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3.1 NITROGEN
5.1.1 Elemental Nitrogen

The possibility of separating the nitrogen isotopes by reverse
rPhase liquid chromategraphy of their compounds has been
investigated experimentally.1 Thus the isctope effect on the
dissociation of the anilinium ion is estimated to he 1.01%.
Although the separation factor cbtainable by this method may be
smaller than that in the conventional ion exchange process for
NH4+, the authors suggest that the new apprcach may be
attractive for the preparation of 15N—enriched compounds in the
laboratory. In spite of the low solubility of LisN in THF, it is
sufficient to allow it to be used as a reducing agent with metal
halides. The reduction process in this aprotic medium appears to
3 to iNz.z The reductions, of TiCl, to LiTiCl,.-
4 {THF} and cp2T1012 to [cpzTiCl]2 and other polyhnuclear products,

ke converting N

were reperted as new svnthetie uses of the technique. Protonated
dinitrogen has been postulated by Clah et al.3 as an intermediate
in reactions (1) to (3). Naturally this intermediate

decomposed under the reaction conditions according to (4).

14NH3 + 15NOBF4 _-80°¢c, [15NE14NH]BF4 + H,0 e (1)

14 15 oec 15,._ 14

H N(S:I.Me3)2 + NOBF, -—— [ "N= "NHIBF, + o(SiMe3)2 «ne(2)
o

HN=C=0 + 15NOBF4 _23°%€C [15NE14NH]BF4 + Co, ca.(3)

[151\:51""1\11«1]131:'4 L 1514y HBF , v oo (4)

Mason and collaborators4 have discussed the n.m.r. relaxation
mechanisms operxating in dinitrogen complexes of Meo,W,Rh, and Os
with tertiary phosphine co—-ligands. Shilov et al.5 have
described a procedure for the catalytic reduction of N, at ambient
temperature and pressure: it is based on the reaction with sodium
amalgam/methancl/molybdenum(II) chloride/phosphelipid/phosphine.
Under favourable conditions the main N-containing product was
hydrazine, although some NH3 was also formed. More examples of
transition metal complexes of dinitrogen have been described
which are decomposed to NH, and/or N,H, when treated with HCl or
HBr; thus Gecrge and Tisdale6 have investigated an extensive
series of mono-N, complexes of Me{QO}. In another paper the same
group7 have presented a detailed account of their evidence for the
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formation of a pair of intermediate, 1scmeric hydrazide{(2-)
complexes in the reaction of trans—Mo(N2)2P4 complexes with HC1l or
HBr. They reported that the more labile intermediate appears
analogous to nitrogenase,

5.1.2 Bonds to Hydrogen

The structure, association energies and vibrational freguencies
of (NH3}2 and (NH3)2H+ gave been reinvestigated at a consistent,
higher level of theory. The reaction of lithium and aluminium
with liquid NH3 gives LiAl{NH2)4 over a period of days at 90z

10°C.9 Formamide and N-methylformamides have been prepared from

synthesis gas plus NH; via ruthenium "melt" catalysis.10 Two
reaction pathways were proposed, Schemes 1 and 2. Scheme 1
involves the formation of formamide which is then methylated by
methyl ruthenium species, formed by hydrogenation of Ru-CO
complexes. Scheme 2, which reguires the formation of methanol
and then methylamine which suffers carbonylation, was found to be

supported by some of the experiments carried out by Knifton.

'‘Me~Ru’
Co + NH3———§-H2NC(O}H — 3 MeNHC{O}H + MezNC(O}H

Scheme 1

Co + Hz—;p MeOH ————-b-MexNHa_x

co

MeNHC (O})H + Me NC(O}H

2
Scheme 2

11 have reported that the water-soluble iron

Barley and coworkers
porphyrin Na3Fe(III}(TPPS}.12H20 [HZTPPS4_ = the tetraionic form
of meso-tetrakis({p—-sulphonatophenyl)porphine] acts as an effective
electrocatalyst for the reduction of NO, to NH,. The
advantage of this kind cf iron porphyrin complex as a catalyst is
that, once the reduction to NH3 is complete, substitution at the
relatively labile axial pesition allows for facile substitution by

NQ. The preparation of (1) by means of reaction (S) has been
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reported.12 Although the structure of (1)} has not yet been

confirmed it was shown that (1) is converted to (2) in polar
solvents, such as CH2C12. Reaction of (2) with [CpWMe4]PF6
produced a material which has been shown to bhe [CpWMe3]2(u*N2] by
an X-ray study: the same product has also been made from CpWMe4,
CpWCl,, N,, and Na/Hg. The kinetics of the oxidation of NH., and

3
NH4+ to N2 by 82082 have been investigated and were found to have
radical reaction pathways.13
+ —
[CpWM34] PF, + 2N2H4 - CpWMe4(NHNH2} + N, HPF, e i5)
Cp Cp
Me\\ | /Me ]
W Mg — W —— Me
Me/ [\\ I / \
Me NH2 Me NNH2
(1) (2)
-
Cp = n Me5C5

5.1.3 Bonds to Boron

Photoelectron spectra of the aminodifluoroboranes NHzBFz,
NHMeBFz, and NMe,BF, have been recorded.14 Kroto and
McNaughton discussed the results and compared them with
theoretical calculations. Apart from the usual overestimation
by the 4-31G calculations the agreement was pronocunced excellent.
The results imply that there is very little n=-bond character for
the N-B bond, although microwave studies indicate that the

melecules are indeed planar.

5.1.4 PBonds to Carbon or Silicon
Reaction of a di-copper{ll) complex of a macrocyclic ligand with

MeCN in the presence of 0, and H,0 has been shown to afford a
pentanuclear complex containing two triply-bridging
3,5-dimethyl-1,2,4-triazolate groups.15 A scheme outlining the
prebakle steps in the formation of these bridging groups is shown
in Scheme 3, Cyanogen reacts with AgASF . in liquid 50, to form
[Ag(C2N2}2]A5F6 as a colourless, water-sensitive solid which

decomposes at 176".16 The ligand C2N2 acts as a bridging ligand
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between Ag ions, which are thus in square planar environments.

M Me Me
- L L
C
//// HI| L1}
P NZ N H Ilq
o}
I I 20 H,O l IT--- e IT
Cu” - — - - —— - Cu 272 Cu Cu
- =- 'ﬁ--o-_r-
N
H
CE?;
-~
Me
H H H
N o] O
Meﬁﬁcf/’ \\\C,,Me / \
\\ // NH3 Me-C C—Me
N N T % i
/y I /I: \ 1
Cu Cu cua Ccu

Scheme 3

Nitreogen e.s.r. hyperfine splitting constants and 7, =»* optical
absorption spectra maxima have been compared for 15 examples of
R4N2+' radicals.17 M,o. calculations of these gquantites were
compared for H4H2+ bent anti and syn at the nitrogens. The
different symmetries for syn and anti o,r mixing cause
surprisingly large differences in spectral properties, depending
on the type of bending at nitrogen for R4N2+. Tetrakis{dimethyl-
amineo)ethylene, TMAE, is a pale vellow, involatile liquid which
reacts rapidly with 0, to give a strong1ghemiluminescence and is
readily ionised. It has been reported that excess electrons in
TMAE have a mobility of 2.2cm2(Vsl-1 at 20°C, a factor of 100
higher than that in other amines. The conduction band energy was
estimated to be approximately -0.1eV.

Structure and dynamics studies of 4-, 6-, and B-membered cyclic
nitramines containing the C{NO,), fragment have been reported.19
Thus the crystal structure of 1,3,3,5-tetranitrohexahydropyrimid-
ine was determined by X-ray diffraction, The lattice dynamics

and high-rate thermal decomposition of 1,2,3-triaminoguanidinium
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nitrate [C{NHNH2)3]NO3 2gve been examined by rapid scan FTIR
spectroscopy and d.t.a. Cluster ions of the general formula
[[CHanoz)nH]+, n =4 to 15, have been observed in the "self"
chemical ionisation mass spectrum of hexahydro-1,3,5-trinitro-—-
1,3,5-triazine, RDX, (é).21 These cluster ions are termed
complex since they are composed of RDX molecules and

methylenenitramine fragments of the parent molecule.

NO

N 2
. c’/,/’ “&RM

g [
O.,NN NNO
o \M\"Cﬂg,//’ 2

(3)

The first thermally generated nitrile imine (5) has been
generated from the tetrazole (4) by vacuum flash pyrolysis,
equation (6); it was characterised by mass spectrometry and i.r.

spectrosceopy and is stable at 77K.22

N==N
/ \\ 710K, 10 > torr

Ph \ NSiMe, » PhC=N"-N"-SiMe, eee(6)
-N
N/ 2

(5)

(4)

Core binding energy data for CF4NC, CF3NCCr(C0)5, and
CFBNCW(CO)S indicate that CF3NC is azgery strong w—-acceptor
ligand, practically as strong as CO. The core data for CFBNC
and CF3CN, when interpreted using the eguivalent cores
approximation, lead to an estimate for the isomerisation energy of
=23 kcal mol_1. Hydrogen halide, HX, addition to CFBNC results
in the formation of both isomers of each of CF3N=CHX, X = Cl1, Br,
or F, with the E isomers predominating, as shown by electiron
diffraction.24 All these methanimines dimerise slowly at room
temperature forming the corresponding aminomethanimines,

CF3N=CHN(CF3){CX2H). The isocyanide also reacts with SFgBr
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yielding CF3N=CBr(SF5). The pyrolvsis of F2HCN3 atzgemperatures
above 720K has shown to produce FCN by equation (7). The
reaction was controlled using a flow system under reduced
pressure; it may prove to be a useful route to pure FCN. The

pyvrolvsis of phenyltriazidosilane at above 700°C has been shown to

F2HCN3 - Nz + HF + FCN e (7)

PhSi{N3)3 + Ph-N=5i + 4N2 - {B)

(6)

form phenylsilaisocyanide, (6), which was characterised by He({I)~-

prhotoelectron spectrosc0py.26 The gas—phase molecular
structures of two tertiary amines, MeN(SiH2Me£ and MeN(SiHMez}2
have been determined by electron diffraction; both have planar
NCSi2 skeletons. Lukevics et al.28 have pointed out that
J(15N—29811 coupling constants are more readily obtained from the
;go times more sensitive technigque of observing 15N satellites on

8i resonances.

5.17.5 Bonds to Witrogen

The synthesis of triazijiridines, which are stable to at least
g80°C, from suitable azimidine precursors has been achieved by

reaction (9).29 Hegarty and coworker530 have investigated the
Me R He R
N N_
i b N-CF e.-{9)
+ d 3
N\ CF3 N
N~
CF3 CF3 CF3 CF3

R = alkyl or aryl

pentazole (NS-) anion by ab initio calculations: the anion is

predicted to lie 31 kcal mol”? above the lN3" + sz system but the

energy barrier for decomposition is 22 kecal m01_1. They proposed
that matrix isolation of the species i1s feasible as also would be

the synthesis of (ns—NSIMn(CO)3 complexes. Ab initio m.o. theory
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has been used to study the hydrazinium radical cation, NH3NH3+-
2+ 31

and the dicatiocon NH3NH3 . The radical cation is calculated
to have a long K-N bond (2.164A) but is nevertheless bound, by
134 kJ mol_1 with respect to NH and NH3+-: the N-N hond in the
dication is shorter (1.4422) however dissociation to 2NH3+- is
excothermic by 249 kJ rru:}l_1 even if the activation energy barrier
is large (194 kJ mol_1). Nelsen and Blackstock32 have reported
the first measurement of hydrazine-hvdrazine radical cation self-
exchange electron-transfer rate, from a 1H n.m.r, study.

The triplet and singlet excited state energies of N-nitroso-
dimethylamine and -~piperidine have been determined
spectroscopically:33 the singlet state of nitrosamine-acid
complexes dissociates rapidly to give aminium radicals and NO
whereas the triplet shows no apparent chemical changes,

Hydrazine is oxidised by hot nitric acid in a first order reaction
in which the product proportions depend on the reaction time.34
Thus for a reaction in 5.44M HNO; at 100°C that was 75% complete
the outcome can be expressed by equation {10). The rate law is
N

H, + 0.8HN03 - 0.19HN3 + 0.17NH4N03 + 0.7N2 + 0.2N20 + 1.8H20

274

.. {10}

35

given by -d(1n[N,H,])/dt = k[NO, ]J[H']. Gattow and Lotz > have
characterised salts of 1,2-hydrazine-bis(dithioformate),
M2[82CNHNHC82], M = Na or K. In the potassium salt the N-N
distance is 1.388(6)& at -85°C., Under similar conditions, N,H,,
CSz, and base, they also prepared the mixed dithiocarbamate-
dithiocarbimate, Na3[schHN=C52].7H20. The S-methyl ester of
dithiccarbazic acid reacts with CS, in the presence of NaH or KH
at -15°C to yield the unknown salts of the S-methyl ester of

N-dithiomethylenedithiocarbazic acid, M2[82C=NNHCS(SMEJ].

5.1.6 Bonds to Phosphorus

Cowley and coworkers36 have reported the first example of a
coordinated iminophosphine behaving as a 6—electron donor, see
Pigure 1. In (7)), which was prepared from Fez(CO)9 and ButN=PBuE
the P-N bond order is one whereas in the ButP=PBut analogue the
central bond is of order two. In the same reaction, Scheme 4, (8)

was alsc obtained in which interacticon with a coordinated carbonyl
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group produces an unusual bridging ligand. Diphenylphosphineazide
complexed to M{CO);, M = Cr or W, (9) reacts under thermolytic or

-]
Fe, (CO) g + Bu'N=pBu® —237C o (7) + (8)

But

\( > But—p~— N-Bu®
= 1 ><|
106°C,-2C0 _
”

(OC}4F2*—FE(CO)3 (OC)SFe———Fe(CO)3

(8) (7}
Scheme 4

photolytic conditions to give (10} rather than the expected

iminophosphane (ll).37
PhT=NPh Ph2TH3 thPNCO
M M —» M
{CO) g (CO) ¢ {CO) g

5.1.7 Bonds to Oxygen

The sonolysis of N,O in water yields N,, NO, and NO,  as the
3

principal products. Nitrous oxide oxidises methane to
formaldehyde over a B1203 Sn0, catalyst with a selectivity of
39

approximately 90% at 550°C (1.7 to 2.7% conversion]). Catalytic
reduction of NOZ— to NZO by formic acid in DMF occuig in the
presence of either MoO(S,CNEt,), or M002(52CNEt2]2.

A facile, pressure-induced disproporticnation of NO occurs at
176K and 1.5GPa.41 The reaction products are N204, Nzo and a
small, variable, amount of N203 as identified by i.r., Raman, and
visible spectroscopy. No free NO, N,0, or NO, is observed after
warming the sample to room temperature. The Hzo produced
subsequently undergoes photolysis to N,O, and NO, NOy ; there was

also evidence for the nitrite form of N204. Nitrous oxide once
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Figure 1. ORTEP view of (7) showing the atom numbering scheme
for molecule I. Important parameters: P{1)-N =
1.687(7), B(1}-Fe(1) = 2.146{3), P(1)-Fe{2) = 2.147{3),
N-Fe{1) = 2.001(7), N-Fe{2)} = 2.011(6}, Fe(1)-Fe({2) =
2.6815(2)A; C{(11=P(1)=-N = 130.4(4)°, C{(7}-N-P(1) =
139.7(6)°. (Reproduced by permission from J. aAm. Chem.
Soc., 107{(1885)2554).

formed is stable to 14GPa. The NO ligand in HRua(C0)10[N0)
undergoes N-C bond cleavage in the presence of H2 with the
formation of HzRu3[NH)(CO)9, H2Ru3(NH2}(EgJ10 and H4Ru4(CO)12 as
the principal metal-containing products. Nitrogen—-15 n.m.r.
characterisation of [Rucl(NO)thPh3)2]BF4 in the solid state has
been achieved by cross-polarisation, magic-—-angle spinning:43 this
compound shows a large chemical shift anisotropy for the bent NO
as compared with the linear ane.

Blcocugh and Zafiriou44 have shown that superoxide, 02_ or
possibly HDz', reacts with NO in deaerated aguecus sclutions at
PH12 to 13 to form the peroxcnitrite ion, ONOQO . The
diamagnetic preduct ion i1s stable in 0.1M base whereas at lower
PH it is protonated and rearranges to NOB-. The role of NO in
catalysing the decomposition of agqueocus hyponitrite has been
further investigated.45 One mechanism proposed involves an

initial hydrogen atom abstraction process; under chain~inhibited,
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e.g., with EtCOH addition, conditions a substantial proportion of

15
the N2

absence of such chain inhibitors significant guantities of N, are

0 produced arises from reduced NO, equation (11} . In the
liberated; reaction (12) was postulated to rationalise this.

ONNOH - N20 + “CH

15

NO + HONNOH - {+ o011
H'°N0 - §{15N20 + H,0}

NO + "ONNOH =+ ONONNOH > NO, + N, + OH e (12)

2NOC1 + Hg{OTeFg), ~ HgCl, + 2no” (OTeF,) ee e (13)

Nitrosonium pentafluorotellurate(VI) has been prepared by
reaction (13) as a colourless ilonic acid:46 however, in the
vapour phase it is clearly covalent.

In the oxidation of nitrite to nitrate by Sz?§2- the rate law is

2- _ 2— 2- -
—d[5208 1/4t = k1[5208 1 + k2[5208 ][Hoz 1. Since the rate

is changed significantly on the addition of allyl alcochol the
authors inferred the presence of free radicals to an extent
greater than can be ascribed tc the k1 term alone. They went on
to investigate the possikle involvement of NO, as an intermediate.
Ab initio m.o. calculations on HONO, extended to the MP45DTQ level

47

The

energy difference between the cis and trans isomers, 3.5 kJ mol_1,

and activation energy, 53.6 kJ m01'1, are in excellent accord with

with a large basis set, have been published by Turner.

experiment. Methods have been reported for preparing salts of
2%, loiNm,) 417,
and [C(NH,) ,NHNH,]" from4gither the lithium salt, LiN,0;, or from
NH,OH and ethyl nitrate, Bazylinskli and Hollocher have
attempted to resoclve the gquestion as to the rate determining step

hyponitric (or oxyhyponitrous) acid with NH4+, N H,

of the hyponitrate ion at pHY. The yields of the final products,
N,0 and Noz_, and the isotopic distribution strongly favour (14)
rather than {(15) as the rate determining step. The reaction of
N02/N204 with5grganic hydroperoxides in solution has been
investigated. Cumyl and tert-butyl hydroperoxides react
rapidly in the presence of a base tcoc form principally an organic
nitrate along with minor amounts of nitrite, alcohol, and carbonyl



') — 3 NO~ + NO,” + H vea(14)

H e} — %> NO + HONO™ c..(15)

compounds . The authers suggest that this facile reaction may be
significant in connection with the pulmonary toxicity of N02 in
smoggy air. Stegmann and coworkers51 have reported that the
e,p.r. signals from spruce needles taken from healthy trees differ
markedly from those from S3 {(unhealthy) trees. Moreover the
effect of treating healthy needles with NOx or NOx/SO2
combinations, but not agqueous H,80,; (pH 1),leads to comparable
e.p.r. spectral changes. Matrix isclation FPTIR and u.v. absorp-—
tion spectroscopy have been used to study the products of the
reaction between Cl0O and N02.52 The technigues allowed both
guantitative measurements of the major reactants and products as
well as a simultaneous search for any minor products. The yield
of chlorine nitrate (M = N, in eguation (16) was found to be 0,9%

0.2 at 22 torr and 253K to 29BK. The authors reported no evidence

clo + NO, + M - c1ouo2 + M v (16)

for any other products, e.g. isomers of ClONO,.

Nitrogen dioxide adds to the bridged binuclear Pt(II)-Pt{(II)
complex Pt2(P205H2}44_ to give the Pt{III)-Pt(III) complex
Pt, (Py0cH,) 4 (NO,) 47,77 The MO, ligands are N-bonded and occupy
the axial positions on this product, as was shown by X-ray
crystallography of the 8- anion. The thermal reaction between

MeSH and NO, has been studied over the range 296-452? by monitoring
the disappearance of NG, in a large excess of MeSH.

Nitric acid is reduced catalytically by CO in the presence of
Pda(OAc)6 to form N02 then N0.55 Wieghardt et 31.56 have
reported the kinetics and mechanism of the reduction of NO5 to
NO, by bis{p-hydroxclbisl[agua(l,4,7-triazacyclononane)molybdenum—
(TIT)1{4+) (12) cation in aguecus acidic solution. Under

anaercbic conditions reaction {17} was quantitative and it was

shown, using 1BO—Iabelled nitrate, that the oxidised Mo (V) complex

had aquired 180 atoms in the terminally bound positions. In
anhydrous MeCN silver (I) nitrate may be oxidised by electrolysis or

by reaction (18} with N205.57 From the e.s.r. spectrum at 77K
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OH_H,O 4+ . o o 2+
/ \[ - -2H30 "/ \ -
LMo—MoL + 2NO3 _— LMo—— McL + 2N02
I\ 7 N\
H,0 OH o0

<. {17)

HN NH

oo

N.O. + Ag  + 3NO T—-ag(n0,) T + WO ... {18)

275 3 2

silver{II) is in an axially distorted square planar field and
resconance Raman spectra confirm a square planar coordination by
unidentate nitrate groups. Decomposition of Ag(N03)42_ solutions
in MeCN occurs to cvanomethyl nitrate and HND3 and they react with
p—xylene to give p—MeC6H4CH20N02. Fro?Ttheir equilibrium and

electrochemical studies Tracey and Nash deduced QGEQB

the radical and iconic dissocilation processes shown in Scheme 5.

values for

The kinetics of the gas-phase recombination of NO, and NO3 at low

+38 kJ mol | NO, + NO4
ﬁﬁﬁhﬁﬁﬁhﬁhﬁﬁ*ﬁﬁ:hﬁﬁ““i ot + mno.”

-26 kJ mol” 2 3

N205 ([in MeCN)

S5¢heme 5

N205 + M > NO, + NO4; + M e (19)

NO + N02 - N_O

275 e {20}

3

NO, + HCHO —+ HONO, + HCO e $271)
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pPressures have been measured by Smith and his colleagues.58
Using published rate coefficients for the decompesition of N205
the gquotient for equilibrium (19) and the AHE(29B) of NO, were

calculated to be 2.5 x 1010 molecule cm_3 and 17.2 kcal mol'-1
respectively. The absorption cross section of NO3 at 622.3nm has
been determined from spectra measured over the range 615 to 670nm
in Clz-CIDNOZ-—N2 and F2—HN03—N2 mixtures.59 The rate

coefficient for reaction (20) was determined to be (4.810.3)

x10”13 ana (5.8+0.8) x10” '3cm® molecule™'s™! at total pressures of
24 and 40 torr of N, respectively. The rate coefficient {(2.7+1.0)
%10~ em? molecule_?s_T for the reaction betweenCl and NO, at 298K
was also deduced. The kinetics of reaction {27) have been

studied by i.r. and visible spectrosceopy ¢f dilute gaseous

3 N02 and HCHO in N2/02 at 700 torr.60 The

kinetic data were analysed using both product formation rates and

mixtures of O

reactant consumption rates and computer simulations of the
complex reactions which follow reaction {(21}. The results show
that reactions involving the HO and HO2 radicals must also be

considered when estimating the N,O decay rate in the presence of

HCHO: the best estimate for k,, cbiained in this way is (6.3%1.1)
x10 %m3 molecule™'s™! at 25:2°cC.

Electrochemical studies demonstrate that a rhodium wire can be
used as a reference electrode in HNOB-N204 mixtures.61 Electrode

reaction (22} occurs on the surface of the metal. Platinum can
alsoc be used as a reference electrode, although its performance is

NO + e > IN, O, cee(22)
ZHNO y === N02+ + NO,T + H,0 vee23)

slightly inferior to Rh. Electrochemical studies using this
reference system indicate that stainless steels corrode in this
medium by a mechanism involving transpassive breakdown. The
breakdown is prevented by cathodic polarisation or by the

addition of flucoride or PF5. The i.r. and Raman spectra of solid
and liguid HN03 have been reinvestigated 1n order t¢ clarify the
problem of self-disscciation in the ligquid state. Potier et
al.62 provide evidence for the presence of H20H+--0N02',

H,
An exploratory study of the Raman spectra of nitric acid solutions

0-—HON02, and H30+ as well as the specles shown in eguation (23).
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(11m and 37m at 25°C) at temperatures up to 250°C has been

carried cut by Ratcliffe and Irish.63 The decrease in the v (N-OH)
and 6(N02) bands of HNO, as temperature and concentration increase
have been interpreted in terms of the reduced strength of hydrogen
bonding. Approximate values of the degree of dissociation o have
been determined and show that nitric acid is a wvery much weaker
acid at high temperatures, Raman and u.v. spectroscopy of
solutions of nitric acid in aqueous sto4 {1—98 wt3%) and HClO4
{1-70 wt%) have been carried out to determine the concentrations
of HNO,, NOB_ and N02+ as a function of composition of the medium.t.s4
The ground-state geometry of pernitric acid H02N02 has begg
investigated by SCF and perturbation theory calculations; the
egquilibrium geometry has no symmetry. Vertical exciltation
energies were calculated and the results compared with the

observed u.v. photolysis.

5.1.8 Bonds to Sulphur or Selenium

Coordinated K5 and NO in their ns—cpCr(Colz—complexes have been
compared by gas-phase u.v. and X-ray photcelectron
spectroscopy.s_6 Most of the ionisation potentials are similar
except for the N 13 binding energies which are almost 2eV lower
for the NS analogues. A large number of new thionitrosyl
transition metal complexes should be accesslble wvia a very general
route, see equation (24}; this reaction is quantitative when M =

ML + Ns+AsF6' - M(NS)+ASF6- + L ve.(24)

L = CO or 502

67 As part of an attempt to understand structural and

cpFe(cO),".
68

stability trends in sulphur—-nitrogen compounds Gimarc et al.
have calculated topological rescnance energles of some known and
proposed rings and polyeyeles. Their results indicate that
saeveral species not vet reported should be stable. E.p.T.

" and PNPYS. N,

6 3
showed signals only for the preoducts ¢f reduction of NS+.sg One

spectroscopy of the redox products from ns*tsbF

species, NZS3+’ giving a triplet signal, has been detected
previously but the other signal, a quintet of triplets, could not
be assigned to a known radical.

The reaction of NO with blue polysulphide sclutions in non-
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agqueous sclvenits generates the yellow colour of the perthionitrite
ion, SSNO , which could be isolated as its stable PN salt.?0

The same compound was obtained from the reaction hetween PNP(NOz)
and either sulphur or PNPS12. The crystal structures of PNP{82N0]
and PNP(ESNO) were solved; the dimensions of the two planar anions

(13) and (14) are shown below. ' The formation of the latter

g 1.678 51-6958

1'99}/1160 115\1'22 120.5\1.2143

S O o

(13) (14)

species from the perthicnitrite can be rationalised as in eguation
70
(25).

PNP {S5NO)} + Ph3P -+ PNP (SNO) + Ph3PS s+ (25)

PNP = Ph3PNPPh3

Trithiazylchloride {NSC1)3 reacts with metallic Cr or other Cr
compounds to form as the major product, S4N3+[Crcl4(N282)]_. This
was converted by Ph4AsCl to (Ph4As)4[CrCl4(u—N282)]a.SCH2C12: the
structure of the novel anion is shown in Figure 2. A series of
vanadium and tungsten complexes containing the chelating ligand
N352 have been preparedzfnd characterised by X-ray crystallography.
In the [WI(N3;S,;)C0{(N5), ], b%guclear anion (14) both the planar N.S,
ligands bridge the W atoms. The reaction of [NSCl}3 with VCl4
generates the chlorine hridged dimer [VC13(NSC1}2]2, containing
the N-bonded N=5C1 ligand.74 Reaction of S4N, with
ReNc14/Ph4Asc1 produces (Ph,As), (Cl,Re (N5} {NSC1)].CH,Cl,; the
dianion has both N-bonded NS and NSC1l ligands in c¢is positions of
a distorted octahedron. Tetrasulphur tetranitride reacts with
M(PPh;},, M = Pd or Pt, forming [M(S,N,}(PPh,)1,.CH,C1,. % The
X-ray structure of the Pt-compound shows the Pt2(52N2)2 unit to be
planar with bridging N atoms, see Figure 3.

From the reaction of NSF with LiN{SiMe3)R, R = CMe3 or SiMe3, a
range of compounds containing -N=S=N- fragments, e.g. He381NSNR
and (Me3CNSN)28, have been isolated.77 When the reaction with R =

SiMe, was carried cut without stirring a small yield of 54NgF (15)

75
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c7
cly

Cre2

Ct5

Figure 2. Structure of the [CrCl4(N252)]44_ ion (reproduced by
permission from Z. Naturforsch., Teil B, 40(1985})12314)

was obtained. Sutcliffe and co—workersTB have reported the
reactions of N52A3F6 with MeCN, MeC:=CH, and HC=CH to yield
respectively the AsFg salts of (16), (17), and (18). The

crystal structures of the first two of these salts were
determined by X-ray methods. All three cations were reduced to
the neutral radicals, which were then characterised by e.s.r.
spectroscopy; solutions of these radicals were found to be stable
at room temperature.

Solutions of the anion radical, ‘ON(SO3)22_, of Fremy's salt
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N(2)

Figure 3. The molecular structure of [Pt(SzNz)PPh3]2.CH2C12;
gelected bond distances S(1)-N{2) 1.69, N{(2)-5(3)
1.53, S{3)-N(4) 1.55&, S{1}-N(2}-S(3) 120°,
N(2)-5{(3)-N(4} 113° (reproduced by permission from
J. Chem. Scec., Chem. Commun., (1985)1325).

10107 <)
ws
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can be conveniently prepared for e.s.r. purposes by the aerial
oxidation of an equimolar mixture of NaN02 and NaHSO3 in agueous
alkali.79 Sulphinyl (thionyl) fluoride, SOF,, reacts with active
NH groups, as in piperidine or morpholine, to give NS(QO}F
derivatives, whereas COF,, fluorinates piperidine to the N-fluoro
c:ompound.e0 Trasher and co—workersa1 have found a new route,
reaction (26), to a compound containing the {SF5}2N group.

Several new compounds containing N-Se single or {(formally) double
bonds have been prepared and characterised by X-ray methods. The
N-Se bond lengths in (19} and (20} were shown to be 1.608(4) and
1.735(4)& as represented by the resonance structures shown.az
These bond lengths are significantly shorter than those found in

other compounds which usually lie in the range 1.82-1.85A&.

h

AY]
SFgNCl, + SFgCl——> (SFg),NC1 + Cl, res (26)
Ph,P=N-5iMe, + SeCl, ~+ Ph,P=N-SeCl, + Me,SiCl a2
(19)
Ph,P=N-SiMe, + (19} > (Ph,P=N),S5eCl, + Me,SiCl ... (28)
(20)
. //,PPh3 Ph,P PPh,
¢§¢N - Qk+ ﬁ
Ccl Se~----- cl N N
2 f : \\
! ]
' 1
' 1 s
' : / ~
c1T------ secl cl c1”
N/ 2
hp?
Fhy (20)

5.1.9 Bonds teo Halogens
Aramaki et a1.83

have reported that high yields of NF3 can be
obhtained from the oxidation of INH4}3A1F6 with F2 over the
temperature range 100° to 250°C. A new NF4+ salt, with the
counterion CrF6 » has been prepared in QG%BEurity by the reaction
of excess NF4HF2 with CrF5 in HF sclution. It has been shown
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that strong Lewis acids, such as AsFg and SbFg, strongly catalyse
an intramelecular redox reaction of ZNF, , where 2 = CF3, SFS, cl,
CF3O, or SFSD 85 When 2 = Cl a 1:1 adduct with AsF5 is formed at
~78°C which has an F-bridged structure, acccording to Raman
spectroscopic evidence. The decomposition products for 2 = CF 4
and SF5 were CF4 and SFE' respectively, along with trans—Nze and
N,FAsF.. DesMarteau and co—workers86 have prepared {CF3802)2NF
and describe the new compound as a strong fluorinating agent.
5.1.10 Bonds to Metals

The flrst example of a lithium methyleneamide ring species in
which the ligand exclusively engages in u;-bridging between two Li
atoms has been found in [But2C=NLi.OP(NMe2]2]2.87 The Li,N, ring
is strictly planar with very short LiN bonds, 1.923 and 1.948BA,

In dilute sclution in benzene the monomeric form is however

dominant.
2WC16 + N[SiMe3)3 - W2NC19 + 3Me3SiC1 .--1(29)

The reaction, eguation (29), of WClG and N(SiMe3}3 produces the
bright red W;NClg; which appears to be dimeric through bridging
chlorines. 8 Treatment of W2NCl with Ph4PC1 vields
Ph P[W NC110], containing the almost linear (173°) WNW unit with
bond lengths 1.79 and 1.88A. This new salt reacts slowly on the
addition of CCl4 in CH2C12 to give {Ph4P]2[W3 2 ] CC14.CH2C12
in which the trinuelear anion has nearly linear, 176°, WNW bridges
with bond lengths 1.84 and 2.078.89 The reaction of either GdCl
and GdN or GdCl, and Gd}N2 vields the new compound GdzNC13.90 The
crystal structure contains NGd4 tetrahedra with Gd-N distances of
about 2,27A, Tetranuclear metal nitrido species of Ru have been
characterised by Johnson et a1.91 using X-ray crystallography: the
compounds were prepared by the reaction of [Ru3(C0]10(u=-NO)2]
with CO. They both adopt 64-electron "butterfly" structures,
Figures 4 and 5, in which the "hinge" metal-metal vector is long
and supperts either a u,-NO or a u; —NCD bridging group.

Near u.v. irradiaticn of Nl(tet-a)(N3)2 directly excites the
n+n* transition of the azido group, which yvields a singlet nitrene
intermediate;92
ligand (tet-a} is a methyl substituted 1,4,8,1t-tetraazacyclo—

tetradecane. Reactions of varicus organic azides with NbCl3 have

this intermediate scavenges NH3 to form N2H4. The
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Figure 4. The molecular structure Figure 5. The molecular structure
of [Ru4N(co112(u,—NOJ]. of [Ru4N(co)12(u,—Nco)].

{both} Reproduced by permission from J. Chem., Soc., Chem. Commun,, {1985)1526.

vielded a diverse range of products and provide access to azides,
93 Volatile crystals of Me3SiN(VC13),
prepared from VvCl, and HeBSiN3, have been characterised by X-ray

nitrenes, or nitrides.

crystallography.9 The molecular lattice contains monomers with
a linear (177.5°) skeleton and with V=N 1.59A. A careful study
of the i.r. spectrum of {ns—Me5C5)2VNPh hag allowed Osborne and
Trogler95 to assign the v{C-N} and uv{V-N} mcdes to bands at 1330
and 934 em . These bands shift on isotopic substitution with
15N to 1307 and 923 cm-1. These authors propose that the V-N-C
oscillator is strongly coupled to the remainder of the molecule:;
if this also happens in the cther known complexes then this
rationalises the wide range of v{M-N) values reported in the
literature.

A progress report on the new class of halonitrenes, typified by
ReFS(NF], has been pubklished by Peacock et al.96
of O0sFg(NCl) from OsF, by treatment successively with Me ;8iNCO and
ClF3 was described; the new compound was purified by

recrystallisation from HP.97

The synthesis

The product was characterised by
mass spectrometry and i.r. spectroscopy.
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Tuan and Hoffmann98 have examined the linkage and mode of
bonding of NCO~ and N20 to MLS units by fragment analysis of m.o.
calculaticns. Various features of the interaction between the
fragments indicate that (a) N-linkage is more stable than
O=-linkage, and (b) v bonding is the dominant factor in the metal
ligand bond. Their results suggest that other transition metal
3)5N20]2+ should be stable.

The structure of gaseous dimethylamidogallane, as determined by

complexes of NZO' such as [0Os(NH

electron diffraction shows that the Don dimer, with a cyclic Ga,N,
skeleton, predominates.g9 The N-Ga bond length and the angle at
N were found to be 2,027(4)& and 9%0.6(0.8)°, respectively. The
reaction of [MezAuI]2 with KNH, in liquid NH; yields tetrameric

100 The tetramer converts

and trimeric amidodimethylgold{III).
spontaneously to the trimer at ambient temperature; the latter has
a non—-planar (AuN)3 skeleton with Au-N 2.15A. Well-defined,
crystalline [MezAuNHMe12, along with other products, has been
¢cbhbtained by the reaction of MezhuI with LiNHMe.1O1 The Au,N,
ring is symmetrical with Au-N 2.14A. New diarylamido

derivatives of the transition metals N1 and Co have been
prepared.102 They were characterised analytically, magnetically,
and by single crystal X-ray studies: Li(THF]4[Ni{NPh2]3].O.SPhMe

represents the first reported structure of three coordinate nickel-

{11). Neutral [Ni(NPh,},;1,, (21) has a similar molecular
structure tco that of the Co{Il} analogue, for which a revised
structure is given in this paper. New imido/amino complexes of
Ph, ButNny
2
N t j o
Eu N
t A / (CF,)
Ph2N-Ni ----- Ni—NPh2 Bu N=W 372
\
o
Ph (CF3),
2
(21) (22)
tungsten have been reported by Chan et al.103 They were formed

by the reaction of either perflucrepinacol or tetraphenylpinacol
with [ButN)ZW(HNBut)2 and are typified by (22). These compounds
were said to show great promise as ammoxidation catalysts.

The controlled synthesis of complexes with very long wavelength
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c¢harge—transfer absorptions i1is of interest owing to their
potential applications in the chemical use of solar energy. Kaim
and co-workers'°? have synthesised two bis-chelate ligands, {(23)
and (24), and prepared binuclear compounds of each containing
low—spin at metals, e.g. ML = Mo(CO]4. Thus the pale green
[MO[CO)4}2 complex (23) shows absorption in the u.v. and near-i.r.
Iut none in the visible. The same group of workers105 have
compared the ligand behaviour of the bipyrimidines (25) to (28) by
Huckel m,0. calculations and by experimental measurements of PK,
and spectroscopic and electrochemical properties of their
complexes. They have reported that the hitherto neglected

ligand (26} is the most m-electron deficient.

(25) (26)
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5.2 PHOSPHORUS

5.2.1 Phosphorus, Polvphosphines and Phosphides

Three new ab initio calculations °?~% indicate that P, is less

stable than two P4 molecules, in contrast to an earlier result.
The results, however, point to greater stability for P8 with a

cubic structure than for P2106 and that, in the ground state, the

PB+2P4 transition is forbidden.107 P8 could then be a viable
intermediate but preparation would not be possibkle from two
tetrahedral_P4 molecules nor from four P2 units. Preparation
might be possible from two sguare planar Pa units of
electronically excited phosphorus. Factors influencing the
stabilityv of P4
enerqgy in the rings and multicentre bonding with increased 3d

orbital participation.108

are considered to be the relatively low strain

Theoretical studies are also reported for the phosphinidine unit,
using PH as a model,109 and phosphinophosphinidine, PPH2,110
which can be stabilised when bonded to transition metal
fragments. With the latter, it is possible that in n!-honding
both lone pairs of the terminal phosphorus can be donated with
back coordination of metal electrons into an empty n* (P-P} orbital.

There are two studies of the diphosphine radical cation,
P2H4+',111'112 showing pyramidal geometry at the phosphorus atoms

in contrast to the planarity of the related nitrogen species,
N2H4+'. The barrier to torsion about P-P is lower than that

about N-N in the hydrazine radical and the two phosphorus atoms

are electronically non—equivalent;111 the P-P hond length in the

cation is predicted as bheing only 3% shorter than in the neutral

112 Ab initio calculaticons at the double—-zeta level are

113

molecule.,

available for the P(PH3)2+ and H(PH3)2+ cations. 114
The major results from a series of ab initio calculations on

the (PH}n molecules with n taking values between two and six are:

1 more stable than the

a) the trans-diphosphene is 2.5 kcal mol
cis-isomer and there is a sizable barrier between the two forms,
b) two of the hydrogen atoms are on one side of the ring for n = 3
and trans to the third hydrogen in the most stable form,

) hydrogen atoms are alternatively above and below a slightly
distorted P4 rlane for n = 4, dl the P5 ring is in a distorted
envelope conformation, and e€) for n = 6, the ring adopts the chair
conformation. These results agree with information from X-ray

diffraction already obtained on appropriate compounds.



A reaction between white phosphorus, 2,4,6-Bu;C H,Li and

2,4,6-But3C6HZBr has led to a derivative of P4H2, the simplest

possible bicyeclic phosphine.115 The compound (29} results from
cleavage of only one of the P-P bonds in the Pa tetrahedron; from

P

t
3H2C6P\\\\\ PcsﬂzBu 3

(29)

But

E

X-ray diffraction the organic groups are in cis-~positions, the
central P-P bond is 2.166& while the remaining P-P distances fall
between 2.222 and 2.236A. Also isolated from this reaction was
Bu® ,CH,P=PC H,Bu",.
Ps disproportionation continues to be investigated with a
recent report on the formation of the dicyvanophosphide anion,
P(CN)z-, and a polyphosphide, usually P15_, from reactions of the
element with cyanides as either alkali-crown ether or tetraalkyl-
116 {18—crown—6)KP(CN)2 can alsc be obtained by
treating P(CN]3 with KF in the presence of the crown ether. The

ammonium salts.

P—-C distances in the anion, mean 1.68A, are similar to those in
pheosphaalkenes with a C-P-C angle of 95.2°. Phosphorus also
disproportionates with polyphosphide formation with the lithium
aminophosphines, Li[PhN-PPh2] and Li[thp-N-Pthl,117 {equations
30 and 31} and with o-phenylene bis(lithium phosphide) (equation
118

32) .

. X .
Li(PhN-PPh,] + P, LiP__

+ Li([{PhN:PPh -P:Pth.NPh] .- 130)

1 2

x
Li[thP-N-PPhZ] + ZP4 > LiPx_1 + Li[PhZP-Napth-P:Pth-N-Pthl
x
* 3P4
thﬁ—P=fPh2
N N
thPzP—Pth 5
(2'-0.-} 'I.( 1)
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BPh
PPhLi p\
+ Py LigPo o+ PLi ... (32)
PPhLi e
P
Ph

(31)

The intermediate in eguation 31 reacts with further phosphorus
to give {(30), an analogue of the cyclotetraphosphazene,
N4P4Ph8,
replaced by phosphorus.

in whic¢h twe of the ring nitrogen atoms have been
117 An attempt to prepare the end

member of this series, i.e. P4(PPh2)4, by a similar
disproportionation of P4 with LiPPh2 was unsuccessful probably
because the compound is thermodynamically less stabkle than the
P2Ph4 and P, decomposition products.

The benzotripheosphele product (31) from equation 31, which has
been examined by single crystal X-ray diffraction, reacts readily
with halides such as HX, MeX, SiMe3x and Pthx substituting the
lithium atcm.118

New phosphines, including (CHF2)3P, (CHF2}2PI and CHFZPIZ, have
been synthesised from reactions at 190°C between white phosphorus
and CHF21.119 Treatment of (CHF2)2PI with mercury gives the
diphosphine P2(CHF2)4, which can be converted to (CHF,),PH by
hydrogen iodide, while reaction of (CHFz)zPI with HgCl2 at ca.
BO°C gives (CHF,) ,PCl1. A new hybrid diphosphine (CHF2)2P°P(CF3]2
can be obtained by equilibraticn of a PZ(CHF2)4-P2(CF3)4 mixture
at 25°C.

A short review covers the chemistry of compounds c¢ontaining the
At=as, 2%3-a%, and 2%°-2? types of P-P bonds 12® and the ligand
behaviour ©of multiply bkbonded gspecies such as Pz,Asz, RC=P, RC=ag,
R2C=PR1, R20=A5R1, RP=PR, RP=AsR etc, has been summarised.121

An cpen phosphinidene complex (32), l.e. one containing no M-M
bond, has been prepared from 2,4,6—But3C6H2PC12 and
Na[Co, (CO) ,Cp,]1 in THF,122 while the three membered ring
product{33) is obtained when K[CO(CO}4] is used.123 K[CpMo(CO}3]
gives a PM02 analogue and in each the phosphorus atom is trigonal
planar.

t-Butyldichlorophosphine and Na[Fe(CD)2(C2Me5]} react in methyl-—



t t
?GHzBu 3 C6H2Bu 3
D N P
{oC) CpCo/ " CoCp (CO) (OC) 4Co Co{CO) 4
(32) (33)
124

cyclohexane sclution to give (Me5C5)Fe{CO}PButcl but both
phosphinidine, i.e. [(OC)5M12PR, and diphosphene complexes,
[(0C}5M]n.RP=PR where n = 1 or 2, can be obtained from
Na2[M2(C0)1O=2;M = Cr, Mo or W), and RPCl2 (R = mesityl or
CH{5iMeg},) . Of the compounds prepared, full X-ray structures

have been carried out on compounds {(34}-(36).

mesityl {(Me_ Si) ,HC
| 3 2 \\\
P P=P
(OC)SCr Cr(CO)s (OC)SMO CH(SiMeB)2
{34} (35}
mesityl //mesityl
Np=p
/
(OC}SMO MD(CO)S
{36)
126

A recent theoretical study of, in particular, the end-on
bonding mode of diphosphene ligands has pointed to the
inadequacy of its description as a simple two electron donation
process.

The complexes But3C6H2P=P(mesity1).M(CO)S, where M = Cr, Mo or
W can be prepared either by reaction of the diphosphene with
M(CO)S.THF or by HCl abstracticn between ButBCSHZPH2.M(CO)S and
(mesityl)PClz, but with the more heavily hindered compound
But3CSH2P=PC6H23ut3,Cr(COlg reacts to give the mono- and bis-
arene—Cr(CO)3 ccmplexes.12 Further work in this area shows
that, as initially formed, the complexes But3C6H2P=PC6H2Me3.—
M(CO}5 are formed in the E configuration by donation from the
phosphorus atom carryving the mesityl group but on irradiation at
0°C in hexane with a medium pressure lamp quantitative conversion
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28 The Z isomer for M = Cr has been

occurs to the Z isomer.1
examined by single crystal X-ray diffraction.
On heating to 70°C, the tri-chromium carbonyl complex (37)

loses one Cr(CO)g unit to give (38) which can then react as

(OC)YCxr Ph (OC) -Cr Ph
a5
5 N / \\ /
P:P\\ //P:P
~
Ph | Cr (CO) 4 Ph \Cr(coIS
Cr
lCO}5 {38}
(37)
summarised in Scheme 6.129 X-ray structures are available for a
number of the products.
{QC) _Crxr Ph
5 H
HX . \é’—-P /
[ i
(X = OH,OMe ,Cl1 etc.
T pn”” XN Cr(co)
{OC) -Cr Ph
5 Br
Bra Ni_ e
—> / T |\\
Ph Br Cr(COlg
{OC) ;Cr Ph
S
8 N \P-—P -
- Ph/\s/ \\Cr(CO)
(328) — 5
Me Me
(oC)zCr Ph
7 N - \P—P/
7 Py
Ph g_e\cﬂoc}s
Me Me
(OC)SCr Ph
CH.,N
272 S P—p
e
Ph \c/\c:r(co)s
H

Scheme 6
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Contrary perhaps to expectations, thermeolysis of ButP[Cr(CO}SJ2

at 100°C does not vield the diphosphene complex

Butp=pPBu". Cr{C0)gl, but the product is a cluster compound (32)

containing a ButP=PBut molecule both end and side bonded together

with a u,—PBut group.130 A novel diphosphene complex (40} is
P
" o
(OC) 4Cx _\:\Cr(c0)3 (MQSCS)MQ))z
’:;j;/ i ==p\\\
co P
- t
syt > er(co) CehyBuy
u--p { | 3
But
(39)

however obtained when 2,4,6—But3C6H29012 and
{MeSC5)M{CO}2[P[SiM93)2] (M = Fe or Ru) react at room

temperature in THF solution.131

Az 1n most complexes, the iron
complex 1s in the E configuration with a P-P bond distance of
2.024. Isclation of a new diphosphene (Me5C5}P=P)C5Me5) by
magnesium promoted halogen abstraction from (Me5C5}PBr2 has been
announced;132 among the by-products are the cyclic phesphines
lMe5C5)3P3 and (MegCg),P,.
An unusual complex {41} containing both an n?-bonded

diphosphene and an NiP4 ring has been isclated from reactions

€ put
Bu I . R, SiMe,
™~ P —P-Bu P ~
P e A P
| > m E i |
P Np —p-mut P P
t | R SiMe
Bu But 2 3
(41} ' {42)
o t o 133
between N1C12{PMe312 and L12[Bu P-PBu~] in THF at =78°C. The

five-membered ring, which results from coupling between two

ButPtPBut units, has t-butyl groups occupying positions

alternately above and below the NiP5 rlane. A second diphosphene,
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also not known in the free state, is stabilised in the nickel
complex (42) obtained by treating [R2PCH2CH2PR2]N1C12 {R = Et or
cyclohexyl) with LiP(SiMe3}2.134 Similar products are obtained
when the nickel chloride chelate reacts with either R1P(SiMea)2 or
[R1(Me3si)P]2 for R1 = Me, But or Ph but redox processes oCcur
with LiPR1(SiMe3}, R = Me, But or Ph, and the products are
diphosphines. Finally, reactions between the NiCl,.chelate and
either P(SiMe3}3, [P(SiMeB}zl2 or HP(SiMe3)2, which might also
have produced Me,SiP=PSiMe, complexes (42), gave in fact (43)
containing a coordinated P, group. The structure has been
confirmed for (43, R = Et) by X-ray diffraction.

Reactions between CF3P12 and a range of 1,3-dienes in the

R R
B2 p2 /CF3
~ P g P
i Ni <« il = Ni j | I
P/ P ~ p E\
R R CFy
2 2
(43) (44)
R R
R P—CF3
I | P—CF3
L r-cr, |
R P—CF3
(45} (46)

presence of tin(IT) chloride yielded the new heterocycles {44)-
(46) in one pot syntheses, probably proceeding via [2+4]
cycloadditions with the diphosphene intermediate CF3P=PCF3.

A range of radicals with the general formula Ar(R351)¢-op(o]Ph2
has been generated by irradiation of mixtures of Ph4P2 and arovyl
silanes, ArC(O)SiR3 where R = Me or Ph and Ar = Ph, 4-ClCGH4,
4-MeOC6H4, etc.136

Coordinaticn chemistry of the ligands MezE-P(CFB)ztsL), where E
= P or As, has been investigated to show the formation of

135
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complexes such as cis—M(CO}4L2, [(OC)4ML]2 and [(OC)SM]zL where M
= Cr, Mo or w. 37 P-P bond cleavage occurs when Cp(CO) MH (M =
Cr, Mo or W) reacts with diphosphlines such as thPPth,
[NC]ZPPICN)2 and Ph{NC)PP(CN)Ph or (PhP]5 giving products such as
Cp(CO)3MPRR'.138 Iodine contalning diphosphines, e.g. PhIPFIPh
or PyIl,, on the other hand show redox behaviour giving Cp(C0)3MI
and unstable icdoediphosphines.

An interesting new diphosphine in the form of a mixture of the
two salts (47 , X = H or I) is obtained on quaternisation of the

secondary phosphine (48) with C3F71.139

The free diphosphine
results on reduction of the salts with sodium hydride. A major

product of the AgAsFG—Phpﬁz reaction in dichloromethane is

{47) 148)
H Ph 2+
\P/ But Nbhe
~ \\\ ~H . 2
PhH,P-Ag P P B
I l‘ﬂph l
H_ l
Pl Ag-PH,Ph P B
Ph \\/P ( But’ ™ NMe 2
H Fh
(49) (50)
[PhPH,Ag (L~PhHP-PHPh) 1, [AsF ], (43)shown to have a centrosymmetric
cation;140 a related Cul(I) complex can be produced using

CulAsFg),.

Cyclo~condensation of a substituted diboron dichloride, e.g.
C1(Me,N)B-B{NMe,)Cl, with K, (PBu"-PBu®) in pentane at -78°C gives
(5¢) whose n.m.r. gpectrum is interpreted in terms of a planar
BB 141

289 ring.
The spirocyclic molecule (51}, for which full X-ray identifica-
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tion is now available, has ca. 4 symmetry with the t-butyl groups
in an all trans arrangement,142 and an air stable
diphosphasilirane (52) is one of the products obtained by

treating BJESiIz with 2,4,6—Bu C_H PC12 and an excess of lithium

372
t R = t t
Bu P\\ '/P Bu Bu\\ !Bu
/c\ ‘
t
Bu =P '— P=EBu
BULH,C -P /—\p-c H, By
37276 6 2773
(51) (52)
143 t t
naphthalenide. among the other products is Bu3C6H2P=PC6H23u3

He (I) photoelectron spectra have been obtained for a series of
three membered ring compounds containing from one to three
phosphorus atoms and for the arsenic containing analogues,
(Bu®As) (Bu®P), and (Bu®as),.1%4

The new cyclotriphosphine (53), obtained by elither hydrolysis of
KP(ButP}2 ar treatment of (ButP)zsiMe3
at room temperature and readily converted to the cyclotetra-

with methancol, is unstable

phosphine (gi).145 Reaction between (PriP)3 and N1{CO), in
Bu*-p — p-pu* But—rl’-——-P—-But
N,/ o
H Bu -FP — P-H
{53) (54)

|

pentane solution gives a complex, [Niziu—P3Pfg)2(CO)4], as a

mixture of two isomers differing in the relative arrangements of
the P rings.146

and moisture.

The product 1s eonly =slightly sensitive to air

A triphosphine ligand, behaving as an 8 electron donor, occurs
in the tetranuclear rhenium complex, Re4C12(C0)15[MeP-PMe-PHe]
(55) obtained when Reztco) and Ni{MePClzl4 are heated to
220 C.147 The ligand is considered to arise wvia a nickel
intermediate such as (56). Compound (55) will react with further
Re {CO)S at between 230 and 250°C tec gilve Re (C0)18(u4—PMe]3 and
Re (C0}14(u4—PMe)(u-PHe ){u3—P[Re(CO)5]}. 48 The former contains
a trigonal prism of rhenium atoms with three u4-methylph059hini—
dene groups from the break up of the Me,F, unit in (53). The latter
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{co) ,
Re
Me Me
NP N N
P P Me Ni Me
\\\PMe x‘P// \\P'/
(CC)Y ,Re Re {CO) ~
1N\ / 4 (oc) Re” ~p Re (CO) 4
c1 cl Me
(co) (56)
(55)

iz based on a square pyramid of metal atoms base capped by one MeP
group and bridged on one edge hy a PMe2 group; the structure is
completed by one trianqgular face capped by a PRe{CO]S group.
Although neither Ph3P nor AlCl3 alone reacts with PC13, in
combination they cause reductive cleavage of the trichloride
(equation 33) with formation of a symmetrical phosphenium
salt.149 There are two independent molecules in the asymmetric
unit with P-P distances (2.137, 2.128R) falling between those for
a single and double bond; the P-P-P angle (102.2, 102.0°) is low.
In the presence of aluminium trichloride, hydrogen chloride or
alkyl chlorides react with the triphosphenium salt (equation 34)
and with a more basic phosphine, the salt can be converted into
an unsymmetrical species (equation 35). A new cyclic cation (57)

PC13 + 2Ph3P + 2AlCl3 - [Ph3P-P-PPh3]A1Cl4 + [Ph3PCl]AlCl4 ees{33)

[Ph3P~P-PPh3]A1C14 + RC1 + AlCl3 - [PhBP-PR-PPhB][A1C14]2 eas(34)
R = H or alkyl.

[Ph3P-P-PPh31A1Cl4 + Bu,P - [Bu3P-P-PPh3]A1C14 + Ph3P ---135)

results on reaction with the chelating diphosphine,
thPCH2CH2PPh2, and (37) can be converted to a dipositive species
{58) similar to that in equation 34 on treatment with t-butyl
chloride and AlC13 in dichloromethane solution.150
species, i.e, (59)-(61), result from reaction with
PhP{CH2CH2PPh2)2, HeC(CHzPPh2}3 and C(CHzPth)4 respectively.

Preparation of a dication was shown in equation 34 but such
151

More complex

compounds can also be produced directly (see equation 36). The

X-ray structure of the product with R' = H shows pyramidal
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Ph. P PPh Ph,P PPh
2 2 25N, 2
\P/ p
But
(57) (58)
PPh + P 2+
2 4 ~

<— ] “> Me Ph2P PPh2

(59)
29 Ph.,P PPh
2 2
Np”
P
(61)
1 1
2R,P + R'PC1, + 2A1C1l,; » [R'B(PR;),][AlC1,], ... (36)
R = Ph, Bu or Me/Ph
r! = H, Me, Et, CH,Cl, etc.

geometry about the central phosphorus atom in contrast to
rlanarity in the iscelectronic ylid R3P-CR1-PR3 and it appears
that twe adjacent phosphonio groups are net sufficient to reduce
the stereochemical activity of the phosphorus lone palr.

He (1) photoelectron spectra of the cage compounds (82, X = P,
As or Sb) have been measured and the first five bands assigned
using MINDO/3 model calculations.152 It is probable that the
cyclic P6 molecule, obtained if all the CH groups in benzene were
replaced by iscelectronic P atoms, would be unstable as an
isclated molecule but the compound has been stabilised as part of
the triple decker complex {(see Figure 6] obtained as one of the
products from heating white phosphorus and [(MescS]MolCO)zlz in

xylene at 140°C.153 The compound is centrosymmetric with both
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Figure 6. Structure of E(MeSCS)Mo]2P6 (reproduced by permission
from Angew. Chem., Int. Ed. Engl., 24{1985)351).

the five- and six-membered rings being parallel. The mean P-FP
distance is 2.170A, the P-Mo distance is 2.541A. In addition to
the P6 compound, the initial reaction als¢o produces compounds
(63)-(65) containing other coordinated phosphorus groups.

N
-P

P
|
P/

/I\

/70\ (Me Cc) (OC) Mo

(63)

(MeSCS)(OC)2Mo

\
/I\

T\M (CO) , (CoMe)
- MO s
12 2 (CgMeg

(62} (64)

P"’/P
(Me5c5) (oc)Mo//\. Mo (CO) (CSME )
AN ,//4
P

(65)
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Reaction of methanol with {Me,Si)3P 7 glives the heﬁgiphosphine
P7 3 with a cage structure similar to that in P4S3, two
diasterecocisomers are present acceording to an n.m.r.
investigation which differ in the orientation of the three
hydrogen atoms. Heptaphosphines P7R5, carrying small alkyl
group substituents on the other hand have the bicyclo-[2.2.1]
structure (66) but with R = But, the heptaphosphine structure

{67} is based on the bicyclo-[32.2.0] form with an annelated four-
155

membered ring. Compound (67) can be isolated along with a
t
R P —Bu
———— P - _/ /
\\\\ “\\\\ Bu__P P— p
e ~o..t
P \\ Bu
R / / E P\ |
t
\ _ Bu
P Pe—oUW"P
- R Tt~
R Bu
(686) (67)

range of other polyprhosphines including (ButP)3 4 But4P6,
’
ButBP8 in the magnesium dehalogenation of Butpclz—PC13 mixtures.
A specific synthesis for the tetracyclic Py skeleton (68} uses

the reaction of L13 7 with ClButP-PButCl in benzene at room
temperature; 156 the remalning lithium atom can be replaced either
P

p ——/PBut
-PBut
u - Px \ / \\
T ,f’ ”\\ f/f |
H-’P hﬁ\m‘“«

(68) (69)

by hydrogen or an alkvl group on reaction with, respectively,
acetic acid and an alkyl bromide. The new polyphosphide

Li,H,P,, (63) can be isclated from a variety of reactions as an
orange-red solid;157 preparative methods include the following:
- - L4 - - L] - &
P,H,-BuLi {-25°C), L1H4P5 PoH, {(-78°C), L13P7 -P,H, (~25°*C), the
disproporticnation of L1H4P7 (25°C}. The structure, which



325

contains both P?5' and P93_ units, follows from a detailed two

dimensional n.m.r. study. Methyl and ethyl hexadecapheosphines

P. R, can be prepared by treating Li with the appropriate
1672 158 2 16

alkyl bromide in DMF.

High temperature reactions of the elements give two
isostructural t?gnary phosphides Na10812P6 and Na.loce2 67
containing Mg ions, based on edge sharing between two MP,
tetrahedra, E with 8i-P and Ge-P distances in the ranges 2.258-
2.335 and 2.334-2.425R resgpectively, The anions are analogues

4- 2= .
of the known Gezss ” PZSS and SlzszBr4 species. Among the
other ternary phosphides reported during 1985 are:
NiZSnP with a structure related to the NiAs and MnP types:160
MCo {4 = La, Ce, Pr, Nd, Sm, Th or U) Mre,P, (M = La, Ce or U}
272 161 22
and ThCozhsz,

LaCosz, CeCozpz, PrCosz, LaFesz, CeFesz have the ThCr2512

structure; 61
K2CuP (Na2CuAs structure}, ‘MazZnP (PbFCl structure} and K4CdP2
{a new structure type containing discrete [P-Cd- P] anions),162

ScCoP (TiNisSi structure),ScC05P3 {isotyvpe of YC05P3), Sc,Co,,P
and Sc 1? 52 (new structure but related tc that of

Hf2004P3}.  X=ray photoelectron spectra have been measured
for a series of binary phosphides MP, where M = 5¢, Ti, V, Mn or

Fe.164

5.2.2 Bonds to Carbon or Silicon

As in previous reviews, carbon compounds are treated first,
subdivided in terms of the phosphorus oxidation state. Compounds
containing bonds to the heavier Group 4 elements then follow.
Within each section multiply bonded compounds are ceonsidered
first.

The +3 Oxidation State. Reaction of the n’-phospha-alkyne
complex, Pt(PPhB)Z(P CBu Y}, with Pd(PPh3)4 gives a new five atom
cluster compound, Pd,Pt,{PPh,)(P= =cBu® }g in which the phospha-
alkyne groups act as bridging groups. Although they remain

2 .ponded to one platinum atom (Pt-P 2.437A) they also ¢ bond to
a second {Pt—-P 2_.3298).

Bridging by phospha-alkene groups has been identified for the
first time in complex (70} obtained from (Me,Si).,C=PCl and

NazFe(CO)4 in the presence of diazabicycloundec—-5—-ene in THF.166
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The P-C separation, 1.6508,

bond.

complexes is shown in equation 37,

(Me3Si)2

corresponds to retention of the double
A novel apprcoach to the formation of phospha-alkenyl

where the initial step is

C(SiMe3)

>\

(OC)3Fe

Fe(CO}3

{70)

phosphide addition to a coordinated carbonyl in the starting

material; a 1,3 Me3si shift then completes the phospha-alkene

MeCpRe(CO]z(NO) + LiPR(SiMe3)

t -
R = Bu ,Ph or MEBSi

Vg
CP % R CP
MeCpRF—C~P —_—— MeCcRF—C
NO SiMe3 NO

synthesis.167

4§PR
v as (37}

OSiMe3

A second phospha—-alkene metal compound in which

there is a direct metal phosphorus bond is cobtained via the

method in equation 38.168

Cp(CO)zFeP(SiMe3)2 &

DSiMe3

+ Bu"COoCl —» Cp(CO}zFe—P=C

t 4 Me,sicl

Bu 3

'..(38)

An unexpected P-metallated phospha-alkene (71) has been

obtained,

rather than a phosphinidine conmplex,

when

Co(PHz)Cltco)zipPh3)2 iz treated successively with trifluorocacetic

anhydride and sodium hvdrid50169

and phospha-alkenyl complexes

(72, M = Fe or Ru}) are products when {{Me.C }M[CO} ]BF4 reacts

with the bulky silylphosphide Li[P(C HzBu.3)SiMe3].
)M(CO)z—CIO}P{SiHe ) {C HzBu

initial product, (Me
gives (72) via a 1,3-silylshift.

170 The

3), readily

The nickel carbonyl complex, Ni{(CO) [ClP= C(SiMe3)2]2, which
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3 Me_C +
oc\ | /0\ 55 /C6H23u3
Os P C-CF 4 {OC) 5M=C=P
oc” TNp & '

OSlMe3

(71) (72)

results when Ni(CO)4 is treated with the chlorophospha-alkene,
contains n?-bonded ligands and in the solid state the two P=C
groups and the Ni-CO moiety lie in a plane.171 On the other
hand, the initial product with Ph2P°P=CPh{SiMe3) is an nl-complex
{73) which loses further CO, dimerising to a novel complex (74)
when the phosphine phosphorus and P=C groups behave respectively

as n* and n? donors.,

SiMe3
€O cZph
SiMe, 1:11/ N
—
Ph,P-P=C PhyP —— P
~
+ FPh
Ni(co) P PPh
Me 5i-C—
(73) 3 ] co
Fh
(74)

Structures have been reported for both the molybdenum and
tungsten complexes Cp(CO)BM[P=C(SiMe3)2] formed in reactions of
C1P=C(SiMe3)2 with Na[CpMICO)E}, the MPCSi, unit is planar with
P~C distances of ca. 1.663.17 There is increased nucleophilicity
of the A? phosphorus atom and the tungsten complex reacts with
triflucromethane sulphonic agid to produce a coordinated
HP=CISiM23)2 ligand.

A new n'-n® complex (75) can be obtained by treating
BdgC6H2P=CH2 with Fe2{CO]9 in hexane solution but two complexes in
which the phospha-alkene behaves in respectively the n! and n?
modes can also be isolated.173 Bonding of the ligand in
Pt(PPh3)2[(mesityl)P=CPh2] has been further investigated by a
31 174 This

shows the pattern expected for n?® coordination as shown by X~ray

recent high resclution, solid state P n.m.r. study.

crystallography: the solution n.m.r. spectrum, on the other hand,
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indicates n? ligand behaviour.

(Mesityl}P=C[SiMe332, cbtalned by dehydrohalogenation of
(mesityl)PCl-CH(SiMe3)2 with DBU, shows the characteristic
reactions of a polar P=C double bond giving the ambident ion
[(mesityl)PMeC(SiMe3)2l_ on treatment with methyl icdide and the

t
Bu CgHy (mesityl) -P=C{SiMe.) s
“p=ch, 4 3 ( ityl) -B—C(SiMe.)
. mesl - - 1Me
(0C) .Fe 4 Me ;5iN ¥ " 3) 2
4 Fe(CO)4 5
(75} (76} (27)

oxidation preducts {(76) and (77) on treatment with respectively
Me3SiN3 and 58.175 The latter ¢an be desulphurised to
(mesityl)P(:S)=C(SiMe3)2 by tributyvlphosphine.
Different reactions occur between M9351P=c(OSiMe3)Bu
aliphatic diazo—compounds with, for example, new phospha—alkenes
Si-CHR-P=C(DSiMe3)But being produced with diazomethane, diazo-

t angd

Me
3
ethane and t-butyl diazoacetate following nitrogen elimination and

CHR insertion into the Si-p bond.176 With RCHNz, on the other

hand, where R = Bu® or §iMe,, the products are diaza phospholes

(78) while azide dipoles such as MeN,, PhN, or NCCH,N add to the
rhospha-alkene to produce triazaphospholes (79). A phosphorane
(80) is the final product when a substituted o—guinone reacts with

But Me.Si OSiMey

354, R R
P:‘( r’P But
R-k\ NH N N-R R R
X
" Xn
7 0 o
N\ -‘/

(78) (79)
OSiMe3
Me.Si-p —C
Yo Tt
(9]
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the phospha-alkene.
A series of reactions of the silylated alkene (81) are

summarised in Scheme 7.177
Me_SiN=PBr_ ,C{(Br) (H)SiMe
3 2 3
Br
2 N
>
Bu“CH,CH=SiMe, N
N Me.Si) ,N-P -——- C~-SiMe
3 2 | 3
H-C -~—— SiMEz
! t
CH2Bu
(MeBSi) 2NP=CHSiMe3
(81) th
PhZPCl ?l ﬁ
= (Me3Si)2NP——CHSiM93
Buts - I
—> (Me351)2NP—CH281Me

3
Scheme 7

The chlorine atom in ClP=CPh(SiMe3) is readily replaced by
alcohols, amines, phosphines and organo—lithium reagents; the
products can be identified by n.m.r. spectroscopy and X-ray
structures were carried out for RP=CPh(SiM93] where R = Pri and
PBJ;.178
compound reacts with PhNHCOCH,COMe to produce (82) and after a
Grignard reaction with 4—ButC6H4MgBr, the product undergoes a
[2+4] cycloaddition with cycicpentadiene to give (QE).1?9

An extension of the use of sclid KOH to eliminate HF and thus
form phospha-alkenes has led to the formation of CF3P=CF2 from
(CF3)2PH, identified by 31P n.m.r. spectroscopy.180 Aamong the
by-products are CF3H and CPsz, which arise from base induced
cleavage of P-~C bonds; the precurscer of the latter is probably

CF3P(OH)CF2H arising from the addition of water, present in the

In the presence of triethylamine, the chlorine
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?HPh[SiMe3)

P
t
N/ ™~ nph P=CgH,Bu
N C—Ph
SlMe3
(82) (83)

solid KOH, across the P=C double bond.

Close similarities in the behaviour of P=C and C=C systems are
shown by the isclation of Diels-Alder adducts such as (84)-(86)
from reactions of'CF3P=CF2 with, respectively cyclopentadiene,
1,3=-cyclohexadiene, and 2,3—dimethy1butadiene.181 Oon pyrolysis,
these adducts usually decompose to regenerate the starting

Me
CF CF, CF,

2 l
! ' | l PCF
P-CF, P—CF Me

(84) (85) (86)

materials but an alternative route for (85) also yields a new
phosphetane (§11.182 values of 330 and 157 kJ m<:J.‘l._1 have been
estimated from mass spectrometric appearance peotentials for the
P-C o and n» bond energies respectively.

in a similar fashion to the formation of compound {(86), a

related Diels-Alder adduct can be obtained from RP=CPh(SiMe3),

where R = Bu, Ph,C=N-, etc., and 2,3wdimethylbutadiene.183 The
CF ,-P—CF M P
. ‘ ! i C—siMe
Hzc——CHz | _s 3
Me ~
[ﬂ) NiCPh

2
(88)

product occurs in two diasterecisomeric forms which can be
thermally interconverted; X-ray structures have been carried out
on both of the P-sulphide isomers (88). Cycloaddition reactions
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also have been reported for MEBSiCEC—P=C(SiHe3)2 with sulphur,
selenium, 2,3-dimethylbutadiene, diazomethane and Me3SiN3, when
products such as (89)-(91) (R = Me,SiCiC-) can be obtained.'o?

R—P C(SiMe,) , R—II’—Cl:(SiMe3)2 R-P—C(SiMe,) ,
X thc'\N(’N HEBSiN\N‘?N
(89, X = S or Se) (90) {91)
t

A stable diphospha-allene complex (92, R = 2,4,6=Bu

C_.H,)
185 3762

while in (53), obtained
from RP=CHPC1R (R = 2,4,6—Bd%C6H2) and Na[Co{CO]4], the

diphospha—-allene generated in the reactions is an n? ligand.1

showing n? behaviour has been iscolated

86

ﬁR RP
Ph P C (0C) ;Co "/f'
Pt + [ 1] )
e PR A T>er
(92) (93)

The Mo(CO}S fragment in the phosphabenzene (L) complex,
Mo(CO)sL, is coordinated symmetrically to phosphorus (Mo-P
2.4643) and the dimensions of the ligand change little from those
in the free state.187 Proton affinities for both phospha-
benzene and arsabenzene have been obtained from ion cyclotron
resonance measurements.188

Cyclisation takes place on reaction of diethinylphosphine
RP(CICH),, where R = Bu', CH,Ph, etc., with for example R'PH, or
R'Ast, for R = Ph, But or CHzPh:189
the cis-trans isomers (%4, M = P or As} and an X-ray structure
P, R = Bu® and R' = Ph).

the products are mixtures of

has been performed on (94, M

g Mezﬁ qnez Mezq t;IMe2
C c . c\
e + + +
Me N” \P/ \\Nue Me N7 p7 N NMe
2 - 2 2 P 2
Me
M
R'
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Non-—empirical calculations on four possible conformers of the
szP+ cation point to the lowest energy with a CS sfructure
containing both n' and n® rings; the C, form with two n? bonded
rings is some 9 kcal molm1 higher in energy and two structures
tczgz'resembling a be?gosandwich arrangement are ca. 25 kcal
mol more energetic., In contrast recent MNDO calculations
for this species and the silene szsi suggest the most stable
form is that with two n? rings.191

Crystallographic determinations on the caticnic phosphorus
species, (95) and (96), point to substantial changes in
electronic structure cn P-methylation.192 Normal allylic
conjugation is present in (%5) while the phosphorus lone pair
becomes stereochemically active in (96), the conjugated system is
broken and the cation becomes a simple phosphine substituted by
two amidinium groups.

Two stable phosphiranes, (27) and {98), were reported in 1985.
The former results when LizPBut is treated ¥$§h 1,2-dichloro-
propane in a hexane-ligquid ammonia mixture, while the latter

(R = 2,4,6-Bu§06H2) involves a five—-step synthesis starting with

AV N/

i :
But R
(27) (98)
RPH2.194 Hydrogen peroxide wilill oxidise the phosphorus atom
in (928).

Ring cleavage is the 1nitial reaction in the methoxide
catalysed methanolysis of (CFBPCF2}2 giving
MeO(CFBJPCFzP(CF3}CHF2, but further P-C bond breaking occurs on
subsequent reacticn with formation of mixtures of (Meo]3P,

MeOP (CHF,) ,, (MeO),PCHF, and CF,P(CHF,),."'>>

Reactions of the phosphole complexes (9%a, X = CH2C1, b X = Ph)
with the highly electrophilic reagent dimethylacetylene
dicarboxylate, the latter in the presence of diphenylacetylene,
give products lﬁm)196 and (m]197 respectively. In a
subsequent reaction, (100} was treated with copper(I) chloride at
55°C to study cleavage of the phosphorus bridge; in the presence
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Me Me (OC)SW\\ CH2C1 PQ\ ‘fh
P C=C
/N %
™
P Ph w(co) o
CO.M
X W(CO} ¢ Me 27
Me 002Me
(3%9a X = CH,C1 (100) {101)
b X = Ph)

of methanol and 2,3-dimethylbutadiene as trapping agents, the
products were C1CH,PH(OMe} .W(CO)y and {99a) respectively in
agreement with the formation of ClCH2P=w(CO)5 as a transient.196
Formation of the phosphirine complex {(101) can be interpreted as
resulting from the formation of an intermediate phosphinidine
complex.197 Phosphirine complexes such as (101) can be
carbonylated with carbon monoxide at 160°C giving complexes such

as (102).198

Ph.__ Ph PhH,P I._ _ PH,Ph
Cu Cu\\
25 THICO) e, 17 CPBH,Ph
o L 2 2
(102) (103)

Reactions of a number of Group 5 trifluoromethyls with both
trifluoronitrosomethane, CF3NO,199 and O-nitrosobis{(triflucro-
methyl)hydroxylamine, {CF3)2N0N0,200 have been reported. Wwith
the former, ECF3)2PH gqives (CF3)ZP(O)N(OH)CF3 as the major
product, while (CF3)2N0P(0}CF3N{CF3)2 and (CF3)2NP(O)(CF3}C1 are
obtained with, respectively, (CF3)3P and ICF3)2PC1-199 The
product when the hydroxylamine derivative reacts with {CF3)3P is
(CF3)2NOP(0)(CF3)2, with (CF3]3A5 one ochtains (CF3}2NOAS(CF3)2
but the antimony analogue gives a mixture of [(CF3)2NO]3Sb and
{lgg3)2N0]28bCF3.200

Mn n.m.r. spectra with chemical shifts varying over the range
=415 to -1450 ppm relative to agueous KMno4 have been obtained
for a series of binuclear complexes [(OC)4Hn]u—E(CF3l u—Y[Mn(COL“
where E = P or As and ¥ = C1, Br, I, SR, SeR or TeR.2 1

An X-ray crystallographic investigation on the copper{I) iodide
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camplex with phenyl phosphine (103) shows an iodine bridged
dimeric structure with tetrahedral coordination about copper.202

The phenylphosphine-perfluoro—n-octanonitrile reaction is
complex giving tetraphenyldiphosphine and a range of 15 reduction
and other products, among which are C7F1SCH:NH, C7F15CH2NH2,
C7F15CH[NH2)PPhH, C7F15CH{§'OPI:;H}N:CHC7F15 and

C7F15C(:NH)PPhC(:NH)C7F15. The corresponding reaction with

diphenylphosphine is simpler giving the adduct C7F15C(:NHJPPh2
and the reduction product C,F, CH(NH,)PPh,.%"*

Reactions in which there is a stepwise substitution of hydrogen
atoms by halogen take place when H2P-C(CF3}2-OSiMe3 is treated
with N-chlore or N-bromosuccinimide, and the monobromide,
HBrP-C(CF3}2-051Me3, can be dehydrobrominated by trimethylamine
to give a new diphcosphene, Me3Sio-(CF3)Zc-Pégéc{CF3)2-OSiMe3,
together with its cyclic, trimeric oligomer.

The preparation of two 1-phosphino-thioformamides, Ph,PC{S) NMeR
where R = Me or Ph, has been reported from thPLi and RMeNC(S)C1l
while linkage isomeric 1-phosphinothioformimidates, PhEP(NR)SR'
result by alkylation of secondary thioamides.206 The allyl-
rhosphine derivatives, Me3E-PH-CH20H:CH2 for E = 8i or Ge, can
be obtained when Me3Sicl and Meaggsr are treated with
CH2:CHCH2PH2 in dichlaromethane. N

P=C-P bond cleavage cccurs when diphosphines Pr PH-CHZ-PH2 and
PhCHzPH-C:HzP(CﬂzPh)2 react with an excess of Fez(col9 giving

compounds such as (104)—(106);208 full X~ray structures are

?Hzph
P
/
(oC) ;Fe Fe {CO) , PhCHsz\\ T(cnzph)z
(CO)
I Fe(C0}3H\ ‘ﬁe __E_P_,.Fe(co)3
(PhCH.,) ,P PCH,Fh
272 2 {oc) 4Fe — N\
Fe (CO} 4
(104) {105)
i
MeHhP/Pr
\M\ﬁFe(co)3 Fe(CO)4
\\\

{oC) 4Fe P
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available for (104} and (106)}.

A new tin(II}) vlid results when potassium di(t-butyl)phosphide
reacts with SnCl, in toluene at —?8°C:209 in solution the
compound , Sn(PBJE]z, is a dimer. Substituted phosphide anion
formation by the action of lithium on tertiarv phosphines, such
as Ph,P and PhMe,P, in THF sg%gtion can be speeded up by
irradiation with ultrasound.

Addition of one or two atoms of sulphur or selenium to
[P(CN)2]_ has been confirmed by n.m.r. spectroscopy giving species
such as P(CN),S ., [P(CN)zse] - [P[CN}282] ’ {P(CN}28e2] and
[P(CN)2$Se]_. 1M A second mixed species, [P[CN)zseO]_, has also
been isclated. [P(CN)2] also reacts with Ph2P giving
successively [thP-PCN] and {thP-P-Pth] as products; similar
reactions with RzPO r PhZPS and thPNPh give [O:PRz-P:PRz-Ol ’
[Ph2P-P:PPh2-S] and [PhN:PPh2-P=PPh2-NPh] , respectively as the
products.

The [P(CN)4]_ ion, identified spectroscopically as an
intermediate in the P(CN)3—NaCH—crown ether reaction,
disproportionates to give [P(CN)2] and an ion formulated as
[P,C N 10]2_ 212 The latter consists of P(CN), and P(CN)¢
groups bridged by an aminc-malononitrile unit, i.e.
[{NC)SP-C(CN)z-NP(CN)z]z-.

A Staudinger reaction between either phenyl or tosyl azide and
Et N[PhPCl(CN)z] gives the previously unknown iminophosphoranide
Et4N[PhPC1[CN)2(.NR)] as a highly moisture sensitive product.213
Hydrolysis gives the four-membered ring compound
PhP(0O) -NR-P(0)Ph-NR, via an isolable intermediate, PhP{CN) (:NR)

where R = tosyl.

Reactions of hexafluorocacetone with Group 5 nitriles cause M-C

bond cleavage to give the unusual compounds (107)~(109) from

CFBP{CN)2, P(CN)3 and Sb{CN}3 rESpectively.214 With arsenic

0 (CF3) ,
@

o [oC(CF,) ,CN],
/ (cryy, /

F c—p
3 (CF4), N o (CF,4),
) e
(CF ) (o)

(CF3) (CF3),

(107) (108)
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o (CF3), (CF3]2
s -C(CF3)2—NtI A -<\
o
(CF3) 5 3 (CF3]2 3
(109) (110)

trithiocvanate, two mols of hexafluoroacetone add across each C-N
bond to give the substituted trithicarsenite (114). The
structures of (107} and (110) have been confirmed by X-ray
crystallography. Related reactilons of dimeric hexafluocrothio-—
acetone with the isomeric isonitriles, M{NC)3 for M = P or As,
PhP (NC) , and BuAs(NC}, lead to insertion into the C,5, ring
giving, for example, (113, M = P or As} with the tricyanaides.215
Oxidation to a phosphorus(V) species (112) occurs with PhP{(NC), but

the expected insertion product {113} is cbtained from ButAs(Nclz.

(CF3)2 % s (CF3)2 {CF312
PhP1—N: Bu As

(CF ) (CF3)2 (CF3)

(111) (112) (113)

Neutron diffraction data at 95K for P(CH2CN)3 have been
collected to probe further the inertness of this type of compound;
the phosphorus, which lies on a three fold axis, is bonded to
carbon at 1.865&.216

Tris{2-chlorophenyl)-Group 5 derivatilves can now be formed in
high yield from reactions of MCl3 {M = P-Bi) with C6 4ClLi;
tetramethylethylenediamine is added to hinder intramolecular LiCl
losas and conseguent benzyne formation.217 Full preparative
details are now available for the highly basic tris(2,4,6-tri-
methoxyphenyl)phosphine and a number of related sPecies.218

The stereodynamics of a series of tertiary phosphines BJEPR,
where R = H, Me, Et, Pri, But, Ph, etc., including prediction of
the equilibrium conformation, have been probed in a varlable

temperature muitinuclear n.m.r,. study.219

Methancol is eliminated during reactiocons of B&ESn(OMe)Z and the
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bis{o~hydroxyphenyl)phosphine (114} giving a stannoline product
220

{115). Xenon diflucoride oxidises Me3E for E = P~Sh to the
R
1
P
OH 2
\‘Sn/
t
Bu2
(114, R = Bu® or pn) (115}

corresponding difluoride but recquires CFC13 as soclvent to
moderate the reaction; oxidation of trimethylamine, on the other
hand, leads to C~H bond cleavage and a complex mixture of

221 Peroxydisulphate oxidation of Ph3E for E = P-Sb in
an acetonitrile-water mixture is a process first order in both

reactants but H' has a pronounced accelerating effect.222 The

products.

products are oxides which are monomeric for E = P or As but
polymeric for the antimony compound.

Additions of Br2, I2 or IBr to acetonitrile solutions of the
tertiary phosphine, R3P where R = Bu, octyl or cyclohexyl, in 1:2,
1:1 and 2:1 ratios give highly conducting solutions in agreement
with the formation of [(RyP),XIX, [{R4P),X]X; and [RyPX]1X,.223

The donor properties of tertiary phosphines toward transition
metals continue to be of interest. In M02(02CCF3]4, two of the
carboxvlate groups become unidentate and the trans positions thus
freed can take up two mols of R3P where R = Me, Et or Bu.224 A
series of adducts, M(CO)4L, for M = Fe, Ru or 0Os, L = Ph3P, Ph3A5,
Ph,5b and M = Ru or Os, L = Me3sb, can be obtained from the ligand
and M(C0)5;225 in the ruthenium complexes, [Ru(CO)4.AsPh3] and
[Ru(c0)4.SbM23], the ligand is in an axial position while the
equatorial position for Ph3Sb in 05(00)4.SbPh3 is rationalised on
the basis of the weaker os-bonding power of this ligand. Anhydrous
nickel{II) chloride reacts with Ph3P in dry ethanol in the
presence of either trilcyclohexyl)phosphonium chloride or triphenyl
phosphonium chloride giving novel salts formulated as
[HPR,] [Ph,PNiC1,] . 226

Formation constants have been determined for the complexes
[Ag(PPh3)n]+ where n = 1-4 in both acetonitrile and ethanol
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solutions.zz7 The P-Ge bond lenath in Ph P. GeI2 has been
evaluated as 2.503A. 228

Thionitrosyl complexes were previously thought to result from
reactions of trithilazyl chloride with metal triphenylphosphine
complexes but recent work has cast doubt on this. A low yield
of one such compound, [RuCla(NS)(PPh3)2], has been obtained but
3PNH2}C1.CH2C12,
confirmed by an X-ray study, and Ph3P:NH. The two compounds, can,

the major products are [Ph whose identity was
in fact, be prepared from S 3 3 and Ph3P in the absence of a
transition metal compound.

Coloured soclutions are formed when TCNE and the Group S
triphenyls are mixed in CHzcl2 salution, Ph3P gi;%gg a 1:2 adduct
while the heavier members produce 1:1 complexes. Copper {I)
bromide forms a monomeric 1:1 complex with trimesitylpheosphine in
contrast to the cubane type tetramers obtalned with smaller
phosphines; the two coordinate copper atom forms bonds to
phosphorus and bromine at 2.193 and 2.225A respectively.231I

Diphosphines such as [R P) CH {ZzL) bridge between metal atoms
in compounds such as P4 C12L 235 and [Resziu—Cl)2C14].H2P04.H3PO4.
_4H20,233 while a metallocyclic cation (116} results from 234
(thP)zcﬂz and [Hg(dmso]E][O3SCF3]2 ir dichloromethane solution,

Depending on reaction conditions, three different complexes, i.e.

Fh Ph 4+
P2 Hg — D 2
e ~N
H.C CH
2
2 \\ /,
P -——Hg-——-—P
th th

(116)

a-MozBr4L . B=Mo Br4 2 and Mg?gsz, can be isolated from reactions
of Mo,Brg with (Ph PCH2}2 The extended ligands
thP(CHz)nPth for n = 8, 10 or ;gﬁalso bridge in complexes with
Co(II), Ni(II), Rh{I)} and Ir({I).

A novel synthetic route to phosphinoborines, PhR1R2P+BH3, kegins
with a phosphine oxide which is treated with a L1A1H4—NaBH4-CeC1
mixture; compounds contalning one P-H bond, i.e. thPH BH3, can gga
alkylated at phosphorus by alkyl halides in the presence of FOH.

Stereospecific removal of BH, by diethylamine from {(117) is also
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possible and a method has been developed to give optically pure

samples of the chelate (118). Me3P-BH2-PMe2[:x) for X = 0 or S
BH
e B
P
“~Ph P— CH2
CHO CHO 2

(117) (118)

can be synthesised from Me3PBH2Br and K[Pnezx] and, in the

presence of butyl lithium, they behave as ligands giving spirc-
cycliec compounds such as (119, M = Be, Zn or Cd).238

Among the new phosphorus(III} ligands prepared during 1985 are

(120),239 (121)-(124),%2° and the linear species (125)2%7 ana
(126).242 Compound (125) is produced as a mixture of racemic and
Hez Mez F
P — X CH.—/ P PMe
2 F 2
HzB - M\ BH2
\P ——— CH2 ¥ ———— P / F PMe2
Me2 Mez F
{119) {120)
PPh2 PPh2 PPh2 PPh2
NHCH2Ph CHENHPh NHC {0} Ph C{DO)NHFPh
(121) (122) {123) (124)

meso forms when o-C.H, {PPh,) (NH,} is treated with lithium and
1,3-dichloropropane®?’ and on reaction with PtCl, (dmso) , gives two
distinct products, That from the racemic form contains the
ligand as a tridentate unit while the stereochemistrxy of the mesc
form allows the ligand to be tetradentate. Ligands (126) are
optically active and tetradentate in their Co(III) complexes;

the
structure and absolute configuration of (+)589—£L-cis g-{Co (acac) -
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Me
P}{ N PR,
P H.,
b3 NH,, N PR,
Ph \: /
Me
{125) (126, R = Me ar FPh)

(126 ,R = Me)][cloilz.Hzo, have been determined by X-ray
cryatallography.2 2

A new biphosphole ligand has been identified in the nickel
complex (127) obtained when 1~phenyl-3,4~dimethvlphosphole (128)
is heated with nickel(II) chloride to 140-170°C in, for example,

cyclo-hexanol.243 The reaction ig stereosgelective, none of the
ME:iffti—_—ij:_igr Me Me
P P P
I
nd \Ni/ \Ph Ph
SN
Ccl Cl (128)
{127}

meso-diasterecmer being detectable in sclution, and gives an
almost planar nickel atom with short Ni-Cl (2.201AR)}) and Ni-P
{2.126A) bonda. The ligand is very ailr sensitive and can be
displaced from the complex by CN and converted to a stable
dioxide or disulphide by air and sulphur respectively.

The synthesls of the potentially tridentate ligand,
LiN(SiMeZCHzPP.z)2 where R = Me, Pri
structures reported for the complexes Mcla[N(SiMezcﬂanzlzl where
M= Hf, R = Me and M = Zr, R = Pri.244 In both the monoclinic
and orthorhombic forme of the former the ligand bonds in the
tridentate facial mode while the zirconium complex is

or But, has been reported and

meriodionally coordinated. The hexaphosphine,(EtZPCE CHz)zPCH P-

p- 2
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(CH,CH,PEt,), (=L) recently synthesised is cap;?%e of both
bridging and tris chelating two metal centres, The initial
product on reaction with cobalt{II) chleride is the red-brown
002C14L, which on standing is converted to green {C02C12L]2+;
further treatment with Hz/CO gives the binuclear carkonyl cation
[Co, (co) ,L1%*,

Continuing research into the ligating properties of tetra-
rphosphine macrocycles, X-ray data are now availakle for the
Fe[IT), Co{Il) and Ni{II}) complexes of the B isomeric form of
{132),246 the Co(XIX) complex of the & form of {130, n = 3),247 and
the Co(II} and Ni{TIT) complexes of the e form of (130, n = 2}.248

A new 11-membered P, macrocycle (131, X = PH) has been prepared

s
__,-"'
Pr (CH.,) T~ (CH.,)
| P 2'n \\2 n
N Ph — P P ——Ph
Ph Ph
P P’
p Pelpn

/
(CHz)n~\S./(CH2’n

p p
ph”” N oph
N (130)
_ Pr

(129}

Ph —

in two isomeric forms depending on the orientation of the

249 it forms

hydrogen atom with respect to the phenyl groups;
complexes-with Rh(1) and Mo(0) wvia the three phosphorus atoms.
X-ray structure determinations have been carried out for a serles
of metal complexes containing (121), 1.e. M = Mo(CO]3, X = NMe:;

M = W(CO);, X = PPh; M = NiCl,, X = NH; M = cucl, x = §,250
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Three new 14-membered macrocycles containing P,s, and PS8 donor
sets (132¥-(134) have been synthesised as mixtures of two isomeric

forms which can be separated on r:ll1.:krrl:l_na¢.25.l The most abundant

form of (132) is the chiral trans isomer and the cis form of (133)
has been identified in its platinum{II) complex.

A range of reactions have been reported using Li[C(PMe2l3];
Li[C(PMez)z(SiMeal] and LiCH2PMe2. Tin(IT) chloride and the
first compound give the room temperature stable homoleptic
tetraphosphine complex (135}, with pseudo-trigonal bipyramidal

coordination about tin and planar geometry about the central
252

carbon atoms. Aluminium trichloride yields Al[C(PMez]3]3 and
Al[C(PMezlzsiMe3]3 which have 27Al n.m.r. signals in the range
expected for octahedral coordination.253 With LiCHzPHez, the

chlorines in aluminium trichloride can be substituted in a step-
wise fashion to give [Cl,AlCH. PMe,l.,, [ClAl(CH,PMe.,).,]..,

2 2 2°2 254 z 2°2°2
[Al{CHzPM92)3]2 and Li[AIICHzPMe2)4]. The monochloride (136}
shows a chair conformation with P-Al distances of 2.425A. In a
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PMe, MezPC‘{z\ /c1
Me,P ——< P AL
I PMe Me,P CH,
:Sn”” 2 l l
T pPMe
| 2 H,C /PMe 5
MezP al
/ ™~
PMe,, CH,PMe,
(135) {136)

similar fashion, [Me,AlCH,PMe,]l, has been prepared from Me,AlCl
and LiCH,PMe,. If tetramethylethylenediamine is also included in
the reacting system, complexes of the type
[(TMEDA)(THF)Li(MezPCHz)A1Me3] and {{TMEDA)Li(MezPCHz)2A1Me2]2 can
be isolated when AlMe3, [Me Al{CH PM 23)]2 and [Al{CH PMe2}3]2
react with either LiMe or LchzPMez. X-ray structures have

been obtained for the two lithium compounds.

The +5 Oxidation State. New ylids formulated, as Me (Et,N),_  P=CH,
where n = 0-2, have been isolated as reactive distillate liguids

from reactions of Me (Et N}3 PI and potassium hydride in

pentane. 236 Two isomeric products (137} and (138) in which the
vlid is respectively chelating and unidentate have been isolated
from szzrcl2 and the ylid with n = 1;256

zirconium complex is dinuclear (139). Carbon diselenide and Bu3P

when n = 2 the

C Ccl
P(NEt2)2 szzq B

\ iy % oy 25 NEL,)

2
(137) (138)
CP, s
Zr\\ Se
Me. (Et_N)P=C ~ C=P (NEt.)Me
2 2 ' 2 2 Bu,P

Zr
sz Se

Se
{139) (140)
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in ether solution give the tetraselenium ylid (140) as dark red

prisms; the C,;8e, ring is planar and the selenium atom

3
arrangement is similar to that in tetraselenabisfulvalenes

leading to the possibility of derivatives of this compound showing
similar unusual conductivities.257
An isoccyanco substituted methylene ylid, PhBP:CHNC, was

surprisingly readily formed from Me381CH2NC in THF solution with
either PhBPCl2 or a mixture of Ph3P and C2C16.258 The initial
product, [Ph3PCH2NC]Cl, is readily deprotonated by NaNH2 in THF,

but the ylid is highly reactive and isomerises to the normal

cyanide on heating in toluene. Two new ylids, Ph3P=CHCOOR with
R = Pr or Bu, have heen synthesisedzs9 and transylidation of
Ph3P=CHR with bis(thiocesters), (Cﬂz)nlCOSEt)z, gives new
derivatives of the type Ph,P=CE-C(0) (CH,) C(0)CR=PPh,,2®0

A structure determination for Ph. . P=CH,.B_H., shows a zwitterion

3 2°7377
with positive and negative charges on phosphorus and the borane
groupn, respectively.261 Reaction of Ph3P=CH2 with n“-butadiene

metallocenes gives c-crotylmetallocenyl substituted ylids,

CpZM[CH=PPh3)[Cg gH=CHMe] where M = Zr or Hg, via a sigmatropic

hydrogen shift. Crystalline 1:1 adducts result from treating
phosphorus ylids, such as Me3P=CH2 and Ph3P=CH2 or Me3PO with the
cyclic tin(IX¥) compound (141); with Ph,P=NH, on the other hand,
tin(IT) is displaced as Sn(NPPh3)4.263 A highly active ethylene
But H /Ph
/'N /C:_:C\ (MezszEl'—_:CH
Mezsi 5n Ph2P 8] l
Ny S~ i HC = P (NMe,),
t w - +
Bu pn” ‘o ,~PMe ,

polymerisation catalyst (142) results when Ni(cod}2 is treated
with benzoylmethylenetriphenylphosphorane, Ph3PCHC(0)Ph, and
Me3P=CHZ; the compound arises following oxidative addition of the
Ph3P group of the benzoyl ylid agg4nucleophilic attack of both the
C=0 group and Me PCH, on nickel.

At low temperatures, Me[Me2N)2PF2 reacts with BulLi in pentane to

265 probably via

give the centrosymmetric diphosphete (143),
formation of (MeznszF=CH2 and (MezﬂlzPF=CHLi and followed by

further LiF loss.
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The carbo-diphosphorane Ph3P=C=PPh3 reacts with sulphur,
selenium or tellurium giving unstable 1:1 addition compounds,

which decompose at or below room temperature.266

Crystallography
confirmed formation of (Ph3P32CSe with selenium and with iodine,
the diphosphorane gives (Ph3P]2CI+ with either I or 13_ as the
counter ion. A novel double ylid coordinated to a transition
metal {144) is formed when, for example, Cr(CO)S[Cst(O)Me2] reacts

with R1P—C=PR§(PR§) (r', r?, r? = Me or pn).287

2
]
82__p2
Ph Ph
(oC) Cr/ \C=PR3 ~e—p?
4 ‘\\\ ’/,/ 3 Qb
Ph o
gz
2
(145)
{144)

The first synthesis of an anion containing three P=C double
bonds is outlined in equation 39%; X-ray diffraction confirmed the

C(SiMeB)2

Li ClP[=C(SiMe3)2]2‘ . P
H -LiCl O p CiSiMey),

A

Buli
-BuH

C(SiMe3)2
+

[Li(THF)4] =P

— C(Siﬂe3)2

.-a {39}
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structure and showed P=C distances of 1.67A to the fluorenyl group

and 1.69A to the CSi2 group.268 The phosphene derivative (145)

results from either thermal or photochemical loss of nitrogen and

phenvl group migration from (diazobenzyll}diphenylphosphine oxide,
PhCN, -P (0) Ph, . 267

Low coordination number phosphorus (V) compounds, such as
[MeBSi}ZNP[zs){:CHSiMe3], react with diazcalkanes R1R2CN2 to give

initially diazaphospholines (146) which, depending on the nature

of R1 and Rz, stabilise either by a 1,3 SiMe3 migration to produce
1.2

(147 or by a cvclo-reversion to the azine (Me3Si)HC=N-N=CR R” and
the unstable [MeBSi}2NP=S. The latter is trapped by diazoalkane

as (Me,Si),NP(:S) (:crR'8%).%270  gimilarly with t-butyl azide, the

?iMe3
CH_Ti S\\‘)P/
PN

-~

s\ CH =N
P
e

R

C —— N-SiMe
\ 3
R

(Me3si)2N cC— N (Me3si)2N

N
r? R

NN\

—

o~

o
_
-
~l1
b

1

)

initial product is a triazaphospholine (148) which also undergoes
a,3 SiMe3 migration.

From X-ray crystallography Ph,PBr has an icnic structure with
4 symmetry for the cation and a P-C distance of 1.80048.271 The
P~0C and P-N distances 1n BJ3P=0 and BJ3P=NH, according to recent
electron diffraction results, are long (P-0 1.5%0(12), P-N
1.652({(11)A} and almost equivalent to single bonds.272 In both
cases the t-butyl groups are tilted away from each other,
minimising steric interactions and providing good protection for
the oxy and 1imide groups thus accounting for thelr high chemical

and thermal stabilities.
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The bis{phosphine), H2C=C(PPh2}2, can be gquaternised by methyl
iodide to [H2C=C(PPh2Me)2]I2 and because the double bond is
activated by the P centre methanol, for example, can add to give
[(MePh P} CH(CH OMe)]I 273

In the presence of HBF4, the zwitterion Et3P CS2 reacts with
M02(0A0)4 producing dimeric [M02(0A0)3(82CPEt3)(OPEt3)]BF4 where
one of the bridging acetates has been replaced by the two sulphurs
of the zwitterion; the X-~ray structure alsc shows the phosphine
oxide ligand occupying one of the axial positions at

molybdenum.274

The Heavier Group 4 Elements. Ab initio calculations on

HP=SiH, show substantially greater stability for this

rhosphasilene form than for other closed shell valence isomers

such as HZP-SiH, H3Si-P, H3P—Si;275 a second series of ab initio

calculation has been reported for P-8Si compounds based on single

and multiply bonded structures together with an ylid-like form.276
Insertion ¢of phenyl iscothiocyanate into a P—-Si bond of

RP (SiMe,),, where R = Me, Ph Bu® or mesityl, gives initially

RP (SiMe3) [C(: S)NPh(SlMe }],277 confirmed for R = Me by a full

X-ray structure. 278 Wlth the exception of this methyl compound,
the insertion products lose {MeBSi)zs to give unstable

bis (phenylimino)methylidene phosphine RP=C=NPh, which rapidly
dimerises to a mixture of the E and Z isomers of the diphosphetane

(149). These compounds alsc result in the sodium hydroxide

R-P —C=NPh
I
PhN=C-- P-R

(149)

catalysed loss of (Me3Si)2O from the phenyl isocyanate adducts of
RP(SiMe3)2.

Stable compounds containing double bonds between phosphorus and
279 and tin280
(me51tyl)2Ge P[CGH Bu ), is an orange, alr sensitive solid with

both germanium have now been isclated. The former,
high reactivity toward hyvdrogen compounds such as Hzo, MeOH, HC1l
and Me3P CH2, which add across the double bond. The tin
compound [{Me3si)2CHl Sn= P{C6 2Bu } results from dehydrofluorina-

tion of [[Me3Si}2CH]2$nF PH(CsﬂzBu ).
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5.2.3 Bonds to Halogens

The +3 Oxidation State. Full details are now available on the
structures of five complexes between zero valent metals and the
ligand MeN(PF,), [EL).281 In FeL,, the overall geometry is
trigonal bkipyramidal with three monodentate ligands and one which
is bidentate, spanning axial and equatorial positions. Complexes
C02L3L12, where L1 = COo, MENHPF2 or MezNPFz, caontain three

bridging bis(phosphines) and a metal-metal bond with unidentate L

1

groups occupying the vacant axial positions. The bis {(phosphine)
is chelating in CrL(MezNPF2}4.

Halogen exchange between PCl3 and SiF4 at temperatures between
500 and 600°C give PF; and PClF, while only mono- and di-fluorin-
ated derivatives can be oktained with POCl3 and SiF4.282

Benzooxathiaphospholenes (150) are the products when
Z2-mercaptophenols react with PC13, the remaining halogen being

readily substituted by a variety of protonic reagents.283 The

0\\ ey e)
/901 Clg_o.
S )21 8 n

(150) {151)

HS
O
Rsz
{152)

paper also reports stepwise substitution of the chlorine atoms in
PClg giving (151, n = 1 or 2} and (152).
Substitution of either one or two chlorines in PC13, PCls,

P0C13 or PSC13 is observed on reactilion with urethane in the
284

presence of pyridine and PCl, reacts with Schiff bases in
acetone to give compounds where the azomethine hydrogen is
285

replaced by a PCl2 group.
Phosphinidine complexes [(0C}5M12Px (X = Cl, Br or I) can be
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isolated when phosphorus trihalides are treated with Na,[M, (CO),,])
for M = Cr, Mo or W and conversion to the chelates (153) and (154)
occurs on further treatment with, respectively tropolone and

B—hydroxyquinoline.286 The structure has been detexrmined of the

chromium tropolone compound.

B
-
N
4
o 0 ° /
\P/ /P\
TN (OC) .M M(CO)
(0C) oM M(CO) o 5 5
(153) (154)

Reaction of anhydrous LiI in benzene with o—-phenylenebis (di-
chlorophosphine) (155, ¥ = Cl) gives the ¢orresponding tetraicdide

but in the presence of water the product is bicyelile (156, X =
287

I}). The chlorine analogue of the latter can also be obtained
X

PX P—P PhN— P —= HNMe

2 ! \ '
o=C CH2 C=0

| / ¢
PX, P —P_ MeN — P — NPh

X
(155) (156} {157)

by electrochemical reduction of (155, X = Cl) while reduction of
(156, X = I) either electrochemically or by magnesium in THF gives
a product formulated on the basis of mass spectrometry and solid
state n.m.r. as the pentamer [CSH4P2]5.

Methylenebis(dichlorophosphine) reacteg in ether sclution with
[Me3si)MeN-C0-NPh{SiMe3) to give the bicyclic compound {(157)
which, as expected, can be oxlidised at the phosphorus(IXII) centres
with either hydrogen peroxide or elemental sulphur.238 A by-
product in the synthesis of CHZ(PC12)2 from CH2C12, A1C13 and PC1l
is the triphospha—alkane ClzPCHzPC1CH2PC12, whose methylated or
methoxylated products serve as versatile ligands in reactions with
Ni(CO), ox Feztco)g.zag

3
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The +5 Oxidation State. A theoretical study of apically and

axially substituted trigonal bipyramidal phosphoranes PH4X points
to an apicophilicity order: Cl>CN>F>CCH>H>Me >»CH> 0O > s >
NH2:>BH2.290 Apicophilicity, which is enhanced by ligand
electronegativity, is reduced by 7w donation and these analyses are
interpreted as showing the importance of d orbkitals in bonding at
the apical positions.

Primary, secondary and tertiary amine salts are easily prepared
by reacting the appropriate amine with an aqueous solution of
pyH[PFs].291

Electron diffraction of PC12F3 at 22=24°C shows the chlorine
atoms in equaterial positions in a trigonal bipyramidal
arrangement of atoms about phosphorus.292 There is no evidence
for isomers with axial chlorines although it is known that

fluorine-chlorine exchange takes place at the experimental

temperature. Major meolecular parameters are:
— - T — o
rg(P Fe) 1.546(9)A Fa P Fe 89.3(3)
rg{P-Fa) 1.593{4)A Cl-P-Cl 122.0(5)°
rg{P—Cl) 2.004(2)A
35

New Cl n.g.r. data for CGFSPC14, differing from earlier

results, have been interpreted as showing trigonal bipyramidal
gecmetry with the C6F5 group axial.293

different structures are present, one in which the equatorial

It is possible that two

chlorines are equivalent, the second where these are
differentiateqd.
The solvates, [PC14][Sbclsl.§P0Cl3 and [PC14][NbC16].SOCl

been prepared from PCl5 and the appropriate pentahalide and
294

27 have

solvent. Vibration data are available and a structure

determination for the antimony derivative shows the compound is
+

ionic. Other =alts containing the PCl4 cation are
[PC14]2[SnC16]égéPCl4]3[anl6]IEClS]' [PC14]2[SnZCl10], and
[PC14][Sn015]. In PC14[[Pr N]zccl], obtained in the reaction

of PCl5 with di-i-propylcarbodiimide, PrlN:C:NPri, the

Phosphorus atom is octahedrally coordinated to four chlorines at
distances between 2,096 and 2.160A and two cis nitrogen atoms at
1.82A.%2%%  The N-P-N angle is 70.9°.

A correlation has been established between A, — the 31P chemical

1
shift difference between a phosphonium ion A+ and the corresponding
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phosphorane AX - and Ay = the 31P shift difference between A+ and

AX. , which is useful in predicting shifts expected for currently

2
unknown compounds.297
Low temperature reactions have allowed isolation of the

additicon compound PO C14.28bC15, in which the donors are the two

273
P=0 groups.293 P0C13.Sb015 is liberated if the compound is
heated in dichloromethane giving the dichlorophosphate
[SbCl4(02P012]]2. From X-ray diffraction the latter is dimeric,

containing an eight-membered centrosymmetric ring in a chair
conformation; mean Sb-0 and P-0 distances are respectively 2.06
and 1.504.

5.2.4 Bonds to Nitrcgen

Sub-division in this section in terms of oxidation state and
bond order follows the system used in section 5.2.2.

The +3 Oxidation State. Ab initio calculaticns of the barrier to
interconversion of H,FPN and HP=NH in both singlet and triplet
states is large encugh to support the existence of H2PN confi;g;ng
the possibility of isclating R,PN during photolysis of R,PN,.

2 3
A related study included, in addition to calculations on various

geometries for PNH

o calculations on (H2N)2PN and wvarious dimeric
300

forms.

On thermal decomposition, compound (158) gives monomeric

ButP=NBut, characterised by field emission mass spectrometry and

u.v. photo-electron spectroscopy.301

The monomer rather
unusually behaves as a six—-electron denor in (159}, one ©f the

products obtained from a reaction with Fezlcolg in hexane at
302

25°C, Coordination occurs in the cis conformation with a P—-N
But-P\ /N-But Buf\ /But IE!ut
e
20N P—N Bu® 8
o
Butn? sut l/ \ >P\ _c=o
(0C) .Fe —— Fe (CO)
(158) 3 3 (OC) yFe” —— Fe (CO) 4
(153) {160)

distance of 1.687A, eguivalent te a single bond. A second
product from the reaction {(160) has a novel bicyeclile structure,
resulting from iminophosphine attack on a bonded carbonyl group.

Amino-iminophogphines, R2NP=NR1, on reaction with hexafluoro-
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acetone give three- (161) or four-membered ring products (162)
depending ¢n the nature or R and R1 303 The reaction course can
be correlated with the changes in the p.e.s. determined ionisation

energies of the two lowest lying levels and the positions of two
absorption bands below 50,000 cm-1.

1 Ph
R.N NR 2 N{SiMe_)
2\ & R.N—P — N—-R' Py 372
P 2 . P
| VAR
0 C(CF.)} O— C(CF,) P
372 372 Ph, \SLMEB
{(161) (162) {(163)

(Me3si) NpP= NSiMe3 (=) is nl=-bonded viaBESe phosphorus arom in
the complex N1L3 obtained with Ni[cod)2 Further reaction
with dppe displaces two ligand molecules giving (163) in which the
final amino-iminophosphine is n”’-bonded, but reaction with
bipyridine gives a nickel substituted azadiphosphetidine {164).
The ligand L behaves as a bridging group in Pt3(u CNBu ) tu— L}2

(CNBu }3 and Pt (u—L]3(CO)3305 and face bonding has been identified

el ) Me3SiN$ ’//,N(SiMe3)2
> N\\ - p\ Arp NBut
P Ni /NiSiMe3 | I
£ N ™~ sutn —— pPar
) \N(SiMes}z
(164) (165)

when two of the ué-n Z_isocyanide groups in Ni, (cnBu® ), are
displaced by L.

A monomeric amino—iminophosphine could not be isclated from
3 6 2PCl2 and t-butylamine in the presence of Et3N and only
ArP(O)H{NHBu ] was isolated; in the presence of DMU the product

was the dimer [165).307 Reaction of ArP(Li)SiMezBut and RNSO
{where R = 2, 4-Bu —H=Ma = :;Hz)' however, gives ArP({(S}=NR in
addition to AxP= PAr, ArP"2pAr and BEN=S=NR and the first product
can be desulphurised to the monomer ArP=NR, identified by its 31
n.m.r. shift of 420 ppm. Rather than oligomerisation, the

unstable product hydrolyses readily to ArP (0)H(NHR).
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Diazaphospholes such as (166, R = Me, Ph) are not oxidised by
bromine but are converted via 1,2-additions and subsequent

elimination of HBr to the monobromide [167].308 Diphospha-1,3-
dienes (168, R = Me or Ph)>°? and 1,3,4-thiazaphospholes (169)>1°
have been synthesised for the first time, Preparation of the
Me Me R\ R
N — N — N-— N 7__ s
/g
N/ P> N/ BT P/ % N R
R~ p R 7 \p/
(166) (167) (168) {169)

— ————— —_— ————

former involves HC1l loss from a mixture of CH,(PCl,), and RNHNH,
while the starting material for (169) synthesis is either a
thiocarboxamide or an N,N~disubstituted thiourea.

Following the successful svyntheses of bis({dialkylamino) -
phosphines, (R2N)2PH, preparations for the related primary
rhosphines R,NPH, have now been reported. 311 The reaction
involves LiAlH4 reduction of the appropriate aminodichloro-
rPhesphine and although PJ:;‘NPH2 appears to be unstable, the
cyclohexyl and 2,2,6,6—tetramethylpiperidine derivatives can be
isolated as air sensitive liguids. Stable metal carbonyl
complexes containing these compounds as ligand can also be
cbtained.

In the presence of triethylamine, HCl is eliminated on treating
(Me Si} NPH2 with carbon tetrachloride to give initially
(Me Sl)2NPH(CC1 } but, on refluxing, further HC1l loass occurs and
lMe3Si}2NP CCl, can be isclated as a viscous 1iquid.312 Initially
reaction with SiCl4 in place of CCl4 is similar giving
(He3si)2NPHSiC13 but in the following step HSiCl3 is eliminated
to give a biphosphine (Me3Si)2NPH-P(SiCl3)N(SiM33)2.

Although previous attempts to prepare (Mezujsz were
unsuccessful, the compound has recently been isolated by reduction
of [Mezﬂ) PCl with the hindered borohydride, lithium tri (sec-
butyl)borohydride,313
preparation of MeﬁCH2CH2N(Me)ﬁH. A second report indicates that
thermally stable phosphines of the type RPH(NR12) (R = But, NPri2
or NEtz) can be isclated by LiAlH4 reduction of the corresponding
chloride when r! = SiMe,, but with related alkyl substituents, the

and the same approach has allowed

phosphines are unstable, losing amine to give diphosphines such as
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i i
Pr-, NPH-P{NPr ,),.
Isclation and X-ray crystal structure of a bis(borane)} adduct of

314

the bicyclic aminophosphine (170) has confirmed basic character at

both the phosphorus and nitrogen atoms.315 The B-P and B-N
/ ﬁ’ -—N Cl-pP N-Ph
5 ]
© —~ Ph-N —— P-C1

(170) (171)
distances are 1.873 and 1.,655A respectively and the P-N bond
length (1.7572) indicates the absence of v-bonding.

The new diphosphincamine, meso-PriN(PPhNHPri}z, is
diastereomerically formed in the presence of Et N from PhPCl, and
PrinH,
expected disubstitution product, PhP[NHPrijz.
phosphetidine (171), confirmed by X-ray diffraction as the cis

at 0°C in toluene soluticon; the reaction also gives the
316 A aiazadi-

isomer, is obtained in a variety of reactions and is considered to
be the thermedynamically stable form as it remains unchanged after
beiling in toluene for 24 hours.317
Equimclar guantities of (ClPNBut)2 and NaMn(CD)S in THF
initially at -78°C but subsequently refluxed for 10 hours
rrecipitate sodium chloride and evolve CO giving the green complex
(113).318 An S5,N¥, type cage molecule P4(NBut}4 can be isolated
when (ClPNBut)2 is reduced and the P-N unit in (172} may
represent an intermediate in this process, trapped and stakilised

here by two Mn(CO)4 units.

But

Mn(CO)4

\

o

ot

P’/’/'N-\\\M
\\\\“N'///,

\P
/ /
(OC) 4Mn N

Bu

B
N

ko

/\

(172)
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Among the complexes reported recently containing the
cyclophospha (I1II)azane, (MeNPMeJ4; (=L} are [LC0C1;?$C0C141,
LM(CO) 3 where M = Cr, Mo, W or Mn , and LN12(CO)3. The
neutral LM(CO)3 compounds can be quaternised giving [LM(CO)BR]I,
where R = Me, CH2CN or CH2C(0)NH2,
lithium to ylidic species such as [LMo(COl3CH2]. Related

and then deprotonated by butyl

compounds result with the ethylated phosphazene, (MeNPEt]4, and a
new member of the series [MeNPPh)4 has been synthesised.

Reaction of {PE&N]ZPCl with the lithium salt of trimethylsilyl-
diagomethane, Li[Me3SiCN2] at 0°C in THF sgolution gives
(PfEN)ZP-C{Nz) SiMe3 which, on irradiation in the presence of
trqpping agents such as Me3S;C1 or M92NH, gives respectively
(Pr,N) ,PC1=C(SiMe;), and (pfém)zp(NMe2)=CH2.32° The products do
not show typical! carbene reactivity probably as a consegquence of
the presence of an electron rich phosphorus atom.

The preliminary report in last year's review on the photolysis
of (PréN)zPN3 has been supplemented in the full paper to include
data on the related oxo, thio and phenylimino systems,
(PféN)zP(X)N3.%51 In the oxygen case, ilrradiation gives
PrZNP{:O](:NNPrz) as a transient via a Curtius-tzfe rearrangement,
which on trapping with methanol is isclated as Pr2NP(O)(0Me)—
{NHNPf;). The thio derivgtive gives a much more complex reaction
whoge products include (Pf;NizP(S)NHz, (Pf;N)(MeO)P(S}(NHNPEb) and
(PT,N) ,P (O)NH,,.

Irradiation of Ph,PN

2 3-M(CO)5, for M = Cr or W, does not lead to
a Curtius-—-type rearrangement but nitrogen is released producing
isocyanate complexes, thPNCO'M(CO)5.322 The mechanism is

probabkly one involving reaction of CO with an intermediate
nitrene,

The +5 Oxidation State. Ab initio calculations have been
carried out for H4P=NH, in which the multiple bond shows
similarities with the P=C bond in ylids, the cations [H
[H,PNH,]" and the [H,PNH]~ and [HPNH,]~ anions.>23

The N-isocyanide, PhaPNNC, can be isolated as an unexpectedly
thermally stable solid by treating formyl hydrazine as shown in
eguation 40.324 Its use as a ligand has been explored by
isclating M(CO)s(CNNPPh3) {M = Cr, Mo orw), dez(CNNPPh3)2 {Xx =
Ci or TI) and Cr(C0}4(CNNPPh3)2.

A series of aminophosphonium c¢hlorides, [R3PNMeR1]Cl for R = Me,

-
3PN§2] ’
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H_ NNHCHC + 2PPh., + 2CCl, + ZNEt

2 3 4 3 (40)
> Ph3PNNC + 2CHC13 + PhBPO + 2Et3NHCl
Et, Pr or Ph and R.I = H or Me, has been produced by treating R,P
with either methyl or dimethylchloramine.325 Methylchloramine

prepared by a gas phase reaction of MeNH2 and chlorine gives
optically active sclutions and the resulting phosphonium salts
are chiral; on the other hand MeNHC]1 prepared wvia the Raschig
process showed no optical activity.

The dimethylurea bridged compound {173) has been synthesised to
test the effect of the presence of positive charges on both
phosphorus atoms, but at 2.189A the P-F distance is not

significantly different from that in a range of other P-P
326

systems. The bis{borane}-cyclenphosphorane (174} structure
Q
n
C\
Me-=N N-Me
Me-P - p'-NEt,
Me-N N-Me
“\HC_,/#
1l
O
(173) (174)

shows ne evidence for the open form tautomer and both BH3 groups
are attached to nitrogen atoms.327 The phosphorus stereo-
chemistry is basically trigonal bipyramidal, displaced ca. 10%
toward the square pyramid alternative, with donor nitrogens in
axial positicens. The axial distances, 1.872 and 1.864A are the
longest reported and are likely to-be single P(V}-N{(II1} bonds;
the eguatorial P-N digtances (1.645, 1.654A) on the other hand are
very short.

On heating in methanol solution, P(NH2]4C1 loses ammonia to give
mixtures of NH4C1, [{H2N)3P=N—P(NH2)3]g%8and amidophosphoric
esters of the type (H,N),_ P{O) (OMe) .

A series of short chain phosphazenes including: OPClz‘NPC13,
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OPClz-N:PClz-N:PCl3, [ClBP-N:PC12-N:PClzoN:PCl3]PC1
O:P(OPh)zoNzP(OPh)3, O:P(NHPh)z-N:P(NHPh)3 and

O:P(NHPb)2-N:P(NHPh)2-N:P(NHPh}3, has been sgg;hesised as models
for the highly polymeric poly(phosphazenes). Extensive

crystallographic studies point to the preference for cis-trans

6!‘

planar P-N conformations in these compounds and show that although
stability results from electron delocalisation the molecular
conformation is determined by non-bonding intramolecular forces.
Further details on the conformation of phosphorus—-morpholine
derivatives are now available following crystal structure studies

of (175}—(177).330’331 In all three compounds the lone pair on

(O N)—-P=NCOPh (? N PCH2COPH Br.H20
3 3

{175) {176}

(q N)7P=CHCOPh.H20
3
{177}

one of the morpholine nitrogen atoms is antiperiplanar to either
the P=N or P-C bond; the lone pairs on the other nitrogens are
approximately orthogonal to this bond. It is curious but the
P-N{morpholine) distances vary over the range 1.60B-1.663A.

New cyclic compounds (178)-(180) have been prepared by treating

P(NR2)3 with either PO(NHMe) 332 oxr PhPO{NHMe)2.333 Complete
substitution occurs when C13%°NR-PCl3-ﬁR is aminated bhut the

products isolated are imido-~oxo partial hydrolysis products.334'335

NHMe MeNP (NR5) 5 Ph

I
O=P — TMe O=P NMe O=P NMe
MeN — PNR, MeN PNR, MeN PNEt,

(178, R = Me or Et} (179, R = Me or Et) £180)
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Two to five of the fluorine atoms in the cyclotriphosphazene,
N3P3F6, are replaced following a non—-geminal reaction path on
treatment with LiOCH=CH2, the salt of the acetaldehyde enolate.
The ligand is ambidentate but in all cases bonding is wvia the

336

oxygen atom. One phenyl group can be introduced in a geminal
position by Friedel-Crafts reaction of N3P3F5[NMe2) and N3P3F5But;
the reaction course has been confirmed in the latter case by X-ray
crystallography confirming that n—-donation from an exocyclic
substituent is not & necessary condition.337

An unusual reaction, 1n which there is migration of an amido
group from a geminal to a non-geminal position, has been
identified when the chlorine atoms in N3P3C14 [NH2)2, known to have
a gem structure, are substituted by NaOR (R = Et, Pr or Bu) in the
appropriate alcohol as solvent.BBB

A detailed investigation of the kinetics of chlorine
substitution in N,P,Cl

373776
2 type mechanism for the first step, while

by dimethylamine in acetonitrile solvent

roints to an SN

replacement ©of the second and third chlerines is considered to

involve a one-step cocncerted process on account of the reduced AH*
values.339 There is then a sharp changeover to an Syl mechanism
when the fourth chlorine is released; ionisation of a chlorine

from N3P3C13{NM92}3
ring by the NMez groups. The first step in the related

being promoted by release of electrons to the

N3P3F6-Me2NH reaction 1s alsoc an SN2 process, but the much slower
rate of reacticn is attributed to the greater difficulty in
forming the five coordinate intermediate as phosphorus d crbitals
in the fluoride are more stronglv involved in ring w-bonding,
Chlorine atoms in the phosphazotriphosphazene (181) can be

substituted by a variety of primary and secondary amines340'341

and by methoxide in methanol solution.342 Among the amine

products isolated and characterised are N,P,Cl; R (NPPh,) for

C N=PPh X

%\P/ 3 \P/ 3
N/ X N N/ N nm
1 “ LCl MEOHJ l (o)
Cl.,P p p=
2 \Ny 2 Med \\:N/ ~oMe
(181) (182)
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n =1, R = NHMe, NHBut, NMez, NCSH1 + NEtz; n=2, R =3§%e2,
NC5H10, NEt2; n= 3, R = NMez, NHBu~"; n = 5, R = NHez. The
variation in reaction course with change in solvent from esther to
acetonitrile was also investigated. A complete series of
aziridine derivatives, H3P3C15_n{N02H4)n(NPPh3) with n = 1-5, c<can
ke isclated and both geminal and non-geminal isomers are formed
for n = 1.341 The major reaction pathway involwves the successilve
replacement of the chlorine atoms at a PCl2 group followed by
substitution of that at the PCl(NPPh3) rhosphaorus. The fully
substituted compound has been examined by X-ray crystallography.

Reaction of both N3P3C15(NPPh3) and N3P3C14(NMe2)(NPPh3] with
methoxide give mixed methoxy—hvdroxy compounds, such as
N3P3 (NPPh3) {OMe) 4 {OH) , N393 (NPPh3) {OMe} 3 {OH) Y
N3P3(NPPh3)(NMez)(0M9)30H, in addition to the fully subsgiguted
compounds N3P3[NPPh3)(OMe)5 and N3P3(NPPh3)(NMe21(OMel4.

N.m.r. data for the monohydroxy compounds indicate formulation as
a cis-trans mixture of the tautomeric oxophosphazadiene (182, X =
OMe or NMezl.

A series of spiro-cyclic triphosphazenes can be prepared by
treating the spermidine—{N3P3C14)2 derivative with 1,3—-diamino-
prcpan3343 and i.r. spectroscopy of aminophosphazenes,
particularly in the N-H stretching region, has been investigated
in relation to antitumorx activity.344

Reaction ©f RCOCl (R = Me or Ph) with NP, (0Me) {(OH) in the
prresence of an HCl acceptor gives carboxylates N3P3(0Me]5(0COR)
whose spectroscopic properties are compatible with a
triphosphazene rather than the tautomeric diphosphazene
3tructure.345 Flucrination of cis—N3P3C14(NEt2)2 with,

2F leads to the 1,3~ and 5,5-difluorides;

with either reagent further fluorination gives the
246

respectively, SbF3 and KSO

tetraflucride.
Reaction between Grignard reagents and non—-geminally
substituted N3P3C13(NM32)3 depends markedly on reagent
concentrations, solvent and the product isclation method.347 In
ether solution, MeMgl gives the expected N3P3Me3(NMe2)3 after
treatment with triethylamine but a second product (183) is also
formed by reaction with the solvent. The corresponding ethyl
analogues were also prepared but with THF, the products were
compounds with 4-chlorobutoxy groups attached to phosphorus. The

mixed phosphazene-siloxane (184) is currently of interest as a
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\‘P/ i 2
P \N /,P%~~ MezE'Ei— O—Sil’*‘.le2
[ | N i NH cH, © o
Me — p— OBt | | PN |
{Me ,N) P P (CH. ) Si— O —~SiMe
MeN/\N/// NMe 2NN N 272 s 2
2 2 N NMe Me
(183) (184)

cocatalyst in the polymerisation of (Me2810)3; its structure has
been determined showing a dihedral angle of 100.1° between the
mean planes of the two rings.348 The N3P3 ring is effectively
planar in three monospiro substituted triphosphazenes,
N3P3[O(CH2}nO]Cl4 where n = 1,2 or 3, according to recent X-ray
studies but the phosphate ring parameters vary dgreatly (O-P-0
98.3-106.1, P-0-C 111.2-121.9).°%%

Although thermal pelyvmerisation of substituted cyclophosphazenes
such as N3P3 (0Ph)6 does not appear to be possible, recent mass
spectrometric data show that the higher oligomers
[NP(OPR) 51 ¢ 9 ana 12
Phosphazenes are fire retardants and a new route has been
described to N3P3{CGH4—4wN02)6, which can be obtained in distinct

forms melting at 249-250° and 262-263°C; the nitro group can be
351

are formed in the ion source at 200"(’.‘..350

reduced readily.
The phosphazene ring in {185) can serve as a template giving new
spiro~metallic and cluster compounds such as (186} and (187, M =

Co) obtained by reaction with CpCo(€0),.°%?  With CpRh(CO), the
(folad] 41='«=_-—1:"e(ccn 4 {Oc)4Fe — Co(CO)Cp Cp(COYM— M{CO}Cp
N L7 Np 7 N/

\\
7 n n? Sy N7 N
] \ | fl | I
c1.P PCl Ccl.P pCl Cl.p PCl
2 {QbN.// 2 2 QQEN//’ 2 2 -QbN'// 2
(185) (186) (187)

product is (187, M = Rh) while the cluster compounds (188) and
(189) involving additional metal-nitrogen interaction are

obtained with, respectively, C02 {CO) 8 and Ru3 {CO} 12

35

The pressure dependence of the Cl n.g.r. spectra for N3P3016
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and N4P4C18 has been evaluated.353 The possibility of injecting

electron density from a spiro substituvent into a cyclo-

(FO]3 (00)3
{oc) .Co ;
’ \‘:\—-.—-(—:-;...__ Fe(Col 4 /Fih\:‘_‘““‘*n co)
P /// oc ‘j;,Fe(CO]3 u{co 3
nF \N /P\
‘ “ N N
Cl1.P PC1 I Il
2 2
\N/ 6129\\\ /PC12
N
(188} {189)

phosphazene ring via (p-d)n delocalisation has been examined
theoretically and shown to be possible in compound {190, R =
OCH2_CF3).354 The synthesis from N3P3C16 and {151) requires
EtPf;N in dioxan and the four remaining chlorines are
substituted using CF3GH20Na in THF. Compound (190} can be

methylated with [M930155F4] at the exocyclic imide nitrogen and

Ry

N N—PF
P O
Q 2N
™

Me R

{190} {(121)

isolated as the tetrafluoroborate salt; the structure was
confirmed by X-ray diffraction. Both {190} and the methyl
derivative are electroactive and e.s.r. data are given for the
first reduction steps.

Mussbhauver spectroscopy and d.c. polarography have been used to
investigate oxygen interaction with hemin and related molecules
attached to the backbone of a water soluble poly{aminophosphazene}
such as {NP(NHMe}x(NHe[CHzl3NH2)y}n.355 The results show
formation of both stable oxygen adducts and irreversible
oxidation depending on the system. As a model for such polymeric
species, N3P3(0Ph)5[NMe(CH2)3NH2] has been synthesised and
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converted tc a picket fence hemin derivative.

The P-P bonded bis(phosphazene) {192) obtained from (NPC12)3
and methylmagnesium chloride lies on a centre of symmetry with a
P-P bond length of 2.200A.356
to each other; the N3P3 rings are puckered with the methyl

The methyl groups are thus trans

substituted phosphorus lying 0.21A above the plane of the otherx
ring atoms.

Non-geminally substituted mixed halogenctetraphosphazenes,
N,P,F,X, and N,P,F _X (X = Cl1 or Br), can be obtained wvia room

4747474 4 4 672
temperature reactions of either anhydrous hydrogen chloride or

bromide with the appropriately substituted N4P4Fn(NMe2]8_n.357

cl c1 R'RN-P — N = P (NRR")

P-——z-——N Me w— . p ° [ | ‘
s T N b o \
N ~ P-—P N N NR N

4 -
P—N N=—p I \||
c1 Me c1 1 1
2 2 {R RN} 2P—:N — P-NRR
{192) (193}

Monoaspirocyclic tetraphosphazenes, H4P4C16(X{CH2)nx) result by
treating N4P4cl8 with difunctional reagents such as H2N(CH2)HNH2
n = 2 or 3}, HO(CHz)nOH {in = 2 or 3) and HO(CHz)NHMe, but the
products are unstable to hydrolysis and/or intermolecular
condensation.358

Transannular bridged tetraphosphazenes (193) are well known but
recent work has shown that the bridge is incorporated only after
the tetrakis stage of chlorine replacement in N4P4C18.359
Compound (194} with a nonw~geminal arrangement of substituents is
converted by one mole of dimethylamine into (195) while five mols

of ethylamine produce a second new bridged compound (196).

Cl 91 gl
]
EtHN=-P —— N -—— F=-NMe Me  N-P N ——— P=NMe
2 2 2
I | l'\ |
N N N NEL N
Hezl‘i—P N — ]EI’—NHEt Me 2N—]§: N P—-NHEt
[
cl Cl cl

(184) {185)
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NHEt
EtHN-P N —— P—HHe2
N NEtL N
MEZN'P N P-NHET
'
NHE+t
(136)

Crystallographic data for the higher members of the methyl-
phosphazene series (NPMe2}9_12, obtained by Grignard reactions on
the separated fluorides, show a mean P-N distance of 1.5954,
somewhat longer than that in the corresponding chlorides and
fluorides as a result of the lower methyl group

360

electronegativity. The endocyclic angle at phosphorus

decreases from 119.8° in the tetramer to 116.3° in (NPMe but

2]12’
the P-N-P angles vary as the nitrogen lone pair can be
delocalised into phosphorus d orbitals. The molecular structures
are compact, with ring atomss folded inte the centre and the
conformations adopted are contrelled primarily by methyl group
interactions. In this respect there are similarities with the
gycloalkane structures of similar degrees of polymerisation.

A geminal pathway is followed in the reaction of N5P5C1196:ith
NaOR (R = Et or Ph) in either benzene or ether as solvent.
In general, up to four chlorines can be substituted but attempts
to produce higher degrees of substitution by more forcing
conditions lead to decomposition. Small amounts of more highly
substituted products, i.e. N5P5Cl10_n(SEt)n for n = 5, 6 and 10,
have been observed in a related thicalkoxy series.

Chlorine substilituted diphospha—s—triazine362

(197) and phospha-
363

s—triazines {198) have recently bkeen isolated following the

reactions in eguations 41 and 42; the halogen atoms can be

Rg
C
~
Né N
PhPCl, -N:PPhCl, + RfC(:NH)Nﬂz - Ph l ” Ph c..{41)
:P\\ /P<
— Cl Cl

Re = C,FLOCF (CF,)CF,OCF {CH,) N

or C7F15 (197}
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R Ccl
\P ~
/
N’/' x\‘N
RPC1l, + R C(:NH)}-N:C(NH,)R, + | (| -..(42)
Re=C " C-Rg
R = C1 or Ph Xy
Ry = CBF7OCF{CF3}CF200F[CF3} (198)

or C7F15

substituted for a variety of other groups including SPh, giving
products which are anticorrosive and antioxidation agents.364
X~ray structures for four derivatives of the mixed P-N-5 ring
system (198, X ~ Cl1, I, NMez and Ph}365 show effective planarity
when X = Ph but substantial deviations for the sulphur atom in
the other three derivatives,. As well as long S-halogen kond
lengths there are marked inequalities in the P-N distances.

Hartree-Fock-5later SCF calculations on the model compound (200},

b4
SI\\ /St\
N/ Ny N Y
[ | I |
Ph.,P PPh H,P PH
2 - 2 2 - 2
\\”N‘/, ‘\\bl//
(199) (200}

to compare this with the homomorphic N4P, and N4S,; systems point
to the presence of 67 electrons in the ring but the localisation
of » bonding in the P2
S5 antibonding character in the LUMO. Electrochemical

N and st segments, In addition there is
strong N2
reduction potentials in the series of ring compounds ranging from
N3P3 {resistant to oxidation) through N3P25+ and N3P52 to NSS3-
{easily oxidised) correlate with 7LUMO-%LOMO energy differences.
Thermclvsis of a wide range of P-N-S heterocycles, including
{199, X=Cl,Br,I,N3cn:NR2) and (201}, gives a new G,G—Spigggyclic
This
paper reports that, in additicn to (202), the reaction of sodium
azide with (199, X=Cl) also yields smaller qgquantities of the 12-
memnbered heterccycle (203) and a new compound tentatively

identified as (204).

compound (202), which was fully characterised by X-rays.
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Ph,, Ph,
N N P N N P
.
FPh P"; \S —— S/f PPh /5} Q\ Ve \
2‘ 1 1 1l 2 N S N /N
1
thl!’ ,_..-—\s/ PPh, Ph, Ph,
(201) (202)
Ph, Ph.,
P N /N P Ph, Ph,
P N N — N
Y4 N AN 7 N N
N ! N N Q PPh,
= AN
AN S 7 p—=n" Ne—s=n"
P =— N N -——ZFP Ph, + oy
th Ph2
(203) (204)

The crystal structure of a monohydrated aziridine substituted
mixed ring compound N3P g[o)[NC2H4}5, already known in monoclinic
and orthorhombic forms, and low temperature electronic spectra
and preresonance Raman spectra of N352PPh2 and N482(PPh2)2368

have been reported.

5.2.5 Bonds to Oxygen

Lowexy Oxidation States. Vanadyl(IV) hypophosphite, VO(P02H2)2.HiO,
which can be prepared either by reducing the pentoxide with

hypophosphorous acid or from VOES0, and the acid, has been fully
characterised spectroscopically and shown to undergo complex
thermal decomposition yielding finally polymeric vanadium(III)
phosphite.369
Co-condensation of chromium vapour and P(OMe)3 gives
Cr[PIOMe}3]6 in good yield but the corresponding ethyl
derivative which can be prepared similarly is unstable, probably

370 The related molybhdenum and tungsten

for steric reasons.
compounds M[P(OR)3]6 were alsc prepared as were low yields of the
mixed complex, Cr(arene)[P(OR]3]3. A silver nitrate-triphenyl-
rhosphite addition compound (AgNOaiz.[P{OPh)3]4 with structure
(205) has asymmetric Ag-0-Ag bridges with O0-Ag-0 and P-Ag-P angles

of respectively 71.9 and 147.9“.371
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The phosphorus triester, P(OPh](OCGH4—4-C1){0C6H4—4—Mel, can be

prepared from P[OPh)Cl2 and the two phenols in the presence of
triethvlamine in ca. 51% yield and can be resolved.372
A monomeric, tetrahedral complex (206) incorporating the open

form of the bicyclic aminophosphine ligand (207) has been
373

isolated in a reaction with [Co(NO),C1],. The product is
O Q
~. 7
i
(PhO) 3P\ / \ /P {OPh) 3 ON ~ /Cl
Ag /CO\ /O(CH )
//' ™~
(Pho) 4P \ o v P{OPh);  ON r NH
LN ph C(CH3);
’/ G
(205) (2086)

unusual in that it can reversibly c¢oordinate carbon dioxide in
THF solution at ~30°C to give a dark brown solid where the CO, is
probably held as a carbamate group {(208).

The lithium =salt Li[OCH{CF3)2] converts amldodifluorophosphines
RNHPF {R = H, Me or Bu ) to the expected amidophosphites,
RNHP[OCH(CF3)2 37 which with hexafluoroacetone yield oxazaphos-

phetanes (208). In (209, R = H) the phosphorus atom is in
(CF3]2(|3 —0
R-N ——F[OCH(CF,) 5] 4

{209}
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distorted trigonal bipyramidal coordination with the ring oxygen
and an oxygen of one of the OCHICF3)2 groups in axial positions.
The procedure for preparing diphosphite complexes such as
M4[Pt2{P205H2)4].2H20 (M = K, Na, iBa, Bu,N or Ph4As) has been
modified so that the products are free from oxidised platinum
species.375 The compounds can be oxidised to the d7-d7 compounds

fPt,(P.,O_H,) X 14" (x = Ccl, Br, I, NO, or SCN) and
2 7275727 4%2;5 2
(Pt, (P,0.H,)L,] (L = H,0, pyridine or nicotinamide), and recent

X~ray studies for the former with ¥ = Br or I show structures
containing four P-bonded bridging diphosphite groups with halogen

atoms in axial positions (see Figure 7}.376

In agreement with
their o=-donating strength, the Pt-Pt distance decreases from

2.754R for ¥ = I to 2.695A for X = Cl. The PL{(II) anilon is alsc

Figure 7. Structure of [Pt2{P205H2)4Br2]4- (reproduced by
permission from Inorg. Chem., 24 (1985)2803).

, . 4= .
oxidised by N02 giving [Pt2[P205H2}4{N02)2] with axial NO,
groups, and addition of halide ions can displace the nitrite

grours to give mixed species.377

The +5 Oxidation State. Monomeric metaphosphate continues to

command attention with recent plasma studies pointing to its
thermodvnamic stability (an =190+8 kcal molh1) in the gas
phase.378 The species thus shows greater stability than the
nitrogen analogue and the acid strength i1s estimated to be

comparable to that of sulphuric acid.
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According to recent theoretical studies, the traditional =2p=0
structure for the phosphoryl bond is unreasonable on symmetry
grounds and a model i1nvolving resonance between singly and triply
bonded structures should be substituted.379 Although electro-
negative substituents at phosphorus generally strengthen the P-0
bond, fluorine is anomalous with a lower strengthening effect than
a hydroxy group. In the related 2P=S system, the bond is
substantially weaker and triply bonded structures are relatively
of lower importance. The stable conformations of phosphoric,
prhosphonic and phosphinic acids have been investigated by ab
initio studies on H3PO4, H3P03 and H3PO2 and the forces giv%gg
rise to specific molecular arrangements have been analysed.
These are almost entirely electrostatic in nature (dipole-dipole)
with relatively small effectas from internal hydrogen bonding and
steric effects. In all three acids, the acidic protons are
oriented toward the phosphoryl oxygen at distances of 2.7 to 2.BA.

The protonated base and H2PO4_ anions, which constitute the
units in the 1:1 adduct of phospheoric acilid and 1,2,3-benzotriazole,
are linked together by very short N-H-0 and O-H-0 hydrogen

381

bonds., Of the former, one digtance (2.611&) is comparable

with the shortest vet recorded and the latter which coccur in

chains of the anions are 2.451 and 2.484K%. A second "complex”
of phosphoric acid, (H,PQO,.H,0)_,.(1B-crown—-6) can be prepared
3 42 2 382

from the compenents in THF soclution.
2-Amino-3-phosphonopropionic acid is present as a zwitterion,
‘HP03CH20H(§H3)COOH, in the solid state>®> and in the tetraalkyl
diphosphate (210) both rings are in the chair conformation with
the P-OP bonds in axial positions.384 The P-0-P bridge angle is
129.2° with bridge P-D distances of 1.597 and 1.606A. An
unusual trigonal bipyramidal structure (211) with an axial
hydrogen atom has been confirmed by X-ray crystallography on the

product obtained by treating thPCl with triethylammonium per-—



369

(CF3)2 H
o Lh
| (CF3)2 L
Q
oo p
| o] } Ph
N ———P'(’
0\)«:1:'3)2 H | ™o
O\f/j
(CF4),
(212} (213)
fluOrOpinacolate,385 P-0O distances to the axial and equatorial
atoms are respectively 1.773 and 1.681A. The first thiohydroxy-

phosphorane (212, X = SH} with an almost undistorted trigonal
bipyramidal structure has been obtained from (212, X = H) by
successive treatment with sulphur in the presence of Et3N and

anhydrous hydrogen chloride.386 Rather surprisingly in view of
its five and six membered rings, the newly prepared (213) alsoc has
387

trigonal bipyramidal geometry.

The novel five coordinate cobalt—complex {214}, synthesised from
(C6H402)PC1 and Na[Co{CO)BPPh3l in THF at -78°C, decomposes slowly
in sclution and has a structure with basically trigonal
bipyramidal geometry about both cobalt and phosphorus.388 The
phosphorus atom is in an axial position at cobalt while the
phosphorus atom has oxygen atoms in axial positions. As in many
compounds of this type, the phosphorus geometry is distorted by
some 28% along the Berry coordinate toward the square pyramidal
alternative.

Hydrolysis of the spirophosphoranes (215, R = H or Me) proceeds

R
R
co o !
| .
oh P-—C|o — 1|=/0 Ph—p Phe— o 22200
/ \ | 9 | o o
oc Cco O 0 )
R R
R R
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via a ring opened phosphonium salt (216} which can, in fact, be
. 3go
synthesised.
Both BF3 and H3P04 form 1:1 additicn compounds with the
phosphatrane, O=P(OCH2CH2)3N,

borine adduct, there is still substantial N»P interaction.

where in contrast to the related
390
Evidence is presented to suggest that phosphorus is in trigonal
bipyramidal cocrdination and that the compounds are stabilised by
the increased electronegativity at the apical atoms as a result of
the electron withdrawing properties of the attacking Lewis acids.
Aguecus sodium chloride solution converts Hg[P(O){OEt)2]2 into
a tetrameric compound (217) containing an almost sgquare, eight
mempbered Hg4C14 heterocycle.391 The mercury-phosphorus bonds are
almost perpendicular to the ring giving very distorted tetrahedral
coordination around mercury and all eight phesphoryl groups are

orientated toward the centre of the ring.

?(0)(0Et)2 PKO){OEt)2
I
(EtO)zP(O}—Hg cl Hg—P(O)(OEt)2
c1 Ccl
(Eto)zP(O)—Hg cl Tg~P(O)(OEt}2
|
P(O)(OEt}2 P(O)(DEt)2
(217)

The copper atom in the diphenylphosphato complex,
{Cu(imidazole]4[02P(0Phb]2}, is in sguare planar coordination with
nitrogens from the four imidazole ligands and tetragomnally
distorted octahedral coordination is completed by oxygens from two
unidentate phosphate groups in axial positions.392 Metal
phosphate complexes with the general formula [(MeO)RPOzlnM, where
M = Na, Ca, Ba, 2n, etc; n = 1 or 2; and R = OMe, 0CH=CH2,
OCMe=CHCOZMe, eta, can be synthesised by dealkyvlation of an
organo-phosphate or -phosphonate on refluxing with a metal halide
in acetone.393 Coordination cof cis- and trans-—diphenylphosphoryl
ethylene, thpio)-CH=CH-P(O)Ph2, to thsn[NO3)2 gives, respect-
ively, 1:1 and 1:2 complexes in which the cis isomer is chelating
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but the trans form behaves as a bridging group.394 X-ray data
point to pentagonal bipyramidal geometry about tin in both
compounds with five oxvgens cccupying the egquatorial plane. In
the cis compound, there are two oxygens from the ligand and three
oxygens from one unidentate and one bidentate nitrate group; in
the corresponding trans compound, the two nitrate groups are
bidentate and the ligand produces the fifth oxyvgen atom.

New methods for synthesising the mixed anhydrides, RR1P(O]OSOZR

for R = But or QEt, R1 = Ph or OMe and R2 = Me or CF

3!‘
described.395 In connexion with metal extraction processes,

necdymium, 1~:dn:~103)3.Lg and Nd(NO3}3.L2.2MeCN,396 where L. =
thP(D}CHzctowat2,39 and erbium complexes Er(N03}3.L2.H20,
where I = (PrlD)zP(O)CH[C(O)NEtZI [CH,C(0}NEt,], have been

synthesised. All the compounds contaln three bidentate nitrate

2

have been

groups and the neodymium coordination number is raised to 10 by
four further oxygen atoms from the bidentate ligands. The
acetonitrile molecules are not coordinated to the metal in the
second compound. The erbium atom in the last compound has
coordination number nine from oxygens of the nitrate groups, the
water mclecule and the two P=0 groups; the C=0 groups on the
other hand are either non-coordinated or hyvdrogen bonded to water
and it appears that the phosphonate arms are incorrectly
constructed for tripod coordination. The methylenephosphonate
ligand (Prio)zP(O)CHzc[O)NEt2 chelates wvia the P=0 and C=0 groups
in its 1:1 complex with Moozcl2 %;ging approximately octahedral
geometry about the central atom.

Substantial research i1s again reported on aluminium phosphate
cage compounds and related derivatives. For example, compounds
designated as A1P04—12 and GaP04—12 are isostructural with the
formula M3[P04)3.H20.en and result, for the former, from hydro-
thermal treatment of the gel obtalned from a 1:1:1:40
combination of Al.0O_, P205,I 1,2-diaminoethane({en) and H.O.

273 2
The gallium compound is similarly prepared from Ga203.§H20 and

399

H3PO4. The structures are based on sheects of alternate
A104(Ga04) and PO, tetrahedra corner linked by slabs of tetramers
of Al{Ga) centred trigonal bipyramids cross linked by PO4
tetrahedra. The details are shown in Figure 8. Sandwiched
between these units are diprotonated en molecules giving
[(CH2NH3)2]2+[(MPO4){M2P209]]2_ as a more accurate representation
of the molecular formula. A1P04—21 type compounds result using
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Figure 8. The gallium centred trigonal bipyramidal tetramers,
crosslinked by PO4 tetrahedra, in GaP04—12
(reproduced by permission from Inorg. Chem,,
24(1985)4312) .

401 and

1,2-diaminocethane as templates. In the first case,400 X-ray

tetramethyl--1,3—diaminopropane,400 ryrrolidine

diffraction points to break—-up of the template into, most
rprokably, MeZNH2+ and propyl units and a novel, complex, anionic

framework containing rings based on AlzP, AlzP {four types),

AlqP, {two types) units. The molecular formuia is 4(A13P30100HL—
1.33(C7H21N2). The latter compounds have structures described in
terms of ribbons of five coordinate aluminium and four coordinate
phosphorus atomg forming three and five-membered rings interlinked
initially into corrugated sheets and finally into an open

network. These compounds can be converted on heating to the
sieve A1P04-25.

Increased catalytic activity of AI1PO, phases can be achieved by
adding either Zn0402 or a cobalt sa1t483 to the gel prior to
hydrothermal treatment. In the first case, the product which is
gimilaxr to A1P04-5 is formulated as 2n0'06A10.96P04 together wilth
residual triethylamine used as the template. The cobalt products
are blue showing incorporation of the metal intc tetrahedral
sites.

A further range of gallium analogues of AlPO,-12, -21 and =25

has been synthesised with c¢rystallography showing that the
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product is strongly dependent on the template {1,2-dlaminocethane,
pyrrolidine, i-propylamine, Et4NOH).404
a phase formulated as PriNH,[Ga,(PD,) ,OH} is close to that of

A1P04-14 but a full structure shows a new structure type based on

The powder pattern of

a repeating unit of edge and corner sharing Ga05 and Gaos units
and Poq
A silico-alumino-phosphate molecular sieve (2YT-7), prepared

tetrahedra.

from a 1:1:2:1 mixture of P205,A1203, morpholine and 5102, is
[H3O]+[A14SiP3O16]".nH20 with a chabazite type structure

. sy 405
containing large cavities.
include 4, 6 and B-membered rings of AJ.O4 and (Si,P]O4 tetrahedra.

Multinuclear MAS n.m.r. data of a related silico—-alumino-

The structural units present

phosphate, SAPO-5, with an A1P04-5 type structure are now
available.406

Framework zirconium phosphates, (NH4}XH1_er2{PO4)3.yH20 where
0.6=x3%1, vy=0.3, have been isolated from hydrothermal reactions
between pheosphoric acid and ZIOC12 in the presence of Me4NBr;407
heating to between 400 and 640°C converts the products to the
acid form HZrz(PO4)3 in which the proton can be exchanged by it
or Na' but, because of a bottleneck in the [Zr2P3012]- framework,
exchange with K' or cs’ is not possible. Mixtures of NH43r2P3012
and NH4T12P3012 heated under reducing conditions in a high
pressure vessel give langbeinite-type crystalline phases
formalated as (NH4]1+XT1(III)X[T1[IV),Zr]z_xP3012 with x = 1.

Langbeinite structuregs are also proposed for the newly synthesised
409

408

compounds, AzerP3O12 for A = K, Rb or Cs and M = ¥ or In.

Cd5(P04)2SiO4 and the germanium analogue have the

sililicocarnotite structure410

and a three dimensional framework
containing tunnels has been observed for the molybosilico-
rhosphate, CsMoP5 8512025' obtained by adding metallic molybdenum
to a mixture of (NH HPO,, Cs,CO
411 4 2
heated to B873K.

Intercalation of alkylamines

4)2 37 Moo3 and 8102 previously

412 into sn(HPO,),.H,0 as
alkylammonium ions between the layers is suggested by i.r. and
thermal analysis, but monolayere are formed with pyridine,
4,4"'-bipyridine or dimethylsulphoxide.413 Piperidene, aniline and
m-toluidine, on the other hand, give bilayers but other potential
guest molecules such as urea, thiocurea and formamide do not
intercalate.

H -x* exchange on Ti(HP04)2.H20 between 25 and 55°C shows no
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partially subkstituted phases, the final product is

Ti(KPO4}2.3H20.414
affect catalytic activity and thev have been followed as a
415

The acid properties of u—Ti(HP04)2.2H20

funetion of different degrees of heat treatment.
Structures for both ZrNaH(P04)2416 and ZrKH(P04)2
reported, the latter by time of flight neutron powder diffraction

417 have been

which allows location of the hydrogen atoms inferred from
previous X-ray studies.

a=Zirconium phosphate, Zr(HPO4)2.2H20, like the v-form, reacts
with ethylene oxide, but the extent depends on the degree of

crystallinity.418

With highly crystalline samples reaction occurs
only at the surface hydroxyl groups but rapid incorporation
between the layers gives products of the type
Zr[O3POtCH2CH20)H]2.xH20 with poorly crystalline materials.

Treating ZroCl .BH20 with a mixture of H_PO, and 3A5205.5H20

2 3774
gives a white gel, which on long reflux in nitric acid solution
can be converted to cryvstalline Zr(HAsO4)(HP04).H20.419 Heating

to 150°C causes loss of one molecule of water and a second is lost
at 700°C. The hydrated material is hydrolytically stable and has
high ion exchange capacity, its powder pattern is similar to those
of Zr(HPO4)2.H20 and Zr{HA504]2-H20. A new high pressure phase,
B—Zr(OH}P04, has been synthesised from ZrP207 and water at
1.5GPa.420

Monorheosphate structures reported during 1985 include:
RbH., (PO,) 43 42T
vield by hydrolysing the tetrametaphosphate, Rb494012;

a moneocliniec form of RszPO4, prepared in low
422

Mn(H2P0 2H 0;423 Ba3BithO4)4, obtained from a melt of
Ba(PO3)2.2B1203 at 1373K, showing bismuth in seven fold

4) 2-2H,
coordination to oxygen at distances between 2.274 and 2.847A;424

and NaSCu3[PO4}2(PO4HPO4), where two of the four phosphate groups
are joined by a very strong O-H...0 hydrogen bond (2.388A}.425
Dehydration of the following monophosphates,
426,427 428 429
NaH2P04.2H20, Cal—IPO4.2H20, and Cd {H2P04) 2.21—!20,
have been investigated in detail.

T1,0., in phosphoric acid deposits crystals of the mixed valence

273
compound, Tl(III)3[T1(I)D 5(H20)O 5]H14(PD4)8-4H20 {from an X-ray
study), on long standing at room.temperature.430 A series of

M(I)Ta(PD4)2 double salts, where M = Li-Cs, has been isolated by
doukle decomposition from TaH(PO4}2 and either MC1l or MOH.431
Results consistent with the formation of [Fe(H2P04)]2+ and
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[Fe[H2P04)2]+ have been obtaineg+from a study of equilibiég and
complexation kinetics in the Fe —H3PO4 system at pH <2.

The monophosphate complex, [Rh(NH3}5PO ].3H20, can be prepared
from [Rh{NH3)5C0 ]ClO4 and aguecus phospho;ic acid and formation
of the diErotonated form [Rh(NH3)5(H PO2
and H2PO4 /H3PO4 has also been studied. Continuing work on
ruthenium ammine complexes as models for biclogically important
complexes, [Ru(NH3}5(H2PO4]][PF6]2.2H20 has been synthesised and

cyclic voltammetry, pKa, ete. data reported.434

from the aquo complex

Cation cccupancy in ZnB_Xqu{P04)2 where x = 0-3 has been

investigated by 31P MAS n.m.r. spectroscopy showing sensitivity

of the 31P isotropic shift to changes in the local environment,

particularly at the nearest neighbour cation site.435 The
cation distribution results are comparable to those from
diffraction methods and can be obtained in far less time.

A range of amidophosphates, including Cr(P03NH lzNO 436
CO{HPD3NH )2.3H2043:3gnd Ni[HPO3NH2] .5H20, and
Cd[HPOBNH2)Cl.iH20, Cd(HP03NH2)2.1§H20, H921P03N).3H20 and
Hg3(P03NH)2.5H20 has bheen synthesised from potassium amido-

3’

rhosphate and an appropriate metal salt in agueous solution.
Formulation as containing the [POBNH3]— don follows from i.r,

spectroscopy.
Difluorophosphoric acid can be prepared via P03F2_ by direct
fluorination of P043_ with HSO3F.439 Monosolvated difluoro-

phosphates M(0Q PF2]2.HP02 5 can be iscolated from reactions of
metals such as Mn, Co, Ni and Fe with the free acid and a related
Cr{III) compound Cr[OaPF2 3.HP02 > has been cobtained from a
reaction with CrBr Fecl3 in ether solution gives an
ansolvous product, FetozPF2]3 which i.r. spectroscopy indicates is
polymeric with bridging diflucorophosphate groups. The presence
of such bridging groups has been confirmed by X-ray crystal
structures for Co(OzPFz)z.ZMeCN, obtained by recrystallising
Co(OzPFz)z.HPoze from acetonitrile, and Cu{OzPlez.441 The
cobalt compound is a linear polymer with the metal in octahedral
cocrdination to four oxygen and two nitrogen atoms, while the
copper compound forms a three dimensicnal polymeric structure with
four short {1.899-1.98448) square planar Cu-0O beonds and two longer
bonds (2.479-2.622A) completing distorted octahedral coordination
about copper. This leads to effective tridentate coordination
for the OZPFZ” group.
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A uvranium difluorophosphate, U02{02PF2)2, results when P203F4
reacts with either UO3
on heating eliminating POF3 to give the monofluocrophosphate
U02[P03F].442 Thermal decomposition of CaPO3F.2H20 initially
leards to loss of water but in subsequent processes HF and PDF3 loss
are important giving a—Ca2P207 as the final product.443 The
related Mg[NH4)2[PO3F]2.2H20 12235 NH3, HF and H,O0 on heating but
the final product is Mg2P4012.

Compounds with the composition MxVOPO4.nH20 where x = 1 have

been isolated following the intercalation of alkali, alkaline

or uranyl nitrate; the compound decomposes

earth and transition metal cations into VOP04.2H20 in the

rPresence of reducing agents.445 Dehydration of VOHPO4.§H20
leads to two new VOPO4 polymorphs (6 and y) and a layered {(y} form
of (VO)2P207.446 The diphosphate which has high selectivity in

the catalysis of methacrolein oxidation to methacrylic r:u:ic'l,dl;’7

shows a correlation between degree of crystallinity and magnetic
defect density over the temperature range 4-350K.448

+ +
Association between Na+, Mg2+, Ca2 ; Ba2 or Zn2+ with

nucleoside di- and triphosphates has been studied by 31P n.m.xr.

spectroscopy.449

ZnBRb2[P207}2 and the Col(II) anaiggue are isotypic from recent
preparative and structural studies and a neutron diffraction
study has been carried out on 2Na3P3ggiTe[0H)6.6H20 to
supplement the previous X-ray study.

It is a curicus fact that although triphosphate hydrolysis is
slow in aquecus solution, in biclogical systems it is wvery fast.
Some insight into this has been gained in a study of triphosphate
hydrolysis in the complex (glg} (tacn is 1,4,7-triazacycloncnane}
in the presence of [Co(propanediamine)(OH)(0H2)]2+ which is ca.
106 times faster than hydreclysis of the uncombined species.452
A mechanism has been suggested which provides an indication of the
roles that metal ions may adeopt in enzymatic systems. The

structure {218) has been determined.

@]
Qs

//O'—"Pi;;o
{tacn)Co¢ " — O —P — O
O——-JP—O

O\O
218}

(
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The structure has been determined of Na(NHg]4P3O1D.4H20,453 and
5

454 4
both KMg2P3010.6H20 and NH4Mq2P3P10.6H20 isclated. Steps

in the thermal decomposition of FeH2P3O10.2H20 have been followed
by X-rav diffraction.456
457 458
Tetragonal K4P4012.4H20 and Cs4Sr3H2[P4O12]3 have been
subjected to single crystal X-ray diffraction; the anicon in the

former lies in a 4 axis while the latter is structurally similar
to Al4[P4012]3 and Zn4Na4[P4012]3. Mgz(NH412P4013.1ig§0 has
been identified in the (NH4)6P4O13-Mg(N03]2—H20 system and i.r.
and Raman data are now listed for the decametaphosphate,

460
BaZZn3P1DOBO'
The high temperature form of LiK(PO4), contains infinite PO

461 3

while in Ca(P03)2

the pericd in the chain anion is four tetrahedra.462 A

chains with a periocd of eight PD4 tetrahedra

triclinic polyphosphate, Yb{(PO,),;, has been obtained from YbCl,

and (NH,) ,HPO,, heated initially to 330°c. 363
5.2.6 Bonds to Sulphur, Selenium or Tellurium

A reinvestigation of the P,5,-RSSR {R = Me, Et or Ph} reactions

(U.v. ir;adiation) under less forcing conditions than previously
shows successive formation of {(219) and (220), designated
respectively as the B and o forms by analogy with isomerisation of

the related iodide.464 Mass spectra have been reported for 9483,
/P\ /P\
5 / s s f PSR
I T
RSP ESR RSP S
P P/
(219) (220}
465
P4Se3 and the arsenic analogues. The exact mode of

cocordination between P4S3 and a transition metal depends on the
metal and its oxidation state, with coordination via the apical
phosphorus in a number of four coordinate, d1° comprlexes. In the
trinuclear compound, [Pt(u—P4s3)(PPh3)]3-PhH, obtained from
rhosphorus trisulphide and [Pt(C2H4)[PPh3)2] in acetone, on the
other hand, one of the P=-P bond is cleaved and the platinum atom

inserted.466 Coordination number four is then achieved by
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reaction with phosphorus atoms of Ph3P and a neighbouring P453
residue. In two cases the PtP4 units are almest planar, but in
the third there are substantial deviations.

Coordination between mercury(II) and the phosphinothiloite ligand
[(C6H11)2PS}_ gives the cyclic dimer (331}467 while mercury
halides and the tri-phosphorus ligands [Ph,P(S)]4;CH and

[thP(S)][MeZPtS)]ch give complexes with the cage structure

{222).468 At ca, 160°C P,5,9 reacts with tertiary alkylamines
II"S) (CgHqq) P!I
H C
- g\ T T
[H11C6)2P S R2P / PR2
PR
2
S P(C_H ) s S
6 11°2
I{ | N ) i
P(S C_H |
611" 2 x
(2211 {(222)
= - s
\hp/ ]
\‘\ R“'--. \
\;c/ s c// 5
H u” s
H H
v -
s CN\ s
\P/ R \P T ™SR
_ /7 2 1l
s 5 s
(223} {224}

{RCHz)ﬁggtD give dialkylammonium salts of the cyclic anion
(223); on hydrolysis in vacuum at ca. 190°C the compound with
R = Pri loses di-i-butvlamine and H,S to glve the novel hbicycle
(224). An X-ray structure shows terminal and bridging P-S
distances of 1,92 and 2.11A respectively with a P-S-P angle of
86.5°%.

Electron diffraction, microwave and ligquid crystal n.m.r. data
have been analysed simultanecusly to give the best refinement of



79

the PF2H(S) parameters:dTO

r{P-F) 1.5461(2)A& F-pP=F 99.1(1)°
r (P=85) 1.875(3) F-P~5S 117.2(2)
r {P-H) 1.419 H-P-5 116.4(6)

A crystal structure determination of Ph,P(S)-NH-P(S)Ph, with
short P-3 (1.915, 1,9174) and long P-N bonds (1.652, 1.700A)
suggests that this formula represents the correct tautomer but the
471 The P-N—-P angle is 131.7°
and the P=S groups are trans relative to the P~N-P skeleton.

hydrogen atom could not be located.

A number of gallium complexes, e.g. Ga[szP(OR)2]3 for R = Et,
Pr, Pr , Bu and Bui, and Ga[SzP:g:R]3 for R = CH,-CEt,-CH,,
CMe, -CMe, and CMe, -CH, -CHMe, have been preparingrom GaCl3 and
an alkali metal salt of the ligand in benzene and in two
germanium compounds, Ph3G952P(0Me)2 and thGe[SZP(DMelz]z, the
ligands are monodentate with the non-bonded sulphur atom twisted
away from possible germanium interaction.473 A multinuclear
n.m.r. study of a series of organotin{IV) dialkyldithiophosphates
in CDC13 solution points to tetrahedral coordination about tin in
contrast to the five fold coordination suggested for the scolid
state by M&ssbauer spectroscopy.474

The chelates in Nil[S PlOPri)zl2 are symmetrical with planar
geometry about nickel,375 while the necdymium complex
[Nd{SzP(OPri)2}2(Bu25013][Nd{szPIOPri)2}4] chelating ligands
raise the coordination numbers of the metal in the cation and
anlion to seven and eight respectively.476 Unidentate dithio-—
phosphate, con the other hand, is present in CpFe(CO}z[SP(S){Onlzl,
ocbtained when [CpFe(CO)2]2 ig trgated with the disulphides,
[SP(s) (OR) ,}, where R = Et or Prl.477 The preparation and e.s.r.
spectra are reported for a number of Fe(III), Ru(III) and Os{(III)
dithiophosphinates.478

Recent calculations point to the impertance of low lying
partially filled metal 34 orbitals in alkali metal intercalation
into FePS3 and other MPK3 species.479

ZnAgPS, prepared from the elements at 700K has a structure based
on close packed sulphur atoms with other atoms occupying
tetrahedral sites,480 kFut in Cszpzs6 and K2P256 there are discrete
PZSGZ_ anions, formed by edge sharing between two PS4

tetrahedra.481 The terminal and bridging distances are ca. 1.9B
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and 2.15A with an angle of 87.1° at the bridging sulphur atoms
for caesium and 85.89° for the potassium salt. A new hexathio-
hypophosphite, HfP286 obtained from the elements at 500-900°C is
an isotype of TiP,S, with a P-P distance of 2.253A and P-S
distances ranging between 1.965 and 2.067A.482
Mass spectrometry and 31P n.m.r. spectroscopy point to the
formation of all members of the P4_nAsnSe3 seiggs in th§1melt and
vapour phase in mixtures of P,S5e, and As48e3. The P n.m.xr,
shift of the apical atom, which occurs at 35.1 ppm in P4Se3, moves
to B6.6 ppm in PAs,Se, while the basal phosphorus atom shift
varies between -107.5 ppm in P4Se3 and =-60.1 ppm in the PAsBSe3
isomer with phosphorus atom in the basal triangle. Neutron
diffraction has increased the precision of the T13PSe4 and

T13ASS4 structures;484 the compounds are potentially useful in
acousto-optic devices,

Phosphorus in tris(2-furyl)phosphine selenide is in distorted
tetrahedral coordination but the P~C and P-Se distances (1.778 and
2,094A respectively) are shorter than normal and the C-P-C angles
(103.4°) are small.435 Tri{t-butvl)phosphine can be oxidised

gquantitatively by elemental selenium or tellurium to give

Bf,PSe(Te), but while the corresponding arsine will give Bl Asse
there i1s no reaction with tellurium.486 Complexes containing

BJEPTE can be obtained as falirly alr stable, dark red solids by
photolysing mixtures of M(CO)6 for M = Cr, Mo or W, and the
tellurophosphorane;487 the presence of a W—Te bond (2.875A) was
confirmed for W(CO)S[TePBJE] by an X-ray structure.

A novel ditellutophosphine, (Me3Si)3CTeTePBd3, can be prepared

when BJZPCl reacts with the substituted methylditelluride anion,
. 488

(Me381)3CTe2 R

5.3 ARSENIC

5.3.1 Arsenic, Polvarsines and Arsenides

X-ray guality crystals of the readily decomposable diarsene
[Me3si)3CAs=AsC(SiMe3)3 can be obtained by repeated
chromoatographic separations on silica gel:; the trans planar
structure is the same as that in the phosphorus analogue and As-As
distances in the two independent molecules are 2.245 and
2.243A.489

The isolation of the MjAs cluster (225) from a reaction in which
[CpM(CO]3], for M = Mo or W, was refluxed in xylene with elemental
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arsenic completes the Mnﬂs4_n series of tetrahedral clusters,490

and the versatility of Asz ag a ligand is shown 1n compounds (226)-

{228) for M = Mo or W where it behaves as respectively a four
r-electron donor, a six electron donor and an eilght electron
donor.491 Compound (229), which can also be considered as
As As=As
// \\ 4
Cp (0C} jJM — | = M(CO) ,Cp Cp (OC) ,M ———— M(CO) ,Cp
\\‘M//’
[CO)2Cp (226)
(225)
Cr(CO)S (OC]SCr ,/CI(CO)S
As —As As —AsS
4
Cp(OC)zM M(CO)2Cp Cp{OC]zM M(CO}2Cp
(227) (228)
Cp{OC)zMn Mn(C0]2Cp
As -—ASs
/ AN
Cp(OC)zﬂn Mn(C0]2Cp
(229)

—t

containing As, as an eight electron donor, arises from reductive

coupling of two [Cp(CO),Mn],AsCl arsinidine units.

The A564- and As42_ anions present in solutlons of potassium-

arsenic alloys in ethylenediamine =solution have been

characterised by EXAFS which indicates an equilibrium between
hexagonal and sguare planar species.492
A new polyvarsine, AsézBd%, obtained by the magnesium

dehalogenation of a Bu Asclz—A3C13 mixture in THF has formula

(230) on the basis of n.m.r. and mass spectrometric data.493

Five distinct so0lid phases have been ldentified in a study by

X-ray diffraction, DSC and magnetic susceptibility of the MnAs-Cris

phase s‘.ye.ten'n.‘49"l
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{230)
5.3.2 Bonds to Carbon
Methvl iodide guaternises only one of the arsenic atoms of
AS)ZCH2 and the product on treatment with sodium amide in

(Ph
2
liguid ammonia giwves the monoyiid MePh2A5=CHAsPh2.495

Quaternisaticn at hoth arsenicecs can be achieved with methyl-
fluorosulphate and the bis{arsonium) salt can be dehydrohalogen-—
ated to the carbodiarsorane MePh2A3=C=AsPh2Me, stable at —-40°C.
A red, bis(methylene)arscrane (231) has been synthesised at low
temperatures as shown in equation 43, but in contrast to the

corresponding phosphorus compound it is unstable and rearranges

PhA5012 + 3LiC(SiMe3)2Cl - PhAs[=C(SiMe3}2]2

(231}

C(siMe, )
3’2
phas” eea{43)

\
C(SiMe3)2

{(232)

to the isomeric arsirane (2231.496 .

1-Phenyl substituted compounds (233), M = As or Sb) can be
synthesised from reactions between PhMCl2 and 1,4-dilithium
butadiene; the arsenic compound 1s a light yellow oil, sensitive
to oxygen but stable at room temperature under an inert
atmosphere, but the antimony analogue is more labile, darkening
at room temperature and forming a resin.497

Convenient, but low yvield, methods have been devised for
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F
¥ CH2C1
(/ '§ F
M
Ph // /
AS"‘*-—____-—“
(233) F X" X
F ¥ {235)
F
(234)
triptycenes (234) containing two different Group 5 elements.498
In addition to preducts in which M = M' = P, As or Sb, compounds
with M = P, M' = As or Sb and M = As, M' = Sb have been prepared

in a stepwise process between lC6F4L1)3M and M'Cl3

Only three chlorines in C{CH Cl]4 can be substituted by NaAsFPh
groups to give ClCH C(CH AsPh }, which with anhydrous HI can be
converted to CI1CH C[CH A312)3 ag Further reaction with H,0 or
st then leads to (235) with X = O or 5§ respectively, while the
iodide on reduction with sodium in THF yields (236) initially but

in boiling THF the product is the nortricyclane (237).

2

CHZCl CH2Cl
I-As An-I As—
\AS / \ /
{236) {237}

I.r. and Raman spectra ¢f the 1:1 adducts of BX, (X = Cl, Br or
500 501 3

I) with MeAsH, and Mezh sH have been analysed on the basis of
CS symmetry. Data are also available for Me3As.BX3.502
MezhsNEtz on reaction with BH3.THF at =-90°C yields comparable

amounts of two new 1:1 addition compounds (238) and {(239);:; on
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warming, {239) rearranges to (238) which then decomposes to

MezASvTEtz Me2§f-NEt2
BH, BH,
(238) (239)

503
M62ASH.BH3, EtzNBH2 and Et2NB2H5.

bis(trifluocromethyl)nitroxyl, {CF3)2NO, reacts with {CF3)2ASK {¥X =
F or Cl}) to give (CF3)2N0A5(CF3}X and (CF3)2NOCF3, but with

(CF,) ,AsBr bromine is displaced to give initially {(CF,) . NOAs(CF.,)
372 5043 2 372

At elevated temperatures,

which adds nitroxyl producing [(CF,) ,NO],As(CF;),.

Structures showing coordination of silver by both arsenic and
oxygen atoms of a coordinated nitrate group have been
determined for the complexes [Ag(AsPh3)nNO3] where n = 1-3,
obtained from stoichiometric amounts of AgNO, and PhiAs 1in an
acetone-acetonitrile mixture.505 Two further compounds,
[Ag{AsPh3)4][SnPh2(N03)2X] where X = N03 or C¢1, contain the
unusual tetrahedral [Ag(AsPh3)4]+ cation {(Ag-As 2.643-2,700&) and
can be obtained from AgX in the presence cf thsn(N03)2. Discrete
tetrahedral monomers are present in [Ag(AsPh3)3Cl].i(acetone).
obtained from Ph3As and AgCl in an acetone-—acetonitrile solvent
mixture, while AgNO3 and the diarsine. thAsCHZCHzAsth, yield
polymeric (AqNO3)2[thAsCH2CH2AsPh2].506

A series of platinum complexes PtL4, where L = P(OBu)B, AsBuB,
can be obtained from Pt(cod)2:507
differently with the ligands Ph,MCH,MPh, depending on whether M =

P or AS_SOB For the former, the product is PtMezlthPCHszhz)

and PtMez(cod} reacts

while the arsenic compound gives dinuclear
Meth[thAsCthsthlthnez. N

A new open trinuclear cluster, capped with a L4=ASBu~ group, has
heen prepared by heating S{NASBJE]E with 053(00112.509

5.3.3 Bonds to Halogens

The anion in [Ph4P}2[A52C18], obtained from either an
AsCl3—Ph4PC1 reaction or by treating Aszss and Ph4Pcl with
hydrogen chleride in dichloromethane, is centrosymmetric with two
AsCl5 pryramidal units sharing a common edge.51o Bridging and

terminal As—Cl distances are 2.746, 2.941 and 2.179-2.303%

respectively.



385

The heavier Group 5 trihalides, AsC13, SbC1l
with toluene-3,4-dithicl (ELH2) to give complexes of the type
MC1L, [Sb(LH)L]}, Et,NH{BiL,] and Ph,P[SbL;1.”''  An X-ray
structure for AsClL shows pyramidal geometry about arsenic (As-S
2,209, 2.226; As~Cl 2.236A);:; the antimony compound is presumed to
be similar but the bismuth derivative is probably polymeric,
Attempts to remove the final proton in [SbL{(LH)] by addition of

base gave a purple antimony (V) anion [SbL3]_.

3¢ and BiCl3 react

As(OTeFS)5 has been reprepared by reacting AsFg with B(OTeF5}3
in 80, and the compound shown to give [As{OTeF:) 1 with

CsOTeF5.512

5.3.4 Bonds to Oxygen

The +3 OxXxidaticon State. Conformational changes in dialkylamino-
arsolanes (240, R = H or Me, R'" = Me, Et or Pr) as a function of
solvent, concentration and temperature have been followed by Tu
R +
O 2 O 2~ ()
L] / / \AS/’
u u
\Q R = N /
2 +

(240) (241)

and 13C Nn.m.r. sPectroscopy.513

The bicyclic arsa-octadiene (241), prepared from AsC13 and the
secondary amine HN[CH2CBut(0}]2, is a stable planar compound,
similar to the previously prepared phosphorus analogue,
representing a system where a 10 electron bonding scheme is
preferred.s14 (For related antimony and bismuth compounds, see
references 583 and 614.) Staudinger reactions of picryl and
tosyl azides with the tetracoordinated arsatrane (242) leads to
new arsinimines, still containing the N+As donor bond (243),
which can then dimerise to cyclodiarsazanes (gii).515
A new hydrogen dlarsenite, K3HA5205.6H20, has been isolated from
a reaction between KOH and A3203 in the presence of a limited
amount of water.516 The structure shows discrete HA52053- ions
based on cornexr sharing between two ASO3 pseuvdo-tetrahedra in a
gemieclipsed conformation with one arsenic lone pair sym with

respect to an As—0O bond at the second arsenic. The mean bridging
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Me Me
|/J\O K\o
NR
\\ ™~ o
H——>> As_ HN . As\
o Me o‘// Me
Me Me
{242) {243)
Me Me
Me
o g o
™~ |,, ~ 7
HN As As NH
T ~
o} R O
Me
Me Me
(244}

As-0 distance is 1.838 and terminal distances range between 1.722
and 1.775X.

The +5 Oxidation State. Structures have been reported for a

series (245)-(251) of five coordinate spircarsoranes containing
five membered rings to assess the effect ©of these groups on the

deviation from trigonal bipyramidal geometry.517'518 Structures
O
p\
Ph T”\T,Me

o] o

~ - _o©
As Ph——As\‘

o” No |HJSH‘
{245) © Me
—_ i

o
£246)
Ph
°Lt -
As
o’ o
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But
o Me, (o]
Me-As R-AS
0 — 0 t
Mez 2 Bu 2
(248) (249, R = Me, OH or Ph)
t
c1 . Bu
cL Me e
o 2 Q I o
~ P
Ph—-Asx As
/
© c1 |, Me, 0 o Byt
cl
(250) (251}
of {(246), (248), and (249, R = Ph) show arsenic geometry close to
trigonal bipyramidal while rectangular pyramidal geometryv is
observed in (243); intermediate character is shown by (247) and

(249, R = OH), the latter a hydrogen bonded dimer.

Toxic arsonic and arsinic acids can be readily removed by
reaction with pendant catechol groups attached to a polystyrene-
divinyl benzene backbone as shown in equation 44.519 Regenera-—
tion of the resin is then by hydreolysis with sodium carbonate

solution.
RASO(OH)2 ! E
> CH, CH,,
R
A
o (o}

CH

2
OH HO
OH HO

>
%

T

--a(44)
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(NH4)2H
{NH,) .50, and arsenic acid, shows ordered As0O, and SO

47274 520 4 4
tetrahedral positions and a metaarsenate, Ca(AsD3]2 obtained

from mixtures of CaCO3 and arsenic({III) oxide heated eventually to

500°C, is probably isostructural with Pb5b206.521

3(A504J(so4), obtained from stolchiometric amounts of

5.3.5 Bonds to Sulphur, Selenium or Tellurium
According to X-ray diffraction, the AsS unit in
(M9505)2M02{A55)52C0(C0)2, obtained from C02{C0)8 and
[(Me_.C_) . Mo.S8 . As.S] in toluene solution, behaves as a u,, n°
5 5532 252 2 2
ligand. A series of new—-dinuclear metal complexes containing

cocrdinated As,S and P,5 units have been synthesised by reactions
of [(triphos)Co{Ezs)]BF4 with either [Rhcl(cod}zl or

Co(BF4)2.523 The complexes are formulated as
[[triphos)M(EZS)M1(triphos)][BF4]2 and a triple decker sandwich
structure has been found for the arsenic derivative with M = M1 =
Rh. The As,S ring in [Co(Aszs)(triphos}]BF4 has been caonverted
into a four membered thiodiarsete ring in (252})by treatment with a

large excess of diphenyldiazomethane.s24

]

e

(triphos}Co f
\As — CPh

(252)

2

Over a 24h period at room temperature, ethylenediamine and

A5253 deposit elemental arsenlec and give cryvstals of
[enH2]3[A5286]6.69n.525 The anion contalns a discrete chair
shaped As,S, ring with exocvclic sulphur atoms (As—-S5 2.15A) in
equatorial positions; the endocyclic As-5 distances fall between
2.274 and 2.314A. A second new anionic arsenic sulphide As,S, .
has been isclated as the cesium,526 rub:l.d:l.u.m527 and ammonium salts
by reactions of As,5, and agqueous alkali carbonate 1n sealed tubes

at ca. 200°C, As shown in Figure 9, the anion in the cesium salt

2=

is polymeric, based on eight membered As4S4 rings, each
connected by As-S-As bridges to three other rings. In the
monchydrated Rb' and NH4+ salts which are isotypes, the anion is
again polvmeric but based here on As353 rings interconnected by
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Figure 9. Anion Structure in C52ASBS13 (reproduced by permission
from Z. Naturforsch., Teil B, 40(1985)571).

AsS, pyramids into a complex double chain.

In 1,2-dichloroethane solution, Ph4PC1 reacts with arsenic(III}
sulphide and anhydrous hydrogen chloride to give crystals of
Ph,PlAs,SClg] {(253); addition of a further molecule of Ph,PCl

4

leads to [Ph4P]2[A525C16] {254).528 The owverall structures can
cl S cr 7] - cl S c1 ,_

N, TN 7 N, Lax, S

As As\\ As— As\

7 7N
Cl// \\Cl 1 Cl Clj/ Cl
(253} {254)

be described in terms of edge sharing between two distorted
pseudo-trigonal bipyramids for (253) and face sharing between two
pseudo—octahedral units in {254).

Structures have heen determined for the heavier Group 5
tris{i-propylxanthates), M[82C0Pr113 for M = As, Sb or Bi.529
The arsenic and antimony compounds are isostructural with
asymmetrically chelating ligands (As-S 2.305 and 2.978&, Sb-S
2.508 and 3.006&) giving distorted octahedral geocmetry about each
central atom. In the bismuth case, strong intermolecular
interaction between the Bi(52COPri)3 units leads to a chain
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structure in which bismuth is described as showing distorted
capped trigonal prismatic geometry. Mixed chloride—xanthates,
PhMCl(52COR} where M = As or Sh and R = Me, Et, Pr or Pri, can be
obtained either from reactions of PhMCl2 and K52COR in C52
soluticon or by the recorganisation ©f 1:1 mixtures of PhMCl2 and
PhM (5,COR) ,. >3

YbAs4S7, YbA5284 anga¥b3hs459 have recently been identified in
the YbS~A5283 system,

From single crystal X-ray diffraction, Ba3(AsS4}2.7H20 is
obtained when As,Sg is3Ereated with aqueous Ba(SH),: the compound
contains isolated AsS, ions with a mean As-S distance of 2.17A
and S-As-S angles falling in the range 105.2—112.8°.532

Arsenic atoms in Aszse3 are in seven-—-fold coordination to
sglenium giving a polvhedrcocn described as face sharing between a
tetragonal pyramid and a trigonal prism,533 while AszTe3 contains
arsenic atoms in both distorted octahedral and seven—fold
coordination.534

Reaction between Aszse3 and strontium chleoride in ethylene-
diamine gives a new orange complex [Sren ]2[As3Se6]01, which
contains discrete chair shaped anions.53g

Endocyclic As-Se distances lie between 2.398 and 2.424A, the
corresponding exocyclic distances are ca. 2,.29A.

AsgTe.I, prepared hydrothermally from HI and a stoichiometric

7
mixture of arsenic and tellurium, contains like AszTe3, both six
and seven ccordinate arsenic atoms.536 Three of the five

arsenics are coordinated to six statistically distributed iodine

and tellurium atoms.

5.4 ANTIMONY
5.4.1 Polystibines and Antimonides

Although it has not been possible to isolate free distibines,
RSh=5bR, they can be stabilised in low oxidation state transition

metal complexes such as (255), obtained when Na,[Fe(CO),] reacts
with (Me3Si}2CHSbC12.537 The stibinidine (256) 1s also produced
and together with the cluster compound (257) is a product of the
reaction of (255) with Fe,{CO),. The Sb—-Sb separation in (255)
is 2.774A, substantlially shorter than that (2.837X) in Ph4sb2,
supporting the view that a measure of r—bonding remains {(see also
ref. 54B for a second stabilised distibene).

The first cyclohexastibine, Phﬁsbs, isolated as a yellow dioxan
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{CO) CH{SiMe.)
Fe 4 =3 +3 372
. U -
(Me ;Si) ,HCSb ——— SbCH(SiMe;) , (0C) y;Fe "—— Fe (CO) ,
(255) {256)
(col 4

Fé ~————\ gn-cH({SiMe

/// 3]2
(oc,:,,m.,//\ /
Fe "

" Sb-CH(SiMe,) ,

adduct from a solution of Phsb(SiMe3é§Bin dioxan, is slowly
oxidised in air at room temperature. The ring with the chair
conformation has equatorial phenyl groups; Sb-Sb distances are
2.842 and the overall molecular symmetry is close to Dgy4.

The technique of stabilising Eintl anions by using alkall metal
cations complexed with cryptands has been applied in the
formation of {2,2,2—crypt-K]2[Pb25b2].en, which 1is isostructural
with [SnzBizlz-.s39 There is a difference, however, as the Pb-Sb
anion is onlv partially disordered, with lead occupancies ranging
between 27 and 67%.

A number of new binary and ternary antimonides, usually
prepared from the elements at high temperature, have been isoclated

during 1985. Among these are: Ba28b3540 {an isotype of Srzsb3
and containing discrete SbGB_ anions) ; Ba3GaSb3,541 Ca3GaAs3 and

Ca3InP3 (the antimony compound contains isolated Gazsb6 groups

formed by edge sharing between two distorted GaSb, tetrahedra):

Ca-.Ga,Sb ,542 Ca.In,5bh, and Sr-In.,Sh (with structures containing
5 2 6 5 2¥76 5772 [ c43

strings of fused 10 membhered rings):; Ca11InSb9

Sh3-, Sb24- and isolated Inqug- anions) ; LaZnO 525b2,544

LaCoo.GBsz, LaMnxSh2 {0.65 =x=s0.76) and LaCube2 {(0.82 =x50.87),

{compounds show the tetragonal Ca.MnBi2 structure}).

{containing

5.4.2 Bonds to Carbon
Organo-antimony chemistry for 1983 has been reviewed.

545
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Reactions between (Bu Sb)4 and Fe(CO)5 in a sealed tube at 403K
give [Fe(C0)4(SbBu3)], a trigonal bipyramidal molecule with
antimony in an axial p051t10n (SL-Fe 2.547A, Sbk-Fe-C

546 axial
175.9°) . Reactions of Bu Sbcl with Na[M(CO}3Cp] {M = Mo or
)547 or Nazwz(CO) 548 give stlblnldene products, in the first

case via Cp[co) MSbButCl which disproportionates 1n solution to

give the antimony bridged species [Cp (CO} M] SbBu - A similar
product is obtained with Na2w2(C0)10, i.e. [(OC] W] SbBut which
has Lewis acld character and can be converted into [W(C0)5]3SbBut

{258).548 A stabilised distibene complex (259) has been isolated

t

(OC) W \\Sb/Bu Byt Cr{co)g
™~ Sh = sShb -
(0C) ;W W(CO) ¢ (0C) (Cr Il ot
Cr{CO}S
(258)
(259}

from a related reaction between ButSbC12 and Na2Cr2(CO}10.
By contrast, in the presence of zinc metal, this reaction leads
via reductive coupling to the distibine complex (260).549

Similar compounds ({261) and (262) are found in reactions of

t

Bu\ Cr{Co} o c1\ MnCp (€O} ,

Cl-—58bh —Sb —Cl1 R —8b-—5Sb —R
{(oC) SCr/ “~put (oc) 2CpMn/ el

(260) (261)

‘OC]2CPFEM\ Cr(Co) g

Br — 5b — Sb -—. Br
{oC) 5Cr/ ™~ FeCp (CO) ,
(262)

RSbC12 (R = Me, But or Ph} with Cp{CO}EMn and Cp(CO)zFeSbBr2 with
Na2Cr2(CO)1O regpectively.
An unusual dimeric antimony (V) oxide, (thsbBrO)z, soluble in

a range of organiec solvents can be isclated by oxidation of
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thsbBr in dichloromethane solutiogsgith atmogpheric¢ oxygen or,
better, with t-butylhydropercxide. The structure 1s based on
two trigonal bipyramidally coordinated antimony atoms sharing
axjal and eguatcrial positions.

In ligquid ammonia solution, PhZSbNa reacts with MeC(CHzcl)3 to
give Phdsbz, but with the bromide, MeCICHzBr)g the product is a
mixture of the distibine and MeC(CH,SbPh,),.>°'  As with the
phosphorus and arsenic analogues, the latter reacts with gaseous

hydrogen chloride giving MeC(CstbC12)3 and the cyclotristibine

(263} can be obtained on reduction with sodium in TH¥. The
tristibine which has C, symmetry forms complexes with M(CO)S.THF
M = Cr, Mo or W}.552 The chelate ({264} is formed when
Me
CHé“——Pth
{oC) yCor
22 o
2
5% -| =—=——— Sb
(264)
\ /
sb
(263)

thPCstbth reacts with the sulphur ylid complex
(OC)SCr[Cﬂzs[O)Mezl but5§§action with thststbth gives
(OC)4CI[Ph2$bCH25bPh2].

Pifficulties have been experienced in preparing 1,6-distiba-
triptycene, although compounds containing halogen substituents on
the rings [see {234}] are well known. The compound has now been
isclated albeit in low yield by pyrolysis of an antimony-co-phenyl-—
>4 Oxidation of (CGFS)BSb

with ICl, IBr, thicecyanogen and sulphur gives the expected

ene-mercury trimer mixture at 260°C.

products, and {C6F5)3be2' where X = NCS or NCO, can be prepared
by metathesis reactions between (C/Fc),5bCl, and either AgSCN or
KNCO.555 aAn oxygen bridged compound [(C6F5}3Sbﬂ3]20 is the
product from (CGFS}BSbCl2 and sodium azide in water.

Reactions of Ph3SbBr2 with a range of potentially bidentate
ligands, including the acetylacetone, 8-hydroxyquinoline,
salicylaldehyde, o-hydroxyacetophenone and 2-hydroxy—1-naphthal-

dehyde anions, glive products of the type PhSSb{OMe)L when the
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solvent is a benzene-methanol mixture.SSG The compounds are
monomers suggesting that the anions are bidentate giving
octahedral coordination about the central antimony.

Treatment of PhdstH with the appropriate sulphonic acid in

methanol gives sulphonates Ph4Sh038R, where R = Ph, Me, CFq,
557

CH2CH20H, 4—MeC6H4 and 2,4—(N02}2C6H3. An X-ray structure for
Ph48b03SPh.H20 shows that the sulphonate is unidentate giving
distorted trigonal bipyramidal coordination about antimony. The

"long"” Sb-0 bond (2,506A) suggests substantial ionic character.
The structure of [Ph3Sb0802(CH2)20H120, recently obtained from a
sulphonic acid reaction with Ph3Sb0, contains a linear S5b~0-8b
system and antimony again in trigonal bipyvramidal coordination

with a unidentate sulphonate group and the bridging oxygen in
axial positions.558
By analogy with the ethanol reaction, Ph35b0 with 2-methyl=-
amincethanol would be expected to yleld Ph3Sb(OCH2CH2NHMe)2 but
the product is the bridged species MEHNCH2CH208bPh2{OH)—
OSbth(OH)OCHchzNHMeS59 arising from loss of one phenyl per

antimony.

5.4.3 Bonds to Halogens
The hydrated fluoride, MnF2.2SbF3.6H20, which readily loses

water to a dihydrate, can be obtained from mixtures of the

components in agqueous HF.560 ‘A second (R) form of the complex

§SDF,.55bFg results when SbF,.SbF. is reduced by PF, in AsF,.>°!
The compound is one of a series based on a complex antimony{IIT)

caticon and the SbFG_ anion. The cation here is Sb6F155+,

compased of strongly interacting Sb2F5+ and SbFz+ units.

The SbFG_, previously known to coordinate only to SbF5 and Me
has been shown to be weakly coocrdinated to the metal in both
W(CO) ; (NO) (Me ,P) SbF > °2

3 6
563 recently examined by X-ray diffraction. In the

and a (meso-tetraporphinato)iron(III)
complex,
latter the Fe-F distance is 2.705R and the Fe-F-5b angle 150.4°.,
Two series of compounds BiFS(SbFs)n, where n = 1.5, 2 or 3, and
(BiFs}nSbFS, where n = 1, 1.5, 2, 3 or 20.6, have been
identified in a reinvestigation of the SbFSHBiFS system in liguid
tungsten hexafluoride as sc:alvent.5'6"1 The B1F5.(SbF5)n compounds
are isomorphous with {NbF5)4 and prochably consist of disordered
tetramers while discordered trans bridged peolymeric structures

egquivalent to that of BiFg itself are suggested for the
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(BiFS)nSbF5 products.

1:2 adgggts are formed in the pyrene~SbCl3 and phenanthrene—SbBr3
systems. In the former, antimony atoms lie on different sides
of the hvdrocarbon with 3.2848 belng the closest Sb...C contact.
Both antimonys lie on the same side of the phenanthrene molecule
in the second product and bonding involves interaction between the
aromatic v-system and the antimony atom (3.15-3.238). In both
structures there are a number of Sb-halogen contacts that are well
within the van der Waals radii. Benzo[blthiophene and
2,2'=dithienvl both also give 1:2 complexes where the antimony
atoms are, respectively, 3.25 and 3.16& from the aromatic rings.566

I.r. and n.m.r. spectroscopic data suggest similar structures
for the 1:1 addition compounds of Sbcl3 with a series of
N,N'—d%substitnted dithiomalonamides RHNC(S)CHzc(S)NHR, for R = Me,
Et, Prl, Bu or cyclohexyl.56? In the ethyl compound, the
antimony is attached to both sulphur atoms of the ligand (2,66 and
2.,74A) in addition te the three chlorines {(at 2.344, 2.580 and
2.576K). Preparation and structure determinations for the
toluene-3,4-dithiol complexes SbClL and Ph4P[SbL3] have already
been mentioned.s11 In the SbCl3.2L adducts with two azole~-
thiones, primary ccoordination gives a tetragonal pyramidal
arrangement about antimony but with 3-methylbenzthiazole-2-thione
the chlorines occupy fac positions while they are in a mer
arrangement with 3—methylimidazole--2—thione.568 The compounds
are in fact dimeric in the so0lid state and the structural
differences arise as a consequence of the different secondary
bonds in the crystals.

Slow evaporation of aqueous solutions of Me3NHcl and SbCl3 give
crystals of (Me3NH)35b2019 which Eggtain polymeric anlons based on
three independent antimony atoms. Each antimony is in
distorted octahedral ccordination forming three short {(2.401-
2.4732) and three long (2.883-3.3162&) antimonv—chlorine contacts.

Chlorine and antimony n.g.r. data for PhZNH2Cl.SbC13 show a
phase transition at 108K; the 35Cl lines disappear above ca. 275K
although antimony lines can be seen at room temperature
suggesting that there is cation motion at room temperature and/or
recrientation of the SbCl3 group.STO

1,3=Phenylene bis{dichlorcstibine) has been synthesised as
shown in Scheme 8; the related 1,4—analogue can be obtained

similarly.s71
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. C15b (NR,)
H,Br, _.&1,, 1,3-C_H,BrLi 272

1,3-C i

6

1,3—C6H4Br[Sb(NR2]2]

Buli

Cle{NR2)2
1,3—C6H4[Sb{NR2)2]2 - 1,3—C6H4L1[Sb{NR2)2]

EtOH

AcCl
1,3-C.H,[Sb(OEt) ], ————> 1,3-C¢H,[8bCl,],

Scheme 8

Powder neutron diffraction572 and phcnon573 spectroscopy

{inelastic neutron scattering) have been used to investigate a

series of mixed valence compounds AzM(III]D 5Sb(v}o 5X6 where A =

Rb or Cs, M = S§b, Bi, In, Tl, Fe or Rh and X = Cl or Br. Five
of the compounds, A = Cs, M = Sb, Bi or Tl, X = C1 and A = Rb or
Cs, M = 8b, X = Br, show a superlattice ordering of the bes- and
Mx63- units {space group I41famd) while the remainder are
disordered (space group Fm3m). Order or disorder correlates with
the average M[{III) M(V)-X beond length with those greater than
2.47BA being ordered and those less than 2.448A being disordered.
As the M(V)~X bond lengths are essentially constant in the
current series, the controlling factor appears to be the
difference in size between the M(III)X63_ and SbXG_ ions.

The structure of HSbClG.Qino, obtained from concentrated

solutions of the acid, contains pairs of asymmetrically
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coordinated, strongly hvdrogen bonded, Hsoz+ ions bridged by water
nmolecules (0O-H...0O 2.6B2A) to give centrosymmetrxric six membered
rings.s74 Twe new bridged basic antimony (V) chlorides, (265) and
{266) have been isclated from reactions of water—-alcohol adducts

of SbLl,. and either methane sulphinic acid or methane sulphonic

acid.57g An alternative preparative method is the reaction of
Me Me O
| \‘4
//' \\ //' \\
0] O O
, © I f SR '
Cl,sb -~ \sbc13 €1,Sb -~ SbC1,
\\‘O‘// \\‘O’/f
R R
(265) {266)
SbClS.Hzo.ROH with the tetrachlorcantimony derivatives
[SbCl‘l.OzSMe]2 or [SbCl4.O3SMe}2.

The dimethylsulphoxide adduct with SbC15 is statistically
discrdered with two positions for oxygen and sulphur; the Sh-Cl
bond trans to coordinated oxygen is shorter (2.2%A) than the
remainder (mean 2..36!;,’].5-""6 A serles of 1:2 adducts, behaving as
1:1 electrolytes in DMF gg%ution, has been obtained from SbClS and

and the SbC15 adducts with a number of

chloro—- and amino-benzZonitriles show weak i.r. and Raman bands at
-1 578

a number of Schiff bases

ca. 215 cm assigned to Sk-N stretching.
5.4.4 Bonds to Nitrogen

The amine substituted antimony (III) compound, MeSb[N(SiMej)z]z,
is the surprising product from a reaction between sbcl3 and three
mols of Na[N{SiMe3)2] in benzene solution; in addition the

reaction produces Me3SiC1 and {SiMez-N(SiMe3)}oligomers.579 The

monomeric product can be oxidised by sulphuryl chloride to
trigonal bipyramidal MeSbC12[N[SiMeB)212. Chlorine atoms occupy
axial positions (2,46%4A) and Sbhb-C and S8k-N distances are 2.116
and 1.991A respectively. Mass spectra have been reported for
Cl,5bNMe,, ClSb(NMe,),, Sb(NMe,),, Sb(NEt,), and C1Sb{(OMe)NMe,.
ezsbN3 and Etzsbﬂ3, which are monomeric in benzene, have heen

580

prepared from silver azide and the corresponding antimony bromide

581

in ether solution. In the solid state the antimony atoms in
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the methyvl compound are linked into zig—-zag chains wvia the
e=-nitrogen atoms with Sbh—-N distances of 2.32 and 2.43A. In the
related bismuth compound, which has the same structure, the metal-
nitrogen distances are equal.

New cyclic 5b(V)~N compounds can be obtalned by the oxidative
addition of N-chlorgamides to antimony{(III) chloride (267 , X = H
or Cl) or by thermolysis of mixtures of SbC15 with N-silylated
amides [gﬁﬁ).ssz

Cl2
Me(Q C 8]
O
\C/ \c"’ X
I I Cl4Sb C Cl
el X \N/
~sb Me
Cl, (268)
{267)
+ 2_
O —0sp —9
But / l But
N
. ///
(269}
5.4.5 Bonds to Oxygen
514

Like the previously reported phosphorus and arsenic
analogues, compound (269) is planar, showing thermochromism at the
melting point; it is thermally stable but reacts with water and
oxygen.583 The complex cation in [(catecholatolsb(1,10-phen}2}+
[BF4]_, ocbtained from [(C6H402)Sbcl.phen], NaBH4 and 1,10-phen in
methanol, contains three chelating ligands with 5bk—-0 distances of
2.023 and 2.020A and relatively long sSb~N distances (2.426/2.694
and 2.467/2.592A).584 The ligands are effectively located in
only half of the coordination sphere with cbwvious space to
accommodate the antimony lone pair . Some confirmation of the
presence of an active lone pair comes from the relatively large,
positive values for erzz from the MBssbauer spectrum.

Stoichiometric compounds, LaSb306 and LaSb03, together with

variable composition phases, 2La203.xsb203 where 3 =z x £ 4 have
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been observed in the sub—-sclidus region of the La20 -Sb,0

3 273
system.SBS The thermal stabilities of LnSbO3 (Ln = La, Pr or
Nd)SBG and X-ray powder data for LnSb5012 {Ln = La - Lu]58? have

been reported.

An unusual mixed oxide halide, Sb3T906C1, iscolated from a

mixture of TeO2 and Sb203 in concentrated hydrochloric acid, h?s
a layer structure based on infinite two dimensional (Sb3Te06] a8
units perpendicular to the ¢ axis separated by chloride ions.
It was not possible to distinguish between the antimony and
tellurium atoms. The o+ phase transition of szo4 is lowered
from 935 to 850°C in the presence ¢f molybdenum trioxide with
molybdenum dissolving into the B—phase.ssg EXAFS and Raman data
are interpreted in terms of interstitial molybdenum occupying
channels of high electren density from the antimony {(III} lone
pairs,. Reaction of a—szo4 with mggganese at 950°C gives
MnSb204 with the ZnSb204 structure,

Twe non-steoichiometric vanadium antimonate samples, obtained by

mixture in respectively ailr and oxygen-

calecining an Sb203KV20 Spe

5
free nitrogen, have been examined by Sb Mossbauer spectroscopy
and magnetic susceptibkility measurements and can be formulated as
respectively V(IV)O agsb[VIO 8904 and oxygen deficient

N - 581
VAIII) g 72V Vg 58P (V) 9303 sg-

tellurium oxides, szTezo9 and szTe07, with tellurium in the +4

Two new mixed antimony-—

oxidation state have been obtained by heating mixtures of Te03
with either Sb 0, or Sh,0g.> >

Selectivity sequences have been determined for the alkaline
earth metals and transition metals in the +2 oxidation state on

tin(IV) antimonate, an inorganic ion exchanger.593

5.4.6 Bonds to Sulphur, Selenium or Tellurium
Dithiocarbamates, MeSb(82CNR R = Me or Et, RR = (CHZCH2}20,
can be prepared from MeSbBr 294

2)2'
2 and Na82CNR2 in methanol at -78°C;
in the diethyl derivative the ligands are asymmetrically bonded
{Sb-5 2.554/2,960 and 2.538/2,9048) but there are short
intermolecular Sb-5 contacts (3.8474A) giving dimers (270) in the
solid state. Chelation in the pyrrolidine dithioccarbamate,
ISb[82CN-pyrrolidine]2, is less asymmetric (Sh-85 2.521/2.665 and
2.502/2.6937A) but here S5b-I bridges give a chain structure and
there is probably no active antimony lone pair.595 A redetermin-

ation of the Sb(82C0EtJ3 structure shows three short (2.511R) and
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s /S s
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EtaN. s |- sb ~ C-NEt
c ~ sp” o0 ‘\\‘S - 2
P Me
\S // \S’
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NEt,
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s 2
/ /
PhSb---- - X
\ \
S cH,,
N/
cH,,

(271)

three long (3.002R} Sh-S distances and a structure isomorphous
with the arsenic analogue.596 In Sb(SZCDEt)(oxin)2 obtained from
Sb(SchEtlzBr and potassium oxinate, antimony is in pentagonal
pyramidal coordination; two sulphur atoms, an oxygen and nitrocgen
of one oxine group and a nitrogen of the second oxine form an
approximately pentagonal plane with the oxvgen of the second oxine
cccupying the apical position. Asymmetric coordinaticn in
Sb(82C0Pri)3529 and the preparation of Pth(82COR%§30
mentioned earlier.

Oxadithia~ and trithiastibocanes (271, X = O or S} have been
prepared from PthCl2 and X(CH20H25H}2= in the oxygen compound,
the Sb...0 transannular interaction is 2.94A with chair-chair
conformations but for X = 8, interactions in the two independent

molecules are 3.31 and 3.368 with a beoat=-chair ring
597 °

have besen

conformation. In each case there are Sb.,..S intermolecular
contacts raising the antimony coordination numbers to,
respectively, five and six (for the bismuth analogues, see ref.
623) .

New antimony and bismuth dithiclates have been synthesised, see
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equation 45, and examined by H n.m.r. spectroscopy.

RSb(OEt)2 + 2R'SH - RSb(SR')z + 2EtOH ... 145)

N N N N—N

R = Me or Ph R‘=-< >,—<:l,—<j or—<’||
N= 5 ? ?—N

Me Ph

The szse structure has been redetermined as being

3
isostructural with Sb283 and Bizsea with antimony atoms in both
six and seven fold coordination.Sg Snsbzs4 and Snszse4 are

isostructural consisting of ribbons of edge sharing MS(Se)5
polyhedra; the tin and antimony atoms are randomly distributed
over the available metal sites.600
A new antimony selenide complex, [CpFe(CO)2[Se=SbMeB)]BF4, was
isolated by displacing the THF in [CpFe(CD)2(THF)]BF4 by
Me35b592.601

cbserved but there is no confirmation of TeSl:nTe3 previously
602

Two ternaries, TleFe2 and 'I'lgsb'l'e6 have been
reported as forming in the T1-5bh-Te system.

5.5 BISMUTH

Biz units behaving as n? groups are present in two compounds
cbtained when [Me3Si)20HBiC12 is treated with Naz[W{CO)sl in THF
solution.603 One compound, the previously known
{[WICO)513(u3—n2-Bizi}, contains Bil, behaving as a six electron

donor while in the new compound {(272), it is a four electron

(co) ,
W
M —— Bi
9\\ ’/,t “\\ |
//Bi ///Ki‘
(CO) ,
{272)

donor, The Bi~Bi distance, 2,.795A, implies a high degree of
double band character.,

Reaction of Etdﬂ[BiFe3(C0)10] either under pressure with carbon
monoxide or with Ph3P in dichloromethane solution gives a mixed

Zintl-metal carbonyl cluster, (Et4m)2[Bi4Fe4(C0)13].604 Centrxal
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tc the structure is a Bi4 tetrahedron with three faces capped by
Fe[C0)3 units; the fourth iron atom is associated with an Fe(CO}4
unit bonded to the apical bismuth atom. X-ray diffraction has
identified the product of the complex reaction of NaBiO3 and
Fe{CO)5 in methanoligO§OH as BizFe3(C0)9 and not BizFeS(Cojzo as
previously reported. The structure is disordered but
contains a trigonal bipyramidal BijsFe, core with bismuth atoms in
apical positions; each iron carries three terminal CO groups.

A review of corgano-bismuth chemistry for 1983 has been
published.606 Alkyl halides react with Me,BiNa to give a series
of tricrganobismuths, MezBiR for R = Et, Pr, Bu, Pri, and allyl,
while with dichloromethane the product is Me2BiCHzBiMe2.607 The
corresponding aryl substituted compounds were also prepared and
although the latter are more stable, both types of compound
reordganise to Me3Bi-MeBiR2 mixtures.

The anion in [EtzNHzl[B1014] is polymeric with BiCl6 octahedra
sharing cis edges; each bismuth forms twe short terminal bonds
{2.493 and 2.559A) and four longer Bi-Cl bridging bonds (2.688,
2.747, 2.917 and 3.007&].608 Hydrogen bonding to the cation
accounts for the longer bonds, which is also a factor in the
[Et2NH2]3[BiBr6] structure. Here bismuth lies on a three fold
axis with Bi-Br distances of 2.749 and 3.0065:609 the anion bond
angles do not support stereochemical activity of the lone pair of
electrons.

aAmong the new bismuth(III}) halide complexes with 1,10-phenan-
threline (=sL), 2-pyridinecarboxaldehyde—2-pyridyl hydrazone (=L')
and diphenylphosphynoethane {(=L") are BiCl,.L, 35 {(possibly
formulated as [BiC12L2]2[BiC15]} BiBr,.L, Bilz.L, BiX,L' and
BiKB.L“ (X = Cl1l, Br or 1I).

Ternary iodides recently isolated include 3RbI.2BiI3,
BaBiIS,G12 AgBiI4613 and Ag3BiIB.

Hydrazoic acid in ether reacts with MezBi[N(SiMe3}2] to give

MezBiN3 with a polymeric structure similar to that of the
581

611

antimony analogue.
Bismuth{III) chloride is reduced to metallic bismuth and the
complex (273) on reaction with the secondary amine

HN[CHchut(:O)]2 in the presence of triethylamine.614

Coordina-
tion about wismuth is tricapped trigonal prismatic with oxygen
atoms at the corners (Bi-0O 2.51A) and nitrogens at the capping
positions (Bi~N 2.%41). {(For related arsenic and antimony
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/’O \\\
/
Bi - N
\\ SN
0'“-“‘
L But ] 3
{273)

compounds, see refs, 514 and 583).
The Bi(N03}3
substantial differences from the sarlier measurement in that the

.5H20 structure, recently redetermined, shows

central atom is in 10-fold coordination to four water molecules,
oxygens from two almost symmetrically chelating nitrates and one
15 The fifth water molecule is
hydrogen bonded to two of the coordinated waters. A proton

n.m.r. study of the 813*-OH- system in acetone-water at low

asymmetrically chelating group.

temperatures in agreement with X-ray data confirms the
stoichiometry of the kasic complex as [B1604(0H14]6+ rather than
[Bi, (OH) ]6+ 616
6 12 -
The structure of BiBReO8 {prepared from Re207 and Bi203 at high
temperatures) is related to the fluorite structure from a
combination of single crystal X-ray and powder neutron

diffraction data-617 618 two new

. 619
sillenite type phases, B111‘5Fe14_5039 and B19.5C°16.5038 and

. 620 .
the oxide chlcorides B124031C110, Bi3O4Cl and Bi12017C12 have

The perovskite-related BazBi206,

been reported.

NaBi03.2H20 loses water molecules successively at 177 and 267°C
while oxygen loss begins at 345°C to give the metastable s§-form of
bismuth oxide (Bi,0, ;) and finally a-Bi,0,.%2]

Novel iron-bismuth compounds result by treating [Cp(CO)zFe]2
with either RBi[82§§Et2]2 or RBi[SchMe]2 (R = Me or Ph) in
refluxing benzene. Carbon monoxlide is not substituted but
either ethane or biphenyl is eliminated and the products are
Cp(co)zFeBi[82CNEt2]2 and Cp(CO)zFeBi[SZCOMelz. The former
contains a five coordinate bismuth atom with bonds to iron
{2.6418) and sulphur atoms of two chelating ligands (2.713/2.997

and 2.719/3.000A}); in addition there is a Bi...S intermolecular
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contact at 3.467A. The structure of Bi[SZCOPri)3 has been
discussed previously.szg

Oxadithia- and trithiabismocanes, analogous to the antimony
compounds (gll),597 can be obtained from RBi(OEt), and the
dithiols X{CH2CH25H]2 where X = O or S.623 The ring in the R =
Ph and X = O product has a chair-chair conformation and, in
addition to bonds to phenyl, two sulphur atoms (2.560, 2.602A) and
the transannular Bi-0 contact (2,97A), there are intermolecular

Bi...S contacts at 3.440 and 3.503%2&.

Ouantitative yields of the telluroblsmuthine, {p—tolyl)TeBiBuz,
the first of a new class of compounds, are obtained by redistribu-
tion of eguimolar gquantities of (p-—tclyl}zTe2 and BudBiz.s24 A

new ternary, orthorhombic Tb3Bi4Te9, has been identified in the

Bi2Te3-TbTe system.szs
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