Tetrahedron, Vol. 53, No. 12, pp. 4371-4386, 1997

@ Pergamon © British Crown 1997, Defence Evaluation and Research Agency
Published by Elsevier Science Ltd

Printed in Great Britain

PII: 50040-4020(97)00093-8 0040-4020/97 $17.00 + 0.00

Clean Nitrations: Novel Syntheses of Nitramines and Nitrate Esters by
Nitrodesilylation Reactions using Dinitrogen Pentoxide (N,Os)1,2
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Abstract: In this novel nitration method dinitrogen pentoxide (N,Os) in an incrt solvent is used as the
nitrating agent, thereby removing the need for strong acids as the reaction medium. The N,Oj cleaves
heteroatom-silicon bonds, in silylamines and silyl ethers respectively, to yield the desired energetic
groupings (nitramines or nitrate esters respectively) without liberation of acids which would occur with
conventional substrates (amines or alcohols). These nitrodesilylation reactions proceed cleanly and in
good yield, and the scope of the reaction is illustrated by 29 examples, some of which produce high
energy compounds, notably plasticisers and an energetic polymer precursor. These reactions are
therefore potentially clean nitrations for the manufacture of energetic compounds which will minimise
the impact of this activity on the environment in the future.

© British Crown 1997, Defence Evaluation and Research Agency. Published by Elsevier Science Lid.
INTRODUCTION

Nitramines and nitrate esters are classes of compounds which find widespread application in
propellant and explosive technology3-5, and nitrate esters also find use in medicine as vasodilators®.7. The
chemistry of each class of compound has been reviewed3®. The preparation of these compounds by
traditional routes requires the use of reagents, and generates by-products, which are in many cases unfriendly
to the environment, requiring costly clean-up to avoid pollution. The aim of the work presented here is to find
alternative routes which will produce the required nitramine and nitrate ester products with reduced impact on
the environment.

Firstly the traditional routes will be considered before describing the chemistry involved in the novel
routes, which employ nitrodesilylation chemistry. Finally the advantages in the novel chemistry will be
assessed, particularly from the environmental point of view.

Nitramines

Nitramines are commonly prepared by the reaction of secondary amides with nitric acid in dehydrat-
ing media such as acetic anhydride!0, although other routes are possible, for instance by the addition of nitrate
salts of secondary amines to acetic anhydride in the presence of a catalyst, e.g. chloride ion!!, by direct
interaction of an amine with dinitrogen pentoxide, N»Os12, or by nitrolysis of gem-diamines with nitric acid-
acetic anhydride!3.14. More recently developed methods include the reaction of N,N-dialkylamides with
nitronium tetrafluoroborate!3, the reaction of rerr.-butylamines with nitric acid or NyOs!6, and the action of
nitric acid-acetic anhydride on zerr. amines with ir sizu oxidation of the resulting nitrosamines with peracetic
acid!’.
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Many of these routes have disadvantages such as contamination of the product by nitrosamines which
are awkward to remove!8, the use of reagents which are not available cheaply on an industrial scale (e.g.
NO,BFy), or the production of co-products which are difficult to dispose of, notably acyl nitrates. Further
problems may arise from inaccessibility of substrates: for instance in the direct nitration of amines!2, certain
categories of amine either do not form the nitramine (particularly highly basic amines), or may not be
preparable in their unsubstituted form (e.g. hexahydropyrimidines - see later). Such shortcomings limit the
scope and utility of existing routes for the synthesis of nitramines.

The problems outlined above are exemplified in one of the most commonly used routes for nitramine
synthesis, namely the reaction of secondary amides with nitric acid under dehydrating conditions (Eqn. 1),
where the cleavage of the N-acyl bond results in formation of the desired nitramine (I), but an acyl nitrate co-
product (IT) is also formed during the reaction (termed a nitrolysis10). The disposal of these acyl nitrates is

R\ a R\ b R\
/N—H —_— /N—(IDI— R" —— /N— NO, + O,NOCOR"
R ' R
R™ 0o I I
amine amide (R" = alkyl) nitramine acyl! nitrate
carbamate (R" = alkoxy) (R" = alkyl)

[Reagents:- a) acylating agent (eg R"COCI)
b) nitrating agent, esp. pure HNO3, NO,*BF 4 or N,Os]

awkward and also poses safety problems in certain circumstances, for instance in the synthesis of HMX from
DADNI9, A further drawback of the nitrolysis of acylamines is that cleavage of N-C bonds other than the
acyl linkage may occur, resulting in competing reaction pathways and hence lower yields and product
contamination, and in extreme cases little of the desired product may be formed (e.g. N,N-dimethylurethane
(I1I) yields ethoxy N-methyl-N-nitrocarbamate (IV) instead of N,N-dimethylnitramine20). Finally, some acyl
derivatives of polycyclic polyamines (e.g. the precursor of bicyclo-HMX, V) are completely inert to

nitrolysis2!.
HsCOG NO,
CHy CH,4 \ !
AN AN N N
N—C—-0C,H N—C—0C,H < >
YAl 2Hs Pl oHs I
CH; O o.N" O NN
O,N COCH,
11X 1v A%
Nirwate esters

The majority of the methods reported? for the synthesis of this class of compounds has relied on the
use of mixed acids (HNO3-H250,) or pure nitric acid, both of which media suffer from disposal problems of
spent liquors which are unfriendly to the environment. These liquors are in some cases quite hazardous owing
to the solubility of some nitrate esters in them (e.g. triethyleneglycol dinitrate shows ca 9% vol./vol. solubility
in spent HNO3-H2S0,22), and care is required in their handling and disposal. Furthermore, the solubility of

certain nitrate esters in water can be problematic (e.g. ethyleneglycol dinitrate shows ca 4% wt./vol. solubility
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in water?3, a high figure for a covalent ester) and washing neat nitrate esters with water, as occurs in
conventional processes, can lead to product loss and excessive contamination of wastewaters.

Some methods utilising transfer nitrating agents?b.9¢ would appear to offer an escape from these
problems until it is realised that nitronium tetrafluoroborate (NO,BF,), a chemical which requires aggressive
reagents for its synthesis, is required for the preparation of these reactants, whilst more recent methods
utilising either silver salts?# or Lewis acids (e.g. BF3)25 can be ruled out on grounds of hazard and expense.
Hence currently available routes to nitrate esters are unsuitable for clean synthesis and alternatives need to be
sought.

RESULTS AND DISCUSSION

Nitramines

In an attempt to overcome the twin problems of controlling the direction of nitrolysis reactions and
forming more easily handlable co-products, the replacement of acyl functions by other readily nitrolysable
groups was considered. It was felt that these problems stemmed largely from the inertness of the nitrogen
atom towards electrophilic attack as a result of the electron-withdrawing acyl function, and therefore
employment of substituents with the opposite inductive effect, i.e. electron-donating substituents, would be
beneficial. With this rationale in mind, obvious candidate elements for consideration would be the group IV
metalloids, and it was already known that stannylamines could be nitrolysed to yield nitramines26.
Furthermore, publications in the mid-1980s had indicated that C-silyl compounds could be cleaved by
reagents such as nitronium tetrafluoroborate to yield C-nitro compounds27. However, as no reports were
known of the nitrolysis of the corresponding N-silyl compounds, silylamines (VI), this therefore seemed an
obvious class of compound to examine.

In the subsequent discussion, the N-silyl substrates are divided into three categories - i) dialkylsilyl-
amines, ii) cyclic disilylamines (including silylaziridines), and iii) silylamides, with seventeen examples in all.
The nitrodesilylation reactions of twelve silyl ethers are described later.

i) Dialkylsilylamines

The silylamines (VI) were derived from the corresponding secondary amines, formed in situ where
necessary (e.g. YIm). Reaction with dinitrogen pentoxide (N,Os) in halogenated solvents such as dichloro-
methane generated the nitramines (I) cleanly and in good to excellent yield (Eqn. 2 and Table 1). The

R

N\
N— N02
R" R’
aN a R . b I
ANH ? N= S'\_ R » nitramine
R R’ "
R
VI +
amine silylamine
ryiamt 0,NOSIR"; VI
silyl nitrate
[Reagents:- a) silylating agent (R"3SiX where X is a leaving (VIIa, R = Me)

group such as halogen, dialkylamino etc)
b) nitrating agent, esp. N,Os, also NO,BF,] 2
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reaction was found to be general for a range of alkyl substituents both on nitrogen (R & R’) and silicon (R™),
with the highest yields being obtained with trimethylsilyl derivatives (R" = CH3, see Table 1). The reaction is
applicable to cases which have proved troublesome in the past, for instance sterically hindered nitramines
such as If, and yields were in many cases improved, sometimes markedly, upon those hitherto obtained.

ii) Disilylamines and Silylaziridines

Cyclic dinitramines (Il & Im) were likewise preparable without difficulty from the corresponding
disilyl precursors. Tt is notable that the precursor to Im, N,N'-bis-(trimethylsilyl)hexahydropyrimidine (XIm,
Table 1) is derived from an unstable diamine (hexahydropyrimidine, VIII) and highlights an intrinsic
advantage of the novel nitration over other methods which require the use of the free amine, which may be
unavailable. Furthermore, the dinitramine product (Im), which contains a geminal dinitramine moiety which
is a substructural fragment found in the RDX and HMX molecules, is preparable in a yield (69%) twice that

M M

HN (_-NH PN N
VI X

reported in the hitherto best method (by nitro-denitrosation of the N,N’-dinitroso compound IX28). This hints
at the potential of this reaction, and its viability is subject only to the availability of suitable silylated
precursors; in this respect, few limitations have been encountered, one of the few groups which is
incompatible with silylating agents being the nitrile group.

The behaviour of one substrate, the N-trimethylsilylaziridine VIk29 was notable. Upon reaction with
1 mol NyOg the N-nitroaziridine X was formed in situ in ca 80% yield, and further reaction with excess of the

reagent resulted in the formation of the N,N-dinitramine-nitrate XI (Eqn. 3), which was characterised

CHj CHj ONO,
N—-SiR"3 — N=NO, —» AK/N NO,
N20s N;Os
1 mol excess
VIk X O,NOCH(CH3)CH,ONO,
)4 | (R 3

spectroscopically, the nitramine asymmetric stretching band in the i.r. being observed at 1607 cm-1, in line
with findings from other work30. The formation of the N-nitroaziridine X constitutes the second reported
synthesis of this class of compound?! and the first by direct electrophilic substitution, although a N-
nitroaziridine intermediate was postulated in earlier work on the nitration of propyleneimine by NoO532.
Also, the N,N-dinitramine-nitrate XI was contaminated with some propane-1,2-diol dinitrate (XII); such
compounds are known to be decomposition products of N,N-dinitramines33. Therefore the behaviour of this
silylamine opens the door to some novel chemistry by affording classes of compounds which are only
otherwise obtainable with extreme difficulty, and furthermore by the ring-opening nitration yields high-
energy compounds such as XI which possesses a similar oxygen balance to nitroglycerine.
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Table 1: Reactions of Silylamines with N,Os

R_n_. Rn. Yield of
1. Monosilylamines R'R2N-Si(R%),R* %‘2 T(LSP_ Nitramine
R!R2N-NO,
\%! I
I_M'"ﬁ
a  -(CHp),O(CHy),- CH; CHj 2 0+2 80
b -(CHp)s- " " 0.75 -542 81
¢ «(CHy)y- " " 0.5 Tto-1 76
d CH; CH; ! ! 0.75 -5+2 78
e C,Hs  C,H;s " " 0.75 522 84
f i-C4Hg 7 i-C4Hg " " 0.75 -5t00 87
2.25 Oto+5 37
g -(CH2),O(CHy),- " t-C4Hy
6 +5to +10 40*
h " n-C4Hg n-C4Hy 15 -5to +5 39
i " C2H5 C2H5 0.75 Oto+5 61*
J i-C4Hg" i-CqHy " " 1 Oto +5 70
k -CH,-CH(CH3)- CH; CH; 10 min. 045 %
2. Disilylamines
. / \
1 (CH3)sSi —N, N—Si(CHz)3 1 -8to0 91
m 1 -5t +5 69%*

Notes * Larger excesses of N2Os (50 and 100% resp.) used
** Mode of addition reversed (N2O5 added to silylamine)
T i-C4Hg = (CH3);CHCHy-

1 N-Niuroaziridine not isolated - reacted further in situ (see text)
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Table 2: Reactions of Silylamides with Nzgi

Rn.  Rn.  Yicldof

Starting Material Product Time Temp. _Nitramine, ]
VI tr) (O (%)
il /Me |O| /Me
n Me—C—N_ Me—C—N_ (In) 0.75 -5 79
SiMe, NO,
0O o)
° [ )=o [ )=0 a0 o3 0 80
N N
\ \
SiMea N02
O

p Me—'lil l\ll—Pr” Me—N N—Pr 0.5 -10to0 -5 75

SiMes SiMes NO, No, {Ip)
q m\ m (Iq) 0.75 -5 82
Me,Si”” \n/ SiMe; O,N” \[( “NO,
0 0

i) Silylamides

Three representative classes of acyl substrates were investigated: one amide (VIn), one carbamate
(VIo) and two ureas - VIp (acyclic) and VIq (cyclic); see Table 2. All gave the corresponding nitramine
derivatives in good yields (75-82%), which in two cases (VIn & VIo) were significant improvements upon
those obtained previously (27% and 53% respectively34). The acyclic dinitrourea (Ip) was a new compound,
prepared from the known silyl precursor VIp35, while preparation of the cyclic dinitrourea (1q), although
feasible by direct nitration of trimethylencurea (XIII) in 87% yield36 was nevertheless facilitated by the
nitrodesilylation route by the aforementioned advantages of simplified workup and absence of contaminating
by-products.

Nitrate Ester.

It was considered that O-silyl compounds, i.e. trialkylsilyl ethers (XIII), might behave analogously to
N-silyl compounds and yield nitrate ester products (XIV), gaining similar advantages to those realised in the
nitramine syntheses (Eqn. 4).

i) Acyclic silyl ethers

These silyl ethers, which share the common feature thart the silicon atom bears only one O-substituent,
were prepared from the corresponding alcohols by literature methods37. In the case of trimethylsilyl ethers,
hexamethyldisilazane was used (Eqn. 5) and this was applied to both monohydric (XIHa - ¢, g) as well as
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R N,Os R—ONO,
R—0—Si~R" ~—® XV nitrate ester
R" CH,Cl, +
XIII
silyl ether O,NOSIR"5

VIL silyl nitrate
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XIVa R = Me(CH,);CH(Et)CH,
XIVb R =Me(CH,)q

XIVe R = Me(CH,)sCHMe
XIVd R = OzNO(CHz)G

XIVe R = XVb (see Eqn. 5)
XIVE R=XVIb(" " ")

(VIIa R = Me)

dihydric (XTIId - f) examples. Derivatives with longer alkyl chains were prepared from the corresponding

silyl chlorides in the presence of an auxiliary base and a catalyst (4-(dimethylamino)pyridine, DMAP; Eqn.

6). Preparative yields were generally in the range 75 to 93%. In one case (XIIIg) a second functionality (an

aziridine ring) was present in the molecule, offering the possibility of introducing further energetic moieties

by ring-opening nitration38,

. XIlla R = Me(CH,)3CH(Et)CH,
(MeSi)oNH Me  XIIb R=Me(CHy)q
Me,SiCl 0.1 mol / XIlIe R = Me(CH,)sCHMe
R—OH —— R—0—Si-Me  XIIId R = MesSiO(CH,)g
\ XIIle R =XVa
Me XIIIf R=XVia
XIllg R = XVII
R-CH, CH,— &
R_CHZ CH2_ """""" 5
o [Sn—(CHo—
XVa R = Me;SiO XVIa R = Me,SiO
XVb R = O,NO XVIb R = O,NO XVII
R"(R"),SiCl o
Et3N or C5HsN /
Me(CH,)sCH(Et)CH,OH » Me(CH,)3CH(Et)CH, —O—Si\—R'

DMAP

XIIIh R = Me, R" = Bu
XIIli R =R"=Bu"
XIIlj R =R"=Pr

When the simple trimethylsilyl ethers XIITa-d were treated with a small excess of NyOys in dichloro-

methane, the corresponding nitrate esters XIVa-d were obtained cleanly and in high (83-92%) yield (see Eqn.

4 and Table 3, entries i) - iv)). The secondary example (XIIIc)

reacted more slowly but the ultimate yield of

nitrate ester XIVc (after 5 h at ambient temperature) was in line with the other examples. The difunctional

trimethylsilyl ethers XIIle-f gave much lower yields owing to the neopentyl situation of the sily! ether funct-

ions, which gives rise to much reduced reactivity because of steric hindrance. The remaining trimethylsilyl
ether, XIIIg, was treated with 2 mol N»Ogs to enable reaction to occur on the aziridine function as well as the

silyl ether, and a moderate (56%) yield of the known nitramine-

nitrate (DINA, XVIII) was obtained (Eqn. 7).
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N>Og (2 mol)
DN—(CHZ)ZOSiMeg —_—
CH,Cl,
XIIlg

R. W. MILLAR and S. P. PHILBIN

(O,NOCH,CH,),NNO,

XVIII

The remaining acyclic silyl ethers XIITh-j (Table 3, entries viii) - x)), which bore longer alkyl chains
(up to C,) on the silicon atom (the alcohol chain, R, was in all cases 2-ethylhexyl), in general reacted more

slowly with N7Os, mirroring the trends found in the silylamine reactions (see above). In particular, those with

branched alkyl substituents were the least reactive, and with rerz.-butyldimethyl substitution on silicon a

maximum yield of XIVa of only 35% was attained, even under forcing conditions (100 molar % excess of

Entry

1)

ii)
i)
iv)

v)

vi)
vii)
viii)
viii)a
ix)
ix)a
X)
X)a

xi)

xii)

Notes

Table 3: Reactions of Silyl Ethers with NyOs

Silyl Ether

2-ethylhexanol TMS (XIIla)
n-decanol TMS (X1IIb)
2-octanol TMS (XIIIc)
hexane-1,6-diol bis-TMS (XIIId)

2,2-(pentamethylene)-propane-
1,3-diol bis-TMS (XIIle)

3,3-bis(TMSoxymethyl)oxetane (XIIIf)

2-aziridineethanol TMS (XIlIg)
2-ethylhexanol TBDMS (XIIIh)

" n "

2-ethylhexanol tri(n-butyl) (XIIIi)

" " "

2-ethylhexanol tri(isopropyl)(X1IIj)

" "

2,2-dimethylpropane-1,3-diol
cyclic DMS (XIX)

butane-1,2-diol cyclic DMS (XX)

*  The organic extract floated on brine.

T Reaction was incomplete after 2.5 h (nmr).

(mol)

Nzgiused Rn. Temp,

Rn. Time Nitrate

Yield

°C
1.1 -5t0+8
1.1 -5t0 +8
1.1 -Sto +15
22 510 +3
5.5%  -20to +10
22 -5
22 -10to +5
1.15 -5t0+5
2.0 -5
1.1 -5
2.0 -5
1.1 -5
2.0 -5
2.2 -1010 +3
5.0 -5

** Impure product obtained, also with lower mol ratios of N,Os.

1 Nitramine-nitrate prepared, but impure.

$  Main product obtained is silyl nitrate (for structure sec text)

h
15
1.5
st
0.75
1.5

2.0
1.5
18
18
18
18
18
18
1.5

24

Ester
XIVa
XIVb
X1ve
XIvd
XIVe

XIVf
XVIII
XIVa

XXII

XX11I

%
92
87*
88
83

kK

35
561
<5
35
87
94
29
53

66
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N5Os for 18 h). These findings indicate that if, for instance, it were necessary to use a fert.-butyldimethylsilyl
ether in a synthetic strategy (e.g. as a blocking group) then the nitrate ester could not be generated efficiently
by direct reaction with NOs, and alternative strategies might have to be sought. Completing the reactivity
comparison of compounds XIIIh-j, it is apparent that the tri{n-butyl) derivative is the most reactive towards
NOs, giving similar yields to the trimethylsilyl examples (although with substantially longer reaction times),
whilst the tri-(isopropyl) derivative displays an intermediate reactivity, yielding up to 53% nitrate ester XIVa.

ii) Cyclic silyl ethers

Two compounds in this class were studied: XIX and XX. They were prepared (Eqn. 8) from the
corresponding 1,2- or 1,3-diols by reaction with dichlorodimethylsilane according to the literature39. The
products obtained upon treatment with NpOs were strongly dependent on the conditions. Thus with XIX, use
of a small excess of N7Os and a short reaction time resulted in the isolation of very little of the desired

dinitrate XXI, and the major product was the partially cleaved silyl nitrate XXII. This compound belongs to a

R R
OH Mezsiclz 0
- N XIXR=H,n=1
(CMez)n N - (CMez)n /SIM62 XX R=Et,n=0
AN OH ase —0o
R=H n=1; R=Et,n=0.
Me\ Me N2Os (2 mol) N,Os (5 mol)
ONO
02N0/>(\o’ ~ono, OQNO/Y 2
Me™ Me yxu Et
(+ some 2,2-dimethylpropanediol dinitrate, XXI) b4 1 ¢ D—— 8

class of compounds, the silyl nitrates, which have received scant attention in the literature40. It showed
interesting spectral properties whereby unusual nitrate ester bands at 1263 (symm. NO5 stretch) and 808
(ONO, group) cm™! were observed, which were at lower frequencies than those of C-nitrates by some 15 and
60 cm! respectively, presumably on account of the attachment of the heavier silicon atom in place of carbon.

On the other hand, when silyl ether XX was treated with a large (150%) excess of NoOs and allowed
to react for a protracted period, the dinitrate XXIII was obtained in useful (66%) yield (Eqn. 8). Presumably
XIX would also give a substantial yield of XXI under similar conditions, but insufficient sample remained to
test this hypothesis.
Conclusions

Therefore nitrodesilylations of silylamines and silyl ethers by N,Os afford the corresponding nitro
compounds, nitramines and nitrate esters respectively, generally in good to excellent yields. With the silyl-
amines the reaction?! is of wide applicability, and products bearing 1,3-bis-(N-nitro) functions are accessible
such as Im. This result augurs well for the extension of the method to polynitramines such as RDX. The
conditions necessary to effect the cleavage of the N-Si bond are much milder than, for instance, those required
to cleave N-acyl substrates (i.e. amides) and suggest applications in those areas where cleavage of acetamides
has failed to yield nitramine products, e.g. polycyclic nitramines such as bicyclo-HMX21,
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Likewise the reaction of silyl ethers with N,Os is a viable means of synthesising nitrate esters,
particularly when the alkyl silicon substituents possess short or unbranched chains (particularly methyl), and
yields in excess of 90% can be realised. However, when these substituents are branched chains the yields are
lower, and with ferz.-butyl derivatives the yield is only acceptable under forcing conditions. Therefore the use
of short chain derivatives is preferable. Also the silyl ethers differ from the silylamines, where reactivities
were in general higher, even on electron-deficient functions such as amides. The reactivity trends are in line
with the difference in basicity of these elements resulting from the relative availability of the electrons in their
respective lone pairs to participate in bonding. Thus the nitrogen lone pair is loosely bound and hence can
readily form a sigma bond on approach of an electrophile such as the nitronium ion (which exists in NoOg
solutions under laboratory conditions42). On the other hand, the more tightly bound lone pairs on oxygen are
more reluctant to do so, resulting in lower reactivities with this class of compound, in agreement with
experimental observation.

The by-product from the nitration reaction, the volatile silyl nitrate (CH4)3SiONO, (VII, R” = CHj,
Eqns. 2 & 4), is a nitrating agent in its own right - for instance it can convert toluene to dinitrotoluene43, and
it showed potential for recycling (see Experimental, "Reactions of Silyl Ethers"). The formation of silyl
nitrates such as VII is also preferable to the acidic by-products (viz. BF3 or HBF,) which would arise from
the corresponding reactions with NO,BF,. Furthermore the non-acidic reaction medium is suitable for
applications involving acid-sensitive substrates hitherto precluded from study in conventional nitration media.

Finally, it should be emphasised that this approach to nitramines and nitrate esters comprises a novel
alternative to methods employing strong mineral acids, and, once fully developed, will overcome many of the
problems inherent in the latter concerning the disposal of waste acid liquors. Nitrodesilylation methodologies
such as those described here are well placed to meet new environmental legislation44, and offer the
opportunity to solve many of the problems inherent in the clean manufacture of energetic ingredients for
munitions applications.
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EXPERIMENTAL

1. Mazeri ratus

Silylamines VIa, VIc, VId & VIe were purchased from Aldrich Chemical Co, and silylamides VIn
and VIo from Fluka Chemicals. The remaining silylamines were prepared as follows:- n-alkylsilylamines
derived from strong bases by direct reaction with chlorotrimethylsilane in the presence of a proton acceptor
(triethylamine), either as described in the literature: VIb45, VII46, or by modified literature methods: VIh and
VIi. Trimethylsilylamines derived from weaker bases, or silylamines bearing branched alkyl substituents on
Si were prepared by lithiating the amine using n-butyllithium prior to reaction with the chlorosilane47:48: VI,
VIg and VIj. The N-silylaziridine VIk was prepared by the reaction of propyleneimine with chlorotrimethyl-
silane in n-pentane?9. Physical data of these materials are as follows: VIf: b.pt. 72°C/10 mm; 'H nmr, &:
-0.05 (5,9); 0.75 (d,12); 1.70 (sp,2); 2.45 (d,4) ppm; i.I. vipax (liquid film): 1468 (m), 1386 (m), 1367 (m),
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1318 (w), 1260 (m), 1248 (s) cm-1; VIg: b.pt. 120-130°C/15 mm; 1H nmr, 8: 0.05 (s,6); 0.90 (5,9); 2.91 (1,4),
3.55 (t,4); i.1. Vpax (liquid film): 1471 (w), 1386 (m), 1372 (m), 1258 (s), 1159 (m), 1258 (s) cm-1; VIh: b.pt.
160-163°C/9 mm; H nmr, §: 1.1 (m,29); 2.83 (1,4); 3.55 (t,4) ppm; 1.r. Vimax (liquid film): 1457 (w), 1374
(m), 1255 (m), 1160 (w), 1116 (s), 1080 (m) cm-1; VIi: b.pt. 155-160°C/ 47 mm; H nmir, &: 0.6 (m,15); 2.80
(t,4); 3.50 (1,4); i.r. Viay (liquid film): 1456 (w), 1371 (w), 1256 (m), 1161 (m), 1115 (s) cm-1; VIj: b.pt. 125-
130°C/ 1.5 mm; H nmr, 8: 0.8 (m,27); 1.72 (sp,2); 2.45 (d,4); i.r. Vi« (liquid film): 1466 (m), 1385 (m),
1366 (w), 1163 (m), 1029 (s) cm-1.

The remaining silylamine (VIm) was prepared by the following novel procedure: hexahydropyrimid-
ine (3.0 g) in anhydrous ether solution (150 ml), prepared as described in the literature#?, to which triethyl-
amine (7.05 g) had been added, was treated with chlorotrimethylsilane (7.6 g) at 15 to 20°C - further anhyd.
ether was added to facilitate stirring. After 20 min. at this temperature, the mixture was filtered and concen-
trated (Rotavapor) to give a cloudy oil which was distilled (GKR) to give a mobile oil (1.9 g), b.pt. 90-5°C/ 3
mm). A second batch distilled on the Spaltrohr had b.pt. 80-2°C/ 6.5 mm; !H nmr, 8: 0.05 (s,18); 1.31 (m,2);
2.97 (1,4); 3.92 (s,2) ppm; i.1. Vg (liquid film): 1452 (m), 1385 (m), 1365 (m), 1250 (s), 1200 (m) cm-1.

Silylamide VIp was prepared by modified literature procedure from n-propyl isocyanate and
heptamethyldisilazane35; VIq was prepared by silylation of the trimethyleneurea using N-trimethylsilyl-
trifluoroacetamide as follows:- N,N’-Trimethyleneurea (3,4,5,6-tetrahydro-2(/ H)-pyrimidinone) (5.80 g, 50
mmol) and N-methyl-N-(rimethylsilyl)trifluoroacetamide (24.9 g, 125 mmol) in acetonitrile (30 ml, dried
over 4A molecular sieve) were heated under reflux for 18 hr under an atmosphere of dry nitrogen. The
mixture was cooled and, after removal of the solvent under reduced pressure, bulb-to-bulb distillation of the
residue gave a fore-run of N-methyltrifluoroacetamide, b.pt. <100°C/ 1.0 mm, followed by the main fraction,
b.pt. 110-120°C/ 0.8 mm, 3.0 g (22%), identified as N,N’-bis(trimethylsilyl)-N,N’-trimethyleneurea from its
1H nmr spectrum and m.pt of 78-79°C (1it.30 m.pt. 78-80°C); 1H nmr, 8: 0.20 (s,18); 1.70 (m,2); 3.15 (1,4)
ppm; 1.1 Vi, (liquid film): 1692, 1666, 1438, 1306, 1249, 845 cm-1.

The following trimethylsilyl ethers were prepared37 by treatment of the corresponding alcohol with
hexamethyldisilazane [HMDS] with a trace of chlorotrimethylsilane [CTMS] as follows:-
2-Ethylhexanol, n-decanol and 2-octanol: A mixture of the alcohol (0.2 mol) and HMDS (0.11 mol), to which
a few drops of CTMS had been added, was heated with stirring in an oil bath in a RB flask equipped with an
air condenser, initially at 60 to 65°C. The temperature was raised progressively to 150°C over 2-3 h
(evolution of ammonia noted - moist indicator paper check) and the reaction was held at this temperature
overnight, or until no further ammonia could be detected. The product was then distilled, either bulb-to-bulb
on a Biichi Kugelrohr GKR 50 (#) or by fractionation (Fisher Spaltrohr HMS 300 (§) or 10 cm Vigreux
column (1)), to give the pure silyl ether. Thus prepared were:- i) 2-ethylhexanol trimethylsilyl ether (XIIIa),
b.pt.(1) 88-89°C/ 20 mm (85%); 'H nmr, 8: 0.20(s,9); 1.00(t,6); 1.35(m,8); 3.5(m,2); Vipax (ig. film): 2959(s),
2930(s), 2867(s), 1462(m), 1382(m), 1251(s), 1092(s), 878(s), 841(s), 746(m) cm-}; ii) n-decanol trimethyl-
silyl ether (XIIIb), b.pt. (#) 164°C/ 90 mm (75%); 'H nmr, 8: 0.20(s,9); 0.95(1,3); 1.32(brs,16); 3.60(t,2);
Vimax (lig. film): 2956(s), 2926(s), 2855(s), 1467(m), 1384(m), 1250(s), 1100(s), 841(s), 746(m) cm-1; iii) 2-
octanol trimethylsilyl ether (XIHe), b.pt. (1) 95-99°C/ 30 mm (74%); 'H nm, 8: 0.15(s,9); 0.85(m,3);
1.00(d,3); 1.2(m,10); 3.65(m,1); lit.31: (CDCl3) 0.10(s,9); 0.88(t,3); 1.13(d,3); 1.18-1.50(m,10); 3.75(m,1);
Vinax (lig. film): 2958(s), 2928(s), 2859(s), 1459(m), 1374(m), 1250(s), 1084(m), 841(s), 747(m) cm-1,
Hexane-1,6-diol, 2,2-(pentamethylene)propane-1,3-diol>2 and 3,3-bis(hydroxymethyl)oxetaneS3 were treated
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as above, but using 0.10 mol diol and 0.11 mol HMDS (with CTMS). Thus prepared were iv) hexane-1,6-diol
bis(trimethylsilyl) ether (XIIId), b.pt. (#) 165-170°C/ 15 mm (93%); 'H nmr, 8: 0.15(s,18); 1.45(m,8);
3.60(t,4); Vinax (lig. film): 2938(s), 2861(s), 1385(m), 1251(s), 1096(s), 1036(m), 873(s), 841(s), 747(m) cm};
v) 2,2-(pentamethylene)propane-1,3-diol bis(trimethylsilyl) ether (XIIIe), b.pt. (§) 103.5-104°C/ 4.5 mm
(85%); purity (by 'H nmr) ca 90%; 'H nmr, &: 0.0(s,18); 1.3(brs,10); 3.30(s,4); Vmax (liq. film): 2955(s),
2930(s), 2859(s), 1460(m), 1250(s),1086(s), 885(s), 841(s), 747(m) cm-1; and vi) 3,3-bis(trimethylsilyloxy-
methyl)oxetane (XIIIf), b.pt. (#) 135-150°C/ 10 mm (60%); 'H nmr, 8: 0.30(s,18); 3.85(s,4); 4.50(5,4); Vmax
(lig. film): 1252(s), 1085(s), 870(s), 841(s) cm~!.

Long-chain silyl ethers37: 2-ethylhexanol zert.-butyldimethylsilyl ether (XIITh), b.pt. (#) 120°C/ 8mm
(89%); H nmr, 8: -0.05(s,6); 0.75(brs,5); 0.80(s,9); 1.2(brs, 10); 3.40(brs,2); Viax (liq. film): 2958(s),
2929(s), 2858(s), 1472(m), 1463(m), 1384(m), 1255(s), 1095(s), 850(s), 836(s), 774(s) cm-1; 2-ethylhexanol
tri-(n-butyl)silyl ether (XII¥i): b.pt. (#) 160-180°C/ 0.5 mm; 'H nmr, §: 0.5-1.6(m,42); 3.5(br.s,2); Vmax {liq.
film): 1092 cm1; 2-ethylhexanol tri-(isopropyl)silyl ether (XIIIj): b.pt. (#) 160-180°C/ 0.5 mm; 1H nmir, &:
1.0-1.7(m,36); 3.5(br.s,2).

N20s was prepared by ozonation of N2Oy as described previousty34 and stored at -70°C before use.
Dichloromethane was dried by passage through a column of chromatographic silica gel (BDH) before use.

1H nmr spectra were recorded on a Varian Associates EM 360A nmr spectrometer equipped with an
EM3630 homonuclear lock-decoupler operating at 60 MHz. Chemical shifts are reported in ppm downfield
from TMS used as an internal standard, and the solvent used was CDCl3 unless otherwise indicated. Infra-red
spectral measurements were carried out using a Nicolet 55X FTIR spectrometer equipped with a DTGS
detector. Melting points were determined in open capillaries on a Biichi 510 apparatus and are uncorrected.

CAUTION: All reactions utilising N»Og were carried out in armoured cupboards.

2.N 2 o iN itrations
General method: Silylamines VIa-j and VII &m

The silylamine (20 mmol) was dissolved in dichloromethane (10-15 ml) and added dropwise with
stirring and cooling (at -5+2°C) to a selution of N2Os (22 mmol) in the same solvent (20-40 ml) [disilyl-
amines VIl and VIm were reacted with 44 mmol N7Os]. After addition was complete the mixture was stirred
for the period shown at the temperature shown in Table 1. The reaction mixture was then drowned in
saturated NaHCOj3 solution (30-40 ml) and the organic layer separated. The aqueous layer was extracted with
dichloromethane and the combined extracts were washed further with saturated sodium bicarbonate solution,
dried over anhydrous MgSQy4 and evaporated under water-pump vacuum below 30°C. The nitramine
products, la-m, were collected and characterised by m.pt., L.r. and nmr spectra; the majority were isolated as
colourless solids (after trituration (ethanol) if necessary), except for Ib and Ie which were oils. In the case of
Ia, the m.pt. of the product (N-nitromorpholine) was not depressed on admixture with an authentic sample,
prepared from morpholine and N2Os by the method of Emmons er all2. In certain cases (VIg, VIi and VIm),
larger excesses of N2Os (100, 50 and 100% resp.) were used, and owing to the instability of nitramine Im to
acid, the mode of addition of the reagents was reversed, otherwise a highly impure product was obtained.

Thus prepared were the following: N-nitromorpholine (Ia), m.pt. 50-51°C (lit.12 50-52°C); 1H nrur, &:
3.80 (s) ppmy; i.r. vy, (mull): 1524, 1512 (-NO7 asymm.), 1315, 1254 (-NO3 symm.) cm-1; N-nitropiperidine
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(Ib), oil, !H nmr, 8: 1.65 (m,6), 3.85 (m,4) ppm; i.r. Vmax (1ig. film): 1514 (-NO7 asymm.), 1329, 1279, 1242
(-NO7 symm.) cm-1; N-nitropyrrolidine (Ie), m.pt. 55.5-56.5°C (lit.35:12 56°C, 58-59°C resp.); 'H nmir, &:
2.00 (m,4), 3.70 (m,4) ppm; 1.I. Vppay (mull): 1500 (-NO7 asymm.), 1307, 1280 (-NO3 symm.) cm-1;
dimethylnitramine (Id), m.pt. 54.5-55°C (lit.56 58°C); 'H nmr, &: 3.43 (m) ppm; i.T. Vjpax (mull): 1500, 1450
(-NO7 asymm.), 1333, 1290, 1260 (-NO7 symm.) cm-1; diethylnitramine (le), oil, 1H nmr, &: 1.25 (1,6), 3.80
(gr,4) ppm; 1.r. vipax (iq. film): 1509, 1470 (-NO3 asymm.), 1377, 1282 (-NO7 symm.) cm-1; di-
isobutylnitramine (If), m.pt. 79-80°C (1it.57:58 76-77°C, 81.5-82.5°C resp.); 'H nmr, 8: 0.85 (d,6), 2.20 (sp,1),
3.53 (s,2) ppm; i.1. Vipay (mull): 1526, 1492, 1462 (-NO; asymm.), 1327, 1270 (-NO2 symm.) cm-1; N)N'-
dinitropiperazine (Il), m.pt. 202°C(dec.) (1it.38 215°C); 1H nmr, §(Dg-DMSO): 4.03 (s) ppm; i.r. Vpax (mull):
1545 (-NOj asymm.), 1335, 1285, 1241 (-NO7 symm.) cm-1; N,N'-dinitrohexahydropyrimidine (Im), m.pt.
82-83°C (lit.28 84°C); 'H nmr, &: 1.92 (m,2), 3.95 (1,4), 5.75 (s,2) ppm; i.T. Vipax (mull): 1556, 1538 (-NO2
asymm.), 1275 (-NO7 symm.) cm-1.

Preparation of 1-(N,N-dinitraming)propan-2-ol nitrate (XI)

N-(Trimethylsilyl)propyleneimine (VIKk) (2.32 g, 18.0 mmol) in dichloromethane (6 ml) was added
over 12 min. at -15°C to a solution of N2Os (2.0 g, 18.5 mmol) in the same solvent (ca 10 ml). The resulting
mixture was stirred for 10 min. whilst allowing to warm to 0°C (yellow colour develops), then it was pipetted
rapidly into a solution containing excess N2Os (5.0 g, 46.3 mmol) in dichloromethane (ca 15 ml) and the
mixture was monitored by HPLC (RP18 column, acetonitrile-water 60:40 v/v eluant, monitor at 210 nm) for
disappearance of the N-nitroaziridine. After ca 90 min. at 0+5°C the N-nitroaziridine peak (shortest retention
time) had reached a minimum and the peak assigned as the N,N-dinitramine (longest retention time, Ayax ca
240 nm) had reached a maximum relative to the propane- 1,2-diol dinitrate which was also present in the
mixture (intermediate retention time).

The mixture was worked up in the usual manner (wash with saturated sodium bicarbonate solution,
dry over anhydrous MgSQ4 and evaporate) to give an oil (2.25 g, 62%) which comprised 1-(N,N-dinitr-
amino)propan-2-ol nitrate (XI), v, (liquid film) 1647 (-ONO; asymm.), 1607 (-N(NO2)2 asymm.), 1274
(-ONO7 symm.), 1244 (-N(NO2)2 symm.), 850 (-ONO»), 815 (-N(NO;);) cm-1 in admixture with propane-
1,2-diol dinitrate (XII).

Reactions of silylamides VIn-

The silylamide (20 mmol) was dissolved in dichloromethane (10-15 ml) and added dropwise with
stirring and cooling (at -5+2°C) to a solution of N2Os (22 mmol) in the same solvent (20-40 ml) [disilyl-
amides VIp and VIq were reacted with 44 mmol N2Os]. After addition was complete the mixture was stirred
for the period shown at the temperature shown in Table 2. The reaction mixture was then worked up as
described above.

Thus prepared were: N-nitro-N-methylacetamide (In), oil, 1H nmr, 8: 2.68 (s,3), 3.60 (s,3) ppm,
8(CCly): 2.61 (5,3), 3.55 (5,3) ppm (1it. 34 §(CCly): 2.43, 3.31 ppm); i.T. Viax (lig. film): 1721 (CO), 1569 (-
NO; asymm.), 1239 (-NO; symm.) cm-! (lit.34 CCly soln.: 1720, 1575 cm-1); N-nitro-1,3-oxazolidin-2-one
(o), m.pt. 106.5-107°C (1it.34 108-109.5°C); 'H nmr, 8: 4.42 (s) ppm; i.r. Ve, (mull): 1786 (CO), 1554 (-
NOj asymm.), 1282 (-NO7 symm.) cm-1; N,N'-dinitro-N-methyl-N'-(n-propyl)urea (Ip), oil, 1Y nror, &: 0.98
(t,3), 1.67 (m,2), 3.69 (s,3), 4.08 (1,2) ppm; i.r. Vi (liq. film): 1723 (CO), 1590 (-NO2 asymm.), 1287 (-NO;
symm.) cm-1; N ,N'-dinitro-N,N'-(trimethylene)urea (1,3-dinitro-3,4,5,6-tetrahydro-2(/ H)-pyrimidinone, 1q),
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m.pt. 118°C(dec.) (1it.36 121-122°C); 'H nmr, 8: 2.35 (m,2), 4.18 (t,4) ppm; i.T. Vipay (mull): 1753 (CO), 1571
(-NO7 asymm.), 1266 (-NO7 symm.) cm-1,

Reactions of Silyl Ethers

The silyl ether (20 mmol) dissolved in dry dichloromethane (ca 10 ml) was added dropwise over 10-
15 min. to a solution of N5Os in the same solvent (20-25 ml). Quantities of NoOs used, and temperatures and
times of reactions are shown in Table 3. After the appropriate reaction time, the mixture was worked up by
washing with saturated sodium hydrogen carbonate solution (ca 50 ml), with addition of further solid sodium
hydrogen carbonate if necessary, followed by washing with saturated brine. The organic extract (washed out
with further dichloromethane (15-20 ml)) was then dried over anhydrous magnesium sulphate, and finally the
solvent was removed on a Rotavapor to yield the nitrate ester product, which was characterised
spectroscopically and, in some cases, by HPLC.

The HPLC analyses employed an internal standard method based on the response of the nitrate ester vs
di-(n-pentyl)phthalate. A calibration curve was produced from three different concentrations of an authentic
sample of the nitrate ester, and using quadratic curve fitting it was possible to calculate sample purities and
hence percentage yields based on the HPLC analyses.

Thus prepared were: 2-ethylhexanol nitrate (XIVa); TH nmr, §: 0.90(t,6); 1.3(m,8); 4.30(d,2); Vmax
(lig. film) 1632(NO; as.), 1279(NO; s.), 867 (ONO» gp.) c¢m-!; n-decanol nitrate (XIVb); 1H nmr, 8:
0.90(1,3); 1.3(brs,16); 4.45(1,2); Vimax (lig. film) 1632(NO, as.), 1280(NO; s.), 864 (ONO, gp.) cm'; 2-
octanol nitrate (XIVe); H nmr, 8: 0.80(m,3); 1.35(m,13); 5.05(gr,1); Viax (lig. film) 1625(NO; as.),
1279(NO;, s.), 876(ONO; gp.) cm-1; hexane-1,6-diol dinitrate (XIVd); 'H nmr, 8: 0.15(s,18); 1.45(m,8);
3.60(t,4); Vinax (liq. film) 1632(NO; as.), 1280(NO; s.), 872 (ONO; gp.) cml; 2,2-(pentamethylene)propane-
1,3-diol dinitrate (XIVe); 'H nmr, 8: 1.53(br.s,10); 4.43(s,4); V.« (liq. film) 1638(NO; as.), 1277 (NO; s.),
867(ONO; gp.) cmr-l; 3,3-bis(nitratomethyl)oxetane (XIVF); 1H nmr, 8: 4.65(s,4); 4.85(s,4); Vyax (lig. film)
1644, 1278, 867 cm}; DINA (XVIIL); 'H nmr, 8: 4.13(1,4); 4.76(1,4); Vinax (mull) 1638(NO;, as., n.ester),
1523(NO; as., nitramine), 1283(NO; s.) cmrt: 2,2-dimethylpropane-1,3-diol dinitrate (XXI); 'H nmr, 8
1.10(s,6); 4.28(5,4); Viax (liq. film) 1636(NO; as.), 1278(NO; s.), 866(0ONO; gp.) cml; silyl nitrate (XXII);
1H nmr, 8: 0.05(s,6); 0.95(s,6); 3.40(d,2); 4.28(d,2); Viqax (lig. film) 1632(NO; as.), 1279(NO, s.);1263(NO;
5.), 872, 808 (ONO, gp.) cm]; butane-1,2-diol dinitrate (XXIII); TH nmr, §: 0.5-0.8(m,2); 1.0(m,3); 4.3(m,2);
4.5(m, 1); Viayx (lig. film) 1640(NO; as.), 1270(NO; s.) enrl,

In the case of one trimethylsilyl ether (XIIIa), the formation of trimethylsilyl nitrate (VIIa) as a by-
product and its partial recovery were demonstrated as follows:- the reaction was carried out as described
above, except in CDCl5 instead of CH,Cly. The reaction mixture, prior to the sodium hydrogen carbonate
quench, was examined by solution i.r. (CDCl3) and an additional nitrate ester peak was observed at 1602
cmr!. The CDCl3 was carefully distilled off on a Rotavapor, ensuring that the vacuum did not exceed 150
mm (water bath temp. 40°C). The distillate was examined by solution i.r. and HPLC (RP18 column, 50:50
MeCN-water), which showed that a small amount of VIIa had been evaporated off; distillation of the product
mixture on a GKR at 150 mm and 80°C yielded further VIIa as a colourless liquid, v,y (CDCl3 soln.) 1600
(NOj as.), 1295 (NO5 s.) crol; 1t 400 v (lig. film) 1600 (NO; as.), 1300 (NO; s.), which had a HPLC
retention time identical to that of an authentic sample prepared as described in the literature®%b. Approx-
imately 40% of the theoretical amount of trimethylsilyl nitrate was recovered in this way.
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