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The Chemistry of Phosphine
I. Introduction

Since the discovery of phosphine by Gengembre and Kirwan 1.2:3) | the first
published reports about its formation 264265 and the relatively early investi-
gations of its reactions with heated alkali metals +¥ the compound has been
mentioned in all text-books and compilations. The study of its chemical be-
haviour was, however, only carried out systematically in the last twenty years.
Nuclear magnetic resonance experiments on phosphine and its inorganic deriv-
atives and the attempted correlation of the data with the chemical properties
of the compounds induced us to review the literature on phosphine and its re-
actions. The results of this work are presented in the following article.

1. Properties of Phosphine and its Determination

1. Physical Properties and Data

At room temperature phosphine is a colourless gas with a garliclike smell. Below
-87.74°C® [-87.44°C 7;-87.78 °C ¥; -87.9 °C 3], it is a colourless lig-
uid which freezes at ~133.5 °C "% Solid phosphorus hydride exists in four
or five different forms 7%19_ The transformations occuring at - 185, -224,
-243 and -263 °C are possibly connected with the hindered rotation of the
molecule. The weight of phosphine at normal temperature and pressure is
1.5307 g/1 1112 the density of liquid phosphine at -90 °C is 0.746 g/cm?
11,12,321) The density of liquid phosphine in the temperature range between
the triple-point and the boiling point can be obtained from the equation

d} =0.594-(1.71-1073r £3-1075¢) (1)

where d, is the density of the hydride relative to the density of water at 4°C
and ¢ is the temperature 32, The density of solid phosphine was found to be
0.896 g/cm3 at -135 °C '3, The vapour pressure over liquid phosphine below
the boiling point can be determined by the equation 314289

log p (cm - Hg) =-1027.300/T-0.0178530 T +0.000029135 T? +9.73075
)

Vapour pressures of phosphine at temperatures < 25 °C were determined by

A. Stock et al. ') and Stephenson and Giauque | and between 25 and 50 °C

by Briner 2%%), See also 27%2"V), The vapour pressures of the system PH,/AsH,

in the temperature range -78.7 to - 100 °C were determined by Devyatykh

et al. 31,

According to the most recent measurements the critical pressure is 65 at
and the critical temperature 52 °C 272). Earlier work gave similar values 1%:26%
273,281) The latent heat of vapourisation of phosphine at the boiling point was
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found experimentally to be 3493 * 3 cal/mol 617 a more recent value is
3949 cal/mol 341 The molar entropy at the boiling point is 46.93 cal- grad ™
7.8) Earlier work gave the remarkably small value of 18.8 for the Trouton
constant 7). However, the latest report of 21.3 is probably correct 341,

The equilibria between the liquid and vapour of binary mixtures of phos-
phine and arsine were investigated by Devyatykh ef af. 341,

The surface tension of liquid phosphine at ~100 °C is 22.0 dyn/cm 319,
320,349)

The viscosity of phosphine at 273 K is 1073 - 1077 poise 343:349)_ The
temperature dependence can be represented by the equation

n=K-T8 3)

where 7 is the viscosity coefficient (g - cm ™ - s7!), T the temperature in

Kelvin, K and S are constants. For phosphine in the temperature range
193-273 K, K=3.648 - 1077 and S = 1.013 343),

Phosphine is thermally very stable and decomposes noticeably only above
550 °C 274,275) A

At - 140 °C solid phosphine crystallises in a face-centred cubic form with
four molecules in the unit cell ¥ The lattice constant is a = 6.31 £ 0.01 A1),
Agreeing results from various different methods show that the phosphine mol-
ecule has a pyramidal structure with C5, symmetry -2 _ Also infra-red and
Raman %29 micro-wave 27-2%) and nuclear magnetic resonance experiments30
confirm this result, as do the findings from electron diffraction experiments
31-33) Helminger and Gordy %) recently carried out thorough investigations
of the micro-wave spectra (sub-millimetre wave spectra) of phosphine and deu-
terophosphine. Infra-red experiments suggest that the phosphine molecule in
the solid state also has Cy, or C; symmetry '°-13:328) X Ray diffraction studies
on solid phosphine have not yet been carried out.

PH3

Fig. 1. PH; molecule (bond angle and interatomic distance)
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The values obtained for the P—H bond lengths and H~P—H bond angles by
different methods are collected together in Table 1. Calculations on the bond
lengths in PH;, PH; and PH; have been made by Banyard and Hake *V. 45
initio SCF—LCAO—MO calculations for the phosphine molecule have been
made recently by various workers and the results compared with the experi-
mentally determined physical quantities for the molecute 346-347)

Revisions of earlier data on the seat of formation and the bond energies
of phosphine have been undertaken *?. The heat of formation AH,, of phos-
phine from white phosphorus and hydrogen is 1.30 kcal/mol 49 (the cor-
responding value for P,H, is 5.0 £ 1.0 kcal/mol), the average bond energy
E (P—H) was found to be 76.8 kcal.

When subjected to shock-waves, phosphine dissociates into hydrogen and
red phosphorus. The radiation thus emitted is only visible in reflection. In con-
trast, the shock-wave induced dissociation of phosphine diluted with argon is
accompanied by emission of visible light. In this case the reaction products
are hydrogen and white phosphorus 465}

The refractive index between gaseous phosphine at 0 °C and 760 mmHg
and vacuum is 1.000789 when measured with white light %€ The refractive
indices between liquid phosphine and air were found to be, for white light at
11 °C, 1.323 and for the Na—D-line at 17.5 °C, 1.317 #67:468)

Measurements of the magnetic susceptibility at room temperature gave a
value of x = -26.2 - 1076 cm?3/g %) . The magnetic rotation (Faraday Effect)
of gasous phosphine at 0 °C, 1 atm and A = 5700 A was measured as
M), =57 -107¢ rad m* V™! s7! = 0.30 min cm? Gauss™! mol~! 479,

Phosphine has a dipole moment of 0.58 D 42-%3); on substituting all of the
hydrogen atoms by methyl or ethyl groups it increases to 1.19 or 1.35 D, re-
spectively *¥ . In the series of compounds PH, to P(CH,); the following values
for the dipole moments were measured: PH; 0.579 D, CH,;PH, 1.100 D,
(CH,;),PH 1.230 D, (CH,)3P 1.192 D. These results are in close agreement with
the figures calculated on the assumption that the molecules have pyramidal
structures. The most probable values for the individual bond moments are
my (P—H) = 0.371 D and my (P—C) = 0.690 D 3*®), The dipole moment of tri-
ethyl-phosphine is 1.35 D 43), In contrast to phosphine, the dipole moment
of ammonia (1.47 D*) decreases when the hydrogen atoms are replaced by
alky! groups. Both trimethyl- and triethylamine have dipole moments of
0.61 D *)_Weaver and Parry **) interpreted this result as follows: the con-
tribution of the electron lone pair to the dipole moment of phosphine is very
small whereas that of the electron lone pair in ammonia is very large (see also
44.45)y_ This assumption is confirmed by the chemical behaviour and nuclear
magnetic resonance spectra of phosphine, which also suggest that practically
pure p orbitals of phosphorus are used for the P—H bonds #6-%%),

The 'H nuclear magnetic resonance spectrum of phosphine dissolved in lig-
uid ammonia shows a chemical shift of 6y =+1.66 ppm (relative to (CHj3),Si)
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Table 1. Bond lengths and bond angles in the phosphorus hydride mol-
ecule and some of its derivatives (from Corbridge 318))

Compound  Bond length [&] Angle [°] Method Lit,
P-H or P-D H-P-H
PH, 1.415 £ 0.005 ED/MI® 34)
1.44 calc. 35)
1.437 £ 0.004 ED 33)
1.4206 * 0.005 93.5 M1 27)
1.419 93.8 IRY 20)
1.419 935 MI 28)
1.418 93.3 calc. 36)
CH4PH, 1.414 £ 0.003 93.4 MI 3N
1.445 + 0.007 - ED 31
(CH3),PH 1.445 £ 0,02 - ED 31)
PHD, 1.4116 * 0.0001 932 MI 29)
PH,D 1.4177 £ 0.0001 93.4 MI 29)
PD; 1.4166 % 0.005 - Ml 27)
PH,I 1.42 £ 0,02 - NMR2 38)
PH 1.43 IR - 39)

3)ED: Electron diffraction; MI: Micro-wave; IR: Infra-red; NMR: Nuclear
magnetic resonance.

and a coupling constant of J;_p = 188.7 Hz. The coupling constants in the
pure liquid were reported tobe Jy_p = 1822+ 03 Hzand Jy_y = 13.2 ¢

0.7 Hz *. Ebsworth and Sheldrick ™% studied the dependence of the chem-
ical shift and H—P coupling constant of phosphine on concentration, tempera-
ture and solvent. Two phases are formed in fairly concentrated solutions of
phosphine in liquid ammonia below -30 °C, one of these is phosphine-rich and
the other ammonia-rich. In the phosphine-rich phase, the coupling constant,
Ju-p, increases from 185.2 to 186.6 Hz on cooling from =32 to -79 °C, while
in the ammonia-rich phase between the same temperatures it increases from
191.1 to 195.1 Hz.

The difference between the chemical shift, §;, for gaseous and for liquid
phosphine is small 26%); this indicates that the degree of association in the lig-
uid phase is small. Consideration of thermal data 267-268) |gads to the same con-
clusion. In comparison to water or ammonia, phosphine forms practically no
hydrogen bonds.

Birchall and Jolly used 'H NMR data for phosphine, arsine, and germane
and some of their alkyl derivatives to determine the relative acidities in liquid
ammonia 259). Spin-lattice relaxation time (7', ) measurements for the 'H
nuclei in PH, are.reported by Armstrong and Courtney 350),

6
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The expected 1:3:3: 1 quartet is observed in the 3'P nuclear magnetic
resonance spectrum. The chemical shift, 8p, relative to 85% aqueous ortho-
phosphoric acid, is +241.0 ppm. The high positive chemical shift of the phos-
phorus atom is clearly related to the fact that the bonds between the cen-
tral phosphorus atom and the hydrogen atoms are almost pure p,(P)-s,(H)
bonds. This is in accord with the observed bond angle of ca. 93°, numerous
physical data %48 and theoretical considerations 5°-52), Calculations of the
overlap integrals of the s-p functions of the phosphorus atom with the hydro-
gen ls function show that the 3s(P)—1s(H) overlap integral is smaller than the
3p, (P)—1s(H) overlap integral, so that the small deviation of the bond angle
from 90° probably results from mutual repulsion of the hydrogen atoms 5%

(see also 338)), The two free electrons in the valence shell remain in an s or-
bital and so are relatively near to the nucleus. This results in a strong shield-
ing of the phosphorus nucleus which, in turn, causes the high chemical shift.
This particular electronic configuration is also apparent from the chemical
behaviour of the molecule; the nucleophilic character is not very pronounced
so that phosphine is very unreactive in many respects. This inertness is par-
ticularly noticeable when the chemical behaviour of phosphine is compared
with that of the alkyl-phosphines. In the latter, the 6-bond system contains
a large contribution from the 3s orbital so that the electron lone pairs have
considerable p character. In comparison to those in the phosphine molecule,
these are in much more wide-reaching orbitals and can therefore take part
more easily in the first step of a nucleophilic attack.

The infra-red spectra of gaseous phosphine have been described and inter-
preted by different authors 19:25:53-56) that of solid phosphine has been re-
ported by Heinemann 32%). The infra-red spectra of solid phosphine in the tem-
perature range 4 to 68 K have been measured by Hardin and Harvey '9. At
10 K a previously undescribed transformation was observed.

The molecular data obtained from the infra-red spectra (see Table 1) are
in good agreement with the results from micro-wave spectra *8-29)

The gas phase UV-absorption spectra of phosphine and a series of other
phosphorus compounds have been studied in the long wave-length region 57-59
and recently by Halmann % in the 1850 -2500 A range. In general, it is as-
sumed that the electronic excitation process of lowest energy in compounds,
such as NH;, H,0, PH;, H,S or HCl and their alkyl derivatives, is that which in-
volves the promotion of non-bonding electrons of the most electronegative
atom into an anti-bonding orbital, i.e. an n~>o* transition. However, Halmann 9
attributes a strong absorption band in the spectrum of phosphine at 1910 A
to an n>6* transition. The wave lengths at which the maximum absorptions
occur and their extinction coefficients are summarised in Table 2 and com-
pared with the corresponding values for ammonia and amines 57:61.

The absorption of phosphine at even shorter wave-lengths (down to 1250 )
was measured by Walsh and Warsop ?). The ionisation potentials of phosphine

7
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were found, from the 584 A photoclectron spectrum, to be 10.28 and
12.90 eV 31 _ See also 352),

Comprehensive investigations of the mass spectra of phosphine and di-
phosphine were carried out by Wada and Kiser *?, among others 26:353)_ The
ionisation potential of phosphine was found to be 10.2 £ 0.2 eV, in good agree-
ment with the experiments of Neuert and Clasen . Deviating values were re-
ported by Saalfeld and Svec 5:%€)  The ionisation potential of diphosphine is
8.7 £ 0.3 eV. The corresponding ionisation potentials for ammonia and hydra-
zine are 10.15 - 10.5 ¢7-9) and 9.00 + 0.1 eV 7 respectively. The P,H} ions

Table 2. UV data for phosphines and amines 50

Compound Amax [A] €[l-mot~'.cm™]
PH; 1910 3400 £ 200
CH,PH, 2010 3 130 30

1960 weak

1870 1500 £ 200
(CH,),PH 1890 6300 1 500
(CH3);3P 20105 18800 + 100
NH,3 1942 5600

1515 strong
CH;NH, 2150 600

1737 2200
(CH,),NH 2200 100

1905 3300
(CH;3)3N 2273 200

1990 3950

observed in the mass spectrum of diphosphine do not, according to Wada and
Kiser, arise from the reaction

e+PyH, — P,H}+H+ 2e )]
but from the simple ionisation of P,H; radicals which are formed as inter-
mediates in the thermal decomposition of diphosphine to PH; and a solid re-
ported to have the approximate constitution P,H. The appearance of the PHj

ion in the mass spectra of phosphine results from the reaction 262

PH} + PH, — PH} + PH, 5)
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_PH3
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Fig. 2. ICR spectrum of the positive ions of PH3 at 2. 10™° Torr and 23 eV ionisation energy

Further ion-molecule reactions were identified in the gas phase by Eyler 359
using ion cyclotron single and double resonance. The ion cyclotron single
resonance spectrum of phosphine is shown in Fig. 2.

As well as the PH} ion, the ions PH;, PH" and P*, caused by fragmentation
are observed. Furthermore the signal for the phosphonium ion, formed ac-
cording to Eq. (5), is seen. Many other, heavier ions are the products of

ion molecule reactions in PH; . These have the general formulae

P,H; (n=0-5),P3H; (n=0-2), and P;. Analogous ions were also formed
by ion molecule reactions in ammonia. The reactions listed in Table 3 were
identified with the help of the ion cyclotron double resonance technique.

The results of elctron-impact studies of phosphine by Halmann e al. V) are
given in Table 3a. The authors used the appearance potentials, in conjunction
with thermochemical data, to choose the probable reaction processes. In many
simple cases the observed appearance potential 4 (Z) for an ion fragment Z
from a molecule RZ is related to its ionisation potential /(Z) and to the energy
of dissociation D(R—Z) of the bond by the expression 4 (Z)=1(Z) + D(R-Z).
This assumes that the dissociation products are formed with little, if any, ex-
citation energy, and that /(Z) < I(R). The most abundant ion species in the
usual mass spectrum of phosphine is PH*, which is probably formed accord-
ing to the following mechanism

PH; +e — PH' +H, + 2¢
The appearance potential for this reaction should be
I(PH) <A(PH")-2D(P-H)+D(H-H)=13.1-6.7+4.48=10.9+0.5eV.

The average energy of dissociation of the P—H-bond is known from thermo-
chemical measurements, D(P—H) = 3.35 eV. The dissociation energy of the
hydrogen molecule is D (H—H) = 4.48 eV. The appearance potential for PH*
formed according to the mechanism
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Table 3. Ion molecule reactions of phosphine
(obtained from ion cyclotron double resonance,
the neutral species are assumed) 354)

PH; + PH, —  PH; + PH,
PH; + PH4 —  P,H "+ 2H,+H
PH; + PH; — P,Hj+ H, +H
PHy + PHy, — P,H,+ H,

PH; + PH, —— P,H:+ H

PH, + PH, —— PH; + PH,
PH, + PHy —> P,H '+ 2H,
PH, + PH; —— P,H3;+ H,

PH" + PHy —> PH; + P

PH" + PH, —— PH; + PH
PH" + PH, —  PH; + PH,
PH* + PH; — P; + 2H,
PH' + PH; —— P,H3+ H,
- PH" + PH, —>  P,H3+ H

P* + PH, —> PH; + P

P*  + PH, —  P,H '+ H,

P, +PH, — P;H + H,

P, + PH; —— PH3+ H
P,H'+ PH; ——  P;H3;+ H,

PH; + e — PH* + 2H + 2¢

-would be higher by the amount of energy of dissociation of the hydrogen
molecule.

The formation of P* by electron impact on phosphine may be due to the
following process:

PH; +e— P"+H, +H +2e

The lowest appearance potential for P* can be predicted by the equation
A(P")>=I(P) + 3D (P—H) ~ D(H—H). The ionisation potential of the phos-
phorus atom has been determined spectroscopically, namely /(P)=11.0 eV.
Thus A(PHY=11.0+ 3 -3.35-4.48 = 16.6 eV. This predicted value for the
process mentioned above is close to the observed value for the *‘vanishing
current” appearance potential of P*. The “linear extrapolation” value of
20 eV may be due to a process in which three hydrogen atoms are formed.
For the formation of doubly charged phosphorus ions, P?*, the following
mechanism is suggested

10



The Chemistry of Phosphine

PH; +e—> P2t +3H +3e

The appearance potential for this ion should thus be equal to, or larger than, the
sum of the potentials for double ionisation of phosphorus, /(P') + 7(P""), and
the dissociation energy of phosphine should be given by

A®?*)y=1(PYH + 1P+ 3D(P-H)

With the spectroscopic values for /(P') = 11.0 eV and I(P") = 19.65 eV the pre-
dicted vatue of 4 (P?*)is 40.7 eV. The agreement between this and the observed
value of 42 eV seems to support the suggested dissociation mechanism

Table 3a. Appearance potentials 4 for ion fragments from phosphine 451)
Ion m/fe Reference Alev] Alev]
ion linear vanishing
extrapol. current
PH; 34 Ar* 10.3+0.5 10403
PH; 33 Ar' 14.4 140+ 0.2
PH" 32 Ar' 13.6 13.110.2
P 31 ar’ 2021 16.0% 1.0
Linear Square root
extrapol. plot
PHZY 17 Kr2* 15.0 15.6
PHZ" 165 K2t 32.7 34.0
PH2Y 16 Kr2* 21.2 15.1
p2+ 15.5 Kr2t 422 422

The flash photolysis of phosphine, according to spectroscopic results,
causes the formation of two phosphorus- and fwo hydrogencontaining rad-
icals, corresponding to the dissociation of phosphine as shown in Egs. (6) and
(7) 71) .

PH, —%> PH, +H 6)
PH, —0¥> PH +H, Q)

In addition, Basco and Yee observed electronically excited phosphorus atoms
and P, molecules in excited vibration states in the absorption spectra **), The
latter were also found by Norrish and Oldershaw 72.

Phosphine, subjected to radiation of the 10.59 u-line of a CO, laser dis-
sociates into the elements 261).

11
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Neutron irradiation of gaseous phosphine always results in 40 to 60 % of
the 32P being retained as 32PH; while the balance is deposited on the walls as
phosphorus oxyacids #52-4%%)_This result is independent of whether the irra-
diation is done in the presence of an excess of various inert gases or methane
(as possible moderators for hot atoms), or in the presence of substances which
could possibly scavenge thermal phosphorus atoms. This indicates that “hot™
phosphorus atoms do not form stable products and that phosphine itself is a
very efficient scavenger for thermal phosphorus atoms. When phosphine was
irradiated in a large excess of methane Halmann and Kugel ) observed the
formation of *?P-labelled methyl-, dimethyl- and trimethyl-phosphines. The ad-
dition of traces of water enhanced the yields of methylphosphines. As a pos-
sible reactive intermediate Halmann and Kugel suggest H—C=P, which may
account for products such as CH;PH,, CH;P(H) (O) (OH) and CH;PO3H,,
while (CH,),P may be a hypaothetical intermediate for dimethylphosphine
and its oxidation products. Also the thermal-neutron irradiation of trimethyl-
phosphine results in the formation of phosphine, in which, among the volatile
products, most of the radioactivity is found (PH; 40%, CH3PH, 1 -3%,
(CH;),PH 0.3 %, (CH3);P 0.6 - 3.8 % of the total activity). The activity in tri-
methylphosphine decreased with lower pressure. This demonstrates that there
is no appreciable retention of chemical bonds of the recoiling phosphorus
atoms 4°).

The solubility of phosphine in water is, in comparison to ammonia, very
small 7% At 17 °C, only 22.8 ml! of gaseous phosphine dissolve in 100 m}
of water 73

The Ostwald solubility coefficient §, i.e. the ratio of the concentration of
the dissolved substance in the sclution phase to the concentration of the dis-
solved substance in the gas phase is, at 297.5 K, 0.201. In the pressure range
of 100 to 700 mmHyg it is independent of pressure so that, at least below 1 atm,
Henry’s law is obeyed. With increasing temperature § decreases and reaches a
value of 0.137 at 323.2 K. The enthalpy of solution calculated from the
temperature dependence of § is -2.95 + 0.1 kcal/mol 471,

According to earlier results, the solubilities at 18 °C in ethanol, ether
and oil of turpentine are 0.5, 2 and 3.25 volumes of phosphine per volume
of solvent, respectively 37>. Phosphine dissolves in cyclohexanol far more
readily than in water. At 26 °C and a partial pressure of 766 mmHg, 2856 ml
of phosphine dissolve in 1000 ml of cyclohexanol 22 15,900 ml of phosphine
dissolve in 1 litre of trifluoroacetic acid at 26 °C and a pressure of 653 mmHg 359
For the solubilities of phosphine in non-polar solvents see 312,315},

When phosphine is liquified by pressure in the presence of water, it dis-
solves partly in the water, the rest floats on the solution. If the pressure is
suddenly removed colourless crystals of phosphine hydrate are formed at
2.20 °C under a pressure of 2.8 atm, 11 °C under 6.7 atm, and at 20.0 °Cun-
der 151.1 atm. When the pressure is reduced too rapidly the crystals dissolve

12
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again, also they do not form at temperatures above 28 °C. In the presence of
CO, crystals are formed which are stable at 22 °C. In the presence of phos-
phine and water, CS, behaves similarly to CO, 472473 In all cases clathrate
compounds are formed. The cubic unit cell of phosphine hydrate contains
46 molecules of water. Their skeleton forms 2 cavities with a coordination
number of 20 and 6 with a coordination number of 24. If all the cavities
were occupied by phosphine molecules a composition of PH; -5.75 H;0 or
8 PH, - 46 H,0 would be obtained. In practice, crystals with a composition
of PH; - 5.9 H,0 are found in the above described experiments. The dissocia-
tion pressure at 0 °C is 1.6 atm, the decomposition temperature at 1 atm is
-6.4 °C and the critical decomposition temperature is 28 °C 474:475,476)
Aqueous solutions of phosphine show neither acidic nor basic properties.
Weston and Bigeleisen 7*) investigated the deuterium exchange between D,0
and PH;. It was found that this exchange proceeds via a PH} ion in acidic so-
lutions and via a PH; ion in basic solutions. From the kinetic data and the
assumed exchange mechanisms, these authors calculated the equilibrium con-
stants at 27 °C for reactions (8) and (9) tobe K, 4 - 1072% and
K, =~ 1.6 - 107% respectively.

PH; + H,0 === PH; + OH (8)
PH; + H,0 === PH, + H;0" ®

These small constants suggest that the acidic or basic properties of phos-
phine can only be observed under special circumstances. For example, phos-
phine behaves as a base when it is dissolved in very strong acids. In concen-
trated sulphuric acid, BF; - H,O (with excess BF;) or in BF; - CH;0H (with
excess BF;), phosphine accepts a proton to form a phosphonium ion, which
could be identified in solution for the first time by proton and phosphorus
nuclear magnetic resonance spectroscopy. The proton spectrum ascribed to
the PH; ion in sulphuric acid consists of a 1 : 1 doublet with a coupling con-
stant of approximately 547 Hz. Similar doublets are also observed in the spec-
tra of PH; in the other solvents mentioned. The 3!P spectra of solutions of
phosphine in BF; - H,O and BF; - CH;OH, which are stable at roem temper-
ature, show 1:4:6:4:1 quintets. These are conclusive proof that PHj ions
exist in these solutions. The chemical shift 6p is +217 ppm (relative to P4Os),
while 7 was found to be 3.84 [PH, in 98% H,SO, + (CH;),PC! at ~43 °C] 7.

Also fluorosulphonic acid protonates phosphine as well as organophos-
phines 3. The phosphonium ions formed are soluble in fluorosulphonic
acid. The chemical shifts, 83,, and 8, , of phosphine, the phosphonium ion
and a series of organophosphines and the respective cations obtained by pro-
tonation are shown in Table 4.

Banyard and Hake *'? calculated the molecular energies for PH,, PH} and
PH; . From the difference between the energies for PH, and PH} the proton

13



E. Fluck

Table 4. N.M.R. data for phosphines and phosphonium ions 356)
Chemical shift® Chemical shift Ju—p [Hz]
8p [ppm] 8y {ppm]

Phosphine

PH, +238 2.28 (in CCly) 188

P(CH,), + 622

P(C,Hs)s + 19.2

P(i—C3H,), - 19.3

P(1—-C,H,)s - 61.9

P (n—C,Hs), + 32.6

P(n—CgH )5 + 32,5

P(c—CgHyp)s - 11.3 (in CHCl3)

P(CeHs)s + 5.4 (in CCly)

HP (C4Hs), + 407

Phosphonium ions

PH, +101.0 6.20 548

[HP(CH;), T + 32 6.36 497

[HP(C,H,); 1" - 2255 5.97 471

[HP(-C3H)5T - 44.4 5.58 448

[HP(t-C4Hg)3]" - 583 5.46 436

(HP(n—C4Ho)3] - 137 6.01 470

[HP(n—CgH 3] - 13.0 6.04 465

[HP(c—CgH,y)s]" - 327 5.48 445

[HP(CgHs)a T - 6.8 8.48 510

{H,P(CeHs), T + 212 7.88 519

3) The chemical shifts, 83,p are all relative to 85% aqueous orthophosphoric acid.

affinity of phosphine is found to be 236 kcal/mol. This value is, however, too
high. A lower figure was obtained by Wendlandt 79 using a Born-Haber cycle:

(PH,X) —2> PHL+X

-QpH, X PpH,
1P, +2H, +1,X,  PH; +H*+X°
QpH;\ ~Du-Dx —TutEx
PH;+H+X
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The proton affinity, Py, , at 0 K is given by:
Ppy, = U+ Qpuyx - Qpuy *Du+In+ Dy- Ex - 5/2RT (10)

where U is the lattice energy of PHyX, Qpy,x the heat of formation of PH,X,
Opy, the heat of formation of PHj, Dy the heat of dissociation of hydrogen,
Iy the ionisation potential of hydrogen, Dx the heat of dissociation of the
halogen molecule, Ex the electron affinity of the halogen, and R the gas con-
stant (1.987 cal-grad "! - mol~1). Using the values for phosphonium iodide,
PH,I, Eq. (10) gives the proton affinity of phosphine as 200 + 10 kcal/mol.

U(CsCl lattice) 131.5 kcal/mol
_QPH4X 15.8
QpH3 2.21
-Dy 52.1
Iy 311.9
-Dx 25.5
Ex 74.6
5/2RT 1.5

Waddington 7 reported an approximately similar value of 194.5 £ 5 kcal/mol.
Both these results agree well with that reported by Holtz and Beauchamp 359
for the proton affinity of phosphine. These workers determined the proton
affinity from ion molecule reactions of the type

M; + MpH" == M;H" + M, an

which take place with negligible energies of activation. Such a reaction pro-
ceeds to the right only when the proton affinity of M, is greater than or equal
to that of M,. Binary mixtures of phosphine with acetaldehyde, acetone,
ammonia or water were investigated at pressures in the range of 1077 to

10~* mmHg using ion cyclotron resonance. At pressures > 10~¢ mmHg,
proton exchanges as shown by the general Eq. (11) were observed. The results
of these investigations are summarised in Table 5.

Table 5. Protonation reactions

No. Observed reaction Proton affinity of Lit.
PH; [kcal/mol]

1 PH; + NH, - NH; +PH; 207 362)
2 PHj +(CH;),CO - (CH;),COH" +PH; 189 364)
3 CH;CHOH' +PH; - PH; + CH3;CHO 182 364)
4  H;0"+PH, - PH; +H,0 164 360,362)
5  C,H; +PH; - PH; +C,H, 158 360)
6 CH; +PH; - PH; +CH, 124 363)
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The reactions 2 and 3 in Table 5 set the limits for the proton affinity of
phosphine. Reaction 2 shows that it is smaller than that of acetone

(186 *+ 3 kcal/mol) and reaction 3 indicates that it is larger than the pro-
ton affinity of acetaldehyde (185 £ 3 kcal/mol). Thus a value of 185 %

4 kcal/mol is obtained for the proton affinity of phosphine at room tem-
perature.

Using the same methods 3369 Eyler 35%) obtained concurring results.
Also the value reported by Haney and Franklin 36 of 186 £ 1 kcal/mol is in
agreement. The latter workers determined the proton affimiiy of ammonia as
207 kcal/mol 362 which is approximately 21 kcal/mol larger than that for
phosphine. The greater basicity of ammonia as compared to phosphine is show:
by the difference of about 20 pH units in their relative basicities in aqueous
solutions. The difference in the basicities of the aqueous solutions of 23 -32
kcal/mol, which is comparable to that in the gas phase, leads to the somewhat
surprising conclusion that solvent effects appear to play an unessential part in
the relative basicities of PH; and NH; in aqueous solutions. The proton af-
finities of H,O and H,S, 164 and 170 kcal/mol, respectively, are in the re-
verse order.

The bond strengths can be obtained from the proton affinities. The pro-
ton and hydrogen affinities of a molecule and its respective ion are related to
the ionisation potentials according to Eq. (12)

PAM) — HAM") = [P(H) — IP(M) (12)

The hydrogen affinity HA (M*) is simply the H-M* bond strength D (H-M"*).
A summary of the hydrogen affinities for phosphine and some isoelectronic
molecules is given in Table 6.

Table 6. Bond strengths in PH;, PHj and isoelectronic molecules

and ions®

Ion Proton affinity?365) Molecule Bond strength 366)
[kcal/motl] [kcal/mol]

NH, 128 CH, 103

PH, 102 SiH, 80

OH; 141 NH, 105

SH; 97 PH, 85

3) For literature for the values in the Table, see 359,
b From Eq. (12).

The substitution of a hydrogen atom in phosphine by an organic group in-
creases the basic properties so that, for example, trimethylphosphonium salts
are stable in aqueous solutions .
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2. Toxicity of Phosphine

Phosphine is extremely poisonous. The maximum concentration of phosphine
in the atmosphere must not exceed 0.1 ppm for an 8 h working day **¢). The
smell of phosphine is first noticeable when the concentration reaches or ex-
ceeds about 2 ppm. A concentration of 50 ~ 100 ppm can only be withstood
for a very short time without damage, a concentration of 400 ppm leads ra-
pidly to death ?*5-2?")_The symptoms observed by a medium-to-serious case
of phosphine poisoning are: sense of anxiety, feeling of pressure in the chest,
shortage of breath, pain behind the breast-bone, occasional dry cough, in-
creased breathing noise, confusion, vertigo, and fainting. As first aid, the vic-
tim should be removed to fresh air and, when possible, given oxygen. For the
toxicology of phosphine, see 225:226,228,229) a5 well as the article with an ex-
tensive bibliography by O. R. Klimmer 23®: Zur Frage der sog. chronischen
Phosphorwasserstoffvergiftung.

3. Determination of Phosphine

Small quantities of phosphine in the air or other gases can be detecied by pas-
sing the gas into a 5% aqueous solution of HgCl,. The HCI, liberated by the
formation of P(HgCl);, is then titrated potentiometrically 32, The titration
can be followed automatically using a Beckman Model K titrator 37). A meth-
od for the semiquantitative determination of phosphine in the air works on
the same principle 3. Here the air is lead through 5 ml of a 1.5% aqueous
HgCl, solution at pH 4.2. The solution is mixed with an indicator and the
volume necessary to reduce the pH from 4.2 to 3.4 measured. By using a cai-
ibration curve, phosphine contents between 0.1 and 2.5 mg PH;/litre of air
can be estimated within an accuracy of * 5%. A larger concentration range of
0.03 to 150 ppm PH; can be measured using a simple method. A fixed amount
of air is sucked through a tube containing silica gel impregnated with AuCl;.
The phosphine concentration can be estimated from the length of the coloured
zone B1),

Moser and Brukl *® described a method for the gravimetric determination
of phosphine. Dumas 3°® used gas chromatography for the micro-determina-
tion of phosphine in the air (0.005-0.5 mg/litre), see also 36*). An automatic
gas analyser, for the determination of phosphine and other substances in gases,
works on the principle of the light absorption in reflection through a paper
band, on which the gas causes a colour reaction with suitable reagents 379).

111. Preparation of Phosphine

For the laboratory preparation of phosphine, only a few of the many methods
of formation are suitable. Among these the hydrolyses of calcium phosphide
79,80-83) mmagnesium phosphide 37 aluminium phosphide %®, zinc phos-
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phide and tin phosphide 8-86:89.90) are the most important. As well as water,
acids or bases, aqueous mixtures of acids or bases with organic solvents such
as, for example, dioxane, alcohols etc. can be used for the hydrolyses %1-9%),

Together with phosphine, noticeable amounts of diphosphine and higher
phosphines are formed by the hydrolysis of calcium phosphide; thus, this
reaction can be used for the preparation of such compounds 94) Quesnel
reported that the formation of diphosphine can be avoided when aqueous
hydrochloric acid is added drop-wise to a mixture of calcium phosphide and
copper chloride (proportions by weight, Ca,;P, : CuCl, = 10 : 1) in boiling
alcohol, for example, methanol, or in dioxane.

When the calcium phosphide is formed by the reduction of Ca3(PO,),
with carbon, the phosphine obtained on hydrolysis usually contains up to
3% acetylene,

Baudler and her co-workers %) have described in detail the preparation
of larger quantities of phosphine by the hydrolysis of calcium phosphide.
Higher phosphines (see page 51) formed simultaneously, are thermally decom-
posed to phosphorus, phosphine and hydrogen. It is noteworthy that, on stor-
age in steel cylinders the diphosphine concentration in phosphine, originally
less than 1%, increases. It is, even after several months, so small that the gas is
not spontaneously inflammable in contact with air, whereas, after about one
year, it is spontaneously inflammable.

Our experience °5) has shown that the hydrolysis of aluminium phosphide
with cold water is the most suitable method for the laboratory preparation of
phosphine. Here it is important that the aluminium phosphide be as pure as
possible in order to avoid the formation of spontaneously inflammable phos-
phine. The presence of small quantities of diphosphine and also higher phos-
phines are responsible for this spontaneous inflammability °6-276-278) ft ap-
pears, however, that these are only formed when P—P bonds are already pre-
sent in the phosphide. Accordingly the hydrolysis of aluminium phosphide,
prepared from the elements with phosphorus in slight excess, always leads to
spontaneously inflammable phosphine. The formation of diphosphine and
higher phosphines from aluminium or alkaline earth metal phosphides, which
contain excess phosphorus, can be easily understood when the lattices of
these compounds are considered.

Aluminium phosphide crystallises in a zinc blende lattice 441-44), Both
the aluminium and phosphorus atoms have a coordination number of four.
The simpiest picture of this is to consider the phosphide ions as forming a
face-centred cubic lattice that is almost closest-packed with the aluminium
ions occupying alternate tetrahedral sites. Only half of the tetrahedral sites
are occupied as the compound has 1: 1 stoichiometry and there are two tetra-
hedral sites associated with each phosphide ion. Because the aluminium ions
occupy tetrahedral sites, it is clear that they have the coordination number
four.

89)
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Fig. 4 Lattice of Ca3P, and Mg; P, (anti fluorite lattice with vacant sites)

Calcium phosphide and magnesium phosphide, crystallise in a lattice which
can be deduced from the fluorite structure #**-*%)_ One way to describe the
arrangement of the atoms in this lattice is to imagine that the phosphide ions
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form a face-centred cubic lattice and the calcium or magnesium ions occupy all
tetrahedral sites. This structure is related to that of aluminium phosphide in
which only half the tetrahedral sites in a face<centred cubic lattice are occupied.
Thelattice so far described yields, however, a stoichiometry of 2: 1 or 4:2. Mg, P,
and Ca,P, have, in fact, a stoichiometry of 3:2. This stoichiometry is obtained
by vacant sites in the partial lattice of the metal ions. One quarter of the metal
ion sites in the lattice are unoccupied.

Preparation of Phosphine by the Hydrolysis of Aluminium Phosphide

The generator consists of a 1-litre-3-necked-flask, fitted with a gas-inlet tube,
and which is mounted over a magnetic stirrer. A second neck of the flask is
connected to a trap, cooled in dry ice/methanol, viz an approximately 2 metre
long drying tube filled with P,O,,/glass wool. A wash-bottle containing con-
centrated H; PO, is fitted between the generator and the drying tube to serve as
a control of the gas flow. It is important that the inlet-tube of the wash bottle
projects only a little way below the surface of the phosphoric acid.

The generator flask is filled with 650 ml of water. The whole apparatus is
then purged with nitrogen. Finally, with vigorous stirring and the introduction
of moderate flow of nitrogen, 20 g of finely powdered aluminium phosphide

. are added. After a few minutes a continuous stream of phosphine is generated.
The end of the PH;-evolution is recognised by the change in colour of the sus-
pension from green to grey. When necessary a further 20 g portion of aluminium
phosphide can be added.

Using the above given conditions, an explosive decomposition of phosphine
has never been observed. It is important, however, that no rapid change of pres-
sure, which causes a spontaneous decomposition of phosphine into the elements,
occurs because of the method of taking up of the phosphine or because of a
blockage in the drying tube.

The hydrolyses of aluminium phosphide with acids 3°+97+98) or alkalies °%
100) 4o not seem to be so suitable for the preparation of phosphine.

The method, described relatively early, for the preparation of phosphine
using the reaction of hot concentrated alkalies, such as NaOH, KOH or Ca(OH),,
on white phosphorus can also be used for the laboratory preparation. This
method also produces a steady stream of phosphine, which, however, may be
contaminated by up to 90% hydrogen and traces of P,H, 1-3,85,101-106) pp .
phine formed from the thermal decomposition of phosphorous or hypophos-
phorous acids or their salts is similarly contaminated with hydrogen. In cases
where hydrogen interfers, the phosphine can be purified by condensation and
distillation.

“Inorganic Syntheses’, Vol. IX, p. 56, contains an accurate description of
the preparation of phosphine by the pyrolysis of phosphorous acid '°7-1°9),
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Very pure phosphine is formed by the hydrolysis of phosphonium iodide
with water, dilute acids or dilute bases 2:14:17:107,109-114) o1 by the reduction
of phosphorus trichloride with lithium in diethyl ether 87:145-117) Related to
the latter is a method for the preparation of phosphine, described in the patent
literature, where phosphorus trichloride vapour, diluted with nitrogen, is passed
through a column filled with lithium hydride mixed with an inert material, such
as sand, NaCl, KCl or similar materials 1),

According to a method described by Horner ez al., phosphine was obtained
in 70% yield from the reaction of PCl, with finely divided sodium in toluene,
followed by hydrolysis of the reaction products 257,

Finally, in the recent patent literature, some further processes for the pre-
paration of phosphine were described; for example, the treatment of white
phosphorus with steam in the presence of phosphoric acid at 275-285 °C.
According to a British patent, phosphine is formed when white phosphorus,
in aqueous acid, is brought into contact with mercury or zinc amalgam 9.
A Japanese patent recommends the treatment of a mixture of white phos-
phorus and granulated zinc with acids and a small amount of methanol for
the preparation of highly pure phosphine 37V, Other patents describe elec-
trolytic processes. Finally, it is mentioned that phosphine is formed by the
elzctrolysis of phosporous and hypophosphorous acid, especially at mercury
or lead cathodes 129,

The purification of phosphine, from the main gaseous substances obtain-
ed by the preparation, can be achieved by fractional distillation '4:121,122)
Acetylene can be removed with the help of molecular sieves 23,

IV. Reactions of Phosphine

1. Thermal Decomposition, Reaction with Oxygen, Reducing Properties

Phosphine decomposes only at higher temperatures. The thermal decomposi-
tion of phosphine under various conditions has been examined in detail. It is
found to be a first order reaction. The rate constant for the decomposition of
phosphine at 500 °C is approximately 8 - 1073 sec™! 57,231-233),

The thermal decomposition of phosphine on a glass surface can be satis-
factorily described as a first order reaction using Eq. (13):

dp

i p (13)
where X is the rate constant for the decomposition and p is the pressure of
phosphine. The decomposition rate on a silicon film is smaller than that on a
glass surface. This decomposition also follows first order kinetics. The temper-
ature dependence is described by the Arrhenius equation:
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IgKk = 8.86- 9669 - (glass surface) (14)

IgK=11.6 ~12110- (silicon surface) (15)

Nl= N[=

The energies of activation of the decomposition on glass and silicon surfaces
are 44.2 and 55.3 kcal/mol, respectively 32), See also 373-375,481-492)

Phosphine-oxygen mixtures are relatively stable above the upper and below
the lower critical explosion pressures. However, on irradiation with UV-light
reaction occurs. It is assumed that the reaction is initiated by the photolytic
dissociation of the PH; molecule according to the equation:

_ PH; +h- v - PH, +H (6)
Then the PH, radical reacts further by collision with an oxygen molecule. In
the presence of water vapour the end-product is H;PO, and/or H;PO,477-480)

The conditions under which mixtures of phosphine and oxygen ignite
were investigated by Trautz 23 and Shantarovich >, The ignition pressure
is dependent on the composition of the mixture, the water content, the tem-
perature and the presence of foreign gases. With increasing partial pressure of
phosphine the ignition pressure generally increases. Mixtures of phosphine
and excess oxygen diluted with nitrogen do not react noticeably up to tem-
peratures of 200 °C 376,

A large number of articles have been devoted to kinetic studies of the
oxidation of phosphine 23¢-243) The compositions of phosphine under pres-
sure, which are oxidised by water, have been described by Bushmakin and
Frost 249,

Mixtures of phosphine and oxygen, both above and below the explosion
limits, subjected to flash photolysis show, in the spectra, the presence of PH-,
OH- and PO-radicals as well as the PH,-radical »%), During the reaction of
atomic oxygen with phosphine visible luminescence up to 3600 A and UV
emission were observed, which were attributed to the partial processes:

O + PO - PO, and OH + PO - HOPOQ %77,

It is of particular interest that solutions of hydrogen peroxide of varying
concentrations are not able to oxidise phosphine 2567, Phosphine appears to
simply dissolve (to a very small extent) even in 100% H,0, without reac-
ting 282), Solid sulphur trioxide oxidises phosphine to red phosphorus 289 . No
reactions are observed with NO and N,O under the usual conditions 79:285,286)

The reducing action of phosphine has been used in organic chemistry in
various ways. The reactions described in the literature are summarised by the
following equations:

p—CH; - C¢H,SO,NNaCl ——> p—CH,- C4H,SO,NH, 245) (16)

o-naphthol —> naphthalene 246) (17
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C6H5N02 —_— C&HsNHi 247) (18)

A comprehensive study of the reducing properties of phosphine partic-
ularly with respect to aromatic nitro-compounds and aromatic sulphony]
chlorides, was published by Buckler et al. 248,

2. The Question of the Existence of Phosphine Oxide OPH3

In contrast to organo-phosphines and also many other phosphorus (IIl) com-
pounds, phosphine is very unreactive and shows no tendency to react with
electrophilic substances. In particular there is no substantiated evidence for

an auto-oxidation of phosphine. This chemical behaviour is related to the
electronic configuration of the molecule. As shown by, among other factors,
H-P—H bond angles and the chemical shift, §3,,, in the nuclear magnetic re-
sonance spectrum, the lone electron pair of the phosphine molecule stays pre-
dominantly in a 3s orbital of the phosphorus atom. The relative proximity of
these two electrons to the nucleus and their, to a first approximation, sphero-
symmetric density distribution cause the unusually strong shielding of the
phosphorus nucleus and thus the high positive chemical shift of +241 ppm
(relative to 85% orthophosphoric acid) and also the small nucleophilic char-
acter of the molecule. Derivatives of phosphine which also show high positive
chemical shifts in the 3'P NMR spectra are collected together in Table 7. In
common with phosphine, they do not react either with oxygen or with sulphur
to form the corresponding oxides or sulphides, nor do they react with alkyl
iodides to form the corresponding phosphonium salts. The resonance signal is
shifted to lower field strengths only when one or more ligands in phosphine,
tris-(trimethylsilyl)-, tris-(trimethylstannyl)-, tris-(trimethylgermanyl) - or
tris-(triphenylstannyl)-phosphine are substituted. This is shown in the table,
for example, by the series of compounds P[Si(C¢Hs)sls, P[Si(CsHs)3],(CeHs),
P(Si(C4Hs)3 1(CgH;), and P (CzH;),. Parallel to this, the nucleophilic charac-
ter increases, thus the usual reactivity of phosphorus(IIl) compounds towards
electrophiles is reached step-wise. The contribution of the s electrons to the s
bonding system is obviously increasing in the series, so that the orbital occupied
by the electron lone pair has more and more p character. This orbital is more
far-reaching and thus gives the molecule increasing nucleophilic character 3%3),
In agreement with this argument is the increased reactivity of phosphine in
UV-light caused by the promotion of one electron of the lone pair to a more
outlaying orbital. This will be discussed in more detail later.

In the course of mass spectroscopic investigations of the hydrolysis pro-
ducts of calcium phosphide, Baudler and her co-workers could find no evidence
for the existence of OPH, as an oxidation product of PH,; 39, In contrast,
oxides of higher phosphines were observed, even when the hydrolysis of cal-
cium phosphide was carried out with the strictest exclusion of oxygen. The
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Table 7. N.M.R. data for phosphorus, phosphine and derivatives of phosphine

Compound Chemical shift Coupling constant Lit.
831p [ppm] Jyp [Hz]
Py, solid 460.0 378,383)
P,, solution 460.0-533 378-382)
P,, vapour 553.1 384)
PH, 238 188.2 385-391)
P{Si(CH3)315 251.2 392)
P{Sn(CH3)3]5 330.0 392,395)
P[Ge(CH3)3]3 228.0 392,395)
P(SiH;); 378.0 339)
PH[Si(CH;3);}x 237.4 186 394)
PH,[Si(CH3);] 239.0 180 394)
P[Sn(CeHs)s]s 323 395)
P[Sn(CeHs); ]2(CHs) 163 395)
P[Sn(CgHs);](CeHs), 56 395)
PH,(CH;) 163.5 383)
PH(CH3;), 98.5 383)
P(CH;), 62.0 383)
PH3(CgHy) 122.0 383)
PH(CgHs)2 41.1 383)
P(CeHs)s 8.0 383)
P[C(CH3)31s - 58 447)
P[Ge(CH;);],CH; 177 447)
P[Ge(CH3)3],CsH5 127 447)
PH [Ge(CH3); (CsHs), 119 47
P(GeH3;), 338 448)
P[Sn(C4Ho)1]2CeHs 170 448)
P[Sn(C4Hy)3](CsH5), 56 448)

following phosphine oxides were identified individually: P,H,0, P;H,0,
P,H;0, P,H,0, P,H;0 and P,H;0. PH;0 was not observed. The oxygen of
the higher phosphine oxides was probably contained in the calcium phosphide
used for the hydrolysis 396,

Also, attempts to convert phosphine to PH;0 using amine oxides, such as
trimethylamine oxide and pyridine oxide, did not proceed to the result for-
mulated in Eq. (19) 397):

PH; + ONR; —j|> OPH; + NR, (19)

Phosphine reacts neither in aqueous solution nor direct with trimethylamine
oxide. Also no reaction occurs on treatment of phosphine with pyridine oxide
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in methylene chloride 37). In contrast, PCly reacts rapidly and quantitatively
with pyridine oxide in methylene chloride even at -40 °C to give OPCl; and
pyridine 398),

The reaction products observed from experiments to reduce the phos-
phoryl halides, OPCl; and OPBr;, with lithium hydride suggest that the
primary reactions proceed according to Egs. (20) and (21):

OPCl; + 3LiH — OPH; + 3LiCl (20)
OPBr; + 3LiH —> OPH3; + 3 LiBr 21)

The authors assume that OPH; rearranges to the tautomeric form H,POH,
from which, at temperatures below —115 °C, the highly polymeric (PH), is
formed by condensation:

H(L}—}’—-I—H + HO4P - H + HO4P |H—P—P—P—+3H;0
| |
H

H H H H H
(22)
The released water reacts with excess lithium hydride to give hydrogen.
LiH + HOH —— LjOH + H, 23)

Thus, in the case of the reaction with OPBr,, the reaction shown in Eq. (24)
was observed.

OPBry + 4 LiH — PH + H, + 3 LiBr+ LiOH (24)

When lithium aluminium hydride, Li(AlH,), in ether solution is used instead
of lithium hydride for the reduction of OPCl,, the OPH; also formed is most-
ly further reduced to phosphine at temperatures of about -115 °C, Altogether,
the reaction can be described by the following equations:

__>90% » 4 PH; +3Li(AICL) + 2 LIAIO, + 4 H,

4 OPCl; + 5 Li(AlH,) (25,26)

<ioy 4PH + 3 Li(AICY) + 2LiAlIO; + 8 H,

In the reaction of OPCl, with lithium borohydride at -115 °C proceeding
according to Eq. (27)

OPCl; + 3Li[BH,] —— H3;PO-BH,; + 3 LiCl + 2BH; 27

a crystalline solid H;PO - BH, is formed, which is stable up to -90 °C. Thus,
OPH, in the form of the adduct H;PO - BH, can be isolated and is stable up
to -90 °C, while, in the free state, it decomposes even at ~115 °C according
to PH,OH — PH + HOH. Above -90 °C, H;PO-BH; also decomposes to hy-
drogen and H,POBH,, which is regarded by the authors as polyborophosphen
oxide —PH,—O—BH,—0—PH,—0—BH,— 37,
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SCF calculations for the hypothetical compound H;PO were carried out
by Marsmann ez al. **). The authors studied the effect of adding either a d or
another p orbital to a phosphorus atom depicted in terms of seven s and three
p Gaussian orbitals. An approximate model of H,PO based on the valence
bond method has been published by Mitchell 59,

3. Reactions with Atomic Hydrogen and Nitrogen

The reaction between phosphine and deuterophosphine on one hand and atomic
hydrogen, generated by high-voltage discharge, on the other hand was intensive-
ly investigated using spectroscopic methods by Guenebaut and Pascat 249-259)
According to Wiles and Winkler 2% | the stable end products of the reaction

are red phosphorus and molecular hydrogen.

The main products from the reaction between phosphine and atomic nitro-
gen are molecular hydrogen and phosphorus nitride (PN),, which is formed in
the o form 253 _ For the conversion of one mole of phosphine into (PN), two
atoms of nitrogen appear to be necessary. The primary step is the formation of
PH, radicals which react further with the nitrogen atoms to give the nitride 2549,

4. The Systems Phosphine/Water, Phosphine/Water/Ammonia, and Phosphine/
Water/Ammonia/Methane

Electric discharges in the system phosphine/water result in the formation of
water insoluble polyphosphines H,P—(PH),,—PH, and phosphorus as well as
H,P0O,, H;PO; and H,PO,. When ammonia is also present, hypophosphate,
pyrophosphate, polyphosphate and possibly polyhypophosphate are formed
in addition. Finally, in the system phosphine/water/ammonia/methane, organ-
ic phosphorus compounds such as aminoalkylphosphates and aminoalkane-
phosphonates and other phosphorus-free compounds such as amino-acids, etha-
nolamine etc. can be detected as well as the previously mentioned reaction
products. The presence of phosphine or its rearrangement products seem to
make the condensation reactions in the last mentioned system possible, be-
cause the ratio of the amino-acids, which are present after hydrolysis with

6N HCI, to the amino-acids which are present before the hydrolysis is larger

in this system than in the system CH,/H,O/NH, 39-400),

Irradiation of a gaseous mixture of phosphine and ammonia with °Co
gamma-rays produces hydrogen, nitrogen and red phosphorus, Other products
were not observed. Phosphine appears to work as a very efficient radical ac-
ceptor via reactions such as

NH,- + PH, — NH; +PH, (28)
and
H + PH3 — H2 +PH2' (29)
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The phosphino radical reacts further and finally produces red phosphorus and
hydrogen 401-402)

5. Reactions with Alkali and Alkaline Earth Metals

Alkali metals react with phosphine to form alkali dihydrogen phosphides. The
reactions are generally carried out by passing the phosphine through a solution
of the alkali metal in liquid ammonia 124-12%) According to a patented method,
phosphine can also be led through a suspension of the alkali metal in a mix-
ture of a hydrocarbon and methoxypolyether 139 _ Finally, sodium dihydrogen-
phosphide is also formed on leading phosphine into an ether solution of tri-
phenylmethyl sodium 3V,

Step-wise replacement of all three hydrogen atoms in phosphine by lithium
can be obtained by the reaction of phosphine with an alkyl lithium compound
in the corresponding molar ratio. The preparations of Li;P and Na,P from the
elements were described by Brauer and Zint] 139

Of the alkali dihydrogenphosphides, potassium dihydrogenphosphide, KPH,,
has been studied most extensively. This compound crystallises in a rock salt
lattice with pseudo-rhombic distortion in the direction of a space diagonal 139
An analogous structure has also been proved for rubidium dihydrogenphos-
phide. The density of potassium dihydrogenphosphide at 25 °C is 2.435 g/fecm?
132) Potassium dihydrogenphosphide is soluble in strongly polar solvents such
as tetramethylene sulphone and dimethylacetamide '33) . It is also well soluble
in trimethylamine and dimethylformamide (10-15 g/100 ml). The chemical
shift, 8p, of KPH; in liquid ammonia is 279 + 2 ppm (relative to 85% aqueous
orthophosphoric acid), the coupling constant is Jpy = 139 Hz °. The proton
nuclear resonance spectrum of KPH, dissolved in dimethylformamide consists
of a doublet with a chemical shift 8y = 1.12 ppm (relative to (CH;),Si), the
phosphorus spectrum consists of a triplet with a chemical shift of +255.3 ppm
(relative to 85% aqueous orthophosphoric acid). The coupling constant, measured
from the proton spectrum, is Jyp = 136.8 Hz !33), Solutions of KPH, in trime-
thylamine show a well resolved triplet in the phosphorus spectrum with a chem-
ical shift of 272 + 2 ppm °). The 'H and *'P resonance spectra of solutions of
NaPH, and KPH, in liquid ammonia were thoroughly investigated by Shel-
drick 144). As previously mentioned, the proton spectra consist of doublets and
the phosphorus spectra of 1:2:1 triplets. When considerable quantitities of
phosphine are present in the solutions the multiplet structures collapse. The
chemical shift of a 4% solution of NaPH, in liquid ammonia at room tempe-
rature was measured as 11.487 = 0.004 7. This depends only slightly on tem-
perature and is, at 2 °C 11.469 % 0.003 7, and at -23 °C is 11.444 £0.004 1.
The coupling constant, Jyp, at +22 °C is 138.71 + 0.007 Hz. This increases
with decreasing temperature and at 2 °C is 138.86 * 0.05 and at -23 °C it s
139.05 + 0.07 Hz. Measurements of a 2% solution of NaPH, in liquid ammonia
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at -60 °C gave a value of 140.08 + 0.04 Hz. The *'P spectrum of a 5% solution
of KPH, in liquid ammonia at 22 °C shows a chemical shift of +393 ppm (rela-
tive to an external P,O reference). The coupling constant obtained from this
spectrum is Jpy = 139 £ 2 Hz.

Potassium dihydrogenphosphide dissolved in dimethylformamide, is prob-
ably dissociated into ions. This is confirmed by the equivalent conductance,
the value of 77.0 2~ 'cm?mol~! was found for a 8- 107° mol/cm3 solution.
The PH; ion is a strong nucleophilic reagent. The study of its chemical behav-
iour towards oxygen, sulphur and white phosphorus has produced, to date, no
conclusive results. The reaction with the latter element results in the forma-
tion of an amorphous red-brown substance of composition KP;H, which is
soluble in dimethylformamide 33,

LiyP and Na,P have the same structure as NajAs. Each phosphorus atom
is surrounded by 5 alkali metal ions at the corners of a trigonal bipyramid. The
lattice contains two types of alkali metal atoms. One sort is surrounded by a
trigonal prism of other alkali metal ions, in which the centres of the three ver-
tical faces of the prism are occupied by three phosphorus atoms. The other
type of alkali metal ion is surrounded by 4 phosphorus atoms in a distorted
tetrahedron. Seven alkali metal jons are found at larger distances. In sodium
phosphide the distance between the central phosphorus atom of the trigonal
bipyramid and an axial sodium atom is 2.93 A and that between the phos-
phorus atom and an equatorial sodium atom 2.88 A 139,

As well as for the preparation of alkali phosphides, the reaction of phos-
phine with the elements, their oxides or halides, at higher temperatures in
quartz tubes have been much used recently for the preparation of other phos-
phides, in particular those which play important roles in semi-conductor tech-
nology. The preparations of the following phosphides using these methods have
been described: for example, NdP '35-136) Bp 137.138) Gap 139,140) 'GP [aP
136,141) TiP, Ti,P (possibly TisP) 1>-'43) and InP 3% . See also Section IV.9.

Calcium reacts with phosphine in an analogous manner as the alkali metals.
In liquid ammonia, solid Ca(PH,),'»NH; is formed with hydrogen evolution
128,280) The corresponding reaction with a solution of elemental strontium in
liquid ammonia does not lead to a uniform product 280)

6. Reactions with Halogens and Chloramines

Phosphine burns to PCl; and hydrogen chloride in a chlorine atmosphere 7%
311,313) ' An aqueous chlorine solution oxidises PH; to phosphoric acid (see
also Section IV.7) 3149),

Royen and Hill 33 reported that phosphonium bromide and solid phos-
phorus hydride are the products from the reaction of excess phosphine with
bromine at low temperatures.
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From iodine and dry phosphine, P,1, and hydrogen iodide, which reacts
with excess phosphine to form phosphonium iodide, are formed 3¢317)

In aqueous solution iodine reacts with phosphine according to the empir-
ical formula (30) to form phosphorous acid and hydrogen iodide 229 ;

PH; + 31, +3 H,0 — H,PO, + 6 HI 30)
According to earlier work 21, hypophosphorous acid should be formed accord-
ing to Eq. (31):

PH; + 21, +2H,0 — H,PO, + 4 HI 31)

In fact, this is the first stage of the reaction. In the presence of protons released
by the reaction, oxidation to phosphorous acid occurs. If the reaction mixture
is kept only weakly acid throughout the whole reaction, only hypophosphite
is actually formed in the solution.

Horak and Ettel 2??) described two methods for the determination of
phosphine in organic solvents which are based on Eq. (31). Thus,

a) PH; is oxidised with excess iodine in a bicarbonate containing
solution to H3PO, and the excess iodine is back titrated with so-
dium thiosulphate solution;

b) PH; mixed with twelve volumes of methanol is titrated with an
aqueous iodine solution in the presence of pyridine so that H;PO,
is formed.

Whereas the reactions of chloramines of the type R,NCI (where R = H or
an alkyl group) with tertiary phosphines have been abundantly investigated
and almost without exception lead to the formation of aminophosphonium
chlorides or their condensation products 493-4°”) Highsmith and Sisler 4°%)
investigated the behaviour of primary and secondary phosphines and phos-
phine itself towards chloramines for the first time. With dimethylchloramine,
phosphine forms red phosphorus and dimethylammonium chloride according
to Eq. (32):

2 PH, + 3 (CH3),NCI — 2P + 3[(CH3),NH,]Cl (32)

Only polymeric phosphorus hydride, P,H, , and not red phosphorus was ob-
served when phosphine was treated with chloramine in ether solution 408:40%),
The authors attributed this to the expected higher basicity of a dimethylamino
group in comparison to that of an amino group.

In an alkaline medium phosphine is oxidised solely to hypophosphite by
N-bromosuccinimide 419,

7. Reactions with Sodium Hypochlorite

Sodium hypochlorite in aqueous solutions reacts practically instantaneously
with phosphine so that such solutions are particularly suitable for removing
traces of phosphine from a gas stream 219,
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In the pH range 12-13 the reaction follows the equation
PH; + 2 NaOCl — H,3PO, + 2 NaCl (33)

The reaction is first order with regard to both the concentration of phos-
phine and the concentration of hypochlorite. It is suggested that the reaction
proceeds as shown in Eqs. (34) - (36):

ocl'  +H;0" = HOCl +H,0 fast 34
PH, +HOCI — (PH30) +CI' +H" rate-determining (3%5)
(PH;0) + OCI” — H,PO, +CI' very fast (36)

8. Reactions with Hydrogen Halides

The introduction of phosphine into liquid hydrogen chloride results in the
formation of PH,Cl 2%5:328); this was also observed earlier 3°7-3%)  Similarly
PH,Br can be obtained from hydrogen bromide and phosphine 307:309,328),
Both phosphonium halides are almost completely dissociated at room tem-
perature and normal pressure.

The reaction between dry phosphine and hydrogen iodide, first described
in 1817 by J.J. Houton de la Billardiére ' produces phosphonium iodide.
The simplest laboratory preparation of this compound is by the hydrolysis of
an intimate mixture of diphosphorus tetraiodide and white phosphorus 2.
According to X-ray diffraction investigations, phosphonium iodide crystallises
in a caesium chloride type lattice 324325 ; see also 329, The hydrogen atoms
are tetrahedrally arranged about the phosphorus atoms; this was also shown by
Raman and IR spectra 327:328),

9. Reactions with Metal and Non-Metal Halides

With metal halides such as AICl; or InI; #2:1%) and non-metal halides such as
BCl, or BBr; phosphine forms 1 : 1 adducts which, on pyrolysis, split off
hydrogen halides to form the corresponding phosphides 47, This method for
the preparation of phosphides is used in practice for the formation of semi-
conducting crystals. The 1: 1 adduct, AICl,PH; reacts exothermically with
alkyl halides to form hydrogen chloride and the primary phosphine. This reac-
tion offers a relatively convenient method for the preparation of primary phos-
phines. The yields, especially with alkyl halides with long chain alkyl groups
(more than 5 carbon atoms), are favourable and usually greater than 50% %%,

Phosphine reacts with B,Cl, at room temperature according to equation
@37

B,Cls +2 PH; —> B,Cl,-2 PH, 37
1
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to form the colourless solid 1 which is stable up to 65 °C but is, however, very
sensitive to air 339,

Tris-(triorganylmetal)phosphines are the products from the reactions be-
tween triphenyltin, triphenylgermanium and triphenyllead chlorides and phos-
phine '8:19%) The reactions proceed in benzene solution in the presence of
triethylamine as hydrogen chloride acceptor thus:

3 (CgH5)3MCl + PHj + 3 (CaHg)sN —— [(CsH5)sM ]3P + 3{(C,H;);NH] Cl (38)
M = 8n, Ge, Pb.

To date, however, only few reactions between phosphine and a non-metal
halide, in which a chemical bond is formed between phosphorus and a non-
metal by HCl condensation, are known. To these, apart from the above-men-
tioned reactions, belongs also the reaction with CF;3SCl 223) which, depending
upon the chosen proportions of the reactants, in a sealed tube at =95 °C leads
to the formation of (CF3S),PH or (CF;8);P 2?9, Both compounds are not
very stable thermally and decompose at 40-50 °C. Tris(trifluoromethylthio)-
phosphine forms an unstable adduct with chlorine, which decomposes at 0 °C
to give a mixture of PCl;, bis(trifluoromethyl)-disulphide and trifluoromethyl-
sulphenyl chloride.

With SiH, I phosphine probably forms silylphosphine 8% and with
(CH3),BBr, crystalline H,PB(CH;), %%, Germanium halides do not react with
phosphine 299},

The phase diagram of the system PH,/BF, -indicates the presence of two
compounds 2, On treatment of PH, with BF; at ~130 °C BF;-PH, is
formed 2°1+2°?)  which is probably converted to [PH,(BF,)]BF, by the follow-
ing reaction mechanism 2°0-292.293).

PH;- BF, —HF, PH,(BF,) 2HF, PH,(BF,) F BFs, [PH3(BF,)]|BF, 39)

In many other cases the course of the reaction and the nature of the reac-
tion products resulting from the treatment of non-metal halides with phos-
phine are not completely clarified. To these belong the reaction products shown
in Table 8.

For completeness, the alkylsilylphosphines, a class of compounds, the
first member of which was synthesised by Parshall and Lindsey % must be
mentioned. The alkylsilylphosphines, (CH;),SiPH, (b.p. 69-73 °C),
[(CH3)3Si],PH (b.p. 170~172 °C) and [(CH,)38il5P (b.p. 242-243 °C), are
formed by the reactions of the alkylchlorosilane with the lithium phosphides,
LiPH,, Li,PH and Li,P, e.g. 159,

LizP + 3 (CH3)38iCl — 3 LiCl + [(CH3)3Si]; P (40)

Leffler and Teach 332) described the preparation of [(CH;),Si];P from NaPH,
and (CH,), SiCL.
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Table 8. Reaction products from phosphine and non-metal halides

Reaction of Reaction Reaction product Lit.

PH; with conditions

BCly 20°C PH, BCl, 147,158,294)

B,Cl, -78°C - 2PH; B,ClL 296)

BBr; 20°C PH,- BBr; 147,297)

BBr, 1250°C BP 298)

SiF, -22°C,50 at 293)

SiCl, -60°C No reaction 299)

SiBr, Under Colourless amorphous 300)
pressure compound

PCl, Solid phosphorus hydride 301)

PCls Dissolved in  No defined reaction 302,303)
lig. HC

PBr; -90°C PH,4Br, solid phosphorus 301,303)

hydride
AsF,, AsCly Arsenous phosphide 304-306)

Bis-(trimethylsilyl)phosphine and trimethylsilylphosphine are also formed
by the hydrolysis of tris-(trimethylsilyl) phosphine with the appropriate
amount of water in diglyme or tetrahydrofuran 151):

2 [(CH;);S8i]sP + HOH — 2 [(CH}3);8i],PH + [(CH;3);3Si],0 “n

The compounds 2 and 3 were formed by treating a mixture of Li,PH and
Li,P with diethyldichlorosilane !°):

H
P
A 7\
(CyH),Si  Si(CyHg) Si(CHg), (CyHg),S1 Si(CyHg )y
2 3

The alkylsilylphosphines are colourless liquids or low melting solids. They
are very sensitive to water and oxygen but are thermally very stable.

Phosphine, primary and secondary phosphines react with Grignard reagents
as “active hydrogen’’ compounds 214-216,493)
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10. Reactions with Diborane and Monobromodiborane

Ammonia reacts with boron hydride to form a product with the empirical
composition B,Hg " 2NH, '%2-159  Similarly, phosphine combines with di-
borane, in the gas phase above -30 °C and in the liquid phase in a sealed tube
above - 130 °C, to give a white instable solid of constitution BH;PH; (m.p.
32-35°C) 155:156) The dissociation pressure of BH;- PH; is so large that the
compound is already separated into its components at room temperature

BH; -PH, — PH, + 1/2 B,H, 43)

Nuclear magnetic resonance spectra show that the compound exists as a mo-
nomer in the molten state; IR and Raman data show that the same molecular
structure exists for the solid state %8, Sawodny and Goubeau *'1) calculated
the force constants from the normal vibrations of the molecule, after they had
corrected the original assignments of the bands!5®). A bond number of 0.78
was found for the P—B bond. The chemical shifts and coupling constants from
the 'H and ¥ B n.m.r. spectra for molten BH,PH, are given in Table 9 269,

Table 9. N.M,R. data for molten BH,PH,

at 37°C

Chemical shift Coupling constant

[ppm] [Hz]

Sgy  +0.53% Jen 104

Spy +4.31 Jpy 372

5p 60.8% Jpp 27
JHBPH 8
JPBH 16

3) Relative to TMS.
b) Relative to B(OCH3);.

The 'H n.m.r. and the vibrational spectra-of PH;BD;, PD;- BH; and
PD, BD, were investigated by Davis and Drake #'2), Proton n.m.r. spectra
of the first two compounds show that no hydrogen-deuterium exchange
takes place between boron and phosphorus. The spectrum of BH;* BD; shows
only a signal for the PH; group. This appears as a widely split doublet because
of coupling between the protons and the phosphorus nucleus (Jpy = 360 Hz).
Each component of the doublet is further split into a septet due to coupling
between the protons bonded to phosphorus and the three deuterons (/ = 1).
The coupling constant Jyp is 1.1 Hz. The proton spectrum of PD, - BH; con-
sists only of a resonance for the protons on the boron atom (/ = 3/2 for 'B);
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this is comprised of a 1 : 1:1: 1 quartet (Jgy = 103 Hz). Each component is
further split into a doublet due to coupling with the phosphorus nucleus.
Trimethylamine replaces PH, quantitatively in BH; - PH, to give
BH; - N(CH;);. Liquid or gaseous ammonia also replaces phosphine in the
compound BH; - PH; to the extent of 52-58% or up to 75%, respectively.
The hydrogen atoms bonded to boron are partially, or completely, replaced
by chlorine on treatment with hydrogen chloride, depending on the reaction
conditions. The first stage of the reaction with hydrogen chloride is the for-
mation of the colourless, viscous liquid BH,Cl - PH; (see below).

BH,-PH; + HCl——> BH,Cl-PH; +H, (44)

This reacts further with hydrogen chloride to give a colourless, crystalline pro-
duct of composition BHCI, - PH;. The latter compound melts at about 68 °C.
Finally, this is converted to BCl;* PH, above 0 °C and under higher pressure.
BCl, - PHj is a colourless compound and was prepared earlier by Besson 157
from the reaction of equal volumes of PH; and BCl, below 20 °C; its proper-
ties were later investigated thoroughly by Tierney '5®). According to this work,
BCl, - PH; is a well-crystalline solid which is partly dissociated in the gas phase
(at 31 °C to about 90%). The enthalpy of the reaction

Cl3B(g) + PH3(g) — BCl; - PHj(solid) 45)

is 26 kcal/mol. In benzene the compound is probably monomeric and essen-
tially undissociated. The dipole moment of BCl; - PH, in benzene solution
was measured as 5.2 £ 0.1 D (those for (C4H;);PBCl; and (CH;);PBCl, are
7.01 £ 0.06 and 7.03 £ 0.01 D, respectively) 5%,

By means of a kinetic investigation of the reaction between diborane and
phosphine at 0 °C in the gas phase, Brumberger and Marcus *® were able to
describe the probable course of the reaction using the following equations:

BzHo + PH3 —_—> (BH3PH3)(g) + BH3 (46)
BH3 + PH3 —_— (BHaPH3)(g) (47)
(BH3PH3)y) — BH3PHj(gona) (48)

A 1:1 adduct is formed between monobromodiborane and phosphine at
-78 °C.
B,HsBr+ PHy —5C> H,PBH,BrBHa(sond) (49)

This adduct begins to decompose to diborane and H;PBH,Br at -45 °C 61,
The latter compound is stable up to 0 °C. At this temperature it polymerises
slowly by splitting off hydrogen:

HyPBH,Br ——"> |/n(H,PBHBr), + H, (50)
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When monobromodiborane and phosphine are mixed in the proportions
1:2 at-78 °C, equimolar amounts of H;PBH,Br and H;PBH; are obtained
on melting the reaction mixture. Again, H;PBH,BrBH; is probably formed
first but, at higher temperatures, reacts further with phosphine according to

Eq. (51).
H3PBH, BrBH (gong) + PH; —2~> H3PBHssorid) + HoPBH;Br  (51)
Recently Drake and Simpson 26%) thoroughly investigated the reactions be-
tween PH;BH; and PH,BH,Br with HCl or HBr. Phosphine-borane reacted with

equi-molar quantities of hydrogen chloride or hydrogen bromide to give the
corresponding monohaloborane adducts.

PH5- BH, + HX —> PH3BH,X +H, (X =Cl, Br) (52)

With two molar amounts of the hydrogen chloride or bromide, the dihalo-
borane adducts of phosphine were formed.

PH;-BH, + 2HX — PH3BHX, + 2H, (X=Cl, Br) (53)

Similar reactions of phosphine-monobromoborane with hydrogen halides
lead to PH;- BHBrCl and PH;* BHBr,. The n.m.r. data for the phosphine ad-
ducts are presented in Table 10.

Table 10. N.M.R. data for the adducts between phosphine and
BH, or haloborane (approx. 10% solutions in CH,Cl, at -20 °C) 263)

Compound 815, (PH;)® Jpu JuH
“[ppm] [Hz] {Hz]
PH,- BH; 4.24 369 8.0
PH;* BH,CI 4.79 389 6.2
PH;- BH'Cl, 5.14 413 3.8
PH;* BH,Br 5.08 405 6.2
PH, - BH'Br, 5.56 420 4.4
PH,- BH'BrCl 532 417 4.0

8) Relative to TMS internal reference.
b) At -60 °C.

As can be seen in Table 10, the coupling constant, Jpy , increases with increas-
ing Lewis acidity of the borane component. The Lewis acidity increases in

the following series of compounds thus: BH; <€ BCl; < BBr,; BH; <BH,Cl <
BHCl,; BH; < BH,Br < BHBr, and BHCl, < BHBrCl < BHBr,. In the series,
[PH, 1", [CH3PH, 1", [(CH;),PH,]" and [(CH;);PH]", the coupling constant,
Jpu , decreases with increasing substitution, as must be expected when the
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Fermi contact term is the most important factor for coupling. The bonding
in [PH,]" is probably comprised of pure sp3-hybridised orbitals, so that in-
creasing substifution by methy! groups reduces the s character of the remain- -
ing P—H bonds and simultaneously causes a reduction in the H—P—H bond
angle. On the other hand, the coupling constant, Jpy , increases in the series
PH,, CH,PH, and (CH,),PH with increasing methyl substitution *'®, This
apparent contradiction can be explained by considering that Jyy is dependent
upon the geometry of the molecule 41}, The replacement of hydrogen atoms
by methyl groups renders the electron lone pair more accessible (see page 7).
This is shown by the fact that the H—P—H bond angle in PH; is only 93°
whereas the C—P—C bond angle in P(CH;); is 98°. Therefore, among other
factors, an increase in the coupling constant, Jpy , which indicates an increase
in the s character of the P—H bonds, can occur when an electron-withdraw-
ing group is introduced.

In systems derived from PH;- BHj;, changes in the coupling constant, Jpy,
are found which are similar to those seen in compounds derived from PH;,
i.e. compounds with phosphorus in coordination number 3. The observation
that the alteration does not correspond to that seen for derivatives of PHj
suggests that the very weak donor-acceptor bond in PHy ' BH; does not affect
the hybridisation of phosphorus, as compared with that in free PHj;, as much
as might at first be expected. A small increase in the electron withdrawing
action by halogen substitution of the hydrogen atoms bonded to boron causes
an increase in the s character of the P—H bonds.

11. Reactions with Silanes and Alkali Aluminiumhydrides

Silyphosphine, SiH;PH,, can be isolated by passing equal quantities of phos-
phine and silane through a reaction vessel heated to 500 °C and subsequently
cooling the resulting gas stream immediately to the temperature of liquid nitro-
gen. In a sealed reaction vessel at 450 °C and about 200 mmHg pressure other
P- and Si-containing products were observed but not individually investigated
162,163)

Silylphosphine is also formed, together with disilylphosphine, (SiH;),PH,
and disilanylphosphine, Si,HsPH,, by the application of a silent electrical dis-
charge to a mixture of silane and phosphine. Analogous treatments of mixtures
of disilane, Si,H,, with PH; or of disilylphosphine with silane, result in the
formation of disilanylphosphine and sitylphosphine, respectively '64-165)
Evidence for the existence of trisilylphosphine was found for the first time by
Aylett, Emeléus and Maddock ' in the reactions between silyl iodide, H;Sil,
and phosphine or between silyltrialkylammonium iodide and phosphine. Ac-
cording to Amberger 7 the reaction of potassium dihydrogenphosphide with
silyl bromide is suitable for the preparation of trisilylphosphine. The reaction,
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which apparently even below - 100 °C proceeds via many stages can be de-
scribed by the empirical equation:
3 KPH, + 3 SiH3Br — P(SiH;); + 2 PH; + 3 KBr (54)

Glidewell and Sheldrick #'5) found that the formation of trisilylphosphine
occurs according to the scheme:

PH, +SiH3Br —— SiH;PH, +Br (55)

PH; +SiH,PH, —> SiH,PH  +PH, (56)
SiH;PH™ +SiH3Br —— (SiH3),PH + Br (57)
(SiH3),PH + PH, — (SiH3),P" +PH, (58)
(SiH3),P" +SiH;Br — (SiHj3);P +Br (59)

The intermediate mono- and disilylphosphines can be isolated using suit-
able conditions. The preferential formation of trisilylphosphine is a result of
the increasing acidity of the compounds in the following order, PH; >
H;3SiPH, > (H;8Si),PH. Trisilylphosphine reacts with water or hydrogen chlor-
ide to form disiloxane or silyl chloride, respectively. It has a much smaller
nuclcophilic character than trimethylphosphine 4157,

At room temperature trisilylphosphine is a colourless liquid, which is
spontaneously inflammable in air (extrapolated boiling point, 114 °C). Ac-
cording to electron diffraction results the Si—P—Si bond angle in trisilylphos-
phine is 95 + 2° 18) The measured P—Si bond length of 2.247 £ 0.005 A 168
corresponds to the expected Si—P single bond length of 2.25 A predicted by
Beagley . The 3'P nuclear magnetic resonance spectrum of the compound
indicates that predominantly p orbitals of the phosphorus atom are used for
the formation of the ¢-bonding system 3**). The chemical shift of P(SiH;);
is +378 ppm (relative to 85% orthophosphoric acid); this is the largest posi-
tive shift observed to date for a compound of phosphorus.

Lithium aluminiumhydride reacts with phosphine in diglyme or tetrahydro-
furan to give LiAl(PH,), with evolution of hydrogen 17

LiAlH, + 4PH, —— LiAl(PH,), + 4 H, (60)

The lithium tetrakis (dihydrogenphosphido) aluminate, which is soluble
in diglyme, shows typical organic and inorganic substitution reactions and can
be used to introduce PH, groups into molecules. The compound is quantita-
tively hydrolysed thus:

LiAl(PH,); + 4 H,0 —— 4 PH, + LiAl(OH), (61)

With ethyl iodide, ethylphosphine and phosphine are formed. The reac-
tion with excess silyl bromide results in the tormation of silylphosphine 416),
Silylphosphine, like methylphosphine, forms an adduct with diborane 4!7
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2 SiH3PH,; + B,Hg — 2 SiH4PH,- BH, (62)
2 CH3PH2 + B2H6 —_ 2 CH3PH2' BH3 (63)

The proton n.m.r. spectra of these adducts have been intensively studied. The
BHj; resonance in the spectrum of CH,PH,,  BH consistsofa 1:1:1:1 quar-
tet due of coupling between the boron nucleus (! B, 80% natural abundance;
I=3/2) and the directly bonded protons (Jgy» = 99 Hz). Each component of
the quartet is further split into a doublet of triplets due to coupling with the
phosphorus nucleus (Jpy» = 16 Hz) and the two protons bonded to phosphorus,
respectively. The PH)-signal is, as is typical for phosphine-borane adducts, a
doublet with Jpy = 375 Hz. All n.m.r. data for the two types of adducts are
given in Table 11.

Table 11. '"H N.M.R. data for silyl- and methylphosphine ('H,)- and (3H;)-borane adducts
(pure liquids at -20 or 25 °C) 417

Compound Chemical shift [ppm]

8 (siH) o1 b (cH) 3(pH) §(BH)
SiH,PH,* BHj 4.0 3.8 0.8
Si(HD);PH;- B(HD"), 4.0 3.8 0.7
CH,PH,- BH} 1.30 458 0.53
CH;PH," BD, 1.30 4.52

Coupling constant [Hz]

Jun  Ju'm”  Jpu Jew'  Jenr Jeu" Ju'p
SiH,PH, BHj 4 8 13.5 358 ca. 16 101
Si(HD);PH,B(HD"), 4.5 14.0 255 102
CH,PH,- BH} 7 7 ca. 13 37s 102
CH,PH), BD, 6.5 ca. 13 376 1

12. Reactions with Heavy Metals and their lons

Heavy metal salt solutions react with phosphine in many cases to give normal
phosphides. In this way, for example, AgsP, Au;P, Hg,P,, Pb;P, and Cd;P,
can be prepared 2%6:257) The reaction of phosphine with nickel salt solutions
generally results in the formation of a precipitate of composition varying from
Nig 4P to NiP. The nickel phosphides, NisP,, Ni,P and NiP can only be isolated
by using specific conditions 258

No new results about the reactions of phosphine with copper salts, their
aqueous solutions or with metallic copper are available. The earlier literature
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is often contradictory. According to Rose *57) PH; reacts with CuCl, to give
HCl and Cu,P,, whereas aqueous solutions of CuCl, are not attacked by phos-
phine 458, Results on the behaviour of phosphine towards copper (I) com-
pounds have been confirmed. With acidified CuCl solution CuCl - PH; is form-
ed; CuBr - PH, and Cul - PH, can be prepared analogously #9:46°)_ Under pres-
sure the compounds CuCl - 2 PH; and CuBr - 2 PH; are formed ", Only an
earlier literature report about the reaction of PH; with metallic copper, in
which it is reported that at 180-200 °C Cu,P is formed, exists %58, Also the
behaviour of phosphine towards silver compounds is still unclear in many re-
spects. On passing PH, into an alcoholic solution of Agl, Agl - 5 PH, is obtained,
while no addition compounds are formed between PH; and AgCl or AgBr 49,
According to a more recent report,a mixture of Ag,P and elemental silver is
obtained on treating a dilute alcoholic solution of silver nitrate with phosphine.
Unstable Ag, P -3 AgNO; is formed on passing phosphine into a concentrated
aqueous solution of silver nitrate “6?), Uranium salts in aqueous solution are
not attacked by PH; #63). The corresponding diphosphides are formed by heat-
ing the metals Ti, Zr, V, Nb, Ta, Cr, Mo, and W with phosphine in a hydrogen
atmosphere in an electric oven at 800 °C 6%,

13. Reactions with Aldehydes

a) Aliphatic Aldehydes

Reactions between phosphine and aldehydes were observed relatively early by
Messinger and Engels !7':17?_ By passing phosphine through etheral solutions
of acetaldehyde, propionaldehyde or butyraldehyde in the presence of hydro-
gen halides they obtained tetrakis(hydroxyethyl)-, tetrakis(hydroxypropyl)- or
tetrakis(hydroxybutyl)-phosphonium halides, respectively. Tetrakis(hydroxy-
ethyl)phosphonium iodide was isolated several years earlier by Girard '7 as
the reaction product from phosphonium iodide and acetaldehyde.

Little attention was paid to these reactions until 1921 when Hoffman
174-176) prepared tetrakis(hydroxymethyl)phosphonium chloride by passing
phosphine into a warm, aqueous hydrochloric acid solution of formaldehyde.
The product was obtained in the form of colourless crystals by evaporation of
the reaction solution.

A kinetic study of the reaction between phosphine and formaldehyde
showed that it is of the first order with respect to phosphine and to the alde-
hyde. It is catalysed by HCl. At hydrogen chloride concentrations of less than
0.2 mol/1 the rate of reaction is proportional to the HClcontent of the solu-
tion, at higher concentrations the rate is independent of the HCl<ontent 7,
The dependencies found can be accounted for by both bi- and trimolecular
mechanisms. In the latter case, a simultaneous interaction between one mol-
ecule of aldehyde, one of phosphine and a proton must be assumed:
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H H H

| | fast |
H-P|+CH,0+H" — _, H_P* CH,0H =——— [P—CH,OH +H" (64)
| |

I
H H H

The hydroxymethylphosphonium ion first formed changes into mono-
hydroxymethylphosphine by releasing a proton. This phosphine reacts further
in the same way as phosphine itself until finally the quarternary phosphonium
ion is formed. For a bimolecular reaction mechanism, the first stage must be
assumed to be the formation of a carbonium ion from the aldehyde molecule
and a proton. This ion then reacts with phosphine.

. _fast
CH,0+H' —— CH20H (65)
H H H
[ slow I* fast | .
H-P| + CH,0H —— == H_P —-CH,0H &———= [P-CH,OH + H (66)
| | J
H H H

In the presence of heavy metal salts, such as HgCl,, AgNO; or PtCl,, the
reaction between phosphine and formaldehyde is also catalysed by acids
weaker than hydrochloric acid. Thus, in this way, phosphonium acetate, oxalate,
lactate or fluoride can be obtained directly. According to studies by Raver
178,179) phosphine reacts with formaldehyde even in the absence of acids when
metal salts such as HgCl,, NiCl,, Cr,(80,);, PtCl, or finely divided metals
are present in catalytic amounts 3!0-32) Tetrakis (hydroxymethyl)phospho-
nium hydroxide is thus formed.

The reactions of substituted phosphines with formaldehyde show that the
rate of the reaction is determined by the nucleophilic character of the phos-
phorus atom. The energies of activation decrease in the order '89):

PH; > C,HsPH, = CH3PH,; > CH3C,HPH > (CH,),PH 67)

On the other hand, fluorine-containing substituents reduce the electron don-
ating power of the phosphorus atom.

1,1,2,2-Tetrafluoroethylphosphine only reacts with CH,O in the pre-
sence of hydrochloric acid to give CHF ,CF,P(CH,0H), (b.p. 100 -110 °C/
0.18 mmHg, with decomposition), The corresponding phosphonium compound
is not formed '#V. Phosphine reacts with aqueous solutions of formaldehyde
in the presence of secondary amines to give tris(dialkylaminomethyl)phos-
phines in good yields *82):

PH, + 3 CH,0 + 3 HNR, ——> (R,NCH,),P + 3 H,0 (68)

Secondary phosphines of the type (CHCI,CHOH),PH, (CCl;CHOH),PH
or (CH,;CHCICC1,CHOH),PH are formed by the reactions of phosphine with

40



The Chemistry of Phosphine

the corresponding aldehyde in the presence of HCI with tetrahydrofuran as
reaction medium !83-184)

Tetrakis(1-hydroxyalkyl) phosphonium salts were prepared from phosphine
and various aliphatic aldehydes using similar reaction conditions 1857,

Chloral hydrate and chloral alcoholate react with phosphine in the pre-
sence of HCI to give compound 4 in the form of its monohydrates 333, The
preparation of this compound from chioral hydrate and phosphonium iodide
has been previously described by Girard '3,

OH H OH

|
Cl;C—C—P—C—CCl,

I |

H H

4

The reactions of phosphine with «-branched aldehydes follow a different
pathway. They lead to the formation of stable, heterocyclic, secondary phos-
phines of the following type, 5 '3, With suitable dialdehydes, spirocyclic
phosphonium salts are abtained '8¢:187); these are very difficult to prepare by
other methods 188):

H

|
ut VAN
3 ReR(HC—CHO + PHg -— RaR(HC CHR R+ HgO
1 |
O. O
Ner”
|

CHRiR» (R;"Rz—CHs)
E

H OH H OH
_/cHO C C
2(CHp)» 4 PHs + HCO — | (CHy)y . DP (CHz)a |C1 (70)
\cHo c<
HO H HO H

b) Aromatic Aldehydes

As previousty mentioned, the first reactions between phosphine and aromatic
aldehydes were carried out by Messinger and Engels 17!:172) ajthough the
nature of the reaction products could only be clarified in the last few years.

(69)
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When a stream of phosphine is passed into an ether solution of benzal-
dehyde saturated with HCI, a colourless, crystalline solid, insoluble in the
reaction mixture is formed. The infra-red spectrum of this product shows an
absorption band at 1145 cm™! which is typical for the P=O group of a ter-
tiary phosphine oxide. This, together with the chemical behaviour, indicates
that the product is benzyl-bis(a-hydroxybenzyl)phosphine oxide, 6, '%%).

(CsHsCHOH),P(0)(CH,C4Hs)
6

p-Methylbenzaldehyde and p-chlorobenzaldehyde produce the correspond-
ing phosphine oxides in analogeous reactions '%%).

When methanol is used as reaction solvent for the treatment of benzal-
dehyde with phosphine, however, the product is tris(a-methoxybenzyl)phos-

phine, 7, 1%
H
|
CgHsC—— } P
|
OCHg/ 3
7

The use of ethanol or isopropanol as solvent results in the formation of
tris (a-ethoxybenzyl)- or tris(x-isopropoxybenzyl)-phosphine, respectively,
in yields of up to 85% 1%,

Kinetic investigations of the reactions discussed here have been made by
Ettel and Horak %9,

14. Reactions with Ketones

Simple ketones react with PH, in strongly acid media to form primary phos-
phine oxides and 1-hydroxyalkyl-sec.phosphine oxides %1-19%).
H+
R—CO—R’+PH3 —— RR’CH~PH,(0) (1)

R—CO—R’+ RR’CHPH2(0) == RR'CH—PH(O)—C(OH)RR’ (72)

The proportions of primary and secondary phosphine oxide formed are de-
pendent mainly on steric effects.

Buckler and Epstein 192:19%) suggested the following reaction mechanism
to account for the formation of primary phosphine oxides:
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OH

ut 0
R—CO—R’+PHs =" RR'C—PHp; —— RR'C—PH; —,
_H: _

(73)

H,0
RR’'C=PH ——» RR/CH—PH(OH) == RR'CH—P(0)H;

The first step corresponds to a normal carbonyl addition, as is also ob-
served with aliphatic aldehydes; but here the equilibrium does not lie so far
to the right. A strongly acidic medium is necessary for the next stage, the
formation of a carbonium ion. For example, it is found that PH; only reacts
with acetone when the solution is more than 8-molar in hydrochloric acid.

By analogy, the formation of a double bond between carbon and phosphorus,
which in our opinion, however is improbable, is assumed to be the third stage.
Finally, this is followed by the addition of water and tautomeric rearrange-
ment to the primary phosphine. In this way, phosphine, which is present in
technical acetylene, and because of its good solubility in actone concentrates
in the commercial steel cylinders, forms with acetone, isopropylphosphine
oxide and possibly, secondary products 4%,

One of the most reactive, with respect to phosphine, ketones, hexafluoro-
cyclobutanone, produces with phosphine primary and secondary 1-hydroxy-
fluorocyclobutylphosphines instead of phosphine oxides 1*%:

FqG CFq FoC CFe
l + PH3 -:J + [(CF2)3C{OH))2PH (74)
Fa C=0 oG——C—0OH 9
!
PHy

8

The proportions of primary and secondary phosphine formed are dependent on
the molar ratio of the reaction components. Excess of phosphine leads mainly
to 8, while an excess of ketone produces a practically quantitative yield of 9.
The two phosphines 8§ and ¢ are both hydrolytically stable but, however, are
oxidised to oily products by air. The secondary phosphine 9 reacts with di-
ethylphenylboronate to give the ester /0 in high yield %,

Similar to ketones, diketones also react readily with phosphine in aqueous,
strong hydrochloric acid media 3. Thus, 2,4-pentadione gives a colourless
crystalline substance of composition C,oH,,04P in good yield. On the basis
of spectroscopic studies and the chemical properties of the compound the
authors suggest the structure /1.
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CeHs
|
/ ’ \
O O
| I
F 2C—C\ /C— CFg
P
H

FaC—CF, FC—CF2

10

Il I
ZCH30CH2CCH3 + PH3 mb
3

H
1 CH, 75)

= /\a?
CH, --/A&CHS
HP 0

11

Analogous products are obtained from reactions between 2.4-pentadione and
various primary phosphines.

Structure 12 was originally proposed for the product, with the composi-
tion CgHy,04P, obtained by passing a mixture of phosphine and HCl into an
ether solution of pyruvic acid, an a-keto acid '"!'17?), However, the infra-red
and nuclear magnetic resonance spectra can only be interpreted in terms of
the structure 13, recently proposed by Buckler 8%, This structure also ac-

3CII,COCOOH e R HP
+ s S o
PH, HO \1?/ COOH
nooc~{ on
. CH,
o CHy
o=c-c% ) P /
3 (76)
12 O\\C,O\C/CH“‘
VA
cH—P C-0 + 3H,0
\ 7
A
o
CH,
13
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counts for the chemical behaviour of the compound. A normal carbony! ad-
dition followed by cyclisation with the splitting off of water was assumed to
account for the formation of compound 13.

15. Reactions with Olefins

The addition of phosphine to olefins provides today a generally applicable
method for the syntheses of organophosphines. Stiles, Rust and Vaughan !9
were the first to study the reaction systematically. It is catalysed by
organic peroxides such as, for example, di-t-butyl peroxide, by «, o'-azobis-
isobutyro-nitrile 17, by other free radical sources or by exposing the reac-
tion mixture to UV- or X-radiation '”). The PH, radicals, produced accord-
ing to Eq. (77), react further with olefins thus producing PH, radicals con-
tinually.

PH, — PH,- +H- (77)

On treatment of phosphine with 1-butene, cyclohexene, allyl alcohol,
allylamine or allyl chloride, the corresponding primary, secondary and terti-
ary organophosphines are obtained in yields ranging from 2 to 67%. The
reaction between phosphine and 1-butene is, among others, used for the in-
dustrial preparation of tributylphosphine %)

The addition of phosphine to olefins is accelerated by acidic '° and
basic 2%) catalysts. Under the influence of non-oxidising acids or Lewis acid
such as, for example, methanesulphonic acid, benzenesulphonic acid, trifluoro-
acetic acid or boron trifluoride 2°” phosphine is quickly added to olefins at pres-
sures of 20-40 at, and temperatures of 30-60 °C. It is assumed that the reac-
tion proceeds via a carbonium ion which is first formed thus:

@
RyC=CHgs+ H+ — > RoC—CHg (78)

This reacts further with phosphine to give the monoalkylphosphonium ion
and which finally splits off a proton to form the corresponding phosphine.

2]
RzC—CHg+PHz ——» [H3P—CR2CH3l* —— » HoaP—CReCH3 4+ H+ (79)

This assumption is supported by the fact that tertiary phosphines react
especially readily under analogous conditions. )

With strongly basic catalysts, in contrast, it is assumed that, in spite of the
extremely weak acid character of phosphine, the reaction formally follows the
Michael mechanism, i.e. it proceeds according to the sequence of reactions
(80), (81) and (82) 202,
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PH3 4 OH- ——» PH3+H0 (80)
PHz + CH;CHCN —— H,PCHCHCN (81)
HoPCH,CHCN + H+ —— HyPCHCH3CN (82)

By the use of base catalysts phosphine and phenylphosphine for example
can be cyanoethylated. Acrylonitrile and phosphine react together at room tem-
perature in the presence of aqueous potassium hydroxide solution to give, de-
pending on the reaction conditions, primary, secondary and tertiary 2-cyano-

ethyl-phosphines 299
PH3-+CHs=CHCN ___, HyPCH3CH2CN (83)
PH3 + 2 CHa=CHCN —— HP(CH3CH2CN)g (84)
PH3 43 CHa=CHCN ——> P(CHzCHoCN)3 (85)

In place of potassium hydroxide, strong organic bases or suitable ion ex-
changers, such as, for example, Dowex-2, can also be used.

Haszeldine and co-workers investigated the reactions between phosphine
and polyfluoro-olefins very carefully 203:204) These, initiated by UV-radiation
203,204) oy carried out in sealed tubes at higher temperatures, 205:206) Jead to
‘primary and secondary polyfluoroalkylphosphines. 1,1,2,2-tetrafluoroethylene,
for example, forms 1,1,2,2-tetrafluoroethylphosphine in 86% yield. In addition,
the reaction product also contains tetrafluoroethylenediphosphine, whereas
the reaction of ethylene with phosphine produces no ethylenediphosphine.
The conditions urider which the reaction proceeds and the nature of the final
products suggest the mechanism described by the following equations 203,

PH, ¥ .PH, +-H (86)

-PH, +C,F; — H,PCF,CF,- 87)

H,PCF,CF,- + PH; —> H,PCF,CF,H + -PH, (88)

H- +C,F, —> CHF,CF,- (89)

CHF,CF,- +PH; —> CHF,CF,H + PH, — etc. (90)

H,PCF,CF,- +-PH, —> H,PCF,CF,PH, on

CHF,CF,PH, —Y— CHF,CF,PH —%}?—» (CHF ,CF,),PH (92)
3

An equi-molar mixture of chlorotrifluoroethylene and phosphine reacts
in UV light to give a 91% yield of chlorotrifluoroethylphosphine, CICHFCF,PH,,
i.e. phosphine attacks the CF, group, as is known from other radicals 2°*. In
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contrast, 1,1-difluoroethylene with phosphine gives CHF,CH,PH, as main pro-
duct as well as the secondary phosphine (CHF,CH,),PH, i.e. here the attack
occurs only at the CH, group of 1,1-difluoroethylene. Surprisingly FCIC=CFCl
does not react with phosphine. Finally the photochemical reaction of phos-
phine with trifluoroethylene results in the formation of CF;CHFCF,PH, and
CF;CF (PH,)CHF, in the ratio 85 : 15.

The addition of phosphine to 5,6-dideoxy-1,2-O-isopropylidene-D-xylo-
hex-5-enfuranose (I4) takes place when the reaction mixture is irradiated with
UV-light. A mixture of 5,6-dideoxy-1,2-O-isopropylidene-o-D-xylo-hexa-
furanose-phosphine (15) and bis-6-(5,6-dideoxy-1,2-O-isopropylidene-a-D-
xylo hexanose)phosphine (I6) is probably formed but the components could
not be separated. In the presence of atmospheric oxygen these are converted
to the corresponding phosphonous acid (/ 7) and the secondary phosphine
oxide (I8), respectively 419,

g
H_O
H
|
E—CH,
H,
14
PH, u
-~
H, PH. CH, 1L——~CH2
H, O H, O H
OH OH OH
O
' &
0——CH, —CH;, —CH,
CH, H, éH, (93) - (96)
15 16
02| O’I
H
H,~P—OH i
8 Hy——P——CH,
H, O H 0 CH 0
OH OH OH
‘ &
—C—CH, O—I —CH,3 O0—C—CH,
éHa CH, H,
17 18
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16. Reactions with Isocyanates

Phosphine reacts with aryl isocyanates to form tricarbamoylphosphines (19)

207,208).
N(C:H,
PHy + 3 XQNCO AL P[C(O)NH X:l
3

19 )

X =H,C],NO,

The yields from the reactions, carried out at room temperature and a pres-
sure of 2-4 at, increase with increasing electronegativity of the substituent X.
The yield with phenyl isocyanate is 13%, with p-chlorophenyl isocyanate 55%
and with p-nitrophenyl isocyanate it is 100%. Primary and secondary carba-
moylphosphines cannot be isolated even when equi-molar quantities of phos-
phine and isocyanate are used. Their intermediate formation is probable but
apparently they are more reactive towards isocyanates than phosphine itself.
Similarly, phosphine does not react with free cyanic acid whereas primary and
secondary phosphines react with cyanic acid, as with isocyanates, to form the
corresponding carbamoylphosphines 2°%. Attempts to make phosphine react
with phenyl isothiocyanate did not succeed 2'??,

17. Reactions with Aromatic Acid Chlorides

Aromatic acid chlorides react with phosphine at 50 °C in absolute pyridine
to form mono-, di- and triacylphosphines. For example, PH; and benzoyl
chloride give tribenzoylphosphine, a yellow crystalline compound which is
resistent to water and dilute acids but is hydrolysed to PH, and alkali ben-
zoate by alkalis 2!7-218),

18. Reactions with Trimethylindium

When phosphine is passed through a benzene solution of trimethylindium at
0-25 °C, an exothermic reaction occurs and a pale yellow precipitate is form-
ed. This is probably (CH;In - PH),, ; it is insoluble in the usual organic solvents
and is spontaneously inflammable in air.

In water it decomposes to methane and phosphine. At 100- 120 °C the
substance sometimes decomposes with evolution of smoke or explosively. On
heating to 250- 270 °C, indium phosphide is formed as the residue 2'?).

Trimethylindium is readily soluble in liquid phosphine. A | : 1 adduct,
(CH;);In - PH,, is probably formed at - 123 °C. Above this temperature, at
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about =112 °C, it decomposes to (CH;);In and phosphine. At still higher tem-
peratures, above about -78 °C, condensation of the monomeric molecules
occurs with the evolution of methane. The polymer of empirical composition
CH;In-PH thus formed, is stable up to about 95 °C and decomposes at higher
temperatures to CH, and InP 2'3,

19. Phosphine as Ligand in Coordination Compounds

A deep-blue solution of V(CO),PH, is formed on passing PH, into a hexane
solution of vanadium hexacarbonyl at room temperature 2!, A molecular
weight determination of a benzene solution of the diamagnetic compound
gave a value of twice the formula weight. Thus, apparently, a dimeric complex
is formed. The infra-red spectrum confirms that PH, bridging groups with o-
bonds between vanadium and phosphorus are present.

PHo;

2 V(COJo+2 PHs Hexane (co)4v<PH2 V(CO)q+4 CO+Hgp (98)

20
Di-u-phosphino-bis(tetracarbonylvanadium), 20, is very soluble in hexane,
benzene and methylene chloride and can be kept under a nitrogen atmosphere.

Mono- and diphenylphosphine also give the corresponding dimeric com-
plexes with vanadium hexacarbonyl.

Whereas the above described reactions result only in dimeric compounds
of the type 20, E. O. Fischer and co-workers 33*) were recently able to pre-
pare a carbonyl compound in which phosphine acts as a mono-dentate ligand.
Tricarbonylcyclopentadienylphosphine vanadium, n-C;H;V(CO)3PH;, 21,
was obtained by exposing a solution of 7-C;H;V(CO), in tetrahydrofuran or

benzene under a phosphine atmosphere to UV light for several hours accord-
ing to Eq. (99).

hy
7-C5H5V(CO)4 -+ PHg — n-CsH;5V(CO)gPH3 + CO
21

(99)

The 'H n.m.r. spectrum shows a doublet with a chemical shift of 7= 6.81
and a coupling constant Jp_y of 324 Hz.

The following compounds can be obtained from analogous reactions:
C;H;Mn(CO),PH; (red-brown, m.p. 72 °C; Tpu, = 6.76;Jp_y = 327 Hz)
Cr(CO);PH, (pale yellow, m.p. 116 °C, TpH, = 7.55;Jp_y =337.5 Hz)
Fe(CO),PH; (bright yellow, m.p.36 °C, 7pu, =7.85;Jp_y = 365 Hz)

Mo (CO)sPH; (colourless,m.p. 112 °C (decomp.) Tpuy = 7.69;Jp_n =327 Hz)
W(CO)sPH; (colourless, m.p. 120 °C, 7pn, = 7.49;Jp_u = 341 Hz)
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Phosphine can also replace a carbonyl group in bromopentacarbonyl man-
ganese 336 The compound, BrtMn(CO),PH,, shows a doublet in the 'H n.m.r.
spectrum, 7= 6.58, Jp_y =355 Hz.

PF, as well as CO, as ligand in coordination compounds, can also be par-
tially replaced by PH; 2*”). HCo(PF,);PHj,, a light yellow, sublimable com-
pound (m.p. 25 °C) is obtained when a mixture of HCo(PF;), and PH; is ex-
posed to sunlight or to UV radiation from a mercury lamp, or when
HCo(PF,);CO is treated with PH,. The 'H n.m.r. spectrum of liquid
HCo (PF;);PH; shows a doublet of quartets, 7=6.12,Jp_yy =352, J5;p_p =
17.6 Hz, for the PH; group and a broad signal at 7 = 24.4 for the hydrogen
atom bonded to cobalt. The hydrogen atom and the PH; group probably oc-
cupy axial positions of the trigonal bipyramid and the PF; groups the equa-
torial positions.

Klanberg and Muetterties 36 described the introduction of two phosphine
ligands into a carbonyl compound. They reacted the octahydrotriboro-tetra-
carbonyl-metal anions (22), where M = Cr, Mo or W, with phosphine and ob-
tained the sublimable bisphosphino-metal tetracarbonyls (23) which are
stable in air:

(OC)4MB3H3 + 2 PH3 —— (OC)M(PHj)z 4 BgH3 (100)
22 23
(M =Cr, Mo, W)

The chemical shifts in the 'H and 3'P n.m.r. spectra of the molybdenum
and tungsten compounds are 7 =6.31 and 5.98 and 8p = 155 and 175 ppm
(relative to H3PO,), respectively. The coupling constants, are 324 and 338 Hz,
respectively.

Recently a compound with three PH; ligands bonded to a central atom
was reported. Phosphine reacted rapidly and quantitatively at room tempera-
ture with a solution of tricarbonyl-hexamethylborazine chromium(0) in
cyclohexane to give the octahedral tricarbonyltris(phosphine)chromium(0)
in the cis configuration 34%),

The structure of a series of other coordination compounds containing the
PH, ligand, the preparations of which were described by Klanberg and Muetter-
ties 33 according to the following Eqs. (101) to (107), are not individually
known.

PHj3 -+ [(C¢Hs)aP)oPdCls —s {[(CeH3)3P](PH3)PdCl}y (101)
[(CeHs)sPlaPtl; —— Ptay[P(CeHs)sla(PHa)sl, (102)
Ru(CO)sCly — Ruz(CO)g(PHa)4 (103)
Rhy(CO)4Clg ——— Rhg(CO)g(PH3)s (104)
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Ni(C5H5)2 a— Ni(CsHs)z(PHs)z (105)
[(CeHs)sP]3sRhCl  —— [(CgH;5)3P]2aRh(PH3)Cl (106)
[(CeHs)3P12Ir(CO)C1 —— [(CgHs)3P](PH3)Ir(CO)Cl (107)

The authors strongly emphasise the facility with which metal clusters are
apparently formed by these reactions.

V. Diphosphine and Higher Phosphines

Diphosphine, P,Hy, is a liquid at room temperature. The vapour pressure at
0°Cis 73.0 mmHg, at -33.5 °C it is 10 mmHg *??. The average values for the
extrapolated boiling point and the latent heat of evaporation of diphosphine
are 63.5 °C and 6889 cal/mol, respectively 42422 The results are calculated
from the values reported in the literature for the vapour pressure at various tem-
peratures; however, some of these values vary greatly from one another. The
melting point has been reported to be -99 °C #2), The heat of formation, cal-
culated from the heat of explosion, for the formation of P,H, from the elements
was reported to be Hy, = 5 £ 1.0 kcal/mol 29, The most recent determina-
tion of the density of liquid diphosphine has shown that it is less dense than
water ***)_ Earlier, the density of liquid phosphine at 16 °C was reported to be
1.016 g/cm? *2?)_ Solid diphosphine has a density of 0.9 g/cm3 424 At -136 °C
the lattice is built of monoclinic, and possibly also rhombic, unit cells each con-
taining 2 molecules (space group C} or Cy) 429)

The point group of the molecule is probably C, 4?4-42®) The distances be-
tween the nuclei, calculated from the force constants, are d(P—P)=2.11 A
and d (P—H) = 1.44 A**®), The IR and Raman spectra of diphosphine were
carefully studied by Baudler and Schmidt 4*%) and by Nixon 4** and the n.m.r
spectra by Lynden-Bell 427,

Diphosphine is formed by the hydrolysis of calcium phosphide
428,429) 4nd also by the hydrolysis of other phosphides when these contain
P—P linkages. Thus, for example, it is reported that the phosphine obtained
by the hydrolysis of aluminium phosphide, which has been prepared from the
elements with phosphorus in excess, is spontaneously inflammable. This is
caused by the diphosphine formed at the same time. When the aluminium
phosphide is prepared using stoichiometric or even excess amounts of alumin-
ium, the formation of diphosphine is not observed on hydrolysis. The diphos-
phine, formed in large quantities by the hydrolysis of calcium phosphide, can
be separated from the phosphine and hydrogen evolved simultaneously by cool-

422,424,425,
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ing the gas mixture to -78 °C and diphosphine can be subsequently purified
by distillation under high vacuum #?*. Diphosphine can also be obtained from
the reaction of pure white phosphorus with potassium hydroxide solution at
60 °C 42V The formation of diphosphine has also been observed in the follow-
ing reactions: by heating red phosphorus in a stream of hydrogen ¥, by heat-
ing a mixture of red phosphorus and Ba(OH), **"?, by the action of atomic
hydrogen on red phosphorus 32 and by the reaction of H;PO, with acetyl
chloride 433,

With B,H,, diphosphine forms an adduct, P,H, - B,H4; with boron tri-
fluoride at low temperatures the adduct P,H,- 2BF; is formed 4*#. On heat-
ing or exposure to light, diphosphine decomposes to PH; and higher phosphorus-
hydrogen compounds 420,421,422,428,435)

Triphosphine, P;H; , has been identified as a product from the hydrolysis
of CasP, or Mg;P, in acidic media by mass spectroscopy **®. In addition,
using mass spectroscopic analysis Baudler and her co-workers 436:437) were
able to identify the following higher phosphines formed during the hydro-
lysis or the disproportionation of diphosphine:

P,H;,42 P,H, P,H,., P,H,_ 4 Others
Triphosphine Py H,Y P, H,Y
Tetraphosphine PyHe? P,H,?  P,H,
Pentaphosphine P;H, PsH; b) Pg Hab)
Hexaphosphine PeH, PgHg PsH,®  PgH,
Heptaphosphine P,H, P,H, P,H; P,H,Y
Octaphosphine PsH, PgHy PyH,Y
Nonaphosphine PoHy PyHj PoH,4 b)
Decaphosphine PioHio P,oHs P10H4,P10H2b)
Undecaphosphine Py, HG,P“H3b)
Dodecaphosphine Py,H,
Tetradecaphosphine PyaHyy

) Main products.
b) Predominant products for the particular value of .

The spontaneously inflammable nature of the higher phosphines decreases
with increasing phosphorus content. At room temperature or on exposure to
light, phosphorus-rich, yellow, solid phosphines are rapidly formed; these can
also be obtained directly by thermal decomposition of diphosphine. The lit-
erature on these types of higher phosphorus hydrides which are, in general,
solid and are thus refered to as “solid phosphorus hydrides” is abundant and
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often contradictory 4%, These are probably not discreet compounds but high-
ly polymeric substances with no stoichiometric composition. They are probab-
ly composed of the following structural units:

H
~Sp— —P— —P—
’ [ |
H
End group Middle group Branching group

The solid phosphorus hydrides are insoluble in all solvents generally used. They
are relatively stable in air but are oxidised by strong oxidising agents.

Translated from the German by Dr. R. E, Dunmur
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. Introduction

Within recent years the chemistry of compounds containing metal-sulfur bonds
has attracted increasing attention. This is partly due to the unusual properties
of many of the complexes with sulfur-containing ligands which pose a chal-
lenge to interpretation, In part, the interest has also been due to the relevancy
of the compounds to problems in biochemistry and, particularly for the com-
pounds discussed here, uses of the complexes as antioxidants, oil additives,
coloring agents for plastics, and as pesticides. Several reviews of metal com-
plexes of ligands containing sulfur and selenium donor atoms have appeared
1-19) but none of these has been exclusively concerned with metal dithio- and
diselenophosphate complexes.

Fig. 1 provides a listing of the various sulfur donor ligands whose complexes
have been the subject of considerable research. The list of ligands in Fig. 1 is
not exhaustive since only potentially bidentate ligands are given. The electronic
properties of complexes with bidentate sulfur donor ligands are usually similar
although their physical properties, e.g., solubility, can vary widely. This review
deals primarily with dithio- and diselenophosphate complexes; however, related
complexes are discussed wherever they are pertinent to the present discussion.

RO\P /5 R\P P
S -
RO/ \S- R \S
Dithiophosphate Dithiophosphinate 9
R=alkyl or aryl R=alkyl, aryl, or halide
R s~
N 5
I R
C N o
R/ \S_ S
Dithiolene 3:6,7,10,12) Dithiolate 3+,7,10,12,18)
R=alkyl, aryl, —CN R=various substituents
S S
Va
R—C { R, N—C<
S~ S~
Dithiocarboxylate 20-28) Dithiocarbamate 2-11)
R=alkyl, aryl R=alkyl, aryl

Fig. 1. Examples of sulfur donor ligands. The selenium and mixed selenium-sulfur analogs
of few of these ligands have been investigated

66
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R i
C C C
Il | Ngo
S S
Dithio8-diketonate 15:16) Dithiocarbazate 29-31)
R=alkyl, aryl, H R=alkyl, aryl
S S
/
rR—c” R—O—C{
Ng—§~ -
Perthiocarboxylate 32-35) Xanthate 11
R=alkyl, aryl R=alkyl
R R,
{(“:—(“:/ R—S—CH,—CH,—S—R
S S Dithioethers 41-44)
Dithiooxamide 1,37-40) R=alkyl, aryl and various
R=alkyl functional groups
CHs N ,CHs HaN\ oy NH:
PT . P C.~-.C
CH/l ,, \\I \CH 1’ A
3|, ] 3 g '
s & 8§
Imidotetramethyldithiodiphos- Dithiobiuretate 50-51)
phinate 46-49)
O\ /0 N
N z N
C—C R,P CR
-S/ \S' 1 I
S S

Dithiooxalate 1,52-55)

Phosphinothioylthioureas 56,57
R=phenyl R'=alkyl

Metal complexes of dithiophosphoric acid, I, have found extensive applica-
tion as oxidation inhibitors in various petroleum products. It is not surprising
that many complexes are described in the patent literature 58-37) as well as

s, /OR R = alkyl, aryt

HS” SOR
1

literature concerning petroleum products 8-103),
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Metal dithiophosphate complexes can be considered to be derivatives of the
parent esters. Since World War II there has been wide-spread usage of dithio-
phosphate esters, e.g., 2-4, as pesticides and also related development of such
compounds as war gases 104.105)_ Dithiophosphate esters inhibit the action of
several ester-splitting enzymes in living organisms.

C,H; S OC,Hs

O ? Ssp”
P AN
C,Hs0” \S5—CH,-8 0C,H;

2 (Trade name: ETHION)

CH30\P S

H
cH,0” \S—f—C0102H5
H,C—CO, C,H;

3 (Trade name: MALATHION)

C,HSO\P/S

C,H50”" \S$—CH,~S-C,H;

4 (Trade name: THIMET)

They are singularly effective against cholinesterase which hydrolyzes the acetylcholine
generated in myoneural junctions during the transmission of motor commands. In the ab-
sence of effective cholinesterase, acetylcholine accumulates and interferes with the coordi-
nation of muscle response. Such interference in the muscles of the vital organs produces
serious symptoms and eventually death.

The widespread application and development of dithiophosphate esters have far out-
distanced efforts to provide methods for the analysis of such materials. For ETHION (2)
Graham 196} has shown that it is possible to analyze for the ester by hydrolyzing it in the
presence of copper (II) ion and then determining the amount of the copper complex spec-
trophotometrically. A yellow copper complex similarly formed with MALATHION serves
107) 35 the basis for colorimetric determination of that pesticide. Further development of
analytical methods for dithiophosphate esters will probably employ transition metal com-
plexes to an appreciable extent. However, colorimetric methods will be of limited utility,
since, as discussed later, the electronic spectra of metal dithiophosphates are not particular-
ly sensitive to R-groups on the ligands. Development of dithiophosphate esterscontinues to
be of interest 198-110) and additional commercial interest will develop for the metal com-
plexes since they have been shown 111,112} to be biologically active, too.

Metal dithiophosphate complexes are involved in a wide variety of analytical methods
for metals, Diethyldithiophosphoric acid reportedly !13-115) forms complexes with thirty-
five elements, mainly metals, in various oxidation states which are useful for solvent extrac-
tion. No attempt is made here to detail all the applications to solvent extraction methods
which have been described since these are summarized in the texts listed. Dithiophosphoric
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acids are also employed as flotation reagents for the recovery of metals from their solutions
116,117)_

Although cognizant of the applications, realized and potential, of metal
dithiophosphate complexes, we only describe the preparation, properties and
reactions of reasonably well-characterized compounds here. This is so in view
of the availability and reliability of the literature reviewed, not from a desire
to neglect the contributions to dithiophosphate chemistry available in the
rather voluminous patent literature.

Finally, a remark about nomenclature is in order. Throughout the litera-
ture the terms: O, O-dialkyldithiophosphate, O, O'-dialkyldithiophosphate,
0, O-dialkylphosphorodithioate, O, O'-dialkyldithiophosphato and dialkyl-
dithiophosphate, are used interchangeably for compounds containing the
(RO),PS,-group. Here, dithiophosphate alone refers to complexes contain-
ing the (RO),PS,-group unless otherwise stated. Dithio- and diselenophosphate
ligands are abbreviated. R-dtp and R-dsep, respectively, where R, the alkyl or
aryl group, is specified.

Il. Syntheses of Ligands and Complexes

1. Sulfur Derivatives

The reasonably well-established dithiophosphate complexes are listed in Table 1.
Complexes alleged to be involved in colorimetric analytical methods, solvent ex-
traction and flotation procedures are generally omitted unless they have also
been characterized in the solid state.

Dithiophosphoric acids are readily prepared by the reaction 199-201), When

s
8ROH + P,S;, — 4(RO),PZ  +2H,St
NgH

ROH is a low molecular weight alcohol, the alcohol serves as both reactant and
solvent for the reaction. When ROH is a solid alcohol or phenol, the reaction
can be conducted in a hydrocarbon solvent, e.g., toluene, or by fusing 201) 3
mixture of ROH and P4S,,. Only moderate heating of the reaction mixtures
should be employed since temperatures much above 100 °C cause secondary
reactions. Mass spectra of acids prepared by the above reaction usually indicate
from about 1—5% impurities with molecular weights greater than the acids.
The acids prepared by the alcoholysis of phosphorus(V) sulfide are frequently
unstable to oxidative-hydrolytic action of the atmosphere; thus, inmediate
conversion of the acids to metal complexes is recommended. The acids can

be stored under nitrogen for reasonable periods of time without extensive de-

69



J. R. Wasson, G. M., Woltermann and H. J. Stoklosa

Table 1. Metal dithiophosphate complexes

Complex Ref,
V(ethyldip)s 118,119)
VO(ethyl-dtp), 120,121)
Cr(R—dtp); =methyl 122)
ethyl 119,122,123,124,125,132)
n-propyl 122)
isopropyl 122)
sec-butyl 122)
isobutyl 122)
NbC1(OCHj; ), (ethyl-dtp), 126)
NbBr(OCHj3 ), (ethyl-dip), 126)
NbCI(OCH(CHj3 ), ), (ethyl-dtp), 126)
NbC1(0C,Hg);(ethyl-dtp), 126)
NbCI(OCH,4),(cyclohexyl-dtp), 126)
NbC1(OCH(CHj3); ), (cyclohexyl-dtp), 126)
NbC1(OCHj); (methyl-dtp), 126)
Nb(ethyl-dtp), 127)
Zr(ethyl-dtp), 127)
Mo,0;(ethyl-dtp), 128)
MoO(isopropyl-dtp), 129)
MoO(ethyl-dtp), 130)
Mo, O3 (ethyl-dtp), 130,131)
Mo,0;(phenyl-dtp), 131)
Mo, O, (ethyl-dtp),4(1,2-dichlorobenzene), 162)
Mn(CO),(methyl-dtp) 133)
Mn(CO);(pyridine)(methyl-dtp) 133)
Mn(CO), [P(OCH;); ], (methyl-dtp) 133)
Mn(CO), [P(CH3),(CsH;) ]2 (methyl-dtp) 133)
Mn(CO)3(2,2-bipyridine)(methyl-dtp) 133)
Mn(CO); (1,10-phenanthroline) (methyl-dtp) 133)
Mn(CO)4(phenyl-dtp) 203)
Mn(CO),(ethyl-dtp) 203)
Mn(CO),(SOP(OC,Hjs),) 203)
Mn(CO); (phenyl-dtp)L L=pyridine 203)
L=2,2"-bipyridine 203)
L=P(OC4Hs)a 203)
Fe(R-dtp)s R=methyl 134)
ethyl 132,134,135,202)
isopropyl 135,136)
sec-butyl 135)
Ru(ethyl-dtp); 137)
Co(R-dtp); R=methyl 134)
ethyl 119,138)
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Table 1 (continued)

Complex Ref.
Rh(ethyl-dtp); 132,139)
Rh(ethyl-dtp); (triphenylphosphine); 140)
In(ethyl-dtp)s 132,139,141)
H,Ir(triphenylphosphine), (ethyl-dtp) 141)
H,Ir{triphenylarsine); (ethyl-dtp) 141
Ni(R-dtp), R=methyl 112,142,259)
ethyl 132,149,157,163-165,284)
n-propyl 144)
isopropyl 143)
n-butyl 144)
isobutyl 144)
sec-butyl 144)
cyclopentyl 145)
cyclohexyl 112,146,147)
2-phenylethyl 148)
phenyl 145)
2-chloroethyl 112}
1,1-pentafluorophenylethyl 112)
Ni(R-dtp),L R=methyl L=2,2"-bipyridine 112,150,169)
=ethyl L=2,2"-bipyridine 112,150,155)
R=cyclohexyl L=2,2"-bipyridine 112,150)
R=isopropyl L=2,2"-bipyridine 112,150)
R=2-chloroethyl L=2,2"-bipyridine 112)
R=1,1-pentafluoro-
phenylethy! L=2,2"-bipyridine 112)
R=n-propyl L=2,2'-bipyridine 150,156)
R=n-butyl L=2,2'-bipyridine 150)
R=sec-butyl L=2,2"-bipyridine 150)
R=isobutyl L=2,2"-bipyridine 150)
R=methyl L=1,10-phenanthroline 12}
R=ethyl L=1,10-phenanthroline 112,155,166)
R=cyclohexyl L=1,10-phenanthrotine 112)
R=isopropyl! L=1,10-phenanthroline 112)

R=2-chloroethyl  L=1,10-phenanthroline 112)
R=1,1-pentafluoro-
phenylethyl L=1,10-phenanthroline 112)

R=propyl L=1,10-phenanthroline 156)

=ethyl L=2,2' 2"-terpyridine 112)
R=isopropyl L=2,2' 2"-terpyridine 112
R=ethyl L=di-n-butylamine 151)
R=ethyl L=diethylamine 151,154,155)
R=ethyl L=piperidine 152)
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Table 1 (continued)

Complex Ref.
R=ethy1 L=2,9-dimethyl-1,10-
phenanthroline 156)
R=methyl L=2,9-dimethyl-1,10-
phenanthroline 156)
Ni(R-dtp),L, R=methyl L=pyridine 112,144)
L=vy-picoline 112)
R=ethyl I.prridine 112,144,153,156,158,
167)
L=c-picoline 112)
L=n-butylamine 152,154)
R=cyclohexyl L=pyridine 112)
L=y-picoline 112)
R=1,1-pentafluoro-
phenylethyl L=pyridine 112)
L=v-picoline 12)
R=n-propyl L=pyridine 144)
R=isopropyl =pyridine 144)
L=B-picoline 143)
L=y-picoline 143)
R=n-butyl L=pyridine 144)
R=isobutyl L=pyridine 144)
R=sec-butyl L=pyridine 144)
N /S\P A\ Cels 171
N 7
5" Ns—c
NCeHs /,
] o—c®
Ni / \\P/ \?Hz 172)
\s” No——cH
|
CHy /,
Pd(methyl-dtp), 142)
Pd(ethyl-dtp), 132,284)
Pt(ethyl-dtp), 132,284)
Cu(k-atp), R=ethyl 121,159-161)
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Table 1 (continued)

Complex Ref.
[Cu(isopropyl-dtp)]s 173,174)
Cu(methyl-dtp) 107)
{[Au(isopropyl-dtp)]; }n 175,176)
Zn(4-methylpentyl-2-dtp), 190)
Zn{ethyldtp), 177,185)
Zn(R-dtp), R=butyl, isobutyl, sec-

butyl, cyclohexyl 185,189)
Zn(isopropyl-dtp), 178,184,185,188)
Zn(methyl-dtp), 142,193)
Zn4 O(R-dtp)s R=ispropyl, n-butyl 182)
Zn, (OH)(R-dtp)s R=n-butyl, isopropyl, 173,182,183,185,

isobutyl, propyl,ethyl 186,191)

Zn(R-dtp)» R=n-amyl, 2-pentyl,

3-pentyl 187)
Cd(isopropyl-dtp), 178)
Cd(methyl-dtp), 142)
Hg(isopropyi-dtp), 173,179)
Hg(ethyl-dtp), 220,221)
Hg(r-dtp), R=alkyl 200,213,220,221)
C,;HsHg(ethyl-dtp) 221)
Pb(isopropyl-dtp), 180,181)
Pb(methyl-dtp), 142)
Pb(ethyl-dtp), 200)
In(methyl-dtp), 142)
In(ethyl-dtp); 132,192)
Tl(methyl-dtp) 142,193)
Tl(ethyl-dtp) 193)
TI(p-chlorophenyl-dtp) 193)
(CH,3), Ti(methyl-dtp) 193)
(CH;); Tl(ehtyl-dip) 193)
(CH,), TI(p-chlorophenyi-dtp) 193)
(C5H;s); Ti{methyl-dtp) 193)
(C3H;), Tl(ethyl-dtp) 193)
As(ethyl-dtp), 202)
Sb(ethyl-dtp), 202)
Sb(R-dtp)s R=alkyl 100)
Bi(ethyl-dtp); 142,202)
Se(methyl-dtp), 197)
Se(methyl-dtp), 194,195,196,197)
Te(methyl-dtp), 196,197,198)
Te(ethyl-dtp), 197)
(methyl-dtp)Sn(CsHs )3 111)
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composition. It is noted that the acids and their complexes should be handled
with caution since they are all potentially biologically active.

Details of the preparations of numerous dithiophosphoric acids have been
reported 64,66,68,70,79,84,85,199-201,204-211)  Ammonium, alkali and alkaline
metal salts of the acids can be obtained by neutralization of the acids with
hydroxides or carbonates 200,204,212-215) The sodium salts are probably best pre-
pared by the procedure described by Makens, Vaughan and Chelberg 213);

An alternate synthesis of dithiophosphoric acids, which is also applicable
to the preparation of mixed acids (2, 3) 200,214,216,217) described by Malatesta
218) jnvolves the reaction:

o, Ok SOk
s~ OR HsS  “OR
2 3

i
§ = PCl; + 2ZNaOR — CI-P(OR), + 2NaCl
4

The product, (4), can subsequently be converted to the potassium salt of the
respective acid by reaction with KOH, KSH, KSeH 200}, The same material
(4), can also be obtained from the following reaction 201):

S S
i M
2(RO),P—SH + 3Cl, —> 2(RO),P—Cl + S,Cl, + 2HCl
4

The preparations of mixed phosphinic acids, e.g., (C¢H;),PSSeH 219, involve
similar types of reactions.

Oxidation of dithiophosphoric acids can give rise to a variety of products.
The chlorination of dithiophosphoric acids gives tise to products such as (4),
but other products 218 can also be obtained. Oxidation of the acids or their
salts with iodine yields bis-(0, O'-dialkyldithiophosphoryl)disulfides,

(RO),P—8—-S—P(OR),. A number of these products and others from reac-
tions of dithiophosphoric acids with oxidants are listed in Table 2 since they
are some of the impurities to be anticipated. Thiophosphoryl (P=S) compounds
are rapidly, quantitatively, and stereospecifically converted to phosphoryl
(P=0) compounds by organic peroxy acids under mild conditions 2?2). The
reactions of peroxy acids and dithiophosphoric acids and salts have apparent-
ly not been characterized.
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Table 2. Derivatives of dithiophosphoric acids

Compound Ref.
S[SP(OC,Hs)1 ] 218)

S, [SP(OC,Hs), ], 213,218)

S3 [SP(OCgHs)z ]2 218)
S4[SP(OC,Hs), ]2 218)
8,[SP(OCH3): ]2 107)
S2[SP(OR); |, R=alkyl 220

S, [SP(O—iso C3Hy)1 ]2 213,226,227)

Schrauzer, Mayweg and Heinrich 171 have reported the preparation of
the complex 5 from the reaction of aqueous nickel(11) chloride with a reaction
mixture of benzoin in dioxane and phosphorus(V) sulfide. The parent acid
and its salts have not been characterized. The only other closed ring com-
plex, 6, was isolated in low yield (3%) subsequent to the reaction of nickel
(I1) acetate with the mixture resulting from the reaction of 1,3-propanediol
with phosphorus(V) sulfide. As for 5, the parent acid and its salts were not

H,0-Q S H,
N\ o\ SN/
CeHon g S CH; H, P ON{ P EH,
OO s 8 o
CH~ S § ‘s~ H, CH, CH,
5 6

characterized 172). Presumably, concomitant polymerization reactions of some
diols with phosphorus(V) sulfide account for the low yields of complexes

O
~
with cyclic P\ ) structures. The potassium salt of cis-cyclohexane-1,2-diol-
)

dithiophosphoric acid can be obtained in 62% yield 1729),

The preparation of metal dithiophosphate complexes usually involves the
reaction of metal halides or acetates with dithiophosphoric acids or their salts.
The metal complexes are generally purified by repeated fractional crystalliza-
tion from halocarbon solvents such as chloroform. The reactions of mixtures
of alcohols and alcohols and phenols with phosphorus(V) sulfide allegedly,

S

Il
e.g., Ref. 212) give rise to acids of the type HSP(OR) (OR"). Few, if any, com-
plexes with R#R' have been definitely established. Since the properties of
dithiophosphate complexes with a given metal ion are so similar, separation
of complexes with R#R’ is expected to be very difficult. Thin-layer and pa-

75



J. R. Wasson, G. M, Woltermann and H. J. Stoklosa

per chromatographic separations 101-103) offer some hope for the isolation of
such complexes.

Preparations of complexes where water is present should be considered
with caution since several reactions are known to exhibit a pH dependence.
In slightly basic solutions zinc(I) complexes of the type

OZn, [S;P(OR): ]s

are obtained whereas acidic solutions yield the normal bis-complex 182)_ J¢r-
gensen 132) noted that the pure indium(III) and bismuth(IIl) complexes are
precipitated from acidic solutions.

Reactions of dithiophosphoric acids and their salts with complexes are
also emploved to prepare dithiophosphate complexes, e.g.,

ﬁ S
i
Ref. . l(CsHs)gSﬂhO + ZHSP(OCI‘Ig)Q i 2(C6H5)3SH—S—P(OCH3)2 + Hgo

S

i
Ref, 113,203); Mn(CO)sBr + HSP(OR), — HBr + CO + Mn(CO)s(R—dtp)

Table 3. Mixed dichalcogenophosphate complexes

Compound Ref.
Ni[SSeP(OCsH5), ], 216)
Pb[SSeP(OCq Hs): 12 216)
n=oxidation state of 224
Metal[OSP(O-nC4Hy), |p metal ion )
Ag[OSP(OR), ] R=propyl, isopropy!, n-butyl 217
CO[OSP(OC2H5)2 ]2 223)
Co[0SeP(OC,Hs), ]» 223,356)
Il
SnCl, - 2L L=HS-P (On—C4H,), 225)
L= 0=P(OC,H;),(SC;H;) 225)
I
L=HS—P(CH;)OCH;) 225)
O
Ii
SnBr, - 2L L=HS-P(CH;)(OCHj3) 225)
Metal [SSeP(OCsH5)21n n = oxidation state of metal 355)
M[OSP(OC2 Hs )2 ]3 M= V, Cl’, Fe 372)
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Ref. 132); NasRhClgy + 3NH,(ethyl-dtp) — Rh(ethyl-dtp); + 3NaCl + 3NH,Cl
i
Ref. 228); K3Co(CO3); + 3HS-P(OR), — Co[S,P(OR),]; + 3CO, + 3KOH

A variety of mixed dichalcogenophosphate complexes have been reported
and these are listed in Table 3. Mixed dichalcogenophosphoric acids exhibit
tautomeric equilibria of the type 214,229);

X S
! |
(RO),P-SH —— (RO),P-XH X=0, Se
Thiol Thiono

When the ligand anions are monodentate, the donor coordination site employ-
ed must be established.

2. Selenium Derivatives

Diselenophosphate complexes are prepared from the interaction of metal salts
and complexes with appropriate diselenophosphoric acid or its salt. The acids
are obtained from the reaction of phosphorus(V) selenide with alcohols 229),
The preparation of phosphorus(V) selenide and its reactions with alcohols 229)
and amines 230) have been described and a variety of complexes reported (Tab-
le 4). The biological activity of these compounds does not seem to have de-
scribed but the exercise of extreme caution when handling these materials is
recommended. Zingaro and his coworkers 229-232) have thoroughly charac-
terized the thermal and spectroscopic properties of a number of compounds.

Table 4. Metal diselenophosphate complexes

Complex Ref.
Cr(ethyl-dsep), 229,233,234)
Cr(n-propyl-dsep), 229)
Rh(ethyl-dsep), 233)
Ir{ethyl-dsep); 232,233)
Ni(ethyl-dsep), 232,233)
Co(ethyl-dsep)s 232,234)
Ni(ethyl-dsep), (pyridine), 232)
K(ethyl-dsep) 229,232)
Ag(ethyl-dsep) 232)
Cu(ethyl-dsep) 232)
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Table 4 (continued)

Complex Ref.
Zn(ethyl-dsep), 232)
Cd(ethyl-dsep), 232)
Tl(ethyl-dsep), 231)
Pb(ethyl-dsep), 231)
Sn(ethyl-dsep), 231)
As(ethyl-dsep), 231)
Sb(ethyl-dsep)s 231)
Bi(ethyl-dsep); 231)
In(ethyl-dsep); 231,233)
RNH}"Se, P(NHR'), R=R’=hexyl; R=R =butyl and isobutyl 230)
KSe, P(NHR), R=butyl 230)
(RO)4P,Sey =cyclohexyl or isopropyl 229)
(RO), P, Ses R=ethyl! 229)
Metal[S,P(OR); 1 n = oxidation state of metal 351)

R=C5H5 s CHS» n-CSHl 3
iSO'C3Hi n'C4H9, C2H5

11l. Structural Data

1. Non-Transition Metal Compounds

In this and the following section the crystal structures of dithiophosphate
compounds are summarized and compared to those of related compounds. As
is obvious from Tables 5 and 6, dithiophosphate compounds comprise a fruit-
ful area for structural research. Additional data for comparative purposes may
be found in Corbridge’s 23%) review of the structural chemistry of phosphorus
compounds.

The P=8 bond distance is frequently found to lie in the range 1.85—1.96 A
and the P—S bond distance within the range 2.08—2.19A. The P=0 bond dis-
tance generally is found in the range 1.39—1.54A and the P—O bond distance
within the range 1.56—1.64A 235), Bond distances calculated from diffraction
data are frequently assigned and charge localization discussed in terms of the
preceding criteria, e.g., for K[S,P(OCH,),] 236) it has been inferred that most
of the negative charge on the ligand anion resides on the sulfur atoms.

Two significant general results of the structural data thus far reported are:
(1) dithiophosphate, S,P(OR),, groups can behave as mono- and bidentate
ligands and (2) substitution of one R group for another usually leads to changes
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Table 5. Structures of non-transition metal dithiophosphates and related compounds
Compound Comments Ref.
K[S;P(OCH3), ] P-S 196 A 236)

P-O 164 A

0-C 158 A

[S2P(0-iC3H7); 12

H3 PO4 * 05H2 (0]

CHz"—CH2

Triethylammonium
Uridine 2',3"-0—0O-cyclo-
phosphorothioate

(NH,4),[PO, S(NH,)]

PS,0, tetrahedra
K* ions in irregular 8-coordination

227)

. 100.5° S
1.908 A/ 20728 “2.109A S 2.072 A°// 1.908 &

104.8° / AN

S S P

P-01.56 A
P-0-C121°
a) P-O 1.503,1.554,1.545 and 1.561 & 237)
b)P-O 1.477,1.542,1.557 and 1.554 &
approximate PO, tetrahedra
P—38 (R) P=S (A)
2.090 _ 238)
2.08-2.19 1.94
2.08 1.95
2,08 1.95
2.221,2.091,2.2097 -~ 239)
P-Cl1 2.059 & 240)
P—S 2.051 A
P=S 19104
P=§ 1946 A 241)
P-O 148 A
PO, SN tetrahedra 242)
P—0 1.522 and 1.544 &
P-S 2.051 A
P-N1.697 A
OZn, tetrahedra 182)

Zn-Zn bridging R-dtp
Structure analogous to that of basic
beryllium acetate
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Table 5 (continued)

Compound

Comments

Ref.

(Zn[S,P(OC,H;); 12 )n

1Zn[S,P(D-iso C3Hq)2)sl 2

{Cd[S,P(0-iso C3Hq)z ]}

Hg[8,P(0-iso C3Hy)a s

Hg[82 CN(CH3 )2 ]2 12

80

Distorted ZnS, tetrahedra

Zp-S 2.345,2.337,2.351 and 2.401 A
One dithiophosphate bidentate

One dithiophosphate bridges Zn atoms
Infinite polymers

P—S 1,973-2.001 4;P-0 1.56—-1.62 A

Distorted ZnS, tetrahedra, binuclear

Zn-S distances range from 2.302 to 2.409 A
Zn-Zn distance 4.108 A

One dithiophosphate bidentate

One dithiophosphate bridsing

P—S§ average 1.970 A

P—Oaverage 1.58 A

Structure similar to Zn compound above
Cd-Cd distance 4.059 A

P-S average 1.965 A

P-O average 1.58 A

Cd-S distances range from 2.486—2.590 A

One dithiophosphate bidentate
One dithiophosphate bridging
Helical chain polymer

Mercury fivecoordinate

Hg-S 2.388,2.391,2.748,2.888 and 3.408 A
P—S average 2.01 A (associated with shorter
Hg-S bonds)

P—S average 1.94 A (associated with longer
Hg-S interactions)

P—O average 1.62 A for nonbridging ligands
P—0 average 1.54 A for bridging ligands

Hg-S 2.651 and 2.882 A

2.03A

177)

178)

178)

179)

256)



Table 5 (continued)

Transition Metal Dithio- and Diselenophosphate Complexes

Compound

Comments

Ref.

[Zn(S2CN(C,H;)2)2]2

Zn[$,CN(CH3);),*CsHsN

{Cd[S,CN(CyH5), 101,

{Zn[SOP(n-C4Ho)z ]2},

{Zn[S,P(C,Hs)3]2}2

Zn[Se,CN(C,Hs), ],

Pb[S,P(O-iso C3H,), ]

In[S,P(OC,Hs), )5

28

(C¢Hs5) P—OCH,
ﬁ;Se

(CsH5),PZ_OCH,

Te[82 P(OCH3)2]2

ZnS; distorted tetragonal pyramid, binuclear
Zn-Zn 3.546 A
Zn-S 2.443,2.355,2.331,2.815and 2.383 A

ZnNS,, distorted trigonal bipyramid
Zn-S twoat 2.60 A

Zn-$ two at 2.33 A

Zn-N 2.08 A

CdS; distorted tetragonal pyramid, binuclear
Cd-S distances range from 2.536 to 2.800 A

Polymeric chains
Isostructural to Co(II) complex
Distorted Zn0, S, tetrahedra

Distorted ZnS, tetrahedra

One dithiophosphinate bridging
One dithiophosphinate bidentate
Zn-S 230223824

Isostructural with sulfur analogue
Zn-Se 2.435,2.568,3.003,2.446 and 2.492 A

Polymeric chains
Distorted PbS4 octahedron
Pb-S two at 2.766, two at 3.01 and

~twoat 3,20 A

Nearly planar Pb(S,P), grouping
P-S 1.944,1.958,1.982 and 2.00 A
P—O 1.556,1.582,1.584 and 1.584 A

Distorted InS4 octahedron
P—O average 1.60 A

Two P-S for each ligand
In-S average 2.608 A

P—S average 1,995 A

P=8 1.94A
P=Se 2.09 A

Approximate TeS4 square planar coordination
P-S 1.92and 2.09 A

P-O 1.572and 1,594

Te-S 2.44 A

243)

244)

245)

246)

247)

248)

180,181)

192)

249)

198)
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Table 5 (continued)

Compound Comments Ref.
S Sy
(C,H;),P—Se~Se—P(C,Hy), P=S 193A 250)
P—Se 2.28 &
Se—Se2.33 A

Table 6. Structures of transition metal dithiophosphates and related compounds

Compound

Structure

Ref.

VO[S, P(CH3), 1,

V[8,P(OC,H5), 13

Cl
MO;O:;[SQ P(OC2H5)2]4 *2 ©/

ll
o—o‘—Mo

X

Fe[SP(CH;3),N(CH;),PS],

82

C,y moleculare symmetry
Angle between OV and SVS bi-
sector of 105°

V-8 average 2.45 £0.02 A

VSs trigonally distorted octa-
hedron

P—S average 1.98+0.01 A

VS,P unit planar

VS¢ trigonal prismatic
V-S 23384

c=C 1414

C—S average 1.69 A

VSg dodecahedron
V-S 2.524-2470A

Polymeric
Distotted VS84 octahedra
V-S 2.385A

Mo—S 2.496 A mean
Mo=0 1.647 A
Mo—0 1.863 A

P-S 1.95-2.024
P-O0 1554

MoO,; S, octahedra
Mo—0-—Mo linear

FeS, tetrahedra
Not isomorphous corresponding
Co(II) and Ni(II) species
Fe—S 2.339-2.380 A

P-S 2.020A

P-C 1.806 A

P-N 1.5914

251)

118)

253)

23,254)

255)

162)

48)
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Table 6 (continued)

Compound

Structure

Ref.

Ni[SP(CH;3);N(CH;),PS]

Ni[S,P(OCH3),]; - 1,10-phenanthroline

NiS, tetrahedra
Ni-§ 2.2824A
P-C 18254
P-S 2.023A
P-N 1.580A

NiS4;N, octahedra
Ni-S 2.47-2.524
Ni—N 2.08,2.09 &
P-S 1974

P-0 1.56-1.59 A

Ni[S;P(OCH3); ], - 2,9-dimethyl-1,10-phenthroline

Ni[S;P(C;H;), ] - quinoline

Ni[S,P(OC;H;s),]); - 1,10-phenanthroline

Ni[$,P(OC,Hs), ]2

Ni[$,P(OC,Hs), 1, - 2 pyridine

Ni[s:P(C6H5)2]2 +2 pyridine

NiS3N,
Ni-N 1.97,2.03 &
Ni—S 2.42,2.30,2.58 A

P-S 1.94,1.96,1.91,197 &

P-O0 1.56-1.60A

NiS4N

Ni-N 2.06 &
Ni—S 2.39-2.43 A
P-S 1.99-2.01A&
P-O0 1.77-1824

NiS4N, octahedra
Ni-S 2.49-2.509 A
Ni—N 2.104 &

P-S 1.959-19724A
P-O0 1.595-1.6214

NiS, planar
Ni-S 2.214
P-S 1.95-1.984A
P-0 1634

trans-NiS, N, octahedra
Ni-S 2.49 A
P-S 1984
P-O 1.58A
Ni-N 2.11 A

trans-NiS4 N, octahedra
Ni-S 2.50 A
P-$ 200A
P-C 1.80A
Ni-N 2.08 A

47)

169,170)

168,170)

170)

166)

163-165)

167)

257)
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"Table 6 (continued)

Compound

Structure

Ref.

Ni[S,P(CsHs), ]2

NifS, P(OCH3),]»

Ni[S,P(OCH;), ], - 2,2"-dipyridyl

Ni[S,P(CH3), ],

Ni[S,P(C,Hs), ],

Ni

84

red

NiS, planar
Ni-S 2.24A
P-S 2014
P-C 1.78A

NiS4 planar

Ni-S 2.22A
P-S 198A
P-O 13564

NiS4 N, octahedral
Ni-S 2.48-2.52A

Ni—-N 2,07 A&

NiS4 planar

Ni—-S§ 2.229-2.242 A
P-S 1.991-2.018 A
P-C 1.80-1.83A

NiS; planar

Ni-§ 2.22A
P-S 2004
P-C 1844

NiS4 planar
Ni-S 2.147 A&

trans-NiS,; N, planar

Ni-8 2.1554
Ni-N 19114
C-S 1.746 A

NiS, planar

Ni—-§ 2.214A
C-S8 1694
C-N 1374

NiS4; planar

Ni-S 2.20A
C-s 1.71A
C-N 1334

NiS4 planar

Ni-§ 2.197-2.209 A

Cc-S 1.7224
C-N 1334

258)

259)

169,260)

261)

262)

263)

264)

265)

266)

267)
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Table 6 (continued)

Compound Structure Ref.

Cuy[S,P(0-iso C3H,), 14 Cuy tetrahedron 174)
PO 1.56A
/CU'\"S\
Cu7lcu P/
\Cu—/--S/ N

Brldgmg SgP(OCsz)z
[{Au[S,P(0-iso C3H:), 1121 Linear chains of Au-Au 175)
bond between [Au dtp],

dimers
Au-S 2.28 A

S—Au—S
124 Af P
S—Au—S~

in structure, e.g., compare Zn(ethyl-dtp), and Zn(isopropyl-dtp),. Additional
structural data are needed in order to thoroughly document the changes brought
about by R group variation.

The P—S bond distances found for dithiophosphate complexes are fairly
sensitive to the environment the sulfur atoms are located in — the more tight-
ly bound to a given metal ion the sulfur is, the longer the P—S bond distance.
The P—O bond distances appear to reflect stereochemistry rather than the
strength of metal-sulfur interactions. The OPO and particularly the SPS bond
angles vary appreciably indicating variable hybridization of the phosphorus.
Huheey and his co-workers 268) have developed expressions for determining
the s-character of each of the four hybrid orbitals of the central phosphorus
atom and indicated that the s-character of the bond is not necessarily the dom-
inant factor in determining the magnitude of phosphorus-heavy metal spin-spin
coupling constants. The participation of phosphorus d-orbitals in bonding in
dithiophosphate complexes, although expected 269-280) s difficult to assess
from the structural and spectroscopic information now available.

For Te[S,P(OCH;),], the ligand has been found to be monodentate 199),
With zinc(II) and cadmium(II) complexes the ligand, O, O'-di-isopropyl-
dithiophosphate, has been shown to be both bidentate and bridging
178) The irregular pentagonal bipyramidal structure 180,181) of
Pb[S,P(O-iso C3H,), ], has been accounted for in terms of the Gillespie-Ny-
holm valence-shell electron-pair repulsion (VSEPR) model.
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2. Transition Metal Complexes

Table 6 collects the structures of transition metal dithiphosphate complexes
along with comparative data for related compounds. As is readily noted, by
far the most structural work is for nickel(Il) complexes and their adducts.

Generally, complexes containing the NiS, chromophore are diamagnetic
and square planar. Bis(imidotetramethyldithiodiphosphino-S, S)nickel(II),
Ni[SP(CH;), N(CH,), PS],, however, is tetrahedral 47}, This is an anomaly
which cannot be explained by steric crowding or an abnormally weak ligand
field. Nickel(II) dithiophosphates, dithiophosphinates and other sulfur donor
ligands adopt the square planar geometry. The addition of pyridine to nickel(Il)
dithiophosphates results in the formation of green, paramagnetic frans-octa-
hedral complexes. Marked structural changes accompany adduct formation.
The S—Ni—$ angle in Ni(ethyl-dtp), is decreased from 88 to 81.7° in
Ni(ethyl-dtp) .2 pyridine and the S-P-S angle is increased from 103° in
Ni(ethyl-dtp), to 110.4° in the pyridine adduct 167, The nickel-nitrogen bond
distance, 2.114A, in Ni(ethyl-dtp), - 2 pyridine is normal for a neutral nitrogen
ligand. However, adduct formation results in the increase of the Ni—S distance.
The Ni—S bond distance is 2.21A in Ni(ethyl-dtp), while it is 2.49A in the
bis-pyridine adduct.

With sterically crowded adduct ligands distorted square pyramidal struc-
tures result. The 2,9-dimenthyl-1,10-phenanthroline adduct of
Ni[S,P(OCHj;), ], exhibits such a geometry 198 the Ni—S bond lengths being
greater (~ 0.1-0.3A) than the parent molecule 259). Generally, the five-co-
ordinate adducts of Ni(R-dtp), complexes are unstable but, in favorable in-
stances, their existence can be detected 146-148,151-155) With bidentate li-
gands, e.g., 1,10-phenanthroline, green cis-octahedral NiSyN, complexes are
obtained. Again, adduct formation results in an increase of Ni—S bond dis-
tances on the order of 0.1—0.3A. It is worthwhile pointing out that the
species isolated in the solid state are not necessarily those present in solution.
In solution a 1 : 1 adduct of a Ni(R-dtp), complex with a bidentate ligand
can assume cis-octahedral as well as square pyramidal five-co-ordinate geom-
etries. Consideration of the equilibria possible in solutions of donor mol-
ecules and Ni(R-dtp), complexes necessitates the use of caution when dis-
cussing solution species.

IV. Properties and Reactions

1. General Properties

Many dithiophosphate complexes have been found to be associated in solution.
Zn(ethyl-dtp), is monomeric in chloroform solution but polymerized in the
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solid state 177). Association studies 178:281) have shown that zinc, mercury and
lead di-isopropyldithiophosphate complexes undergo monomer = dimer equi-
librium in benzene whereas the corresponding cadmium complex is dimeric in
concentrations above 0.005 gm/ml. In the solid state the zinc and cadmium com-
plexes are dimeric ') whereas the mercury 179 and lead 180.181) complexes are
polymeric. Dakternicks and Graddon 185) have characterized several Zn(R-dtp),
complexes and their pyridine adducts in benzene. Pyridine was shown to break
down the molecular association and the thermodynamics of depolymerization
and adduct formation were investigated 282), Association data for dialkylthal-
lium and thallium(T) as well as Zn[S,P(OCH,), ], have also been reported 193,
Crystalline {[AuS,P(O-isoC3H,), li» is comprised of an indefinite one dimensional
array of [ AuS,P(0-isoC3H,) |, units; however, vapor pressure osmometry molecu-
lar weight data in benzene at 37 °C indicate that at weight-per-cent concentrations
of 4% or less these chains dissociate into dimeric units 175). A number of barium
R-dtp salts form aggregates of up to ten monomers, the association steps pro-
ceeding with equal ease 281>, Dimeric and polymeric structures are found for
many dithiophosphinates 247), thiophosphinates 246) and phosphinates 283 of
metals; in the latter, polymerization is probably' a consequence of the smaller
chelate “bite”” which is inadequate for the formation of four-membered chelate
rings.

In the preceding section (II1. 2) it was noted that charge localization in
dithiophosphate complexes is frequently inferred from bond distance data. Un-
like related dithiolene ligands, extensive conjugation of dithiophosphate sulfur
donor sites with other parts of the molecules does not occur. This is evident from
the electronic spectra of chromium(III) complexes discussed in Section V.1. How-
ever, replacement of -OR groups on phosphorus with other groups does give
rise to variations of electronic structural properties 120.123,252,284) [p order to
provide a qualitative assessment of the charge distributions, and, hence, ligand
field strengths of chalcogenophosphate ligands, charge distributions were cal-
culated using Sanderson’s approach 285-288) The basis of the calculations is
the electronegativity equalization principle which states: when two atoms of
differing electronegativity unite to form a molecule, the electronegativity of
each atom adjusts to an equal intermediate value. Sanderson has shown 285-287
that electronegativity and partial charge are linearly related. The partial charge
is calculated using the expression:

pc, = Sm 55
Sg; > By,

where PC; is the partial charge of element i, S,,, is the geometric mean of the
electronegativities of all the elements in the molecule, Sg, is the Sanderson
electronegativity of element i, and SE,—> Ey; 1s the Sanderson electronegativity
of the element if it has gained or lost an electron. The results of the calculations
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are listed in Table 7. For the ligand anions the calculations were made for the
silver(I) salts which were chosen because the calculated charge distributions

reasonably approximate those resulting from extended-Hiickel molecular or-

bital calculations 289, Charge distributions for nickel(II) and copper(Il) com-

plexes are also tabulated along with data for comparable complexes and sever-
al, at present, hypothetical compounds. The low values of the positive frac-

tional charges for the metal ions are consistent with the low nephelauxetic

parameters obtained in the electronic spectra of complexes with sulfur and
selenium donors (Section V. 1). The smaller values of the positive charges
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for the copper(II) ion than for nickel(Il) also reflect the greater ease with
which the copper(II) complexes may be converted to copper(I) complexes.

It is fairly well-established that copper(I) complexes tend to be predominant
with sulfur and selenium ligands; however, the dithio- and diselenocarbamates
of copper(Il) are fairly stable. This may be due to the greater extent of elec-
tron delocalization in those ligands than in the phosphate derivatives. Cavell
and his co-workers have found 284 that the complexes Ni[S,PX, ],

(X = 0C,H; ,F,CH,, C,Hs and CF;)fall in the spectrochemical order

OC,Hs v F >CHy Vv C¢Hs ~v CF; and that the metal-sulfur stretching fre-
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quencies vary in the order OC,H; > F > CH; > C Hs > CF;. The calculated
charges for nickel(Il) in the complexes (Table 7), which might be considered
to reflect the extent of metal-ligand interaction, vary in the order F > OCH,
> CH; in reasonably approximate agreement with the available 234) experi-
mental data. Since subtle changes in phosphorus hybridization and coupling
of vibrational motions cannot be incorporated into the electronegativity model
for the charge distributions, the predictions based on the model can be con-
sidered to be in modestly good agreement with laboratory experience. Here
we have only wished to show that a relatively simple model can be employed
to yield some useful correlations of data for dithiophosphate complexes.

2. Stability

Kabachnik and co-workers 290 have determined the pKa’s of a number of
dithio- and monothio-organophosphorus acids and considered the thiol-thione
tautomeric equilibria of monothiophosphoric acids. For most monothio acids
the tautomeric equlibrium is shifted toward the thione form. There are slight
changes in the pKa’s of O, O'-dialkyldithiophosphoric acids with substituent
variation. Other data 114,291) indicates that the pKa values are rather substituent
dependent, e.g., Ref. 114 gives pKa values of ~1.10 and +0.22 for HSP(S)(OC,H; ),
and HSP(§Y(On-C.H,), . respectively. Few reliable studies of pKa values of R-dtp
acids have been reported. Stability constants for a variety of zinc, cadmium,
mercury, copper and nickel R-dtp complexes have been described 116,291-294,
321), Unfortunately, the data available is not always readily comparable with
data for complexes with other ligands. For mercury(II) complexes the stability
in 40% ethanol was found 2°1) to decrease in the order

(C,H5),P(S)S™ > (C;H;0),PS; > (C;H;),P(S)0°
> (C, H;0),P(§)O" > (C,H;), P(S)OCH,.

An investigation 292 of mercury(II) complexes with the acids (RO),PS;H,
(RO)PS,H and R,PS,H (where R =ethyl, propyl, isopropyl, and n-butyl) show-
ed that with (RO),PS,H mercury forms HgL, , HgL; and HgL2 type com-
plexes, with (RO)PS,H, HgL3 type complexes predominantly and with
R,PS,H only HgL, complexes are found in 40% ethanol.

Shetty and Fernando 299 investigated the polarographic behavior of
Ni(ethyl-dtp), at the dropping mercury electrode in ethanol and ethanol-
water media. The nickel ion was catalytically reduced in the presence of small
quantities of ethyl-dtp at more positive potentials than in the absence of ethyl-
dtp. In ethanol a single wave that is almost completely controlled by diffusion
was obtained whereas in ethanol-water mixtures, in which the water content
was less than 40% by volume, two waves were obtained. The first wave is the
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catalytic wave that arises from the compiexed nickel and the second wave is the
reduction wave of uncomplexed nickel(1I). Polarographic data for Ni(ethyl-
dtp), and related complexes has also been reported by Cavell’s group 284, The
polarographic oxidation of sodium R-dtp salts to disulfides,
(RO),P(S)S—S(S)P(OR),, has been reported 213,

Table 1 does not list all of the Zn(R-dtp), complexes which have been pre-
pared. A huge number 64,66,70,79,84,85,101-103,188,191,204,206,210,212,296-305) Of
Zn(R~dtp), complexes have been characterized and their thermal stabilities
investigated 173,184,190,297-299,301-305)  Zn (R-dtp), compounds are thermally
degraded to volatile olefins and non-volatile residues and this serves as the ba-
sis for gas chromatographic determination of the compounds 304.305) ‘Several
papers describing pyrolyses of Zn(R-dtp), complexes have discussed mecha-
nisms for formation of olefins, sulfides, and other products 173,184,190,298,299,
304) Dakternieks and Graddon 185:283) gs mentioned earlier, have reported ther-
modynamic measurements for depolymerization and adduct formation reac-
tions of zinc, cadmium and mercury R-dtp compounds.

The mass spectra of Ni(R-dtp), complexes and a number of amine adducts
have been reported 112), The former gave good mass spectra whereas the spectra
of the adducts were difficult to obtain due to their much lower vapor pressure.
For the adducts the molecular ion peak was not well-defined. The loss of a
neutral species, C,H,, from Ni(ethyl-dtp), was postulated to occur via a McLaf-
ferty-type rearrangement and reaction schemes were proposed. Mass spectral
data for a variety of compounds related to R-dtp acids, esters and complexes
284,306,307) have also been described. To date, the amount of data is insufficient
to draw general conclusions regarding the mass spectra of R-dtp complexes.

The stabilities of metal R-dtp complexes have for the most part not been
thoroughly documented. This is rather surprising considering the wide variety
of applications of the complexes in analytical chemistry 113-115,308-320)

3. Reactions

Mercury(I) R-dtp complexes are unstable 213 with respect to disproportion-
ation:

Hg}" + 2 8,P(OR); —> Hg + Hg[S,P(OR); ]

From the grey reaction product the mercury(II) complex can be isolated by
acetone extraction.

Copper(I1) R-dtp complexes are unstable with respect to the reaction 107
111,121,159, 160,309,313,314) :

i I
2 Cu(R-dtp), —> 2 Cu(R-dtp) + (RO),P-8—S—P(OR),
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however, in some instances, small amounts of the copper(II) chelates can be
trapped 159 in the isomorphous nickel(IT) chelates by preparing the chelates
using a mixed solution of the metal salts, adding the ligand acid or its potas-
sium salt and extracting the mixture of chelates into a non-aqueous solvent.
The copper(1l) chelates are stable when dissolved in various non-aqueous sol-
vents for periods up to several hours 121, Copper(II) ion reacts with
Ni(ethyl-dtp), 309:319 and Zn(isopropyl-dtp), 313 to yield colored solutions
(copper(II) R-dtp complexes? ?) which are suitable for the colorimetric deter-
mination of copper. The copper(Il) complex with phenyl-dtp, reportedly, is
also light sensitive 311),

Vanadium(III) ethyl-dtp can be prepared 118119 by interaction of the acid
with a degassed solution of vanadium(III) chloride in absolute methanol. The
complex is both water and oxygen sensitive. Reaction of the acids, ethyl-dtp
or n-propyl-dtp, with vanadyl(IV) sulfate pentahydrate involves reduction to
the vanadium(III) #ris-chelates 118,121 The reaction of V,0, or VOCI; with
HS,PF, yields 120) V[S,PF,1; with some VO[S, PF,], impurity.

Amine adducts of Ni(R-dtp), complexes have been extensively examined
in the SOlid state 166-170,260) and solution 112,132,143-148,150-158,172,322,323,325,326,
328)  In solution two types of equlibria are of principal concern, i.e.,

K
Ni(R-dtp), + amine T—= [Ni(R-dtp), - amine]
K,

[Ni(R-dtp), - amine] + amine ——— Ni(R-dtp),(amine),.
The bis-amine adducts characterized are green, paramagnetic, frans-octahedral
species whereas the nature of the mono-amine adducts has been more contro-
versial 143.147,148,152,158) Gtability constant measurements 144.153.156.158) for the
above reactions have shown that K, <€ K, for pyridine and primary amines
and that secondary aminesand sterically crowded amines, e.g., 2-picoline,
form monoadducts with very small association constants. NMR studies 158)
of Ni[ethyl-dtp], with amines in deuteriochloroform solution indicated that
the five-co-ordinate adducts of 2-picoline and 2,6-lutidine are diamagnetic
whereas the diethylamine and di-n-butylamine monoadducts are paramagnetic.
In view of the magnitude of the formation constants it is possible that Carlin
and Losee’s solutions 158 did not contain enough 2-picoline and 2,6-lutidine
to give rise to observable NMR contact shifts. Sacconi 327 correlated the sum
of the Allred-Rochow electronegativities, Zx, for various X,Y,,Z5_,.. and
other chromophore groupings for five-coordinate cobalt(II) and nickel(II) com-
plexes with the known magnetic behavior of various complexes. When Zy = 12.8
the transition from high-spin to low-spin magnetic behavior could be expected
to occur. This result (see Table 8) suggests that five-co-ordinate nickel(II) com-
plexes with NS, and OS, groupings should be high-spin paramagnetic species.
NMR data 143,147,148,158,322,323,326) for a variety of adducts as well as magnetic
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susceptibility measurements 152 for the lemon-yellow solid adduct,
Ni[ethyl-dtp], - piperidine, support the high-spin nature of the five-co-ordinate
amine adducts of Ni{R-dtp], complexes. Table 8 also indicates the expected
spin behavior of five-co-ordinate adducts not yet characterized. The electronic
spectra of the five-co-ordinate amine adducts, discussed in Section V. 1., have
been interpreted 148 in terms of a square pyramidal geometry with approx-
imate C,4, symmetry. Molecular models of many of the adducts indicate that
this form would be preferred to the possible trigonal bipyramidal structure.
Furlani 339 has noted that a high-spin bipyramidal geometry with sulfur li-
gands would be unusual.

Table 8. Allred-Rochow electronegativity and magnetic behavior of Nil., X complexesa)

Group X Susceptibility Group ZX Susceptibility
S,0 13.26 High Ass0O 12.30 -

SN 12.83 High AsqCIP) 11.63 Low

S.S 12.20 - AsyBr®) 11.54 Low

S4As 11.96 - AsyI®) 11.01 Low

S4P 11.82 - Ass®) 11.00 Low

Crossover from high to low-spin: ZX = 12.8.

3) Sacconi, L.: J. Chem. Soc. (A) 1970, 248,
b) Preer, J. P., Gray, H. B.: J. Am, Chem, Soc. 92, 7306 (1970).

In our NMR studies 143,147,148,322-324) of amine and other adducts of
Ni[R-dtp], complexes neat amines were employed in order to eliminate
variations in extent of association (H-bonding) of the amines, to permit obser-
vation of NH proton shifts, and to maximize the concentration of the pre-
ferred adduct. The use of high concentration of primary amines in solutions
with Ni[R-dtp], complexes can lead to products other than those expected,
e.g., with aliphatic diamines, the R-dtp anion salts of tris(diamine)nickel(II)
chelates are obtained 149, Furlani and co-workers 154) have shown that
Ni-(ethyl-dtp), reacts with n-buty!l amine to yield complexes containing the
NiS;N, chromophore, presumably with monodentate ethyl-dtp. In all work
with adducts it is necessary to assure that the complexes, adduct molecules
and solvent systems are anhydrous. A number of authors 132,284,295,329) haye
shown that NijR-dtp], complexes decompose when in contact with water.

A number of thermodynamic studies of Ni[R-dtp], adducts with amines
have been described 112,143,156,158) Dakternieks and Graddon 156) have measured
the enthalpies of addition of pyridine, 4-picoline, 2,2'-dipyridyl and 2,9-dime-
thyl-1,10-phenanthroline to Ni[ethyl-dtp], and pyridine to Ni[propyl-dtp],.
The sums of the stepwise enthalpies for pyridine addition to the ethyl and
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propyl complex differ by 4kJ/mole, the total enthalpy being larger for the
formation of the bis-pyridine adduct of the ethyl derivative. Thermogravi-
metric derterminations 112 of the bis-pyridine adducts of Ni[S,P(OR),],
(R = CH;, C;H; and C4H,,) indicate there is a stepwise loss of pyridine
with considerable overlap of peaks and that the five-co-ordinate mono-pyri-
dine adducts lose pyridine rapidly. These results are in accord with expecta-
tions from attempts to synthesize stable five-co-ordinate adducts. The ener-
gies associated with the reaction:

Ni[isopropyl-dtp], - 2L ——> Ni[isopropyl-dtp], + 2L(})

were found to be 24.0, 25.3 and 15.4 kcal/mole for L = pyridine, 3-picoline,
and 4-picoline, respectively 143 . The values for the pyridine and S-picoline ad-
ducts are comparable with values obtained from related NiL,Cl, by Beech and
co-workers 330 Some preliminary differential scanning calorimetric data 159
has been obtained for green cis-Ni[R-dtp],(2,2 -bipyridyl) complexes (Fig.2).

Methyl T
F‘/\ 1Millical./sec
Ethyl
n - Propyl
4
[
S iso-Butyl
o
]
e
S
=
§ iso-Propyl
(4
Cyclohexyl
! 1
150 200

Temperature (°C)

Fig. 2. Differential scanning calorimetry of green cis-Ni[S;P(OR), ];-2,2 -dipyridyl) com-
plexes. The R-groups are indicated
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The results show that as the R substituent increases in size it becomes possible
to see a reaction pattern in which there is an endothermic reaction followed by an
exothermic reaction followed by an endothermic reaction which in turn is
followed by an exothermic reaction. This reaction sequence is particularly
noticeable for the cyclohexyl derivative and is tentatively interpreted by the
following scheme:

IGN‘__l
X s —AH . +AH
N N+ (SS/NI\S £ N 3

Purple

The first and third reactions involve a breaking of Ni-N bonds whereas the
second step involves an exothermic rearrangement to a square pyramidal spe-
cies and the final step an exothermic rearrangement to the diamagnetic, purple
parent complex. The color changes accompanying the dsc runs are indicated
above.

Ni[R-dtp], complexes form paramagnetic five-co-ordinate adducts with
hexamethylphosphoramide 324 . To date no phosphate esters have been found
to form adducts. However, the NMR spectra of solutions 149 of Ni(R-dtp),
complexes after long standing or gentle heating clearly show that scrambling
reactions of the type:

Ni[R-dtp], + O=P(OR"); == Ni[R’-dtp], + O =P(OR');.,(OR),

occur. The lability of the OR groups in Ni(R-dtp), complexes is also evident

from the reaction 14%):
reflux

Ni[cyclohexyl-dtp], + piperidine

Ni(cyclohexyl-dtp) (S, P {cyclohexyl]} {piperidyl})

eflux 3 days, Nifs, P(cyclohexyl) (piperidyl)];
where cyclohexyl groups have been replaced by piperidyl groups. Dakternieks
and Graddon !85) obtained Cd[S, P(NH-cyclohexyl), 1, 4H, O upon refluxing
Cd[ethyl-dtp], with cyclohexylamine for 40 min. Reactions of this type bear
further study.
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Finally, it is noted that Au(III) is also reduced by R-dtp ligands. Yellow
crystalline {[AuS,P(O-isopropyl), 1,1, is prepared 179 by the reaction of an
aqueous solution of the ammonium salt of isopropyl-dtp with an aqueous so-
lution of HAuCl,.

V. Spectroscopic Properties

1. Electronic Spectra

J@rgensen © has written an authoritative review of the electronic spectra of
sulfur-containing ligands and his article provides a wealth of comparative data.
As Jgrgensen ® has noted, R-dtp ligands do not absorb as near to the visible
region as other sulfur donor ligands. The ethyl-dtp anion has its first absorption
band at 44.5kK (1kK = 1000 cm ™). This makes R-dtp complexes particularly
suitable for studies of electronic charge transfer transitions.

Reports dealing with the electronic spectra of R-dtp complexes are listed
in Table 9. Several papers 120,122,123,252,284) have been concerned with the
place of R-dtp in the spectrochemical and nephelauxetic series, particularly
with reference to other sulfur ligands. The azide ion has been classified 340 in
the spectrochemical series between S-bonded thiocyanate and ethyl-dtp and in
the nephelauxetic series between bromide and ethyl-dtp. The spectrochemical
order of the ligand -S,PX, according to X has been found 39 to be

F~ 0C2H5 > CH3 ~ C6H5 ~ CF3
The nephelauxetic series of -S,PX, ligands according to X in order of B; is
F~0OC,H; < CH, ~ C6H5 ~CF;

indicating greater electronic delocalization with those substituents found to
produce the largest phosphorus electron spin-nuclear spin hyperfine coupling

constants in the electron spin resonance spectra of the vanadyl(IV) complexes
252)

Cavell and his co-workers have reported 252 the electronic spectra of
OV(S,PX,); (X=CHs, CsHs, OC,Hs, F and CFy)

complexes. The optical bands were resolved using Gaussian analyses and the
oscillator strengths evaluated. If Band Il is assigned to 10Dq, as is usually
done 349 the spectrochemical series formed by these ligands in order of
the substituent X is

CF; < CH3 ~ C¢Hs < OC,Hg < F.
This ordering is valid only if the angle, 6, between O = V and the SVS bi-
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Table 9. Electronic spectra of metal R-dtp complexes

Ton Ref.®)

Ligand anions 202,332)

vo@av) 252)

V(IID) 1182),119%),120,132,341)

Zr(IV) 127)

Nb(IV) 127)

Nb(V) 126)

Cr(III) 122,123,125,132,2348),3379),
338,339,341,342)

Mo(1V) 130)

Mo(V) 131)

Fe(III) 6,132,135,136)

Co(II) 132,138,223,341)

Co(IIT) 132,138,2348),334,335,341)

Rh(III) 139,2349))

Er(II1) 139,2343))

Ni(IT) 112,132,147,1498),157,284,
333,336,341))

Ni(II)-adducts 112,132,143,144,147,148,
152-154,158,323-325)

Pd(II) 284,310,341)

Pt(II) 284,341)

Cu(Il) 311)

%) Single-crystal data.

sector is constant for all of the complexes. The energy of Band II of vanadyl(IV)
complexes can be readily shown 349 to be expressed by:

Vs =% o(fsin“@

where o(f (= 6 Dq) is the crystal field splitting parameter for the equatorial

ligands. Unless @ is identical for a series of vanadyl(IV) complexes with ap-
proximate C,, symmetry, the spectrochemical series obtained is highly tenuous.
Vandium(III) complexes have been the subject of several recent studies
118 -120,341) The electronic spectra of these complexes in methylene chloride
exhibit the two expected 3 T, (F) «— 3T, (F) and 3Tz (P) +— 3T, (F) transi-
tions as well as the two-electron 34,,(F) +— 3T ,(F) transition which is for-
bidden in octahedral symmetry and generally not observed in solution spectra.
The presence of this latter band is indicative of the presence of a nonoctahedral
crystal field which is expected for these complexes since the crystal structure
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118) of V (ethyl-dtp), has shown the V(III) ion to be in a field of D5 symmetry.
The spectrochemical series for a number of ligands with V(III) was found 120
to be

-8;P(CH3); ~ -S;P(C¢Hs), ~ -S;P(CH3), < -8,PF; < -8,P(0OC;H;s),.
The nephelauxetic series was found 120 {0 be
-8,P(CgHs), < -8,P(CFy); < -8,P(CH3); ~ -S,P(0C,Hs); < -S,PF,

although the variations are hardly significant.

The intensities of polarized ligand field spectra 118.119) of V(ethyl-dtp),
doped into the corresponding indium(III) compound exhibit a relatively small
temperature dependence. The source of the large intensities of the “d-d”’ tran-
sition is the static distortion of the ligand field !9 and not vibronic effects to
any appreciable extent.

The electronic spectra of niobium(IV) and (V) and zirconium(IV) com-
plexes 126:127) have been reported but not interpreted. The spectrum of
Nb(ethyl-dtp), is of particular interest since the compound is probably 8-co-
ordinate. Discussion of the spectrum of binuclear molybdenum complexes
130,131) employed the molecular orbital model of Blake, Cotton and Woed for
MO,0;L, complexes 345),

The optical spectra of Cr(R-dtp); complexes have been extensively inves-
tigated. A typical spectrum is shown in Fig. 3. The electronic spectra of

l l
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]
17 15 13
Wavelength, kK (1kK=1000 cm}
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L Il | L

| |
21 19

Fig. 3. Electronic spectrum of Cr(methyl-dtp)s in chloroform. The band at about 19kK is
split by 0.4kK

98



Transition Metal Dithio- and Diselenophosphate Complexes

Cr(R-dtp); complexes exhibit two strong absorption bands, on at ~ 14.5 kK
(1kK = 1000 cm ™), assigned to the *T,, +— %4, transition, and one at

~ 19.1kK, assigned to the *T,(F) «— “4 2¢ transition in octahedral symmetry.
From the data in Table 10, in Ref. 122, and Cavell’s work 12» the following
spectrochemical series is obtained for chromium(III):

S;As(CH3); < "§,P(C¢Hs); < T"S,P(CHy); = “S,P(CFy), < 5 =

H\
N—CH,
- e < ?°§ < "S,PF, ~ R-dtp < S=
\N—CH3
H
H
/\NCH3
=C < 278,C,(CN), = T~S(Se)CN(C,Hs), < ~S,CN(CyHs), =
TS\NH,

= "§,CNH, < 78,COC,H: < ?78,C,0,.

In Fig. 3 it is noted that the band at ~ 19.1kK is split some 0.4%K. This
was originally thought to arise from a trigonal ligand field component 122,
However, examination of single crystal polarized spectra 119,132,234,338,339)
resulted in the conclusion that the splitting arises from the presence of spin-
forbidden transitions whose intensity is enhanced because of proximity to
spin-allowed ones, and not trigonal splitting. Magnetic circular dichroism (MCD)
measurements 338 have shown that the trigonal splitting of the * T, ¢ level is
ca. 0.5 kK. Schreiner and his co-workers 338 have discussed the difficulties in
assigning the energies of the higher excited states of Cr(III)S; chromophores.
Emission from Cr(ethyl-dtp); could not be obtained 339 at 83 °K. Cancellieri
el al. 15 in their study of luminescence spectra of Cr(1I)S¢ complexes con-
cluded that the vertical energy difference E(T,;) - E(*E,) ranges from ~ 3kK,
when only phosphorescence is observed, to < 1kK, where only fluorescence
occurs. In the intermediate case, e.g. Cr[S,CN(C,Hs), 15, simultaneous phos-
phorescent and fluorescent emission is observed.

Table 10 also collects intensity (oscillator strength) data for some
Cr(I1)S4 compiexes. Generally, only absorption maxima and molar extinc-
tion coefficients are reported for metal complexes and organic compounds and
extinction coefficients are frequently employed as ameasure of intensity. How-
ever, as is well-known 349, the oscillator strength is a more fundamental measure
of band intensity since it can be related to transition moment integrals. The
oscillator strengths of absorption bands are readily obtained and it is most un-
fortunate that most authors neglect to include such information in their publi-
cations. Admittedly, the oscillator strength data for many complexes will be a
composite value since several electronic transitions occur under a given band
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Table 10. Visible spectra of Cr(III)Ss complexes

Compound »(kK) em; ® 105F, D p(kK)  em; ® 10°F D)
Cr(methyl-dtp); 9 14.45 372 474 19.05 255 360
Cr(isopropyl-dtp); © 14.47 348 454 19.05 250 353
Cr(isobutyl-dtp); © 14.45 358 460 19.05 256 359
C1[S; As(CH3),]s 9 13.47 285 332 18.20 196 256
CI[SSeCN(C,Hs),15 @ 15.15 209 372 19.61 246 294
NaCr$, D 14.20 - - 18.87 - -

) Molar absorptivity.
b) Qscillator strengths were calculated using the expression f= 4:60 X 10~° €maxV1/2 Where
€max 1S the molar absorptivity of the band maximum and V2 is the band width at half-

height expressed in wavenumbers 346),
©) Ref. 122),
L) Kuchen, W., personal communication.
) Kirmse, R., personal communication.
) Companion, A. L., Mackin, M.: J. Chem. Phys, 42, 4219 (1965).

envelope. Nevertheless, such information is valuable when comparing similar
complexes. Two chemically significant types of information are to be found
in oscillator strength data:
a) Covalency — the more covalent the bonding in a complex, the
greater the expected oscillator strength.
b) Symmetry — the more the geometry deviates from the centro-
symmetric case, the greater the expected oscillator strength.
Of course these generalizations must be used with caution; however, they are
useful in comparing similar compounds. For a series of octahedral Cr(III)
complexes it has been found that the oscillator strength, f, varies approximately
linearly with the nephelauxetic parameter, 8, also a measure of covalency 342,
The nephelauxetic parameter, g, for Cr(III) complexes can be evaluated
from the first two visible absorption bands using the expression:

B

T y—

2 2
_2v] =3v1vy + 93

where
15p, = 27p,

where v, and v, are the energies (cm™) of the *T,p «— %4,, and *T} ,(F) «—
44, ¢ transitions, respectively. Besides being able to correlate 8 with oscillator
strength, £, of transitions 342, the § values may be employed 349 to evaluate
the effective charges on the Cr(III) ions in various complexes. Fig. 4 provides
plots of the effective metal charge vs. 8, the nephelauxetic parameter and B,
the Racah interelectronic repulsion parameter for chromium(III). Jérgensen
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347) showed that for the 3d transition metals the variation of the Racah inter-
electronic repulsion parameter, B, with cationic charge, Z, and ¢q, the occupa-
tion number of the d? shell, is well-expressed by the relation:

B(cm™) = 384+58¢+124(Z+1)-540/(Z+ 1)

Using this expression and f values for Cr(IIT) complexes it has been shown 342)
that'CrOg4, CrNg and CrSs chromophores have effective metal charges in the
ranges 0.8 -1.4,1.19 -2.14 and 0.56 - 1.12, respectively.
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Fig. 4. Effective metal charge, Z, in chromium(III) complexes as a function of the nephel-
auxetic parameter, 8, and the Racah interelectronic repulsion parameter, B

Iron(III) tris-methyl-dtp, prepared from anhydrous iron(III) chloride and
the ammonjum salt of the ligand in absolute methanol, decomposes quickly
6.132) The complex is purple in high dilution in In{methyl-dtp), and has
charge transfer bands in the region 17-19kK. Limited spectroscopic data is
available for Fe(R-dtp); complexes although a number of compounds 132,134,
136) have been reported. The blue-green complex trans-Fe(isopropyl-dtp),(pyr-
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idine), has been prepared 136) but spectroscopic data for this compound is not
available. Raspberry red Ru(ethyl-dtp);, a low-spin 4d5 system 137, absorbs at
19.55,23.70, 25.00, 35.70 and 41.70kK. The first three transitions are as-
scribed to “‘d—d”’ transitions.

Cobalt(II) R-dtp complexes have been the subject of several studies 133
223,341 Co(ethyl-dtp), occurs in a tetrahedral non-solvated form in carbon
tetrachloride 138 but undergoes solvation in other non-agueous solvents 138,
341)  The spectrochemical series for tetrahedral Co(S,PX,), (where X=F,
OC,H;, CF,,CH,, C4H;) was found 34D to be

F~ 0C2H5 > CF3 ~ CH3 ~ C6H5 .
The spectrochemical series
“S,P(OC,Hs); > “SOP(OC,Hjs), > “SeOP(OC,Hs),

was found by Larionov and 11’ina 223),

The cobalt(II) complexes with R-dtp and related ligands are readily oxi-
dized by air and other oxidizing agents to yield the corresponding cobalt(III)
tris-chelates. Electronic spectra and ®Co NMR spectra data 334335 have shown
that the spectrochemical series of sulfur ligands is:

_SchCQHS > _32CSC2H5 > _S2CN(C2H5)2 > -SgP(OC2H5)2.

Cavell and co-workers 341) have established the spectrochemical series:
~S,PF, ~ ~S,P(0OC,Hs), > “S,P(CH3), ~ ~S,P(CeHs ), ~ ~S,P(CF,), for cobalt(I1I)
complexes. Lebedda and Palmer 9 and Tomlinson 239 have studied the single-
crystal polarized spectra of Co(ethyl-dtp); doped into the indium(III) complex.

The intensity of the transitions comes from the distortions of the octahedral
ligand field and is not due to appreciable vibronic effects. Hillis and DeArmond
139) have measured the low temperature emission and absorption spectra of
Rh(ethyl-dtp); and Ir(ethyl-dtp);. The emission for ail complexes is broad,
structureless and occurs in the near-infrared. Emission lifetimes are all of

~ usec magnitude. The emission is assigned 139 as a metal localized 3T, — 14,
transition. J@rgensen 132 has also characterized the absorption spectra of
Rh(1I1) and Ir(I1I) chelates with ethyl-dtp.

The most extensively examined absorption spectra have undoubtedly been
those of the Ni(R-dtp), complexes and their adducts. Subsequent to J¢rgen-
sen’s original study of Ni(ethyl-dtp),, single-crystal studies have been described
149,159,157 which disagree with regard to the assigned energy levels. Molecular
orbital calculations (not available to the reviewers) of the energy levels of
Ni(ethyl-dtp), and related ethylxanthate and diethyldithiocarbamate com-
plexes have also been described 336 . The spectra of purple Ni(R-dtp), com-
plexes show two fairly strong bands 112,132) one at 14.65-15.60 kK, and the other
at 19.05 - 19.35 kK with a further absorption which is sometimes discernible
as a shoulder at ~ 25kK on the charge transfer band in the ultravioiet region.
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The charge transfer band has been assigned to the 3p — 4s excitation of sulfur
132)  Assuming D, effective symmetry for Ni(cyclohexyl-dtp), the assignments
1B, < 'A; and By, < '4, were made 146147 for the bands at 14.50 and

19.20 kK, respectively, in analogy with the assignments 3:348 for
Ni(S,C,(CN), I5-. These assignments are confirmed by the single-crystal studies
149,157 although some of the other band assignments are still somewhat contro-
versial. Miiller and his group 349 have prepared salts containing the bis(tetra-
thiotungstato)nickel(II) anion, Ni(WS),)3-, which exhibits bands at ~ 14.3 and
~ 19.0kK. the spectrochemical series for NiS, complexes is 359:

S,C,0%2- > §,C,CH,03%~ > 2,3-dimercaptopropanol anion
> ~TS,CN(C,H;), > 7S,COC,Hs; > dithioacetylacetonate
> R—dtp > 2-82 C2 (CN)2 .

The energy levels of NiS, complexes have also been discussed by Dingle 351
in hi3 analysis of crystal spectra of bis(diethyldithiocarbamato)nickel(11),
Ni(dtc),. The spectrum of the selenium analogue of Ni(dtc), has also been
reported 352, The MCD spectrum of Ni(ethyl-dtp), has been described 333
and interpreted in terms of D,, rather than D, , symmetry. Theoretical
studies of low-spin planar d® complexes have also been reported 359, As
mentioned earlier, the complex Ni[SP(CH;), N(CH;),PS], presents an in-
teresting example of a tetrahedral NiS, chromophore 4648 Assignments of
the palladium(I) and platinum(II) R-dtp complexes 132284 have not been

as exhaustively studied as those of the nickel(II) compounds.

Spectra of adducts of Ni(R-dtp), complexes have been extensively examined
l12,138,143,144,147,148,15l,152,154,156,158,323-326)_ The Spectra Of the green parama-
gnetic (cis and trans) adducts with mono and bidentate amines have been inter-
preted in terms of the octahedral model rather than in terms of their correct
molecular symmetries. Some data for amine adducts is given in Table 11. Cal-
culations of the optical spectra of the five-co-ordinate amine adducts have
not been in agreement 148,150 Some of the amine adducts are green frans-
octrahedral and exhibit 143) tetragonal splitting of about 0.9kK. The five co-
ordinate adducts exhibit two well-defined bands at about 13kK and ~ 21kK
with oscillator strengths (see Table 11) which are distinctly greater than those
of any of the ““d<d” transitions of the octahedral amine adducts. The larger
oscillator strengths are consistent with the lower symmetry (~ C,,) of the five-
co-ordinate adducts and in most circumstances can be employed to distinguish
between the types of adducts possible. Additional work with the five-co-ordinate
adducts will be necessary before band assignments can be considered settled.

The spectra of copper(II) complexes with R-dtp ligands remain an un-
settled problem in view of the tendency of Cu(R-dtp), complexes to dispro-
portionate. The recent discussion 359 of the energy levels of bis(diethyldithio-
carbamato)copper(II) may serve as a useful starting point for discussions of the
spectra of Cu(R-dtp), compounds.
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With diselenophosphates (see Table 4) the ligand field strengths tend to be
smaller and the nephelauxetic effect more pronounced. The crystal spectra
of Cr(ethyl-dsep), has been interpreted 234 in terms of D; site symmetry for
the metal ion. The electronic spectra of a variety of ethyl-dsep complexes have
been reported 231-239), Octrahedral high-spin Ni(ethyl-dsep), (pyridine), has 232
absorption bands at 8.7, 8.9 and 13.9kK. The spectrochemical series for tho-
dium(III) was found to be232233)

ethyl - dsep < ethyl-dtp < ~Se,C-N(C,Hg),.

The reducing character of the ligand is linearly related to the relative
position of the first spin-allowed transition and the first electron transfer
transition. J@rgensen 233 calculated the optical electronegativity of ethyl-dsep
as 2.6 which is close to that of ethyl-dtp, 2.7. J¢rgensen 233 has also discus-
sed electron delocalization in M(X,P); (X = S, Se) chromophores in terms of
a molecular orbital model. :

2. Vibrational Spectra

Corbridge 358 has given an extensive review of the infrared spectra of phos-
phorus compounds. A review exclusively concerned with the vibrational spec-
tra of organophosphorus compounds has also appeared 359 . Many studies con-
taining infrared spectra of R-dtp complexes have been reported 112,118,122,123,
126,127,129-131,133,140,141,146,156,171,182-185,189,191,193,284,300,341,360-367)_ partic-
ularly with respect to the identification of the zinc complexes added to petro-
leumn products. Virtually all of the band assignments made have been empiri-
cal since no normal coordinate analyses of any of the complexes have been re-
ported. Additional x-ray structural studies coupled with normal coordinate
analyses of the infrared and Raman spectra of the complexes are needed be-
fore the proposed band assignments can be taken other than cum grano salis.
P=S stretching modes are expected to appear in the region 500 - 750 cm™!,
This wide range is due to the partial double bond character of the P—S bonds
in the complexes. Normally, P=S stretching frequencies are expected in the
range 750 - 550 while P—S single bond frequencies can be found in the range
400 - 620 cm~!. P—O—C linkages have a number of vibrations covering a range
of about 1250 - 700 cm ™! These frequencies are fairly dependent on the sub-
stituents on carbon. Bands found in the region 200 - 400 cm ™! are expected to
be due to M—S stretches. It has been suggested 369 that M-S stretching fre-
quencies are mainly dependent on the metal. It is noted that the M—S stretches
which have been assigned to R-dtp complexes differ slightly from those of
other complexes 368-370) allowing relative strengths of metal-ligand bonds to
be assessed. Livingstone 112}, Adam 369 and Cavell and his co-workers 120,123,283,
284,341) Husebye 317 and Rockett 189 have described studies of particular value
in the assignment of vibrational modes of R-dtp complexes. Cavell and his co-

105



J. R, Wasson, G. M, Woltermann and H. J. Stoklosa
workers 284) found a linear correlation between the square of the Ni—S stretch-

ing frequency and the first d-d band in the electronic spectrum for a number
of Ni(S,PX,), (X = CF,, C¢H,CH,, F, OC,H;) complexes. This sort of

Table 12. P—S stretching frequencies (cm™!)

Compound »(P—8) cm™! Ref.
Ni{ethyl-dtp), 644, 545 360)
Pd(ethyl-dip), 630, 536 360)
Hg(ethyl-dip)2 658, 567 360)
Pb(ethyl-dip), 662,571 360)
. Cr(ethyl-dtp), 656,548 360)

Rh(ethyl-dtp), 645, 546 360)
In(ethyl-dtp), 652,532 360)
Bi(ethyl-dtp); 620 360)
Ni(methyl-dtp), 648,524 112)
Ni(cyclohexyl-dtp), 640, 527 112)
Mn(CO)4(phenyl-dtp) 657, 644,535 203)

(broad, medium

peaks in Nujol mull)
Ni[S;PS,C,(CsHs): |2 571,517,498,467, 171

445

Table 13. Metal-sulfur stretching frequencies (cm-1)

Complex »(M—8) cm-! Ref,
Ni[S,PS;C,(CsHs), )2 349,323 171)
Ni(ethyl-dtp), 327, 226 360)
Pd(ethyl-dtp), 312,221 360)
Hg(ethyl-dtp), 280, 239 360)
Pb(ethyl-dtp), 291,237 360)
Cr(ethyt-dtp), 313 322,360)
Rh(ethyl-dtp), 293 360)
In(ethyl-dtp), 286 360)
Bitethyl-dtp)s 271 360)
Ni(methyl-dtp), 355,325 112)
Ni(cyclohexyl-dtp), 359, 338 112,147)
Pd (ethyl-dip), 311 284)
Pt(ethyl-dtp), 302 284)
Cofethyl-dtp); 307 341)
Co(ethyl-dtp), 313 341)
Nb(ethyl-dtp), 356,274 127)
V(ethyl-dtp), 295 120)
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correlation had been suggested by an earlier one 259 between Ni—S distances
in planar NiS, complexes and ligand field strengths taken from the first elec-
tronic transition. Additional ligand field strength — metal-sulfur stretching
frequency correlations have been discussed 349 Tables 12 and 13 compare
P-S and M-S frequency assignments for a number of R-dtp complexes.

3. Masshauer Spectra

Very few Mossbauer spectra of R-dtp complexes have been reported. Fe(III)S,
complexes frequently participate in a ¢4, -~ 2T, high spin-low-spin equilibrium
373), Mossbauer studies in conjunction with x-ray emission K shifts can be
employed 379 to estimate the effective electronic population of iron in com-
plexes. Fe—S bond lengths increase ~ 0.1 A in passing from the 27, to the 64,
state. Fe(R-dtp); complexes are high-spin over a wide range of temperatures
135) ¢.g, the magnetic moment of Fe(isopropyl-dtp); varies from 5.67 to
5.80 B.M. over the temperature range 96.4 — 297.8 °K. Apparently, the only
Mossbauer spectra reported 138 are for the compounds Fe(isopropyl-dtp)s and
trans-Fe(isopropyl-dtp), (pyridine), .

4. Nuclear Magnetic Resonance Spectra

Very little NMR data has been reported 126,142,143,147,158,193) for the R-dtp
complexes. Some data for methyl-dtp complexes is given in Table 14, Gener-
ally, the chemical shifts for the complexes are not greatly different than those
of related phosphate esters. This has been taken to mean 142) that transmission
of d orbital effects via the chelate rings is negligible and that the orbital hybrid-
ization employed by phosphorus. is essentially constant. The proton magnetic
resonance spectrum 143 of Ni(isopropyl-dtp), is one characteristic of an iso-
propoxy group interacting with a phosphorus-31 nucleus. The methyl reso-

Table 14, Proton magnetic resonance data 142)

Compound Chemical shift; 7 J POCHj3,cps
(CH30)3P=0 6.23 11.0
Ni(Me-dtp), 6.08 15.6
Pd(Me-dtp), 6.17 15.6
Zn(Me-dtp), 6.20 15.8

a(6.19) (16)
Cd(Me-dtp), 6.15 15.7
Pb(Me-dtp), 6.23 16.0
In(Me-dtp), 6.03 15.6
Tl(Me-dtp)a 6.33 14
3) Ref. 193),
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nance, split into a doublet by the neighboring CH proton, appears at § = 8.62
with Joy, = 6.3 Hz. The CH absorption appears as a 14-peak multiplet with

8 =4.95 and Joy = 2.5 Hz with Jpgcy = 6.5 Hz. In view of conformational
studies 379, correlations of Taft ¢* constants with 3!P chemical shifts 37¢) and
metal-phosphorus coupling in various complexes 377, it is surprising that the
proton and 3P NMR of R-dtp complexes have not received more attention.

By far the most NMR studies have been concerned with the amine adducts
of Ni(R-dtp), complexes. The green complexes formed with primary (mono-
and bidentate) and heterocyclic (mono- und bidentate) amines and the yellow-
brown five-co-ordinate adducts with secondary amines exhibit paramagnetic
shifts in their NMR spectra. The use of paramagnetic NMR shifts in mapping
unpaired electron spin distributions of paramagnetic complexes has been re-
viewed 378-381)_ The upfield paramagnetic shifts of NH protons are diagnostic

A 0.5

0333

0.163

-0.163
-0.333
-0.5

-0.666

' -0.833

Fig. 5. Shift differences (at 60 MH,) vs. molar concentration of Ni(isobutyl-dtp),.
T=310 °K. Solvent: isopropylamine
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of NH coordination 322-324,147) and the large paramagnetic shifts enable NiS,
complexes to have some use as NMR “shift reagents™ 322), In Fig. 5 chemical
shift differences are given for neat isopropylamine as a function of the con-
centration of Ni(isobutyl-dtp),. It is noted that NH proton absorption is se-
verely broadened upon formation of paramagnetic adducts. This accounts for
the NH contact shifts not being reported in the classic paper of Happe and
Ward 382 on the amine adducts of cobalt(II) and nickel(II) acetylacetonates.
Since NH proton line broadening is a steep function of the concentration of
the paramagnetic ion, neat amines must be employed so that the paramagnetic
shifts can be observed. A study of the fiveco-ordinate adduct of hexamethyl-
phosphoramide (HMPA) with various Ni(R-dtp), complexes 324 showed that
the 3P NMR spectrum of HMPA was shifted and severely broadened upon
adduct formation (Fig. 6). The mechanisms of electron delocalization 143,
147,324,326,383) in the adducts of Ni(R-dtp), complexes have been discussed.
Fernando and Shetty 33%) have shown that it is possible to distinguish
Ni[S,P(C,H;)-(0C, Hs)],, Ni[S;P(OC,H;), ], and Ni[S,P(C,H;), ], using
PMR spectroscopy.

S50Hz ——|
7 SCANS

NEAT HMPA

l—100 Hz—+

7 SCANS

55x%x10°3
| SCAN Ni(iBu-cnp)2
in neat HMPA

Fig. 6. Phosphorus-31 NMR spectra of neat hexamethylphosphoramide (HMPA) and
(lower portion of figure) 5.5X107>M solution of Ni(isobutyl-dtp), in HMPA. The number
of scans required to obtain spectra and the spectral widths (Hz) are indicated

5. Electron Spin Resonance Spectra

Ultraviolet irradiation of O, O’-dialkyldithiophosphoric acid glasses at liquid
nitrogen temperatures leads to the formation 389 of radical species of the type

109



J. R. Wasson, G. M. Woltermann and H. J. Stoklosa

(R0O),PS, «. The anisotropic ESR spectra were almost identical for all the com-
pounds examined. The signal intensities increased with-time during twenty
minutes irradiation with little variation in line shape. No other photolytic reac-
tions were detected. The phosphorus hyperfine coupling was almost isotropic
in contrast to the g—vélues. The fractional 3s character of the unpaired elec-
trons was estimated to be about 0.7% in the radicals. It was suggested that the
extent of spin-polarization and the 3s character of phosphorus are nearly the
same in dithiophosphate and phosphate (from irradiated PO}" salts) radicals.
Thiophosphoniumhydrazyl free radicals 389 | obtained from the lead(IV) oxide
oxidation of (C¢Hs),N—NH—P(=S)R, (where R = C4H; , OC4H;, OC,H;), do
not exhibit 3P hyperfine splitting. This indicates that the unpaired electron is
located almost completely on the nitrogen from which the hydrogen was re-
moved.

H—

0 49—y - g u31kme

Eto< 45\ /S\ ~OEt
Ero- gV \S/P\OEt

Fig. 7. ESR spectrum of oxobis(0,0 '.diethyldithiophosphato)vanadium in benzene. The
eight vanadium hyperfine lines are indicated

Oxovanadium(IV) complexes with dithiophosphate ligands have been ex-
tensively examined 118,121,161,252,386) A typical ESR spectrum is shown in
Fig. 7. In addition to the eight vanadium (7 = 7/2) hyperfine lines phosphorus
(I = 1/2) superhyperfine splitting is also observed. The phosphorus superhyper-
fine splitting can be considered a bit unusual since the phosphorus is located
about 3 A or more away from the metal ion. 3P and 7 As superhyperfine
splitting has been observed in the ESR spectra of ill-defined vanadium phos-
phine 388 and arsine 389 complexes but in those cases, presumably, direct
V-P and V—As interactions occur. ESR parameters have been tabulated for
a large number of dithiophosphate 121,252 and dithiophosphinate 121:252 com-
plexes. Evaluation 12D of the fractional 3s character of unpaired electron in
dithiophosphate complexes yielded a value of 1.35%. The vanadyl(IV) com-
plexes possess approximate C,, symmetry, The unpaired “d” electron resides
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in a %4, ground state which is approximately 4.5% of d; and 94.5% of d5_»
orbital character as indicated by a charge-consistent extended-Hiickel molecu-
lar orbital calculation of VO(ethyl-dtp), and various crystal field calculations
289) It is important to note that the vanadium Gy2_y2 orbital is not strongly
o-bonding with respect to sulfur (Fig. 8) but that it does possess the correct

Fig. 8. Direct delocalization mechanism for vanadyl(IV) complexes

100
oe
Fig. 9. ESR spectrum of oxobis(dimethyldithioarsinato)vanadium(IV) in benzene
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g A AATAAAAT
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[—
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B

—t
100 Gauss

Fig. 10. Simulated ESR spectra of VO(dtcac), in benzene.
A) One vanadium nucleus " 'VA = 90.63 gauss) and one
arsenic nucleus (75A’A = 45,31 gauss).
B) One vanadium nuclens (* 'V A = 90.63 gauss) and two
arsenic nuclei (| ASA = 45 31 gauss).

A thousand gauss sweep was considered. The spectra were
constructed using Lorentzian lines with a peak-to-peak
width of 12.3 gauss
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symmetry to interact directly with phosphorus 3s and 3p orbitals, This in-
dicates that the major source of the large 3'P superhyperfine splitting in vanadyl
dithiophosphate complexes can be attributed to a direct metal 3d-phosphorus
3s-inter-action. Delocalization of the unpaired electron to the phosphorus
atom via metal-sulfur interaction is also expected to contribute to the observed
31p superhyperfine structure. A similar rationale of the large 3!'P superhyper-
fine splitting in vanadyl complexes has been put forward independently by
Kozyrev and his co-workers 161, Recently, it has been possible to show that
the preceding delocalization mechanism also applies to chelates with other
than phosphorus containing ligands. Oxobis(dithioarsinato)vanadium(IV),
VOIS,As(CH;), 1,, VO(dtcac), , has been found 399 (Fig. 9) to exhibit arsenic-
75 superhyperfine splitting. Fig. 10 shows the simulated ESR spectra for
vanadyl with one and two ~S, As(CH; ), bound to the metal. Although not
perfect, the simulation is adequate to show that the observed spectrum (Fig.
arises from the bis-chelate. VO(ethyl-dtp), impurities in V(ethyl-dtp); are
readily detected since large zero-field splittings 3°) render the detection of
the vanadium(III) species impossible at X-band frequencies.

ESR studies of titanium(III) and zirconjum(IIl) eyclopentadienylorgano-
phosphide complexes have been reported 392 but no studies of related dithio-
phosphate compounds have been described.

The ESR spectra of a few chromium1I) complexes have been described
122,393,394) The spectra of Cr(R-dtp); (R = CH;, C,H;, n-C3H,) complexes
(powdered samples) consist of a single broad line with a peak-to-peak width
of about 300 gauss and a g-value of 1.980 + 0.010. Assuming effective octa-
hedral symmetry the average g-values for chromium(III) complexes are given
by 399

(g)»=2.0023(1-47'/(10Dq))

where 10 Dq is the ligand field splitting and \' is the effective spin-orbital
coupling constant for the metal in the complex. A = 40 cm ™!, a value some
56% below the free ion value for Cr(R-dtp); complexes. Single crystal ESR
sudies 399 of Cr(ethyl-dtp); showed the g-value to be close to isotropic
(g = 1.990 £ 0.001) and the zero-field splitting parameters, D and E, to
have values of + (138 + 1)X 1074 cm™! and ¥ (814 £ 1) X 107* ¢cm™!,
respectively. Octrahedral CrSq in CdIn,S, was found 39¢) to have g =
1.995 + 0.005, g =2.000 * 0.005 and D = -(0.187 + 0.002) cm™!,
A variety of studies of chromium(V), molybdenum(V) and tungsten(V)
R-dtp complexes in solution 161,397-399) have been described but the com-
plexes have not been carefully characterized. Comparable studies have also
been reported 4%0) for chromium(V) and molybdenum(V) complexes of
dithizon.

An attempt 4°1) to obtain ESR spectra of frozen toluene solutions of
Mn(ethyl-dtp), and Fe(ethyl-dtp); was unsuccessful. Very large zero-field
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splittings may have been responsible for the failure of these experiments
401,402)  Preparation of nitrosyl derivatives 403.404) guch as Mn(NO)(R-dtp),
and Fe(NO)(R-dtp), may be more productive. The ESR spectra of
tris{dithioacetylacetonato)iron(III) 405) and manganese(Iil) dithiocarbamates
406) have been described.

The ESR spectra of copper(Il) dithiophosphate complexes have been ex-
tensively studied 90.121,161,386,407-418) Solutions and frozen solutions have been
studied exhaustively whereas comparatively little single-crystal data is avail-
able 159.387) A typical solution ESR spectrum is shown in Fig. 11. The high

Ay =736
Cu/fs\\P/ost
25 Yok
Cu-S=2.31

Cu-P=2.79

H——

% — ;.is G=Af
Fig. 11. ESR spectrum of bis(0,0'-diethyldithiophosphato)copper(II) in anisole. Estimated
structural parameters are also given

field portion of the spectrum definitely shows the effect of the interaction

of the unpaired electron on copper with two equivalent phosphorus nuclei.
Copper(II)-arsenic and phosphorus interactions have been reported 419 for
arsine and phosphine adducts of bis(hexafluoroacetylacetonato)copper(II),
Cu(Hfac), . Cu(Hfac), interacts with phosphines, e.g., P(CsH;);,toform 1: 1
complexes whose ESR spectra 419 exhibit eight lines with 3'P{4 ) ~ 136 gauss.
In these complexes direct (¢) bonding between copper and phosphorus is re-
sponsible for the large phosphorus superhyperfine coupling constants. The
Cu(R-dtp), complexes possess approximate D, symmetry and the unpair-
ed electron resides in a 2B, antibonding orbital. In contrast to the vanadyl
complexes discussed previously, the copper 3d,, orbital is strongly g-bond-
ing with respect to the sulfur atoms but is m-bonding with respect to the
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phosphorus 3s orbitals (i.e., noninteracting since the .overlap integrals vanish
by symmetry). The major source of 3!P superhyperfine splitting in the ESR
spectra is thought 121) to arise from electron delocalization vig sulfur to the
phosphorus atoms. The fractional phosphorus 3s character of the ground
state of the copper(II) complexes has been estimated 120 to be 0.26%.
Weeks and Fackler 159 have found evidence that the g and A tensors are
not coaxial in the molecular plane of Cu(ethyl-dtp),. Other studies 420-424)
have shown that complexes with Cu—S and Cu—Se bonds have about the
same degree of covalency.

V1. Conclusions

In this review we have assessed the current state of knowledge of the chemistry
and properties of ditiophosphate complexes. Although the pioneering work of
Jprgensen 132 served to call attention to R-dtp compounds, many additional
studies remain to be done. Compounds of many elements in the periodic table
have not been characterized and a limited amount of structural data is avail-
able. The effect of substituent variation has been shown to affect structures
but not to significantly vary electronic properties of complexes with similar
structures. It is hoped that this work will assist investigations into the chem-
istry of dithiophosphate complexes. Although it has not been emphasized,
there is an appreciable similarity between dithiophosphinate 9:425,426) and
dithiophosphate complexes although significant differences in the properties
of the compounds frequently occur.

Before concluding, it is worthwhile to note that photoelectron spectra
427 and X-ray K-absorption spectra 428) have not been reported for R-dtp
complexes. The results of these techniques should be particularly useful for
charactérizing and probing the electronic structure of dithiophosphate com-
plexes.
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Addendum

This section has been added in order to bring this review up to date as well as include im-
portant references overlooked earlier.
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