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NOAENCLATURE

Phosphorus (II1).nitrogen compounds are normally referred
to as either eamine or phosghine derivatives. For example, the

compound :

Fn Eg

Ne_w”
Ph//// \\\\ Et
mey be described either as diphenylphospninodiethylemine or
diethyleminodiphenylphosphine. Neither the designation
phosph(IIl)azane (put forward’by Shew as a basis for the
~nomenclature of these compounds ), nor the form of designation(l)
based on the originel acids has beén‘widely adopted. The
phosphine-amine system also has its limitaticns, especially in
the case of longer chain unsymmetrically substituted molecules.
For example,

de Me Fh Me

NN

~ P— N—u Po— N—P

PH///{_ \\\\

Pn

which was one of the ccompounds prepared in this project,

/is very
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is very difficult to describe and it was found convenient to
adopt & trivial system of nomenclature. The ever increasing
complexity of P(III)-N systems will no doubt involve future

authors more and more in the use of trivial names to describe

their systems.



CHAPTER 1.

GENERAL SURV.EY.




GENTRAL SURVEY

The chemistry of phosphorus(III)-nitrogen systeams dates
back to the end of the nineteenth century, when Michaelis first
investigated the reactions of phosphorus trichloride with a
number of primary and secondary amines. It is only within the
last ten years, however, that these compounds ha?e received any
great attention, but during this comparatively short time progress
has been extremely rapid due to considersble improvements in
handling techniéues and the availability of physical methods of
investigation.

Compounds contsining a P(III).N bond are generally
synthesised by the elimination‘of hydrogen chloride between an
amine and a chlorophosphine, R_PX, using either excess amine or

2

a tertiary amine as hydrogen chloride acceptor:

PiPCL, o+ ABNH, ————> PrP(WHEL), 4 QEU\TH;Cl"

, .

. o ¢} ——— 5 [{CF 1‘] M o+ He.NICY
(cr‘j)zmi2 + (CF3)2 1 >[( 3)2 ) 3

re



la. CLASSIFICATICN

Previous authors have classified aminophosphines according
to the skeletal arrangement of phosphorus and nitrozen atoms.
However, this often heans placinz two compounds of widely
differing properties in the sams clgss €.8e MeZN»EMog and
Me N-¥C1l,, the latter having two reactive chlorine atoms attached
to phosphorus. A system of classification has therefore been
adopted whereby compcunds containing poteatially reactive
groupings, e.Z. Ri¥H- or RoPC1, have been separated from those
which have both the phosphorus and nitrogen atoms fully
substituted.x In dealing with the preparation of aminophosphines,
no strict system will ve adhered to, since very often only slignt
chsnges in the nature of the reactaats, or in the stoichiometry of
the reaction mixture, give products which are chemically very
unalike or have a different P-N framework. Table I shows

examples of the various classes of compounds the properties of

which will be discussed later.

Xne expression "fully substituted" will be used throughout
to describe compounds which do not contain either a .

P-Cl or en N.H linkaze.



TABLE I

Fully substituted aminorhoschines

PnP (1\1:»,132 ) o

P (Nie, ) 3

EENE

(PnoP) 1B

. N///j;/P\\\\\DJ///’Me

e

Me/ N\\P / N\ Me

Aminophosphines conteining the Ni-linkage

(CF3)2PNH2
PnP{iHEL ),

P (1, CHoCH=CHp )3
{PnoP)o N
t

NHBu
| t
PN Bu

1

DIT P tH Bu

|

But

Reference

4

5,6

10

13




Aminophosphines containing the P-Cl linkage

(LeoN) ,ECL
ClzPl\lEtZ
PnP(C1)NEt,
c1
Et 1[3 Et
N N~
l |
P P
C1 1? !

Et

Reference

14
15

Y

16,21




Ab. FULLY SUSSTITUTED AMINOPHOSBIINES

Tully substituted eminophosphines, on accouht of their
relativelyﬂhiéh stability to moisfure and heat, are by far
the most widely studied of the, compounds conteining a P(III).H
bond. The simplest members of this class are prepared directly
by the elimination of one molecule of hydrogen chloride between
a secondary amine and a monochlorophosthine, RQPCl, using either
excess amine or a tertiary emine as hydrogen chloride acceptor.
In this way, hydrogen chloride is conveniently removed as the
solid &mine hydrochloride. It is essential in aminophosphine
syntheses to use dry, inert solvents and to carry out the
reaction in an inert atmosphere (usually‘ﬁé) to reduce the
possibility of hydrolysis and oxidation. Benzene, ether and
‘n-pentane have proved useful solvents since they can readily be
dried (Na or K wire), are fairly unreactive towards starting
materials and products end from which theunwanted amine hydro-
chloride is precipitated.

In the case of weekly besic and/or highly hindered amines,

it is often necessary to react the sodium salt of the amine wvith

17
the chlorophosyhine, e.g.

Fnoilla  + PhZPCl-«~——ﬁ>v thP_N?hz + NgC1

/Longer



Longer chein and branched chain aminophosphines can be prepared
by similar methods, e.g

S

. MBBN
(CF,), Pret,,  + (cry) 01— s Bcpj)zﬂzz-ﬁ . MejNH+01~

3
[—_(GFB)Qﬂsza + (CF3)2P01-————9[(:CF3)2§]3N + NaCl 3
PnECly v 4Bt ——— PnP(NEt,), + 2Bt 01T 5
BOLy + Giejl (o) P 3;192NH501“ 7
Apinochloroghosphines, R NECL, and (RZN)2P01, have recently
proved useful starting materials in the synthesis of fully
substituted aminophosphines. Alkylation of the P-Cl bond
has Been achieved by the use of organcmetallic reagents such &as

14,18

n=butyllithiunm, aluminium alkylsl9 and alkyl magnesium

halides.QO

2 ,
Abel*l and co-workers have deconstrated the use of

silazanes in aminophosphine syntheses, e.g.

3Bt N.Silleg + PCly ——> (BN )4+ ZesBiCl
Trimethylchlorosilane is conveniently removed from the resction
mixture by distillation. In the reaction of phosphorus
trichloride with EtN(SiJe3)é, the same workers have succeeded

in isélating products of molecular formulae (PNClEt)3 and (PNC1Et),.

These are isomeric with the alkyl substituted phosphocitrilic

/trimer



trimer and tetramer respectively, but do not possess the strong band
1 :

at 1250 em.  in the infra-red which is characteristic of the

P=N absorbtion. On this basis, they were assigned the structures:

?1 : C1  Et

- \
Et P Et E —
\IF/ \N/ and t\N/P N\P/Cl '
| | i
N-—p

(///IL\\\‘N////,P\\\\Cl Ci//’P\\\\ ////’N\\\\ﬂ
l ! l Et

Et E C1

Cl1 G

The corresponding reaction of PC1l3 with Meﬂ(Siﬂej)g gave

~the four-membered ring species:

C1—7P N-Me

L

Reaction of FClj with primary emines leads to a variety of

Meg—2N

products depending on the nature of the emine employed ( see

13

Section 1d.). With tertiary butylamine, ” the product, on
the basis of infra-red and molecular weight studies has been

assignecd the cyclic structure:

But}’NH
P——‘"N~—“' But
t [ |
Bu Ne—7P
b ot
JHByY

[iitn



With methvlemine 2212
1th methylenine,’ 3 however, the product was found to

have the composition Poildies.  Cryoscopic moleculsr weisht
measurements in benzene were compatible with the formula Pyligiles
O

s 1
while the. 'H n.m.r. spectrum consisted only of a triplet. All

the data are in accord with a structure analogous to that of

phosphorus(III) oxide, B404:
Me~\\\\\ ,//////P\\\\\\
N N/

// Me \\
Ndls

;§:\~L-f——~“"“"’“'ﬂj}?

.N\\\\\\ P‘/é//// II\\\\\\

Me

Me

Another type of bridged cyclic struoture9 is obtained by
trensamination of tris{dimethylamino)phosphine with

1,2-dimethylhydrazone hydérochloride:



lc.

Me - P Me
\N / \\ N/
e Me T Iq
P(Nﬂee )3 + MeM ,NiMe HC] ——y
Me — N

Me/N\ P// N\ e

GENERAL REACTIONS OF AMINOPHOSPHINES

The nucleophilic and electrophilic substitution reactions
of aminorhosphines are basically those of alkyl 6r aryl
substituted phosphines slthoush the presence of the nitrogen
aton(e) does, to some extent, affect the degree of reactivity
(seec Section 1f.). A suwmmary of their typical reactions is

given in Table 2.



" TABLE o,

R B (R Jig!
QP( )i R2 I
oA
(RyiRY) Ho, W(CO), | R,P(S)iRS
bo,7(CO) R'I | S4
R
Ve R"OH\ / % RP(0) - NR!
R,POR" + Rl P—u > RyP 2
RpPC1 + RANH

l

N,




Aminophosphines are oxidised by a number of oxidising agents
25 .-, 24
(03, MnO,,”  H,0,) and react exothermically with elemental

17,26

sulphur. With alkyl iodides,?’?® the product is the
phosphonium- and not the ammonium- salt. They behave as good

¢ —~donors in complex formation with electron deficient molecules
such zs boron hydrides.29 With trensition metals there is also
the possibility of back donation from the metal d-orbitals to the
empty 3d-orbitels of suitable symmetry on thosphorus by &Tr-type
interaction. The P-N bond is also susceptible to cleavage by
nucleophilic attack at phosphorus and, as a result, aninorhosphines

react with aqueous acids,30 alcohols¥9 and halide ion.29

. . 8
Yhen two phosphorus atoms are bridged by nitrogen, e.z.

Et Ph

Ph
™~ | —

P— N —P
PH///// \\\\\\Ih
the reactivity at phosphoruslis little affected. (Table 3). The one
notable exception is the reaction with alkyl iodides wihich leads
to quaternisation of only one phosphorus atom. Theories have been
put forward to account for this anparent anomely and these %ill be
discussed in Sgction 1f.

At the start of this study, aninorhosphines coatalaing three

. R . _—— S TaAd g ,
phosphorus atoams alternating with nitrogen 1n a chain had not been

/studied



TABLE 3

SOME KEACTIONS OF BIS( IPdENYLPA052H

Py

T60)STHYL ALE,

(3).

¥
PnoP(Et)N(Et) . PPn, I

t1

Et
0q Sg
Ph,P(O)i(Et) . P(0)Bh, ¢ P P— N —FPh) ———>

\,

Mo, (CO)6

Bt c1—" AN

PngP(S) .N(Et)P(S)P‘ﬂg
NiCly .6Hp0
P

SR N

N-Et

P
Fhy




studied to any extent althouzh the compoundBl

Th Et Pn Et

~_ L -

P N P N P

Ph

had been synthesised.

e .
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14. AMINOPHOSPHINES CONTAINING THE N.H LINKAGH

Aminophosphines ccntaining the N-H linkage are prepared by
the reaction of chlorophosvhines with ammonia or primery amines.
They are generally thermally unstable and undergo condensation
with elimination of amine and formation of polymeric and cyclic
species. .For this reason, few compounds in this class are known.

One of the earliest examples of this thermal instability was
found in the products of the reaction of SOSphorus trichloride
with liquid ammonia. Moureu and Wetroff studied this reaction
in detail and proposed the following reaction sequence as the
reaction mixturs was sallowed to warm up:

. _NH3 ~NH
FCly + 33 —> P(NH;)3 —— P(H) (Vo) —— > Pp(iH)3  etc.

P(i,)5 has not been isolated free from ammonium chloride elthough

. 33,34
the addition product (rIH2)3P3H3 ’

has been well characterised,
Phosphorus imide—amide? P(:H)(8H,) has been prepared by the

(o]
reaction of phosphorus trichloride with liquid ammonia at - 20

in ether. Its properties suggest it to be polymeric with the

probable structural unit:

—P NE—

M,

/The
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The reaction of P013 with primery amines leads to a variety
of products depending on the nature of the amine eaployed. A
summary of these reactions is given in Table 4, Two possible
mechanisms caﬁ be put forward to account for the formation of the
condensed species:

(a) Replaéemenf of three chlorine atoms by amino-groups followed
by deamination, or

(b) Replacement of two chlorine atoms followed by elimination

of hydrogen chloride.

The nature of the products obtained does not appear to depend
on the basicities of the amines employed and hgnce a mechanism
relying mainly on steric factors is proposed to account for the
observation.

The process of chlorine replacemént may be considered to tuke
place stepwise, di.e.

RiNH, R 5
PCIB + RNHp ——> CloPHHR—> C1P(iHiR)p ——> P(NHR)3
As the steric requirements of the entering amine group increase,
so replacement of ihe third chlorine atom beccmes more difficult
and & competing reaction invol%ing the amine as hydrozen chloride

acceptor sets in, i.e.



TaBLe 4,

REACTIONS OF PRIMARY AAIWES WiTH i—‘Cl1

Reference.

MeNH, > Byligileg , 22,23
EtifH, > (PNEt NHEt) X 13
By, > (RiBataMBGT), | 13

01y + Ph DH, > (PiPn.Pn), 36,37
0 ~ and p - MeOCgH Ny — (PAR.MHR) 5 . 37
PG K, > P(WHCH Pn)q 15
cnzzca.CHzmz —_ s Pl ,CHZCH=CHQ)3 11
Me(CH,)p NI, ————> PUH(G,)),Me 5 38




12.

R — L1
> RNH—-]i + Rwﬂgcl'
R—1—2-u¥ ‘g NR
l 2
R I

Thus amines with bulky groups at the nitrogen atom, like FPn,

o~ and P;MGOC6H4 and But react by mechanjsm (b) to give the
imide-emide system, whereas methylamine, venzylamine, allyleamine,
and dodecylamine totally replace three chlorine atoms to give
species of the type P(NHR)3. With the exception of P(NH.CH2CH=CH2),
the latter group undergo thermal decomposition with amine
elimination.

No pure compound has beea obtained from the reaction of
ethylamine with phosgphorus trichloride but the enalysis figures
suggest the imide~amide structure,

In an aitempt to prepare cyclic eminorhosphines by the
action of heet on di(alkylemino)phenylphosghines (PrP(MHR),),

Lene and Payne2 observed instead the interesting rearrangement

process:

_ 140-160° . ot (- 20
OPaP(IHR), ———> 4(PuP)y + PaPLiR) (ER) 5 + W,
>24 nr.

Condensed species were also formed but as yet their compositioens

/are



are U.nkSnQWn. A radical mechenism hss been proposed to eccount
for the rearrangemsnt reaction. Aminophosphinss of the type

Ph?(NHR)2 are generally more therwally stable thaa the P(NHR)B

species and can be distilled without a great deal of change at

-2

. . o
temperatures in the region of 80 (10~ mm.).(present work).

. Diphosphinosnines of the type (thP)ZNRB have been
synthesised by the action of heat on alkyleminodighenylphosphines

(Pn BiHR) ]

2Pn,PNHR > (PayP) iR+  RuH,
Again, purification of the starting materials can readily be
achieved by distillation in vacuum at temrperdatures bslow 1200.
The thermal stability of P-IH compouncs appzars to deread
to a great extent on the number of WHR groups attached teo
phosphorus (éee above) and alsp on the electronegativity of the
substituents. Thus the cémpound (CFB)ZPﬂﬁzlo is cne of the few
eminopnhosthines knowa containing the Py groupias. In its
preperation frea (CFB)ZPCl and sy it shows no tendsacy to react

with further molecules of (CFj)zPCI and can be distilled

/ﬁncnanged

13.
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’ (o]
unchanged at 67 . This would suggest a mechanism of condensation
involving attack by nitrogen on the amino-hydroren of a second
molecule of sminophosphine:

R'

RQP—I‘\L}ﬂ —_— RzPN(R')PRQ + R'NH2

NHR'
An increase in the electronegativity of the groups attached to
nitrogen would thus teand to inhibit condensationAprovided attack
by nitrogen is the rate determining step. Eleciron withdrewal
fram nitrogen in the case of (CF3)2PNH2 is attributed to lone pair
delocalisaticn into the phosphorus d-orbitals which have been
contracted sufficiently (see Section 1f.) by the influence of the
highly electronezative CF3 groups to overlap with the nitrogen
g;orbital.

The inability of (CF3)2PNH2 to react with more (CFB)QPCl
could be explained in an analogous maaner. It is also possicle
that the non-reactivity of the amino hydrosen atoms is simply dus
to the presence of strong F...H...N hydrogen bonds which are thought
to be present in the vapour phase.

The resction of bis(divheaylphosphino)amine =ith
diphenylchlorophosphinej9 does not lead to the expected procduct
as predicted by the following equatioa:

. Eth b -
(PnoP)piHf  »  PnpPCl ——— > (PnpP)3d  +  Etgifd C1



Insteed, the reerrangement product:
_ P—-P——N—0u-P

" Pn ' Ph , Ph

is obttained and the mechanism is procably analogous to that put
forward to account for the formation of tetrephenyldivhosphine

‘monoxide from diphenylchlorophosphine and water in the presence

of triethylaminé:4o
viz.
(1) (2) _
PhQPCl + H20 —_— P}’QP——‘OH _— Ph2P(O):{
Eth

, . e
PnP(O)H  + PpyP0l —r—> PnpP(0)FFh, +  Etglid Gl

The pfoton mizration (2) from oxyzen to phosphorus is an
esteablished phenomenon4l and it would apgear that the same cen

auply to the P-—Nl system:

Pn H n Ph H Ph
|
N BN P
Pﬁ//’ \\\Th : Ph Fh
vth}C]/Eth
Ph

) e



le. .HALOGENO(AHINO)PHOSPHIIES‘

Halogenoaminéphosphines, R,NPX  and (R,8],PX, are prepared by the
reéction of phosphorus(III) halides with amines in stoichiometric
proportions, e.g.

P013 3 4R2NH -———————_—> (RZN)QR‘Jl + 2R2NH2+C]_-
Dimethylaninochlorophosphines have also been prepared by the action of
hydrogen chloridel4 or phosphorus trichloride42 on tris(dimethylamino)»
phosphine, e.g.

(LiegN)jP + Bly ———— Mo NPCL, +  (Mey),PC1

The halogen substitueats in halogenosminorhosphines are readily displaced
in nucleorhilic éttack at rhosphorus by e.z. CN—,IQ'HQO end amines.
Replacement of chlorine (or bromine) by fluorine can be achieved with

a nmumber of fluorinating agents such as zinc fluoride,44 antimony
trifluoride and sodium fluoride.45’46’47 Halogen addition reactions

may also teke place,l4 .8,

(e M)pPBr  +  Bry ——— [(epil)pPBry| Br.

The nucleophilic character of the phosphorus atca in halogenoamino-
phosyhines is somewhatl diminished, presumatly as a result of the
electron withdrawing effects of the attached halogen atoms.  Thus, tris-

48 wnereas

(@imethylamino)phosphine reascts exothermically with sulphur
MGZNP01249 and (M92N)2P0150 require to be warmed with the reagent befors
sulphuration occurs. Reactions with methyl iodicdel*follow the same pattern,

The usefulness of halogenoaminoshospnines in the synthesis of

fully substituted eminorhosphines has already been discussed.

/1.
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Fig. 1.
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1£, LOADTHe 1N TERVALENT PAOSPHORUS_WITROGEN SYSTELS

A consi@eration of the outer electronic configuration of’
- 3

phosphorus (55 s Jp ) and Hund's rules suggests that three
p-bonds are readily formed leadinz to stable tervalent derivatives.
Bond angles of between 90l° and 1007 (aporoximately) suggest that
there is less hybridisation in phosphorus(III) compounds then in
emines which generally have bond angles close to tetrehedral.
Formation of a ¢ -bond between phosphorus and nitrogzen using sp3
hybrid orbitals of varying s-—character will thus lead to the
interesting situation whereby both phosphorus and nitrogen possess
a lone pair of electrons.

In order to decide which of these lone pairs will
participate in mucleorhilic reactions it is necessary to consider
first the atomic energy levels of thosphorus and nitrogen (Fiz. l).sl

The fact that the 3s-3p promotional energy is less than the
2s=2p suggests immediately that phosgphorus rather than nitrogen will
participate in nucleophilic reactions leading to 4-coordination
usiné stable sp3 hybrid orbitals in bonding. Furthermore, the
lower 3s-3d promotional energy of phosphorus means that the

of higher energy levels will be greater than in

contribution
" nitrogen and hence the phosphorus atom is more polarisable.  This,
o
(1.10 A as

counled with the grester covalent radius of gphosghorus

/against



A8,

egainst 0,70 A for nitrogen) leads to a considerable reduction in
the repulsion energy on the approach of a nucleoohile and
consequently nmucleophilic substitution reactions at phosphorus
will be facilitated.

In other words, fhe chemical reactioas bf aminophosphines-
parallel to a great extent those of, say, alkyl or aryl substituted
phosphines. A striking exsmple of this is the reaction of
dimethylemino-dimethylphosphine with methyl iodide2o which leads to
formation of the phosphonium rather than the ammonium selt:
MegiBley + el —>[ilegi— Fied] 17

- The exact nature of the bonding in eminoghosphines is for
the present a matter of some conjecture, althouzh it has beea
proposed4’j’27’70 that there may be some degree of (p—pd)iT
bonding involving the vacant 3d- orbitals on phosphorus and the
pz orbital on nitrogen. Calculations have shown that 3d orbitals
are too diffuse for significant overlap although the overlap intezral
jncreases with increasing positive charge on phosphorus. * Hence
the presence of highly electronegative groups attached to phosthorus
confers concitional stability on the 3d-orbitals and the M —character
of the P-O bond in, for example, the P02° ion,” although less tnan
in the C=C bond, is well established. Nitrogen, beinz one of the
most electronegative elements, mizht well be expected to participate

intl -bonding with phosphorus and there is considerable evidence
- g

/for



for (p—spalm bonding in cyclic thosthazenes and in phosphinimineé,
Ryp=1iR" %

However, the position is hy no means so clsar in aminophosphines
due mainly to the lack of P(ITI)-N bond length data. Bond energy
date?? are also rather limited end not entirely conclusive, but
perhaps the main difficulty lies in the complex natur; of the
molecules which have been studied.

In contrast, the extent of (p-—->d)TT bonding in silicon-
nitrogen chemistry has received a great deal of atteation recently
end has been the subject of some controversy. Randall and co-
workers56 have related 15N-lﬂ coupling constants to the amount of
s~character of the nitrogen bonding orbitals and mele the assumption
that this s-character should increase with (p—3d) m bonding
between nitrozen and silicon since this interaction requires the
use of a nitrogen orbital with larger, psrhaps pure, v-character.
Experimental observations on N-trimethylsilylani}ine led to the
conclusion that the geometry around nitrogen was approximately
tetrahedral, which on thé above assumption suggests little (p-a9d)TT
character.

However, Ebsworth57 has proposed that significant overlap
between the lone pair of electrons on nitrogen and the silicon

3

d-orbitals is possible even when the nitrogen atam is sp

hybridised.
Cowley and Pinnell7o have noted that the coupling constant over

/%hree
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three chemical bonds (JPNCH) is lerger than the coupling constant

over two chemical bonds (Jpgy) in compounds of the type
RP(CHB).N(CHB)R' and have put forward one possible explenation
involving (p-~?d)froverlap between a filled nitrogen 2p orbital
and an empty phosphorus 3d orbital. They also point out that
this effect may be cue to ths higher eleétronegativity of nitrogzen
inducing more s-character in the C-H bonds of the methyl group
than does phosghorus.

It is perhaps worthwhile to exsmine the structures of & few
eminophosphines conteining 4-coordinated phosphorus since the
possibility of (p—»d) 7T interactions is incressed by increasing
the positive charge on phosphorus. A list of such compounds is
given in Table 5.

Compound 128 is of greatest interest since it contains both a
P(III) end & P(IV) centre. The P(III)-N bond distance of 1.83 -
0.03 X is close to the theoretical sum of the covalent radii of
phosphorus and nitrogen (1.85 ).  That this bond has less
s-character than the P(IV)N bond is shown by the smaller angle at
P(III) (102° ¥ O,7° ). The angle at nitrogen of lll.lo z l.6° )
is close to the tetrahedral value and &s sucin would tend to rule out
(p—> a)7T character in the P(IV).N and the P(II1)-V bonds, but as
has already been pointed out by Ebsworth, non-plenarity at nitrogen

does not necessarily prohibit (p—>a) 7T interactions. It might also

/%e



TADLE, 5,

SCiE P(IV).. ZOND DISTALCES

(o]
Compound PN dist.(A) Angle at N | Anzle at P(mesn)
Et Et o
* + o
P || _n 1.7520.03 111.0 - 1.6] 109.5 - 0.7 .
P—N—2 (P(IV)] P(IV)
Pn Pn
I .
1.83 1 0,03 102.0 X 0.7°
(P(I1I) - N P(III)
Ft
Ph,P— N —PPa,
N0/
E A o le)
/Pd\ 1.72 2 0.01= 97.7 109
c1 c1
Et
T + © o
111 | ¥h P—N—PFn 1.71 2 0.01 103.8 - 1 109
2 \ / 2
s (0] ‘
. (00)4
IV | P(0) N Me, 1.67 120° 109°
» ~Bd 1.6
v (NH2)3P. 3 5 ‘
l - . 1
VI | HN—PecifeP—Nfl I 1.61. (P_iH bond length)
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be argued that the difference in P-N bond lengths in this compound
caﬁ be attributed to the differences in hybridissation at the two
phosphorus atoms though this seems unlikely in view of the
magnitude of the effgct.

Evidence in favour of (p—o d)+r intersctions comes from the
fact that whereas in this compound only the mono-alkyl iocdide adduct
is formed, the methylene bridzed diphosphine, (}-:’0272’)2C3H2 ,58 can
readily add two moles of elkyl iodide. One explanation is that
the 4-coordinate phosphorus is stabilised to some extent by
contributions from the following resonance hybrid:

Et
Ph\;\\\\ i ,////Ih
Pz Neoo P
e l”’“‘ NN
Ph Pn
Et

The introduction of a second pgsitive charge at P(ILI) would thus
be ei;ctrospatically unfavourable. It is unlikely that the effect
of positive charge delbcalisation is carried directly to the second
phosphorus atom in view of the long P(III)-N bond. However, it is
possible that in this case the high electronegativity of nitrogen
decreases tne resctivity at P(IIL) by a purely inductive effect.
| 28

The relatively smell angles at nitrogen in ccapounds II end I1I
sugzest thet the lone pair of electrons have considerably more
s—character than in compound I, end (p——»d)ef interactions witha

the 3d-orbitals on phosphorus would therefore sesm an unlikely

544 Thi ion is i ‘ d with th sult Zavns
proposition. This observation is in accord vith the results of ay

/and
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and Walker59 wno recorded little difference between the carbonyl
abéorption frequencies of (Pn,P)NEt.4o(C0), and (Pn,P),CH, .H0(CO), .
However, the P-N bond distance in II and III is comparable
with the P(IV).N distance in compound I and it &6uld appear that
nitrogen bond-angle data elone cannot be used to predict the

nature of the P-N bondinz.

3

: 61 .
In compounds IV, and VI the P-N bond distance tends

towerds the value found in cyclic phosphazen8554 (1.5-1.6 )., 1t
is doubtful whether P(V}-N distances can be related directly to
P(IV)-N distancés but to a first approximation, the extent of
(p-;qd)ﬂ'interactions in compounds I, II and III must be considered
to be small. In view of this it seeams likely that (pe—> d)Trl
interactions in the free eminophosphines will be slight. However,
it must be emphasised that any deductions made at the momént regarding
the nature and extent of (p~>d)TT bonding in aminophospuines must

be highly speculative.
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AINOPHOS PHINE CCAPLILES

Compounds of phosphorus{III) generally behave as quite
strohg.Lewis bases in complex formétion with electron deficient
molecules such as bofon hydrides or halides.29 ¥ith transition
metals, there is also the poséibility of back donation from the
metal d-orbitals to the vacant 3d-orbitals of suitable symnetry
on phosphorus by a (d—-yd)ir interaction. The aveilability of the
Jd-orbitsls appears to depend to a great extent on the electro-
negetivity of the groups ettached to phosphorus. Thus, only PF3
appeérs to compare with carbon monoxide in its acceptor capacity
and complete substitution of carovon monoxide has been achieved

z
with molybdenum hexacarbony162 and nickel carbonyl.40 The strongly
electrcn withdraving fluoriae substituents have the effect of
reducing the donor progerties of phosphorus and increasing the
acceptor capacity. Complete substitution of CO can alsc be achieved
in nickel carbonyl usinz the bidentate ligand, ethylenebis

63

{3ithenylphosghine).
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P B
v2

P
‘!752/ \-«Ni/ \fﬂz
/e

3

'CHKP/ r‘\P

Ph, Phy

It is not entirely clear why the properties of this ligand

should differ so much from Ph3P which forms only the dicarbonyl

complex (Pth)zNi(CO)Q. In generel alkyl and eryl substituted
monophosphines can replace up to two molecules of carbon monoxide
from nickel carbonyl and three from Group VIb carbonyls. This may
be due to either (a) the poorer acceptor capacity of the phosphorus
3d-orbitals in thege conpounds as compared to the p1r orbitals in CO,
or (b) the steric requirenents of the ligands, or (c) a
combination of both.

In the resctions of eaminophosphines with Group VIb  carboayls,
only di-substitution appears to be ﬁossible, e.z.

20t lN)4P  +  Mo(CO)g — s (QiegN)j'E]QMo(COM. 65

(PhZP)zl‘IEt +  #o(CO)y ———> (:PhQP)QNEt.Mo(CO)4 59

' 4
Replacement of amino groups by chlorine  or fluorine  can often

result in further substitution even although the electronezativity

67,62

of chlorine and nitrozen are comperable. It has been zuzgested

/that



that the escceptor capacity of the phosphorus 3d-orbitals towerds
the central metal atom in aminophosphine complexes is diminished by
participsation of the nitrogen'éz orbital in (p-—d)y interaction
with phosphorus. This is in part supported68 by the fact that the
carbonyl absorption frequencies in the complex E;ezN)2qu]2Ni(Co)2
are appreciably higher thean in the tris({dimethylawino)phosphine
complex EﬁezN)3§]2Ni(CO)2.

29

Payne and Walker, in.an attempt to detect (p—s»d) inter-
actions in the complex (thP)zNEt.Mo(CO)4 compared CO absorption
frequencies with those of (Ph2P)2032.Mo(CO)469 and found that there
was no significeant difference; This would suggest that the acceptor
capacity of the two phosphorus atoms has not been greatly affected

by the presence of the nitrozen atem. However, in this particular

example, there is competition for the lone pair of elactrons on

\

nitrogen betwsen two phosthorus atcms and the effect of overlap with
the 3d-orbitals is probably too small to be detected in the

carbonyl absorption frequency.

5,68 68

Aminophosphine ccmplexes of mercury (II), cacmium (II)

6 )
nickel (II), palladium (II) and cobalt (11)5’ / are reedily prepared

by mixing solutions of the reactants. Heating is not normally

recuired end in the case of the transition metel ccaplexes the
preparstions are carried out at low temperatures since the products

tend to decomgose cn standing in their sclutions at temperatures

/greator



greater than Oo. The ready formation of and thermal instability
of these complexes is again attributed67 to the competition between
nitrogen and metal for the phosphorus d-orbitals. Thus, wherees
conjugation effects in the free ligand make aminophosphines good
donors, they decrease the ecceptor capacity of the phosphorus 3d-
orbitels in their complexes;

Diphosphinoamine complexes of the type (Fh,P) R.i%,
(R = H, Me, Et) with nickel (II), palladium (II) and platinuam (II)
are also reported8 and the. bidentate nature of these ligands heas
been confirmed28 by X-ray snalysis of the complex (Pth)ZNEt.PdClZ.
With molybdenum and tungsten hexacarbonylsj9 they give the cis-
disubstituted products (Ph2P)2NR, Mo, wW(C0),. Forcing conditions
failed to achieve further substitutioﬁ.

At the start of this project, few complexes of triphosphines
had been studied. Chett and Watson69 have prepared complexes of

ot sy with the

o - , a4 ileC (G PP
PhP(o—06H4TEt2)2, PhP(CZH4.fPh2)2 and #leC(Cd_FPn,)
carbonyls of Group VI b, These have been shown by i.r.

spectroscopy to be cis~trisubstituted complexes. Reglacement of

three molecules of carbon monoxide is readily achieved.
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CHAPTER 2.

SYNTHESIS OF AMINOCPHOSPHINES

CONTAINING THE NH LINKAGE,
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INTROLUCTIC .

Di(alkylemino)phenylphosghines of the type th(NHR)Z where
R = Et, Prn, Pri, end But have been prepared by the reaction of
dichlorophenylphbsphine with the required primary emine. e.g.
FRICl,  + 4B, ——— Ph}?(NHEt)2 + 2Etiﬁ{3"'01",
At room temperature they are all colourless liquids and they may be
distilled in_igggg in the region 50 - 100° (lo-jmm). Yields of
pure material from these syntheses were generelly very low (gg.Zﬁﬁ)
and ‘a mmber of possible explanations have been put forward to sccount
for this. From the neture of the by-products, it has been
proposed that deamination and rearrangement reactions are largely
involved in side reactions. The rearrangement reaction hes been
investigated in some detail by Lane and Pa.ynel who found that in
sealed tubes at temperatures in excess of 1400, di(alkylemino) -
phenylvhosphines give a mixture of products which have been identified
as polyphenyiphosphine ’ (th)n, a monorhosphazene of the tyre
PhP(NR) (MIR),, and & primary emine.

1 .
oPnP(WHR),, — > PhP(NR)(NHR)z + H(PnP)n + RNHZ,

2
Quentitative conversion into the mocnorhosphazene has not been
achieved and it is thouwzht that an equilibrium exists, between the
products and the dilalkylamino)phosphine. In some cases, the

emount of amine produced wes greater than required by the

stoichicmetry and it has been proposed that straightforward

/deamination



deamination lsading to condensed aminophosphine systems tekes place
to a small extent.

It was the aim of this work to investigate these side reactions
further with a view to minimising them. Since di{alkylemino)-
phenylphosphines are intermediates in the syntheses of diamino-~
triphosphines of the typé FhP(J4R.FPhy),, it was considered essentisl

that a convenient synthesis giving good yields was available.

RESULTS AND DISCUSSION.

In view of the elevated temperatures eand lengths of time
fequired to effect the rearrangemeént reactions, it was considered
unlikely that such a process would affect the yields of pure
products to any great extent during distillation. It was decided
therefore to vary the initial reection conditions and the reaction:

B -
PaPCl, + 2Bt 2 > PnP(iBt), + oBA'CL

where the base was either triethylemine or excess ethylamine, was
carried out in a variety of solvents. The results are given in

Table 1.



TAELE 1

Solvent. Base. Typical yield of PhP(“dEt)z ya
benzens E&NHQ‘ 28
benzene Et3N 26
ether EtNd, 28
ether Et3N 23
n-pentane Etid, 62
Bt 57

n-pentane




5.

It can be seen that the use of the tertiary amine, triethylamine,.
as hydrogen chloride acceptor has little effect on the final yield
and an excass of the reacting amine is all that is required to
renove hydrogen chloride from the reaction. The change of solveat
from ether or benzene to n~peatane has striking results and yields
of over 70 of di(ethylamino)phenylphospnine have been obtained on
several occasions.,

It is believed that the reason for the low yields in the cases
of benzene and ether as solvent, is the retention of small
quantities of ethylamine hydrocﬁloride in the crude product after
filtration and removal of solveat. Some impetus is given to this
theory when one considers thet silylamines can be more readily
thermally deaminated with the formation of condensed species by
refluxing with emmonium sulphate? The latter is believed to
catalyse the deamination by protonation of the nitrogen atom
and facilitating nucleophilic attack at siliccnby a second molecule
of silylamine.

There is some evidence from n.a.r. studies (see chapter 4)
that amine hyd;ochlorides do in fact protonate the nitrogen atom
in amino;hospgines which, by analogy with silylemines, would then
underzo thermal condensation during distillation. The gumny
residues obtained after distillation of dilaliylemino)pheaylphosphines
are belisved to contain condensea species but their exact nature
ig as yet uncerteain.

/Attenpts
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Attempts have been made in the course of this work té
chromatograph these residues on silica gel using benzene as eluent
but the only products which have been identified are cyclopolyphenyl-
phosphiﬁe, (PhP)n, presumably formed in the thermal rearrangement
reaction and the eminophosphine oxides FnP(NHR),0. The latter
probably arise by hydrolysis of the phosphazene PhP(NR)(NHR)Z.
Reddish coloured oils were also obtained at all steges of the
separation, but these have Aot been identified.

Some evidence for the deaminating effect of amins hydrochlorides
has been obtained by heating dilethylamino)ohenylrhosphine with a
small.quantity of ethylamine hydrochloride (purified by sublimation)
in a stresm of nitrozen at 120°.  After 1 hour, one mole of
aminophosthine was found to lose avproximetely one mole of ethylemine.
A pure sample under the same reaction oonditiogs gave only ca. 0.2 moles
of emine per mole. It was not péssible to separate the products
froa the amine hydrochloride in the former case. Howsver, even
this semi-quentitative approach gives scme indication of the need
to exclude smine hydrochlorides before distillation of crude
producis.

The use of n-pentane as solveant in the preparation of
di(elkylamino)phenylphosphines is best exemplified by thne synthesis
in 747 yield of di(methylamino)phenylvnosphine.  Attempts to
prepare this compound using benzene as solvent have previously failed
to yield the desired product. The preparation of pure,

/bis{ dithenyl-hoszaino
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bis(diphenylphosphino)methylamine using n-pentane is also
reported in this section. This compound had previously been
reported3 to underzo rapid desminstion such that acceptable
analyses were never obtained. It is believed that amine
hydrochlorides may also play an adverse part here, although this

has not been tested experimentally.
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Piphenylchlorophosphine and dichloropienylphosphine obteined
commercially were distilled under reduced pressure inmediately before
use. Methylamine was purified by passing it throuzh a tube packed
with potassium hydroxide pellets. n-Pentane was dried over calcium
hydride end distilled immediately before use.

Di (methylemino)phenylphosphine.

THichlorophenylphosphine (60.0é; 0.334 mole) was added dropwise
to & solution of methylamine (ca.50z.) in n-pentane (10C0my.) at
-78°.-!,Entry of 2ir to the mixture was prevented by the use of a
nitrogen strezm. Reaction was exothermic and a white solid
precipitated immediately. The mixture was stirred for 2 hrs.sat
room temperature to coagulate the precipitate, after which the
solution was suction filtered directly into a rotary evaporator to
yield on evaboration of solvent 52.2z.0f pale yell?w liquid.

Vecuun distillation yielded & clear liquid (39.82., 71,
b.D. 79_30?/10‘3mm.,m.p. ca. 22°.
[ﬁ?uﬂd’ c, 57.0; H, 7.4; P, 19.0; N, 16;555 M (mass spectrum) 163.

CgHly 5P requires C, 57.1; H, 7.7; P, 13.5; 4, 16.7)5 H, 15%]

Methylaminodicheaylyphosphine.-

Methyleamine (ga. 93.) was tubbled into & solution of

diphenylchlorophosphine (11.2z; 4.1 m.mole) in n-pentane (250 ml).

/#i1tration
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Filtration and evaporation of solvent gave 10.1 g. pale yellow
liquid which was distilled in vacuo to yield a clear liquid
(4.1z; 477), b.p. 111 - 115°.

.

[Fownd. C, 72.4; H, 6.4; XN, 6.7; P, 14.5/% U (mass spectrun) 215

Cy4th 4l requires C, 72.6; H, 6.5; §, 6.5; P, l4.4j; I, 215]
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CHAPTER 3.

SYNTHESIS AND PROPERTIES CF

BIS (IN.DIFHENY Lo ALKYL ) DI (ATNC ) PHENY LFHOSHINES




INTROIUCTICN,

The chemistry of aminophosphines of the structural type:

R P 3 '

Py
’ h;::P—- & ﬁ-——-n é- p
Ph \ 4 Ny

vhere R = H, Me, Bt anéd n = 0 is fairly well established (Chapter 1),
each phosphorus atom ecting as a nucleophile in reacticns with
sulphur and in donation to trensition metsls, but behaving
independently in quaternisation reactions with alkyl iodides. The
preparation of one member of the class of compounid where n = 1

has been reported% but at the start of this work little of the
chemistry was known.

Aminophosphines of this type present an interestigg problem in
thet one of the phosphorus atcms is in en envirosment which is
chemically different from that of the otﬁer two. The central
phoszhorus afom (Pb) is flenked by two highly eleutrouegative,
potentially coajugating nitrogen atoms (as in di(alkylemino)
phenylphosghines) while the terminal atoms (P;) are in an environ-
ment which is more like that in bis{dipheaylphosphiao)aliylazines.
eth?)ZNR. It was the aim of this work to
(a) dinvestigsate the relative reactivities of Pp and Pc’

(b) examine the effect of cianging the coordinaticn number at one
(or two) phosthorus stom(s) on the resctivity of the remainder.
(c)‘ investigate possible (p—>d 1T interacticns in the P——=iN chain,

/the rezctions



The reactions studied were sulphonation, queternisation, and
replecement of carbon monoxide in Group VIb carbonyls, and in one

instance, complex formation with anhydrous nickel(Il)chloride.

41,
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HNOMENCLATURE.

Rigid application of the phosphine - smine system of
nomenclature has led to the adoption of di{amino)phenylphosphine,
PhP(MH,),, as the basis for nomencleture in eminophosphines of the
skeletel type P = N — P(Ph) - N - P, For exemple,the compound:

Me Th e
Ph‘\‘P-—-A-_-%-—-&-——P—”'Ih

2l ~~pp

is striotly referred to as bis(N - diphenylphosphino - N « nethyl)-
di(amino)phenylphosphine. However, for convenience in writing,
the phosphorus atoms will simply be labelled (from left to right)
Py, Pp end P3 or, in some cases, Pp, Pc and Pp resgpectively.

For example, the compound:

v

Ph

:;P N PN R::Ph

Pi” || >2n
s S

will be referred to as the 1,3 - disulphide of the parent aminophosihine.
In the discussion of the 'H n.m.r. spectra it has been found more

convenient to employ the Pp - Fp terminology.
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The triphosphines, bis-(H-dirhenylphosphino-N-ethyl )di (anino)-
phenylrhosphine (I) and bis-(N-diphenyl phosphino~i-methyl)di (emino )~
-phenylphosphine (I1) were prepared by the reaction of diphenylchlorou
phosphine with the corresponding di(alkylamino)pheﬂylphosphine in the
presence of triethylemine as hydrogen chloride acceptor:
2Ph POl + PaP(HR)) + 2Ltgi——> (Pn BuR),PFn + 2Et,3i\lH+Cl_

They are both white, highly crystalline solids and may be stored
indefinitely in air without change. In solution and especlally in

t@e presence of %mine hydrochloride, they tend to uncergo decomposition.
For exasmple, ethanolic solutions of (I) in the presence of trietnyl-
anine hycdérochloride rapidly turn orange in colour and on remnoval of
solvent, the compounds thP(O)OEt, P, POEL and (Ph2P02)-(EtN33)+

cen be isolated indicating that ethenolysis and hydrolysis has

occurred. In the absence of amine hydrochloride, (I) can be
recrystellised from ethanol in good yield.

Attempts to extend the trivhosphine series to the isopropyl

analogue were unsuccessful. The procducts obtained from a variety of

reaction conditions includiang refluxing the reactaats in benzene were
viscous yellow oils which possessed a strong band in the NH region of
the infre-red suggesting that réplacement of nydrozen by dipheayl-
phosghino groups was not ccnplete. In view of the possible steric

hindrance in (I) (see later) formation of the isopropyl analogue could

well be stericelly difficult.



(I) reacts with éulphur in 1:1 mole ratio to give a product which
has been shown by elemental analysis and by mass spéctroscopy to
be the l-sulphide, the mass spectrum showing a metastatle for the
lous of Pn,P(8) " from the parent ion.

In the reaction bf (II) with sulphur in 1:1 mole ratio, only
the disulphide can bg isolated even when the rezctants are shaken
in the cold in benzene solution. Attempts to separate out
further products by crystallisation or by chromatography have not
been successful.

Both (I) and (II) react with sulphur in 1:2 mole ratio to give
good ylelds of the corresponding disulpnides after only ca.l hr. in
refluxing benzene soluiion. The disulphide of (II) has been shown
by 'H n.m.r. spectroscopy to be the 1,3-disulphide but the exact
nature of the disulphide of (I) is not so clear. A peak is observed
in the mess spectrum of this material corresponding to the loss of
(Pth)+ from‘the parent ion which suzgests the presence of the
1,2~disulphide. The complexity éf the ' n.m.r. spectrun has
precluded reeady interpretation.

Both the disulphides of .(I) and (II) are highly crystelline
white solids which are stable to further atmospheric oxidation and to
hydrolysis. Sulphuration of the remsining phosphorus atom tekes
place only on prolonged heating under reflux in benzene ( 24 hr.)

with excess sulphur. The melting poinis of the sulphides of (I) and

(II) ere given in Table 1.
JTABLE 1



IABLE 1.

Sulphides of I and II,

Compound Sy S, S
n.o°- ) J o
o m.p. m.p.
I | ea.is 217-221 164-198
II - 191.5-194 181.5-183

In reactions with methyl iodide in ether at room tempsrature,
(I) end (II) form only & mono-adduct, quaternisation taking place
at a terminal phosphorus atcm, The products are very susceptible
1o hydrolysis and attempts to crystallise the edduct of (I) have
yielded only the hydrolysis product PhQP(He)NHEt+ I". This
material can, in fact be detected in the n.m.r. sgectrua of the
initial resction product. If the reaction is carried out in an
n.m.r. tube in CD013 as solveat, hydrolysis is avoided and the
formetion of oaly the undissociated mono-adduct is observed. ‘When
these reactions are carried out in the absence of solvent, there is
evidence from weizht increeses for quaternisalion at a second
phosthorus atcm.

However, tne products appear to be extremely sensitive to

/hydrolysis



hydrolysis and have not been characterised.

Replacement of three molecules of carbon monoxide from
Group VIb carbonyls by (I) and (II) is readily achieved by refluxing
the rezctants in acetonitrile or digiyme.

Tris(acetonitrile)tungsten tricarbonyl has proved to be a very
useful resgent in the formation of tungsten tricerbonyl derivatives
of the triphosphines and crystalline products may be observed in
the refluxing reasction mixture after only 15 mins. The products
ere all yellow, highly crystalline solids, stable to atmospheric
oxidation and hydrolysis but tending to decompose in solution or
in contect with their solutions.  Apart from the chromium domplexes,
they ere very insoluble in the cold in a wide variety of organic
solvents but mey be dissolved in hot nitromethene, acetonitrile,
dimethyl formemide etc. Melting points are listed in Table 2.

TABLE 2,

Group VIb carbonyl complexes of (I) ang (II),

(PhoPiR),PPa. (CO)5

) R | mcr M=o M
w.p.° m.p.o m.p.o
Me I 263;265 260 (decomp). | 303-305
Et I 258-260 265 (decomp). | 256 (decomyp).

Infra-red data suggest that the three phosghorus atoms occupy cis-

position32 in the octahedron., X-ray eanalysis of the molybcenum

/tricarbonyl
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tricartonyl detivative of (I) is at the moment being carried out.-
(I) reacts slowly witﬁ aniydrous nickel chloride in refluxing
benzene to give a red crystalline solid (m.p.256o on recrystallisation
from nitromethane) which has been shown by n.m.r. and elemental
analysis to be the diphosphinoamine complex, (Pth)gNEt.NiClz. This
compound had been previously4 prepared by the reaction of bis-
(dighenylphosphino)ethylamine with nickel chloride in ethanol. In
the present work, the yield of this ccmplex was only gg,lj% efter
5 days' refiuxing of the reactants in benzene. No other complexes
were isolated; the residue consisted of unreacted (I) and nickel
chloride. The formation of further products ceannot be excluded,
but attempts to separate them by chromatograrhy on silica gel were

not successful. When no precautions were taken o excluce moisture .

from this reaction, the reaction rate is somewhat faster but the

compound obtained is the hydrolysis product,

PhoP.NEL , PPh.NHEL M T1p. (m.p.249°). The ultra-violet spectrum of

this complex suggests that it is of the low spin type LYZ,.

Again, no further products were isolated from this reaction.

DISCUSSICH .

The properties of (I) and (II) parallel to some extent those of

P N 4’5 B y v Y P
the diphosphainoamines, (thP)ng, Each phosphorus atom may act

as a nmucleophile in reactions witn sulphur and in ccmplex formstion
>

/with
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with Group VIb carbonyls. 1In quaternisation reactions with methyl
iodide, only the mono~adduct is formed under mild reaction conditions.
Yrom the evidence availavle, the terminal phosphorus atoms are
initially the more reactive towards sulphur and methyl iodide.

There are two possible explanations for this:

(a) the nucleopnilicity of the central phosphorus atom is relatively
less than the terainal phosphorus atoms by virtue of the presence of
the two highly electronegative nitrozen atoms.

(b) the central phosphorus atom is more sterically hindered.

In view of the fact that dilalkylamino)phenylphosphines, FaP(W1R),,
react fapidly with sulphur at room temperature, explanation (a) is
not considered to be of great importance. Construction of models
of (I) end (II), on the other hand, shows that the ceatral phosghorus
atom is more sterically hindered than the other two and hence
explanation (b) is favoured.

The course of the addition of sulphur to (I) and (II) is of
some interest, especially in view of the fact that the oaly product
isolated in the reaction of (II) with sulphur in 1:1 mole ratio wes
the 1,3-disulphide. It does not seem likely that sulphuration of
Py should increase the reactivity of P3 to such an extent that

further sulvhuration takes place in the same molecule in preference
4

o
i Heruari
to a free eminophosphine molecule. Bartlett and Meguerian have

studied the kinetics of the sulphuration of triphenylynoszhine end

/have
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have proposed the following mechanism:
. +
Pth + S8 »> Ph, P-S (8)6_
*

PhBP_S..S.,(S )5_3"+Pn F— Pn;P=S +Ph3p_s_( S )5-5"

The second stege involves nucleopnilic attack by a second molecule of
triphenylphosphine on S(%¥). Applied to sulphuration of the

triphosthine (II), the initial stage would be formation of the

intermediate:
Me ’ Phn Me
+ [ ]
H%>f, - P ] P%g
8 -

Construction of a model of this intermediate shows that P
" in & favourable position for nucleophilic attack at S(¥) with
formation of a cyclic transition species. Such & process might be
expected to be energetically more favourable than attack by a
second molecule of (II) at S(#). Since initial cleavage of the 58
ring is usually the rate determining step in sulphuration reactions,
the 1,3-disulphide should be readily formed.

The seme principles cannot be applied to the sulphuration of (1)
whers a monosulphide cen be isolated. It is sossiole that the greater
steric hindrance in this molecule prevents the formation of a cyclic

transition species =o that the second staze of the sulphuration

reaction involves attack by a second molecule of (I).  Tne course

/bf



of further sulphuration is not clear. The mess spectrun of the
disulphide of (I) shows peaks corresponding to the loss of (Ph2P)+
. T, ; + , .

and E§12P(SZ] from the parent ion (m/e628). From this it can be
concluded that one of the terminal phosphorus atoms has not been

sulphurated. However, the presence of the 1,3~disulphide cannot

be excluded since E?hQP(éz§+ may be lost either from the 1,3- or

the 1,2-disulphide, the resultaat deughter ion having the seanme

mass number (n/e411). The complexity of the 'H d.m.r. spectrum

(see later) of this material would suggest that it may not be &

pure 1,2 or a pure 1,J-compound.

The formation of only a mono-adduct in the reactioca of (I) and

Again,

(II) with methyl iodide in ether is somewhat surprising.

1

reactivity at P3 by & process of electron withdrawal involving, for

quaternisation at P, is not considered to directly affect the

example, the following extreme canonical foru:

Me Ph ile

R N
Pn P=N—— P=== N— Py,

+ - +

7

In view of the aveilable bond angle and bond length dsta’ for

the alkyl iodide adduct of (Pn,P)i®t, (p—>d)7T overlap iavolving

P2 must be considered to be slight. Inductive effects over four
bonds ere also likely to be small. Two further explanations are '
probably of greater validity - (a) steric hindraice at Py and
(b) the possivle proximity of positive charzes in th2 1,3-3iadcuct

‘ /if



if formed, However, since no structural data are available for
thé triphosphines, the reel explanation must romein a subject for
speculation. There is evidence that further quaternisation may
occur when the reactions are carried out in the abseace of solvent.
Hewever, the products.are extremely susceptible to hydrolysis and
heave not been characterised.

Both (I) and (II)‘readily replace three moiecules of carbon
monoxide in reactions with Group VIb carbonyis. The products eare
the cis-trisubstituted carbonyls with charsctoristic bands in the
carboayl region of the infra-red? at ca.1940 and.l8400m._l A
comparison of these values_(Table'Bl with those of some tridentate
phosthines not containing a P-H boné showvs that they are not
significantly differeat. (p—sd)Toverlap bstween nitrogen and
phosphorus should have the effect of reducing (d—s@ )77 back bonding
between the metal etom and phosfhorus with a resultant decrease in
the carbonyllgtretdhing frqq;eﬂgias in the infra-red. The hizh
electronegativity of aitrosen should have the opsosite effect. If

anything, the latter is tbe more importent in the carbenyl complexes

)

ne

C

of (I) end (II). These observations are in agreszent with

. ~ ) . TR TR _
results of Payne aad Welker on wroup VIb cearbonyls of dlpnOopnlﬂO.

aninsas.

trstching frequencies is

.The slizht increasse in the carbonyl s
. . . L.
acccupanied by a siznificant lowering of the PV absorption

. - m - Y 1
frecuencies as compared to the free ligancs (Table 4). This cculd

/ce



TABLE 3,

CO stretching frequencies of some cis-Trisubstituted Group VIb

carbonyls (cm.-l).
Compound M=Cr Yoo M

(a)

(1) H(col, 1932, 1841 1943, 1848 | 1938, 1842
(a)

(11) 14(C0)4 1935, 1842 1945, 1851 | 1938, 1843
() g

PP (C2H4PE32 )21‘;1(00 )3 1937, 1848

(&) 8
3 n 1 i
Mev(CHZEThZ)Qd(CO)B

(b) ) 9
(.L’hBP)BM(CO)j

1905, 1830

1930, 1834

1934, 183

1930, 1834

(a) 1,2-dichloroethnane solution.

(b) cnloroform solution.

TABLE 4,

Pl stretching frequencies of complexed Ligands.(cm.

1),

(PnpPHR)oPPa.4(CO)3 (sujol)

R M=Cr H=tio L=y
ile (845, 814) 813, 793 822, 79 822, 79
Et (875, 852) 860, 842 862, 842 862, 842
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be interpreted in terms of a reduction in {p-—>d i overlop between
nitrogen and phosphorus due to competition from the central mstal
atom for the phosphorus d-orbitals. Several further changes in
the spectrum of (I) and (II) on complexing occur in the region
700 - 4G0 cm.-l. It has not been possible to assign the bands in
this region although the band at 672%2 c:m..“:L in the sypectra of the
chromium complexes may be attributed to Cr-C stretching.lo

In the reaction of (I) with nickel chloride, no product
containing the triphosphine skeleton has been isolated. A u,v.
spectrum of the ;ed solution obtained on mixing alccholic solutions
of the reasctants in 1:1 mole ratio showed a bead in the region
25,000 cm.-l which is characteristic of low spin Ji{I1) complexes
of the type LoNiX,., It would agpear that only two phosphorus atoms
are involved initially ia coordination. The reactivity of the
third appears to bs increased end the products isolated from the
reactions ca%ried out under strictly eanhiydrous conditions and in the
presence of water are the rearraagement product (Ph2P)2NEt.ﬂiCl2 and
the hydrolysis product Ph,P.4Et.PPn.ilHEL.iC1, respectively. The

other fragaments in these rssctions have not been isolated.

INFRA RED SUVECTRAL DATA. _ .

The P(1IL).4 stretchinzg frequency has been veriously assigned to
be between 800 and 1000 et 450,11512(11) shows two baads in this
region. Their positicns appear to be feirly sensitive to the nature

of the groups attached to phosghorus end this is illustirated oy

/reference



reforence to the spectra of (II) and scme of its compounds (Table 5).
The shift to lover wavenumbers on ccuplexing has already been
discussed. Sulphuration and cuaternisation result in a shift to
higher wavenumbers and this is in accord with the view that the
degree of 1T - character ia the =P(S)-¥ bond and in the. b bona

is greater then in the P(III)-N bond. It hes been pointedl0 out
thet the position of the P-Il bond is not subject to any simple
relationship involving electronegativity and the increase in the

PN stretching o frequency on going from (II) to (I) caanot be
explained in such terms. (I) shows four bands in the regiocn

00 .. 1060 cmdul. These consist of a medium intensity doublet at
935 and 917 cm.~l and a further two strong bands at 879 and 8952 cm“l.
The latter are more sensitive to chanzes at phosphorus and their
positions vary in a manner analogous to those of (II) (with the
exception of the disulphide of (I) where one of the bands moves to a
' The other doublet tends to broaden on complexing

lover frequeuncy ).

end moves slightly to higher waveauabers. In the sosectra of the

sulchides and methiodide of (II) it shifts very slightly to hizher

frequencies and loses the doublet structure. Thus the bands at

lower wavenumbers (875 and 852 cm_l) are more characteristiec of the

PN stretching freguencies.

The P=S frequencies in phenyl substituted rhosphines have been
-1 4,13

reported to occur in the region of 616 ca A banéd of weak

intensity occurs in tais region ia all of the sulphides studied.

Slorever



P-N stretching frequencies of (II) and derivatives. (Hujol).

Compound PN stretéhing frequency (cm—l).
(PnZPI‘v‘Me)QPPn 845, 814
(Pn,Pille ) PPn S, 875, 820
(Pn,Puide ), BP0, S5 870, 833
(Pn,Pille) ,PPh tel ' 873, 822




However, the mainvdifferenceg in the spectra of the sulphides as

compared to the free ligands occur in the region 650 -~ 750 cm.-l,

which is in eccord with the observations of Thomas and Chittendenl4
on a variety of amiuophosphine sulphides. The sulphides of the
diphosphinoamines, (PhyP),NR, also showed changes in this region with

a strong band appearing at 642 X 1 cn .

'H M.M.R. SPECTRA.

In recent years, deteiled analyses of the 'H n.m.r. spectra of
organophosthorus ccmpounds has provided a great deal of structural
informetion which could only have been obtained previously by more

time conéuming chemical methods. Jpygy coupling constant data have

. . R . . 15-18
been reported for a number of eaminophosphines and derivatives. 0

In the free aminophosphine, J is usually of the order of loc/sec.,

PNCH

increasing slightly on the addition of oxygen or sulphur to

phosrhorus. .The smallest values of JPNCH so far reported have been
in ccmpounds of the structural type
Me 1 ro
] 9,2V,
=P.N.P=

For example, ian the diphosphinoamine, (PhQP)ZHHe, it is 2.9 c/sec.
increasing to 11.2 ¢/sec. on sulphuration of both vhosphorus atoms.
This larze differeace has been of considerable use in elucidating

the structures of the sulphides end the methyl iodide adduct of (11).

'H n.m.r. soectrun of (II).
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The spectra of (II) and derivastives are given in Figs. 1 -4
and the spectral dsta in Table 6. The methyl-proton signal in the
'H n.m.r. spectrum of (II) consists of two trigplets separated by

-4;6 ¢/sec. and centred at T 7.27. The same separations are
observed on varying the field strength indicating that the triplets
are spin-coupled. This observation of a doubled triplet suggests
that the methyl-protons are interacting not only with the phosphorus
atoms 3 bonds distaat (i'e'.JPNCH) but with the phosphorus atons
9 bonds distant. It is unlikely that direct coupling occurs over
such a distance. However, effective coupling (or virtual long-

21,22 . . . . s
! can occur wnen certain coanditions are satisfied.

range coupling)
Consider the hypothetical system:

CHB.N_fAuNﬁPB

When the chemical shift differeace between PA and PB is small

compared with JPkPB’ the methyl-proton signal might well be a triplet

even when JPBNPNCH is zero. The characteristics of such ABKB spin

’ 2
systems are well known and Abrahsm and Bernstein 3 have shown that a

triplet structure will be observed if,

Jay — JBx)z/ < AOl/
5

27 5

whereﬂ@; is the resolving power of the spectrometer given by the
half-neignt half-width of & single line {(ca. 0.5 c¢/sec.) The

24
separation of the outer lines of the triplet is given by IJAX*JBX]

/and



sl

and in the case where J;y=0, the lower limit of the coupling
constant JAB can easily be calculated byjmeasurimgLXD%,

In the spectrum of (II), the methyl-proton signal is considered
to be doubled by coupling with the near, terminal phosphorus &atoa
(Pp) (JITNCH = 4.6 ¢/sec.) When equation (1) holds, each component

of the doublet will show a triplet structure. Now, assuming that

Ipx = 0 = Jp.wpucy, then

2
(JPCNCHVQJAB < 05

2
or (Tpqnca) <

(where ¥ refers to the central phosphorus atom) .

Now the separation of the outer components of the triplets = 3.0 ¢/sec.
= |JAX1 = lJYbNCHl' Hence, the lower limit of J,p5 = JPTPb can be
calculated to be about 9 ¢/sec. This compares with a lower limit of

2 ‘
ebout 30 - 40 ¢/sec. ~ for Jpyp in aminophosphazenes and if Jpip can be

taken as an approximate measure of conjugative effects, then conjugation

in the eminophospaine system is, as expected, much weeker.

1.,3..CISULEHIZE OF (II}.

The metnyl-proton signal of this compound is effectively that of
erAgMXzpin system i.e. a pair of spin-coupled doublets.  The larger
splitting is attributed to JPTNCH = 12.2 c/sec. and the lower to coupling

with the central phosghorus atem (JPCNCH = 1.5 c¢/sec).



58.

These assigaments are in accord with the observation that Joyci
incresses considerably when the diphosvhinoamine (Pth)ZNﬂe is
sulphurated. The failure to observe virtual long-ranze coupling
is attributed to an increase in the chemical shift difference
between Fp.and Fg (phosphorus{V)and phosphorus (I1I)respectively).
It is difficult to rationalise the low values for JPCNCH in this
compound and in the spectra of methylamino bridged diphosphines
in general,in terms of s.character in the P-N bonds, since IpucH
in the compound (?E"ng?)zi\IE‘c,19 (Table 7) has the more 'normal' value
of 9.7 ¢/sec.

1,2,3-trisulehide of (II,)

The methyl-proton signal of this compound is a triplet centred
at U693 i.e. JPTNCH = JPchﬂ = 11.0 ¢/sec.  Again, no virtual
long-range ccupling is observed suggesting thatgﬂﬁfb is much larger
than in the free aminophosphine.

Methyl iodide adduct of (II)

The 'H n.m.r. spectrum of the metiyl iodide sdduct of (II) consists
of three sets of chemically shifted multizlets which have been
assigned in order of increasing Y value to 5 vhenyl groups, a Pemethyl
group overlapping with an N-methyl group end an tl-methyl group. The
nonscuivalence of the Nemethyl grougs suggests irmediately that a

teminal phosphorus atom has been quateraiszd. The hizh field

miltinlet consists of a doublet of separation 5.0 c/sec. (JPTJCH)

. o L
which is further doubled by ccupling to the central phosphorus atcm



4L 7.

'H n.m.r. data for PhP(NEL.FPhs)s, (EnoP) Bt and derivatives.

Compound T Values. (CDClB)
T Cig-C T Ciy-p TH,

PhP(NEL.FPho), 9.17 c&.6.8
PhP(i‘JEt.PPnZ)ZSQ 8.92 ca.b.2
PnP (WEt . Fh, ) el 9.19 6.94 ca.6.5

- NE &
(PnP) Mt 9.27 6.65
(]?h2P)2NEt.82 9.15 6.%
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(Jp gy = 2.0 o/sec). These essigmments to the d-methyl group
which is not adjacent to & qusaternised phosphorus atom are in
agreement with the assignments in the ffee eninophosphine.
Furthermore, the high field N-methyl group shows no significant
bhange in chemical shift as compared to (II) itself.

The low field methyl-proton signal consists of a doublet
(separation =12.6 ¢/sec.) overlapping with a pair of spin-coupled
doublets (doublet separations = 12.6 ¢/sec. and 2.0 ¢/sec.) The
former is assigned to the P-methyl sroup (JPCH = 12.6 ¢/sec.) and
the letter to the adjacent Nemethyl group (JE%NCH = 12.6 ¢/sec.) end
JPCNCH = 2.0 o/sec). No virtusl coupling is observed.

The 'H n.m.r. spectra of (I) and its derivztives do not lend
themselves to ready interpretation. At 60 Me/sec, the methylene~
resonance signel of (I) itself is a very broad multiplet which
seperates ocut into two distinct multiplets at a field strenzth of
100 Ye/sec. suzzesting that the protons in the metnylene Zroup are
megnetically nonecuivalent. This effect may be due to asymmetry
at the central phosphorus atom, slow inversion at nitrogzen, or
hindered rotation in the molecule. Unfortunately, limited access to
variable temperature equipueat has precluded the solution of this
problem., For & reason which is not entirely clear, double resoaancs

technicues have not yet succeeded as an aid to the intergretation of

the methylene-resonance signal of (I). However, in the case of the

/disulp"ﬂirie
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disulpbide of (1), Qhere megnetic nonequivalence of the methylene-
proton signal is also observed, irradiation of the methyl signal at
its resonance freguency causes the low field methylene multiplet to
collapse into what can be recognised as a psir of overlapping
doublets. The high field multiplet is resolved into & lines
which are composed of a pair of doublets overlapping with two broad
signals. It has not been possible to essign these lines +o any
particular structure. The problem may be finselly resolved by
removing the nonecuivalence of the methylene-protons (possibly on
raising the temperature) and spin- decoupling the methyl protons,
but it has not so far been possible to use this techaique.

The spectrum of the methyl iodide adduct of (I) in the region
above T 5.0 consists of a broad multiplet overlapping with a doublet

of separation 12.3 c¢/sec. which is assigned to Jp_cy. This doublet

shows further fine splitting (ca. 1.9 c¢/sec) which may be due to
longer~range.coupling with the central phosphorus atom.

The ethylemino methyl-proton signal occurs et 19,19 consisting
of a triplet with Jyy = 7.8 ¢/sec. Integrated intensity ratios
confirm that this compound is indeed the mono-adduct. Due to the
canplexity of the spectrum in the methylens region, it is not
possible to determine by n.m.r; whether the central or terminal
pnosphorus atom has been quaternissd.. However, on hydrolysis of this
compound, the species EhQP(Me)NdEﬂ+ 17 is obtained which confirms

4

that queaternisation has occurred at a terminel phosthorus atom.

/EXPERLLIEATAL
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EXFERTAENT AL .

Diphenylchlorophosphine, obtained commercially, was distilled
under reduqed pressure immediately before use. Triethylamine was
dried over calcium hydride eand distilled frem sodium, n-Pentane
and benzene were distilled from calcium hydride and potassium
respectively. All operations were carried out under a stream of
dry nitrogen.

Bis (M~aiphenyl phosphino-l-ethyl)di(amino)vhenylchoschine (I).

Diphenylchlorophosghine (59.43; 0.27 mole) was added dropwise
to di(ethylamino)phenylphosphine (26.3g; 0.13 mole) and triethylamine
(23.9g; 0.24 mole) in n-peantane at 0%,  The mixture was stirred for
2 hou;s after which the solution was suction-filtered directly into
a rotery evaporator to yield on evaporation of solvent, 31.5z. of
white solid. The precipitated amine hydrochloride was treated with
jce-cold ethanol to yield on filtrstion a further ).4z. of pronCt.
The combined material was recrystallised from ethanol to give lustrous
white plates (32.1g; 44;:;:), m.p. 143 - 145°.

Found: C, 72.2; H, 6.2; N, 5.1; P, 16.45; M(mass spectrum) 564.

CogtizsHPy requires C, 72.4; H, 6.2; N,5.0; P, 16.54 i, 564 .

l-sulvhicde of (I).

(1) (0.75z; 1.32 m.mole) in benzene (40 m1) was heated under
reflux for 20 hours with elemental sulphur (0.C5z; 1.36 m.mole).
Removal of the benzene left a white solid which was recrystallised

o
from ethanol to give a white crystalline solid, wm.p., ca. 118 .

/Found;
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Found: C, 68.5; H, 6.0; N, 4.2; P, 15.7; S, 5.6p; Mlnass
spectrum) 596. |

7

5 .

c34}1351‘121>33 requires C, 68.4; H, 5.9; N, 4.7; P, 15.6; S, 5.4 M, 59

Disulvhide of (I).

(I} (0.56z; 1.0 m.mole), in benzene (40 ml) was heated under
reflux for 20 hours with elemental sulphur (0.053z; 2.0 m.mole).
Removal of the benzene left & white solid which was recrystallised from
acetone to give a white crystalline solid, m.p. 217 - 2210.

Found: C, 64.9; H, 5.6; d,4.4; P, 15.0; S, 10,15; H{mass
spectrum) 628. C}4H35N2P382 requires C, 65.0; H, 5.6; N, 4.5;

P, 14.8; S, 10.2;; i, 628 .

1, 2, 3-trisulthide of (I).

(I) (0.56g; 1.0 m.mole) in benzene (40 ml) was heated under
reflux for 20 hours with elemental sulphur (0.17g; 5.3 m.mole).
Removal of the benzene left a white solid which was extracted with
three 20 ml., portions of ether to give on slow evaporation of the
ether solution, & white crystalline solid, m.p. 194 - 193°.

Found: C, 62.0; H, 5.4; N, 3.8; P, 14.6; S, 14.7j; M (mass
spectrum) 660, 034H35NéP333 requires C, 61.8; H, 5.3; o, 4.2;

P, 14.1; S, 14.6%; M, 640,

Methyl iodide adduct of (I).

(I) (0.20z; 0.36 m.mole) in ether (20 ml) with aa excess of

. . - . . -C
methyl iodide zave a white solid, m.p. ca. 85 .

=

/ Found
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Founa: N, 3.9, 3_ BBIN P, requires N, 4.Cy .
Recrystallisation from acetone-ether gave white needles, m.p. 99 ~ 1000,
of ethylaminomethyldiphenylphosphonium iodice.

Yound: N, 3.6p. Cl5Hl9INP requires ¥, 3.8/ .

Chromiuvm tricerbonyl complex of (I).

(L) (1.122; 1.98 m.mole) in diglyme (50 ml} was heated under
reflux with chromium hexacarbonyl (0.44g; 2.0 m.mole) for 4 hours.
Removal of the diglyme left an orange solid which was recrystallised
from nitromethane to give orange-yellow needles, m.p. 263 - 2650

Found: C, 63.1; H, 5.0; N, 4.1; P, 12.5/.

C7H35Crli;05Py recuires C, 63.4; H,5.1; N, 4.0, P, 13.35 .

Holybdenum tricarbonyl ccmplex of (I).

() (0.572; 1.01 m.mole) in acetonitrile (40 1)) was heated
under reflux with molybdenum hexscarbonyl (0.27g; 1.02 m.mole) for
2 hours. On cooling, long yellgw needles separated out which were
recrystallised from nitromethane to give yellow needles, m.p. 2600. (Geccmn. )
Founi: C, 59.8; H, 4.4; N, 3.6; P, 12.2%.  CqflysMoli;05P5

requires C, 60.0; H, 4.7; N, 3.8; P, 12.2/ .

Tungsten tricarbonyl ccmplex of (I).

(I) (0.57g; 1.01 m.mole) in diglyme (30 ml) was heated under

reflux with tungsten hexecarbonyl (0.35gz; 1.0 m.mole) for 3 nours.

Removal of the diglyme left a yellow solid which was recrystallised

/frea



from nitromethane to give yellow needles, m.p. 303 - 3050.

1 C, 53.5: . . o N -
Found: C, 53.5; H, 4.6; N, 3.2; P, 11.1}. 034H35m203P3"
requires C, 53.4; H, 4.2; N, 3.4; P, 11.27 .

Reaction of (I) with anhydrous nickel(II) chloride.

Nickel(II) chloride hexehydrate (0.97z; 4.0 m.mole) was
heated in vecuo at 180°for 4 hours, after which (I), (2.3z; 4.2 m.mole)
in benzene (80 ml) was introduced. The mixture was heated under
reflux for 5 days after which time the precipitated orange material
was filtered off and dissolved in chloroform (20 ml) to remove
unreacted nickel chloride. Addition of lizht petrolewn (b.p.> 120 )
to the chioroform solution and filtration gave a dark red solid which
was recrystallised from nitromethane to give red needles, m.p.‘2§9°,
of big(diphenylphosphino)ethylenine nickel(II) chloride.

Found: N, 2.6%. CogtipsCL, MiPy recuires X, 2.6% .

’

Reaction of (I) with nickel(II) chloride without due regard to

exclusion of moilsture.

.Nickel(il) chloride hexahydrate (0.99z; 4.0 m.mole) was heated
at 100° in vacuo for % hour after which time (I), (Z:Bg; 4.2 m.mole)
in benzene (50 ml) was introduced. The mixture was heated under
reflux for 17 hours after which the precipitated reddish-oranze solid
wes filtered off, and dissolved in chloroform to remove unreacted
nickel chloride. Addition of light petroleum (b.o.>120°) to the

chloroform solution gave a red solid which wes recrystallised from

/éimethyl
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dimethylformamide~ether to give small red needles of W.diphenyl-

phosthino-N-ethyl.'Noethyleminoghenylpnosphine nickel(II) chl-ride
n N NITH N2 } = r=0

(1n2?JLt.P?h.mnut.N1012). m.p. 259 - 265°. |

Found: C, 51.8; H, 5.2; W, 5.4; P, 12.05. CodlogCioNoNiP,

requires C, 51.8; H, 5.1; N, 5.5; P, 12.2% .

Bis (N-diphenylphoshino~N-methyl)di(amino) ghenylphospaine(I).

Di(methylgmino)phenylphosphine (12.3g; 0.076 mole) in n-pentane

(100 ml) was edded dropwise to dipnenylchlorophosthine (33.8z; 0.15
mole) and triethylamine (30 ml) in n-pentase (1000 ml) at 0°,
Filtration yielded 53.4z. of white solid which was dried under
reduced pressure and extracted with ether (290 ml). Evaporation
of the ether solution to dryness gave 27.4g. of white solid which
was recrystallised from nitromethane to give long white needles
(22.1g; 54%) m.p. 136 - 138°.

Founa: C, 71.5; H, 6.0; N, 5.4; P, 17.15. c32H31N2P3
‘requires C, 71.6; H, 5.8; N, 5.2; P, 17.3x .

1, 3-disulphide of (II).

(I) (1.15g; 2.1 m.mole) in benzene (25 ml} was heated under
reflux with elemental sulpamur (0.13g; 4.1 m.mole) for 1 hour.
Removal of the behzane left a white solid which was recrystallised
from nitromethane to wnite plates m.p. 191.5 - 1940.

Found: C, 53.9; 4, 5.0; N, 4.8; P, 15.5; S, 10.55.

C_H_ NP3 requires C, 64.0; H, 5.2; N, 4.7; P, 15.5; 53, 16.7j0 .

32312372

/1, 2, 3=trisulthid

=
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1, 2, 3-trisulphide of (II).

(I) (3.142; 5.9 m.mole) wes refluxed with sulphur (0.97z;
30.3 m.mole) for 17 hours in benzene (30 ml)., Removal of the
benzene left a white solid which was recrystallised from dimethyl-
formemide to give white nesdles m.p. 181.5 - 183°.
Founa: C, 60.8; H, 4.9; N, 4,3; P; 15;1; S, 15.4%.

T . . y
C3éH31L2P383 requires C, 60.8; H, 4.9; N, 4.4; P, 14.7; S, 15.2/ .

Methyliodide adduct of (II).

(I} (1.07g; 2.0 m.mole) with excess methyl iodide in ether
gave a white solid which was recrystallised from ethanol to give
white crystals (1.27g; 94%) m.p. ca. 111° (decomp.).

Found: N 4.0ﬁ. C__H_ IN P requires if 4-1% .
’ 3354 2 ’

Chromium tricarbeinyl complex of (II).

(I1) (1.22g; 2.1 m.mole) in diglyme (50 ml) was heated under
reflux with chromium hexacarbonyl (0.46g; 2.1 m.mole) for 24 hours.
Removal of the diglyme gave a waxy orange solid which was re-
crystallised from nitrcmethane to give yellow needles, m.p. 253 = 2600.

Found: C, 61.5; i, 4.7; N, 4.0; P, 13.04.  Cyily Crily05P5"

requires C, 62.5; H, 4.7; N, 4.2; P, 13.8p .

Molybdenum tricerbonyl ccmplex of (II).

(I) (1.2g; 2.1 m.mole) in acetonitrile (50 ml) wss heated under
reflux with molybdenum hexacarbonyl (0.51z; 1.9 m.mole) for 1% hours.

Removal of the scetonitrile laeft an orange-yellow solid which was

/ieorystallised
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recrystallised from dimethylformamide to give yellow granular
crystals m,p. 265° (decomp. ).

Found: C, 58.6; H, 4.5; N, 4.1; P, 12.9z, C gt 5908 ,05P5
requires C, 58.7; H, 4.4; N, 3.9; P, 13.0; .

Tungzsten tricarbonyl complex of (II).

(1) (1.13g; 2.0 m.mole) in ecetonitrile (50 ml) was heated
under reflux with tris(acetonitrile)tungsten tricarbonyl (0.78sz;
2.0 m.mole) for 1 hour. The precipitated yellow crystals were
recrystallised from dimethylformemide to give yellow greanular

.0 .
crystals m.p. 236 (decomp.).

N O P W

Found: C, 52.3; H, 3.7; ¥, 3.7; P, 11.45. C'jojl 2733

requires C, 52.2; H, 3.9; N, 3.5; P, 11.6j .
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INTRODUCTICN.

It is well known that the methyl protons in an isopropyl
group adjecent to an asymmetric centre will be magnetically
noneguivalent as shown by their 'H n.m.r. speotral. Unegual
population of the various conformers in such molecules is
normally accepted as the cause of nonequivalencez’3 although
Waugh end Cotton4 have pointed out that when the asymmetry of
substitution is sufficiently low, the nonequivelence of the
geminal groups or atcms cen persist even when the conformers are
&ll accidentally of equal eﬁergy or when internal motion is free.
Gutowskyl has shown that the geminal fluorine nuclei in the
molecule CFoBr.CFBrCl remain nonequivalent over a wide range of
temperatures and has attributed ﬁhis behaviour to the inherent
asymnetry of the molecule.,

In the event of a chaage in the msgnitude of noneguivalence
with temperature, a change in population of the conformers is
inferredj. Preferred conformetions have been atiributed to

5,6,7

8 .9
solvent effects, phenyl substitution , hydrojen bonding” or
10,11 . ‘ '
to & ccmbination of these factors . Slow inversion about
nitrogen12 has also been proposed as & possible explanation for
the nonequivalence of the geminal methyl groups attacied to nitrogen

in the molecule PhP(Cl)NMeZ.

Nonequivelence of the methyl protons in the isoprogyl groups

/of



of the compound dilisopropylamnine)ohenylphosphine, PhP(NHPri)Z
has recently been reportedlB, and in section 4a, an attempt is
made to relate qualitatively the magnitude of ncnéquivalence in
this compound end its derivatives to the structural features of
the molecule and to changes in solvent.

Section 4b deals with the 'H n.m.r. spectra of some
methylamino-substituted phosphines which have been interpreted in
terms of A3BX spin systans;

Section 4c deals with aromatic region of phenyl-substituted

ewinophosthines in general.

71.



4a. MAGHLTIC JOINUTIVALINCE T4 H_TSOPROPYLAIIS0 PIOSPHOS COMPCUNDS

In deuterochloroform solution at 330, the isopropyl methyl
signals of compounds I - V (Table 1) consist of a doublet by
coupling to the methine protons (Jy o oy ~ 6.0 ~ 6.5 c¢/sec.;
Jp_N.C.c.g #nd Jg Ny c.Cc.H ~ 0.5 ¢/sec.) which is doubled ageain due
to magnetic nonequivalence. Significant nonequivalence is not
observed in the spectra of compounds VI and VII where the phenyl
group attached to phosphorus has been replaced by a phenoxy - and
a dimethylemino - group respectively; nor is it observed when
asymnetry at phosphorus is removed on substitution of one of the
isopropylamino - groups by a phenyl group.

(Compounds VIII - X),

Noneguivalence of the methyl groups would therefore appear to
depend on the presence of an asymmetiric tphosphorus atom which has
& vhenyl group directly attached to it. The magnetic nonequivalence
of the methyl groups in compound II1 is strongly temperature
dependent (Figs. la and 1b.), indicating the presence of en exchange
process the rate of which should be measurable oan the n.a.r. time
scale. This effect is unlikely to be the result of restricted
rotation of the isopropyl group relative to the esymmstric centre
since Gutowsky has shown that nonequivalence should inherently
persist at elevated temperatures in the presence of an asymmetric
centre. A more likely explanation is that the relatively high

retes of inversion at nitrogen efiectively average out chemical

/shift



TABLE 1,

———

Chemical shifts of methyl protons in CIC1 of some isopropylamino

substituted phosphines.

Compound | 'Y'Values 0 SCHB(c/sec.)
PhP(hHPri)Q (1) 8.83, 8.87 2.2
PhJ?(NHPri)QO (11) 8.89, £.92 2.3
PP (WP )05 (111) 8.89, 8.90 15
PhP(I\MPri)QSe (1v) 8.83, 8.91 3.2
PhP(NHPri)Z;"ﬂeI (V) 8.58, 8.68 6.1
PnCP (I\'HI-‘ri )o | (VI) 8.86 0.5

O
1\,16.2%(1&1?1.1)2 (vi1) 8.8 . ca. 0.8

i :

PoP(HPr ) (VITI) 8.89 | 0.5
thP(S)I\}IPri (IX) 8.85 0.5
thPI\HPril‘ueI () 8.66 0.5
& g refers to chemical shift differeace between methyl proton signals.

CHy
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shift differences. In turn, nitrozen inversion rates appear to
be influenced by proton exchange at that centre. Thus, the Ni-
signsl of III at 33° (Fig. 1a) is an exchange-broadened, spin-
coupled triplet at T 7.75 where JP.N_H ~ JH_NnC_H ~ 9 c/sec.,
whereas at -60°, it is quite a sherp triplet. (Fig. 1b).

A correlation between proton exchange rates and the magnitude
of noneguivalence ig shown in a study of the effect of solvent on
this parameter (Tables 2a - 2e). Introduction of small quentities
of dry hydrogen.chloride into deuterochloroform solutions of III
and IV resulted in the removal of nonecuivalencs. At the same
time, the dH - signal moves downfield end coalesces to a sharp
singlet resonance (see Fig. lc). The methine proton signal also
sﬁarpens up in each case and may be recozaised as two overlapping

septets (J H= 11.0 o/sec. for III end 11.2 c¢/sec. for IV).

PN_C
It is worth mentioning here that at hizher coacentrations of hydrogen
chloride (saturated sclution) some P-I¥ bond cleavagze occurred with
formation of isopropylamine hydrochloride. This observation
suzgests that protonation does in fact occur at nitrocen.

Proton exchange rates such as those prevailing whea small
concentrations of acid are present are likely to be eccompanisd by
a relatively high rate of nitrogea iaversicn ci, the analcgous

. . 14
behaviour of dibenzylmethylamine in aqueous acid solution™ .

Heace, in the presence of dry hydrogen chloride, deuterochloroformn

/solutions



Fig. la.
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TABLE 2,

(a) PRP(0) (P ), (11).
r ‘2
Solvent g CHy X HH
deuterochloroform 2.3 7.56
deuterochloroform/HCL 1.4 7.37
benzene 3.0
pyridine 3.9 5;50
hexamethylohosphoramide 8.1 5.51
(b) | Pup(s) ("), (1I1).
Solvent S'CH3 T M
deuterochloroform 1.5 779
deuterochloroform/HC1
benzene 8.05
pyridine 5.40
hexamethylphosphoramide - 6.6 5.29
i
(c) PaP(se) GHP ), (IV),
Solvent §cd 3 T M
deuterochloroform 3.2 7.66
deuterochloroform/HC1 5.81
benzens 7.89
pyridine 95.29
hexamethylrohoschoraaide 6.2 5.23




TABLE 2 (continuad).

(d)

PaP(NP ) el (V).

Solvent ) Cfri3 T NH
deuterochloroform 6.1 4.44
deuterochloroform/HC1 5.4 4,61
benzens —- insoluble
pyridine 4,0 .
hexamethylphosphoramide 6.1 ——

(o) Enp(iz "), . (1.

Solvent § Ciig T M
deuterocnloroform 2.2 8.02
deuterochloroform/HC1 2.6 ca. 6
benzens 3.2 8.29
pyridine 2.4 7-33
hexemethylphos phofamide 2.5 ca.6.65
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solutions of 1II end IV may not exhibit nonequivaleace as a result
of the increaszed rate of lnversionfat nitrogen effectively
averaging out the asymmetry effect at pnosphorus.

The above arguments havé been applied solely to the hehaviour
of compounds III and IV,  Addition of nydrogen chloride to
deuterochloroform solutions of I, II and V does not result in
disappearance of nonequivalence. It is reasonable to assume that’
the nitrogen atoms in the methyl iodide adduct (V) are virtually
non-besic as & direct consequence of being adjacent to a guaternised
phosphorus stom. The failure of added hydrogen chloride to remove
nonecquivalence by protonation at nitrogea can thus be explained on
this basis.

The behaviour of compounds I and II is less readily explained.
In the case of the oxide(Il), nonequivalence persisis not only on
addition of dry hydrogen chloride but also at temperatures up to 60o
in methyleae chloride solution. It has been estimated that
noneguivalence disappears arouhd 60o in the case of the sulphide.
Although this particular temperature range is rather limited, it is
still difficult to understand why the oxide(III) and the sulphide(III)
should differ to such an extent.

If the rate of inversion at nitrogen is considered to be the
main factor in determininz the magnitude of nonequivalence, it would
appear that the rate of iaversion ia the cese of thé oxide is less

readily affected.

/Thers
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There is some evidence from infra-red studies to suggest that
the compound PhP(O)MHPri)Qlj is intramolecularly hydrozen bonded
in dilute solution and Nyquistl5 has proposed that the existence of
two bands in the - region:(dilute solution) of the infra-red
spectrum of compounds of the type (RO)QP(O)NHR may be due to cis-
and trans-configurations of the Mi- group with respect to the
phosvhoryl group.

The existence of stroagly intramolecularly hydrogen bonded
species can be used somewhat speculatively to explain certain
distinctions between the oxide and the sulphide. There is in fact
evidence that phosphine sulphides of the type (RO)2P(S)MHR are also
intramolecularly hydrogen bonded15 . Howevef, in view of the
greater electronegativity of oxygen relative to sulpaur, such effects‘
are considered to be less important iﬁ solutions of the sulphides.

From Table’2b it cen be seen that the methyl proton signal of III
is simply a doublet (JH-C.C_H ~ 6.3 ¢/sec.) in benzene or pyridine
solution. The large shift %o higher field in benzene &and the shift
to lover field in pyridine of the {d-signal (Table 2b) sugzests that

. . 16,17,18 .
the egmino--roton is solvated in each case™ ? 75 ie.

< . > Ry
P N prl P
] I
3 S

/Mis
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This specific solvation by aromatic molecules is considered to
average out the anisotropic shielding effect of the phenyl group
atteched to phosphorus. In pyridine, however, the #H- signal of
the oxide does not move downfield to such a great exient suzgesting
that solvation is not so efficient. The retention of intra-
molecularly hydrozen bonded species in this case is considered to
hinder the solvation of the & protons with the result that the
shielding effect of the phenyl group attached to phrospnorus is not
effectively averaged out. The same srzument may be applied to
benzene solutions of the oxide.  The chemical shift of the M
protons could not be determined in this case dus to the fact that
the oxide is fairly insoluble in benzene.

In the hydrogen bonding, non-arcmatic solvent, hexamethylphosphor-
emicde, the magnitude of the nonequivalence of the methyl protoas of
compounds 11, III and IV is considerably increased. In this basic
solvent, it is ressonable to assume that conditions of slow or no
protsn exchange occur due to strong intermolecular association.

Thus the NH siznals are fairly sharp triplefs at ca. T 5.4 (cf.Fiz. 14).

The converse effects of solvation by aromatic mclecules have
elready been discussed in the case of the sulgphide III, and the saxe
ideas may be extended to the selenide (IV).

The megnitude of tne nonequivalence of the methyl protons in

compound (I) is virtuslly unaffected by change of solvent. It is

quite possible that, once sgain, intramoleculerly hydrozen bonded



species of the type
Ph—P-—N—- P *
r
i N he
PN H

|

H

are effective in preventing extensive solvation of the {H protons
by all the solvents so far discussed. Four-membered rings
containing vhosphorus (II1) and nitrogen are fairly well known in
aminophosphine chemistry. Their ready formation is made possible
by the relatively small angle at phosphorus in phosphorus(III)

compounds .
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4b. 'H nom,r. SPECTRA OF SCUE YEIHYLAINO_SUBSTITUTED AulNOPAGSPHINEGS

The pure liquid 'H n.m.r. spectra of the compounds FnP(sile) (XI),

2
Ph,Plie (X11) and PnPile)Niile ((III)(Figs.2a ~ 2d) have been
interpreted in terms of ABB spin systeas which are doubled by
coupling of the methyl and emino-protons (A3B system) with phosphorus (X).19
The characteristics of A3B spin systems are fairly well knownzo
and it can be shown that as 'boSkB decreases relative to J,p, the
number of spectral lines may increase to a maximum of 16 in the

extreme case. Theoretical spectra have been worked out for a large

nuaber of 'bchB values and when %ogéﬁ is in the order of 40
JAB I 1B

the spectrum has the following appearance:

I!

In practice, this is seen as a broadening of the signals viz.

LO¥ FIELD k 1 ! [xld HIGH FIELD

In view of the fact that the spin systems in compounds XI - XIII

are on the borderline between A BX and Ajﬁx spin-systens (except a

3

neat sample of XI at 60 de/sec.), it is possible to determine coupling
congtants fairly accurately by insgection. Spectral data and

coupling constents are given in Table 3.  The N-methyl proton signal

in each case consists of a doublet by coupling with the amino-protons

(7 = 5.9 ¢/sec.) which is doubled again by coupliaz with

P-N-C.H
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TABLE 3,

&Eémgéfﬂé N“{;value‘s“ ] —Coupling constants (e/sec.
TaCH,  TROL T Wprgy Jpoy Jem Jaicw
PhP(Iﬁﬁie)z 7.58 — ca. 7.8 | 10.0 ca. 13.0 5.5
PhZPI\I}Eﬂe 7.62 —_ 8.18| 16.5 — — 5.6
PnP (e )IHMe 7.67 8.67 ca. 3.4 9.2 5.3 — 5-4
TABLE 4.
Solvent Proton Chemical Shifts T o *-"'CCHB
Y nH T CH3
cyclohexane 7.98 7 .54 0.44
benzene no referénce taken 0.73
pyridine 6.97 7.44 -0.47
neat sample 7.30 7.58 0.22
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phogphorus (Jp_y_o_y = 11 ¢/sec.)
The Mi.proton signal is & broadened multiplet in each case,

14y

broacdening being attributed to proton exchange and to
quadrupolar couplinge;. In the spectrum of XI at 60 and 100 Mc/sec.
it overlaps to some extent with the methyl proton signal. by
varying the solvent (Table 4) it is possible to increase 84
sufficiently to allow measurements to be made on a first order besis.
In benzene solution at a field strength of 100 Yc/sec. the MH sigaal
of (XI) can be recognised as & pair of overlapping cuartets
(JILN_H = 13 ¢/sec; N L c/sec.)

The large chemical shift difference in benzene as solvent has
permittied use of the double resonsnce techaique and the methyl
proton signal of XI with the #H protons spin-decoupled is shown in
Fig. 3. The doublet separation of 10.0 ¢/sec. confirms the
assignments made in Table 3 to Jp_y o y-

The shift to higher field of the M proton’signal sugzests that
there is a specific solute-solvent interaction in which the NH-protcas

are shielded by complexing witn benzenel8 i.e.

R

e b

In the basic solvent‘;yridine, a characteristic shift of the
NH-proton signal to lower field is observed. At the same time the
methyl-proton sigual shows a reversal in the high field - low field
déublet intensity ratios. (AB3X spectrun) .

/The
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The pure liquid spectrum of XI at 60 ic/sec. is fairly far

removed from that expected for a first order spectrun ( §3§§§_ ~ 2l
Y4B

and it is not possible in this case to determine sccurste values

of coupling constants by inspection.

The magnitude of Jp__o_g in these compounds is comparéble with
existing cdata for P(III)-i and P(V)-si compounds. It is interesting
to note that in the spectrum of compound XIII Jp_y o_y has almost
double the value of JP_C.H‘ The megnitudes of thesze coupling
constants are very similar to those observed for dimethylaminodi-
methylphOSphine,‘MezNIMez,zg (Jp_ycH = 9.8 ¢/sec.; Jp_oyg=95.56 c/sec.)
Cowley23 has suggested that tﬁe relatively high value of JP—N_C_H
m&y be due to conjugative or electronegativity effects. However,
the observation that Jp_c y is smaller than Jp_c_o y in some ethyl
substituted phosphinesz4 wnere such effects are relatively unimportent

suzgests that the above interpretations may not be valid.

ARGIIATIC PROTCN SIGWALS OF SCilf AMINOFHOSPHIMAS,

The aromatic proton signals in the 'd n.m.r. spectra of ghenyl-
substituted eminophosthines axre generally rather complex and no
attempt is made here to discuss them in any grest detail. In the
free aminopﬁosphines (phosphorus(lll) compounds) the aromatic proton
signal is usually (not always) a fairly sherp signal in the region
2.4 - 2.6. On oxidation or quateraisation, itwo distinct sets of

chemically shifted multiplets are observed. Data obtained from a

/variety
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variety of thosphorus(III) and phospaorus (V) compounds (Table 5)
show that the high field - low field multiplet intensity ratio is
always approximately 3:2 and that the chemical shift difference
increases in the order phosphine < phosphine oxide < phosphine
sulphide ~ selenide ~ methiodide.

A 3:2 ratio immediately suzggests that there is some distinction

between the ortho and para, and meta protons, the meta protons being

deshielded relative to the ortho and para. Such a distinction

obviously cannot be explained for all cases in terms of conjuzation

involving the phosphoris lone pair and the eromatic ring. i.e.

Qo0 o o

=)

A more likely explanation is that only the ortho protons are

deshielded by a process of induction rather than conjugation. It

5,26
has in fact been est&blishedzD’Q that the phosphoryl group is a

moderately strong electron acceptor substituent, and that the

deshielding effect on an ortho proton may be qualitatively related27’28

to incéuctive and resonance effects of the substituent.
From Table 2 it would appear that the thiophosphoryl group is
a better electron acceptor than the phosphcryl group which suzzests
 that the strong electron withdrawing effect of oxyzen is in some way
canpensated by back bonding to phosphorus [ip——ad)TT interactioé].
It is of some interest that a siznificact chemical shift

difference is observed for the phosphorus(III) comrounds I, XL

/XIV



Arometic proton chemical shifts of some eminoghosphines.

Compound T velues (approx.) # S
Pn_P(I‘-EEie)Q X 2.89 3.22 0.33
P (e ), 1 2,45  2.83 0.38
PnP(0) (WHp,3), II 2.15 2.3 0.40
PRe(s) (Map 1), 111 1.92  2.93 | 0.61
PP (NHEt ), xav © 251 2.82 | 0.31
Prp(0)(iiEt), XV 2.14 2.54 0.40
Pr:e(S)(fmt)2 XVI .2.00 2.53 0.53
Ph FPrille ar 2.65  2.88 ‘ 0.23
popilp b VIII 2.69  2.72 0.07
(Pn,P) fle VI 2.65 —
[BnoP(0]] Sitle XVIII 2.20  2.66 0.46
E}ngp(sﬂ Sile X 1.99  2.72 0.73
(PnyP)lEL XX 2.65 _—
(Bnp) i b X 2.69 | —

# taken as mid point of each multiolet.




820

XIV in which the phosphorus atcm is flanked by two nitrogen atcms.
F(;r the mono-eminophosphines, XII and VIII and the diphosgphinoamine
XVIthe chemical shift difference is relatively small or zero.

One po;sible explanation is that the presence of two highly
electronegative nitrogen atoms in the former compounds has the effect

of placing a greater effective positive charge on phosphorus than

vvould a single nitrogen atom in the latter compounds.
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EXPERTAENTAL

The compounds of general formula PhP(X)(NHPri)Z where
X = nothing, 0, S, and iel were prepared by the methods described
by Payne end co-workers.l3 Compounds VI and VII were prepared
by the reaction of excess isopropylemine with PhOP(0)Cl, and
MeoNP(0)Cly respectively, in benzene as solvent. After filtration
and evaporation of solvent, the products were purified by distillation
in vacuo. Purity was checked by integration of the resgective
'H n.m.r. spectra.

Di(isopropylamino)phenyl;mosphine selenide (IV).

Di(isopropylemino)phenylvhosphine (2.3g; 1.0 m.mole) was
heéted under reflux for 10 mins. with selenium (0.03g; 1.0 m.mole)
in benzene (20 ml). Remo&al of the benzene left a grey, waxy
solid which was recrystallised from n-hexane to give white plates
m.De 450.

(Found: N, 9.1%. CysHoiNoPSe requires N, 9.2/) .

Isopropylaminodipnenylphosvhine VIII,

Dighenylchlorothosphine (22.13z; 0.1 mole) was added dropwise
to isopropylamine {excess) in n-pentane (200 m1). Filtretion and
evaporation of solvent left a discoloured white solid which was
distilled in vacuo to give a clear liquid (b.p. 97 = 98 /10~ Jma. )
which solidified on cooling to a crystalline white'solid (m.p. 323363).
(Found: N, 5.8%. ClelsﬂP requires N, 5.85),

/Isopropyl-



Isoprowyleminodiphenylvhosphine sulphide (IX).

VIII, (0.76g; 3 m.mole) was shaken with elemental sulphur
(O.Ig;. 3 m.nole) in benzene (15 ml). for 5 mins. Evaporation
of the solvent left a white crystalline solid which was
recrystallised from n-hexane to give white plates, m.p. 75—760.

(Found: N, 4.95. C15H18NPS requires N, 5.1%).

Isopropylaminodiphenylphosphine methiodide (4).

VIII, (2.515; 1.03 m.mole) was shaken with methyl iédide
(1.46g; 1.C3 m.mole) in ether (30 ml.) Addition of acetone to
the resultant solution and cooling yielded lustrous white plates
m.p. 119 - 121°,

(Found: N, 3.60. Cl6H2lINP requires ¥, 3.6%).
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CHAPTER 5,

THE MASS SPECTRA OF PHCSCHOBENZENE AdD CF

SCME METHYLAMTIRG SUBSTITUTED RIGSPAINES.
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INTRCIUCTION

To date, few publications on the mess spectra of organo-
phosphorus ccmpouncds have appeared in the literature.  The most
detailed investigations have been concerned mainly with the spectra
of the esters of phosyhorus aand phosphoric &Cidsl and alkyl
substituted ;hosphines.2 The following brief accouat of a variety
of phenyl substituted phosphines zad arinophcsphines is by no means
a full treatmeat of the subject, but it is hoged that it will serve
to illustrate the main features cof the spectra obtained and as such
be of uséiin future as en aid to structural determination of more
complex systems. Furthermore, in view of the curreat interest in
the mass spectra of trensition metal carbonyl complexes, it is
esseatial that the cracking patterns'of the free ligends are
establiszned.

This study is divided into three sections, the first dealing
with phosphobenzene (form A) and showing the use of mass
spectroscdpy in the analysis of this 'compound'. The mass spectrum

. of vhosthobenzene is then dealt with in greater detail togetner with
& number of chosphines which show the seme rearrangement process -
nemely vhenyl migrations from one phosphorus atom to another.

Finally, the cracking patterns of a variety of eminophosphines

/containing



containing the P.iile group will hs discussed in the light -of
hydrogen migrations to phosphorus.

A complete mass spectral investigation would, of course,
involve the unambiguous assignment of fragzent ions by the technique
of mass measurement and it must be emphasised thet assignments are

made here only on the basis of the most probable structures.

3.



EXPERTHLITAL

All spectira were obtained on the A,E.I. MS-Q mass spectrometer
with a nominal jonising electron voltage of 70 e.v. and a heated
inlet system temperature of 200-250°, Compounds studied were
prepared by the methods described in the literature with the exception
of XII which was synthesised by the reaction of methylpheanylchloro-
phosphine with excess methylamine. It is a colourless liquid
(b.n. 32_35° at 10_2 mn.). The preparation of XIII is described
elsewhere in this thesis.3 Phosphobenzene was isolated as a by-
product in the distillation of di (ethylamino ) phenylohosphine and
purification was achieved by crystallisation from acetonitrile.
Triphenylphosphine (II) and ethylenebis(dipheayl)phosphine (VI)
were obtained commercially.

The partisl mass spectra of the compounds studiedbare given
in Fizs. 1-13 and the partial cracking patterns with possibie

assignments in Tables 1-3.



PHOSHIOEENT Bl

Phosphovenzene, (PhP)n, was first isolated sbout one hundred
years ago by Kohler and Michaelis4 who assigned it the formuls
PhP=FPn by analozy with azobenzene. Since then there has been
cqnsider&ble coniroversy as fo the exact nature of the system of
which there are at least four main forms falling into different
melting point ranges. Co'.'rley,‘j in a recent review, has detailed
the chemical and physical properties of ihe phosphobenzene system
in general, bﬁt this discussion will be limited to form A
(m.p. 149-1560) thch,,although the most widely studied, is still
the subject of scme controversy.

Cryoscopic molecular weight determinations in benzezns nave
alweys suggested phosphobenzene to be tetrameric (fuP),, while a
veriety of reacticns carried out under differeat conditicas led to
products conteining, five, four and three-membered rings. For
example,6 reaction of form A with chromium, molybdeanum snd tungsten
hexscarbonyls in an evacuated sealed tube at 140.150o gave the
products (PnP),Cr{C0),, (PaP),i0(C0), and {FnP),W(CO), respectively.
With inclusién of solvent,7 usually benzene, the complexes conteained

the phosphine as & pentamer. In the &bseance of solvent, form A

. 8
reacts with nickel carbonyl in vacuo at 0° to give (PnP )51 (CO) 5

7

while in benzene at 15° the product was identified es (PhP)4ﬁi(CO)j.

/Furthermore



Purthermore, reaction of form 4 with boron trifluoride9 at 0° in
benzene solution resqlted in formation of a compound with the empiricel
formula (PhP)BBFj. |

It can be deduced from the above observations that
(a) reaction conditions are very critical, aad
(b) some process of ring size interconversion is taking place.

Ring size interconversion was first observed by Burg and Mahlerlo
in the (CFB)P)H system. They found that trimethylamine or
trimethylphoschine speeded up the conversion (CF3P)4 -—9(CF3P}5 and
isolated the intormediste MesqP=FCF3. ‘When (PaP)y is recrystallised
from donorvsolvents such as acetonitrilell or tetrahydrofuran12 the
crystalline solid obtained is found té be pentemeric and an X-ray
analysisl3 of the material from acetonitrile (m.p.leo) showed it to
have an almost planar ring structurs.

Ang and Wesf7 have suggested that ring expansion in the reaction
6f (PnP)4 with certain transition metal carbonyls may teke place via
intermediates of the type PnP:(CO),. However, ring expansion
has been observed/ simply by hesating form A in benzene and the
production of phenylphosphinidine radicals on heeating the solid
material was pcstulatedl4 on the basis of trapping experiments with
diethyl disulphide:

Et.S)Q
PhP: > PaP(SEtp

v

(PnP)n

/Ring



Ring coniracticn has been observed by Boudler =nd co-workers
. O
who recorded that the molecular wei:ht of form A (m.p. 150" on
crystallisation from tetrshydrofuren) f:zll over a period of three
weeks from around 740 to 320 even when the solid material was stored
. AT . . .
under nitrogen at -18 (il.W. determinsticns were carried out
cryoscopically in benzene). A mass spectrum of the matzrisel with
the aporoximate molecular weight of the tetiramer showed the parent
. oy . . b
ion to be (th)5 . Peaks were also observed corresponding to
+ + , + . .

(PhP)4 and (PhP)3 . That (PhP)3 wes indecd present in the semple
and had not been formed by theraal dissociation of the pentemer in
the mass spectrcmeter was shown by incresasing the temperature of the
. \ . Sy F .
inlet system whereby the peak corresponding to (PhP)5 increased

. - +
relative to (th)3 .

In view of the fact that (FnP), —— (PhP)5 ring expansion may
take place in the heated inlet system of the maess spectrometer, it
camnot be stated with any zgreat certainty that (EhP)5 wes &
constituent of the original sample. However, by employins ccmparable

oy . L 15 16
inlet system temperstures ( 2CG° ), voth Henderson ~ and fng
recorded (PhP)4+ as the parent ion in the mass spectrum of semples
with & mclecular weight in benzene corresponding to the tetramer.
This would tend to rule out the possibility of ring expansion in the
mass stectrometer.

: . ._.0
The mass sgectrum of a semple of phosphobenzene {m.p0. 147-153

on recrystallisation frem acetonitrile; .7, (cryoscopic in benzens)



450) run on the AE.I, iS-g instrument (heated inlet temperature
200-.250°) confirmed the existence of (PhP)sT‘as the parent ion
(relative abundance 16.2/). (PhP)3+ (34.8%) and (PhP)2+ (8.4%)
were also observed. (PhP)4+, however, was present only to the
extent of 2.3/%  This result was not expected since the meterial
appeared to be the tetramer on the basis of cryoscopic molecular
weight determinaticns in benzene. (Henderson noted that the

-

abundance of (PhP)4+ was only 0.4%.

/CONCLUSIONS
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COACLUSTCS

In view of the fact that both Henderson and Ang recorded
the mass spectrun of material which had not been recrystallised
from donor solvents, it would apgear that (PhP)5 is not a
ccnstituent of such a ssample. This is obtained only by
crystallisation from donor solvents such as acetonitrile or
tetrehydrofuren or under certain reaction conditions. It would
appear that mass spectroscopy €sn be used to detect the presence
of (I%Iﬂj since this does not seem to be formed by rinz expansion
iﬁ the inlet system.

Furthermore, (¥hP), appears to exist as pure (PhP)5 only when
it is freshly recrystallised frcm donor solvents. It subseqﬁently
undergoes some process of riag contracticn to give possibly (PhP)4
and almost certainly (PhP)3.  This would account for the fact that -
all samples of phosphobenzene (form A) appear to be tetremeric ia
benzene, the molecular~weight ohtained being an average value for
a1l the species present.

It recains to clarify the processes by which ring expension and
contraction take place.

MASS SFECTRUM OF BIOSTHOEEWZENE

The mass spectrum of phosphobenzers is worth further discussioa in
view of the variety of phenyl migrations which are observed to taxe
place. Such migrations have been observed in the mass spectral

ca

cracking patterns of a number of aryl systeams e.g.
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PARTIAL CRACKInG PATTERN CF THOSEIOBHNZENR.

“Ph?lp ) Ph:}?t?% ,BQ > PhBP2
+ (m/e 355) (n/e 29
(PnP)5 b .
(m/e 540) N Pn P, P(Bn)PEn,
: (m/e 478)
~FnPy
' +
Ph,P.PPn,*
{m/e 370)
H -P +
(Pn¥) , CENN Pn P PP, *
(m/e 432) (m/e 370)
¥ ~P
(Ph"f')3 2, Ptht
(/e 324) (m/e 262)
PhoP” o, CyoHge?
(n/e 185) (/e 183)




+
.i_
1. (>\ £ €0 {>\
$ ﬁ/ ’ Pn (17)
0
2. + +
<§ij:>h8n-ﬂe(C—HS) —_—— Fo + G555, (18)
. —N +
PO O

|+ ~RCH .
@c L > @J\IH | (20)

Decompositions 1 and 2 are considered to be 1,2 - rearrangements
while 3 anc 4 are 1,3 - rearrangements.

The mess spectrum of phosphobenzens has been interpreted in y
terms of 1,2-phenyl migrations and the rear:rangements for which
there is evidence for metastables are given in Table 1. In all
but two of these processes the fragment elimineted is the molecule F,.

That ell azobenzenesl9 so far studied can decompose oy phenyl
migration and elimination of 1‘12 is perhaps of greater historical than
mass spectral interest since iichzelis first assigned the phospho-
benzene system the formula FhP=PPh by anslogy with azobenzene,

From Table 1 it can be seen that no metastables are observed for
the transitioas (PhP)5 —> (PnP),, (f’klP)4—-->(PnP)3, and
(PhP)5 —_— (PnP)j. This iends support to, but does not confirm, the

idea that (PhP)j, (PnP),, and (PhP)j.«are constituents of the sem:le

/before

D



TABLE 2,

CTHER PuBENYL MIGRATICHS.

2
Pﬂzl’)zﬂﬂf > + PP = N
(/e 385)
L 22
(PrgPlgille  —— + PnP = Nie
(m/e 399)
Pny pt

+
(PrpPlp(Ciply” ————p (m/e 262) + PnP(Ciy)o
(m/e 398) :

s 2
Ph,P(0) FPh 5
2 2 ! + PhP = O

(m/e 386)




O
O

before introduction to the mass spectrometer.

CTHER FHENYL ATSRATIONS.

Tetraphenyldiphosphine monoxide also shows the 1,2-phenyl
migration with elimination of the species PnP=0 (Table 2), while
exenples of 1,3~ rearrangements are to be found in the series of
diphosphinoamines (PhQP)ZNR’ In both the exemples cited, the
neutral fregment eliminated is the species PhP=NR, where R = H or le,
the deughter ion formed being (PhBP)+.

Ethylenebis (diphenylthosphine) shows both a 1,2- and a 1,4-
migration in. its crecking pattern; The former involves elimination
of the phenylphosphinidine radical with phenyl migration to carbon
end formation of the species (thfCHzcﬁzPh)+ while the latter has
been interprsted as follows:

+
Ph\\\ //,Ih ' _ CH

P Cil y— CH —P _— Pn3P+' + Ph—oP

¥
n Ph CH2

The three membered ring species is proposed as the most likely
struéture for the fregmeat PhP(CHQ)Z.
Ethylenebis(diphenylphosphine) also shows loss of ethylens fraun the
parent ion. This process has beea observed by Lesis1® and co-workers
in the mass spectrum of‘the ccmplex (thP)2(0ﬁ2)2ﬂ0(00)4 and is
analogous to reaction 3 above and also to the elimination ¢f sulghur
from dirhenyldisulphide.

/OTIER



60T o /u .
L {Uga—n)

oroe “Ho

clL o/
L { Comata)

N
_
oy
oY “

¢, c

(TeWN) dUT

X

N mE&E , c9 w\s
/ ‘ Bacex
|
or=CHo~ NCHo™ _
61T o /m 06 e /u
NA OOJ./CAH Aﬁqﬁ: 0@5
1 o
&0“%.2' “ QH]I..
*
i
€ (Copm)a C( Com) gom Corpacen
ee (2 92
IIA IITA XI

“IINN NI

JHI DNINIVINOD SINIBISOHAONIMY HROS J0 SMUILIVA HNINOVYD TVILGY

€ Tavy




80T ©/w

L(aud)
SYTHN " HNOW™
O@ 0\8 ) cumm @\.E N/
L) < o . ClemN)a <€ T { SWHN ) AU
H=CHO
\ IIIX
OHN™
=
2T o/ 60T ©/u BET o/
& (VIdH) = — {(S1mNdig < o { ) AUd
+mmmﬁo +ﬂ ) - L {STHNEYT ) // P (e;)
T1IX
S
€8T o/% | CgT_o/m 98T ©/a ;
+a8pclp © oI UT

S L (a3%ua) Thﬁmgv <

60T o/

Luaan) S, OWEN(

6€T ©

ST+ )aH

BN=CH0™
\ X
.vmn\uOl

(*P3U02) € FIAV]




OTHER PRCCES3ES

A characteristic feature of the mass spectra of polypheayl
substituted phosphines and aminophosphines is the elimination of H2
from the high abundsnce ion (Fn,P)*(m/e135).  The resulting high

sbundance species (m/elaj) has been assigned the structure:

on the basis of the behaviour of a number of diphenyl substituted

(2)

organic compounds €g. benzopnenone where eliminaetion of a molecule

of hydrogen to give:

I
0
is folloved by loss of CO to form the biphenylcne ion.

AONCEICSEHINES CCHNTAINING TdE P.i_i{e GROUP.

The partial mass spectra are givea in Figs. 7 - 13 and the
observed decomposition pathways with gossible essignments ere
outlined in Table 3.

The main decomposition pathway in all cases is loss of e radical

He2N MeNd, ie or Pa) followed by hydrogen migraticn and imine
elimination {except IX) e.g.

2Me,N ~MeN=CH,
- ~r + N N + - ST +
(z‘iegm )3? . 3 (.:Iezﬂ )2? 3> (HP:lde2)

/Tnis
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This behaviour is at first sight very similer to the cracking

patterns of many secondary and tertiary amines

29

which uncergo

f-cleavage followed by a 1,3-hydrogen migration to nitrogen and

30

alkene eliminetion, e.g.

Me e Me
o N

CH—N——'CHZE’L >

Me CH2
N

H

Me
..-C[lz :CI{EvIe

- CH + - ————p I:I--~i\l-..—.=-.CH2
/t,/\ +
N::.C'Hz

In all the eminophosphines studied, hydrogen migration to

nitrogen would involve a 1,4~ shift, e.g.

-CH2 =Mis

+
MezN._—:.évP —>

2.0

2

+
MezN ~P:

H

In view of the unlikely existence of the rphosphinidine-e&mmonium

+
caticn, Mezi;f-P.’, & mechanism involving hydrogen migration to phospnorTks

H

has been invoked:

. 2
Me N —P >
E}N —~—ie
Hj
c
H2
The ions (Hegi\fijﬂl)+ {n/e76), and (’;-'Iez;‘l) 2P

+

3 T
MezN —P—I

/ -
{m/e119) can bte representsd

/’oy
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by several resonance forms, e.g.

+
I%le NMe Nile
~2 2 2
S v /
+F £ P —> P
NM@Z Me 5 | NE‘IeZ,

+

and this may account for their high abundancies. In fact all
deughter ions which retain the P-N unit are present in high
relative abundance. ‘

Dimethylaéinodimethyl;hosphine (IX) decomposes initially to
give the ion Me.PNM62+. (The subsequent cracking pattern of this
ion is independent of whether it is generated from IX or VIII
suggesting that its structure is as written and not the iscmeric
’MeZPNMe+.) The product of imine eliminatiocn from MePNMe2+ (relative
sbundance, 100j) would be tae species MePd” (m/e47). In contrast
10 the rearrangement jons frbm VII and VIII, this is preseat to e
comparatively small extent (~10/). t is perhaps significaat that

this is the only rearrangement ion where stabvilisstion throusgh

conjugation is not possible. No metastable is observed for formation

-~ + AT + B s 3 3
of MeFH fromAMePJie2 put there is evidencs for the process
m/e90--% n/e62., The latter species has besn eaccurstely mass
L + .. . ot
measured tc be Jezfﬂ and hence the freguent eliminsted is CHZJ P
& species isoselectronic with CO.

The pheayl substituted compounds may frazasent by loss of either

a pnenyl or an amino radical. Agein, all ions which rstain the PN

/uni t
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100,
unit are present in high relative abundance. However, P-N bond

cleavage may occur without loss of ion stabilisatioa since the

phenyl groups themselves ere conjugsting e.g.

PoPildle - MeN = CH b |
G = ﬂ
, > HerP- > H-Ps Toete
fﬁCHg

+
The rearrsngement ion HPPh is present in high abundance in all the

phenyl compounds cited.

Stabilisation by conjugation has been proposed by Occolowitz
and Whitel for the ions HRCie' ang P(Gﬁe)2+ observed in high
abundance in the mass spectrum of trimethyl phosphite. The cracking
pattern of this compound is basically radical loss followed by
formaldehyde elimination. However, rearrangement does taxe place
to some exteat in *he primary process and the ion HP(Cie)2+ is
observed. In the extreme case, triethylphosphinézdecomposes almost
entirely by a series of hydrogen migrations to phosphorus:

—CH, =Ci,, . ~CH, =CH,

fP(Et)B > HTR(EL), > BT PRt

Of the compounds cited here, msthylaminocighenylphosphine is the only

compound to show & rearrangement icn in the primary process:



F e —CH :‘J\”.{ + o
PP Mile ——5—p PP A

+4 -06 H 4 +,
P P 1ille ———» PnP HMHile

The second process is believed to involve hydrogen migretion
from a phenyl group to phosphorus with elimination of a benzyne
molecule. The daughter ion then loses a methylemino radigal to
give the ion H;Ph (m/e1C9).

Vhy the primary process should involve a hydrogen migreation

only in certain cases must remain a matter of conjecture since

insufficient data are available.
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APPARATUS AdD TACHNIWUE.

'H n.m.r. spectra were run on the Perkin-Elmer R.10
spectrometer (60 Mc/sec.) and on the Varian Associates HA-100
ingtrument.  Solution concentrations were generally of the order
2 - 5%, HNeat liquid samples were prepared by direct
distillation into an n.m.r. tube and sealing off ia vacuo.

T velues were consequently determined by opening the tubes
in a dry-box, introduoing TMS, and rerunniag the spectrua.

Routine infra-red spsctra were recorded as Nujol iulls
on the Perkin-Elmer 237 instrument. The frequencies quoted here
were msasured on the Perkin—Elmer 357 or on the SP-100
instrument.

Nitrogen analyses were carried out by ilr. Cameron (Glasgow)
end carbon, hydrogen, and phosphorus etc., by A, Bernhardt,

Mulheim, W. Germany.



The eminothosphines,

Me Pa Me
Fh | Ph
Spfj—P—N—p”
e .
Py Pn

(1)

SUMAARY .

end

Pn
v

Et Pn Et
R
—y— P— N-—P<

(11)

have been prepared by the following resction scheme:

+ -
(1) PnrCl, + 4RiH, ——-}PhP(NHR)Z + 231&{3 C1

(2) 2PnECl, + PnP(NHR), -+ 2Bt 4N ———->PhP(i\iR.Peh2)2+2Et3mH*01"

Using n-pentane as solvent, greatly improved yields of the

intermediates PhP(WHR) , where R = He eand Et, have been obtained.
Reaction of (I) aad (II) with excess methyl iodide in

ether yields cnly a mono-adduct in each case, quaternisation

occurring at a terminal phos;hérus atom.

ether, there is evidence for further quaternisation but the

ease of hydrolysis of the products has precluded satisfactory

analyses.

The stepsise addition of sulphur to (I) hes resulted in

the isclation of only the di~ and the trisulphides, the

structure of tne disulphide having been shown by 'H n.m.r.

spectroscopy to be:

Ph

S

In the absence of

106,
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%e Th Me

I Ph
::;PQN—eP—fNéP:::
Il | Sen
S S

Ph

P

Sulphuration of II proceeds initially at a terminal phosphorus
atom but the structure of the disulphide has not been well
established. ‘ -

Both (I) and (II) readily replace three moler equivalents
of cerbon monoxide in their reactions with Group VIb carbonyls,
The products have been shown by infra-red spectroscopy to be
the cis~trisubstituted complexes.

A 'H n.m.r. investigation into the source of megnetic
nonequivalence of the isopropyl-methyl protons in the series
of compounds, PbP(NHPi) X, where X = nothing, 0,5,5e and Mel,
indicates & relationship between the magnitude of noneguivalence
and the rate of proton exchange at nitrogen. This, in turn,
appears to affect the rate of inversion at the nitrogen atoms.
In the same series of compounds, a relationship agprears to exist
between the chemical shift of the ortho-crotons of the phenyl
group and the effective positive charge on thosghorus. Reference
is made here to the 'H n.m.r. spectra of a variety of |
eminophosphines prepared ia the course of this work.

The mass spectral cracking patterns of a variety of

methyl substituted eminoghospnianes have been elucidated. The

/nigh



high relative abundsnce of ions which retain the P-N unit is
attributed to resonance stabilisaticn involving structures of

* the following type:

+
PN e—> -P =N

10

3.



