochloride was removed by filtration. The solvent
was evaporated to give P=(bromomethy1)=Nmtertabut§lphosphonm
amidic chloride (135) (1.39 g, 93 %), &,(CDCl;) 29.5;
d;(cDCl,) 3.45 (1 H, br, NH), 3.55 (2 H, d, Jpy 7.5, PCH,Br)

and 1.41 (9 H, s).

Methyl P-=(Bromomethyl)-N=tert=butylphosphonamidate (129).- A
nixture of methanol (55 mg, 1.73 mmol) and triethylamine (174
mg, Ll.73 mmol) in dichloromethane (3.5 ml) was addeds?
dropwise over 20 min to a stirred solution of
bromomethylphosphonic dibromide (113) (509 mg, 1.69 mmol) in
dichloromethane (4 ml) at -30 to -20 °C under a nitrogen
atmosphere. The mixture was allowed +to warm tO room
temperature. After 40 min, it was cooled to 0 fc and
tert-butylamine (273 mg, 3.7 mmol; 2.2 mol equiv.) in

dichloromethane (2 ml) was added over 2 min. After 50 min at
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room temperature, volatile material was removed and the
residue was partitioned between ether and water. The organic
portion was dried (MgSO,) and concentrated to give the crude
product (273 mg, 66 %). Chromatography [silica layer; 70 : 30
ethyl acetate-light petroleum (b.p. 40-60 °C), R 0.16]
followed by crystallisation from ether-light petroleum (40-60
°C) gave methyl P-(bromomethyl)=N-tert-butylphosphonamidate
(129), m.p. 71.5-73 °C; &,(CDCL,) 22.6; 6,;(CDCl,, 300 MHZ)
3.738 (3 H, 4, Jpy 11.1, OMe), 3.306 (2 H, ABP, §, 3.346, &g
3.264, Jp 13.2, Jpp 9.6, Jpp 8.1, PCH,Br), 2.78 (1L H, br d, Jpy
6, NH), and 1.352 (9 H, d, Jp 0.7, NBuf); m/z (no M*), 230,
228 (M* - Me, 100 %): m/z (CI) 263, 261 (M+NH,*, 20 %, ratio 1
s 1), 246, 244 (M+H*, 49, ratio 1 3 1), 230, 228 (M* - Me,
18, ratio 1 ¢ 1), 183 (15), 166 (100), and 150 (26);
Vmax. (Nujol) 3220 (NH), 1240, and 1215 cm™® (P=0) (Found: C,
29.5; H, 6.0; N, 5.7. CgH,;BrNO,P requires C, 29°5;aH, 6.27 N,

5.7 %).

The bromomethylphosphonamidate (129) was also prepared
(almost gquantitatively by 3'P NMR spectroscopy) by treating
bromomethylphosphonic dichloride (134) in dichloromethane (1
ml per mmol) with tert-butylamine (2 mol equiv.) imn
dichloromethane (0.5 ml per mmol) at 0 °C (amine added over 5

min) followed by sodium methoxide in methanol.

tert-Butyl P-( Bromomethyl )=N=tert-butylphosphonamidate
(131) .~ Potassium tert-butoxide (263 mg, 2.35 mmol; 1.1 mol
equiv.) was added (gradually, in small portions) to a stirred
solution of the bromomethylphosphonamidic chloride (135) (545
mg, 2.2 mmol) in tert-butanol (4 ml). Examination of the

reaction mixture by 3P NMR spectroscopy revealed the
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presence of starting material, §, 28.8 (26 %), and two
products, &, 15.1 (the desired product; 42 %) and §, 18.6 (32
%; believed to be the product of tert-butoxide-induced
rearrangement of the desired product). More potassium
tert-butoxide (77 mg, 0.7 mmol) was added in small portions,
giving the desired product and the by-product in a 3 : 2
ratio. After dquenching with ammonium chloride volatile
material was removed. The residue was dissolved in ether and
was washed with water, very dilute hydrochloric acid (to
remove the by-product), and with water again. The organic
portion was dried (MgSO,) and concentrated to give the crude
product (290 mg, 46 %). Chromatography [silica layer; 1 : 1

°

ethyl acetate-~light petroleum (b.p. 40-60 C), Ry 0.18;
possibly some decomposition during chromatography] and
crystallisation from light petroleum (b.p. 40-60 °C) afforded
tert=-butyl P-(bromomethyl)-N-tert-butylphosphonamidate (131)
(181 mg, 29 %), m.p. 94-95 °C; §,(CDCl,) 16.4; §,(CDCl,, 300
MHz) 3.236 (2 H, ABP, 8, 3.273, 8, 3.197, Jap 12.9, Jap 9.5, Jgp
7.5, PCH,Br), 2.687 (1 H, br d, Ju 5.7, NH; exchanges with
D,0), 1.532 (9 H, s, OBu®), and 1.336 (9 H, d, Jp; 0.6, NBu‘);
m/z (no M*) 272, 270 (M* - Me, 30 %, ratio 1 : 1) and 216,
214 (M* - Me - H,C=CMe,, 100, ratio 1 : 1); m/z (CI) 305, 303
(M+NH,*, 14 %, ratio 1 : 1), 288, 286 (M+H*, 38, ratio 1 : 1),
249, 247 (M+NH,* - H,C=CMe,, 38, ratio 1 : 1), and 208 (100);
Vpax. (NUjol) 3220 (NH), 1235, and 1210 cm* (P=0) (Found: C,

37.8; H, 7.3; N, 4.9. C4H,,BrNO,P requires C, 37.8; H, 7.4; N,
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Cyclohexyl P-(Bromomethyl )-N-tert-butylphosphonamidate
(130) .- A mixture of cyclohexanol (335 mg, 3.34 mmol; 1.1 mol
equiv.) and triethylamine (304 mg, 3 mmol) in dichloromethane
(3 ml) was added to a stirred solution of bromomethylphos-
phonic dibromide (113) (903 mg, 3 mmol) in dichloromethane (3
ml) at room temperature. After 1 h, tert-butylamine (866 mng,
12 mmol; 4 mol equiv.) was added and the mixture was stirred
for 10 min. All volatile material was removed and the residue
was partitioned between ether and water. Chromatography Of
the organic portion [silica iayer; 1 : 1 ethyl acetate-light
petroleum (b.p. 40-60 °C), R; 0.20] followed by crystal-
lisation from 1light petroleum (b.p. 40-60 °C) afforded
cyclohexyl P=(bromomethyl)-N-tert-butylphosphonamidate (130)
(336 mg, 36 %), m.p. 77-79 °C; &(CDCLl,) 19.9; &;(CDCl,, 300
MHz) 4.498 (1 H, dtt, Jpy ~ 9, Jyg ~ 2 and 4.3, POCH), 3.327
(2 H, BBP, §, 3.363, 8 3.290, Jaz 13.1, Jpp 9.5, Jgp 7.7,
PCH,Br), 2.77 (1 H, br &, Jp 7, NH), 2.08-1.93 (2 H, m),
1.87-1.73 (2 H, m), 1.68-=1.51 (2 H, m), 1.49=1.22 (4 H, m),
and 1.392 (9 H, d, Jpy 0.6, NBu*); m/z (no M*) 298, 296 (M* -
Me, 30 %, ratio 1 : 1) and 216, 214 (M* - Me = CgH,,, 100,
ratio 1 : 1); m/z (CI) 314, 312 (M+H*, 11 %, ratio 1 : 1),
234 (58), and 74 (BufNH;*, 100); Vy, (Nujol) 3210 (NH), 1235,
and 1215 cm* (P=0) (Found: C, 42.4; H, 7.2; N, 4.6.

C,,H,;BrNO,P requires C, 42.3; H, 7.4; N, 4.5 %),

Reactions of Alkyl Bromomethylphosphonamidates with Alk-
oxides.- The alkyl bromomethylphosphonamidate (129) to (131)
(0.13 mmol) was dissolved in THF (0.45 ml) and treated with
either methanolic benzyltrimethylammonium methoxide (0.2

mmol, 0.1 ml) in THF (0.45 ml) or potassium tert-butoxide

169




(22.5 mg, 0.2 mmol) in tert-butanol (0.1 ml) and THF (0.45
ml) at room temperature (reaction medium 0.2 M alkoxide 9 : 1
THF-alcohol). When the reaction was complete (2-3 h with
nethoxide; within 5 min for tert-butoxide) the excess alkox-
ide was dquenched with ammonium chloride and the ratio of the
rearrangement products was determined by 'P NMR spectroscopy
(peak areas) (Table 14). Volatile material was removed and
the residue was dissolved in dichloromethane and washed with
water. In dgeneral, the aminomethylphosphonate product (139)
and (141) was then extracted from the dichloromethane solut-
ion with aqueous hydrochloric acid (pH Jjust less than 7),
leaving the phosphoramidate product (140) and (142) in the
organic solution; the aminomethylphosphonate was recovered by
basification of the agueous solution and back-extraction into
dichloromethane. The organic portions were dried (MgsSoO,) and

evaporation of solvent gave the two separated products.

In the case where a P-0Bu® group (acid labile) was present,
the products (138), (143), (144), (147), (148), and (149)
were separated by chromatogréphy [rotating silica disc
(chromatatron); ethyl acetate, diluted initially with light
petroleum; phosphoramidate eluted first]. The followipg were

obtained:s

From (129) with methoxide: dimethyl (tert-butylamino)meth-
ylphosphonate (139)%%, §,(CDCl;) 30.2; §z(CDCl,) 3.80 (6 H, 4,
Jex 11, OMe), 2.96 (2 H, d, Jpy 15, PCH,N), and 1.09 (10 H: s,
NBut and br s, NH); Vg, (film) 3300 (NH) and 1235 cm™ (P=0);

and dimethyl N-tert-butyl=N-methylphosphoramidate (140)5%,
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8,(CDCLl,) 13.1; &y(CDCl,) 3.66 (6 H, d, Jp; 11, OMe), 2.72 (3
H, d, Jpy 10, NMe), and 1.31 (9 H, s, NBu®); V. (£ilm) 1240

cm! (P=0).

From (129) with tert-butoxide: tert-butyl methyl (tert-but-
ylamino)methylphosphonate (143), §(CDCl;) 25.3; §,;(CDCL,)
3.76 (3 H, d, Jpy 11, OMe), 2.88 (2 H, d, Jpy 15.5 PCH,N),
1.63 (~ 2 H, br s, NH and water), 1.52 (9 H, s, OBuf), and
1.08 (9H, s, NBuf); m/z (CI) 238 (M+H*, 48 %), 182 (M+H* =
H,C=CMe,, 100), 166 (M* H,C=ClMe, - Me, 11), and 86 (58);
Vpax. (E11m) 3300 (NH) and 1255 cm™* (P=0) (Found: M+H*,
238.1572. CyH,,NO;P requires M+H, 238.1572); and tert-butyl
methyl N-tert-butyl-N-methylphosphoramidate (144), 0,(CDCL;)
7.2; &y(cDCl,, 300 MHz) 3.599 (3 H, d, Jpy 11.5, OMe), 2.686
(3 H, &, Jpy 9.8, NMe), 1.472 (9 H, d, Jpy 0.3, OBuf), and
1.298 (9 H, s, NBuf): m/z (CI) 238 (M+H*, 18), 222 (M* - Me,
4), 199 (M+NH,* - H,C=CMe,, 8), 182 (M+H* = H,C=CMe,, 100), 166
(M* - Me = H,C=CMe,, 71), 143 (M+NH,* - 2 H,C=CMe,, 10), and
126 (M+H* = 2 H,C=CMe,, 35): Vyu. (film) 1260 cm™? (P=0) (Found:
M+H*, 238.157. C, H,,NO,P requireé M+H, 238.157). A mixture of
these two products was also obtained from the reaction of
(131) with methoxide. [All attempts to isolate the (amino-
methyl)phosphonate by extraction into agueous hydrochloric
acid were unsuccessful; after basification the product could
not be back-extract into dichloromethane and had §,(CD,0D)
20.8; 0,(CD,OD) 3.58 (3 H, d, Jpy 10.5, OMe), 2.74 (2 H, d, Jpy
15, PCH,N), and 1.13 (9 H, s, NBu*). The absence of an OBu®
signal suggested instability in acid (-OBut «--> <0H +
H,C=CMe,), and prompted the use of chromatography to separate

the products.] [The reaction of (129) with KOBu* that was not
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freshly sublimed gave two additional products, §, 20.4 and
7.7, believed to be the salts of the phosphonic acid (145)
and the phosphoramidic acid (146) respectively, formed from
hydroxide competition. This was confirmed by repeating the
reaction with an added quantity of water (0.7 pl; 0.3 mol
equiv.) which showed great enhancement in the yields of these

products. ]

From (131) with tert-butoxide: a mnixture (separation not
attempted) dominated by di-tert-=butyl (tert-butylamino)meth-
ylphosphonate (138), &,(CDCl,) 20.1; dy(CcDCl,, 300 MHz) 2.794
(2 H, d, Jpy 15.3, PCH,N), 1.515 (19 H; s, OBu‘ and br NH),
and 1.072 (9 H, s, NBu®); m/z 279 (M*, 10 %), 264 (M* = Me,
12), 208 (M* - Me = H,C=ClMe,, 25), 166 (M* = But = H,C=Cle,,
24), and 152 (M* = Me = 2 H,C=CMe,, 100); V. (film) 3280 (NH)
and 1250 cm™! (P=0) (Found: M', 279.196. C,;H;,NO;P requires M,
279.196), with di-tert-butyl N=tert-butyl-N-methylphosphor-
amidate (147), &,(cDCl;) 0.9; &(CDCl,, 300 MHz) 2.631 (3 H,
d, Jpg 10.0, NMe), 1.456 (18 H,.s, OBuf), and 1.290 (9 H, s,

NBut), as the minor component.

From (130) with methoxide: cyclohexyl methyl (tert-butyl-
amino)methylphosphonate (141), 0&,(CDCl,) 28.2: d&y(CDCl,, 300
MHz) 4.463 (1 H, dtt, Jpgy ~ 9, Jyw ~ 9 and 5, POCH), 3.766 (3
H, d, Jpy 10.7, OMe), 2.922 (2 H, d, Jp 15.1, PCH,N),
2,03-1.88 (2 H, m), 1.83-1.68 (2 H, m), 1.61=1.45 (3 H, m),
1.43-1.01 (4 H, m; includes NH), and 1.080 (9 H, s, NBu®);
m/z 263 (M*, 6 %), 248 (M" - Me, 38), and 166 (M* - Me - CgHyq,
100); Vyay. (£i1m) 3300 (NH) and 1240 cm™! (P=0); picrate, m.p.
200-201.5 °C (decomp.) (from methanol); 0,(CH,0H) 17.3
(Found: C, 43.7; H, 5.8; N, 11l.4. C,H,,N,0,,P requires C,
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43.9; H, 5.9; N, 11.4 %); and cyclohexyl methyl N-tert-but-
yl-N-methylphosphoramidate (142), b.p 99 °C (oven temp.) at
0.1 mmHg; 6,(CDCl;) 10.8; §;(CDCl,, 300 MHz) 4.315 (1 H, dtt,
Jpy ~ 8, Jyy ~ 8 and 4, POCH), 3.626 (3 H, d, Jpy 11.3, OMe),
2.705 (3 H, d, Jpy 9.6, NMe), 2.02-1.87 (2 H, m), 1.81-1.67
(2 H, m), 1.61-1.44 (3 H, m), 1.42-1.16 (3 H, m), and 1,312
(¢ H, s, NBu‘); m/z 263 (M*, 3%), 248 (M" - Me, 17), and 166
(M* = Me = CgHyo, 100); Vo (£ilm) 1255 cm™? (P=0) (Found: M*,

263.165. C ,H,(NOP reguires M, 263.165).

From (130) with tert-butoxide: tert-butyl cyclohexyl (tert-
=putylamino )methylphosphonate (147), §,(CDCl,;) 23.2; §y(CDCl,,
300 MHz) 4.440 (1 H, dtt, Jpy ~ 9, Juyy ~ 9 and 5, POCH), 2.826
(2 H, ABP, §, 2.841, 8 2.814, Juy 13.8, Jup 14.8, Jzp 15.8,
PCH,N), 2.05-1.,91 (2 H, m), 1.82-1.68 (2 H, m), 1.62=0.99 (7
H, m; includes NH), 1.513 (9 H, s, OBu’), and 1.067 (9 H, s,
NBut); m/z 305 (M*, 5 %), 290 (M* - Me, 26), 234 (M* = Me =
H,C=CMe,, 62), and 152 (M* - Me - H,C=CMe, = CgH,,, 100);
Voax. (£11m) 3280 (NH) and 1245 cm™! (P=0) (Found: M*, 305.2120.
C;5Ha,NO,P requires M, 305.2120); and tert-butyl cyclohexyl
N-tert=butyl=N-methylphosphoramidate (148), §,(CDCl;) 4.9;
ds(cDCl,, 300 MHz) 4.258 (1 H, dit, Jpy ~ 8, Jy ~ 8 and 4,
POCH), 2.657 (3 H, 4, Jpy 10.0, NMe), 2.01-1.85 (2 H, m),
1.79-1.64 (2 H, m), 1.60-1.16 (6 H, m), 1.459 (9 H, s, OBu%),
and 1.299 (9 H, s, NBu®): m/z 305 (M*, 2 %), 290 (M* - Me, 7),
234 (M* - Me = H,C=CMe,, 31), and 152 (M* - Me - H,C=Cle, -
CeHig, 100)5 Vpuy.(£ilm) 1250 cm™* (P=0) (Found: M*, 305.212.

C;5H;,NO;P requires M, 305.212).
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Appendix 1

X-ray crystallography. Unit cell parameters were determined
by least squares refinement of w measurements for different
layers.® A Stde STADI-2 Weissenberg diffractometer was
employed, with monochromated Mo-K, radiation using an w-scan
technigque. Structures were solved using the TREF option of
SHELXS86.%° All subsequent calculations were carried out

using the computer programme SHELX76.%°

Crystal data for N=[oa-methylbenzyl (phenyl)phosphinoyl]-

-0O-methanesulphonylhydroxylamine (44) (racemate) (Fig. 11):

[l

C,sH,,NO,PS, M = 339.35. Monoclinic, space group I2/a, a
20.132(16), b = 10.396(2), ¢ = 17.814(14) A, B = 117.8(1)°, U

= 3299(5) A3, 2z

I

8, p = 2,62 cm?', A(Mo-K,) = 0.7107 A,
F(000) = 1424, D, = 1.37 g cm™®, T = 293 K. The intensities of
3379 unique reflexions with 20 < 54° and (xh, +k, +1) were
measured and the data corrected for Lorentz and polarisation
" effects to yield 2324 reflexions with I > 3¢(I). The phenyl
and methyl hydrogen atoms were included in calculated
positions (C-H = 1.08 &) with isotropic thermal parameters
refined as groups. The remaining hydrogen atoms were located
on a difference Fourier map and were refined as isotropic
atoms. All other atoms were refined with anisotropic thermal
parameters. Final cycles of refinement employed a weighting
parameter g (0.0004) {w = 1/[¢’F + gF?]} and gave the final
residual indices R {= % (|F,| = |F.|)/E|F,|} 0.047 and R, {=
[Zw(|F,| = |Fe])?/Zw|F,|%21*/2} 0.049. The final difference
Fourier was featureless and an analysis of the weighting

scheme over |F,| and sin6/A was satisfactory.




Crystal data for the N-methyl-N’-=-phenyl-P-(a-methylbenzyl)-

phosphonic diamide (50) (racemate) (Fig. 12): C,3H,,N,OP, M

274.3. Monoclinic, space group P2,/a, a = 10.450(2), b
13.204(14), ¢ = 10.755(11) A, B = 97.17(6)°, U = 1472(3) A?,
Z =4, p = 1.41 cm™, A(Mo-K,) = 0.7107 A, F(000) = 584, D, =
1.24 g cm3, T = 293 K. The intensities of 2498 unique
reflexions with 20 < 52° and (+h, +k, +1) were measured and
the data were corrected for Lorentz and polarisation effects
to yield 1221 reflexions with I > 3¢(I). Although hydrogen
atoms were located on the difference Fourier map, the
hydrogen atoms of the methyl and phenyl groups were included
in calculated positions (C-H = 108 A) and employed a single
fixed thermal parameter. The positional and isotropic thermal
parameters of the remaining hydrogen atoms were refined. All
other atoms were refined with anisotropic thermal parameters.
Final cycles of refinement employed a welghting parameter g
(0.0007) {w = 1/[0*F + gF?]} and gave the final residual
indices R {= L (|F,| = |F.|)/E|F.|} 0.056 and R, {= [Tw(|F,| =
|Fei)2/8w|F,|212/2}) 0.059. The final difference Fourier was
featureless and an analysis of the weighting scheme over |F,|

and sinf@/A was satisfactory.
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N-0(2)-5
Hn(l)-N-P
H(1)-C(1)-P
C(2)-C(1)-H(1)
C({11)-C(1)-KE(1)




pable3 Fractional atomic co-ordinates of refined atoms

for N—(-lmethylbenzyl)phenylphosphinyl-o-mo:hanesulphonyl
hydroxylamine

Atom x Y z

P 0.47635(4) 0.15954(6) 0.73491(4)
s 0.67941(4) 0.07945(8) 0.78421(6)
o(1l) 0.50247(11) 0.29506(17) 0.74884(12)
0(2) 0.59073(11) 0.07410(19) 0.71916(13)
0(3) 0.69958(14) -0.02973(23) 0.83768(17)
o(4) 0.71171(14) 0.09781(26) 0.72902(18)
N 0.54857(13) 0.05472(23) 0.76624(15)
HEn(l) 0.5350(17) -0.030(3) 0.7615(18)
c(l) 0.43681(16) 0.1035(3) 0.80272(19)
H(1l) 0.4349(16) 0.014(3) 0.7987(18)
C(2) 0.35640(18) 0.1549(5) 0.76958(23)
C(3) 0.68849(21) 0.2188(4) 0.84302(25)
c(ll) 0.48958(10) 0.13712(19) 0.89468(10)
c(21) 0.41144(11) 0.13053(17) 0.62621(10)

The methyl and phenyl groups were refined as rigid groups

with C-H=1.08A and C-C=1.38A. The positional parameters of
the methyl carbons C(2) and C(3) were refined as were the

first phenyl carbon atoms C(11l) and C(21)

Table4 Atomic thermal parameters (x10**4) of refined atoms

for N-(—1meehy1benzyl)pbenylphospbinyl—o-nethanesulphony
hydroxylamine .
Atom U or Ull u22 u33 u23 ul3 ul2
P 322(4) 286(4) 332(4) -12(3) 114(3) -21(3)
s 367(4) 494(5) 589(6) 29(4) 205(4) 7(3)
o(1) 470(12) 279(10) 507(13) -28(9) 183(10) ~43(8)
0(2) 376(11) 480(12) 403(12) 38(9) 175(10) 14(9)
0(3) 491(15) 675(16) 807(18) 277(14) 157(13) 127(11)
o(4) 623(16) 817(19) 969(21) 30(18) 554(16) -6(13)
N 356(13) 329(13) 412(14) 33(10) 177(11) -2(10)
En(l) 450(86)
c(l) 378(17) 457(18) 402(18) -23(14) 162(14) -62(13)
H(1) 453(85)
c(2) 365(19) 1205(36) §50(23) 74(22) 205(17) -1(19)
c(3) 544(22) 721(24) 770(26) =272(21) 253(20) -189(18)
c(11) 390(16) 493(17) 398(16) -36(13) 222(14) -65(12)
c(12) §54(21) 693(24) 408(19) 53(16) 199(16) 57(16)
Cc(13) §74(24) 1165(37) 452(22) 145(22) 186(19) -58(22)
c(14) 808(31) 1251(40) 463(22) ~-216(25) 331(22) -424(27)
C(15) 866(30) 884(30) 669(27) =-307(23) 480(24) -272(24)
C(16) 593(21) 631(23) 582(22) =117(17) 356(18) -80(17)
c(21) 297(14) 418(16) 368(16) 5(12) 122(12) 25(11)
c(22) 406(17) §72(20) 489(19) 151(18) 180(15) 55(14)
c(23) 422(20) 1071(32) 482(21) 282(21) 150(17) 133(19)
c(24) 467(22) 1369(42) 398(21) -95(24) 82(17) 163(24)
c(25%) $29(24) 1034(32) 636(26) =-409(24) -18(20) 137(21)
c(26) 517(21) 588(21) 486(20) ~157(17) 9(17) 102(16)

The methyl and phenyl hydrogen atoms were refined with common group

isotropic thermal parameters
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Table 7

Non-bonded Contacts

for N—(—1methylbenzyl)phenylpbospbinyl—O—methancsulphonyl
hydroxylamine
0(2)...P 2.602 Hn(l)...P 2.232
H(l)...P 2.270 c(2)...P 2.757
c(ll)...P 2.742 c(22)...P 2.751
c(26)...P 2.781 N...S 2.514
3( )A...s 2.340 H(3)B...S 2.340
3)c.. 2.340 N...0(1) 2.633
C(l) ..0(1) 2.796 €(21)...0(1) 2.707
Hn(l)...0(1) 1.945 2, 1.0000, -1.0000, 1.0000
H(26)...0(1) 2.348 2, 1.0000, -1.0000, 1.0000
0(3)...0(2) 2.473 0(4)...0(2) 2.372
Hn(l)...0(2) 1.945 €(3)...0(2) 2.638
0(4)...0(3) 2.451 €(3)...0(3) 2.599
C(3)...0(4) 2.609 c(1l)...N 2.665
c(21)...N 2.837 H(2)A...C(1) 2.153
H(2)B...C(1) 2.154 H(2)C...C(1) 2.153
c(12)...C(1) 2,513 c(l6)...C(1) 2.547
c(2)...H(1) 2.035 c(11)...H(1) 2.003
c(11)...C(2) 2.573 H(2)B...H(2)A 1.763
H(2)C...H(2)A 1.763 H(2)C...H(2)B 1.764
H(24)...8(2)C 2.006 2, 0.5000, -0.5000, 0.5000
H(3)B...H(3)A 1.764 H(3)C...H(3)A 1.764
H(3)C...H(3)B 1.764 c(13)...C(11) 2.422
c(14)...C(11) 2.796 c(15)...C(11) 2.425
H(12)...C(11) 2.159 H(16)...C(11) 2.159
c(14)...C(12) 2.425 c(15)...c(12) 2.803
c(16)...C(12) 2.427 H(13)...C(12) 2.154
c(15)...C(13) 2.428 c(16)...C(13) 2.800
H(12)...C(13) 2,156 H(14)...C(13) 2,157
c(16)...C(14) 2.422 H(13)...C(14) 2.159
H(15)...C(14) 2.159 H(14)...C(15) 2.155
H(16)...C(15) 2.154 H(15)...C(16) 2,156
H(22)...H(12) 1.995 2, 1.0000, 0.0000, 1.0000
c(23)...C(21) 2.423 C(24)...C(21) 2.797
c(25)...C(21) 2.425 H(22)...C(21) 2.162
H(26)...C(21) 2.162 C(24)...C(22) 2.425
c(25)...C(22) 2.805 C(26)...C(22) 2.430
H(23)...C(22) 2.155 C(25)...C(23) 2.430
C(26)...C(23) 2.803 H(22)...C(23) 2.157
H(24)...C(23) 2.158 C(26)...C(24) 2,423
H(23)...C(24) 2.162 H(25)...C(24) 2.162
H(24)...C(25) 2.155 H(26)...C(25) 2,155
H(25)...C(26) 2.157




Table8 Fractional atomic co-ordinates
for N-(-lmethylbenzyl)phenylphosphinyl-O-methanesulphonyl
hydroxylamine :

Atom X ¥ z
P 0.47635(4) 0.15954(6) 0.73491(4)

S 0.67941(4) 0.07945(8) 0.78421(6)

o(1) 0.50247(11) 0.29506(17) 0.74884(12)
0(2) 0.59073(11) 0.07410(19) 0.71916(13)
0(3) 0.69958(14) -0.02973(23) 0.83768(17)
0(4) 0.71171(14) 0.09781(26) 0.72902(18)
N 0.54857(13) 0.05472(23) 0.76624(15)
Hn(1l) 0.5350(17) -0.030(3) 0.7615(18)

c(1l) 0.43681(16) 0.1035(3) 0.80272(19)
H(1l) 0.4349(16) 0.014(3) 0.7987(18)

c(2) 0.35640(18) 0.1549(5) 0.76958(23)
H(2)A 0.35769(18) 0.2586(5) 0.77388(23)
H(2)B 0.33200(18) 0.1159(5) 0.80735(23)
H(2)C 0.32304(18) 0.1264(5) 0.70423(23)
C(3) 0.68849(21) 0.2188(4) 0.84302(25)
H(3)A 0.67295(21) 0.3014(4) 0.80156(25)
H(3)B 0.74598(21) 0.2287(4) 0.89161(25)
H(3)C 0.65213(21) 0.2124(4) 0.87226(25)
C(1l1) 0.48958(10) 0.13712(19) 0.89468(10)
C(12) 0.54773(10) 0.05172(19) 0.94286(10)
c(13) 0.59605(10) 0.07879(19) 1.02810(10)
c(14) 0.58619(10) 0.19126(19) 1.06516(10)
Cc(1s) 0.52802(10) 0.27667(19) 1.01699(10)
C(16) 0.47971(10) 0.24958(19) 0.93175(10)
H(12) 0.55537(10) -0.03535(19) 0.91417(10)
H(13) 0.64108(10) 0.01269(19) 1.06541(10)
H(14) 0.62360(10) 0.21224(19) 1.13117(10)
H(15) 0.52041(10) 0.36374(19) 1.04567(10)
H(1l6) 0.43470(10) 0.31569(19) 0.89443(10)
c(21) 0.41144(11) 0.13053(17) 0.62621(10)
c(22) 0.37348(11) 0.23527(17) 0.57444(10)
c(23) 0.32597(11) 0.21618(17) 0.48796(10)
c(24) 0.31641(11) 0.09231(17) 0.45323(10)
c(25) 0.35437(11) =-0.01245(17) 0.50497(10)
C(26) 0.40188(11) 0.00666(17) 0.59146(10)
H(22) 0.38087(11) 0.33118(17) 0.60135(10)
H(23) 0.29659(11) 0.29728(17) . 0.44790(10)
H(24) 0.27963(11) 0.07752(17) 0.38628(10)
H(2S) 0.34696(11) -0.10836(17) 0.47808(10)
H(26) 0.43129(11) -0.07445(17) 0.63150(10)




Atomic thermal parameters (x10%*4)
ilmethylbenzyl)phenylphosphinyl-O-methanesulphonyl
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Tablel Fractional atomic co-ordinates of refined atoms
for N—methyl—N—(l—methylbenzyl) -P= Phenylphosphondiamxde (C15319N20P)
Atom Yy

P 0.18279(13) 0.70910(11) 0.93152(12)
o} 0.0427(3) 0.72247(28) 0.9371(3)
N(1) 0.2235(6) 0.5940(5) 0.9724(5)
H(l)n 0.183(6) 0.555(5) 0.981(6)
N(2) 0.2785(4) 0.7880(4) 1.0189(4)
H(2)n 0.343(5) 0.798(4) 0.992(4)
c(1) 0.3566(6) 0.5545(5) 0.9840(6)
c(2) 0.2334¢(s6) 0.7347(4) 0.7782(5)
H(2) 0.322(4) 0.730(3) 0.796(4)
C(3) 0.1796(7) 0.6546(5) 0.6815(5)
c(11) 0.2791(3) 0.81185(25) 1.14715(23)
c(12) 0.3880(3) 0.85825(25) 1.21080(23)
c(13) 0.3925(3) 0.88063(25) 1.33804(23)
c(14) 0.2881(3) 0.85659(25) 1.40162(23)
Cc(15) 0.1791(3) 0.81019(25) 1.33797(23)
C(16) 0.1746(3) 0.78782(25) 1.21072(23)
c(21) 0.2001(4) 0.84316(23) 0.7373(3)
c(22) 0.2967(4) 0.91673(23) 0.7492(3)
c(23) 0.2672(4) 1.01656(23) 0.7141(3)
c(24) 0.1411(4) 1.04283(23) 0.6671(3)
c(25) 0.0445(4) 0.96927(23) 0.6552(3)
C(26) 0.0740(4) 0.86944(23) 0.6902(3)

Table 2 Atomic thermal parameters (x10**4) of refined atoms
for N-methyl-N-(l-methylbenzyl)-P-Phenylphosphondiamide (CISBIQNZOP’

Atom U or Ull u22 u33 u23 ul3 ul2

P 321(8) 506(9) 408(8) 21(8) 92(6) 12(8)
o] 335(21) 709(27) 567(23) -3(20) 141(17) 38(19)
N(1) 510(35) 494(37) 690(38) 123(28) 154(26) -21(29)
H(1l)n 641(252)

N(2) 338(28) 692(34) 373(25) -1(25) 144(21) -3(27)
H(2)n 287(147)

c(1) 526(40) 604(41) 793(44) 98(35) 140(33) 141(33)
c(2) 362(36) 626(42) 375(30) -20(27) 106(25) -4(29)
H(2) 205(119)

C(3) 889(50) 649(42) 514(39) ~79(33) 191(35) -36(37)
c(11) 459(34) 398(34) 427(30) 31(25) 129(25) 68(26)
c(12) 477(36) 602(39) 517(36) -82(30) 1(28) 51(30)
c(13) 743(47) 767(46) 542(39) =-203(33) —27(34) 34(36)
c(14) 910(S5) 801(48) 422(35) -31(35) 152(36) 155(42)
Cc(15) 733(47) 677(47) 603(40) 62(34) 291(35) 105(36)
c(16) 523(35) 608(37) 456(31) 16(31) 170(26) -2(32)
c(21) 483(35) 554(37) 249(27) 20(26) 156(24) -6(30)
c(22) 452(34) 556(39) 461(32) ~60(30) 3(25) -64(31)
c(23) 708(48) 604(45) 556(39) -49(31) 107(33) -149(34)
c(24) 774(50) 605(43) 678(43) 94(359) 9(36) 88(40)
C(25) 538(41) 804(49) 658(41) 173(37) 9(32) 122(38)
C(26) 488(39) 692(45) 466(35) 82(31) 0(28) -56(31)




-N-(1l-methylbenzyl)-P-Phenylphosphondiamide

Selected Bond lengths (4)

Table3
for N-methyl

4

5

7

4
1.525(6)

)
c(21)-c(2)

084)

395A and C-H =1.

Phenyl and methyl groups refined as rigid groups
(C-C=1.

-P-Phenylphosphondiamide

(°)

Selected Bond Angles
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for N-methyl-N-(l-methylbenzyl)
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TableS Fractional atomic co-ordinates

for N-methyl-N—(1—methylbenzyl)-P—Phenylphosphondiamide
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P-Phenylphosphondiamide (C15519“2°P)

Atomic thermal parameters (x10%*4)

Table6
for N-methyl-N-(l-methylbenzyl)-
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Bond lengths (&)
for N-methyl-N-(l-methylbenzyl)

Table7

~P-Phenylphosphondiamide

(C15319N209)
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. for N-methyl-N-(l-methylbenzyl)-P-Phenylphosphondiamide

Bond Angles
(C15H1gNz0P)
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(&)

for N-methyl-N-(l-methylbenzyl)-P-Phenylphosphondiamide

Non-bonded Contacts

(ClsﬁlgNZOP)
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Appendix 2

X-Ray experimental data for menthyl P-(bromomethyl)-N-tert-
=butylphosphonamidate (112): The crystals were colourless
needles. The crystal used for data collection had the
dimensions 0.83 x 0.16 x 0.16 mm. The crystal was glued to
glass filament. Accurate unit cell parameters were determined
using the optimised setting angles of 338 zero and upper
layer reflexions. The intensities of 1732 unique reflexions
were collected at 293 K on a S8Stde STADI-2 Weissenberg

diffractometer with graphite monochromated Mo-K, radiation (A

IA

= 0.7107 A) using an omega scan technique {range 7 < 20
50°; =10 £ h £ 10, 0 < k <11, 0 £ 1 < 36; scan width [1.4 +
0.7sin(mu)/tan(ups)]’}: check reflexions monitored every 50
reflexions indicated no crystal decay. The data were
corrected for Lorentz and polarisation effects to yield 687
reflexions with I > 30¢(I). An absorption cofrection was

applied to the data, maximum and minimum transmission factors

0.757 and 0.250 respectively.

Crystal data for the oa-bromomethylphosphonamidate (112)
(Fig. 13): C,sH;,BrNO,P, M = 368.3. Hexagonal, space group P6,,
a = 10.581(2), ¢ = 30.345(25) A, U = 2942(3) A%, zZz = s,

(Mo-K,) = 2.18 mm™?, F(000) = 1164, D, = 1.248 g cm™3.
"

The structure was partially solved by direct methods using
the TREF option of SHELXS86:;°° the positions of the bromine,
phosphorus, and a carbon atom was found. Including these
atoms in cycles of least squares gave an R factor of 0.28 and
located the positions of remaining atoms on a difference

Fourier map. All refinement used the programme SHELX76.7% The




hydrogen atom on the nitrogen atom was not located or
included in +the vrefinement. Although some of +the other
hydrogen atoms were located on difference Fourier maps, all
hydrogen atoms were included in the refinement cycles in
calculated positions (C-H = 0.95 A). The bromine and
phosphorus atoms were refined as anisotropic; all other non-
=hydrogen atoms were refined with isotropic thermal paramet-
ers. The final R and R, values are 0.085 and 0.065
respectively, [where w = 1/¢%F + 0.00013F2] for 90 variables,
(A/0)gax. = 0.001. The final Fourier map was featureless and
an analysis of the weighting scheme over |F,| and (sin8)/A

was satisfactory.

X-Ray experimental data for the picrate salt of menthyl
methyl (tert-butylamino)methylphosphonate (116): The crystals
were yellow needles. All crystal of the compound selected for
X=-ray examination were found by oscillation and Weissenberg
photographs to be non-single. A relatively simple twin
crystal (dimensions 0.88 x 0.32 x 0.18 mm) in which the ¢
axes of the two components wefe aligned and the a* and b%
axes of one crystal component were aligned with =a* and =b=*
of the other component was glued to a glass filament and used
for data collection. The hkO reflexions of the two components
were coincident, but Weissenberg photographs of the higher 1
layers showed sufficient resolution of the two diffraction
patterns to allow data to be collected from the major crystal
component. The relative intensities of the two éomponents
were measured to be approximately 2 : 1 and the overlapping
data were scaled accordingly. The setting angles of the upper

layer reflexions from the two components were calculated and




compared in order to identify possible pairs of overlapping
reflexions. However, examination of the data set collected
from the major component indicated no consistent evidence of
interference from the minor component in these regions and no

action was taken.

Accurate unit cell parameters were determined from the
optimised setting angles of 352 zero and upper layer reflex-
ions. Data were collected at 293 K on a Stde STADI-2
Weissenberqg diffractometer with graphite monochromated Mo-K,
radiation (A 0.7107 A) using an omega scan technique {range
7 £ 20 £ 46°; -23 £ h £ 23, =14 < k £ 14, 0 £ 1 £ 14; scan
width [1.8 + O.7sin(mu)/tan(ups)]’). Check reflexions every
50 reflexions indicated no crystal decay. The intensities of
7415 unique reflexions were measured. The data were corrected
for Lorentz and polarisation effects to yield 4703 reflexions
with I > 20(I). No absorption correction was.applied to the

data.

Crystal data for the picrate of (116) (Figs. 14 to 19):

CyH3sNO;P* CgH,N,0,7, M = 548.5. Triclinic, space group Pl, a

20.935(20), b = 13,210(13), ¢ = 10.618(3) A, a = 91.80(6), f

= 95.2(1), v = 94.5(1)°, U = 2913(4) A%, Z = 4, p(Mo-K,)
0.15 mm™*, F(000) = 1168, D, = 1.25 g cm'?. The crystal was
found to be triclinic and as the compound is optically active
the non-centric space group Pl is unambiguous. From the unit
cell volume a Z value of 4 was indicated and the structure
solution therefore required the location of 144 non-hydrogen
atoms. The structure was solved by direct methods using the
TREF option of SHELXS86, and by difference Fourier methods

using SHELX76. The direct methods tangent refinement




programme gave several possible solutions of approximately
equal figure of merit. All of these possible solutions gave
partially recognised fragments 'and were investigated by
cycles of least squares refinement and difference Fourier
maps. One of the possible solutions located further accept-
able atom positions and was pursued as the correct solution.
With 85 atoms included in refinement cycles an R factor of
0.28 was obtained and most of the remaining atoms located. No
hydrogen atoms were included in the refinement and all atoms
were refined with isotropic thermal parameters. The final R
and R, values are 0.132 and 0.142 respectively [w = 1/¢?F +
0.0168r%] for 543 variables, (A/0)p.x. = 0.53. The final
Fourier map was featureless (largest peaks -0.72, -0.82 elA™?)
and the weighting scheme over |F,| and sinf/A was satisfact-
ory. The R factor is high due to possible overlap of reflex-
ions and lack of sufficient data to allow anisotropic thermal
parameters and inclusion of hydrogen atoms; however, the es-=
" sential details of +the four unigue formula units are

unambiguous.

X-Ray experimental data for dicyclohexylammonium O-menthyl
O-methyl phosphorothiocate (128): The crystals were pale
yellow hexagonal plates. The crystal used for data collection
measured 0.41 x 0.34 % 0.14 mm and was ¢glued to a glass
filament. Accurate unit cell parameters were determined by
least squares refihement of the optimised setting angles of
25 reflexions in the range 10° £ 20 < 25 °. The intensities
of 1478 unique reflexions were collected at 293 K on a

Siemens P4 diffractometer with graphite monochromated Mo-K, .

radiation (A 0.7107 A) using an omega scan technique (range




4

IA

20 < 42°; 0 £ h £ 16, 0 £ k £ 9, =15 £ 1 < 15). Three
standard check reflexions monitored every 100 reflexions
indicated no crystal decay. The data were corrected for
Lorentz and polarisation effects to yield 1274 data having T
> 20(I) regarded as observed. No absorption correction was

applied to the data.

Crystal data for the phosphorothioate (128) (Fig. 20):
C;,H,,0,PS" C,,H,,N*.1/,C,H,,0, M = 484.7. Monoclinic, space group
c2, a = 18.218(10), b = 9.892(6), ¢ = 15.851(9) A, f =
90.27(3)°, U = 2856(3) A%, Z = 4, u(Mo-K,) = 0.20 mm'!, F(000)

= 1068, D, = 1.127 g cm?.

The structure was solved by direct methods using the TREF
option of SHELXTL,®” and refined by full-matrix least squares
using the programme SHELX76. Refinement of all non-hydrogen
atoms with isotropic thermal parameters gave an R factor of
0.17. The hydrogen atoms bonded to nitrogen were located and
refined as normal atoms. The hydrogen atoms of the solvent
molecule were not located or included in refinement cycles.
All other hydrogen atoms were included in calculated
positions (C-H = 0.95 A). With the exception of solvent atoms
all non-=hydrogen atoms were refined with anisotropic thermal
parameters. The final R and R, values are 0.0583 and 0.0629
respectively [where w = 1/¢°F + 0.0089F?] for 277 variables,
(A/0)pax. = 0.52. The final Fourier map was featureless
(largest peaks -+0.34, -0.26 eA3) and an analysis of the

weighting scheme over |F,| and (sinf)/A was satisfactory.




Fig. 13




(S)p (1R, 28, 5R)-Menthyl P-(bromomethyl)-N-t-butylphosphonamidate

* Isotropic thermal parameter

Table 1. Fractional atomic co ordinates and thermal parameters
Atom b4 -4 Uegq

Ueq = 1/3 trace of the orthogonallsed u

Br 0.19828(29) 0.0318(3) 0.07900(0) 0.1074(19)

N -0.1987(18) -0.0260(19) 0.1526(5) 0.062(5) *
0(1) -0.1386(14) 0.0145(14) 0.0698(5) 0.060(4) *
0(2) -0.1494(14) -0.2031(14) 0.1106(3) 0.049(4) *
P(1) -0.1150(7) -0.0403(6) 0.10995(¢22) 0.052(3)
c(1) 0.0789(22) 0.0495(26) 0.1252(7) 0.075(8) *
Cc(2) -0.2619(26) 0.0697(28) 0.1572(8) 0.080(8) *
C(3) -0.143(3) 0.231(4) 0.1488(9) 0.158(13) «*
C(4) -0.388(4) 0.051(4) 0.1315(11) 0.210(18) =
c(5) -0.302(4) 0.076(4) 0.2034(10) 0.194(17) *
c(6) -0.2777(¢19) -0.3174(19) 0.0890(6) 0.038¢(5) *
c(7) -0.3369(21) -0.4532(21) 0.1156(6) 0.049(6) *
c(8) -0.4519(21) -0.5843(22) 0.0892(7) 0.067(7) *
c(9) -0.4192(26) -0.5981(27) 0.0401(8) 0.091(8) *
c(10) -0.3699(27) -0.4579(25) 0.0162(6) 0.066(7) *
c(11) -0.2361(22) -0.3246(22) 0.0425(7) 0.057(6) *
c(12) -0.3171(28) -0.466(3) -0.0300(8) 0.116(¢11) *
C(13) -0.3698(23) -0.4483(20) 0.1639(6) 0.046(6) *
Cc(14) -0.3917(24) -0.5784(24) 0.1916(7) 0.077(8) *
Cc(15) -0.5077(27) -0.4330(28) 0.1663(7) 0.106(10) *
H(6) -0.3644(19) -0.3117(19) 0.0880(6) 0.0500(0) ~*
H(7) -0.2732(¢21) -0.4912(21) 0.1195(6) 0.0500¢(0) ~*
H(10) -0.4176(27) -0.4021(25) 0.0150(6) 0.0600(0) *
H(13) -0.2871(23) ~-0.3883(20) 0.1817(6) 0.0500(0) ~*
H(l)a 0.1090(22) 0.1504(26) 0.1261(7) 0.0700(0) *
H(1)Db 0.0409(22) 0.0068(26) 0.1531(7) 0.0700(0) *
H(3)a -0.070(3) 0.247(4) 0.1701(9) 0.1100(0) *
H(3)b -0.188(3) 0.286(4) 0.1566(9) 0.1100¢0) *
H(3)c -0.098(3) 0.261(4) 0.1207(9) 0.1100(0) *
H(4)a -0.343(4) 0.094(4) 0.1043(11) 0.1200(¢0) ~*
H(4)Db ~0.466(4) 0.070(4) 0.1369(11) 0.1200(0) =
H(4)c -0.426(4) -0.051(4) 0.1303(11) 0.1200¢0) ~*
H(S)a -0.226(4) 0.064(4) 0.2152(10) 0.1200(0)
H(S5)b -0.394(4) ~-0.007(4) 0.2104(10) 0.1200¢0) ~*
H(S)c -0.297(4) 0.161(4) 0.2157(10) 0.1200(0) *
H(8)a -0.5260(21) -0.5657(22) 0.0791(7) 0.0600(0) *
H(8)b -0.4939(21) -0.6675(22) 0.1079(7) 0.0600(0) *
H(9)a =-0.3241(26) -0.5787(27) 0.0478(8) 0.0900(0) *
H(9)b -0.4643(26) -0.6812(27) 0.0214(8) 0.0900(¢(0) *
H(1l1l)a -0.2071(22) -~-0.2665(22) 0.0166(7) 0.0600(0) =*
H(11)b -0.1789(22) -0.3703(22) 0.0458(7) 0.0600(0) *
H(12)a -0.4174(28) -0.499(3) -0.0354(8) 0.0900(0) *
H(12)b -0.2977(28) -~0.543(3) ~-0.0354(8) 0.0900(0) *
H(12)c -0.2590(28) -0.386(3) -0.0491(8) 0.0900(0) *
H(l4)a -0.3930(24) -0.5701(24) 0.2228(7) 0.0900(0) *
H(14)Db -0.3250(24) -0.6098(24) 0.1837(7) 0.0900(0) =*
H(l4)c -0.4866(24) -0.6475(24) 0.1816(7) 0.0900(¢0) =*
H(15)a -0.5038(27) -0.3971(28) 0.1952(7) 0.0900(0) *
H(15)b -0.5692(27) -0.5360(28) 0.1660(7) 0.0900(0) ~*
H(15)c¢ -0.5456(27) -0.3900(28) 0.1467(7) 0.0900(0) =




Table 1. Fractional atomic co-ordinates and thermal parameters
for menthyl-N-tbutyl bromomethylphosphonamidate
Atom X y 4 Ueq

Ueq = 1/3 trace of the orthogonalised U

Br 0.19828(29) 0.0318(3) 0.07900(0) 0.1074(19)

N -0.1987(18) -0.0260(19) 0.1526(5) 0.062(5) *
0(1) -0.1386(14) 0.0145(14) 0.0698(5) 0.060(4) *
0(2) -0.1494(14) -0.2031(14) 0.1106(3) 0.049(4) *
P(1) -0.1150(7) -0.0403(6) 0.10995(22) 0.052(3)
C(1) 0.0789(22) 0.0495(26) 0.1252(7) 0.075(8) *
C(2) -0.2619(26) 0.0697(28) 0.1572(8) 0.080(8) *
C(3) -0.143(3) 0.231(4) 0.1488(9) 0.158(13) ~*
C(4) -0.388(4) 0.051(4) 0.1315(11) 0.210(18) *
C(5) -0.302(4) 0.076(4) 0.2034(10) 0.194(17) *
C(6) -0.2777(19) -0.3174(19) 0.0890(6) 0.038(5) *
C(7) -0.3369(21) -0.4532(21) 0.1156(6) 0.049(6) *
Cc(8) ~-0.4519(21) -0.5843(22) 0.0892(7) 0.067(7) *
C(9) -0.4192(26) -0.5981(27) 0.0401(8) 0.091(8) *
€(10) -0.3699(27) -0.4579(25) 0.0162(6) 0.066(7) *
c(11) -0.2361(22) -0.3246(22) 0.0425(7) 0.057(6) *
Cc(12) -0.3171(28) -0.466(3) -0.0300(8) 0.116(11) ~*
C(13) -0.3698(23) -0.4483(20) 0.1639(6) 0.046(6) *
C(14) -0.3917(24) -0.5784(24) 0.1916(7) 0.077(8) *
C(15) -0.5077(27) -0.4330(28) 0.1663(7) 0.106(10) ~*

* Isotropic thermal parameter
Hydrogen atoms were included in calculated positions with
C-H 0.954 and with fixed isotropic thermal parameters

Table 2. Bond Lengths (A)
for menthyl-N-tbutyl bromomethylphosphonamidate

C(1)-Br 1.957(20) C(7)-C(6) 1.485(23)
N-P(1) 1.618(16) C(11)-C(6) 1.492(22)
0(2)-P(1) 1.573(13) C(8)-C(7) 1.536(22)
0(1)-P(1) 1.424(14) C(13)-C(7) 1.515(22)
C(1)-P(1) 1.837(20) C(9)-C(8) 1.552(25)
C(2)-N 1.473(25) C(10)-C(9) 1.492(28)
C(6)-0(2) 1.446(19) C(11)-C(10) 1.623(26)
C(3)-C(2) 1.56(3) C(12)-C(10) 1.526(26)
C(4)-C(2) 1.47(3) C(14)-C(13) 1.529(25)
C(5)-C(2) 1.48(3) C(15)-Cc(13) 1.549(27)
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Table 4. Anisotropic thermal parameters (x10%%4)

Atom u22

Ul1

u33 u23 u13 u12
Br 562(20) 954(25) 1394(24) 59(23) 37(19) 145(20)
P(1) 654(47) 282(37) 515(36) 57(33) -21(37) 149(38)

The anisotropic displacement parameter has the form:
exp(-2pi“2(Ullh~2a*"2+ ... +2Ul2hkaxbx)]

Table 1. hydrogen atom Fractional atomic co-ordinates
for menthyl-N-tbutyl bromomethylphosphonamidate
m x y 2 Ueq

::g) -0.3644(19) -0.3117(19) 0.0880(6) 0.0500(0) *
H(7) -0.2732(21) -0.4912(21) 0.1195(6) 0.0500(0) *
H(10) -0.4176(27) -0.4021(25) 0.0150(6) 0.0600¢(0) =*
H(13) -0.2871(23) -0.3883(20) 0.1817(6) 0.0500(0) :
H(l)a 0.1090(22) 0.1504(26) 0.1261(7) 0.0700(0) x
H(1)b 0.0409(22) 0.0068(26) 0.1531(7) 0.0700(0)
H(3)a -0.070(3) 0.247(4) 0.1701(9) 0.1100(0) :
H(3)b -0.188(3) 0.286(4) 0.1566(9) 0.1100(0) .
H(3)c -0.098(3) 0.261(4) 0.1207(9) 0.1100(0) x
H(4)a -0.343(4) 0.094(4) 0.1043(11) 0.1200(0) x
H(4)b -0.466(4) 0.070(4) 0.1369(11) 0.1200(0)
H(4)e -0.426(4) -0.051(4) 0.1303(11) 0.1200(0) :
H(S)a -0.226(4) 0.064(4) 0.2152(10) 0.1200(0) X
H(5)b -0.394(4) -0.007(4) 0.2104(10) 0.1200(0)
H(S5)e -0.297(4) 0.161(4) 0.2157(10) 0.1200(0) :
H(8)a -0.5260(21) -0.5657(22) 0.0791(7) 0.0600(0)
H(8)b -0.4939(21) -0.6675(22) 0.1079(7) 0.0600(0) *
H(9)a -0.3241(26) -0.5787(27) 0.0478(8) 0.0900(0) =*
H(9)b -0.4643(26) -0.6812(27) 0.0214(8) 0.0900(0) :
H(1l1l)a -0.2071(22) -0.2665(22) 0.0166(7) 0.0600(0) ¥
H(11)b -0.1789(22) -0.3703(22) 0.0458(7) 0.0600(0) X
H(12)a -0.4174(28) -0.499(3) -0.0354(8) 0.0900(0) x
H(12)b -0.2977(28) -0.543(3) -0.0354(8) 0.0900(0) :
H(12)e -0.2590(28) -0.386(3) -0.0491(8) 0.0900(0) *
H(l4)a -0.3930(24) -0.5701(24) 0.2228(7) 0.0900(0) x
H(14)b -0.3250(24) -0.6098(24) 0.1837(7) 0.0900(0) x
H(l4)e -0.4866(24) -0.6475(24) 0.1816(7) 0.0900(0)
H(15)a -0.5038(27) -0.3971(28) 0.1952(7) 0.0900(0) =*
H(15)b -0.5692(27) -0.5360(28) 0.1660(7) 0.0900(0) :
H(15)e -0.5456(27) -0.3900(28) 0.1467(7) 0.0900(0)
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(S)p (1R, 28, 5R)-Menthyl methyl (t-butylamino)methylphosphonate, picric acid salt

Table 1.

for 022337N4010P

Atom

X

y

Ueq = 1/3 trace of the orthogonalised U

P(l)a
0(1l)a
0(2)a
0(3)a
N(l)a
C(1)a
C(2)a
C(3)a
C(4)a
C(5)a
C(6)a
C(7)a
c(8)a
C(9)a
C(10)a
C(11)a
C(12)a
C(13)a
C(1l4)a
C(15)a
C(16)a
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0.87010(0)
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0.8169
0.9271
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0.8483
0 8039

.8136
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1.0409
1.0356
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0.4730
0.5588
0.4472
0.4385
0.3999
0.4074
0.4138
0.3281
0.4914
0.4345
0.4527

0.5529
0.5400
0.6027
0.3852
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0.4036
0.6221
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0.410(3)
0.3138(2
0.446(4)
0.205(4)
0.226(3)

0.9345(5)
1.0698(14)
0.8944(20)
0.8469(14)
0.8931(14)
0.8639(20)
0.8098(20)
0.6706(25)
0.8570(25)
0.8369(24)
0.8776(23)
0.856(4)
0.837(35)
0.719(4)
0.748(3
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2)
3)
3)
3)
8)
8)
1
3)
2)
0)
0)
6)
9)
6)
3)
4)

0.8900(27)

Uegq

0.0332(11)
0.044(3)
0.054(3)
0.074(4)
0.034(3)
0.046(5)
0.045(5)
0.060(6)
0.076¢(
0.063
0.055
0.055
0.076
0.090
0.078
0.074
0.106
0.076
0.116
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0.077(7)

0.201(22
0.085(7)

Fractional atomic co-ordinates and thermal parameters
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(continued)

Atom X
P(l)c 0.92382(23
0(1l)e 0.9517(6)
0(2)c 0.9697(6)
0(3)c 0.8827(6)
N(l)e 0.8783(7)
C(l)ec 0.8695(9)
C(2)c 0.8305(9)
C(3)c 0.7625(13)
C(4)e 0.8523(11)
C(3)e¢ 0.8331(11)
C(6)c 1.0234(10)
C(7)ec 1.0846(10)
C(8)c 1.1375(12)
C(9)c 1.1165(13)
C(10)c 1.0621(13)
C(1ll)e 1.0026(11)
C(1l2)c 1.0381(18)
C(1l3)c 1.1022(12)
C(lé4)ec 1.1529(14)
C(15)c 1.1299(14)
C(l6)ec 0.8430(11)
P(1l)d 0.43989(24
0(1)d 0.4121(7)
0(2)d 0.3947(5)
0(3)d 0.4765(8)
N(1)d 0.4933(7)
c(1)d 0.5011(9)
c(2)d 0.5401(9)
€(3)d 0.5220(13)
C(4)d 0.6081(11)
c(5)d 0.5300(11)
c(6)d 0.3360(10)
C(7)d 0.2817(10)
c(8)d 0.2220(10)
c(9)d 0.2408(13)
C(10)d .0.3015(14)
c(1l1)d 0.3593(13)
c(12)d 0.3281(23)
C(13)d 0.2605(12)
C(1l4)d 0.2119(12)
C(15)d 0.2329(15)
c(16)d 0.5151(13)

)

)

0.6658(4)
0.7166(9)

0.6372(9)

0.5686(10)
0.8504(11)
0.7383(14)
0.9200(14)
0.8842(20)
1.0291(18)
0.9000(18)
0.5689(16)
0.6188(15)
0.5493(19)
0.4357(20)
0.3946(21)
0.4697(17)
0.2835(29)
0.7239(19)
0.7770(22)
0.7389(22)
0.5024(18)

0.9896(4)
0.9325(10)
1.0178(8)
1.0891(12)
0.8098(12)
0.9256(14)
0.7469(14)
0.6387(21)
0.7892(17)
0.7685(18)
1.0796(13)
1.0322(135)
1.1007(17)
1.2055(21)
1.2550(22)
1.1855(20)
1.361(4)
0.9178(18)
0.8666(20)
0.9084(23)
1.1523(21)

-0.2267

-0.3418

1.178(3)

Ueq

0.0392(12)
0.045(3)
0.0419(29)
0.052(3)
0.060(4)
0.045(5)
0.043(5)
0.080(7)
0.069(6)
0.070(6)
0.058(5)
0.053(5)
0.079¢
0.084¢
0.087¢(
0.065¢(
0.126¢(
0.076¢
0.091¢(
0.093(8)
0.069(6)

)

W N~

)
)
)
)
2
)
)

0.0418(12)

0.059(4)
0.0360(27)
0.077(4)
0.049(4)
0.047(5)
0.043(5)
0.084(7)
0.063(6)
0.066(6)
0.053(5)
0.054(5)
0.063(6)
0.087(8)
0.091(8)
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(continued)

Atom X
0(4)a 0.8116(8)
0(5)a 0.7288(8)
0(6)a 0.8069(8)
0(7)a 0.5844(10)
0(8)a 0.5728(9)
0(9)a 0.8214(15)
0(10)a 0.7278(16)
N(2)a 0.7588(8)
N(3)a 0.5992(11)
N(4)a 0.7561(15)
C(17)a 0.7599(5)
C(18)a 0.7335(5)
C(19)a 0.6802(5)
C(21)a 0.6532(5)
C(20)a 0.6796(5)
C(22)a 0.7330(5)
0(4)b 0.5630(7)
0(5)b 0.5703(10)
0(6)b 0.6451(10)
0(7)b 0.7849(16)
0(8)b 0.7970(14)
0(9)b 0.6496(14)
0(10)b 0.5503(15)
N(2)b 0.6143(11)
N(3)b 0.7676(16)
N(4)b 0.6119(11)
C(17)b 0.6372(7)
c(18)b 0.6891(7)
C(19)b 0.7160(7)
C(20)b 0.6909(7)
C(21)b 0.6389(7)
C(22)b 0.6120(7)

y

0.6693(
0.6301¢(

0.9691(
1.0668¢(
1.3021¢(
1.3001¢(
1.0503¢(
1.0744¢(
1.0339¢(
1.2740(
1.0679¢(
1.0845¢(
1.1578¢(
1.2018¢(
1.1725¢
1.0992¢(

12
13
12
17
14
22
23
13
18
21
9)
9)
9)
9)
9)
?)
0.9876(11
16
16
26
22
20
22
16
24
17
11
11
11
11
11
1.0552(11

0.0718(1

0.8193(1
1.0669(2
1.1818(2
1.012(4)
0.805(3)
0.5359(29)
0.587(3)

1.0806(22)
0.903(4)

7)
4)
1
1)
1)
1)
1)
1)
3)
1)
2)

0.6120(22) -

0.9683(11)
0.9886(11)
0.8857(11)

. 11)
0.7424(11)
0.8452(11)

.152

.086
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(continued)

Atom

0(4)c
0(S)e
0(6)c
0(7)c
0(8)c
0(9)c
0(10)c
N(2)ec
N(3)ec
N(4)c
C(17)e
C(18)¢c
C(19)c
C(20)c
C(21)ec
C(22)c

0(4)d
0(5)d
0(6)d
0(7)d
08d
0(9)d
0(10)d
N(2)d
N(3)d
N(4)d
C(17)d
c(18)d
C(19)d
€(20)d
c(21)d
c(22)d

0.3801¢(
0.3876(
0.2973¢(

0.2363(4)
0.2058(4)
0.2361(4)
0.2970(4)

¥y

0.9187¢(
0.9715¢

* Isotropic thermal parameter

z

1.1513¢(

Ueq

0.045
0.075
0.102
0.107
0.096
0.087
0.077
0.049
0.071
0.055
0.045
0.044
0.050
0.052
0.049
0.038

0.064
0.071
0.085
0.107
0.098
0.087
0.140
0.068
0.076
0.081
0.035
0.047
0.063
0.051
0.050
0.043
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Table 2. Bond Lengths (A) for Cy,Hq4,N,0,4P

0(l)a-P(1l)a
0(2)a-P(1l)a
0(3)a-P(1l)a
C(1)a-P(1l)a
C(6)a-0(2)a
C(16)a-0(3)a
C(l)a-N(1l)a
C(2)a-N(1l)a
C(3)a-C(2)a
C(4)a-C(2)a
C(5)a-C(2)a
C(7)a-C(6)a
C(l1)a-C(6)a
C(8)a-C(7)a
C(13)a-C(7)a
C(9)a-C(8)a
C(10)a-C(9)a
C(11)a-C(10)a
C(12)a-C(10)a
C(14)a-C(13)a
C(15)a-C(13)a

0(1)b-P(1)b
0(2)b-P(1)b
0(3)b-P(1
C(1l)b-P(
C(6)b-0¢(
C(16)b-0
C(1)b-N(
C(2)b-N(
C(3)b-C(
C(4)b-C(
C(5)b-C(
C(7)b-C(
C(1l1)b-C(6)Db
C(8)b-C(7)
C(13)b-C(7)b
C(9)b-C(8)b
C(10)b-C(9)Db
C(11)b-C(10)
)
)
)
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)
)
)
3
)
)
)
)
)
)
6
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C(12)b-C(10
C(1l4)b-C(13
3

b
b
b
C(15)b-C(13)b

1.500(13)
1.502(13)
1.559(15)
1.836(20)
1.477(24)
1.42(4)
1.524(23)
1.513(24)
1.549(28)
1.59(3)
1.484(27)
1.531(29)
1.55(3)
1.53(3)
1.48(3)
1.52(4)
1.54(4)
1.51(4)
1.47(4)
1.59(4)
1.65(5

1.837

1.540
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0(1)e-P(1l)c
0(2)c-P(1l)c
0(3)e-P(1)c
C(1l)e-P(1l)ec
C(6)c-0(2)c
C(16)c-0(3)c
C(1l)e-N(1l)e
C(2)ec-N(1l)e
C(3)c-C(2)c
C(4)e-C(2)c
C(5)c=C(2)c
C(7)c-C(6)c
C(ll)c-C(6)c
C(8)c-C(7)c
C(13)e~-C(7)e
C(9)e-C(8)c
C(10)e-C(9)¢c
C(11)c-C(10)c
C(12)c-C(10)c
C(14)c-C(13)c
C(15)¢c-C(13)c

0(1)d-P(1)d
0(2)d-P(1)d
0(3)d-P(1)d
C(1)d-P(1)d
C(6)d-0(2)d
C(16)d-0(3)d
C(1)d-N(1)d
C(2)d-N(1)d
C(3)d-C(2)d
C(4)d-C(2)d
C(5)d-C(2)d
C(7)d-C(6)d
C(11)d-C(6)d
C(8)d-C(7)d
€(13)d-C(7)d
€(9)d-c(8)d
€(10)d-C(9)d
C(11)d-C(10)4d
€(12)d-C(10)d
C(14)d-C(13)d
€(15)d-C(13)d

1.587(27)
1.42(3)
1.50(3)
1.48(3)

1.549(23)
1.44(3)
1.558(24)
1.566(24)
1.50(3)
1.556(29)
1.50(3)
1.423(29)
1.535(3)
1.61(3)
1.61(3)
1.53(4)
1.57(4)
1.59(4)
1.61(6)
1.56(4)
1.54(4)




(continued)
Table 2.

C(l7)a=-0(4)a
N(2)a-0(5)a
N(2)a-0(6)a
N(3)a-0(7)a
N(3)a-0(8)a
N(4)a-0(9)a
N(4)a-0(10)a
C(18)a-N(2)a
C(21)a-N(3)a
C(22)a-N(4)a
c(18)a~-C(17)a
C(22)a-C(17)a
C(l9)a-C(18)a
C(21)a-C(19)a
C(20)a-C(21)a
C(22)a-C(20)a

C(22)b-0(4)b
b-0(5)b
0(6)b

| OOOO
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)
)
)
)
)
7
9
1
8
2
9
0
1
2

Bond Lengths (4)

1.311(20)
1.20(3)
1.25(3)
1.22(6)
1.30(35)
1.21(4)
1.30(4)
1.484(27)
1.38(3)
1.481(26)
1.395(20)
1.395(1

for CypHy,N,040F

C(17)c-0(4)c
N(2)ec-0(5)c
N(2)e-0(6)c
N(3)e-0(7)c
N(3)ec-0(8)c¢
N(4)c-0(9)c
N(4)c-0(10)¢c
C(18)ec-N(2)c
C(20)c=-N(3)c
C(22)c-N(4)c
C(18)e=C(17)c
C(22)e-C(17)c
C(19)c-C(18)c
C(20)e-C(19)c
C(21)ec-C(20)c
C(22)c-C(21)c

C(17)d-0(4)d
N(2)d-0(5)d
N(2)d-0(6)d
N(3)d-0(7)d
N(3)d-08d
N(4)d-0(9)d
N(4)d-0(10)d
c(18)d-N(2)d
€(20)d-N(3)d
C(22)d-N(4)d
c(18)d-C(17)d
c(22)d-C(17)d
c(19)d-C(18)d
€(20)d-C(19)d
c(21)d-c(20)d
c(22)d-C(21)d

b bt s b b e et b bt b e e e et
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.368(15)
.191(23)
.239(28)
.21(3)

.20(3)

.210(25)
.251(24)
.459(19)
.418(21)




(continued)

Table 3. Bond Angles (°)
0(2)a-P(1)a-0(1l)a 116.7(7)
0(3)a-P(1l)a-0(1)a 110.9(7)
0(3)a-P(1l)a-0(2)a 107.8(8)
C(l)a-P(l)a-0(1l)a 119.3(8)
C(1l)a-P(1)a-0(2)a 100.2(8)
C(l)a-P(1l)a-0(3)a 100.1(8)
C(6)a-0(2)a-P(1l)a 129.8(13
C(16)a-0(3)a-P(l)a 126.4(18
C(2)a-N(1)a-C(1l)a 112.0(13
N(1)a-C(l)a-P(1l)a 111.2(12
C(3)a-C(2)a-N(1)a 103.6(15
C(4)a-C(2)a-N(1l)a 104.9(16
C(4)a-C(2)a-C(3)a 111.1(16
C(5)a-C(2)a-N(1)a 109.9(15
C(5)a-C(2)a-C(3)a 112.4(17
C(5)a-C(2)a-C(4)a 114.1(18
C(7)a-C(6)a-0(2)a 105.6(16
C(11l)a-C(6)a-0(2)a 108.4(1l6
C(11)a-C(6)a-C(7)a 116.6(18
C(8)a-C(7)a-C(6)a 104.4(18
C(13)a-C(7)a-C(6)a 114.6(18
C(13)a-C(7)a-C(8)a 114.7(18
C(9)a-C(8)a-C(7)a 114.4(20
C(10)a-C(9)a-C(8)a 111.9(23
C(l1)a-C(10)a-C(9)a 110.3(23
C(12)a-C(10)a-C(9)a 115.0(24
C(12)a-C(10)a-C(11)a 112.0(2
C(l10)a-C(l1l)a-C(6)a 111.8(19
C(l4)a-C(13)a-C(7)a 118.3(23
C(15)a-C(13)a~C(7)a 110.5(22
C(15)a-C(13)a-C(14)a 108.6(2

for C22331N6010P
0(2)c-P(1)c-0(1)ec
0(3)e-P(1)c-0(1)c
0(3)ec-P(1)c-0(2)¢c
C(1)c-P(1l)c-0(1l)ec
C(1)e-P(1)c-0(2)c
C(1l)c=-P(1)c-0(3)c 104.
C(6)c 0(2)c-P(1)c 121.

C(16)¢~-0(3)c-P(1l)ec 123.
C(2)c-N(1)e-C(1l)ec 116.
N(1)e-C(1l)e-P(1l)e 113.
C(3)e-C(2)c-N(1)ec 105.
C(4)c-C(2)ec-N(1l)e 107.
C(4)c-C(2)c-C(3)c 113.
C(5)c-C(2)c-N(1)c 108.
C(5)ec-C(2)c-C(3)ec 110.
C(5)c-C(2)c-C(4)c 111.
C(7)c~-C(6)c-0(2)c 106.
C(11)c~-C(6)c~0(2)c 108.2
C(11)c~C(6)c~-C(7)c 113.9
C(8)c~C(7)c~C(6)c 107.1(1
C(13)c~-C(7)c~-C(6)c 111.5¢(
C(13)e-C(7)c-C(8)c 113.4(
C(9)c-C(8)e=-C(7)ec 112.4(2
C(10)e=~C(9)c-C(8)c 110.5(
C(11)e-C(10)ec-C(9)c 109.0
€(12)e¢-C(10)e-C(9)c 110.6¢(
C(12)e-C(10)ec-C(11)c 108.9
€(10)e-C(1l1l)e-C(6)c 109.5¢(
C(l4)e-C(13)c-C(7)c 108.5(2
C(15)e-C(13)ec=-C(7)c 117.9(2
C(15)c~-C(13)c-C(1l4)c 108.1¢(

117.
111.
108.
113.
101.
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8)
8)
11
(1
13
13
15
16
18
15
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15
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7
1
1
0
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(
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)
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)
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)
7
8
)
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9
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3
2
2
(
1
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2
5
2
9
0
1
2

)
)
3)
)
)
)
1

)




(continued)

Table 3. Bond angles (°)

0(2)b-P(1)b-0(1)b 119.9(10)
0(3)b-P(1)b-0(1)b 112.0(8)
0(3)b-P(1)b-0(2)b 105.7(10)
C(1)b-P(1l)b-0(1)b 116.2(9)
C(1)b-P(1)b-0(2)b 97.4(10)
C(1)b-P(1)b-0(3)Db 103.6(9)
C(6)b-0(2)b-P(1)b 139.2(17)
C(16)b-0(3)b-P(1)b 124.1(16)
C(2)b-N(1)b-C(1)Db 112.0(14)
N(1)b-C(1)b-P(1)b 113.8(13)
C(3)b-C(2)b-N(1)b 110.5(18)
C(4)b-C(2)b-N(1)b 105.0(16)
C(4)b-C(2)b-C(3)b 115.4(19)
C(5)b-C(2)b-N(1)b 107.0(16)
C(5)b-C(2)b-C(3)Db 108.1(17)
C(5)b-C(2)b-C(4)Db 110.5(19)
C(7)b-C(6)b-0(2)b 110.0(23)
C(11)b-C(6)b-0(2)b 112.6(21)
C(l1)b-C(6)b-C(7)b 113.6(24)
C(8)b-C(7)b-C(6)b 112(3)
C(13)b-C(7)b-C(6)b 111.6(29)
C(13)b-C(7)b-C(8)b 113(3)
C(9)b-C(8)b-C(7)b 110(4)
C(10)b-C(9)b-C(8)b 106.0(29)
C(11)b-C(10)b-C(9)b 116.4(28)
C(12)b-C(10)b-C(9)b 112(3)
C(12)b-C(10)b-C(11)b 112(3)
C(10)b-C(11)b-C(6)b 111.4(25)
C(14)b-C(13)b-C(7)b 109(5)
€C(15)b-C(13)b-C(7)b 118(4)
C(15)b-C(13)b-C(14)b 115(5)

for 622837N6010P
0(2)d-P(1)d-0(1)d 118.
0(3)d-P(1)d-0(1)d 110.
0(3)d-P(1)d-0(2)d 107.
C(1)d-P(1)d-0(1)d 114.
C(l)d-P(1)d-0(2)d 101.
C(1)d-P(1)d-0(3)d 104.
C(6)d-0(2)d-P(1)d 121.
C(16)d-0(3)d-P(1)d 119.
C(2)d-N(1)d-C(1)d 113.
N(1)d-C(1)d-P(1)d 109.
C(3)d-C(2)d-N(1)d 104.
C(4)d-C(2)d-N(1)d 103.
C(4)d-C(2)d-C(3)d 114.
C(5)d-C(2)d-N(1)d 107.
C(5)d-C(2)d-C(3)d 113.
C(5)d-C(2)d-C(4)d 111.
C(7)d-C(6)d-0(2)d 108.
C(11)d-C(6)d-0(2)d 102.0
C(11)d-C(6)d-C(7)d 113.5¢(
C(8)d-C(7)d-C(6)d 107.9(1
C(13)d-C(7)d-C(6)d 115.2¢(
C(13)d-C(7)d-C(8)d 108.7(
€(9)d-C(8)d-C(7)d 107.3(1
€(10)d-C(9)d-C(8)d 108.8¢(
C(11)d-C(10)d-Cc(9)d 107.8
C(12)d-0(10)d-C(9)d 112.1¢(
€(12)d-C(10)d-C(11)d 102.5
C(10)d-C(11)d-C(6)d 105.3(1
C(14)d-C(13)d-C(7)d 109.7(20)
C(15)d-C(13)d-C(7)d 114.4(20)
C(15)d-C(13)d-Cc(14)d 110.7(20)
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(continued)

Table 3. Bond Angles (°
0(6)a-N(2)a-0(5)a 122.
C(18)a-N(2)a-0(5)a 116.
C(18)a-N(2)a-0(6)a 121.
0(8)a-N(3)a-0(7)a 124.
C(21)a-N(3)a-0(7)a 117.
C(21)a-N(3)a-0(8)a 117.
0(10)a-N(4)a-0(9)a 120(3
C(22)a-N(4)a-0(9)a 109.4
C(22)a-N(4)a-0(10)a 117.3
C(18)a-C(17)a-0(4)a 122.6
C(22)a-C(17)a-0(4)a 117.3¢(
C(22)a-C(1l7)a-C(18)a 120.0
C(l17)a-C(18)a-N(2)a 123.2¢(
C(19)a-C(18)a-N(2)a 116.8¢(
C(19)a-C(18)a-C(17)a 120.0
C(21)a-C(19)a-C(18)a 120.0¢(
C(19)a-C(21)a-N(3)a 121.1(1
C(20)a-C(21)a-N(3)a 118.9(1
C(20)a-C(21)a-C(19)a 120.0¢(
C(22)a-C(20)a-C(21)a 120.0¢(
C(17)a-C(22)a-N(4)a 123.0(14
C(20)a-C(22)a-N(4)a 116.9(14)
C(20)a-C(22)a-C(17)a 120.0(11)
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0(6)b-N(2)b-0(5)b 127.6(25)
C(17)b-N(2)b-0(5)b 119.7(20)
C(17)b-N(2)b-0(6)b 112.7(19)
0(8)b-N(3)b-0(7)b 125(3)
C(19)b-N(3)b-0(7)b 116(3)
C(19)b-N(3)b-0(8)b 118(3)
0(10)b-N(4)b-0(9)b 126.2(27)
C(21)b-N(4)b-0(9)b 117.3(22)
C(21)b-N(4)b-0(10)b 115.9(23)
C(18)b-C(17)b-N(2)b 117.6(12)
C(22)b-C(17)b-N(2)b 122.2(14)
C(22)b-C(17)b-C(18)b 120.0(12)
C(19)b-C(18)b-C(17)b 120.0(11)
C(18)b-C(19)b-N(3)b 121.1(20)
C(20)b-C(19)b-N(3)b 118.9(21)
C(20)b-C(19)b-C(18)b 120.0(13)
C(21)b-C(20)b-C(19)b 120.0(12)
C(20)b-C(21)b-N(4)b 120.3(14)
C(22)b-C(21)b-N(4)b 119.7(14)
C(22)b-C(21)b-C(20)b 120.0(11)
C(17)b-C(22)b-0(4)b 123.3(14)
C(21)b-C(22)b-0(4)b 116.8(12)
C(21)b-C(22)b-C(17)b 120.0(13)

for C22537N6010P

0(6)c-N(2)c-0(5)c 122.4(18
C(18)c-N(2)c-0(5)c 121.2(1
C(18)c-N(2)c-0(6)c 116.2(1
0(8)c-N(3)c-0(7)c 125.1(21
C(20)c-N(3)c-0(7)c 118.6(2
C(20)c-N(3)c-0(8)c 116.2(1
0(10)c-N(4)c-0(9)c 126.4(1
C(22)c-N(4)c-0(9)c 115.6(1
C(22)c-N(4)c-0(10)c 118.1(
C(18)c-C(17)c-0(4)c 121.1(
€(22)c-C(17)c-0(4)c 117.9¢(
C(22)¢c-C(17)c-C(18)c 120.0
C(17)ec-C(18)c-N(2)c 121.4(
C(19)c-C(18)c-N(2)c 118.1¢(
€C(19)c-C(18)ec-C(17)c 120.0¢(
€(20)ec-C(19)c-C(18)c 120.0¢(
€C(19)c-C(20)c-N(3)ec 121.4(1
€(21)e-C(20)c-N(3)c 118.5(12)
€(21)e-C(20)c-C(19)c 120.0(9)
€(22)c-C(21)ec-C(20)c 120.0(10)
C(17)c-C(22)c-N(4)c 123.0(10)
C(21)c-C(22)c-N(4)c 116.9(11)
€(21)e=-C(22)c-C(17)c 120.0(10)

0(6)d-N(2)d-0(5)d 123.1(21)
C(18)d-N(2)d-0(5)d 120.4(17
C(18)d-N(2)d-0(6)d 116.5(17
08d-N(3)d-0(7)d 121.2(21)
€(20)d-N(3)d-0(7)d 118.2(19
C(20)d-N(3)d-08d 120.6(20)
0(10)d-N(4)d-0(9)d 124.5(24
C(22)d-N(4)d-0(9)d 122.9(22
C(22)d-N(4)d-0(10)d 112.5(2
C(18)d-C(17)d-0(4)d 122.5(1
1
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)

€(22)d-C(17)d-0(4)d 116.6¢(
€(22)d-c(17)d-c(18)d 120.0
C(17)d-C(18)d-N(2)d 120.6¢(
€(19)d-Cc(18)d-N(2)d 119.1(
€(19)d-C(18)d-Cc(17)d 120.0
€(20)d-c(19)d-Cc(18)d 120.0
€(19)d-C(20)d-N(3)d 118.9¢(
€(21)d-C(20)d-N(3)d 121.0(1
C(21)d-Cc(20)d-C(19)d 120.0¢(
€(22)d-Cc(21)d-C(20)d 120.0¢(
C(17)d-C(22)d-N(4)d 120.3(1
€(21)d-C(22)d-N(4)d 119.4(1
€(21)d-C(22)d-C(17)d 120.0¢(
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Table 4. Non-bonded Contacts (A) for CgpHa9N,0,,P

N(l)a...P(1l)a 2.778
C(6)a...P(1)a 2.698
C(1l6)a...P(1)a 2.663
0(2)a...0(1)a 2.556
0(3)a...0(1)a 2.521
0(3)a...0(2)a 2.473
C(1)a...0(2)a 2.570
C(7)a...0(2)a 2.396
C(il)a...0(2)a 2.454
C(1l)a...0(3)a 2.608
C(3)a...N(1l)a 2.406
C(4)a...N(1)a 2.461
C(5)a...N(1)a 2.452
0(4)a...N(1)a 2.761
Cc(2)a...C(1)a 2.517
C(4)a...C(3)a 2.590
C(S5)a...C(3)a 2.521
C(5)a...C(4)a 2.581
C(8)a...C(6)a 2.418
C(9)a...C(6)a 2.882
C(10)a...C(6)a 2.529
C(13)a...C(6)a 2.531
c(9)a...C(7)a 2.567
C(ll)a...C(7)a 2.619
C(l4)a...C(7)a 2.632
C(15)a...C(7)a 2.572
C(10)a...C(8)a 2.541
C(13)a...C(8)a 2.530
Cc(11)a...C(9)a 2.503
C(l2)a...C(9)a 2.540
C(12)a...C(11)a 2.467
C(l5)a...C(1l4)a 2.633
N(1)b...P(1)b 2.761
C(6)b...P(1)b 2.751
C(16)b...P(1)Db 2.591
0(2)b...0(1)b 2.642
0(3)b...0(1)b 2.525
0(3)b...0(2)b 2.486
C(1)b...0(2)b 2.561
C(7)b...0(2)b 2.324
C(11)b...0(2)Db 2.458
C(1)b...0(3)b 2.672
C(3)b...N(1)b 2.513
C(4)b...N(1)b 2.446
C(5)b...N(1)b 2.538
C(2)b...C(1)b 2.478
C(4)b...C(3)b 2.587
C(5)b...C(3)b 2.538
C(5)b...C(4)b 2.596
C(8)b...C(6)Db 2.464
C(10)b...C(6)b 2.489
C(13)b...C(6)Db 2.582
C(9)b...C(7)Db 2.543
C(10)b...C(7)b 2.898
C(1l1)b...C(7)b 2.549
C(l4)b...C(7)D 2.508
C(15)b...C(7)b 2.653
C(10)b...C(8)b 2.503
C(13)b...C(8)b 2.635
C(11)b...C(9)b 2.525




C(12)b...C(9)b 2.575
C(12)b...C(11)Db 2.494
C(15)b...C(1l4)b 2.406
N(l)e...P(1l)c 2.751
C(6)c...P(1)c 2.674
C(l6)c...P(1)e 2.682
0(2)ec...0(1l)e 2.516
0(3)c...0()e 2.431
C(l)e...0(1)ec 2.674
0(3)c...0(2)¢ 2.499
C(l)c...0(2)c 2.581
C(7)c...0(2)c 2.482
C(1ll)c...0(2)c 2.376
C(l)ec...0(3)¢c 2.634
C(3)c...N(1l)c 2.494
C(4)c...N(1l)e 2.493
C(5)e...N(1)ec 2.558
0(4)c...N(1)e 2.647
1, 0.0000, 0.0000, 1.0000

C{2)e...C(1)e 2.625
C(4)c...C(3)e 2.576
C(5)c...C(3)ec 2.580
C(5)c...C(4)¢c 2.547
C(8)c...C(6)c 2.486
C(10)c...C(6)c 2.516
€(13)c...C(6)c 2.536
C(9)e...C(7)¢c 2.575
C(11)c...C(7)c 2.520
C(lé4)e...C(7)e 2.494
C(15)c...C(7)c 2.601
C(10)c...C(8)¢c 2.494
C(13)ec...C(8)c 2.494
C(1l1)e...C(9)¢c 2.525
C(12)c...C(9)¢c 2.497
C(12)ec...C(11)¢c 2.649
C(15)c...C(1l4)c 2.549
N(1)d...P(1l)d 2.768
C(6)d...P(1)d 2.701
C(16)d...P(1)d 2.587
0(2)d...0(1)d 2.555
0¢3)d...0(1)d 2.445
c(1l)d...0(1)d 2.752
0(3)d...0(2)d 2,503
C(1)d...0(2)d 2.627
C(7)d...0(2)d 2.415
C(11)d...0(2)d 2.410
C(1)d...0(3)d 2.673
C(3)d...N(1)d 2.424
C(4)d...N(1)d 2.455
C(5)d...N(1)d 2.476
0(4)d...N(1)d 2.748
C(2)d...c(l)d 2.604
C(4)d...C(3)d 2.567
C(5)d...C(3)d 2.508
C(5)d...C(4)d 2.526
C(8)d...C(6)d 2.457
C(9)d...C(6)d 2.896
C(10)d...C(6)d 2.501
C(13)d...c(6)d 2.558
C(9)d...C(7)d 2.536
C(1l1)d...C(7)d 2.489
C(l4)d...C(7)d 2.591




C(15)d...C(7)d
C(10)d...Cc(8)d
C(13)d...c(8)d
C(1l1l)d...C(9)d
C(12)d...C(9)d
C(12)d...C(11)d
C(15)d...C(14)d
0(6)a...0(4)a
0(9)a...0(4)a
C(18)a...0(4)a
C(22)a...0(4)a
0(6)a...0(5)a
c(l18)a...0(5)a
C(19)a...0(5)a
Cc(18)a...0(6)a
0(8)a...0(7)a
C(21)a...0(7)a
C(20)a...0(7)a
C(19)a...0(8)a
C(21)a...0(8)a
0(10)a...0(9)a
C(22)a...0(9)a
C(20)a...0(10)a
C(22)a...0(10)a
C(17)a...N(2)a
C(19)a...N(2)a
C(19)a...N(3)a
C(20)a...N(3)a
C(17)a...N(4)a
C(20)a...N(4)a
C(19)a...C(17)a
C(21)a...C(17)a
c(20)a...C(17)a
c(21)a...C(18)a
€C(20)a...C(18)a
C(22)a...C(18)a
C(20)a...C(19)a
C(22)a...C(19)a
..C(21)a
..0(4)b
.0(4)b
..0(4)
..0(4
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Dicyclohexylammonium (R)p-O-[(1R, 25, SR)-menthyl]-O-methylphosphorothioate

Table 1. Fractional atomic co-ordinates and thermal parameters
for C23546N03PS

Atom X y z Ueq

Ueq = 1/3 trace of the orthogonalised U

P 0.13982(13) 0.22440(0) 0.11725(15) 0.0398(9)

s 0.15288(17) 0.0319(3) 0.10300(18) 0.0583(10)

N 0.1996(5) 0.5751(9) 0.0203(5) 0.0401(28)
0(1) 0.1639(4) 0.2764(7) 0.2073(4) 0.0541(26)
0(2) 0.0578(5) 0.2628(11) 0.1202(9) 0.132(6)
0(3) 0.1778(5) 0.3134(8) 0.0561(5) 0.071(3)
c(1) 0.1596(5) 0.2003(11) 0.2825(6) 0.046(4)
c(2) 0.1356(5) 0.2901(12) 0.3527(6) 0.051(4)
c(3) 0.1376(6) 0.2113(13)  0.4358(5) 0.058(4)
C(4) 0.2123(6) 0.1554(15) 0.4530(8) 0.076(5)
c(5) 0.2374(7) 0.0636(15) 0.3814(7) 0.077(5)
c(6) 0.2337(6) 0.1424(14) 0.3016(7) 0.060(4)
c(7) 0.0620(7) 0.3621(13) 0.3363(7) 0.065(5)
c(8) 0.0502(8) 0.4842(16) 0.3920(8) 0.092(6)
c(9) -0.0034(7) 0.2689(17) 0.3465(9) 0.094(6)
c(10) 0.3134(8) 0.0110(19) 0.3972(10) 0.113(7)
c(11) -0.0011(7) 0.1899(21) 0.1112(10) 0.115(8)
c(12) 0.2164(5) 0.6541(11) 0.0986(6) 0.045(4)
c(13) 0.2850(5) 0.5954(12) 0.1356(6) 0.055(4)
c(14) 0.3055(7) 0.6679(15) 0.2169(7) 0.079(5)
c(15) 0.2436(7) 0.6628(12) 0.2780(7) 0.066(5)
c(16) 0.1756(7) 0.7195(15) 0.2401(7) 0.074(5)
c(17) 0.1553(6) 0.6545(11) 0.1603(6) 0.053(4)
c(18) 0.1320(5) 0.6115(11) -0.0301(6) 0.044(4)
c(19) 0.1258(6) 0.5163(12) -0.1024(6) 0.050(4)
€(20) 0.0598(6) 0.5443(16) -0.1547(8) 0.075(5)
c(21) 0.0602(7) 0.6876(15) -0.1851(7) 0.073(5)
c(22) 0.0673(7) 0.7825(15) -0.1150(9) 0.081(6)
c(23) 0.1350(7) 0.7545(11) -0.0615(8) 0.067(5)
0(4) 0.50000¢0) 0.409(3) 0.50000¢0) 0.207(10) *
c(25) 0.4036(18) 0.420(4) 0.3937(19) 0.200(11) =
c(26) 0.4586(26) 0.355(6) 0.4357(28) 0.283(19) =
Hn(1) 0.247(6) 0.574(11) -0.013(7) 0.0700(0) *
Hn(2) 0.198(6) 0.487(14) 0.034(7) 0.0700(0) *

the hydrogen atoms on the nitrogen wvere located and refined all
other hydrogen atoms were included in calculated positions with
C-H = 0.95A . fixed isotropic thermal parameters were empoyed
for all hydrogen atoms.




TablelA.
Atom

Hn(1l)
Hn(2)
H(1)
H(2)
H(
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hydrogen atom co-ordinates for C23HAGNOBPS

0.1396¢(
0.1768(7)

y

0.574(11)
0.487(14)
0.1304(11

0.5427(1

0.2366(1
-0.0382(1
0.0844(1
-0.0469(1
0.2462(21
0.1172(21
0.1550(21
0.6021(12
0.5030(12
0.6277(15
0.7595(15
0.7132(12
0.5714(12
0.8124(15
0.7115(15
0.5642(11
0.7016(11
0.5325(12
0.4243(12
0.5325(16
0.4823(16
0.7021(15
0.6993(15
0.8713(15
0.7760(15
0.8180(11
0.7602(11

* Isotropic thermal parameter

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

2

0.1356¢(

-0.0168¢(

Ueq

0.0700(0)
0.0700(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
0.0600(0)
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Bond Lengths (A) for Cy3H,NO4PS

Table 2.
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Table 3. Bond Angles (°)
0(2)-P-0(1) 99.1(6)
0(3)-P-0(1) 105.6(4)
0(3)-P-0(2) 109.2(6)
Hn(2)-N-Hn(1l) 98(10)
C(12)-N-Hn(1) 105(6)
C(12)-N-Hn(2) 109(8)
C(18)-N-Hn(1) 115(6)
C(18)-N-Hn(2) 110(8)
C(18)-N-C(12) 118.5(8)
C(1)-0(1)-P 125.0(6)
C(11)-0(2)-P 131.3(11)
BH(1)-C(1)-0(1) 109.9(5)
C(2)-C(1)-0(1) 109.3(8)
C(2)-C(1)-H(1) 108.1(3)
C(6)-C(1)-0(1) 108.7(8)
C(6)-C(1)-H(1) 110.7(6)
C(6)-C(1)-C(2) 110.2(8)
H(2)-C(2)-C(1) 107.6(5)
c(3)-c(2)-c(1) 109.4(9)
C(3)-C(2)-H(2) 106.3(5)
C(7)-C(2)-C(1) 114.0(8)
C(7)-C(2)-H(2) 105.5(6)
C(7)-C(2)-C(3) 113.5(8)
H(3)a-C(3)-C(2) 108.5(5)
H(3)b-C(3)-C(2) 108.8(6)
C(4)-C(3)-C(2) 111.3(8)
C(4)-C(3)-H(3)a 108.4(7)
C(4)-C(3)-H(3)b 110.3(6)
H(4)a-C(4)-C(3) 108.5(7)
H(4)b-C(4)-C(3) 109.5(6)
C(3)-C(4)-C(3) 111.1(9)
C(5)-C(4)~H(4)a 108.8(7)
C(5)-C(4)-H(4)b 109.5(7)
H(5)-C(5)-C(4) 107.2(7)
C(6)-C(5)-C(4) 108.0(11)
C(6)-C(5)-H(S5) 110.3(7)
C(10)-C(5)-C(4) 111.2(10)
C(10) C(5)-H(S5) 108.8(9)

C(10)-C(5)-C(6) 111.3(11)
C(5)-C(6)-C(1) 114.2(9)
H(6)a-C(6)-C(1) 107.5(6)
H(6)a-C(6)-C(5) 108.8(7)
H(6)b-C(6)-C(1) 109.0(6)
H(6)b-C(6)-C(5) 107.8(7)
H(7)-C(7)-C(2) 107.1(5)
C(8)-C(7)-C(2) 113.3(10)
C(8)-C(7)-B(7) 109.0(7)
C(9)-C(7)~ C(2) 112.7(11)
C(9)-C(7)-8(7) 106.4(7)
C(9)-C(7)-C(8) 108.1(10)
H(8)a-C(8)-C(7) 108.8(7)
H(8)b-C(8)-C(7) 107.6(7)
H(8)c-C(8)-C(7) 111.9(7)
H(9)a-C(9)-C(7) 107.1(7)
H(9)b-C(9)-C(7) 109.9(8)
H(9)e-C(9)-C(7) 111.4(7)
H(10)a-C(10)-C( 110.3(8)

for

CZBH&6NO3PS

C(17)-C(12)-N 113.3(8)
C(17)-C(12)-H(12) 106.1(6
C(17)-C(12)-C(13) 111.8(8
H(13)a-C(13)-C(12) 109.9¢(
B(13)b-C(13)-C(12) 109.5¢(
C(14)-C(13)-C(12) 110.5(9
C(14)-C(13)-H(13)a 110.0(
C(14)-C(13)-H(13)b 107.4¢(
B(l4)a-C(14)-C(13) 110.0¢(
H(14)b-C(14)-C(13) 107.7¢(
C(15)-C(14)-C(13) 110.6(9
C(15)-C(l4)-H(1l4)a 109.9¢(
C(15)-C(1l4)-H(14)b 109.1¢(
H(15)a-C(15)-C(14) 109.2¢(
H(15)b-C(15)-C(14) 109.1¢(
C(16)-C(15)-C(14) 110.9(9
C(16)-C(15)-H(15)a 109.5¢(
C(16)-C(15)-H(15)b 108.7¢(
H(16)a-C(16)-C(15) 107.9¢(

NANAMANORANNRAY YA NN OO LN
R N A L R

H(16)b-C(16)-C(15) 109.3¢(
C(17)-C(16)-C(15) 112.9(1
C(17)-C(16)-H(16)a 107.3(
C(17)-C(16)-H(16)b 109.9¢(
C(16)-C(17)-C(12) 112.5(9
H(17)a-C(17)-C(12) 109.8¢(
H(17)a-C(17)-C(16) 107.8¢(
H(17)b-C(17)-C(12) 107.9¢
B(17)b-C(17)-C(16) 109.4(
H(18)-C(18)-N 105.9(5)
C(19)-C(18)-N 108.4(8)
C(19)-C(18)-B(18) 111.3(3)
C(23)-C(18)-N 111.7(8)
C(23)-C(18)-H(18) 109.3(7)
C(23)-C(18)-C(19) 110.1(8)
B(19)a-C(19)-C(18) 106.2(5)
H(19)b-C(19)-C(18) 112.7(5)
€(20)-C(19)-C(18) 111.8(9)
C(20)-C(19)-H(19)a 107.1(6)
C(20)-C(19)-B(19)b 109.4(7)
H(20)a-C(20)-C(19) 106.7(6)
H(20)b-C(20)-C(19) 110.2(7)
C(21)-C(20)-C(19) 110.6(11)
C(21)-C(20)-H(20)a 108.2(7)
C(21)-C(20)-H(20)b 111.6(7)
H(21)a-C(21)-C(20) 107.1(7)
H(21)b-C(21)-C(20) 108.8(7)
€(22)-C(21)-C(20) 111.4(10)
C(22)-C(21)-H(21)a 110.4(7)
C(22)-C(21)-H(21)b 109.6(7)
H(22)a-C(22)-C(21) 108.4(7)
B(22)b-C(22)-C(21) 109.6(7)
€(23)-C(22)-C(21) 112.2(11)
C(23)-C(22)-H(22)a 109.0(7)
C(23)-C(22)-H(22)b 108.1(8)
C(22)-C(23)-C(18) 109.0(10)
B(23)a-C(23)-C(18) 112.3(6)
H(23)a-C(23)-C(22) 111.3(7)
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)-C(5) 109.6(9
y-C(5) 108.5(8
y-0(2) 109.0(9
)-0¢2) 112.8(1
)-0(2) 106.6(9
-N 109.4(5
-N 106.8(8
-H(12) 109.4(5

U1l v22
389(135) 317(15)
764(20) 318(15)
398(50) 325(44)
968(57) 329(36)
352(53) 754(66)

1169(68) 497(49)
482(61) 509(62)
365(60) 547(63)
759(73) 722(73)
600(77) 984(102)
806(89) 873(92)
548(70) 684(75)
784(89) 812(89)
881(98) 1042(116)
802(93) 1199(132)

1163(129) 1011(117)
626(102) 1584(182)
539(66) 408(63)
521(65) 624(78)
898(94) 931(105)

1132(103) 523(73)
1111(96) 667(78)
701(75) 404(66)
377(55) 539(72)
540(68) 469(62)
539(74) 1013(109)
532(¢70) 1135(117)
766(95) 728(90)
752(79) 329(67)

937(103) 223(8
932(87) -4(61

H(23)b-C(23)-C(18) 106.5(7)
B(23)b-C(23)-C(22) 108.0(8)
€(25)-C(26)-0(4) 126(5)
C(26)-0(4)-C(26) 135(6)
0(1)-P-S 113.2(3)
0(2)-P-s 111.4(4)
0(3)-P-S 116.8(3)

Table 4. Anisotropic thermal parameters (x10#%#%4)

u23 U13 u12

) 40(14) 13(11) 10(13)
) ~24(14) 131(15) 80(14)
) -12(38) 9(40) -54(39)
) -30(31) 168(35) 4(36)
0) -548(83) -326(635) 146(45)
) 43(37) 79(41) -248(45)
) 107(51) 60(45) 33(54)
) -66(56) 48(49) -72(50)
) 44(37) 3(46) -191(71)
) 187(74) -177(61) -27(70)
) ~13(73) -223(68) 118(73)
) -71(66) -6(53) 76(66)
) -44(61) 127(56) 59(74)
) =-159(83) 226(76) 128(85)
) =205(%0) 47(70) 198(97)
8) -50(106) -450(99) 394(107)
2) -283(120) 106(81) 261(106)
) -18(43) -26(49) -53(49)
) 55(354) 1(52) -132(56)
) 135(64) -180(68) -290(75)
) 33(47) -255(66) -185(67)
5) 243(65) 7(86)

1) 122(55) 104(33)

7) 49(44) -92(54)

7) 17(50) 49(55)

2) -100(61) -167(76)

2) -144(54) -216(69)

2) -286(80) 65(71)

) =-185(65) 79(57)

The anisotropic displacement parameter has the form:

exp[-2pi~“2(Ul1h"2a*"2+ ... +2Ul2hka*b*)]




Table 5.

c(1)...P
B(1)...P
c(11)...p
...P
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)
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H(13)a...Hn(1
c(18)...Hn(1)
0(3)...8Bn(2)
C(12)...Hn(2)
C(13)...Bn(2)
Cc(18)...Hn(2)
C(19)...HBn(2)
0(2)...0(1)
0(3)...0(1)
H(1)...0(1)
.. .0(1)
«es0(1)
...0(1
a...0
b...0
«es0(
. Y ¢
«ea0(
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Je.
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Non-bonded Contacts (A)

2.653
2.703
2.591
2.866
2.813
2.935
2.880
2.918

2.359

2.505
2.017

0.0000,
0.0000,
0.3000,
0.5000,

1.0000,
1.0000,
0.5000,
0.5000,

0.0000
0.0000
0.0000
0.0000
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...C(15)
b...H(15)a
...H(15)a
...H(15)b
...H(15)b
...C(16)
...C(16)
...H(16)a
...H(16)a
b...H(16)a
...H(16)Db
a...H(16)b
... C(17)
b...H(17)a
a...C(18)
b...C(18)
...C(18)
a...C(18)

N N

(17)

(15)

(16)

(16)

(17)

(17)

(17)

(16)

(17)

(17)

(17)

(17)

(18)

(17)

(19)

(19)

(20)

(20)

(21)

(22)

(22)

(23)

(23)

(19)

(22)

(23)

(20) )
(20) )
(21)...c(19)
(21)b...C(19)
(22)...€(19)
(23)...¢(19)
(23)b...C(19)
(19)b...HB(19)a
(20)...H(19)a
(21)...H8(19)a
(23)...H8(19)a
(20)...H(19)b
(21)a...C(20)
(21)b...C(20)
(22)...€(20)
(22)b...C(20)
€23)...¢(20)
(20)b...H(20)a
(21)...H(20)a
(21)a...H(20)a
(22)...8(20)a
(21)...8(20)b
(22)a...C(21)
(22)b...c(21)
(23)...€(21)
(23)b...C(21)
(21)b...H(21)a
(22)...H(21)a
(22)...H8(21)b
(22)a...H(21)b
(23)a...c(22)
(23)b...C(22)
(22)b...H(22)a
(23)...H(22)a

[oR--R--B- R -NoeNeR--B--KoeB--2- -NoeXol-Nel--KeR--KoR--B- KeNoNeReR--B--NoeRoR - -Kel--2--NoNoNoR-B--N--NoNoeR-Nel--B--R--KoB--Nel--NoR--B--B--NeNeXoR--Nol

2.459
1.551
2.013
2.003
2.680
1.974
1.992
1.551
1.968
2.220
1.998
2.234
3.076
1.551
1.976
2.051
2.459
2.616
2.878
2.459
2.650
2.059
1.991
2.035
2.673
2.024
1.977
2.018
2.450
2.671
2.847
2.449
2.587
1.551
1.982
2.596
2.570
2.008
1.995
2.015
2.442
2.658
2.892
1.551
2.008
2.257
2.628
2.047
1.977
1.990
2.472
2.638
1.551
1.999
1.990
2.241
2.064
2.027
1.551
2.038




JH(22)Db
.. H(23)a
.0(4)
.C(26)

2.027
1.551
2.430
2.528

2,

1.0000,

0.0000,

1.0000
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