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The Chemistry of Phosphine
l. Introduction

Since the discovery of phosphine by Gengembre and Kirwan 123 | the first
published reports about its formation 26426 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.

11. 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°C7";-87.78 °C ¥;-87.9 °C 3], it is a colourless liq-
uid which freezes at —133.5 °C %9, Solid phosphorus hydride exists in four
or five different forms &1 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 12 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- 10737 £3-107°¢) €9

where dY 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/cm?® at —135 °C '3, The vapour pressure over liquid phosphine below
the boiling point can be determined by the equation %4259

log p (cm - Hg) =~1027.300/T-0.0178530 T + 0.000029135 T% +9.73075
(2)

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 26%), See also 27%2"!), The vapour pressures of the system PH,/AsH,

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

et al. 3V,

According to the most recent measurements the critical pressure is 65 at
and the critical temperature 52 °C 272}, Earlier work gave similar values !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 17 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 34V,

The equilibria between the liquid and vapour of binary mixtures of phos-
phine and arsine were investigated by Devyatykh et a/. 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 343:34%)_ The
temperature dependence can be represented by the equation

n=K-T8 (3

where 7 is the viscosity coefficient (g - cm™ - s71), 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 OC 274,275)'

At -140 °C solid phosphine crystallises in a face-centred cubic form with
four molecules in the unit cell '*, The lattice constant is @ = 6.31 £ 0.01 A13),
Agreeing results from various different methods show that the phosphine mol-
ecule has a pyramidal structure with C;, symmetry ®-2*) . Also infra-red and
Raman 2526 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 C, or Cy symmetry %13:328) ¥ .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 molecule 346-347),

Revisions of earlier data on the /Zeat 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 46%)

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, 1.317 967,468)

Measurements of the magnetic susceptibility at room temperature gave a
value of x =~26.2 - 107 cm?/g %%, The magnetic rotation (Faraday Effect)
of gasous phosphine at 0 °C, 1 atm and XA = 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 1.35D, re-
spectively 43 In the series of compounds PH; to P(CH,); the following values
for the dipole moments were measured: PH; 0.579 D, CH;PH, 1.100D,
(CH;),PH 1.230 D, (CH;3)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
mqy (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
alkyl 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)), 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 648,

The !H nuclear magnetic resonance spectrum of phosphine dissolved in liq-
uid ammonia shows a chemical shift of 6y =+1.66 ppm (relative to (CH3),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 [A] Angle [°] Method Lit.
P-H or P-D H-P-H
PH, 1.415 £ 0.005 ED/M1? 34)
1.44 calc. 35)
1.437 £ 0.004 ED 33)
1.4206 * 0.005 93,5 MI 27)
1.419 93.8 IR® 20)
1.419 93.5 MI 28)
1.418 93.3 cale, 36)
CH;PH, 1.414 +0.003 93 4 MI 37)
1.445 * 0.007 - ED 31
(CH;3),PH 1.445 £ 0.02 - ED 30
PHD, 1.4116 £ 0.0001 93.2 MI 29)
PH,D 1.4177 £ 0.0001 93.4 MI 29)
PD; 1.4166 *0.005 - MI 27)
PH,I 1.42 £0.02 - NMR® 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 Jy_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, 8y, for gaseous and for liquid
phosphine is small 26%); this indicates that the degree of association in the liq-
uid phase is small. Consideration of thermal data 267:268) [eads 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, ép, 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 %-4®) 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
3po(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 52)

(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 tumn, 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 a-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 3_28). The infra-red spectra of solid phosphine in the tem-
perature range 4 to 68 K have been measured by Hardin and Harvey 10) 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 2829,

The gas phase UV-absorption spectra of phosphine and a series of other
phosphorus compounds have been studied in the long wave length region 57-5%
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 HCI and their alky! 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+¢* transition. However, Halmann 60
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 A)
was measured by Walsh and Warsop 2). The ionisation potentials of phosphine
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were found, from the 584 A photoelectron spectrum, to be 10.28 and
12.90 eV 351)_ See also 352),

Comprehensive investigations of the mass spectra of phosphine and di-
phosphine were carried out by Wada and Kiser 3), among others 262:353) 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 %%:°6)_ 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-® and 9.00 £ 0.1 eV 7, respectively. The P,H} ions

Table 2. UV data for phosphines and amines 60

Compound Amax [R] e[l-mol™.cm™]
PH, 1910 3400 = 200
CH;PH, 2010£3 130 30

1960 weak

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

1515 strong
CH;3;NH, 2150 600

1737 2200
(CH3),NH 2200 100

1905 3300
(CH3);N 2273 900

1990 3950

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

e+P,H; — 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 PH;

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

PH; + PH, — PHj +PH, &)
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_PH3
P
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Fig. 2. ICR spectrum of the positive ions of PH3 at 2-10 "5 Torr and 23 eV ionisation energy

Further ion-molecule reactions were identified in the gas phase by Eyler 3549
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),P;H, (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 et 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 A (Z) =1(Z) + D(R-2).
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)+DH-H)=13.1-6.7+4.48=10.9+0.5 eV.

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

PH; + PH;, — P,H;+ H

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

PH' + PH; —> PH; + P

PH' + PH, — PH; + PH
PH' + PH, —>  PH; + PH,
PH* + PH, — P} + 2H,
PH® + PH; — PH3}+ H,
“PH" + PH; — PH3;+ H

P* + PH, —> PH; + P

PP + PH; — P,H' + H,

P, + PH; — P;H + H,

P, +PH; — P;H;+ H
P,H'+ PH; —— P;H; + 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
AP*) = 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(P")=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
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PH; +e— P2* +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') + /(P"!), and
the dissociation energy of phosphine should be given by

AP¥)=I®P) + I(PY) + 3D(P-H)

With the spectroscopic values for / (PH=11.0eV and I(P!') = 19.65 eV the pre-
dicted vatue of A4 (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)

Ton mfe Reference AleV] Afev]
ion linear vanishing
extrapol. current
PH; 34 Art 10.3 0.5 10.4%0.3
PH; 33 Ar 14.4 14.0+ 0.2
PH" 32 Ar’ 13.6 13.110.2
p* 31 Ar* 20% 1 160 1.0
Linear Square root
extrapol. plot
PHZ* 17 Kr2* 15.0 15.6
PHZ" 165 Kr?* 327 34.0
PHZ* 16 Kr2* 21.2 15.1
p2* 15.5 Kr2t 422 4212

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

PH, ¥ PH,+H ®)
PH, -2 PH +H, Q)

In addition, Basco and Yee observed electronically excited phosphorus atoms
and P, molecules in excited vibration states in the absorption spectra 3*%), 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 26').

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 %2-45%)_ This resuit 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 ®2P-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;PO;H,,
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%, CH;PH, 1 -3%,
(CH;),PH 0.3 %, (CH;);3P 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 *°%).

The solubility of phosphine in water is, in comparison to ammonia, very
small 77 At 17 °C, only 22.8 m! of gaseous phosphine dissolve in 100 ml
of water 73,

The Ostwald solubility coefficient B, i.e. the ratio of the concentration of
the dissolved substance in the solution 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 mmHg 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 g 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 357). Phosphine dissolves in cyclohexanol far more
readily than in water. At 26 °C and a partial pressure of 766 mmHg, 2856 m!
of phosphine dissolve in 1000 ml of cyclohexanol 322). 15,900 m! of phosphine
dissolve in 1 litre of trifluoroacetic acid at 26 °C and a pressure of 653 mmHg358).
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 °C un-
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,O or
8 PH; - 46 H,0 would be obtained. In practice, crystals with a composition
of PH; - 5.9 H,O 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) to be 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;OH (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,0 and BF, - CH;OH, which are stable at room temper-
ature, show 1:4:6:4: 1 quintets. These are conclusive proof that PHj ions
exist in these solutions. The chemical shift §p is +217 ppm {relative to P,O),
while 7 was found to be 3.84 [PH, in 98% H,SO, + (CH3),PCl at -43 °C] 7).

Also fluorosulphonic acid protonates phosphine as well as organophos-
phines 35¢). The phosphonium ions formed are soluble in fluorosulphonic
acid. The chemical shifts, §3,, 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 PHj the proton

13
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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 CCl,) 188

P(CH,); + 622

P(C,Hj); + 19.2

P(i—C3Hq), - 19.3

P(+—C4Hg)3 - 61.9

P (n—-C,Hs); + 326

P (n—CgH,7)3 + 325

P(c—CgHy1)3 - 11.3 (in CHCl,)

P(CeHj)s + 5.4 (inCCly)

HP (C¢H;), + 40.7

Phosphonium ions

PH, +101.0 6.20 548

[HP(CH;);]" + 3.2 6.36 497

[HP(C;H5)s ] - 225 5.97 471

[HP(-C3H7)s] - 44.4 5.58 448

[HP(+~C4H,)5]" - 583 5.46 436

[HP (n~C4Ho)3] - 137 6.01 470

[HP(n~CgH,7)3]" - 13.0 6.04 465

[HP(c~CeHyy)a]" - 327 5.48 445

[HP(CeH5)sT - 6.8 8.48 510

[H2P(CeHs), T + 212 7.88 519

3) The chemical shifts, 531? 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 76 using a Born-Haber cycle:

(PHX) —2—> PHL+X

-QpH, X PpH,
14P4 +2H, +11,X, PH; +H'+ X~
QpH3\ -Du-Dx ~Ig+Ex
PH; +H+X
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The proton affinity, Ppy, , at 0 K is given by:
Ppyy = U+ Qpuyx ~Qpuy t Dut+Iu+ Dy~ Ex ~5/2RT (10)

where U is the lattice energy of PHyX, Qpy,x the heat of formation of PH,X,
Qpu, 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™!). 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
=~QpH, X 15.8
Ori, 2.21
~Dy 52.1
~Iy 3119
% 25.5
Ex 74.6
5/2RT 1.5

Waddington ) reported an approximately similar value of 194.5+5 kcal/mol.
Both these results agree well with that reported by Holtz and Beauchamp 35
for the proton affinity of phosphine. These workers determined the proton
affinity from ion molecule reactions of the type

M, + MaH" == 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;3),CO — (CH;3),COH" +PH; 189 364)
3 CH;CHOH' +PH; — PH; + CH;CHO 182 364)
4  H;0"+PH; - PH; +H,0 164 360,362)
S C,H5 +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 35%369) Eyler 354) obtained concurring results.
Also the value reported by Haney and Franklin 3¢V of 186 £ 1 kcal/mol is in
agreement. The latter workers determined the proton affiniiy 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 shows
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*) = IP(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 PH3, PH; and isoelectronic molecules

and ions®

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

NH;, 128 CH, 103

PH, 102 SiH, 80

OH3 141 NH, 105

SH3 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 8.
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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 #5¢), 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 ?25-22") 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 230); Zur Frage der sog. chronischen
Phosphorwasserstoffvergiftung.

3. Determination of Phosphine

Small quantities of phosphine in the air or other gases can be detected by pas-
sing the gas into a 5% aqueous solution of HgCl, . The HCI, liberated by the
formation of P(HgCl)s, is then titrated potentiometrically 32%). The titration
can be followed automatically using a Beckman Model K titrator 367, A meth-
od for the semiquantitative determination of phosphine in the air works on
the same principle 33, 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 cal-
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 pho)sphine concentration can be estimated from the length of the coloured
zone 31,

Moser and Brukl ) described a method for the gravimetric determination
of phosphine. Dumas 3%®) ysed gas chromatography for the micro-determina-
tion of phosphine in the air (0.005-0.5 mg/litre), see also 3¢®). 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 37

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) 'magnesium phosphide 3%7) aluminium phosphide ®®, zinc phos-
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phide and tin phosphide & -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 ! 93,

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 °*, 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 Ca;z(PO,),
with carbon, the phosphine obtained on hydrolysis usually contains up to
3% acetylene.

Baudler and her co-workers #4°) 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 %) 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 26:276-278) [t 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 44! 443, 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: | 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 CazP, 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 44-4¢), 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 H3PO, 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 8%:97-%) 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, !:3:85,101-106) phog.
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 107108
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Very pure phosphine is formed by the hydrolysis of phosphonium iodide
with water, dilute acids or dilute bases 2>1417,107,109-114) "1 hy the reduction
of phosphorus trichloride with lithium in diethyl ether 87-115-117) 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 '8},

According to a method described by Horner et 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 287,

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 %),
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 3’1}, 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 1290,

The purification of phosphine, from the main gaseous substances obtain-
ed by the preparation, can be achieved by fractional distillation '4>12!5122)
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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Igk = 8.86- 9669 - (glass surface) (14)

~|—

IgK=11.6 -12110-

(silicon surface) (15)

The energies of activation of the decomposition on glass and silicon surfaces
are 44.2 and 55.3 kcal/mol, respectively 372). 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 Hy;PO,*477-480)

The conditions under which mixtures of phosphine and oxygen ignite
were investigated by Trautz 2> and Shantarovich 23%). 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 244,

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 25*), 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 -~ HOPO 7,

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 phosphorus28. 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¢HySO,NNaCl —— p—CH;- C¢H4SO,NH, 245) (16)
a-naphthol —> naphthalene 246) (17)
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CeHsNO, —— C4HsNH, 247 (18)

A comprehensive study of the reducing properties of phosphine partic-
ularly with respect to aromatic nitro-compounds and aromatic sulphonyl
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 (HI) 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, 831P, 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 3P 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¢Hjs)315, P[Si(C¢Hs)3]1, (CsHy),
P[Si (C¢H;)3](CgHs), and P (C¢Hj), . Parallel to this, the nucleophilic charac-
ter increases, thus the usual reactivity of phosphorus(III) 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 393),
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; %9, 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] Jpp [Hz]
P4, solid 460.0 378,383)
P4, solution 460.0~-533 378-382)
P4, vapour 553.1 384)
PH, 238 188.2 385-391)
P[Si(CH3)3]5 251.2 392)
P[Sn(CH3);}s 330.0 392,395)
P[Ge(CH3)3]5 228.0 392,395)
P(SiH;); 378.0 339)
PH[Si(CH3)3], 237.4 186 394)
PH,[Si(CH3)3] 239.0 180 394)
P[Sn(C¢Hs)s]3 323 395)
P[Sn(C¢Hs)3]2(CeHs) 163 395)
P[Sn(C4¢Hs5)3](CeHs), 56 395)
PH,(CH3) 163.5 383)
PH(CH3), 98.5 383)
P(CH;); 62.0 383)
PH,(C¢Hs) 122.0 383)
PH(C¢Hs), 41.1 383)
P(C¢Hs)s 8.0 383)
P[C(CH;);]5 - 58 447
P[Ge(CH;);],CH; 177 447)
P[Ge(CH3)3],CH5 127 447)
PH[Ge(CH3); (CsHs), 119 447)
P(GeH;); 338 448)
P[Sn(C4Hs);],CeHs 170 448)
P[Sn(C4Hg)3](CeHs), 56 448)

following phosphine oxides were identified individually: P,H,O, 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 3%,

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

PH; + ONR; —f|> 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 3*”. In contrast, PCl, 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-
phory! 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 Qn

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}—P—-{-H + Ho—}-P +H + H0+P —+H—P—P—P- +3H,0
1

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

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

OPBr; + 4 LiH ——— PH + H, + 3 LiBr+ LiOH 24)

When lithium aluminium hydride, Li(AIH,), 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% , 4PH; +3Li(AICL) + 2 LAIO; +4H,

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

<ion 4PH + 3 Li(AICL) +2LiAIO; +8 H,

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

OPCl; + 3 Li[BH,] —> H;PO- BH; + 3 LiCl + 2 BH; Q7

a crystalline solid H3;PO - BH; is formed, which is stable up to =90 °C. Thus,
OPH, in the form of the adduct H3PO - 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—- PH2 —O-BH,- 37,

25



E. Fluck

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 459,

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 249-252),
According to Wiles and Winkler 253, 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 a form %3, 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 259,

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,PO,, H;PO; and HPO,. 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 niot observed. Phosphine appears to work as a very efficient radical ac-
ceptor via reactions such as

NH,- + PH; —> NH; +PH, (28)
and
H- + PH; — H, +PH, 29)

26



The Chemistry of Phosphine

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 '24-12®)_ 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 390, Finally, sodium dihydrogen-
phosphide is also formed on leading phosphine into an ether solution of tri-
phenylmethyl sodium 31,

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 LizP and Na3P from the
elements were described by Brauer and Zint] 39,

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 132
An analogous structure has also been proved for rubidium dihydrogenphos-
phide. The density of potassium dihydrogenphosphide at 25 °C is 2.435 g/cm?
132) Potassium dihydrogenphosphide is soluble in strongly polar solvents such
as tetramethylene sulphone and dimethylacetamide '3 . It is also well soluble
in trimethylamine and dimethylformamide (10~15 g/100 ml). The chemical
shift, 6p, of KPH, in liquid ammonia is 279 + 2 ppm (relative to 85% aqueous
orthophosphoric acid), the coupling constant is Jpy = 139 Hz °5), The proton
nuclear resonance spectrum of KPH, dissolved in dimethylformamide consists
of a doublet with a chemical shift § = 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 '3¥, Solutions of KPH, in trime-
thylamine show a well resolved triplet in the phosphorus spectrum with a chem-
ical shift of 272 + 2 ppm ®9. The 'H and 3!P resonance spectra of solutions of
NaPH, and KPH, in liquid ammonia were thoroughly investigated by Shel-
drick 44 . Aspreviously 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 7.
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 is
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 3!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,O4 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 1cm?mol~! was found for a 8- 1075 mol/cm? 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 3%,

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 ions 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 134,

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 135:136) BP 137:138) GaPp 139140} SmP, LaP
136,141) TiP, Ti,P (possibly TisP) '4>:!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) 34,

Royen and Hill 3°® 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,I, and hydrogen iodide, which reacts
with excess phosphine to form phosphonium iodide, are formed 3!6-317)

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

PH; +31; +3H,0 — H3;PO, + 6 HI (30)
According to earlier work 221 hypophosphorous acid should be formed accord-
ing to Eq. (31):

PH; +21, + 2H,0 — H;PO, + 4 HI 3D

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?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 4°3-4°”) 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 (CH;3),NCl —> 2P + 3[(CH3),NH,]CI (32)

Only polymeric phosphorus hydride, P,H, , and not red phosphorus was ob-
served when phosphine was treated with chloramine in ether solution 40849
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 #').

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 2!9),
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In the pH range 12-13 the reaction follows the equation
PH; + 2 NaOCl —> H3PO, + 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 Egs. (34) - (36):

OCI'  +H;0" == HOCI +H,0 fast 34)
PH, +HOCI — (PH;0) +Cl'+H" rate-determining 35)
(PH;0) + OCI' —— H3PO, +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 32%32%) ; see also 3267, 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; ?*: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 147, 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% 93,

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 7 which is stable up to 65 °C but is, however, very
sensitive to air 334,

Tris-(triorganylmetal)phosphines are the products from the reactions be-
tween triphenyltin, triphenylgermanium and triphenyllead chlorides and phos-
phine '48:199)  The reactions proceed in benzene solution in the presence of
triethylamine as hydrogen chloride acceptor thus:

3 (CgHs)3MCl + PH; + 3 (CoHg);N — [(CgHs)sM];P + 3[(C,Hs);NH]CI (38)
M = Sn, 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 HCI condensation, are known. To these, apart from the above men-
tioned reactions, belongs also the reaction with CF3SCl 22* which, depending
upon the chosen proportions of the reactants, in a sealed tube at ~95 °C leads
to the formation of (CF;S),PH or (CF;S);P 224 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 PCl3, bis(trifluoromethyl)-disulphide and trifluoromethyl-
sulphenyl! chloride.

With SiH, I phosphine probably forms silylphosphine 288) and with
(CH3),BBr, crystalline H,PB(CH;), 2#?. Germanium halides do not react with
phosphine 299,

The phase diagram of the system PH;/BF; iindicates the presence of two
compounds **. On treatment of PH; with BF, at —130 °C BF,-PH; is
formed 2°1:292)  which is probably converted to [PH;(BF,)]BF, by the follow-
ing reaction mechanism 290,292,293).

PH, BF, —> PH,(BF,) ZHE, PH,(BF,) F i § [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 5% must be
mentioned. The alkylsilylphosphines, (CH;);SiPH, (b.p. 69-73 °C),
[(CH;3);38i],PH (b.p. 170-172 °C) and [(CH;);Si];P (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,

Li3P + 3 (CH;)3SiCl ——> 3 LiCl + [(CH3)3Si]sP (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

BCl, 20°C PH; BCl, 147,158,294)

B,Cl, ~78°C - 2PH;3 ByCl, 296)

BBr; 20°C PH;- BBr, 147,297)

BBr; 1250°C BP 298)

SiF, -22°C,50 at 293)

SiCly -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. HCl

PBrg -90°C PH,Br, solid phosphorus 301,303)

hydride
AsF3, 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 [(CH5);Si];P +HOH —— 2 [(CH;);Si],PH + [(CH;);Si],0 41)
[(CH3)3Si]sP + HOH ——  (CH3)3SiPH, + [(CH;)38i],0 (42)

The compounds 2 and 3 were formed by treating a mixture of Li,PH and
Li,P with diethyldichlorosilane !5°):

H
P P.
(C,H; ),sx/ :sﬂc,),sﬂc,m;), (C,H,,)zs< >Si(C2H5)2
N P
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 2!4-216,493)
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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, '52-159) 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) !55:156) 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 159, 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!*®). 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 BH3PH;

at 37°C

Chemical shift Coupling constant

[ppm] [Hz]

Sgq  +0.53Y JeH 104

Spy  +4.31 . 372

5p 60.8% JpB 27
JuppH 8
JpRH 16

2) 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 #'?’, 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; - BD3 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 (Jgg = 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,Cl1-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, - PH, is a colourless compound and was prepared earlier by Besson !57)
from the reaction of equal volumes of PH; and BCl; below 20 °C; its proper-
ties were later investigated thoroughly by Tierney '*® . 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(gy —> BCl; - PH3(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 (C4Hs)3PBCl; and (CH;3)3;PBCl; are
7.01 £ 0.06 and 7.03 + 0.01 D, respectively) 9.

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:

ByHg +PH; —— (BH3PH;)() + BH, (46)
BH; +PH; —— (BH3PH3)(y 47)
(BH3PH3);) — BH3PHj(0ig) (48)

A 1:1 adduct is formed between monobromodiborane and phosphine at
-78 °C.
B2H5BI‘ + PH3 ﬂ) H3PBH2BI‘BH3(;01id) (49)

This adduct begins to decompose to diborane and H;PBH,Br at ~45 °C 16V,
The latter compound is stable up to 0 °C. At this temperature it polymerises
slowly by splitting off hydrogen:

H,PBH,Br ——C—> 1/n(H,PBHBI), + 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;PBHj, 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).

H, PBH, BrBH 3 qo5ig) + PH; —2>—> H3PBHjsotia) + HsPBH Bt (51)

Recently Drake and Simpson 26®) thoroughly investigated the reactions be-
tween PH,BH,; and PH3BH,Br with HCI or HBr. Phosphine-borane reacted with

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

PH;*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, + 2 HX — PH;BHX, +2H, (X=Cl, Br) (53)

Similar reactions of phosphine monobromoborane with hydrogen halides
lead to PH; - BHBtCl 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 GIH(PH3)") JpH JHH
“[ppm] [Hz] [Hz]
PH;- BH; 4.24 369 8.0
PH;- BH,CI 4.79 389 6.2
PH;- BH'Cl, 5.14 413 3.89)
PH;- BH,Br 5.08 405 6.2
PH;- BH'Br, 5.56 420 4.4
PH;* BH'BrCl 5.32 417 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,CI <
BHCI, ; BH; < BH,Br < BHBr, and BHCl, < BHBtCl < BHBr, . In the series,
[PH, 1", [CH3PH,T", [(CH;3),PH,]" and [(CH;); PHY?, 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 substitution by methyl 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 '), 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;* BH;, 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 PH; - BH; does not affect
the hybridisation of phosphorus, as compared with that in free PH;, 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,Hs;PH,, by the application of a silent electrical dis-
charge to a mixture of silane and phosphine. Analogous treatments of mixtures
of disilane, Si,Hq, with PH; or of disilylphosphine with silane, result in the
formation of disilanylphosphine and silylphosphine, respectively 164165
Evidence for the existence of trisilylphosphine was found for the first time by
Aylett, Emeléus and Maddock 1) in the reactions between silyl iodide, H,Sil,
and phosphine or between silyltrialkylammonium iodide and phosphine. Ac-
cording to Amberger 17 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, +SiH;Br —— SiH;PH, +Br (55)

PH, +SiH;PH, —> SiH;PH”  +PH, (56)
SiH3PH' +SiH;Br —— (SiH;),PH + Br’ (57
(SiH;),PH + PH; —> (SiH;),P" +PH, (58)
(SiH3),P"  +SiH;Br —> (SiH;);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,;SiPH, > (H,;Si),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° '68) The measured P—Si bond length of 2.247 £ 0.005 A 68)
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 33). 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 '7*)

LiAlH4 + 4PH; —— LiAI(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:

LiAI(PH,), + 4 H,0 — 4 PH, + LiAI(OH), (61)

With ethyl iodide, ethylphosphine and phosphine are formed. The reac-
tion with excess silyl bromide results in the tormation of silylphosphine 4'6?.
Silylphosphine, like methylphosphine, forms an adduct with diborane 417
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2 SiHsPH, + B,H, —> 2 SiH;PH,- BH, (62)
2CH;PH, +B,Hy —> 2 CH;PH," BH,4 (63)

The proton n.m.r. spectra of these adducts have been intensively studied. The
BHY resonance in the spectrum of CH,PHY, - 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 Jpyr = 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 methylphosphme( H3)-and (2H3) borane adducts
(pure liquids at —20 or 25 °C) 417

Compound Chemical shift [ppm]

8 simy or 8 (cH) 8(rmy 8(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]

Juu  Ju'w” Jpn Jew'  Jpnr Jen” Ju'p
SiH;PH3* BH; 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, HgsP,, PbsP, 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
Niy 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
HCI and Cu,P,, whereas aqueous solutions of CuCl, are not attacked by phos-
phine 4*®, 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 4%9:469) Under pres-
sure the compounds CuCl - 2 PH, and CuBr - 2 PH; are formed 46", 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 4*®). 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 469).
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 %2}, Uranium salts in aqueous solution are
not attacked by PH; %%, 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 64,

13. Reactions with Aldehydes

a) Aliphatic Aldehydes

Reactions between phosphine and aldehydes were observed relatively early by
Messinger and Engels !7':'7®, 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 '73) 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/l the rate of reaction is proportional to the HCl-content of the solu-
tion, at higher concentrations the rate is independent of the HCl-content 177,
The dependencies found can be accounted for by both bi- and trimolecular
mechanisims. 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

| | |
+ sl + fast .
H-P|+CH0 +H" —¥— H_P'-CH,0H =———= [P-CH,0H +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® =——— CH,0H (65)
H H H
| + slow l+ fast | .
H-P| +CH,0H ——= H-P'-CH,0H ——— |P-CH,0H + H (66)
| [ |
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!%:323) 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 '#:

PH; > C,HPH, = CH;PH, > CH,C,HsPH > (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,0OH), (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 '%?:

PH3 +3 CH20 +3 HNR2 — (RzNCH2)3P +3 H20 (68)

Secondary phosphines of the type (CHCI,CHOH),PH, (CCl;CHOH),PH
or (CH;CHCICCI,CHOH),PH are formed by the reactions of phosphine with
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the corresponding aldehyde in the presence of HCl with tetrahydrofuran as
reaction medium '83,184)

Tetrakis(1-hydroxyalkyl) phosphonium salts were prepared from phosphine
and various aliphatic aldehydes using similar reaction conditions '35,

Chloral hydrate and chloral alcoholate react with phosphine in the pre-
sence of HCI to give compound 4 in the form of its monohydrates 33). The
preparation of this compound from chloral hydrate and phosphonium iodide
has been previously described by Girard '*%),

OH H OH
0
ClC—C—P—C—CCl,
[ |
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 '8, With suijtable dialdehydes, spirocyclic
phosphunium salts are abtained 126:187); these are very difficult to prepare by
other methods '#8);

H

I

=, ZFN
3 RoR{(HC—CHO +4 PHy —3» RaR HC CHR Rs-+ HgO
I
¢) 0]
Nen”
I

CHRiR» (Ry~R2=CHj)
5

H OH H OH
_/CHO C C
2 (CHg)a + PHs + HCl —— | (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 '7':172) although 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(0O)(CH,CgHs)
6

p-Methylbenzaldehyde and p-chlorobenzaldehyde produce the correspond-
ing phosphine oxides in analogeous reactions 159,

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, !0

H

|
CgHsC—— } P
OCHg/ 3

7

The use of ethanol or isopropanol as solvent results in the formation of
tris (a-ethoxybenzyl)- or tris{«-isopropoxybenzyl)-phosphine, respectively,
in yields of up to 85% '°9,

Kinetic investigations of the reactions discussed here have been made by
Ettel and Horak 99,

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 9! -1%3).
H+
R—CO—R’+PH3 —— RR’CH--PH;(0) a0

R—CO~R’+ RR’CHPH(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

Ht &
R—~CO—R’+PH3=— RR'C—PH; o RRC—PHp —2,
_H; Z

(73)

H,0
RR’C=PH —— RR/CH—PH(OH) == RR’CH—P(O)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 *'®,

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 '*4):

FoCG CFq FoC CF2
l + PH3 ':J + [(CF2)3C(OH))2PH (74)
|
PH,

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 9 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 !°*?, Thus, 2,4-pentadione gives a colourless
crystalline substance of composition C,,H,,0;P in good yield. On the basis
of spectroscopic studies and the chemical properties of the compound the
authors suggest the structure 11.
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‘ieﬂs
B
N
FoC—C C—CFg
TN
H

FoC—CFg FsC—CFg

10

I I
2CH;CCH,CCH; + PH, ——>

H;0
i cH, (75)
_ /\a?
Cﬁ;"/%@&CHS

11

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

Structure /2 was originally proposed for the product, with the composi-
tion CoH4O4P, obtained by passing a mixture of phosphine and HCl into an
ether solution of pyruvic acid, an a-keto acid '7»1"?, However, the infrared
and nuclear magnetic resonance spectra can only be interpreted in terms of
the structure 13, recently proposed by Buckler 9. This structure also ac-

3CII;COCOOH QQOH HD
< e |omy Lo
—— ~
Pr, HO~ ~p coon
nooc-§on
. CH,
o, CH,
o=c-c% ) P /
3 (76)
2 NP
VA
cH;¢—P  £-0 + 3H,0
L \P
c-c
7
o
CH,
13

44



The Chemistry of Phosphine

counts for the chemical behaviour of the compound. A normal carbonyl 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 199
were the first to study the reaction systematically. It is catalysed by
organic peroxides such as, for example, di-t-butyl peroxide, by «, a'-azobis-
isobutyro-nitrile 7| 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 20°) 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°Y 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:

@
ReC=CHjs4 H+ — » RoC—ClHy (78)

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

2]
RsC—CHg+PH3 —» [HsP—CRoCH3l* —, HoP—CRaCH34 I+ (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) 209,
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PH3+ OH™ — 5 PH3+H0 (80)
PHz + CH,CHCN —— HoPCH,CHCN (81)
HoPCH,CHCN + H* — HpPCHCH2CN (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 2%):

PH3+CHa=CHCN ___, HgPCH3CHoCN (83)
PH3 + 2 CHa=CHCN —— HP(CH3CH2CN)g (84)
PH3+3 CH;=CHCN — P(CHaCH2CN)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) or carried out in sealed tubes at higher temperatures, 2°5:209) [ead 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 unider which the reaction proceeds and the nature of the final
products suggest the mechanism described by the following equations 293,

PH; 2 .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, —%¥— 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 CF3CHFCF,PH, and
CF;CF (PH,)CHF, in the ratio 85 : 15.

The addition of phosphine to 5,6-dideoxy-1,2-0-isopropylidene-D -xylo-
hex-5-enfuranose (14) takes place when the reaction mixture is irradiated with
UV light. A mixture of 5,6-dideoxy-1,2-Oisopropylidene-a-D-xylo-hexa-
furanose-phosphine (/5) and bis-6 (5,6-dideoxy-1,2-Oisopropylidene -o-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 (1 7) and the secondary phosphine
oxide (18), respectively 419,

i
H O
H
]
E—CH,
H,
14
PH, H
-
H,PH, CH, lL CH,
H, O H, O H
OH OH OH
0
| _& 5
—CH '—CH, —CH
oy T (93)-(96)
CH, H, H,
15 16
0} O’l
H
H,~P—OH i
(S H, l;_“(ljﬂz
H, O H 0 CH,.0
OH OH OH
' &
—C-—~CH, 0—C—CH, 0—C—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,
PH; + 3 XQNCO DCaHsh, P[C(O)NH x:l
3

19 O7)

X =H, Cl, 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 2'9)

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;3In - 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 I : | 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 23,

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 '), 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.

PH
2 V(CO)e+ 2 PHg Hexane (CQ) 4V<PH: V(CO)4+4CO+He 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-CsH;V(CO);PH;, 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).

h.
7-CsH5V(CO) 4+ PH3 ——» m-CsH5V(CO)3PH3 4 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:
CsH;Mn(CO),PH; (red-brown, m.p. 72 °C; TpH, = 6.76;Jp_y =327 Hz)
Cr(CO);PH, (pale yellow, m.p. 116 °C, Teu, = 7.55;Jp_y = 337.5 Hz)
Fe(CO),PH; (bright yellow, m.p.36 °C, 7py, = 7.85;Jp_y = 365 Hz)

Mo (CO)sPH,; (colourless, m.p. 112 °C (decomp.) Tpu, =7.69;Jp-n =327 Hz)
W(CO)sPH; (colourless, m.p. 120 °C, 7py, = 7.49;Jp_p = 341 Hz)
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Phosphine can also replace a carbonyl group in bromopentacarbonyl man-
ganese %) The compound, BrMn (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; 3*”). HCo(PF;);PH;, 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_y =352,JFp_y =
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 336) 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(PH3)2+ B3H3z (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 &p = 155 and 175 ppm
(relative to H;PO,), 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 349).

The structure of a series of other coordination compounds containing the
PH; ligand, the preparations of which were described by Klanberg and Muetter-
ties 339 according to the following Eqs. (101) to (107), are not individually
known.

PHj3 + [(CeHs5)3P]ePdCls —— {[(CgH35)3P](PHg)PdCl}y (101)
[(CeH35)3PlaPtl; —— Pt3[P(CeHs)sls(PHa)sl, (102)
Ru(CO)oCly — > Ru3(CO)g(PH3)4 (103)
Rh(CO)4Cla —— Rhg(CO)s(PH3)g (104)
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Ni(C5H5)2 — Ni(C5H5)2(PH3)2 (105)
[(CeHs)3P]aRhCl —— [(Ce¢Hs)3P]2Rh(PHy)Cl (106)
[(CeHs5)3P]2Ir(CO)Cl — [(CgH5)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,H,, is a liquid at room temperature. The vapour pressure at
0°Cis 73.0 mmHg, at -33.5 °C it is 10 mmHg 2. 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 42®-422)_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 HS,5 = 5 + 1.0 kcal/mol *?®, The most recent determina-
tion of the density of liquid diphosphine has shown that it is less dense than
water 42 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 4%, At -136 °C
the lattice is built of monoclinic, and possibly also thombic, unit cells each con-
taining 2 molecules (space group C} or Cy) 424

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) and 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 4?*). Diphosphine can also be obtained from
the reaction of pure white phosphorus with potassium hydroxide solution at
60 °C *2Y, The formation of diphosphine has also been observed in the follow-
ing reactions: by heating red phosphorus in a stream of hydrogen *3®, by heat-
ing a mixture of red phosphorus and Ba(OH), **'), by the action of atomic
hydrogen on red phosphorus 43?) and by the reaction of HyPO, with acetyl
chloride 439,

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 **¥). On heat-
ing or exposure to light, diphosphine decomposes to PH; and higher phosphorus-
hydrogen compounds 420,421,422,428,435)

Triphosphine, P3H;, has been identified as a product from the hydrolysis
of Ca,P, or Mg;P, in acidic media by mass spectroscopy **®. In addition,
using mass spectroscopic analysis Baudler and her co-workers #36:437) were
able to identify the following higher phosphines formed during the hydro-
lysis or the disproportionation of diphosphine:

P,Hy,12 P,H, P,H,., P,H,. 4 Others
Triphosphine P3H® P;H,?
Tetraphosphine PyH¢? P,H,”Y  PH,
Pentaphosphine P;H, PsHs®  PgH,D
Hexaphosphine PsHg PsH, PsH, b) P¢H,
Heptaphosphine P,H, P,H, P,H; P,H,®
Octaphosphine PsHjg PgH, PgH, Y
Nonaphosphine PoHy PyH; PoH, b)
Decaphosphine P,oH,o P,oHg P10H4,P10H2b)
Undecaphosphine P, Hg ,P“H3b)
Dodecaphosphine P,H,
Tetradecaphosphine P Hemy

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

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’ I I
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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