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iv.

ABSTRACT
[ietal carbonyl complexes of the type h(CO)BL, n(CO)qL
and (h(30)5)2L where [ is Cr, Mo and W, and L is a pnictogen

ligand ((I) or (II)).

]

H

(I) =
(II) =

__ Ol
(Cgfig) P11

have been synthesised by the addition of L to UV-irradiated
tetrahydrofuran solutions of the appropriate metal carbonyl.
Complexes of the type E(CO)BILBr(III) and M(CO)QLgBr (IV)

where IM = Mn and L = (I) or (II) have also been synthesised
by refluxing hn(CO)5Br eand L in a2 1 : 1 molar ratio to form

(III) and in a 1 : 2 molar ratio to form (IV). The

()

ﬁ(GO)SL complexes react with acids HX (where X 1~, Br,

7 A 3E4" or PFG') to give the cationic ligand complexes,
H(CO)BLIﬂL The conductivity of the complexes is anion
dependent. The complexes were characterised by Infra-red

spectroscopy, Visible-UV spectroscopy, 5/lP nmr, qﬂ nmr,

3¢ nmr, and Mass-spectra. Zxcess acid (e.g. HBr) cleaves

the P-N bond yielding primarily W(CO)EP(C6H Br and the

572
protonated amine. The complex W(CO)BL (where L = (I)) acts
as a ligand towards CoCl, in the complex (W(CO)5L)2COCI2 as

well as in the bridging complex (W(CO)5)2L.
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CHAPTER 1
INTRODUCTION

A variety of pnictogen ligends containing phosphorus
and nitrogen atoms have been reported in the literature.
These pnictogen ligands have two basic structural types:
(1) Compounds containing the P-N linkage in which the
phosphorus and nitrogen atoms are directly bonded, e.g.

tris(dimethylaminophosphine)1, tris(aziridino)phosphine2,

-

N,N-dimethyl-, N—diphenylphosphinohydrazineb

and phosphino-

and phosphinatoazolesq.

(ii) Compounds containing the P-(C)p-N linkage in which

the phosphorus and nitrogen atoms are interspersed with
o=

carbon atoms « (n=1or more). For example,

> and O—diphenylphosphino—ﬁ,H—dimethylaniline6.

cyanophosphine
Pnictogen ligands containing a P-N-C-N linkage incor-
porating both these features into one structure have been
reported by Ainscough and Petersons. These are
2-(diphenylphosphinoamino)pyridine (PAP),
2-(diphenylphosphinoamino)-4-methyl pyridine (4 PAP), and

2-(diphenylphosphinoamino)-6-methyl-pyridine (6 PAP).

R = |
3 "-II{P(C6H5)2
PAP, R = H
4 PAP, R = 4-CH,
6 PAP, R = 6-CHy

4 PAP and 6 PAP form mono and bis complexes with Ni(II) and
Co(II). In the majority of cases, the ligands are bidentate,
via the pyridine nitrogen and phosphorus atoms. As most of
the work done with pnictogen (P-N) ligands has been con-

cerned with the synthetic aspects, very little is known about
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the reactivity of the P-N bond both in the free ligand and
on coordination. Also, little is known about the ligating
properties of the P-N-C-N linkage with low valent metal
carvonyls. In view of this, the synthesis and reactivity
of some Group VIB metal carbonyl complexes, as well as the
syntheslis of some complexes of bromopentacarbonyl
nangenese(I) have been exanined. After this work had been
commenced, &ngelicig et al., reported a kinetic study on one
of the metal carbonyl complexes containing pap?

letal complexes containing cationic ligands are not
common. Since tungsten carbonyl complexes containing

positively charged ligands have been reported by Keiter et éi?o_qg

for example ZTCO)5NP(06H5)2GH2032§(06H5)ECH2C6H5_7ZEF6_A7
and Xnebel eand Angelici7 il ho(CO)5(06H5)EéPCHECHaN(CHB)-

(0255)2_]E, it was of interest in this project to synthesise |
analogous carbonyl complexes containing positively charged
protonated PAP and © PAP ligands
(i) to study the effects the positive charge has on the
carbonyl and N-H stretching frequencies as well as UV,
1Hnmr, 5,lPImu?a‘.nd 150 nmr spectra.
(ii) +to compare these results with those obtained by
previous workers.

Complexes containing positively charged ligands have
been prepared in this project using HCl, HBr, HI, HPF6 and
HBF4 with pentacarbonyl[é-(diphenylphosphinoamino)pyridin§7-
tungsten(0), (w(GO)5PAP) and pentacarbonyl/2-(diphenylphos-
phinoamino)-6-methyl-pyridinetungsten(0), (W(CO)56 PAD.

(See Chapter 4).

The overall aim of this work was therefore, first, to

a = MO(CO)4PAP
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investigate the types of metal carbonyl complexes formed
with PAP and 6 PAP (the metals being Cr, Mo, W and kn) and
then to study the reactivity of these complexes with reagents
such as HX (X = C17, Br , 1, BF4_, PF6_). There is a lack
of information in the literature on studies similar to the
latter and it is hoped that a better understanding especially
of the reactivity of the P-N bond and pyridine nitrogen

would emerge from this work. Also, metal carbonyl complexes
of the above type are potential ligands, and this has been

15

studied only to a small extent in carbonyl chemistry “.
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CHAPTER 2
2.1 SYNTHESILS

The commonly employed method in the preparation of
substituted carbonyl derivatives is by thermal substitution
reaction, usually over very prolonged periods. This method
usually gives poor yields and is often accompanied by a
considerable amount of decomposition especially if the
product is thermally unstable. Also, this method is not
always suitable for the preparation of monosubstituted or
bridging derivatives, because it often results in chelate or
bis products being formed.

& photochemically induced14 substitution reaction with
a variety of ligands with metal carbonyls can be employed to
syntnesise monosubstituted carbonyl complexes including
Those wnich are thermally unstable. The preparation can be
completed in a shorter time, at a lower temperature and
gives comparatively better yields. The primary photochemical
reaction mechanism is summarised as follows:

(1) n(CO)g + hy ————> H(CO) * ——>#(C0)5 + CO
(2) 1-.(00)5 - — 1*1(00)51} D
(3) h(CO)5D b L — h(CO)BL L = e.g. PAP, 6 PAP.

On irradiating the hexacarbonyl in a weak donor

= THE etc.

solvent (e.g. THF) with ultra-violet light, an unstable
Ivi(CO)E-:'E is formed, which then loses one molecule of CO %o
form the electron acceptor M(CO)5. M(CO)B—D is formed in
the presence of the solvent. The monosubstituted complex
M(CO)s—L is then formed by donor exchange when the ligand L
is added.




2.2 SYNTHESIS OF MONO-SUBSTITUTED COMPLEXES

The following complexes were prepared by the above
photochemical technique under a nitrogen atmosphere:
w(OO)5PAP, ﬁ(00)56 PAP and Cr(GO)BPAP. The synthesis of
Cr(00)56 PAP was attempted and was observed to be formed in
solution (from the carbonyl stretching frequencies) but the
product isolated was the bis substituted (or chelate) com-
plex, Cr(CO)&6 PAP (see Chapter 3%3). The tendency for the
Cr(CO)56 PAP to form the chelate complex (Gr(CO)46 PAP) in
solution is presumably related to the expected increase in
basicity of the pyridine nitrogen in 6 PAP relative to PAP.
The preparation of molybdenum analogues of these complexes
have not been attempted because a mixture of mono and
disubstituted THF products are formed on irradiating
Lo(CO) g in THE'Y,

W(CO)BPAP and Cr(CO)BPAP were isolated from a benzene/
hexane mixture as light yellow crystals. Attempts to
crystallise W(CO)56 PAP (after removal of THF) from
benzene/hexane failed. Light yellow crystals of d(CO)56 PAP,
however, were isolated using a mixture of ether/hexane. It
was found (by infra-red spectrum in chloroform) that a trace
of the bis substituted complex W(CO)46 PAP, (see Chapter 3)
was present as impurity. An attempt to purify the compound
by passing it through a column of silica gel in benzene was
unsuccessful.

The monosubstituted complexes appeared to be quite
stable once isolated as solids, and could be stored in a

dessicator for an indefinite period except for Cr(CO)5PAPa

a: yellow crystals



13.
which turned green after a few months.

2,3 INFRA-RED SPECTRA

In complexes of the type M(CO)BL, (M = Cr, Mo, W and
L = primary or secondary amine) the V(N—H) stretching
frequency shifts to lower energy on coordination. 15,16
A shift to higher energies as seen in compounds I, II and III
(see Table 1) in the }(N—H) stretching frequency relative to
that in the free ligand, is taken as evidence against the

coordination of the internal nitrogen3E atom.
' C6H

A similar phenomenon has also been observed by Houk et 21.3

with phosphinohydrazine metal carbonyl complex, e.g. in the

complex Ph PNHN(CH3)2

|
W(CO)5

M(CO)SL complexes can be regarded to have 04)/ stereo-
chemistry. Thus from Group Theory, the carbonyl stretching
frequencies can be assigned to A1(1), A1(2) and E modes,
which are expected to be infra-red active. Theoretically,

the B1 mode is expected to be Raman active.

L Swise L
Pl Vern
s - - \/

4 ; 3

A, (1) B,

L : i’ ;TrL
N il SO
(on} component) A1€2)




LTABLE 1

COMPOUND (N-H)  A(B=H) A4(2) B, E A (1) SCLVENT
(I)  W(CO)gPAP 3398° 183  2074(m) 1986(sh) 1944(vs) cet,
(II)  Cr(CO)gPAP 3390° 175  2069(m) 1988(sh) 1944(vs) o1y,
(III) W(CO)5bPAP 3415° 125  2074(m) 1982(sh) 1944(vs) Cye
(IV) Cr(CO)56PAP a a 2067 (m) 1987(sh) 1942(vs) CHCl3

PAP 3115

6PAP 3290
(V) N(CO)5PPh3 2075(m) 1981(sh) 1942(vs) Cye
(VI)  Cr(CO)gP¥hy 2066(m) 1988(sh) 1942(vs) Cye
(viI) Or(Co)gky 2073 1986 1938 1905 CHCL,
(VIII) W(CO)gEy 2076 1980 1933 1895 cumg

(a)
(b)

NH =

Compound only identified in solution
In nujol mull

(N - H) of complex -

1]

Fy

ryridine

Cyc = Cyclohexane

with CsI plates

(N - H) of ligand

d%



-

15w

The carbonyl stretching frequencies of the complexes
h(CO)sL, where i = W or Cr, L = PAP or 6 PAP (compounds (I)
to IV listed in Table 1) are characterised by Aq(ﬂ), A1(2)
and © modes expected for C4vsymmetry. The Aq(1) and E
nodes are not resolvable, probably because of the occurrence
of accidental degeneracy. The forbidden Bq mode is observed
in all cases, presumably because of some assymmetry that

may be caused by the dbulky PAP (or 6 PAP) ligands. Data

from other work have also been listed in Table 1 for the

-

=~

purpose of comparison. Compounds (V) and (VI) are phc::spl‘u’.nf-)’|
substituted carbonyl complexes and compounds (VII) and (VIII)

are p;gr:c'idine/18

substituted carbonyl complexes.

The main differences between phosphine and pyridine
substituted carbonyl complexes are

(1) in pyridine complexes, the Aq(ﬂ) and E modes are
resolvable whereas in triphenyl phosphine and related
complexes they are usually not resolvable.

(ii) the Aq(ﬂ) and E modes of pyridine (and other nitrogen)
substituted carbonyl complexes are generally lower
than the analogous modes of the phosphine complexes.
The reason for this being that pyridine is a much
poorer m- acceptor than phosphines. This results in
more negative charge on the metal, which can then be
transferred to the antibonding (nx) orbital of CO and
this results in a lowering of the CO bond order and
hence the CO stretching frequencies occur at lower
energies. From Table 1, the E mode of the mono-
substituted complexes ((I) - (IV)) is very similar in

position to the E modes of complexes (V) and (VI) (also



-
16
e ]

the Aq(ﬂ) and E nodes are not resolvable in complexes (I) to

(IV)), suggesting that coordination is through the phosphorus

atom rather than the pyridine nitrogen.

41 . -
2.4 “'P nmr SPECTRA

’qP nnr studies have proven to be a very powerful
technigque in the investigation of bonding and structure in

15 349_25

- . - 7 - - - LY. Y
coordination compounds )1} chemical shifts always

move downfield relative to the free ligand, when the phos-

) _— : . ‘ : 12418
phorus atom is involved in coordination in complexes 7 -

Grim defined the coordination chemical s‘aiftg4 (A) as

¢ - 5

complex free ligand
downfield. 2P nmr data for U(CO)5L, and L (where L = PAP

4
or & PAP) are recorded in Table 2 as well as )1P data

and is negative if the shift is

obtained by Grin’ et al. (compounds (III) - (VI)) for the
purpose of comparison. Irom Table 2, the coordination
chemical shift (& ) (e.g. -24 to -25.3 ppm) is about the
same order as that obtained in related phosphine complexes,
suggesting that the PAP and 6 PAP ligands are coordinated
through phosphorus rather than through either of the nitrogen
atoms (see Chapter 4 for further discussion of BqP nmr data).

2.2 UV SPECTRA

The assignment of the UV bands of M(GO)BL compounds
are not well-characterised. Generally, in ammine complexes,
there is a band of highintensity of about 400nm. which has
been assigned by Gutterman and Gray as the 1A (e b22)—§
1E(e5b2 aq) transition, at a much lower energy from any
comparable band in phosphine substituted carbonyl complexes
which usually occur as a shoulder at 350nm. Table 3 shows

the electronic spectral data reported by Wrighton25 et al.



TABLE 2
Chemical ohift ppm

Coord.

Compound Free Ligand Complex Chem. Shift Solvent
(1) :(co PAP =31:25 -55.25 -24.0 THP
(I1) u(w) 6pAP® -29.75 -55.13 -25.3 TiF
(III) u(co) 5PPhy 6.0 -20.6 -26.6 CH,C1,,
(IV) -.,-.,:(co)smern2 28.0 3.8 -24.2 CH,C1,
(V)  Vi(CO);PEtFh, 1240 -1241 =241 CH,C1,
(VI) W(CO)gPBukh, i -7+9 -25.0 CH,C1,

a = figures quoted are in ppm with reference to
PPh3 (as external reference) in chloroform.

THF tetrahydrofuran

“LL



TABLE 3

Absorption Maxima for some h(CO)BL Complexes:

Absorption lax. (nm.)

E(CO)5(pyridine) 4400, 555b
3(00)5(cyclohexylamine) 438°%, 402°
ho(GO)s(cyclohexylamine) 595
L;o(CO)5P(Nhe2)5 SH7

4(C0) 56 PAP 350% (= 2736)

(a) Other bands were observed at 295 and 225nm. & PAP also
has bands at similar positions.
(b) Gubtterman and Gray assigned this band to be the
T pubh, 2 Yoy 2 -
Aq(e o, ) —} i(e b, a_1) transition and
(¢) to be due to the corresponding singlet —

triplet absorption.
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26 for some ammine and phosphine substituted

and by Braterman
metal carbonyl derivatives. 'he spectra of M(CO)5P5P and
W(UO)56 PAP in tetrahydrofuran show a shoulder at 3%50nm. and
hence resembles the electronic spectra of phosphine substituted
carbonyl complexes, thus supporting evidence from infra-red

and 2P nmr spectra tnat in u(CD)5PAP and h(CC)56 P4AP, the
ligand is bonded through the phosphorus atom.

For a further discussion of the UV spectra see Chapter 4.

2.6A EXPERIMENTAL

Preparation of the ligands.

Preparation of 2-(diphenylphosphinoamino)pyridine(PAP) and

2-(diphenylphosphinoamino)-6-methylpyridine(6 PAP)

The method of Ainscough and PetersonB was followed for

both PAP and 6 PAP ligands. The ligands were prepared accord-

ing to:
Q- JaN
T1T 1 '_.) Xy J =
R th + (C6H5)2PL1 R N N P(C6H5)2
R = H or Ch3 + R - 05H6NC1

using the aminopyridine as a base to react with the liberated
HCl. A 2 : 1 molar ratio of the aminopyridine to the
diphenylchlorophosphine was used.

Preparation of PAP

The preparation was carried out by the dropwise
addition of diphenylchlorophosphine (0.1 mole) dissolved in
benzene, (cooled to 0°C in an ice~bath) to a benzene solution
of 2-aminopyridine (0.2 mole) over a period of about 45 mins.
After the mixture was stirred for a further 30 mins. at room
temperature, the 2-aminopyridine hydrochloride (which pre-

cipitated out of solution) was filtered off, giving a clear
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filtrate. The PAP ligand was isolated from the filtrate with
great difficulty by reducing the volume under a rotary
evaporator and treating the solution with hexane in an
ice-bath. Also, the product isolated was found to contain
a fair amount of 2-aminopyridine hydrochloride (from infra-
red spectrum in nujol). This problem was due to the fairly
high solubility of the 2-aminopyridine hydrochloride in
benzene. The crude product was recrystallised from
benzene/hexane. M.p. 130°C. Infra-red spectrum (in cm_q,

obteined using nujol mulls): 1603(s), 1573(m), 41308(s),
1278(w), 1153(m), 1093(m), 1053(w), 1028(w), 988(m),

918(s), 838(w), 768(vs), 738-728(split), 689(s) ,
6335(w) .

¢ amr spectrum (in ppm, obtained in THF): 109,7,
110.5,  115.2,  128.8,  129.3,  129.6, 1%1.%,
152.8., 15%7.2, 140.6, 148.7.

reparation of 6 PAP

This ligand was prepared in a similar way using
2-anino-t-methylpyridine and diphenylchlorophosphine in a
2 ¢ 1 molar ratio. The product could be isolated guite
easily from a mixture of benzene/hexane and the 2-amino-6-
methylpyridine hydrochloride being fairly insoluble in
benzene, could be removed in almost quantitative yield by
filtration. Yield: 55% M.p. 102-104°C. M.p. fronm
literature:®
162%(w) , 1303(m), 1217(sh), 1178(s), 1124(s), 1093(w),
1062(w), 1040(s), 1022(s), 983(s) , gu2(w), 922(w),

872(w), 842(s), 792(vs), 747(vs), 692(vs), 632(w).

108°C. Infra-red spectrum: 1667(s) ,



A modified preparation for PAP

PAP was also prepared by a modified procedure, which
employed triethylamine as a base and enabled the product to
be isolated quite easily and gave a much purer product.

To 8.50g (0.084 mole) of triethylamine and 7.95g
(0.084 mole) of 2-aminopyridine dissolved in 4150 cm5 of
toluene was added 18.65g (0.084 mole) of diphenylchlorophos-

5

phine in about 20 cm” of toluene over a period of 40 mins.
The solution was kept at about 0°C throughout by an ice-bath.
After all the diphenylchlorophosphine was added, the mixture
was stirred for %0 mins. at room temperature. The triethyl-
amine hydrochloride which had crystallised out was filtered
off and found to be in almost quantitative yield. The fil-
trate was taken to dryness giving the crude product which
was recrystallised from a toluene/hexane mixture. Yield &60..
M.ps 130°C. M.ps from literature®: 125-129°C.

2.6.B Preparation of Pentacarbonyl/2-(diphenylphosphinoamino)

pyriding7tungsten(0)(W(CO)EPAP)
All preparations by the photochemical technique were
performed under a nitrogen atmosphere.
0.7g (2 mmole) of ‘.'J(CO)6 was irradiated in 80 cm® of
THF in a UV cell (see Fig. 1) for 1 hr. 0.55g (2 mmole) of
PAP dissolved in THF was added to the irradiated solution.
After stirring for 20 mins., the solution was evaporated to
dryness and pumped on a vacuum line overnight. The residue

3

was dissolved in about 80 cm” of benzene and filtered through
kieselguhr to remove the brown insoluble material. After

the solution was concentrated and cooled in an ice-bath,
light yellow crystals were obtained from a benzene/hexane

mixture. The product was recrystallised from a benzene/hexane
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The UV cell consists of a vessel A, a double-walled vessel By

and 2 condenser (. The solution to be irradiated is placed in

A and 1is cooled by water running through 3 during irradisztion.
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source is placed in B at P.
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mixture. M.p. 141°C. Yield 65%. Analyses: Calecd. for

C22H15ﬁ2PwO5: C 45.86 H 2.49 N 4.65.
Found: C 44.17 H 2.76 N 4.57. Infra-red spectrum (in
cm_q; obtained as & nujol mull): 1608(w), 1593(s),

1308(s), 1263(w), 1183(w), 1153(s), 1100(sh), 1093(m),
1000(w) , 988(w) , 900(s), 838(w) , 773(vs), 743%-738(split)
688(vs). ¢ spectrun (in ppn; obtained in THF):

112.9,  113.2,  116.2,  128.7,  129.5,  430.9,

131.4,  432.2,  138.2,  47.3,  456.G.

Preparation of pentacarbony;[z-(diphenylphosphinoamino)-6-

methylpyridine/tungsten(0) (W(CO)-6 PAP)
-

w(CO)BG PAP was prepared by a similar procedure to the

above but was recrystallised from an ether/hexane mixture.
2 mmole of & PAP (dissolved in 50m3 of THF) was then added
to the irradiated solution. After 5 mins. of stirring, the
THF was removed using a rotary evaporator and the residue
pumped on a vacuwm line overnight. The residue was dissolved
in benzene, filtered through kieselguhr, filtered under
gravity through 1-1/2 - 2 inches of silica gel and brought
to dryness using a rotary evaporator, giving a deep yellow
residue. This was dissolved in about 5001:15 of diethyl ether,
5Ocm5 of hexane was added and the volume reduced by a rotary
evaporator. The light yellow crystals which formed were
filtered off and washed with hexane. MN.p. 122°C. Yield 60%.
Analyses calecd. for 025H17N2PW05: C 44.85, H 2.78 N 4.54.
Found: C 44.90, H 3%.05, N 4.65. Infra-red spectrum

(in ecn™7; obtained as a nujol mull):  1593(s), 1573(s),
1335(w) , 1310(w), 1308(sh), 1295(m), 1215(w), 1189(w),
1158(m), 1128(w), 1095(s), 1070(w), 1028(m),  998(w),

990(w), 973(w), 950(w), 898(w), 875(sh), 850(s),



au.,
790(s), 755(m), 742(s), 693(s), 618(w).

Preparation of pentacarbonyl/2-(diphenylphosphinoaming)-

pyridine/chromium(0) (Cr(CO)-PAP)
=4

Cr(CO)5PAP was prepered by a similar method To that
for J(CO)5PAP described above. 2 mmole of Cr(CO)6 was
irradiated in BOcma of THF for 1 ar. 2 mmole of PAP was
then added to the irradiated solution and the mixture was
stirred for about 20 mins. after which, the THF was removed
using a rotary evaporator. The residue was pumped on 2a
vacuum line overnight. It was then dissolved in benzene and
filtered through kieselguhr to remove some brown insoluble
material. The volume was reduced (using a rotary evaporator)
and treated with hexane. Yellow crystals were obtained,

which were filtered and washed with hexane and finally with

pentane. [l.p. 151°C. Yield 60/. Analyses: Calcd. for
H N CrO-: 2] 6417 H %3.19 0 .85,
025__,35‘12:9&,.‘0) 5617 H %3.19 5.95
Found: C 56.47 H 3.4% N 6.16. Infra-red spectrum @n
cm-q, in nujol mull): 1618(w), 1598(s), 1578(w),

1%378(s), 1%08(w), 1268(w), 1185(w), 1148(wm), 1088(m),
1028(w), 988(w), 900(s), 778(s), 748(m), 738(m),
708(sh), ©98(s), 668(s), ©648(s).

Attempted synthesis of pentacarbonxl[é-(diphenylphosphino—

amino)-6-methylpyridine/chromium(0) (Cr(CO) -6 PAP)
-

A synthesis of Cr(CO)56 PAP was attempted by the same
procedure to the above, but it could not be isolated. This
compound was observed to be formed by the infra-red spectrum
in chloroform, (the Aq(e), B, and E modes were observed, see
Table 1) when the 6 PAP ligand was added to an irradiated
solution of Cr(CO)6 in THF. The product isolated was ident-

ified to be the chelate compound Gr(CO)46 PAP, by the infra-red



a in nujol mull as well as in chlorofor

254
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5.1 CIELATE COMPLEXES

Generally, the usual method employed in preparing
disubstituted or chelate carbonyl complexes has been by a
thermal substitution reaction over a considerable period of
time. This method is limited to thermally stable compounds
only and is often accompanied by an appreciable amount of
decomposition. In this study, by using the photochemical
technique, disubstituted nmetal carbonyl compounds which may
be thermally unstable can be synthesised more conveniently.
Few photochemical substitution reactions of disubstituted
Group VIB metal carbonyls have been reported. Darensbourg
et giga recently reported the photolysis of M(CO)5L (where
X = Cr, lio or W and L = an amine or phosphine) in the
presence of L' (where L' = an amine or phosphine) to form
mixed (phosphine-amine) metal tetracarbonyl compounds.

H(CO)gL + L' —2Y 5 1(c0),IL' + CO.

The pnictogen ligands PAP and 6 PAP (also containing a mixed
phosphorus-nitrogen ligand system) are potentially bidentate,
© PAP having been found by Ainscough and Petersc:r?{3 to act as
a bidentate ligand in complexes of Ni(II) and Co(II) via the
phosphorus and pyridine nitrogen. In this study, disubstituted
(or chelate) complexes of the series H(CO)4L (where M = Cr,
[lo or W and L = PAP or 6 PAP) have been synthesised by the
photolysis of M(OO)BL. The method employed involves the
irradiation of M(CO)5L with UV light in THF and following

the course of the reaction by recording the infra-red spectra
(in chloroform) at half hourly intervals (for details see

Experimental, Section 3.5.)
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The complexes were isolated quite easily from a
benzene/hexane mixture. Complexes of the series H(CO)4PAP
(where Il = Cr, lo or W) have been found to possess half a
mole of benzene of crystallisation per mnole of complex fron
analytical data (see Table 6, Section 3.5). The presence of
benzene of crystallisation was confirmed by the T e
spectra of E(CO)4PAP (where I = Cr, lo or VW) complexes in
deuteroacetone)in which the signal due to benzene at 2.?31:
is observed in all cases.

Complexes of the series E(CO)46 PAP (M = Cr, Mo, or W)
do not possess any benzene of crystallisation as found from

qH nnr

(i) analytical results (see Table 6), and (ii) from
spectra in deuterochloroform, where no benzene was observed.
The complexes appear to be very stable in benzene
solution, and in the solid state in the absence of moisture.

The complexes have been characterised by analysis (see

o s 1. gl
Table 6), infra-red, H nmr and mass-spectra.

5.2 INFRA-RED SPLCTRA

1

A\

Evidence from infra-red, P nmr, and UV spectra
support the view that in the monosubstituted complexes
coordination is through the phosphorus atom. This leaves
two other sites available for coordination (the pyridine

nitrogen and the internal nitrogen atomx)

il
€ee l |
R W TH - P(CgHs ),

d(CO)B
R=H or CH5
Table 4 shows the Y (N - H) stretching frequencies (obtained
in nujol mulls) of the disubstituted complexes (compounds

1, 3, 5, 7, 9, 10). It is known that the J(N - H) shifts
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to lower energy if the nitrogen atom is coordinated (see
Section 2.3). Since a shift to higher energy of the )/ (N - H)
stretching frequency relative to the free ligand is observed
in each case, it appears that the internal ni'trcigen’E is not
coordinated, but the pyridine nitrogen is. Coordination via
the pyridine nitrogen and phosphorus is also favoured because
it gives rise to a five-membered ring which is more stable
(lesser strain) than a four-membered ring which would be the
case if the internal ni‘crogefE had coordinated to the metal.
The reaction scheme for the photolysis of M(CO)SL is illus-

trated as follows:
“

H
€. =
R SRRV () S

W(co), \ /

w(co),

il
5)2 + CO

When the L’(N - H) stretching frequencies of the chelate
complexes (compounds 1, 3, 5, 7, 9, 10) are compared with the
corresponding monosubstituted complexes (compounds 2, 4, 8),
it is seen that they are generally lower in energy. The
}/(N - H) stretching frequencies of both the monosubstituted
and the chelate complexes are comparatively higher than in the
free PAP or 6 PAP ligands (see Table 4). This phenomenon may
be explained as follows. In the free ligands, the molecules
may perhaps be orientated in such a way that inter- or intra-
molecular hydrogen-bonding is possible. Hydrogen-bonding
zcauses the L’(N - H) stretching frequency to move to lower
energies 2 1®, It is probable that such extensive hydrogen-
bonding is not possible in both the monosubstituted and the
chelate complexes, hence shifting the )/(N - H) to higher

energies,
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s

type of stereochemistry are characterised by four CO stretch-

Prom Group Theory, complexes having a cis-1i(CO)

ing frequencies the 4,(1), Aq(2), B, and B, modes which are

all expected to be infra-red active. &See Fig. below:
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Fig. 2. Carbonyl Stretching Spectra.
(i)  W(CO)g6 PAP
2074 1982
(i) W(CO)4 6 PAP
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The trans—E(CO)4L2 isomer is characterised by one band, as
only the ju mode is predicted to be infra-red active from
Group Theory.

The l‘.u(CO)ﬁrL complexes (where M = Cr, lio or W, L = PAP
or 6 PAP) are characterised by the four CO stretching fre-
quencies (and have been assigned as shown in Table 4). These
are consistent with a c::'Ls—I-.f(CO)LI_L2 (where L = €.5. I’(C‘-6H5)5,
pyridine, etc.).stereochemistry. The infra-red spectra in
the carbonyl stretching frequency region of some of the
chelate complexes have been obtained in chloroform as well
as in cyclohexane. (See Table 4.) The most striking feature
is that there is a shift to lower energy of about 20em™ " in
the 32 mode when chloroform was used as a solvent. This
phenomenon has also been observed by othersgg. As the solvent
polarity increases the 32 mode shifts to lower frequency
over a range of -10 to --50(:111"‘1 (in going from a non-polar to
a polar solvent, e.g. chloroform). It is also observed that
in a polar solvent when L is a phosphine the magnitude of the
shift is at the high end of the range, and is at lower values
when the donor atom is nitrogen. The difference in the 32
frequencies on going from a non-polar to a polar solvent of
about --20(:111_'1 which is midway between the two extremes appears
to be consistent for a mixed phosphorus-nitrogen system.

The Aq(ﬂ) and I:"a,I modes are not resolvable when the
spectra are recorded in chloroform and a very broad intense
band is observed. (See Fig. 2ii) They are barely resolvable
in cyclohexane where a shoulder is observed in the vicinity
of the Bq mode. Table 4 also shows (compounds 12-20) the

carbonyl stretching frequencies of appropriate metal carbonyls

for the purposes of comparison.



TABLE 4

Carbonyl Stretching Frequencies (cm-1):

Compound (N=H) A, (2) A4 (1) B, B, Solvent
(1)W(C0),PAP 3320 2017(m) 1902(vs) a 1867(s) Cyc
(2)W(CO)gPAP 3398 2020(m) 1907(vs) a 1852(s)  CiCl4
(3)Cr(CO),PAP 3347 2019(m) 1918(sh) 1911(vs) 1883(s) Cyc
(4)Cr(CO)5PAP 3390
(5)110(C0O) , PAP 3361 2022(s) 1909(vs) a 1857 CHC14

2024(m) 1922(sh) 1915(vs) 1882(s) Cyc
(6)PAP 3115
(7)W(C0),6 PAP 3370 2018(m)  1913(vs) a 1850(s)  CHCl4
2022(m) 1918(sh) 1905(vs) 1873(s) Cyc
(8)W(CO)56 PAP 3415
(9)Cr(00)46 PAP 3390 3815(m) 1914 (vs) a 1849(s) CHC1,
2016(m) 1917(sh) 1912(vs) 1870(s) Cyc
(10)Mo(C0),6 PAP 3380 ggza(m) 1917(vs) a 1852(s)  CHCl,
25(m) 1923(sh) 1918(vs) 1880(s) Cyc
(11)6 PAP 3290
(12)W(CO)4(P(06H5)3)(NHC5H1O)b 2011 (m) 1901(s) 1881(s) 1847(s) cn013
(13)M0(CO)4(P(C6H5)3)(KC5H5)C 2017(m) 1904(g) 1889(s) 1843(s) CliC1,
(14)W(C0),(P(CgHg)5) (NC5Hg)®  2011(m) 1898(s)  1878(s)  1837(s)  CiiCly
(15)Mo(C0) ,Npd 2019(m) 1905(s)  1893(s)  1849(s)  CHCL,
(16)W(CO)4NPa 2013(m) 1898(s) 1884(s)  1844(s) CHC1,
(17)10(C0) 4 (P(CgHg ) 5) 5 2022 1929 1911 1899 Hydrocarbon

N
n



TABLE 4 (continued)

Compound A1(2) 31(1) B1 B, Solvent
(18)M0(CO)4dmpe 2020(m) 1929(m) 1909(s) 1903(vs) Iexane
(19)Mo(co)4(Py)2 2025 1881 1907 1839 CH4CH
(2O)M0(CO)4(bipy) 2022(m) 1906(vs) 1877(s) 1826(s) C;iCl3
Cyc = cyclohexane (12)=-(14) = ref. 30
dmpe = lie,PCH,CH,Plle, (15),(16) = ref. 31
a = A,(1) same as B, due to accidental (17) = refs 32

degeneracy in cﬁloroform (18) = pef. 33
b: NHC5H1O = piperidine (19) ——
C: N05H5 = pyridine (20) = ref. 34
s (C6H5)2P02H4N(02H5)2
Py = pyridine
bipy = 2,2'bipyridyl



3ince the A,](ﬁ) and B2 modes characterise the carbonyl
stretching frequencies of the CO trans to the ligands, these
modes are most sensitive to changes in the m-bonding proper-
ties of the ligands (i.e. on the nature of the ligands).
ho(CO)4PﬁP and ho(CO)46 PAP (compounds (5) and (10) Table 4)
are compared with I-xO(CO)4P((C6H5)5)2, 1f10(CC})‘,_P dmpe (compounds
(17) and (18)). As the A,](’i) and B, modes are solvent
dependent this type of comparison can only be made when the
spectra are recorded in similar solvents. The Aq(ﬂ) and B,
modes of compounds (5) and (10) in cyclohexane are lower
than the corresponding modes of phosphine coordinated com-
pounds (17) in hydrocarbon and (18) in hexane. Also, the
Aq(ﬂ) and B, modes of compounds (5) and (10) in chloroform
are higher than the corresponding bands in the nitrogen
coordinated compounds such as HO(CO)Q(PEJE in acetonitrile
and Mo(CO)q(dipy) in chloroform. (Compounds (19) and (20),
Table 4). Hence the carbonyl stretching frequencies of
compounds (5) and (10) are consistent with a mixed phosphorus-
nitrogen ligand system and are similar to other mixed P-N
systems (compounds 413 and 15).

Finally, it is of interest to note that for the chelate
complexes (MD(GO)APAP and Mo(CO)46 PAP) the Aq(ﬂ) and B,
modes are at higher energies than the monodentate system:
MO(CO)Q(PPhE)(Py) Compound (13).

3.3 'H HMR SPECTRA

The 1H nmr spectra of PAP and some of the complexes of
PAP were recorded in deuteroacetone. The spectra consist of
a number of broad overlapping bands of the aromatic protons
(for the phenyl and pyridine groups) which were not easily

assigned.
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The

H nmr spectra of 6 PAP as well as the complexes

of this ligand were obtained in deuterochloroform. As shown

in Teble 5, the signal due to the methyl protons is about the
same in both the monosubstituted complex ﬂ(CO)Bé PAP (7.757)

and in the free ligand, (7.64T) which is consistent with the

view thet coordination is through the phosphorus atom in

4(C0)56 PAP.

TABLE
1H nmr Data
Compound lMethyl Protons (T7) Solvent
6 PAP 7 .64 CDCl§
H(CO)56 PAP 2475 CDCl5
3(00)46 PAP 7« 2U CDCl3

The chelate complex H(CO)46 PAP is characterised by a
methyl peak at 7.24’C, a downfield shift of O.51"C from
J(Co)sﬁ PAP. In the chelate conmplex, coordination through
the pyridine nitrogen would result in a net positive charge
onn it which causes the neighbouring methyl protons to be less
shielded.

3.4 INASS-SPECTRA

The mass-spectra of the PAP ligand, W(CO)5PQP,
H(CO)56 PAP and w(OO)QPAP were obtained. PAP was observed

To breakdown in 2 ways:
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liass-spectrum of the free PAP ligand

= (/\/[UI Ph @ji Ph
\|3~12P% S AN =P Ef—— N/ =P - Ph
g N N

(D)

NH

J o

The parent ion of W(CO)BPAP complex was not observed. The
mass-spectrum of W(CO)5PAP was identical with that of
ﬂ(CO)qPAP which is shown below:

Mass-spectrum of W(CO),PAP

s E L,
« Mo - P - pn =00y =00, =200, | N-P-Pn
N W(CO), N H W

(Ph)2 - P - EH
W (III)
In the free ligand, 2 possible routes of breakdown
were possible, giving rise to structures (I) and (II), while
in w(co)qPﬂP, the pyridine component is lost giving (III).

The W(CO)46 PAP complex showed the following breakdown
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pattern, losing a phenyl group giving (IV) instead of the
pyridine component as in H(CO)aPAP.

Z Th
i - p - pw =C0; €O

(C0),

\-—
N

CHS,
2

CH : N W

lMass-spectrum of W(CO),56 PAP

3.5 EXPERTIMENTAT

Preparation of tetracarbonyl/2-(diphenylphosphinoamino)-

pyridine/tungsten(0) hemibenzene (W(CO),PAP 0.5 C H.

This compound was prepared by irradiating U(CO)5PAP in
THF. 0.7 (2 mmole) of W(CO). in about 80cm” of THF was
irradiated for 1 hr. To the irradiated solution 0.556g (2
mmnole) of PAP was added. The infra-red spectrum in chloroform
confirmed the presence of WCCO)5PAP. This solution was then
irradiated further and the course of the reaction was followed
by withdrawing a sample at half hourly intervals and recording
the infra-red spectrum in chloroform. After a period of about
1-1/2 hr., the infra-red spectrum in chloroform showed that
the W(OO)SPAP species had been converted to the W(CO)4PAP
species. The irradiation was stopped at this stage. The THF
was removed under vacuum and the residue was pumped on a
vacuum line overnight. The residue was dissolved in benzene,
filtered through kieselguhr and the volume reduced by a rotary

evaporator. The product crystallised out from a benzene/hexane
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mixture, as yellow crystals. These crystals were filtered,
washed with hexane and then with diethyl ether and dried on
a vacuum line. The sanplefor analysis was purified by passing
down & silica gel column and eluting with benzene. Yield &0d.
Infra-red spectra in cL:-',1 (obtained using a nujol mull):
1613(s), 1573(w), 1323(m), 41277(w), 1186(w), 1163(sh),
1105(s), 1063(w), “10%8(vw), 1025(vw), 1013(m), “1000(w) ,

975(w), 900(s), &14(w), 764(s), 753(m), 746(s),

700(s), 693(sh), 6&78(s).

¢ nnre spectrum (in ppm; obtained in THF): 108.7,
1421 , 116.6;, 129, 129.6, 15712 4 152,
137.6 140.2, 48,5,  154.5.

reparation of tetracarbonyl/2-(diphenylphosphinoamino)-

pyridine/chromiun(0)hemnibenzene(Cr(CO),PAP.0.5 ngal

Cr(CO)qPAP was prepared by a similar nmethod to the
above, using 2 mnole of Cr(00)6 and 2 mmole of PAP. Yellow
crystals were obtained from a benzene/hexane mixture.

q, obtained using a

Ii.p. 175°C. Infra-red spectra (cm

nujol mull): 1616(vs), 1575(m), 1321(w), 1276(w),
1186(w), 1156(s), 1100(s), 1011(m), 998(m) , 896(s) ,
847(w), 816(m), 766(s), 75U(m), 741(s), 701(s),
691(sh), 681(s), c46(s), 638(s) «

3¢ nmr spectrum (in ppm, obtained in THF): T
165 116.0, 128.8, 1295 150.8, G 5 DS
132.4,  138.0, 139.2, 140.8, 154.0,  154.5.

A synthesis of Cr(CO)qPAP by the displacement of
norbordiene ligand from the complex Cr(CO)4Nbd by PAP was
also attempted.

Cr(CO)aNbd + PAP ————>> Cr(CO)4PAP + Nbd.

Nbd = Norbordiene.
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Preparation of tetracarbonylnorbordienechromium(0)

The procedure of Kin555 was followed. 0.5g (0.02% mole)

of ur(CO), and 8 cn’ (0.079 mole) of norbordiene in 400m5 ol
nmethylcyclohexane were refluxed for 2 days under nitrogen
and with stirring. After the reaction period was over, the
reaction mixture was cooled to room temperature and taken to
dryness using a rotary evaporator. The residue was sublined
under vacuum yielding golden yellow crystals. IM.p. 90°C.
Literature value: 92-93°C. The carbonyl stretching

psorptions obtained in carbon tetrachloride were: 2024(vs),
1954(s), 1939(vs), 1914(vs). Literature values56:
2033(vs), 1959(s), 1944(vs), 1913(vs).

1s

Preparation of tetracarbonyl(2-(diphenylphosphinoamino)-

pyridine)chromiun(0) .henibenzene(Cr(C0), PAP.0.5 C H,

0.34g (1.3 mmole) of ””(uO)Qhoa and 0.36g (1.% nmole)
of PAP were refluxed in QOcmﬂ of n-heptane under a nitrogen
atmosphere. After about 10 mins., the solution became cloudy
and the product precipitated out of the refluxing solution
as yellow crystals. The solution was then refluxed for
another 1/2 hr. The crystals were filtered off, washed with
diethyl ether and dried under vacuum. A small quantity was

1H nmr

recrystallised from a benzene/hexane mixture. The
spectrum of the complex obtained from the above was compared
with the spectrum of the compound obtained by recrystallisation
from a benzene/hexane mixture. The presence of benzene of
crystallisation in the latter was evident from the strong
signal for benzene at 2.73T. Yield: 75%. M.p. 175°C.

Analyses calcd. for Cr(CO)4PAP 0.5 C;H, C 59.88, H 3.74.

6
Found: C 59.67, H %.69. The infra-red spectra in nujol and

chloroform (carbonyl stretching absorptions) were compared
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with and found to be identical to that prepared by UV irradi-
ation.

Preparation of tetracarbonyl Z?—(dinhenylphosphinoamino)—

pyridine/molybdenum(0)hemibenzene. (110(C0), PAP) .0.5 C .

uo(CO)4PAP was prepared by a similar method to the
above using 2 mmole of 50(00)6 and 2 mnole of PAP. Light
yellow crystals were obtained from a benzene/hexane mixture.
liepe. 150°C. Yield: 50%. Infra-red spectrum (cm_’I in nujol
mull): 1611(s), 1573(w), 13%318(m), 1273(s), 1183(m),
1161(s), 1098(sh), 1078(w), 1038(w), 1028(w), 995(w) ,
968(w), 953(w), 895(vs), 848(w), 803(m), 763(s),
746(s), 733(s), 720(w), 693(s), 683(s), ©643(w),
62%(s) .

Preparation of tetracarbonyl/2-(diphenylphosphinoamino)-6-

methjlpjriding7tunﬁsten(0).(H(CO)¢6 PAP)

H(CO)46 PAP was prepared by a similar procedure to
the above. 2 mmole of 6 PAP in 50m5 of THF was added to a
UV-irradiated solution of H(CO)G, (2 mmole in 80cm? of THI)
for 1 hr. The mixture was then irradiated until the infra-
red spectrum in chloroform showed that the reaction had gone
to completion (usually over a period of 1-1/2 hr. from the
time of addition of the ligand). The THF was then removed
under vacuum and pumped on a vacuum line overnight. The
residue was dissolved in benzene and filtered through
kieselguhr to remove the brown insoluble material. The
filtrate was passed through a column (2-3% inches) of silica
gel (100-200 mesh). Benzene was used to elute the column.
The resulting solution was concentrated using a rotary
evaporator and treated with hexane in an ice-bath. Needle-

like yellow crystals of analytical purity were obtained,
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which were filtered off, washed with hexane and then dried
on a vacuun line. M.p. 175-176°C. Yield 60%. Infra-red

spectrunm (incm"’I

, using a nujol mull): 1616(s), 1581(w),
1305Cw) , 1232(w), 1207(w), 1187(w), 1173(w), 1162(w),
1102(s), 1023(m), 99%4(w) , 9%2(w), 852(s), 782(s),
752(w) , 42(w), 695-6%2(split) 612(s).

Preparation of tetracarbonyl/2-(diphenylphosphinoanine)-6-

methylpyridine/chromium(0).(Cr(C0O),6 PAP)

Cr(CO)46 PAP was prepared and purified in a similar
method to that for W(CO)46 PAP, using 2 mmole of Cr(CO)6 and
2 mnole of 6 PAP. Deep yellow coloured, needle-like crystals
were obtained from the benzene/hexane mixture after passing

through a column of silica gel (2-% inches) and elubting with

benzene. M.p. 157-158°C. Yield 65>« Infra-red spectrunm
(jjlcﬁ_q, using a nujol mull): 1613(vs), 1583(nm), 1312(m),

1234(m), 1213(w), 1193(m), 1173(m), 1163(m), 1103(s),.
1078(w), 1032(s), 998(s), 987(w), 973(w), 953(s),
918(w), 853(vs), 843(sh), 783(vs), 753-744(split),

70%3(vs), 698(sh), 675(vs), ©653-643(split).

Preparation of tetracarbonyl/2-(diphenylphosphinoamino)-6-

methylpyridine/molybdenum(0).(190(C0),6 PAP)

Ho(00)46 PAP was prepared in a similar way to that for
H(CO)46 PAP and 03(00)46 PAP above, using 2 mmole of 6 PAP.
Yellow crystals of analytical purity were obtained from a
benzene/hexane mixture after passing through a column of
silica gel (2-3 inches), and eluting with benzene.

Mep. MM47-149°C. Yield: 65%. Infra-red spectrum (in cm"q,
obtained using a nujol mull): 1616(s), 1580(m), 1%10(m),
1233(w), 1188(w), 1176(w), 116%(w), 41100(s), 41028(m),

998(]11) 3 953(m) 3 858(s) ) 783(3) ) 755“748(5131:]--.5) ’
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700(s), 628(sh), 620(s), 598(m).

Analytical Data

T— Caled. Tound
Compou o H N C H N HM.p.(26)

H(CO)qPAP 0.50536 46,98 2.94 4.56 47.34 .34 4,49 121-12%
Cr(CO)4PKPO.50£H659.SS 3:.74 5.82 €601 3%.99 5.68 7168

[10(C0),PAF 0.5C H, 54.85 3.43 5.33 54.68 3.76 5.30 150
W(CO)46 PAP 44..92 2.91 4.76 44.91 3.12 4.46 175-176
Cx(C0O),6 PAP 57.90 3.75 6.14 57.92 3.78 6.20 157-158

HO(CO)46 PAP 52.82 3.42 5.60 52.46 %.4% 5,78 185-186
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CHAPTER &4

4.1 REACTIVITY STUDIES

Recently, a few reactions in which HX (where X~ = Cl°,
Br~ or I7) causes the cleavage of the P - N bond in some
metal carbonyl complexes have been reported. According to
Hofler and SchnitzlerBT anhydrous hydrogen halideg either as
liquid or in hydrocarbon solutions readily cleave the P - I
bond.
Sulle RnCp(CO)g(PPh(NEtE)E) e HE ey HnCp(CO)E(PPhXQ) +
some hnCp(GO)e(PPhXNEtE)
X=0C1l; Bry I
Hofler and iuarre38 obtained the following results:
1-10(00)513(1-:1-1@2)5 + HX(L) — }-LO(CO)5P;£5(J{ = Cl, Br)
Lo(CO)BP(Rhe2)5 + HCl/pentane —> ho(GO)5P01n(ELe2)5_n
(n=1, 2, 3)
trans-iﬁ'o(GO)LI_(P(NIueg)5)2 4 HC]_(Q_) — trans-ho(CO)br(PClg)g
i-;o(CO)5P(I‘Hue2)§ + HI/pentane _—-_aol) [o(CO)gPI Me,

-5
;vho(00)5PI
) + 1-..0(00)5PI2HI'-192
Douglas and Rui‘:ﬁ‘)9 also reported similar results but with

some notable differences:
HC1l or HBr

Fe(CO)4PF NE®

5 o }-Fe(CO)4PF2X

HI 5, Fe(C0), I,

Fe(CO),PF(NEL,) , —2t Oniff’; Fe(CO),PF(NCL,),

11(C0) 5P 5 (NEE,) M1 11(CO) 5 PF Br

M= Cr, Mo or W.
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In this study, the reactivity of the P - N bond in PAP,

6 PAP and the complexes of these ligands have been examined

— —_

with HX. (Where X~ = C17, Br™, I7, PF.~, BF, .) It wes

found that (i) the PAP and & PAP ligands in the complexes
r

U(CO)BL were protonated when a stoichiometric amount of HX

(where X~ = C17, Br™, I", PF. , BF, ) was added to form
o

complexes of the type /W(CO)-(LH)/X, and that (ii) on addition

5
of excess H3r the P - I bond of the coordinated PAP ligeand
in the complex M(CO)BPAP was cleaved, forming J(CO)5P(Ph)2Br
and the protonated amine.

4,2 REACTION OF W(CO)-PAP AND W(CO)-6 PAP WITH HX, (WHERE
a4 E 4l

X =C1 ,Br, I, PP, BF, ) INA 1 : 1 FMOLAR RATIOC

Complexes containing positively charged phosphorus

ligands, e.L.A(uO)Mi(u He ) ;FCHCH P(u, i QCT206EBJEE%€;7

10

have been reported by Keiter t al. Compounds containing

a protonated phosphorus-nitrogen ligand system such as
[féuuu H IPh2_7X (where R = MeO, Bt, X" = C1l, Br , I7)
have been reported by Taylor and KolodnyQo. Other complexes
containing cationic ligands have been reported by Quagliano
and coworkersqq’qg’Aq’ae. In this project, complexes of the
type W(CO)sL, (where L = PAP or 6 PAP) were found to react
with a stoichiometric amount of HX to form complexes of the
type [ﬁ(CO)B(LH27X (where X~ = C17, Br , I, PP, or BF, ).
(See Reaction Scheme 1 p.111).

The reactions were carried out by dissolving the
W(CO)5L complexes, (where L = PAP or 6 PAP) in diethyl ether
and adding a stoichiometric amount of anhydrous HX. The

complexes could be isolated by direct precipitation from

diethyl ether and were generally stable except for the bromo-
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and iodo-complexes which were light sensitive and appeared
to have decomposed To a certain extent on being stored for
a few months. The complexes were all white and powdery in
appearance except for the 13(00)5(PAP32701 complex which
was obtained from diethyl ether as large, needle-like white
crystals.

TheJZF(GO)B(é PAPH)?PFG complex was prepared from
53(00)5(PAPH2701 by ion-exchange with NH,PF. in acetone:
13(00)5(PAPH1701 + NH4PF6 ———%}-15(00)5(PAP527PF6 + RH4Cl.
The ZE(GO)5(6 PAPH27P96 complex was also prepared by the
ion-exchange method (with NH,PF. in acetone) as well as by
the direct addition of 65% HPF, to a solution of ﬂ(00)56 PAP

11 nnr spectra of botha

in diethyl ether. The infra-red and

products were found to be identical.
M T PAPH TR 7] = PAPHYT7TRD i o,
Lile L.. (\JO)5(£&LP_L-27.J¢. 4. and L.. (00)5(0 FAT 11.27}.')4. 4 COL.'pluACu

were prepared by tThe dropwise addition of H334 to diethyl

etaer solutions of Lhe 5(30)3?19 and w(00)56 PAP complexes.

For experimental details and analytical results see

~ ™ e e -~ .1 - L T R O T B o

Section 4.14. e Heach et % -

4.3 INFRA-RED SPECTRA

_The V(N - H) bands for all the protonated complexes
((1) - (10)) become broader and shift to lower energies,
when they are compared with their precursors, W(GO)SPAP(11)
and w(CO)56 PAP(12). The trend to lower energies of the
y(Ii - H) stretching frequencies for both the PAP and the
© PAP systems is the same and increases according to the

series: BF,"” r~ PF .~ LI <€ fip™ < c¢1”
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For the case of X = Cl1l~, the y(N - H) bands cannot
be assigned with confidence because they are masked by the
aromatic C - II stretching frequencies, also observed in the
same region.

The general downward shift in energies can be
explained as follows. The fact that the ) (N - H) bands have
broadened considerably 1n the protonated complexes as well
as occurring at much lower frequencies is indicative of the
existence of hydrogen-bonding in the solid state. A small
anion like C1l~ has a much stronger interaction (hydrogen
bonding) due to an intense force field, than Br or I ,
where as the anion gets larger, the force field weakens as
the effect of the anionic charge is diminished by more and
nore completed electron shells. For the compounds containing

polyatomic anions such as PF6", ax4-, where there are wea

1r o
AT

peripheral force fields, the frequencies rise to higher
values. Conductivity studies support these conclusions.
(See Zection 4.4.) Similar studies in the trend of N - H)
4%

stretching frequencies have been noted by Cook “ and by

&5

Nuttall et g;.44 in some pyridinium salts, by Nekamoto et al.

%6 i1 Co(II)

in some ammine complexes and by Nelson et al.
and Ni(II) complexes of the positively charged ligands,
2-(diphenyl-phosphinomethyl)-6-methylpyridinium ion. These
authors commented that hydrogen-bonding between the hydrogen
of the N - H group and the corresponding anion is the cause
of the shift of the)(N - H) stretching frequencies, to lower
energies; for the more bulky anions (polyatomic), such

cation-anion interaction is negligible for the reasons

stated above (see Table 7).
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TABLE 7

INFRA-RED DATA

Compound )Kl - H) Btretehing

CO(NEB)6K5a:

X~ =

c1 Ca 3070 (broad)

Br~ Ca 3120 (broad)

1~ Ca 3150 (broad)

N0~ 3290, 3200

€10~ 3320, 3240

éﬁf(ﬁﬁ5)67(0104)5 3%3%0, 3280

[Fi(iEg) . 7(C10,), 3597, (3312)
Pyridinium sali'.ts:.D

o 2439(vs, broad), 2375(vs, broad)

Br~ 2591(s, broad)

I~ 28%3(s, broad)

2n01, = 3213(vs), 3155(vs), 3105(vs)

snBr 2" 3251(s), 3%236(s), 3185(s)

Sno1.~" 3060(s)  3240(s), 3188(s)

C10," 3268(s), 3195(s), 3118(m)

BF,, 3290(vs), 3205(s), 3122(m)
Rein~ © 3%35(s,sh), 3302(s)

a see Ref. 45.
b see Ref. 43.

¢ = pyridinium reineckate.



Fig. 3. Infra-red spectra in the 4000—2000cm =1 region.
(i) W(CO)g 6 PAP

(i) [W(CO)g (6 PAPH)] CI
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Fig. 4. Infra-red spectra in the 4000—2000cm =1 region.
(i) [W(CO)g (6 PAPH)] PFg

3340

(ii) [W(CO)g (6 PAPH)] BF4

3300 3151
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Protonation in these complexes ((1) - (10)) could occur
at (i) the pyridine nitrogen or (ii) at the internal nitrogen™

~ - i
\I,!L i Y65
!

W({CO)
>
R =H or CHE'
If protonation has occurred on the pyridine nitrogen, the
symmetrical JAN - H) band of the internal nitrogen™ would
not be expected to differ very much in position from that in
the unprotonated complexes (11) and (12). A very small
shift to lower energy perhaps may be observed because of the
possibility of a partial delocalisation of the positive charge
onto the (I - H) nitrogen, thus weakening the (II - H)
stretching. But if protonation has occurred on the internal
nitrogen a very large shift to lower energy is expected due
to the weakening effect of the positive charge on the stret-
ching of the (N - H) bond. As Tavble 8 shows, the J(W - H)
of the protonated complexes 13(00)5(Lﬁ273, (where X = PF6_

and 354_) differ only to a small extent (50—?Ocm-1) when
compared with the unprotonated complexes; the effect of
hydrogen-bonding is least felt when X = PF6_ or BFq_ for
reasons given above. Hence, it appears that protonation
occurs at the pyridine nitrogen.

It is apparent from Table 8 that the CO stretching
absorptions are marginally higher than the precursors
H(CO)5PAP and W(CO)56 PAP. The small increases in carbonyl
stretching frequencies are consistent with the increase in
the electron withdrawing power of the metal. This results

in less negative charge delocalising into the antibonding n¥



TABLE 8

Compound (N-H)3(cm™ 1) CO stretching absorptions (cm™ ')P
A,(2) B, By Aq
(1) gﬁ(co)5(PAPHl7b1 2074 (m) 1984 (sh) 1942(vs)
(2) [W(CO)g(PAPH)/Br 3080(br) 2076(m) 1986 (sh) 1946(vs)
(5 LW(CO)s(PAPHl7I 3091(br) 2076 (m) 1986 (sh) 1945(vs)
(4) LW(00)5(PaPHl7PF6 3330(br) 2073(m) 1963(sh) 1944 (vs)
(5) LW(CO)s(PAPHl7BF4 3340,3130(br) 2077(m) 1995(sh) 1941(vs)
(6) /W(CO)g(6 PAPH)/C1 2077(m) 1987 (sh) 1945(vse)
(7) /W(C0)5(6 PAPH)/Br 3130(br) 2077(s) 1991(sh) 1944 (vs),1919(vs)
(8) LW(CO)5(6 PAPH)/I 3182(br) 2077 (m) 1992(sh) 1944(vs),1919(vs)
(9) [W(CO)g(6 PAPH)/PTg 3340,3241 2075(m) 1995(sh) 1945(vs)
(10) LWICO)5(6 PAPH}?BF4 3300,3151 2074 (m) 1992(sh) 1937(vs),1929(vs)
(11) W(CO)5PAP 3398 2072(m) 1986 (sh) 1944 (vs)
(12) W(CO)56 PAP 3415 2074 (m) 1982(sh) 1944 (vs)®
a: 1in nujol mull using CsI plates. b: in 0014 unless otherwise stated.
c: in CHC1 br

30

LS
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orbitals of the CO's from the metal, thereby increasing the
CO stretching frequencies. Compounds (1) - (6) and (9)

(Table 8) show accidental degeneracy in the E and A1(1) modes.
In compounds (7), (8) and (10), the E and A1(1) modes appear
to be resolvable.

10,33547 that within

It has previously been established
experimental error, the carbonyl infra-red spectra of the
following compounds are superimposable:
(OC)SWI(C6H5)2PCH20}121:-(C6H5)2_7 and
toc)Bw[(c6H5)QPEHQCHzP(o6H5)20H206H5_7_/_'Png, (0C);wP(OCH,)zP and
[(oc)BwP(oc:Hz)BPCHBJ[;BFﬁr”j,(oc)501-(06}15)2P0H20h2p(061a5)2 and
[ (0C)5Cr(CcHy) ,PCH,CH,P(CeH, ) ,Cl5 J/ BF, J.
Small increases in carbonyl stretching frequencies were
5),PC = CP(CgHg), 7 and
£ (0C)sW(CcHy),PC = CP(CcH),CH5 /1™ by Taylor %1_: al.
(oc)Sw[(0614.5)2P0H2P(c6}i5)2_7and(oc)5w[(céﬁ5)2P0h'29(0655)201{3_71‘

by Keiter and Shah10. These results are reasonable, consid-

observed in (CC)BH['(C6H
+

12 and in

ering the fact that the positive charge is quite remote from
the site of coordination. The CO stretching absorptions
obtained for the protonated complexes (1) - (10) in this
study are quite similar to the precursors (11) and (12),
supporting the concept that protonation has occurred on the
remotely situated pyridine nitrogen.

4,4 CONDUCTIVITY

The molar conductivities of the complexes in both the
PAP and 6 PAP systems decrease along the series:
BF, ~ < PP < 17 Br <c (1)
(see ''able 9). The degree of hydrogen-bonding in the solid

state, as we found above from the (N - H) stretching
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TABLE ©

llolar Conductivities® at 25°C

Compound (mhos cm?)

W(CO0)-(6 PAPH)/CL 2.70
[7(c0); £

W(CO) (6 PAPH)/Br )
LAER3s
/¥(CO) 5(6 PAPH)/T 29
[7(c0)5 (6 PAPH)7PF.P 119.9
_/_ET(oo)s(e PAPH)7BF,, 75
[7(C0) 5 (PAFH)7C1 3.0
@(00)5@@1{)_75:? 7.6
[T(C0) g (PAPH)/T 370
[F(CO) 5 (PAPEYPF,® 110.4
[F(C0) 5 (PAPLYBT,, 71
5(00)5(6 P1?1P§Q7P;P6c %8

a: all conductivities were measured in acetone unless

otherwise stated.
b: prepared by ilon-exchange method.

c: prepared by direct addition of HPF6 to a diethyl ether
solution of W(CO)56 PAP.
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frequencies, shows the following trend depending on the
nature of the anion.

C1™ > Br” > I7 > PR, > BF, (II)
The trend observed in the molar conductivities in (I) may
also be explained in terms of the degree of hydrogen-bonding
prevailing in solution, assuming that the extent of hydrogen-
bonding between the hydrogen of the two (N - H)'s and the
anion in solution, reflects that prevailing in the solid
state. For example, the C1l~ has been noted above to exhibit
the greatest degree of hydrogen-bonding with the hydrogen of
the (N - H) group in the solid state. Hence the low values
of the molar conductivities in the chloride complexes ((1)
and (6)) may be attributed to the Cl~ anion being held
tightly (existing as an ion-pair) to the cation in solution
by extensive intra or inter-molecular hydrogen-bonding.

The ZE(CO)5(6 PAPH)?PFG and 13(00)5(PAPH17PF6 complexes
prepared by the ion-exchange method have molar conductivities
of 119.9 and 110.4 mhos cm® (in acetone) respectively.

These values are consistent with that of 1 : 1 electrolytes,
which usually have 100 - 130 mhos cm®? in acetone. The
analytical data (Table 17) shows a fairly high value for
nitrogen indicating that the compounds may be contaminated
with NH4Cl or NH4PF6. Therefore, it is conceivable that the
conductivity figures obtained above may perhaps be contributed
by NH,C1 (or NH4PF6). This is supported by the fact that

the molar conductivity for [W(CO)5(6 PAPH)?PF6 prepared by

the direct addition of HPF6 to a diethyl ether solution of
W(CO)56 PAP has been found to be %8 mhos cm®.
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4.5 190 npr SPECTRA

L 17 1 ~4 L < L]
In a recent review of '“C nmr chemical shifts of

. o 4
organometallic compounds, lann

(98]

commented that the factors
T . T . .
determining the “C chemical shifts of metal carbonyls have
not as yet been fully identified. Changes in ligand-metal =
bonding are generally accepted to dominate changes in carbonyl
stretching frequencies and force constants in octahedral
metal carbonyls and their substitution products. Gansow
49 A 5 N 15
et al. ” obtained very good correlation between the C
chemical shifts and the Cotton-Kraihanzel force constants for
the complexes N(OO)51:¢:= Group Vb donor ligand). Similar

48,50-52 been found for

linear relationships have subsequently
the complexes Gr(CO)sL, EO(CO)5L, £§5H5Fe(00)2§7 and
cis- EuCle(CO)2L2;7, suggesting that changes in 1i=C-0
n-bonding exert a dominant influence on 15C carbonyl chemical
shifts.

The 150 carbonyl resonance of tungsten hexacarbonyl
(W(CO)6), the monosubstituted complexes w(CO)5PAP and
N(CO)56 PAP, and the protonated complexes 13(00)5(PRPH27C1
and [ﬁ(CO)s(G PAPH)/Cl are listed in Table 10. The spectra
were difficult to obtain due to the poor solubility of the
complexes. In the W(CO)56 PAP complex, both the cis and the
trans carbonyl resonances were observed. Similar compounds
reported in the literature are listed in Table 10 for the
purpose of comparison. W(CO)5PAP and W(CO)56 PAP both show
a downfield chemical shift (ppm relative to tetramethylsilane)
when tThey are compared with W(CO)6. This shift has also been
observed in other similar compounds as shown in Table 10 and

increases along the series:
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Co <: phosphite <« phosphine ™ arsine <:'amine <:'carbene.
i.e. with increasing ligand O‘-donor power. As pointed out
by Bodner and Todd53, this sequence is also consistent with
a decrease in the w-acceptor abilities of these ligands.
Thus, it is apparent that the carbonyl resonance is
deshielded with increasing electron density at the transition
metal. Transition metal —— carbonyl {1 back-donation
increases with increasing electron density on the transition
metal. It appears therefore, that the carbonyl resonance
is deshielded as the transition metal——» carbonyl X back-
donation increases in tnis series. Recently, Bodner and
Todd53 carried out some studies of the complexes
1—(C6H5X)Cr(00)3, the isoelectronic ]#C5H5)M(CO)3, and in
TdC6H5JM(CO)2L. A linear correlation between the 130 nmr
carbonyl chemical shifts and the extent of transition
metal-ﬁ carbonyl 7 back-donation was again observed in
both cases.

The trans CO resonance always occurs at a greater down-
field shift from TMS than the cis. The reason for this,
being that the ¢*-bonding orbitals on the metal are shared
by ligands which are mutually trans., If a good O™ donor such
as the carbene ligand is present, a larger cis-trans separation
of carbonyl resonances and larger chemical shift of the
trans CO with respect to W(CO)6 is expected. In W(CO)56 PAP,
both the cis and the trans CO resonances are observed to be
split. The splitting could be due to P-W-C coupling, and is
of the order of 37.5 Hz. (See Table 10.)

In ,L_W(CO)5(PAPH)_7CI and [fw(00)5(6 PAPH) 7CI, only the

cis carbonyl resonance was observed at 194.9 ppm and 195.4 ppm



TABLE 10

130 nmr DATA

Compound Carbonyl resonances (ppm) _(°'P - I - 130) Solvent
cis trans cis(Hz) trans(Hz)

W(CO) g 191.0 CLCL,
(c0)56 PAP® 196.9 199.4 1.5 2545 CDC14
[T(C0)5 (6 PAPH)7C1% 195.4 CDC14
W(CO)SPAPb 195.6 CoC1,4
[W(C0)5 (2APH)7C1° 194.9
w(co)srph3° 198.0 199.8 7 22 CH,C1y
W(CO) s P(Ole) 5 196.2 198.8 10 36 Neat 1iquid
w(co)5PEt3d 198.5 200.2 19 Neat liquid
W(CO)5P(OPh) 5° 194.5 197.0 10.5 45.4 CH,01,
(CO) g NH,CH, 4° 199.1 201.9 CH,C1,

a: recorded in CDCl3 + Cr(acac)3

b: recorded in uu013 + (CD3)2CO + Cr(acacb
c: ref. 48.

d: I‘efo 55.

*LS
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respectively. These represent changes of the order of 0.7
ppm and 1.6 ppm upfield from the corresponding unprotonated
complexes, as would be expected for a slightly more positive
phosphorus atom. These changes are insignificant when they
are compared with the downfield shifts of H(CO)BP&P (by 4.6
ppm) and H(CO)56 PAP (by 5.9 ppm), with respect to H(CO)B,
when one of the CO's 1s replaced by either PAP or & PAF.
Hence it appears that the electron density on the metal is
not perturbed to any great extent when the ligands in these
complexes are protonated. This 1is consistent with the
evidence from infra-red spectroscopy that protonation has
occurred on the pyridine nitrogen.

The J(P = C) coupling constants of w(CO)56 PAP observed
for the cis and the trans carbonyl resonances are 7.5 Hz and
25.5 Hz respectively. These values are consistent with the
trend observed in the other related compounds in which the
J(P - C) éoupling constant for the trans 12C0 are usually
higher than the cis (see Table 10).

The QBC nmr spectra of the aromatic carbons have been
recorded in THI' for some of the complexes. Owing to a lack
of information on the 130 resonances of similar model com-
pounds, these spectra could not be assigned. The carbonyl
resonances were obtained by the addition of about 0.2M of
Gr(acac)3, (about 70 mg/cm3) which serves to decrease the T,l
relaxation times. A forty fold increase in the intensity of
the carbonyl resonance signal has been reported in Fe(00)5

without causing any detectable contact shift54.
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4.6 P nmr SPECTRA

A
Although the factors governing )qP chemical shifts are

not completely understood it is thought the isotropic para-

56

magnetic term is the most important effect. According to

Reddy and Schmutzlergo, a negative contribution to 51P
chemical shift on coordination is due to the increase in the
paramagnetic term. This term is influenced57 by

€4 the occupancy of the d orbitals

(ii) +the electronegativity of the substituents on phosphorus
(iii) the changes in the bond angles

(iv) and the mean excitation energy.

The 51? nmr spectral data for the protonated complexes
as well as data obtained by Grim gt g;.Bg are listed in
fable 11. As mentioned in Section 2.4, in H(CO)5PAP and
W(C0)56 PAP, tne 5P nmr resonances shift downfield by 24.0
and 25.% respectively on coordination. The BqP chenical
shifts of ZW(CO)5(PAPH27C1 and 13(00)5(6 PAPH)/C1l move
downfield by -8.9 ppm and -8.25 ppm when these are compared
with the unprotonated complexes. The formation of a formal
+ 1 charge on a phosphorus atom causes a much greater shift
(~ 40-50 ppm). Thus it eppears that for the protonated

complexes, the positive charge is far removed from the metal-

bonded phosphorus atom, and is probably consistent with

protonation occurring on the pyridine nitrogen. Unfortunately,

no information is available on the effect of placing a formal

positive charge immediately adjacent to a phosphorus atom.



TABLE 11

5P nmr SPSCTRAL DATA

Compound Ap(ppm) Solvent

(1) [7(C0)5(PAPH)7C1® -8.91 THT
(2) [A(co)5(6 PAPH)7CL -8.25 THP
(%) ZIC6H5)2P(O)CHEP(CGH5)20H5_7BTD =49.2 CH,C1l,

I H(CH.)P(C,. .1 H 3P sl CH
(&) Zrcgﬂ5)gP(o)Cﬂ(055)l(06“5)20“5_73— 41.2 un2612
a:s AP = %protonated complex - gunprotonated complex
b: Ap = gprotonatecl ligand - gunprotonated ligand
4.7 4 nmr SPECTRA

As discussed in Section %.3 the 1H nmr signal for the
methyl protons of W(C0),6 PAP shifts downfield (deshielded)
from tetramethylsilane by 0.51Cwhen it is compared with that

ﬂH nnr resonance for the

characteristic of ﬁ(CO)56 PAP. The
methyl protons of [ﬁ(00)5(6 PAPH)/C1 (7.34T , see Table 12)
in deuterochloroform also shows a downfield shift of 0.41 T
from that of W(CO)BE PAP. This indicates a deshielding of
the methyl protons and is consistent with the protonation

of the complex at either site (the pyridine nitrogen or the

(N - H) nitrogen).

TABLE 12
'H nmr DpATA
Compound Methyl Protons (1)

PAP 7.64
I.'J‘(CO)BE: PAP T=1D
W(CO)46 PAP 724
[M(C0)5(6 PAPH)7CL 7.34
Cr(C0),6 PAP 7.30
HO(CO)46 PAP 741

All spectra were obtained in deuterochloroform.
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4.8 UV SPECTRA

The UV spectra of H(CO)5L (where L = PAP or 6 PAP)
(see BSection 2.5) and LW(CO)5LQ7K (where L = PAP or & PAP,
X~ = C17) were recorded in tetrahydrofuran solution. As
shown in Fig. 5 and Table 1%a, the spectra of the protonated
complexes are very similar to the unprotonated complexes
(showing two shoulders at 295 nm. and 350 nm.). The spectra
would be expected to show significant changes if protonation
had occurred on the nitrogen adjacent to the phosphorus aton.
For example, the spectra of complexes Cr(CO)BP(OPh)B,
Cr(CO)sP(Nl‘vieg)5 and. Cr(CO)BP(Ph)B, are sensitive’? to the
nature of the atoms adjacent to the phosphorus atom (Table
1%3b). The spectral results therefore support the evidence
obtained from infra-red and 130 nmr spectra, that protonation
probably occurs on the pyridine nitrogen.
TABLE 13a
UV SPECTRAL DATA

Compound __(nm)
W(CO)56 PAP 350(27%6)% 295(1800)
[i(C0)5(6 PAPH)/C1 350(2373) 295(1260)
W(00)5PAP 350(3086) 295(1653)
[i(C0) 5 (PAPH)7C1 350(2434) 295(1374)

a: coefficients of extinction are guoted within
brackets.

All spectral data were obtained in tetrahydrofuran

at concentration of ,u10‘4m.



Absorbance

Fig 5: UV. Spectra of protonated and unprotonated complexes.

A=WI(CO) 5PAP

B=W(CO)56PAP

C=IWI(CO)s(PAPHICI

D=[W(COI56PAPHIIC

i i 1 1 I 1 1 T ] 1 1

:
300 350

Wavelength in nm
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TABLE 13Db

FIRST CHARGE TRANSFER BOND IN Cr(CO)sé

L (nm) Solvent

500 280 CHCI!
(PhO)3Pb 329 hexane
(Me N)7Pb 340 hexane
2%
(G6H,I,|)5Po 340 hexane
a = ref. 60
b = ref. 59

4.9 REACTIONS OF W(CO)-_PAP, W(CO),PAP AND PAP WITH EXCESS3
/ L

HBr
The reaction of W(CO)BPAP with a stoichiometric amount

of HBr has been discussed in section 4.2. The reaction of
w(CO)ﬁPAP with an excess of HBr in benzene has also been
investigated and found to bring about the cleavage of the
P - N bond to give W(CO)5P(Ph)2Br and the 2-aminopyridine
hydrobromide. The products were identified by infra-red
and mass-spectra. In the mass-spectrum, traces of
W(GO)BP(Ph)goﬂt were also observed. It is possible that
traces of ethanol present in the chloroform in which the
spectrum was obtained, react with N(CO)BP(Ph)aBr to form
W(CO)5P(Ph)20Et. Excess HBr was also found to bring about
the cleavage of the P — N bond in the free PAP and 6 PAP
ligands (see Reaction Scheme 2). The products identified
by mass-spectra are shown in Table 14. The reaction of
W(CO)4PAP with excess HBr in diethyl ether solution was
also studied. The pyridine-tungsten and the P - N bonds
were found to be cleaved. The products identified in the

mass-spectrum were:



Reaction

PAP + Excess HBr®

6 PAP + Excess HBro

TABLE 14

Products identified by mass-spectra:

Products identified

=N P
i N-P=Ph

N R
Ph,, POH

W(CO)5PAP+-Excess HBr? W(CO)5P(Ph) ,Br + (Ph),-P-0Lt

W(CO)4PAP+-Excess HBI'b (Ph)2P0H4-(Ph)EPHi-(Ph)zf—oﬂPu(Ph)24-traces of + w(00)6

W(CO)5

W(CO)5 W(CO)S ﬁ(00)4

W(CO),PAP + Excess HC1® (Ph).POH
4 2

a: reactions were carried out only in benzene.

b: reactions were carried out only in diethyl ether solution.

by infra-red spectra

2-amino-pyridine

2 aminopyridine-
hydrobromide

2 amino-6-methyl
pyridinehydrobromide

o_’_{g



(CO)5WP(Ph)2OH + (CO)5WP(Ph)2H + Ph

E_F_O-P(Ph)Q

W(CO)4
+ traces of 2-aminopyridine.
The reaction of w(CO)APAP with excess HCl was also studied
and thne phosphorus-tungsten, pyridine-tungsten and the P - N
bonds were found to be cleaved. PhaPOH was observed in the
mass-spectrun.

The synthesis of the protonated form of the free ligand
was attempted but it was not possible to isolate it as such.
Infra-red evidence showed that the P - N bond was cleaved.
The fact that the protonated complexes could be isolated at
all suggests that the P - N bond is stabilised to a greater
extent than is the case in the free ligands.

Table 14 summarises the reactions studied and the

products obtained. For experimental details see Section 4.14.

4,10 BRIDGING w(CO)EPAPHLQOJS

A few bridging compounds of the type M(CO)5IH'(CO)5
(where M = Cr, N' = Wor M=M' =W, L = Mezﬁs.S.As.Mee) have
been reported by Ainscough and Brodie6ﬁ. Similar compounds
such as (W(CO)5)2DTO and (W(CO)5)2en (where DTO = 3,6~
dithiaoctane and en = ethylenediamine), have also been
prepared by Birch62. Bridged carbonyl complexes containing
phosphorus-phosphorus and mixed phosphorus-arsenic ligand

systems have been reported by Grim et g;.GB

and by

H. Vahrenkamp and W. Ehrl64 respectively. In this work,
W(CO)SPAP has been found to act as a ligand (through the
pyridine nitrogen) towards W(CO)sTHF (produced by UV
irradiation of w(CO)6 in THF). The complex W(CO)5PAPW(CO)5

has been isolated. This formulation has been confirmed by



'g. 6- Ca bO
5

2073

1922

1947
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analytical results (see Section 4.14). The mixed chromium,
tungsten bridged complex could not be obtained. Also,
bridged compounds of & PAP similar to the above were
attempted but could not be obtained.

The yTN - H) stretching frequency is split and occurs

at 3400 cm-q L

and %280 cm ', both of which occur at higher
frequencies than free PAP. As previously discussed in
Chapter %, this indicates a lack of coordination of the
nitrogen of the (N - H) group. (The y(N - H) stretching
frequencies of w(CO)5PAP and W(CO)4PAP occur at %398 em™]
and %320 cm_q respectively.) Hence coordination must be

through the pyridine nitrogen as shown below:

W(OO)5
The CO stretching absorptions in cyclohexane are
shown in Table 15 together with the data on similar compounds,

obtained by Ainscough and Brodie65

, and by Grim et al.
(W(CO)B)EPAP has a new band at 1922 e~ when its spectrum
is compared with that of W(CO)EPAP and has been assigned as
the Aq(1) mode. This band could also possibly be the E or
Aﬂ(ﬂ) modes originating from the coordination of the pyridine
nitrogen to W(CO)sL; as has been discussed in Section 2.3
the A1(1) and E modes are generally lower for nitrogen
than for phosphorus types of ligands. The spectrum is similar
to the other bridging compounds listed in Table 15.

The mass-spectrum of (W(CQ)B)aPAP complex was obtained.
The parent ion was not observed, but W(CO)6 and W(CO)5PAP

were observed.



Compound

(w(co)s)szP

W(CO)SPAP

(Cr(co)s)z(en)
(W(CO)5)2(en)
(Cr(C0)5),(dad)
(W(CO)5)2(dad)
(W(CO)5)E(MePhPCHchzPPhE)
(MO(CO)5)2(MePhPCHECH2PPh2)

TABLE 15

CO stretching absorptions

A(2) B4 E A1)
2073(m) 1982(sh) 1947(vs) 1922(sh)
2072(m) 1984(sh) 1941(vs)

2072(w) 1970(sh) 1940(vs) 1885(m)

2073(w) 1975(sh) 1930(vs) 1879(m)

2065(w) 1975(w)  1932(vs) 1900(sh)
2073(w) 1972(w) 1928(vs) 1900(sh)
2075(w) 1980(vw) 1938(s) 1949(s)

2075(w) 1988(w)  1942(s) 1957(s)

en = ethylenediamine
dad = H,N(CH,) 4, M,

Solvent

Cyclohexane
Cyclohexane
Nitromethane
Chloroform
Chlorocform
Chloroform
Cyclohexane

Cyclohexane

Reference

56
56
56
56
54
54

M
Co
L ]
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4.11 W(CO)-PAP ACTING AS A LIGAND TOWARD 00012

13et al. recently reported using the complex

Keiter
(OC)BwP(C6H5)2CH2CH2P(C6H5)2_7Hg2014 and
cis-/(0C)gWP(C Hy ) ,UH,CH, P(C H, ), JPECT,

The complex W(Co)sPAP has been found to react with

CoC1, to form the complex (W(CO)5PAP)2COC12, the W(CO)BPAP

2
is acting here as a ligand towards 00012. This formulation
was confirmed by analytical results. The infra-red spectra
shows the symmetrical (N - H) stretching frequency to be
split and occurs at 3218 cm™ | and 3175 cm™'. Tt is possible
that the splitting could arise from the coordination of one
of the W(COJ5PAP ligands through the pyridine nitrogen while
the mode of coordination of the second ligand is through the
nitrogen of the (N - H) group. It is notable that the

V(N - H) stretching frequencies have shifted to lower
energies with respect to the W(CO)5PAP ligand. This
phenomenon could perhaps be attributed ot some hydrogen-
bonding type of interaction between the two (N - H) groups
and the chloride. Kecently, Nassimbeni and Rodgers66
reported the elucidation of the structure of polymeric-u-
dichloroimidazolecadmium(II), and postulated the existence
of a trifurcated N - H ..... C1 interaction between three
chlorine atoms and the (N - H) group of the imidazole moiety,
holding the polymeric structure together. The electronic
spectrum of (W(CO)B)zPAP in nitromethane is characterized
by peaks at 645 (€= 350), 582 (sh,g = 270), 595(€ = 330)
and 730 (£ = 280). The spectrum of tetrahedral cobalt is

67

more intense than that of the octahedral and is
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characterised by a more strongly structured peak in the
visible region. From the intensity observed, the compound
appear to have a pseudo-tetrahedral stereochemistry.

4.12 METHYTLATION OF PAP AND W(CO)-FAP

The PAP ligand was methylated by treating with lel.
The infra-red spectrum was different from that of PAP. The
nass—-spectrum shows the presence of é?hPMg7+, 2-aminopyridine
and P(O)(Ph)aﬁe. The 'H nmr spectrun in CDOl5 is charac-
terised by three methyl peaks at 6.92‘(, 715 ’[ and 7.92T.
It is apparent from the 1H nmr spectrum that there may be a
variety of products i.e. methylation may have occurred at
any one of three possible sites:
pyridine nitrogen, (NH) nitrogen or the phosphorus aton.

. These sites are shown in the figure below.

\ ? ?h
X N-P~PFPh
r TOT

Analytical data obtained is consistent with a single methyl-
ation, supporting the evidence obtained from the mass-
spectrum. It is probable that the phosphorus atom has been
methylated and supporting evidence comes from the identifi-
cation of 2-aminopyridine and P(O)(PhJQMe in the mass-
spectrum.

The methylation of W(CO)BPAP was attempted in the same
way. DEvidence obtained from 1H nmr and mass-spectra support
the view that no methylation has occurred. No methyl peaks

/!

were observed in the 'H nmr spectrum. Its mass-spectrum is

identical to that of W(CO)5PAP_
Coordination of PAP may render the pyridine and N - H

nitrogens less susceptible to methylation, than for the free



Tt
PAP, however as we have observed previously HX acids do

interact with the complexes.

4.1% OXIDATION OF THE TETRACARBONYL CHELATE DERIVATIVES

WITH TODINE

A wide range of substituted halocarbonyl derivatives
of molybdenum and tungsten have been made by the controlled
oxidation, with bromine or iodine, of zero-valent substi-
tuted carbonyl derivatives, (called method A in this
discussion). Only a few chloro-derivatives have been pre-
pared by this method since oxidation usually proceeds to
higher oxidation states. An alternative method (called
method B here) can be used to prepare halogenocarbonyl
complexes involving the direct interaction of the ligand
with the halocarbonyls. In a recent review of the substi-
tuted halocarbonyls of the Group VI transition metals,

o8 commented that the oxidation of the zero

Colton et al.
valent molybdenum and tungsten carbonyl complexes (Mméthod A)
often produces complexes which are usually seven-coordinate
in the solid state.

el MO(CO)4(dipy) % Iy ——>> HO(CO)B(dipy)I2 + CO

The formation of six-coordinate species where one of the
iodides is ionic in the solid state does not appear to be

69

common for method A. Edwards and Dunn reported the
oxidation of fac—M(CO)aT derivatives with iodine (where T are
terdentate nitrogen donor ligands e.g. bis-2-pyridylmethyl)
amine) and obtained seven-coordinate divalent metal com-
pounds of the type /(C0);(T)I 71 .

In this investigation, the tetracarbonyl chelate
complexes M(OO)4L (where M = Mo or W, I = 6 PAP) have been

oxidised with iodine to yield the divalent metal complexes



M(CO)ELIE. Analytically pure complexes were difficult to
obtain. Oxidation of w(CO)qPAP with iodine and W(CO)46 PAP
with bromine were attempted but the complexes formed were
unstable.

w(CO)5(6 PAP)I2 and MO(CO)5(6 PAP)I2 have molar
conductivities of %5 mhos cm? and 75 mhos cm® in acetone
respectively. The molar conductivity of HO(CO)§(6 PAP)I2
has also been measured in nitrobenzenegiving a value of
11 mhos cm®. A 1 : 1 electrolyte is expected to have a
molar conductivity of “100-1%30 mhos cm® in acetone or
20-30 mhos cm?® in nitrobenzene. For the purpose of comparison,
the molar conductivities of the precursors w(CO)46 PAP
(0.04 mho cm?) and ﬁ0(00)46 PAP (O mho cm?) were measured
and as expected these were confirmed to be non-electrolytes.
The conductivity measurements thus show that No(00)5(6 PAP)I2
and W(CO)5(6 PAP)I2 dissociate to varying extents in
solution depending on the solvent but in the solid state
seven-coordinated structures are expected. In solution one
of the iodides seems to be more easily dissociated as was
found in similar complexes (which are listed in Table 16).

The J(N - H) stretching frequencies of 1-1(00)3(6 PAP)I,
(at 3260 cn™ 1) and Ho(C0)5(6 PAP)I, (at 3230 en™ ") have

T and 150 cm™ ] respec-

shifted to lower energies by 110 cm
tively when these are compared with their tetracarbonyl
precursors (W(CO)46 PAP and MO(GO)46 PAP). The trend to
lower energies of the J (N - H) stretching frequencies may
perhaps be explained in terms of (i) some form of inter-
molecular hydrogen-bonding between the proton of the (N - H)

group and the semi-covalent iodide or (ii) the nitrogen

atom of the (N - H) group may have a small positive charge



TABLE 16

Compound (N—H)a CC stretching Absorptions (cm”1) Solvent
(1) w(co)3(6 PAP)I, 3260 2024 (s) 1944 (s) 1892(m) CHC14
(2) W(CO),(PAR)I, 2034(s) 1983(w)  1909(s)  CgHg
(3) Mo(CO)4(6 PAP)I, 3230 2022(s) 1964 (w) 1897(m)  CHCI1,
(4) W(CO)5(6PAR)Br, 2032 1957 1874 CCl,
W(C0),6 PAP 3370
1i0(C0),6 PAP 3380
(5) W(CO)3(Dipy)Br2b 2037(s) 1959(s) 1908(s)  CliCl4
(6) w(CO)B(Dipy)12h 2023(s) 1952(s) 1910(s)  CHCl,
(7) Mo(CO)4(Dipy)L,” 2038(s) 1970(s)  1931(s)  CH,NO,
a = obtained in nujol mull with CsI plates
b = ref. TO

Dipy

l}

2,2'dipyridyl

~J
N



due to the oxidation state of Mo or W being + II.

The CO stretching absorptions are shown in Table 16
and are compared with those of similar compounds reported
in the literature. Conmparing the CO stretching absorptions
of W(CO)5(6 PAP)IE and '.-J(CO)a(PAP)I2 ((1) and (2)) with
W(CO)?)(Dipy)I2 (6) and H(CO)3(6 PAP)Br2 (4) with
W(CO)B(Dipy)Br2 (5), it is seen that they are similar®],
Hence from infra-red data, H(CO)5(6 PAP)Ig, W(CO)B(PAP)I2
and HO(CO)5(6 PAP)I2 appear to be seven-coordinate. The
crystal structures7q_75 of the seven-coordinate complexes
ZEO(CO)EClg(PMegPh)5_7HeOH, MO(GO)ZBrB(dam)Q, w(CO)aBra(dam)2
(where dam = PthsCHeﬂsPha) and [ﬁbBrE(CO)E(thPCHECHgPPh227-
HeeCO, have been determined and found to adopt a seven-
coordinate capped octahedral geometry around the metal aton,
with a CO group occupying the capping position, €.g.:

GO

Br

N
ogc/o/ Ph
Ph P\) 2

2

W(CO)3(PAP)12, W(CO)5(6 PAP)I2 and Mo(CO)B(G PAP)I2 are
likely to adopt a similar structure.

4.14 EXPERIMENTAL

Preparation of Pentacarbonyl/Z-(diphenylphosphinoamino)-

pyridine/tungsten(0) hydrochloride

0.%1 gm of w(CO)BPAP, dissolved in the minimum volume
of diethyl ether was lreated with HC1l gas, care being taken

not to add an excess. A white precipitate appeared within
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a few minutes, and was filtered off, washed with diethyl
ether and dried on a vacuum line for 6 hours. Yield: 70%.
M.ep. 121°C. Infra-red spectrum (in cm‘q, obtained using a
nujol mull): 1638(s), 1618(s), 1370(s), 1318(w),
1300(w), 1271(w), 1190(w), 1160(w), 1100(m), 10%2(m),
9%2(sh), 910(s), 790(s), 760(sh), 750(s), 722(w),
700 (s), 632(w) . ¢ nmr spectrum (in ppm; obtained in
THF solution): 115:3, 117 12935 130.15 1504
121.9, 1%2.2, 134.7, 157.6, 10.7. 144.1, 15%.5, 154.0.

Preparation of pentacarbonyl/2-(diphenylphosphinoamino)-

6-methylpyridine/tungsten(0) hydrochloride

[E(co)5(6 PAPH)/Cl was prepared by a similar method to
the above. O0.4g of W(CO)56 PAP was used in diethyl ether.
M.p. 152-153°C. Yield: 80%. Infra-red spectrum (in cm |,
obtained using a nujol mull): 1632(s), 1328(s), 13%308(w),
1278(s), 1182(m), 1098(s), 1038(w), 1013(w), 1000(w),

928(w), 813(m), 793(s), 758(s), 698(s), 595(s).

Preparation of pentacarbonyl/Z-(diphenylphosphinoamino)-

pyridine/tungsten(0) hydrobromide

AW(OO)B(PAPH27Br was prepared by a similar method when
HBr gas was passed into a diethyl ether solution of
W(CO)BPAP and W(CO)56 PAP respectively, care being taken not
to add an excess of HBr. A white compound precipitated out
of solution within a minute. It was filtered, washed with
diethyl ether and dried under vacuum. A second yield of the
product was obtained when the filtrate was treated with more
HBr. Yield: 50%. M.p. 150-153°C. Infra-red spectrum
(in cm_q; obtained using a nujol mull): 1648(s), 1623(vs),
1318(s), 1278(w), 1163(w), 1093(w), 1003(w), 913(s) ,

778(w),  748(w), 695(w).



Preparation of pentacarbonylé?—(diphenylphosphinoamino)—6—

methylpyridine/tungsten(0)hydrobromide

[ﬁ(00)5(6 PAPH)/Br was prepared in a similar way to
the above when HBr gas was passed into a diethyl ether
solution of W(GO)56 PAP. The product which precipitated
from diethyl ether was filtered, washed with fresh diethyl
ether and dried under a vacuum line overnight. Yield: 50%
l.p. 166-168°C. Infra-red spectrum (in cm™ '; obtained
using a nujol mull): 1628(s), 1327(m), 1272(s), 1179(s),
1166(w), 1157(w), 1092(s), 1072(w), 1032(s), 1007(s),

997(s), 977(w), 966(w), 930(m), 887(m), 8&76(sh),
g856(w), 846(w), 807(s), 787(s), 789(s), 737(s),
692(s), 607(sh), 589(s).

Preparation of pentacarbonyl/2-(diphenylphosphinocamino)-

pyriding/tungsten(0)hydroiodide

A few drops of HI (neat) from a freshly opened ampoule
was added to 0.22 g of w(CO)5PAP dissolved in the minimum
volume of diethyl ether. The white precipitate which was
formed immediately, was quickly filtered. The product was
washed several times with diethyl ether, then finally with
pentane and dried on a vacuum line overnight. pecomposed
168=-170°C. Yield: 65%. Infra-red spectrum (in cm"q;
obtained using a nujol mull): 1646(s), 1621(vs), 1565(w),
13%3%(s), 1281(s), 1196(w), 1171(m), 1164(m), 1096(s),
1047(w), 1005(s), 898(s), 866(w), 760(s), 751(s),

738(s), 721(w), 693(s).

Preparation of pentacarbonyl/2-(diphenylphosphinoamino)-6-

methylpyridine/tungsten(0)hydroiodide

[W(CO)5(6 PAPH)/I was prepared in a similar way as the
above using 0.2g of w(co)56 PAP in a diethyl ether solution.
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M.p. 184-185°C. Yield: 60%. Infra-red spectrum (in cm™ '

obtained using a nujol mull): 1628(s), 1313(w), 1275(m),
1178(m), 1089(s), 1038(w), 1005(w), 995(w), 928(w),
848(w) , 98(m), 778(s), 748(s), 715(w), 688(s),
705(w), 588(s).

Preparation of pentacarbonyléz;(dinhenylphosphinoamino)—

pyridine/tungsten(0)hydro-hexafluorophosphate

0.075g (0.46 mole) of NH,PF_ in about 5 cm’ of acetone
was added dropwise to 0.28g (0.44 mole) of [ﬂ(CO)B(PAPH27Cl
dissolved in the minimum volume of acetone. The mixture was
allowed to stand for about 10 mins. before filtering off the
ammonium chloride. The volume was reduced using a rotary
evaporator, and the product was obtained as white crystals
from an acetone/diethyl ether mixture. These were filtered
off, washed with pentane, and dried on a vacuum line.
Mlepe 152-153°C. Yield: 70%. Infra-red spectrum (in cm_q;
obtained using a nujol mull): 1648(s), 1628(s), 1323(w),
1274(w), 1178(w), 1098(w), 1010(w), 908(w) , 85%(sh) ,

e43(sh), 833(s), 783(w), 760(s), 743(s), 698(w),

688(w) .

Preparation of pentacarbogxl[?—(diphenylphosphinoamino)-6-

methylpyridine/tungsten(0)hydro-hexafluorophosphate

Z?(CO)B(E PAPH27PF6 was prepared in a similar way to
the above, using 0.3g of /N(CO)5(6 PAPH)/C1 and 0.082g of
HH4PF6. Yield: 80%. M.p. 176°C. Infra-red spectrum
(in cm_ﬂ; obtained using a nujol mull): 1653%(s), 1638(s),
1294(s), 1274(sh), 1185(w), 1173(w), 1094(s), 998(w) ,

935(w), 858(s), 823(s), 782(s), 753(s), ©693(s),
605(w) , 598(s) .
13(00)5(6 PAPHl?PF6 was also prepared by the following



ANALYTICAL DATA

Compound Calcd. Found M. p. (%)
¢ a N el 4 g N el

[W(CO) 5 (PAPH)7CL 41.35 2.51 4.39 5.55 41.51 2.76 4.61 5.63 121
£7(CO) g (PAPH)/Br 35.54 2.20 3.80 35.12 2.87 3.85 150-153
[W(CO) g (PAPH)/T 36.17 2.19 3.83 36.70 2.56 3.62 166-170
[W(CO)5(PAPH)7PFg 35:3 2.0 3.75 36.64 2.31 4.13 152-155
LW(OO)5(PAPH17BF4 38.29 2.33 4.06 38.31 2.42 #.07 173-175
[T(C0)5(6 PAPH)7CI 42.33 2.78 4.29 42.31 2.95 4.34 1524153
£W(C0)5(6 PAPH)/Br 39.63 2.60 4.02 39.75 2.64 4.34 166-168
(W(C0)5(6 PAPH)TT 3T02 2v44 3776 37.21 2.57 3.73 184-185
LW(00)5(6 PAPH)?PF6§ 36.24 2.38 3.68 35.43 2.61 4.50 176
LT(C0)5(6 PAPHl?PF6.%c6H14 38.77 3.12 3.48 38.20 2.59 3.68 172
£V1(CO)5(6 PAPH)7BF, 39.24 2.58 3.98 39.38 2.75 3.97 191

a: prepared by ion exchange method

b: prepared by adding'HPF6 to W(CO)56 PAP



procedure: 65% HPF6 was added dropwise to 0.52g of

W(CO)56 PAP dissolved in the minimum volume of diethyl ether
A white powdery compound which formed almost immediately

was Tiltered off, washed with diethyl ether and finally with
hexane, and dried under a vacuum line overnight.

Yield: 75%. M.p. 172-174°C. The infra-red and L) nmr
spectra are compared with and found to be identical to that
obtained by the ion-exchange method above.

Preparation of pentacarbonyl/2-(diphenylphosphinoamino)-

pyridine/tungsten(0)hydro-tetrafluoroborate

0.152 of W(CO)EPAP was dissolved in the minimum volume
of diethyl ether. Two drops of 40% HBF4 were added. A white
compound which crystallised out almost immediately, was
filtered off, washed well with diethyl ether and finally
with pentane. A second yield of product was obtained by
adding 2 drops of HBF4 to the filtrate; +the product was
filtered, washed with diethyl ether and finally with pentane.
The product was then dried on the vacuum line for 10 hrs.
M.p. 173-175°C. Yield: 45%. Infra-red spectrum (in cm™ ';
obtained using a nujol mull): 1648(s), 1628(s), 132%(s),
1274(s), 1183%-1173(split) 1118(s), 1093(vs), 1008(w),

993(w), 938(s), 888(s), 853(w), 784(sh), 753(vs)
793(sh), 693(vs), 624(s).

Preparation of pentacarbonyl/2-(diphenylphosphinoamino)-6-

methylpyridine/tungsten(0)hydro-tetrafluoroborate

[W(CO)5(6 PAPH)?'BF4 was prepared in the same way to the
above, using O.4g of W(CO)56 PAP in diethyl ether and 2 drops
of 40% HBF,. The white compound was filtered, washed well
with diethyl ether and finally with pentane. The product

was dried on the vacuum line for 10 hrs. M.p. 191°C.



30.
yield: 40%. Infra-red spectrum (in cm_q; obtained using
a nujol mull): 1641(vs), 1596(w), 1576(w), 1%3%1(w),
1316(w), 1267(vs), 1226(w), 1181(vs), 1165(s), 1091(wvs),

996(w), 956(w), 935(w), 851(s), 808(s), 782(vs),
752(vs), 973%8(m), 706(sh), 6€96(vs), 607(s).

Reaction of 6 PAP and PAP with excess HX acids in benzene

0.118g of © PAP ligand was dissolved in the minimum
volume of benzene, and excess HBr gas was passed into the
solution. After 10 mins., the solution was taken to dryness
under vacuum and the residue was extracted three times with
a small volume of cyclohexane. The cyclohexane fraction
was decanted off and evaporated to dryness. Its mass-
spectrun was obtained (see Table 14). The residue left
behind after extracting with cyclohexeane, was dried on a
vacuun line. Its infra-red spectra in the 4000-2000 cm_1
region was obtained in hexachlorobutadiene and found to be
identical to that of 2-amino-6-methylpyridinehydrobromide.
These results could be explained as follows. The P - N bond
was cleaved by excess HBr, forming the diphenylbromophosphine

and the 2-amino-6-methylpyridinehydrobromide:

Excess HBr
benzene

2-anino-6-methylpyridinehydrobromide + P(Ph)gBr

Extracted with
cyclohexane

Insoluble in cyclohexane In cyclohexane fraction

Remain in residue.

Identified by infra-red spectrum.



The diphenylbromophosphine being fairly soluble in cyclo-
hexane was separated from the 2-amino-6-methylpyridine-
hydrobromide which remained in the residue. The P-Br bond
of the diphenylbromophosphine is readily attacked by traces
of moisture whether in solution or in air to give PthOH.

The reaction for PAP was carried out in the same way
with HBr in benzene solution, using 0.13g of PAP. The mass-
spectrum of the cyclohexane fraction showed some PhEPOH as
well as quite a large amount of the oxidised form of the
ligand (see Table 14.)

Reaction of W(CO)-PAP with excess HBr in benzene
-~

The reaction of W(CO)BPAP with excess HBr was carried
out in a similar way to the above in benzene solution. An
initial precipitate redissolved to give an orange coloured
solution. Yellow crystals and an oil were observed when the
solution was taken to dryness. The residue was extracted
with cyclohexane. The oil remained insoluble. The cyclo-
hexane was decanted and taken to dryness. It was protected
from moisture on a vacuum line. Its infra-red spectrum is
different from that of w(CO)BPAP with the notable ébsence
of the symmetrical (N - H) stretching and the (N - H)
bending vibrations. The compound was identified in the mass-
spectrum as the W(CO)BP(Ph)gBr. Its carbonyl stretching
absorptions in CCl,: 2078(m), 1993(sh), 1952(s). Traces
of W(CO)BP(Ph)aoEt were also observed. The compound was
mass-spectrographed in chloroform, which contains about 1%
of ethanol as a stabiliser. Hence it is conceivable that
the W(CO)sP(Ph)goEt compound could arise from the reaction:
Lﬂ(CO)5P(Ph)eBr + Et0H ——> w(CO)5P(Ph)2 - Q0Et + HBr
EtOH = ethanol.
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Reaction of W(CO)”PAP with excess HBr in benzene

N(CO)qPAP dissolved in benzene, was treated with
excess (gaseous) HBr for about 20 mins. The solution changed
to a deeper yellow colour. The solution was taken to dryness
giving an oil which was pumped on a vacuum line overnight.
A mass-gspectrum of this oil showed the presence of traces of
2-amninopyridine and a large amount of W(CO)6. The oil was
redissolved in benzene and filtered to give a clear yellow
solution. It was then brought to dryness; its mass-
spectrum showed the presence of W(CO)BP(Ph)2OH and
W(CO)SP(Ph)EH. Clearly, excess HBr cleaves the P - N bond
as well as the pyridine-tungsten bond in N(OO)4PAP.

Reaction of W(CO),PAP with a limited amount of HCl in

diethyl ether

In contrast to H(CO)5PAP which formed the complex
ﬂ(CO)5(PAPH2701 with a stoichiometric amount of HC1l, no
visible sign of reaction was observed. The solution was
brought to dryness, giving a yellow residue. Its infra-red
spectrum was found to be identical to that of W(CO)4PAP.

Reaction of W(CO),PAP with excess HCl in diethyl ether

The reaction of W(CO)4PAP and excess HCl was also
investigated. Excess HCl was passed into a solution of
W(CO)4PAP in diethyl ether for 30 mins. The solution was
then evaporated to dryness; the residue was extracted with
chloroform and then filtered. The mass-spectrum of the
chloroform extract showed the presence of P(Ph)QOH. Clearly,’
the P - N bond, the pyridine-tungsten bond and the tungsten

carbonyl bond are cleaved by excess HCl.
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Attempted reaction of 6 PAP with a limited amount of HC1l

The synthesis of the protonated form of the ligand,
by reacting © PAP in benzene with HCl was attempted, but
the P — N bond was found to be cleaved as shown by the
infra-red spectrum of the residue on bringing the solution
to dryness.

Preparation of bridging L'I(CO),___PAPW(CO)5

0.21g (6 mmole) of W(CO)6 was irradiated in about
80 cm’ of THF for 1 hr. 0.325g (6 mmole) of the W(CO)SPAP
complex was then added and stirred for 20 mins. The solution
was evaporated to dryness. Benzene was used to dissolve the
residue. The solution was filtered to remove some brown
insoluble material. When the filtrate was concentrated
using a rotary evaporator, more brown materials appeared
which were filtered through kieselguhr. The clear yellow
filtrate was concentrated using a rotary evaporator and
treated with hexane in an ice-bath. Yellow crystals were
obtained. These were recrystallised from a benzene/hexane

mixture. M.p. 110°C. Analyses calcd. for
C27H15N2PN2010%C6H6 and observed were regpectively:

C 72 H 1.86 N 2.90

C 3718 H 1.97 N 3.42
Infra-red spectrum (in cm_q; obtained using a nujol mull):
1618(m), 1598(m), 1326(m), 1233(w), 1168(w), 1157(w),
1090(m), 1063(w), 1010(w), 903(s), 778(w), 765(w),
763(w), 740(s), 718(w), 6€98(s).

Preparation of (W(CO)5PAP)QCoClg

0.12g (2 mmole) of W(CO)5PAP and 0.0129g (1 mmole) of
3

00012 were stirred in about 30 cm” of acetone for 6 hrs.
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At the end of this period, the volume was reduced using a
rotary evaporator and the solution was treated with diethyl
ether dropwise. A few drops of triethylorthoformate were
added. On warming the solution slightly above room tempera-
ture and stirring the solution, deep blue coloured crystals
precipitated from the solution. These were filtered and
washed with pentane. Yield: 30%. M.p. 175°C. Analyses

caled. for (W(CO)gPAP),CoCly: C 39.61, H 2.26, W 4.20,

Found C 39.58, H 2.68, N. 4.23. Infra-red spectrum (in cm™ '
obtained using a nujol mull): 1618(s), 1573(w), 1382(s),
1%32%3(s), 1168(w), 1102(m), 1024(w), 1000(w), 918(s) ,
802(w), 773(m), 758(m), 745(sh), 714(s), 703(s) .
Methylation of PAP
O.4g of PAP was dissolved in 8 cm5 of MeI, and left

aside for % days. At the end of this period, the el was
removed using a rotary evaporator. The residue was pumped
on a vacuum line for 8 hrs. M.p. 107-110°C. Analyses calcd.

for /PAPMefI: C 51.45, H 4.32, N 6.66, Found: C 50.30,
H 4.46, N 6.45.

Attempted methylation of w(CO)EPAP

0.192g of W(GO)5PAP was dissolved in 8 en® of MeI and
then left aside for 3 days. At the end of this period, the
solution was taken to dryness using a rotary evaporator.
The residue was pumped on a vacuum line overnight. Infra-red
and mass-spectra of the residue were identical to that of

W(CO)sPAP.



Preparation of diiodotricarbonyl/2-(diphenylphosphinoamino)-

6-methylpyridine/tungsten(IT)

Benzene was purged with nitrogen before use. O0.4g
(0.68 mmole) of 1(C0),(6 PAP) in 30 cm’ of benzene was
treated with 0.161¢ (0.68 mmole) of iodine (in 10 cm’ of
benzene) in dropwise fashion, with stirring and under a
nitrogen atmosphere. The volume was reduced and the solution
treated with hexane in an ice-bath. Brown crystals were
obtained which were filtered, washed with benzene and finally
with pentane and dried under a vacuum line for 5 hrs.

1

Yield: 80%. M.p. 129-132°C. 'H nmr spectrum in dimethyl

sulphoxide (deuterated) shows the methyl peak at 7.55T .
or 021H17N2PW0512:
C 30.99, H 2.11, N 3.44, I 31.18, Found C 30.59, H 2.10,

Analyses calcd. for W(CO)5(6 PAP)12

N 3.65, I 31.24. Infra-red spectrum (in cm”q, obtained using
a nujol mull): 162%5(s), 1589(m), 1%20(w), 1242(w),
1080(w), 1104(s), 1034(w), 1004(s), 964(m), 879(s),
786(s), 754-749(split), 734(m), 704(s), &94(sh), 624(m),
590(w) .

Attempted preparation of diiodotricarbonyl[?—(diphenylphos-

phinoamino)pyridine/tungsten(II)

A similar procedure was followed with w(CO)qfﬁP and
iodine in a 1 : 1 molar ratio in benzene. After all the
iodine was added, the solution was concentrated using a
rotary evaporator and treated with hexane. The product which
crystallised out was unstable and decomposed into a black

mass.



86.

Preparation of diiodotricarbonyl/Z-diphenylphosphinoamino)-

6-methylpyridine/molybdenum(IT)

ho(CO)5(6 PAP)I, was prepared in a similar way by
treating 0.3 (6 muole) of Mo(C),6 PAP in 30 cm” of benzene

5

with 0.155g (6 mmole) of iodine in 15 cm” of benzene. When
the solution was concentrated using a rotary evaporator,
the brown crystals which formed, were filtered and washed
with cold benzene, and finally with hexane. The crystals
were dried under a vacuum line for 6 hrs. M.p. 137°C.
Yield: 75%. Analyses calcd. for Mo(00)5(6 PAP)I2 or
Cqu17N2PHoI205:
Found C 30.39, H 2.71, N 3.84, I 39.53. The analytical

C 34.74, H 2.36, N 3%3.86, I 3%35.0.

results confirmed the presence of excess iodine which
consequently lowered the figure obtained for carbon. 3 nnr
resonance for the methyl protons occur at 7.71T in
deuterated dimethyl sulphoxide.

Preparation of dibrOmotricarbqulLE-(diphenylphosphinoamino)-

6-methylpyridine/tungsten(II)

0.1 g (0.17 mmole) of W(GO)46 PAP dissolved in the
minimum volume of carbon tetrachloride, was treated with
0.026g of bromine in 2 cm5 of carbon tetrachloride, drop-
wise, with stirring, and under a nitrogen atmosphere. On
concentrating the solution, the pale yellow compound which
came out of solution was filtered, and dried on a vacuum
line for a few hrs. The infra-red spectrum in a nujol mull
showed that a small amount of W(CO)46 PAP was present. A
recrystallisation of the compound was attempted from
benzene/hexane but it turned green and decomposed. The

infra-red spectrum in carbon tetrachloride of the initial
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crude product showed the following CO stretching absorptions:
2032 cm™ (W), 1957 en” (w) and 1874 em™(m). This was
similar to the spectra recorded for analogous compounds
above and hencewas consistent with the compound formulated

as W(C0).,( 6 PAP)Br,.
5 2
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CHAPTER 5

5.1 MONO AND BIS CHELATE MANGANESE COMPLEXES
I‘?LI_

Recently, Reimann and Singleton reported a study of
the reactions of Hn(CO)BBr with the chelating disphosphines

Pth(CHg)gPPhg(DEE) and Ph PCHEPPhe(DPE), to prepare

2
compounds of the type Hn(CO)E(DPﬁ)Br, and Mn(CO)(DPE)gBr etc.
Little has been done with mixed phosphorus-nitrogen ligand
systems and in this work, complexes of the type Mn(CO)BIBr
and (Mn(CO)ng)Br (where L = PAP or 6 PAP) have been
synthesised and then characterised by analysis, infra-red
spectroscopy and conductivities. The derivative

Hn(CO)36 PAP SQP(CHa)2 obtained from Mn(CO)36 PAPBr and
NaSQP(CHB)2 (see Reaction Scheme 3) has also been synthesised
and then characterised by analysis and infra-red spectro-
SCODPY »

The mono-chelate Mn(CO)BLBr complexes were prepared
by refluxing an equimolar ratio of Mn(CO)BBr and the PAP or
6 PAP ligands in chloroform (see Reaction Scheme %3). The
complexes were isolated from a chloroform/hexane mixture
as orange coloured crystals. The bis-chelate (Mn(CO)2L2)Br
complexes were prepared by refluxing an equimolar ratio of
Hn(CO)5LBr (obtained as above) and L in chloroform
(L. = PAP or 6 PAP), See Reaction Scheme 3 p113,

The complexes were only slightly soluble in chloroform,
benzene and acetone. An attempt to record the 1H nmr
spectra of Mn(CO)5PAPBr énd Mn(GO)36 PAPBr in deuterochloro-
form, failed due to the poor solubilities of these complexes.
The bis chelate complexes [ﬁn(co)g(EmE%_ZBr and
[Eh(00)2(6 PAP)2_7Br were comparatively more insoluble in

most common organic solvents than the mono-chelate complexes,
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and during the course of the preparation they crystallised
out of the refluxing chloroform. (See Experimental Section
5.6). The poor solubilities of the complexes in common
organic solvents limited their investigation by physical
techniques.

5.2 INFRA-RED SPECTRA OF IMONO CHELATE MANGANESE CONPLEXLES

A substituted carbonyl compound of the type En(CO)aLEBr

can occur as the c¢is or trans isomer as shown below:

Br Br

/ M n\
L 010
CO
CO
cis trans

The trans isomer has Cev symmetry which (from Group
Theory) gives rise to three carbonyl stretching absorptions,

the Aqa, Aqo and B, modes (as shown below).
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Br Br Br
1, L L
e 7<< ~
L
A @ 4 D I
..L,I -‘L,I j"i

The Aqb mode does not involve any change in dipole
moment but is observed partly due to the lowering of the

C2v symmetry of the molecule and partly due to some inter-

action with the Aqa mode.

The cis isomer can be represented by CS symmetry.

1
b

and A'' (see Figs. below) are expected to be infra-red

From Group Theory, three absorption bands, the Aqa, A

active. ©Since all modes involve dipole changes, they should

give strong absorptions.
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Angelici et 22.75 assigned the lowest frequency band to be
the Aqb node, and the remaining two bands to be the Aqa and
A '' modes. (Some authors use "fac" to designate the cis
isomer). The cis isomer can be distinguished from the trans
form by the intensity of the CO stretching bands; in the
former, three strong bands of approximately equal intensity,
and in the latter, a weak, very strong, strong, sequence
from high to low energy.

The CO stretching modes of Mn(CO)5(PAP)Br and
Mn(CO)5(6 PAP)Br (compounds (1) and (2)) are tabulated with
data on similar compounds obtained from the literature
(see Table 18). It appears that the CO stretching frequencies
for Mn(CO)a(PAP)Br and Mn(CO)B(SZPAP)Br for a mixed phosphorus-
nitrogen ligand system) do not differ very much from
Mn(00)5(Ph2PCH2PPh2)Br and Mn(CO)E(Pth(CHg)BPPhE)Br
compounds (3) and (4) (for a phosphorus-phosphorus ligand

system). They are also very similar to other related

compounds ((5) - (10)) which have been assigned by other



TABLE 18

Compound (N—H)(cm_1) CO Stretching liodes (cm-1) Solvent Reference
(1) Mn(CO)5(PAR)Br 3190% 2030(vs) 1957(s)  1920(s) CHC1y
(2) Mn(00)3(6 PAP)Br 31902 2030(vs) 1957(s)  1920(s) CHC14
(3) Mn(CO)B(DPM)Br 2025(s)  1955(m)  1920(s) CH,CL, T4
(4) Nn(CO)4(DPE)Br 2023(s)  1956(m)  1917(m) CH,C1,, 74
(5) 1n(CO)5(Plle,),Br 2030(s)  1954(s) 1910(s) CH,CL,, 76
(€) 1n(CO)4(disulph)Br 2037(s)  1966(s)  1931(s) CHC1,4
(7) 1n(CO)3I(Py), 2037 1954 1906 CHC14 76
(8) 1n(CO),I(Dipy) 2036 1943 1929 CliC1,4 76
(9) Mn(CO)B(Py)z(OzchB) 2040(vs) 1952(vs) 1914(vs) CHCl3 7
(10) 1n(C0O)4(bipy)(0,CCF;) 2038(vs) 1949(vs) 1925(vs)  CHCl,4 77
(17) 1in(C0)4(phen)(0,CCF3) 2039(vs) 1952(vs) 1926(vs)  ClCl, 77
(12) Mn(CO)B(dte)(OECCFB) 2046(vs) 1959(vs) 1922(vs) CHC14 77
a = in nujol mull with CsI plates DPM = thPCngPh2 bipy = 2,2' bipyridyl
DPE = thx(uxg)zPrhz phen = 1,10 penanthroline
disulph = 1,2(bisphenylthio)- =

ethane

ethane

1,2 bis(diethylthio)-

O
n

(]
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workers to have a cis (or fac) type of stereochemistry.
Hence the CC stretching modes of these compounds ((1) and
(2)) are consistent with a cis stereochemistry as shown
below:

(2 optical isomers are possible from this arrangement)
C CO

co co P

/ / [ / <

e o | *,//)
1

Br Br

The y(N-LJ stretching frequencies of Mn(CO)B(PﬁP)Br
and Mn(CO)3(6 PAP)Br occur at 3190 em™'. The former shows

1

a shift to higher energy of 75 cm = with respect to PAP and

1 with

the latter shows a shift to lower energy (of 100 em”™
respect to 6 PAP. These values are inconsistent with
coordination through the nitrogen atom of the (N-H) group
since coordination is expected to cause a larger downward
shift (ébout 200 cm_1). Hence, the PAP and 6 PAP are
presumably acting as chelating ligands through the pyridine
nitrogen and the phosphorus atom.

The molar conductivities were obtained in dimethyl
sulphoxide giving a value of 12 mhos cm2 for Mn(CO)3PAPBr

and 10 mhos cm2

for Nn(00)3(6 PAP)Br. (In dimethyl sulphoxide,
for a 1 : 1 electrolyte a molar conductivity in the range

of 50-70 mhos cm2 is observed.) Hence, the mode of bonding



of bromine is more consistent with a covalent type.

5.3 CIS-DICARBONYL BIS(2-(DIPHENYLPHOSPHINOAMINO)PYRIDINE)-

HANGANESE(I) BROMIDE CHIOROFORIM SOLVATE /Fin(C0),(PAP), 7Br
AND CIS-DICARBONYIL BIS(2-(DIPHENYLPHOSPHINOANINO)-6-

METHYLPYRIDIN@) MANGANESE(I) BROMIDE {Hn(CO)D(G PAP)2;7—
1 T
Br.=CHC1.
T z Clj

Highly substituted halogenocarbonylmanganese complexes

78

are not common. Recently, Tolman proposed that steric and
chelation factors play an important role in phosphine
substitutions of nickel carbonyl and nickel phosphine
complexes. The few highly substituted complexes of the type
Zﬁn(CO)E(L)2_7Br (where L = Pth(Gﬂg)zPPh2 (DPE) or

L = PthCHaPPhE(DPh)) obtained with the DPE and DPM ligands
can be attributed to the chelation effect74.

Only a few highly substituted cationic carbonyl
complexes of manganese (I) have been reported79 Cee
Zﬂn(CO)E(DPE)2_7* and /Fn(C0),L, 7A101, (where L = monodentate
tertiary phosphine). Osborne and Stiddard79 attempted to
prepare similar derivatives containing other bidentate
ligands such as 2,2'-bipyridyl but observed only simple
substitution.

In this study, the complexes Mn(co)a(PAP)Br and
Mn(00)5(6 PAP)Br were refluxed (see Reaction Scheme %) with
the PAP and 6 PAP ligands respectively in chloroform and
the cationic type of complexes éﬁh(co)z(L)2_7Br (where
L = PAP or 6 PAP) were obtained in good yield. The molar
conductivities of these complexes (obtained in dimethyl

sulphoxide) were consistent with that of 1 : 1 electrolytes

and for this reason they were formulated as above.
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/Fn(C0),(6 PAP),_/Br has a molar conductivity of 48 mhos cm®
while éﬁh(cojg(PﬁP)2_7Br has a molar conductivity of

44 mhos cm®, compared with a 50-70 mhos cm® value for a 1 : 1
electrolyte in dimethyl sulphoxide. [En(CO)E(PAP)2_7Br
possesses one mole of chloroform of crystallisation per mole
of complex, while LEn(CO)2(6 PAP)E;TBr has one third of a
mole. These were deduced from analytical data (see Section
5.6). It is interesting to note that a similar observation
was also made in the complex Zﬁh(co)g(DPE)3;7Br in which 2
moles of methanol of crystallisation (per mole of complex)
were present77. These could be replaced by 2 moles of
chloroform when the complex was recrystallised from chloro-

68 stated that the solvation of

form. Osborne and Stiddard
the covalently bound bromine by for example chloroform
facilitates the expulsion of the bromine as Br .

5.4 TNFRA-RED SPECTRA

For N(CO)EL4 complexes two different stereoisomers are
possible. These are the trans-N(CO)2L4 and the cis—H(CO)gLa.
The trans-ﬁ(CO)2L4 can be represented by D,y symmetry which
gives rise to an A2u mode (which is infra-red active) and

to an Aﬂg mode (which is Raman active). See Figure below.

Aﬂg (Raman active) Asy (infra-red active)



TABLE 19

Zompetnc Absggpzzigzc?zgéq) polvend
% B,
cis@n(00)2(1311}9)21731'.0}1015 1954(s)  1874(s) CHC1
cis-/Ttin(C0)5(6 PAP), 7Br.sCHC1, 1962(m)  1863(s) CHC1,
- 1.
trans-/fn(C0) ,(DFE) ,_7Br.20HC1, 1897(s) CHCL,

The cis isomer has C2v stereochemistry and two infra-red
active (Aq and Bq) modes are expected from Group Theory.

These are shown in the Figure below.

L L
010)
L e——= 00
L
L L
Aq(infra—red active) Bq(infra—red active)

Since 2 bands were observed (see Table 19) in the infra-red
spectrum in chloroform, it appears that the stereochemistry
of these complexes is consistent with the cis configuration.
There are three different geometrical isomers arising from
the cis form depending on the way in which the PAP (or 6 PAP)

ligand is arranged. See Fig. below.
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[ﬁn(GO)g(DPﬁ)9;73r has one band at 1897 em™ 1 in

Y
(7

, Which is consistent with a trans isomer as

shown in the Fig. below:

CO

The J(N - H) stretching frequencies of Zﬁh(CO)g(PAP)a;F-

Br and [Eh(co)g(e PAP), /Br have both shifted to about
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Carbonyl Stretching Spectra in Chloroform

(i) Mn(C0)3(6 PAP)Br

Fig. 7.

SR

1957 1920

2030

(i) [Mn(C0)5(6 PAP),] Br

1962

1863
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3000 cm™ 1 (from 3190 cm™ ! in both Hn(CO) 5 (PAP)Br and
Mn(CO)B(G PAP)Br). They could not be assigned with confidence
because of the presence of the aromatic C - H stretching
frequencies of the PAP and 6 PAP ligands in this region.

It is interesting to note that the shift to lower energies
observed here parallels that observed with the protonated
complexes in Chapter 4, e.g. in the éﬁ(co)g(PﬂPHl7Cl complex
the )(N - H) stretching frequency also shifted to lower

energy from 3400 cm™

in the unprotonated w(CO)5PAP complex,
into the aromatic C - H stretching frequency region (from
about 3050 cm_q). This phenomenon was explained in terms of
hydrogen-bonding between the anion C1l~ and the (N - H) group.
(3ee chapter 4). Hydrogen-bonding causes the Y(I - H)
stretching frequency to shift to lower enerqus’qa.
Conductivity measurements show that these complexes are 1 : 1
electrolytes, suggesting that bromine is present as the

anion Br~ thus giving the formulation Zﬁh(00)2L2_7Br (where

L = PAP or 6 PAP). The lowering in energy of the Y(N - H)
stretching frequencies in these complexes may be attributed
to some form of hydrogen-bonding between the anion Br and
the (N - H) group in the solid state and also to the positive
charge on the complex resulting in a small delocalisation of

positive charge on to the (N - H) nitrogen.

5.5 REACTION OF Mn(CO).(6 PAP)Br WITH Na+Sq_P(CH322
- [ =

The complex Mn(00)5(6 PAP)SEP(CHB)2 is derived from
Mn(CO)56 PAPBr by refluxing the latter with sodium dimethyl-
dithiophosphinate dihydrate. See Reaction Scheme 3.

(CHz) 5P(8)(8)™ + Mn(CO}6PAR)Br ——>> Kn(CO{6PAP) (8)(S)P(CH,),
+ NeBr
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The infra-red spectrum recorded in chloroform is characterised
by 3 bands at 2025(vs), 1950(s), and 1920(s). The positions
and intensities of the bands are very similar to the
cis—Hn(CO)aLzBr complexes (where L, = PAP or 6 PAP) discussed
above. Hence the complex Mn(CO)a(PAP)(S)(g)P(CH5)2 must

have a cis-type of stereochemistry. The mode of coordination
of the dithio-group with PdA(II) and Pt(II) has been exten-
sively studied by Steele and Stephenson’C. They found that
the unidentate, bidentate or ionic modes of coordination are
characterised by bands in the infra-red spectrum at 600(s),
572(s) and 610(s) respectively. The mode of coordination
here is not clear as these bands cannot be assigned due to
the presence of ligand bands in this region. As Mn(I) has

a coordination number of &, it is expected that probably
(CHB)zP(S)S" functions as a unidentate ligand, assuming that
the PAP is acting as a bidentate ligand. A conductivity
measuremnent could not be made due to poor solubility.

5.6 EXPERIMENTAL

Preparation of cis-bromotricarbonyl/2-(diphenylphosphino-

amino)—6—methyl—pyridin§7manganese(I).(Mn(CQ%6 PAPBr)

0.34 g (1.2 mmole) of Hn(CO)5Br and 0.3 g (1 mmole)
of 6 PAP were refluxed in about 30 cm5 of chloroform under
nitrogen for 1-1/2 hr., after which reaction was complete.
The solution was concentrated using a rotary evaporator and
treated with hexane in an ice-bath. Orange coloured crystals
were obtained which were recrystallised from hot methanol.
M.p. 165-168°C. Yield: 80%. Analyses calcd. for
OB,IH,I?NgPMnBro3 (or Hn(OO)5(6 PAP)): C 49.34, H 3.35,
N 5.48, Br 15.63. Found: C 49.43, H 3.54, N 5.33%, Br 15.16.
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Infra-red spectra (in cm_q; obtained using a nujol mull):

1655(m), 1606(s), 1565(w), 1305(w), 1225(w), 1155(w),

1125(w), 1094(s), 1020(w), 986(m), 950(m), 870(s),

775(s), 730(s), 715(sh), 700(sh), 6&88(s), 675(sh),
665(s) , 625(s), 610(s), 600(sh).

Preparation of cis-bromotricarbonyl/2-(diphenylphosphino-

amino)pyridine/manganese(T).(MMn(CO). (PAP)3r)
-

Hn(CO)5(PAP)Br was prepared by the same method as the
above, using 0.5 g (1.8 mmole) of PAP and 0.59 (2 mmole) of
Mn(CO)5Br. Orange coloured crystals were obtained which
were recrystallised from a chloroform/hexane mixture.
Meps 187-190°C. Yield: 65%. Analyses calcd. for
020H15E2Phn3r05 505015: C 44.22, H 2.81, N 5.03, Br 14.3%4.
Found C 44.05, H 3.18, N 4.99, Br 17.90. The analysis for
Br was complicated by the presence of CﬁClB. Infra-red
spectra (in cm_q; obtained using a nujol mull): 1622(s),
1578(w), 1342(w), 1%28(w), 1283(w), 1233(w), 1188(w),
1163(w), 1113(w), 1098(s), 1084(w), 1028(w), 1014(m),

998(w), 963(w), 902(vs), 821(w), 763(vs),
243%-7%5(split), 704(sh), 694-687(split), 668(s), 634(s),
610(s) .

Preparation of cis-dicarbonylbis(2-(diphenylphosphinoamino)-

pyridine manganese(I) bromide./Mn(CO),(PAP), /Br

0.169 g (2.2 mmole) of Mn(CO)BPAPBr and 0.107 g

5 of chloro-

(4 mmole) of 6 PAP were refluxed in about 35 cm
form under nitrogen for 7 hrs. The yellow compound which
crystallised out from the refluxing solution was filtered
off, washed with a small volume of hexane and dried under a

vacuum line overnight. Yellow crystals of analytical purity
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were obtained. M.p. 210-211°C. Yield: 80%. Analytical
results confirmed the presence of one mole of chloroform of
crystallisation per mole of complex. Analyses calcd. for
C--J,0n4P21n023+. Cﬁ013:
Cl 11227« Pound: ©C 51.99,; H 3.617, N 6.00, Br 9.4%5, €1 12.44,

¢ 51.26, H 3.60, N 6.46, Br 9.22,

Infra-red spectrum (cm_q, obtained using a nujol mull):
1615(vs), 1581(s), 1320(s), 1286(m), 1135(m), 1190(w),
1159(s), 1115(w), 1090(vs), 1075(w), 1028(w), 1010(s),
998(m), 970(w), 950(w), 895(vs), 862(w), 850(w),
840(w), 830-820(split), 765(vs), 745(vs), 695(vs),
670(n) , 660(sh), 630(vs), 605(w).

Preparation of cis-dicarbonylbis(2-(diphenylphosphinocanino)-

6-methylpyridine manganese(I) bromide

/Tin(C0) (o PnP)2ﬂ73“ was prepared by refluxing 0.2g
(4 mmole) of hn(CO)B(o PAP)Br with 0.143% g (5 mmole) of
6 PAP in 30 cm3 of chloroform under nitrogen for 10-1/2 hrs.
A yellow compound which crystallised from the refluxing
solution, was filtered off, washed with hexane and dried under
a vacuum line overnight. M.p. 178-180°C. TYield: 60k.
Analyses calcd. for 038H34N4P2Mn023r.%0H015: C 55.98,
H4.24, N 6.87. Found: C 56.45, H 4.3%3, N 6.81. Infra-red
spectrum (cm_q; obtained using a nujol mull): 1613(8) ,
1577(m) ,  1317(w), 1236(s), 1212(w), 1193(w), 1172(w),
1162(sh), 1177(sh), 1100(s), 1097(sh), 1077(w), 1027(s),
994(s), 957(s), 927(w), 887(sh), 873(vs), 800¢vs),
752(sh), 749(vs), 707(sh), 696(vs), ©26(s), 613(w).
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Preparation of dimethyldithiophosphinatocis~-tricarbonyl-

/[2-diphenylphosphinoanino)-6-methylpyridine/manganese(I)

0.144 g (7.8 mmole) of NaS,P(CH;), and 0.4 g (7.8
mmole) of En(CO)BG PAPBr were refluxed for 1 hr. in a mixture
of chloroform/acetone. At the end of the reaction period,
the solution was teken to dryness using a rotary evaporator.
The residue was dissolved in benzene. Yellow crystals were
obtained by treating with hexane. Analyses: caled. for
hn(CO)a(G PAP)SgP(CH5)2.%CGH14: C 46.07, H 3.87, N 4.67,
Found: C 45.69, H 5.11, N 4.29. Infra-red spectrum (in
en™ Vs  obtained in a nujol mull): 1600(s), 1575(s),
1%375(s), 1290(w), 1235(w), 1192(w), 1180(w), 1165(w),
1125(w), 1100(w), 1065(w), 997(w), 940(s), 904(s),

845(w) , 782(s).
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CHAPTER &
6.1 INSTRUMENTATION

llicroanalyses were carried out by Professor Campbell
and his staff at Otago University.

qﬂ nnr spectra were recorded on a JEOL JNIMN-C-6OHz
external lock mode high resolution spectrometer using field
sweep.

31

P nmr spectra was obtained on the same instrument

as for 1H nmr using a qu nmr probe. Ph,P in chloroform

5
was used as external reference and all spectra were run in
the external lock mode in tetrahydrofuran.

130 nmr spectra were obtained in deuterochloroform and
tetrahydrofuran with a FX60 Fourier transform pulsed nnr
spectrometer operating at 15.0 MHz using a 2H internal lock.
Deuterocacetone was added to tetrahydrofuran solution to
provide an internal deuterium lock. The 15C nmr chenical
shifts were measured relative to the internal solvent
resonance and are reported in ppm downfield from TIiS.

P

Concentration of about 100 mg/cm” were used in the spectra
recorded in deuterochloroform. Concentration of about
50 mg/cm3 were used in the spectra recorded in tetrahydrofuran.
The 130 carbonyl resonances were observed only by the
addition of about 0.2M Cr(acac)z in deuterochloroform.
Infra-red spectra in the range 4000 en™? o 600 em™]
were recorded in nujol mulls on cesium iodide plates using
a Beckmann I.R.20 spectrophotometer.
Electronic spectra were recorded in the range 200 nm

to 500 nm using a Shimadzu MPS 5000 spectrophotometer.

Mass~-spectra were recorded on an AEI MS9 instrument
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with a nominal beam energy of 70 ev.
Conductivities were measured using a Philips PW9510
conductivity measuring cell with a Philips PR9500 bridge.

6.2 UNATERTALS

2 amino-pyridine was supplied by Koch-Light Laboratories
Itd. and was recrystallised from benzene before use.

Diphenylchlorophosphine was purified by vacuum
distillation.

Triethylamine was redistilled and stored over potassium
hydroxide.

40f HBF, and 655 HPY . were used without further

5 ampoule supplied by

purification. Hydroiodic acid in 6 cm
the British Drug Houses Ltd. was used as such.

Sodiun dimethyldithiophospihinate supplied by Dr. Z.W.
Ainscough and Dr. A.l. Brodie, was used without further
purification.

Bromopentacarbonyl manganese(Il) was purchased from
Strem Chemicals Inc., lMassachusetts.

Triethylorthoformate was supplied by Hopkin and
Williams Ltd. England.

Chromium hexacarbonyl was supplied by Strem Chemicals
as well as by Pressure Chemical Company, Pittsburgh.

Tungsten hexacarbonyl was supplied by the Pressure
Chemical Company.

2-amino-6-Picoline was supplied by K and K Laboratories,
California, and was recrystallised from toluene before use.

Ammonium hexafluorophosphate was supplied by Alfa
Inorganics, Inc., Massachusetts.

Silica Gel of M.F.C. 100-200 mesh was supplied by

Hopkin and Williams Ltd.
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Analar Cobaltous Chloride supplied by BDH Chemicals
Ltd. was used.

Purification of Solvents for Spectral and Preparative Work:

Nitromethane was redistilled over phosphorous
pentoxide.

Benzene was dried over anhydrous calcium chloride for
2-% days, after which it was distilled and stored over
sodium wire. Toluene, hexane and diethyl ether were purified
and stored in exactly the same way.

Purification of Tetrahydrofuran

Traces of peroxide can be removed by treatment with

Copper(I) chloride (cuprous chloride) see Organic Syntheses,

45, 57 (1965). The preparation should be carried out in the
fume hood. The THF is dried over calcium chloride for 2 to
% days. Check for the presence of peroxides; traces of
peroxide can be removed by refluxing with cuprous chloride.

Add 4 to og of lithium aluminium hydride cautiously in small

portions. After the vigorous bubbling has stopped, the
solution is warmed slightly. The THF is then distilled and
stored over sodium wire.

QOther solvents:

Acetone was dry Analar grade of 99% purity.

Cyclohexane was spectroscopic grade supplied by Koch-
Light Laboratories Ltd.

Methylcyclohexane and n-heptane were used without

further purification.



APPENDIX

Synthesis and Characterisation of the New Ligand E-Lﬁimethylf

phosphinothioylamino/pyridine

This ligand was synthesised by reacting 2 amino-
pyridine with dimethylchlorophosphine sulphide.
|

5 \}; WH, + 8 = P(CHz),Cl —>»

+ C

H_N.C1
7

5 2
The compound was isolated with great difficulty and character-
ised by 1H nmr and mass-spectra. Analysis for carbon,
hydrogen and nitrogen were attempted but the analytical
results were not good.

llass-spectrum

Besides the parent ion (of molecular weight 186.038)
several other fragments of molecular weights 171, 155, 153 and
94 were observed. It is not certain exactly how these frag-
ments arose. The mechanisms shown in Fig. 8 have been
postulated. A CgHgl, fragment (of molecular weight = 108)
was observed. The route to this species is certain to involve
a methyl migration from the phosphorus atom onto the pyridine
component. This type of methyl migration is very unusual.

The methyl migration may probably proceed by the following

postulated mechanism: (see p. 109.)
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llethyl migration mechanism
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The qH nmr spectrum is characterised by the metayl
protons (showing a doublet) at 7.8871 and the (¥ - H)
proton at 4.407T .

Experimental

Preparation of 21£Eimethylphosphinothioylaming?byridine

72g (0.016 mole) of dimethylphosphinothioic chloride

in 15 cm5 of benzene was added dropwise to 4.39g (0.04 mole)

of 2-aminopyridine in 150 cn? of benzene (cooled to 0°C)

over a period of 20 mins. The mixture was stirred for 30
nins. at room temperature before filtering through kieselguhr
giving a clear solution. The solution was taken to dryness
using a rotary evaporator giving a yellow oil. Several
attempts at isolating the product from a benzene/hexane
mixture failed. The solvent was taken off using a rotary
evaporator, yielding an oil again. It was redissolved in

benzene, passed through a column of alumina and brought To

dryness yielding the crude product. Two methods of
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purification were employed:

(i) The product was dissolved in ether and recrystallised
with great difficulty from a reduced volume of ether,
cooled in liquid nitrogen.

(ii) A vacuum sublimation was attempted but the sublimed
product was found to be more impure than the recryst-

allised product (from the infra-red spectrum).

Analysis caled. for CoHl N P8 C 45.15, # 5.91, N 15.06,

Found 44.33, H 6.57, N 14.47, l.p. 91-92°C. Infra-

red spectrum (in cm_q; obtained using a nujol mull):

(i - H) 3270, 1563(s), 1545(s), 1283(s), 1273(s),

1258(s), 1235(w), 1200(m), 1123(s), 1023(w), 963(w),

898(vs), 833(s), 788(w), 751(s), 695(s), 593(s).
Attempted Synthesis of éﬁn(co)B(e PAR]/C10,

0.05%g of AgClO, dissolved in the minimum volume of
acetone was added to 0.070g of Hn(CO)BBr in acetone. The
mixture was left to stand for 30 mins. At the end of this
period, the solution was filtered through kieselguhr. The
solution was concentrated using a rotary evaporator, and
then treated with hexane in an ice-bath. An orange coloured
compound which crystallised from the solution gradually

decomposed into a black mass.



REACTION SCHEME 1

Lﬁ(00)5{LH27K

/T X = Cl,Br,I,PF6,534
L = PAP or 6 PAP
W(CO)-P(Ph),Br e excess HX W(CO)-L uv e W(CO),L + CO
5 2 — 5 2 4
+ 2aminopyridinehydrobromide L = PAP or 6 PAP
X = Br 12
Ii = PAP
uv 00012
W(CO) 5 THF 2: 1 ratio of —_—
complex: CoCl, o 3JI2
L = 6 PAP
L = PAP L = PAP

“LLL
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REACTION SCHEME 2

h(CO)BPAP (M = Cr,lio or W)
/AN

uv
11(C0) g THF

Mn(CO)5Br PAP Cr(CO)4Nbd

'in (00) 5 PAPBr >’Cr(CO)4PAP+Nbd

Excess HBr

Vv

P(Ph)EBr + 2=aminopyridinehydrobromide
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REACTION SCHEME 3

Mn(CO)5Br

L2 = PAP or 6 PAP

reflux in chloroform

2 Na'*s, "r(CH

Mn(CO)BLzBr + 2C0

)
22> Mn(C0)4L,S,P(CH5), + NaBr

L2 = 6 PALP

L2 = PAP or 6 PAP

reflux in chloroform

WV

Mn(CO)a(Lz)EBr. x.CHC13 + CO
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en:

nmr:

ws

vwae

Vs

mmole

ABBREVIATIONS

broad
H2N(0H2)12EH2

2,2' dipyridyl
ethylenediamine

nuclear magnetic resonance
phenyl

triphenyl phosphine

parts per million
pyridine

tetrahydrofuran
tetramethylsilane

strong

weak

very weak

very strong

ultra=-violet

milimole





