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Abstract

Chapter one reviews the literature relating to terpene-phosphorus
chemistry. Topics include a summary of the phosphorus chemistry of the
monoterpenes and terpenoids camphor, menthol, camphene and pinene. A
general discussion on terpene-phosphines and terpene-phosphonates is also

included.

Chapter two of this thesis describes the chemistry of the camphene-
derived phosphinic acids, 8-camphanylphosphinic acid [C1oH17P(O)(H)(OH)
1] (2,2-dimethylbicyclo[2.2.1] hept-3-ylmethylphosphinic acid) and 8-
camphanyl-(phenyl)phosphinic acid [C10H17P(O)(Ph)(OH) 3], which are
formed by the radical-catalysed addition of hypophosphorous acid [H3POy]
and phenylphosphinic acid [PhPOoH;] to camphene. Reaction conditions
which optimise the yield of 1 have been investigated along with the detailed

characterisation by single crystal X-ray studies,

ESMS and one- and two-dimensional NMR

0 studies. The attempted preparation of chiral 1
P{{.. starting from (R)-(+)-camphene yields only

1 X= OH _ .
3  X=Ph k racemic material, the result of the acid-
14 X=OH X

catalysed racemisation of camphene prior to

{ }=CooHyy the reaction with H3PO;. Methylation of the
phosphinic acids 1 and 3 with diazomethane yields the methyl esters 6
[C10H17P(O)(H)(OMe)] and 7 [C10H17P(O)(Ph)(OMe)]. These methyl esters
have been fully characterised by NMR and GCMS. 1 reacts with
paraformaldehyde to form the hydroxymethylphosphinic acid 9
[C1oH17P(O)(OH)(CH20H)] and with a formaldehyde/dimethylamine
mixture to form 10 [(C1oH17P(O)(OH)-(CHoNHMep))Cl]l. The oxidative
chlorination of 1 and 3 with thionyl chloride [using a pyridine catalyst]
yields the acid chlorides 11 [C10H17P(O)Clz] and 12 [C19H17P(O)(Ph)Cl].

The reaction of 1 with calcium nitrate and excess urea (for pH control)
for 5 days yields polymeric calcium salt 13 [(Ca(C1oH17PO2H)2(C10H17PO2H)-



iii
(H20))n] on the basis of a single crystal X-ray study. The dominance of the
bulky camphanyl groups, which form a coherent, essentially 'close-packed'
hydrocarbon sheath around the central hydrophilic inorganic Ca/O/P core

give the appearance of individual chains resembling 'insulated wire'.

Chapter three describes the synthesis and subsequent derivatisation of
the camphene-derived phosphonic acid 14 [CioHj7P(O)(OH);]. The
formation of 14 via both the oxidation of 1 and the hjdrolysis of 11
[C10H17P(O)Cl7] (in mild conditions), are investigated. 14 is characterised in
detail by single crystal X-ray studies and one- and two-dimensional NMR
studies. The treatment of 14 with diazomethane yields the methyl ester 15
[C10H17P(O)(OMe),].

Also included in Chapter 3 is the reaction of an excess of silver oxide
with equimolar quantities of the platinum dichloride complexes cis-[PtClaL;]
[L=PPh3z, PPhMey; Lo=DPPE] {DPPE=1,2-bis(diphenylphosphane)ethane} and

Cyotr7 (e) L 14. The Pt(II) complexes 16, 17 and 18,
\P/ \Pt/ [P{OP(O)(C10H17)O(L)2}  L=PPhs, = PPhMey;

O// \O / \L Lp=DPPE], which are formed in moderate yields,

are characterised in detail by 3P, IH and 13C

NMR spectroscopy. The analogous palladium chemistry of 14 is non-

selective, forming a large number of unidentifiable products.

Chapter four describes the formation of the phosphines 20
[C10H17PH3], 23 [C1oH17P(CH20H);] and their derivatives. The reaction of
phosphonic dichloride 11 [C19H17P(O)Clz] with lithium aluminium hydride
does not afford the free phosphine but a metal-phosphine adduct of 8-
camphanylphosphine. However when 1 is heated to 140°C under vacuum
[05 mm Hg] 1 disproportionates to yield 8-camphanylphosphine 20
[C1oH17PH]  which, when treated with aqueous hydrochloric
acid/formaldehyde, affords an air-stable tris(hydroxymethyl)phosphonium
chloride 22 [(C1oH17P(CH,OH)3)Cl]. 22 is the first tris(hydroxymethyl)phos-
phonium salt to date to be subjected to a crystallographic study.
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The treatment of 22 with equimolar amounts of either potassium

hydroxide or triethylamine affords the bis(hydroxymethyl)phosphine 23
[C10H17P(CH2O0H);]. The subsequent addition of an excess of sulfur or
selenium yields the phosphine sulfide 24 [C1gH17P(S)(CH2OH);] and the
phosphine selenide 25 [C19H17P(Se)(CH20OH)2]. The controlled oxidation of
23 with hydrogen peroxide gives the bis(hydroxymethyl)phosphine oxide 26
[C10H17P(O)(CH,OH),]-

The treatment of 23 with CODPtCl; {COD = 1, 5 cyclooctadiene}
directly = precipitates the  platinum  dichloride  complex 27
[(C10H17P(CH20H),)oPtCly]  while the gold(I) chloride complex 28
[C10H17P(CH20OH)2AuCl] is precipitated by the action of tetrahydrothiophene
gold(I) chloride upon 23. Hydroxymethylphosphine 23 and its derivatives
[24-28] have been fully characterised by NMR spectroscopy and ESMS.

Included in Chapter four is an investigation of the gas phase
decomposition of 20 by Berrigan and Russell at Auckland University. Aided
by the use of I.R. Laser Powered Homogeneous Pyrolysis, results indicate
that phosphine is firstly eliminated followed by the rearrangement and
decomposition of camphene through two distinct pathways.

Chapter five describes the formation of uranyl nitrate complexes of
the camphene-derived phosphorylic ligands 15, 7 and 29 [the synthesis of 29
[C10H17P(O)Phy] is also described therein]. The spontaneous evaporation of
methanolic solutions containing uranyl(VI) nitrate and these monodentate
ligands yield the wuranyl(VI) nitrate complexes UO2(NOs)Ly [30 L=
C10H17P(O)(OMe)2], [31 L= C10H17P(O)(Ph)(OMe)] and [32 L= C1oH17P(O)Phy].
The uranyl(VI) nitrate complex [UO(NO3)2{C10H17P(O)(OMe)2)2] (30) has
been subjected to a single crystal X-ray study. The structure determination
was not straightforward, largely as a result of the combination of a dominant

scattering atom (uranium) and substantial disorder of the camphanyl

groups.
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Chapter One

Terpene-phosphorus chemistry

1.1 Introduction

In the strictest sense, terpenes are the volatile aromatic hydrocarbons
of the empirical formula CjgHig. In a wider sense the term includes
sesquiterpenes, Cy5Hpg4, diterpenes, CooHzsp, and higher polymers. In a still
looser sense the term includes various oxygen-containing compounds
derived from the terpene hydrocarbons, such as alcohols, ketones and
camphors. Terpenes are readily obtained from many varieties of vegetable
life'. Their highly characteristic and usually pleasant odours means
terpenes, natural and synthetic, are readily employed in the perfumery
industry as important constituents of most odorants’. Many of them, for
example the constituents of eucalyptus oils [menthol and camphor], and
limonene, which has been shown to prevent carcinogen-induced mammary
cancer?, are of pharmaceutical importance.

Monoterpenes are also an attractive source of chirality, since they
occur naturally in high enantiomeric purities and are inexpensive. A range
of chiral auxiliaries have been derived from monoterpenes® and their
oxygenated congeners, such as camphor (see Figure 1.1). Although the steric
bulk of terpenes is advantageous, the lack of appropriate functional groups
may possibly be the reason why only two monoterpenes have been used
extensively for types of chiral auxiliaries: camphor, where additional
functional groups must be introduced, and menthol, where the hydroxy
group is replaced in order to obtain suitable ligands. Both terpenes are the
starting point for several families of highly effective ligands. Their
chemistry relevant to this thesis is discussed in detail in sections 1.2 and 1.3.

WA ® s

N\

menthol camphor a-pinene B-pinene

Figure 1.1: Structures of naturally-occurring monoterpenes.
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The best-studied terpene-based chiral reagents are the versatile
organoboranes developed by Brown over the last two decades®. Of the five
reagents which are extensively used in asymmetric reduction the pinene-
derived borane diisopinocampheylchloroborane [DIP-Chloride™] has
proved to be a good chiral auxiliary.

Somewhat surprisingly, relatively little work has been carried out on
organophosphorus derivatives of terpenes, and much of this work has been
largely restricted to menthyl-phosphorus compounds. A review of the

chemistry of terpene-containing organophosphorus compounds is presented
within this chapter.

1.2 Menthyl-phosphorus chemistry

The organophosphorus chemistry of the chiral menthyl group [refer
to Figure 1.1] is by far the most extensive of the monoterpenes. The
structural diversity of menthyl-containing phosphorus compounds is clearly
illustrated in Figure 1.2 where a series of tri- and tetra-coordinate
phosphorus compounds have been synthesised”.

X X X
Il I Il
L—P—Y L—ll’— Cl L—ll’—L
Z cl C1
X=:0,S X=1:0,5 X=1:0,5
Y, Z=Cl, alkyl, aryl, L, D
X X X
I Il Il
L— II’—R L—1|>—D L—li’-—R
Cl Cl R
X=:0,S X=:0,5 X=:0,S5
R = alkyl, aryl R = alky], aryl
: = lone pair of electrons

L = (-)-menthyl group
D = (+)-menthyl group

Figure 1.2: Menthyl-derived phosphorus compounds.

Outlined in Schemes 1.1 and 1.2 are the elaborate reaction sequences
and equations employed to synthesise (-)-menthylphosphonic acid®, a
phosphonic acid [R-P(O)(OH);] containing the bulky chiral menthyl group.
This is particularly relevant to the research discussed within chapter three of
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this thesis where the synthesis and derivatisation of the analogous
camphene-derived phosphonic acid, 8-camphanylphosphonic acid, is
investigated.

Eqn (iv) Eqn (v) Eqn (vi) Eqn (vii)
L-PCl,

LOH =™ LCl ——> 01 —> —— LFPF,

Ean (i
q“\(k Eqn (i) Eqn (viii) 1
L-OSiMe; —> LF
LP(O)F,
jPF lEqn (ix)
! Eqn (x)

LP(O)(OH), <«——— LP(O)(F)OH
phosphonic acid
Scheme 1.1: Reaction sequences of organophosphorus derivatives
containing the menthyl group. Refer to Scheme 1.2 for reaction equation
details.

(i) L-OH + MesSiCl > L-OSiMe,
(ii) L-OSiMe; + CgHsPF, > L-F
(i) L-F + PF3 + catCgHsPFy ———— L-PF, (+NPFy
conc HCI
(ivi L-OH + ZnCl, > LQl
(v) LC1 + Mg turnings »  L-MgCl
(vi) L-MgCl + PCl, —— L-PCl, + MgCl,
(vii) 3LPCl, + 4AsF, ———»  3LPFy + 2As + 2AsCh
(viii) two possible routes
[a] LPFy + [MesSi,0 ——— > LP(O)F, + 2Me,SiF
[b] LPF, + H,O > LP(O)F, + 2HF
(ix) LP(O)F, + H,O —_— LP(O)FYOH + HF
(x) LPOYFOH + Hy)0 I LP(O)OH), + HF
phosphonic acid

Scheme 1.2: Reaction schemes of menthyl-derived phosphorus compounds.
Refer to scheme 1.1 for details of reaction sequences.

The coordination of dimenthylphosphine [HPL; where L= menthyl

group], which is synthesised by the reduction of chlorodimenthylphosphine
[LoPCl] with LiAlHg, with [(m3-CsHs)Fe(CO)2]o has been studied’. Results
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indicate that the hydrido-phosphido-bridged complex [(n5-CsHs)zFea(u-H)(u-
PL2)(CO)2 where L= menthyl group] is formed.

1.3 Camphor-phosphorus chemistry

As mentioned previously in section 1.1, the need to introduce
functional groups in addition to the keto group already present in camphor
has been pivotal in the development of camphor-based compounds. It is
now well known that camphor can be stereospecifically transformed into a
wide variety of its derivatives.’,r’ One such example is the well established
mono- and di-bromocamphor family of compounds. The following
examples are those which incorporate the use of bromocamphor derivatives
to obtain organophosphorus compounds containing the camphor moiety.

The reactions of (+)-8- and (+)-9-bromocamphors with some
nucleophiles have been studied®. The reaction of (+)-9-bromocamphor with
PhoPLi proceeds under mild conditions and yields, after hydrolysis, 9-
diphenylphosphanylcamphor (see Scheme 1.3). The subsequent oxidation of
9-diphenylphosphanylcamphor to a phosphine oxide allows the conversion,
by reduction with LiAlHy, of the keto group to the hydroxy group.

Br Ph,P Ph,P
Ph,PLi H,0
> _ —
THF 0
o) PPh, o]
H,O

0 0 l 22

i I

PhyP Ph,P Ph,P

SiHCly  LiAlH,
OH Et;N OH

0

Scheme 1.3: Reactions of (+)-9-bromocamphor.

The reaction of (+)-8-bromocamphor with PhyPLi followed by
oxidation gives compounds containing a 4-oxatricyclo[4.3.0.0] nonane

skeleton. The proposed mechanism for this reaction is given in Scheme 1.4.
Analogously, reaction of PhpLi with 8,10-dibromocamphor, Scheme 1.5,

yields a functionalised tricyclic diphosphine.



PPh, PPh, P(O)Ph,
thP
Scheme 1.4: The proposed mechanism for the formation of a 4
oxatricyclo[4.3.0.0] nonane skeleton.

thPLl H202
PPh, P(O)Ph,

PPh, P(O)Ph,
Scheme 1.5: Reactions of 8,10-dibromocamphor.

The reaction of (+)-8-bromocamphor in which the carbonyl group has
been protected by the formation of the ethylene ketal, with PhyLi is outlined

in Scheme 1.6. The subsequent reduction of the P=O bond followed by
hydrolysis affords 8-diphenylphosphanylcamphor.

PPh,
(CH20H)2 Ph2PL1
o)
9

H,0,

PPh, P(O)Ph,
@) SiHCl,
<~ o}

i) H
© o\>

Scheme 1.6: Reactions of (+)-8-bromocamphor.

Scheme 1.7 describes the general route in which a-bromo ketones
react with lithium hexamethyldisilazide [LiN(SiMe3);] and tert-Buli to
produce a dilithiated species which, in turn, reacts with electrophiles such as
a dialkyl chlorophosphate [(EtO),P(O)Cl] to afford B-keto phosphonates.
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] o o P9
(i) LiN(SiMe,), - — = (EtO),P- Cl
! TOOr () tert-Buld T R, — C— CH—P(OE),
R; R,
dilithiated species B-keto phosphonate

Scheme 1.7: General reaction scheme for the synthesis of B-keto
phosphonates using a-bromo ketones.

Similarly the treatment of a-bromocamphor with LiN(SiMej3)y, tert-
BuLi and (EtO);P(O)Cl’, Scheme 1.8, affords the PB-keto phosphonate 3-
(diethylphosphonyl)camphor.

_ o n ”
(i) (EtO),P-Cl X P(OEY,

(ii) tert-BuLi
(@) . O
Scheme 1.8: Reaction of bromocamphor with lithium LiN(SiMe3)z, tert-BuLi
and (EtO),P(O)CL.

Reactions involving the keto group present in camphor have been
investigated. One such example is the use of phosphinic amides which react
with the keto group of camphor to afford imines. Thus the reaction of (+)-
camphor with diphenylphosphinic amide in toluene heated at reflux in the
presence of titanium tetrachloride and triethylamine affords (-)-
camphorphosphinoylimine in moderate yield" (see Scheme 1.9).

TiCl, / Et;N / toluene

K-
Ph,P(O)NH, QT
o N —PPh,

Scheme 1.9: Synthesis of (-)-camphorphosphinoylimine.

The coordination chemistry of camphor-containing ligands to metal
centres has also been studied. The molybdenum complex
MoO,Cl2{OC10H15P(O)(OEt); containing the B-ketophosphonate derived
from camphor, Figure 1.3, is a highly active and regioselective catalyst for
the epoxidation of certain alkenes wusing tert-butyl hydroperoxide as
oxidant™.



EtO
\ Cl
o
71
_Ol 0
Cl

Figure 13: The molybdenum complex MoOyCla{OC;19H15PO(OEt),
containing the B-ketophosphonate derived from camphor.

The mixed monoazines of the type HyC=N-N=CjoHj4 [CioH1s is a
(1IR)-(+)-camphor residue (L')] or o-diazines CjgH14=N-N-CH-CH=N-
N=Cy0Hi16 [C10H16 is a (1R)-(+)-camphor residue (LY] or o-2-pyridyl diazines
C10H16=N-N=CHCsH4N [C1oHj6 is a (1R)-(+)-camphor residue (LY] react
with [PdyCla(PR3),] to give the palladium complexes [PdaClLy(PR3)L"] [n=1,
R3z=MePh or Mey(C¢gH4OMe-4); n=2, R3=MesPh; n=3, R3=Bu"3] in which the
ligands are monodentate, or [{PdaCly(PR3); L] (L"=L? L% Rz=MeyPh), in
which the ligands are bidentate'.

1.4 Terpene-phosphonate chemistry

Unlike the alkyl- and aryl-based phosphonate/phosphinate chemistry
[consult chapters 2 and 3], the study of terpene-based phosphon(in)ates has
attracted little interest. Surprisingly there has also been little interest in the
coordination chemistry of terpene-phosphonates to metal centres. This is in
contrast to its alkyl- and aryl-based counterpart where the coordination
chemistry to metal centres is extensive®. Thus the terpene-phosphon(in)ate
chemistry which is outlined below is somewhat dated and sparse.

The phenylphosphonic monoesters of menthol and borneol are
prepared by reaction of phenylphosphonic anhydride with menthol and
borneol in the presence of a tertiary base [pyridine]* (see Scheme 1.10).
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o o 0 . o
N O 7 pyridine Il
R-OH + Ph—P\ _P—Ph - > RO—1|’-Ph
0]
OH
Me Me
OH
R =
Y OH
PN
menthol borneol

Scheme 1.10: Reaction of menthol and borneol with phenylphosphonic
anhydride.

The reaction of the aliphatic terpenic alcohols nerol [trans-3,7-
dimethyl-2,6-octadien-1-0l], geraniol [cis-3,7-dimethyl-2,6-octadien-1-ol],
farnesol [3,7,11-trimethyldodeca—trans-Z—trans-G,10-trien-1-ol],'l linalool [3,7-
dimethyl-1,6-octadien-1-ol] and nerolidol [3,7,11-trimethyldodeca-1,6,10-
trien-3-0ol] with phenylphosphonic anhydride [in the presence of
triethylamine] also yields the corresponding phenylphosphonic
monoesters®” (see Scheme 1.11). "

Q 0 .
N Ol 7 pyridine Il
ROH + ph—pP, JP—Ph — > RO- P—Ph

OH
R = farnesol, nerol, geraniol, nerolidol, linalool

Me >=AM CHon Me >=/\A/ CHzOH

Me Me
farnesol cis = nerol
trans = geraniol
HO \Me M
S e
Me — AN Y CH, >—_—/>{\
Me Me HO Me
nerolidol linalool

Scheme 1.11: Reaction of aliphatic terpenic alcohols with phenylphosphonic
anhydride.

The reaction of the alpha-, beta-unsaturated monoterpenic ketones
carvone [5-isopropenyl-2-methyl-2-cyclohexenone] and pinocarvone with
the sodium salt of diethylphosphite in diethylphosphite media results in the
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regioselective addition to the conjugated carbon-carbon double bond and
formation of the corresponding oxophosphonates' (Scheme 1.12).

Me

O %) Me (")
carvone
H_ \P—(OEY
\
CH, f\ C.“\\ ?
O H
[Et0),P]Na 0

pinocarvone

Scheme 1.12: Reaction of alpha-, beta-unsaturated monoterpenic ketones
with the sodium salt of diethylphosphite.

Unlike the alkyl- and aryl-based phosphonates which are often
employed in industrial solvent extraction [hydrometallurgical] processes
[consult chapter 5], the terpene-based phosphonates have, to date, little or no
industrial applications.

1.5 Terpene-phosphine chemistry

The extensive volume of chemistry that exists within the general class
of phosphines is summarised in chapter 4. Included in this general class is
the synthesis of chiral phosphines and the applications of metal phosphine
derivatives in asymmetric catalysis. = Monoterpenes are ideal chiral
auxiliaries since they occur naturally in high enantiomeric purities and are
inexpensive. However, as with most other areas involving
organophosphorus chemistry of terpenes, the study of phosphines derived
from terpenes is limited. Their chemistry is summarised below.

Michael-type addition of optically active terpene alcohols (-)-borneol,
(-)-menthol and (-)-myrtanol to vinylphosphine derivatives afford B-alkoxy
ethyldiphenylphosphine oxides which in turn react with SiHCl3 affording
diphenylvinylphosphines with chiral terpene groups (see Scheme 1.13).
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0] O
i R-OH i SiHCl, FPh
Ph—ll’—CH= CH, — Ph—ll’-CHZCHQ—OR ————> P-CH,CH,—OR
Ph Ph Ph
CH,OH
R ,  (-)-borneol, (-)-menthol.
myrtanol

Scheme 1.13: Formation of diphenylvinylphosphines by the reaction of
optically active terpene alcohols with vinyl derivatives and SiHCl3.

Similarly, the Michael-type addition of (-)-N-ethyl-N-[3-
pinanmethyl]lamine to vinyl derivatives affords B-(amino)ethylphos-
phines® (see Scheme 1.14).

Ph Et
Ph N

HN(R)(Et N
P—CH=CH, RIEY > P CHCH—N

Ph Ph R

Scheme 1.14: Formation of B-(amino)ethylphosphines.

The preparation of B-hydroxyphosphines has been achieved in high
yield by the reaction of HPPh;y or LiPPhy with the oxides of limonene and
pinene. The general reaction equation, Scheme 1.15, is highly selective and
involves an epoxide-opening reaction.

0 HO  P(R),
R . —A—Rﬂ + LiP(R)2 R ' A_LR..
B-hydroxyphosphine

Scheme 1.15: Preparation of B-hydroxyphosphines by an epoxide-opening
reaction.

The reactions with the oxides are very regioselective, giving only one
of the possible isomers. Cis- and trans-limonene oxides react with LiPPh; at
-78°C giving trans-phosphino derivatives from commercial mixtures of
limonene oxide? (see Scheme 1.16). It is worth noting that the equivalent
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reaction with the cis isomer at -10°C does not afford a single isomer. Instead
an oil containing two cis-isomers is obtained.

0]
Me/
H
H OH
(+) trans-limonene oxide
1S, 2R, 4R + LiPPh, Me
Me
H
© Ph,P H
(+) trans-isomer
H 1S, 25,4 R
(+) cis-limonene oxide
1R, 2S,4R

Scheme 1.16: Reaction of commercial mixtures of limonene oxide with
LiPPhy.

The sterically-crowded pinene oxides show different reactivity toward
the diphenylphosphide ion. Although (-)-o-pinene does not react with
LiPPhy, (+)-B-pinene oxide gave selectivity with the phosphine that
corresponds to attack at the less hindered carbon being formed (Scheme
1.17).

+ LiPPhy — 5

Ph,P 2,
OH

Scheme 1.17: Reaction of B-pinene oxide with LiPPhy.

The reaction of the chiral terpene-derived organozinc iodides RZnl
[R=camphene, 2-methylenebornane] and RyZn [R=formylpinane] with
PhyPCl, Scheme 1.18, afford the diphenylalkylphosphine-borane complexes
in high yield. |
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Zn, THF
RI ——— RZnl —
R = camphene, 2-methylenebornane [1] PhyPCl, THF
> R-PPh,BH,
[2] BHs.Mezs

[1] Et,BH
N — 2% RZn —
[2] EtyZn

R = formylpinane

2-methylenebornane formylpinane
Scheme 1.18: Preparation of diphenylalkylphosphine-borane complexes
using zinc organometallics.

The B-pinene- and (+)-longifolene-derived zinc reagents [RZn], when
treated with 1,2-bis(dichlorophosphino)ethane and 1,2-bis(dichlorophos-
phino)butane, afford the diphosphines® outlined in Scheme 1.19.

& @ “‘“\\
BH
P < . 3
P

e

n=2or4

Scheme 1.19: Chiral diphosphines prepared from p-pinene- and (+)-
longifolene-derived zinc reagents.
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1.6 Pinene- and camphene-phosphorus chemistry

1.6.1 Pinene

The reaction of a-pinene with PCl;Me-AlCl3 complex yields a bridged
bicyclic phosphetane®. The major product arises from the primary adduct A
(see Scheme 1.20) by double bond formation with the opening of the
cyclobutane ring, rather than its enlargement by a 1,2-carbon migration,
which is commonly observed.

Me Me
g PMeCl PMeCl
Me PClee-AlCIE Me R
Me Me
A

M Me
Me Me
i) 1,2 H-migrati
Liif igrton peMe O p> O
(ii) cyclisation \ \
Cl Me
Me Me Me Me

Scheme 1.20: Reaction of a-pinene with the PClyMe-AlCl3 complex.

1.6.2 Camphene

Marsh and Gardner's original work in the 1890's, involved the
moderate heating of an excess of phosphorus pentachloride with
camphene®. The subsequent addition of water results in the formation of
two phosphonic acids, a— and B-camphenylphosphonic acid (Figure 1.4),
which are separable as only one of the two acids readily dissolves in ether.
Various metal salts of these acids were also synthesised and characterised by
elemental analysis®. An improved procedure for the synthesis of a- and f-
camphenylphosphonic acid, involving the moderate heating of a benzene
solution of phosphorus pentachloride with camphene, was subsequently
developed®.
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\
‘P —~OH ‘ — OH
\
OH

a-camphenylphosphonic acid B-camphenylphosphonic acid
Figure 1.4: The phosphonic acids formed by the reaction of camphene with
phosphorus pentachloride [PCls].

Kenney et al in 1973 reported the reaction of camphene with diethyl
hydrogen phosphite under free radical conditions. As illustrated in Scheme
1.21, a mixture of two isomers, exo- and endo-isocamphanylphosphonate,
are formed in a 1:3 ratio™. The endo- isomer is isolated in about 90% purity
by preparative gas chromatography.

(EtO)zP H
OEt OEt

camphene endo-isocamphanylphosphonate  exo-isocamphanylphosphonate

Scheme 1.21: The treatment of camphene with diethyl hydrogen phosphite
[(EtO)2P(O)H] under free radical conditions.

Vilkas et al in 1979 reported the reaction of the PCloMe-AlCl3 complex
with camphene®. The formation of a compound with a phosphetane ring

was observed and was thought to arise from the Nametkin methyl 1,2-shift
(see Scheme 1.22).

PCl,Me-AICl,
——— 3
+ Me
PMeCl PMeCl

AICl A c14

Me Me
and/or Me A Me
0 ’P—Me P< } ME, Cl

Scheme 1.22: Reaction of camphene with the PCloMe-AICl3 complex.
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The next reported publication some 20 years later was by Henderson
and co-workers at Albright and Wilson Ltd in the U.K.. Here the radical-
catalysed addition of hypophosphorous acid to camphene [2,2-dimethyl-
bicyclo-3-methyl-[2.2.1]-heptane] = gave  2,2-dimethylbicyclo[2.2.1]hept-3-
ylmethylphosphinic acid* [hereafter 8-camphanylphosphinic acid] (1) which
was in turn oxidised with sulfur dioxide to 8-camphanylphosphonic acid
(14) (Scheme 1.23).

H3P02 H
PrOH
//O
P~ oH
camphene \
p (14) OH

Scheme 1.23: The formation and subsequent ox1dat10n of 1to 14.

The Ca, Zn and Al salts of 14 were also synthesised by the addition of
the metal salt to 14 which had been previously neutralised with NaOH. The
Ca, Zn and Al salts of 14 are found to be effective anticorrosive pigments in
paint compositions?”. Furthermore, the addition of this pigment not only
reduces the amount of other anticorrosive pigment required but also
enhances the properties of the paint film on the substrate, for example the
anticorrosive and adhesive properties. However these terpene-phosphorus
acids and their metal salts were not fully characterised.

It is worth noting that the radical-catalysed addition of
hypophosphorous acid to camphene had previously been reported in 1960,
however it was stated that no reaction had occurred®. Within this same
publication it was also stated that there was no reaction between camphene
and diethyl hydrogen phosphite.

Camphene has numerous attributes. A by-product of the New
Zealand forestry industry, camphene is an inexpensive, readily accessible,
renewable resource. This means that novel applications derived from
research may also be applied in industry. Camphene, being a rigid bicyclic
structure, is not expected to undergo skeletal rearrangement (as compared to
other terpenic systems, such as those derived from pinene, which are prone
to skeletal rearrangement reactions), suggesting that the chemistry will be
simpler. Both enantiomeric forms, 1R, 45-(+)-camphene and 1S, 4R-(-)-
camphene are also available, allowing exploration of chiral derivatives and
their possible applications.

The potential to further develop the chemistry of camphene-
phosphorus compounds became apparent. Thus the objective of this thesis
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is to further develop the chemistry initiated by Henderson et al. That is, to
synthesise new camphene-derived phosphorus compounds derived from 8-
camphanylphosphinic acid (1) and 8-camphanylphosphonic acid (14).



17

References
1 ].L Simonsen in The Terpenes, Cambridge University Press, Vol I (1953) to
Vol V (1957).
2 M.N. Gould, J. Cell. Biochem., (1995), 22, 139-144
3 H. Blaser, Chem. Reviews, (1992), 92, 935-952.
4 B.H. Brown, P.V. Ramachandran, Pure Appl. Chem., (1991), 63, 307.

5 G. Hagele, W. Kuckelhaus, G. Tossing, J. Seega, R. K. Harris, C.J Creswell,
P.T. Jageland, . Chem. Soc.Dalton Trans.., (1985), 2803.

6 M. Gruber, R. Schmutzler, M. Ackermann, J. Seega, G. Hagele, Phosphorus
and Sulfur, (1989), 44, 109-122.

7 H. Brunner, M. Rotzer, |. Organometallic Chem., (1992), 425, 119-124.

8 LV. Komarov, M.V. Gorichko, M.Y. Kornilov, Tetrahedron: Asymmetry,
(1997), 8, 435-445.

9 P. Sampson, G.B. Hammond, D.F. Wiemer, . Org. Chem., (1986), 51, 4342-
4347.

10 W.B. Jennings, C.J. Lovely, Tetrahedron, (1991), 47, 5561-5568.

11 R. Clarke, D. Cole-Hamilton J. Chem. Soc. Dalton Trans., (1993), 1913; R.].
Cross, L.J. Farrugia, P.D. Newman, R.D. Peacock, D. Stirling, J. Chem. Soc.,
Dalton Trans., (1996), 4149-4150].

12 B.L. Shaw, M. Thornton-Pett, J.D. Vessey, J. Chem. Soc. Dalton Trans.,
(1995), 1697-1707.

13 G. Cao, V.M. Lynch, L.N. Yacullo, Chem. Mater., (1993), 5, 1000; G. Cao, T.
Mallouk, Inorg. Chem., (1991), 30, 1434, G. Cao, M.E. Garcia, M. Alcal4, L.F.
Burgess, T.E. Mallouk, ]. Am. Chem. Soc., (1992), 114, 7574.



Chapter 1: Terpene-phosphorus chemistry 18

14 E. Cherbuliez, B. Baehler, H. Probst, J. Rabinowitz, Helvetica Chimica
Acta, (1962), 300, 2656.

15 E. Cherbuliez, G. Weber, A. Yazgi, ]. Rabinowitz, Helvetica Chimica Acta,
(1962), 299, 2652.

16 V.D. Kolesnik, M.M. Shakirov, A.V. Tkachev, Mendeleev Comm., (1997),
4,141-143.

17 Von G. Markl, B. Merkl, Tetrahedron Letters, (1981), 45, 4463-4466.
18 Von G. Markl, B. Merkl, Tetrahedron Letters, (1981), 45, 4459-4462.
19 G. Muller, D. Sainz, J. Organometallic Chem., (1995), 495, 103-111.

20 F. Langer, K. Puntener, R. Sturmer, P. Knochel, Tetrahedron: Asymmetry,
(1997), 8, 715-738.

21 E.Vilkas, M. Vilkas, D. Joniaux, J].Chem. Soc., Chem. Comm., (1978), 125-
127.

22 J. E. Marsh, J. A. Gardner, | . Am. Chem. Soc., (1894), 35.
23 V. Chavane, Ann. Chim., (1949), 4, 365.
24 R. L. Kenney, G. S. Fisher, J. Org. Chem. , (1974), 39, 682.

25 E.Vilkas, M. Vilkas, J. Sainton, B. Meunier, C. Pascard, J]. Chem. Soc.,
Perkin I, (1979), 2136-2140.

26 U.K. Patent, Albright and Wilson Ltd, GB 2268178 A, (1994).
27 UK. Patent, Albright and Wilson Ltd, GB 2279953 A, (1995).

28 G. Quesnel, M. De Botton, A. Chambolle, R. Dulou, Compt. Rend., (1960),
251, 1074.



Chapter Two

Synthesis and characterisation of

camphene-derived phosphinic acids

2.1 The radical-catalysed addition of phosphinic

acids to alkenes

2.1.1 Introduction

The radical-catalysed addition of hypophosphorous acid [H3POy] to
simple alkenes to form phosphinic acids is well documented in the
literature!. The general equation for this reaction is illustrated in Scheme
2.1, equation (i). Where the alkene used is not bulky the reaction can
proceed further with the addition of a second alkene molecule [equation (ii)].
The product in this case is a dialkylphosphinic acid.

H
(i) | (i) °
RCH==CH, ————— RCH,CH,P=0 ——— > RCHCHP
peroAxide | RCH= CH, OH
H3PO, . PH . . e
phosphinic acid dialkylphosphinic acid

Scheme 2.1: (i) The addition of hypophosphorous acid [H3PO3] to alkenes (ii)
The addition of a second alkene molecule to phosphinic acid.

Research in this area has involved the use of numerous catalysts such
as peroxides, peracids, azo compounds and ferrous sulphate?. Solvents used

also vary significantly, from water, hydrocarbons, ethers, ketones to

alcohols?.
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The proposed mechanism for the addition of hypophosphorous acid
to alkenes is illustrated in Scheme 2.2 and involves the generation of a
hypophosphorous acid-derived radical, X, which attacks an unsaturated
bond. The new radical, Y, then reacts with another hypophosphorous acid

molecule to generate another radical X

(o) (o)
] I
HO —li' —H + R > HO—P + R-H
H radical formed I
by catalyst H
hypophosphorous acid X
? i
HO-P* + HC=ar > HO=P—CH,~ CHR
|
u H
X Y
o (o) (o) (0]
Il Il Il I
HO—P — CH,~ CHR' + Ho-1|>—H ——> HO—P—CH,~CHR' + HO-II’
H H H H
Y X

Scheme 2.2: The radical-catalysed addition of H3PO» to simple alkenes.

As illustrated in Scheme 2.3, there are two possible modes of radical
attack, the first of which produces radical intermediate Y, by attack at
position 1 and the second of which produces radical intermediate Z, by attack
at position 2. The protonation of Y and Z by a second hypophosphorous acid
molecule produces the major and minor addition products Y' and Z'
respectively. The minor addition product Z' is expected to exist only in
trace amounts as the radical attack at position 2 is more sterically restricted
than the attack at position 1.

2
H,0,P H,C=CHR'* — H;0,P—=CH,~ CHR' - CH,— CHR'— PO,H,
1 Y z
H,0,P = CH, = CH,R’ H,;C—— CHR'— PO;H,
Y z

Scheme 2.3: The modes of radical addition to an unsaturated bond.



21

Although the radical-catalysed addition of hypophosphorous acid to
alkenes is well documented, the equivalent chemistry involving terpenes is
limited to two reports. The first report stated that no reaction occurs
between hypophosphorus acid and camphene®. However an investigation
by Henderson* et al [see chapter 1, section 1.6] revealed that this was not the
case. The radical-catalysed addition of hypophosphorus acid to camphene
affords the camphene-derived phosphinic acid 1 (Scheme 2.4). However the
phosphinic acid 1 was not fully characterised.

H,PO, H
PrOH ©
0]
A l\P/fH
b 1 id
camphene enzoyl peroxide ) \OH

Scheme 2.4: The radical-catalysed addition of hypophosphorous acid to

camphene.

Thus the objectives of chapter two were as follows:
(i)  to identify suitable reaction and work-up conditions so as
to optimise the yields of 8-camphanylphosphinic acid.
(ii)  to fully characterise 8-camphanylphosphinic acid.
(iii) to synthesise and characterise new camphene-derived
phosphinic acids.
(iv) to synthesise and characterise new camphene-

phosphorus derivatives.

2.1.2 Results and discussion

The general synthetic route to camphene-derived phosphinic acids
involves the reaction of camphene and the phosphinic acid in isopropanol
heated at reflux for 6-14 h. During this time a catalyst, benzoyl peroxide,
which has a half-life of approximately 10 h at 73°C, is added sparingly until

reaction is seen to be complete by 3IP NMR. The crude product is extracted
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into sodium hydroxide and washed with dichloromethane. The -aqueous
extract is acidified, extracted into an organic phase and evaporated to dryness
to give a white crystalline solid. Hence, using the catalyst benzoyl peroxide,
the radical-catalysed addition of hypophosphorous acid [HzPO,] to the
terpene camphene in isopropanol heated at reflux, Scheme 2.5, gives 8-
camphanylphosphinic acid (1). Formed quantitatively, 1 is a white
crystalline solid most soluble in organic solvents such as dichloromethane
and chloroform. Analytical data collected for 1 are consistent with its
formulated structure. Detailed characterisation of 1 by X-ray crystallography,
ESMS and NMR spectroscopy are presented in sections 2.1.3, 2.1.4 and 2.1.5

respectively.

H;PO, H
prOH
A '\P”O
benzoyl peroxide \ H
camphene (1) OH

Scheme 2.5: The synthesis of 1Y by the radical-catalysed addition of
hypophosphorous acid [H3PO>] to camphene.

When low hypophosphorous acid to camphene ratios are employed,
e.g.a 1 to 1 mole ratio, the crude product from this preparation is always
found to contain a small amount of a compound tentatively identified as
di(8-camphanyl)phosphinic acid (2), which is difficult to remove by
recrystallisation. Thus the proton-coupled 3P NMR spectrum of the crude

isolated reaction product shows a single, slightly broadened peak at & 58.0,
which is consistent with the range in which phosphinic acids appear (5 50-

60), in addition to the expected doublet [1] p_g 556.7] for 1 at & 38.8.

When the reaction between camphene and hypophosphorous acid is

conducted using an excess [>3 mole equivalent] of the latter reagent no di(8-

¥ Due to rapid inter- and intramolecular proton exchange, the hydroxy group and oxygen atom
of the phosphinic acid 1 are rendered equivalent in solution. Although the phosphorus centre
is therefore not asymmetric it is illustrated structurally as being asymmetric for simplicity.
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camphanyl)phosphinic acid (2) is observed, simplifying purification of the
product. Reaction time and purity is optimised by using a 3.5 to 1 mole ratio
of hypophosphorous acid to camphene. Attempts to prepare pure 2 using
higher camphene to hypophosphorous acid ratios, higher reaction
temperatures [aqueous dioxane heated at reflux], prolonged reaction times,
or increased quantities of benzoyl peroxide initator does not lead to an
increased amount of 2 being formed®.

Experimental yields suggest that of the two possible modes of radical
attack available (see Scheme 2.6), attack of the least sterically hindered site of
camphene, which affords 1, is preferred. The phosphinic acid, 1a, which
arises from the radical attack of the more sterically hindered site of
camphene [refer to section 2.1.1 for details], is not obtained in any appreciable

quantities.

POsz

Me
PO,H,

(1a)
Scheme 2.6: Possible modes of radical attack of camphene.

The attempted preparation of chiral 1 starting from (R)-(+)-camphene
yielded only racemic material. This is expected to be the result of acid-
catalysed racemisation of the camphene, which has been extensively studied
by Vaughan et al, *° prior to reaction with the H3PO,. The estimated extent
of participation of four distinctive pathways has been identified®. Two of
these are Nametkin-type rearrangements’ in which an acid catalyst induces
migration of the endo- or exo-methyl groups. The remaining methyl group
then loses a proton to produce the enantiomer of the original camphene

[Scheme 2.7]. The two other pathways are the Wagner-Meerwein 2,6-
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hydride shift’, Scheme 2.8, and the mechanism involving tricyclene

;& "

Scheme 2.7: The Nametkin-type rearrangement of camphene.

formation’.

Scheme 2.8: The Wagner-Meerwein 2, 6-hydride shift of camphene.

The most significant pathways to the racemisation of camphene are
the exo-methyl migration and 2,6-hydride shift. The racemisation of
camphene via tricyclene formation and endo-methyl migration are almost
negligible.

An investigation of the radical-catalysed addition of phenylphos-
phinic acid (PhPO;Hj) to camphene was also undertaken. Hence the
reaction of phenylphosphinic acid with camphene, Scheme 2.9, affords 8-
camphanyl(phenyl)phosphinic acid (3) [31P-{H} NMR § 47.1, s] in high yield.
With the exception of the use of an excess of camphene, which is employed
to optimise the yield of the product, the reaction and workup are as
described for 1. Like 1, phosphinic acid 3 is a white crystalline solid, most

soluble in organic solvents such as dichloromethane and chloroform.
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PhP(O)(OH)(H) H
ipOH
(@]
benzoyl KP//
enzoyl peroxide ~ Ph
VP (3) \
OH

Scheme 2.9: The radical-catalysed addition of phenylphosphinic acid
[PhP(O)(OH)(H)] to camphene.

Elemental microanalytical data collected for 3 are consistent with its
formulated structure. Detailed characterisation of 3 by ESMS and NMR

spectroscopy is presented in sections 2.1.4 and 2.1.5 respectively.

2.1.3 X-ray crystal structure of 8-camphanylphosphinic acid (1)

A single crystal X-ray diffraction study has been carried out on 8-
camphanylphosphinic acid (1) (Dr M. Sabat, University of Virginia,
Charlottesville, Virginia, U.S.A.). Full details of the X-ray structure
determination for 1 are presented in Appendix III, along with the tables of
final positional parameters and bond angles. The molecular structure is
shown in Figure 2.1, together with the atom numbering scheme. Selected
bond lengths and angles are also included in Table 2.1. The structure
confirms the formulation of the compound as 8-camphanylphosphinic acid,
containing an endo -CHPO2H; group. The structure reveals the presence of
strongly hydrogen-bonded dimers in the crystal, as is commonly observed
for organophosphorus and carboxylic acids of this general type, both in

solution and in the solid state'® ™.
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Figure 2.1: The molecular structure of 1, together with the atom numbering

scheme.

P-0(1) 1.486(4) C@)-C@) 1.545(9)
P-O(2) 1.540(5) C(3)-C(2) 1.565(8)
P-C(8) 1.785(6) C(3)-C(8) 1.537(8)
C(1)-C(2) 1.541(8) C(4)-C(5) 1.53(1)
C(1)-C(7) 1.59(1) C(4)-C(7) 1.49(1)
C(2)-C(9) 1.536(8) C(5)-C(6) 1.53(1)
C(2)-C(10) 1.497(9) C(6)-C(1) 1.546(9)
O(1)-P-0(2) 115.0(2) O(2)-P-C(8) 106.2(2)

O(1)-P-C(8) 113.2(2)

Table 2.1: Bond lengths (A) and selected bond angles (°) of 8-camphanyl-
phosphinic acid (1). Estimated standard deviations are in parentheses.

There is a marked asymmetry in the bond distances to the bridgehead
carbon C(7), with C(1)-C(7) [1.59(1) A] being significantly longer than C(4)-C(7)



27

[1.49(1) A]. This is not observed for the related compound 2,2-dimethyl-
bicyclo-3-methylf2.2.1]heptane-1-carboxylic acid [(-)-camphene-8-carboxylic
acid]'?, where the C(1)-C(7) and C(4)-C(7) bond distances are 1.517(11) A and
1.518(9) A respectively. While the exo-methyl group of 1 adopts an ideal
position, with a C(8)-C(3)-C(2)-C(10) torsion angle of 109.3(7)°, there is a twist
of -11.3(7)° in the C(8)-C(3)-C(2)-C(9) torsion angle of the endo-methyl group.
This is due to the presence of an adjacent -CH;POoH, group in an endo
position. A similar distortion is also seen in (-)-camphene-8-carboxylic acid
where the dihedral angles involving the two methyl groups at C(2) are
unequal, and differ from the idealised 60° value; the angle C(8)-C(3)-C(2)-
C(10) is 65.1° while C(8)-C(3)-C(2)-C(9) is 55.7°.

Molecular modelling studies of 1 were also carried out on an Iris
Indigo computer [Silicon Graphics] using Macromodel version 4.5
[Chemistry Department, Columbia University, New York, NY]. The global
energy minimisation of the structure of 1 was assumed to be that depicted by
X-ray crystallography. The local energy minima of the structure of 1 was
then calculated using supplied MM2* force fields, the results of which are
given in Table 2.2. This minimised energy structure shows that although
the C(8)-C(3)-C(2)-C(9) and C(8)-C(3)-C(2)-C(10) dihedral angles are consistent
with crystallographic studies, the asymmetry in the bridgehead is not. This
suggests that the bridgehead distortion observed in crystallographic studies is
a result of intermolecular contacts and not intramolecular contacts. All
other bond parameters calculated by molecular studies were consistent with

those found by crystallographic studies.

Bond length (A) Dihedral angle (°)
C(1)-C(7) C(4)-C(7) C(8)-C(3)-C(2)-C(9) C(8)-C(3)-C(2)-C(10)

X-ray crystallography 1.59(1) 1.49(1) -11.3(7)° 109.3(7)°
Molecular modelling  1.53 1.55 -11.7° 109.1°

Table 2.2: A comparison of bond lengths and dihedral angles of 1 determined
by X-ray crystallography and calculated by molecular modelling.
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There are no other extraordinary features regarding the structure of 1.
With the exception of the C(2)-C(3) and C(3)-C(4) bonds, all other C-C
distances for 1, which lie between 1.54(18) and 1.497(9) A, are comparable
with that of (-)-camphene-8-carboxylic acid [1.566(9)-1.532(11) Al A
comparison of the C(2)-C(3) and C(3)-C(4) bond lengths of 1 and (-)-
camphene-8-carboxylic acid shows that the difference between these bonds is
crystallographically significant. However this anomaly is consistent with
the difference in bond lengths that exists between the sp3-sp3 hybrid C(2)-C(3)
and C(3)-C(4) bonds of 1, and the sp3-sp2 hybrid C(2)-C(3) and C(3)-C(4) bonds
of (-)-camphene-8-carboxylic acid®. The P-C(8), P=O and P-OH bond
distances are 1.785(6), 1.486(4) and 1.540(5) A respectively and are comparable
with R-(CHz)2P(Me)(O)OH [R=C(NH3)(COOH)Cl] which has P-C, P=O and P-
OH bond distances of 1.786(3), 1494(2) and 1.560(2) A respectively™.
Examination of the O-P-O and O-P-C bond angles of 1 [Table 2.1] shows that
the coordination about the P is somewhat distorted from tetrahedral. A
similar distortion is seen in other phosphinic acids, for example
(Me3C),P(O)OH where the O-P-O, C-P-C and average O-P-C bond angles are
equal to 114.3, 115.4 and 106.8° respectively'® 2. Like (Me3C);P(O)OH, the
observed distortion in 1 is expected to result from the greater repulsive effect
of the bulky group.

The adopted position of the CHPOH; group is expected to be the
result of steric effects, that is, the bridgehead [C(7)] and the CHPO2H; group

are located on opposite sides of the ring to minimise steric congestion.
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2.1.4 Electrospray mass spectrometric analysis of camphene-
derived phosphinic acids

Characterisation of the new organophosphorus acids 1 and 3 is also
aided by electrospray mass spectrometry [ESMS]. This technique is well
suited to the analysis of these involatile acids as derivatisation is not
required to obtain mass spectra [c.f. GCMS where the acid is first treated with
diazomethane before analysis; refer to section 2.2.3 for more detail]. ESMS is
a soft chemical ionisation technique, the result of the minimal energy
requiremeﬁts to transfer pre-existing ions from solution to the gas phase.
This softer mode of ion formation® results in the minimal fragmentation of
species [c.f. other "harder techniques" such as fast atom bombardment (FAB)]
which in turn results in a more intense parent ion. As the polarity of the
potential [i.e. cone voltage] is reversible, both positively and negatively
charged species are able to be routinely analysed. This includes species such
as the positively charged phosphonium ion, borane salts”, ionic inorganic
and organometallic compounds®™ and phosphorus acids”. As the cone
voltage is also variable, the extent of fragmentation can also be altered. This
enables both an enhanced parent ion detection method as well as the ability
to structurally analyse fragmented species.

The relative ease with which acids deprotonate to give a negatively
charged ion means that the negative ion mode is ideally suited to the
characterisation of the new organophosphorus acids. As shown in Figure
2.2, both 1 and 3 give very simple spectra in negative ion mode when
pyridine is added to convert the acid into its phosphinate anion. Varying
the cone voltage [15 to 100V] has little effect on the complexity of the spectra
and illustrates the stability of the phosphinate anion.
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2.1.5 NMR analyses of 8-camphanylphosphinic acid (1) and 8-
camphanyl(phenyl)phosphinic acid (3)

2.1.5.1 General NMR features of the camphanyl region of

camphene-derived phosphorus compounds

The structure of the camphanyl moiety deduced by NMR spectroscopy
is consistent with that determined by X-ray crystallography. The general
atom numbering scheme for the camphanyl fragment is shown in Figure

2.3, while full NMR data are given in the experimental section.

H7.\ /H7"
C7

Figure 2.3: Atom numbering scheme for camphanyl-phosphorus

derivatives.

With the exception of the resonance belonging to Hy the IH NMR
spectra [300 MHz] of camphanyl-phosphorus compounds in chloroform [§
235 to 0.60] are generally complicated by overlapping signals. As the
resonance belonging to Hy [6 2.35 to 2.00] is well separated from other

resonances [8 1.95 to 0.60], identification of many of the Hy cross peaks is
possible in the COSY45 spectrum. These include correlation peaks arising
from coupling between Hy and H3, Hj, H7+, Hs' and Hy.

Many of the proton resonances are readily identified in 1-D TH NMR
spectra by their distinctive multiplets. Hy and Hy are in most cases
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distinguishable by their doublet type patterns [2] g.c.g 9.9-12.0 Hz]. The Hj
and Hj resonances are distinguishable as the former gave broad, highly
coupled multiplets while the latter gave broad singlets. Although these
general features are easily observed, the low field resolution of the 1-D 1H
NMR spectra coupled with the natural line broadening of signals meant
that, in most cases, the exact multiplicity of these resonances are not
resolved. This is particularly applicable to the resonances associated with Hy
and H; where broad singlets are obtained.

The endo-protons H7" and Hg" are found to be at a higher chemical
shift relative to their exo- counterparts Hy and Hg. This also applies to the

protons Hs" and Hs' when distinction between resonances is possible.

2.1.5.2 NMR analysis of 8-camphanylphosphinic acid (1)

One- and two-dimensional NMR studies were carried out on 8-
camphanylphosphinic acid (1). A summary of the 1H and 13C NMR data of 1
is presented in Table 2.3. Unlike the discrepancies found in the IH NMR
assignment of the terpene B-pinene?, which have been only recently
rectified (1994)%, no discrepancies exist in the NMR assignment of 1.

The 3P NMR shift of 8-camphanylphosphinic acdd (1)
[C10H17P(O)(OH)(H)] [0 38.8] is similar to that of dimethylphosphinic acid
[MeoP(O)(OH)] (3 49.4)2. The observed ] p.g coupling [556.7 Hz] is consistent
with those reported for phosphinic acids, which range from 400-850 Hz>.
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Atom 13 ¢ NMR 1y NMR Assignment
PH - 7.06, dt PH
C@4) 42.1,d,3 p.c.c.c= 62 Hz 2.26,br, s Hy
C@3) 434,d,p.c.c=15Hz 1.79, m Hs
C(2) 375,d,3] p.c.ccc= 122 Hz
C(1) 48.4 1.75,s H;
C(®) 26.6,d, 1Jp.c =93.5 Hz 175,m,1.71, m  Hgyg"
C(7) 37.6 1.64, m Hy

1.18, dt Hy:
C(6) 24.6 1.53, m Hg-

1.24, m Hg'
C(5) 20.2 1.29, m Hs" /5

C(10) 31.8 0.95, s Me'
C(9) 21.1 0.78, s Me"

Table 2.3: Summary of the 1H and 13C NMR data [§ in CDCl3] for 8-
camphanylphosphinic acid (1).

Refer to atom numbering scheme given in Figure 2.3

The 13C NMR spectrum of 1 comprised ten resonances, consisting of

two methyl signals, three methine signals, four methylene signals and one
quaternary signal [refer to the 13C NMR spectrum given in Figure 24]. The
quaternary carbon C(2) is assigned by the absence of the signal [3 37.5] in the
DEPT experiment. The methylene signal which exhibited a large IJ p.c
coupling [93.5 Hz] is assigned to C(8). Lesser two- or three-bond, carbon-to-

phosphorus couplings are observed for the quaternary C(2) resonance and
for the C(3) [6 43.4] and C(4) [6 42.1] methine resonances [ 12.2, 1.5 and 6.2 Hz
respectively]. The comparatively small coupling exhibited by C(3) [1.5 Hz] is
consistent with the well-documented tendency for 3Jp.c.c-c couplings to be
greater than 2Jp.c.c couplings®. The remaining methine is assigned to C(1).

Since this carbon is separated from the phosphorus atom by four bonds, a

carbon-to-phosphorus coupling is not expected.
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In the 13C-1H correlated NMR spectrum of 1, Figure 2.4, the cross
peaks relating to the 13C NMR signals of C(8), C(3), C(4) and C(1) identified
the corresponding resonances belonging to Hg'/g", Hs, Hg and Hj [ 1.71-1.75,
1.79 and 2.26 respectively]. The inverse mode HMBC NMR spectrum of 1
included correlations between the protons of the Me" group [6 0.78] and C(1),
C(2), C(3) and C(10) [6 48.1, 37.5, 43.4 and 31.9 respectively] and the protons of

the Me' group [8 0.95] and C(1), C(2), C(3) and C(9) [5 48.1, 37.5, 43.4 and 22.1
respectively].
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Figure 2.4: The 13C-1H correlated NMR spectrum of 8-camphanylphosphinic acid (1), recorded in CDCl3 at 300 MHz.
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The COSY45 spectrum of 1, Figure 2.5, included correlation peaks
arising from coupling between Hj and Hy (2), Hy (10), H7* (8), and the
overlapping Hs and/or Hs" and Hg (9) multiplets respectively, and between
H4 and Hj (1), Hy (2), H7 (3), Hs and/or Hs» (4), and H7 (5). Correlations
attributable to a strong 9] coupling between the Me" and Hy (15), a weak 4
coupling between H3z and Hg' (7) and a strong 4] coupling between H; and
Hs» (12) are also observed. All other cross peaks are as expected and are

included in Figure 2.5 along with a complete IH-NMR spectral assignment
of 1.

1H-NMR assignments are supported by NOE-difference experiments,
the results of which are included in Table 2.4. Particularly diagnostic; are the
NOE's observed from Me' to Hz» and to H3 [but not significantly from Me' to
Hg'/g" indicating that Hy» and Hj are on the same side of the molecule,
confirming the endo disposition of the -CHPOoH, group]. Recognition of
the Hs', Hs", Hg', Hg", H7 and H7" resonances, as revealed by crosspeaks in
the COSY45 and enhancements observed in the NOE-difference spectra,
identified the C(5), C(6) and C(7) methylene carbon resonances, via

correlation peaks observed in the 13C-1H correlated NMR spectrum of 1.

Irradiated hydrogen Enhanced signal (%)

PH Hy (0.6), H3 (0.5), Hg',8" (0.8)

Hy (52.26) Hj3 (1.6), H7 (1.2), Hs (x) and Hs' (y), x+y = 1.9,
Hy (1.8), PH (0.5)

Hsz (51.79) Hy (0.9)

H; (51.70) Hg" (0.7), Hg (1.1), H7 (1.1), Me' (0.4), Me"(0.3)

Hg" (51.53) Hs and/or Hs" (x) and Hg' (y), x+y = 8.1

Hy (51.18) Hy (2.3), H7" (8.9)

Me' (3 0.95) Hj (3.9), H1 (2.3), H7" (3.4), Me" (0.9)

Me" (8 0.78) PH (0.6), H (1.7), Hg,8" (9.2), He" (6.8), Me' (1.5)

Table 2.4: NOE’s observed for the protons of 1 [% enhancements are given in
brackets].
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Figure 2.5: COSY45 spectrum of 8-camphanylphosphinic acid (1), recorded in
CDCl3 at 300 MHz.

Crosspeaks 1:Hg/H3 2:H4/H;1 3:Hg/H7* 4H4/Hs' and/or H1/Hs" 5:H4/Hy 6:H3/Hg',8"
7:H3/Hs' 8:Hi/H7* 9:Hi/Hg and/or H1/Hs' 10: H1/H7 11: Hy/Hg" 12:H1/Hz" 13:
H7/H7 14: Hg"/Hs and/or Hg"/Hs", Hg"/Hg' 15: H7'/Me"
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2.1.5.3  NMR analysis of 8-camphanyl(phenyl)phosphinic acid (3)

One- and two-dimensional NMR studies were undertaken to fully
assign the IH and 13C NMR spectra of 8-camphanyl(phenyl)phosphinic acid
(3). A summary of the 1H and 13C NMR data are presented in Table 2.5.

Assignment 13 CNMR TH NMR Assignment
C(4) 428,d,3] p.c.c.c=44Hz 2.14,br, s Hy
[42.1,d, 3] p.c-c.c = 6.2 Hz] [2.26, br, 5]
C@) 43.8,d, 2] pc.c=32Hz 175, m Hs
[43.4,d, 2] p.c.c= 1.5 Hz] [1.79, m]

C(2) 37.5,d,3] p.c.cc.c=119Hz - -
[37.5,4d, 3] p-c-c-c = 12.2 Hz]

C(1) 485 1.67, m H
[484] [1.75, m]
C(8) 279,d,1J p.c=101.1Hz 1.79, m, 1.76, m Hg'/g"
[26.6,d, 1] p.c = 93.5 Hz] [1.75,m, 1.71, m]
C(?) 37.0 1.49,d, 2 10.6 Hz ‘Hyp~
1.05, d, 2] 10.6 Hz Hy
[376] [1.64, d,2] 10.6 Hz]*
[1.18, dt, 2] 10.6 Hz]
C(6) 24.6 149, m, 1.23, m He' /¢
[24.6] [1.53, m, 1.43, m]
C(5) 20.0 1.18, m, 1.16, m Hs /5
[21.0] [1.29, m, 1.29, m]
C(10) 316 0.83,s Me'
[31.8] [0.95, s]
C© 22.0 0.71,s Me"
[21.1] [0.74, 5]

Table 2.5: A comparison of the 1H and 13C NMR data [§ in CDCl3] of 3 and 1.

* denotes an unresolved resonance. [ ]represents the equivalent 13C NMR

data obtained for 8-camphanyl-phosphinic acid (1).
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both the ortho [ 7.74-7.70] and para [§ 7.40-7.36] proton resonances whereas

irradiation of the ortho proton [§ 7.74-7.70] gives only an enhanced meta

proton signal [d 7.46-7.43].

Irradiated hydrogen

Enhanced signal (%)

Hy (5 2.14)
Hy /¢ (5 1.5)

Me" (& 0.71)
Me' (6 0.83)
H7 (8 1.03)
Hs/5/6 (8 1.16)
Hs1 (5 1.67)

Hg /g (5 1.79)
para-Ph (§ 7.37)
meta-Ph (6 7.46)
ortho-Ph (8 7.72)

Hj (3.4), Hy* (2.1), Hs (x), H7 (y), x + y = 8.0, Ph (1.7)
Hy (0.9), H3 (1.7), He' (10), Hy (7.5), Me'(1.6), Me"
(1.9)

Me' (0.6), Hg" (3.2), Hg' /8" (x), H1 (y), x + y = 3.9

Me" (0.5), H (1.6), H3 (x), H1 (y), x +y = 3.7

Hy (4.0), Hy (2.9), H7 (21.5)

Hy (2.26), Hg'/g" (x), H1 (y), x + y = 4.0, Hg" (10.4)

Hy (1.1), Hy (2.2), He (14), Hy (1.3), Me' (2.5) Me"
(0.6)
Hy (1.5), Hs (3.0), Me' (1.2), Me" (3.4)

meta-Ph (2.2)
[Ph; ortho-Ph (3.5), para-Ph (7.0)]
meta-Ph (11.9)

Table 2.6: NOE's observed for the protons of 3 [% enhancements are given in

brackets].

A comparison of the 1H- and 13C-NMR data of 1 and 3, Table 2.5,
shows that the chemical shifts only vary slightly between analagous

resonances. The multiplicity between analogous resonances are also seen to

be identical.
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2.2 Synthesis and characterisation of 8-camphanyl

phosphinic acid esters

2.2.1 Introduction

The esterification of phosphinic acids [RP(O)H)(OH)] to their
corresponding phosphinic acid esters [RP(O)(H)(OR’)], which are more
commonly known as phosphinates, is well documented in the literature.
Esterifying agents used include trialkyl phosphite (Scheme 2.10), epoxides
and dialkyl sulfates®.

R;PO,H + (ROP — > RPOYOR) +  (RO)POH

Scheme 2.10: Esterification of phosphinic acids with a trialkyl phosphite.

The acid-catalysed esterification of phosphinic acids, illustrated in
Scheme 2.11, also gives high yields of the phosphinic acid esters provided

the by-product water is removed by azeotropic distillation.

RPH(O)OH)  + ROH —> RPH(O)(OR) + H)O
Scheme 2.11: Acid-catalysed esterification of phosphinic acids.

Diazomethane is another convenient and well known laboratory
reagent for the small scale conversions of acids to their methyl esters
(Scheme 2.12).

RPH(O)OH) + CH,N, — RPH(O)OCH; + N,
Scheme 2.12: Esterification of phosphinic acids with diazomethane.

The phosphinic acids 1 and 3 are ideal precursors in the synthesis of
new camphene-derived phosphinic acid esters Thus an investigation into

their reactivity, particularly relating to their esterification, was undertaken.
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2.2.2 Results and discussion

The treatment of phosphinic acids 1 and 3 with an excess of a diethyl
ether solution of diazomethane affords the methyl esters methyl 8-
camphanylphosphinate (6) and methyl 8-camphanyl(phenyl)phosphinate
(7), Scheme 2.13. Formed quantitatively, both 6 and 7 are colourless oils.

With the substitution of the methoxy group for the hydroxy group in
1 and 3, the proton transfer present in the free acids [refer to section 2.1.2]
does not exist in the methyl esters, thus producing in each case an
asymmetric phosphorus centre. As a result of these additional chiral centres
which combine with the chiral camphanyl moiety [refer to chapter 1, section

1.6], the methyl esters 6 and 7 exist as diastereoisomers. The GCMS data

[refer to section 2.2.3 for more detail], 3!P and 13C NMR data [refer to section

224 for more detail] are consistent with the existence of these

diastereoisomers.
CH,N,
o . - o
x| N7 ; N4
(3) X=Ph \ X E;; §:§h \ X
OH B OMe

Scheme 2.13: The esterification of camphene-derived phosphinic acids 1 and

3 with diazomethane.

Not unlike carboxylic acid esters, phosphinic acid ester 6 readily
hydrolyses over 24 h in air to form the parent acid 1 (Scheme 2.14). In
contrast to 6, phosphinate 7 was found to be stable with respect to

atmospheric hydrolysis.
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atmospheric H,0
5 CHN, 5
I\Pi/ \P//
\ o \ o
OMe 1 OH

Scheme 2.14: Interconversion of 8-camphanylphosphinic acid (1) and its

methyl ester methyl 8-camphanylphosphinate (6).

The greater stability of 7 [cf. 6] to nucleophilic attack of a hydroxy group is
expected to be due to the steric and electronic effects of the phenyl ring.
Another possible factor which may influence the greater stability of the ester
7 [cf. 6] may be the ability of 6 to undergo tautomerism, a rearrangement

observed for phosphorus compounds (Scheme 2.15)%.

o OH
Vi . /
R—P—H — R—P\
OMe OMe

Scheme 2.15: Tautomerism of methyl 8-camphanylphosphinate (6) by
hydride transfer.

The less sterically congested tautomer may be more inclined to
nucleophilic attack by water as compared to the phenyl analogue 7 where
this type of rearrangement is less likely to occur. It is worth noting that
kinetic studies of phenylphosphinic acid established that the tricoordinate
tautomeric form exists in low concentration. The tautomeric form of the
methyl ester 7 is also expected to exist in similar concentrations. Despite
several attempts to purify methyl ester 6 by vacuum distillation, a sample of
suitable purity for elemental analysis was not obtainable.

The methyl esters 6a and 7a, which are formed by the treatment of the
phosphinic acids 1a and 3a [refer to section 2.1.2 for details on synthesis] with
diazomethane (Scheme 2.16), are detected in trace amounts by GCMS [refer
to section 2.2.3 for detailed discussion]. Like their parent acids the methyl
esters 6a and 7a are expected to have to adopt the endo-CH,P(O)(OMe)X

[where X = H or P]position. This is the least sterically congested isomer, as
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the bridgehead and CHP(O)(OMe)X [where X = H or Ph] group are on
opposite sides of the ring [c.f. the exo-CH,P(O)(OMe)X conformer].

CH,N,
————
l |
P P~
\ (6a) X=H 20
(3a) X=Ph OH (7a) X=Ph OMe

Scheme 2.16: The methyl esters 6a and 7a, formed by the methylation of 1a

and 3a.

The ester methyl di(8-camphanyl)phosphinate (8), which is formed by
the methylation of di(8-camphanyl)phosphinic acid (2) with diazomethane
is also detected by GCMS [refer to section 2.2.3 for characterisation], thus

reaffirming the tentative assignment of 2 previously postulated in section

2.1.2. (see Scheme 2.17).
CH,N,
» P//O
2 © 2 N\
(8) OMe

\
2 OH

Scheme 2.17: The methylation of di(8-camphanyl)phosphinic acid (2).
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2.2.3 Gas chromatography mass spectrometric analysis of the 8-
camphanylphosphinic acid methyl esters

Characterisation of the new organophosphorus esters 6, 7 and 8 is
aided by gas chromatography mass spectrometry [GCMS]. Unlike their
parent acids which adsorb to the stationary phase, the methyl esters 6 and 7
are readily analysed by GCMS. As shown in Figure 2.6 preliminary GCMS
studies of methyl 8-camphanylphosphinate (6) [50°C to 250°C at 5°C per
mins] gave one major component eluting at 5.92 mins [R¢=0.15, M* at 216].
When a less concentrated sample along with a temperature programme of
50°C to 250°C at 1°C per mins is used, the major component is found to
consist of two overlapping signals eluting at 33.10 [R¢=0.165] and 33.15 mins
[R¢=0.166]. These two signals, which have identical parent ion masses, and
equal area, confirm the existence of a pair of diastereoisomers. Also given in
Figure 2.6 is the mass spectrum of a minor component (6a) [R¢=0.162] which
is similar to that of 6. As separation of the diastereoisomers using column
chromatography was only partially successful, preparative separation of the
diastereoisomers was not undertaken. An additional minor component,
methyl di(8-camphanyl)phosphinate (8) [R¢=0.70, M+ at m/z 352], formed by
the methylation of di(8-camphanyl)phosphinic acid (2), was also detected by
GCMS. In the GCMS studies of methyl 8-camphanyl(phenyl)phosphinate
(7), which are included in the experimental section, both the minor addition
product 7a and the diastereoisomers of 7 are detected. The mass spectrum of

7 is included in Figure 2.6.



Chapter 2: Synthesis and characterisation of camphene-derived phosphinic acids 46

10.0
7.5
5.0
2.5

6.0
4.0
2.0

O L 1 L L L L L 1

(ii)

0 50 100 150 200

156

Figure 2.6: (i) total ion chromatogram of 6 from 4 to 9 mins. (ii) mass
spectrum of major product methyl 8-camphanylphosphinate (6) eluting at
5.92 mins. (iii) mass spectrum of minor addition product 6a eluting at 5.74

mins. (iv) mass spectrum of methyl 8-camphanyl(phenyl)phosphinate (7).
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2.2.4 NMR analysis of methyl 8-camphanyl(phenyl)phosphinate
(7)

One- and two-dimensional NMR studies were carried out to fully
assign the 1H and 13C NMR spectra of methyl 8-camphanyl(phenyl)-
phosphinate (7) which, as previously stated in section 2.2.3, exists as a pair of
diastereoisomers. A summary of the 1H and 13C NMR data of both isomers
is included in Tables 2.7 and 2.8 respectively. The assignment of the absolute
configuration of each isomer of 7 by NOE-difference spectroscopy is not

possible as IH NMR resonances in the 1D-lH NMR spectrum are
indistinguishable.

C10H1715(0H)(0)(Ph) C10H17P(OMe)(O)(Ph) C10H17P(OMe)(O)(Ph)

3 isomer of 7 isomer of 7
Hy 2.14,br, s 2.28,br, s 1.98,br, s
Hj 1.75, m 1.74, m 181, m
H; 1.67,br s 1.66, br ,s 1.66, br s
Hg'/g" 1.79, m 1.96-1.67, m 1.85, m
Hg/g" 1.76, m 1.96-1.67, m 1.85, m
Hy» 1.49,d 1.53,d 1.53,d
Heg" 143, m 1.47, m 142, m
Hsz» 1.18, m 1.28, m 0.95, m
Hs 1.16, m 1.28, m 0.95, m
Hg' 1.19-1.14, m 1.18, m, 1.10, m
Hy 1.05,d 1.05 1.01
Me' 0.83,s 0.79, s 0.88,s
Me" 0.71,s 0.68, s 0.75, s

Table 2.7: A comparison of IH NMR data [§ in CDCl3] of the isomers of 7

with their parent acid 3.
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The 13C NMR spectra of the isomers of 7 [refer to the 13C NMR
spectrum given in Figure 2.7 and Table 2.8] consists of three resonances

which are equivalent [§ 37.0, 31.6 and 24.6] for each isomer and seven

resonances which are inequivalent for each isomer [§ (48.5, 48.4), (43.8, 43.7),
(42.4, 42.2), (37.6, 37.4), (26.9, 26.8), (22.2, 22.1), (20.2, 19.9)]. The equivalent
resonances which belong to C(6), C(7) and C(10) are assigned by comparison
with the 13C NMR spectrum of their parent acid 3 [see Table 2.8].

C10H17P(OH)(O)(Ph)  C10H17P(OMe)(O)(Ph)  C10H17P(OMe)(O)(Ph)

3 isomer of 7 isomer of 7
C(5) 20.1 19.9 20.2
C(9) Me" 22.0 22.2 22.1
C(6) 24.6 24.6 24.6
C(8) 279 26.8 26.9
1] p.cis) 101.1 Hz 101.1 Hz 101.1 Hz
C(10) Me' 31.6 31.6 31.6
C() 37.0 37.0 37.0
C@2) 37.5 37.4 37.6
3] P-C-C-C(2) 119 Hz 6.4 Hz 6.4Hz
C(4) 42.8 42.2 424
3] P-C-C-C(4) 44 Hz 39Hz 39Hz
C(3) 4338 437 43.8
2 ] P-C-C(3) 3.2Hz 3.1Hz 3.1Hz
C(1) 485 484 485
OMe - 50.90, d*; 50.90, d*;
50.85, d* 50.85, d*

Table 2.8: A comparison of the 13C NMR data [§ in CDCl3] of the isomers of 7

with their parent acid 3.
* denotes tentative assignment of signals
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Figure 2.7: The 13C-1H correlated NMR spectrum of the camphanyl moiety of methyl 8-camphanyl(phenyl)phosphinate
isomers (7), recorded in CDCl3 at 300 MHz.
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The 13C-1H correlated NMR spectrum, Figure 2.7, of the camphanyl
moiety of 7 gave two sets of correlation peaks. Each set of correlation peaks
defines the 1H NMR resonances belonging to a given isomer [sets are
differentiated by the presence or absence of an asterisk]. In the 13C-1H
correlated NMR spectrum the cross peaks belonging to C(4) and C(4),
hereafter labelled Hy and Hy', are of particular interest as they are
sufficiently separated from each other, and from other IH NMR resonances
to allow partial interpretation of their correlations in the COSY45 spectrum.

In the COSY45 spectrum of 7 shown in Figure 2.8, the H4" correlation
peaks of 7 are identical to its parent acid 3 and include the easily
distinguished correlation peaks which arise from the coupling of Hs" to H3"
(1), H1" (2), H»" (3), Hs"" and/or Hs™ (4) and Hy+ (5). For the Hy proton
resonance only three of the five expected correlation peaks are easily
identified; Hy (6), Hs" and/or Hs' (8) and Hy (7). A strong five-bond exo-Me
to Hy coupling observed in the COSY45 spectrum of the parent acid 3 [refer
to section 2.1.5.3], is also observed in the COSY45 spectrum of 7 [(12) and (13)].
This correlation links the methyl groups to their respective Hy7 protons and
therefore their associated Hy protons. The methyls are linked to each other
by a strong four-bond coupling. The assignment of the correlation peaks
that arise from the coupling of He¢' to He" and Hj to Hg'/g" for each isomer is
not possible as these correlation peaks fall amongst crowded areas of the
COSY45 spectrum. However NOE’s, which are included in Table 2.9, are able
to resolve ambiguous H NMR assignments and reaffirm postulated
assignments. Particularly diagnostic are the observed NOE’s of both Hy and
Hy* to their associated protons Hs, Hi, H7%, Hs" 5 and H7 and the observed
NOE'’s of the endo -methyl groups to their associated Hg" [and not Hg] and
Hg'/g" protons. Recognition of the Hi, H1*, H3, H3", Hs, Hs", Hs", Hs'", Hg;,
Hg”", Hg", Hg"* and Mej", Me, resonances, as revealed by crosspeaks in the
COSY45 and enhancements observed in the NOE-difference spectra,
identified the C(1), C(1)’, C(3), C(3)’, C(5), C(5)’, C(8), C(8)" and C(9), C(9)" 13C
NMR resonances, via correlation peaks observed in the 13C-1H correlated
NMR spectrum of 7.
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Irradiated Enhanced signal (%)

hydrogen

Hy' Hy* (4.9), Hs'/5" (7.3), H7" (5.8), H" (x), H3'(y), x+y=6.9
Hy Hy (1.2), Hs/5(1.4), Hy (1.4), Hy (x), H3 (y), x+y=7.4
Me"* Me" (1.7), Hg"" (5.1), H1" (x), Hg'/8"*(y), x+y=8.0

Me" Me' (2.4), Hg- (5.9), Hy (2.0), Hg /8" (5.2)

Me'" Me"* (1.7), H7" (4.3), Hy "+ H3 x+y=8.8)

Me' Me" (1.9), Hr (3.9), H1 (3.1), H3 (4.5)

Table 2.9: NOE's observed for the protons of 7 [% enhancements are given in

brackets].

A comparison of the 1H- and 13C- NMR spectra of 3 and its methyl

ester 7, Tables 2.7 and 2.8, shows that there is no significant difference

between commonly assigned resonances. There is, however, a significant

variation between the 1TH NMR resonances assigned to Hy and Hs"/5' of the

diastereomers of 7. The difference between these resonances can be

explained by the spatial orientation of the phenyl group with respect to the

Hj4 and Hs"/5' protons.
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2.0 15 1.0

Figufe 2.8: The COSY45 spectrum of the camphanyl moiety of methyl 8-
camphanyl(phenyl)phosphinate (7) recorded in CDCl3 at 300 MHz.

Crosspeaks : 1: Hq+/H3+ 2: H4*/Hi* 3: H4*/Hy*+ 4: Hgq*/Hs™ and/or Hi+/Hs"™ 5:
Hg¢*/H7+ 6: Ha/H7 7 Hy/H7 8: H4/Hs' and/or H1/H5" 9: H3*/Hg'* and/or Hs"+ 10:
Hs/Hs' and/or H3/H5" 11: H1/Hy+ 12: H7*/Me) 13: H7+/Mej.
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2.3 Synthesis and characterisation of some 8-

camphanylphosphinic acid derivatives

2.3.1 Introduction

The reaction of phosphinic acids with aldehydes and ketones to give
hydroxyalkylphosphinic acids is well established and is essentially the same
reaction developed around the turn of the century for hypophosphorous
acid®?. The acid-catalysed addition of formaldehyde to phosphinic acids to
give hydroxymethylphosphinic acids, illustrated in Scheme 2.18, has been

subsequently developed to shorten the reaction time.

0 . 0
/ H'/HCOH /
R—P—H »  R—P— CH,0H

OH OH
Scheme 2.18: The acid-catalysed addition of formaldehyde to phosphinic

acids to give hydroxymethylphosphinic acids.

As illustrated in Scheme 2.19 addition products are also formed by the
reaction of phosphorous acids with Schiff bases® ¥ [formed in situ from
HCOH and R;NH] and aryl isocyanates™.

R
R N
N PO,H
P PO,H + R'CH=NR" ——mm> /
H R'CI;I
NHR"

R and R'= H, alkyl, aryl
Scheme 2.19: Addition products formed by the reaction of phosphorous acids
with Schiff’s bases [formed in situ from HCOH and RoNH].

Several methods are also available in the literature for the
preparation of phosphonic dichlorides® *2. One of the most widely used

procedures consists of the conversion of phosphonates to phosphonic
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dichlorides by reaction with PCl5* *, SOCIL*" % 3¢ or COCL®. The
chlorination of phosphonates by SOCl,, Scheme 2.20, can also be catalysed by
pyridine, hexamethylphosphoric ~ triamide and N,N-disubstituted

formamides®.

(II) catalyst 9
R=—P(ORY), + soCl, ——> R—PC, + 250, + 2RCl

Scheme 2.20: Chlorination of phosphonates with thionyl chloride [SOCI,].

The phosphinic acids 1 and 3 are ideal precursors in the synthesis of
new camphene-derived hydroxymethyl and chlorinated phosphorus
compounds. Thus an investigation into their reactivity particularly relating

to the addition of formaldehyde and chlorine was undertaken.

2.3.2 Results and discussion

(i)  Acid-catalysed addition of formaldehyde and formaldehyde
/dimethylamine to phosphinic acid 1

At an elevated temperature [150°C] 1 reacts with an excess of
paraformaldehyde to form two major products, one of which is
hydroxymethyl camphanylphosphinic acid (9); Scheme 2.21. Formed in
moderate yield, 9 is readily purified by recrystallisation from a
methanol/ether solution. Attempts to isolate and identify the other major
product met with no success. 1 also reacts with an excess of concentrated
formaldehyde heated at reflux and hydrochloric acid to form 9. However
due to longer reaction times, lower yields and the formation of a greater
number of products, this route is least preferred [cf the use of
paraformaldehyde]. The formulated structure of 9 is consistent with
elemental data. As shown in Scheme 2.21, 8-camphanylphosphinic acid (1)
also reacts with a mixture of formaldehyde and dimethylamine to give 8-
camphanyl-N,N-dimethyl-aminomethylphosphinic acid hydrochloride (10),
a white crystalline solid, in high yield. Elemental microanalytical data of 10
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confirms the formation of the hydrochloride salt and not, as initially
suspected, the free amine. Both 9 and 10 are insoluble in organic solvents

such as chloroform and are readily recrystallised from methanol/ether.

o
HCOH/H* 9 .7

B-oH
\
CH,0OH

1 A HCOH/Me,NH/H*
P\~ OH
H

//O

P\~ OH
[CH,NHMe,] C1

Scheme 2.21: The acid-catalysed addition of HCOH and HCOH/MeoNH to 1.

Detailed characterisation of 9 and 10 by ESMS and NMR spectroscopy

is presented in sections 2.3.3 and 2.3.4 respectively.
(ii) Chlorination of the phosphinic acids 1 and 3

The oxidative chlorination of 1 involves 1 heated at reflux and the
catalyst pyridine [1 drop per 0.16 g of 1] in a solution of thionyl chloride
[SOCly] for 1.5 h. Upon completion of the reaction, which is determined by

31P NMR, the excess thionyl chloride, pyridine and byproducts [HCl, SOq] are
simply removed wunder vacuum yielding a pale yellow liquid, 8-
camphanylphosphonic dichloride (11), in quantitative yield; Scheme 2.22. A
catalyst [i.e. pyridine] must be used, otherwise the oxidative chlorination of 1
occurs slowly yielding a large number of products which are not easily
separated.

8-Camphanyl(phenyl)phosphinic acid (3) readily reacts with an excess
of thionyl chloride [with a pyridine catalyst] affording 8-camphanyl(phenyl)-
phosphinic chloride (12), in quantitative yield (see Scheme 2.22). As a result
of the chlorine substitution a chiral phosphorus centre is generated which

combines with the chiral camphanyl moiety [refer to section 2.2.2] to give
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four isomers. Two of the four isomers are chemically similar and physically
different, i.e. diastereoisomers, and thus are detectable by 3P NMR [3 57.8
and 57.2].

pyridine
 —— + S0, + HQ
o SOCl,
.7 2
(1) X=H X (11) X=Cl 1ox
(3) X=Ph OH (12) X=Ph cl

Scheme 2.22: The pyridine-catalysed chlorination of 1 and 3 with SOCl,.

Detailed characterisation of 11 and 12 by NMR spectroscopy is

presented in section 2.3.4.
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2.3.3 Electrospray mass spectrometric analysis of camphene-
derived phosphinic acids 9 and 10

The ESMS data of 9 and 10 in both positive and negative ion modes
are given in Table 2.10. Results clearly indicate that to obtain simple mass
spectra the phosphinic acid 9 should be analysed using similar conditions to
those specified for the phosphinic acids 1 and 3 [refer to section 2.1.4].
However mass spectral data of the phosphinic acid 10 suggests that positive

ion mode is recommended for spectral simplicity.

Compound Mode Principal ion (m/z) Other Ions (m/z)
(cone voltage)

9 positive [RP(O)(OH)CHOH+HI*  [2M+H]* (465, 70%);

(45V) (233, 100%) [3M+H]* (697, 55%);
[4M+H]* (929, 45%)

9 negative [RP(O)(OH)CH,OH-H]"  [2M-H]* (463, 13%)
(45V) (231, 100%)

10 positive  A-[RP(O)(OH)CHoNHMesl* [24-H]t (519, 55%)
(15V) (260, 100%)

10 negative B=[RP(O)(O)CHaNMes]"  [B +2H20] (294, 85%);
(15V) (258, 100%) [2 B +HJ" (517, 35%);

[2B+H+2H,0]" (553, 25%);
[3B+2H]" (776, 10%);
[3B+2H+2H,0]" (812, 7%)

Table 2.10: A comparison of electrospray mass spectral data of 9 and 10
collected in positive and negative ion modes.
M is defined as the molecular ion and A and B are defined as charged

species, the formula of which are described above.
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2.3.4 NMR analysis of 8-camphanylphosphinic acid derivatives

2.3.4.1 NMR analysis of 8-camphanylphosphonic dichloride (11)

One- and two-dimensional NMR studies were carried out to fully
assign the 1H and 13C NMR spectra of 8-camphanylphosphonic dichloride
(11). A summary of the 1H- and 13C-NMR data of 11, along with the

analogous resonances of 1, are presented in Tables 2.11 and 2.12 respectively.

C10H17P(OH)(O)(H) C10H17P(O)Cl
_ 1 11
Hy 2.26,br, s 2.34,br, s
Hj 1.79, m 193, m
H; 1.75, m 1.71,br s
Hg'/g" 1.75,m 2.54, m
Hg' /8" 171, m 249, m
Hz 1.64,d,2] 9.9 1.59,d, 2] 10.1
Heg" 1.53, m 1.46, m
Hs» 1.29, m 1.36, m
Hs 1.29, m 1.31, m
Hg 124, m 1.21,d,74.8
Hy 1.18,dt, 9] 9.9,3] 1.7 1.15,d, 27 10.1
Me' 0.95,s 091,s
Me" 0.78,s 0.74, s

Table 2.11: A comparison of the TH NMR data [ in CDCl3] of the camphany]l

moieties of 11 and 1.

The 3P NMR chemical shift of 8-camphanylphosphonic dichloride

(11) occurs at 8§ 51.6 and is consistent with n-hexylphosphonic dichloride
[C¢H13P(O)Cl;] which has a chemical shift of § 62.0%.

The 13C NMR spectrum of 11 is assigned by comparison with its

precursor 1 [see Table 2.12]. Recognition of the carbon resonances of the
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camphanyl moiety identified all camphanyl related proton resonances, via

correlation peaks observed in the 13C-1H correlated NMR spectrum of 11.

C10H17P(O)(OH)(H) C10H17P(O)Cl,

1 11
C() 20.2 203
C(©9) Me" 21.1 21.9
C(6) 24.6 245
C(8) 26.6 41.9

17 p-c(8) 93.5 Hz 95.7 Hz
C(10)Me' 31.8 31.6
C(?) 37.6 37.0
C(2) 37.5 38.2

3] p.c-c-c(2) 122 Hz 17.5 Hz
C(4) 21 419

3] p.c-c-C(a) 6.2 Hz 5.2 Hz
C(3) 434 45.1

2] p.c-C(3) 15 Hz 6.5 Hz
C(1) 48.4 48.3

Table 2.12: A comparison of the 13C NMR data (8 in CDCl3) of 11 with 1.

The correlations observed in the COSY45 NMR spectrum are
consistent with the assignment of IH NMR resonances obtained via
correlations in the 13C-1H correlated NMR spectrum of 11. Proton
resonances belonging to Hs" [8 1.36] and Hs' [§ 1.31] are assigned assuming
that the chemical shift of the exo-proton is greater than the endo- proton
[refer to section 2.1.5 for more detail]. No discrepancies exist between the 19-
1H and 13C-1H correlated NMR spectra.

A comparison of the IH- and 13C-NMR spectra of 11 with 1, Table 2.12,

shows that there is a pronounced difference between the resonances

assigned to C(8) and Hg'/g". For 11 the signals assigned to C(8) and Hg'/g" are

8 419 and & 2.54 respectively while the equivalent resonances in the
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phosphinic acid 1 are § 26.6 and & 1.75-1.71 respectively. This is expected to

be the result of the substitution of less electronegative chlorine atoms for the
oxygen atoms at the phosphorus centre. This phenomenon is also observed

for the chlorination of carbaxylic acids, e.g. 2-methylpropanoic acid, where

the B carbon atom shifts upfield § 12.4%.

2.34.2 NMR analysis of 9 and 10

The 13C NMR spectra of 9 and 10 are assigned by comparison with 1
[see Table 2.13]. The methylene signals [8 63.3 for 9 and § 58.2 for 10] which
exhibit large IJ p.c coupling constants [108.4 Hz for 9 and 84.4 Hz for 10] are

assigned to the -CHy;OH group of 9 and -CH;N group of 10. A DEPT90
experiment performed on 10 clearly distinguished the methine signals

belonging to C(1), C(3), C(4) [8 51.9, 47.1 and 45.9 respectively] from the
methyl signals belonging to the -N(CHs); group [0 48.6]. The hydroxymethyl
assignment for 9 is similar to that in the carbon analogue hydroxyethanoic

acid (glycolic acid), where the equivalent atom has a chemical shift of §

60.4%.



Compound RP(O)(OH)(H) RP(O)(OH)(CH20H) RP(O)(OH)(CH2NHMe3)Cl
1 9 10
solvent CDCl3 CD3CN CD3CN
C(5) 20.2 23.8 23.8
C(9) Me" 211 25.7 25.7
C(6) 24.6 28.2 28.2
C(8) 26.6 26.7 312
1] p.c(s) 93.5Hz 89.2 Hz 96.4 Hz
C(10)Me' 31.8 35.5 35.5
C(?) 37.6 40.5 40.5
C@2) 37.5 37.8 412
3] p.c-c-c(2) 122 Hz 10.7 Hz 11.8 Hz
C4) 421 459 45.9
3] p.c-c-C(a) 6.2 Hz 3.1Hz 31Hz
C@3) 434 47.2 47.1
2] p.c-c(3) 1.5Hz 4.6 Hz 46 Hz
C(1) 48.4 52.0 519
CH2X - 63.3 (X=0OH) 58.2 (X=N)
17 P-CH:X - 108.4 Hz (X=0OH) 84.4 Hz (X=N)
NH(CH3)? - - 48.6#

Table 2.13: A comparison of the 13C NMR chemical shifts [75 MHz] of 8-

camphanylphosphinic acid (1) and derivatives 9 and 10 .

R = C10H17 = 8-camphanyl.

# denotes multiplicity not resolved

61

The influence of electronegativity upon I p.c coupling constants is

demonstrated by the difference between the IJ p_c(g) [89.2 Hz] and ] p.cH,0H

[108.4 Hz] coupling constants within 9. A comparison of carbon atoms of the

camphanyl moiety [C(8)] and the hydroxymethyl group [CHOH] shows that

these atoms only differ in that the hydroxymethyl group has the more

electronegative hydroxyl group directly attached, which in turn results in a

larger 1] p.c coupling constant. The I] p.c(s) and 1] p.cH,N coupling constants
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within 10 [84.4 and 96.4 Hz respectively] are unlike those of 9 [108.4 and 89.2
Hz respectively] in that the magnitude of the I] p.c(g) and IJ p. cH,N coupling

constants have been reversed.

Compound  RP(O)(OH)(H) RP(O)(OH)(CH,0H) _ [RP(O)(OH)(CH;NHMep)]Cl

1 9 10
solvent CDCl3 CD3CN CD3CN
1] P-C(8) 93.5Hz 89.2 Hz 96.4 Hz

1 p-cHox . 1084 Hz (X=OH)  84.4 Hz (X= CH,NHMe")

Table 2.14: One-bond phosphorus-to-carbon coupling constants of 1,9 and 10.
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2.4 Synthesis and characterisation of polymeric

calcium 8-camphanylphosphinate (13)

2.4.1 Introduction

The cooperative assembly of molecular precursors into complex
structures, termed “self-assembly”, is an area of significant interest as these
materials tend to have both novel structures and novel applications. One
such example is the self-assembly of nanostructures using metal phosphates,
phosphonates, and phosphinates which have applications in catalysis, ion
exchange, and sorptive processes®. Specific examples include molecular
sieve alumino- and gallo-phosphates, layered phosphonates having the
ability to undergo shape-” and enantioselective® intercalation reactions, and
a vanadium phosphate which adopts a novel chiral double-helix structure®.
However studies to date have been largely restricted to salts of relatively
simple, sterically non-demanding organophosphorus acids.

The newly synthesised camphene-derived phosphinic acid 1 thus
represented an ideal precursor to the synthesis of metal derivatives which
contain a sterically demanding organophosphorus acid. The objective of
this part of the thesis was therefore to synthesise and characterise new metal
salts of 8-camphanylphosphinic acid (1).

The synthesis of metal phosphinates usually involves the
precipitation of the metal phosphinate from a solution of a metal salt and
phosphinic acid, Scheme 2.23.

DR'P02H2 + M > (R'POzH)nM + nH*
Scheme 2.23: The precipitation of metal phosphinates from the phosphinic

acid and metal salt.

Although preparation of the metal phosphinate is straightforward the
difficulty of this type of research often lies in the production of single crystals
of suitable quality for structural characterisation by X-ray diffraction. Single
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crysfals can be obtained via a number of methods, most of which involve
the slow evaporation of a solution of the metal salt and phosphinic acid.
The pH of the solution may also be controlled to facilitate slow
crystallisation of the metal phosphinate. One such example, which is
illustrated in Scheme 2.24, is the use of urea which hydrolyses slowly to

ammonia and reacts with the phosphinic acid to form the ammonium
phosphinate [(R-PO,H")(NHg*)]. The intermediate subsequently reacts with
a metal ion [M2+] to form the desired metal phosphinate [(R-POH)M]. It is

worth noting that restricting the amount of water present controls the rate
of formation of the metal phosphinate by controlling the rate at which
ammonium phosphinate is formed. This ensures the slow crystallisation of
the metal phosphinate and hence an improved chance of obtaining crystals
of X-ray diffraction quality.

NH2CONH2 + H20 e 2NH3 + C02

R-POzHZ + NH3 E— [(R-POZH_)(NH4+)]
M2+
2[(R-PO,H)(NH,")] ——— "(R-POH),M" + NH,"

Scheme 2.24: The schematic formation of divalent metal phosphinates by

the slow hydrolysis of urea.
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2.4.2 Results and discussion

The reaction of 8-camphanylphosphinic acid (1) with 0.5 mol
equivalent of Ca(NOj3)2.4H,0 and excess urea [for pH control] for 5 days
yields a colourless solution which, upon slow evaporation, afforded
colourless prismatic crystals (see Scheme 2.25). These were characterised as
the polymeric calcium salt [Ca(RPO;H)2(RPOoH3)(H20)]n {R=8-camphanyl}
(13) on the basis of a single-crystal X-ray study [refer to section 2.4.3 for more
detail].

Ca(NO3)2
excess urea
P > [Ca(RPO,H)2(RPOLH,)(H20)]n
Py MeOH
D \ 5 days (13)

OH
R=C10H1 7=8-camphanyl

Scheme 2.25: The synthesis of polymeric calcium phosphinate.

Crystals of 13 are soluble in methanol, and the 3IP-{lH} NMR

spectrum of the resulting solution shows a single peak at § 29.1, close to the
predicted weighted average position for two camphanylphosphinates [5 ca.
26.5] and one 8-camphanylphosphinic acid [6 35.4], indicating that the

polymeric structure of 13 is not retained in solution.
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2.4.3 X-ray structure of polymeric calcium phosphinate (13)

In order to unambiguously characterise the nature of 13, a single-
crystal X-ray diffraction study was carried out. Crystal data, intensity
measurements and structure solution and refinement details for 13 are
presented in the experimental section. Full tables of bond lengths and
angles are presented in Appendix IIL

Because of the relatively poor quality of the crystals, and the disorder
of the camphanyl groups, arising from librational effects and possibly also
from superposition of (+) and (-) enantiomers, the structure determination
is less precise than usual [R = 0.148]. A detailed discussion of bond
parameters is therefore unfortunately precluded. Nevertheless, the overall
structural features are clear and of interest.

The asymmetric unit formally consists of two Ca?* ions, four
C10H17POH- anions, two CjgH17PO2H; molecules, and two water
molecules, linked to form a buckled ladder-like chain polymer. The
coordination geometries about the Ca?+ jons are given in Figure 2.9 along
with Table 2.15, which contains selected bond lengths and angles. Each of
the crystallographically distinct, but chemically equivalent, Ca2+ ions is six-
coordinate, being bonded to one H;O ligand, to two oxygen atoms from
terminally-bonded phosphinates, to two oxygen atoms which bridge
symmetry-related Ca2* ions, and to one oxygen atom from a phosphinate
which bridges between the two independent Ca2+ ions.

There are two types of phosphinate groups. Two of them in the
backbone of the ladder [labelled P(5) and P(6) in Figure 2.9] are present as the
anion C1oH;7PO2H-, and have one oxygen bonded terminally to one Ca2*
ion, and the other oxygen doubly bridging the other Ca2* ions. The other
four ligands are terminally bonded, two to each of the two distinct CaZ* ions.
Formally, these are present as two C1oH17PO;H- and two CyoH17PO2H), but
the OH group of one ligand is H-bonded to the free oxygen of an adjacent
ligand, rendering them equivalent. The net result of these interactions is to
generate a buckled ladder consisting of alternating four-membered CayO;

and eight-membered Ca-O-P-O-Ca-O-P-O rings, supported by the P-O-
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H-O=P H-bonding interactions between ligands on adjacent Ca2* ions,
which further serve to bind the chain together.

Figure 2.9: Coordination geometry about the calcium atoms in the polymeric

chain of 13, showing the alternating four- and eight-membered rings and the

atom numbering scheme.

~Ca(1)-O(3) 2.413(13)
Ca(1)-0(52) 2.361(13)
P(5)-O(51) 1.45(2)
Ca(2)-O(51) 2.26(2)
Ca(1)-0O(21) 2.34(2)
Ca(2)-O(41) 2.29(2)
Ca(1)-0(52)-Ca(1)' 101.9(5)
P(5)-O(51)-Ca(2) 158.9(11)
O(3)-Ca(1)-0(52)' 81.4(4)

Ca(2)-0(2)
Ca(1)-0(52)
P(5)-0(52)
Ca(1)-0(11)
Ca(2)}-0(32)
0(52)-Ca(1)-0(52)
O(51)-P(5)-0(52)
P(5)-0(52)-Ca()
O(11)-Ca(1)-0(52)'

2. 4T4(13)
2.366(12)
1.496(13)
2.29(2)
2.32(2)
78.1(5)
119.5(9)
124.3(7)
98.3(5)

Table 2.15: Selected bond lengths (A) and angles (°) of 13. Estimated sténdard

deviations are in parentheses.
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The dominance of the bulky camphanyl groups are clearly illustrated
in the space-filling diagram of 13, Figure 2.10. These groups form a coherent,
essentially ‘close-packed' hydrocarbon sheath around the central hydrophilic
inorganic Ca/O/P core. Individual chains resemble an 'insulated wire'. It is
worth noting that equal numbers of IR, 45- and 1S, 4R-enantiomers of 1
were located in the structure of 13.

Figure 2.10: Space-filling. representation of the polymeric chain, with
calcium, phosphorus and oxygen atoms of the central hydrophilic core
shown by the smaller black circles, and the carbon atoms of the camphanyl
group by the larger open circles.

In contrast to the metal phosphonates, relatively few metal
derivatives of phosphinic [or dialkyl phosphoric] acids have been
structurally characterised. The chain-like structure adopted by 13 is not

unique to this system and has been observed in other metal phosphinates®.
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However the incorporation of neutral coordinated phosphinic acids is
unique and appears to be a new feature in the structural chemistry of this
system. It seems reasonable to propose that the self-assembly of 13 is largely
directed by the steric requirements of the bulky camphanyl moieties.

To conclude it also seems reasonable to propose that these bulky
camphanyl moieties and their steric requirements, will feature
predominantly in the structural chemistry of camphanyl-metal salts which
contain metals of different coordination requirements. This may in turn

lead to the development of other novel structural materials.
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2.5 Experimental

General instrumental techniques are as described in Appendix II. The
following reagents were used as supplied from commercial sources: benzoyl
peroxide (BDH), (+)-1R, 4S-camphene (BDH 94%), hypophosphorous acid
(Albright & Wilson Ltd., 50% w/w aqueous solution) and phenylphosphinic
acid (Aldrich). Analytical grades of aqueous formaldehyde, hydrochloric
acid, paraformaldehyde, potassium hydroxide, urea and triethylamine were
all used as supplied. Other reagents used were laboratory grade and were
used as supplied. All solvents used were of reagent grade. Petroleum spirit
refers to the fraction of b.p. 40-60°C. Diazomethane was synthesised by a

standard literature procedure!.

2.5.1 Synthesis of 8-camphanylphosphinic acid (1)

A mixture of 50% hypophosphorous acid solution (660 mL, 399.3 g
6.06 mol), isopropanol (600 mL) and technical grade camphene (215.5 g, 1.58
mol) was heated to reflux. Approximately 22.4 g of benzoyl peroxide, in

approximately 5 g portions, was added over 14 h. Progress of the reaction

was monitored by 3lp NMR. When complete, water (400 mL) was added and
the volatile organics removed on a rotary evaporator. The oily product was
taken up into CH2Cl; (400 mL) and the crude 8-camphanylphosphinic acid
extracted into an excess of 15% aqueous sodium hydroxide and washed with
CH,Cl, (200 mL). The aqueous layer was acidified to pH 0 with concentrated
HCl and the organics extracted with CHCl; (600 mL). The organic phase was
dried over dry magnesium sulfate and evaporated to dryness to give a white
crystalline solid. @ The crude 8-camphanylphosphinic acid (1) was
recrystallised from CHyCly/petroleum spirit to give white needle-like

crystals (265 g, 83% based on camphene content), m.p. 93-95°C. (Found: C,
59.30; H, 9.43%. Ci19H19O2P requires C, 59.37; H, 9.47 %.) Fast-atom
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bombardment MS (m-nitrobenzyl alcohol matrix, positive ion mode)

[M+H]* at m/z 203. ESMS (cone 45 V, negative ion); [M-H+]- at m/z 201.

NMR: 3'P-{1H}: § 38.8 [s]; 31P: § 38.8 [m, 1J(PH) 556.6].

1H: § 12.49 [1H, s, br, OH], 7.06 [1H, dt, P-H, 1] p_iy 538.2, 3] 2.0], 2.26
[1H, s, br, Hy], 179 [1H, m, H3]s, 1.75 [2H, m, H;, Hg/g"lp, 1.71 [1H, m,
Hg/g'lp, 1.64 [1H, d, 2] 9.9, Hy'lo, 1.53 [1H, m, Hg'], 1.29 [2H, m, Hs/5]p, 1.24
[1H, m, Help, 1.18 [1H, dt, 2] 9.9, 3] 1.7, Hy]a, 0.95 [3H, s, Me'], 0.78 [3H, s,
Me"].
a: partially overlapping signals
b: overlapping signals

13C: §48.4 [s, C(1)], 434 [d, 7 p.c.c 1.5 Hz, C(3)], 42.1 [d, 3] p.cc-c 62
Hz, C(4)], 37.5[d, 3] p.c.c.c 12.2Hz, C(2)], 37.6 [s, C(7)], 31.8 [s, C(10)], 26.6 [d,
1] p.c 93.5 Hz, C(8)], 24.6 [s, C(6)], 22.1 [s, C(9)], and 20.2 [s, C(5)].

LR.: v(P=0) region (1300-1140 cm-1) 12009, 1193.4 strong

(P-OH) region (1040-910 cm1) 996.3,980.0,963.4 broad, strong
Due to the large number of overlapping LR. signals the above stretching

frequencies were only tentatively assigned.

The attempted preparation of chiral 1 starting from (R)-(+)-camphene
(Aldrich; 94% (R)-(+)-camphene, 6% ftricyclene) yielded only racemic
material. The ORD and CD spectra of 1 in methanol, which were obtained
by Dr M. Prinsep at the University of Canterbury, gave no polarisation of
light.

2.5.2 Synthesis of 8-camphanyl(phenyl)phosphinic acid (3)

Phenylphosphinic acid (5.06 g, 0.018 mol) and technical camphene
(179 g, 0.13 mol) were refluxed in isopropanol (100 mL), and benzoyl



Chapter 2: Synthesis and characterisation of camphene-derived phosphinic acids 72

peroxide (ca. 1 g) in 0.2 g portions was added over 6 h. The reaction workup
was as above for 1. The crude product was recrystallised from
CH»Cly/petroleum spirit to give white needle-like crystals of 3 (8.02g, 81%),
m.p. 158-159 °C. (Found C, 69.01; H, 8.06%. C16H2302P requires C, 69.03; H,
8.33 %.) ESMS (cone 45, negative ion); [M-H*]- at m/z 277.

NMR: 31P-{1H}: § 47.1 [s]

1H: § 11.14, [1H, s, br, OH], 7.74-7.70, 7.46-7.43, 7.40-7.36 [5H, m, br,
Phly, 2.14[1H, s, br, Hl, 1.79 [1H, d, 2] 11.0, Hg'/8"]a, 1.76 [1H, m, br, Hg/s"]p,
1.75 [1H, m, br, H3lp, 1.67 [1H, s, br, Hi]p, 1.49 [1H, d, 2] 10.6, H7"],, 1.43 [1H,
m, br, He'la, 1.18 [1H, m, Hs'lp, 1.16 [1H, m, Hs],, 1.19-1.14 [1H, m, Hglp,
1.05[1H, d, 2] 10.6, Hy]a, 0.83 [3H, s, Me'], and 0.72 [3H, s, Me"]
a: partially overlapping signals
b: overlapping signals

13C-{1H}: 8 131.7 [d, Yp.c.c-c-c 9-8 Hz, C(14)], 131.0 [d, 4 p.c.c 12.2 Hz,
C(12)/C(16)], 1284 [d, 3] p.c.c.c 12.2 Hz, C(13)/C(15)], 48.6 [s, C(1)], 443 [s,
C@3)], 42.3 [s,C(4)], 37.5[s, C(2)], 37.0[s, C(7)], 318 [s, C(10)], 279 [d, I pc
101.1 Hz, C(8)], 24.6 [s, C(6)], 22.0 [s, C(9)], 20.1 [s, C(5)].
Note: C(12)/C(16)=ortho carbon atoms, C(13)/C(15)=meta carbon atoms,

C(14)=para carbon atom.

LR.: v(P=O0) region (1300-1140 cm1): 1185.2,1142.1, 1130.2 broad, strong
v(P-OH) region (1040-910 cm-1), v(P-Ph) region (1130-1090, 1010-990):
1083.1, 1068.0, 983.6, 971.9, 958.7 broad, strong.

Due to the large number of overlapping IR. signals the above stretching

frequencies were only tentatively assigned.
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2.5.3 Synthesis of methyl 8-camphanylphosphinate (6)

An excess of diazomethane was added to 8-camphanylphosphinic acid
(1) (0.30 g 1.4 mmol) and the resulting solution stoppered. After 24 h the
excess diazomethane was removed by evaporation at atmospheric pressure

yielding a colourless oil 6 (0.31 g, 98%) that was further dried under vacuum.
GCMS m/z at 216 (M*, 16%).
NMR: 31P-{1H}: § 43.1 [s, P], 42.6 [s, P'].

13C: §52.7 [d, 2] p.c.c 3.3 Hz, OMe]*, 484 [s, C(1)], 43.3, 432 [s, C3)],
422,420 1[d, 3 p.c.c.c 5.6 Hz, C@)], 375 [d, Y p.c.c 125 Hz, C2)], 37.1 [s,
C(7)], 31.75,31.709 [s, C(10)], 26.35,26.25 [d, IJ p.c 92.8 Hz, C(8)], 24.5 [s, C(6)],
22.0[s, C9)], 20.1 [s, C(5)].

* denotes a tentative assignment

LR.: v(P=0) region (1300-1140 cm-1): 1247.9, 1226.2 broad, strong

v(P-OH) region (1040-910 cm1): 1042.9, 1002, 973.0 broad, strong
Due to the large number of overlapping I.R. signals the above stretching

frequencies were only tentatively assigned.

Methyl 8-camphanylphosphinate hydrolyses over 24 h in the presence
of air to form 8-camphanylphosphinic acid (1). Despite several attempts to
purify the methyl ester by vacuum distillation [126°C at 0.5 mm Hg] a sample
suitable for elemental analysis was not obtained.

Preliminary GCMS studies [50°C to 250°C at 5°C per mins] gave one
major component eluting at 5.92 mins [Rg=0.15, M* at m/z 216] which was
resolved into two overlapping signals [(Re=0.165, M+ at m/z 216) and
(R¢=0.166, M* at m/z 216)] using a temperature programme of 50°C to 250°C
at 1°C per mins. Preparative separation of the diasterecisomers was not
undertaken. The minor addition product 6a [R¢=0.162, M+ at m/z 216] and
minor component, methyl di(8-camphanyl)phosphinate (8) [Rf=0.70, M* at
m/z 352] were also detected by GCMS.
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2.5.4 Synthesis of methyl 8-camphanyl(phenyl)phosphinate (7)

An excess of diazomethane was added to 8-camphanyl(phenyl)-
phosphinic acid (3) (0.30 g, 1.0 mmol) and the resulting solution stoppered.
After 24 h the excess diazomethane was removed by evaporation at
atmospheric pressure yielding a colourless oil which was dried further
under vacuum. Recrystallisation of the colourless oil from
CHCl3/petroleum spirit gave a white solid 7 (0.30 g, 96%), m.p. 69-89°C.
(Analysis: Found: C, 69.94%; H, 8.62%. Ci7H2502P requires C, 69.82; H, 8.62
%.) GCMS m/z at 292 (M*, 21%);

NMR: 31P-{1H}: § 47.1 [s, P], 46.8 [s, P']

Isomer 1: 1H: & 8.02-7.05 [5H, m, PhJ#, 3.55, 3.51 [3H, s, OMel#, 2.28 [1H, br, s,
Hy'l, 1.96-1.67 [2H, m, Hg/g""], 1.74 [1H, br, m, Hz"], 1.66 [1H, br, s, H1"], 1.53
[1H, d, 2] 10.6, H7"*], 1.47 [1H, m, Hg"*], 1.28 [2H, m, H5"/5"], 1.18 [1H, m, Hg"],
1.05 [1H, H7"], 0.79 [3H, s, Me™], 0.68 [3H, s, Me"].

13C-(1H}: §132.5-128.0 [6C, m, Arl¥, 50.85, 50.95 [d, 2] p.c.c 44 Hz,
OMel*, 48.4 [s, C(1)*], 43.7 [d, ¥ p.c.c 3.1 Hz, C3)*], 422 [d, 3] p.c.c.c 3.9 Hz,
C(4)*],37.6, 37.4 [d, 1] p.c.c 6.4 Hz, C(2*¥, 37.0 [s, C(7)*], 31.6 [s, C(10)*], 26.9,
26.8 [d, I p.c 101.1 Hz, C(8)*1¥, 24.6 [s, C(6)*], 22.1 [s, C(9)*], 202 [s, C(5)*].

Isomer 2 :1H : § 8.02-7.05 [5H, m, PhJ#, 3.55, 3.51 [3H, OMe]¥, 1.98 [1H, br, s,

H], 1.85 [2H, m, Hg/g'], 1.81 [1H, br, m, H3], 1.66 [1H, br, s, Hy], 1.53 [1H, d, J
10.6, Hy], 1.42 [1H, m, Hg], 095 [2H, m, Hs'/5], 1.10 [1H, m, Hg], 1.01 [1H,

Hy], 0.88 [3H, s, Me'], 0.75 [3H, s, Me].

13C-{1H}: § 132.5-128.0 [6C, m, Ar]#, 50.85, 50.95 [d, 2J (PC) 4.4, OMe}*,
48.4[s,C(1)], 43.8[d, %] p.c.c 3.1 Hz, C(3)], 42.4 [d, 3] p.c.c.c 3.9 Hz, C(4)], 37.6,
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37.4[d, ¥ p.c.c.c 6.4 Hz, CQ)J¥, 37.0 [s, C(7)], 31.6 [s, C(10)], 26.9, 26.8 [d, 1] p.c
101.1 Hz, C(8)I¥,24.6 [s, C(6)], 22.2 [s, C(9)], 19.9 [s, C(5)].

# denotes signals not assigned to an isomer, * denotes tentative assignment
of resonances.

All proton signals except for Hy and the Me signals of each isomer
overlapped.

Due to the complexity of LR. spectrum of 7 no signals were assigned.

The GCMS analysis of the reaction product [50°C to 250°C at 1°C per

mins] gave two major products with similar retention times [R¢=0.180 and

0.81], identical parent ion masses [M* at m/z 277] and equal areas.
Preparative separation of the diastereoisomers was not pursued. Also
present was the ester of the minor addition product 7a [Rg=0.78 M* at m/z
277].

2.5.5 Synthesis of hydroxymethyl 8-camphanylphosphinic acid (9)

An excess of paraformaldehyde (2.1 g) was added to a vigorously
stirred melt of 8-camphanylphosphinic acid (1) (5.0 g, 0.02 mol) at 150°C.
Upon addition of paraformaldehyde the reaction mixture effervesced and
after 20 mins went pale yellow in colour. After 10 h of vigorous stirring at
150°C the reaction mixture was cooled, water (2 mL), HC] (2 mL), methanol
(20 mL) added and the resulting solution refluxed for a further 1 h. The
solvent was removed under vacuum and the white solid dissolved in a
minimum amount of ether/methanol (90-10). Petroleum spirit was added
slowly to this solution until a faint precipitate appeared. The solvent was
then removed under vacuum until approximately one third of the solid had
precipitated out of solution at which time the crystalline solid was filtered.
The supernatant was reconcentrated and the process repeated to give a white
solid 9 (2.1 g, 45%), m.p. 146-148°C. (Analysis: Found: C, 56.67; H, 9.39%.
C11H2103P requires C, 58.87; H, 9.12%.) ESMS (cone 45 V, positive ion);
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[M+H]* at m/z 233, [2M+H]* at m/z 465, [3M+H]* at m/z 697, [4M+H]* at
m/z 929. ESMS (cone 45 V, negative ion); [2M-H]- at m/z 463.

NMR: 31P-{1H}: (CD30D): § 51.0 [s].

13C-{1H}: § 63.3 [d, IJ p.c 108.4 Hz, CH,0H], 52.0 [s, C(1)], 472 [d, 7] p.c.c
40Hz, C(3)], 459(d, 3 p.c.c.c 3.1 Hz, C@)], 37.8 [d, 3] p.c.c.c 10.7 Hz, C(2)],

40.5[s, C(7)], 355 [s, C(10)], 28.2 [s, C(6)], 26.7 [d, 1] p.c 89.2 Hz, C(8)], 25.7 [s,
CO)l, 238[s, CG)].

2.5.6 Synthesis of 8-camphanyl-N,N-dimethylaminomethylphosphinic
acid hydrochloride (10)

To 1 (3.82 g, 0.019 mol) was added isopropanol (50 mL), concentrated
hydrochloric acid (4.5 mL) and dimethylamine (3.5 mL, 26%w/v). The
resulting solution was heated to reflux and while being vigorously stirred,
formaldehyde [5.5 mL (40%w/v) in 10 mL HyO] was added dropwise. After
10 h a further 6 mL of formaldehyde was added dropwise and the solution
refluxed for another 5 h. Upon removal of the solvent a yellow oil formed
which solidified upon addition of CHCl3 (150 mL). The white solid 10 (1.88
g 90%) was filtered and washed with CHCl3. A sample suitable for
elemental analysis was obtained by recrystallisation from methanol/ether.
(Found: C, 49.39; H, 9.16%. C13H27NO,PCLH0 requires C, 49.82; H, 9.33 %.)
The presence of HpO was confirmed by TH NMR studies.

ESMS (cone 15 V, positive ion); A=[ C1oH17P(O)(OH)CHoNHMe;]* at m/z
260, (100%), [2A-H]* at m/z 519 (55%).

ESMS (cone 15 V, negative ion); B=[C10H17P(O)(O)CHoNMey]™ at m/z 258
(100%); [B+2H Ol at m/z 294 (85%); [2B+H]" at m/z 517 (35%);
[2B+H+2H,0]" at m/z 553 (25%); [3B+2H] at m/z 776 (10%); [3B+2H+2H,0]"
at m/z 812 (7%).

B is defined as the principal ion (i.e. 100% intensity)
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NMR: 3!1P-{1H}: §40.5 [s].

13C-{1H}): 8582 [d, I] p.c 84.4 Hz, CHLN], 519 [s, C(1)], 48.6 [m, -
N(CHa)J#, 47.1[d, Y p.c.c 4.6 Hz, C(3)], 459 [d, 3] p.c.c.c 3.1 Hz, C(4)], 412
[d, 3] p.c.c.c 11.8 Hz, C(2)], 40.5[s, C(7)], 35.5 [s, C(10)], 31.2 [d, IJ p.c 96.4 Hz,
C(8)], 282[s, C(6)], 25.7 [s, C©9)], 23.8 [s, C(5)].

# denotes multiplity not resolved.

2.5.7 Synthesis of 8-camphanylphosphonic dichloride (11)

An excess of thionyl chloride (40 mL) was added to 8-camphanyl-
phosphinic acid (1) (1.67g, 8.2 mmol).. While being stirred, pyridine (10
drops) was added and the resulting yellow solution refluxed for 7.5 h.
Removal of the thionyl chloride under reduced pressure gave 11 as a light
yellow oil (1.88 g, 90%). (Found: C, 47.92; H, 6.97%. C;0H170PCl; requires C,

4724, H, 6.74 %) GCMS m/z at 255 (M+, 16%).
NMR: 31P-{1H}: § 51.6 [s]

1H: § 2.54 [1H, m, br, Hg/Hg], 2.49 [1H, m, br, Hg/g'], 2.34 [1H, br, s,
Hy], 1.93 [1H, m, br, Ha], 1.71 [1H, br, s, Hy], 1.59 [1H, d, 2] 10.1, Hy"], 1.46 [1H,
m, br, Hg"l, 1.36 [1H, m, br, Hs']o, 1.31 [1H, m, br, Hsl,, 1.21 [1H, d, ] 48,
Hglb, 1.15[1H, d, 9/ 10.1, H7],, 091 (3H, s, Me'], and 0.74 [3H, s, Me"].

13C-{1H}: § 48.3 [s, C(1)], 45.1 [d, %] p.c.c 6-5 Hz, C(3)], 419 [d, 3] p.c.c-C

5.2 Hz, C(4)], 41.85[d, ] p.c 95.7 Hz, C(8)], 38.2 [d, 3] p.c-c.c 17.5 Hz, C(2)],
37.0[s,C(7)], 316 [s, C(10)], 24.5[s, C(6)], 21.9[s, C(9)], 20.3 [s, C(5)].

a: partially overlapping signals

b: overlapping signals
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2.5.8 Synthesis of 8-camphanyl(phenyl)phosphinic chloride (12)

To 8-camphanyl(phenyl)phosphinic acid (3) (0.61g, 2.1 mmol) and
pyridine (8 drops) was added an excess of thionyl chloride (20 mL) and the

resulting solution refluxed for 1.5 h. The thionyl chloride was removed
under vacuum to give 12 as a yellow liquid (0.55 g, 86%). The 31P NMR
spectrum gave 2 signals at § 57.8 and 57.2.

2.5.9 Synthesis of polymeric calcium camphanylphosphinate (13)

A solution of Ca(NO3)2. 4H20 (0.585 g, 2.48 mmol) with 1 (1.00 g, 4.95
mmol) and urea (1.5 g, excess) in reagent grade methanol (30 mL) was
warmed to 65°C for 5 days. The resulting solution was filtered to remove a
small quantity of white solid, and the filtrate allowed to spontaneously
evaporate, producing colourless needles which were filtered, washed with
cold methanol (2 x 10 mL) and air dried, to give 13 (0.568 g, 35% based on Ca)
m.p. fracture and turn opaque>100 °C, soften >210°C. (Found: C, 54.1; H, 9.7.
C3oHs7CaO7P3 requires C, 54.4; H, 8.7%.)

NMR 31P-{1H} (CH30H, D0 external lock) : §29.1 [s].

X-ray structure of polymeric calcium phosphinate (13)

Data were measured at -173 °C on a Nicolet R3 diffractometer with
graphite monochromated Cu-Ko radiation using w-scans. A total of 5302

reflections were collected with 4935 unique (Rjnt 0.048). After absorption
correction (® scan method, Tmax, min 0.96, 0.66) 2834 reflections had I > 2o(I).

Crystal data: CgoH100Ca2014P¢, M, =1311.46, triclinic, space group Pi,a
=12.501(3), b=18.154(4), c = 18.474(4) A, 0=117.80(3), B=96.40(3),y =102.20(3)°, U
=3516.3(14) A3, Z = 2, D =1.239 g cm3,
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Solution and refinement

The structure was solved by direct methods to give the Ca2+ ion and
the P atom positions, and a subsequent difference map revealed the O atoms
and the P-C-C carbons of the camphanyl groups, which refined cleanly in
subsequent cycles. The remaining parts of the camphanyl groups showed
significant disorder, so were refined with restrained C-C bond lengths of
1.54(5) A. In the final cycles of least-squares refinement only the Ca and P
atoms were refined anisotropically, while all C-C distances were restrained

to 1.54(5) A. H atoms were not included. Convergence gave R; = 0.148 [for
2834 data with I > 20(I)], 0.221 (all data), and wRp = 0.431 (all data), where w =

[s2(Fo2) + (0.2072P)2 + 70.21P]! and P = 1/3 [F2 + 2F2]. Goodness of fit was
1.027. Programs used were SHELXS86* and SHELXL93%,
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Chapter Three

Synthesis and chemistry of 8-camphanyl-

phosphonic acid and derivatives

3.1 Synthesis and characterisation of 8-camphanyl-

phosphonic acid (14)

3.1.1 Introduction

The general reaction scheme for the oxidation of phosphinic acids to

phosphonic acids is given in Scheme 3.1.

0 e 0

I oxidising agent i
R—P— OH > R— Il’-— OH

H OH
phosphinic acid phosphonic acid

Scheme 3.1: The oxidation of phosphinic [RPO,Hj] to phosphonic acid
[RPOsHy] {R=alkyl group}.

Strong oxidising agents! such as concentrated hydrogen peroxide? 3,
nitric acid% 5, alkaline permanganate® 7, mercuric chloride 8, aqueous
bromine?, iodine¥ 7 and sulfur dioxide!® are usually required. Aromatic
phosphinic acids may suffer ring nitration if nitric acid is employed!l.
Phosphinic acids reduce ammoniacal silver nitrate and other metallic salts
to the free metals’2.

More recent work involves the oxidation of phenylphosphinic acid

[PhPO,H>] to phenylphosphonic acid [PhPOsHj] at room temperature using
a solution of Cup(u-O2CCHjz)4 (H20)21 in pyridine. The phosphonic acid is
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recovered as the monomeric copper(ll) complex Cu(PhPO3H3)(Cs5HsN)4-
2CH30H.

The synthesis of phosphonic acids can also be achieved by the
hydrolysis of phosphonic dichlorides [RP(O)Clp]. This procedure, given in
Scheme 3.2, is well documented in the literature and usually requires no
more than stirring in ice or water¥, More difficulty is encountered if the
organic group is bulky but in such cases heating with dilute nitric acid!5 16 or

aqueous alkalil”. 18 is usually adequate.

O (0]

[ H,O [
R—P—CCl > R—II’— OH

Cl OH

Scheme 3.2: The hydrolysis of phosphonic dichloride to phosphonic acid.

The camphene-derived phosphinic acid 1 and phosphonic dichloride
11 are both ideal precursors to the camphene-derived phosphonic acid 8-
camphanylphosphonic acid. Hence an investigation of the feasibility of

oxidising agents upon 1 and the hydrolysis of 11, was undertaken.

3.1.2 Results and discussion

The camphene-derived phosphinic acid 8-camphanylphosphinic acid
(1) is oxidised to 8-camphanylphosphonic acid (14) by the use of sulfur
dioxide [SO2] in isopropanol heated at reflux, Scheme 3.3. In this case the
byproduct, elemental sulfur, is readily removed by simple filtration.
Copper(Il) nitrate in methanol heated at reflux also oxidises 1 to 14,
producing metallic copper, a byproduct that is also readily removed by
filtration. Although posing practical problems, the use of gaseous SO [c.f.
Cu salt] is the preferred oxidising agent as higher yields are consistently
obtained.

Alkaline hypochlorite may also be used for the oxidation of 1,

however this leads to an impure product. Alkaline hydrogen peroxide and
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concentrated nitric acid were found to be completely ineffective oxidising

agents for 119,

@) Soz .
1so-PrOH + (i) Sg
P“OH
o (14) [85%)] on
Y
P~y
1) \OH
ii) Cu(NO.
(@) ‘;,Ia:oﬁ)z + (i) Cu
7
P‘OH

(14) [70%] OH
Scheme 3.3 : The oxidation of 1 to 8-camphanylphosphonic acid (14) using
either (i) SO or (ii) Cu(NO3),. Percentage yields are presented in brackets.

An alternative synthetic route to 14, Scheme 3.4, involves the
oxidative chlorination of 1 to afford 8-camphanylphosphonic dichloride (11)
[refer to section 2.3.2 for details on the preparation of 11], which in turn is
hydrolysed in mild conditions [water heated at reflux] precipitating 14 in
high yield. This synthetic route involves an additional step [c.f direct

oxidation of 1] and as a result is the least preferred.

_80Ch, H,0
—_—
N 7 A 7
a) P'H (11) -« (14) fooH
OH (@] OH

Scheme 3.4 : The synthesis of phosphonic acid 14 by the hydrolysis of 8-
camphanylphosphonic dichloride (11).

The phosphonic acid 14 is a white solid which is only slightly soluble
in organic solvents and water but readily soluble in low molecular weight
alcohols. Detailed characterisation of 14 by X-ray crystallography and NMR

spectroscopy is presented in sections 3.1.3 and 3.1.4 respectively. Elemental
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microanalytical data collected for 14 are consistent with its formulated
structure.

It is worth noting that the trace amount of 1a [refer to section 2.1.2 for
details of synthesis] present in 1, is also expected to be oxidised by SO to its

corresponding phosphonic acid 14a.

3.1.3 X-ray crystal structure of 8-camphanylphosphonic acid (14)

An investigation of the synthesis of new metal-phosphonate salts of
8-camphanylphosphonic acid (14) was undertaken. As with the synthesis of
the metal-phosphinate salts of 8-camphanylphosphinic acid (1) [see section
24] this synthesis involved the heating of a methanol/water solution of 14
with urea and a metal salt. From one trial using strontium nitrate
colourless hexagonal crystals were grown which were initially thought to be
a strontium phosphonate salt. However refinement of the X-ray crystal data
at Waikato University when strontium was included, met with little
success. The examination of the data by Dr Mark Turnbull of Clark
University revealed that strontium was not present, i.e. we were dealing not
with a metal-phosphonate but with the phosphonic acid 14. The growth of
crystals of 14 are thought to arise from the slow evaporation of methanol
from the methanol/water mixture and not from the action of urea [see
section 2.4 for details].

The molecular structure of 8-camphanylphosphonic acid (14) together
with the atom numbering scheme is shown in Figure 3.1. Bond lengths and
selected bond angles of 14 are presented in Table 3.1. Crystal data, intensity
measurements and structure solution and refinement details for 14 are
presented in the experimental section. Full tables of bond lengths and

angles are presented in Appendix III.



H(110)

with the atom numbering scheme.

Figure 3.1: Molecular structure of 8-camphanylphosphonic acid (14) together

P(1)-O(2)
P(1)-O(3)
C(4)-C(5)
C(4)-C(3)
C(3)-C(2)
C(2)-C(10)
C(1)-C(6)
C(6)-C(5)

O(1)-P(1)-C(8)
O(3)-P(1)-C(8)

1511(5)
1.548(6)
1.521(11)
1.555(11)
1.576(11)
1.522(12)
1.529(12)
1.538(12)

106.4(3)
104.0(4)

P(1)-0(1)
P(1)-C(8)
CA)-C(7)
C@)-C(@8)
C(-C()
C(2)-C(9)
C(1)-C()

O(1)-P(1)-O(3)

1.534(6)
1.762(8)
1.521(12)
1.532(10)
1.520(12)
1.541(11)
1.547(12)

110.8(3)

Table 3.1: Bond lengths (A) and selected bond angles (°) of 8-camphanyl-
phosphonic acid (14). Estimated standard deviations are in parentheses.
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The structure confirms the formulation of the compound as 8-
camphanylphosphonic acid, containing an endo-CH,PO3zH; group. The
marked asymmetry of the bridgehead observed in 1 [refer to section 2.1.3] is
not observed in 14 where the bond distances to the bridgehead carbon C(7),
Table 3.2, are crystallographically equivalent. A comparison of the C(8)-C(2)-
C(3)-C(9) and C(8)-C(2)-C(3)-C(10) torsion angles of 1 and 14 shows that these

torsion angles are also crystallographically equivalent.

Compound  C(1)-C(7) C(4)-C(7) C(8)-C(2)-C(3)-C(9) C(8)-C(2)-C(3)-C(10)

1 159(1)  1.49(0) “11.3(7) 109.3(7)
14 1.54(1)  1.52(1) -10.35(11) 108.88(8)

Table 3.2: A comparison of selected bond lengths (A) and torsion angles (°) of
the phosphinic acid 1 and phosphonic acid 14.

This suggests that if the asymmetry of the bridgehead of 1 was due to
the steric interaction between the exo-methyl group [C(10)] and the
bridgehead [C(7)] it follows that the bridgehead of 14 should experience a
similar distortion. However this is not the case indicating that the
bridgehead distortion observed in crystallographic studies of 1 is as
postulated previously in section 2.1.3, the result of intermolecular contacts
and not intramolecular contacts.

All other C-C bond lengths for 14, which lie between 1.576(11)-
1.520(12) A, are comparable with that of 8-camphanylphosphinic acid (1)
[1.54(18)-1.497(9) A, section 2.1.3]. The average P-O bond length of 14 [1.531(5)
A] is similar to the average P-O bond lengths of the amino phosphonic acids
PhCH,CH(NH2)PO3H2? and HC(NH3)(CH,COOH)POsH2! [1.524(5) and
1.528(3) A respectively] [Table 3.3]. Although the P-C(8) bond length of 14
[1.762(8) A] is not comparable with the P-C bond length of the amino
phosphonic acids mentioned above, the P-C bond length of 14 is similar to
the equivalent bond lengths within the phosphinic acid 1 [1.785(6) Al, R-
(CH>),P(Me)(O)OH {R=C(NH3)(COOH)Cl}22 [1.786(3) A] and the phosphonic
acid 4-methyl-2,6-bis(phosphonomethyl)phenol dihydrate?® [an average of
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1.787(1) A]l. This suggests that the P-C bond length of amino phosphonic
acids are themselves anomalous and thus are not comparable with the P-C
bond length of 14. Owing to the bulk of the camphanyl moiety the O-P-O
bond angles of 14 are not comparable with the equivalent bond angles of
PhCH,;CH(NH32)PO3H; and HC(NH3)(CH,COOH)PO3Hj.

14 PhCH,CH- HC(NHj3)(CH,COOH)PO3H,
(NH2)PO3H;

P-C(8) 1.762(8) 1.826(4) 1.846(4)

P-0(2) 1.511(5) 1.495(3) 1.500(3)

P-O(1) 1.534(6) 1.505(3) 1.509(3)

P-O(3) 1.548(6) 1.573(3) 1.576(3)
0(2)-P(1)-0(3) 111.9(3) 117.6(2) 117.7(2)
O(2)-P(1)-0(1) 111.2(3) 112.5(2) 107.7(2)
O(2)-P(1)-C(8) 112.2(3) 105.8(2) 106.1(8)

Table 3.3: A comparison of bond lengths (A) and bond angles (°) of 14 with 1-
amino-2-phenylethyl)phosphonic acid monohydrate [PhCH;CH(NNH2)-
POzH;] and 3-amino-3-phosphonopropionic acid [HC(NH2)(CH2COOH)-
POsHy].

The crystal is made up from H-bonded hexamers of RP(O)(OH);
packed about the three-fold axis. As shown in Figure 3.2, a stereo view of
the P(O)(OH); core, three molecules are linked in a ring by O(3) [red]-
H(130)...0(2) [black] interactions between adjacent molecules, then these
trimers are linked together by six O(1) [blue]-H(110)...0(2) [black] bonds. This
core of RP(O)(OH); hexamers stack upon each other [see Figure 3.3 which
depicts two RP(O)(OH); hexamers] to give a discontinuous hydrophilic
central core. As depicted in Figure 3.4, a stereo view of the unit cell, the

bulky camphanyl groups surround this central core.
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Figure 3.2: Stereo view of the CHpP(O)(OH); core in which three molecules
are linked in a ring by O(3) [red]-H(130)..O(2) [black] hydrogen bonding.
These trimers are linked together by six O(1) [blue]-H(110)...0(2) [black] bonds.

With the exception of the C(3) atom, all other atoms relating to the

camphanyl moiety are omitted for clarity.

Figure 3.3: Stereo view of the core of two CHyP(O)(OH), hexamers which
stack upon each other giving a discontinuous hydrophilic central core.

With the exception of the C(3) atom, all other atoms relating to the

camphanyl moiety are omitted for clarity. The phosphorus atoms are
shaded.
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Figure 3.4: Stereo view of the unit cell depicting the bulky camphanyl groups

that surround the central core.

A comparison of the packing tendencies of 14 with the Ca-
phosphinate 13 [see section 2.4.3] clearly indicate that these camphene-
derived compounds pack such that there is maximum separation of the
hydrophilic inorganic moiety from the hydrophobic organic moiety. Thus
as a consequence both 13 and 14 form central hydrophilic inorganic cores
which are surrounded by the bulky hydrophobic camphanyl groups.

These crystallographic tendencies suggest that metal salts of the
phosphonic acid 14 may also retain, in part, or in whole, this novel
columnar structure and not the more traditional layer structures of metal
phosphonates?t. Although initial attempts to crystallise the Cu salt of 14
using the urea method described in section 2.4 were successful, the crystals
instantly became opaque upon removal from the methanolic solution. As
this was expected to result from solvent molecules encapsulated in the
crystal lattice escaping, further trials using the higher boiling point solvents
ethylene glycol and propanol were undertaken. However, these subsequent
trials did not produce crystals of suitable quality for crystallographic studies.
Despite varying the amount of urea and water present, all attempts to
crystallise the Sr salt of 14 were also unsuccessful, and repeating the

synthesis of the Cu salt in methanol was also unsuccessful.
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3.1.4 NMR analysis of 8-camphanylphosphonic acid (14)

One- and two-dimensional NMR studies were carried out on 8-

camphanylphosphonic acid (14) to fully assign the 1H and 13C NMR data. A

summary of these results is presented in Tables 3.4 and 3.5. The structure of

the camphanyl moiety deduced by NMR spectroscopy is consistent with that

determined by X-ray crystallography.

Atom 13 C NMR data 1H NMR data  Assignment
C4) 435,d,3 p.c.c.c= 3.6 Hz 7.38, br, s H,
[42.1,d, 3] p.c.c.c = 6.2 Hz]
C@3) 46.0,d,Jp.c.c=39Hz 1.82, m Hj
[43.4, d, 2] p.c.c= 1.5 Hz]
C(2) 38.3,d, 3] p.cc.c= 14.1 Hz - -
[37.5,d, 3] p.c.c.c = 12.2 Hz]
C(1) 50.1 [48.4] 1.77,br,s* Hj
C(8) 25.2,d, 1] p.c =138.3 Hz 1.72, m Hg'/s"
[26.6,d, 1] p.c = 93.5 Hz] 1.65, m
C(7) 37.8 [37.6] 1.66, m Hy"
1.20, dt Hy
C(6) 25.6 [24.6] 1.60, m Heg-
1.32, m Hg'
C(5) 21.0 [20.2] 1.44, m Hs»
1.34, m Hs
C(10) 323 [31.8] 098, s Me'
C(9) 223 [21.1] 0.83,s Me"

Table 3.4: Summary of the 1H and 13C NMR data [§ in CDsOD] for 8-

camphanylphosphonic acid (14).

* denotes an unresolved resonance

[ ] represents the equivalent !3C NMR data obtained for 8-camphanyl-

phosphinic acid (1).
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The 3P NMR chemical shift of 8-camphanylphosphonic acid (14)
occurs at 6 23.8 and is consistent with the phosphonic acids MeP(O)(OH),

and HOCH,P(O)(OH); which have 3P NMR chemical shifts of § 24.8 and
22.8 respectively?.

The 13C NMR spectrum of 14 was assigned by comparison with the
13C NMR spectrum of its precursor 1 [see Table 3.4]. In the 13C-1H correlated
NMR spectrum of 14 the cross peaks relating to the 13C NMR signals of the
camphanyl moiety identified their corresponding camphanyl moiety 1H
NMR resonance(s).

As the H and COSY45 spectra of 14, Figure 3.5, showed many

similarities to its precursor 1 [Figure 2.5], complete assignment of the 1H and
COSY45 NMR spectra of 14 was possible. As in the phosphinic acid 1,
examination of the Hy cross peaks of 14 readily identifies the proton

resonances belonging to Hy [52.38], Hz (1) [6 1.82], Hy (2) [6 1.77], Hy» (3) [
1.66], Hy' (4) [8 1.34], Hg /8" (6) [8 1.72, 1.65] and Hy (5) [6 1.20].
Unlike 1 [see section 2.1.5], the Hs* and Hs' proton resonances of 14 [6

1.44 and & 1.34 respectively] are sufficiently separated to be distinguished.
This assignment results from the observation of correlation peaks arising
from the coupling of Hy to Hs' [but not to Hs'] (4), H3 to Hg' [but not to Hs]
(7) and Hy" to Hs" [but not to Hy] (12). Further confirmation is obtained by
the presence of an NOE from Me" to Hs". A summary of the NOE’s observed
for 14 is presented in Table 3.5. Again, as in the phosphinic acid, NOE's are
observed from Me' to H3 and Hy", and from Me" to Hg/g", He* and Hs",
proving the endo disposition of the -CHPO3H; group.
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Irradiated Hy