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Abstract-Racemic methylneophylphenyltrityltin (1) could be resolved completely by chromatography on micro- 
crystalline cellulose triacetate coupled with fractional crystallixations. The influence of temperature on the 
chromatographic separation of compound (1) and of t-butylmethylphenyltrityltin (2) is described. 

INTRODUCTION 
Racemic organotin compounds can be partially resolved 
by inclusion chromatography on microcrystalline cel- 
lulose triacetate? In a preliminary work: column A 
(I = 35 cm, 4 = 2 cm) filled with 55 g of microcrystalline 
cellulose triacetate (53-105 p) had been used. On this 
column tetraorganotin compounds with a triphenyl- 
methyl substituent could be partially separated. 

Here we show that the use of a more efficient column 
coupled with recrystallizations can lead to the separation 
of racemic tetraorganotin compounds into the pure 
enantiomers. 

EXPERIMENTAL RESULTS 
A new column was made (column B: I = 66 cm, internal 4 = 

2.8cm) filled with 1359 of microcrystalline cellulose triacetate 
(43-53 CL) swollen in 95% ethanol; dead volume V,: 120ml; 
maximum allowed external pressure: cu. 780 torr; T= 20°C 
(thermostatized); flow - 250 ml/h; theoretical number of plates 
N = 320. 

CRROMATOGRAPHIC RESOLUTION OF 
Me(T%Me&CH~)Pb(Ph&)Sn (1) 

Column B was used to separate the enantiomers of 

*Author to whom correspondence should be addressed. 

methylneophylphenyltrityltin (1). The UV-chromatogram 
(A(v)-curve) shows only 1 peak but the cu(u)-curve can be 
used to select five fractions N2 (from 0” to (Ye), N, (from 
aN to -0.050”); R (from -0.050” to +0.050”), P, (from 
tO.050” to aJ and P2 (from a, to 00) see Fig. 1. 

The influence of the temperature on the separation of 
the enantiomers of (1) has been studied and is described 
in Table 1. 

At 0°C better resolution is obtained but chromato- 
graphy takes place more slowly (see tR in Table 1): the 
viscosity of ethanol, which is equal to 1.8 CP at O”, is 
equal to 0.83 CP at 40°C. 

A preparative separation of 1 g racemic (1) has been 
performed at 20°C by eluting successively 10 samples of 
1OOmg (1) on column B. The following fractions were 
obtained ([a]:, quantity (mg)): N2 (-32.3, 220); N, 
(-7.0, 200); R (-0.6, 100); P, (t 4.0, 250) and P2 
( + 39.8,200). 

The extreme a-values were LYE = -0.270” (+O.OlO”) 
and a,, = t 0.225” ( + 0.005”). Racemic (1) is a crystalline 
compound (m.p. 103-103.5”C). These five fractions were 
crystalline too and can be recrystallized from ethanol, 
yielding then, from N2 like from P2, crystals with a 
lower, and evaporated mother liquors with a higher 
optical rotation (see Fig. 2). 

Table I. Influence of the temperature on the resolution of 75 mg (1) by chromatography on 
column B. (VA is retention volume; ra is retention time). oN and ar, see Fig. I 

T(“C) 0 20 40 

aN (“, 365 nm) 
a,, (“, 365 nm) 

Vk = V, - V, ( V, = 120 ml); fR(min) 
Fractions 
[a]$; quantity(mg) 

-0.145 
t 0.132 

150; 102 

N2 

NI 
R 
PI 
p2 

-35.2; I4 
-7.5; 16 
- 3.2; 7 

+5.1; 21 
+41.0; I3 

-0.138 -0.128 
+0.126 t 0.120 
156: 60 1145; 45 

-33.3; I5 
-6.4; 19 
-0.7; II 
t5.6; 16 

+40.1; 13 

-30.2; I3 
- 6.8; 20 
+0.2; IO 
+4.8; 17 

+32.1; 14 

tMeasured in diethyl ether; c = 0.6 - 1.6 g/100 ml. 

I 



2 I. VANDENEYNDEet al. 

Chromatography on column B of crystals C,N, (see 
Fig. 2) ([aID = -20) gave an a(v)-curve which showed 
at the end a small positive part (see Fig. 3a) whereas 
chromatography of the mother liquor M,N,, showing a 
much more negative [aID of - 130, gave an a(u)-curve 
which was characterized by negative a-values only (see 
Fig. 3b). However, M,N, gave two fractions h&N, 
([(I]~ = - 155) and M, N3 ([aID = - 100) see Fig. 2). 

The enantiomeric purity P of the M,N, fraction 
([aID = - 130) was determined by a recently described 
method[3]: P = 0.62 (see Fig. 4) which would lead to 
[aID = - 209 for pure (-)-(1). 

The first eluted fraction M,N, has been crystallized 
from a 1:4 MeOH/EtOH mixture. The mother liquor 
MN4 showed after evaporation of the solvent [cY]~ = 
- 199, which would mean P = 0.95. Furthermore fraction 

(9 H 

0.14 0 

0.120 

0.100 

I 

0.080 

0.050 

0.04 0 

0.020 

I 

M,P, showed [(Y]~= +201, corresponding to P =O.%. 
Unfortunately neither M,P2 nor M2N4 have been 
obtained yet as crystalline materials. 

The enantiomeric purity of fraction M,& was deter- 
mined by the method3 used above for MrN2; the result 
being P =0.94. We have now developed a novel 
procedure’ related to the described one? It deter- 
mines a/A = C the same way’ (cf. Fig. 4) but replaces 
the two manual area determinations (cf. Fig. 3b) by a 
second chromatographic run? this time using an 
achirul sorbent but the same two detection instruments 
as for the above C measurement. This procedure resul- 
ted in P = 0.98. As the errors of both methods are not 
yet known quantitatively, their agreement is satisfactory. 
This means that fraction M,P, represents almost pure 
(+)-(I). 
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Fig. 1. Partial chromatographic resolution of 75 mg MeNeofPhTritSn (1) by chromatography on column B. Eluent: 
95% ethanol: -, UV absorption A in absolute units (ALJFS (absolute units full scale) = I), A = 275 nm; ---, 
optical rotation (I, A = 365 nm; Ap = 770 torr; flowrate 277 ml/h; T = 20°C. (The solution of P2 was allowed to 

crystallize for a longer period (3 days) than Nr (1 day); this explains the better separation). 



Chromatography on microcrystalline cellulose triacetate 

* (A) (1000 ug) 

I column B 

3 

-32.3 (220 ng) +39.8 (200 rsg) 

-20 (170 lo) -130 (35 q lg) +ll (170ag) +201 (30 q g) 

C,“wlT k~~.Blo3-lo3.5~c 

“l”3 Ml”4 
+12’(65 mg) -42(1OOmg) -100(15mg) -155 (20 mg) 

q p. 101-102°c 
I tryst. kleOH/EtOH 

‘2’4 ‘2’4 

-42 (5 I() -199 (14 mg) 

Fii. 2. Resolution of (1) by column chromatography on microcrystalline cellulose triacetate (column B) and by 
crystallization. C = crystals: M: mother liquor (the index following C or M gives the number of crystallixations the 

fraction has undergone). Positive and negative numbers are [a]o values. 

The enantiomeric purity of fraction MaN, was deter- 
mined by the same novel procedure? The result was 
P = 1.0, its error again being unknown. 

Chromarograplric resolution of MePh(MeE)SnCPh, (2) 
at different temperatures 

The infhtence of the column temperature on the 
resolution of f-butylmethylphenyltrityltin (2) is much 
more important than for (1). At 40°C there is no resolu- 
tion at all on column B, whereas at - 10°C important (IN 
and ap values are measured (see Fig. 5). At lower tem- 
peratures however, (2) does not dissolve enough in 
ethanol for preparative separations. Maybe diethyl ether 
is a better eluent [it dissolves (2) much better than 
ethanol, it has a low viscosity (0.28 CP at WC), and it is 
acceptable for chromatography on cellulose 
triacetate] ? 

It may be noticed that the following compounds could 
not be resolved by chromatography on column E at 20°C 
PhMe(Np)SnHt (3)‘* PhMe(PhMeXCH&SnH (4)’ 
[PhMe(Np)Sr& 0,” [PhMe(PhMezCCHJSnlz (6),“’ 
PhMe(PhMe2CCHz)SnSnPh, 0,’ PhMe(Ph*MezCCH& 
Sn-Co(COhPPh, (S),’ PhMe(Ph,C)SnCo(CO)&S)Ph2- 
PNMeCHMePh] (9): PhMe(PhMe2CCH2)SnFe(CO)&p 
(10)’ and PhMe(Np)SnFe(COhCp (11) [Np = l-naph- 
thyl; Cp = $-C~H~]. 

It is worth mentioning that this column can be used to 
purify organotin compounds too: for instance, trityl- 

tTbe racemisation of chiil PhMe(Np)SnH (3) in ethanol can- 
not be excludedf this could be an explanation why 
PhMe(Np)GeH can be separated2 but not (3). 

triorganotins R,SnCPh, can be easily separated from 
triphenylmethane [ VgPhXH) = 2 x V#,SnCPh3)1 and 
from the hexaorganoditins often present (formed by a 
photochemical degradation of &SnCPh,). Triorganotin 
halides are purified quite efficiently on cellulose tri- 
acetate, without redistributions or decompositions which 
are often observed on Si02 or Alz03. 

EXPERIMENTALPART 

Chromatography 
For the UVdetection a DUPONT photometer equipped with 

the preparative cell coupled to a DUPONT recorder was used. 
The q-values were measured with a Perkin-Elmer 141 polari- 
meter. The l,Oml, 1,000dm micro-cellule was used as flow-cell. 

SYNTHESfS OF t-BUTYLMETIiYLPHBNYL.TRITYLTIN (2) 
1 g lithium was rasped under nitrogen into 150 ml extra 

dry THF; then a solution of 11.2 g trityl chloride in 
250 ml THF was added in 2 hr under vigorous stirring. 
After 4 more hr, this solution was filtered into another 
flask through a polyethylene tubing filled with glasswool. 

1OOml of this LiCPh, solution were added to 3.5g 
t-BuMePhSnBr in 20 ml THF. After 2 hr, the reaction 
mixture was hydrolyzed and worked up. The obtained 
5.9g of a yellow viscous oil was purified by chromato- 
graphy on SiO, (elution with ben2enelp.e. l/5). 3.5 g of a 
colourless oil were obtained and recrystallized twice 
from ethanol. (1 g/l0 ml EtOH) yielding 2.5 g white crys- 
tals (4%), m.p. 115-l 15.5”C; ‘H NMR (60 MHz) (0.3 M/ 
CCL): S(MeSn): 0.22 ppm; 2J(“9Sn’H): 42.6 Hz; 
S(MeC): 1.02 ppm; ‘J(‘19Sn’H): 75.8 Hz; S(H.,,): 7.O- 
7.2 ppm; 70eV monoisotopic mass spectrum (m/e, % BP, 
fragment ion): 512,0.5, PhMe(MeE)(Ph,C)Sn; 497,0.05, 
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Fig. 3(a). Chromatogram of 170mg MeNeofPhTritSn (1) fraction C,Ng [a]~= -20. -, UV (A = 285nm) 
AUFS = 1; --, a (A = 365 nm); Ap = 740 torr; flowrate 244 ml/hr; T = 20°C. 
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Fig. 3(b). Chro&togram of 35 mg MeNeofPhTritSn (1) fraction k&N,; [alo= - 130. -, UV (A = 275 nm) 
AUF.9 = 1; --, (I (A = 365 nm); Ap = 740 torr; flowrate 244 ml/hr; T = 20°C; (adu = - 26.5” ml; JAdu = 29.9 ml. 
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Chromatography on microcrystalline cellulose triacetate 
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Fig. 5. Chromatography of 50 mg MePh(Me,C)SnCPhr (2). Evolution of the extreme a-values aN and a,, (see Fig. 
I) as function of the column temperature T. (Ap = 770 TON. 

Ph(Me,C)(Ph,C)Sn; 455,0.05, PhMe(Ph,C)Sn; 439,0.06, 
C&H,$n; 435, 0.08, Me(Me,C)(Ph,C)Sn; 351, 0.06, 
Ph,Sn; 269, 43.7, PhMe(Me&)Sn; 213, 35, PhMeSnH; 
197,8.1, PhSn; 135,6.3, MeSn; 121,0.3, SnH; 120,6, Sn. 

SYNTHESIS OFMETHYLNEOPI'IYLPIIENYLTIUlXTIN(1) 
Compound (1) was prepared like compound (2); yield: 

37% white crystals; ‘H NMR (270MHz) (0.05 M/CCL+) 
S(MeSn): 0.073 ppm; ZJ(“9Sn’H): 49 Hz: S(Me,C): 
1.167 ppm; S(Me&): 1.204ppm; S(CH,HB): 1.668, 
1.816 ppm, ‘J(H,H,) = 12.3 Hz; 6 Hsrom: 6.85-7.20 ppm; 
UV (ethanol) A,., (nm), log Q): 207, 3.98; 255, 3.45; 70 
eV monoisotopic mass spectrum: 588, <O.l, 
MePh(PhMezCCHz)(CPh3)Sn; 573, 0.1, Ph(PhMe*. 
CCH,)(CPh,)Sn; 511, 0.1, Me(PhMeXCH*) 
(CPh,)Sn; 455, ~0.1, PhMe(CPh,)Sn; 407, 2.7, 
Ph#hMe,CCH,)Sn; 345, 100, PhMe(PhMeXCH&; 
289, 4.7, Ph*MeSn; 277, 7.1, MeaPhSn; 213, 3.3, 
MePhSnH; 212, 0.8, MePhSn; 197, 26.6, PhSn; 145, 1.0, 
C*HSn; 135, 5.4, MeSn; 121, 0.8, SnH; 120, 11.5, Sn. 

SYNTHESIS OFDICARBONYLCYCLO- 
PENTADIENYLJMETHYL-1-NAPHTHYLPHENYLSTANNyL 

IRON (11) 
Compound (11) has been prepared by the usual 

method’ from MeNpPhSnC14b and Cp(COhFe. 
Na’ in THF. Yield: 78% of orange crystals 
(recrystallized from n-hexane), m.p. 92-93°C; ‘H NMR 
(60MHz) (0.43 M in CS&: S(MeSn): 0.75 ppm, 

ZJ(“9Sn’H): 46 Hz; S(C,H,Fe): 4.50 ppm; S(H.,,,): 7.1- 
8ppm; IR: v(C0): 1945 cm-’ (s); 1995 cm-’ (s); 70eV 
monoisotopic mass spectrum: 516, 1.5, MeNpPh- 
SnFe(CO)Xp; 501, 6.0, PhNpSnFe(CO)&p; 488, 3.8, 
MeNpPhSnFe(CO)Cp; 460, 1.1, MeNpPhSnFeCp; 445, 
10.7, NpPhSnFeCp; 439, 1.8, MeNpSnFe(CO)zCp; 395, 
3.6, MeNpPhSnFe; 389, 1.1, MePhSnFe(CO)&p; 383, 
0.4, MeNpSnFeCp; 339, 25.9, MeNpPhSn; 289, 6.8, 
MePhaSn; 247, 7.0, NpSn; 221, 0.8; 197, 5.0, PhSn; 185, 
15.5, CpSn; 135, 0.6, MeSn; 121, 2.6, CpFe; 120, 5.9, Sn. 
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Abstract-Eight tris(@diketonate)gaIlium(III) and seven rris@-diketonate)-indium(II1) complexes M(RCOCH- 
COR’),, with R’ being diiuoromethyl and trifluoromethyl substituents and R being methyl, phenyl, aryl, 2’-naphthyl 
and 2’-thienyl substituents have been studied by nuclear magnetic resonance spectroscopy. The complexes are all 
nonrigid (fluxional) and their ‘9 NMR spectra show four resonances in the nonexchanging regions due to cis and 
trans isomers. A variable low temperature study of these complexes was done for the gallium chelates and 
activation oarameters are calculated. The indium comnlexes all have nonexchanging regions below -100°C. The “C 
NMR data-on the complexes are also reported. 

INTRODUCTION 

The classic 19F NMR study of the aluminium, gallium 
and indium complexes containing the ligand 
trifluoroacetylacetonate (tfac-H) by Fay and Piper 
established the utility of nuclear magnetic resonance 
spectroscopy as a useful technique for the study of 
stereochemically nonrigid inorganic complexes.‘2 
Their 19F NMR study showed that the spectra of the 
Ga(tfac)s complex below 50°C and the Al(tfach complex 
below 89” to have four resonances which coalesce into 
one resonance as the temperature is raised. The In(tfac)s 
complex showed only one resonance down to -57“. The 
four resonances of the Al(tfach and Ga(tfach complexes 
are attributed to the three nonequivalent CF, groups of 
the truns (meridional) isomer and to the equivalent CF3 
groups of the cis (facial) isomer. We have reported on a 
13C dynamic nuclear magnetic resonance study of 
tris(trifluoropentanedionato)aluminium(III).’ More 
recently we also reported on the synthesis of a series of 
eight tris(difluoro and trifluoro-4-substituent-butane-2,4- 
dionato) aluminium(II1) complexes whose fluxional 
behavior was followed by 19F NMR spectroscopy.’ 

In continuation of our studies on fluxional molecules 
we have prepared the complexes of gallium and indium, 
M(RCOCHCOCHF2)3, where R is phenyl and 2’4hienyl. 
The fluxional behavior of these complexes along with the 
eight gallium and indium complexes of RCOCHXOCF, 
where R is phenyl, 2’-naphthyl, p-fluorophenyl, p- 
methylphenyl and 2’-thienyls and also the 
Ga(CH,COCHCOCF,), complex are discussed in this 
report. The stereochemical @-diketones nonrigid 
behavior of these chelates was followed by 19F NMR 
spectroscopy. “C NMR data on these complexes are 
also included in this study. 

*Authors to whom correspondence should be addressed. 

RxPERu9IENTAL. 

The method of preparation of the gallium and indium com- 
plexes of the trifluoromethvl-Bdiketones (RCOCHZOCR) was 
reported in a separate co~m&ation[S]. ?‘he di&romet~yl+ 
diketones (RCOCH$OCHF& were prepared by the Claisen 
condensation of ethyl difluoroacetate (CHFZCOOCZH5) and the 
methyl ketones (ROCH,) catalyzed by sodium methoxide.6 The 
gallium and indium complexes (R is phenyl and 2’-thienyl) were 
prepared by the same method as those of the trifluoro-fi- 
diketonates? Analytical data for those complexes are presented 
in Table I. 

NMR Spectra were taken on a JEOL-FX6OQ NMR Spec- 
trometer. “F NMR spectra were run at 56.3 MHz with broad- 
band proton decoupling. A pulse width of 18~s (w”) and a 
repetition time IO set were used in the accumulation. The spectra 
were accumulated as 4K data points and transformed as 16K 
data points over a 500 Hz sweep width for a digital resolution of 
0.061 Hz/data point. The gallium complexes were run in CDC13 
and the indium complexes in both CD& and CD#&. “C NMR 
spectra were run in CDCla using TMS as an internal standard. 
We have recently reported on the continuous recording of low 
temperature NMR spectra using the JEOL-FX6OQ 
Spectrometer.7 

RESULTSANDDISCUSSION 

The 19F NMR spectra of all the gallium complexes 
taken at ambient temperature showed four resonances 
indicating the presence of an equilibrium mixture of the 
cis and frans isomers for each complex. The least in- 
tense resonance is assigned to the cis isomer and the 
three resonances of about equal intensity are assigned to 
the tram isomers. In the cis isomer a C3 axis of rotation 
is evident, whereas in the trans isomer this axis of 
symmetry is absent and the three fluoromethyl groups 
are magnetically nonequivalent. 

As the temperature of the Ga(RCOCHCOR’)3 com- 
plexes is increased the four 19F NMR resonances 
coalesce into one resonance. Table 2 shows the various 
gallium complexes studied, the coalescence temperature 

9 
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Table I. Analytical data for Ga(RCOCHCOCHF& and In(RCOCHCOCHFZ), complexes 

Calc. Found 

Capounds U.p(*lz) c H metal C H metal 

Ga(PhCOCHCOCHF2)3a 176. 54.50 3.20 10.54 54.66 3.10 10.56 

In(PhCOCHCOCHF2)3a 1540 51.01 3.00 16.25 50.77 3.01 16.19 

Ga(2'-thlenylCGCHCOCHF2)3b 2000 42.44 2.23 10.26 46.16 2.35 10.17 

In(2'-thienylCOCHCOCHF2)3b 1790 39.81 2,09 15.85 39.68 2.09 15.83 

'Ph,C6H5 

b 2'-thienyl,C4H3S 

( Tc) and the chemical shift difference (Av). The chemical 
shift difference was taken as the average separation in 
hertz in the nonexchanging region between the low field 
resonance and the three resonances at high field? 
From this data the rate constant (L) at the coalescence 
temperature (Tc) is obtained (eqn 1) and the free energy 
of activation (AG+) is calculated (eqn 2): 

k, - “:4’) (1) 

AG+ = 4.57T,(10.32 t log TJt). (2) 

The stereochemical barrier is ca. 17.6 f 0.7 kcal for all 
the gallium complexes studied. While the mechanism for 
this intramolecular rearrangement is unknown, a detailed 
topological analysis of aluminium b-diketone complexes 
having fluoro substituents suggests a bond rupture 
mechanism which takes place through a square pyrami- 
dal (SP) intermediate. The bond rupture is believed to 
take place at the fluoromethyl group end of the bidentate 
ligand? The fluoro moieties, p-fluoro and CF,, in 
Ga@FC&,COCHCOCF,), gave the same free energy 

of activation, indicating that these fluorines are exchang- 
ing at the same rate. 

Table 2 also shows the comparison of the activation 
energies of the gallium complexes with the aluminium 
complexes as previously reported.4 A stereochemical 
barrier of ca. 20.8 f 0.6 and 17.6 _+ 0.7 kcal is observed for 
all the aluminium and gallium complexes, respectively. 
Our free energy of activation data for Ga(CHFOCH- 
COCF& agrees with that of Fay and Piper; however, we 
observed a slightly higher coalesecence temperature of 
67” vs 61 SO.2 

All of the indium complexes in CD,& gave a 
coalesence temperature ( TE) of ca. -95°C which is within 
the lower limit of our variable temperature accessory. 
Taking the average value of the separation (Av) of the 
resonances of the isomer of the aluminium4 and gallium 
complexes studied to be 9.3223.44 Hz and 12.365 
4.55 Hz respectively, one obtains on linear extrapolation 
a value of AV as 15.40 + 7.30 Hz for the indium com- 
plexes. This yields an exchange rate constant of 34.22 
16.2 s-’ with a AG+ of 9.0 k4.3 kcal/mol at the assumed 
coalescence temperature of -95°C. Error limits were 
calculated assuming a constant percentage error in the 

Table 2. Exchange parameters for Ga(RCOCHCOR’) complexes 

R R’ Av(Hz) k,W1 1 Tc(“C) AG* (kcal/mol) 66' (kcalbl)a 

Pknyl 

2'-thlenyl 

phenol 

P'-thlenyl 

methyl 

2'-naphthyl 

p-methylphenyl 

p-fluorophenyl 

CHF2 14.38 

CHF2 15.81 

CF3 9.28 

CF3 8.67 

CF3 8.63 

CF3 8.30 

CF3 8.79 

17.29d 

CF3 

20.03e 

31.9 79 18.3 

35.1 77.5 18.1 

20.6 63 17.7 

19.3 56 17.4 

19.2 67 18.0b 

18.4 41 16.6 

19.5 43 16.7 

38.4 89 17.2 

44.5 62.5 18.4 20.8 

21.2 

21.5 

20.3 

20.3c 

20.4 

20.1 

21.5 

a Data for the corresponding Al chelates (kcalbl) ref. 4 

b AG+ is.17.2 f 1.5 kcal/mol from ref. 2 

' AG t Is 19.6 f 1.7 kcal/mol from ref. 2 

d p-FC6H4 fluorines 

e CF3 fluorlnes 
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Tris(difluoro and tritluorobutane-2,4dionato)gallium(II) and indium(lI1) complexes 

Table 3. “C NMR chemical shift (ppm) data for the diketone ring carbons in GaWXHOR’h and In(RCO- 
CHCOR’)j 

C(RCOCHCUR')3 In(RCOCHCOR')3 

R R' R-C-O R'-C-O C-H R-C-O R'-C-O C-H 

w5 CHF2 190.9 180.2 92.3 193.2 181.7 92.8 

2'-C4W3S' CHF2 184.2 179.7 92.4 187.7 180.7 92.6 

C6H5 CF3 192.3 173.0 92.6 194.7 174.6 93.2 

2'-C4H3S' CF3 184.6 172.0 92.5 186.8 173.5 93.0 

CH3 CFJ 202.4 171.5 96.4 

2'-C10H7b CF3 192.0 172.2 92.8 194.5 174.5 93.5 

P'FC6H4 CF3 190.8 172.7 92.2 193.0. 174.8 92.8 

P-CH3C6H4 CF3 191.9 172.7 92.0 194.3 174.0 92.8 

a 2'-thlcnyl 

b 2'-nsphthyl 

I1 

,a07 

Fig. I. Tern rature dependence of the ditluoremethyl region of 
the tg NMR spectra of Ga(CJI&GCHCGCHF&. 

exchange rate constants of the ahuninium and gallium 
complexes. If the rearrangement of these cis and trots 
isomers involve a bond rupture mechanism via a square 
pyramidal intermediate? then the coalescence tem- 
peratures and the activation energies are not too surpris- 
ing as the bond strengths of the metal oxygen bonds are 
Al-O > Ga-0 > In-O. 

Figure 1 shows the temperature dependence of the 
difluoromethyl region of the 19F NMR spectra for 
Ga(C,H,COCHCOCHF&. The spectra were taken at 33, 
62, 76, 79 and 87°C. Relative to the low field resonance 
the resonances occured at 0.00, 6.71, 15.50 and 20.94 Hz 
at 33°C. 

The 13C NMR spectra of all the aluminium complexes 
previously studied’ showed nonexchanging behavior at 
cc. 31”. whereas the gallium and indium complexes all 
showed exchanging behavior at cu. 31” except for a 
phenyl carbon resonance of Ga(CsH5COCHCOCHF& 
and a thienyl carbon resonance of Ga(2’-C,H$XOCH- 
COCF,),. Chemical shift data for the diketoneate ring car- 
bons are presented in Table 3. In general the respective 
carbons in the indium complexes are more deshielded 
than those of the gallium complexes. The corresponding 
carbons in the aluminium complexes were the most 
shielded with the order of shielding for the diketone 
carbons being C-H > R’-C-O > R-C-O. It is interesting 
to note that the CHFz group gives the larger chemical 
shit on the R’-C-O carbon than the CF, group. The 
shieldings at this R’C-O carbon show an upfield shift as 
the R’ substituent is changed from CH,” to CHF, to 
CF,. These shifts have been explained by assuming the 
diketone ring to be quasi-aromatic and that the 
paramagnetic effect is dominant.” Also the methyl 
substituent gave a larger deshielding of the R-C-O car- 
bon while the 2’4hienyl substituent had the largest 
shielding at this carbonyl carbon. The chemical shift of 
the R-C-O carbon having an aryl or phenyl substituent is 
intermediate between those of the methyl and 2’4hienyl 
substituents for the aluminium, gallium and indium 
complexes studied. 

The data presented herein give further support that 
nuclear magnetic resonance spectroscopy can be a con- 
venient method for the study of the stereochemically 
nomigid metal Bdiketonate complexes.‘z*‘3 
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TELLURONIUM SALT CHEMISTRY: 
SOME FLUORIDES AND CARBOXYLATES 

WILLIAM R. MCWHINNIE* and JAHANGIR MALLAKI 
Department of Chemistry, University of Aston in Birmingham, Birmingham B4 7ET, England 

(Received 27 May 1981) 

Abstract-PhlTeF is ionic and no evidence is obtained for a covalent form in solvents of relatively low polarity. By 
contrast significant covalent interaction is seen for Ph&H,)Te(OOCR)(R = Ph, o-CH,OC&, m-NO&H,). 
Factors influencing the formation and stability of covalent forms of telluronium “salts” are discussed. 
Phenyl(methyl)telluro~~-alto-phthalate is shown to be a monomer in chloroform solution. The structure of the 
compound is discussed in relation to NMR and IR data and against the background of previous literature reports of 
both dimeric and monomeric diorganotellurium-&ho-phthalates. 

INTRODUCTION 
Our recent work’ on the solution chemistry of telluron- 
ium salts, particularly the series Ph,(CH,)TeX(X = Cl, 
Br, I, NCS, OOCPh) led to the suggestion that, in sol- 
vents of low polarity a covalent form of the “salt” pre- 
dominates. Reductive elimination of CH,X may then occur 
from this species. In solvents such as DMSO however 
the ionic model, Ph,(CH3)Te’X- seems valid, although 
considerable ion pairing occurs at high concentration. 
Recent crystallographic studies on triphenyltelluronium 
salts Ph,TeX, e.g. X =NCS: NC03 or Cl4 have 
revealed that weak association occurs in the solid state. 
Our solution data for Ph~(CHJTe(OOCPh)’ and for a 
range of salts stable to reductive elimination of alkyl 
compounds’ also indicate that the covalent form is at 
least a dimer. 

In this paper we attempt to explore a little further 
some factors which affect the stability of the covalent 
form of the compounds. At the same time we seek to 
examine a difference between ourselves6 and others’ 
concerning the molecular complexity of Ph2Te(ortho- 
phthalate). We include this discussion here since it ap- 
peared at one time that a telluronium salt model might 
account for the difference observed. 

EXPJZRIMRNTAL 
Synthesis of compounds. The preparation of methyldiphenyl 

telluronium benzoate has been given[l] but some IR data is 
included here for comparative purposes. 

Methyldiphenyltelluronium o-methoxy benzoate and m- 
nitrobenzoate. The freshly prepared silver salt of the ap- 
propriately substituted benzoic acid (0.001 mol.) was reacted with 
methyldiphenyltelluronium iodide’ in distilled water (50 cm3) 
contained in a r.b. flask fitted with a rellux condenser. The 
mixture was heated for 2 hr after which the. (quantitative) yield of 
silver iodide was filtered. The filtrate was then allowed to stand 
in a desiccator over copious P4010 until crystallisation occured 
(attempts to evaporate off the water thermally led to loss of the 
methyl ester and to a residue of diphenyltelluride). 

Ph,(CH,)Te(o-CH,0C6H4COQ, white m.p. 98°C. Found: C, 
56.3: H, 4.70%. C,,HmO,Te requires C, 56.3; H, 4.47%. 
Phz(CHs)Te(m-N02C&COO), pale yellow m.p. 110°C. Found: 
C, 50.0; H, 3.50% C&-InNOITe requires C, 51.8; H, 3.67%. 

TriphenylreNuronium fluoride. Some difficulty was experienced 
with this preparation, however, the following method appeared to 
give sat&factory material: triphenyltelluro&m &lo&e (3.3 g, 
0.0086 mol), silver (I) oxide (1.0~. 0.0043 mol) and distilled water 
were placed into aflask and &red for 2hr at ambient tem- 
perature. Filtration of silver chloride followed by treatment with 

*Author to whom correspondence should be addressed. 

hydrofluoric acid gave after evaporation, white triphenyl- 
telluronium fluoride Ph;TeF, white m.p. 180°C Found: C, 55.9: H, 
3.80% Cl&me req&es: C, 57.2; c, 4.00%. 

MethvKohenv/Murium (Iv) ortho-ohthalate. Methvl- _1 . . 
(phenyl)telluride was prepardd by -potassium metabi- 
sulphite reduction of Ph(CH,)Te& prepared by the method 
of Morgan and Drew.* The telluride (0.02 mol) was dissolved in 
benzene (30 cm’) and treated with thionyl chloride (0.02 mol) 
over 30min under dinitrogen. Stirring at room temperature for 
3hr gave white methvl(phenvl)telhuium (IV) dichloride which 
was ~ecrystallised fro&-glac&l~acetic acid. Found: C, 28.9; H, 
2.60; Cl, 23.0. Calc. C,HsC12Te: C, 28.9: H, 2.70; Cl, 24.4%). 
Treatment of Ph(CH,)TeCl, with sodium orfho-phthalate follow- 
ing the method -of &ncd afforded Ph(CHs)?e(CsI-I,04) m.p. 
102°C. Found: C. 45.3: H. 2.80%. M. 350. LH,,O,Te reauires: 
C, 46.9; H, 3.10%; M, j83: ’ -- ‘* - = 

Physical measurements. Conductivity measurements in 
dimethylsulphoxide solution were carried out using a standard 
bridge and a MuUard type E7591/B cell of constant 1.46. 

IR spectra (400&250cm~‘) were obtained for KBr discs and 
chloroform solutions with a Perk&Elmer 457 spectropho- 
tometer. ‘H NMR spectra were obtained at 60MHz using a 
Perkin-Elmer R14 instrument. 19F NMR data for Ph,TeF were 
obtained via the University of Birmingham and a ‘=Te NMR 
study of the same compound was undertaken by Prof. P. 
&anger of the Universitt de Rouen. 

Molecular weights were measured using a Knauer vapour 
phase osmometer. 

Mass spectral data were obtained at 70eV with an AEI MS9 
instrument. 

RESULTS 
The compounds considered in this paper gave satis- 

factory IR and ‘H NMR spectra. In particular correct 
ratios of aromatic to aliphatic protons were noted in the 
NMR. Thus, despite a tendency for the compounds to 
give low carbon figures, we are satisfied that they are 
pure. In Table 1 we gather together physical data rele- 
vant to our discussion and in Table 2 the major features 
of the mass spectrum of Ph,(Me)Te(OOCPh) are docu- 
mented. 

DISCUSSION 

Our earlier paper’ established the concept that 
“covalent” forms of telluronium salts could exist in 
solution when the solvent was of low polarity and, for 
Ph#H,)TeX, reductive elimination of CH3X was from 
this associated species. The order of stability of the 
above compounds to reductive elimination was: X = 
PhCOO > Cl > Br = NCS > I. 

There is the implication within the series that the more 
electronegative ligand atoms are best able to stabilise the 

13 
POLY Vol. I. No. I-B 



14 W. R. McWHINNIE and J. MALLAKI 

Table 1. Physical data for new tellurium (IV) carboxylates 

IR data (cm-‘) Methyl resonance &(DMSO) 
v(CO0) Av (6 vs TMS) (lo-’ M) 

1600,13!M (solid) 210 
1600,1380(soln)t 220 
1600,1385 (solid) 215 
1600,1385 (soln)t 215 

(initial) 
2.%t 

2.98t 

(~~~~ . 20 

3.85t 25 

Phz(CH,)Te(OOCC,&NOz) 
Ph(CH;)Te(Cs&O3 

1605,1234 
1645,1310(solid) 
1645,1320(soln) 

2.80* 3.901 23 
z 3.28t 
325 

tChloroform solution (CIXX, for NMR). 
*DMSO solution. 
(The methyl resonances initially observed showed weak satellite peaks with JT_H = 25 Hz). 
qe “tinal” methyl resonance occurs at the same position as that observed for the appropriate methyl ester. 

covalent form. If this is so it may be that the fluorides 
would be covalent in chloroform solution and stable to 
reductive elimination. We therefore attempted to syn- 
thesise Ph&&)TeF, but to date have been unsuc- 
cessful. 

Triphenyltelluronium fluoride has however been syn- 
thesised and has been subjected to study by both 19F and 
‘*‘Te NMR spectroscop. Neither technique revealed 
the presence o 

n? 
J12sTo-19F, each giving a single resonance 

in chlorofor solutidn which is quite consistent with an 
ionic formulation. Not surprisingly therefore, in addition 
to the electronegativity of the ligand atom, the solvation 
energy of the anion also influences the relative stability 
of the covalent species. Whilst fluorine is the most 
electronegative of the ligand atoms considered, fluoride 
will undoubtedly have the largest solvation energy of the 
possible anionic groups used. 

We have previously reported some data for 
Ph&H,)Te(OOCPh).’ The effect of introduction of 
ortho-methoxy-or meta-nitro-groups to the benzoate 
portion of the molecule is now considered. In the case of 
the o&o-methoxybenzoate the data in Table 1 are al- 
most indistinguishable from those for the benzoate, also 
the release of the methyl ester in chloroform solution 
occurs at approximately the same rate in both cases. The 
meta-nitrobenzoate is insoluble in chloroform, hence 
complete comparison of data is not possible. In the solid 
state IR spectrum the separation of v, and IL, (COO) 
(Av-Table 1) is greater suggesting the possibility of 
stronger cation-anion interactionP Even in DMSO 
solution the three benzoate derivatives slowly eliminate 
the appropriate methyl ester, but no significant difference 
in rate was noted. The single concentration conduc- 
tivities (10e3 M) are similar and low for 1 : 1 electrolytes 
in DMSO; further all three compounds give curved plots 
of A” vs (concentration)“‘. On this basis it is not 
possible to argue for a strong electronic effect produced 

Table 2. Mass spectral data for Phz(CH3)Te(OOCPh) 

Species mle Species 

Ph&H3)Te(OOCPh)+ 420 Phi 
Ph&H,)Te’ 299 C~H&OOCH: 
Ph*Te+ PhCO: 
Ph(CH,)Te+ :?2 
PhTe+ 207 F& 

(Relative to ‘qe, ‘60, ‘v, ‘H). 

mle 

154 
136 
121 
77 
51 

by substituents in the aromatic ring of benzoate; that the 
electron withdrawing metu-nitro-group should be the one 
to show a small difference in the solid state IR must not 
be over interpreted at this juncture since the effect may 
be other than electronic. 

Molecular weight data for PhKH,)Te(OOCPh) and 
for a range of organotelluronium salts which are stable to 
reductive eliminations show these materials to be at 
least dimers in chloroform solution. Thus the stability in 
solution to reductive elimination and to ionisation of 
what we have termed the covalent form of the tel- 
luronium salt will be a function of the salvation energy 
of the anion, the electronegativity of the ligand atom and 
the ability to bridge two tellurium centres (this of course 
excludes consideration of kinetic factors). Within the 
series Ph&&)TeX, benzoate has, to date, shown the 
most favourable combination of these factors. 

It is of interest that the mass spectrum (Table 2) of 
Ph2(CH3)Te(OOCPh) shows a peak at m/e = 420 (relative 
to ‘ye) showing the correct isotopic pattern for a 
tellurium containing fragment and corresponding to 
PhKH,)Te(OOCPh)‘, although no fragments of higher 
m/e valpes were seen. The presence of the parent ion 
from methyl benzoate suggests that the mass spectrum 
observed includes contributions from the products of 
thermolysis which clearly follows the same pattern as 
does reductive elimination in solution. 

The new compound phenyl(methyl)tell~um(IV) 
ortho-phthalate is reported in the experimental section 
and additional data are given in Table 1. This compound 
is apparently a little dissociated, but essentially 
monomeric in chloroform solution and is thus similar to 
the diaryl-derivatives reported by Tamagaki et al.’ 

whereas we have found similar diary1 compounds to be 
dimers.6 Our previous data were checked and 
confirmed after the appearance of Tamagaki’s 
contribution,” thus it seems we may have monomeric 
and dimeric forms of some of those materials. The 
structure of the monomeric form is of some interest. 

The IR data for Ph(CH3)Te(CsH.+04) (Table 1) show 
single v., and v&ZOO), hence the two carboxylate 
groups are equivalent in both the solid state and in 
solution; also from Av it may be concluded that both 
groups interact within tellurium. It is convenient to 
regard the structure of an organo-tellurium compound 
RZTeX2 (X is an electronegative group) as $-trigonal 
bipyramidal, however both crystallography” and, for 
example “‘Te Miissbauer spectroscopy” indicate that 
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the Te-C bouds have high tellurium p-character, al- 
though the XTeX angle is generally close to 180”. Reduc- 
tion of the XTeX angle, which would presumably be 
necessary on steric grounds in the case of monomeric 
Ph(CH3)Te(C8H404), is likely to increase the s character of 
the Te-C bonds.” Thus J,25Tb,,,,, the coupling constant 
between the methyl protons and =Te might be expected 
to be greater for Ph(CHs)Te(CsH404) than for, say, 
Ph(CH3)TeClz. In fact both compounds give the identical 
value of 25 Hz, thus given the implication of similar s and p 
character in bonds to tellurium in both compounds we must 
conclude that the electron density comprising the TeO 
bonds lies off the TeO axis. 

An alternative view may be a zwitterionic telluronium 

formulation such as Ph(CH,)Te*OCCGH,CO6, but 
this appears to be ruled out by the IR data unless a 
fluxional situation exists in solution and a different 
(dimeric?) structure for the solid. If this is the case, 
greater differences between the solid and solution IR 
data might have been expected. 
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(Receioed 29 May 1981) 

Abstract-X-ray structure analysis (film data, R = 0.080 for 1568 reflections) has confirmed the structure of the 
anion in (N_H.&[MosO& 5H20, deduced by Lindqvist in 1950 from the MO coordinates alone. The compound is 
triclinic, Pl, a = 9.769(16), b = 9.832(13), c = 7.848(11) A, a=99.11(4), fl=lO1.03(11), y=97.40(4)“, Z=l. Eight 
Moo6 octahedra share edges in a compact grouping, with short terminal Mo-0 bonds (1.69 to 1.75 A), longer bonds 
(1.88-2.00 i\) to bicoordinate 0 atoms, and long bonds (2.18-2.39& to multiply-shared interior atoms. 

INTRODUCTION 
A probable structure for the octamolybdate anion, 
Mo,Oi;, in a salt reported by him to be a pentahydrate, 
(NHJ,[Mo,O~].SH,O (I), was deduced by Lindqvist’ 
from the approximate coordinates of the molybdenum 
atoms as given by the three-dimensional Patterson func- 
tion. The oxygen atoms were not directly located. The 
proposed anion was based on eight edge-sharing Moo6 
octahedra. More complete X-ray studies, in which all 
non-hydrogen atoms were located, showed- that this 
anion is present ’ the 
(NH,),[Mo,O,,].4H,O (II~ln and 

tetrahydrate 
also in (3- 

RvH)~[M~~0~1~ It has been termed /3- 
0ctamolybdateP since an isomeric cr-Mo80k anion, 
based on six Moo6 octahedra and two MOO, 
tetrahedra,‘” has been characterised. While attempt- 
ing to prepare crystalline citratomolybdates, we observed 
that a suspension of MoO,*2H,O in hot water rapidly 
dissolved on the addition of small amounts of ammonium 
citrate, and that the solution on cooling deposited tri- 
clinic crystals of I (identified by chemical analysis and by 
the measurement of cell dimensions). Attempts to 
recrystallize I from warm water always afforded II 
(identified similarly). Our analyses indicated that I and II, 
although crystallographically distinguishable, were both 
(NH,&[Mo~O~~].~H~O. It seemed improbable that 
Lindqvist’ had misinterpreted the Patterson function 
of I, or that I contained a new isopolymolybdate anion 
with the same MO.. MO vector set as II. However, we 
have carried out a more complete determination of the 
structure of I. 

EXPERIMENTAL 
Ammonium citrate (3.5g) was added in portions lo a stirred 

suspension of MoOs.2H20 (lO.Og) in hot water (80 ml, 70”). The 
slightly turbid solution (pH 3.1) was filtered and treated while hot 
with an equal volume of ethanol. Crystals of I separated rapidly 
on cooling, or overnight at 20’ if no ethanol had been added. In 
the latter case another product, III, was sometimes obtained 
instead; the elongated prismatic crystals of III crumbled rapidly 
on exposure to air but were more stable if manipulated under 
Nujol and sealed into a capillary. After drying in air, compound I 

tAtomic coordinates have also heen deposited with the Institut 
fiir Anoraanische Chemie, Bonn. FRG for inclusion in their Data 
Base. Copies are also a&able, on request, from the Editor at 
Queen Mary College. 

appeared to be a tetrahydrate, not a pentabydrate’ (found, MO 
57.6, N 4.3, H 1.9, loss at 420” 13.4%; calculated for 
(NH,)~[Mo~O~].~H~O, 57.8, 4.2, 1.8, 13.3%). Crystals for X-ray 
study were taken directly from solution but were not protected 
after mounting: there was no evidence of deterioration during 
data collection. 

Crysral_dafa. Triclinic, Pi, a = 9.769(16), b = 9.832(13), c = 
7.848(11) A, a = 99.11(4), fi = 101.03(11), y = 97.40(4)0, V = 
720.6 i\-‘, Drn = 3.02, D, = 3.06 g cme3, Z = I; Cu Kcr radiation, 
A = 1.5418 A. u = 292 cm-‘. Cell dimensions were obtained from 
NaCI-calibraidd Weissenberg photographs. The above cell is 
transformed into that of Ref. 1 by the matrix 
[0 0 l/O 1 O/l 0 01. Compound III was found to be moqoclinic, 
P2Jc, with a = 16.65(2), b = 18.69(l), c sin /3 = 24.19(2) A, from 
which it seemed likely that III was the ammonium isomorph of 
Ks[MoM0,,2(H20)12].36H~0 whose structure is knownb]; con- 
sequently it was not studied further. Because of the non- 
availability of a diffractometer, intensity data for I were collected 
via eaui-inclination multi-film Weissenbera ohotoaranhs (levels 
O-2&/,- ho-21 and hkO-6). Spot intensities ‘and rmiroveh cell 
dimensions were measured by the S.R.C. Microdensitometer 
Service, Daresbury Laboratory. Absorption corrections were 
applied during data reduction. The MO atoms were readily 
located by direct methods in the acentric space-group Pl, and the 
structure was expanded by difference syntheses alternating with 
cycles of full-matrix least-squares refinement. Further refinement 
in the centric space-group Pl converged at R 0.080 (1568 unique 
reflections above background, 99 parameters, anisotropic thermal 
parameters for MO atoms only, unit weights for all data). The N 
and water 0 atoms were less sharply resolved than the anion 0 
atoms. The N atoms were assigned from the requirement that 
the cations be well separated. Only one of the two independent 
water molecules could be located; its large theLmaI parameter 
and the presence of several weak peaks (ca. 2e A-‘) in the final 
difference synthesis suggested that the water molecules were 
disordered. All calculations were carried out by use of the 
SHELX-76 program.‘O Atomic parameters have been 
deposited with the Editor as supplementary data;t derived 
dimensions are given in Tables 1-3. 

DISCUSSION 
The coordinates of the MO atoms in I agree well with 

the values determined approximately by Lindqvist,’ 
and his description of the structure of the Mo,O:; anion 
in I (Fig. 1) is cogfirmed. The anion has crystallographic 
point symmetry 1 but approximates closely to 2/m(&) 
symmetry, and in Table 1 the equivalent bond lengths 
have been averaged accordingly and are compared with 
the results of two other determinations.‘> The bonds 
around each MO atom fall into three groups (Table 2): a 

17 
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Table 1. Molybdenum-oxygen bond lengths/A 
.---- 

Anion point 
symmetry: 

ia 2/u? 2/m" 2/mb 
(ref.C41) (ref.CSl) 

- 

Moo(1)-0(2') 

Mo(l)-0(4) 

Mo(l)-0(6) 

Mo(l)-0(10) 

Mo(l)-0(12) 

Mo(l&0(12') 

140(2)-0(8*) 

Mo(2)-0(13) 

Mo(2)-0(7) 

Mo(2)-0(11) 

Mot2)-0(4) 

Mo(2)-0(12) 

Mo(3)-0(3) 

Mo(4)-0(1) 

Mo(3)-0(9') 

Ho(4)-0(5) 

Mo(3kXlO') 

Ho(4)-0(6) 

Mo(3)-0(11) 

Ho(4)-0(7) 

Mo(3)-0(6') 

Mo(4)-0(10) 

Mo(3)-0(12) 

Mo(4)-0(12) 

1.693(16) 

1.751(18) 

1.948(16) 

l-929(14) 3 

2.381(14) 

2.181(16) 

1.705(16) 

l-689(15) 

1.911(16) 

1.927(16) 3 

2.283(20) 

2.394(13) 

1.708(21) 

1.688(21) s 

1.714(16) 

1.672(16) 5 

2.000(16) 

1.999(14) 3 

1.881(15) * 

1.871(16) j 

2.337(16) 

2.354(15) 5 

2.328(13) 

2.316(13) 

1.69 1.70 

1.75 1.75 

1.94 1.95 

1.68 

1.75 

1.95 

2.38 

2.18 

1.71 

1.69 

1.92 

2.35 

2.18 

1.69 

1.69 

1.93 

2.41 

2.42 

1.71 

1.69 

1.92 

2.28 

2.39 

2.32 

2.48 

1.71 

2.29 

2.44 

1.70 1.69 

1.69 1.71 1.71 

2.00 2.00 1.98 

1.88 1.88 1.89 

2.35 2.33 2.34 

2.2 2.30 2.31 

aCrystallographic sgnrmetry 
b Ideal pint symmetry 

Table 2. Angles between (i) short, (ii) medium and (iii) long pairs of Mo-0 bonds 

(i) O(b) -Y4d)-O(2') 107.1W0 O(3) -w3LO(9') 107.0(8)" 

O(13)&(2)-o(8') 105.3(8) &ub(4)-4(5) m&o(9) 

(ii) C(IO&(I 146’) 149.3(8) O(11k“o(3)-0(10') l&5.7(8) 

O(7)=o(2)-O(il) 142.9(7) O(6) J‘a(3)-0(7) l&.6(7) 

(iii) Q(l2No(lI-O(l2') 7&k(6) O(12&&(3)-0(6') 71.3(6) 

o(4) Jaw-O(l2) 70.4(6) O(10uo(4)-0(12) 71.8(5) 

rrans-pair of medium length, a short c&pair, and a long hedra, cross-linked by long Mo-0 bonds and by ad- 
cis-pair. As pointed out elsewhere,‘# the /3-Mo,O$- ditional long bonds from MO to two extra 02- ions 
anion can be described either as an assemply of edge- [0(12), 0(12’)]. The packing of the anions in I is a 
linked Moos octahedra, or alternatively (Fig. 1) as two somewhat distorted version of the packing in II. The 
cyclic Mo401t units formed from distorted Moo4 tetra- orientations of the anions in c-axis projection are similar 
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Table 3. Other interatomic distances/A 

19 

b 

P 

Mo(l)..Mo(E) 3.452(J) 

Mo(l)..Mo(3) 3.544(2) 

Mo(l)..Mo(4) 3.X3(2) 

Mo(l)..Mo(l') 3.589(4) 

Mo(l)..t40(2') 4.53a4) 

Mo(l)..Mo(3') 3.218(3) 

3.226(j) 

3.235(3) 

3.231(J) 

4.598(2) 

2.420(j) 

N(l)..O(l) 3.04(3) 

N(1)..0(3) 2.98(j) 

N(l)..O(l') 3.00(3) 

N(1)..0(8') 3.01(3) 

N(l)..Aq 3.07(4) 

N(2)..0(5) 2.92(j) 

~(2)..0(8) 

N(2)..0(9) 

N(3)..0(3) 

N(3)..0(13) 

Aq..0(2) 

Aq..O(5) 

3.09(3) 

2.88(3) 

2.97(3) 

3.08(3) 

2.97(4) 

2.99(4) 

a 

Fig. 1. The MosO& anion: c-axis projection. Heavy, light and 
dashed lines denote short, medium and long bonds. 

(I, Fig. l), but the cell of I is 4.6% larger; although its a 
and b axes are shorter, the interaxial angles are closer to 
90”. 

Lindqvist’s analysis of I clearly implied that it was a 
pentahydrate; equally clearly, our analysis of the air- 
dried material imply it is a tetrahydrate. It seems likely 
that our product lost one molecule of water on exposure 
to air, with partial disordering of the remaining lattice 
water but without other loss of crystallinity. The cir- 

cumstances under which I is obtained are not entirely 
clear. In the present work, we observed that I crystallises 
after Mo0,.2H20 has been brought into solution by the 
addition of ammonium citrate or acetate, and we also 
obtained it in an attempt to prepare an acetyl analogue of 
(HCO)J~O~O&~’ by the addition of glacial CBCOOH 
to a warm concentrated solution of (NI&)6 
[Mo70u]-4H20. However, if the pH of a suspen- 
sion of Mo03.2H,0 is adjusted with aqueous NH3 or if I 
is recrystallised from water, II is obtained. We ten- 
tatively conclude that the presence of excess ammonium 
ions during crystallization causes the deposition of I 
instead of II. 
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Abstract-A series of new p-peroxodicobalt(II1) complexes have been prepared and characterized. Studies of the 
chemical and physical properties of these complexes were carried out using IR, electronic and NMR spectroscopy 
along with conductivity, magnetic susceptibility and thermogravimetric measurements. The complexes 
[Coz(dpk . dienh (dpk . HzO)OZ) (ClO& . HaO, [C4(dpkMpy)zOzWO&~ 4HzO. Kddpk 9 H&(pyk@l 
(ClO&, and [Coa(dpk)2(terpy)&](ClO& were prepared by bubbling oxygen through a solution containing 
Co(NO&, NaClO4, and the appropriate ligand mixture. Electronic spectral studies are consistent with the formulation 
as binuclear peroxo complexes. Thermogravimetric studies reveal the stoichiometric loss of Or and HZ0 below 100°C. 
The auxiliary hgands, pyridine (py), diethylenetriamine (diet@ and terpyridine (terpy) are lost at higher temperatures. 
Molar conductance of these complexes is indicative of a 4:l electrolyte while magnetic susceptibility measurements 
indicate the diamagnetic character of the above four complexes. Three additional complexes of Co(I1) containing 
di-2-pyridyl ketone (dpk) and terpy were prepared to compare spectral changes upon oxygenation. 

INTRODUCTION 

It is well known that complexation of dioxygen plays a 
vital role in many biological systems. Extensive research 
has focused on the coordination chemistry of natrually 
occurring dioxygen complexes, i.e. haemoglobin, 
haemerythrin, haemocyanin and their model 
compounds.‘*’ The cobaltdioxygen complexes have 
attracted considerable attention due to the extensive 
literature on cobalt chemistry. Recent studies involving 
pentadentate ligand systems have shed additional light on 
the stability and electronic spectra of Co-02 
compounds.’ However, very few dioxygen complexes 
of cobalt containing aromatic amine ligand systems have 
been isolated from aqueous solution.’ 

We wish to report here the isolation and charac- 
terization of p-peroxodicobalt(II1) compounds contain- 
ing di-Zpyridyl ketone (dpk), 2, 2, 2”-tripyridyl (terpy), 
pyridine (py) and diethylenetriamine (dien). Complexes 
with di-2-pyridyl ketone (dpk) have been previously 
characterized in our laboratory.4*6 When di-Zpyridyl 
ketone is coordinated through the two nitrogen atoms, 
increased r back-bonding is possible (compared to 
pyridine) due to the presence of the carbonyl group. 
Also, the propensity of the CO group of dpk to undergo 
nucleophilic addition while coordinated allows one the 
opportunity to observe the effects of what is essentially a 
new ligand system on the dioxygen complex. The N, N- 
coordination mode of dpk in alcoholic and slightly acidic 
aqueous solutions has been established.4*5 The car- 
bony1 stretching frequency of dpk may serve to indicate 
the extent of +delocalization of the aromatic system 
and also to determine whether or not nucleophilic ad- 
dition occurs. The C = 0 group of coordinated di-2- 
pyridyl ketone has been found to be susceptible to attack 
by water, alcohols and certain amines. Also carbonyl 
addition in aqueous solution is pH dependent, hydration 
occurring at pH values above about 6.5.’ The base- 
catalyzed addition (in H20) results in the formation of a 
gem-diol which may deprotonate. This ionization in some 

*Author to whom correspondence should be addressed. 

Co(H) and Co(III) compounds results in a rearrangement 
of the binding sites of dpk from N, N- to N, N,O-- 
coordination (eqn 1). 

(dpk) (dpk* Ha01 

(dpk.OH 1 

Our mixed-ligand systems were chosen such that each 
cobalt(H) center was initially provided with five nitrogen- 
donor atoms. The coordination of dioxygen has been 
shown to occur at low pH levels if the donor nitrogens 
are aromatic tertiary amines. For example, the complex 
[Co,(terpy),(bipy)20&C104)4 forms at pH 4.8 We were 
therefore confident that dioxygen complexes of dpk 
could be synthesized at pH levels low enough to prevent 
carbonyl addition. Also, by increasing the pH and allow- 
ing hydration of the carbonyl group, we were able to 
investigate the properties of dpk in its hydrated form. 
The CL-peroxodicobalt(II1) complexes were all isolated 
from aqueous solution as the perchlorate salts. Attempts 
to produce dioxygen complexes with Co(H) and dpk in 
alcoholic solvents produced only Co(I1) compounds. 
Mixed-ligand Co(I1) complexes to dpk with pyridine and 
terpyridyl were prepared to compare spectral changes 
upon oxygenation. 

Spectral studies. IR spectra were recorded in the 200- 
4OOOcm-’ range with a Beckman 4250 spectrophotometer. The 
complexes were prepared as Nujol mulls between CsI plates. 
Electronic spectra of the complexes and free ligands were 
recorded in the 200nm to 12OOnm range using a Carey Model 
171 spectra-photometer. The visible spectra of the aqueous solu- 
tions at room temperature were obtained using matched l-cm 
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quartz cells. NMR spectra of DMSO, d-6 solutions 
(-35 mg/mL) of the diamagnetic complexes were obtained on a 
Varian EM 90 MHz unit. TMS was used as an internal standard. 
The free ligand spectra were also recorded in DMSO d-6 solution. 
Signal averaging with an Ortec 547 Digital Signal Averager was used 
to resolve the complex spectra. 

Magnetic susceptibility measurements. Magnetic susceptibility 
measurements for the compounds were obtained at room tem- 
perature by the Gouy method using mercury tetrathiocyanoco- 
baltate(I1) as calibrant. The apparatus employed a Cahn RH 
electrobalance and an Alfa Model 4600 electromagnet operating at 
3600 gauss. 

Conductivity. Measurements were made with a YSI Model 31 
conductivity bridge using platinum electrodes. Cell constants 
were determined using standard 0.0200 M KC1 solution. Solvents 
were purified by standard methods. Concentrations of -lo-’ M 
were used. 

Thermal studies. The thermal decomposition of the complexes 
was recorded on a Perkin Elmer TGS-2. Powdered samples of 
3-8 mg were heated at 10”/min in a 5 mm platinum crucibl; under 
a nitrogen atmosphere at a controlled flow rate. 

Elemental analysis. Analyses for cobalt were performed by 
atomic absorption using a Perkin-Elmer Model 303. Analysis for 
carbon, hydrogen and nitrogen were performed by Galbraith 
Labs, Inc., Knoxville, Tennessee. 

Preparation of complexes. [Coddpk . dien)z(dpk . HzO)OZI 
(C10,),H20. A solution of cobalt(I1) nitrate hexahydrate (5 
mmolks) and sodium perchlorate monohydrate (28 m-moles) in 
25 mL of water was &rated with oxygen. A solution of dpk 
(7.5 mmoles) and diethvlenetriamine (5 mmoles) in 10mL of 
water was ‘added drop&e to the cobalt solution as a rapid 
stream of oxygen was passed through the stirred solution. A pH 
of 6 was maintained by the dropwise addition of IN NaOH. The 
solution was stirred for 1 hr while continually bubbling 
oxygen through the mixture. After cooling the solution to about 
4” for 1 hr a light brown solid was recovered, washed with 
n-propyl alcohol and ether and dried in a desiccator over cal- 
cium chloride at room temperature. Anal: Calcd. for 
[Coddpk . dien)z(dpk . H20)0~](ClO& . H20: C, 37.9; H, 4.0; N, 
i2.5; do, 8.1; four& C, 36.7; fi, 4.0; N, 12.5; Co, 8.8%. 

ICo2(dokMterov)&l(ClO& This complex was prepared in a ._.~ ~_. 
man&i din&r to that described above, however the mixture of 
dpk (5 mmoles) and 2, 2’, r’tripyridyl (5 mmoles) was added as a 
suspension, and the pH of the reaction mixture was between 3 
and 4. With the addition of the ligand mixture, the solution 
darkened and a brown powder was collected and dried as des- 
cribed. Anal: Calcd. for [Coz(dpk)z (terpy)&](ClO& C, 45.2; H, 
2.8; N, 10.1; Co, 8.5; found: C, 46.8; H, 3.2; N, 10.5; Co, 8.5%. 

[Co2(dpk),(py)&](ClO& .4&o. This complex was prepared 
by the dropwise addition of a solution containing the appropriate 
ligand mixture to the cobalt(I1) solution, and maintaining the pH 
between 3 and 4. A tan-brown powder was isolated from solu- 
tion. Anal: Calcd. for [C4(dpk),(py)202](ClO4]4 * 4HzO: C, 42.8; 
H, 3.2; N, 9.2; Co, 7.8; Found: C, 41.9; H, 3.2; N, 8.7; Co, 7.9%. 

[Coz(dpk . H20)~(py)&~](ClO.&. When the above p-peroxo 
complex remained in solution several days at 4”, a rust-red 
crysialline produce formed. The crystals were washed with 
ether and dried over CaCl,. Anal: Calcd. for [Co, 
(dpk. H20),(py)z02](C10,),; C, 42.8; H, 3.3; N, 9.2; Co, -7.8; 
found: C, 42.9; H, 3.9; N, 9.1; Co, 7.7%. 

[Co(dpk)2(py)Cl]Cl. d&o. This complex was prepared by ad- 
dition of dpk (5 mmoles) and pyridine (2.5 mmoles) in deoxy- 
genated ethanol to cobalt chloride hexahydrate in deoxygenated 
ethanol (30mL). NaCl (12 mmoles) was added to the reaction 
mixture while it was stirred at room temperature. Upon cooling 
to ice bath temnerature the pammagnetic peach-colored powder 
separated and was washed &h ether and-dried under nitrogen. 
Anal: Calcd. for [Co(dpk)2(py)Cl]Cl. 4H20: C, 49.9; H, 4.5; N, 
10.8; found: C, 49.8; H, 3.9; N, 10.4%. 

[Co(dpk . H20)(ferpy)](ClO&. A solution (10 mL) of dpk 
(IO mmoles) and terpy (10 mmoles) in 1: 1 n-propyl alcohol-water 
was added dropwise to a 25 mL solution of cobalt nitrate 
(9 mmoles) and sodium oerchlorate (25 mmoles). The pH of the 
ieaction mixture was r&ntained at -7.5 by the dropwise ad- 
dition of IN NaOH. A red precipitate formed rapidly and was 
filtered on fritted glass, washed with n-proply alcohol and ether 

then dried over CaCl2 at room temperature. If the solution pH is 
maintained above 7, this paramagnetic Co(I1) complex forms 
even in the presence of oxygen. 

[Co(dpk . OH)z](ClO& . HzO. Oxygen was passed through a 
solution of cobalt perchlorate (4 mmoles) and dpk (8 mmoles) in 
40mL of water at pH 8. After cooling for several hours red 
crystals precipitated and were washed and dried as described 
above. This compound was lirst prepared in an attempt to syn- 
thesize the p-peioxo complex using-the 4dpk/2 imidaz~le li&nd 
svstem. Anal: Calcd. for lCddok . OHkl(Cl0~) . H20: C. 45.7: H. 
315; N, 9.7: Found: C, 4j.7; $ 3.5; N;9:6%. he inus& abilit; 
of the ligand dpk to exist in two forms, the geminal-diol and the 
ionized geminal-diol, has been observed in Cu(I1) complexes and 
in the Co(II1) complex [Co(dpk. OH-bl(N03.‘” This latter 
compound was prepared by bubbling &-&IO& an aqueous 
solution of CO(NO& and dok! It was evident that the addition of 
NaOH to ma&in the pH ‘had a profound effect on the stability 
of the p-peroxo adducts. Optimim pH for the isolation of dpk 
FL-peroxo dicobalt(III) complexes is in the range from -3.0 to 
5.6. The higher pH makes the anionic form of dpk (dpk-OH-) the 
predominant species.’ 

RESULTS ANDDI!SCUSSION 
Infrared, visible-ultraviolet data 

Physical and spectral properties for the complexes are 
listed in Tables 1 and 2. Cobalt(I1) complexes of the 
amine ligands used in this study react with oxygen to 
produce peroxo compounds of formula: [(terpy)(dpk)Co- 
O,Co(dpk)(terpy)l(Cl034, [(py)(dpkzCo-O,Co(dpk)r 
(pyMClO4~4 * 4&O, [(py)(dpk . HzO)Xo-O&o-(dpk . 
HzO)z(py)l(C104)4 and [(dpk * dien)Co-Or(dpk - HzO)- 
Co(dpk . dien)](dpk . dien)](C104)4 * 2H20. In the latter 
complex there is, in addition to the peroxo bridge, a 
bridging dpk. Hz0 ligand. The proposed structure for 
[Co2(dpk)4(py)zOJ4+ is shown in Fig. 1. 

The ligand dpk is basically a Zsubstituted pyridine and 
extensive IR correlations are available[4,9]. The infrared 
spectrum of the ligand dpk exhibits the ketocarbonly 
stretching, v(C = 0), at 1675 cm-’ which increases to 

0 N 

co 

O\O 

Fig. I. The p-peroxodicobalt(II1) cation with di-Zpyridyl ketone 
and pyridine. 
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FL-peroxodicobalt(II1) complexes containing aromatic ligands 25 

about 1695 cm-’ upon coordination. This change can be 
attributed to the shift of electron density when the l&and 
behaves as a bidentate N, N-donor. Another factor 
influencing v(C = 0) is the loss of conjugation of the 
keto carbonyl due to angle strain or loss of coplanarity 
with the pyridyl rings. The v(C = 0) at 1712 cm-’ and 
1710 cm-’ in the complexes [Coz(dpk)4(py)zOzl- 
(ClO,)d .4HzO and [Co2(dpk)&erpy)~O~l(ClO& 
represent the highest carbonyl frequency reported for a 
dpk complex. The smaller ionic radius of the Co(III) ion 
could in some measure account for the introduction of 
added bond angle strain resulting in a higher frequency. 
In a series of dpk-chloride complexes with different 
transition metal ions, an inverse relationship between the 
ionic radii and u(C = 0) is observed. For example, in the 
complexes [Ni(dpk)&X, [Zn(dpk)Cl& [Cd(dpk)CIJ, and 
[Hg(dpk)Cl& v(C = 0) is located at 1687, 1680, 1676, and 
1675 cm-‘, respectively.“” The Pauling radii for 
those metal ions are 69,74,97 and 110 pm, respectively. 
However, the extremely high v(C= 0) in the dpk ILL- 
peroxo complexes is only partially accounted for by the 
small ionic radius of Co(III). Extensive electron transfer 
via back-bonding in the coordinated pyridyl rings of dpk 
increases the electron density in the conjugated system 
thus raising the C-O bond order and stretching 
frequency. 

Cobalt(H) complexes with suitable ligand systems 
undergo a dramatic color change when exposed to 
oxygen, due mainly to intense charge-transfer bands 
involving the dioxygen ligand. A major problem in the uv 
analysis of the complexes containing aromatic ligands is 
the differentiation between the very intense intraligand 

the complex [Cti(dpk)4(py)~O~1(C10& * 4HzO the n + 
n* transition of pyridine overlaps with more intense 
bands of the pyridyl rings from dpk. The free pyridine 
molecule exhibits the P+ n* transition at 256 nm (e - 
1860). The carbonyl intraligand band (n+ a*) of dpk 
found at 356nm (c -200) in the free ligand was not 
observed in the spectra of our complexes. 

Generally, two spin-allowed d-d transitions are 
observed in the electronic spectra of strong-field octa- 
hedral Co(III) (‘AIS+‘TIII and ‘A,, +‘T&. The 
presence of the peroxo ligand raises the energy of these 
bands, with the typical five nitrogen-donor Co(II1) com- 
plex absorbing near 500 and 365nm. In many cases 
however, the high energy transition (‘A,,+ ‘T& is 
totally obscured by intense charge-transfer bands. This 
was true of the p-peroxo complexes prepared in our 
study. If tetragonal distortion of octahedral symmetry 
occurs the band at 5OOnm is split into two 
components.‘5 While the extinction coefficients of the 
d-d bands should fall in the range of 40 to 200, they 
often are much higher when located near intense charge- 
transfer bands. The intensities of the ‘At+ ‘Ti transition 
in our complexes are very high due to “intensity steal- 
ing”. In addition, there is no splitting of this band to 
indicate significant tetragonal distortion. 

Using mixed-ligand aromatic systems containing five 
donor nitrogen atoms per cobalt, reddish-brown 
diamagnetic CL-peroxo complexes were precipitated as 
perchlorates from aqueous solution at pH values ranging 
from 3 to 6. With the pH above 7, a mixed-ligand 
cobalt(I1) complex of dpk/terpy was formed rapidly even 
in the presence of oxygen (eqn 2). Cobalt(I1) complexes 

Co(II)(dpk)(terpy)H2]*+ 

[(dpk)(terpy)Co(III)-OrCo(III)(terpy)(dpk)]4+ 

[Co(II)(dpk . H2O)(terpy)]*’ 

(2) 

and charge-transfer bands and the relatively weak d-d 
transitions. A prominent feature of the spectra of CL- 
peroxodicobalt(II1) complexes is a band between 3OtL 
360nm which is assigned to the peroxide to cobalt 
charge-transfer.* Recent work has shown a direct rela- 
tionship between the base strength (u-donor) of the 
ligand system and the energy of this charge-transfer 
band.” As expected, our CL-peroxo complexes con- 
taining aromatic amines reveal comparatively lower 
energy charge-transfer bands than most CL-peroxo- 
dicobalt(III) aliphatic amine complexes (see Table 1). 

The pyridine ring uv absorptions (a+ n*) of aqueous 
solutions of dpk (10-M) below pH 10 occur at 278 nm 
(c =9140).’ Upon coordination of dpk in the peroxo 
complex a band at 275 nm (e - 40,000) appears in the 
spectrum. The IT + ?T* transitions of coordinated aroma- 
tic ligands are not significantly changed when compared 
to the free ligand.‘* It should be noted however, that in 
the dpk complexes that have undergone carbonyl ad- 
dition the band at 275 nm is absent and an intense band 
at -287 nm is present. The strong band at 250 nm (c = 
55,000) in [Co2(bipy)4-w-NH-k02]3+ has been assigned to 
the ?r+ ?r* transition of the pyridyl ring.13 The lower 
energy of the ?r+ P* transition in dpk is the result of 
substitution on the ringI In the mixed-ligand com- 
plex, [Co2(dpk)2(terpy)2~l,l(C10~)4 the free ligand bands 
of terpyridine are reproduced with only minor shifts. In 

formed under these conditions have no IR carbonyl 
absorption, indicating that dpk is present in the hydrated 
form. When the pH is above 7, the predominant form of 
dpk is the geminal diol which can deprotonate to form 
dpk-OH- (eqn 1). A likely mechanism for the inhibition 
of the oxygenation reaction at higher pH levels is the 
ability of the dpk . OH- to coordinate through one of the 
hydroxyl oxygens, effectively blocking the sixth coor- 
dination site. IR analysis showed the presence of the 
characteristic bands for coordinated dpk and terpy. The 
red-brown solid [Co(dpk . HtO)(terpy)](C104)2 had a 
magnetic moment of 3.5B.M. and behaved as a 2:l 
electrolyte in nitromethane. 

The complex [Co(dpk)dpy)Cl]Cl was prepared from 
degassed ethanol in order to test its reactivity with 
oxygen. The compound produced UV-visible spectra 
typical of a p-peroxo complex after dissolving in oxy- 
genated water. The distinctive charge-transfer band, 
arising from the electronic transition between the full 
?r*(Oz-*) orbital and the empty dz’ orbital of the metal, 
was located at 340nm (e = 5200) in the p-peroxo com- 
plex prepared both by addition of [Co(dpk)2(py)CI]CI to 
water and by the titration of the ligand mixture into an 
oxygenated Co*’ solution at pH 4-6. If the complex 
[Co2(dpk)&y)202](ClO& is dissolved in a water-alcohol 
mixture the corresponding complex with the hydrated 
dpk will be formed after storage for several days at 4” 
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(eqn 3). In the IR spectrum of the 

]Co(II)(dpk)z(py)H~O12’ 2 pH=6 

(py)(dpk)Ko(III)-OrCo(III)(dpk)~py)l4’ ‘“2 
3 days. 5T 

(py)(dpk * H,O)Xo(III)-OrCo(III)(dpk * HzO)Z(PY)I’+ 

complex so obtained, u(C = 0) is absent and the series 
of bands between 1600 cm-’ and 760 cm-’ have retained 
their shape and order but decreased slightly as compared 
to the parent compound having the carbonyl intact. 
Changes in the spectra are consistent with the addition of 
HZ0 to the keto function. The IR spectra of the two 
compounds were quite similar, except for two new bands 
that appear at 689cm-’ and 3510cm-’ in [Col(dpk . 
H*O),(ph),O,](ClO,),. The low energy band is 
assigned to the out-of-plane deformation of the OH by 
analogy to a study of a Co(II1) complex of tripyridyl 
carbinol and CdBn(dpk - piperidine)[l& 171. The high 
energy band at 3510cm-’ is assigned to v(OH). This 
compound also has the distinctive charge transfer band 
in the UV-vis spectrum located at 350 nm (E = 10,fKKl) 
being shifted from 340 nm in the parent compound. 

The CL-peroxo complex formed using the ligands dpk 
and terpy is isolated from aqueous solution at pH4. A 
compound of analogous structure using terpy and bipy- 
ridyl, capable of binding 02 at pH 3 was reported by 
Huchital and MartelLs Oxygenation usually occurs 
only under neutral or basic conditions. This feature of 
the oxygenation reaction is largely a function of the 
protonation constant of the amine. The aromatic amines, 
being weaker bases, are free to complex metal ions at pH 
levels where the typical aliphatic amine is protonated. 
Pyridine ring-stretching frequencies (of dpk and terpy in 
the CL-peroxo complex) are consistent with coordination 
through the pyridyl nitrogens. The following bands were 
observed between 1560 cm-’ and 1625 cm-‘: 1565 cm-‘, 
1587 cm-‘, 1606 cm-’ and 1622 cm-‘. The free ligands of 
both dpk and terpy contain only two bands in this region, 
thus the presence of both ligands is indicated. The car- 
bony] band appeared at an unusually high value of 
1710cm-‘. The conductivity of the complex [Co(dpk)z- 
(terpyzOz](ClO& in nitromethane is consistent with its 
formulation as a 4: 1 electrolyte. The small magnetic 
moment of 0.4B.M. is near that commonly found for 
temperature-independent paramagnetism for Co(II1) 
complexes.‘6 

Nucleophilic addition to dpk of the secondary amine 
nitrogen of dien results in the formation of an amine 
carbinol compound referred to as dpk. dien. Contirma- 
tion of this reaction was obtained by running successive 
IR spectra of a mixture of dpk and dien. The v(C = 0) 
disappeared concurrently with the appearance of bands 
at 3400 cm-’ and 790 cm-‘. These two bands are assigned 
to the new OH function. An analogous reaction was 
observed” between dpk and piperidine in the complex 
CdBrz(dpk . pip), where v(OH) was located at 3440 cm-‘. 
Further evidence for carbonyl addition comes from the 
integration of the NMR spectra which shows the disap- 
pearance of one of the amine protons. 

The IR spectrum of the complex [Co2(dpk* 
dien)2-p-02-p-(dpk - HzO)](ClO& * 2H20 revealed the 
pyridine ring absorptions split into multiple bands. 
It might be expected that since the complex contains 

only the dpk pyridine ring, the spectra might be simpler 
than the other complexes containing different pyridyl 
compounds. Overall, the IR suggests the non-equi- 
valence of the pyridyl rings, thus supporting the 
dibridged structure. The pyridyl rings in a bridging dpk 
would certainly have different vibration modes. For 
example, four sharp peaks are obtained in the py ring 
stretching region compared to only two bands for the 
dpk/py complex (see Table 3). The characteristic bands 
of dien, v(N-H), S(NH3 and v(C-N) appear at 
3460 cm-‘, 1600 cm-’ and 1350 cm-‘, respectively. Table 
1 shows the similarity in the uv-vis spectrum of the 
dpk/dien complex to the spectrum of the bridged com- 
plex [Co2(en)s02]+4.‘8 The characteristic two band 
pattern in the uv-vis spectra of many mono-bridged 
CL-peroxo complexes changes to a single charge-transfer 
absorption at 350-36Onm upon the addition of a second 
bridging group. Our dpk/dien complex exhibits a single 
strong band at 347 nm (e = 5200). Aqueous solutions of 
this brown complex, after several minutes, turn green, 
probably indicating decomposition to Co(I1). Bridging 
ligands have been reported to result in unstable dimeric 
O2 adducts.18 

Thermograoimetric data 
Table 4 lists the thermogravimetric data compiled in 

this study. This method has been applied to oxygen 
complexes having volatile axial ligands such as pyridine 
and DMF.i9 The lattice water and the coordinated 
oxygen appeared to be the most thermally labile, being 
lost below 100°C in all cases. Thermogravimetric data 
can be explained accurately in terms of the loss of HzO, 
the 02 ligand, and the auxiliary ligand group. During the 
analysis of the dpk/terpy complex, the vaporized ter- 
pyridyl was found sublimed on the glass walls of the 
furnace in the form of white needle-shaped crystals. The 
superior binding ability of dpk was demonstrated by its 
thermal stability in the TGA study. On several occasions 
3-5mg samples of the CL-peroxo perchlorate salts 
detonated at temperatures ranging from 190 to 220“ 
during the TGA runs. 

Proton magnetic resonance data 
The extent of electron donation to a metal ion and the 

factors involved in back-donation or “n-acidity” of 
coordinated pyridine compounds is usually qualitatively 
accessible by NMR analysis. If electron density is added 
to the aromatic system, it might be expected that a 
chemical shift upfield could be observed for the ring 
protons. A downfield shift of all the ring protons of the 
dpk ligand is expected and has been observedY upon 
coordination of the pyridyl nitrogens, this being a result 
of electron withdrawal by the metal ion. The degree of 
this downfield shift can be interpreted in terms of back- 
donation to the pyridyl ring or the reaction of the car- 
bony1 function of dpk. The effect of coordinate-covalent 
bonding between pyridyl type ligands and a metal ion 
would be greatest for the a-proton. The n-electron den- 
sity at the various carbon atoms can be inferred from the 
chemical shift of the proton. Several authors have pro- 
posed methods for calculating r-electron densities from 
NMR data but they emphasize that the interpretations 
are tentative and depend upon factors not well 
understood.““’ 

Solvent effects on the spectra of pyridine compounds 
have been widely studied. However, few researchers can 
agree on either the size or the nature of the effects of 
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Table 4. Tbermogravimetric data 

Compound 
% Weight Loss 

Loss of Calculated Found Temperature 

[Co2(dpk*dien),'(dpk'H20)02](ClO4)4~H20 02, 2H20 5.1 5.8 9o" 

O2' 2H20, Zdien 20.4 21.0 210° 

[Co2 idpk) 4 (py) 2021 (C104)4’4H20 02' 4H20 6.9 7.0 55' 

02' 4H20, SPY 17.3 16.5 195-O 

lC~2!d~~k'~,0J4~Fy~202~ (C1O4)4 02 2.0 1.8 700 

02, 4H20 6.4 6.6 930 

02' 4H20, 2rv 16.2 16.0 2090 

[io,(di)k)2(terPY)2021(C104)4 O2 2.3 2.1 95" 

02' 2terpy 36.1 38.0 350° 

solvent on the chemical shift of the ring protons. It is 
important, therefore, that to undertake a comparative 
NMR study one must select studies based on similar 
solvents. 

One of the most notable features of the NMR spectra 
of pyridine compounds is the broadening of the proton 
signals, being most apparent in the protons adjacent to 
the nitrogen atom. A pyridine-containing ligand has sp* 
orbitals on the nitrogen atom, and low-energy antibond- 
ing Ir-orbitals associated with the aromatic ring system; 
therefore, it is possible for di-Zpyridyl ketone, for 
example, to act both as a donor and an acceptor of 
electrons. This synergistic effect in the bonding of 
aromatic ligands to metal ions plays a prominent role in 
explaining the enhanced stability of some dioxygen 
complexes. It has been noted that oxygen affinities for 
Co(I1) complexes containing pyridyl ligands are un- 
usually high, considering only the u donor capacities of 
these groups.” To study the extent of electron transfer 
in our complexes, the chemical shifts of the ring protons 
in a number of mixed-ligand CL-peroxo complexes have 
been measured. The spectrum of the coordinated ligand 
was compared to the spectrum of the free ligand using 
the same solvent. While spectra were run in DzO, 
CDXN and DMSO, limited solubility in all but the 
DMSO precluded extensive solvent comparison study. 
Literature data, assignments of proton resonances, and a 
summary of the observed spectra in this study are found 
in Table 5. To simplify the assignment of the mixed- 
ligand systems that contain two different pyridyl com- 
pounds, it is assumed that the positions d to the nitrogen 
are equivalent. 

In an NMR study of tris-o-phenanthroline complexes 
of Co(III), Fe(H), Ru(I1) and Zn(II), it was determined 
that a shift to higher fields of the protons adjacent to 
nitrogen increases as the metal-ion radii decrease. Miller 
and Prince also reported that the resonance frequencies 
for all the aromatic protons move to higher fields as 
o-phenanthroline is coordinated.** When the dpk 
molecule is coordinated, there are changes in the mag- 
netic environment of ligands that are independent of the 
coordinate bond formation. Since ligands are being held 
in close proximity to one another, a multiplicity of mag- 
netic perturbations might be expected. Specific solvation 
of the ligand would be changed due to the more limited 
access of solvent molecules to the ligand dipoles. The 

carbonyl group of dpk exerts a downfield shift on all the 
ring protons (compared to pyridine) with the effects most 
apparent at the proton adjacent to the substituent group. 

Changes in the NMR spectrum of [Coddpk - 
dien)*(dpk. H20)0214+ can be explained in terms of 
the coordination of the dpk and the reaction of the 
carbonyl group. The shift of 0.42ppm of the resonance 
of H(6) is indicative of coordination. The failure of H(5) 
to show any downfield shift may be a result of the 
reaction of the carbonyl. The resonance for H(3) also 
showed a much smaller shift than would be expected 
from comparison to the La/dpk complex listed in Table 
5. It is proposed that the loss of the carbonyl electron- 
withdrawing effect is offset by the downfield shift of 
coordination. This would seem to be a reasonable pro- 
posal in that the major effects of the carbonyl substituent 
occur at positions ortho and para, and the same is true of 
the effects of the nitrogen in pyridine. The more subtle 
change brought about by r-bonding and solvent inter- 
action cannot be separated from the more drastic effects 
of coordination and carbonyl addition. One readily ap- 
parent feature of the spectrum of the dpk/dien complex 
was the extreme complexity of the signal compared to 
the complex with the dpk/py ligands. This strongly im- 
plies that the dpk/dien complex has pyridyl rings in 
different magnetic environments, again suggesting a 
bridging ligand. The resonance bands of the dien ligand 
were located at 2.8 ppm and 5.5 ppm for the C-H and the 
NH*, respectively. These assignments are consistent 
with data reported by Crawford et al.“’ involving the 
spectra of [trien Co&-en, OSCo trien14+ in which they 
assigned a broad peak at -2.8ppm to the ethylenic 
protons of coordinated trien. In another study of Co(II1) 
chelates of trien, Japanese researchers assigned the pro- 
tons of the NH2 group to a broad band centered at 
5.3 ppm.Z3 The possibility of the peak at 5.5 ppm in the 
dpk/dien complex originating from an O-H proton is 
discounted on the basis that it does not appear in any of 
the other complexes containing the gem-dial. The O-H 
group in the hydrated dpk can act as a strong acid, with 
the equilibrium shown in eqn (1) accounting for the lack 
of OH proton resonances at -5 ppm. This ionization also 
explains the rapid drop in pH upon addition of dpk to 
Co’+ solutions. 

The proton spectrum of [Co2(dpk)d(py)202r was 
fairly well resolved allowing integration of the resonance 
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peaks. The H(6) protons of dpk produced a broad peak at 
8.74ppm. This downfield shift is expected if the pyridyl 
nitrogen adjacent to this proton is coordinated. A curious 
feature of the spectrum of the dpk/py complex was the 
presence of a sharp well-defined resonance peak at 
8.44ppm. The position and shape of this peak clearly 
places it in the range expected for the H(4) of pyridine. 
The calculated ratio in the complex (1: 20) matches well 
with the determined integration of 1: 22. The fact that the 
signal is not split conflicts with the known coupling 
constants for pyridine in D20, Jtu, = 1.24 Hz; Jo.+ = 
2.95 Hz.” Since the coupling constants are a function 
of protonation of the pyridine, it is possible that the 
sharp signal of H(4) in pyridine is the result of attenua- 
tion of the spin-spin coupling as a result of chelation. 

The spectrum of [Col(dpk . H20)4(py)Z02]4+ again 
showed a sharp well-defined peak near 8.5 ppm and the 
broad band far downfield that appeared in both of the 
previously discussed complexes is absent. The ratio of 
the resolved multiplets in the spectra is 4: 21: 13 for the 
peaks at 8.48 ppm, 8.03 ppm, and 7.39 ppm, respectively. 
No definitive assignment of this integration pattern was 
possible because of the overlap of the pyridine and dpk 
signals. The spectrum of this compound was run without 
signal averaging. 

The extremely complex NMR spectrum of [Co,(dpk)r 
(terpy)202]4’ was a result of the presence of ten different 
groups of equivalent aromatic protons. As in the case of 
the dpk/py complex a sharp spike in the spectra at 
8.3ppm appeared which is assigned to H(7). It appears 
that chelation of symmetrical nitrogen hetrocycles 
results in the decoupling of some signals. The extreme 
downfield shift of the a protons (9.5 ppm) sets this 
compound apart from the others. 

Since the H(5) proton of dpk is most representative of 
n-electron density on the ring, its resonance position is 
significant.” A slight upfierd shift is indicated in all the 
peroxo containing compounds. This behavior, along with 
the high carbonyl stretching frequencies, points to in- 
creased Ir-electron density on coordinated dpk, being 
only slightly less for the hydrated form. By contrast, in 

the La/dpk complexes, all the aromatic protons are shii- 
ted downfield [9]. 
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(TRIMETHYLSILYLMETHYL)DIOXORHENIUM(V), (Re-Re) 

KWOK W. CHIU, WAI-KWOK WONG and GEOFFREY WILKINSON* 
Chemistry Department, Imperial College, London SW7 2AY, England 

and 

ANITA M. R. GALAS and MICHAEL B. HURSTHOUSE 
Chemistry Department, Queen Mary College, Mile End Road, London El 4NS. England 

(Receiued 12 June 1981) 

Abstract-The interaction of phenylimidotrichlorobis(trimethylphosphine) with dimethylmagnesium gives the tri- 
methyl compound, Re(NPh)Mer(PMe&. Exchange reactions between the trichloro and trimethyl compounds 
are studied by ‘H nuclear magnetic resonance and the intermediates Re(NPh)MeaCI(PMer)z and 
Re(NPh)MeCla(PMe,)a isolated. 

The trimethyl reacts with fluoroboric acid to give a phenylamido complex [Re(NHPh)MerF(PMer)z]BF,, with 
acetic acid to give Re(NPh)Me(COrMesh, and with trityltetrafluoroborate to give [Re(NPh)Me2(PMes)a]BF,. 

The interaction of Re(NPh)CIs(PMe,h with excess of bis(trimethylsilylmethyl)magnesium and of trimethyl- 
phosphine in tetrahydrofuran gives an unusual tri-rhenium compound, (MesSiCHJs(O)Re-P-O- 
Re(PMes),Re(O)&HaSiMe,) whose structure as a thf solvate, has been determined by X-ray crystallograph 
Crystals of the latter are monoclinic, space group P2,ln with a = 15.512(3), 6 = 15.392(2), c = 21.506(4) K , 
p = 100.19(2)“, 2 = 4. The structure has been refined to an R of 0.07 for 5028 observed diffractometer data. The 
molecule is tri-nuclear with the central rhenium carrying four PMe, groups being bound to the second rhenium by a 
short Re-Re bond and to the third by an asymmetric oxygen bridge. The end rhenium bound to the bridge oxygen 
carries two CH$iMes groups and an oxygen atom, while the other has one CHrSiMes group and two oxygen 
atoms. 

The synthesis and reduction reactions of phenylimido 
trichlorobis(trimethylphosphine)rhenium(V) have been 
described.’ We now report the synthesis of the tri- 
methyl analogue, Re(NPh)MeX(PMeJz and some of its 
reactions. NMR data for new compounds is collected in 
Table 1. 

1. INTERACTION OF DlMETEM,MAGNEsIUM 
AND ReO@t#.%Oa 

The interaction of the trichloride with excess Me2Mg 
in toluene gives dark green crystals of the air sensitive 
trimethyl Re(NPh)Mel(PMe& (1). Use of only one 
equivalent gives a similar dark green compound, 
Re(NPh)CIMe2(PMe& (2), while 0.5 equivalents leads to 
the light green Re(NPh)Cl,Me(PMe&. 

Intermolecular methyl transfer reactions between 
these species can be observed by NMR study (eqns l-3). 

Re(NPh)Me3(PMe& + Re(NPh)ClJPMe& 
+Re(NPh)CI,Me(PMe,), t Re(NPh)CIMez(PMe& (1) 

Re(NPh)MeS(PMe& t Re(NPh)t&Me(PMe& 
--* 2Re(NPh)CIMe2(PMe& (2) 

Re(NPh)CIMe,(PMe& t Re(NPh)CI,(PMe,), 
+2Re(NPh)ClsMe(PMeak. (3) 

Such transfer reactions are established in a number of 
cases, e.g. for Au, Pd and Pt compounds: between 

*Author to whom correspondence should be addressed. 

TaC&Me and TaCLMe,, and between Co and Rh 
complexes.’ They have been considered as involving 
bi-molecular electrophilic substitution at the methyl 
group (Su2).5 

Between Re(NPh)Cls(PMe& and Re(NPh)Mea(PMe& 
in ds-toluene, there is no exchange at co. 30°C but at 
70°C the reaction is complete after co. 36 hr and at 90°C 
after cu. 15 hr. Two new sets of doublets are observed in 
the ‘H NMR spectrum at S 3.47 (3JP_H = 7 Hz) and 1.48 
(2Jp_H = 8 Hz) corresponding to the Re-Me and Pe3 
resonances of Re(NPh)CIMe,(PMeJx. Addition of an 
excess of Re(NPh)CI,(PMe,h to the solution causes no 
apparent change after 24 hr at 70°C but on raising the 
temperature to 80°C the resonances due to (2) decrease 
in intensity and a new set of signals coincident with 
those for Re(NPh)C12Me(PMe3)2 appear (6 4.6 triplet, 
3Jp-~ = 4.5 Hz, Re-I&; S 1.48 triplet, 2Jp_r.r = 3.5 Hz, 
P@3). 

Methyl transfer is also observed between 
Re(NPh)Me3(PMe3b and Re(NPh)C12Me(PMe& at 70°C 
and is again complete in ca. 36 hr. Since the monomethyl 
species can be observed (eqn l), the rate of the second 
transfer to give Re(NPh)C1Me(PMe3)2 is probably not 
more than ten times that for the first transfer, whose 
activation energy must be greater. Also, since reaction 
(3) proceeds only at 80°C or above this must have the 
highest activation energy of the reactions 1-3. 

2. REACTIONS OF PDENYLIMIDOTRIhIETDYL 
Brs~OSPmNE.~NIuh!(v) 

Although the complex reacts with both NO and CO, 
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mixtures of products are obtained; there is no reaction 3. INTERACTION OF Rc(Npb)CI,(pMe,), 

with hydrogen at cu. 3 atm and 75°C. WITH (MeSICHlkMtt 

In tetrahydrofuran the compound reacts with 48% 
aqueous HBK undergoing protonation of the nitrogen 
and loss of one methyl group as methane to give white 
microcrystals of [Re(NHPh)FMe,(PMe&]BF., (4). This 
salt is air-stable, diamagnetic and a 1 : 1 electrolyte in 
nitromethane. A precedent for this type of fluoro com- 
plex is [Mo(N2H)F(dppe)JBF.,.6” 

The interaction of the phenylimido complex in the 
presence of excess trimethylphosphine with excess 
(Me&CH&Mg in tetrahydrofuran at 70°C for 2 days 
gives a complex that contains no nitrogen and has stoi- 
chiometry Re10,(CHzSiMe3)1(PMeJ)4. 

The IR and NMR data are in accord with the structure 
discussed below. Thus, in the IR there are terminal Re=O 
stretches at 1015, 910 and 890cm-’ the first being 
ascribed to the stretch of the non-linear O=Re-O- group 
by comparison with other similar compounds.” 

(b) Acetic acid 
In this case no protonation of the NPh group occurs 

although methane is lost and the acetate 
Re(NPh)Me(CO,Me),(PMe& (5) is obtained as a neutral 
purple air-stable compound. There is no N-H stretch in 
the IR spectrum which has bands characteristic of uni- 
dentate acetate’ so that the compound is 6-coordinate. 

A drawing of the molecular structure is given in Fig. 1, 
whilst some of the more important molecular geometry 
parameters are given in Table 2. The molecule is struc- 
turally unique but it is possible to rationalise the bonding 
in terms both of common rhenium oxidation states and 
of electron counting. Representation of the structure by 
the single form (1) shows that the Re(l) and Re(3) atoms 
have formal oxidation states (V), whilst Re(2) has oxida- 
tion state (I). Furthermore, assuming a double 
Re(2)=Re(3) bond, these two metal atoms have l$elec- 

Removal of a methyl group as Ph,CMe by interaction 
with Ph,CBF, in toluenedichloromethane produces the 
purple air-stable salt [Re(NPh)Mez(PMe&]BFd (6) 
which is a I : 1 electrolyte in nitromethane. Although 
possibly 5-coordinate, in d6-acetone the ‘H NMR spec- 
trum is unchanged from +40 to -80°C. In the solid state 
the BF, group may act as a unidentate ligand, since 
although IR evidence for BF; coordination is somewhat 
ambiguousP there is noticeable splitting of the bands at 
1055 and 770 cm-‘. 

ti) R =CHaSiMe3 

A precedent for this reaction is the formation of 
[(n’-C,H,)JaMe,]BF., from ($-CsHs)2TaMe3.‘o 

tron configurations. The atom Re(1) has 14 electrons as 
written but the electron number can be increased to 18 if 
the two lone pairs on the bridging oxygen atom are both 
donated to Re(l) in Re-0 n-bonding. This would explain 
the large asymmetry in the Re(l)-O-Re(2) bridge, where 

Table 2. Selected bond lengths and angles for (Me,SiCH,h(O)Re(r-O)_Re(PMeJ,Re(O)(CH$WfeJ 

4 Bond Lengths b) Interbond ~nglee 

Rem-o(l) 1.76(l) om)-Re-O(l) 1X.1(6) 

Re(l)-O(lA) l-71(2) C(lB)-Bs-WC) 95.5(B) 

Re(l)-C(lB) 2.13(2) 0tber ar@es at R&z(l) .re 104.2- 

Re(l)-cm) 2.13(2) 110.6(6) 

2.419(6) 

2.490(6) 

2.430(6) 

2.427(6) 

2.28(l) 

2.381(l) 

O(l)-RL(2MleW 175.0 

O(l)-ac(2)-P 77.6-92.9(3) 

P-r@(2)-P (cis) 89.4-91.2<2) 

P(l)-lk(2)-P(2) X56.4(2) 

P(3)-Rs(2)-P(4) 177.9(2) 

Re(3)-Re(2)-P 69.7-lD6.0(2) 

Re(3)-O(3A) 1.64(3) O(~)-Rc(3FO(31) 106(l) 

Re(3)-0(3B) 1.61(3) 0(3A)-W3)-C(3C) 103(l) 

Rc(3)-C(3C) 2.09(4) 0(3B)-Bn(3)-WC) 112(2) 

SI-C 

P-C 

1.6%1.97(g) 

l.Bl-l.B6(31 
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Re(l)-O is 1.781(2) A and 0-Re(2) is 2.28(2) A, although 
the asymmetry could be due in part to the oxidation state 
differences. The remaining parameters are, for the most 
part in the ranges of expected values. Thus, the Re(2)- 
Re(3) distance of 2.381(l) A is consistent with a double 
bond. The Re(2)-P distances show quite a large spread 
(2.42-2.49(l)& and the two ReO)-oxo distances (1.61, 
1.64(3) A) differ from the Re(l)-oxo distance (1.71(2) A) 
by more than might have been expected, although the 
difference is only 3~. These inconsistencies are almost 
certainly due to deficiencies in the refinement, and in- 
deed, our attempts at full anisotropic refinement in- 
dicated that the ligands on Re(3) undergo large thermal 
motion, (suggesting perhaps, some oscillation about the 
Re=Re bond). 

The mechanism of formation of this unusual com- 
pound is not clear but the oxygen evidently comes from 
cleavage of the tetrahydrofuran since the reaction and 
work up were carried out in an inert atmosphere. The 
formation of a Re-Re bond in alkylation reactions has 
not previously been observed nor have Re-Re bonds 
involving, formally, a Re(V) atom been described. Four- 
coordination for Re(V) is also unique.” 

EXPERIMENTAL 

Microanalysis were by Pascher, Bonn and Imperial College 
Laboratories. 

Spectrometers. IR: Perkin-Elmer 597; spectra in nujol mulls. 
NMR: Perkin-Elmer R32 (‘H, 90MHz), Bruker WM-250 (‘H 
250 MHz; )‘P{‘H) 101.27 MHz). 

All operations were performed under oxygen-free nitrogen or 
argon or in wcuo and all solvents were dried over sodium 

(except dichloromethane which was dried over PzOs) and dis- 
tilled from sodiumlbenzophenone under nitrogen immediately 
before use. Light petroleum had bp. 4O&PC. Melting points 
were determined in sealed tubes (uncorrected). Analytical data 
are collected in Table 3. 

(1) Phenylimidotrimethy/bis(rrimethylphosphine)renium( V), (1) 
To a solution of Re(NPh)Cls(PMes)a’ (5.4g, IOmmol) in 

toluene (IOOcm’) was added excess MezMg (20cm’, 64mmoL 
3.2M in Et,O) at -78°C. The solution was slowly warmed to 
room temperature, then heated to 6&7o”C for 24 hr. After 
removal of solvent under vacuum, the residue was extracted with 
petroleum (3 x 4Ocm’) to give a green solution. The combined 
extract was filtered through cellulose, the filtrate concentrated to 
ca. 40cm3 and cooled to -20°C to give green crystals. Yield, 
3.3 g, 70%; m.p., 75-76°C. 

IR cm-‘: 1584w, 1482s, 1424m. 1346s, 1306w, 1286m, 1263m, 
1070m, 1024s 988w, 958s. 948s. 938s 85Ow, 8OOm, 770m, 720m. 
692m, 672w, 554w, 496w, 483~. 

iii Phenylimidochlorodimethylbis(trimethy/p~osp~ine)rhenium( V), 

To a solution of Re(NPh)CIs(PMesh (1.0 g, 11 mmol) in toluene 
(40 cm3) was added MeaMg (0.60 cm’, 3.2 M in EtzO, 2.0 mmol), 
at -78°C. The solution was stirred and slowly warmed to room 
temperature, then heated to 6&7o”C for 24hr. Solvent was 
removed under vacuum and the residue washed with petroleum 
(2 x 30 cm3). It was then extracted with toluene (20 cm’) and the 
solution filtered, concentrated to co. 5 cm3 and cooled to -20°C 
to give green crystals. Yield, 0.7 g, 75%; m.p. 122-3°C. 

IR cm-‘: 1584w, 1482s. 1320s 13OOm, 1280s. 126Om, 11OOw, 
1070m, 103Om, 993~. 95Ovs, 85Ow, 76Ow, 725w, 697w, 670w. 

(3) Phenylimididichloromethylbis( trimethylphosphine)rhenium 
(v) (3) 

To a solution of Re(NPh)C13(PMe3k (1.5 g, 2.85 mmol) in 
toluene (50 cm’) was added Me,Mg (0.45 cm3, 2.85 mmol, 3.2 M in 
Et,O) at -78°C. The solution was stirred, warmed slowly to room 
temperature and then heated to 60-7VC for 24 hr. The solvent 
was removed under vacuum, the residue washed with petroleum 
(2 x 4Ocm’) and extracted with toluene (25 cm’) which was 
filtered, concentrated to ca. 5 cm3 and cooled to -20°C to give 
green crystals. Yield 0.6 g, 65%; m.p., 173-4”C. 

IR cm-‘: 158Ow, 1482s, 1420m, 1302w, 1284m, 1264w, 1072w, 
1028m, 994w, 952s, 863~. 852w, 802w, 779m, 747m, 682m. 673w, 
566w, 552w, 514~. 

Table 3. Analytical data 

Compound Found (Required) X 

C H N P Other wa 

1. Re0Wh)Meel(PHes), 38.6 , G:& $:i, 12.9 460 
(38.0) (13.1) (474) 

2. Re(NPh)tie,(PMer). 34.0 Z, ,Z, 12.7 6.5(CZ) 500 
(34.0) (12.5) (7.2) (495) 

3. Re.WPh)CI.MeWMe.). 30.9 (:::, G:Y, 11.5 13.0(M) 510 
(30.3) (12.0) (13.8) (515) 

4. [Re(NPh)Me.(PMee.),I[BP,l 31.5 
G::, c:::, 

12.6 13.3(F) 
(30.8) (11.4) (13.9) 

5. [Re0WPh)FMe.(PMc,),I[BF, 20.8 
(29.7) 

G::, (Z, 10.4 16.7(F) 
(10.9) (16.8) 

6. ReWPh)(CO.Me),Me(PMe,)r 36.5 11.4 11.6(O) 540 
(36.3) 

Z:i, 
(11.0) (11.4) (562) 

7. Re,0~(CH&Mec.).me.)~. 26.5 10.0 6.5(O) 1200 

thf (26.7) (9.8) (6.4) (1259) 
7.1 (Si) 
(6.7) 

- Cryoscopically in benzene. 
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(4) Phenylamido~uorot~methylbis(t~methylp~sp~ne)~enium( V) 
tetmfluomborate (4) 

To a solution of Re(NPh)Mes(PMesk (0.5 g, 1.05 mmol) in 
tetrahydrofuran (50cm’) was added aqueous HBF, (0.20cm3. 
1.2 mAoI, 40% HBF,, cu. 6 mmol cie3) in tetrihidrofuran 
(5cm’) at -78°C. The solution was allowed to warm slowly to 
room temperature and stirred for 2 hr. The off-white precipitate 
was collected, washed with diethylether (2 x 20cm3) and then 
extracted into MeOH (40cm3). The solution was filtered, con- 
centrated to ca. 10cm3 and cooled to give white crystals. Yield, 
0.48 g, 80%; m.p., 93&C. 

IR cm-‘: 336Ow, 1584~. 1478s, 142Os, 1306m, 1286m, 116Obr. s, 
948s, 85Om, 8OOw. 765m, 74Om, 685m, 672m. 

Conductivity. CH3N02, 25°C. I05 A-’ cm* M-‘. 

(5) Pheny/imidobis(acetato)methylbis(trimethylphosphine)~enium 

(v) (5) 
To a solution of Re(NPh)Me3(PMe&* (0.4g, 0.75 mmol) in 

toluene (50cm’) was added excess glacial acetic acid (2 cm3, 
35.0 mmol) at -78°C. The solution was warmed slowly, stirred at 
room temperature for 3 hr. then evaporated to dryness under 
reduced pressure and the residue extracted into toluene (2x 
20 cm’). The solution was filtered, concentrated to ca. I5 cm3 and 
cooled to -20°C to give pale brownish crystals. Yield, 0.348, 
80%; m.p., 108-9°C. 

IR cm? 1649s, l61Os, 1584m, 1484m, 1418m. 1364s, 13579, 
1322m, 130lm, 1297s. 12lOm. 1072w, 1031w, IOlOm, 993w, 948s. 
925m, 857m, 849m, 779m. 742m, 724w, 684m, 672w, 659w, 63Ow, 
602~. 

IR (Voltalef 35 oil), cm-‘: 1649s, 16lOs, 1584m, l484m, 1429w, 
1418m, 1378m, l368m, 1359m. 

(6) Phenylimidodimethy/bis( trimethylphosphine)rhenium( Vvetra- 
fluoroborate (6) 

To a solution of Re(NPh)Me3(PM& (0.68 g, 1.42 mmol) in 
diethvlether (30 cm3) was added PhEBF, (0.47 II. 1.43 mmol) in 
diethilether (20cm’j at -20°C. The ;olu& was-warmed slowly 
to room temperature and stirred for 5 hr when the solvent was 
evaporated to dryness under vacua. The oily residue was washed 
with diethylether (2 x 20cm’) and then extracted into tetra- 
hydrofuran (30 cm3) filtered, concentrated to ca. 1Ocm’ and 
diethylether diffused slowly into the tetrahydrofuran solution to 
give greenish red crystals. Yield, 0.5 g, 65%; m.p., 92&C. 

IR cm-‘: 1584w, 1424m. 13lOm, l29Os, 12lOw, 117Ow, 1162~. 
1070br,s, 1030s. 988m, 948s, 855m, 780m. 745m, 73Om, 690m. 
670m. 

Conductivity. CH3N02, 25°C 100 A-’ cm2 M-‘. 

7. Bis(ttimethylsilylmethyI)oxorhenium( V) - TV - 0x0 - tetrakis 
(trimethylphosphine)rhenium(l) (trimethylsilylmethyr)dioxo- 
rhenium(V) (Re-Re) tetrahydmfuran (7) 

To a solution of Re(NPh)C13(PMe3h (0.54g, I mmol) and tri- 
methylphosphine (1 cm3, 10 mmol) in tetrahydrofuran (50 cm3) 
was added (Me3SiCH2)2Mg’3 (6 cm3 of 0.6 M solution in Et,O, 
3.6 mmol) at -30°C. The solution was allowed to warm and then 
heated at 70°C for co. 2 days. The solvent was removed, the 
residue extracted with petroleum (2 x 30cm3), the solution 
filtered, concentrated to ca. IOcm3 and cooled to -20°C to give 
dark red crystals. Yield 0.3 g, 70%; m.u., 118-119°C. 

IR cm-‘_ l42Om, 1368&, ls8m; 1282ms, 1245sh, 1242s, 
109Obr,m, IOlSm, 948~s. 91Os, 890s. 865sh, 852s, 832s, 814s, 
742m. 720s. 672m, 556m. 

CRY!STALLOGRAPHIC STUDJES 
The crystal used for X-ray study was obtained from 

tetrahydrofuran as the thf adduct and sealed under 
nitrogen in a Lindemann capillary. Unit cell and crystal 
orientation data were obtained using the search and 
index routines on a Nonius CAD4 diffractometer. Ac- 

tAtomic co-ordinates have also been deposited with the 
Cambridge Crystallographic Data Centre, for inclusion in their 
Data Base. Copies are also available, on request, from the Editor at 
Queen Mary College. 

curate values were obtained by least squares refinement 
using setting angles for 25 high angle reflections, 
automatically centred. Intensity data were recorded as 
described previously.‘4 The crystal morphology was 
obscured by the vacuum grease used for mounting, and 
so no absorption correction could be applied. 

Crystal data 

CuH,0,P,SiRe3. C4H80, F. wt. = 1260.7, monoclinic, 
a = 15.512(3), b = 15.392(2). c = 21.506(4)& B = 
100.19(2)“, Ua = 5053.8 A3, space group P2Jn, Z = 4, D, 
not measured, D, = 1.64 g cm-’ F(OO0) = 2288, p(Mo- 
Ka) = 78.0 cm-‘. 

Data collection 

CAD4 diffractometer, graphite monochromated Mo-Ka 
radiation, d20 scan mode, 8467 reflections collected 
(1.5 < 19 < 25”), 7568 unique, 5028 observed [I > 1.50(I)]. 

Structure solution and refinement 
Direct methods (Re positions), difference syntheses, 

full matrix least squares. Attempts to refine all non- 
hydrogen atoms anisotropically resulted in non-positive 
definite conditions or exceedingly anistropic ellipsoids 
for many atoms, especially the trimethylsilylmethyl car- 
bons; additionally, the thf molecule is disordered over 
two neighbouring sites. Whilst high thermal motion or 
positional scatter for these atoms is likely to be the 
major cause of the refinement problem, the absence of 
an absorption correction may also contribute. Accord- 
ingly, only the Re and P atoms on Re(2) were refined 
anisotropically and the remainder were assigned isotro- 
pic thermal parameters. The final R values were R = 
zlAF[/z(F,,( = 0.070 and Ro = [ZJwAF(*/SoF,,]“’ = 0.0698 
with o = I/[cr(F,) + 0.0006 Fo21. Final atomic coordinates, 
thermal parameters and a list of FJF, values have been 
deposited with the Editor as supplementary data.t Pro- 
grams, computers and sources of scattering factor data 
are given in Ref. 14. 
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Abstract-The interaction of Re(NPh)CIs(PPh& with PMes gives Re(NPh)Cl&PMes)(PPhs) or Re(NPh)CI,(PMe& 
depending on conditions. In the presence of excess PMes the phenylimido compounds in tetrahydrofuran are re- 
duced by sodium amalgam giving products whose nature depends on the atmosphere (Ar, NZ, Hz CO, butadiene) used. 
The following compounds have ken characterised: Re(NHPh)(N&PMes),, ReH(NHPh)(r)‘-CHzPMe&PMes),, 
Re(HMNHPhXPMe~k, ReWWWkPMeJ~, Re(NHPh)(CO),(PMes)z, Re(NHPh)($-C,H&PMe& and 
Re(NPh)&(PMe&. The structures of Fe(NHPh)(N&o(Mes), (3) and Re(NHPh)(C&.)(PMe,)s, (8) have been 
confirmed by single-crystal X-ray diffraction studies. (3) is monoclinic, space group P2,/n with a =9.574(2), 
b = 19.528(3), c = 14,385(3)i and fl = 99.06(2)“; (8) is orthorhombic, space group Pbc2,, with a = 12.207(2), 
b = 13.884(2), c = 14.242(2)k The structures were solved via the heavy atom method and refined by least squares 
to R values of 0.065 and 0.062 for 3249 and 2009 observed diffractometer data, respectively. In the dinitrogen 
complex the N2 and NHPh ligands adopt a cis configuration with Re-N bond lengths of 1.955(13) and 2.200(14)& 
respectively. In the butadiene complex, whose structure is not well defined due to disorder and/or pseudo 
symmetry correlakn effects, the Re-N (amido) distance is 2.13(3& 

INTRODUCTION 
It has been noted’ that although alkyl or arylimido com- 
plexes of rhenium have long been known few of their 
reactions have been studied. Reactions of 
Re(NR)CIa(PPh& with sulphur and oxygen have been 
studied, the latter reaction generating arylnitroso species 
ReCIJ(RNO)(OPPh,). t-Butylimido alcoxo complexes, 
e.g. Re(OSiMel)(NBu$, have also been recently des- 
cribed.* 

We now report the synthesis of trimethylphosphine 
phenylimido compounds and of species obtained from 
the sodium amalgam reduction of Re(NPh)C&(PPh& in 
the presence of PMe3 and/or Re(NPh)Cls(PMeSh under 
atmospheres of Ar, Nz, Hz and CO. 

In Table 1 are collected the ‘H NMR data for new 
compounds; “P data is given in the text and experimen- 
tal section. 

RESULTS AND DISCUSSION 
(1) Interaction of phenylimidotrichlorobis(triphenyl- 
phosphine)rhenium( V) with trimethylphosphine 

Interaction of PMe, and Re(NPh)C&(PPh& in toluene 
at room temperature (ZO-2S’C) leads to replacement of 
only one PPh3 ligand and formation of the green crystal- 

*Authors to whom correspondence should be addressed. 

line solvate Re(NPh)CI,(PMe,)(PPh,). C,Hs (1) in high 
yield. At g&WC the his-trimethylphosphine complex 
Re(NPh)C13(PMe& (2) is obtained; the similar triethyl- 
phosphine complex is known.’ 

The IR spectrum of 1 shows a strong band at 760 cm-’ 
(Re=NPh) while the ‘H NMR spectrum has a PMeJ 
doublet (S 1.59 ppm, *Jp_” = 10 Hz) indicating cis phos- 
phorus atoms as in the fat structure (1). In the com- 
pound 2, there is a similar band at 769 cm-’ in the IR for 
Re=NPh but the ‘H NMR is a triplet (S 1.48 ppm, ‘.L, 
= 4 Hz), indicating trans phosphines as in (2). 

(2) Reductions by sodium amalgam 
The reduction of either Re(NPh)CI@Ph& or 

Re(NPh)C13(PMe3)t in the presence of excess PMe, 
gives similar products in all cases when Ar, Nz, Hz and 
CO atmospheres are used and, except in one case, leads 
to phenylamido (NHPh) complexes since tetrahydro- 
furan as solvent can also act as a source of hydrogen. 

(a) Phenylamido(dinitrogen)ferrakis(trimethylphosphine) 
rhenium(Z). 

The reduction using excess sodium amalgam leads to 
Re(NHPh)(Nz)(PMe,), (3) whose IR spectrum shows a 
weak band at 339Ocm-’ for the N-H stretch and a very 
strong band at 2OOOcm-’ for coordinated NZ. The ‘H 
NMR spectrum has a broad resonance at S 2.3ppm 

37 
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Table 1. ‘H nuclear magnetic resonance spectra’ 

1. Re(NPh)CI,(PMe.)(PPh.)C,H. 

2. Re(NPh)C~.(PMe.)a 

3. Re0RiP~)(N.)(~.)~ 

4. Re0iEPh)(R)a(PI'&)~ 

5. Re (NHPh~W)(CHJ'Me.)@k,), 

6. Remml~ (CO) .me.) s 

7. ReWPh) (CO) r(PMe,) 1 

8. Re(NEPh)(n*-CtiH.)We.). 

B 
A A' 

‘H 6 Ppm 

7.0-7.9 m (20) 

7.1 s (6) 

2.3 8 (3) 

1.59 d (9) ('_3P_H = 10 Kz) 

7.0-7.9 m (5) 

1.48 t (18) '=J+_H = 4 Hz) 

6.4-7.5 m (5) 

2.30 br,s (1) 

1.22-1.40 m (18) 

0.98-1.10 m (18) 

6.4-7.5 m (5) 

2.85 br,s (1) 

1.56 t ('J+_H = 2 Hz) 

1.45 d ('J+_H = 4 Hz) I 
-8.8 q of d (1) 

"Jp, = 21.0; 
'JR-H 

= 2.4 Hz) 

-7.8 q (1) (zJ+_H = 21.3 Hz) 

6.4-7.5 m (5) 

3.0 br.8 (1) 

2.3 d (9) "+_H = 26.5 Hz) 

2.14-2.6 m (17) 

1.22 br,s (9) 

-3.30 br,s (1) 

6.4-7.5 m (5) 

2.80 br.8 (1) 

1.35 d ca+_R = 4.0 Hz) 

1.14 m I 

6.4-7.5 m (5) 

2.72 br,s (1) 

1.28 d (=+_H = 7.7 Hzz) 

1.33 d (*J+_H = 8 Rz) 1 

7.3-4.4 br,m (5) 

4.53 br,s (2) 

1.50 br,s (2) 

-0.35 br.8 (2) 

1.21 d "$_, = 6.6 Hz) 

1.15 d (aJ+_H = 5.9 Hz) 

0.92 d (aLp_H = 5.2 Rz) I 

2.74 br, s 

Assignment 

a In '[HI. benzene at 90 MHz, 35%; Me,,SI 6 0.0. Relative areas in parenthesis. 
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(N-H) together with complex multiplets between 6 l.O- able since, like two trans phosphines, we have in this 
1.7 ppm for the PMel groups. This complexity suggests situation, two truns n-acceptor ligands competing for d 
different environments for the PMep groups in solution electron density. On the other hand, the phosphine trans 
similar to those confirmed in the solid state by X-ray to the phenylamido group has a very short Re-P bond, of 
diffraction study described below. The complex reacts length 2.334(4)& This again is understandable since trans 
with hydrogen and with carbon monoxide to displace to this phosphine we have the NHPh ligand, and repul- 
dinitrogen as described later. Other rhenium(I) dinitrogen sion of the metal d electrons by the nitrogen lone pair 
complexes, ReX(N,)(PR,),, and ReX(Nz)(diphos)l, X = would tend to enhance the drift of d electron density 
Cl, Br, are known?’ from the metal to the phosphorus. 

A diagram of the molecule is shown in Fig. 1 and some 
of the more important bond-lengths and angles are listed 
in Table 2. The compound is a direct relative of the Re’ 
chloro derivative ReCl(Nz)(PMe2Ph),? However, the 
two structures are significantly different in that in the 
chloro compound, the chlorine and dinitrogen ligands are 
frans (and, in fact, mutually disordered) whereas in our 
compound, the phenylamido and dinitrogen groups are 
cis. 

It may be noted that the metal achieves an 18-electron 
configuration without N*Re electron donation and this 
accounts for the relatively long Re-N(amide) bond length 
of 2.2O(l)A. Additionally, the nitrogen atom deviates 
significantly from planarity with the sum of the angles 
being 353”. 

(b) Phenylamido dihydtidotetrakis(trimethylphosphine)_ 
rhenium(ZZZ) 

Detailed comparison of the structures is quite reveal- 
ing. In the chloro complex, the four “equatorial” Re-P 
bond lengths lie in the narrow range 2.413(4b2.435(4)- 
the small differences being ascribed to steric crowding. 
In our complex we have three structurally different 
phosphines, and the Re-P distances vary accordingly. 
Two of the phosphines are mutually truns with equal 
Re-P distances [2.405(4), 2.408(4)& which are similar to 
those in the chloro complex. The phosphine frans to the 
N2 ligand has an Re-P length of 2.397(3)Adnly slightly 
shorter than the first two, suggesting little if any trans 
influence for the dinitrogen ligand. This is understand- 

The extremely air-sensitive complex Re(NHPh)(Hk* 
(PMe,), (4) can be obtained directly by reduction of 
Re(NPh)Cl@Me& in the presence of excess PMe3 un- 
der hydrogen or by oxidative addition of hydrogen from 
compound (3). This reaction is reversible at room tem- 
perature 

Re(NHPh)(Nz)(PMea)4 +HG Re(NHPh)(H)zW&k 
+Nz. 

The complex has bands in the IR spectrum at 3382 
(N-H str) and medium broad bands at 1925 and 
1885cm-’ (Re-H str). The ‘H NMR spectrum again 
confirms the N-Ij (8 2.85 ppm) and in addition to PMe, 
resonances there are two Re-H resonances; HA at 6 
-8.8 ppm, quintet of doublets (*L = 21 Hz, ‘&, = 
2.4 Hz), HB at 7.8 ppm, a poorly resolved quintet eJ,_, 
= 21 Hz). There is no change in these high field 
resonances between - 100 and + 90°C. The 3’P{‘H} spec- 
trum has two broad singlets at S -41.63 and - 
45.37 ppm. This seven-coordinate rhenium(II1) complex 
can have isomers 4a, b; for 4a, the ‘H NMR spectrum 
should show two pseudo quintets of equal intensity for 
HA and He provided JH-Rc-H is very small. For Sb, the 
two hydrides are equivalent giving a pseudo quintet. The 
observed spectrum is consistent with a mixture of 
isomers. Fig. 1. The molecular structure of Re(NHPh)(N&PMe,),. 

Table 2. Selected bond lengths and angles for Re(NHPh)(N&PMeS), 

a) Bond Lengths (1) 

Re-N(11) 1.955(13) 

&?-N(l) 2.200(14) 

&z-P(l) 2.397(S) 

I&P(2) 2.405(6) 

ReP(3) 2.408(6) 

k-P(4) 2.334(6) 

N(ll)-N(12) l.lOl(l8) 

P-C 1.79(2)-1.88(2) 

N(l)-C(111) 1.36(2) 

C-C(Ph) 1.33(4)-1.47(3) 

b) Bond Angles (') 

N(l)-Re-N(11) 94.9(6) 

N(U)-Re-P(1) 178.3(4) 

N(ll)-Re-Pkis) 85.9-87.6(S) - 

N(l)-k-P(4) 178.8(4) 

N(l)-Re-Pkis) 83.4-86.8(5) - 

Re-N(ll)-N(12) 176.5(U) 

Re-P-C 115-127(l) 

Re-N(l)-C(111) 141(l) 
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(c) Reduction under argon 
Reduction of Re(NPh)Cl,(PMe& with excess sodium 

amalgam under argon leads to a pale yellow extremely 
air sensitive crystalline complex that we must formulate 
as Re(NHPh)(H)( n’-CH2PMe2)(PMe& (5). 

The IR spectrum shows a weak band at 3386 cm-’ for 
the N-H stretch and a weak broad band at 1900 cm-’ for 
the Re-H stretch. The ‘H NMR spectrum confirms the 
Re-H (S -3.3ppm) and also shows a singlet at S 
1.22 ppm, a doublet at S 2.30 ppm (zJp_H = 26.5 Hz) and a 
complex multiplet between S 2.14-2.60ppm for PMe+ 
The “P{‘H} NMR spectrum shows a broad multiplet at 6 
-39.8 ppm that can be assigned to the n’-Me2PCH2 
group formed by hydride transfer from the methyl group 
of PMe3. Although previously only $-CH2PMe2 groups 
have been formed in such reactions,6 there is a precedent 
for an q’-CHzPR2 group (as contrasted with the numerous 
examples of I’-CH2PR3 groups) namely, the complex 
(n5-C5Hs)2ZrCl(n’-CHPPh2) whose structure has been 
determined by X-ray diffraction.’ The compound 5 so 
formulated is thus a ‘I-coordinate complex of rhenium(III) 
and is an 18e species. 

On passing nitrogen through a tetrahydrofuran solution 
of the complex a new intense IR band appears at 
2OOOcm-’ and when this reaction is done in an NMR 
tube the Re-H resonance disappears, suggesting that in 
solution Re(NHPh)(N2)(PMe3)., is formed. On passing 
hydrogen through a thf solution, two new IR bands at 
1930 and 189Ocm-’ appear while the NMR spectrum 
shows high field lines, characteristic of the above dihy- 
dride. 

We, therefore, appear to have the reactions shown in 
Scheme 1. 

(d) Carbon monoxide complexes 
Two carbonyl complexes have been obtained, one by 

the reaction 

Re(NHPh)(NJ(PMe,),+2CO = Re(NHPh)(CO)z(PMe3)3 

and the other, Re(NHPh)(CO),(PMe,),, by reduction of 
Re(NPh)C13(PMe3)2 under CO atmosphere. 

The complex Re(NHPh)(CO)z(PMe3)j (6) forms air- 
sensitive orange crystals. The solution (toluene) IR 
spectrum shows the N-H stretch at 3360cm-’ and ter- 
minal CO stretches at 1891 and 1940cm-’ for cis CO 
groups. 

The ‘H NMR spectrum has a pseudo quintet centred at 
S 1.14 ppm and a doublet (J = 4.0 Hz) centred at 6 
1.35 ppm for the PMe3 groups. The 31P{‘H} NMR spec- 
trum shows a doublet (Jpmp = 24.4 Hz) and triplet (& 
= 24.4 Hz) with relative intensity 2: 1 at S - 64.97 and 
-70.94 ppm, respectively. 

There are two possible isomers 6a, b. The jac- cis 
isomer should show either two doublets of relative in- 
tensity 2: 1 or three doublets of relative intensity 1: 1: 1 
for the ‘H NMR spectrum of the PMe3 groups, whereas 
6b should show either a triplet and a doublet of relative 
intensity 2: 1 or two triplets and a doublet of relative 
intensity 1: 1: 1. The observed spectrum can be con- 
sidered as having two overlapping triplets and a doublet 
suggesting a mer configuration of PMe3 groups. Thus, 
the spectroscopic data fits best for the mer- cis isomer 
6b. 

The reduction of Re(NPh)CI,(PMe& under carbon 
monoxide either at room temperature or in presence of 
two equivalents of PMe, at 60°C leads to the tricarbonyl 
complex Re(NHPh)(CO)3(PMeJ, (7) as air-sensitive 
orange crystals. The solution IR spectrum (benzene) 
shows the N-H stretch at 3360cm-’ and terminal CO 
stretches (2006w, 1910m, 1850s). The ‘H NMR spectrum 
shows the N-H singlet (S 2.72) two doublets at S 1.28 
(*Jp+ = 7.7 Hz) and S 1.33 ppm (‘.&, = 8 Hz) indicating 
non-equivalent PMe3 groups as in (7) although the 
3’P{‘H} spectrum has a broad singlet at S -73.77 and 
some free PMe3 at -62.8 ppm. 

(e) Phenylamido(buta-l,3-diene)tris(trimethylphosphine) 
rhenium (I) 

The reduction of Re(NPh)CI,(PMe,), by excess 

Re(NHPh)(H)(~'-CH,PMe,)(PMe,). 

ii 

, +pMe3 .-II~~Re~mp~~;~pMe3~~ 

Re(NPh)Ct',(PMedz 
+PMe3 

, Re(NHPh) (H).(PMe.), 

Scheme. Reduction by Na/Hg under (i) Nt, (ii) Ar, (iii) Hz, 
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sodium amalgam under an atmosphere of butadiene in 
tetrahydrofuran leads to pale yellow crystals of 
Re(NHPh)(a4-C.&)(PMe& (8). The IR spectrum has the 
N-H stretch at 3423 cm-’ in addition to PMe3 and 
butadiene bands. The ‘H NMR spectrum has the N-H 
resonance at S 2.74ppm, resonances for T~-C~H~ at 8 
4.53, 1.50 and -0.35 ppm, plus three doublets for PMe, 
groups. The 3’P NMR has a triplet and two doublets. 
The spectra are in accord with the structure (8) which 
has been confirmed by X-ray diffraction study. 

The gross structural features of the compound are 
shown in Fig. 2, and although we experienced some 
problems in the refinement of this structure, there is no 
doubt in our minds that the complex is correctly 
identified. In view of the uncertainties in some atomic 
positions (see Experimental) the bond-lengths and angles 
in Table 3, must be regarded with some suspicion and 
where relevant the esd’s have been artifically increased. 

Accordingly, the discussion of the structure can only 
be in general terms. One of the main points of note is 
that the [Re(NHPh)(PMe,)3] unit has a very approximate 
mirror plane, defined by the NHPh group and containing 
P(3), so that P(1) and P(2) are $-mirror related. As far as 
we can tell, however, the butadiene group is not oriented 

Fig. 2. The molecular structure of Re(NHPh)(C4H6)(PMeJ1. 

symmetrically with respect to this approximate plane, 
even though the P(l), P(2) PMe3 groups are pushed back 
towards the (NHPh) group almost equally [P(ltRe-N = 
77”, P(2)-Re-N = 76”]. 

A second point of interest is that if the butadiene 
group is acting as a 4e donor, then, as in compound 3, the 
Re atom achieves and 18e configuration without the need 
for any amido po donation; although the Re-N distance 
of 2.13(4)A is smaller than the value found in compound 
3. The symmetrical orientation of the NHPh group may 
therefore be explained by intramolecular packing effects. 

There are only few phosphine alkene complexes of 
rhenium. The complex Re(H),(s4-C4H6)(PPh,)z has been 
made from ReH,(PPh&’ while the latter complex in 
presence of 3,3-dimethylbut-1-ene dehydrogenates 
cyclopentane to Re(H)2($-CsH5)(PPh3)2? 

(f ) Phen ylimido 
rhenium(ZV) 

dichlorotris(frimethylphosphine)- 

The only case where a phenylamido group is not 
formed is when Re(NPh)Cl,(PMe& in tetrahydrofuran is 
reduced with exactly one equivalent of sodium amalgam. 
The air sensitive dark red crystalline rhenium(W) com- 
plex Re(NPh)Clz(PMe3)a has no N-H stretch in the IR 

Table 3. Bond lengths and angles for Re(NHPh)(~4-C4H6XPMe3)3 

a) Bond Lengths (t b) Bond Angles co) 

Rs-N(1) 2.13(4) 

Re-P(1) 2.404(10) 

Re-P(2) 2.432(8) 

Re-P(3) 2.20504) 

Re-C(10) 2.31(6) 

ReC(20) 2.28(6) 

Re-C(30) 2.26(15) 

Re-cc401 2.28(12) 

C(lO)-C(20) 1.46(10) 

C(20)-C(30) 1.72(20) 

C(30)-C(40) 1.18(20) 

P-Me - fixed hf 1.84 + 0.01: 

N(l)-Re-P(1) 77(l) 

N(l)-Re-P(2) 760) 

N(l)-Re-P(3) 128(l) 

P(l)-Re-P(2) 152(l) 

P(l)-Re-P(3) 97(l) 

P(2)-Re-P(3) 95(l) 

Re-N(l)-C(111) 140(3) 
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spectrum but shows a Re=NPh band at 739cm-‘. It is 
also paramagnetic but the magnetic moment (1.66 BM) is 
low. No EPR signal was observed at room temperature 
but a frozen benzene solution gave a single broad line 
centred on g = 1.74 with a line width between points of 
maximum slope of 80mT. These observations are con- 
sistent with a low spin rhenium(IV) species with a @and 
field of low symmetry. 

EXPERIMeNTAL 
Microanalyses were by Pascher (Bonn) and Imperial College. 
Spectrometers: IR: Perkin-Elmer 597, NMR: Perhin-Elmer 

R32 (‘H 9OMHz). Bruker WM-250 (‘H 250MHz and “P 
101.2 MHz, 28°C). ‘H data referenced to Me,Si, ,‘P to external 
85% HIPOd: epr Varian El2 (X-band). 

All operations were performed under oxygen-free nitrogen or 
argon or in uacuo and all solvents were dried over sodium and 
distilled from sodiumkwnxophenone under nitrogen immediately 
before use. Light petroleum had b.p. 40-6O‘C. Melting points 
were determined in sealed tubes under nitrogen (uncorrected). 
Analytical data is collected in Table 4. 

Re(NPh)CIs(PPhs)r was prepared according to the literature.‘” 
IR spectra were obtained in Nujol mulls, except where stated 

otherwise. 

1. Phenylimidotrichloro(ttimethylphosph~e) 
phine)rhenium( V)-toluene (1) 

(triphenylphos- 

To Re(NPh)CIS(PPh& (2.0 g, 2.2 mmol) suspended in toluene 
(50cm3) was added excess trimethylphosphine (2 cm’, 20 mmol) 
and the suspension stirred overnight at room temperature. The 
green solution was filtered, concentrated to ca. 5 cm3 and cooled 
at -20°C to give green crystals which were collected, washed 
with diethyl ether and recrystallised from toluene. Yield 1.5g, 
82% m.p., 210°C with loss of toluene. 

IR cm-‘: 306Ow, 1480m. 1448m, 1434s, 141Om, 1302w, 1284m, 
1278m, 109Os, 1024m, 99Ow, 947vs, 846m, 760s 743s, 727s 692~s 
626s. 56Om, 521~s. 514s 492s. 

2. Phenylimidotrichlorobis(trimethylphosphine) rheniam( v), (2) 
A suspension of Re(NPh)Cl#‘Ph,)2 (u).Og, 22 mmol) and 

excess trimethylphosphine (8.0 cm), 80 mmol) in toluene 
(1OOcm”) were placed in a pressure bottle and the solution heated 
at 80-90°C for 18 hr. The green solution was cooled and filtered 
and the volatile materials removed under vacuum. The residue 
was extracted with hot toluene (ca. 100cm3), filtered, concen- 
trated to ca. 30cm’ and cooled at -20°C. The green crystals 

were collected and washed with diethylether (50 cm3) and dried 
in vacua Yield 9.4g (80%); m.p., 239-241’C. 

IR (KBr disc), cm-‘: 2978w, 2908m. 1408s 1382m, 12&k, 
126Om, IllObr, m, 1026m. 948~s 86Ow, 85Ow, 769s 748s, 554m. 

NMR: 3’P{‘H}, 8-40.87 s (PMe3). 

3. Pheny/amido(dinitrogen)tetrakis(trimethylohosoh~e) rhen- 
iam( i3) - 

_. _ 

A suspension of Re(NPh)C13(PPh3h (2.Og, 2.20mmol) in thf 
(50cm3) was added to a solution of trimethylphosphine (3cm3. 
30 mmol) in thf (50cm3) containing excess -sod&m amalgam 
(0.78 g, Na in 5 cm3 Hg) at - 78°C under dinitrogen. The solution 
was allowed to warm slowly and was stirred at ambient tem- 
perature for 18 hr. The red solution was filtered, evaporated to 
dryness under reduced pressure and the residue washed with 
petroleum (2 x40cm3), then extracted into toluene (ca. 30 cm’), 
filtered, concentrated (ca. I5 cm3) and cooled at -20°C to’give 
yellow crystals. Yield 1.1 g, 80%: m.p., 98°C (decomp.) 

IR cm-‘: 339Ow, 2OOOvs, 159Os, 1556m, 1490s. 134Os, 132Om, 
1302m, 1284m, 1276m, 1225w, 1174w, 102Ow, 98On1, %5m, 938s, 
856m, 828w, 734s, 710m, 6929,66Os, 518m, 506m. 

NMR: “P(‘H}, S -67.92 d ~Jp_r = 42.72 Hz), - 70.72 br, s, 
-74.7br. s and -77.95br, s. 

4. LXhydtido(phenylamido)tetrakis(ttimethylphosphine) rhen- 
iam( (4) 

Method A. A suspension of Re(NPh)C13(PPh3)r (2.0g, 
2.2 mmol) in thf (50cm)) was added to excess trimethylphosphine 
(3.0 cm3, 30 mmol) in thf (30 cm’) with sodium amalgam (1.2 g Na 
in 5 cm3 Hg) in a pressure bottle at -78°C. After pressurisation 
with hydrogen (3 atm) the solution was allowed to warm slowly; 
the bottle was repressurised and the solution stirred for 18 hr at 
room temperature. The solution was filtered, evaporated under 
reduced pressure and the residue was extracted with petroleum 
(40cm3), the solution filtered, concentrated to ca. IO cm3 and 
cooled to -20°C to give yellow crystals. Yield 0.83 g, 65%; m.p., 
125-126°C (decomp.) 

Method B. The complex Re(NHPh)(Nr)(PMe3), (0.85 g. 
1.4 mmol) in toluene (50 cm9 was stirred at room temperature for 
12 hr under hydrogen (3 atm) with periodic repressurisation. The 
solution was filtered, evaporated in vacuum and the residue 
extracted into petroleum (25 cm3). This solution was filtered, 
concentrated to ca. IOcm3 and cooled at -20°C to yield yellow 
crystals. Yield: 0.73 g. 90%. 

IR cm-‘: 338Ow, 1925br,w, 1885br,w, 1592s, 1487m, 142Ow, 
1335~. 132Ow. 1298w, 1260s 1085br,s, 1020br.s. 94Ovs, 851w, 
800s. 732~. 7OOm. 658m. 

NMR: 3’P[‘H}, 6 -41.63br. s; -45.39br,s (PMe3). 

T 

1. Re(NPh)CI.(PMe,)(PPh,).C,H. 

2. ReWF'h)CI,(PMes), 

3. Re(NHPh)(N,)(PHe.)r 

4. ReWIiPh)(H).(P&,). 

5. ReMIPh)(H)(CH,P&e,)(PHe.)~ 

6. Re(NHPh)(C'J).W'Me.). 

7. Re(NHPh)(CO).(PMe.), 

a. Re0X-IPh)(C&.)(PMe.)r 

9. Re(?TPh)Ct.(PHeer). 

Table 4. Analytical data 

C H 

50.3 (50.2) 4.6 (4.6) 

27.0 (26.9) 4.3 (4.3) 

35.2 (35.4) 6.9 (6.9) 

36.9 (37.0) 7.5 (7.6) 

38.3 (38.3) 7.9 (7.8) 

36.2 (36.3) 5.9 (5.9) 

35.4 (35.0) 4.8 (4.7) 

40.4 (40.8) 7.0 (6.8) 

31.9 (31.0) 5.4 (5.5) 

Analysis f 

N 

1.7 (1.7) 

2.6 (2.6) 

6.5 (6.9) 

2.4 (2.4) 

2.3 (2.1) 

2.7 (2.5) 

2.6 (2.7) 

2.6 (2.5) 

1.9 (2.4) 

P 

7.6 (7.6) 

11.7 (11.6) 

20.2 (20.3) 

20.4 (21.0) 

23.5 (23.5) 

16.5 (16.6) 

12.1 (12.1) 

16.3 (16.0) 

CC 

13.0 (13.1) 

19.5 (19.9) 

c 

d 

16.5 (16.6) 

11.9 (12.2) 

Mb 

5ao (610) 

550 (584) 

620 (658) 

530 (563) 

510 (514) 

540 (559) 

600 (576) 

* Calculated values in parenthesis 
b 

Cryoscopically in benzene 

= 0, 6.1 (5.7)X 

d 0. 9.5 (9.31% 
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5. Phenylamidohydrido(q’ - dimerhylphosphidomerhyl)tefrokis- 
(trimethylphosphine) rhenium(ZZZ), (5) 

Excess trimethylphosphine (2.0 cm’, 20 mmol) and a suspen- 
sion of Re(NPh)Cls(PPhs)z (2.0 g, 2.2 mmol) in thf (100 cm? was 
stirred with sodium amalgam (0.7 g. Na in 5 cm3 Hg) under argon 
at -78°C. The solution was allowed to warm slowly and stirred 
at ambient temperature for I8 hr. Tbe deep red solution was 
filtered, evaporated to dryness under reduced pressure and the 
residue extracted with toluene (50 cm3) which was filtered, con- 
centrated ca. I5 cm3, and cooled at -20°C to give yellow cry$- 
tals. Yield I.15 g. 85%; m.p., 124-126°C (decomp.). 

IR cm-‘: 3386~. 198Om, 159Os, ISSOm, 1485s, 143Os, 1338s, 
133Os, 1272s. 1265s, 1225w, ll62m, IMOm, 1062w, IOlSw, 98Om, 
946vs, 85Os, 828s, 725m, 690s. 640s. 

NMR: “P{‘H}, S -39.8br.m; -43.89br, s; -52.70br,s. 

6. Phenvlamidobis(carbon monoxide)tris(trimethylphosphine) 
rheniumil), (6) 

A solution of Re(NHPh)(Nz)(PMe3), (0.72 g, I.18 mmol) in 
toluene (50 cm’) was .pressurise> with-CO (3 aim) in a pressure 
bottle and stirred at room temperature for I2 hr with occasional 
repressurisation. 

The solution was filtered, evaporated and the residue extracted 
into toluene (35cm)). After filtering the solution was concen- 
trated to ca. 20 cm3 and cooled to -20°C to yield orange crystals 
which were washed with petroleum and dried. Yield 0.6 g, 90%; 
m.p., l72-173°C. 

IR cm-‘: 336Ow, 1908s, 1825s, 159Om, 1485m, 1422w, 133Om, 
1312m, 1309m. 1287w, 128Ow, ll7lw, lO25w, 98Ow, 948s, 86Ow, 
845~. 74Om, 728m, 722m. 69Om, 670m. 

NMR: )‘P{‘H}, S - 64.97 d (*Jp+ = 24.4 Hz); - 70.94 t (*Jp-p = 
24.4 Hz). 

7. Phenylamidorris(carbon monoxide)bis(lrimefhylphosphine) 
rhenium(Z), (7) 

To a solution of Re(NPh)C13(PMe3)2 (0.6g, 1.1 mmol) in thf 
(50 ml) was added sodium amalgam (1.1 g, Na in 5 ml Hg) in thf 
(50ml) in a pressure bottle. After pressurising with carbon 
monoxide (2 atm) the solution was stirred at ambient temperatnre 
for I8 hr. The bottle was repressurised periodically. The solution 
was filtered and evaporated to dryness under reduced pressure. 
The residue was extracted with petroleum (2 x4Ocm’), filtered, 
concentrated to ca. 50 cm3 and cooled to - 20°C to yield orange 
crystals which were washed with petroleum and dried. Yield 
0.42 g (75%); m.p., l43-145°C. 

IR-cm-‘: 336&v, 195Ow, 1874s, 1855s, 159Om, 1485m, 1335w, 
1320w. 1312~. 1304~. 1285m. 1252~. ll6Obr.w. 109Obr.w. 102Ow. 
982w,‘Ww, !&s, 858m, 804.m. 739& 724m, 692w, 67im, 63Ow; 
6lWm. 

IR (benzene) cm-‘. 336Ow, 2006~. 1910m, 1850~s. 

8. Phenylamido($ - buta - 1,3 - diene)rtis(trimelhylphosphine) 
rhenium(V) (8) 

The solution of Re(NPh)Cl,(PMe3)2 (0.8 g, I.5 mmol) in thf 
(50cm’) and excess sodium amalgam [0.8g, 35 mmol in Hg 
(5 cm’)] in a pressure bottle was pressurised with buta-l ,3diene 
slightly over atmospheric pressure and stirred overnight at room 
temperature. The solution was filtered and taken to dryness 
under vacua. The residue was extracted into petroleum (2 x 
30cm3), filtered, concentrated to ca. 10 cm3 and cooled to - 
2O”C, to give yellow crystals. Yield 0.5g, 60%; m.p. l62-164°C 
(decomp.) 

IR cm? 3423w, 1588m, 1557w, 1487m, 1437m, 1418~. 1332w, 
132Ow. 1295m. 1280w. 127Ow. 1209w. 1163~. 1141~. 1064~. 
1@4Ow; 102Ow,bs4m, 945s, SS&, 810m, 76Om, 7iSm, 692;. 665m; 
65Om. 

3’PIIH}, S -43.83 t (2&.+. = 24.4Hz), - 39.98 d (2&-p = 
24.4 Hz); -40.36 d (2&. = 30.5 Hz) plus weak free PMe, at 6 
-61.85 ppm. 

tAtomic co-ordinates for these structures have also been 
deoosited with the Cambridge Crvstalloaraphic Data Centre for 
inilusion in their Data Base.-Cop&s are & available on request 
from the Editor at Queen Mary College. 

9. Phenylimidodichlorotris(trime~hylphosphbte)rhenium(ZV), (9) 
A solution of Re(NPh)C&(PMesk (l.Og, 1.87 mmol) in thf 

(70cm3) was added to a solution of trimethylphosphine (2cm3, 
20mmol) in thf (50cm3) containing exactly I equivalent of 
sodium amalgam (0.043 g in 2 cm3 Hg) at room temperature. The 
mixture was stirred for 18 hr at ambient temperature. The red 
solution was filtered, evaporated to dryness under reduced pres- 
sure and the residue extracted with toluene (2 x35 cm3), filtered, 
concentrated to ca. 30 cm3 and cooled to - 20°C to give dark red 
crystals. Yield 0.87 g, 81%; m.p., l79-180°C. 

IR cm-‘: 3032w, 3022w, 156Om, 1525~. 1475s, 143Om, 1415m, 
139Ow. 134Ow, 13OOm, 128Os,116Ow, 1148w, 1068w,945vs,856w. 
8OOw, 739s. 722m, 680m. 665~. 65Ow, 5OOw. 

IO. Crysrallographic studies 
Crystal data. Compound 3. G+H&PJ(e, M -610.65, 

mon&inic, a = 9.574(2), b = 19.528(3), c = 14.385(3)& fi = 
99.06(2)“. U = 2655.9 A: suace 00~0 P2,/n. Z= 4 D, = 1.53 9; 
cm-l: &, not measurei, &lOO)-= li24, &&-Ka) = 48.5 cm? 

Compound 8. ClsH,NPJ(e, M = 548.64 orthorhombic, a = 
12.207(2), b = 13.884(2), c = 14.242(2)& U = 2413.7 A’; space 
group PbcZl, Z = 4, D, = 1.509 g cmm3, Q,, not measured, 
F(OO0) = 1096, r(Mo-Ka) = 50.0cm?. 

Data collecrion.” CAD4 diffractometer, Mo-Ka radiation, 
(A = 0.71069 A graphite monochromator), el2e scan mode. 

Compound 3. I.5 G 0 s 25.0, 4662 data measured, 3249 obser- 
ved [I > l.Sa(I)]; uncorrected for absorption (crystal encapsulated 
by vacuum grease). 

Comuound 8. I .5 s B s 25.0. 3066 data measured. 2009 obser- 
ved [I > I .Su(I)]; corrected fo; absorption and decay. 

Struclure solution and refinement 
Heavy atom method, full matrix least squares. The structure of 

compound 3 was refined without problems to final R values of 
R = X(AF(/X[Fd = 0.065, Rw = [S(oAFOy/&FO’fi = 0.064 
with o = l/[d(&) +0.006F02]. Non-hydrogen atoms were assig- 
ned anisotropic thermal parameters, hydrogen atoms were added 
in idealised positions but allowed to shift according to the 
movement of the parent C or N atoms and assigned a refineable 
overall isotropic thermal parameter. The structure of compound 
8 was easily solved for the heavy atom position but developed 
with difficulty due to pseudo-symmetry correlation effects. 
Eventually enough of the structure was defined to co&m the 
adoption of the chosen space group, rather than the centrosym- 
metric alternative, Pbcm, but it was found impossible to select an 
acceptable model for the positions of the butadiene carbon 
atoms. Additionally, free refinement gave some rather abnormal 
parameters in the PMe, groups (e.g. ke-P(3) =2.19(l) h, P-C = 
l&(4) - I .90(3) A, although the R value was quite low (0.058). 
Close analysis of the structure showed that in fact some of the 
P(3) methyl groups were pseudo-mirror related (i.e. across Z= 
0.25) to atoms thought to constitute the butadiene group. Unsure 
of how the Re-P distances may vary in this structure we felt only 
partially able to tackle the problem by fixing the P-Me bond 
lengths to well established values. This failed to remove the 
uncertainty surrounding the detailed identification of the 
butadiene unit and we can only presume that this group is 
affected not only by pseudo-symmetry correlation but also per- 
haps disorder. Attempts to refine using an idealised Cd group 
were unsuccessful. The final model presented, therefore contains 
some residual uncertainties, and the esd’s in the coordinates have 
been adjusted to signify this. The final R, Rw values (see above) 
are 0.0615 and 0.0583, respectively. Only the rhenium, phos- 
phorus and phenyl amido group atoms were refined anisotropic- 
ally, and the amido phenyl group was treated as an ideal C6 
hexagon. 

Final atomic coordinates for both compounds, tables of aniso- 
tropic thermal parameters and lists of FJF, have been deposited 
with the Editor as supplementary material.t Computers, pro- 
grams and sources of scattering factor data are given in Ref. 11. 
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PERMETALLOPLUMBANES: PREPARATION OF [Pb{Co(CO),(L)}4] 
AND [Pb{Fe(CO)2(NO)(L)}41. 

COMPLEXES CONTAINING FOUR TRANSITION METAL TO LEAD BONDS 
(L = TERTIARY ARSINE, PHOSPHINE OR PHOSPHITE). 

PAUL HACKETT and A. R. MANNING* 

Department of Chemistry, University College, Belfield, Dublin 4, Ireland 

(Received 20 June 1981) 

Ah&act-The sole and unexpected products from the reactions of a variety of lead (II) and lead (IV) compounds 
with [Cos(C0)6(L)d complexes (L = tertiary arsine, phosphine, or phosphite) in refluxing benzene solution are the 
blue, air-stable percobaltoplumbanes [Pb{Cp(CO)s(L)}4]. These have also been obtained from the reaction of 
Na[Co(CO),(L)] (L=PBu’;) with lead (II) acetate which with Na[Fe(C0)2(NO)(L)] forms the isoelectronic 
[PMFe(C0)2(NOML)}4] [L = P(OPhb]. The IR spectra of the complexes in the v(C0) and v(N0) regions are 
consistent with tetrahedral PbCo4 or PbFe4 fragments, trigonal bipyramidal coordination about the cobalt or iron 
atoms and linear Pb-Co-As, Pb-Co-P, or Pb-Fe-P systems. Unlike [pl$Co(CO)4}4], our complexes do not 
dissociate to [Co(CO)s(L)]- or [Fe(COb(NO)(L)]- ions when dissolved in donor solvents. 

Our previous studies have shown that a wide variety of 
complexes containing tin-cobalt bonds may be obtained 
from the facile reactions of tin (II) and tin (IV) halides, 
and tin (II) sulphate with [CO~(CO)~(PBU’$,] or 
Na[Co(COh(PBu;)l.’ In view of the relatively hi 
reactivity of the cobalt-cobalt bond, we felt that lead (II) 
compounds might undergo related reactions despite a 
previous report that lead (II) chloride did not insert into 
the metal-metal bond of [Fe2(&H5)2(C0)4]? 

We have found that lead (II) halides react with 
[CO,(CO)~(PBUXJ in refluxing benzene, but the only 
products were metallic lead and [Pb{Co(CO),(PBu;)}4]. 
This and related derivatives were the only products from 
similar thermal reactions of lead metal or a wide variety 
of lead (II) or lead (IV) compounds (ranging from 
Pb(NO& to PbEtJ with [Co,(CO),JL),] (L = tertiary 
arsine, phosphine or phosphite) or from the room tem- 
perature reactions of lead (II) acetate with 
Na[Co(CO),(PBuY)] or Na[Fe(CO)2(NO){P(OPh)3}]. 

Prior to our investigation, little work had been carried 
out on permetalloplumbanes. Spectroscopic evidence 
had been obtained for [PbFe,(CO),$ and 
IPbFe3(CO)r21? [PbFe(CO),]d and [PqCo(CO),}J had 
been reported. Subsequently, Schmid and Etzrodt de- 
scribed the preparation of [Pb{Co(CO)4}4] from 
[CoACOM and lead metal, or from Na[Co(COW and lead 
(II) nitrate, and its reaction with PPhJ to give 
[Pb{Co(CO)4]{Co(CO)3(PPh3)}31 and [Pb{Co(CO),- 
(PPb)},] complexes.’ The last is analogous to our 
cobalt compounds. 

EXPERIMRNTAL 
Literature methods were used to prepare [Cos(COh(Lk] (L = 

tertiary phosphine, phosphite or arsine)? [Hg{Fe(COh(NO) 
[P(OPh)s]}&a (CsHs)sPb” and Phr,Pba.r’ Other chemicals 
were purchased. 

AU solvents were dried over calcium hydride and distilled 
under an atmosphere of nitrogen prior to use. All reactions were 
carried out at room temperature in these purified solvents under 
an atmosphere of nitrogen unless it is stated otherwise. 

*Author to whom correspondence should be addressed. 

IR spectra were obtained using a Perkin-Elmer 337 spec- 
trometer fitted with a Hitachi-Perkin-Elmer readout recorder. 
They were calibrated using DCI or water vapour” so that peak 
positions are accurate to +1 cm-‘. The spectra were measured in 
carbon disulphide solution. The frequencies of absorption bands 
due to v(N0) and v(C0) vibrations are quoted in cm-’ with 
relative peak heights in parentheses. 

Compounds were analysed in the Analytical Laboratory of this 
Department (analyses are quoted as determined values with 
those calculated in parentheses). Their melting points were 
measured in sealed tubes and are given in “C; dec. indicate8 that 
the sample decomposed on melting. 

A solution of Na[Co(CO)s(PBu;)] in diglyme (40 ml) was pre- 
pared by the reduction of [Cos(CO)&PBu$] (1.7 g) with sodium 
amalgam. To it was added an aqueous solution of 
Pb(0&Me)2.3H20 (log in ISOml). A metallic mirror, probably 
lead, was deposited on the walls of the reaction flask. After 
10 min the mixture was shaken with ether (100 ml), washed with 
water, dried over anhydrous sodium sulphate, and the solvent 
removed at reduced pressure. The residue was recrystallized 
from acetone-methanol to give dark blue crystals of 
[Pb{Co(CO)s(PBu;))4] in 70% yield [m.p. = 203-204. %C = 45.3 
(45.4). %H = 7.2 (6.8). %P = 7.9 (7.8). v(C0) = 1920 (0.6). 1946 
(IO), 1982 (7.3)]. 

Na[Co(CO)s(PBu~)] replaced by 
N~[Fe(CO),(NO)P(OPh)s] (from l.~~of [Hg{Fe(CO)s(NO) 
[P(OPh)j]}s] and sodium amalgam), black crystals of 
[Pb(Fe(CO),(NO)[P(OphhlW were isolated in 45% yield on 
recrystallization from toluene-hexane mixtures [m.p. = 142-145 
(dec). %C = 47.2 (47.7), %H = 3.0 (3.0), %N = 2.6 (2.8). v(NO) = 
1740 (4.0), 1753 (4.3) v(CO)= 1943 (8.8) 1956 (sh), 1990 (lo), 
2018 (2.9)]. 

When a solution of red [CO~(CO)~(PBU;)~] (0.69 g) in benzene 
(50 ml) was refluxed with a lead compound (IO mmoles) such as 
Pb(02CMe)s*3HsO, Pb(OsCMeh, Pb(NO&, PbCls, PbIr, Et,Pb, 
PbPb, PhsPbCls or (CrHs)zPb, the mixture turned blue. The 
reaction was monitored by IR spectroscopy. It was complete 
within 1 hr for Pb(OaCMeb, but required 16 hr for Et,Pb. The 
reaction mixtures were filtered and the solvents removed from 
the filtrates at reduced pressure. The residues were recrystallised 
from acetone-methanol to give blue (PqCo(CO)s(PBu;)}4] in 
yields of ca. 50%. This reaction was extended to other 
[Cos(COh(Lb] derivatives which gave analytically pure 
[PqCo(CO)s(L)),] complexes in comparable yields with L = 
AsEts [m.p. 250 (dec.); v(CO) = 1921 (l.l), 1948 (IO), 1984 (7.3)], 
PEts [m.p. = 250 (dec.); r&O) = 1924 (0.7), 1948 (lo), 1983 (6.7)], 
PPr; 1m.p. = 230 (dec.); v(CO) = 1920 (0.6). 1947 (lo), 1982 (7.8)], 
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PMePh2 [m.p. = 180-181; v(C0) = 1927 (0.9), 1954 (lo), 1991 
(7.6)], PBu”Phs [m.p. = 195-l%; v(C0) = 1929 (0.9), 1954 (lo), 
1991 (6.4)1, and P(OPh), Im.n. = 128 (dec.): v(CO) = 1954 (10). 
1981 (10);-2015 (6.7j]. .- - - .- . .’ 

A suspension of [(Bu?P)#o(COb][Co(CO),] (lg) and Pb 
powder (11 g) in tetrahydrofuran (50 ml) were heated on a steam- 
bath for 3hr. The purple solution was filtered, its solvent 
removed at reduced pressure, and the residue recrystallized from 
a methanol/acetone mixture to give purple crystals of 
[PMCo(CO)sPBu;}d] in 60% yield. 

A suspension of [CO~(CO~(PBU~)~] (1 g) and Pb powder (log) 
in benzene (50 ml) were allowed to stand at room temperature for 
6hr whilst being stirred. There was no significant reaction, but 
when the mixture was heated on a steam bath, 
[PMCo(CO)s(PBu;)},] was formed. It was isolated as above in 
75% yield after 2 hr. 

Both [HgICo(CO),[P(OPh),l}zl (0.5 9) and 
[Hg{Fe(COk@JO)(PPh&] (1 g) failed to react with Pb powder 
(5 g) or PbIa (2 g) in tetrahydrofuran (50 ml) even after heating 
the mixtures to boiling on a steam bath for 6 hr. 

A solution of [Pb(Co(CO)3(PBug)},] (0.7 g) in benzene (50 ml) 
was boiled with PbXs (10 mmoles X = Br or I) for 20 hr. The 
colour of the reaction mixture changed from purple to brown. 
The solvent was removed from the filtered reaction mixture at 
reduced pressure. The residue was recrystallized from aqueous 
methanol to give ICo(PBu?b(COhXl in 15-20% yield fX = Br: 
m.p. = s&51;-%C= 5i.l @-.3), %H = 8.9 (8.9); - ,(Co, = Mlj 
(10). 1%9 (1.8):X = I: m.n. = 46-47: %C = 48.0 (48.3): %H = 8.1 . I, 

(8.4); Y(CO;) =‘1906 (lb), IhO (2.9)].’ . ” 
To a solution of [Pb(Co(CO)s(PBu$)},] (0.5g) in chloroform 

(20 ml) was added (from a burette) a saturated solution of iodine 
in chloroform. The reaction was monitored by IR spectroscopy. 
The absorption bands at ca. 1950 and at 1980cm-’ due to 
[Pb(Co(CO)@Bu;)}J were replaced by others at 1979 (IO), 2018 
(1.3) and 2074 (0.6) cm-‘. the reaction mixture was brown. This 
compound was very unstable and could not be isolated. The 
addition of more iodine solution resulted in the formation of a 
yellow precipitate and the disappearance of the intermediate 
compound. 

RESULTS AND DMCUS!HON 

The [Pb{Co(CO)s(L)},] complexes are blue, air-stable 
crystalline solids which are soluble in hexane, benzene, 
chloroform and acetone, sparingly soluble in acetonitrile, 
dimethylsulphoxide and methanol, and insoluble in 
water. The closely-related [Pb{Fe(COh(NO)[P(OPh)J}d] 
is black. All are more robust than [PqCo(CO).,},] 
towards heat and air. 

These compounds are the sole and unexpected 
products from the reactions of a wide variety of ionic 
and covalent lead (II) and lead (IV) compounds as well 
as metallic lead with [Co,(CO),(L)J in boiling benzene. 
It is probable that the formation of [Pb{Co(CO)#Bus)},] 
from [Co(PBu~),(CO)J[Co(CO)~] and Pb metal also 
proceeds via [Coz(CO),(PBu;),].” There is no evidence 
for the formation of analogues of [Co(CO),(L)SnX,], 
]{Co(CO),(L)]&X*l, ]{Co(CO)&)]$nxl and 
[{Co(CO)a(L)},SnH] which were obtained from the 
comparable reactions involving tin halides.’ Further- 
more compounds containing cobalt-cobalt as well as 
lead-cobalt bonds were not observed (the preparation of 
[GeCoKCM” and [(CO),CoGeCo,(COk,].” This 
particular subject has been reviewed recently.‘5 

The reaction of lead (II) salts with Na[Co(CO)S(L)] or 
Na[Fe(CO),(NO)(L)] to give [Pb{Co(CO),(L)}4] or 
[P~Fe(CO)2(NO)(L))4] resembles that of PbCI, with 
PhMgBr. This forms a mixture of PbPb, and PbPb 
with the former decomposing to the latter and lead metal 
at higher temperatures.” We have looked for the 

analogous percobaltodiphrmbane, [Pb2{Co(CO),(L)),], 
but have not detected it. 

The IR spectra of the [P~CO(CO)~(L)),] derivatives in 
the v(C0) region are similar to those of their tin coun- 
terparts, e.g. [Sn{Co(CO),(PBu;)}41.’ The two most 
intense absorption bands at cu. 1950 and 1985 cm-’ when 
L = PR, or AsR, and co. 1980 and 2015 cm-’ when 
L = P(OPh)s are probably due to the fundamental v(C0) 
modes of all-‘*CO species. The weaker feature at 
somewhat lower frequencies (cu. 1920 or 1950cm-‘) is 
attributed to those molecules containing one “CO ligand. 
As these are relatively abundant (ca. 12%), they give rise 
to a relatively intense absorption band. The IR spectra 
are consistent with Td molecular symmetry for the 
[Pb(Co(CO),(L)),] complexes for which two IR active 
v(C0) vibrations would be expected, each having T2 
symmetry.” Furthermore the observed four v(C0) and 
two @IO) absorption bands in the IR spectrum of 
[P~Fe(CO)~(NO)tP(OPh)~]}41 are consistent with S4 
molecular symmetry. Thus it is probable that both series 
of compounds contain tetrahedral PbM4 moieties (M = 
Co or Fe), trigonal bipyramidal coordination about M 
and linear Pb-M-P or Pb-M-As systems. 

The spectra of solutions of our [Pb{Co(CO),(L))4] com- 
plexes are virtually independent of the solvent employed 
when L is a tertiary arsine, phosphine or phosphite. On 
the other hand this is not the case for [Pb{Co(C0)4)4] 
where L= CO. Schmidt and Ekrodt attributed this 
behaviour to the coordination of molecules of donor 
solvents such as ether or acetone to the lead atom whilst 
the Pb-Co bonds remained intact.’ We feel that this 
explanation is unlikely to be correct, and that it is more 
probable that when [PqCo(CO)4)4] is dissolved in such 
donor solvents it dissociates reversibly to give 
[Co(CO),]- ions which give rise to the IR absorption 
band reported’ as having a frequency of 1867 cm-’ in 
ether. Such dissociations are a common feature of the 
chemistry of complexes possessing bonds between main 
group and transition metals. They are generally more 
extensive in ether than in acetone, and are inhibited by 
replacing CO ligands coordinated to the transition metal 
by arsines, phosphines or phosphites, as has been 
observed in the present instance (cf. the dissociation of 
[PhSqFe(CO~(NO)(L)),1 in donor solvents).” 

Although it may not be surprising that neither 
[Hg{Co(CO),[P(OPhhl]z nor ]HgIFe(CO)&IOXPPh&l 
react with lead powder, one might have anticipated that 
they would react with PbI,. The analogous reactions with 
SnX, have been shown to form ]SnX21Co(COh(PBu~)]21 
derivatives (X = halogen).“’ 

Attempts to prepare stable compounds containing both 
lead-cobalt and lead-iodine bonds were not successful. 
Although [Pb(Co(CO)~(PBu”))4] did react with iodine, 
the brown product decomposed readily. Its IR spectrum 
[u(CO)= 1979 (lo), 2018 (13), 2074 (0.6)cm-‘I, when 
compared with those of analogous tin compounds, sug- 
gested that it could be [Pb12{Co(CO)~(pBu~)X1 or 
[PbI&o(CO),(PBu~)]l [for [Sn12{Co(CO),(PBu;)]21, 
u(CO) = 1%0 (2.6), 1975 (lo), 2019 (2.1)cm-‘; and for 
ISnI&o(CO),(PBu,)]l, v(C0) = 1984 (lo), 2051 
(1.0) cm-‘].’ 
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Abstract-The formation constants and the respective variations of enthalpy were obtained by means of calori- 
metric titration of the lanthanides La3+ and Nd3+ with bromide and nitrate in N,N-dimethylacetamide. These 
thermochemical data were calculated for the 1:l and I:2 species which are less stable than the corresponding 
species obtained with chloride. The order of stability Cl- > Br- > NOT was established for both species of La’+, and 
the order Br- > Cl- > NOi for I : I species of Nd ‘+ NdClf and NdBrf species were not detected. Our results . 
support the view that the metal-anion interactions involve inner sphere species. 

INTRODUCTION 

In coordination chemistry studies N,N-dimethyl- 
acetamide (DMA) serves not only as a l&and, but also, as 
an excellent non-aqueous solvent.’ 

Although DMA is a polar non-hydrogen bonded 
solvent, it does not ionize to any significant extent. 
It is a good solvent for cations and its high donor pro- 
perty’ permits coordination to the cation in many 
cases.3 In contrast it is a relatively poor solvent for 
anions.4*5 All these features favour the study of metal- 
anion interactions in solution. Indeed, this can be illus- 
trated by calorimetric titrations of lanthanide (III) perch- 
lorates with chloride[6]. The results show a clear evi- 
dence of the break of gadolinium and present a very 
close agreement with the P (M) function.78 

In continuing, we report now the calorimetric titration 
of La3+ and Nd3’ with bromide and nitrate anions in 
DMA. The results are compared with our earlier 
resultsP so as to understand better the nature of lan- 
thanide (III)-anion interactions in this non-aqueous 
solvent. 

RXPRRIMRNTAL AND CALCULATIONS 

The preparations of the lanthanide compounds and solutions 
have been described previously.6 Sodium bromide and nitrate 
(Carlo Erba) were dried at - 130°C under vacuum. 

The calorimeter system, titrations and calculations are the 
same as in the preceding articlee6 La3+ and Nd’+ 5.000 x IO-* M 
solutions were titrated with bromide and nitrate solutions. Each 
Ld+ ion was titrated twice bv emolovina liaand solutions 2.520 x _ _. _ 
10-t M and 3.600 x IO-’ hf. The initial volume of solution in the 
calorimeter vessel was 90.00 ml and at the end of the titration was 
around 100 ml. 

Data for a typical titration of Nd3+ with NO; are summarized 
in Table 1. Q,, is the variation of enthalpy observed after the 
addition of each increment of volume. To correct the effect of 
dilution during the titration, pure DMA was added to Ld+ 
solution and also to the anion solution. The thermal dilution 
effects Qs and Qc, respectively, are listed in Tables 2 and 3. 

The variation of enthalpy due to the chemical reaction was 
obtained by subtracting the caloric effects of dilution from Q,, 
values, i.e. Qobs = QA - Qa - Qc. In Fig. 1 are plotted the ac- 
cumulated values of Q,,, Qn, Qc and Qobr for Nd3+ -NO; 
interactions, against the volume of solution. 

RESULTS AND DISCUSSION 
The results are summarized in Table 4. Figure 2 shows 

Table 1. Titration of 90.0 ml of Nd3+ solution 5.000 x lo-* M with 
3.600 x 10-t M NOi solution 

V/ml Q obs’J rQ obr"l 
90.00 0 0 

90.24 0.32 0.32 

90.81 0.83 1.15 

91.34 0.68 1.83 

91.92 0.84 2.67 

92.46 0.73 3.40 

92.97 0.71 4.11 

93.48 0.67 4.78 

94.11 0.83 5,61 

94.64 0.67 6.28 

95.21 0.70 6.98 

95.71 0.61 7.59 

96.24 0.63 8.22 

96.87 0.72 8.94 

97.38 0.52 9.46 

97.95 0.60 10.06 

98.55 0.58 10.64 

99.11 0.49 11.13 

99,60 0.35 11.48 

100.02 0.26 11.74 

Table 2. Dilution of 90.0 ml of Nd3+ solution 5.000 x 10Y2 M with 
DMA 

V/ml Q obs"l 
90,oo 0 0 

91.17 - 0.14 - 0.14 

92.20 - 0.11 - 0,25 

93.36 - 0.11 - 0,36 

94.41 - 0.12 - 0.48 

95.50 - 0.08 - 0.56 

96.67 - 0.07 - 0.63 

97.76 - 0.10 - 0.73 

99.27 - 0.12 - 0.85 

100.18 - 0.07 - 0.92 
*Author to whom correspondence should be addressed. 
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Fii. 1. Calorimetric titration of 90.0 ml of a 5.000 x 10e2 M solution of Nd’+ with 3.600 x 10-l M NO; solution. The 
experimental points in curves A, Band Crepresent the summation of Q,,‘s, Qa’s and Qc’s, respectively. The calculated 

points in curve D represent the summation of the QObS. 

2 4 6 6 IO 

NO;/ 116 m6l I-‘1 

Fig. 2. Distribution curves of NdNO$+ and Nd(NO& species 
present in the Nd-‘+-NO; system in DMA at 298°K. 

Table 3. Dilution of 90.0 ml of NO; solution 3.600 x 10-l M in 
DMA 

Y/n1 0 obs'\l 
90.00 0 

91.03 - 1,18 

92.08 - 0.87 

93.19 - 0.74 

94.18 - 0.62 

95.27 - 0,59 

96.34 - 0.57 

97.41 - 0.50 

98,39 - 0.47 

99.41 - 0.43 

100.01 - 0.23 

r Q obs'J 
0 

- 1.18 

- 2.05 

- 2.79 

- 3.41 

- 4.00 

- 4.57 

- 5.07 

- 5.54 

- 5.97 

- 6.20 

the distribution curve of Nd”+, NdNO:’ and Nd(NO& 
species during the titration at 298 K, calculated from the 
values of K, and K2. From Table 4 one can observe that 
with La3+ the order of stability of the 1: 1 species is 
Cl- > Br- > NO;, while with Nd3+ the observed order is 
Br- > Cl- > NO;. 

The values of K and AH for the 1: 2 species of La3’ 
are of the same order as with its 1: 1 species. In the case 
of Nd” the species NdCl; and NdBr; were not detected 
in our experimental conditions. All species present low 
values of the constant of formation and are endothermic 
(AH > 0). 

Table 4. K,, K2, AH, and AH2 values for the interactions of La3+ and Nd3+ with Cl-, Br- and NOj at 298 K 

Ln3+ X- K1/mol-'.~ K2/mo1% AH,/kJ mol 
-1 AH2/kJ mol-' 

La3+ Cl- (a) 212 f 1 62 f 9 26.1 t 0.1 36.0 + 0.4 

Br- 165 f 1 48 f 7 32.6 f 0.2 45.6 f 0.4 

NO; 17 f 1 16 f 2 48.2 f 0.2 23,l + 0.2 

Nd3+ Cl- (a) 58 f 1 - 24.1 f 0.1 - 

Br- 115 * 1 - 33,6 f 0.2 - 

NO; 25 i 1 92 t13 15,0 + 0.1 8.3 f 0.1 

(a) These data, obtained from ref. (6) are included for comparation. 
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Choppin and Bertha’ discussed the formation of elusions of Cater,% to give the following principle 
lanthanide complexes in water with various anions and “The lanthanide elements behave similarly in reactions in 
found the following sequence of stability F- > IO; > which the 4f electrons are conserved, and very 
SCN->NO;>Cl->ClO;. The lirst two anions form differently in reactions in which the number of 4f elec- 
preferentially inner sphere species. Otherwise outer trons changes”. The KY and AH? results found for 
sphere species for the others, in which the ionic pairs are chloride ions with all lanthanides across the elements of 
separated by solvent. On the other hand, the complexes the series follow the function P (M),‘” as shown 
of lanthanides with Cl-, Br- and NO; in DMA, are in previously.6 The function is in good agreement with 
our opinion predominantly inner sphere species and the Johnson’s principle. Therefore, this implies that the 
arguments which support this view are the following: anions studied are close enough to the central atom to 

(i) These anions present a low degree of solvation in disturb the f orbitals. in contrast with other ligands 
DMA?’ It was possible for literature data to calculate where practically the thermodynamic parameters do not 
AG* for the process: Cl& + mDMA(‘, = Cl&v’, which vary across the lanthanide series. In conclusion, the 
gave the value -334 kJ mol-‘. This value is comparable species formed through the interaction of Ln3+ with 
to -372kJmol-‘, which was obtained for the same chloride, bromide and nitrate in DMA, in the range of the 
process by applying the Born formula, AG*= concentration studied, are all inner sphere complexes. 
-ZeZu2r (1 -l/e), where Z=charge of the ion, e = 
elementary electrical charge, L = Avogadro’s number, 
r= ion radius and E = dielectric constant.” The low Acknowledgements-The authors are indebted to FJNEP for 

salvation of the anion makes it easy for the cation to 
financial support. 

compete with the solvent to interact with the anion. 
(ii) AH? 

REFERENCES 
values obtained experimentally and 

ASFcalculated by means of the usual expressions 
AG? = -RT In K?and AGO = AH?- TAS?, con- 
sidering K, = KF; indicate that both values are positive, 

‘J. J. Lagowski, The Chemistry of Non-Aqueous Soluents, Vol. II. 
Academic Press, London, 1%7. 

*V.Gutmann, Coordination Chemistry in Non-AqueousSolutions. 
Springer, New York, 1%8. 

and are in agreement with the application of Ahrland’s 
model for water.“.” In that case, the outer sphere 
complexes produce AH? < 0 and AS? = 0. 

(iii) Prue” has developed an ion pair contact model 
of inner sphere. Applying this model to LaCl” species 
gives the values AH? = 25 kJ mol-’ and log K?’ = 2.3, 
which are practically coincident with the experimental 
results (26.1+ 0.1) kJ mol-’ and 2.32, respectively. For 
these calculations we used the expressions: AH?‘= 

‘J. A. Simoni, C. Aiioldi and A. P. Chagas, I. Chem. Sot. Dalton 
1980, 156. 

‘U. Mayer, Pure Appl. Chem. 1975,41,291. 
‘U. Mayer, Coord. Chem. Reu. 1976,21, 159. 
6P. L. 0. Volpe, A. P. Chagas and C. Airoldi, 1. Inorg. Nucl. Qem. 
1980,42, 1321. 

‘L. J. Nugent, J. L. Burnett and L. R. Morss, 1. Chem. Ther- 
modynamics 1973,5,665. 

‘F. David, K. Samboon, R. Guillaumont and N. Edelstein, J. Inorg. 
Nucl. Chem. 1978,4@, 69. 

-RTb (ltdln$dlnT); K*=cexpb; B=4/31rLa3; 9G. R. Choppin and S. L. Bertha, J. Inorg. Nucl. Chem. 1973,J, 
6 = [Zt Z- le2/4ugc&T; a3 = rb3+ t re’_(lO). Where k 1309. 

is the Boltzmann’s constant. Other symbols are of general “‘W. E. Dassent, Inorganic Energetics. Penguin, London, 1970. 

use or have been already defined above. “S. Ahrland, He/u. Chim. Acta 1%7, SO. 306. 

(iv) Some ligands can affect the hypersensitive bands ‘*S. Ahrland; Struct. Bonding 1973,15, 167. 

of Nd3+. These effects are more evident with the band 
‘“J. E. Prue. I. Chem. Ed. 1%9.46. 12. 

centered at SlOnm, as was pointed out by various 
“C. K. J&ensen and B. R. Juhd, ‘Mol. Phys. 1964,8,281. 

authors.“-” These effects provide information about 
“G R Choppin, D. E. Henrie and K. Buys, Inorg. Chem. 1966,5, 

1743: 
the nature of the metal-ligand interaction, indicating the 16D. G. Karraker, I. Chem. Ed. 1970.47.424. 
formation of inner or outer sphere complexes. In the “J H. For&erg, Observations on the Rare Earths. Studies of 
case of the interaction of Nd3’ with Cl- in DMA,‘8*‘9 Bthylenediamine Complexes of the Lanthanide Ions, Ph.D. 
a series of spectra are obtained which qualitatively sug- Thesis, University of Illinois, Microfilm Corp., 1968. 

gest the presence of inner sphere species. ‘8G. Vicentini and 6. Airoldi, An. Acad. Brasil. ~Cik’nc. 1970,42,431. 

(v) Studies of X-ray diffraction in solution of LaCb or 19C. Airoldi and G. Vicentini. An. Acad. Brasil. Cikkc. 1972.44.427. 

NdCIs with 10M HCI in water or in methan2~z2 show 
*‘L. S. Smith Jr. and D. L. Wertx, 1. Am. Chem. Sot. 1975,97,2365. 

the presence of species where the anion is in the inner 
“L. S. Smith Jr., D. C.&Cain and D. L. Wertx, .J...Am. Chem. Sot. 

sphere, although water is more nucleophilic than chloride. 
1976,98,5125. 

This effect is more evident in methanol solution. 
**M. L. Steele and DL. L. Wertz, Inorg. Chem. 1977,16,1225. 
*‘D. A. Johnson, 1. Chem. Ed. 1980,57,475. 

(vi) Recently, Johnsonz3 generalised some con- %E. D. Cater. J. Chem. Ed. 1978. 85.697. 
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BINUCLEAR 2,2’-BIPYRIMIDINE COMPLEXES 
DERIVED FROM CHROMIUM, MOLYBDENUM 

AND TUNGSTEN CARBONYLS 

COLIN OVERTON and JOSEPH A. CONNOR* 
Department of Chemistry, The University, Manchester Ml3 9PL, England 

(Receiued 15 Jdy 1981) 

Abstract-Reaction of 2,2’-bipyrimidine (bpym) with [Mo(CO),(diene)] gives [Mo(CO),(bpym)], which will react 
with [M(CO),(diene)] to form [MoM(CO)&bpym)] (M = Cr, MO, Wj. The bipyrimidine complexes are characterised 
by microanalysis and spectroscopy (IR; ‘H and “C NMR, UV/vis). Reduction of [Mo,(CO)&pym)] produces 
an anion in which the unpaired electron is localised on the bridging bpym @and. 

INTRODUCTION 
Binuclear transition metal complexes in which electronic 
interaction between the metals can occur through a 
common binucleating ligand have acquired interest 
recently in the context of intramolecular redox proces- 
ses. We are interested in redox reactions of 2,2’-bipy- 
ridine (bpy) complexes of the group six metals in those 
formal oxidation states which are isoelectronic with the 
well-known complexes of ruthenium and osmium. The 
isosteric relation between 2,2’-bipyridine and 2,2’-bipy- 
rimidine (bpym) suggested study of analogous simple 
derivatives of molybdenum hexacarbonyl. We report the 
synthesis of binuclear carbonyl complexes 
[MoM(CO)s(bpym)] (M = Cr, MO, W) and s0~~~0hf their 
properties. Ruthenium(H) complexes 
[Ru&py).,(bpym)](PF& have been described recent,? 
and p- bipyrimidyl heterobinuclear complexes containing 
iron(H) with either copper(I1) or zinc(I1) have been 
examined* as models of the active site of the enzyme 
cytochrome oxidase. 

RESULTS 
The mononuclear complex cis-[Mo(CO),(bpym)] was 

obtained in good yield from the reaction between cis- 
[Mo(CO),($, q*-C,H,)] (C,Hs is bicycle [2.2.l]hepta- 
2,4-diene) in hexane and a slight excess of the ligand 
bpym in tetrahydrofuran at room temperature. Well- 
formed dark red crystals of the complex were obtained 
on recrystallisation of the reaction product from 
thf/petrol. The complex is soluble in a wide range of 
solvents including benzene, but it is insoluble in 
paraffins. The binuclear complex [Mo,(CO)&pym)] was 
prepared by the addition of solid ligand, bpym (1 mol) to 
a solution of cis-[Mo(CO),($,~*-C,Hs)] (2 mol) in 
tetrahydrofuran at room temperature. The deep purple 
powder which had precipitated after 12 hr was washed 
with hot methylene chloride and dried. The solid is 
soluble in acetonitrile and dimethylsulphoxide and in- 
soluble in solvents of lower polarity. The heterobinuclear 
complexes were prepared by the addition of a slight 
excess of solid cis-[M(CO),(~*,~*-C,H8)] (M = Cr,W) to 
a solution of cis-[Mo(CO)dbpym)] in tetrahydrofuran. 
No reaction was observed at room temperature after 4 
days. The mixture was heated at reflux for 12hr after 
which the black solid product was isolated and purified 

*Author to whom correspondence should be addressed. 

by reprecipitation with ether from solution in acetone or 
acetonitrile. 

IR spectra 
The spectra of the complexes in the region of the 

carbonyl ligand v(C0) absorption (2100-18OOcm-‘) are 
similar, both in the solid state and in solution in acetoni- 
trile (Table 1) and they are not significantly different 
from the spectra of [M(CO),(bpy)] (M = Cr, MO, W)3. 
Comparison of the absorptions due to the bpym ligand in 
the complexes with those of the uncomplexed molecule 
shows more significant changes. The pattern of v(CH) 
vibrations in bpym (312Om, 306Os, 302Sm, 2980mcm-‘) 
appears as two very weak absorptions (3090,296O cm-‘) 
in the complexes. The strong bands (1560, 1550 cm-‘) in 
bpym, assigned to ring stretching modes (Ba, 8b in ben- 
zene4, are very weak and broad in the complexes. An- 
other ring stretching mode (19b in benzene’), observed as 
a strong sharp band at 1400 in bpym, appears a single 
band of medium intensity (1406 cm-‘) in 
[Mo(C0)4(bpym)] and as two bands, one of medium 
intensity (14OOcm-‘) and one of weaker intensity 
(1420 cm-‘) in [MoM(CO)&pym)]. The band of medium 
intensity at 1140 cm-’ due to /3-CH vibration (9a in 
benzene4) in bpym is observed as two absorptions of 
medium-weak intensity (1110, 1015 cm-‘) in 
MWUbpym)l and (1190, 1050 cm-‘) in 
[MoM(CO),(bpym)]. The antisymmetric y-CH vibration 
(lob in benzene4) appears as two medium-weak ab- 
sorptions in bpym, but in the complexes these appear as 
a single absorption of increased relative intensity at 
810cm-‘. The strong sharp absorption at 760cm-’ in 
free bpym is observed as a much weaker band at 
750cm-’ in [Mo(C0)4(bpym)] and at 74Ocm-’ in 
[MoM0&0mym)l. 

Nuclear magnetic resonance 
(a) Proton (Table 2). The coordination shift [S(com- 

plex-&free)] between bpym and [Mo(COh(bpym)] is 
similar to that observed in the case of bpy, with the 
exception that 6-H is shifted less in the case of bpym. 
The ‘H NMR spectrum of [Mo(C0)4(bpym)] recorded in 
benzene d6 shows the expected aromatic solvent induced 
shift. The magnitude of this shift (138Hz, 1.73ppm) in 
the case of 5-H is noteworthy, as is the difference in the 
shift (17 Hz, 0.21 ppm, 35 Hz, 0.42 ppm (&De)) between 
6-H (which is close to the metal) and 4-H. Coordination 
of a second Mo(CO),-group to bpym forming 
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Table 1. Carbonyl ligand stretching absorptions, v(C0) cm-’ of 2,2’-bipyrimidine (bpym) complexes 

Complex v(CO)/cm-1 in solution (Mea) v(co)/cm-1 solid (Nujol mull) 

20231s 1925vs 1891m 1847m 

2015m 1922vs 1892m 1a4am 

202Om 1922vs 1aa7m la44m 

'201311 1919vs 1aa7m la47m 

* pius bands at (2009sh). 1886. 1858, (lalzsh). 

201411 1912m la69vr 1833vs l 

zooam 1909s.sh 1879v 1831vs 

20131s 1920s.sh 1896s la37vs 

20071s 1907s.sh 1882s 1836vs 

[Mo2(CO&(bpym)] increases the coordination shift of 
5-H. The coordination shift of 4H/6H in 
[Mo2(CO)&pym)] is approximately the mean of their 
values in [Mo(CO)&pym)]. The effect of the metal on 
the proton chemical shifts in [MoM(COJ,&pym)] is con- 
sistent: both signals move to lower field in the order 
M=Mo<W<Cr. 

(b) Carbon. The shift of the ring carbon signals which 
occurs on coordination of bpym to molybdetium 
decreases as the distance between the particular carbon 
atom and the donor nitrogen atom increases. Qualita- 
tively similar observations are made for bpy in 
[Mo(CO)&py)], but in this case the decrease is more 
marked (see Table 2). Problems with the solubility of the 

compounds prevented measurement of the 13C NMR 
spectra of [MoM(CO)&pym)] complexes within 
reasonable instrument time. 

Electronic spectra 
In the visible region, the spectrum of cis- 

[Mo(CO),(bpym)] in solution consists of two absorptions 
which are absent from the spectrum of the free @and. 
These absorptions (Table 3) are assigned to metal d-to- 
ligand g* charge transfer transitions on the basis of their 
extinction coefficients (c > 1000 M-’ cm-‘). The energy 
of the lower of these two bands exhibits marked solvent 
dependence (solvatochromism). The lower energy dir* 
absorption in [Mo(CO)&pym)] is shifted 35 nm to lower 

Table 2. Proton and “C-NMR spectra of 2,2’-bipyrimidine and 2,2’-bipyridine and complexes of these ligands 

A. Proton n.m.r spectra. 

Molecule 

bpy 

bpym 

WCD)4(bpy) 

Mo(CD)4(bpym) 

Mo(CD)4(bpym) 

Mo2(CW8(bpym) 

Mo2(Wa(bpym) 

CrMo(CW8(bpym) 

MoWCWa(bpym) 

3-H 

a.49 

8.16 

Chemical shift; 8lp.p.m. 

4-H 5-H 6-Hb 

7.80 7.28 8.68 

3.98d 7.43t a.9ad 

7.95 7.39 9.12 

9.1Odd 7.52dd 9.32dd 

7.93dd 5.79dd 8.36dd 

9.24d 7.65t 9.24d 

9.26d 7.79t 9.26d 

9.37m 7.a8m 9.37m 

9.33m 7.83m 9.33m 

B. 13Carbon n.m.r spectra. 

Chemical shifta, G/p.p.m. 

Molecule 2-c 3-c 4-c 5-c 6-Cb 

bpy 156.8 124.15 137.40 121.34 149.65 

bpyn 161.0 - 156.7 120.3 156.7 

Mo(CW4(bpy) 155.5 125.80 138.02 122.73 153.68 

WCQ4(bpym) 161.0 - 158.0 122.3 160.1 

a. relative to tetramethylsilane, 6= 0 

Solvent 

CDC13 

CD2C12 

CD2C12 

CDC13 

CgD6 

CD3Ch' 

C2D6S0 

C2D6S0 

C2D6S0 

Solvent 

CDC13 

CDC13 

CDC13 

CDC13 

b. The coordinated nitrogen in mononuclear complexes is adjacent to 

6-H/6-C 
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Table 3. Visible absorption spectra A,- nm of 2.2’.bipyrimidine complexes 

Complex 

Mo(CD)4(bpym) 

CrMo(C0)8(bpym) 

Mo2(CD)8(bwGa 

aeon 8(b~w0 

Benzene 

381 517 

Dichloromethanc Methylcyanide 

j79 508 368 468 

450 670 400 562 

440 675 380 574 

450 700 394 580 

a Solid state (MgO matrix) hmax 460, 632 nm. 

energy of the corresponding absorption in 
[M0(C0),(bpy)]~, in the same solvent. A similar 
difference (but in the opposite sense) was observed’ 
between [Ru(bpy)#+ and [Ru(bpy)&pym)]*‘. The ab- 
sorption spectrum of [Mo,(CO)Jbpym)] in the visible 
region in solution comprises two bands (Table 3), both of 
which are at lower energy than in [Mo(CO),(bpym)]. In 
methyl cyanide solution, the shift of the 468 MI band in 
[Mo(CO),(bpym)] to a weaker, broad band at 574nm in 
the binuclear complex can be compared with that obser- 
ved’ between [Ru(bpyk(bpym)12+ (420 nm) and 
[Ruz(bpy)4(bpym)]4+ (592nm) in the same solvent. The 
effect of changing the metal M on the position of the 
lower energy visible absorption in [MoM(CO)s(bpym)] 
(M = Cr, M, W) appears just significant. The absorption 
spectra of the binuclear complexes are also solvatoch- 
romic; once again it is the lower energy absorption which 

is more sensitive, moving to the near infrared (700 nm) in 
solvents of low polarity. In the solid state, both dv* 
absorptions of [Moz(CO)&pym)] move to lower energy, 
indicating that the polarity of the matrix has diminished. 

Redox reactions 
Reduction of the binuclear complex [MoKO)&pym)] 

with sodium amalgam in dimethoxyethane solution 
produces the anion, [Mo2(COk(bpym)]-. The reduction 
reaction is accompanied by a change in the colour of the 
solution from dark green to orange. The electron spin 
resonance spectrum of the solution yields a value of 
g,, = 1.977 for the anion. The complex signal (Fig. 1) 
shows no evidence of molybdenum hyperfine interaction, 
even in the most concentrated solutions, unless inter- 
action is very small (aM,<2G). The ESR spectrum of 
the product obtained by reduction of the mononuclear 

i 
t, 

. -- 

Fig. 1. ESR spectrum of [Mo#.ZOL(bpym)]- in dimethoxyethane solution. 
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complex [Mo(CO)4(bpym)] with sodium amalgam in 
dimethoxyethane (g,” 1.979) is very different in ap- 
pearance from that of the binuclear complex. Again, 
there is no evidence of significant molybdenum hyperfine 
interaction. Both of these ESR spectra are distinct from 
that of the bipyrimidine radical anionb for which we 
measure g,, = 2.0042. Attempts to oxidise the binuclear 
complex, [Moz(CO)8(bpym)] with AgBF, or with iodine 
in methyl cyanide solution were unsuccessful; use of 
more vigorous oxidising agents led to decomposition of 
the complex. 

DISCUSSION 

The preparation of these new compounds proceeds in 
good yield using well-established methods. Evidence for 
the electronic interaction between the metals through the 
bridging bpym ligand is immediately apparent from the 
change in colour from the red mononuclear 
[Mo(CO)&pym)] to the deep purple-black binuclear 
[MoM(CO)s(bpym)] complexes. This is substantiated by 
spectroscopic measurements. Proton NMR spectra pro- 
vide a sensitive indicator of electron density distribution 
in bpym. The chemical shift of the least biased proton in 
the bpym molecule, 5-H, moves to progressively lower 
field in the mononuclear and binuclear complexes. The 
clearest evidence of the interaction between the metal 
centres is provided by the visible spectra which show a 
large bathochromic shift of the lowest energy d?r* ab- 
sorption as interaction increases from the mononuclear 
to the bridged binuclear complexes. 

We have not found a suitable one-electron oxidising 
agent for the homo-binuclear complex [Mo,(CO)&pym)] 
which would permit a closer examination of the extent of 
intervalence transfer through the bridging bpym @and. 
However, one electron reduction of the same complex 
gives an anion, [Mo,(CO)8(bpym)]-, the ESR spectrum 
of which is consistent with localisation of the unpaired 
electron density on the bipyrimidine ligands; delocalisa- 
tion onto the metal atom is not significant. 

EXPERIMENTAL 

All preparations were carried out in an atmosphere of oxygen- 
free dry nitrogen. Solvents were dried, deaerated and distilled 
under nitrogen immediately prior to use. Care was taken to shield 
reactions and their products from direct sunlight. IR spectra were 
recorded in solution using LOmm solution cells and as mulls 
with Nujol and hexachlorobutadiene on PE257 or SP3-200 spec- 
trometers. LJV and visible spectra were recorded on a Unicam 
SP800 snectrometer. NMR snectra were recorded on a WI’80 
spectrometer using Fourier transform techniques. ESR spectra 
were recorded on a Varian El12 spectrometer operating at 
9.238 GHz. Microanalyses were carried out by Mr. M. Hart and 
his staff in this Department. Metal hexacarbonyls were pur- 
chased from Pressure Chemical Co., and 2,2’-bipyrimidine was 
purchased from Aldrich. The complexes cis-[M(CO)4($,n2- 
C7Hs)] were prepared, using freshly distilled bicycle [2.2.l]hepta- 
ZP-diene, according to the literature.’ 

Preparation of Tetracarbonyl(2,2’-bipyrimidine)molybdenum 
A solution of [Mo(CO)~(s2,~*-C,Hs)] (0.38 g, 1.27 m mol) in 

hexane (20cm3) was added dropwise to a vigorously stirred 
solution of 2,2’-bipyrimidine (0.3 g, I.9 m mol) in tetrahydrofuran 
(30cm’). The resulting red solution was stirred at room tem- 

perature for I hr, filtered (cannula), and concentrated. A layer of 
petroleum ether (40-60” fraction) was added to the concentrate 
and then set aside in the refrigerator. After 4 days the large, 
well-formed red crystals were isolated by filtration and dried. 
Yield 0.335 g, 72%. Analysis: Found; C, 39.8; H, 1.6; MO, 25.6; N, 
15.3. Calculated for C&MoN,O,; C, 39.3; H, 1.6; MO, 26.2; N, 
15.3%. 

Preparation of u-(2,2’-bipyrimidine)octacarbonyldimolybdenum 
Solid 2,2’-bipyrimidine (0.2 g, 1.27 m mol) was added portion- 

wise to a stirred solution of [Mo(CO),(~~,~*-C,H~)] (0.76g, 
2.53 m mol) dissolved in tetrahydrofuran. The red colour changed 
immediately to purple and, after a few minutes, a greenish- 
brown colour developed. The mixture was stirred for I5 hr 
(overnight) at room temperature, after which time the reaction 
mixture appeared black. Solvent was removed by distillation 
under reduced pressure at room temperature leaving a black 
powder. The black powder was washed with hot di- 
chloromethane and dried in uacuo. Yield 0.62g, 86%. Analysis: 
Found. C, 33.8, H, 0.9; MO, 34.2; N, 9.7. Calculated for 
(&H6MoZNdOs: C, 33.5; H, 1.0; MO, 33.5; N, 9.8%. 

Preparation of p-(2,2’-bipytimidine)octacarbonylchromium- 
molybdenum 

A slight excess of cis-[Cr(C0),(~2,~*-C,Hs)] (0.25 g, 
0.98 m mol) was added portionwise to a solution containing cis- 
[Mo(COMbpym)] (0.33 g, 0.9 m mol) dissolved in tetrahydrofuran 
(25 cm’). The mixture was heated at reflux for I2 hr, during which 
time the solution darkened. Evaporation of the solvent under 
reduced pressure gave a black solid which was reprecipitated 
from acetonitrile by the addition of ether. Yield 0.26g, 54%. 
Analysis: Found C, 35.2; H, 1.5; Cr, 10.0; MO, 16.7; N, 9.8. 
Calculated for &,H&rMoN,Os; C, 36.2; H, 1.1; Cr, 9.8; MO, 
18.1; N, IO.%. 

Preparation of u-(2,2’-bipytimidine)octacarbonylmolybdenum- 
tungsten 

A slight excess of cis-[W(CO),(n2,n2-C7Hg)l (0.32 g, 
0.82 m mol) was added portionwise to cis-[Mo(CO),(bpym)] 
(0.29 g, 0.79 m mol) dissolved in tetrahydrofuran (25 cm’). The 
mixture was heated at reflux for I2 hr during which time the 
solution darkened. Evaporation of the solvent under reduced 
pressure gave a black residue. The black solid was extracted with 
acetone and reprecipitated by slow diffusion of a layer of ether. 
The black, air-stable powder is insoluble in non-polar solvents 
but fairly soluble in acetone, acetonitrile and other polar 
solvents. Yield 0.31 g, 5%. Analysis: Found C, 28.5; H, 1.0; MO, 
14.0; N, 8.2; W, 28.7. Calculated for Ci6H6MoNPsW; C, 29.0; H, 
0.9; MO, 14.5; N, 8.4; W, 27.8%. 

Acknowledgements-We thank the Science Research Council for 
support through a Studentship awarded to CO. and Dr. D. 
Collison for help with recording some ESR spectra. 

REFERENCES 

‘E. V. Dose and L. J. Wilson, Inorg. Chem. 1978, 17, 2660; M. 
Hunziker and A. Ludi. J. Am. Chem. Sot. 1977.99.7370. 

‘R. H. Petty, B. R. Welch, L. J. Wilson, L. A.’ Bdttomley and 
K. M. Kadish, J. Am. Chem. Sot. 1980,102,611. 
‘M. H. B. Stiddard, J. Chem. Sot. 1%2,4712. 
4A. R. Katritzky and P. J. Taylor, Physical Methods in Heterocy- 
ciic Chemistry (Edited bv A. R. Katritzkv) 1971.4.325. 

‘J. Burgess, J.~&ganometatlic Chem. 1%9,‘19,218.’ 
6D. H. Geske and Cl. R. Padmanabhan, J. Chem. Phys. 1%5,87, 
1651. 

‘E. B. Abel, M. A. Bennett, R. Burton and G. Wilkinson, 1. 
C/tern. Sot., 1958, 4559; R. B. King and A. Fronzaglia, Inorg. 
Chem. 1%6,5, 1837. 



Polyhedron Vol. I. No. I. ~9. 57-59. 1982 
Printed in Great Britain. 

on7-5387/82/010057~35o3M/0 
Pergamon Press Ltd. 

EFFECTS OF CHEMICAL SHIFT ANISOTROPY AND 
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Abstract-Broadening of the “‘Pt satellites in the ‘H NMR spectrum of fruns-Pt(ethene)(2-carboxy-pyridine)C12 at 

high field arises from relaxation of 19’Pt via the chemical shift anisotropy mechanism. We also demonstrate that 
well-resolved “N-‘9JPt couplings can be observed in “‘Pt NMR spectra of Pt(I1) and Pt(IV) amine complexes, 
including anti-tumour agents, at elevated temperature where scalar coupling contributions to 195Pt relaxation are 
much reduced. 

INTRODUCTION 

There is much current interest in the mechanisms of 
relaxation of the heavier spin i nuclei such as ‘13Cd, 
‘95Pt, lmHg and *“Tl.’ The chemical shift anisotropy 
mechanism is of particular interest because its effect 
increases as the square of the applied field.* There are 
few detailed studies of this. In two recent papers Brady 
et aL3 have clearly demonstrated that the relaxation of 
“5T1 at high fields is dominated by chemical shift aniso- 
tropy relaxation and that this effect is reflected in the 
linewidths of coupled proton resonances. We demon- 
strate here that the same effect can occur for “‘Pt. This 
is of direct practical concern because 1 : 4 : 1 proton 
resonances are usually considered diagnostic of Pt-l&and 
bonds, the outer peaks arising from ‘H coupling to the 
34% abundant isotope ‘“Pt. This pattern will arise only 
when the linewidths of the components of the triplet are 
equal, and deviations are expected when the spin-spin 
relaxation times of ligand nuclei are significantly 
different in Pt (I = 0) and ‘“Pt species. Indications that 
such an effect could exist were first noted by Erickson et 
aI.4 in their ‘H NMR studies of 1,2-diaminoethane com- 
plexes of platinum, and recently by Lallemand et al? for 
some platinum nucleoside and phosphine complexes. We 
show here that the linewidths of the t95Pt satellites in the 
‘H NMR spectrum of trans-[Pt(ethene)(2-carboxy-pyri- 
dine)C12] are directly related to the relaxation rate of 
“‘Pt, which is dominated by the chemical shift aniso- 
tropy mechanism. In the second part of this paper we 
show that relaxation of ‘95Pt via scalar coupling to 14N 
decreases at elevated temperatures allowing direct 
measurement of 195Pt-‘4N couplings. Like their t95Pt- 
“N counterparts, these are sensitive to the nature of the 
trans ligand and therefore very useful in structure 
determination. 

EXPERIMENTAL 

'H NMR spectra were recorded on JEOL FX 60, Bruker WF 
80, JEOL MfI 100, Varian XL 200, Bruker WH 270 and Bruker 
WH 400 soectrometers at 2% 2 1 K. ‘95Pt NMR snectra were 
recorded on JEOL FX 60 (12.8 MHz) Varian XL 200 (43 MHz) 
and Bruker WH 400 (86 MHz) spectrometers. Cis- 
[Pt(NH~)2(H*0)*](N0,)2 was prepared by adding 1.95 molar 
equivalents of AgNO3 to a suspension of cis-Pt(NH,)$l, in 
H20. The precipitate of AgCl was filtered off and an external 

tAuthor to whom correspondence should be addressed. 

DsO lock was used for NMR to avoid deuteration of coordinated 
NHs. Cis, ~runs, cis-Pt(isopropylamine)(OH)2C12 was kindly 
supplied by Johnson Matthey Ltd. Trans-Pt(ethene)(2-car- 
boxypyridine)C12 was kindly supplied by Dr. J. K. Sarhan and Dr. 
M. Green (York University). 

RESULTSANDDISCUSSION 

Field dependence of ’ H NMR satellites 
The “‘Pt satellites for the ethene proton resonance in 

the ‘H NMR spectrum of trans-Pt(ethene)(2_carboxy- 
pyridine)C12 decrease in ratios of peak heights from 
1:5:1at6OMHzto1:16:1at270MHz,to1:27:1at 
400 MHz. The observed linewidth is given by eq. (I)‘* 

Av,,,(‘H) = @IT;(H))-’ +(2IIT,(Pt))-’ (1) 

where (IIT;(H) is the sum of the natural proton line- 
width and magnetic inhomogeneity broadening, and is 
conveniently estimated as the linewidth of the centre 
component of the triplet. Thus Av,~~(H)-(HT;(H))-’ 
should be proportional to the spin-lattice relaxation rate 
of “‘Pt, (2IIT,(Pt))-‘. In the case of extreme narrowing 
and for axial symmetry the chemical shift anisotropy 
(c.s.a.) contribution to the relaxation is given by eq. (2) 

(T,(ptj)-’ (C.S.A.) = 6/7(T2(& (C.S.A.) 

(2) 
= (2/15)~,12B,,*(a,, - o,)*T,. 

Hence a plot of corrected proton linewidth vs Bo2 (ap- 
plied field) should be linear, if c.s.a. provides the 
dominant spin-lattice relaxation mechanism for 19’Pt in 
this complex. Figure 1 shows that this is indeed the case. 

If ‘95Pt-‘H couplings are being sought, it will clearly 
be a disadvantage for some complexes if measurements 
are made at very high fields. It can be seen from eqn (2) 
that the c.s.a. contribution is likely to increase for highly 
anisotropic molecules (AU term), at low temperatures 
and with increase in molecular weight (7, increases). 
However, it is clear that ‘95Pt satellites in ‘H NMR 
spectra can be used to monitor changes in ‘95Pt T, 
values. C.s.a. relaxation will decrease at higher tem- 
perature (and therefore satellites in ‘H NMR spectra 
should sharpen up) although relaxation via spin rotation 
will increase. The latter can be dominant in some Pt 
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Fig. I. The ethene ‘H NMR resonances of tram-Pt(ethene)(Z 
carboxy-pyridine)C12 in CDCI, at 80 and 400 MHz and a plot of 
AQ’ (linewidth of satellite-linewidth of centre peak) vs the 

square of the applied filed. 

complexesP Other mechanisms can contribute to the 
spin-spin relaxation of 19*Pt including scalar coupling to 

N. At 1.4 T ‘95Pt coupling to “N in the ethene complex 
is unresolved giving an overall linewidth of ca. 430Hz 
for the “‘Pt resonance. The increasing use of Pt com- 
pounds containing nitrogen ligands as antitumour agents 
has added to the importance of “‘Pt NMR studies on 
platinum compounds with bonded “N ligands. We now 
describe a simple method of improving the resolution of 
‘9sPt-‘4N couplings. 

“N couplings in ‘95Pt NMR spectra 
The {‘H&19’Pt NMR spectrum of [cis- 

Pt(NH,)2(H20k12’ consists of a broad unresolved 
resonance at 12.8MHz, 3OOK, unlike that of [cis- 
W’5NH3dHz0M2+ which is a sharp triplet with 
‘J(‘95Pt-‘5N) of 387 Hz.’ With “N, a quadrupolar 
nucleus (I = I), as a ligand, additional scalar relaxation 
of the second kind can occur for ‘95Pt. The magnitude of 
the effect is determined by the quadrupolar relaxation 
time of “N, given by eqn (3), where x is the nuclear 
quadrupole coupling constant (e2qz2 Qlh; 922 being the 
largest component of the electric field gradient at the 
nucleus) and g is the asymmetry parameter of the elec- 
tric field gradient. 

(3) 

At high temperatures the quadruploar relaxation rate 
decreases due to a decrease in the correlation time r,, 
which is dependent on the motion of the complex. Pro- 
vided that the field gradients at the “N nucleus are small 
(and this is generally the case for tetravalent N atoms) 
then at high temperatures T’, may become long enough 

[‘Hi - "*Pt ‘PsPt 

Fig. 2. 12.8 MHz (‘H)-‘9sPt NMR spectra of 0.5 M solutions of 
(A) Pt(NHs)z+ and (B) cis-Pt(NHs)2(H20)2+ at 343 K showing 
resolved “‘Pt-“N couplings (I : 4 : IO : I6 : I9 : I6 : IO : 4 : I 

nonet and I : 2 : 3 : 2 : I quintet respectively). 

to allow resolution of ‘9sPt-‘4N couplings in ‘95Pt NMR 
spectra. Analogous observations were originally made by 
Roberts* in the ‘H NMR spectra of amides. 

The predicted resolution of ‘95Pt-‘4N couplings at 
higher temperatures is confirmed for the Pt(II) com- 
plexes [cis-Pt(NH,)2(H20)212’ (1) and Pt(NHp)z+ (2) 
and the Pt(IV) complex cis, tram, cis-Pt(isopropyl- 
aminek(OH)2(Cl)2 (3) in Fig. 2. We had briefly described 
the spectra of the Pt(II) complexes previously9 but this 
appears to be the first report of resolved “N coupling in 
the spectrum of a Pt(IV) complex. The latter is an 
important, potential second-generation Pt anti-tumour 
complex.” The measured ‘J(‘9SPt-‘4N) for (l), 270Hz, 
compares favourably with the value from the lsN- 
labelled complex, adjusted by the ratio of magnetogyric 
ratios: 387/1.402 = 276 Hz. The high value being typical 
of N tram to oxygen (low tram influence). The value for 
(2) 201 Hz, is lower, as expected, since NH, has a higher 
tram influence than H,O. ‘J(‘95Pt-‘4N), 190Hz in the 
Pt(IV) complex (3) can be compared to 222 Hz for 
cisPt(NH3)2C12 in DMSO’ a Pt(I1) complex with Cl- as a 
tram ligand (again adjusted from “N values). Pregosin 
et al.” have noted previously for a few halo-amine 
complexes that ‘95Pt-‘sN couplings in Pt(II) complexes 
are 1.41 times those in analogous Pt(IV) complexes. Our 
value of 1.17 suggests that cis effects may also influence 
couplings. The range of ‘J(‘9sPt(II)-‘4N) couplings will 
be expected to vary from ca. 121 Hz with tram ligands 
having a high tram influence (e.g. P), up to 228 Hz for 
those with a low tram influence (e.g. Cl). “N labelling is 
expensive and sometimes impracticable but, as we have 
shown here, with the use of elevated temperatures “N 
couplings can often be measured. 

The resolution of ‘H-‘9sPt couplings in the un- 
decoupled spectrum of ci+Pt(NHj)2(H20)t2+ in H20, 
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Abstract-The versatile sulphonic acid group has been introduced into the family of interlamellar anchored 
materials. Zirconium his-3-sulphopropylphosphonate is an example of an aliphatic acid. Zirconium his-2-(sul- 
phophenyl)ethylphosphonate is an example with an aromatic sulphonic acid group. In general, the sulphonic acids 
are not as crystalline as the carboxylic acid analogs. This is probably due to the relatively large size of the 
sulphonic acid group compared to the available cross sectional area of the layer face. The aliphatic compounds are 
more crystalline than the aromatics, as is expected from size considerations. The sulphonic acid group in both 
crystalline and semi-crystalline examples is accessible to reaction with bases. A few preliminary experiments have 
demonstrated the utility of these compounds as both strong acid ion exchangers and Bronsted acid catalysts. The 
layered sulphonic acid-zirconium 3-sulphopropylphosphonate-is thermally stable to well over 200°C. This 
indicates good potential for applications in Bronsted catalysis. This stability compares favorably with organic 
resin based sulphonic acids. 

INTRODUCTION 
The preparation and structural characterization of a 
variety of lamellar metal phosphonates and phosphates 
have been reported in recent years.‘-’ These com- 
pounds are generally crystalline materials with the same 
layered structure as zirconium phosphate? The lamel- 
lar surfaces contaia a hexagonal array of attached groups 
spaced about 5.3 A apart. Certain compounds can be 
prepared by derivatizing the interlamellar -OH groups of 
zirconium phosphate.’ A more general method in- 
volves the direct reaction of tetravalent metal ions with 
phosphonic or organophosphoric acids (eqn 1). This 
reaction was tirst reported by Alberti et al.* In our 
laboratories we have demonstrated that this is a general, 
essentially 

0 0 

d ! M(IV) + (HO)Z -OR or (HO), -R- M(OaPOR), 

or M(OsPR)2 (1) 

quantitative reaction. Compounds have been prepared 
with a variety of tetravalent metal ions and organic 
substituents on phosphorus.’ The sulphonic acid func- 
tionality has been widely used as strong acid cation 
exchangers as well as in Bronsted acid catalysis. In view 
of the broad scope of the expected chemistry, it was of 
interest to prepare lamellar sulphonic acids. The sul- 
phonic acid group is quite large in relation to the ap- 
proximately 24 A’ (Fig. 1) cross-sectional area available 
to each substituent of the layer face. Examination of 
CPK models indicates that the -RS03H group (R = alkyl) 
will essentially fill the area available on each layer sur- 
face site. Where R = aryl, more crowding is evident. In 
this paper we report the synthesis and characterization 
of alkyl and aryl lamellar phosphonates containing sul- 
phonic acid substituents. 

*Author to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

Preparation of sulpho-phosphonate intermediates 
As has been previously pointed out, the preparation of 

an appropriately substituted phosphonic acid or ester 
precursor is usually the main hurdle in the synthesis of 
lamellar phosphonates.’ In the sulphonic acid system, 
relatively straightforward transformations yielded suit- 
able intermediates. A convenient route to a sulpho-sub- 
stituted phosphonate is afforded by reactions 2 and 3. 
The addition 

(EtO)Z!H+NaH+(EtO) PONatH 2 Z (2) 

(EtO)zPONa t CH2CH2CH~S020 - 

(EtO) iCH Z CH CH SO 2 Z 2 3 Na (3) 

of the phosphorus centered nucleophile, sodium 
diethylphosphite, to propane s&one yields diethyl3- 
sulphopropyl phosphonate.6 This salt is a hygroscopic 
solid. It is soluble in water and ethanol, but insoluble in 
low polarity solvents such as toluene, ether and chloro- 
form. Acid hydrolysis or cleavage of the phosphonate 
ester with aqueous HBr yields the required precursor to 
the lamellar phosphonate-3-sulphopropylphosphonic acid 
(eqn 4). 

B 
(EtO), fi CH2CH2CH2SOJNa t HBr(aq)- 

0 

+ (HOh d CH,CH,CH,SO,H t 2EtBr. (4) 

Preparation and characterization of lamellar sulphonic 
acids 

The reaction of 3-sulphopropylphosphonic acid and 
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Fig. 1. Projection of hexagonal structure of Z-P. 

zirconyl chloride in aqueous solution yields a white to 
off-white solid, as has been found for many of the other 
lamellar phosphonates. This material is a semi-crystalline 
solid with a broad X-ray powder diffraction pattern. The 
apparent layer-layer spacing, &,, is 18.8 A. If the reac- 
tion is carried out in the presence of HF, a more crystal- 
line material is formed as evidenced by the sharper X-ray 
powder pattern. The layer-layer spacing is shifted 
somewhat to 17.3 A. Extensive washing of the material 
with d,,,,, = 18.8 A with relatively concentrated aqueous 
acid (3N HCl) yields a material with d = 17.3 A of essen- 
tially unchanged crystallinity. This difference in d-spac- 
ing probably reflects the degree of hydration of the 
strong acid groups in the isolated samples. X-Ray 
dBraction patterns are shown in Fig. 2. 

The effect of added HF during preparation of these 
materials results in enhanced crystallinity. This effect has 
also been observed in the preparation of other lamellar 
zirconium phosphonates, as well as for zirconium 
phosphate itself’ and is attributable to the sequestering 
effect of the fluoride upon the metal ion. This enhance- 
ment of crystallinity can be observed by the increase in 
sharpness of the X-ray powder pattern. Table 1 presents 
a comparison of an empirical correlation of X-ray 
reflection sharpness and the HF/Z? ratio during syn- 
thesis. The sharpness is defined as the ratio of counts 
(intensity) to line width at half height for the second 
X-ray line. The second line was chosen because there is 
no interference at small 28 angles. By analogy to the 
carboxylic acid substituted zirconium phosphonates, the 

increase in sharpness of the powder pattern is attributed 
primarily to increased crystallinity rather than increased 
particle size. In the carboxylic derivatives, increased 
sharpness is accompanied by an increase in the PK. of 
the carboxylic acid. The change in PK. is not expected 
for a change in particle size, but is more reasonably 
attributable to environmental effects manifested in 
enhanced order of the structure. Similar effects have 
been observed spectroscopically. 

The definitive presence of the sulphonic acid group is 
demonstrated by the titration of the acid with aqueous 
NaOH. The titration curves in water and saturated salt 
solution are given in Fig. 3. These curves show the 
presence of a strong Bronsted acid. The strong acid 
content ranges from about 70 to 80% of the theoretical 
value based on the product empirical formula 
Zr(O,PCH,CH,CH,SO,H),. 

The cause of the break in the curve in the pH 7-9 
region is most likely due to hydrolysis of the metal 
phosphonate. Its magnitude correlates with the relative 
crystallinity of the product. In the more crystalline sam- 
ple, this break is less pronounced than in the less crys- 
talline material (0.7 meg. vs > 2.0 meg. of hydroxide per 
gram). In the carboxy analogs, hydrolysis of the metal 
phosphonate layer structure takes place rapidly enough 
to compete with the titration in the semi-crystalline case. 
(In these sulphopropyl compounds, the more crystalline 
modification does not have an X-ray powder pattern as 
sharp and resolved as high crystallinity zirconium 2- 
carboxyethyl phosphate.‘) This high pH break can thus 
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Fig. 2. XRD of zirconium 34phopropylphosphonate. RC is the 
relative crystallinity (see Table 1). 

be attributed to “zones” of amorphous or semi-crystal- 
line structure in the materiil that hydrolyze rapidly 
enough to consume base during the titration. A separate 
experiment indicates that base consumption by hydroly- 
sis is fast enough to cause the observed effect. This is 
discussed later. 

The accessibility of the sulphonic acid group can be 
measured by the rate at which it is neutralized by 
aqueous NaOH. It is anticipated that the rate-limiting 
step will be interlamellar diffusion for layered materials. 
The solid sulphonic acid (rel. crystallinity = 8.7) was 
added to an aqueous solution of NaOH and the pH 
measured as a function of time. This experiment was 
conducted in both water and saturated salt solution. The 
tendency of the sulphonic acid to swell and agglomerate 
before dispersal in low ionic strength aqueous solutions 
is avoided in salt solutions. In the high ionic strength 
media, the solid remains a discrete particulate. The data 
from these experiments are presented in Fig. 4. The rate 
is the same in both media with virtually complete reac- 
tion in less than 90 sec. This reaction rate is slower than 
the analogous reaction of crystalline zirconium 2- 
carboxyethylphosphonate. This probably indicates a 
more hindered environment in the interlamellar sul- 
phonic acid leading to slower diffusion. Predispersal of 
the sulphonic acid in water results in extremely rapid 
reaction, with complete reaction in less than 5 sec. The 
dispersal in water appears to swell the sulphonic acid like 
a gel. This should serve to separate the layers and allow 
easier access through the interlamellar region. 

The acid content in these materials is 70-W% of The relative accessibility of the acid group for reaction 
theoretical on a weight basis. There is undoubtedly some can also be assessed from the neutralization rate profiles. 
water of hydration in the material. The IR spectrum Neutralization rate experiments were carried out with 
shows a broad band at 1650 cm-’ which can be attributed samples of zirconium 34phopropylphosphonate of 
to the OH, deformation. This is a common band in varying crystallinity. This data is presented in Fig. 5. The 
hydrated salts and acids. Thermal analysis indicates rapid rate reduction in the latter stages of the reaction of 
about 20% weight loss just above 100°C. There is likely the sample with relative crystallinity 3.9 probably reflects 
to be some contamination from other phosphonates in “blocked” pores and/or inhibited edge access. The rapid 
the preparative sequence. Nonsulphoalkylated deriva- reaction of the least crystalline material is expected. The 
tives of diethylphosphite will yield phosphorous acid on correlations between interlamellar reactivity and crystal- 

hydrolysis which will co-react with zirconium ion, 
thereby diluting the sulfonic acid content of the product. 

The titration data and X-ray powder pattern analysis 
indicate the product is a sulphonic acid with an amorphous 
to layered crystalline structure. These materials are not 
stable to aqueous hydroxide solutions. The rate of hydroly- 
sis is dependent on the degree of crystallinity. Hydrolysis 
experiments were carried out on the sodium salts of the 
materials in Table 1. The initial reaction with hydroxide is 
first order in hydroxide. The linearity of the pH vs time plot 
is maintained until about 90% of the hydroxide is consumed. 
The relative rates are presented in Table 2. 

The relative rate data correlates with the degree of 
crystallinity. The less crystalline materials hydrolyze 
more rapidly. This data is consistent with the obser- 
vation of partial hydrolysis during titration. 

Table I. Relative crystallinity depends on HF to Zr” ratio during synthesis 

XRD RATIO RELATIVE 
ENTRY HFIZt-'+ cntslwidth CRYSTALLINITY 

: i.57 3:: :*: 
3 2.3 682 a:7 

Table 2. Relative rate of hydrolysis 

ENTRY 

1 
2 
3 

RELATIVE CRYSTALLINITY 
(Table 11 

REL. RATE OF HYDROLYSIS 

1.0 
0.49 
0.25 
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Fig. 3. The titration of zirconium 3-sulphopropyl phosphonate; samples of two crystallinities. 

Zr(03PCH2CH2CH2S03H)2 + 2NaOH- Zr(03PCH2CH2CH2S03Na)2 
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Fig. 4. The neutralization of zirconium 3-sulphopropyl phosphonate in aqueous suspension (RC = 8.7). 
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Fig. 5. The neutralization of zirconium 3-sulphopropylphosphonate of varying crystallinity. The rate and ac- 
cessibility of acid group does not correlate with XRJI crystallinity. 

linity are not straightforward and will involve con- 
siderations of crystal agglomeration, packing, size, 
defects and distribution. 

The wide tange of utihty of solid sulphonic acids as 
catalysts might be considerably extended if enhanced 
thermal stability could be achieved. Most solid organic 
resin-based sulphonic acid catalysts are limited to use 
below 150°C. Thermal analysis of layered zirconium 3- 
sulphopropylphosphonate indicates stability to ap- 
proximately 220°C before any weight loss other than water 
of hydration takes place. Loss of water of hydration occurs 
at 117°C. The maximum of the DTA peak is at 340°C. This 
data is presented in Fig. 6. The 220°C figure appears to be a 
conservative upper stability limit figure for these materials. 

The reactions of layered sulphonic acids 
In preliminary work both ion exchange and acid 

catalysis experiments were carried out. These two types 
of applications represent the area in which layered sul- 
phonic acids are likely to find technological utility. 

Ion exchange. A simple batch ion exchange experi- 
ment was carried out by contacting the layered sulphonic 
acid (semicrystalline) with an aqueous solution of cupric 
sulphate. The pH of the solution immediately decreased 
from 3.8 to 0.92 by reaction 4. 

Zr(O,PCH,CH,CH,SO,H), + CuSO,(aq)- 

-Zr(0,PCH2CH2CH2SOSCu,,& + H$O,(aq). (4) 

The characteristic blue color of the cupric sulphate 
solution markedly decreased in intensity. As expected, 
the white solid sulphonic acid was pale blue after the 
exchange reaction. A similar exchange experiment was 
carried out with the sodium salt form of the sulphonic 
acid. This exchange (reaction 5) did not reach equili- 
brium as far to the right as did reaction 4. 

Zr(0,P-CH2CH2CH,SOsNa), + CuSO,- 

- Zr(03PCH&H2CH2S0,Cu1,2)2 + Na2S04. (5) 

These results conclusively demonstrate the utility of 
these materials as strong acid ion exchangers. 

Acid catalysis. The esteritication of carboxylic acids is 
a straightforward reaction subject to general Bronsted 
acid catalysis. The reaction of ethyl alcohol and acetic 
acid was selected as a model example (reaction 6). 

CH,CO,H + EtOH s CH,C02Et + H,O. (6) 

Equivalent amounts of ethyl alcohol and acetic acid 
were combined in a distillation apparatus. Zirconium 
3-sulphopropylphosphonate (“high crystallinity”) was 
added in such amounts so as to make an S%/wt. slurry. 

The mixture was heated to very gently reflux and ethyl 
acetate distilled over slowly. The identity of ethyl 
acetate was confirmed by GC and IR comparison of an 
authentic sample. This experiment was repeated at 
O.S%/wt. slurry. Reaction was run to 49% conversion 
with virtually quantitative yield of the ester. 
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Fii. 6. Thermal analysis of zirconium 3-sulphopropyl- 
phosphonate. 

Dehydration of alcohols is another reaction catalyzed 
by Bronsted acids. A 10% slurry of zirconium 3-sul- 
phopropylphosphonate in cyclohexanol was heated to 
125°C. Cyclohexene was evolved smoothly in virtually 
quantitative yield (by GC relative area) (reaction 7). 

OH 
H+ 

IZO-IWC t H,O (7) 

The above experiments demonstrate the use of inter- 
lamellar sulphonic acids in both ion exchange and acid 
catalysis experiments. While these experiments are both 
simple and straightforward, they establish the utility of 
these materials in applications relevant to the chemical 
industry. 

Aromatic sulphonic acids 
Molecular models indicate aromatic sulphonic acid 

groups are quite large with respect to the available area 
on the layer face. This may strain the limits of the 
stability of the layered modification. An example of an 
aromatic sulphonic acid was prepared in order to test this 
consideration. 

A straightforward synthetic sequence yielded the pre- 
cursor sulphonicphosphonic acid (eqns 11-13). 

0 
- 

0 -CH,CH,Br t H,SO,- BrCH,CH,- w -SO,H 

0 

(11) 

Zirconium 2-(sulphophenyl)ethylphosphonate was 
prepared in the normal manner via the HF moderated 
metathetical reaction of zirconyl chloride and the pre- 
cursor sulphonic phosphonic acid (eqn 14). This product 
is an off-white solid. Its X-ray powder pattern is quite 
broad, indicating low crystallinity (Fig. 6). A d-spacing of 
about 20-25A is expected for this compound in the 
layered modification. The X-ray shows a shoulder in the 
appropriate region (28 = 4.5”; d 20A). A very broad 
second order peak also appears to be centered at about 
29 = 9”. This low crystallinity in spite of preparation by 
the HF modified route is probably the result of crowding 
in the structure. 

The titration curve for zirconium 2(-sul- 
phophenyl)ethylphosphonate is presented in Fig. 8. This 
curve shows the presence of the strong acid functional 
group and the hydrolysis of the metal phosphonate 
structure by hydroxide. Comparison of this curve to the 
titration of semicrystalline zirconium 3-sulphopropyl- 
phosphonate (Fig. 3) indicates that the hydrolysis takes 
place in the aromatic case at lower pH than in the 
aliphatic case. This means that the hydrolysis rate in the 
aromatic case is much faster since it impacts the titration 
curve at hydroxide concentrations about two orders of 
magnitude lower (pH 6.2 vs pH 8.2). This rate factor is a 
result of the lower crystallinity of the material. It has 
been demonstrated that the hydrolysis rate correlates 

Zr(O,PCH,CH,-8’-SO,H)2 

HFIZ++ = 3.3 

1 I I I I I 

25 20 15 10 5 2 

C28 

Fii. 7. XRD of zirconium 2-(sulphophenyl)ethyI phosphonate. 
Note the low degree of crystallinity even though prepared by the 

HF modified route. 

(EtO),P t BrCHzCHz- @ -S03Na - (EtO), fl CH2CHI @ --SO,Na 

0 0 

(EtO), ! CH2CHz- @--SOsNa t HBr(aq)- (HO), ! -CH2CHz- @-SO,H 

ZrOCL t (H0)2PCH&H2- @ --SO,H% Zr(03PCH2CHz- @ -SOIH),. 

(12) 

(13) 

(14) 

Table 3. Ion exchange reactions of zirconium 3-sulphopropylphosphonate 

EXCHANGE’. CL?+ meg/ml 
INITIAL FINAL &IL. 

LfADING X EXCHANGE 
Cu + meg/g 

H+-Cu+2 0.215 0.093 0.92 2.46 Na+-Cu+P 0.215 0.135 2.88 1.62 :: 

a. 0.50 9 of Zr(0 PCH CH CH2SOsH)2 
was reacted with lQn1 o s $8 0. 15 CuSO4. 

or Zr(OjPCH2CH2CH2SOjNa)2 
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Fii. 8. Comparison of the titration curves of zirconium 3-sulphopropylphosphonate and zirconium 2-(sul- 
phophenyl)ethyl phosphonate. 

with the degree of crystallinity as evidenced by the X-ray 
powder pattern in the 3-sulphopropyl case. (The same 
correlation does not hold for neutralization rates.) These 
results are all consistent with the expectation that the 
crowding in the aromatic sulphonic acid case will result 
in inherently lower crystallinity. 

SUMMARY 
The sulphonic acid class of interlamellar anchored 

materials have now been established. Both aliphatic and 
aromatic examples have been prepared. The utility of the 
sulphonic acid has been demonstrated with the typical 
reactions of this functional group. Speci6cally, the acids 
have been shown to be strong acid cation exchangers and 
a Bronsted acid catalyst. In addition, we have begun to 
develop an insight into the structural ramifications of 
these compounds. The size constraints of the zirconium 
phosphate type backbone are evident. Further, the 
thermal stability of this group of compounds is 
encouraging relative to its applications potential. 

The experiments were carried out without extraordinary pre- 
cautions to exclude oxygen or moisture. Reagents were usually 
used as received from the supplier. In most cases, elemental 
analyses of the products were not within rigorous limits, but 
purification was not possible since the products are insoluble in 
normal solvents and do not sublime. The combined weight of 
yield data, spectroscopy, TGA and powder diffraction results 
confirmed the compositions with good reliability. The X-ray 
powder patterns were run on a Phillips diffractometer using 
CuK. radiation. Thermal analysis was carried out on a Mettler 
TA-2 instrument under Nz. IR spectra were obtained with a 
Beckman Acculab IO Spectrometer. 

Preparation of sulphoalkylphosphonates 

I. 34dphopropylphosphonic acid via diethyl 3-sulphopmpyl- 

phosphonate sodium salt. To a 1 I., 3-necked ‘flask fitted with a 
stirrer, addition funnel, reflux condenser and thermometer was 
charged 225ml dry toluene. To this was added l7.2g of 57% 
sodium hydride dispersion (9.8 g, 0.41 mole of NaH) with stirring. 
DiethYlDhOSDhite (56.5 II. 0.41 mole) was charaed to the addition 
funnel and added bropwise to the ioluene slurry over about 2 hr. 
Evolution of Hz was smooth and began immediately. The ad- 
dition rate was periodically adjusted to control the level of foam 
in the reactor. The reaction temperature was WC during the 
addition. After the addition of the phosphite was complete, a 
solution of 52 g propane sultone (0.43 mole) in 20 ml of toluene 
was charged to the addition funnel and added dropwise to the 
reaction mixture at a rate of about I ml/min. The temperature 
rose to about WC over the course of addition. The reaction 
mixture cooled to room temperature on standing overnight. At 
this point, the reaction mixture was two-phased. The upper 
toluene phase was decanted and the viscous lower product phase 
washed two times with diethylether (IO0 ml). The pasty product 
was then charged to a glass Soxhlet and continuously extracted 
with diethyl ether for about 40 cycles (7 cycles per hour). The 
product was removed from the Soxblet and the residual ether 
removed under vacuum. The productdiethyl 3-sulphopropyl- 
phosphonate, sodium salt-is a hygroscopic solid, yield 73g 
(63%). Hydrolysis of this ester salt in acid solution yields 3- 
sulphopropylphosphonic acid. 

Hydmlysis of diethyl 3-sulphopmpylphasphonate, sodium salt. 

To a 250 ml round bottom flask fitted with a reflux condenser and 
Dean-Stark trap was charged 7.7s of diethyl 3-sulphopropyl- 
phosphonate, sodium salt and 30ml of 48% hydrobromic acid. 
The solution was refluxed and ethylbromide removed in the 
Dean-Stark trap. The aqueous solution contains the required 
acid. 

Prcpamtion of zirconium 34phopmpylphosphonate (high 

crystallinity). The aqueous solution of 3-sulphopropylphosphonic 
acid from the above hydrolysis was char&d to a &I 3-necked 
flask fitted with an addition funnel. To the addition funnel is 
charged a solution of 3.3g of ZrOCII*8H20 (0.010 mole) and 
0.94 g of 48% aqueous HF in IO ml of water. This solution was 
added dropwise to the aqueous phosphonic acid solution as the 
temperature was brought to gentle reflux. An immediate pre- 
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cipitate formed. The reaction mixture was heated at gentle reflux 
under a slow N2 purge overnight. The reaction mixture was 
cooled to room temperature, the product isolated by filtration, 
washed 4 times with 25 ml of acetone, twice with 25 ml of ether 
and oven dried at 100°Cyield 4.3g of zirconium-3-sulphopro- 
pylphosphonate. 

Preparation of zirconium 3-sulphopropylphosphonate (semi- 
crystalline). The preparation was the same as above except the 
HF is omitted and the Ns purge during reflux is unnecessary. 

Zirconium 2-(44phophenyl)ethylphosphonate: Zr(OsPCHr- 
CHa-C~H,SOsH)z. To a 3-necked 100 ml round bottom flask fitted 
with a Dean-Stark trap and reflux condenser, magnetic stirrer and 
N2 purge line was charged 1.1 g of diethyl Z(sul- 
phopheny1)ethylphosphonate sodium salt and 20 ml of 48% HBr. 
This mixture was refluxed until ethylbromide evolution was 
complete (as judged by its volume in the Dean-Stark trap). To 
the resultant aqueous acid phase 2-(sulphophenyl)ethyl- 
phosphonic acid was added 0.28g of zirconium oxychloride 
(ZrGClz) and 0.20 g of 48% aqueous HF. A solid phase began to 
form and the slurry was refluxed under an N2 purge for about 
4hr. The slurry was then cooled to room temperature and the 
solid product recovered by filtration. After washing with acetone 
(50 ml, 3 times) and ether (25 ml, 2 times), the white solid was 
dried under suction; yield was 0.58 g. 

2-(Sulphophenyl)ethylbromide sodium salt, BrCH2CH&,Hr 
SO,Na. To a 24Oml round bottom flask fitted with a reflux 
condenser, magnetic stirrer and thermometer was charged 18.5 g 
of phenethylbromide (Aldrich), 1 .O g dichlorobutane (GC std) and 
25ml of hexane. To this solution was added 14.2ml of concen- 
trated sulphuric acid with stirring. The mixture was raised to 
gently reflux for about 3 hr. The 2-phase mixture was cooled to 
room temperature and the lower acid phase separated and then 
slowly added to ethanolic NaOH (20 g NaOH in 200 ml ethanol) 
with vigorous stirring. The resulting slurry was filtered and the 
residue washed with a 15Oml portion of ethanol followed by a 
75 ml portion of ethanol. The ethanol washing and the oriinal 
tiltrate~ was combined, concentrated to about 80 ml total volume 
and cooled to 0°C. The solid oroduct 2-(suluhonhenyl)ethyl 
bromide sodium salt crystallized as a white solid and was re& 
vered by tiltration (9.7Og). As expected, the IR spectrum showed 
the presence of a strong band at 1185 cm-’ due to the -SOsNa 
group. 

Acknowledgement-We are grateful to R. Cooksey for his very 
able assistance in this work. 

Diethyl 2-(sulphiphenyl)ethylphosphonate sodium salt, 
(Et0)2P(0)CH2CH&H4SOsNa. To a 3-necked 100 ml flask, 
arranged for distillation of the product and fitted with a stirrer, 
and thermometer was charged 7.18 g of Z(sulphophenyl)ethyl 
bromide sodium salt, 16.6 g triethylphosphite and 30g dimethyl- 
formamide. This mixture was stirred and heated to 12&13o”C 
and ethyl bromide slowly distilled out. The reaction mixture was 
held at that temperature for about 2hr, then cooled to room 
temperature. The pasty reaction mass was extracted 2 times with 
75 ml portions, and dimethylformamide. The solid product was a 
mixture of diethyl2-(sulphophenyl)ethylphosphonate sodium salt 
and 2-(sulphophenyl)ethylbromide sodium salt. Hydrolysis of the 
mixture in acid yielded an aqueous solution containing 2-(sul- 
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Abstract-The first and second protonation constants of linear polyphosphates at 2YC and ionic strength 0.1 have 
been evaluated: log Kt = 8.91, log Kts = 6.13 for PsO,‘-(Ps); log K, = 8.88, log Klz = 5.86 for PsO&Ps); log KI = 
8.40, log Klz = 6.58 for P.+Ott-(P,); log K, = 8.15, log K12 = 7.03 for P,O$Ps); log K, = 8.12, log K12 = 7.16 for 
P&(P& log K, = 8.07, log K,z = 7.18 for P,O~~(P,). The variations of these values with the polyphosphate chain 
length have been discussed. A simple identification for polyphospbate species utilizing “P NMR signal ratio of 
middle to end P has been proposed. By applying a micro ion-exchange technique, a rapid concentration of each 
polyphosphate and the subsequent preparation of the magnesium salt have been accomplished. 

INTRODUCTION 
The studies on polyphosphates in various fields such as 
inorganic chemistry, biochemistry and medicine have 
been made. The important characteristics of the poly- 
phosphates are the high stability towards hydrolysis 
compared with other water-soluble inorganic polymers 
such as polymers of silicate and borate and the high 
negative charge density compared with organic 
polyelectrolytes. 

However, the linear polyphosphates longer than 
tetrapolyphosphate have been little investigated, al- 
though the shorter linear polymers such as pyro-, tripoly- 
and tetrapolyphosphate have been well studied. Griffith 
et al.’ have determined rate constants of hydrolysis on 
tetra-through-octapolyphosphates. Glonek et al.* have 
measured 3’P NMR spectra on the sodium and tetra-n- 
butylammonium salt solutions of polyphosphates up to 
nonapolyphosphate. There are no reports on the pro- 
tonation constants of linear polyphosphate anions longer 
than tetrapolyphosphate. The reason may be that the 
pure sample of each individual polyphosphate can be 
isolated only with difficulty. 

In this work a sufficient amount of each polyphosphate 
was prepared by anion-exchange chromatographic 
separation and by anion-exchange sorptiondesorption 
concentration technique, and the first and second pro- 
tonation constants were determined. Also, an 
identification for each polyphosphate species was 
attempted using 3’P NMR spectroscopy. 

Chemicals 
EXPERIMENTAL 

All the commercial chemicals used were of reagent grade. The 
purity of each polyphosphate obtained by ion-exchange chroma- 
tographic separation was confirmed by the end group pH-titration 
and by checking the NMR spectrum. 

Chromatographic separations of polyphosphates 
The glassy polyphosphate mixture with average polymerization 

number of about 6 was separated into its components by anion- 
exchange chromatography with a large column (Dowex l-X4, 
Cl-form, 100 - 200 mesh, 42.6 x 95 cm). The solution containing4 g 
of the glassy sodium polyphosphate was loaded on the column 
and the components were eluted with potassium chloride solution 
by gradient-elution technique. The initial eluent solution in the 
mixing bottle was 0.2 M KCI and the solution in the reservoir was 

*Author to whom correspondence should be addressed. 

0.47 M KC], both being adjusted to pH 4.5 by 0.02 M sodium 
acetate-acetic acid buffer contained. Elution was carried out with 
flow rate ca. 2OOmllhr at room temperature. The effluent was 
collected into 25 g fractions with an automatic fraction collector. 
The MO(V)-Mo(V1) reagent was used for determining the phos- 
phorus content in each fraction calorimetrically. 

Zon-exchange concentration of the efpuent 
The eflluent solution containing each particular component 

isolated was diluted to about 10 times in volume and oue g of 
anion-exchanee resin (Dowex 1-X4. Cl-form. 100 - 200 mesh) was 
added to the”solution to resorb the polyphosphate component. 
The equilibration was done for a few hours, then the filtered 
resin was packed onto a small column (40.5 - 0.6 cm) and a very 
small volume of 1 M tetramethylammonium chloride solution was 
slowly passed to elute the sorbed polyphosphate. Thus each 
polyphosphate was concentrated to about 100 times by this 
procedure. 

NMR measurements 
The nmr spectra were recorded on a Hitachi high resolution 

nmr snectrometer Model R-20B with R.F. unit operating at 
24.2793 MHz at 35°C for freshly prepared aqueous- polyphos- 
phate solutions (pH 7 or 12) containing 0.4- 1 M as total phos- 
phorus atom, using 5 mm spinning sample tubes. All chemical 
shifts were measured in comparison witha 85% orthophosphoric 
acid external standard, with positive shifts being downtield[2]. 
The measurements at pH 12 were made on the solutions pH- 
adjusted with tetramethylammonium hydroxide. 

The sianal area ratio of the middle to end P was determined by 
measuring directly the weights of tracing paper corresponding to 
each signal recorded. 

The pH titrations 
A Hitachi-Horiba pH meter with a Horiba pH glass electrode 

No. S764 and a calomel reference electrode was employed for 
pH titrations of polyphosphates. The pH reading was made on a 
1 pH unit-full scale. The solution of 0.1004 M in HCI and 0.100 M 
in (CHs)dNCI was added to the solution containing tetramethyl- 
ammonium salt of each polyphosphate under continuous stirring 
and nitrogen atmosphere. The ionic strength was maintained 
close to 0.1 throughout the titration. 

Preparation of magnesium salts of polyphosphates 
2ml of 1 M magnesium chloride was added to a 3 ml of 

polyphosphate sol&on which was prepared by the concentration 
of the effluent, then a few drops of acetone were added to form 
precipitation of the magnesium salt. The precipitate was stored in 
a desiccator after removing the adhering solution with filter 
paper. 
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Evaluation of protonation constants 
The amount of protons bound to polyphosphate anion was 

calculated as the difference between the amounts of the added 
protons and of the free protons measured. Dividing the amount 
of the bound protons, mm, by the total amount of polyphos- 
phates, nth the average proton number for each polyphosphate, 
&, was obtained. 

where V is the volume of the solution. The 6 is also described 
as Bjerrum’s formation function as follows, when only the first 
two protonsted species are present. 

K,[H+]t2K,K,JH+]* 
rsH = 1 t K,[H+] t K,K,JH+12 

where K’s are the stepwise protonation constants, 

Using the proton concentrations at half & values, &, = 0.5 and 
1.5, K, and Kit were evaluated with the following equations 

Fig. 1. Elution curve of linear polyphosphates at pH 4.5 from an 
anion-exchange column. 

Fig. 2. Recovery curve of P12 by ion-exchange sorption at pH 5.5 
and room temperature. 

derived from eqn (2). 

K, = [H+Iw,.J - Wf+lti,=~.~ 
[H+l,,-,,W+l,,=,, 

(5) 

K12 = IH+l,,=~.1~3~H+li”-a~ 
(6) 

RESULTSANDDlSCU!3SION 
Preparation of polyphosphates 

A typical elution curve on the preparative chromato- 
graphic separation is shown in Fig. 1. The isolation of 
each component was satisfactory. As a subsequent stage, 
an evaporation technique under reduced pressure for the 
concentration of the el’lluent has conventionally been 
applied. However, this procedure takes a lot of time and 
often leads to hydrolytic decomposition of polyphos- 
phates. 

By our anion-exchange sorption-desorption tech- 
nique? concentration and desalting take place simul- 
taneously, and, therefore, the deduction to l/100 in solu- 
tion volume was attained within only 1 hr. The sorption 
rate can be seen from a typical curve for dodecapoly- 
phosphate (Fig. 2). Thirty minutes was enough to absorb 
more than 90% of the polyphosphate. The subsequent 
desorption of the polyphosphate from the resin was 

Table 1. Yields of the magnesium salt of polyphosphate 

Polyphosphate Weight of salt (mg) Yield (%I4 

pn 
(in air-dried) 

p5 
105 3.0 

‘6 134 3.3 

p7 102 2.1 

pa 48 0.9 

pll 
b 

a Yields were calculated against the glassy sodium 

polyphosphate loaded on the column. 

bP 11 was obtained from a separate chromatographic 

run. 
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carried out in a very short time with a short column and 
only few milliliters of 1 M tetramethylammonium 
chloride eluent. Through these procedures no hydrolytic 
decomposition of the polyphosphate was observed. 

When necessary, the magnesium salt of each poly- 
phosphate was prepared by adding acetone to the con- 
centrated solution obtained in the above procedure. The 
data of yield for each salt are summarized in Table 1. 

NMR studies 
The “P NMR signals for tetramethylammonium salt 

solutions of tetra- through-octapolyphosphates are 
shown in Fig. 3. The chemical shifts determined from the 
peak position of each signal are given in Table 2. The 
values by both the end and middle phosphorus groups 
tend to approach a constant respectively with the chain 

Fig. 3. “P NMR spectra of the tetra- through-octapolyphos- 
phates at pH 7. 

length of linear polyphosphate. This trend was similar to 
that from the tetra-n-butylammonium salts reported by 
Glonek.2 The diflerence in chemical shifts among poly- 
phosphates longer than tripolyphosphate were not ap- 
preciably recognized at pH 7 or 12. The pH dependence 
of chemical shifts is found to be much greater for end 
groups than for middle groups. This may result from the 
direct binding to end groups of the two protons. The 
absolute values of chemical shifts are, however, different 
from those by Glonek2 because of employment of 
different conditions such as pH and the kind of counter 
cation. The chemical shifts at pH 12 may be recognized 
as those by the completely dissociated polyphosphate 
anions because of very weak complexibility of the 
tetramethylammonium ion. The identification of linear 
polyphosphate species utilizing the chemical shift of “P 
nmr was considered almost impossible by the fact that all 

I ’ 1 I I 1 I 

3 4 5 6 7 a 
P DolYmerlratlc4l nudxr 

Fii. 4. 31P NMR signal area ratio of middle to end P of tri- 
through-octapolyphosphates. Broken line is theoretical. 

Table 2. 3’P nmr chemical shifts for the solutions of the pure tetramethylammonium polyphosphates at pH 7 

Polyphosphate Chemical shift (ppm) 

pn Middle P group End P group 

p3 -22.1 -6.9 

p4 -23.3 -10.6 

ps- -23.4 -22.4* -10.8 -6.4* 

'6 -23.3 -22.4* -10.9 -6.4* 

p7 -23.4 -10.9 

'8 -23.3 -10.9 

The chemical shifts measured are referenced to “exter- 

nal” 85 0 H3P04. 

*Measured at pH 12. 
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chemical shift values are indistinguishable from each 
other for long polyphosphates. 

Instead, the measurement of the peak area ratio of 3’P 
nmr spectrum was thought to be more promising for such 
identification.’ The ratios of the peak areas of middle 
to end P nuclei are plotted against chain length of 
polyphosphate in Fig. 4. It is seen that the ratios ap- 
proximately agree with the practical ratios of the number 
of middle to end P nuclei. For P8 the deviation to lower 
value may result from the experimental error by the 
measurement at too low concentration. This method 
seems more simple and useful than other identification 
methods, if a sufficient amount of polyphosphate is used. 

Evaluation of protonation constants 
Figures 5-8 show pa-titration curves for the tetra- 

through-heptapolyphosphate. All solutions contained 
tetramethylammonium chloride to keep ionic strength of 
0.1. The concentrations of free proton and hydroxyl ion 
were calculated from the pH-reading through titration 
using activity coefficient yH+ = 0.83 and the ion product 
of water K, = 1.096 x lo-“. 

The average protonation numbers fir, calculated by 
eqn (1) for P4 to P, were plotted against logarithms of 
proton concentration in Figs. 9-12. The same experiment 
was carried out also for PZ and P3, in order to compare 
with the literature’s results, but the details were omitted 
here. Next the proton concentrations at & = 0.5 and 
&, = 1.5 were determined by the interpolation on several 
points in the range just around these half fir.,. Since the 
measurements in this range should give the minimum 
errors with respect to the protonation function, the pro- 
tonation constants directly calculated by eqns (5) and (6) 
may be considered to be the most reasonable. The 
presence of tri- and further protonated species can be 
neglected completely at the pH conditions studied, since 
the corresponding stepwise protonation constants may 
be much less than 10 ? The KI and K12 thus obtained 
are tabulated in Table 3. The reliability of the values was 
confirmed by fitting the original protonation function 
curves (Figs. 9-12). 

An important result on these protonation constants 
may be that K, decreases monotonously while K,, in- 
creases after P3 with increasing the chain length of 
polyphosphate, both tending to approach respective 
constant values. This trend of K12 except for P, may be 

4 \ 

,\ 

0 2 4 .6 
Volm? of tltrmt added (ml) 

Fig. 5. Titration curve for tetrapolyphosphate. Original solution: 
64ml of 0.00445M P401S containing N(CHs)Cl. Titrant: 

0.1004 M HCI + 0.100 M N(CH3)4CI. 

I 

0 2 4 6 
Volume of tltront added (ml) 

Titration curve for pentapolyphosphate. Original solution: 
of 0.00366&i PsO:i containing N(CHs)&I. Titrant: 

0.1004 M HCI t 0.100 M N(CHs),CI. 

‘\ 
l . 

t < 
0 1 2 3 4 5 

Voluw of tltrant added lmll 

Fig. 7. Titration curve for hexapolyphosphate. Original solution: 
64ml of 0.00166 M PeOf; containing N(CHs)4Cl. Titrant: 

0.1004 M HCI t 0.100 M N(CH,),CI. 

i . 
: 
% 
l . . 

l . 

I L 

0 2 4 6 

v~,hm of tltrant tided (ml) 

Fig. 8. Titration curve for heptapolyphosphate. Original solution: 
64ml of 0.00183 M Pro& containing N(CHs)&l. Titrant: 

0.1004 M HCI t 0.100 M N(CHJ4Cl. 

easily understood by considering the interaction between 
proton and the increased total anionic charge of a longer 
polyphosphate. In the case of K, the situation is more 
complicated. In P(V) polyphosphates, the anionic charge 
is localized within each PO, group and do not move 
across an oxygen atom linkage as shown by the fact that 
they do not have any appreciable light absorption in UV 
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2- 
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-9 -8 -7 -6 

IW b+l 

Fig. 9. Protonation function for tetrapolyphosphate. Solid line is the calculated curve with log KI = 8.40 and 
log K,* = 6.58. 
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109 [H+j 
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Fig. 10. Protonation function for pentapolyphosphate. Solid line is the calculated curve with log K, = 8.15 and 
log Klz = 7.03. 

01 
-9 -a 

IO9 rli+1 
-7 -6 

Fig. 11. Protonation function for hexapolyphosphate. Solid line is the calculated curve with log K, =8.12 and 
log K12 = 7.16. 
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01 
-9 -8 -7 -6 

1W [H+] 

Fig. 12. Protonation function for heptapolyphosphate. Solid line is the calculated curve with log K1 = 8.07 and 
log K,2 = 7.18. 

Table 3. Protonation constants of linear polyphosphates at 25°C and I = 0.1 

polyphosphate 

pIl 

p2 8.91k 0.01 6,13f 0.01 

* * 8.93 6.12 

** ** 9.00 6.23 

p3 8.88f 0.01 5.86 f 0.02 

* * 8.81 5.76 

** ** 8.74 6.02 

p4 8.40f 0.02 6.58f 0.02 

* * 8.88 5.91 

ps 8.15f 0.02 7.03 f 0.02 

'6 8.12f 0.01 7.16 f 0.02 

p7 8.07j: 0.04 7.18 + 0.04 

* ref. 6 

** ref. 7 

*value indicates the error 

reading around half KH. 

and VIS regions. Therefore the interaction of proton 
with a polyphosphate anion can be considered as the sum 
of interactions with each PO, unit. Of these, the inter- 
action with a binding site, i.e. one of the end PO3 groups 
may be almost identical among different linear poly- 
phosphates. Accordingly, the difference in K, should be 
the difference in the long range electrostatic interaction 
between a proton and PO, units not bound to the proton. 
A stronger electrostatic interaction is caused by higher 
charge, shorter distance and lower dielectric constant. 
The decreasing tendency of K, with chain length of 

caused by lo.01 error in pH 

linear polyphosphate in spite of increasing total anionic 
charge may be explained by the separation of the other 
doubly-charged end PO, group from the bound proton, 
and by the resultant increase of dielectric constant in the 
hydrated sphere around the polyphosphate anion. For 
the second protonation such unusual behavior should not 
be present since all PO1 units are singly-charged. The 
reason for exceptional K12 in P3 is not clear at present. A 
more quantitative explanation for protonation constants 
of polyphosphates will be reported elsewhere. 

The protonation constants of P2 and P, evaluated in 
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this work fairly agree with those in the literames.‘.’ 
Though the constants of tetrapolyphosphate in this work 
differ from those in the literature,’ our data seem to be 
more reliable by the employment of a more sensitive 
instrument and precisely established experimental con- 
ditions. 
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Abstract-The reaction of bis(arene)iron(II) salts (arene = mesitylene or hexamethylbenzene) or benzene- 
dichlororuthenium(I1) dimer with Tl[3,1,2-TlC$BsH,t] in THF produces neutral, air-stable r-(arene)(Fe, Ru)&B&, 
complexes in low or moderate yields. The metallocarboranes are formal analogues of [a-(arene)(Fe, Ru)“+(C,Hs)] 
species, and a single crystal X-ray structure of the title compound has established the doso sandwich geometry 
expected for the molecule on the basis of electron counting rules. The carborane cage was found to be disordered 
in the crystal but the essential features of the molecular geometry were not obscured. The mesitylene is 
symmetrically bound to the iron, and the Fe-arene (centroid) distance of 1.6OA is similar to that found in the 
previously-characterized [(CH&,C~]Fe*(CrHs) complex, despite the difference in the metal electronic configurations 
(d* vs d’) and the change from the B&H:, cage to &HJ-. Crystals of 3,1~-(8*-lSJ~CH3~C6H3FeC*B~H,, are 
orthorhombic, space group PnZta, with a = 12.638(4), b = 12.432(4), c = 9.686(3) A. 

INTRODUCTION 
The remarkable structural and electronic similarities be.- 
tween the cyclopentadienide anion (Cp-) and the five- 
membered open face of the undecahydro - dicarba - nido - 
undecaborate(2)dianion (B&H:;) have long been 
recognized.‘-3 Even though recent theoretical analyses 
have suggested that the carborane moiety is not a pure 
r-electron donor to transition metals,’ it can often sub- 
stitute isoelectronically for one or more a-cyclopen- 
tadienyl ligands in a metal complex. In some cases, the 
presence of the carborane cage enhances the thermal or 
hydrolytic stability of the complex: or stabilizes the 
metal in a higher formal oxidation state than that in a Cp 
analogue.* 

In recent years the study of mixed-sandwich transition 
metal compounds of the type [(arene)Fe”‘(Cp)] has 
provided numerous insights into the electronic and steric 
controls governing the synthesis and reactivity of metal- 
arene complexes.7-9 The increasing interest being 
expressed in such systems should logically extend to the 
related [(arene)M”+-C2B9H,,] (M = Fe, Ru, OS) species 
as well. No a--(arene)-carborane metal complexes con- 
taining “free” arene ligands have been reported in the 
literature,” however, although their likely existence was 
predicted soon after the discovery of the first metallo- 
carboranes.‘3 Whether only the requisite synthetic pro- 
cedures were lacking, or whether an inherent instability 
of such complexes precluded their isolation, was not 
apparent at the beginning of our studies. We have, 
however, been able to prepare several ?r- 
(arene)MC2B9H1, complexes containing iron and 
ruthenium, and have obtained crystals of 3,1,2-(n*-1,3,5- 
(CH3)3C6H3)FeC2B9H11 which were suitable for X-ray 
analysis. A low-temperature structural determination was 
then completed, both to contirm the close sandwich 
geometry anticipated for the complex, and to establish 
general structural parameters to be expected in this new 
class of metallocarboranes. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 
Physical measurements 

Boron (“B) NMR spectra were obtained at 70.6 MHz with a 
Varian HR-220 spectrometer and were externally referenced to 
BF3G(C,HJh (positive values downfield). Proton NMR spectra 
were recorded on either a Varian HR-220 or a Varian TdOA 
spectrometer and were referenced to internal Me’Si. IR spectra 
were obtained as KBr disks using a Perkin-Elmer 283 spec- 
trometer. Low resolution mass spectral data were collected on a 
Varian CH-7 spectrometer. High resolution mass spectral data 
were obtained on a Hitachi Perk&Elmer RMH-2 spectrometer 
interfaced to a Kratos DSSOS data system at the University of 
Pennsylvania, Philadelphia, Pennsylvania. Melting points were 
determined in sealed, evacuated capillaries and are uncorrected. 
Elemental analysis was performed by Schwarzkopf Micro- 
analytical Laboratories, Woodside, New York. 

Materials 
All reactions were performed under an atmosphere of pre- 

purified nitrogen. Tetrahydrofuran (THF) was freshly distilled 
from sodium betuophenone ketyl. The bis(arene) iron salts.“.” 
benxenedichlororuthenium dim&,‘* and ‘Tl[3,1’2-TlCzB9H~,]17 
were prepared according to literature methods. All other com- 
mercially-available reagents were used as received. 

Preparation of 3,1,%[ $1 JS-(CHJ)IC6HI]FeC2B9H11 
To a slurry of bis(mesitylene)iron hexatktorophosphate, (l&5- 

(CH3)3C6H3)2Fe(PF&‘6 (1.99 g, 3.4 mmole) in dry tetrahydro- 
furan (50 mL) was added Tl[3,1,2-TICzBgHu] (0.61 g, 1.13 mmole) 
with stirring. The reaction mixture developed a dark red color 
within I5 set after the addition of the thallium salt. Stirring under 
nitrogen was continued for 5 hr at room temperature, after which 
the reaction was opened to the air and silica gel (0.5g, 60-200 
mesh) added. The solvent was removed in uacuo and the solids 
chromatographed on a short (- 13 cm) silica gel column packed 
under benzene. Elution with benzene produced an orange band; 
enrichment of the eluent with CH& and finally acetonitrile 
yielded a dark purple-red band. 

Removal of the solvent from the orange fraction yielded 
3,12-[~*-1SJ_(CH,),C6HIIFeC2B9HII. Recrystallization from 
CH&/hexanes produced orange crystals (30 mg, 9%). m.p. 249 
251”C(dec). The proton NMR spectrum (220MHz, CDCI,) con- 
tains sharp singlets at S 566(3H) and 2.40(9H), and a broad 
resonance at 6 3.4(2H). The IR spectrum includes absorptions at 
3346(w), 2568(vs, br), 1539(w), 1455(m), 1377(m), 1305(w), 
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1259(m), 1101(m), 1032(w), 1013(m), 983(m), 875(m, sharp), 
799(m, br), 735(w) and 398(w). 

On evaporation of the solvent, the purple chromatographic 
fraction yielded TIPF,, identified by its IR spectrum, and after 
filtration, crude Tl[(1,2-CzB&,hFen*] (0.4 g), identified by its IR 
and paramagnetic “B NMR spectra? 

Preparation of 3,1&[ q6-(CH36C6]FeCzBgH,, 
The procedure used was similar to that for the mesitylene 

analogue. Bis(hexamethylbenzene)iron (II) hexafluoro- 
phosphate,” ((CHJ)6C,)Fe@F& (1.30g, 1.94 mmoles) was slur- 
ried in THF (60 mL). and T113.1.2-TIC,B&,l (0.55 e. 1.0 mmolej _, .._. 
was added with s&&g. Thk idaction mixture dariened within 
1 min after the addition of the thallium salt, and stirring of the 
reaction mixture under nitrogen was continued for 4 hr. The 
workup was as described previously; elution of the silica gel 
column with benzene produced an orange band, which on remo- 
val of the solvent vielded crude 3.12-fn6-(CHll~C~lFeC?B.HII. _ , . . 

Heating the crude product (9O’C: iO’itoir) la&id free hex- 
amethylbenzene (22 mg) to collect on a water-cooled probe. The 
remaining unsublimed solids were dissolved in hot benzene/hep- 
tane (ca. 200 mL); on cooling, additional solids precipitated and 
were removed by filtration. The volume of the solution was 
reduced to 20 mL, and cooling in an ice bath produced reddish- 
orange crystals of 3,1,2-[q6-(CHl)$6]FeC2B&11, (9 mg, 3%), m.p. 
299-302”C(dec). The proton NMR spectrum (220MHz. CD(&) 
contains a sharp singlet at S 2.27 (18H) and a broad resonance at 
S 2.9(2H). The IR spectrum contains absorptions at 3028(w). 
2906(i), 2527(vs, br); 1477(w), 145O(m, br), -1379(m), 1125(wj, 
1103(m, sharp), 1063(m), 1010(m), 984(m, sharp), 877(m), 
717(w, br), 680(w), 605(w), 434(m) and 381(w) cm-‘. 

Elution of the silica gel column with acetone yielded a purple 
band containing TI[(12-C2B9HI,),Fe,,‘], yield not determined. 

Reaction of (C6k&Fe(PF6)2 or [(CH&H&Fe(PF& with 
‘IX3,I2-TGB,H,,l 

The hexalluorophosphate salts of bis(benzene)iron, 
(C,H&Fe(PF,), or bi@&.ne)~On, [(CH3)C6H5]2Fe(P&,)2 (2 or 
more eauivalentsl were treated with Tl13.1.2-TIC,BJ&,l (1 _ _ ..- 
equiv.) in THF &der conditions identical td ihbse for the me& 
tylene analogue. The reaction mixtures were opened to air after 
stirring under nitrogen for 4-5 hr, and purified using silica gel 
columns. Elution of the columns with benzene produced orange- 
colored bands which on stripping of the solvent yielded small 
quantities (< 1 mg) of orange-brown oily residues. 

Attempted recrystallizations from CH&lJhexanes were not 
successful, and NMR spectra usually indicated the presence of 
mixtures, containing among other products, the symmetric and 
asymmetric isomers of 7,8-B9CzHll(THF).‘* Occasionally, 
however, column chromatography produced a relatively clean 
sample, and from the reaction with (&H&Fe(PF& a “B NMR 
(CH$12) spectrum containing doublets in a 1:1:2:2:2:1 ratio 
centered at +1.3(166), - 1.0(148), -8.3(127), -10.1(127), 
-19.6(151) and -24.9(178) ppm could be obtained. The proton 
NMR spectrum (220 MHz, CD&) contained a singlet at S 6.34. 
Samples from the reactions with [(CH&,H&Fe(PF& could not 
be obtained sufficiently pure for detailed NMR study. 

Large amounts of Tl[(1,2-C,B&kFe”‘] (up to 50% based on 
Tl[3,1,2-TICZBsH,,]) and TlPF, could be recovered from the 
silica gel columns by elution with polar organic solvents. 

Preparation of 3,l ,2-(q6-C6H6)R~C2B&1 
To a slurry of benzenedichlororuthenium dimer,16 

[(C,H&RuCl,] (0.54g, 1.1 mmole) in dry tetrahydrofuran 
(100 mL) was added T113.12-TlC7BoH111 (0.58 P;, 1.1 mole) with _ _ ..- 
&ring.‘The reaction &&re gradually turned brown over a 
15-min interval. Stirring under nitrogen was continued for 4 hr at 
room temperature, after which the reaction was opened to the air 
and silica gel (0.5 g, 60-200mesh) added. The solvent was 
removed in uacuo and the solids chromatographed on a short 
(- 13 cm) silica gel column packed under CH& Elution with 
CH2C12 produced a yellow band, which on stripping of the 
solvent yielded 3,l ,2-(q6-C&JRuC2B9H,, Recrystallization 
from acetone/hexanes produced canary yellow needles (108 mg, 

32%), m.p. 308-309”C(dec). The proton NMR spectrum @MHz, 
Me,SO-4) contains a sharp singlet at 8 6.29(6H) and a broad 
resonance at 6 4.3(2H). The IR spectrum includes absorptions at 
3073(s), 2578(vs), 2541(vs), 1439& sharp), 1358(w, br), -1189(w), 
1150(w), 1123(w). 1104(s. share). 1019(m). 991(m). 976(m). 877(m). 
842(w); 814(s; sharp); ?48($, 721(w);. 666iwj; 41&j, 3;7(d; 
sharp) and 330(m) cm-‘. 

Anal. calcd. for CsH17B&u: C, 30.84; H, 5.50. Found (using 
V205 as a combustion catalyst): C, 29.59; H, 5.67. 

Crystallography of 3,1,2-($-l ,3J-(CH3pC6H)FeC2B9HII 
Crystal data. CIIHUBPFe, &f = 308.4, Orthorhombic, a = 

12.638(4), b = 12.432(4), c = 9.686(3) A, U = 1521.9 A’, &,&. = 
1.346 g cm-), <= 4, c&i,, -K,) = 9.7 cm-‘. F(OO0) = 640, A(& - 
K,) = 0.71069 A, space group Pn&a. 

X-Ray data collection. Crystals were obtained by slow 
evaporation from a CDCI, solution. Because of the disorder 
problem encountered (uide infra), two different samples were 
examined. Crystal I of dimensions 0.19 x0.20 x0.38mm was 
mounted on a previously-described goniostat19 and cooled to 
110K. Lattice parameters were determined from 32 reflections 
centered using automated top-bottom/left-right techniques. In- 
tensity data were collected using 8-20 scan techniques with a 
scan speed of 6”lmin over a 2” + dispersion and 3 set stationary 
background counts at each extreme of the scan. Statistics and the 
Patterson function indicated the proper space group to be the 
polar Pn&a (Pn2,a is a non-standard setting of Pna2,; No. 33, 
C:v). The iron atom was located from a Patterson synthesis, and 
all remaining non-hydrogen atoms were located by standard 
Fourier techniques. Data reduction’9 and full-matrix least- 
squares refinement using anisotropic thermal parameters (no 
hydrogens located) converged to R(F) =0.0!25 and R,(F)= 
0.089. Nearly all the atoms in the B3C2 face as well as several 
carbon atoms in the mesitylene refined to non-positive definite 
thermal parameters. In addition, there was an ambiguity in the 
occupancies of the atoms in the B3CI face. Although it was 
apparent that disorder was present, it was not possible to deter- 
mine a consistent set of occupancy parameters. 

A second crystal (II) (0.25 x0.35 x0.35 mm) was then 
examined using a slower scan speed (4”/min, 4sec background 
counts). The mosaicity of crystal II was better than that of I and 
data were collected in the range 5” 5 28 I 45”. Of 1290 reflections 
measured, 1053 were unique, and 869 with F0 > 2.33 (r (&) were 
used in the solution and refinement. The data were reduced as 
before, but on refinement the partial occupancies of the B& 
face were now found to be well-defined, and were fixed at 
C(2) = 100% C, B(4) and B(5) = 100% B, and C(3) and B(6) = 50% 
B, 50% C for all subsequent refinement. A difference Fourier 
synthesis located all hydrogen atoms, and final refinement using 
anisotropic thermal parameters for all non-hydrogen atoms and 
isotropic thermal parameters for the hydrogens (1.0 +B, of the 
connecting atom) converged to the residuals of R(F) = 0.040 and 
R,(F) =0.038. Five atoms (C(2), B(6), B(lO), B(12) and C(15)) 
refined to non-positive definite thermal parameters. We attribute 
this to the slight disorder forced upon the molecule by the 
B(6)-(C(2)-C(3) disorder. A final difference Fourier synthesis was 
featureless, the largest peak being 0.42 e/A’. 

Atomic co-ordinates, thermal parameters and a list of J$/F, 
values have been deposited with the Editor as supplementary 
material; copies are available on request. Atomic co-ordinates 
have also been deposited with the Cambridge Crystallographic 
Data Centre. 

RESULTS AND DISCUSSION 
The reaction of T1[3,1,2-TGB,I-&,l with 

bis(arene)iron(II) hexafluorophosphates or benzene- 
dichlororuthenium(I1) dimer produces p-(arene)h4CtB9H,, 
metal complexes in low or moderate yields. Their syn- 
thesis provides evidence for the versatility of metal 
substitution reactions as convenient routes to metallo- 
carboranes:’ in this instance, a thallium atom is replaced 
by iron or ruthenium in the carborane cage icosahedron. 
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When T1[3,1,2-TICzB,H,,] is mixed with (1,3,5- 
(CH&Z,H,bFe(PF& in tetrahydrofuran, the reaction 
mixture after 4hr yields 3,12-(n6-1,39 
(CH3)3C6H3)FeC2B9H11 in low yield. Electron-counting 
rulesz’ suggest that the [(arene)Fe(II)] unit should func- 
tion as a formal 2-electron donor to the carborane cage, 
producing an uncharged 1Zmembered close molecule. 
These predictions for the complex are borne out by a 
variety of chemical and spectroscopic evidence. The 
Ir-(mesitylene)ferracarborane is a thermally-stable neu- 
tral orange solid, which shows no signs of decomposition 
after several month’s exposure to the air. Its boron (“B) 
NMR spectrum (Table 1) is consistent with an icosa- 
hedral geometry for the cage, and is similar to that found 
in related cobaltacarborane species.** 

The proton NMR spectrum shows two sharp singlets 
at 6 5.66 and 2.40 in an intensity ratio of 1:3; these are 
assigned to the aromatic ring protons and methyl pro- 
tons, respectively, and exhibit the upfield shift expected 
for the protons of a metal-complexed areneF3 The IR 
C=C stretching frequencies at 1610 and 1475cm-’ in 
uncomplexed mesitylene are shifted to 1455 and 
1101 cm-‘, respectively, in the metallocarborane; shifts 
of such magnitude are typically encountered in Ir-arene 
complexes.24 The low-resolution mass spectrum cuts off 
at m/e = 310, corresponding to the r’B9’2C11’H2356Fe+ 
molecular ion. 

There is a dearth of published structural information 
on rr-(arene)iron complexes of any kind, and almost 
none on sandwich Ir-(arene)iron species. A single-crystal 
X-ray diffraction study of the mesitylene complex was, 
therefore, completed, which both augments the structural 
data on r-(arene)iron compounds which does exist, and 
also permits comparison of the geometry of the car- 
borane species with that of the related 
](CH,)aC,]Fe’(C5H,).8’ 

Solid state structure of 3,1,2-(q6-mesitylene)dicarborayl- 
iron 

The molecule crystallizes in monomeric units which 
possess a sandwich-type geometry, with the iron atom 
flanked by an $-mesitylene ring and by the open B3C2 
face of the subicosahedral carborane cluster. There is no 
symmetry to the molecule as a whole. A view of the 
molecule indicating the coordination geometry and 
numbering scheme is presented in Fig. 1. Selected inter- 
atomic bond distances and angles are listed in Tables 2 
and 3, respectively. In the carborane cage, all definite 
B-B distances are typical for this unit*’ (average of 15 
bond lengths = 1.77(4) A). The rotational disorder obser- 
ved in the cage resulted in partial averaging of the 
distances on the B3C2 face, however; the expected short 
(ca. 1.60 A)” C(2)-C(3) distance is lengthened to 

Fig. 1. ORTEP view of the 3,1,2 - (# - 155 - 
(CH3)3C6H3)FeC2B$Ill molecule showing the atom numbering 
scheme used in the tables. Hydrogen atoms are represented as 

open circles. 

1.65(2) A, and the B-C lengths appear as 1.67 A (av.) 
instead of the more common - 1.72 A.” The B C2 face 
itself is planar, and all atoms are within 0.012 A of the 
least-squares plane. 

The geometry of the mesitylene ligand is typical of a 
complexed arene. The six-carbon ring is highly planar; 
no atom deviates from the least-squares plane by more 
than 0.003 A. Carbon-carbon bond lengths within the 
ring are equal0 within experimental error (average 
length= 1.41(2)A) and there is no evidence for a 
significant two-fold or three-fold distortion of the ring. 
The methyl groups are attached to the ring via normal 
C-C bonds of average length 1.49( 1) A, and are displaced 
slightly out of the six-carbon plane and toward the metal 
by 0.05 A (& = 1.8”). The three hydrogen-carbon bonds 
of the arene ring are also tilted toward the metal, but an 
examination of the packing in the crystal lattice reveals 
that there are no intermolecular contact distances 
significantly less than the sum of the appropriate van der 
Waals radii. Rather, the displacements of the ring sub- 
stituents can be identified as another example of the 
effect of the rearrangement of arene e, orbitals which 

Table 1. 70.6 MHz Boron (“B) NMR data 

COMPOUND ( eolvent 1 REIATIVE 
AREAS 

a,(ppm)IJnu(uz)l 

3,1,2-(9’-1,3,5-(CRa)aCsHa)FeCzBsH11 (‘XC131 1:1:4:2:1 
~,'~t:glj;-f62c~t:$i,-8.5; 

3,1,2-(1)'-(CH3)eCs)FeCnB8H11 (CDCl.3) 1:1:4:2:1 ~~,6~~~~~j;-~is,!:szli)-B.3; 

3.1.2-(9’-CeHs)RuC&H1x (k@&O-&) 2:2:2:2:1 ~~~gt::bj;-~~54~~t:d~)-9.6(112); 



80 T. P. HANUSA et al. 

Table 2. Bond distances (A) for the 3,1J-(9’-13,5-(CH~)F6Hg) 
FeC2B9HII molecule 

Di etence 

B(5) 

Table 3. Bond angles (deg) for the 3,1~-(116-1$,S-(CH3,C6H,) 
FeC2B9HII molecule 

A B C Angle 

c 21 
I1 c 17 is 
II 85 

occurs on complexation to a transition metal. The 
theoretical basis for the effect has been discussed by 
Hoffmann,% and structural evidence for it has often been 
found, as in the orientation of methyl groups in 
[(CH,)&6]Fe(C5H5)8c and [(CH,),C,]Cr(CO),~’ and in 
the ring hydrogens of (C6Hd)Cr(CO)J.28 

The methyl group hydrogens are oriented so that one 
is pointed away from the metal. Such an arrangement is 
commonly encountered in complexed aromatic rings.29 
The planes containing the open face of the carborane 

cage and the mesitylene ring are essentially parallel, with 
a dihedral angle of 2.9“. 

The Fe-B& face (centroid) distance is 1.48 A, which 
compares favorably with the value of 1.49A found for 
the analogous distances in both 3,1,2-(CsHs)FeCzB9H, r3’ 
and the (1,2-C2B9Hr1)$o- ion.3’ The Fe-arene (cen- 
troid) distance of 1.60A in the carborane complex is 
nearly coincident with the value of 1.58(l) A reported for 
[(CH,)&]Fe’(Cp).” The relative constancy of the Fe- 
arene distance in &electron and 19-electron 
(arene)Fe”‘(Cp) complexes has been briefly mentioned 
before? but the apparent insensitivity of the Fe-arene 
distance to the electronic configuration on the iron (d’ vs 
d6), the number of methyl groups on the arene, and to the 
nature of other ligands on the metal (C5H5- vs B9CtH:J 
in such structurally-distinct molecules as the cyclo- 
pentadienyl and metallocarborane complexes is still 
remarkable?3 Molecular orbital studies and spectros- 
copic evidence have been used to argue that the HOMO 
in [(arene)FeCpr’ complexes (and presumably in 
(arene)FeCzB9H,, species4) is largely metal-centered, 
and that the ligand character of the e7 LUMO is weigh- 
ted toward the Cp ring rather than toward the areneTd 
Changes in the electronic environment of the metal 
should not therefore greatly affect the bonding of the 
arene ligand. Although more structural studies are 
needed to establish the Fe-arene distances in a variety of 
other complexes, our findings are supportive of this 
theoretical analysis of the metal-arene bonding in sand- 
wich-type complexes.34 

Reaction of other bis(arene)iron salts with Tl[3,1,2- 
TGB,K,I 

Attempts to prepare rr-(arene)FeCZB9H,, complexes 
with arenes other than mesitylene met with mixed suc- 
cess. Reaction of bis(HMB)iron hexafluorophosphate 
(HMB = hexamethylbenzene) with T1[3,1,2-TlCzB9Hrr] 
produced 3,1,2-($-(CH3)6C6)FeC2B9H11 in low yield. Its 
spectroscopic properties are similar to those of the 
mesitylene analogue (see Table 1); the proton NMR 
spectrum contains one sharp singlet at S 2.27 (methyl 
CH) and a broad resonance at 6 2.9 (carborane CH) in an 
intensity ratio of 9:1, consistent with a complexed $- 
HMB ring. The low-resolution mass spectrum cuts off at 
m/e = 352, corresponding to the “B9’zC,4’H2956Fe+ 
molecular ion. 

In contrast to the results with mesitylene or HMB, 
however, isolable solid complexes could not be obtained 
from bis(benzene) or bis(toluene) salts using the present 
method. Despite repeated attempts, workup of the 
bis(arene)salt-Tl[3,1 ,2-TlC2B9H,,]-THF reaction mix- 
tures left only small amounts of intractable oily residues. 
NMR spectra usually indicated the presence of complex 
mixtures, although in the case of the reaction with 
bis(benzene)iron hexafluorophosphate, a species could 
be identified whose “B NMR spectrum (see Experimen- 
tal) was very similar to those of the mesitylene and HMB 
complexes (Table 1). The observance of a singlet at S 
6.34 in the proton NMR spectrum is consistent with the 
presence of an $-benzene ring, suggesting that the spe- 
cies is in fact 3,1,2-(n6-C6H6)FeCZB9Hrr. The reaction 
mixtures with bis(toluene)iron hexafluorophosphate 
proved even more difficult to purify, and the small quan- 
tity of material involved prevented the isolation of any 
complex. 

Since both the free arene and TIRF, were found 
among the products of the various reactions, even 
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though not quantitatively accounted for, the following 
reaction scheme is plausible: 

(arene)zFe(PF& tTl[3,1,2-TlCzB9HI,I + 

(arene)FeCIBgHI1 t arene t 2 TIPF,. (1) 

The dominant reaction however, which seems to be 
almost exclusive with the bis(benzene)iron and 
bis(toluene)iron salts, is the simultaneous displacement 
of both arenes from the metal center, releasing the iron 
to react with Tl[3,1,2-TlC2B9Hll] and forming Tl,[(l,2- 
C2B9H11)2Fe1’]?5 subsequent aerial oxidation produces 
the Tl[(1,2-C2BsHI,)ZFe’*‘] found in large amounts as a 
product in all the reactions. The inaccessability of the 
Ir-(benzene)- and ?r-(toluene)ferracarborane complexes 
by the present method may thus stem from the greater 
lability of the arene ligands in the bis(benzene)iron and 
bis(toluene) iron dications than in the more highly-sub- 
stituted bis(mesitylene)iron and bis(HMB)iron salts.” 

We hoped to begin exploring the chemistry of analo- 
gous second and third-row transition metal complexes by 
incorporating ruthenium into a &arene)metallocar- 
borane. 

Our initial efforts in this direction were successful, as 
the reaction of T1[3,1,2 - T1C2B9Hll] with benzene- 
dichlororuthenium(I1) dimer affords 3,1,2 - ($ - 
CsH~)RuCJVI, I in moderate yield (32%). The 
ruthenium complex is a bright yellow, air-stable sublim- 
able solid. Its “B NMR spectrum (Table 1) is similar to 
that of the isoelectronic &so iron analogues. The proton 
NMR spectrum contains a sharp spike at 8 6.29, as 
expected for the protons of an #-benzene ring. The 
low-resolution mass spectrum cuts off at m/e = 316, cor- 
responding to the “Bg12Cg’H,7104R~+ molecular ion. The 
high resolution mass of this ion was determined to be 
m/e = 316.1218 (calcd. 316.1223). 

Preliminary investigations of the reactivity of the 
ruthenium complex indicate that the arene is not highly 
labile; the molecule is unaffected by trimethyl phosphite 
or triphenylphosphine at room temperature, and pho- 
tolysis of a THF solution of the complex for 4$ hr while 
under an atmosphere of CO does not result in arene 
displacement. Although no chemistry has been described 
for the analogous cyclopentadienyl complex 
(C,&)R~(CP)+,” such inertness has been noted for 
other d6 arene-ruthenium complexes, and has been in- 
terpreted as an indication of the strength of the Ru-arene 
bond?’ 

CONCLUSION 

The analogy between the B&H:; dianion and the 
cyclopentadienyl ligand extends also to complexes con- 
taining an arene r-bonded to a metal center. In contrast 
to the cationic [(arene)Fe”(Cp)]+ complexes, or the 
highly air-sensitive, often thermally unstable, reduced 
[(arene)Fe’(Cp)r speciesFd neutral, air-stable ltklectron 
iron and ruthenium carborane complexes can be pre- 
pared which possess high thermal stability and solubility 
in a variety of organic solvents. As a formal 2-electron 
donor to carboranes, the [arene(Fe,Ru)(II)] unit is iso- 
electronic with the (C5H5)CO(III) moiety, and hence 
some of the tremendously varied synthetic and 
isomerization reactions of (cyclopentadienyl)- 
cobaltacarboranes3s may have parallels in IT- 

(arene)ferra- and ruthenacarborane chemistry. We are 
exploring such possibilities in our continuing study of 
?r-(arene)metallocarboranes. 
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Abstract-The reported synthesis of tetrachlorobis(triphenylphosphine) osmium(IV) is shown to proceed via initial 
formation of a salt, [PhsPH]x[OsCIJ, from which the corresponding [Me,PH]+ salt can be obtained by exchange; 
the latter salt reacts with acetone to give [MesPC(OH)Me&[OsClJ. The action of methyl and trimethylsilylmethyl 
alkylating agents on the hexachloroosmates and on OsCls(PPhs)s to give u-alkyls is reported. The complex 
trons-OsMe,(PPhs)., reacts with carbon monoxide to give the corresponding bis acetyl. The complex truns- 
OsCI,(PMe,), is resistant to attack by alkylating agents. The interaction of bis(trimethylsiIylmethyl)magnesium with 
0~0, in pentane at -70°C yields (Me,SiCHr),OsO. 

INTRODUCTION 
Osmium compounds with metal-carbon u bonds have 
been recently reviewed.’ Relatively few tertiary phos- 
phine complexes with alkyl or aryl groups are known: 
these are mainly chelating diphosphine complexes of the 
type OsXR(diphos), (where X may be Cl, R = Me, Et, X, 
R = Me, Ph) hydrido, alkyl or aryl compounds derived 
from the halides by LiAlH4 reduction: and carbonyl 
compounds OsClR(CO)(PPh,),? 

We now report some alkyls derived from phosphonium 
salts of the hexachloroosmate(IV) ion, from 
OsCl,(PPh,), and from 0~0,. 

A. OShfIIJh4(W) HALIDE COMPLKKKS AND TIIBIR 
ALKYLATION RKACTIONS 

1. Triphenylphosphine complexes 
On attempting to prepare truns-OsCl,(PPh,), by the 

method of Kahar et 01.~ a yellow solid was isolated and 
shown to be the salt [Ph,PH],[OsClJ. Thus, the IR 
spectrum has a band at 2425 cm-’ [ u(P-H)] and a strong 
OS-C] stretch at 301 cm-‘. The conductivity in 
nitromethane corresponded to that of a 2 : 1 electrolyte. 
X-ray crystallographic stud? has confirmed the salt 
formulation; the two phosphonium ions are located at 
opposite faces of the octahedra1 ion and orientated so 
that the hydrogen bound to phosphorus points towards 
the face as in (1). The P-H bond length is 1.22A. On 
crystallisation of this salt from hot acetone, the dark 
brown crystals of 0sC14(PPh&, identical with those 
reported4 are obtained and X-ray studg contirms the 
octahedra1 geometry with trans-PPhs groups. The con- 
version of the phosphonium salt to the neutral complex 
in acetone can be monitored by “C NMR spectra; there 
is no evidence of any stable intermediates. 

The reaction of [Ph3PH],[OsClJ with an excess of 

MeLi and PhpP in benzene produces two products that 
can be separated either by low temperature extraction 
with petroleum or by chromatography. These compounds 
were identified spectroscopically and analytically as 
truns-OsMea(PPh&, and OsH(Me)(GH,PPh,)(PPh&. 
The presence of the ortho metallated group in the latter 
was confirmed by bands in the IR spectrum at 1590,1085 
and 740 cm-’ .6 

The dimethyl compound reacts readily at ambient 
temperature with carbon monoxide (2 atm) and the reac- 
tion can be monitored by IR and NMR spectra. Thus, the 
‘H NMR spectrum shows the disappearance of the Os- 
Me resonance at 6 0.02ppm and the appearance of an 
acetyl resonance at S 1.3 ppm. In the IR spectrum a new 
band at 1940cm-’ (OS-CO) appears initially but disap- 
pears with the concommitant appearance of the acyl 
band at 1830cm-‘. We have been unable to isolate the 
carbonyl or monoacyl intermediates, however, but it 
seems likely that the first species formed is 
0sMe2(PPh&(CO) resulting from dissociation of PPh, 
and coordination of CO to which methyl is then trans- 
ferred. The two methyl groups are transferred suc- 
cessively since they are in trans positions and there is no 
evidence for the formation of acetone which might have 
been expected from a group transfer of methyl in cis 
positions.’ 

By contrast with the above alkylations giving OS” and 
OS” species the interaction of [Ph,PH]a[OsClJ with 
MeMgI in diethylether gives a red-brown solution from 
which OsMe,(PPh,), can be isolated as an air-sensitive 
solid. 

The interaction of [Ph~PH]a[OsC16] with 
Me,SiCH,MgCl in diethyl ether also produces an 
orthometahated osmium(II1) species OsH(CHaSiMe3 
(&H.,PPha)(PPhJ similar to the methyl compound noted 
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above; the IR spectrum again has typical bands at 1585, 
1430, 1085 and 730 cm-‘. 

2. Trimethylphosphine complexes 

metric structures in PMe, complexes.” Unfortunately, 
we have been unable to obtain crystals suitable for X-ray 
crystallography. 

The interaction of [Ph,PH],[OsCL] with excess PMe, 
in toluene at 80°C produces the exchanged salt 
[MesPH],[OsC&] which has a conductance correspond- 
ing to a 2 : 1 electrolyte. The IR spectrum shows the P-H 
stretch at 2470 cm-’ and an OS-Cl stretch at 305 cm-‘. 
The 31P NMR spectrum has a main doublet [J(P-H) = 
513 Hz] each line split into a 10 line multiplet [J(P- 
CH) = 10 Hz] due to coupling with the methyl group 
protons. 

B. REACTIONS OF TlUCHI.OltOZRZS(TRlPHRNYL 
PHOSPmNE) OsrvnuM 

The complex fac-OsC1B(PPh&4 and MepSiCHIMgCl 
in toluene react to produce what is clearly according to 
analytical and spectroscopic data an orthometallated 
triphenylphosphine osmium(IV) complex, 0sHCl(CH5- 
SiMe3)(C&PPh2XPPhs), presumable via initial reduc- 
tion to an OS” intermediate which then undergoes oxi- 
dative-addition. 

On recrystallisation from acetone, a second phos- 
phonium salt is obtained. This shows IR bands at 3448 
and 3394 cm-‘(OH); 1380-70, 1360-50, 1122 cm-’ 
(R,COH); and 305 cm-’ (OsCl). The 3’P NMR spectrum 
has a multiplet at S t41.3 ppm [J(P-CZQ= 16.88 Hz] 
while the ‘H NMR spectrum has lines corresponding to 
Me,P (S 1.7, d, J = 11 Hz), PCMe,OH (S 1.2, .d, J = 
12 Hz) and OH (6 6.2, d, .I = 3.8 Hz). The spectroscopic 
data suggests that the salt is [Me,PCMe20Hlz[OsCL] and 
this formulation has been substantiated by a full X-ray 
crystallographic study.s In the crystal the hydroxyl 
hydrogen is hydrogen-bonded to one of the chlorines of 
the [OsC@ anion [H . . . Cl = 2,49A] in which there is a 
corresponding lengthening of the Os-Cl bond [2.345A 
compared to 2.270& as in (2). The interaction of P-H 
bonds with acetone has been suggested to proceed by 
nucleophilic attack at the carbonyl carbon followed by 
proton transfer in reactions of the type:9 

On attempting to convert OsCl,(PPh,), into 
0sC1#‘Ph~)~r3 by the same procedure used to prepare 
the latter from (NH&OS& and Ph3P, namely refluxing 
in aqueous t-butanol, the product was a yellow solid, 
OsC&(PPh&. Neither this complex nor OsCl,(PPh,), 
appear to undergo exchange with PMe, under conditions 
we have tried but OsCl,(PPh,), does so quite readily to 
give trans-OsC12(PMe3)4. The structure of the latter has 
been confirmed by X-ray diffraction study: the four 
PMea ligands adopt a pseudo tetrahedral arrangement 
about the osmium atom. This complex is extremely 
resistant to attack and may be recovered unchanged after 
treatment in toluene, ether or tetrahydrofuran with Li, 
Mg and Al methyls, NaBH,, LiAIH, and Na/K liquid 
alloy. 

P h. P 

PhzPH t R,R# = 0 +PhzP-C(OH)R,R2. 

In the present case, the following reactions seem 
reasonable: 

MePH’ * Me3P t H’ 

Me*CO t H’ $ Me2C’OH 

MeC’OH t :PMes + [Me,C(OH)PMe$. 

Unlike the case with triphenylphosphonium hexach- 
loroosmate no neutral species is formed even on 
prolonged reaction. The failure of the [PhpPH]+ ion to 
react is probably due to the lower basicity of Ph3P. In 
anhydrous acetone ReCI, and PPhs react to give 
[Ph,PC(Me),CH2C(0)Me]‘[ReCI,PPh,]- and the cation 
was also obtained from K*ReCL, PPh, and HCI in 
acetone but here the reaction was proposed to proceed 
via acid catalysed condensation of acetone to mesityl 
oxide followed by Michael addition to PPh+” 

The interaction of [Me3PH12[0sC&] with 
Me,SiCH,MgCI produces two products. When the salt is 
in excess, OsCl,(CH,SiMe,)(PMe& is obtained and 
when the Grignard reagent is in excess, a dimer, 
0s2C1(CHSiMe&(PMes)~. The latter appears to have lost 
a hydrogen from the Me$iCH2 groups” to form 
bridges as in (3); the ‘H NMR spectrum has resonances 
at S -0.1 and -0.3 ppm with a ratio of 1 : 9 (CH and 
SiMe,) while the methyl groups of the non-equivalent 
PMe3 groups have resonances at S 1.8 t, 1.3 d and 
1.15 ppm. The compound thus appears to have two five- 
coordinate osmium atoms in different (11,111) formal 
oxidation states wth a different number of PMe, groups 

on each atom. There are precedents for unusual asym- 

bPh. 
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toluene. Yields are essentially quantitative. [Found: C, 
68.0 (68.8); H, 5.1 (5.0); P, 9.4 (9.4)%]. The formulation 
as the truns-bis(acety1) is confirmed by the o&o to meta 
separation of the phenyl protons (0.3ppm)‘g in the ‘H 
NMR spectrum and by the 3’P NMR spectrum, S 
- 4.22 ppm (s). 

6 Tetramethylbis(triphenylphosphine) osmium(IV) 
To a stirred solution of [Ph3PHl~[OsCl~I (0.21 g) in 

Et,0 (10cm3) at -70°C was added dropwise MeMgI 
(1.5 cm3 of 1.3 M solution in Et,O) and the mixture 
stirred at ambient temperature for 3 d. The solution was 
filtered and the solvent removed; extraction of the oily 
residue with petroleum (3 x 10 cm3), concentration to 
15 cm3 and cooling at - 20°C gave a brown-red crystal- 
line solid which was collected, washed with petroleum 
and dried in vacuum. Yield O.O3g, 17%; m.p. (decomp.) 
80°C. [Found: C, 62.5 (62.2); H, 5.7 (5.4); P, 7.0 (8.0)%. M 
700 (774)]. NMR: ‘H 0.31 (4 x Me), 7.09 m (6 x Ph); the 
trans formulation of PPh, groups is established by the 
same criterion’9 as above (0.65 ppm). 

The compound is soluble in hydrocarbons decomposes 
in CHC13, CH& Me&O and thf and is insoluble in 
pyridine, MeOH and EtOH. 

7 Hydrido (trimethylsilylmethyl) (9’ - diphenylphos - 
phinophenyl) triphenylphosphine osmium(III) 

To [Ph,PH],[OsC&] (0.86 g) in Et,0 (20 cm3) at - 70°C 
was added MeaSiCHzMgCl (5 cm3 of 1.6 M solution in 
Et,O). After 1 hr the solution was allowed to warm to 
room temperature and after 12 hr stirring the solvent was 
removed and the residue extracted with petroleum (3 x 
20cm3). The extract was filtered, concentrated (10cm3), 
and cooled to - 20°C for 12 hr when the yellow-brown 
crystals were collected, washed with petroleum and dried 
in vacuum. Yield 0.3 g, 40%; m.p. 170°C. [Found: C, 59.4 
(59.8); H, 5.1 (5.1); P, 7.6 (7.7)%]. NMR: ‘H; - 10.6 m 
(H); 0.3 (SiMe3), 0.75 (CH,), 7.7-7.0 (Ph). 

8 Hydrido (chloro) (trimethylsilylmethyl) ($ - diphenyl 
phosphinophenyl) triphenylphosphineosmium(III) 

To fat-0sC13 (PPh3)3 (0.84 g) in toluene (40 cm3) was 
added Me$iCH&C1(3.5 cm3, 1.65 M in EtzO) and the 
solution stirred for 30 min at - 70°C and again at room 
temperature for 2d. Work up as in 7, but extracting 
with toluene gave a microcrystalline brown solid. Yield 
0.15g (24%); m.p. (decomp.) 140°C. [Found: C, 56.9 
(56.9); H, 4.8 (4.8); Cl, 3.8 (4.1); P, 7.1 (7.9)%. M 720 
(836)]. NMR: ‘H, -9.2 m (H); 0.3 (SiMe,); 0.7 (CH,); 
6.5-8.0 br (Ph). The compound is soluble in aromatic 
solvents and cyclohexane, slightly soluble in petroleum 
and reacts with Me,SO, CHCl, and CH,Cl,. 

9 Tn’chloro(trimethylsilylmethyl)bis(trimethylphosphine) 
osmium(IV) 

To [Me3PH]2[OsC&] (0.89 g) in thf (60 cm3) at - 70°C 
was added Me,SiCH,MgCl (3 cm3 of 1.3 M solution in 
Et,O) and the solution stirred for 20 min followed by 2 d 
at room temperature. The filtered solution was 
evaporated and the oily residue extracted with petroleum 
(2 x 20cm’) which was evaporated in vacuum and the 
residue crystallised from toluene at -40°C to give red- 
brown crystals. Yield, 0.42 g, 44%; m.p. > 340°C. [Found: 
C, 24.4 (24.0); H, 6.1 (5.8); Cl, 21.0 (21.0); P, 6.3 (8.3)%]. 
M 400 (535)]. NMR: -0.22 (CH2); -0.1 (SiMe3); 1.1 
(PMe,). 

10 Chloro bis (u-trimethylsilylmethylidene) pentakis 
(trimethylphosphine) di - osmium(II, III) 

To [Me3PH],[OsC&] (1 .O g) in tetrahydrofuran (80 cm’) 
at -70°C was added Me,SiCH,MgCl (6 cm3 of 1.3 M 
solution in Et,O) and the solution stirred for 3 min at 
- 70°C and ca. 1 d at room temperature. After removal of 
solvent the residue was extracted with petroleum 
(50cm3) which was concentrated to cu. 5cm’. Elution 
from a cellulose column with toluene gave a yellow-red 
fraction which was collected, concentrated to cu. 3 cm3 
and cooled to -40°C to give red microcrystals which 
were washed with chilled petroleum and dried in 
vacuum. Yield 0.25g, 30%; m.p. (decomp.) 130°C. 
[Found: C, 29.0 (28.5); H, 6.7 (6.9); Cl, 3.7 (3.7); P, 14.5 
(15.4)%. M 880 (968)]. 

11 Trichlorobis(triphenylphosphine) osmium(III) 
A solution of fac-OsC13(PPh3)34 (1 g) in Bu’OH 

(25 cm’) and water (1 cm3) was refluxed for 3 d. The 
resulting yellow solid was collected, washed with water 
(3 x 5 cm’), methanol (3 x 5 cm3) and ether (2 x 10 cm3) 
and dried in vacuum over NaOH pellets. Yield 0.7 g, 83% 
m.p. 160°C. [Found: C, 52.0 (52.5); H, 3.8 (3.8), Cl, 12.8 
(12.8); P, 6.3 (6.8)%. M 800 (820)]. 

12 trans-Dichlorotetrakis(trimethylphosphine) 
osmium(H) 

The complex 0sC12(PPh3)3’3 (l.Og, 1.8 mmol) and 
PMe, (2 cm4 in toluene (20 cm3) were dried at 80°C in a 
pressure bottle for 20 hr after which the solvent was 
removed and the yellow solid washed with petroleum 
(3 x 15 cm3). Recrystallisation from toluene-petroleum 
(1 : 1) gave a yellow-gold crystals of quality suitable for 
X-ray study. Yield, 0.5 g, 83%; m.p. > 350°C. [Found: C, 
25.8 (25.5); H, 6.4 (6.3); Cl, 12.6 (12.5); P, 20.6 (21.6)%. M 
600 (565)]. 

13 Tetrukis(trimethylsilymethy1) oxoosmium( VI) 
Bis(trimethylsilylmethy1) magnesium (6.7 cm3 of a 

1.0 M Et20 solution, 0.0067 mol) was added to osmium 
tetraoxide (0.85 g, 0.0033 mol) in pentane (50cm3) at 
-70°C. The dark brown suspension was stirred for an 
additional 2hr. The volatile material was removed in 
vacuum and residue was extracted with pentane (50 cm3), 
filtered, and concentrated to ca. 10 cm3. Chromatography 
on silica gel with pentane, elution followed by concen- 
tration to cu. 2 cm3 and cooling to -70°C gave the 
brown-yellow needles which were collected and dried in 
vacuum. Yield: 0.45g, 12%, m.p., cu. 15°C. [Found: C, 
34.3 (34.5); H, 8.0 (7.9)%]. 
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Abstract-Syntheses of the phospha-alhne complexes cis- and rmns-[PtC12(PEtsKmesityl)P=CPh*], and cis- 
[PtX2{(Mesityl)P=CPh&](X=C1, I, Me) complexes are reported. “PNMR spectra indicate that bonding of the 
phospha-alkene to the metal is via the phosphorus lone pair and this is confirmed by a single crystal X-ray 
diffraction study of cis-[PtC12(PEt3X(mesityl)P=CPhz)]CHC13. 

INTRODUCTION 
There is current interest in the chemistry of trivalent 
phosphorus compounds in which phosphorus is one or 
two coordinate. Recently we and others’-’ have 
developed synthetic routes to novel compounds contain- 
ing carbon multiply bonded to phosphorus, viz. phospha- 
alkenes, R&=PR’, and phospha-alkynes, RGP. 

In a preliminary report5 we described a number of 
transition metal complexes of the phosphaalkene 
C6H2Me3P=CPh2,3 (C6H2Me3 = mesityl). NMR studies 
on complexes of tungsten(O), rhodium(I) and 
platinum(H) indicated that in all cases the bonding of the 
phospha-alkene to the transition metal was via the 
phosphorus lone pair as in (A) rather than as in (B). 

M 

I 

(A) (B) 

These results complemented observations by Niecke6 
and Scherer’ on complexes containing the isoelectronic 
R’PNR and RPO ligands. 

We now report details of a number of platinum(I1) 
complexes of (mesityl)P=CPhl and the crystal and 
molecular structure of the chloroform solvate of cis- 
[PtCI,(PEt,) (mesityl)P=CPh2] which confirms the nature 
of the metal-ligand bonding. 

RESULTS AND DISCUSSION 

Many amine and phosphine ligands, L, cleave the 
bridge of the dinuclear complex [Pt2Cl.,(PEt&] to afford 

‘Author to whom correspondence should be addressed. 

transtomplexes [PtClz(PEta)L]. The “P{‘H} NMR 
spectrum of a dicbloromethane solution of 
[Pt&&(PEt,),] and (mesityl)P=CPhl, shown in Fig. 1, 

Rt3P \,/’ 
,,/ \ 

P(mesityl)=cFh3 

<I) 

3t3P, /l 

F+h3C=,(mesltyl)P 
p'\cl 

(11) 

consists of two “triplets” from coupling to ‘95Pt each 
line exhibiting a further large *J(PP’) coupling (544Hz) 
typical of formation of the trtins-isomer of 
[PtC12{(mesityl)P=CPh2)}(PEt,)l, (I), in which the phos- 
phaalkene is coordinated via the phosphorus lone pair. 
Coupling constant data are listed in Table 1. 

Removal of solvent from the solution of (I) gave a 
yellow oil from which a yellow solid, (II), can be 
obtained from pentane. The 3’P{‘H} NMR spectra of (II) 
shown in Fig. 2 indicated that it was the c&isomer of (I) 
since the magnitude of ‘J(PtP) was greatly increased 
while *J(PP’) was only 23 Hz (Table 1). The IR spectrum 
of (II) exhibited two (Pt-CI) bands at 315 and 290cm-’ 
expected for a c&complex. A solid sample of (I) could 
not be obtained pure but the IR of a mixture of (I) and 
(II) exhibited an additional band at 335cm-’ which is 
assigned as @t-Cl) for (I). 

The complex frans-[PtC12(PEt,XPCI(mesityl)CHPh2}], 
(III), was also prepared from [Pt2Cl,(PEts)2] and its 
reaction with dbu (dbu = 1.5 - diazabicyclo - [5,4,0]trans - 
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Mesityl -P = CPh, 

500 Hz 
- Mesityl- P = CPh, 

TMP 

I 
- JP+P 

Fig. 1. “P NMR spectrum of trans-[PtC12(PEt3)(mesityl)P=CPh2)1. 

‘JPP, 

TMP 

‘Et, 

*JPP* 

i, 

P 

-_ I . I 

JP,, 

‘Et3 

Fig. 2. “P NMR spectrum of cis-[PtC12(PEt3)(mesityI)P=CPhz)]. 

Table 1. 3’P NMR data for some PtC&LL’, complexes 

E E 

L L' 
lJPt: lJ 

Pt(PEt3) 2JPPt 

(mesityl)P=CPh2* PEt3 ci8 4294 3269 23 

(mesityl)P=CPh2-a 

PF3' 

P(OPh)38 

b 
P(OPh3)2- 

PCl,b 

PPh2Clb 

PPh3k 

PEt3b 

P(C1)(mesityl)(CHPh2)-8 

PEt3 

PEt3 

PEt3 

PBu3 

PEt3 

PEt3 

PEt3 

PEt3 

PEt3 

trans 

CIS - 

* 

trans 

cis -. 

cis 

cis - 

cis - 

trans 

2590 2844 

7388 2869 

6249 3197 

4116 2570 

6054 2977 

5077 

3815 

3164 

3373 

3520 3520 

2539 2647 

544 

19 

22 

715 

17 

17 

17 

17 

547 

(a) This work. (b) Data from ref.5.8, 10, 20, 21. (c) In Hz. 
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undec - 5 - ene) was studied to see if hydrogen chloride 
could be eliminated from the coordinated chlorophos- 
phine to afford (I). This type of reaction has been pre- 
viously established by us for PCI(mesityl)CHPh2 coor- 
dinated to zerovalent tungsten. 

The 3’P{‘H}NMR spectrum of the reaction mixture, 
however, showed only the presence of PCl(mesi- 
tyl)CHPh*, (mesityl)P=CPh, (+some phosphine oxide) 
and a platinum complex tentatively identified as trans- 
[PtCl,(PEt,)(dbu)], (IV), since the same product was 
obtained directly from [Pt2CL+(PEt&] and dbu. In the 
presence of small amounts of moisture the complex 
hydro - 1,s - diaxabicyclo - [5,4,0] - undec - 1 - ene 
trichloro(triethylphosphine) platinate(II), [[dbuH] [PtCI,, 
(PEf)]], is also formed. 

Displacement of coordinated cyclo-octadiene (COD) 
from [PtXKOD)], (X=Cl, I, Me) by 

[PtX,(COD)] -+ cis-[PtX2{(mesityl)P=CPh2}z] 

(mesityl)P=CPht readily afforded the corresponding 
phospha-alkene complexes cis-[PtX2{(mesityl)P=CPhz}z], 
(X=CI, (V), X=1, (VI) and X=Me (VII)). The 
“‘P{‘H}NMR spectra of these complexes were simple 
“triplet” patterns as expected. Coupling constant data 
are listed in Table 2 the values of ‘J(PtP) being typical 
for cis-[PtX,P,] complexes. 

‘J(PtP) for cis-[PtC12{(mesityl)P=CPh~}~], (V), 
(3950Hz) is slightly greater than the value found in 
cis-[PtClz(PEt&], (3250Hz), and much larger than that 
in trans-[PtCl*(PEtp)z], (2500 Hz). The cis-geometry in 
(V) is also confirmed by the observation of two v(Pt-CI) 
stretching bands at 320 and 298 cm-’ in the IR spectrum. 
Substitution of chloride by iodide to form cis- 
[Pt12{(mesityl)R=CPh~}~] (VI), results in an increase in 
‘J(PtP) (4009Hz) consistent with the poorer trans- 

influence of iodide. The c&geometry for (VII), 
[PtMez{(mesityl)P=CPh,),l, is inferred by the very small 
value of ‘J(PtP) (1816Hz) (see ‘J(PtP) for cis- 

[PtMez(PEt&], 1856 Hz). Bands at 550 and 522 cm-’ in 
the IR spectrum of (VII) are assigned to Pt-C stretching 
modes. 

The magnitude of ‘J(PtP) in phosphine complexes of 
platinum is given by the expression” 

h 256~’ 
‘JUW = YP’YP~ T;; -yj- 13 

2 a2( 1 - a2)ap2 

n 

x JSP@)121SPt@)~ 

‘AE 

where ‘yx is the magnetogyric ratio of nucleus X, S,(O)2 
is the s-electron density of X evaluated at the nucleus, ap2 
is the s-character of the phosphorus lone pair orbital, a2 is 
the s-character of the metal hybrid orbital, n is the number 
of ligands and ‘AE is an average triplet excitation energy. 
Changes in the magnitude of ‘J(PtP) within a series of 
platinum-phosphine complexes are largely dependent on 
changes in IS(O)r and ap2. 

Inspection of the coupling constant data in Tables 1 
and 2 indicates that in complexes in which the (mesi- 
tyl)P=CPh2 is tram to a ligand of weak trans influence 
(e.g. in cis-[PtX2L& X=CI, I or cis-[PtC12L(PEt2)l), the 
values of ‘JWtpj for (mesityl)P=CPh2 are larger than 
those of PRS (or PAr3) but lower than those of P(OR)S or 
PXs (X = halogen). 

The former can be readily interpreted in terms of the 
greater s-character of the lone pair of (mesityl)P=CPh, 
(sp2) compared with PRp (sp3), which produces a larger 
ap2 term in the equation for ‘J(PtP). The s-character of 
the lone pair of PK, however, has been calculated to be 
ca. 35%9 approximately the same as that expected for an 
sp2 hybrid. Since ‘Jcptp) for PFJ complexes, and those of 

Table 2. “P NMR data for some cis-[PtX&] complexes (X-Cl, Me) 

x = Cl -- 

L lJ(PtP)" lJ 
Ref (PtCH3j-a - 

PF3 6462 22 

PWPW3 5793 23 

(Mesityl) P = CPh2 3950 This work 

PPh3 3684 8 

PBuPh2 3641 24 

PBu2Ph 3551 24 

PBu3 3500 24 

PEt3 3520 10 

X = Me 

PPh2Me 

PEt3 

(mesityl) P = CPh2 

1851 68.0 25 

1855 67.6 10 

1816 75.0 This work 
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P(ORh where the lower electronegativity of the sub- 
stituents reduces the s-character of the lone pair, are 
larger than those of (mesityl)P=CPh, it appears that the 
charge on phosphorus, and hence the ]Ys&O)r term 
also plays an important part in determining ‘Jo.,r). 

In complexes where (mesityl)P=CPhz is frans to a 
ligand of high tmns-influence (e.g. Me, PR,) the mag- 
nitude of ‘Jcptp, falls below those of the analogous PRS 
complexes. This would indicate that (mesityl)P=CPh* has 
a lower trans influence than PRI, in line with their 
relative donor properties.‘OS” 

Some support for this view comes from consideration 
of the Pt-Cl stretching frequencies in the complexes 
cis-[PtCl&] and the magnitudes of *JcptcH1, in the 
complexes cis-[PtMe&]. For cis-[PtC&] complexes 
the average vPt-Cl stretching frequency (in cm-‘) in- 
creases along the series: 

L=PEt,(294) < PPh3(305) - {(mesityl)P 
=CPh2}(309) < P(OPhp)(322) < COD(327); 

which is the opposite order of the trans-influence of 
these ligands. Likewise ZJ~ptcHSj (Hz) in the complexes 
cis-[PtMe2L2] show a similar behaviour viz. 

L=PEt3(67.6) < PPha(69) < {(mesityl)P 

=CPh2}(75) < COD(83.4). 

SINGLE CRYSTAL X-RAY STUDIES 

The results of a single-crystal X-ray analysis of the 
chloroform solvate of cis-[PtCl,(PEt,)L], {L =(mesit- 
yl)P=CPh*}, (II), are presented in Fig. 3 and in Table 3. 
Together with those recently reported for [Cr(CO),L]‘* 

they permit a tentative discussion of the nature of the 
bonding in L and of its properties as a ligand. 

In both metal complexes L behaves as a monodentate 
P-donor ligand. The significant structural features of L in 
the two complexes are broadly similar and they are fully 
compatible with the proposed formulation of L as a 
phosphalkene with a localised P=C bond.’ In the 
chromium complex the central CrCP=CC2 skeleton 
deviates only slightly from planarity-the Cr-P=C-C(Ph) 
and C(mesityl)-P=C-C(Ph) torsion angles are 3 and 6”, 
respectively, whereas in the platinum complex the cor- 
responding torsion angles are 12 and 22”. The greater 
distortions from planarity in the platinum complex arise 
both from slight deviations from planarity of the bonds 
radiating from P(1) and C(1) but also (and more 
seriously) from a twisting of the two coordination planes 
by cu. 17” about the P=C bond (see Table 3~). However, 
the P(l)-C(I) and P(lkC(lC) bond lengths [1.660(9) and 
1.794(10)A] do not differ significantly from the cor- 
responding values in the chromium complex [l-679(4) 
and 1.822(5) A]. Valency angles at the donor phosphorus 
atom also show nearly identical distortions from an ideal 
trigonal-planar arrangement: in the platinum complex the 
C-P-C angle of 112.5(5)0 is narrowed at the expense of 
the Pt-P-C angle of 127.5(3)” [see 109.8(2) and 130.8(2) 
for corresponding angles in the chromium compound]. 
An implication of these narrow C-P-C angles is that the 
phosphorus lone pair has more s-character than would be 
expected from ideal sp*-hybridisation; a not unexpected 
conclusion since the lone pair of a monotertiary phos- 
phine is usually thought to have more s-character than 
would be expected from sp3-hybridisation in view of the 
tendency for C-P-C angles in phosphine complexes to 
be less than 109.5” and M-P-C angles.to be greater. In 

Fii. 3. A perspective view of the cis-[PtC12(PEt&H2Me,P=CPh2)] molecule showing the atom numbering and 
50% probability ellipsoids. Anisotropic vibrational parameters were used only for shaded atoms. 
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Table 3. Selected distances (A) and angles ( ’ ) in cis-fPtCla(PEtsKC6HaMesP=CPha)] 

(a) Bond lengths 

Pt-Cl(l) 

Pt-Cl(Z) 

Pt-P(l) 

Pt-P(2) 

P(l)-C(1) 

P(l)-C(lC) 

P(2)-C(2) 

P(2)-C(4) 

P(2)-C(6) 

C(l)-C(lA) 

C(l)-C(lB) 

C(2)-C(3) 

2.358(3) 

2.335(3) 

2.199(2) 

2.256(3) 

1.660(g) 

1.794(10) 

1.821(12) 

1.828(12) 

1.843(12) 

l-50(2) 

1.49(2) 

1.53(2) 

C(4)-C(5) 

C(6)-C(7) 

C(lC)-C(2C) 

C(2C)-C(3C) 

C(3C)-C(4C) 

c(4cf-cI5c) 

C(5C)-C(6C) 

C(6C)-C(lC) 

C(2C)-C(7C) 

C(4C)-C(8C) 

C(6C)-C(9C) 

1.51(2) 

1.49(2) 

l-42(2) 

1.35(2) 

1.43(2) 

1.38(2) 

1.39(2) 

1.41(2) 

1.53 (2) 
1.50 ‘(2) 

1.52 (2) 

(b) Bond angles 

Cl(l)-Pt-C1(2) 

Cl(l)-Pt-P(l) 

C1(2)-Pt-P(2) 

P(l)-Pt-P(B) 

Cl(l)-Pt-P(2) 

C1(2)-Pt-P(1) 

88.7(l) 

85.2(l) 

89.6(l) 

96.6(l) 

177.9(l) 

173.4(l) 

Pt-P(z)-c 111.9(4)-116.2(4) 

c-P(2)-c 103.8(5)-106.6(5) 

(c) Torsion angles 

Pt-P(2)&(2)-C(3) -166(l) 

Pt-P(2)-C(4)-C(5) -50(l) 

Pt-P(2)-C(6)-C(7) -56(l) 

Pt-P(l)-C(l) 

Pt-P(l)-C(lC) 

C(l)-P(l)-C(lC) 

P(l)-C(l)-C(lA) 

P(l)-C(l)-C(lB) 

C(lA)-C(l)-C(lB) 

P(2)-C-C 115(l) 

At C(aromatic) 118(l) 

P(2)-Pt-P(lI-C(1) 53.7(5) 

Pt-P(l)-C(l)-C(lA) -163(l) 

Pt-P(l)-C(l)-C(lB) 12(l) 

c(lC)-P(l)-C(l)-C(lA) 22(l) 

127.5(3) 

119.8(3) 

112.5(5) 
122.0(7) 

119.9(6) 

117.9(7) 

-117(l) 

-122(l) 

18.1(4) 
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the platinum complex the olefinic carbon atom C(1) 
subtends valency angles which are all within 2 of 120”. In 
the chromium complex the corresponding angles are 
more variable with the C(Ph)-C-C(Ph) angles being nar- 
rowed to 114.8(4)“. The differences in the planarity of the 
central skeleton of L and in the valency angles at the 
olefinic carbon atom found between the platinum and 
chromium complexes probably have a steric origin. In 
the chromium complex the mesityl ring makes an angle 
of 81” to the central CrCP=CC2 plane whereas the cor- 
responding value in the platinum complex is 67”. The 
phenyl rings are tilted at 70 and 37” to the central plane in 
the chromium complex whereas the corresponding 
values are 47 and 51” in the platinum complex. 

The Pt-PEt, and tram Pt-Cl (1) bond lengths of 
2.256(3) and 2.358(3) A are normal, being virtually iden- 
tical to the mean values of 2.258(2) and 2.361(6) A found 
in cis-[PtC12(PEt&].‘3 These values may be compared 
with the Pt-P(1) and tram Pt-Cl(2) bond lengths of 
2.19!9(2) and 2.335(3)A. Differences in the nature of the 
phosphorus hybridisation would be expected to cause 
some shortening of the P&P(l) distance relative to the 
Pt-P(2) distance. This shortening is accompanied by a 
slight but detectable diminution of trans-influence as 
judged by the Pt-Cl bond lengths. The different trans- 
influences of the two P-donor ligands may reflect the 
different types of phosphorus hybridisation, although we 
have previously’4 shown that the trans-influences of 
C-donor ligands on Pt-Cl bond lengths are insensitive to 
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the state of hybridisation of the donor carbon atom, a result 
in accord with current theories of o-trans-influence. An 
alternative explanation for the slightly lower trans- 
influence of L relative to PEt, would be that L is a 
slightly better r-acceptor. This conclusion contrasts 
somewhat with the suggestion, based on the structural 
results for [Cr(CO)sL], that L has fairly strong s-acid 
properties relative to other P-donor ligands.” 

Whatever view is taken of the relative importance of 
u- and r-effects in determining the platinum-ligand bond 
lengths in cis-[PtCl@Et3)L] it is interesting to note that 
the Pt-P and Pt-Cl distances are in accord with our 
previous discussion of bond lengths in complexes with 
cis-[PtC1,P2] donor sets.13 The Pt-P(1) bond length is 
shorter than the Pt-P(2) bond length by 0.06A and as 
expected the tram Pt-Cl bond length is also shorter, but 
by roughly half this amount. Since the bond length 
variations can be related empirically to the electron- 
withdrawing of the P-donor &and, in the sense defined 
by Tolman,15 it would appear that L can be compared 
with P(OPhh in terms of electron-withdrawing ability 
and trans-influence. 

EXPERIMENTAL 

All manipulations were carried out under an atmosphere of dry 
nitrogen gas or in ULICUO. Solvents were dried by standard 
methods and freshly distilled before use and degassed by the 
repeated freexe-thaw method. I’P NMR spectra were obtained 
using a JEOL PFf 100 Fourier transform spectrometer operating 





Synthesis and “P NMR spectra of some platinum(H) complexes of the phospha-alkene, (mesityl)P=CPhz 95 

Nixon and 0. Ohashi, 1. C/~cm. Sot., Cheer Commun 1980, 
333; H. Eshtiagh-Hosseini, H. W. Kroto, J. F. Nixon and 0. 
Ohashi, J. Orgonomef. Chem. 1979,181, Cl; H. W. Kroto, J. F. 
Nixon and N. P. C. Simmons, J. Mol. Spectrosc. 1980,82, 185; 
H. W. Kroto, J. F. Nixon, K. Ohno and N. P. C. Simmons, J. 
Chem. Sot. Chem Commun 1980,709. 

*G. Becker, 2. Anorg. A&. Chem. 1976,423,242. 
q. C. Klebach. R. Lourens and F. Bickelhaupt, J. Am. Chem. 
Sot. 1978,100,4886. 

‘K. Issleib. H. Schmidt and H. Mever. J. Onmnomel. Chem. 
1978, 160,‘47; R. Appel and V. Bar&, Angew.-Chem., Int Ed. 
Engl. 1979,18,469; R. Appel and A. Westerhaus, ibid 1980,19, 
556: G. Becker and 0. Mundt, Z. Anora. A&. Chem. 1980,462, 
130; G. Becker, G. Gresser and W. Uhl, ibid463,144. 

JH. E. Hosseini. H. W. Kroto. J. F. Nixon. M. J. Maah and M. J. 
Taylor, J. Chem. Sot. Chem.’ Commun 1981,199. 

6E. Niecke, M. Engelmann, H. Zom, B. Krebs and G. Henkel, 
Angew. Chem. Znt. Edn. En& 19flO,l9,710. 

‘0. J. Scherer, N. Kuhn and H. Jungmann, 2 Naturforsch 1978, 
33b, 1321. 

‘J. F. Nixon and A. Pidcock, Ann. Reu. NMR Speclroscopy 
1%9,2,345. 

q. H. Hillier and V. R. Saunders, Trans. Faraday Sot. 1970.66, 
2401. 

‘?. G. Appleton, H. C. Clark and L. E. Manxer, Coord Chem. 
Rev. 1973,10,335. 

“E. Schustorovich, Inorg Chen~ 1979,18, lOu), 1039; 2108. 
‘q. C. Klebach, R. Lourens, F. Bickelhaupt, C. H. Stam and A. 

Van Herk, J. Organomelal. Chem. 1981,210,211. 
“A. N. Caldwell, Li. ManojloviC-Muir and K. W. Muir, J. Chem. 

Sot. (LWon) i!V?, 2265. _ 
“C. J. Cardin. D. J. Cardin. M. F. Lanoert and K. W. Muir. 1. 

Chem. Sot. @allon) 1978,‘46. a- 
IsC. A. Tolman, 1. Amer. Chem Sot. 1970,92,2953. 
“‘H. C. Clark and L. E. Manzer, J. Orgnnomefal Chem. 1973,59, 

411. 
“A C. Smithies, M. Rycbeck and M. Orchin, J. Organometal 

&em. 1968,12,199. 
‘slntemational Tables for X-ray Crystallography, Vol. IV. 

Kynoch Press, Birmingham, 1974. 
19G. Mather. A. Pidcock and G. Raosev. J. Chem. Sot. (Dalton) 

1973,2095: 
_ _. 

%J. G. Verkade, Coord. Chem. Rev. 1972,9, 1. 
2’B. Jackobsen. D. Phil Thesis University of Sussex 1977. 
uJ. F. Nixon, Unpublished results. _ 
“N. Ahmad, E. W. Ainscough, T. A. James and S. D. Robinson, 

J. Chem. Sot. (B&on) 1973, 1148. 
?$. 0. Grim, R. L. Keiter and W. McFarlane, Inorg. Chem. 1%7, 

6, 1133. 
UT. G. Appleton, M. A. Bennett and I. B. Tomkins, 1. Chem. 

Sot. @alron) 1976,439. 



Polyhcdmn Vol. I. No. 1. pp. W-103. 1982 

Printed in Great Britain. 

0277-5387182/01@??7M503.00/0 
Pergamon Press Ltd. 

REACTIONS OF DICHLOROBIS(DITERTIARYPHOSPHINE)- 
RUTHENIUM(H) WITH CARBON MONOXIDE: 

PREPARATION OF DICARBONYLBIS(DITERTIARYPHOSPHINE) 
RUTHENIUM(I1) CATIONS 

GARRY SMITH, DAVID J. COLE-HAMILTON* 

and (in part) 

ANNE C. GREGORY and NANCY G. GOODEN 
Department of Inorganic, Physical and Industrial Chemistry, University of Liverpool, P. 0. Box 147, Liverpool 

L69 3BX, England 

(Receiued I4 September 1981) 

Abstract-Reactions of RuCl&L)s (L-L = dppm or dppe) with CO and silver salts of non coordinating anions 
produce [Ru(CO)&-L)s]Xs which, once formed, are stable to CO loss. However, the fluxional five coordinate 
intermediates [Ru(CI) (L-Lb]X, which in some cases may contain ion pairs, are sufficiently electrophilic to abstract 
fluoride ion from [BF,]- or to coordinate other ions in solution such as [OsPFs]- formed by hydrolysis of [PF&. A 
series of complexes of general formula [Ru(CO)s (dppm)sAgY]Xr may also be isolated and are shown to contain a 
dppm ligand bridging ruthenium and silver, the bond between which is reversibly cleaved by nitromethane on the 
nmr timescale. 

INTRODUCTION 
Although polycarbonyl containing transition metal com- 
plexes holding charges from -2 to +I are well known,’ 
and charges as low as -3 have been reported,* very few 
such complexes with a dipositive charge have been 
isolated. This is presumably because there is insufficient 
electron density on the metal for back donation to the 
carbonyl ligand and hence the carbonyl groups in such 
complexes are labile. 

The only complexes of this kind appear to be 
[M(CO),(dppe),]*’ (M = Fe3, Cr,Mo or W4) which are 
prepared electrochemically and, at least for M = Cr, MO 
or W, are unstable; unstable [Mo(CO),(dmpe),]*‘~ and 
the more stable [Os(CO).(NH&J2 (n = 2 or 3).6*7 Very 
recently, Connor has prepared’ some stable molybdenum 
complexes [Mo(CO),(N-N),L]*’ ((N-N) = 2Jbipyridyl 
or l,lO-phenanthroline, L = H20 or MeCN). 

We now report the sucessful preparation of stable 
complexes of formula [Ru(CO),(L-L),]*‘, (L-L = 
Ph2P(CH2).PPh2, n = 1 (dppm) or 2 (dppe)), together with 
other complexes obtained during these preparations. IR 
3tP and “F nmr data for the new complexes are collected in 
Tables l-3 and analytical data are in Table 4. 

REWLTSANDDISCUSSION 
The general synthetic approach that we have employed 

for [Ru(CO),(L-L),]*’ has involved reaction of dichloro 
complexes, RuCI~(L-L)~ with silver salts of non-coor- 
dinating anions under 3 atmospherest of CO. A similar 
method has been used for the preparation of other 
ruthenium dications, [Ru(N-N)~L~]*‘, (N-N = l,lO- 
phenanthroline or 2,2’-bipyridyl, L2 = dppe’ or norbor- 

*Author to whom correspondence should be addressed. 
Whroughout this paper 1 atmos = 101,325 kNm-*. 
*Five coordinate complexes of ruthenium(R) are generally red or 

dark coloured.” 

nadiene’?. It is already known” that RuC12(dppm)2 
reacts with CO to give [RuCICO(dppm)z]‘. 

Since the products obtained in the various reactions 
depend markedly upon the nature of the non-coordinat- 
ing anion, the reactions for each silver salt will be 
described in turn. 

(i) AgSbF, 
(a) RuC12(dppm)2. Addition of AgSbF, to a solution of 

cis or trans RuCl,(dppm), in dichloromethane under CO 
causes the colour to change from yellow through deep 
red to colourless over a period of 4 hr at 50°C with 
concurrent precipitation of AgCI. The final solution 
yields white crystals of a 2: 1 electrolyte’* which analyse 
for [Ru(C0)2(dppm)z] [SbF&. The IR spectrum of these 
crystals (nujol mull) shows three peaks at 2096, 2060 
and 2040 cm-’ (see Table 1) which appear as two peaks, 
at 2085 and 2050cm-’ in dichloromethane solution. Al- 
though initially we thought that this indicated that the cis 
isomer was the product obtained, “PNMR studies 
(see Table 2) clearly show both the cis and the trans 
isomers to be present. These can be separated with some 
difficulty by fractional crystallisation from methylene 
chloride-diethyl ether since the tram isomer is con- 
siderably less soluble in CH2C12 than the cis. 

The high value of r&O) in these complexes is con- 
sistent with their being dicationic since the low electron 
density of the metal should allow little population of the 
r* orbitals of CO and hence cause only a small drop in 
KO from the value for free carbon monoxide 
(2143 cm-‘). 

Clearly, the fact that both cis and trans-RuC12(dppm)2 
produce the same product distribution suggests a com- 
mon, probably fluxional intermediate and this must give 
rise to the red colour of the solution! during the inter- 
mediate stages of the reaction. Although we have not 
isolated this five coordinate intermediate, we believe it 
to be [RuCl(dppm)J+, analogous’4 to [RuCl(dppp)2]+ 
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Table 1. IR data (cm-‘) for ruthenium carbonyl cations 

Complex 

cis[R~(C012(dppm)21~BF412 - 

cis[Ru(C0)2(dppm)2l[PF612 - 

cis[Ru(CO)2(dppm)2l[SbF6]2 - 

translRu(CO)2(dppm),J [5bF612 

transIRu(C0)2(dppe)2l[BF412 

~[Ru(CO)2(dppe)2] EbF612 

trans[~uF(CO)(dppe)2]BF4 

trans[Ru(02PF2)CO(dppm)2]PFg 

trans[IRuCO(dppm)2$l2PF2J[PF6]3 

cis[Ru(CO)2(dppm)2AgBF(OH)3][BF4]2 - 

cis[Ru(COI2(dppm)2AgO2PF2]IO2PF2]2 - 

cis[Ru(CO)2(dppm)2AgClO4] [Cl0412 - 

cis[Ru(COl2(dppm)2AgCll[AsF6]2 - 

a) MeNO solution 

b) v asym PO2 of [02PF2]- 

c) v sym PO2 of [02PF2]- 

d) v O-H 

GO (solid) 

2088, 2045 

2093, 2060 

2096, 2060 

2040 

2022 

2040 

‘1968 

1971 

1975 

2060, 2ooO 

2078, 2018 

,X:0 (CH2C12) 

2080, 2040 

2085. 2050a 

2085, 2050 

2050 

2032 

1959 

1988 

1985 

2076, 2014 

2080, 2020 

2094, 2037 2090, 2030 

2076. 2015 2078, 2018 

Other 

1290b. 112sc 

1312b, 1157c 

367Sd 

1318:, 1296b 
1146 , 1138' 

(dppp = bisdiphenylphosphinopropane) since a similar 
red colouration is obtained if RuC12(dppm)2 is treated 

(b) Rut&(dppe),. An exactly similar reaction to that 

first with AgSbF, and then with CO; but not if 
described above for RuC12(dppm)2 occurs when trans- 

[RuCI(CO)(dppm)X is treated with AgSbF,. This last 
RuCh(dppe), is treated with AgSbF, under CO. In this 

result eliminates the possibility that the red species is 
case, hovever, only trans-[Ru(CO),(dppe)2] [SbF& is 

[Ru(CO)(dppm)J*‘. 
isolated despite the fact that a red and presumably 
five-coordinate intermediate is again formed. Once again, 

Table 2. "P and “F NMR spectra for some cationic ruthenium complexes (MeNO,, 25°C) 

C&mpound - 

a) p.p.m to high frequency of external 85%k H3P04 

b) p.p.m to high frequency of 

c) All [PF6]- salts have srp. . 

d) Jpp = 33 Hz. 

external CFC13. 

6-145(septet) and "F. . 6-74d, JpF = 708 Hz. 

e) Ru-F; BF4: -153.5 ppm(s). 

Phosphines -- 

ISa 

Pt PC 

-19.9td -32.7t 

-17.5s 

-41.1s 

-13.7s 

-14.1s 

-42.7d 

?2pF2_ 

31p lgF JPF 
6a 6b HZ 

-16.8t -76.8d 955 

-15.3t -89d 951 

-4008 17 
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Table 3. “P NMR data for ruthenium-silver cations (2X, MeNO?) 

Compound Chemical shifts’ Coupling constants (JHz) 

I IPB PA 
b 

W(cD) 2 (dppm) ,AgD2PP21[D2PP212 13.4 -10.0 

[WCO) 2Wppm)2AgClD41 Ic10412 13.1 -10.1 

[Ru(CD)2(dppm)2AgCll [AsPal; 12.0 -10.8 

[RuWJ)2(dppm)2AgCll [AsF61;@ 

IRoW) 2(dppm) 2AgCl @feN02) [ASF& 
I-----! 

12.1 -10.3 

10.1 -11.1 I 
pC 

-26.7 

-26.9 

-27.2 

-27.3 

-26.9 

BC 

40.3 

41.5 

42.5 

43.9 

44.0 

DAe 
-- 
57 

64 

39 

59 

24.4 

a) ppln to high field of SSY H3P04, for assignments see figure 

b) [02PF2]- poorly resolved triplets 6% -14, J 
PF 

cl000 Hz. 

o) 
19 

F: -66.62 ppm from CFC13 (1:l:l:l quartet), 75As 17.122705 MHz; (septet); JAsF = 930 Hz; ‘09Ag: 23.4(brs), 

-879(brs)ppm from AgN03. 

d) -35oc. 

e, JPAAg 
= 4.9 Hz, J 

PBAg 
= 7.4 Hz, J 

PCAg 
- 0 Hz. 

Table 4. Analytical and conductivity data for ruthenium complexes 

Compound mPt Found 0 (calculated) 

% 
Aa 

C H P F cl AK 

cisIRoKO)2(dpPm)21 I8F41, - 

cis[8~KO)2(dpPm)21 LPF612 - 

cis[8uKO)2(dPPm)21 LSbF612 - 

~[Ru(CO) 2(dW21 ISbF612 

trans [Ru(~o)~(dppe)~l [8bF,12 

EE[RuFCO [dppe) 2] 8F4 

trans[RuCO(02PF2) (dppm) 2]PF6 

~[Ru(CO)2~dppm)2A88F(OH)31 [8F412 

cis[~~(cO)2(dppm)2AgC104) [C10,), - 

~is[8~(cO),(dpP~),A8Cll WF61x - 

315-8d 

288d 

276d 

208d 

338-45d 

200-202 

150’ 

198d 

54.3(56.8) 

50.6(51.4) 

44.0(44.7) 

43.8(44.7) 

45.5(45.5) 

60.9(61.7) 

53.2(53.5) 

48.5(48.3) 

46.Oc46.9) 

46.7(43.1) 

3’.9(4.0) 

3.7(3.6) 

3.2c3.2) 

3.5c3.2) 

3.5C3.4) 

5.0(4.3) 

3.8c3.9) 

3.8c3.7) 

3.5(3.3) 

3.4(3.0) 

10.8(11.3) 14.0(13.8) 

I 

8.6 (8.9) 16.2(16.3$ 

8.3(8.7) 

9.0(9.2) 0.5(O) 

13.9(13.3)1 

i 

lS.S(l6.3) 

9.8(9.6) 

9.7(9.3) 

9.0(8.6) 16.3(15.8) 2.6(2.5 

I 

* DETONATES 

GO for this 2 : 1 electrolyte is > 2000 cm-’ (see Table 
1). 

We presume that the fact that only the truns- 
[Ru(CO)z(dppe)z] [SbF& is isolated is caused by 
steric effects since Chatt has shown” that space filling 
models of cis-RuCl,(dppe), are sterically hindered and 
has suggested this as the reason for the non-existence of 
this complex. 

(ii) AgCIO, and AgAsFa with cis-RuCl,(dppm), 
Under CO, AgC104 and AgAsF, react slowly with 

cis-RuC12(dppm), to give a single white crystalline com- 
plex which, in the case of AgClO, EXPLODES on 
heating. These complexes show two vCz0 near 2080 and 
2020cm-’ suggesting that the metal ion is again dica- 

tionic but clearly cannot contain cis-[Ru(CO),(dppm)z]2+ 
since this has v(C=O at 2090 and 206Ocm-’ (see 
above). Analytical data suggest the formulation 
[Ru(CO),(dppm),AgXlY2 (X = Cl, Y = AsF, or X = Y = 
C104) and the exact nature of these complexes is dis- 
cussed below, together with their complex “P NMR 
spectra. 

(iii) AgPFs 
(A) RuC12(dppm)2. The products of reactions of 

AgPF6 with RuC12(dppm)2 under CO depend markedly 
upon the age and purity of the silver salt, as well as on 
the reaction time. Thus, fresh AgPF, (which has not had 
contact with air or moisture) smoothly gives 
[Ru(CO)z(dppmM [PF& on reaction with cis- 
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RuCll(dppm)z after 0.5 hr under CO, although unlike the 
reaction with AeSbF,. onlv the cis isomer is formed. 
This is somewhai surprising but the most likely explana- 
tion is that ion pairing occurs in[RuC1(dppm)z] [PF,] but 
not with the more bulky and less nucleophilic [SbFJ. 
Thus, no fluxional S-coordinate intermediate is formed 
(indeed we do not observe a red colouration) and hence 
the stereo chemical integrity of the complex is retained 
throughout the reaction. 

With aged or partially hydrolysed AgPF,, it is rather 
difficult to isolate any [Ru(C0)2(dppm)2]2+ from cis- 
RuClz(dppm)z and there are two major types of product. 
One, which has a pinkish tinge, has vCn0 at l%Ocm-’ 
suggesting a monocationic monocarbonyl complex as 
well as strong bands at 12% and 1125 cm-‘. Room tem- 
perature, “P and “F NMR studies clearly show that this is 
a mixture of at least two species, both of which have the 
four dppm phosphorus atoms equivalent, PF,- and a PF2 
group. Taken with the IR stretches at 1290 (u,~,,,,,PO~) 
and 1125 (+,,,PO,) cm-‘, we propose that these com- 
plexes contain the [P02F2]- group. 

By careful recrystallisation from CH,Cl,-diethyl ether 
we have been able to obtain one of these complexes 
pure. It analyses for [Ru(CO) (P02F2)(dppm)2]-[PFs] and is 
a 1: 1 electrolyte. 

In view of the equivalence of the dppm phosphorus 
atoms in this complex at temperatures down to -35°C we 
suggest a tram stereochemistry with a mono-dentate 
[P02F2]- group. The other similar complex we have not 
isolated pure but propose, on the basis of its similar 
spectroscopic properties, that it is [{Ru(CO) 
(dppm)J,(OzPF2)] [PF& with a bridging 02PF2 ligand 
and tram stereochemistry at each ruthenium atom. 
Consistent with this, the main NMR difference is in the 
chemical shift of the fluorine atoms of the [02PFJ 
group and the higher positive charge on ruthenium 
should lead to a high field shift of the phosphorus atoms 
of the dppm ligand, as is observed. (S- 14.1 ppm c.f. 
-17.5 for tram [Ru(C0)2(dppm)2]2+ and -13.7 for rrans 
lRu(C0) @J’M4vmM+ 

Comparison of the IR spectra of these complexes with 
those of other [02PF2]- complexes, in which the bonding 
is known,‘“” supports these conclusions. Thus, al- 
though v,,ym PO* varies over the range 123O-129Ocm-’ 
for bridging, chelating and monodentate bonding, 
v,~,,,PO~ appears to fall in specific areas for the three 
different kinds of coordination. 

For bridging [OzPFJ zs appears” at 1157- 
1175 cm-‘, for chelating it is . at 1165-12OOcm-’ and 
for monodentate coordination it lies’* in the range 1130- 
1140 cm-‘. Clearly, the complex which we have obtained 
pure, which has v,,,,,,PO~ at 1125cm-’ must, on this 
basis, contain monodentate [02PF2]-, in agreement with 
the conclusions reached on the basis of analytical data. 
For the other, similar complex, although we have not 
obtained it pure, v,~,.,,PO~ appears to be at 1157 cm-‘-in 
the region expected for bridging [02PF&, although in 
view of the rather high v~~,,,PO~ (1312nm-‘) we cannot 
unequivocally rule out the possibility that this complex 

tWe have also observed small amounts of a compound with 
GO at 2035 and 2086 cm-’ and vP=O at 1305 and 1240 cm-‘. We 
have not fully characterised this compound but believe it to be the 
[PFJ salt of the same cation, although we cannot rule out the 
possibility that it is [Ru(CO)2(dppm)zAgCl][O~PF~]. 

contains ionic [02PF2]- which has “v,,~,,,PO~ at 1310 cm-’ 
and v.,,,PO, at 1148 cm-r. 

We have been unable to assign the other fundamental 
vibrational modes of the [02PF2]- ligand in any of these 
complexes, since they fall in regions in which vibrations 
of either dppm or [PFJ occur. 

Small amounts of another complex, which contains a 
resonance at -138.9ppm in the r9FNMR spectrum, are 
Present as an impurity in [{RuCO(dppm)2}2(02PF2)] 
[PF,], and we believe this to be [Ru(CO)F(dppm),]PF, 
by analogy with [Ru(CO)F(dppe),]BF4 (see below). 

The other product isolated from the reaction of cis- 
RuC12(dppm)2 with aged AgPFs has VCEO at 20lOand 2078 
cm-‘? and is very similar to the compounds formed with 
AgClO., and AgSbFs. The presence of IR absorptions at 
12% and 1138cm-’ again suggest the presence of an 
(02PFJ group and we, therefore, believe that this 
compound contains [Ru(CO),(dppm),Ag(O2PF,)IZ+. 
Since no resonances from [PFJ are observed in the 3’P 
NMR spectrum of this product, and since only medium 
intensity VP-F absorptions are observed in the IR spec- 
trum, we assume that [02PFJ is also the counter anion, 
and peaks in the IR spectrum at 1310 and 1146 cm-’ are 
consistent with this. 

To our knowledge, isolation of complexes of the 
[02PF2]- ligand from reactions with aged AgPF, has not 
previously been reported, but the mechanism of its for- 
mation by silver promoted hydrolysis of the [PFJ anion 
is presumably related to that of formation” of POS 
from PF5 and MezO. 

(iv) AgBF, 
(a) RuC12(dppm)2. Like AgPF,, fresh AgBF., reacts 

with cis RuC12(dppmh to give only cis-[Ru(C0)2(dppm),] 
[BF.,] consistent with the high nucleophilicity and low 
bulk of the [BFJ anion. Solution IR studies show that 
another complex (GO at 1992cm-‘) is also formed 
after prolonged reaction, apparently from 
[Ru(CO)2(dppm)21 [BF&. Although we have not isolated 
this complex, we believe it to be [RuF(CO)(dppm)J 
[BF4] by analogy with the complex formed by a similar 
reaction using rrans-RuCl,(dppe), (see below). 

Aged samples of AgBF, again show different 
behaviour, the product being a silver-containing species 
similar to those obtained with AgC104, AgAsFs and aged 
AgPFa. Full analytical data show that this 1: 2 electrolyte 
does not have F-, Cl- or BF,- as the anion bound to 
silver but a sharp peak at 3675 cm-’ in the IR spectrum 
of CHtClz solutions suggests the presence of hydroxide 
ion. The compound could be [Ru(CO),(dppm),.AgOH] 
[BFJ2 but analytical data suggest that it contains some 
partially hydrolysed [BFJ, such as [BF(OH),]-. 

(b) RuC1,(dppe)z. Reaction of trans-RuC12(dppe)2 with 
AgBF, under one or three atmospheres of CO produces 
a mixture of two complexes, one of which is trans- 

[Ru(CO)2(dppe)2] [BFd12 (&O, 2022 cm-‘). The other is 
a 1: 1 electrolyte and has vC=O at 1%8 cm-‘, consistent 
with its being a monocationic monocarbonyl species. 
Analytical data suggest the formulation [RuF(CO) 
(dppe),]BF,, which is confirmed by 31P and 19FNMR 
studies (Table 2). 

The abstraction of fluoride ion from [BFJ has pre- 
viously been observed and we believe that it occurs via 
an ion paired intermediate, Ru(BF.,)Cl(dppe)2, although it 
is possible that it forms from [BFJ attack on 
[Ru(CO)2(dppe)212’, by analogy with the dppm complex 
(see above). 
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The structure of [Ru(CO)l(dppm)z.AgX]Y2 
As indicated above, a major product from many of the 

reactions of RuC12(dppm)z with silver salts under CO is 
[Ru(CO)z(dppmhAgX]Yz. For Y = AsF~, X = Cl but in 
all other cases, X appears to be an 0x0 anion, [02PF~1-, 
[C104]- or [BF(OH),]-. IR data suggest a cis dicarbonyl 
formulation and conductivity measurements show the 
complexes to be 1: 2 electrolytes. 

The room temperature? “P NMR spectra of the 
[02PF2]- and [ClO,]- complexes are very similar and 
show four separate resonances from the phosphine 
phosphorus atoms which are not all mutually coupled 
(see Table 4). Three of the phosphorus atoms, P,+,Pe 
and PC are coupled together in such a way that they must 
be meridionally orientated about the metal. Thus, 
J = 268 Hz, typical”’ for non equivalent mutually 
r;h? phosphorus atoms on ruthenium, whilst Jpgpc = 
41.5 Hz and JPAPC = 29 Hz are both characteristic values 
for Jpp cis. The fourth resonance appears as a slightly 
broad doublet whose position is anion dependent with a 
coupling constant of - 60 Hz. Clearly this coupling is not 
to phosphorus, but, since silver is present in the complex 
(microanalytical data), we conclude that the phosphorus 
is coupled to the silver atom. In fact, since silver has 
“‘Ag (51.4%) and ‘@Ag (48.60/o), for both of which 
I = l/2, the resonance should appear as two doublets 
(y107,,/y109Ag = 1.14), but we assume that the broad- 
ness of the lines obscures the small difference in coup- 
ling constants. The low solubility of these complexes has 
precluded the direct observation silver NMR specfra. 

For [Ru(CO),(dppm),.AgCl] [AsF612, the “P NMR 
spectrum is temperature dependent, although at high 
temperature (SO’C!) it is very similar to the spectra for 
X = Y = [ClO,]- or [02PF2]-. On cooling, the resonances 
broaden, this occurring at high temperature for the lower 
field signals, and then sharpen again to show two sets of 
signals (see Table 4) which can be assigned to two 
distinct isomers of the compound which have the same 
basic stereochemistry and interconvert at higher tem- 
peratures. The major isomer clearly shows coupling be- 
tween silver and three of the phosphine phosphorus 
atoms (PA,PB and PD) whilst in the other isomer this 
coupling is absent and only coupling to PD is observed.* 

These data taken together suggest that one dppm 
ligand chelates the ruthenium whilst the other bridges the 
silver and ruthenium in both isomers. Two structures 
which contain this basic framework are shown below in 
Iand II. 

tThe low solubility of these complexes has precluded low 
temperature measurements but we assume that their behaviour 
would be similar to that of [Ru(COh(dppmkAgCl] [A.&k (see 
below). 

SThe silver NMR spectrum shows two very broad peaks at 23.4 
and - 879 ppm from AgN03 suggesting that the two isomers have 
different silver environments but is otherwise uninformative. 

PA and Pg are then assigned as shown, since phos- 
phorus atoms in a 4 membered metallacyclic ring are 
knownm to resonate at higher field than those in larger 
rings. Assuming that one or both of these structures is 
correct, JpApD must be close to 0. Although this is un- 
usual, JppO in bridging dppm ligands usually bei&‘- 
50 Hz, the value of this coupling constant must depend 
on the angle at the bridging carbon atom and could be 0 
under some circumstances. 

Since for X = [02PF2]-, IR data support unidentate 
binding (v,~,PO~, 1138 cm-‘) we favour structure I as 
being the most probable solid state structure for these 
complexes. This is also likely to be the structure of the 
major isomer in solution in view of the observation of 
direct Ag-P coupling to P, and Pg. The minor solution 
isomer of [Ru(CO)z(dppm)2AgCI] [AsF612 could have 
structure II although we think it unlikely since silver 
prefers linear coordination when 2 coordinate. The 
linearity would not be possible at least when X = Cl-, 
although it may be possible when X= [ClO,]- or 
[02PF2]-. We think the most likely explanation of the 
fluxionality of these complexes is that the Ru-Ag bond is 
solvolysed in nitromethane to give III, which is then the 
minor isomer observed at low temperature in the NMR 
spectrum and that at higher temperatures facile inter- 
conversion of I and III occurs on the NMR time scale. 

2+ 

2+ 

This process would also explain the lack of observ- 
able coupling between silver and phosphorus atoms other 
than PD in the high temperature limiting spectra for these 
complexes. 

Similar types of compound in which rhodium or 
iridium and silver are bridged by heteroallyl ligands have 
been reported?* 

EXPERIMENTAL 
Microanalyses are by Butterworth Laboratories Ltd. and 

Elemental Microanalysis Ltd. IR spectra were measured 
in nujol mulls between CsI plates or in 0.2mm 
NaCl matched solution cells on a Perkin-Elmer PE 577 spec- 
trometer. Multinuclear NMR spectra were recorded on a 
JEOL FX9OQ spectrometer operating in the Fourier Transform 
mode. with noise proton decoupling for all nuclei other than 
tluoriie. Conductiv~y measuremeks were performed on a Phillips 
PR9500 conductivitv bridge with a Mullard E7591/B conductivity 
cell. Melting points-were measured on an Electrothermal melt& 
point apparatus and are uncorrected. Dichloromethane, 
nitromethane and acetone, G.P.R. grade, were used without 
purification, whereas diethyl ether was purified by distillation 
from sodium-benxophenone ketyl. 

Silver salts (Lancaster Syntheses) were used without 
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purification. cis-RuC12(dppmh, trans-RuCl,(dppm)2 and trans- 
RuCb(dnne), were nrenared1’*‘4*‘J bv standard literature _. __ ._ 
methods as well as the-method described-below. 

Manipulations were carried out in air unless otherwise stated. 

Alternative preparation of cis-RuClr(dppm)r (carried out under 
nitrogen) 

trans-RuC12(dppm)r (3 g) was heated to 230°C in the solid state 
for 48 hr, during which time the colour changed from orange to 
yellow. The yellow product was identified as pure cis- 
RuC12(dppm)2 by its IR spectrum. Yield 3 g (100%). 

Carbonylation reactions 
The following compounds were prepared by addition of the 

appropriate silver salt to carbon monoxide saturated CH2C11 
solutions of RuCI,(L-Lk(l g/80 cm3), followed by pressurisation to 
three atmospheres with carbon monoxide and stirring for the stated 
time. The resulting pale solutions were filtered to remove silver 
chloride, combined with CHzClz washings of the AgCI, evaporated 
to half volume and treated with diethyl ether. On cooling, the 
products crystallised, were collected and recrystallised from di- 
chloromethane-ether. 

cis - dicarbonylbis(bis(diphenylphosphino)methane) ruth - 
enium(l1) tetrajluoroborate from &-RuC12(dppm)z (1 g, 
1.06 mmol) and fresh AaBFI (2.0a. 10.6 mmol) for 24 hr at 25°C 
as white crystals. Yieih 0:8g (69%). 

IR max cm-? 2088s, 2045s, 1338w, 1313w, 1285w, 127Owsh, 
1191 m, 1162s. 1134vs, 1098vsbr, 1060vsbr, 1025vsbr,995vs,975ssh, 
925mbr, 85Ow, 788m, 752ssh, 733vs, 691s 612~~. 539s, 52Os, 508vs, 
498vs, 471m, 449w, 428~. 4OOw. 375~. 

cis - dicarbonylbis(bis(diphenylphosphino)methane)ruth- 
enium(lZ) hexafiuorophosphate -from ~cis-RuCls(dppm)s (Log, 
1.06mmol) and AgPF, (0.54g, 2.14mmol) for 1 hr at 25°C 
as pale purple plates. Yield 0.6 g (47%). 

IR max cm-’ 2093s, 206Os, 1338wshbr, 13Wwbr. 119Ovw, 
1167~. 115Osh. 113Ow. 1095m. 995~. 875msh. 858ssh. 848vssh. 
835vsbr, 7824, 75Owsh, 735&h, 728s, 692m, 553s; 54Omsh; 
535msh, 520s 505s, 497s 47Ow, 423wbr, 418wbr, 375vwbr, 
247vwbr. 

cis and trans-dicarbonylbis (bis(diphenylphosphino) methane) 
ruthenium(Il) hexafiuoroantimonate from trans- or cis- 
RuClz(dppm)r (1 g, 1.06 mmol) and AgSbFs (0.8 g, 2.33 mmol) for 
4 hr at 50°C or 24 hr at 25°C via a red intermediate, as a mixture of 
white cubes (trans isomer) and needles (cis isomer). These could be 
separated with difficulty by crystal picking or by careful fractional 
crystallisation from CHzC12-EtxO, in which the trans isomer is less 
soluble. Total yield 1.0 g (67%) “P NMR studies suggest ca. 2.5: 1 
cis : trans. 

IR max cm-’ cis: 2096s, 206Os, 1328wsh, 1309w, 1267w, 119Ow, 
1165w, 1127w, 1098s, 1022w, 998m, 971w, 845w, 773wsh, 754m, 
74Ossh, 631vs, 698s. 670ssh, 657~s 64Ossh, 547wsh, 54Om, 52Os, 
506s 495ssh, 47Ow, 428w, 368vw, 288vs, 280ssh. 

trans: 2040~s. 1334wbr, 1263vwbr, 1193wbr, 1165wbr, 
1122wsh, llOOw, 1OOOw, 76Owsh, 75Omsh, 744ssh, 737s, 717s 
695s, 67Owsh, 657s, 628mbr, 575wsh, 568m, 522m, 502s, 470m, 
442w, 395wvbr, 285vs, 278vssh. 

trans-dicarbonylbis (bis(diphenylphosphino)ethane) ruth- 
enium(l1) tetrafluoroborate from rran&RuCls(dppe)r (0.5 g, 
0.517mmol) and fresh AnBF,(l.O7a. 5.49mmol) for 16 hr at 25°C. 
as white crystals from &&romethane-methanol. Further ad- 
dition of methanol to the filtrate after collection of trans- 
[Ru(CO)r(dppeh] [BF,]s afforded pink crystals of trans car- 
bonylfluorobis(bis (diphenylphosphino)ethane) ruthenium(ZZ) 
tetrafiuoroborate which were recrystallised from CH&-diethyl 
ether as pink micro crystals. 

IR (trans dicarbonyl) max cm-‘. 2022s 134Ow, 1322wbr, 
1286~~ 1248vw, 1 WOw, 1162~. 1122msh, 1080sbrsh, WOvsbr, 
995s, 945msh, 88Ow, 802w, 744s, 719m, 69Os, 669msh, 650msh, 
615vw, 572s, 525s. 508s 486m, 472msh, 44Ow, 415vwsh, 389w, 
373msh; A = 190 0-l cm’mol-‘, m.p. 333-337’C. 

IR (fluorocarbonyl) max cm-‘. l%lsbr, 194Omsh, 1432s, 

tAll complexes have 3020wbr, 158Ow, 157Ow, 1478m, 1438m, in 
addition to those bands cited. 

IR max cm-‘. 2076s. 2015s. 13lOwsh. 1306~. 1277~. 119Ow. 
116Ow, 1093s 1021w, 995m, 841w, 778msh, 745vssh; 701~s; 
698~s. 695~s. 673ssh. 668ssh. 613~~. 577~. 560m. 53th~. 515m. 
502s 485w, 47Ow, 42&h, 39&s, 375msh. ’ 

cis - bis(diphenylphosphino)methanedicarbonylntthen- 
ium(lI)p - bis(diphenylphosphino) methane@torotrihydroxy- 
borate) siluer(l)tetraflrroroborate from cis - RuCl,(dppm)z 
(1 g, 1.06 mmol) and aged (partially hydrolysed) AgBF4 (2.07 g) 
for 24 hr at 25”C, as white microcrystals. Yield 0.6 g(42%). 

IR max cm-‘. 2060s 2OOOs, 1332vw, 132Ow, 128Ow, 126Ow, 
1189w, 116Ombr, 105Ovsvbr. 85Ovw, 842vw, 768msh, 755ssh, 
738~s. 712s. 690~. 668msh, 612~. 58Om, 561m, 532m. 518s 
503vs, 485m, 471m, 450wsh, 440wsh, 418wsh, 379w. 35Ovw, 
342vwsh. 

cis - bis(diphenylphosphino)methanedicarbonylruthen- 
ium(Zr)u - bis(diphenylphosphino) methanedipuorophos- 
phatosiluer(I)dipuorophosphate from cis-RuQ(dppmh (0.5 g, 
0.53 mmol) and aged (hydrolysed) AgPF6 (0.405g) in di- 
chloromethane (50 ml) for 2 weeks as an off-white microcrystalline 
powder. 

SOn occasions these peaks appear at 2086 and 2035 cm-‘. IR max cm-‘. 2078$s, 2018Ss, 1318~, 1312ssh, 12%~, 1276~, 

1412m, 1409msh, 1335vw, 1319w, 1282w, 127Ow, 1242vw, 119Om, 
1182wsh, 1168w, ll59m, 114Ovw, 1127vw, 1095vsbr, 1070vssh, 
1050vsbr. 1030vsbr, 995s, 98Omsh, 972msh, 94Owsh, 92Owsh, 
878s, 86Ovw, 85Ovw, 84Ovw, 815s 806m, 76Omsh, 751s, 742s, 
715ssh, 702s, 693s, 688s, 668m, 651m, 648msh, 618m, 598s, 59Os, 
579w,571w,540s,525vs,518vssh,509vs,488vs,472s,445s,435msh, 
423m, 384w, 274w, 247w, 24Owsh, 321vw, 268vw, 257~~. 

trans - dicarbonyl(bis(diphenylphosphino)ethane) ruth- 
enium(H) hexajhwroantimonate from trans RuCls(dppek 
(Log, 1.03 mmol) and AgSbFs (0.78 g, 2.27 mmol) for 4 hr at 2fC 
via a shortlived red intermediate, as white crystals. Yield 1.1 g 
(74%). 

IR max cm-i. 204Ovs, 2018wsh, 1312wbr, 1265wbrsh, 
1245vwbrsh, 119Ow, 116Om, 1155wsh, 1092s, 998m, 97Ovw, 870m, 
85Ovwsh, 84Ovw, 825m, 808m, 748ssh, 74Qs, 715s, 7OOs, 689s, 
668sh, 654vs, 642ssh, 57Os, 526s 504s 49Omsh, 480m, 438w, 
428~. 418wsh. 39Ow. 375~. 290~s. 282vssh. 

trans - carbonylbts(bis(d’iphenylphosphino) methane) 
diPuorophosphatoruthenium(Il) hexapuorophosphate from cis- 
RuCls(dppm)r (0.8 g, 0.848 mmol) and aged (partially hydrolysed) 
AgPF, (0.432 g) for 2 hr. The resulting pink solid was recrystal- 
lised from CHICI1diethyl ether to give the complex as grey 
plates. 

IR max cm-‘. 1971vs, 129Ovs, 1184wbr, 1143sh, 1125s. 1093s 
1022~~. 995~. 970vwsh. 885m. 875msh. 832~s. 777m. 735ssh. 
725s 715ssh, 688s, 583msh, 575m, 550m, 547w, 516s, SOOs, 47Om, 
408vw, 375vw, 365vwsh. 

Using slightly fresher AgPF6 and a similar procedure, a com- 
plex believed to be u-dipuorophosphatobis [bis(bis(diphenyl- 
~hosphino)methane)carbonylruthenium(I~l)lh~a~uorophosphate 
contaminated with trans-[RuCO(OsPFs) (dppmh]PFh and 
[RuF(CO)(dppmk]PFs[RuF(CO(dppm)xPF,(19F - 138.9s) was 
obtained. 

IR max cm-‘. 1975~s l%Sssh, 1312w, 13OOwsh, 1274w, 1187w, 
ll57w, 1112wsh, 1103msh, 1092s 1022~. 997w, 97Owbr, 888m, 
860msh, 851msh, 838s 79Owsh, 780wbr, 767wsh, 748msh, 730s 
710m, 703msh, 689s, 651wsh. 574msh, 567m, SSlm, 519s, 503s 
49Owsh, 470m. 443m, 42Ow, 41 Iwsh, 379w, 37Ow, 307~. 

cis - 
ium(IZ)u - 

bis(diphenylphosphino)methanedicarbonylruthen- 
bis(diphenylphosphino) methaneperchlorato 

siluer(I)perchlorate from cis-RuC12(dppm)z (1 g, 1.06 mmol) 
and AgC104 (0.485 g, 2.12 mmol) for 6 days at 25°C as cream 
crystals. Yield 0.7 g (50%). 

IR max cm-‘. 2094s, 2037s. 131Ow, 1280vwbr, 1265vwbr, 
1195wsh, 117Owsh, IlSBw, 1095vsvbr, lOlOs, lOOSssh, 998ssh, 
975vw, 925w, 897wsh, 845s, 792w, 78Ovwbr, 762msh, 753msh, 
74Os, 728msh, 711m, 702msh, 690s. 663~. 648~. 620s 615msh, 
589vw, 58Ow, 565m. 532w, 513m, SOIs, 483wsh, 479w, 471vw, 
455~~. 441~. 435~~. 42Owbr. 38Ow. 342~. 260w. 

cis - bis(diphenylphosphtno)methanedicarbonylruthen- 
ium(U)u - bis(diphenylphosphino) methanechlorosilver(I) 
hexafluoroarsenate from cis-RuCh(dnnm), (I .O n. 1.06 mmol) and 
AgAsF, (0.69 g, 2.3 mmol) for 24 hr at256C‘as off white crystals. 
Yield 0.95 g (62%). 
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119Ow, 1146m, 1095m, lO2Svw, 9!Zw, %Swbr, 892ssh, 883~~ 
875ssh, 848s, 842s 780m, 765m, 755m, 745ssh, 738ssh, 720wsh, 
710s 689m. 58Ow. 53Owsh. 516m, SOOs, 476m, 443m, 375~. 
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CLUSTERS AND THE X-RAY STRUCTURE 
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Abstract-Some reactions of [Os,H3(CO),AuPR3] (R = Et, Ph) resulting in the formation of 
[OS,H,(CO),,(AUPR,)~] are presented. A single-crystal X-ray structure of [OsJ12(CO),z(AuPPh,k] is reported and 
reveals a novel Ph3PAu-AuPPh, unit asymmetrically bridging one edge of an OS, tetrahedron, the first example of 
a mixed gold-metal carbonyl cluster with an Au-Au bond. 

Previously,‘-’ we have shown that the reaction of a 
carbonyl-metallate with a metal halide complex can he 
successfully applied to the synthesis of osmium-gold 
cluster species, e.g. 

[Os,H(CO), ,I- t AuClPR, - Os,H(CO),oAuPR,‘. 
(1) 

Such mixed metal clusters are of interest as they intro- 
duce polarity into the metal-metal bonds and also allow 
the introduction of Me- and (in the case of Pt) 16e- 
centres into the cluster, both of which may result in an 
enhanced reactivity. We report here the synthesis and 
structure of [Os,,H,(CO),,(Au-PPh,),], a novel cluster 
containing two AuPPh3 moieties. 

We have recently demonstrated that Os.,H3- 
(CO),2A~PR3 (R = Et, Ph) can be prepared in high yields 
by reaction (2)’ 

[Os,,H,(C0),2]- + AuCIPR3 - [Os~Hs(CO),~AuPRJ 
R = Et or Ph. (2) 

This complex contains a central tetrahedral core of 
osmium atoms with one edge bridged by an AuPR3 
group, which apparently acts as a one electron donor.’ 
We have explored several reactions aimed at synthesis- 
ing [OS~H,(CO),~(AUPR~)~_~] to investigate the mode of 
bonding of the AuPR3 units in these clusters. 

[OS,H~(CO),~AUPR~] reacts cleanly with “[AuPR31*” 
(generated by the action of TIBF, on AuClPR,) in the 
presence of NEt, to produce two isomeric complexes, A 
and B, (3) 

[Os4H3(C0),2AuPR3] t “[AuPRJ+“- [OS~H&O),Z 
(AuPR&l (3) 

(R = Et,Ph) 
Isomers A and B. 

Both isomers are air stable red crystalline solids and 
were isolated by TLC followed by recrystallation. The 

*Author to whom correspondence should be addressed. 
tdppe = diphenyl phosphino ethane. 

mass spectra of both A and B (R = Et) exhibit parent 
ions at m/e= 1736, consistent with the above for- 
mulation. The IR spectra (vC0) of each isomer are 
different, but there is no significant change whether 
R = Et or Ph). 

[V CO(95% hexane, 5% CH2C12); A, 2077(s), 2055 (sh), 
2050 (s), 2026(s), 2013(m), 1999(m), 1991(m), 1941(w, br), 
1903(w,br); B, 2057(s), 2020(s), 2011(s), 1994(m), 
1%9(w), 1939(w,br)]. In a control reaction 
[Os,H3(C0)12AuPPh3] reacted with NEt3 alone to 
produce both isomers of [Os,H,(CO),z(AuPPh3)z] and a 
mixture of cluster anions, which on protonation yielded 
[OSJIKO),ZI and [Os4H3(CO),2AuPPh31(4) 

NE,3 

t “anions” (4) 

J 

H+ 

[Os,H,(CO),~l t [OsJ&(CO),zAnPPh31 

The NEt3 is, therefore, effectively disproportionating the 
[Os,Ha(CO),,AuPPh,] to tos4HsCO),*l and 
[Os,H2(CO),z(AuPPh3),]. These results can be rational- 
ised in terms of nucleophilic attack by NEt3 at 
the AuPPh, centre, which would produce a gold 
cation by heterolytic cleavage of the AU-OS bond. This 
could then attack [Os4H3(C0)12AuPPh31 (or 
[Os4H2(CO)12AuPPh3]-) to produce [OS~H~(CO),~ 
(AuPPh,),]. Nucleophiiic attack at the gold centres of 
[Ph,PAuCo(CO),] and [Ph3PAuFe(COhNO] to produce 
gold cations has previously been demonstrated: but this 
is the first report of such a reaction for a cluster species. 

The reaction of a metal-alkyl with a metal-hydride, 
with the aim of eliminating RH and forming a metal- 
metal bond’-’ has also been investigated (5). 

M-RtM-H-M-M’tRH. (5) 

Reaction of [PtR2(dppe)t] (R = Ph, Me) with 
[OS,H~(CO),~] (6) resulted in high yields (ca. 80%) of 
[OsSIz(C0)12Ptdppe] as dark red/black needles [ vC0 
2086(w, sh), 2079(s), 2067(w), 2057(s), 2046(w), 2026(s), 
2012(sh), 2005(s), 1998(w, sh), 1977(m), 1964(w, br), 
1917(w, br)]. 
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Kk&(C0h~1+ Nb(dppe)l - [Os,H2(CO),2Pt(dppe)l 

(R = Ph, Me). 
(6) 

[OS~H,(CO),~] also reacts with AuMePPh, to produce 
moderate yields of [Os4H3(CO)rzAuPPhJ (7). 

[Os4H4(CO),,]t [AuMePP$] - [Os4H3(C0)r2AuPPh3]. 
(7) 

Further reaction of [Os4Hp(C0)r2AuPPha] with [AuMe 
PPhJ, however, produces only small quantities of 
[Os,H,(CO),*(AuPPh3)21. 

To date, attempts to obtain crystals of isomer B of 
[OSJ-I~(CO),~(AUPR&] (R = Et, Ph) suitable for X-ray 
diffraction have been unsuccessful, but those of isomer 
A have been obtained. This complex crystallises in the 
monoclinic space group C2/c with cell dimensions a = 
38.239(15), b = 13.265(5), c = 23.447(10) A, /3 = 
113.41(3)“, and U = 10914(7) A’; DC = 2.45 g cmm3 for 
2 = 8 and M = 2017.42 and C4sH32A~ZOIZO~4P2. 4189 
intensities were recorded on a Stoe four-circle diffrac- 
tometer using graphite monochromated MO-K,, radiation 
[p(Mo-K,) = 147.11 cm-‘]. The structure was solved by 
a combination of direct methods and Fourier difference 
techniques and refined by blocked full-matrix least 

squares to R = 0.078 and R, =0.073 for 2109 unique, 
observed, absorption corrected data [F > 3a(F)]. 

The molecular structure of isomer A of 
[Os,H2(CO),,(AuPPh3),] is shown in Fig. 1 together with 
some important bond parameters. The four OS atoms 
define a distorted tetrahedron one edge of which is 
bridged by two Au atoms which themselves are joined by 
an Au-Au bond. The metal skeleton may be described 
as two tetrahedra sharing a common edge, and can also 
be related to the structure of [Osa(CO)rsJ which is a 
bicapped tetrahedron: but in this case the OS(~). . . 
AU(~) distance of 3.159(4) ii may be too long to be 
considered a formal bond. Each Au atom is coordinated 
to a triphenylphosphine group and each OS atom is 
coordinated to three terminal carbonyls. The two 
hydrides were not located directly but the carbonyl 
groups adjacent to the long OS(~)-OS(~) and OS(~)-OS(~) 
edges bend away from them (average cis OS-OS-C 
117.5’) suggesting that this effect may be caused by the 
presence of the bridging hydrides along these edges. 

Unlike the monogold complexes with OS, and Osq 
units, where the AuPR, unit behaves in a similar manner 
to a bridging hydride,‘,’ in [Os4H,(C0)r2 (AuPPh,),] both 
Au atoms bridge the same OS(~)-OS(~) edge and the 
Au(l)-AU(~) bond is formed. It appears to be energetic- 
ally favourable to form an Au-Au bond rather than have 

Cl 204) 

Fig. 1. The molecular structure of isomer A of 0s,H2(C0)12(AuPPh3)2. Bond lengths (A) Os(l)-Os(Z), 2.977(6); 
OS(~)-OS(~), 2.%8(4); Os(l)-Os(4), 2.815(5); OS(~)-OS(~); 2.952(5); Os(2)-Os(4), 2.828(4); Os(3)-Os(4), 2.870(4); 
OS(~)-Au(l), 2.858(4); OS(~)-Au(l), 2.857(4); OS(~)-Au(Z), 2.839(4); Os(2bAu(2), 3.004(5); OS(~). . *AU(~), 3.159(4); 
Au(WAu(2), 2.793(4) A. Bond angles 0: OS(~)-Au(lws(2), 62.8(l); Os(l~Au(l~Au(2), 60,3(l), OS(~)-Au(lbAu(2); 
64.2(l); Os(l&Au(l~P(l), 147.3(6), OS(~)-Au(lbPp(l), 147.5(6); Au(Z)-Au(&P(l), 132.2(4); OS(~)-Au(l)-Os(2), 
61.2(l); Os(l)-Au(ZbAu(l), 61.0(l); OS(~)-Au(Z~Au(l), 58.9(l); OS(~)-Au(Z)-P(2), 146.7(6); OS(~)-Au(Z)-P(Z), 

152.1(6); Au(l)-Au(2bP(2), 124.8(4)“. 
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a configuration in which two AuPR~ groups bridge 
different OS-OS edges (a situation which may occur in 
isomer B). The Au(l)-AU(~) bond length is similar to the 
values reported for unsupported Au-Au single bonds in a 
number of Au clusters? An analogy may be drawn 
between two Au atoms bridging an OS-OS bond and two 
hydrides bridging an OS-OS bond, as in [OS~H~(CO,~],‘~ 
since both types of ligand are considered to donate one 
electron. However, the presence of two hydrides bridg- 
ing an unsaturated OS-OS edge is associated with a short 
OS-OS bond (2.683(l)@ and in the case of the Au 
bridges there is no unsaturation and the Os(l)-Os(2) 
bond is longer. The donated electrons enter different 
orbitals in the two cases. 

The geometry around the Au atoms indicates that they 
should be considered as sp hybridized Au(I). If the 
P(l)-Au(l) vector is projected, to establish the position 
of the other lobe of the sp orbital, it is found that it 
points to a location close to the centre of the Os(lk 
Os(2&Au(2) triangle. Similarly, the P(2)-AU(~) vector 
points in the region of the centre of the Os(lhOs(2)- 
Au(l) triangle. The bonding of the OS(~)-OS(~)-Au(l)- 
AU(~) unit may then be described in terms of a four- 
centre delocalised bond. 

The reactions outlined above offer a potential route for 
successively replacing hydrides by AuPR, units. We are 
currently extending these reactions to other systems and 
initial results indicate that OS~H(CO),~AUPR~~ is cleanly 

converted to Os4(C0)i3(AuPR& (R = Et, Ph). Other 
methods of introducing AuPR3 units into clusters are 
also under investigation as is the general reactivity of 
these osmium-gold species. 
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PREPARATION AND PROPERTIES OF A SOLUBLE 
POLYMERIC AQUO ION OF MOLYBDENUM(V) 

FRASER A. ARMSTRONG and A. GEOFFREY SYKES* 
Department of Inorganic Chemistry, The University, Newcastle upon Tyne, NEI 7RU, England 

(Receiued 28 Ocfobr 1981) 

Ah&a&-An orange/brown ionic and polymeric MO(V) ion (MO to Na ratio 2.3: l), soluble in Hz0 to give stable 
solutions at pH - 6, with UV visible spectrum A,,, 318nm, c&r MO) 33OOM-‘cm-‘, has been prepared and 
partially characterised. Various properties are described, including the conversion to the well established MO(V) 
aquo dimer, Moz04*+, on adjustment of [H+] to 0.17450 M, I = 0.50 M (H/LiCIO,). Fist-order rate constants, 
k&2S°C), determined by conventional spectrophotometry give a good fit to the empirical rate law, 

a[H+]* 
kabs = 1 t b[H+] 

and a reaction sequence consistent with this (H+] dependence is proposed. 

INTRODUCTION 
Although the orange-yellow aquo-ion Mo204*+ is now 
well characterised, little is known about the nature of 
MO(V) aquo-species in weakly acid through alkaline 
solutions. In contrast it has been established that the 
aqueous chemistry of Mo(V1) in the region pH l-7 is 
characterised by the presence of oligomers such as 
b&06,- and Mo,O:;, and that the molybdate ion 
Mo04*- predominates under more alkaline conditions.‘2 
The nature of Mo(V1) in solution at pH < 1 has also been 
investigated.3*“ 

UV visible absorbance changes occurring on addition 
of alkali to acidic solutions containing the ion Mo204*+ 
have been reported, and the existence of a more con- 
densed cationic species postulated.5 However, as far as 
we are aware no well-defined crystalline solid has been 
isolated from these solutions. Further addition of alkali 
invariably results in precipitation of brown molyb- 
denum(V) hydroxide MoO(OH), which redissolves at 
higher pH’s to give MO(N) and Mo(V1) by 
disproportionation[6]. It was, therefore, of some interest 
to investigate a new form of MO(V) having the properties 
of a polymer which is obtained as a reproducible product 
by a procedure described herein. This species is stable in 
aqueous solution at pH - 6. 

EXPERIMENTAL 

Preparation 
To a solution of sodium molybdate dihydrate (B.D.H., Analar 

grade, 9.7g) in H20 (20ml) was added acetylacetone (B.D.H. 
Analar grade, 4ml). A solution of sodium dithionite (B.D.H., 
Reagent grade, 4.Og) in cold water (ISml) was added and the 
mixture (PH ca. 5.5) was stirred for 15min. The orange/brown 
precipitate obtained was collected by suction filtration then sus- 
pended in degassed Hz0 (cu. 3OOml) and heated to 60” with 
stirring. The resulting red solution was cooled, filtered and an 
equal volume of ethanol added with stirring. The gelatinous 
precipitate was filtered off, washed with ethanol and ether then 
dried by suction. 

Carbon analysis showed C< 1% thus indicating that no 
acetylacetone was contained in the product. Attempts to prepare 

*Author to whom correspondence should be addressed. 

the orange/brown solid in the absence of acetylacetone, by 
careful control of pH at ca. 5.5, resulted in the precipitation of a 
brown solid which was only very slightly (Q 1%) soluble in hot 
water. The UV visible spectrum of the solution was very similar 
to that reported below in Fii. 1 although large increases in 
absorbance at <280nm were apparent. The IR spectrum was 
similar to that observed for the orange water-soluble solid 
obtained in the presence of acetylacetone displaying bands at 
730, %0, 1625 and a broad absorption at 2500_36OOcm-‘. The 
function of the acetylacetone is not understood. Since this pro- 
cedure has proved reproducible, it was left essentially un- 
changed. 

Analyses 
The solid obtained gave for MO (gravimetric), 51.9%; and Na 

(flame photometry), 5.6%. Tests for S (which might result from 
oxidation products of S20,*-) were negative. Values obtained for 
H were not reproducible for daerent preparations, the range 
being 2.12 0.6%. Water analysed by vacuum desiccation over 
p4010, and thermo-gravimetrically using a Stanton Ther- 
mobalance was also variable. Typical values were H20, 
6.6%(P,O,,J and 15.6% (thermogravimetric, single stage dehy- 
dration 40-440”). A thermogravimetric analysis on a P4010- 
desiccated sample gave H20, 9.9%. Thus, only about one-third of 
the H20 is readily removable by vacuum desiccation and can be 
assigned as lattice Hz0 (very likely a variable). From the 
reproducible MO: Na of 2.3: 1, the empirical formula 
Na3Mo&,.12+4H20 may be tentatively proposed, with the 
reservation that hydroxo groups might be present as opposed to 

01 --. 
250 300 350 400 

X (nml 

Fii. 1. Spectra of polymeric MO(V) in H20 ( -_) and of 
Mo20,*+ in I .OO M HCIO, (-----). 
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coordinated H,O. Incorporation of as little as 1 mole of acetyl- 
acetone per empirical formula would give - 4% C analysis which 
clearly does not apply. The oxidation state of the molybdenum, 
from titration with Ce(IV), was found to be MO(V). The UV 
visible spectrum (dete;m&ed for a sample puri&d by pre- 
cipitation in 1: 1 ethanol-H20 until a constant spectrum was 
obtained) is shown in Fig. 1. where absorption coefficients (6) per 
MO (i.e: MO atom-‘&‘) are at Ai_ 318(3300) and ‘ii. 
268(1300). The IR spectrum (KBr disc) shows bands at %O, 730 
and 710 cm-’ consistent with a structure containing terminal 0x0 
groups and bridging 0xygens.s Bands at 1620 and 2500-3600 cm-’ 
(broad) can be assigned to loosely bound Hz0 molecules? 

Ofher properties 
The solubility of the soluble orange solid is cu. 2Ogl-’ in 

distilled HzO. The UV visible spectrum of a dilute solution is 
stable for >6 br in the presence of air. Addition of salts such as 
LiCl, NaCI, NaCIO,, KCI, CsCl or BaQ or the careful addition 
of ethanol result in the slow formation of red gelatinous pre- 
cipitates which on filtration and drying in air &e degraded to 
orate uowders. Products urecipitated by ethanol, LEI, NaCl or 
NaCiOdaare readily solubld in &tilled I&O, whereas the KCl-, 
CsCI- and BaCl*-precipitated products are insoluble. 

The salt effects, strongly indicate that the species under in- 
vestigation is an ionic polymeric form of MO(V). This was 
supported by the quantitative formation of the di-r-oxo MO(V) 
dimer MozO,*+ in 0.14.5 M HCIO,, the kinetics of which were 
studied briefly as described below. 

An attempt was made to obtain polymeric MO(V) by slow 
addition of hilute NaOH solution to a solution of Mo20,*’ in 
0.1 M HCIO, under oxvaen-free conditions. The spectrum of 
MozO, *+ (cbrrected fir-dilutibn) was stable up io pH 2.0. 
Changes then occurred, the absorbance > 300 nm increasing to 
about twice the former value with smaller increases occurring 
below 280nm. The spectral change was complete at pH 3.5 and 
addition of acid, in an attempt to reverse the process, resulted in 
little change over a period of 5min. Addition of further alkali 
over the pH range 3.6-6.0 caused a general decrease in 
absorbance, the nature of which is uncertain. However, at no 
point in the addition of alkali was a spectrum corresponding to 
that of polymeric MO(V) shown in Fig. 1 generated. 

Acidification of an aqueous solution of polymeric MO(V) with 
perchloric acid results in the quantitative formation of the aquo- 
dimer, Mo20~+, Am.. (e, MO atom-’ cm-‘) 293(1727) and 
254(1950).“,” Isosbestic points are observed at 255 and 274 nm, 
Fig. 1. 

Kinetic studies 
The above conversion was followed at 25.0”, [H+] =0.17- 

0.50M, I = 0.50M (LiClO,) by monitoring the decrease in 
absorbance due to polymeric MO(V) at 318 nm (P = 3300 MO 
atom-’ cm-‘). Anaerobic conditions were used (N2, Teflon tubing 
and nylon syringes) to minimise oxidation of Mo20,*+ during the 
course of each run. To initiate each reaction, typically a 5 ml 
aliquot of HCIO, (0.20-l.OOM), I = l.OOM (LiClO,), was added 
to 5 ml of an aqueous solution of polymeric MO(V) (ca. 1.8 x 

Table 1. First-order rate constants for the formation 
of Mo204*+ from polymeric MO(V) 

0.17 0.52 
0.30 1.12 
0.33 1.34 
0.40 1.61 
0.50 2.14 

[MO] (total) = 9.0 x 10” M, I = 0.50 M (LiClO,), 
T = 25.o”c. 

I / 

Fig. 2. The formation of Moz04*+ from polymeric MO(V). 
Dependence of first-order rate constants bb on [H+], [MO] = 

9.0 x lo-’ M, I = 0.50 M (LiClO,), T = 25.0”. 

lO-*M in MO) in a 4cm silica cell. Absorbance readings were 
taken at intervals of (usually) 2min using a Unicam SPSOO 
spectrophotometer. 

Plots of absorbance (A) changes log(A, -Am) were linear to 
> 90% and from the slooes (X 2.303). first-order rate constants, 
kobo as in Table 1 were obtainid. Thk bependence of kb. on [H+] 
is first order in the region [H+] = 0.17-0.50 M as shown in Fig. 2. 
However an apparent negative intercept results which clearly has 
no meaning. The data give a good fit to the modiied empirical 
expression (l), 

a[H+12 
kObs = 1+ b[H+] 

which can be rewritten in the more useful linear form (2), 

[H+l=l.L+! 
ktls a [H+] a 

Thus a plot of [H+]/kb, against [H+]-’ is linear with the slope = 
I/o and intercept = b/a. 

DISCUSSION 
The appearance of gel-like precipitates on treatment 

with ethanol or inorganic salts, and the absence of any 
crystalline form is consistent with the MO(V) species 
under examination being polymeric in nature. The sug- 
gested empirical formula for the solid, Na3M07&,.12 f 
4H20, implies that condensed species, possibly Mo,O:; 
or related, perhaps multiple units, may exist in aqueous 
solution. Similar condensed species are a familiar feature 
in the aqueous chemistry of aquo-molybdenum(V1). The 
insolubility of polymeric MO(V) in solutions containing 
other dissolved salts may explain why such species have 
not been previously identified in weakly acidic solutions. 
Brown precipitates (usually described as molybdenum(V) 
hydroxide) which are frequently formed during pre- 
parations of MO(V) compounds, may in many circum- 
stances be found to redissolve (perhaps only partially) in 
distilled Hz0 to give stable solutions of the polymer. The 
function of acetylacetone in the formation of polymeric 
MO(V) is uncertain. It may prohibit extensive conden- 
sation of MO(V) which would ultimately lead to the 
formation of insoluble molybdenum(V) hydroxide, by 
initially coordinating to smaller MO(V) units, and thus 
limiting the formation of Mo-O-MO bridges. Stabilisation 
of the oligomer might then occur by intramolecular rear- 
rangement. The coordination of acetylacetone appears to 
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be transient as little or no carbon is detectable by analy- 
sis of the product. Although the MO: Na ratio of 2.3: 1 
appears to be constant for a variety of preparations, the 
assignment of a precise unambiguous formula is difficult 
due to variable amounts of associated Hz0 molecules. 

The quantitative formation in acid solution of the 
aquo-ion Mo204*+, and excellent W-order kinetic 
behaviour suggests a single unique ratedetermining step 
and very likely that a single unique polymeric species is 
present. The rate constants obtained give a good fit to (2) 
the mechanistic implications of which are now con- 
sidered. Two mechanisms are proposed. The first in- 
volves formation of a small stationary-state concen- 
tration of intermediate by protonation, which then reacts 
with another proton to yield products. Such a scheme is 
described by eqns (3) and (4), 

MO(V). +H +&MO(V)., H+ 
k2 

MO(V)., H’ + H+A products. (4) 

Applying the stationary-state approximation for poly- 
meric Mo(V),,H’, eqn (5) is obtained, 

kobs = k&sW+l* 
k2 + MH’I 

in which 0 = k,&J&, and b = k3/k2. From l/intercept and 
the ratio of intercept/slope 
(5.5 50.3) x 10” M-’ s-’ 

respectively k, = 
and k3/k2 = 7.6 f 1.1 M-’ are 

obtained. 
An alternative mechanism (6) and (7), 

MO(V). t H’s Mo(V).,H+ 

Mo(V).,H’ t H+-% products 

requires the rapid establishment of a large equilibrium 
concentration of intermediate by protonation followed 
by a rate-determining reaction of intermediate with ano- 
ther proton. This leads to the rate eqn (8), 

kJL[H+l* 
koba = 1 t K,[H+] * 

From (8) it follows that (I = ksK4 and b = K4, and the 

least squares fit gives ks = 5.45 +0.27 x 10m3 M-’ s-’ and 
K,=7.58 f l.l2M-‘. The value obtained for K, of 
7.58 M-‘, gives an acid dissociation pK,, for the polymer 
of 0.88. Consequently, under conditions of [H’J = 0.17- 
0.50 M, most of the polymeric MO(V) will be protonated, 
the rate of Mo20?+ formation being controlled by &. 
The spectrum of such a protonated species might be 
expected to differ from that of the unprotonated form, 
hence the observation of isosbestic points is relevant 
here. Previously attention has been drawn to the inter- 
pretation of isosbestic points and application to the 
analysis of chemical reactions.‘2*‘3 For a consecutive 
reaction A-B-Z, the presence of isosbestic points as 
defined in Fig. 1 throughout the reaction is indicative that 
the lirst stage A+B is rate determining with no measur- 
able build-up of species B. Since two isosbestic points 
are observed throughout this reaction, sequence (3)-(4) 
involving a very small stationary-state concentration of 
intermediate seems preferable to (6)-(7). Since simple 
protonation reactions are known to be rapid, the rate 
constant kl (5.5 x lOA M-’ s-l) almost certainly cor- 
responds to a proton-induced cleavage of an 0x0 bridge 
to produce a more reactive species which can either 
deprotonate to give the starting material, or protonate 
again to produce (finally) Mo204*‘. 
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Abstract-The “C relaxation times (T, and Td and isotropic contact shift (ho) of 1.28 molar aqueous solutions of 
L-Proline at pH = 11 (or pD = 11.4) containing 10 -4 - 10” M manganese perchlorate are measured at 62.86 MHz 
over a temperature range of 28-8o”C. Under these conditions, the Mn*+ cation is bound to three L-Proline 
molecules in their dibasic form, and a fast exchange is occurring between bound and bulk L-Proline molecules. The 
longitudinal relaxation of carbons (I, /3, y, 8 of L-Proline molecules in this complex is shown to be purely dipolar, 
and is controlled by the rotational reorientation of the complex. The transverse relaxation of bound L-Proline 
molecules is mainly scalar and is controlled by the electronic relaxation. Overall relaxation rates and paramagnetic 
shifts also depend on the ligand exchange rate ku (from bound to free sites) at lower temperatures. The 
measurement of these quantities allow us to determine (i) the structure of the complex: the Mn(I1) cation may be 
positioned with respect to each proline liind, the sites of coordination are the uncharged nitrogen and one 
carboxylic atom, the distance to the Mn2’ cation are respectively 2.08 and 1.97 A; (ii) Hyperfine coupling constants: 
A= t0.16; 0.08; 0.25 and 0.22MHz for carbons a, #J, 7, 6, respectively. (iii) Electronic relaxation parameters: 
assuming that TI, ( = 2.18 x lO+ s at 25°C) is controlled by the modulation of the quadratic crystalline zero-field 
splitting interaction allows us to estimate the trace of the corresponding tensor: A = 0.0305 cm-‘, and a correlation 
time ~~(25°C) = 1.32 ps for the impact of solvent molecules against the Mn2+-L-Proline complex (iv) Kinetic 
parameters for ligand exchange: k,,,(25”C) = 7.41 x 10’s_‘; AHe = 15.6 kcal. mol.-‘: AS+ = 16.1 e.u. 

INTRODUCTION 

‘%arbon relaxation in paramagnetic systems is widely 
used to obtain structural and dynamical information on 
complexes of transition metal ions. In this respect the 
Mn(II) cation has gained a widespread use as a 
paramagnetic probe to study the binding site of metal 
ions to biological molecules, such as nucleic acids and 
bases, nucleosides and their phosphates, DNA, proteins 
and enzymes.1-9 These binding sites have often been 
characterized by selective line-broadening of hydrogen 
and 13C nuclei that are close to the presumed metal ion 
binding site. Theoretical treatments have been devised to 
obtain a quantitative description of the structure and 
dynamics of such complexes. A thorough analysis uses 
in fact, besides line-broadening measurements, the 
values of the chemical shift and the longitudinal relax- 
ation time induced by the paramagnetic cation on the 13C 
nuclei in the ligand. 

Investigations using amino-acids as ligands are rela- 
tively rare in the literature’0-‘3 in spite of the importance 
of these compounds in the building of complex bio- 
chemical and biological molecules. 

In a previous work,” we obtained structural 
parameters for a Mn(I1) complex of L-Proline in water 
solution from the T, relaxation times of the a, /3, 7, S 
carbon-13 nuclei of the pyrrolidine ring at 60°C. 
Experiments were carried out in D20 solution at pD= 
11.4 using concentrations in the range [h4n2’] = lo-’ M 
and [L-Proline] = 1.28 M. Under these conditions, the 
Mn(II) cation is bound to the amino-acid under the form 
of a tris-Proline complex [Mn(L-PRO-)3]- to an extent 
of 95%.‘c’5 We have then considered that two species 
only are existing in solution, the free L-Proline mole- 

*To whom correspondence should be addressed. 

cules and the L-Proline molecules in the tris-L-Proline 
complex. Carbon nuclei may therefore exist either in a 
diamagnetic site or a paramagnetic site respectively. 
These two sites are denoted D and M in the following. 
These letters will also appear as subscripts in the 
denomination of experimental quantities, i.e. the molar 
fractions p of free and bound proline molecules, the T, 
and T2 relaxation times and the chemical shifts w (in 
rad. SK’). 

This paper reports a thorough NMR investigation of 
the above complex at several temperatures so as to 
obtain information on both the structure of the Mn2’-L- 
Proline complex and the kinetic parameters for the 
ligand-metal ion reaction. The fast exchange ap- 
proximation is no longer valid at lower temperatures and 
the measured nuclear parameters T,, Tz and o therefore 
depend on the exchange rate l/~~ of the bound proline 
molecules. The transverse relaxation rate l/TzM in the 
paramagnetic site is predominantly scalar in character 
and therefore mainly depends on the hyperfine coupling 
constant A and the electronic relaxation time T,.. The 
longitudinal relaxation rate l/T,, is on the contrary 
exclusively dipolar, thus allowing to deduce the ion-to- 
ligand distances r, and the reorientational correlation 
time TV in the complex. A great deal of structural, 
dynamical and kinetic information can therefore be 
extracted from the whole set of “C NMR measurements. 

THEORY 

The chemical shifts w and relaxation rates l/T,, l/T, 
of the observed nuclei depend on the nuclear and kinetic 
parameters which are necessary to describe the Mn”-L- 
Proline complex. Theoretical expressions which show 
this dependence are well-known at the present time.16 
They are summarized in Tables 1 and 2. We shall not 
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Table 1. The full set of equations 

TM = 7; exp (EM/RT) 

TR - T; exp(ER/RT) 

=V 
= T; exp(E,/RT) 

(1) 

(2) 

(2) 

+ = & A2(4s(s+1)-w&* + 4’V 
2 2) 

le ev 
1 +4werv 

(4) 

5% 
= b?(4S(S+l)-3) (.3rv+ 1,,2,7 + 

2TV 
2 f+ (S, 

ev l+4weTv 

L.L+-+ 1 
‘ci ‘R ‘M 

ti ci = 1 or 2) (5) 

t= L+ 
‘ei TM & ie 2 ii = 1 or 2) (1) 

-l4 +,,yc 

KDD = +!--- 7 
(81 

KRS 
= 8n2A2S(S+l)/3 (9) 

6rc2 
l’TIM = KDD(l+( TC2 2 2 + 

3rd 

WC-we) 

--2-z- + 

l+“CC,l 1+( wc+we) 

2 2 1 

‘~2 ‘ct 

+ KRS(l+( Te2 
2 2 1 (to) 

Wc-We ) ‘e2 

1’T2M = KDD(2Tcl+ 

0.5Tc2 1.5Tcl 3Tc2 

l+( 
WC -we) zc2 

22 +-I+- 
c c 1+bJ2r2 

e c2 

2 ) 
TC2 

+ 3’c2 2 
+ 

KRS T(Tel + 1 l+(wc +we) ‘c2 1+( 2 2 

WC -@e) ‘et 

(“1 

(‘5) 
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(,,T 2 2 
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Awrl Au/PM = 
A %I 
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(‘5) 

Table 2. Simplified equations (eqns l-5,8 and 9,12-U are left unchanged and are not reproduced) 

1, 1 

G 
(i = 1 or 2) (6) 

‘ci 

1, .I-+ 
Tel ‘M k 

-14 
-1 2 2 Tc 

TlM = 3KDD~R = + !J~Y~._~ 
TC 

(1) 

(loI 

T;; = ; T;: + 8a2A2S(S+l)re1/6 

=8n2A2S(S+l)r .I/6 
(“I 
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comment upon these expressions, but rather explain how 
they have been used to extract structural and dynamical 
information. 

We shall consider the experimental quantities l/T,, 
l/T2 and o as functions of the variable T (temperature). 
These functions depend on a set of parameters, some of 
which are known data, and the other ones are unknown 
quantities to be adjusted by trial and error so as to obtain 
the best fit between experimental and theoretical l/T,, 
l/T2 and o values. 

Known parameters are: the magnetogyric ratios of the 
13C nuclei and of the unpaired electrons (rc and “/c, 
respectively) or, alternatively, their resonance frequen- 
cies o, and w, in a given magnetic field Bo; the magnetic 
momentum and the spin number of the investigated 
cation; the molar fraction pi of bound-L-Proline mole- 
cules pM = 3Cs/Cr_ (where Ca and CL are the analytical 
concentrations of the salt and the amino-acid, respec- 
tively); the relaxation times T,b, TZD and the chemical 
shift 0~ of the diamagnetic site (i.e. of the amino-acid in 
water solution in the absence of salt). 

Unknown parameters may refer to the whole complex 
(T$, T$, T;, EhI, E,, ER, A) or to each 13C nucleus (r, and 
A values, see below). The dynamic behaviour of the 
complex is described by various correlation times which 
are themselves expressed as a function of the tem- 
perature according to Arrhenius equations (l)-(3) (see 
Table 1). These equations which express the rotational 
correlation time T~,“-‘~ the electronic correlation time 
TV %” and the mean lifetime of a bound L-Proline 
molecule 7Ms23 at a given temperature T, require the 
knowledge of two parameters for each of them, namely a 
preexponential factor (T& T:, T&) and an activation 
energy (ER, E,, EM). Computation of the electronic 
relaxation times Tr., Tzc (eqns 4 and 5) requires the 
knowledge of one more parameter, A, the mean squared 
value of the zero-field splitting tensor.*2’ Each carbon 
nucleus is characterized by the electron-to-nucleus dis- 
tance r, and a hyper8ne electron-nucleus coupling con- 
stant A.-= These quantities will be further subscripted 
with letters a, 8, 7, S, when considering carbons a, /3, y, 
8 individually. It should be mentioned that the various 
distances rep, rc,.,, rcr, rss are not independent 
parameters, since three distances only are necessary to 
position the Mn2’ cation with respect to the pyrrolidine 
ring of L-Proline molecules (see below). 

The experimentally observed quantities l/T,, l/T,, o 
can be expressed as a function of the (variable) tem- 
perature T and of the constant parameters listed above 
by the sequence of eqns (l&(15) (rather than under the 
form of one compact equation for the sake of simplicity). 
This procedure introduces quantities which thus appear 
as computing intermediate variables. Some of them have 
in fact an important physical meaning: the correlation 
times, the electronic (I’,,, Tzc) and nuclear relaxation 
times (TIM, TZM) in the paramagnetic site, the contact 
shift Amy = 0~ -or,.*” 

As stated above, eqns (l)-(3) merely represent an 
empirical Arrhenius law for the temperature dependence 
of TM, TR and 7”. Equations (4) and (5) express the 
electronic relaxation times for paramagnetic ions with 
S > l/2, where the predominant electron spin relaxation 
mechanism is modulation of the zero-field tensor.s2’ 
Equations (8) and (9) introduce coefficients KPp and KRS 
which are necessary to write down the dipolar and scalar 
contribution,17-‘9 respectively, to the relaxation rates 
T&, T;A in the paramagnetic site (eqns 10 and 11). 

Finally, the experimental quantities y = l/T,, or l/T,, or 
o, are rather expressed as the proportionality coefficients 
(Y -yp)/P~ (lfTI,, l/T&, ho,, respectively, eqns (13t 
(15) of the variation (y-yp) (i.e. the variation of the 
function referred to its value yD in the diamagnetic site) 
to the mole fraction of the paramagnetic site. Such a 
formulation recalls the necessity for actually observing 
such a proportionality. Theoretical expressions (14)-(15) 
giving l/Tlr, Tz and ho, also include a kinetic 
parameter, the exchange rate k, = ~/TM between the free 
diamagnetic (D) and the bound paramagnetic (M) L- 
Proline mo1ecules:22-23 

MZD. 

These equations may be greatly simplified if we take 
into account the presumed order of magnitude of 7~~ 
IO-” s”; Tie, Tzc = lo-* s=; Tr,, = LO+ s; Kua s 
10” s2. Wr thus obtain that l/7,1 = l/7=2 = ~/TR; T,I = Tr.; 
o:T~, % 1 and OPT: e 1 (with o, = 62.86 MHz or 3.946 x 
l@ rad. s-’ and w. = 1.03 x 1012 rad. s-l). These ap- 
proximations allow us to simplify the set of equations 
(1)-(15) as shown in Table 2. We then observe that the 
scalar contribution to the longitudinal relaxation rate T;h 
is negligible with respect to the dipolar contribution. The 
reverse is true for the transverse paramagnetic relaxation 
rate T;h since it may be seen that TZM/TIM< 1 in the 
course of the computation.” 

COMPUTJNG STRATEGY 

We have to adjust fourteen unknown parameters: T& 
G G, EM, E,, ER, A, r,, rB, rr, A,, A,, A,, Aa, knowing 
seventy-two experimental data: two l/T,, (at 33” and 
6O”C), eight l/T, and eight AU, values (at 28”, 33”, 38”, 
45”, 52”, 60“, 70” and 80°C) for each carbon C,, Cg, C,, 
Cs). The unknown parameters can thus be adjusted so as 
to obtain the best fit between the theoretical and 
experimental l/Tr,, l/T,, AU, values according to a 
generalized least squares procedure.= However the great 
number of parameters to be adjusted makes this pro- 
cedure rather hazardous: a convergence of the estimated 
parameters to limiting values from one iteration to the 
next one is difficult to obtain; optimization can lead to 
erroneous values if the guessed initial values of the 
unknown parameters to be introduced in the first itera- 
tion are too inaccurate. 

We have therefore adopted the following stepwise 
procedure. 

(a) The hyperfine coupling constants A (in fact A,, A 
A,, A,) are given a constant approximate value A’! 
These values are obtained by taking Ao~ =Ao, as a 
limiting expression for eqn (15) at a sufficiently high 
temperature (T36O”C), and then deducing A by means 
of eqn (12). Conversely the provisory adoption of A”’ 
values allow us to deduce an approximate set Ao$) of 
contact shifts AoM at any temperature. 

(b) Approximate values TV and TZMo) of TM and Tw 
(at any temperature) are obtained from eqns (14) and 
(151, which are recast under the following form 

1/T2M = A@M(l’ TM - 1 /T2r) - A4 TM Ao (15bis) 
r 

A OM= A@, (16bis) 
+T&Ao~ 
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rM may be extracted from eqn (16bis) where AWN is 
given the above value AoluIo’. The computation is made 
still easier since in most cases &A~f4(1 - T’,.JT~,)’ so 
that 

& = T;? . Cl- J(f$ 
Four Q,, values can be computed in this way, one for 
each carbon atom. However the expected accuracy over 
rM is much better for carbons y and S whose paramag- 
netic shifts and line-broadenings are the more intense. 
The rM value adopted at this stage thus results from an 
arithmetic mean over carbons y and S. 

known ratio (A,,)““. The position of the Mn(II) nucleus 
results from the intersection of three spheres &,, Se,., 
S,*. Two positions are actually obtained in this way, 
which are symmetrical about the plane passing through 
the centers of the three spheres, but one of these posi- 
tions can be discarded on account of a too close proxi- 
mity of the Mn2+ cation to the pyrrolidine ring. All 
C-Mn(I1) distances are computed after the position of 
the Mn(II) cation has been determined. This allows in 
turn to compute the correlation time rR from eqn (10). 

The relaxation rates T;A are then obtained by report- 
ing the above approximate values Q,,(” and AU’,,(‘) into 
eqn (15bis). 

(c) We may then deduce the longitudinal relaxation 
rates l/TIM in the paramagnetic site using eqn (13) 

Similar computations are also performed at 33”C, in 
which case rM is given the value T~(” at 33°C. They yield 
similar distances rs (Table 3) and a new value of 7,’ at 
33”C, thus allowing us to deduce the Arrhenius 
parameters T; and ER. In the following the distances r, 
will be taken equal to their values at 60°C because they 
are presumably obtained with a higher degree of ac- 
curacy when the exchange rate l/7’,, does not intervene 
in eqn (10). 

(d) The scalar contribution 
(T$)-’ = (T’, - T&-‘. 

The computation is first performed at a temperature of 
60°C for which the chemical exchange is fast and Q(” 
may be neglected as compared to T,,. Values of the ratio 
A = s/r: are then obtained for each carbon nucleus by 
means of eqn (9) and (10). The numerator and 
denominator of these ratios can be exactly computed 
provided that there exists a known rigid (or semi-rigid) 
basis of four non-equivalent 13C atoms (at least) in the 
ligand molecule.” This is approximately the case for the 
carbon nuclei C,, Cg, C,, Cg of the pyrrolidine ring in the 
L-Proline molecule. The computing procedure has been 
fully described in a previous work.” Let us recall that 
we have to consider the ratio of A (or T&) values for 
couples of carbon nuclei, C, and Cg, CB and C,, C, and 
CS 

WT2& = 8a2A2S(S t 1)7.,/6 (llbis) 

to the paramagnetic transverse relaxation rate l/TM may 
then be deduced by subtracting the dipolar contribution 
(1 /T2&p = (7/6) (l/T& from-1 /T2’,, (eqn 11). This al- 
lows in turn to derive the correlation time r.‘(” from ean 
(lobis), and then the electron relaxation rate l/T’. by 
subtracting (l/~.#’ from (l/r,‘)(‘). We may then observe 
that a plot of l/T,. vs l/T goes through a maximum when 
l/T -0.315 K-’ (Fig. 1). At this temperature we should 
then have w.7” - 1 (in fact, 0.5 < 0.7, < 1) from an in- 
spection of eqn (4). This allows to deduce an ap- 
proximate value A”‘- 0.03 cm-‘, and then an ap- 
proximate value of r,(” at any temperature. Finally 
approximate values rt(” and E,“’ of the Arrhenius 
parameters T: and E, can be obtained from the set of 
7,(” values. 

The Mn” ion is therefore located on a sphere S,# whose 
diameter M,M, is determined by the two points M, 
and MB which share the internuclear vector C,CB in a 

(e) A least-squares optimization procedure is then 
started so as to obtain the best fit between the experi- 
mental (yp”) and theoretical (yih) values of the function 
y = 1/T2,, i.e. to minimize the sum of the squares of the 
residuals S = Z(yih. - y$)‘. The parameters A”‘, r=(I), 
r$” and ERo’ are kept constant, and the five remaining 

Table 3. The relaxation times T’, and T&s) of “C nuclei in bound L-Proline molecules at 33’ and WC; the 
distances (A) between the Mn(I1) cation and the atoms of L-Proline in the complex [Mn(L-PRO-)3]- (see Fig. 4), 

and the corresponding values for the Cu*+-Proline complex in the solid state y 

Atom 

C 
a 

53 

cY 
C6 
N 

c (0) 

01 

02 

1 

Mn2+ -L-Proline Complex 

33O 60e 

Tlr TIM 
I- Tlr i =TIM) t 

0933 11769 2.93 4230 2.89 

cs33 to.20 r210 20.28 

1704 1723 4.03 656 3.94 

_+78 CO.28 r33 CO.31 

135s 1367 4.19 so9 4.11 

+67 to.25 222 i0.28 

8967 9522 3.04 3625 2.96 

*447 co.21 2181 to.23 

2.01 2.08 

2.86 2.86 

2.02 1.97 

4.07 3.99 

cu 
2+ 

-L-Proline 
Complex 

r 

2.85 

3.98 

4.12 

2.9s 

1.95 

2.82 

2.04 

4.04 
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Fin. 1. Temneraturc variation of the electronic relaxation rate 
If?,, for the Mn*+-L-Proline complex in aqueous solution at 
aD= 11.4 with a mannetic field of 5.87T. The ooints shown on 
Ke graph are approbate values of l/T,, de&d in the iirst 
cycle of computation (see the text). The curve is drawn usin the 

parameters in Table 4. 

parameters T&, EM, r:, E, and A, are adjusted in the 
course of successive iterations, taking as initial values 
for the first iteration the above approximate set of 
parameters r;(I), Ehd(‘), r:(r), E (I) and A(r). Let T&‘~‘, 
EM(‘), r$2) and A(‘) the set of adjkted parameters at the 
end of the least-squares computation. 

(f) The whole cycle of computations is then started 
again using a slightly modified value of the hyperfhte 
coupling constant A, until a best value is found by trial 

vT2Rx10-4 

f----j 

10 

Ii 

2 _5-+ 

I I I I I I I I I I 
2.7 2.8 2.Y 3.0 3.1 3.2 3.3 3.4 3.5 5.6 l/TX103 

Fig. 2. Temperature variation of the specific relaxation rate 
VT,, = (IiT? - l/T,o)/py for the L-Proline carbons at 
62.86 MHz, obtained from 1.28 solutions of L-Proline in Da0 at 
pD = 11.4 and with /Mn2+/ = 0.50 x lo-* -5.00 x lo-* M: (0) C,, 
( x ) C,, (O), C, ( t ) Co The curves were computed using the 

parameters in Tables 3 and 4 and correspond to the best tit. 
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and error for A, which ensures an absolute minimum of 
the sum S of the squares of the residuals. Four sets of 
parameters are actually obtained in this way, since we 
may choose to optimii individual hype&e coupling 
constants A., or A,, or A,, or Ad, of each carbon 
nucleus. They should have in common the C-WII) 
distances rc and the quantities which are necessary to 
define the correlation times (rfl, En, T:, E,, A) and the 
exchange rate (& Ed. In fact, the parameters r,, of: 
and Ex, which determine the dipolar contribution to the 
relaxation rates 1 /TIM and 1 /T2, are almost independent 
on the rest of the computation (step f). This is due to the 
fact that the dipolar contribution to l/TIM is large com- 
pared to the scalar contribution, while the reverse is true 
for l/TM, i.e.: (1/T2M)DD4Z(lfT2M)RS. The remaining set 
of parameters 75, Eu, T:, E,, and A is slightly different 
depending on the examined carbon nucleus. The 
differences however are reasonably small (Table 41, thus 
suggesting the validity of the computing procedure and 
of the experimental measurements. The final values of 
these parameters are then obtained as their arithmetic 
mean over the four carbon nuclei. 

EXPERIMENTAL. 
The preparation of solutions has been described in a previous 

work.’ Concentrations C,=O; 5.0, 10.0, 20.0X 10”M of the 
MnO cation and a 6xed concentration C, = 1.28 M of L-Prolme 
were ‘used in this study: The magnetii susceptibility of the 
complex in water solution was measured according to the method 
first described by Evar~s,~ and then by Crawford and Swan- 
son.~31 The measured value pu = 5.70 Bohr magnetons is in 
agreement with an octahedral co&uration of the lid and an 
electron spin number S = 512 in the Mn(II)-L-Proline complex. 
Longitudinal relaxation times of “C nuclei at 62.86 MHz are 
obtained from partially relaxed Fourier Transform spectra using 
a CAMECA 250 suectrometer, Ix0 as an internal heteronuclear 
lock, and 1800-&P pulse sequktces with the fast inversion- 
recovery variant.” 128 FID’s over 16 K points were accumulated 
in each mn. Transverse relaxation times are obtained from 
linebroadenings Av (measured at half height on spectra) accord- 
ing to the formula: l/T2 = ~Av. Specific relaxation rates l/T,, and 
IfIr, are obtained from the slope of the least squares lines 
representing the relaxation rates l/T,, and l/T’, measured as a 
function of psa = 3C&. They were determined at two (33” and 
WC) and eight (2E”, 33”, 38”, 45”, 52”, W, 70” and 80°C) tem- 
peratures, respectively. AU calculations were performed on a 
Texas Instruments 980A minicomputer equipped with a digital 
plotter, Hewlett-Packard 7210A. 

BIWLTs 

The quality of the curve-fitting procedure used to 
extract theoretical parameters from the experimental 

Table 4. Fitted values of the parameters l/~filO’~ s-l), rX1O-‘5 s), 
BY and E, &al. mol.-‘) and A(10e2 cm-‘) for carbons a to y and 

the corresponding mean values 

C 
a 53 cY C6 Mean 

l/T; 5.70 5.74 5.60 5.40 5.53 
to.58 to.94 to.42 to.33 t1.0 

EM 16.70 17.10 16.20 16.19 16.54 
kO.06 to.10 kO.04 to.04 to.6 

0 
=V 1.33 1.80 1.1 1.36 1.3 

to.34 to.43 kO.22 to.17 to.60 

0 3.30 3.30 2.91 2.91 3.05 
kO.08 to.22 to.15 to.29 to.3 
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Fig. 3. Temperature variation of the specific paramagnetic shift 
AU, = (oobs. - %)/pM of the L-Proline carbons at 62.86 MHz, 

using the same conditions and notations as in Fig. 2. 

data can be appreciated by inspecting the curves of Figs. 
3 and 4 which correspond to the best fit. The temperature 
range chosen for our investigations corresponds to large 
variations of the measured values of ljT,, and AU, for 

each carbon C,, Co, C,, CI and to strong curvatures in 
the respective graphs, thus allowing us to check the 
theoretical models used with a good degree of 
confidence. 

Values of the specific relaxation times T,, and of the 
longitudinal relaxation times T,, are displayed in Table 
3, together with the MnZ+-‘3C distances in the complex 
obtained in the last iteration. The proline atomic coor- 
dinates which serve as a basis for the computation of 
these distances are taken from crystallographic data 
relative to the Cu*‘-Proline or Pd*+-Proline com- 
plexes?‘-35 Specific relaxation rates are computed with 
an error of cu. 5%. Ratios such as AaS are then obtained 
with an error Ah,&h,, = 2 x5/6 = 1.5%. Values Ame 2 
AA,,, Asv + AA,,, A* + AA, are then introduced into the 
compute program to derive all the possible sets of dis- 
tances rco, rEB, rsr rcb and the rotational correlation time 
TV. Each of these distances is finally given in Table 3 as 
the mean over the eight sets resulting from the com- 
binations of the A+ A@,., A, ratios. The corresponding 
errors are estimated as the difference between the max- 
imum and minimum values obtained for each parameter. 
A good agreement is observed between the distances 
shown in Table 3 and those obtained in the solid state for 
the Cu*‘-Proline complex.‘4 The two values of the rota- 
tional correlation time TR = (1.28 2 0.40) X 1O-‘o s and 
(4.6 k2.0) x lo-” s at 33” and 60°C allow us in turn to 
compute mean Arrhenius parameters, 7: = 4.56 X IO-l6 s 
and ER = 7.6 kcal. mol-‘, with a large uncertainty range. 

Fig. 4. The structure of the Mn(II)-L-Proline complex in 40 solution at pD = 11.4 and T = 33°C. 
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Table 5. Parameters calculated from experimental and contact shift data 

119 

Hyperfine coupling constants (IO’ Hz) 

A a 
= 1.6kO.l ; Ag = 0.8tO.l ; Ay = 2.520.1 ; Ag = 2.2t0.1 

Rotational correlation times 

TR(25Y) - (1.28~0.60).10-‘0s 

G 
= 4.56~10-‘~s ; ER = 7.6 kcal.molr’ 

Electronic relaxation parameters 

Tle(25*C) = (2.18+0.70)x10-‘s 

r,(25*C) = (1.32+0.60)x10-“s 

A = 0.0305+0.30 cm-’ 

TV ’ = (1.3+0.6)x10-“s and E,, = 4.lkO.3 kcal.moly’ 

Kinetic parameters 

rM(2S0C) = 1.35~10-~s or kM = 7.41x104s-’ 

1/+ = (5.6a1.0)x1016s-’ 

~i=.‘~;i~:;Pok:::;:~~ill 

As+ = 16.lt3.0 e.u. 

Four sets of adjusted parameters r&, EM, & E, and 
A, are computed for each carbon atom, each one with its 
own uncertainty (Table 4). Final values of these 
parameters are given in Tables 4 and 5 as arithmetic 
means over the four sets of data, These values allow us 
in turn to extrapolate correlation times and exchange 
rates for a conventional temperature of 25°C (Table 5). 

DISCUSSION 
Structure of the complex 

The value of the magnetic momentum pM = 
5.70 f 0.20 Bohr magnetons is in agreement with an octa- 
hedral configuration of the l&and and an electron spin 
number S = 5/2 in the Mn(II)-L-Proline complex over the 
entire observed temperature range. In our experiments, 
the contact shift and line broadening for the water pro- 
tons are equal to zero, showing that L-Proline has 
replaced all water in the first coordination sphere of the 
Mn2’ ions. This is in sharp contrast with the Mn(II)- 
histidine complex,” or the Cu(II)-L-Proline complex (to 
be described in a next paper), in which two sites of 
coordination are occupied by a water molecule. We can 
therefore propose a hexacoordinated structure for the 
complex Mn(L-PRO-); by assembling three proline 
units where the six coordination sites are three nitrogen 
and three carboxylic oxygen atoms. Moreover we can 
position the Mn2+ cation with respect to carbons C,, Cg, 
C,, Ca of each proline ligand by the method explained 
above. The position of the other atoms of proline mole- 
cules, i.e. nitrogen and atoms C(O), O,, O2 of the car- 
boxylate group is obtained by using the geometry of the 
proline molecule in the solid state (the 13C carboxylate 
signal was too broad to allow us quantitative measure- 
ments even at the lowest Mn” concentrations). The 
structure of the whole complex is represented in Figure 
4, obtained from a computer using program 0RTEP?6 

The internuclear distances N-Mn” and Or-Mn2+ (2.08 
and 1.97 A) are slightly smaller than the sum of the 
c,orrels;o$in;n$ derO Waals or ionic radii (N: 1.5 A; 

2: . : 0.8A). This confirms that the coor- 
dination siies of the proline ligand are the uncharged 
nitrogen atom and an oxygen atom of the carboxylate 

anion, as in the solid state proline-Cu2’ complex3’ or in 
the histidine-Mn2’ complex in aqueous soIution.‘2 It 
should be observed that the hyperfine coupling constants 
of the carbon nuclei are not a reliable index to charac- 
terize the proximity of the central metal ion, since the 
most remote carbon C is endowed with the largest 
hyperfine coupling constant. In fact, hyperfine coupling 
constants depend primarily on electron spin delocaliza- 
tion onto the observed nucleus according to Fermi for- 
mula 

where &, g, are the LandC factors, /3. and ON the 
magnetons of the electron and of the observed nucleus, 
respectively, and [&,r the squared amplitude of the elec- 
tronic wave function at the nucleus. According to these 
views, electron delocalization is expected to be higher on 
carbons (z and S, which are close to the coordinated 
nitrogen atom, and smaller on carbons fl and ‘y. 
Effectively AB is about one half A, or A6 as expected, 
but A, is larger than A, and As. Further explanation 
should require a complete and accurate calculation of 
molecular orbitals in the whole complex (the accuracy of 
CNDO calculations has proved to be not sufficient for 
this purpose). All four hyperfine coupling constants cor- 
respond to isotropic contact shifts toward lower field and 
are therefore positive. They have the same sign and 
order of magnitude as in the Mn”-histidine,” Mn2’- 
ATP?’ or the Mn2+-DMS03a complexes. 

Dynamics of the complex 
The measured rotational correlation time rR(60T) = 

4.60 x IO-” s is clearly longer than that of the aquo- 
complex Mn(H20):‘, rR(6Y’C) = 1.60 x 10-r’ s;9 as 
expected from the different sizes of the two complexes 
(the larger complex is tumbling more slowly). On the 
same basis, it is reasonable that our value is not very far 
from the one obtained for the Mn(DMS0):’ complex (in 
DMSO): rR = 3.83 and 1.53 x lo-‘OS at 37” and 70°C 
respectiveIF against 1.28 and 0.46 x lo-” s at 33” and 
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60°C (this work). The value obtained for the Mn*+- 
histidine complex” is however unexpectedly much lar- 
ger: rR(2SoC) = 5.64 x IO-” s (against 1.28 x lo-” s). 

Another interesting set of parameters results from the 
measured electronic relaxation times, namely the cor- 
relation time 7,(25’C) = 1.32 x IO-‘* s, which charac- 
terizes the modulation of the quadratic zero field splitting 
(ZFS) interaction: A =0.0305 cm-‘, or, in other units, 
A = 320G or 8% MHz. The ZFS parameter A is of the 
same order of magnitude as in the Mn*‘-histidine com- 
plex, A = 408 G or 0.038 cm-‘,” but is clearly larger than 
in Mn@MSO)~” or Mn(H20)?” ions, A = 0.0148 and 
O.O14cm-‘, respectively. The high spin Mn(I1) ion with 
five unpaired electrons (S = 5/2) is orbitally non- 
degenerate and endowed with an unimportant spin-orbit 
coupling, and therefore a small ZFS. This splitting is 
smaller in octahedral undistorted complexes, such as 
Mn(H20)z’ or Mn(DMSO)z’, and is expected to become 
larger for complexes such as Mn*+-L-Proline or Mn2+- 
histidine which strongly deviate from a regular octa- 
hedral symmetry.40 The calculated correlation time rV 
corresponds to a mechanism where the solvent mole- 
cules cause transient fluctuations in the first solvation 
shell which provide in turn fluctuating fields for the 
electronic relaxation.“~” The value obtained in our 
experiments is smaller than the one measured for the 
aqua-complex’? ~“(25°C) = 1.32 against 2.4 x lo-‘* s, 
in accord with the picture of H,O solvent molecules 
colliding with the complex molecules (the frequency of 
collisions is higher.-and therefore T” is smaller-for the 
larger target molecule, [Mn(L-PRO-)3]- compared to 
Mn(H*O)i’). The corresponding activation energy E, = 
4.1 kcal. mol-’ lies in the range 2.5-4.3 kcal. mol-’ which 
is found for other Mn*+ complexes, e.g. E,= 
3.9 kcal.mol-’ for the Mn(H20)z+‘9*43 and the Mn*+- 
histidine” complexes. 

Kinetic parameters obtained for l&and exchange show 
a relatively low NMR site exchange rate 

k,(25”C) = l/rM = 7.41 x 10’s_’ 

as compared to those of labile solvation complexes such 
as Mn(DMS0)p3*, Mn(CH3CN)ru, Mn(DMF):‘“, 
Mn(H20)p19 (k, = 2.7; 12.0; 2.3; 43.5 x 10” s-l, res- 
pectively), or to those of Mn*‘-AMP,& Mn*+-ATP?’ 
and Mn*+-histidine” complexes (0.91; 0.15 and 1.2 x 
l@ s-‘, respectively). This is due to the magnitude of the 
activation enthalpy AH+ = 15.6 kcal. mol-‘, which is 
clearly larger than the values obtained for the above- 
mentioned solvation complexes (AH+ = 8.9; 7.25; 9.1 and 
8.1 kcal. mol-‘, respectively), and slightly larger than 
those for the second group of ligands quoted above 
(AH+ = 14.0; 11.0 and 13.2 kcal. mol-‘). This suggests a 
stronger coordination of the Mn*+ cation by the second 
group of ligands, presumably because of the chelate 
effect in these multidentate ligands and of the existence 
of an ionic extremity (phosphate or carboxylate) in each 
of them. These effects are also reflected in the magnitude 
of AS+. The activation entropies are clearly positive for 
the latter group of ligands: ASI = 16.1 and 13.8e.u. for 
the Mn*‘-L-Proline (this work) and the Mn*‘-histidine” 
complexes, respectively. On the contrary, they are rather 
close to zero for the above-mentioned solvation com- 
plexes, ASt = 0.7; - 1.8; 0.7; 2.0 e.u., respectively. The 
positive value of AS t and the magnitude of AH t suggest a 
dissociative mechanism”’ for ligand exchange in which the 
rate-determining step consists in the detachment of one 

extremity of the bidentate L-Proline molecule from the 
central metal ion. Such a mechanism has already been 
described for the exchange of glycine on cations of 
transition metal ions” and the exchange of acetyl- 
acetonateM or nonamethylimidodiphosphoramide” 
ligands on cations of main metals. 

In conclusion, these investigations show again the 
importance of the Mn(II) cation as a paramagnetic probe. 
This study also confirms the conclusions we drew a few 
years ago when using for the first time the relaxation of 
13C nuclei in a Mn(I1) complex Mn(DMSO):‘?* Contrary 
to the case of proton observation, the dipolar term is not 
predominant in the transverse 13C relaxation. Moreover 
chemical exchange effects may intervene significantly in 
the relaxation rates. Selective line-broadening experi- 
ments are therefore not sufficient to extract complete and 
reliable information by NMR spectroscopy; they may 
even be completely misleading as shown in the present 
study. Another important conclusion is the possibility of 
extracting both the electron-to-nucleus distances and the 
rotational correlation time of the Mn2’ complexes, even 
in motional narrowing conditions, provided that there 
exista a known rigid basis of four 13C atoms at least in 
the ligand molecule. 
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Abstract-25-oleum has proved to be an extremely useful solvent for recording the “P NMR spectra of a variety of 
compounds containing phosphonium ions. Not only have data in very good agreement with previous solid state and 
solution results been obtained, but the structures of some solids containing mixtures of phosphorus (V) species 
have been ascertained for the first time. 

INTRODUCTION 
Recent studies by 31P NMR spectroscopy of the 
behaviour of phosphorus compounds in strongly acidic 
solvents such as HSF03, HSFO,SbFs (“magic acid”), 
100% H&SO,, HSClO, and oleums of various strengths 
have given much useful information as to the nature of 
the species present in solution.‘-” In particular, phos- 
phorus (V) chloride dissolved in several of these solvents 
to yield a mixture of products, because of the instability 
of the PC& ion, whereas PCLBCl, gave the PCl,’ ion 
as the only phosphorus-containing species in 25 oleum, 
although halogen exchange took place in HSFOs? 
Similarly, phosphorus (V) bromide yielded the PBr,‘ion as 
the main initial product in 100% HzSO,, HSCI03, HSF03, 
25 and 6Meum, but solvolysis took place rapidly in 
H2S04 and very slowly in 2Meum, while halogen 
exchange in both HSF03 (rapid) and HSCIOl (slow) was 
observed.’ The salt PBr,BBr., gave a stable solution in 
25-oleum with a single 3’P resonance due to PBr,‘, but 
halogen exchange occurred in HSFO,? Furthermore, 
PCl, and PBrS did not undergo mutual halogen exchange 
in oleum solvents.8 The feasibility of using strongly 
acidic solvents to obtain 31P NMR spectra from species 
containing phosphonium ions, including both halo- and 
organo-derivatives, has therefore been investigated. 

The most suitable solvent for this purpose appeared to 
be 25-oleum, since halogeno-species solvolyse in 100% 
H2S04, while halogen exchange is possible in certain 
circumstances in both HSCIO, and HSFOs,‘-9 65-oleum 
is a very powerful sulphonating and oxidising agent, and 
the behaviour of “magic acid” towards phosphonium 
compounds has been less extensively studied.” Side- 
reactions such as sulphonation, particularly of aromatic 
groups, are possible,a-” but these, too, should be 
reflected in the resultant NMR spectra. In practice, no 
difficulties were encountered from this source with 
freshly-prepared samples. Since halogen exchange in 25- 
oleum can be effectively ruled out? the technique proved 
to be especially useful for studying “compounds” known 
or expected to contain mixtures of phosphonium ions 
with halogens among the substituents, for which other 

*Author to whom correspondence should be addressed. 
&Deceased. 

solvents are not readily available.‘2-‘6 Good agreement 
has been obtained with literature data from both solid 
state and solution, where available. 

EXPERIMENTAL 

All manipulations, including sample preparation, were carried 
out under an inert atmosphere of dry nitrogen. Chemicals of the 
best available commercial grade were used, generally without 
further purification except for PhPClr which was re-distilled 
before use. The preparations of several of the samples examined 
have been described previously. ‘Cl9 Ph,PBr was prepared by an 
adaptation of the method of K&hen and Grtinewald.’ A mixture 
of 8.8 ml PBn and 8 ml PbPCI was stirred and heated to 413 K 
under nitrogen for about 1 hr. PC& and excess PBrs were dis- 
tilled off successively under water pump pressure and the bath 
temperature increased to 433 K. The flask was then transferred to 
a vacuum line and the liquid distilled; the first fraction was 
discarded, and the product collected between 401 and 403 K. 

The reaction between PhPCls and Brr (1 : 1) in CCl.,z’ initially 
gave a solid of approximate composition PhPf&Br,; preparation 
of such a compound from PhPC12Br2, obtained by an alternative 
route, and Br2 has been described bv Michaelis.” The exoeri- 
ment was repeated to yield the desired product PhPClsBrs,.and 
both samples were used for “P NMR studies. PhsPClBrs, 
PhPBq, PhsPBrs and PhsPBr, were similarly obtained by reac- 
ting PhsPCI, PhPBrr, PhrPBr and PhsPBrs respectively with an 
equimolar amount of bromine in a suitable halogenated hydro- 
carbon solvent. The solutions were concentrated if necessary to 
initiate precipitation of the solid products, which were isolated, 
washed with pentane and dried in uacuo. The salts 
PhPBrs+BBr,-, PhsPBrs+BBq- and Ph,PBr+BBq- were pre- 
pared by reacting the appropriate bromophosphorane with a 
slight excess of BBrr. The compounds were separated and 
purified as above. Elemental analyses, carried out as described 
previously, ‘* for products newly prepared by us are given in 
Table 1. Carbon and hydrogen results were very variable, parti- 
cularly for tetrabromoborates where formation of carboranes 
may interfere with the analysis, and the phosphorus and halogen 
results were usually considered as more reliable. 

“P NMR spectra were recorded at 307.2K as described in 
earlier papers,s’O using the Fourier transform spectrometer and 
sample tubes of either 5 or 8Amm. outside diameter. Chemical 
shifts were measured relative to external 85% HsPO,, and are 
quoted with the downfield direction taken as positive. 

RESULTS AND DIWUSSION 
The compounds may be conveniently grouped accord- 

ing to the substituents present; each group of compounds 
is discussed separately. 
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Table 1. Analytical data for some phosphorus (V) compounds 

Found (%):- r Calculated (%) :- 

/ 
Compound I--- 

c 

PhPC12Br2 19.13 

PhPC12Br4 16.48 

Ph2PClBr 
2 

37.88 

PhPBr4 15.37 

PhPBf3+BBr4- 11.03 

Ph2PBr 
3 

32.50 

Ph2PBr2+BBx - 
4 

16.78 

Ph3PBr 
4 

36.17 

Ph3PBr+BBr - 
4 

31.16 

H 
- 

1.63 

P 

9.06 20.10 47.60 21.27 

1.25 7.91 

2.68 8.22 

1.67 6.08 

0.85 4.79 

2.37 7.32 

1.33 5.17 

2.37 5.26 

2.41 
- 

4.72 

Cl 

13.10 

8.50 

(a) Phosphorus (V) derivatives with halogeno-sub- 
stituents only 

Several solids containing mixtures of PCl,BrL ions 
had been prepared by Drs. A. Finch, P. N. Gates et al. 
at Royal Holloway College, University of London, and 
studied by means of vibrational’2*‘4 and high resolution 
solid state 31P NMR13 spectroscopy. The existence of all 
the possible mixed species was clearly demonstrated, 
and their fundamental vibrational frequencies assigned. 
(These ions have since been identified in the solid state 
by broad line NMR spectroscopy also?3) Nine different 
samples thus prepared were dissolved in 25-oleum, with 
effervescence in most instances, which soon ceased, 
yielding clear solutions. Their “P spectra showed sharp 
peaks corresponding to the different ions. A typical 
spectrum is shown in Fig. 1. The chemical shifts, which 
remained constant for a particular ion within experimen- 
tal error throughout the series of samples, are given in 
Table 2, and are in very good agreement with the only 
previous solution values for the mixed species, obtained 
in liquid HCl as solvent?’ In the solid state, these same 
mixtures showed variations in chemical shift with coun- 

BI 

66.54 

41.75 

75.40 

82.06 

56.30 

71.10 

54.30 

59.10 

L 

C 

14.45 

37.88 

1.01 , 

2.65 

16.85 1.18 

10.63 0.74 

33.92 2.37 

21.34 1.49 

37.15 2.60 

32.14 2.25 

7.24 74.73 

4.57 82.47 

7.29 I I 56.42 a.59 70.98 

5.32 54.93 -L!- 0.60 59.40 

ter-ion,‘” while similar variations were also found in their 
vibrational frequencies.” The constancy of shift in the 
present work presumably arises because the counter-ion 
is effectively constant in 25oleum, probably either 
HS04- or HS207-. In agreement with this hypothesis, 
the shifts are as expected for a large counter-ion such as 
BX4- rather than a smaller ion such as X-.‘3mu All the 
mixtures contained at least three halophosphonium ions; 
the ‘purest’ sample, which analysed as PBBrCl,,” has 

Table 2. “P NMR data for PCI, Brt, ions in 2S-oleum solution 
I 1 

6 31 
P (P.P.rn.) Assignment 

88 + 1 _ Pc14+ 

50.5 5 0.5 Pc13Br+ 

9+1 
+ 

_ PC12Br2 

-36 + 1 
+ 

PClBr 
- 3 

-85 + 1 - PBr4+ 

Fig. 1. The “P NMR spectrum of [PC&_,Br.]+BCl.- (0 s n =G 4) in 25-oleum. 



The “P NMR spectra and structure of some compounds 12s 

PC&Br+ as the main phosphorus constituent with small, 
approximately equal amounts of PCL’ and PC1rBr2+ also 
present. 

Some other solids in this category were also examined. 
A product of composition PSbBrCL the main com- 
ponents of which were deduced to be PCL,’ and 
SbCI,Br- from vibrational” and solid state 3’P NMR 
spectroscopy, gave a strong PC&- signal at 88 ppm, and 
a very weak resonance at 51 ppm due to PCl,Br+. The 
chief phosphorus-containing constituent of PSbBrC& 
was thus confirmed as the PCL,’ ion. A small peak at 
32 ppm, assigned to PC190H+T was also found; this was 
probably caused by hydrolysis of the quite old sample 
prior to dissolution in 25oleum, since the tetra- 
halophosphonium ions appear to be stable to solvolysis 
in this medium. The spectra of the mixtures described 
above remained unchanged for at least a month, and one 
solution was monitored for ten months, without detect- 
able difference. A solid product obtained by ReeveI 
from reaction of PC& with BBr, gave signals at 88(w), 
51(m), 10(s) and -36(m) ppm, and thus contains a mixture 
of bromochlorophosphonium ions, with PCl,Br2’ as the 
main constituent (Table 2). 

From various physical measurements, a complex 
structure consisting of 6PC&‘, 2PC13Br+, 4PC&- and 
4Br- ions has been deduced” for the yellow solid of 
empirical formula P,C&Br, originally prepared by Kol- 
ditz and Feltz and thought by them to have the structure 
PC&+PClB-?’ The 3’P NMR spectrum of this com- 
pound in 25-oleum showed signals at 88 (PC4’) and 51 
(PC&Br’) ppm, in a cc. 3: 1 intensity ratio, together with 
a signal at 25 ppm assigned to PCI~OH+.’ The latter 
resonance arises from the instability of the PC& ion in 
25-oleum, as found previously for both PC& and 
Et.+NPC16? The solution results are thus entirely com- 
patible with the suggested solid state structure. 

(b) Phosphorus (V) derivatives with at least one aroma- 
tic group present 

The compound PhPCl,‘BCL- gave a single “P 
resonance in 25-oleum solution at 103 ppm, in excellent 
agreement with the solid state value of 101 f 2 ppm’* and 
with previous solution results for the cation.z6J7 Both 
PhPBr, and the salt PhPBrs’BBr4- gave single signals at 
23 ppm in 25-oleum. No previous data are available for 
comparison, but the values are entirely as expected for 
an ionic structure containing the PhPBrs’ cation in both 
cases. Further confirmation of this assignment is pro- 
vided by the results for the mixed monophenyl- 
phosphonium derivatives discussed below. 

The preparation of “compounds” of composition 
PhPC12Br2*’ and PhPCl,Br4** has been described 
(Experimental section). The solids dissolved in 25-oleum 
to give four 3’P NMR signals, as shown in Fig. 2 for 
PhPC12Br2. The chemical shifts are given in Table 3, and 
the peaks are assigned to the series of ions PhPCLBrL. 
These solids therefore contain mixtures of cations, similar 
to those found in the mixed halophosphonium systems. 
The counter-ion in the solid is presumably either X-or (for 
PhPC12Br,) a polyhalide such as Xs- or X2Y-. Solid 
PhPCI, has a molecular structure,” but the replacement of 

Table 3. “P NMR data for PhPC12Br2 and PhPC12Br4 in 25- 
oleum solution 

80 

54 

23 

PhPC12Br+ 

+ 
PhPClBr 

2 
+ 

PhPBr 
3 

Fig. 2. The ‘IP NMR spectrum of PhPC12Br2 in 2Soleum. 
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one or more chlorines by bromine is expected to make an 
ionic structure more favourable, on both steric and elec- 
tronic grounds?829 

(c) Phosphorus (V) derivatives with aliphatic groups 

The salt Ph2PC12+BC& produced a single peak at 
95ppm in 25oleum, again in excellent agreement with 
the solid state value of 93.6 f 5 ppm,” and with literature 
data from organic solvents.Z6J7 The “compound” 
Ph2PCIBr2 was also examined, and gave two strong 
signals, at 74 and 58ppm. These are assigned to 
Ph2PClBr+ and Ph2PBr2+ respectively, since the chem- 
ical shifts look very reasonable by comparison with the 
data for other phenyi-substituted derivatives, and with 
the literature value for the Ph2PBrz+ cation in an organic 
solvent.M To confirm the latter assignment, the com- 
pounds PhzPBr3 and Ph2PBrz’BBr,- were prepared. 
These gave single solid state 31P NMR signals at 56 and 
55 ppm respectively, and resonances in 25 oleum solution 
at 56.5 and 56.5 ppm respectively. PhzPBr3 clearly has 
the expected ionic structure Ph2PBr2+Br- in the solid 
state, and the identity of the higher field peak from 
Ph2PClBr2 was fully confirmed. Interestingly, the mix- 
ture in this instance appeared not to contain the 
Ph2PC12+ ion in detectable amount, possibly because of 
the preparative procedure used. 

The solid state spectra of several compounds contain- 
ing ions of the type R.PCl:_., where R = Me or Et and 
1 c n s 3, have been previously recorded, and show that 
the parent phosphorane R.PCl+,, as well as derivatives 
with Lewis acids such as BC13 or SbC15, have ionic 
structures.‘* With the exception of the EtPC13’32 and 
Et,PCl+” cations, however, solution values for these 
species have not been reported. The chemical shifts for a 
number of these compounds in 25 oleum solution are 
collected in Table 4. The solid state data are included for 
comparison, and show very good agreement in each case, 
the maximum difference being cu. 4.6ppm for 
EtPCl,‘AlCI,-. The result for BUg’Cl- is also included, 
and again agrees well with previous solid state” and 
solution’9*33 values for the cation. 

No evidence for sulphonation of the organic residue in 

Some variation in shift with counter-ion has been 
nhwrvd in did rnmnn~md~ cnntaininn the. Ph,PCI+ .,“““. ._” . . . .,_..” __.__r_____” ____________~ ____ _ __~_ -_ 
cation,‘8’3’ but solution shifts in organic solvents all lie 
between 67 and 62 ppm262729.3032 The tetrachloroborate 
salt gave a value of 65 ppm in 25 oleum. Like Ph3PC12,” 
Ph3PBr2 has an ionic structure in the solid state, as shown 
by a 3’P NMR shift of 48.6ppm.2’ Ph3PBrz, Ph,PBr,, 
and Ph3PBr+BBr4- all gave single peaks at 49 
ppm in 25-oleum solution, entirely as expected for com- 
pounds containing the Ph3PBr’ cation. PbP’Br- also 
gave the expected single peak at 23 ppm, in perfect 
agreement with data from organic solvents.33 

compounds from groups (b) and (c) was found during the 
time of study, which was usually cu. 14 days. No sol- 
volysis of P-halogen bonds in any of the samples was 
detected over this length of time either, although 
hydrolysis impurity peaks were occasionally found in the 
initial spectra, as mentioned in one or two cases. These 
invariably seemed to arise from impurities in the original 
samples, several of which were some years old. We 
therefore conclude that Soleurn is likely to be a valu- 
able solvent for recording 3’P NMR spectra of com- 
pounds containing phosphonium ions, particularly where 
other solvents are not readily available, or where mix- 
tures of halogenated species may be present, since it 
does not appear to affect the proportions of these in any 
way. 

It is interesting to note the effect of successive phenyl 
group substitution on the upfield shift caused by 
replacement of Cl by Br. In the phosphonium ions with 
halogeno-substituents only, the average upfield shift is 43 
ppm (Table 2); it is 27 ppm in mono-phenyi derivatives 
(Table 3), 19 ppm in diphenyl-compounds, and 16 ppm 
for Ph3PCI+ and Ph3PBr’. “P NMR shifts in phos- 
phonium ions thus depend on both the nature and num- 
ber of the substituents present. 
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Table 4. ,‘P NMR data for some phosphonium ions with aliphatic substituents in 25-oleum solution 

Me2Pc1*+Bcl 4 - 

Me2PC12+sbC16- 
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NOTES 

Perfluoromethanamine ion 

(Received 29 May 1981) 

PerfIuoroalkanamine ions are not well characterized, although 
they have been proposed as intermediates in chemical 
reactions.’ A clear example is the @F&N- ion, which is 
proposed as an intermediate in the dimerization of CF3N=t?F2 by 
fluoride ions? 

for fluoride ion is observed when the same reaction is carried out 
over CsF. In this case, the acid fluoride interacts more strongly 
with the CsF leading to nucleophilic substitution of the imine. 

CaF CFpNF 

CF3C(0)F - CF3CF20- - 
-F 

CF,CF,OCF=NF (55%). 

Pertluoro-l-ethoxymethanimine exhibits the expected IR, 19F 
NMR and molecular weight. The v(C=N) is at 1685 cm-’ and 3J~F 
of the imine group is 38 Hz indicating that the fluorines are in the 
syn configuration. 

CFsN=CF$-+ [(CF,kN-]= (CF3),NCF=NCF2. 
-F- 

During investigations of the chemistry of CFpNF[3,4], it 
became obvious that the perfluoromethanamine ion, CFsNF, is 
readily formed by attack of fluoride ion on CFFNF. The reaction 
chemistry of this ion resembles that of the pseudoisoelectronic 
species CF,O-, which is readily formed from O=CF, and 
fluoride.’ However, the perlluoromethanamine ion is clearly 
the more reactive of the two. 

The reaction of CFFNF with KF results in dimerization of the 
imine to yield perfluoro-N-methylformamidine. 

CF, = NF+ CSNF- 3 CF,NF-CF=NF (60%). 

The amidine is characterized by its 19F NMR, IR and molecular 
weight. The NMR exhibits four resonances in the ratio of 
3 : 1 : 1 : 1 with the expected chemical shifts. The 3Jpp coupling of 
the imine group is only 16.0 Hz, indicating the fluorines are in the 
syn configuration. The IR shows a strong absorption at 1675 cm-’ 
due to v(C=N). 

The reaction of CFfNF with CsF forms the amidine as an 
intermediate product but it undergoes further reaction with CsF 
forming pertIuoro-I-methyldiaziridine. 

CsF 
CFpNF- 

CFFNF 
CF3NF- -CF3NF-CF=NF 

-F- 
CsF -F- 

CF,NF-CF=NF- [CFINFCF2NF-]- CF3N-CF2 (71%). 
\/ 
N 

A 

The novel diaziridine is characterized by 19F, NMR. IR and 
molecular weight.s The NMR exhibits 3 resonances in the ratio 
of 3 : 2 : 1 with appropriate chemical shifts. The signal of area 2 
represents an AB spin system arising from the non-equivalence 
of the methylene fluorines due to slow inversion at nitrogen, with 
*JFF = 41.5 Hz. The highest fundamental in the IR is at 1435 cm-‘. 
This may be taken as additional evidence for the ring system by 
analogy to the related compound CF3-N-CFz, which exhibits a 
strong absorption at 1458 cm-1.6 \/ 

0 
Nucleophilic substitution of CF&(O)F may be achieved with 

CFsNF by reaction of CFpNF with CF3C(0)F over KF. 

CFfNF KF 
CF,C(O)P 

- CF,NF- - CF3NFC(0)CFs 
-F- 

(60%). 

Perfluoro-N-methylacetamide exhibits a characteristic v(C=O) at 
1800 cm-’ in the IR. The ‘9F NMR contains three resonances in 
the ratio of 3:3: 1 with the expected chemical shifts and 
multiplicities. A surprising competition of CFfNF and CF3C(0)F 

The perfluoromethanamine ion can be oxidized by halogen 
(Cl,, Br2) to the corresponding N-haloamine. With bromine this 
provides the first example of an N-fluoro-N-bromoamine. 

CFfNF A CI$NF 2 CF>NBrF (50%). 

N-fluoro-N-bromotrifiuoromethylamine exhibits the expected 
molecular weight. The IR and ‘9 NMR are similar to 
CI$NClF,’ with a higher field chemical shift for the N-F in 
CF3NFBr, as expected (- 16.5 vs - 6.5 ppm relative to CFCl3)[8]. 

The reaction chemistry of CFfNF clearly provides facile 
routes to novel organofluorine compounds. The five new com- 
pounds reported either represent new classes of chemical com- 
pounds (CF$(O)NFCF$, CFsCFzOCF=NF and CFsNBrF) or the 
most readily available examples of existing classes of compounds 
(CqNF-CF=NF and CF3N\c/. In addition, these and other 

N 

F 

reactions of CFpNF provide some of the best available evidence 
for the existence of pertluoroalkanamine ions. 
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CFsN-CFNFs and FsNCFsN-CFNFr. R. A. Mitsch, J. Org. C/rem. 
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I I 417. 

F F *In CFsNHF the N-F chemical shift is at - 127.6 ppm (CFCls). A. 
Sekiya and D. D. Desmarteau, J. Fluor. Chem. 1980,15, I85 (note: 

l%Em 33.1847, and W. C. Firth Jr., J. Org. Chem. 1%8,33,3489. high field chemical shifts relative to CFCI, are negative). 
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Molybdenum-95 nuclear magnetic resonance studies of molybdenum-phosphorus compounds 

(Received 6 July 1981) 

The advent of Fourier Transform spectrometers makes possible 
the direct observation of metal nuclei at natural abundance in a 
wider variety of environments[l]. Potential applications of 
molybdenum-95 (I = 5/2, 15.8%) NMR have been recognized’-’ 
but there is a paucity of data, particularly on coupling to 
molybdenum. In describing the most extensive series of com- 
nounds vet examined by molybdenum-95 NMR spectroscopy we 
report the lirst systematic study of chemical shifts and coupling 
constants in molybdenum-phosphorus compounds. 

Table 1 summarizes the chemical shift (S MO) and coupling 
constant ‘JpMo, 31P) data for the species in this preliminary 
investigation. Some illustrative spectra are shown in Fig. 1. 
Known complexes were chosen to represent the different types 
of substituted molybdenum carbonyls, with their identification 
being checked via observation of the characteristic carbonyl 
stretching frequencies. Their synthesis followed standard lit- 
erature procedures. 4,J Relatively narrow signals are observed 
in the range of ca. -1090 to -1890 ppm for these types of MO(O) 
compounds, allowing an assessment of degree of carbonyl 
replacement, nature of the replacing ligand, and substituent 
effects within the ohosnhorus liaands. Values of ‘J(ssMo, “P) are 
sensitive to substitueni effectsras observed earlier by Verkade 
for Mo(CO)rPR3 compounds by 3’P NMR spectroscopy[6]. The 
influence of concentration. solvent, and temperature on the 
spectral parameters is the subject of further work. 

Some aeneral conclusions can be made from the 95Mo NMR 
spectral data. Replacement of carbonyl groups of Mo(C0)6 with 
other ligands generally leads to a downfield chemical shift, with 
the greatest shift occurring for the nitrogen ligands, acetonitrile 
and oioeridine. With acetonitrile, the trisubstituted species 
becomes the predominant species in solution after 75 min of 
reflux. Similarlv. conversion of the cis-Mo(CO)L, species to the 
trans-isomers ian readily be followed by 9’Mb NMR spec- 
troscopy. In the case of MePPhs as the ligand, the presence of a 
auartet sianifies the conversion to the trisubstituted 
Mo(C0)s(MiPPh2)3 complex in addition to the trans-isomer. The 
uofield trend in chemical shift in the order of PPhq < AsPhs < 
SbPh3 is found for both the Mo(CO)sL and Mo(CO)iLs series of 
compounds. A chelate effect may be operative in that the chem- 
ical shifts of the species containing dpe, diars and TRIPHOS are 
significantly upfield as compared to analogous compounds involv- 
ing related monodentate ligands with the same donor atoms. As 
expected,6 coupling constants are higher for the species con- 

*Author to whom correspondence should be addressed. 

taining P(OPh) as Ii nd than those involving phosphine ligands. 
Values of J MO, P) are also relatively insensitive to the $5 p 

substituent or type of complex for the phosphines observed in 
this study, though &MO allows clear differentiation. A wider 
range of phosphine-substituted molybdenum carbonyls are un- 
der investigation, as are diamagnetic MO(H) and Mo(IV) com- 
pounds. The relatively narrow bandwidths observed for the 
present compounds provides optimism for applications of 
molybdenum-95 NMR to a wide variety of molybdenum com- 
pounds. 
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Table 1. “MO NMR spectral data” 

Compound 
b 

Solvaat h(Ppm) Av&(Ks) J(pIo-PI 

mvm 6 

~(msw=cN) 

Ilo (CO) b (mm 2 

N&O) 3 (MeCN) I 

Mo(C0) 5P (OPh) 3 

Mo(CO),P(p + O(C,H,OMW, 

)loGO) 5 (PPhr) 

WCO) s(PCy3) 

Mo(CO)s(PBua,) 

Mo(CO)s(PBut,) 

Mob(CO)s(AsPh3) 

WCO)s(SbPh,) 

WCO)s (pip) 

tEt~Nl[CLMo(CO)51 

WC’J)s(dpe) 

Xo(C0) 4 (dims) 

cis-Mo(CO)r(P(OPh),)z 

tin-Ho(CO)r(pip)tP(OPh),l 

cis-Mo(CO)r(PEh>)z 

cis-Mo(CO)s(MePPhz)~ 

cis-Mo(CO)r(PBun~)~ 

cis-Mo(CO)*(AsPh,)z 

cis+fo(CO)r(SbPh3)z 

cis-WCO)r(pip)z 

trans-~(CO)s(P(OPh)l)z 

tram-Mo(CO)b(MePPhz)z 

Mo(CO),(TKIPHOS) 

Ib(CO),@ePPhz), 

-1854.3 

-1439.7 

-1306.6 

-1113.8 

-1819.1 

-1744.7 

-1742.7 

-1824.5 

-1842.8 

-1710.7 

-1756.5 

-1863.9 

-1433.3 

-1512.9 

-1781.1 

-1807.4 

-1753.7 

-1362.0 

-1556.1 

-1637.1 

-1741.7 

-1576.9 

-1807.0 

-1092.6 

-1785.0 

-1631.0 

-1759.5 

-1427.1 

1 

39 

49 

10 

36 

66 

54 

46 

16 

67 

112 

117 

76 

108 

90 

43 

36 

109 

46 

57 

93 

187 

247 

94 

96 

a7 

43 

7 

234 

156 

139 

129 

129 

127 

250 

257 

140 

133 

123 

22s 

134 

129 

126 

a Spectra vere obtained on naturally abundant samples vith a multinuclear 

Bruker WH-400 NHR spectro&er operating in the pulsed Fourier Transform 

mode at 26.08 MHz. Samples were measured at ambient temperature in 10 

mm diameter cylindrical tubes. Chemical shifts are expressed as 6 values 

in ppm (positive values are downfield) relative to aqueous alkaline 

2 El K2MoOb as external standard (3). The signal to noise was 132/l for 

1 scan for the reference. Digital resolution was better than 0.02 ppm 

per data point. The concentrations and the number of transients varied 

widely but the signal to noise was always greater than 20/l. 

b Abbreviations: pip - piperidine, TRIPHOS = bis(dipbenylphosphino)phenyl- 

phosphioe. DHP = dimethylfomamide. MeCN - acetooitrile, dpe - 

bis(dipbeoylphosphino)ethane. diars = o-pheoylenebis(dimethylarsine). 
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(b) 

Fig. 1. 9sMo NMR spectra of ChzCls solutions of (a) Mo(CO)rPPhs (1293 transients), (b) cis-Mo(CO),(MePPhs)z 
(944 transients), (c) truns-Mo(CO),(MePPhz)s (1791 transients), and (d) Mo(CO)s(MePPhr)s (894 transients). Scales 

are different, but the bar represents 100 Hz in each case. 
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Simple bonding schemes for eight-vertex Dzr dodeeahedral clusters violating Wade’s rules 

(Receioed 16 September 1981) 

The geometry of deltahedral eight-vertex clusters such as borane 
and carborane derivatives is based on the Dr.+ dodecahedron, the 
topology of which can be represented as a cube with six added 
diagonals (l).’ Most such clusters (e.g. BsHar- and C2B6Hs) 
contain the 18 (namely 2n +2) skeletal electrons’ expected from 
Wade’s rules315 and consistent with delocalized bonding 

models6 However, recently both an apparent 16 skeletal electron 
tetracobalt complex (C,H,),Co,B& (Ref. 2) and an apparent 20 
skeletal electron tetranickel complex (C5HJ),N&B,H, (Refs. 7 
and 8) have been shown also to exhibit Dad dodecahedral 
geometry thereby violating Wade’s rules. Recent extended Huckel 
molecular orbital calculations9 on these systems interpreted to 
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(944 transients), (c) truns-Mo(CO),(MePPhz)s (1791 transients), and (d) Mo(CO)s(MePPhr)s (894 transients). Scales 

are different, but the bar represents 100 Hz in each case. 
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Simple bonding schemes for eight-vertex Dzr dodeeahedral clusters violating Wade’s rules 

(Receioed 16 September 1981) 

The geometry of deltahedral eight-vertex clusters such as borane 
and carborane derivatives is based on the Dr.+ dodecahedron, the 
topology of which can be represented as a cube with six added 
diagonals (l).’ Most such clusters (e.g. BsHar- and C2B6Hs) 
contain the 18 (namely 2n +2) skeletal electrons’ expected from 
Wade’s rules315 and consistent with delocalized bonding 

models6 However, recently both an apparent 16 skeletal electron 
tetracobalt complex (C,H,),Co,B& (Ref. 2) and an apparent 20 
skeletal electron tetranickel complex (C5HJ),N&B,H, (Refs. 7 
and 8) have been shown also to exhibit Dad dodecahedral 
geometry thereby violating Wade’s rules. Recent extended Huckel 
molecular orbital calculations9 on these systems interpreted to 
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contain two internenetratina tetrahedra orovide a basis for these 
violations of Wade’s rules. This correspondence shows how 
much simpler bonding models are sufficient to account for these 
discrepancies. 

Consider first the nickel complex (CsHs),N&B,Hd shown by an 
X-ray structural determination 7a to have the CsHsNi units at the 
vertices of degree 4 (namely 2,3,6 and 7 in I) and the BH units 
at the vertices of degree 5 (namely I, 4,5, and 8 in 1). The Ni-Ni 
distances along the diagonals 23 and 67 (I) are 2.35 A consistent 
with a Ni-Ni bond. The remaining Ni-Ni distances 
fall in the range 3.563.6OA which are-too long for Ni-Ni 
bonding. Both the nickel and boron atoms have the favoured 
electronic configuration of the next rare gas if there are localized 
covalent Ni-Ni bonds along the 23 and 67 diagonals and localized 
NCB bonds along each of the twelve original edges of the cube. 
Thus each boron atom is bonded to three nickel atoms and each 
nickel atom is bonded to three boron atoms. The environment 
around each boron atom can be represented as II (M = Ni) in 
which one of the three metal atoms forms a dative metal - 
boron bond and the other two metal atoms form normal metal- 
boron covalent bonds. Through resonance all three of these 
metal-boron two-center bonds can become equivalent. Each 
nickel atom acquires the l8-electron rare gas configuration as 
follows: (a) IO electrons from neutral nickel; (b) 5 electrons from 
neutral CsHs; (c) 1 electron from the Ni-Ni bond across diagonal 
23 or 67; (d) I electron each (total 2 electrons) from the two BH 
groups with which the nickel atom forms a normal two-centre 
covalent bond; (e) no electrons from the third BH group, namely 
the one with which the nickel atom forms the Ni- B dative 
bond. 

This bonding model for (CsHs),N&B,H, consists of fourteen 
two-centre bonds and no three-centre bonds. The two-centre 
bonds are found on all of the eighteen edges of the Dzd dodeca- 
hedron (1) except for the 18, 84,45 and 51 edges. This bonding 
model has the following difficulties: 

(I) The 18, 84, 45 and 51 “non-bonding” edges in this model 
correspond to B-B distances which are found by X-ray crystal- 
lography’s to be close enough (1.87-I .% A) to imply B-B bon- 
ding; 

(2) The C,HcNi vertices use four internal orbitals rather than 
the three internal orbitals normally used by CsHsNi vertices in 
deltahedra6 such as (C,H,),Ni,B,,,H,,, and related molecules.8 _ _. _ _ _ _ 
This makes the CsHsNi vertices in (CsHs),Ni,B,H, effective five 
skeletal electron donors rather than the more normal type of 
three skeletal electron donor found for a CsHsNi vertex using 
three internal orbitals. By such electron counting rules 
(CsHs),Ni,B,H, would be a (4)(5) t (4)(2) = 28 skeletal electron 
system consistent with the fourteen two-centre bonds implied by 
this model. 

These difficulties can be circumvented by applying operation 
III (M = Ni) four times. Each application of this operation trades 
two two-centre bonds for one three-centre bond and removes 
one electron pair of the CsHsNi vertex from the skeletal electron 
system. We thus arrive at a (CsHs),NLB,H, polyhedron with 4 
three-centre bonds and I4 - (2)(4) = 6 two-centre bonds requiring 
a total of twenty skeletal electrons for the ten bonds. This is 
exactly what is available since operation III restores a CsHsNi 
vertex to the usual donor of three skeletal electrons and three 
internal orbitals. 

An analogous situation applies to the cobalt complex 
(CsHs),Co,B&. However, its structure determination by X-ray 
diffraction shows a completely different arrangement of metal 
and boron vertices in the Ds4 dodecahedron. Thus the CsHsCo 
units now appear at the vertices of degree 5 (namely I, 4,5, and 8 
in I) and the BH units at the vertices of degree 4 (namely 2,3,6 
and 7 in 1). There are now four bonding Co-Co distances 
(- 2.48 A), namely those along the four diagonals IS, 54. 48, 
and 81. The remaining two Co-Co distances (- 3.18 A) are much 
longer indicating no direct Co-Co bonding. Each cobalt atom is 
therefore directly bonded to two other cobalt atoms in ordinary 
two-electron localized bonds. The Co, unit may be considered as 
a quadrilateral which is puckered so that each of the four boron 
atoms can bond to a different set of three cobalt atoms. Each 
boron atom thus has the same rare gas electronic configuration 
(II) in both (CsHs)&B,H,(M=Co and Ni) complexes. Each 
cobalt atom in (CsHs),Co,BJI, acquires the I8 electron rare gas 
configuration as follows: (a) 9 electrons from the neutral cobalt; 
(b) 5 electrons from the neutral CsHs; (c) I electron each (total 2 
electrons) from the two cobalt atoms to which it is directly 
bonded; (d) I electron each (total 2 electrons) from the two BH 
groups with which the cobalt forms a normal covalent bond; (e) 
no electrons from the third BH group, namely the one with which 
the cobalt forms a Co---, B dative bond. 

This bonding model for (CsHs)&o,B,H, consists of sixteen 
two-centre bonds and no threecentre bonds. The two-centre bonds 
are found on all of the eighteen edges of the Dsd dodecahedron (I) 
except for the 23 and 67 edges. This bonding model has difficulties 
analogous to those discussed above for the bonding model of 
(CsHs),Ni,B,H, containing only two-centre bonds. These difficul- 
ties can be circumvented by applying operation III (M = Co) four 
times and operation IV two times. Operation IV, like operation III 
converts 2T two-centre bonds of specified type into a group of T 
three-centre bonds (T = I for operation III and T = 2 for operation 
IV). We thus arrive at a (CsH&Co,B,H, polyhedron with eight 
three-centre bonds and no two-centre bonds. The eight three-centre 
bonds, of course, are fully consistent with the observed sixteen 
skeletal electrons of (CsHs),Co,B,H, calculated on the basis of 
each CsHsCo vertex being a donor of two skeletal electrons and 
three internal orbitals in the conventional way. 

Previous work” indicates that the relative energetics of alter- 
native structures in eight-vertex deltahedral boranes are more 
delicate than those in deltahedral boranes of other sizes. The 
analysis in this paper suggests a new delicacy of the eight vertex 
deltahedral system, namely the replacement of light atom vertices 
(boron and carbon) by transition metal vertices leads eventually to 
a point where deltahedral bonding involving both surface and core 
interactions (namely a 2n t 2 skeletal electron system using three 
internal orbital8 of each vertex) is replaced by surface localized 
bonding. Furthermore, this paper shows how such surface local- 
ized bonding can be described either by using only two-center 
bonds and variable numbers of internal orbitals from different 
vertex atoms or by using three-centre bonds (and possibly some 
two-centre bonds as well) and three internal orbitals from each 
vertex atom. Such alternative bonding models can be related by 
applications of the relatively simple operations III and IV. 
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New routes to bslogenated Bs and Be horon cages 

(Received 17th Ju/y 1981) 

AhstraceBsBrs and B9Br9 are formed when B&is and B&l9 are heated with aluminium tribromide. Cage-size 
reduction occurs on heating B&l,,, and B&l,, with hydrogen to give $CisH and B9CI,Hz, respectively. At least 
six bromine atoms in B9Br9 can be. substituted for methyl groups using SnMe,. 

To date complete halogen exchange on boron cage com- 
pounds has not been achieved. However, we have found 
that B&Is can be fully brominated under the relatively 
mild conditions of 100°C in the presence of aluminium 
tribromide using boron tribromide as solvent. B&l9 does 
not react under these conditions but is brominated com- 
pletely by molten aluminium tribromide (which acts as a 
solvent) at 260°C. 

Normally, B&h as isolated from decomposed diboron 
tetrachloride samples contains substantial amounts of 
B&l, which are very difficult to remove;’ the differing 
reactivities of the Bs and B9 systems towards bromine- 
chlorine exchange means that separation of the two 
chlorides is not required prior to reaction. The B&X- 
B&l9 mixture was sealed under vacuum in a Pyrex tube 
with freshly sublimed aluminium tribromide and vacuum 
distilled boron tribromide to give a very dark purple 
solution (the colour being due to BsCls). When the tube 
was heated to loo” the colour was observed to slowly 
change to dark brown; after 14 days the tube was opened 
under vacuum and the boron tribromide removed. The 
gentle heat of a hot air blower was sufficient to sublime 
the ahuninium halides and unreacted B&l9 to a remote 
part of the apparatus leaving behind a dark red-brown 
solid. This solid sublimed cleanly on heating with a free 
flame and was identified as BsBrs by mass spectrometry. 
On resealing the tube containing the yellow mixture of 
aluminium halides and B&l9 and heating to 260°C for 
15 hr it was found that the colour slowly changed to deep 
red; fractional sublimation of the products allowed 
isolation of pure B9Br9 as dark red crystals. 

To our knowledge BsBrs has not been isolated pre- 
viously although it has been detected as a minor com- 
ponent among the decomposition products of diboron 
tetrabromide? It is a very dark reddish-brown, water- 

sensitive solid which is soluble in halogenated solvents 
and which sublimes without melting when heated under 
vacuum. The parent ion gives rise to the base peak of the 
mass spectrum, the next most intense peak being due to 
the loss of BBrs from the parent ion. An as yet un- 
explained phenomenon is that glass having been in con- 
tact with B,Br8 and then sealed with an oxygen-gas 
flame assumes a light green colour near the point of 
sealing; in contrast, glass previously used for handling 
B&l8 takes on a permanganate-purple colour at the seal. 
The other boron sub-halides do not exhibit this glass- 
colouring effect. 

Previously we have described the reaction of B,&l,, 
B,,Cl,, mixtures with hydrogen? To study the reaction of 
BloCllo alone with hydrogen the BIOCIIO-BIICIII mix- 
tures obtained from decomposed diboron tetrachloride 
were heated under vacuum at 350” to pyrolyse the less 
stable B,,Cl,, leaving the B,&llo intact (small amounts 
of B&l9 sometimes formed in this procedure do not 
react with hydrogen below 3OO’C” and so do not affect 
the next stage of reaction). The red-orange BloCllo was 
sublimed into a clean piece of apparatus, sealed up with 
lO-20cm pressure of hydrogen and heated to 150” over- 
night. On cooling a yellow, crystalline solid condensed 
out on the cooler parts of the glass tubing; mass spectral 
analysis showed this to be B&&H contaminated with 
unchanged B&19. The main fragmentation process in the 
mass spectrometer is loss of either BC13 or BCl*H from 
the parent ion to give B&b+ and B&H’; the next two 
most prominent ions were B&13+ and B,Cl,‘. 

If, as seems likely, the BloCllo molecule possesses a 
bicapped square antiprismatic boron cage a possible 
mechanism for the exclusive formation of B&&H may 
be as follows. Loss of one of the eight equatorial boron 
atoms from the cage (boron 2) would leave the pre- 
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AhstraceBsBrs and B9Br9 are formed when B&is and B&l9 are heated with aluminium tribromide. Cage-size 
reduction occurs on heating B&l,,, and B&l,, with hydrogen to give $CisH and B9CI,Hz, respectively. At least 
six bromine atoms in B9Br9 can be. substituted for methyl groups using SnMe,. 

To date complete halogen exchange on boron cage com- 
pounds has not been achieved. However, we have found 
that B&Is can be fully brominated under the relatively 
mild conditions of 100°C in the presence of aluminium 
tribromide using boron tribromide as solvent. B&l9 does 
not react under these conditions but is brominated com- 
pletely by molten aluminium tribromide (which acts as a 
solvent) at 260°C. 

Normally, B&h as isolated from decomposed diboron 
tetrachloride samples contains substantial amounts of 
B&l, which are very difficult to remove;’ the differing 
reactivities of the Bs and B9 systems towards bromine- 
chlorine exchange means that separation of the two 
chlorides is not required prior to reaction. The B&X- 
B&l9 mixture was sealed under vacuum in a Pyrex tube 
with freshly sublimed aluminium tribromide and vacuum 
distilled boron tribromide to give a very dark purple 
solution (the colour being due to BsCls). When the tube 
was heated to loo” the colour was observed to slowly 
change to dark brown; after 14 days the tube was opened 
under vacuum and the boron tribromide removed. The 
gentle heat of a hot air blower was sufficient to sublime 
the ahuninium halides and unreacted B&l9 to a remote 
part of the apparatus leaving behind a dark red-brown 
solid. This solid sublimed cleanly on heating with a free 
flame and was identified as BsBrs by mass spectrometry. 
On resealing the tube containing the yellow mixture of 
aluminium halides and B&l9 and heating to 260°C for 
15 hr it was found that the colour slowly changed to deep 
red; fractional sublimation of the products allowed 
isolation of pure B9Br9 as dark red crystals. 

To our knowledge BsBrs has not been isolated pre- 
viously although it has been detected as a minor com- 
ponent among the decomposition products of diboron 
tetrabromide? It is a very dark reddish-brown, water- 

sensitive solid which is soluble in halogenated solvents 
and which sublimes without melting when heated under 
vacuum. The parent ion gives rise to the base peak of the 
mass spectrum, the next most intense peak being due to 
the loss of BBrs from the parent ion. An as yet un- 
explained phenomenon is that glass having been in con- 
tact with B,Br8 and then sealed with an oxygen-gas 
flame assumes a light green colour near the point of 
sealing; in contrast, glass previously used for handling 
B&l8 takes on a permanganate-purple colour at the seal. 
The other boron sub-halides do not exhibit this glass- 
colouring effect. 

Previously we have described the reaction of B,&l,, 
B,,Cl,, mixtures with hydrogen? To study the reaction of 
BloCllo alone with hydrogen the BIOCIIO-BIICIII mix- 
tures obtained from decomposed diboron tetrachloride 
were heated under vacuum at 350” to pyrolyse the less 
stable B,,Cl,, leaving the B,&llo intact (small amounts 
of B&l9 sometimes formed in this procedure do not 
react with hydrogen below 3OO’C” and so do not affect 
the next stage of reaction). The red-orange BloCllo was 
sublimed into a clean piece of apparatus, sealed up with 
lO-20cm pressure of hydrogen and heated to 150” over- 
night. On cooling a yellow, crystalline solid condensed 
out on the cooler parts of the glass tubing; mass spectral 
analysis showed this to be B&&H contaminated with 
unchanged B&19. The main fragmentation process in the 
mass spectrometer is loss of either BC13 or BCl*H from 
the parent ion to give B&b+ and B&H’; the next two 
most prominent ions were B&13+ and B,Cl,‘. 

If, as seems likely, the BloCllo molecule possesses a 
bicapped square antiprismatic boron cage a possible 
mechanism for the exclusive formation of B&&H may 
be as follows. Loss of one of the eight equatorial boron 
atoms from the cage (boron 2) would leave the pre- 
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viously apical boron 1 relatively coordinatively un- 
saturated in the open-cage intermediate; it is suggested 
that the chlorine on this unique boron atom is the one 
which is substituted by hydrogen. Cage closure to give 
B&&H then occurs after substitution. The formation’ of 
B&&H in low yield from the pyrolysis of (H~O)&&, 
may occur via the same route; hydrogen, formed by 
partial hydrolysis of the boron cages could attack small 
amounts of BloCllo produced by oxidation of some of the 
B&l,~- ions. 

I - I @D 
BlO CllO’- open-cage tntcrmediata 

BoCllH 

Dilute solutions of diboron tetrachloride in boron 
trichloride decompose slowly at room temperature to 
give BllClll together with a few per cent of B12C112? A 
sample of B,,Cl,, prepared in this way was heated to 
150°C with an excess of hydrogen; small yellow crystals, 
melting at 93-9X under vacuum, appeared on cooling. 
In a larger mass the compound, shown by mass spec- 
trometry to be mainly B&l,H2, was red-orange in 
colour. The two largest peaks in the mass spectrum were 
due to the ions B,Cl,H,’ and B&H+ (base peak) 
representing loss of BClp and BC12H, respectively, from 
the parent ion. The compound B&&H3 was present as an 
impurity and possibly arises from the attack of hydrogen 
on B12C112. Hydrogen chloride and boron trichloride 
were identified by IR spectroscopy as the gaseous 
products. 

Reactions were carried out under vacuum in Pyrex glass tubes 
which had previously been baked out in an atmosphere of either 
boron trichloride or boron tribromide. In the brominations the 
apparatus was designed so that the aluminium tribromide could 
be sublimed directly into the reaction vessel from a side-arm, 
which was then removed by sealing off a constriction. 

We had occasion to heat a small sample of B&b in an open 
test-tube. In the dry, anaerobic conditions at the bottom of the 
tube the B&l8 sublimed to give a purple vapour which, on 
“pouring” into the air by inverting the tube, ignited spon- 
taneously with a series of mild explosions. 

A. J. MARKWELL 
A. G. MASSEY* 

P. J. PORTAL 
Departmenl of Chemistry, 
University of Technology, 
Loughborough, Leicestershire, LEll 3 TU, 
England 
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Morrison has shown that BsBrsMe may be prepared in 
about 15% yield by the pyrolysis of (Et3NH)2B10Brlo;5 
we have studied the thermal decomposition of the cor- 
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B&&Me. Although the major sublimate product was 
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found to be B&&Me the yield was less than 1% and 
impurities, thought to be B&l9 and B&l,Me2, were also 
present. The poor yield from the reaction caused us to 
abandon the study. The thermal decomposition of 
(EtaNH)&Cl,o in an atmosphere of chlorine, in an 
attempt to form B&l,, again gave B&&Me as the main 
boron-containing sublimate. 

It appears to be widely assumed that boron cages 
present in the sub-halides are stabilized by back-donation 
from halogen to the cage orbitals. Therefore an im- 
portant question to ask is how many of the halogen 
atoms may be changed for groups which can’t stabilize 
the cages by such back-donation. From the experiments 
described here it is evident that up to three hydrogen 
atoms or one methyl group may be substituted onto the 
Bg cage. By heating B,Br, with a large excess of tetra- 
methyltin up to six bromine atoms could be replaced by 
methyl groups. The whole range of mixed methyl- 
bromides B,Br,_.Me. (n = O-6) was formed and un- 
fortunately proved impossible to separate into its com- 
ponents. 
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The thiocyanato adduct of chromiumlff) acetate 

(Received 30 July 1981) 

Ah&a&-The first dichromium complex with axially bonded anions, [NE4]2[Cr,(0,CCH,)4(NCSk], was obtained 
by reaction of [NEt,]NCS with [Cr&CCHs)4(OH2k] in ethanol. 

INTRODUCTION substituted pyridines3 and ammonia.’ The Cr-Cr 
The axial water molecules in binuclear chromium(H) ligands, and in the absence of axial ligands “supershort” 
acetate [Cr2(02CCH3)4(0H2)2] can be replaced by various 
neutral bases, e.g. pyridine, pyrazine,’ piperidine,’ 

quadruple bonds are formed? Recently, it has been 
reported6 that chromium(H) forms many thiocyanato- 
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found to be B&&Me the yield was less than 1% and 
impurities, thought to be B&l9 and B&l,Me2, were also 
present. The poor yield from the reaction caused us to 
abandon the study. The thermal decomposition of 
(EtaNH)&Cl,o in an atmosphere of chlorine, in an 
attempt to form B&l,, again gave B&&Me as the main 
boron-containing sublimate. 

It appears to be widely assumed that boron cages 
present in the sub-halides are stabilized by back-donation 
from halogen to the cage orbitals. Therefore an im- 
portant question to ask is how many of the halogen 
atoms may be changed for groups which can’t stabilize 
the cages by such back-donation. From the experiments 
described here it is evident that up to three hydrogen 
atoms or one methyl group may be substituted onto the 
Bg cage. By heating B,Br, with a large excess of tetra- 
methyltin up to six bromine atoms could be replaced by 
methyl groups. The whole range of mixed methyl- 
bromides B,Br,_.Me. (n = O-6) was formed and un- 
fortunately proved impossible to separate into its com- 
ponents. 
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The thiocyanato adduct of chromiumlff) acetate 

(Received 30 July 1981) 

Ah&a&-The first dichromium complex with axially bonded anions, [NE4]2[Cr,(0,CCH,)4(NCSk], was obtained 
by reaction of [NEt,]NCS with [Cr&CCHs)4(OH2k] in ethanol. 

INTRODUCTION substituted pyridines3 and ammonia.’ The Cr-Cr 
The axial water molecules in binuclear chromium(H) ligands, and in the absence of axial ligands “supershort” 
acetate [Cr2(02CCH3)4(0H2)2] can be replaced by various 
neutral bases, e.g. pyridine, pyrazine,’ piperidine,’ 

quadruple bonds are formed? Recently, it has been 
reported6 that chromium(H) forms many thiocyanato- 
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Table 1. Magnetic behaviour of [NEt,]#&(O,CCHs)~(NCS)d 

T/K 

293 273 0.80 

263 232 0.70 

230 219 0.63 

198 201 0.56 

167 172 0.48 

136 175 0.43 

104 224 0.42 

89.5 258 0.43 

(diamagnetic correction = -203x10-6c.g.s.) 

complexes, and it has now been found that the water 
molecule can be replaced by thiocyanate to give 
[NEt&[Cr,(O,CCH&(NCS)& This seems to be the first 
example of an anionic adduct to the quadruply-bonded 
binuclear Crz system. 

EXPERIMFJWAL 
The chromium(B) complexes were prepared and investigated 

under nitrogen or in vacua 

Preparation of bis(tetraethylammonium) tetra-p-acetatodi- 
isothiocyanato di-chromate(Il) 

A solution of tetraethylammonium thiocyanate was obtained 
by mixing equimolar solutions of tetraethylammonium chloride 
monohydrate and potassium thiocyanate in ethanol. The mixture 
was centrifuged and the solution decanted from the precipitated 
chloride. Chromium(D) chloride was prepared by the reduction 
of chromium(II1) chloride with zinc and hydrochloric acid, and 
the solution was filtered into a warm solution of sodium acetate 
to give red needles of chromium(B) acetate monohydrate. The 
monohydrate (1.9g, 0.01 mole) was filtered off and extracted by 
boiling ethanol into a hot solution of tetraethylammonium thio- 
cyanate (1.9g, 0.01 mol.) in ethanol (80cm’). The mixture was 
refluxed for 30m and after cooling the violet, microcrystalline 
precipitate was tihered off, washed with ethanol and dried by 
continuous pumping for 5 hr. Found: C, 44.0; H, 7.55; N, 8.6; Cr, 
14.2. CIIH7LN70SCr reauires: C. 43.6: H. 7.3: N. 7.8: Cr. 14.5%. ._ - _ _ 

Magnetic measuremenis were carried out by the Gduy method. 
Electronic spectra were recorded on a Beckman Acta hfIV 
recording spectrophotometer provided with a diffuse reflectance 
attachment. A lithium fluoride reference was used. Infrared 
spectra of nujol mulls were recorded on a Perkin-Elmer 577 
spectrophotometer. 

RBSULTS AND DISCUSSION 
Although the values of molar susceptibility xcr (Table 

1) show that the compound is essentially diamagnetic, 
they are larger than those obtained for the ammine 
[Cr,(OzCCH,),(NH&] (co. 120 x 10m6 c.g.s., almost in- 
dependent of temperature, and ascribed4 to tem- 
perature independent paramagnetism), and they increase 
after passing through a minimum at approx. 150K. The 
increase is what would be expected if a small amount of 
chromium(II1) impurity were present.’ The magnetic 

*Author to whom correspondence should be addressed. 

behaviour can be reproduced by substitution of J - 550” 
and g = 2 in the expression for a binuclear chromium(B) 
complex (S=2), with the assumptions that xnP = 
100 x 10m6 c.g.s., and that approx. 0.7% magnetically- 
dilute chromium(III) impurity is present. However, the 
errors in measurements on nearly diamagnetic acorn- 
pounds are considerable so it can be concluded only that 
there is a large singlet-triplet (2-r) separation. The pro- 
pionate [NEt4]2[Cr,(0,CCH,CH,),(NCS),I has been 
isolated but unfortunately contaminated with several per 
cent of chromium(II1) impurity as estimated from the 
magnetic behaviour. 

The IR spectrum of [NeT&[Cr~(O~CCH,),(NCSk)l 
contains absorptions at [NEtlz[Cr,(O,CCH,),~CSh)l 
contains absorptions at 207Os, v(CN), 79Om, v(CS), and 
474w, S(NCS), in regions characteristic of N-bonded 
thiocyanate.8 

A detailed analysis of the electronic absorption spec- 
trum of single crystals of [Crz(OzCCH,),(OH&] at 6K 
has recently been carried out? There are two main 
features in the spectrum in the regions of 21OOOcm-’ 
(Band I) and 3WOOcm-’ (Band II). Band I has been 
assigned to the 8 t W* transition of the binuclear system 
intensified by vibronic coupling, and band II to charge 
transfer from a non-bonding r-orbital of the carboxylate 
ligand to the s* metal orbital. The room temperature 
diffuse reflectance spectrum of the thiocyanate is as 
follows: 187OOs, ub, 24!XlOsh, 287OOs, b, 33900sh and 
38!XiOm, b, and the strong absorptions near 19000 and 
2!MOOcm-’ can be similarly assigned. In a series of 
carboxylates,9 the energies of bands I and II decrease 
linearly with increasing Cr-Cr separation. Extrapolation 
of the published data to the energies of I and II for 
[NEt&[Cr,(O,CCH,),(NCSk] indicates that the Cr-Cr 
separation is likely to be among the longest known 
(-2.5 A). The attachment of a negatively charged ligand 
would be expected to lengthen the Cr-Cr bond through 
donation of electron density into the d,2-a* antibonding 
orbital. 
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A new uninegative ligand, rris-(diphcnyltbiophosp~yl)me~~de’ 

(Received 16 October 1981) 

Abstrset-The reaction of tris-(diphenylthiophosphinyl)methane, [(C6HJ)2P(S)]3CH, with mercury@) halides 
produces complexes of the type [(C,H&P(S)],CHgX. where X is Cl, Br and I. 

We report here the first coordination compound of &is- 
(diphenylthiophosphinyl)methanide, the prototype of a 
new class of uninegative ligands. Reaction of the 
neutral parent compound, tris-(diphenyl- 
thiophosphinyl)methane,24 with mercuric halides in 
ethanol produces compounds with the stoichiometry 
[(CsH5)2P(S)]sCHgX, where X is Cl, Br and I. The com- 
pounds are air-stable, high-melting, diamagnetic, 
monomeric crystalline solids. The analogous cadmium 
halide complexes are prepared similarly except that the 
addition of triethylamine to the reaction medium facili- 
tates removal of the methine proton from the neutral 
starting ligand. Molecular weight determinations est- 
ablish the monomeric nature of the complexes and thus 
preclude the possibility of dimeric mercury(I) com- 
pounds. 

The “P NMR spectrum of the chloro compound, for 
example, at room temperature consists of a singlet (& = 
44.1 ppm vs 85% H3P04, coordination shift = 2.2 ppm) 
flanked by mercury-199 (I = l/2, relative abundance = 
16.4%) satellites with ‘J(Hg199-P31) = 91 Hz. This in- 
dicates that the three phosphorus atoms are equivalent. 
The observation of two-bond 3’P-‘99Hg coupling in 
phosphine sulphide complexes at room temperature is un- 
usual since such ligands are labile5 on the NMR time 
scale with the result that sharp mercury satellites in the 
phosphorus spectrum are not usually observed. The 3’P 
NMR spectra of the other complexes in this study are 
similar. 

Additional evidence for the existence of the anion 
form of the ligand is (a) the failure to observe a signal for 
the methine proton in the ‘H NMR spectrum of the 
complexes, whereas the neutral parent ligand has an 
easily detectable methine prcton signal at 6.04ppm 
(quartet, *J(PCH) = 16.5 Hz); and the failure to observe 

*Author to whom correspondence should be addressed. 

the methine carbon in the 13C NMR spectra of the 
complexes, undoubtedly due to the long relaxation time 
of the protonless carbon. 

These data are consistent with two possible structures: 
(a) a four-coordinate mercury (II) complex, ap- 
proximately tetrahedral, with the ligand bonded in a 
tridentate fashion through the three sulphur atoms or (b) a 
two-coordinate mercury(H) complex, approximately 
linear, with the ligand bonded via the methine carbon to 
the mercury. We currently favor the tridentate ligand 
structure since space filling models of the neutral parent 
ligand indicate that the methine proton is sterically very 
crowded, and replacement of this small proton with a 
large mercury atom would be very difficult indeed. An 
X-ray structural determination of an analogue of these 
compounds is currently in progress. 

We thank the National Science Foundation (CHE 78- 
095361, NATO, SRC, and the Sir John Cass’s Foundation 
for financial support and Dr. Elizabeth M. Briggs for the 
magnetic susceptibility measurements. 

/ p-s \ S-P \ 

C- P-S -Hg-X S-P -C-Hg-X 

’ P-S ’ S-P’ 

(a) &J) 

Possible structures of [(CsH5),P(S)13CHgX with phenyl 
groups omitted for clarity. 
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neutral parent compound, tris-(diphenyl- 
thiophosphinyl)methane,24 with mercuric halides in 
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[(CsH5)2P(S)]sCHgX, where X is Cl, Br and I. The com- 
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monomeric crystalline solids. The analogous cadmium 
halide complexes are prepared similarly except that the 
addition of triethylamine to the reaction medium facili- 
tates removal of the methine proton from the neutral 
starting ligand. Molecular weight determinations est- 
ablish the monomeric nature of the complexes and thus 
preclude the possibility of dimeric mercury(I) com- 
pounds. 

The “P NMR spectrum of the chloro compound, for 
example, at room temperature consists of a singlet (& = 
44.1 ppm vs 85% H3P04, coordination shift = 2.2 ppm) 
flanked by mercury-199 (I = l/2, relative abundance = 
16.4%) satellites with ‘J(Hg199-P31) = 91 Hz. This in- 
dicates that the three phosphorus atoms are equivalent. 
The observation of two-bond 3’P-‘99Hg coupling in 
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usual since such ligands are labile5 on the NMR time 
scale with the result that sharp mercury satellites in the 
phosphorus spectrum are not usually observed. The 3’P 
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similar. 

Additional evidence for the existence of the anion 
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complexes, whereas the neutral parent ligand has an 
easily detectable methine prcton signal at 6.04ppm 
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the methine carbon in the 13C NMR spectra of the 
complexes, undoubtedly due to the long relaxation time 
of the protonless carbon. 

These data are consistent with two possible structures: 
(a) a four-coordinate mercury (II) complex, ap- 
proximately tetrahedral, with the ligand bonded in a 
tridentate fashion through the three sulphur atoms or (b) a 
two-coordinate mercury(H) complex, approximately 
linear, with the ligand bonded via the methine carbon to 
the mercury. We currently favor the tridentate ligand 
structure since space filling models of the neutral parent 
ligand indicate that the methine proton is sterically very 
crowded, and replacement of this small proton with a 
large mercury atom would be very difficult indeed. An 
X-ray structural determination of an analogue of these 
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BOOK REVIEW 

“CT NMR Data for Organometafk Compounds 

B. E. Mann and B. F. Taylor 

Academic Press, London. 1981 pp. viii and 326. f 15.80/$32.50. 

THE development of organometallic chemistry during the past 25 
years has relied very heavily upon spectroscopic methods of 
analysis in general, and upon NMR spectroscopy in particular. 
Initially, the proton was by far the most commonly studied 
nucleus, but more recently instrumental developments such as 
the Fourier transform method have lead to a great deal of work 
being done on other nuclei of which 13C is by far the most 
important. Already the literature contains an enormous quantity 
of ‘C NMR data relating to organometallic compounds, and the 
..-n”n”* ..,.l.....n ..n.&.W..r n .ml..nLln .,W.&P I.., . . ..lr.,n n Inm* yLG3GLLL ““LUIIIC y.z,,v,rr,s .a “llL”LI”IC Jc.1 “LtiC “J rrWzlUrry, (L LrneG 
amount of it available in one place. 

The first 30 pages of the book are a guide to “C NMR for the 
chemist who is already familiar with its straightforward organic 
applications. Given the amount of space available the choice of 
topics and their coverage is about right, although I should have 
liked to have seen rather more on exchange phenomena since 
some of the most attractive examples of the use of NMR in this 
area have come from organometallic chemistry. 

The remainder of the book consists of a set of tables giving 13C 
data mainly chemical shifts, but also couplings to the proton and 
other nuclei when available-for something like 8000 different 

organometallic compounds. In this context the term “metal” is 
interpreted very widely as any element other than hydrogen, 
carbon, nitrogen, oxygen, sulphur, a halogen or a noble gas. The 
grouping into tables, and the subdivisions of the tables them- 
selves are such that it was quite easy to find any desired 
compound, and in order to accommodate as many different 
compounds as possible data are presented mainly for those 
carbon atoms having a reasonably close association with the 
metal. 

A .nhhnt;mt nm;r\A onant ;n Pot;Cnm;n A...:,n +,.a . . . ..+.w. Ln. 
n .xa”“IILm*an pun”” *y*ur 1.1 ~Luu”nLnIa uurur~ ,I,* n, nuny 11a.J 

allowed some americanisms to creep into the text, but overall a 
high standard has been maintained. Direct reproduction of the 
authors’ typescript has presumably reduced costs and cut down 
errors, although inevitably some remain, for example, extensive 
confusion of coupling constants and chemical shifts on p. 83. 
Some 1800 references are cited, the literature coverage being 
stated to be up to the end of 1979, (which appears to mean the 
beginning), and this can be recommended as a useful reference 
book for the practising organometallic chemist. 

w. MCFARL~NE 

139 



Polyhehn Vol. 1. No. I. p. 141, 1982. Persutm~ Press Ltd., Printed in Great Britain. 

SYSTEMATICS AND THE PROPERTIES OF 
THE LANTHANIDES 

A NATO ADVANCED STUDY INSTITUTE 

Under the sponsorship of the NATO AS1 an International Summer School on the Systematics and 
the Properties of the Lanthanides is planned to be held in Braunlage, Harz, Western Germany, 
from 11 to 25 July 1982. The topics of the School are divided in four general sections: 

(1) Systematics (2) Structural Chemistry of the Lanthanide Complexes (3) Electronic, 
Spectroscopic and Magnetic properties of the Lanthanides (4) Lanthanides as Geochemical 
Indicators. 

Several Plenary lectures will be delivered in each of the four sections. Participants will have 
ample opportunity to comment on and discuss the lectures and to take part in the Panel discussions. 

Of interest to chemists, physicists, geochemists and biochemists. Participation is limited to 90 
members. 

For further information and application form please write to: 

PROF. S. P. SINHA 

Hahn-Meitner-Institut, Postfach 398128, D-1000 Berlin 39, 
Fed. Rep. Germany. 
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PREPARATION AND STUDY OF BIS(THEOPHYLLINAT0) 
COPPER(I1) COMPOUNDS 

MILANMELNiK 
Department of Inorganic Chemistry, Slovak Technical University, 812 37 Bratislava, Czechoslovakia 

(Received I8 June 1981) 

Ah&act-Bis(theophyllinato) copper(U) dihydrate and its anhydrous form, were prepared. Their thermal, spectral 
and magnetic behaviours were investigated. Magnetic susceptibility studies show that the dihydrate form can be 
fitted to the Curie law. The magnetic behaviour of the anhydrous form is interpreted in terms of antiferromangetic- 
ally exchange-coupled pairs of copper atoms. The change in magnetic properties as the dihydrate is dehydrated 
implies that structural rearrangement in first coordination sphere of copper accompanies the dehydration process. 
For bis(theophyllinato)copper(II) dihydrate we propose a pseudo octahedral coordination of copper(B) in a polymeric 
chain, and for the anhydrous form four-coordination in binuclear units. 

INTRODUCTION at about 443 K for about 10 hr. The brown Cu(tof), was found to 
Theophylline (1,3-dimethyl-2,6-dioxopurine) which has be non-hygroscopic. Calcd. for Cu(tofb: C, 39.86; H, 3.34; N, 
the structure 26.56: Cu. 15.06. Found: C. 40.0: H. 3.5: N. 26.42: Cu. 15.0%. 

0 H 
The thermal decomposition ias studied’on the derivatograph 

(MOM, Budapest). The apparatus and its operation was des- 
cribed by Paulik ef a/.’ Platinum crucibles were of 14mm in 
upper diameter. The powder samples were of 100 mg weight. The 
rate of temperature increase was 6deglmin; the measurements 
were made in air. 

is a purine alkaloid, which is present in coffee beans and 
cocoa. The interaction of nucleic acids and their con- 
stituents with metal atoms are extensively studied.’ Only a 
few crystal structures of copper(D) compounds with 
theophylline have been described.- Kistenmacher et 
al.**’ have reported the crystal and molecular structures 
of (N-salicylidene-N-methylethylenediamine) (theo- 
phyllinato)copper(II) monohydrate and of bis 
(theophyllinato)(diethylenetriamine)copper(II) dihydrate 
and found that the theophylline anions coordinated by 
N(7). Also in nitrato-diaquo-bis(l,3-dimethyl-2,6-diox- 
opurine)copper(II) nitrate: two purine rings are bound to 
copper via Nc7,. 

Some copper(I1) compounds with the general formula 
[(purine),Cu(N),].xHzO, where purine = the 
deprotonated form of theophylline, N = ammine, 
methylamine, ethylamine, n-propylamine, n-butylamine 
or benzylamine, were prepared and characterized by IR 
spectra.s” 

We here report the preparation, thermal, spectral and 
magnetic behaviours of bis(theophyllinato)copper(II) 
dihydrate and its anhydrous form. 

Preparation 

EXPERIMRNTAL 

Cu(tof)s .2HrO (tof = deprotonated form of theophylline) was 
prepared by treating theophylline (in excess) with copper (II) 
acetate monohydrate and a small amount of acetic acid in a hot 
ethanol solution. The filtered solution produced a grey-green 
product. The tinal complex was washed with ethanol. Its in- 
solubility in all common organic solvents precluded recrystal- 
lization. 

The Cu(tof)r .2HsO was also prepared by the reaction of 
theophylline with copper(E) trichloroacetate trihydrate in a 
similar way Calcd. for Cu(tofh.2H20: C, 36.72; H, 3.%; N, 
24.47; Cu, 13.87. Found: C, 36.47; H, 3.9; N, 24.5; CU. 14.06%. 

The anhydrous Cu(tof)r was obtained by drying Cu(tof)r.ZHrO 

Spectroscopic studies 
IR spectra were recorded on a Perkin-Elmer 621 spectropho- 

tometer. Electronic spectra were recorded on a Perkin-Elmer 
450 spectrophotometer in the region 1.0-3.0 pm-‘. In both cases 
the Nujol suspension technique was applied. X-band EPR spec- 
tra of polycrystalline samples were measured at room tem- 
perature on the Varian E-4 spectrometer. 

Magnetic susceptibility measurements 
Magnetic susceptibility measurements were made over the 

temperature range 81-294 K by the Gouy method with the mer- 
cury tetrathiocyanatocobaltate (II) as calibrant.’ Diamagnetic 
corrections were estimated from the Pascal constants9 and 
effective magnetic moments were calculated from the equation 

bcR = 2.83(x$” - Mz)“* 

where Na equals 60 x lO-6 cm’ mol-‘. 

RE!WLTSANDDISCUSSION 
It is interesting to note that the while copper(I1) car- 

boxylates with caffeine” gave solid products involving 
caffeine as a neutral ligand; with theophylline a solid 
copper(I1) compound was obtained in which theophylline 
exists in an anionic form. The mechanism of reaction of 
theophyllinate with copper(D) has been proposed.6 

The thermal decomposition of bis(theophyl- 
linato) copper(I1) dihydrate was carried out under air. The 
initial temperature of decomposition for Cu(tof)z.2H20 
was 473 K. The compound between 473-503 K lost the 
bonded water molecules in one step, which gave in the 
DTA curve an endothermic peak at that temperature. In the 
temperature range 503-953 K the anions were evolved. At 
703 K the DTA curve shows another endothermic peak. 
The TG curve at that temperature shows no break. The 
weight loss continued up to 953 K and a plateau on the TG 
curve is reached at a weight loss of 84% which corresponds 
to the formation of copper oxide. Above 600K the 
oxidation of volatile organic product takes place, heat 
being emitted with strong exothermic peaks on the DTA 
curve at 673 and 773 K. 
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The IR spectrum of Cu(tof),.ZH,O shows a wide ab- 
sorption band at about 3220cm-‘. This frequency cor- 
responds to the antisymmetric and symmetric OH 
stretching modes of the water molecules. The absorption 
band at 830cm-‘, is probably due to the coordinated 
water molecules. Locating the “third” band of water is 
very difficult because there are bands of theophylline6 in 
the region = 1630cm-’ where the band is expected, No 
bands in the regions of = 3200 cm-’ and = 830 cm-‘, were 
found in the case of the anhydrous form. In other regions 
the IR spectra of the compounds are very similar to each 
other. 

It was proposed3*6 that strong bands at 1500-17OOcm-’ 
and 1200-1250cm-’ in some copper(H) compounds with 
theophylline can be attributed to theophylline coordina- 
tion. IR spectra of the compounds studied show in these 
regions the peaks at 1700, 1640, 1535 and 1220cm-‘, 
respectively. Some bands and especially that at 
1220cm- shift to higher frequencies than those in free 
theophylline6. This suggests coordination of theophylline 
to the copper. 

The electronic spectrum of Cu(tof)2.2H20 in the visi- 
ble region shows a band at 1.70 pm-’ with a shoulder at 
about 1.38 pm-‘. The band and shoulder may be assig- 
ned to the d-d transitions of the copper(H) ions, viz. 
*Es+*&, ‘Alg+*Blg and *&.+*Blg. In the UV 
region, the compound shows an unsymmetrical shoulder 
with maximum at about 2.50 pm-‘, which may be assig- 
ned as a charge-transfer transition. The electronic spec- 
trum of the anhydrous form exhibit wide shoulders with 
a maxima at 1.9 km-’ and at = 2.6 pm-‘. 

The EPR spectra of the compounds obtained for the 
polycrystalline samples at room temperature show un- 
symmetrical isotropic bands with gi = 2.06 for the 
hydrate form and g, = 2.07 for the anhydrous form. 

The magnetic behaviour of hydrated and anhydrous 
forms were studied in the temperature range 81-294K. 
The peff value of 1.85 B.M. observed for Cu(tof)2,2HzO 
at 294K is temperature independent. The magnetic 
behaviour of the hydrate obeyed a Curie Law (C = 0.424 
c.g.s.u.k. mol-‘). On the basis of experimental data of 
Cu(tof),.2H20 can be assumed a pseudo-octahedral 
stereochemistry around copper(H) perhaps in a poly- 
meric chain. 

A drastic change in magnetic behaviour as the dihy- 
drate is dehydrated was observed. Magnetic moment per 
copper atom is very low at room temperature (/.Q = 0.56 
B.M. at 294 K), indicating that a fairly strong antifer- 
romagnetic interaction is operating between copper(I1) 
atoms. The magnetic susceptibility decreases with 
lowering of temperature but increases again below 200 K. 
This feature is most likely due to the binuclear structure 
and the presence of mononuclear paramagnetic impurity. 
Accordingly, the impurity term was added to the Bleaney- 
Bowers equation” giving, 

where x is the ratio of mononuclear copper(H) atoms to 
total copper(I1) atoms, and other symbols have the usual 
meanings.” The magnetic susceptibility data were fitted 
using the BGD-2 programme on the ODRA 1305 computer. 
The criterion used to determine the best fit is the mini- 
mization of the sum of the squares of the deviation A, 
where 

with the value of 5.00 x lo-‘. The best fit parameters are: 
J = -490cm-’ and x = 5.2%. The drastic change in 
magnetic behaviour as the dihydrate is dehydrated im- 
plies that structural rearrangement in the first coordina- 
tion sphere of copper accompanies the dehydration 
process. The compound shows very strong antiferromag- 
netic exchange interaction, which render it almost 
diamagnetic. The behaviour is closely similar to the 
magnetic properties of a series of binuclear copper(I1) 
compounds with Schiff bases.‘3*‘4 On the basis of such a 
similarity a binuclear structure of the type I’3.‘4 can be 
also proposed for Cu(tof)*. 
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Abstract-The “C NMR chemical shifts have been measured for dilute aqueous solutions of acetonitrile in 
presence of various electrolytes including silver nitrate. The two formation constants of the silver ion/acetonitrile 
complexes have been calculated assuming an additive contribution of each possible complex conhguration. Under 
these conditions the values obtained for the formation constants are very close to those deduced from vapour 
pressure or electromotive force techniques. The other systems studied are discussed in relation to the salting 
phenomenon in aqueous electrolyte solutions. 

INTRODUCTION 

The interaction of the silver ion with acetonitrile in 
aqueous and non-aqueous media is a classical problem of 
physicochemical studies of ion + solvent interactions. 
Transference numbers,’ spectroscopic data,2” e.m.f. 
measurements’” and vapour pressure data’ are available 
for this system; from the thermodynamic methods one 
can deduce the formation constants of at least two 
complexes. It has been shown that in water both 
(AgAN)’ and [Ag(AN)J (AN = acetonitrile) occur, the 
values of the corresponding formation constants being 
very close to each other. 

The spectroscopic studies, principally proton NMR, 
were used to determine solvation numbers assuming a 
chemical model and making use of the formation con- 
stants as evaluated by e.m.f. measurements. We felt it 
would be interesting to investigate the same system using 
“C NMR with two main objectives: firstly to 
examine the method of determination of formation con- 
stant by this spectroscopic method in a well documented 
but at the same time ambiguous case where several 
complexes are assumed formally without direct experi- 
mental proof of their existence; secondly to supplement 
with spectroscopic data, our recent study of the salting 
effect of a number of widely different electrolytes, in- 
cluding silver nitrate, by acetonitrile in water using a 
precise vapour pressure technique.’ Comparisons of 
thermodynamic and spectroscopic studies have been 
made most extensively by Covington et aLnV9 on a formal 
basis and also by Cox er ai.: other authors have attemp- 
ted to do so more qualitatively.‘0 In all these cases 
electrolytes were used as solutes in pure or mixed 
solvents in the whole range of composition. Here we 
report on a study of the interactions between acetonitrile 

*Author to whom correspondence should be addressed. 

and the ions under the same overall conditions as for our 
thermodynamic measurements, i.e. in relatively dilute 
solutions with respect to both components (acetonitrile 
and electrolytes) in water; in other words the Setchenov 
region. 

E-ALANDMATBRIALS 
The NMR spectra were determined in a JEOL PS 100 in the 

Fourier transform mode working at 2515MHz. Two coaxial 
tubes (diameters: 8 and 10mm) were used, the larger one with 
dioxane as a reference and 40 for the lock and the smaller one 
with the solutions studied. The temperature was 23°C. The 
resolution of the chemical shifts was estimated to be 0.05 ppm. 

All salts were from Merck (“of the highest purity”) except for 
tetrabutylammonium bromide (nBu,NBr) from O.S.I. which was 
recrystallized and dried before use. Acetonitrile from Merck 
(“zur analyze”) was used for the most concentrated AN solu- 
tions. The experiments at 0.1 molar of AN were performed with 
13C enriched on the carbon of the nitrile group (Commissariat a 
I’energie atomique) in order to obtain acceptable signal to noise 
ratio. 

PROCRDURR AND CALCULATIONS 
The salting constants of acetonitrile by the electrolytes 

in aqueous solutions had been previously determined for 
dilute electrolyte solutions (m s 0.05 mole/kg), the 
acetonitrile concentration range between 0.3 and 
1.5 mole/kg having been selected for technical reasons. 
The spectroscopic results however, could not be per- 
formed in the same electrolyte concentration range; here 
the molality had to be varied between 0.05 and 
1.5 mole/kg in order to observe a significant chemical 
shift but the acetonitrile concentration could be main- 
tained at a very low concentration by making use of ‘C 
labelling. The choice of concentration range of both 
solutes in the determination of the chemical shifts is 
important if one wants to obtain accurate formation 
constants from spectroscopic data as we shah see in the 
discussion section. 
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We begin by summarizing the general features of the no subscript refers to the unbound (free) ions or mole- 
rigorous determination of formation constants by NMR cules, n being the number of formation constants. From 
spectroscopy. these two relations we get: 

Figure 1 presents the measured variation of chemical 
shift of the carbon atom of the nitrile group with elec- 
trolyte concentration. For silver nitrate a strong curvature 
is observed which is not seen for the other electrolytes; 
this curvature can be interpreted as an evidence for a 
strong ion/solvent interaction which may be described in 
terms of complex formation constants. We know from 
independent thermodynamic measurements in this case 
that the system behaves as though two complexes are 
formed and can be represented by the following equili- 
bria: 

n-2 
zO [n(Ag+)T + (AN) - (AN),K(AN)” = 0. (7) 

For simplicity we set: 

(A~+)T = MT, (ANT = An (AN) = A, 
&AN)’ = AM and (Ag(ANh) = A& 

Ag+ t AN s &AN)+ 

Ag+ t 2AN = (Ag(AN)z)+ 

A-AT=(MTtA-AT)K,A+(2& 

t A - AT)KzA2 = 0. (8) 

with the constants: 

Developing we obtain: 

(1) 

(2) 
Rearranging, we get: 

and 

z&!&w 
(&+MAN) (3) 

K2 = (A&W+) 
(Ag+NWi’ (4) 

We assume here that the activity coefficients are unity 
which is a reasonable hypothesis when all ions involved 
bear the same charge.” The method most often used to 
obtain formation constants from spectroscopic data is 
the Benesi-Hildebrand plot which suffers from a number 
of well known approximations. Hence we shall use a 
more rigorous procedure, as follows: 

We know that” 

and 

(Ag+h = (&+I 1%; KA‘W (5) 

(AN)= = (AN) + (Ag+) 12; nK.(AN) (‘5) 

(with K,, = 1): subscript T means total concentration and 
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MT = (AT - 4 
1 tK,AtK,A* 

K,A + 2K2A - (9) 

The observed chemical shift relative to a given ab 
sorption peak (the reference) may be related to the 
various species in solution by the relation:13 

6 = 2 W”) (10) 
I 

where 6. is the chemical shift due to each species of 
concentration S.. 

In the general case of two simultaneous complexes when 
the resonance is observed on the ligand then one can write: 

(11) 

where SW, ,,, and h,., M are the resonance signals cor- 
resaondinazto the two iossible sites of the acetonitrile . - 
molecules of the A2M complex. If these two signals are 
independent from each other, then: 

We shall come back to this assumption in the discussion 
section: 

10 

wi 
05 

20 * 

Noting that AM t 2A2M = AT -A represents the con- 
centration of bound acetonitrile and: 

6=(-$+[1-(-+)]8*” (12) 

We write: 

Fig. 1. Variation of the “C chemical shift on the nitrile grqup of 
0.1 molal aqueous acetonitrile solutions with electrolyte concen- 

tration. A’ is the saturation chemical shift. 



SAM-&,=A’ 

let: 

and: 

S-&=A 

we obtain the classical relationship: 

A A-A 
&=T 
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Table 1. Chemical shift of ‘)C NMR for acetonitrile: CHr*C=N 
(0.1 molar) in aqueous silver nitrate solutions 

m 0 0.092 0.245 0.415 0.604 0.822 1.008 
A 0 0.24 0.48 0.68 0.82 0.87 0.97 

Table 2. Formations constants of AN/Ag+ complexes 
in water according to thermodynamic and NMR 

methods 

(13) 

. . . . I .~I 
A’ is the saturation chemical shift ana A 1s tne cnemtcat 
shift relative to the acetonitrile resonance frequency 
without added salt. 

Replacing A of eqn (13) in (9) one gets: 

‘C NMR 
K 

1.45kO.15 S.l’fiO.5 1.54:0.08 

e.m.f. (a) 2.0 4.4 - 
(b) 2.7kO.2 3.OkO.l - 

(a) Ref. 6. 
(b) Ref. 1. 

MT =A&. 
K2K,ZA=A;-Ar(K,K,+2K~K,A~)A+K~A~+K,Ar+1 

2K2K,=ATA2-(K,K,+~K~K,AT)A+~K~AT+K, 

with K3 = (A’)-‘. 
This equation contains three unknown quantities, K,, 

K2 and k. 
In the case of a single complex we obtain an equation 

of the type used by Popov:” 

M _ ATK, K;A2 - KJ(ATK, + 1)A 
T- K,K3A - K, 

(15) 

with two unknowns, K, and KS. Equation (15) contains 
no arbitrary assumption, and the additivity principle used 
to get eqn (14) will be justified in the next section. These 
equations should be employed in place of the Benesi- 
Hildebrand and related procedures, which in the present 
notation may be written as: 

A 
MT=K,K,-K,’ (16) 

The constants K,, K2 and K3 are adjusted using a 
mathematical technique derived from the simplex 
method. For programming convenience tests are per- 
formed on-the total acetonitrile concentration rather than 
on the chemical shifts. 

RJWL’IS AND DlSCUsslON 

1. Silver nitrate and acetonittile in water 
According to Deranleau’5 the value of the saturation 

fraction or in the present case of NMB measurements- 
the ratio of saturation chemical shift A/A’-should be 
between 0.2 and 0.8 in order to obtain accurate values 
of the formation constants. This point has also been 
stressed by Stockton and Martin’6 who determined for- 
mation constants in the same experimental regime as 
ours from proton NMB chemical shifts. They used, 
however, the Benesi-Hildebrand plot assuming only one 
complex between cations and different substrates at 0.1 
molar in acetonitrile. This is the reason for our choice of 
the very small acetonitrile concentration used to deter- 
mine the formation constants. 

Table 1 presents the data used to calculate the for- 
mation constants. AR chemical shifts are downfield. 
Table 2 collects the values obtained from thermodynamic 
sources, for the same processes as those described by 

the equilibria (1) and (2). The agreement between these 
data is remarkable and rather unexpected. It is notewor- 
thy that the various formation constants were obtained in 
different concentration ranges with respect to all com- 
ponents for different experimental methods, namely 
dilute solution for the vapour pressure method, and 
concentrated AgNO, solution for e.m.f. and NMR 
determinations. 

The same calculations were performed on the results 
of another series of experiments at a constant 1 molar 
acetonitrile concentration, within the same AgNO3 con- 
centration range. It was then found to be impossible to 
describe the experimental curve with the experimental 
error of 0.05 ppm contrary to the preceding case although 
a pair of formation constants could still be obtained. 
Thus the main test adopted for the adequacy of the 
chemical model used is the matching of the experimental 
curve of the required accuracy. 

It seems that the procedure adopted is essentially 
sound and might be useful especially in the case of two 
or even more simultaneous equilibria when individual 
complexes cannot be observed. This is obtained at the 
cost of an additivity assumption (eqn 12); however Del- 
puech et al.” have shown that in the case of beryllium 
hydrates, for which a particular signal is observed for the 
replacement of each water molecule by an organic 
molecule (hexamethylphosphoric triamide: HMPT) in the 
solvation shell of the cation, the chemical shifts are 
indeed close to each other. This observation, the im- 
portance of which has been also stressed by Covington 
and Newman’* cannot be generalized without further 
studies, but is a strong support in favour of our assump- 
tion. 

In an attempt to detect the different possible com- 
plexes of the Ag+ ion with acetonitrile, some experi- 
ments were performed under the same experimental 
conditions in pure methanol instead of water down to 
-55°C in order to decrease the exchange rate between 
free and bound acetonitrile molecules. The formation 
constants as determined by the e.m.f. method6 are of the 
same order of magnitude, although somewhat larger than 
in water, so that the comparison between the results in 
the two solvents would have been meaningful; e.g. the 
values obtained in methanol for the processes (3) and (4) 
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are, respectively: K, = 3.0 and K2 =9.0 at 25°C. 
However, no splitting nor modification of the peak cor- 
responding to the -GN group could be observed from 
+25 to -55°C. 

2. Case of other electrolytes 
Table 3 presents the chemical shifts for La& NaCl 

and Bu.,NBr for the carbon atom of the nitrile group. All 
chemical shifts are again downfield but they show no 
curvature as a function of electrolyte concentrations. 
This is an interesting result in so far as it can be 
interpreted as an evidence for a rather weak ion+ 
acetonitrile interaction. The salting constants of acetoni- 
trile with La&, BaCl,, BaNBr-and evidently 
AgNOS--display a pronounced non-ideal behavior. 
Henry‘s law is not attained for these salts at the lowest 
acetonitrile concentration investigated (m 2 0.3 mole/kg) 
contrary to alkali halides for example.’ This behavior 
may now be ascribed in the case of LaC&, BaCl* and 
presumably for n-Bu4NBr as well-to structural features 
of the media (concerning a large number of solvent 
molecules) and not to any strong specific/ion + acetonit- 
rile interaction, which would have shown up in the 
spectroscopic data. 

Although it is most often difficult and sometimes even 
misleading to correlate ion t solvent interactions and 
solvent/solvent interaction, it is noteworthy that the 
excess enthalpies of the acetonitrile t water mixtures 
display a shallow minimum at !&,N = 1.4 mole/kg at 25°C 
which is the region where the apparent salting constants 
of the multicharged electrolytes display their most non- 
ideal behavior. I9 These structural features would not 
have any influence on a strong ion + acetonitrile inter- 
action such as occurs with the silver ion. 

It is also interesting to note that it is for nBtbNBr that 
the chemical shift of the carbon of the nitrile group is the 
smallest. Table 4 presents the chemical shifts obtained 
for a 1 molar acetonitrile solution and up to a 1 molar 
electrolyte concentration (in order to get fair signal/noise 

Table 3. Chemical shifts of “C NMR for acetonitrife (0.1 m 
CH,-*CsN) in different aqueous electrolyte solutions 

LaCl, NaCl Bu,NBr 
m A m A A 

(mole/kg) (mole/kg) 
0 0 0 0 

(mo$ 
0 

0.103 0.05 0.148 0.05 0.200 0.0 
0.203 0.10 0.299 0.10 0.402 0.05 
0.309 0.15 0.678 0.19 0.692 0.10 
0.448 0.24 1.002 0.29 1.011 0.10 
0.666 0.34 
0.826 0.39 
1.11 0.53 

Table 4. Chemical shifts of “C NMR for acetonitrile 
(1 M: *CH,-CnN) in aqueous silver nitrate solutions 

m 0 0.062 0.247 0.322 0.459 0.688 0.982 
A 0 0.05 0.08 0.11 0.13 0.22 0.29 

Note: For a 1 molar solution of nBu,NBr in a 1 molar 
aqueous solution of acetonitrile, 6(*CHC=N) is equal to 
to.23 (as compared to 0.30 for AgN09). 

for the methyl group of the acetonitrile molecule as well 
as for the natural carbon of the nitrile group). The 
comparison of nByNBr and AgNOJ results shows that 
the chemical shift on the methyl group is twice that of 
the nitrile group with nBbNBr and only a third that of 
the same group for AgNOp. 

This behavior may be attributed to the more direct 
contact of the methyl group of the acetonitrile molecule 
with the hydrocarbon moieties of nBu,NBr as compared 
to the interaction involving the carbon of the nitrile 
group in the case of the inorganic cations. 
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Abstract-The kinetics of oxidation of Fe’+ by [Co(CsH204)$ in acidic solutions at 605 nm showed a simple 
first-order dependence in each reactant concentration. The second-order rate constant dependence on [H+] is in 
accordance with eqn (i) 

kz = kit k,[H+] (i) 

where ki and k3 have values of 73.42 14.0 M-’ s-’ and 353 241 Me2 s-l, respectively, at 1.0 M ionic strength 
(NaCl04) and 25°C. At 310 nm the formation and decomposition of an intermediate, believed to be [FeCJH20J, 
was observed. The increase in the rate of oxidation with increasing [H+] was interpreted in terms of a “one-ended” 
dissociation mechanism which facilitates chelation of Fe2+ by the carbonyl oxygens of malonate in the transition 
state. 

INTRODUCTION 

It is believed that iron@) generally, reacts with 
cobalt(II1) complexes containing bridging ligands via an 
inner-sphere mechanism.‘-3 Both spectrophotometric 
and kinetic evidence has been presented in support of 
this mechanism.‘.’ Oxidation of iron by 
[CO(C~O,)~]‘- was shown to proceed in two stages cor- 
responding to the formation and decomposition of the 
primary product [FeC204]+ [ 11. A long-lived intermediate 
was detected kinetically in the iron(H) reduction of 
nitrilotriacetatopentaamminecobalt(III), [Co(NH3)3(nta)]? 
Following a previous report that oxidation of iron(H) by 
tti~_(malonato)cobaltate(III), [Co(C3H204)313-, proceeds 
via the formation of a bridged intermediate,’ we report 
here a kinetic study of this reaction. The formation and 
decomposition of the initial product [FeC3H204]’ may thus 
be used as a criterion for ascertaining a bridged 
mechanism. This complex was reported to oxidize 
chromium(H) via an inner-sphere mechanism.’ 

EXPERIMENTAL 
The complex K3Co(C3H204)3.3H20 was prepared according to 

Al-Obadie and Sharpe’s method.6 Iron(H) perchlorate solutions 
were prepared by dissolving fine iron powder (Reidel-DeHaen 
AG) in - 1 M perchloric acid and gently heating to increase the 
dissolution rate. The solution was filtered and standardized 
against a standard permanganate solution.’ Fresh solutions 
were always prepared, flushed with nitrogen and cooled. The 
concentration of the total acid was determined by sodium 
hydroxide titration after passing a known volume of the iron(U) 
solution through a cation exchange column (Amberlite IR 120 
(H)). The free acid concentration was obtained by subtracting 
twice the iron(U) concentration from that of the total. A stock 
solution of perchloric acid was prepared by dilution and stan- 
dardized against sodium hydroxide. Sodium perchlorate solution 
was standardized by feeding on the cation-exchange column and 
titrating agsinst sodium hydroxide. 

Pseudo first-order conditions were maintained in all kinetic 
runs with iron(I1) and hydrogen ion concentrations being in vast 
excess of that of [Co(C3H204)3]3- concentrations. The ionic 

*Author to whom correspondence should be addressed. 

strength was maintained at l.OM by addition of NaCIO.. Fresh 
solutions of [Co(C3H204)3]3- were always prepared as this com- 
plex slowly decomposes on standing, and the acid was added to 
iron(H) solutions because hydrogen ions catalyse aquation of 
[co(c,H204~,13-.8 

The rate of oxidation of iron(H) bv lCo(C1H~0J~13- was fol- 
lowed at 605 nm on a Durrum &ppkd:flow ;pdcciphotometer. 
At this wavelength, a peak for the complex, only [C0(C3H204)3]~- 
absorbs. The formation and decomposition of the intermediate 
lFeC3H2041’ was monitored at 310nm. This wavelength was 
selected because it was expected that the intermediate 
IFeGH,OJ+ would have an absorntion snectrum similar to that 

” _  -_ 

of [FeC204]+. The concentration of ironiI1) and hydrogen ions 
were varied over the range (1.16.5.79) x 10e2 M and 0.10-0.50 M, 
respectively. 

RESULTS AND DISCUSSION 
Loss of [CO(C~H~O~)~I~-, at 605 nm, showed a simple 

first order dependence on its concentration. Plots of log 
(A, -A,) vs time were linear up to 2 90% of reaction. 
The pseudo first-order rate constant, kobs, at fixed [H’], 
temperature, and ionic strength varied linearly with 
[Fe2+] as shown in Table 1. The variation of k2 with [H’] 
at fixed temperature, and ionic stringth is shown in Fig. 
1. From these results the dependence of k2 on [H’] is 
given by eqn (1) 

kz = k; t Q[H+]. (1) 

The values of ki and &3 were calculated as 73 r 
14 M-’ s-’ and 353 + 41 Me2 s-‘, respectively, at 25.o”C 
and ionic strength 1.0 M, using a linear least-squares fit to 
eqn (1). The stopped-flow traces in Fig. 2 show the 
reaction between Fe2+ and [Co(C3H204)p]3-, at 605 nm, 
to be simple. However, this same reaction when moni- 
tored at 310nm showed that there are two steps similar 
to those observed in the reaction between Fe” and 
[co(c204)3]‘-. The two steps observed at 310nm, most 
likely, correspond to the formation and decomposition of 
the intermediate [FeC3H204]‘. The observation of this 
intermediate leads to the conclusion that malonate is 
bonded to both Co(II1) and iron(I1) in the transition state 
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of the oxidation-reduction reaction. The malonate could 
either be monodentate or bidentate in the intermediate 
[FeC,H,O,]‘. In the reaction between [CO(C,H~O~)~I~- 
and Cr2+ both chelated and monodentate malonate Cr3’ 
products were identified.4 The ratio of these two products 
was found to be dependent upon [H’]; the lower [H’] 
the higher is the amount of the chelated product. This 
was interpreted in terms of protonation of a carbonyl 
oxygen, the atom responsible for bridging the two metal 
ions. Chelation to Cr*+ by the two carbonyl oxygens, is 
believed, to be possible in the boat and chair conformers 
where both oxygens are on the same side. The two 
carbonyl oxygens are pointing in opposite directions and 
cannot bond to the same chromium in the “staggered” 
conformer. This explanation may also apply to the bond- 
ing of Fe2+ in the transition state. 

The rate law obtained is consistent with the involve- 
ment of two Co(III) species in the oxidation process, 
protonated and unprotonated forms. The greater reac- 
tivity of the protonated form is, probably, due to a rapid 
“one-ended” dissociation of a malonate, assisted by H’, 
that facilitates chelation to iron(I1) in the transition state 
as in I.9 

,CH2\ I 
# 

GH,0.,MH,OD-O~ t--OH I 
0 0 

K Fe /’ 

This is in agreement with the proposed mechanism of 

Table I. Kinetic data for the oxidation of Fe*’ by [Co(C3H20J$ 

102 x [Fs’], M [H+], EI kobs, s-l 10-2xk M-ls-1 
2' 

1.16 0.29 1.99 t 0.01 1.72 + 0.01 

2.32 0.29 3.93 +- 0.02 1.69 +- 0.01 

3.47 0.29 5.86 + 0.05 1.69 + 0.01 

3.47 0.50 8.50 + 0.06 2.45 t 0.02 

3.47 0.10 3.60 2 0.02 1.04 + 0.01 

4.6 3 0.29 7.62 +- 0.43 1.65 t 0.09 

5.79 0.29 10.8’4 + 0.11 1.87 + 0.02 

h: 605 nm, ionic strength 1.0 M (NaC104), temperature 

25.0°C, and [Co(C3H20,+$] = low3 pt. 

3.0 - 

P.O- 

I I 
0.10 0.20 0.30 0.40 0.30 

WI *M 
Fig. I. Dependence of the second-order rate constant k2 M-’ s-’ on [H+] M. 
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7_-_A_A 
Time 

I * I 

Timr 

Fi. 2. Stopfed-Row traces for the reaction between 
[Co(CsHsO&] - and Fe2+. [Co(CsH20&]‘- = lo-’ hi, [Fe2’] = 
3.47 X 10e2 M, [I-IC104] = 0.50 hi, ionic .stren@h = 1.0 M (NaClO4). 
Upper curve (a) shows the disappearance of [Co(C3H20&]‘-; 
A = 605 nm; abscissa scale 50 msec. per major division. Lower 
curve (b) shows the formation and disappearance of the inter- 
mediate [FeC3H20,]+; A = 310 nm; abscissa scale, 0.1 set per 
major division. Vertical axis, in both traces, gives transmittance 

of 10% per major division. 

aquation of [CO(C~H~O,),]~-.~ A simihu transition state 
was proposed in the reaction between CrZ’ and 
[(NH3)5Co(C3H204)]‘.‘o An H’catalysed “one- 
ended” dissociation of the chelated malonate did not fit 
the data for the reaction between C?’ and 
[Co(C3H,04),]‘-, where an increase in [H’] leads to a 
decrease, not an increase, in the yield of the chelated 
product. A “one-ended” dissociation mechanism, prob- 

ably, operates in the Fe*’ reaction, and not in the C1.2’ 
reaction, because in the reaction of the former, electron 
transfer rate is slower than the “one-ended” dissociation 
rate. The rate of oxidation of C? by [CO(C~H~O,)~]~- is 
too fast to follow by the stopped-flow technique and that 
kz > l@ M-’ s-‘. 

The rate of decomposition of the intermediate 
[FeC3H20.,]’ seems to be comparable with its rate of 
formation as shown in Fig. 2. This points to the lower 
thermodynamic stability and higher kinetic liability of 
malonate complexes compared to those of oxalate. The 
rate of decomposition of [FeC204]+ was observed to be 
considerably slower than its rate of formation. 

It is, however, worth mentioning that a slower third 
reaction was also observed. This was accompanied by an 
increase in absorbance. The nature of this slower reac- 
tion has not been elucidated. A similar behaviour was 
also observed in the reaction between C?’ and 
[Co(C,H,O,),]‘- where two reactions follow the oxida- 
tion pr0cess.S 
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POTENTIOMETRIC INVESTIGATION OF SPARINGLY 
SOLUBLE METAL-LIGAND SYSTEMS USING METAL-ION 

BUFFERS 

Z-X. HUANG,t H. S. AL-FALAHI, A. COLE, J. R. DUFFIELD, C. FURNIVAL, D. C. JONES, 
P. M. MAY, G. L. SMITH and D. R. WILLIAMS* 

Department of Chemistry, University of Wales Institute of Science and Technology, Cardiff CFI 3NU, Wales 

(Received 8 Iu/y 1981) 

Ah&act--A novel approach based on metal-ion buffers has been used to determine metal-ligand formation constants 
for a variety of sparingly soluble systems. It is suggested that the approach will be particularly useful in the study of 
metal binding by pharmaceuticals. 

The passive diffusion of molecules through biochemical 
membranes depends on their charge density and so the 
distribution of administered agents throughout the body 
is often determined by the polarity and formal electrical 
charge of the species which they form in uiuo.’ Mole- 
cules having a low charge density tend to be readily 
absorbed through the gastrointestinal tract and are sub- 
sequently dispersed into a wide variety of tissues 
whereas more highly charged species are poorly ab- 
sorbed and, when injected intravenously, are confined to 
extracellular space. Thus, the properties of therapeuti- 
cals which enable them to reach their site of action by 
passing through cell walls, are inherently apt to make 
them insoluble in water. 

On the other hand, highly water-insoluble substances 
would be at a disadvantage because, in addition to the 
transport through membranes, drug species must also 
move through aqueous biofluids such as blood plasma. 
This dichotomy is resolved by agents which can change 
their stoichiometry (and thus also their electrical charge) 
according to the composition of the medium. Most 
commonly, the protonation of drug anions produces 
lower charged species. 

However, even neutral molecules must be relatively 
nonpolar in order to cross the lipid bilayer of cell mem- 
branes. So it is not surprising that many therapeutic 
agents are found to be only sparingly soluble in water. 
This limits potentiometric analysis of these systems 
because the protonated species tend to precipitate as 
soon as they begin to form in the solution. 

The difficulty is even more pronounced when metal-ion 
interactions with the drug are being investigated. With 
most anionic ligands, complexation will reduce the 
charge on the species so insolubility often becomes a 
problem as the pH is raised and the free concentration of 
the ligand increases. 

This paper outlines a technique which has proved very 
useful in avoiding such precipitation during poten- 
tiometric titrations. Although straightforward in prin- 
ciple, it has not previously been described in the lit- 
erature. It appears to have considerable potential in 
many areas of inorganic solution chemistry but parti- 
cularly in the field of metal binding by pharmaceuticals. 

*Author to whom correspondence should be addressed. 
ton leave from the Chemistry Department, Fudan University, 

Shanghai, People’s Republic of China. 

THE TECENIQUE 

It has long been established that the problem of 
measuring very large formation constants can sometimes 
be overcome using the principle of ligand-ligand com- 
petition.2*3 A secondary chelating agent is introduced to 
lower the free metal ion concentration in the solution and 
thus bring about some conditions under which the spe- 
cies being investigated can dissociate. This is tantamount 
to using a metal ion buffer.4 

We have found that this kind of competition can also 
be used successfully to supress precipitation during 
potentiometric investigations of sparingly soluble sys- 
tems where the solubility product of the metal-hydroxide 
or the metal-ligand species is exceeded. 

The reason why this approach is effective is illustrated 
in Figs. 1 and 2 using the cadmium(II)-cystine system. 
Figure 1 shows the concentration of the binary species 
over a wide range of pH (i.e. including calculated 
extensions as they would have been obtained had they 
not been precluded by insolubility). Figure 2 shows the 
distribution for the real ternary system. The introduction 
of the secondary ligand (NTA) sufficiently lowers the 
free cadmium ion concentration to permit limited for- 
mation of the mono cadmium-cystine complex in a pH 
range where the species does not precipitate. 

Fig. 1. Theoretical distribution of cadmium in the presence of 
cystine (Cd: Cystine = 1: 2). The point at which the titration was 

prevented by precipitation is shown by the arrow. 
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-toGrH+l 

Fig. 2. Actual distribution of cadmium in the presence of cystine 
and nitrilotriacetate as buffering ligand (Cd: Cystine: NTA = 
I :2: 1). Note that the CdNTA complex suppresses [Cd”+] and 

allows the titration to be completed. 

RESULTS AND DISCUSSION 

Table 1 gives some examples of formation constants 
for poorly soluble systems which have been obtained 
using this buffering method. The mathematics for treat- 

ing such competition has been available for many 
decades but the introduction of computer programs such 
as SCOGS4 and MINIQUAD has greatly facilitated 
potentiometric data assessment and treatment. Ideally, 
the same value for the ML constant ought to be obtained 
by using two or more buffering ligands. We have several 
examples of this check procedure, one of which, /?roll 
for Cu-guanosine, is shown in the Table. 

The buffering ligands were chosen according to the 
following criteria. 

If the formation constant for &_ is required and if B 
is the buffering ligand, 

I. The complexing ability of B ought not to be much 
greater than that of L, otherwise MB and MB2 com- 
plexes will be formed (and vice versa in that only ML2 
complexes will be formed if B is considerably weaker 
than L as a complexing ligand this leads to precipitation of 
ML). 

2. Preferably mixed ligand ternary complexes should 
be avoided. This may be achieved by having the sum of 
the number of donor groups for both ligands consider- 
ably in excess of the coordination number of the central 
metal ion. 

3. Unfortunately, polydentate groups as defined under 
2, because of the chelate effect, often bring about very 

Table 1. Formation constants (at 37” and I = I50 mmol dmm3 NaCI) for the general reaction. 

Ligsnd,L 

Complexes underlied are those determined by the new approach 

Complex log 6 Buffer,B Binary 
Pqrs complexes 

log 6 

Metal ion = Cd*+ 

Cystinate 1001 8.602 NTA 0101 9.020 
2003 16.356 0102 11.449 
1003 18.407 0103 13.357 
1004 20.043 0110 8.253 

0210 12.238 
1010 8.22 

Cystinate EDDA 0101 9.541 
0102 16.025 

as above 

0103 18.327 
0104 19.602 
01:o 8.629 
0210 12.991 

111-l 1.07 

Cystinate Penicil- 0101 10.244 
laminate 0102 17.921 

0103 19.827 

as above 
0110 10.742 
0210 17.684 
0211 24.671 

w 5.41 

Cystinate EDTA 0101 9.120 
0102 15.033 
0103 17.66 

as above 0104 19.66 
0110 13.790 
0111 16.515 

111-l 24.47 

Metal ion = Zn2+ 

Aminothi- 1001 8.483 Thiazoli- 0101 6.104 
azoline dine car- 0102 7.029 

boxylate 0110 3.19 
0210 5.75 
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Ligand ,L Complex 
Pqrs 

log 6 Buffer,B Binary log f3 
complexes 

Pqrs 

Metal ion : Zn 2+ (contd) 

Aminothi- 
azoline 

Alanine 0101 9.368 
0102 11.699 

as above 0110 4.44 
011-l -3.18 

1110 1.25 

Cystinate 1002 
1002 
1003 
1004 

+@ 
- 

8.602 
16.356 
la.407 
20.043 

Histidinate 0101 a .777 
0102 14.601 
0103 16.287 
0110 6.30 
0210 11.45 

0111 0211 lo.38 16.67 

Metal ion : Cu 2+ 

Nalidixate 1001 5.94 Ethylene- 0101 9.6 
1.010 6.0 diamine 0102 16.43 

0110 10.14 
0210 la.84 
021-l 7.4 

Guanosine 1001 a.91 Ethambutol 0101 9.05 
1002 10.97 0102 15.10 

0110 9.9 
011-l 3.26 
01-l-2 -5.05 

20.77 
m 

Guanosine as above Nalidixate 0101 5.94 
0110 6.0 
0210 11.64 

1011 1x 

x 
Full details of data treatment, standard deviations etc., will be 
published in full papers in due course 

powerful complexing and this contravenes criterion 
number 1. 

Competition between two ligands for a central metal 
ion has been used since the early days of solution 
coordination chemistry. However, the application des- 
cribed in this letter to sparing solubility is a new concept 
that has a widespread potential to the field of phar- 
maceutical metal-ion studies. 
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Abstract-The preparation of a series of complexes formed by I-methyl-4-mercaptopiperidine (AH) and divalent 
zinc, cadmium and mercury halides is reported together with some spectral and physical properties. The results of 
a crystallographic study allows to establish the structure of those of formula [M2(AH)&]H20 (M = Zn, Cd, Hg; 
X = Br, I) consisting of dimers and involving tetrahedral environment with sulphur-bridges for the metal atoms. _ 
Polymeric structures are proposed for the complexes of formulae Cd(AH)Cl* and Hg#l,(AH). 

INTRODUCTION 

As a part of our work on the coordination of y-mercap- 
toamines to metal ions we have reported some solid 
complexes formed by I-methyl-4-mercaptopiperidine 
recently. The crystal structure of the complex formed 
with cadmium perchlorate show that it is polymeric’ 
while the one formed with zinc chloride is dimeric.’ 
Taking into account that information relative to metal 
complexes of y-mercaptoamines is scarce and that mer- 
cury(I1) and thiol ligands give rise to a great diversity of 
structures- and in order to better understand the 
differences in coordination chemistry of the IIB elements 
we have undertaken a systematic study of the complexes 
of 1-methyl-4-mercaptopiperidine with the halides of 
these elements. We present in this paper good evidence 
of dimeric sulphur bridged tetraco-ordinated zinc, cad- 
mium and mercury atoms. 

Preparations 
EXPERIMENTAL 

I-Methyl-4_mercaptopiperidine(AH) and its hydrohalides were 
synthesized follow&g- a previ&sly reported method.’ The 
comolexes of emoirical formula IM~AH~XJHVO (where M = 
Cd@, Hg(I1); X = Br, I and AH denotes $e iwitierionic form of 
the ligand), [Cd(AH)C12] and [Hgz(AH)Cl,] were obtained in 10% 
methanolic solution by adding the appropriate metal(halide to 
the stoichiometric amount of the ligand. A slight excess of NaI 
was used in order to make HgI2 soluble. The complexes 
[M2(AH)&&H20 (where M = Zn(I1) and X = Br, I) were pre- 
pared analogously to the chloride derivative? In all cases the 
white crystalline products obtained (slightly yellow in the case of 
M = Hg(II) and X = I) were filtered off, washed with cold water, 
ethanol and ethyl ether and dried in uacuo. The complexes were 
analyzed as follows: S iodometrically or as barium sulphate; Zn as 
anthranilate; Cd with EDTA; Hg as [Cu en*][HgL]; Cl as AgCI; 
Br and I potentiometrically with AgNOs; C, H and N in a 
Perkin-Elmer 240 analyser. Results are given in Table I. 

Physical measurements 
The water content was determined by thermal gravimetric 

analysis and differential thermal analysis with a Netzch S.T.A. 
model 429 apparatus. Conductivity mdasurements were made on 
fresh solutions (l.lO-‘M) in DMF at 20°C with a Radiometer 
conductivity bridge type CDM3. The IR spectra were recorded in 
KCI, KBr or KI pellets or as Nujol mulls supported between thin 
polyethylene sheets on a Beckman IR-20A (400&250cm-‘) 

*Author to whom correspondence should be addressed. 

spectrophotometer. Powder diffraction patterns were recorded 
on a Philips X-ray Daractometer using the CuK, radiation. 
Mass spectra were recorded on a HP 5730 A spectrometer with a 
70 eV beam and at approx. lo-’ mm Hg pressure. 

RESULTS AND DISCUSSION 
X-Ray powder patterns indicate that these complexes 

of formula [M2(AH)2X.,]~H20 have the same structure as 
[Zn2(AH)4.&H20 already reported.’ The unit-cell 
dimensions have been calculated by least-squares 
methods and are given in Table 2. The other physical 
measurements are consistent with the results of the 
crystallographic study. Consequently, there can be little 
doubt that these halide complexes prepared in this work 
have a dimeric structure such as 

where the sulphur atoms of two ligand molecules in a 
zwitterionic form link two metal atoms. The co-ordination 
geometry around each metal atom is that of a distorted 
tetrahedron with two equivalent sulphur atoms and two 
non-equivalent halogen atoms. The water molecule is 
hydrogen bonded to two NH groups forming infinite chains 
in (010) directions and to two halogen atoms that belong to 
parallel chains. 

In agreement with their structure the values of the 
molar conductivities of [Mz(AHJzX4].Hz0 complexes in 
N,N-dimethylformamide solutions (Table 1) indicate that 
they are not electrolytes,8 except the complex 
[Zn2(AH)J41*H20 for which the value of AM = 
126.3 0-l cm* mol-’ suggests that there is either some 
ionization or decomposition in this solvent. 

The most significant bands of the IR spectra of all the 
complexes obtained in this work together with the 
assignments made is given in Table 3. The differences 
observed between these spectra and the one of the 
corresponding halohydrated ligand are small. In the 
hydrated complexes absorptions due to v(OH) and 
v(NH) vibrations appear between 3600 and 26OOcm-‘. 
We have postulated previously* that the band cor- 
responding to v(NH) vibration is split up in two bands 
owing to Fermi resonance with the first overtone of the 
6(CH2) vibration (1465 cm-‘). In the region mentioned 
[Cd(AH)C121 and [Hg2(AH)CLI complexes show the ab- 
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Table 4. X-Ray powder patterns of [Cd(AH)C12] and [Hgz(AH)Q] 

7.49 60 

6.93 40 

5.82 100 

5.43 20 

4.84 35 

4.76 65 

4.68 25 

4.35 20 

4.19 25 

3.95 60 

3.85 70 

3.70 80 

3.66 45 

3.63 25 

3.45 35 

8.58 10 

7.79 100 

7.49 5 

6.91 2 

4.88 20 

4.67 20 

4.41 4 

4.27 1 

3.95 10 

3.91 10 

3.81 5 

3.75 3 

3.46 15 

a Intensities proportional to the peak heights. 

sorption due to v(NH) vibration at 3060cm-‘. The 
hydrated complexes have between 800 and 6OOcm-’ a 
broad band that can be attributed to libration modes of 
the water molecule.’ In agreement with the literature 
those bands in the region of lowest frequencies that do 
not appear in the corresponding halohydrated ligand 
have been assigned to metal-ligand stretchings (v(M-S) 
and v(M-X)). 

The stoichiometry and X-ray powder diffraction pat- 
terns of complexes [Cd(AH)C12] and [Hg,(AH)Cl,] 
(Table 4) prove that they are not isomorphous with 
[M2(AH)2XJH20 complexes. The low solubility of these 
in DMF suggests a polymeric structure in both cases. 
One possibility could be to formulate the cadmium 
complex as [Cd(AH),](CdCl,] where the cation would be 
the same as the one found in the polymeric complex 
[Cd(AH)*] (C10&*2H20 previously reported’ and 
analogously the mercury complex as [Hg(AH)][HgCL] 
where the cation would consist of zig-zag chains already 
known.‘“” The IR spectrum of [Cd(AH)C&] shows a 
strong band at 260cm-’ which could be assigned to 
v(Cd-Cl) vibration of the CdC!I:- anions.” However in 
the IR spectrum of [Hg,(AH)Cl,,] a broad band appears 
from 3OOcm-’ up to the lowest frequency limit of the 
spectrophotometer used that would be better attributed 
to terminal Hg-C!I15 than to [HgCL$- modes.” 

A serious drawback of this hypothesis is that the value 
of the formation constants for MX:- species (M = 

Hg(II), Cd(H) and X = Cl, Br, I) follows the order I > 
Br> C1,16 which makes it difficult to postulate poly- 
meric structures involving Mg- units for the complexes 
formed with CdClz and HgClt while the complexes of 
known structure, where the existence of these species 
would be clearly favored, do not contain Mz- groups. 

Strong support for a polymeric structure for 
[Cd(AH)ClJ and [Hg,(AH)CL,] involving a coordination 
number greater than four is based on the radius ratio. 
The values of covalent tetrahedral radii for Cd(II) and 
Hg(II) are practically identical and greater than for 
Zn(II).” Thus the smallest halogen to metal covalent 
radius ratio in the series studied corresponds to chlorine 
and cadmium or mercury. It is well known that zinc is 
tetrahedrally coordinated in ZnClz while cadmium is 
octahedrally coordinated in CdC&. 

According to that the structure of [Cd(AH)Cl,] could 
consist of distorted octahedra sharing two opposite faces 
as indicated: 
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Consequently the band at 255 cm-’ in the IR spectrum 
should be assigned to the S-Cd vibration which has shifted 
to lower frequencies because of the increase in the 
coordination number. Frequencies assigned to Cd-Cl 
vibrations for chlorine-bridge atoms appear below 
200 cm-‘.” 

Based on the same argument [Hg,(AH)CL+] could be 
essentially an adduct 2HgC&AH where mercury atoms 
would have a coordination number of five. The structure 
could be envisaged as consisting of HgClz units linked 
together by chlorine bridges and also every two mercury 
atoms should be linked by one sulphur atom , as it is shown 

The fact that the thermogravimetric analysis shows the 
loss of two HgCI, molecules at approximately 250°C 
(theoretical loss of weight 80.5%; found: 77%), also that 
the fragments HgClt, HgCI’ and Hg’ are easily 
identified in its mass spectrum and that the strong band 
at 3OOcm-’ in the corresponding IR spectrum could be 
assigned to the different Hg-Cl vibrations are in good 
agreement with the proposed structure. The absorption 
band corresponding to Hg-S vibration is probably mas- 
ked by the v(Hg-Cl) band. 
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Abstract-The synthesis and structure elucidation of the dimeric or monomeric nature of several molybdenum (V) 
oxo-complexes of 2-methyl-8-quinolinol (2-methyloxine) have been described, and we have compared these 
complexes with the molybdenum (V) oxo-complexes of lquinolinol (oxine). These complexes, were identified by 
IR and electronic spectra, magnetic susceptibility, differential scanning calorimetry, thermogravimetric analysis and 
the analytical data. The results permit us to assign the formulae: (C&sNO),MosO,, (Cu&NOhMosOl and 
(CreHsNO)sMoO(OH). We suggest that the low magnetic moments observed for the dimeric complexes 
(CrsHsNO)&fosOs and (CnJ-IsN0)2Mo,0, are due, at least in part to intramolecular metal-metal interactions. 
Monomeric molybdenum (V) species (CteHeNO)JfoO(OH), exhibits a magnetic moment co. 1.75 Bohr magnetons. 

INTRODUCTION 
Mitchell and Williams’ and Andruchow and Archer? 
have prepared a series of lquinolinato complexes of 
molybdenum (V), which are either monomeric or dimeric 
with a Ma-O-MO linear bridge. In previous studies” we 
have described the formation of monomeric MO(V) 
complexes with Iquinolinol and of dimers with OXO- 

bridges, to which we have assigned bands in the IR and 
electronic spectra. 

The object of the present study, has been to obtain 
compounds of molybdenum (V) with a 2-methyl 8- 
quinolinol ligand, so as to observe the effects of steric 
impediment exercised by the methyl group in the for- 
mation of this complex, with respect to the ligand 8- 
quinolinol in the compounds obtained by us. 

We have, in addition, prepared a new compound of 
2-methyl-8-quinolinol with molybdenum (V) of dimeric 

structure with dioxo bridges MO /o\ ,O,Mo having a 

structure which is uncommon in the complexes of MO 
(V) penta-coordinated, having been obtained only in the 
case of dialkyldithiocarbamates.5 This has permitted us 
also, to appreciate the effect exercised by the bridge on 
the bands of the IR and electronic spectra in this series 
of compounds, and on the direct spin-spin interaction of 
the dimeric forms by means of magnetic susceptibilities. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

MoO,Nas .2HsO and MoCls were Merck commercial products 
and the ligand 2-methyl 8-quinolinol(2-methyloxine), was Koch- 
Light Laboratories Ltd. commercial product used as supplied. 

The solvents used to prepare and to recrystallize the com- 
plexes were Carlo Erba or Merck. 

The solutions for absortion spectra were prepared using 
dhnethylsulphoxide (DMSO) spectral grade (Merck-Uvasol). 

(b) Analytical procedures 
Elemental analysis were performed by “Instituto de Quimica 

Orgiinica (C.S.I.C.)” Madrid, Espatia. 
Molybdenum was determined by Atomic Absorption with a 

Perkin-Elmer model 430 Atomic Absorption Spectrophotometer, 
after decomposing the complexes with a I : 1 mixture of concen- 
trated nitric and sulphuric acids. 

The analytical data are given in Table I. 

(c) Methods 
Magnetic susceptibility was determined by the Gouy method at 

room temperature using a Mettler H-51 AR. balance and a type C 
Newport electromagnet. Molar susceptibilities have been cor- 
rected for diamagnetism! 

The magnetic moments were calculated according to the for- 
mula B = 2.84 (,$~.l’)~.’ B.M. were ,$M is the corrected molar 
susceptibility. 

Table 2 shows the results obtained. 
The IR spectra have been measured on a Perkin-Elmer 

recording spectrophotometer model 283. The samples were run 
as KBr pellets. 

Table 1. Elemental and molybdenum analyses 

Analysis 
Compounds C N Ii MO 

(CIO~~N~)~MOZ~~ %Calcd. 55.05 6.42 3.67 22.01 

%Found. 54.94 6.47 3.60 22.04 

(CIOH~N~)~MO~(~H) %Calcd. 53.93 6.29 3.82 21.56 

%Found. 53.54 6.28 3.71 21.61 

(CIO~~BNO)ZMOZ~~ %Calcd. 41.96 4.90 2.80 33.55 

%Found. 41.63 4.95 2.69 33.47 

163 
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Table 2. Magnetic properties of molybdenum (V) 0x0 complexes of 2-methyl-8-quinolinol 

Compound X.(106cge) x11(106cgs) x',(10%gs)* p@M) 

(Cl OH&‘) 40~03 - 0.182365 - 159 108 0.51 

(Cl oHeN0) nMoC(OH) 2.459218 1094 1287 1.75 

(CraHsNO) ZMOZOI, - 0.279482 - 160 16 0.19 

l 

The corrected x’M values of these dlmers have been divided by two to give 

the x’M value/mole MO. 

Important IR absorption peaks for the compounds prepared in 
this study, are listed in Table 3. 

The visible-nearUV spectra of the compounds, were 
measured, in the range 220_1000nm, on a Beckman recording 
spectrophotometer model DK-ZA, using solutions of the com- 
plexes in dimethylsulphoxide. The results obtained are given in 
Table 4. 

TG and DSC have been carried out (Flow rate of 51 hr-‘) in 
synthetic air in a thermobalance Mettler HE-20 and MetUer T.A. 
3000 system, with DSC 20 cell. 

The conditions of the analysis have been: 

TG Range = 20 mw. 
DSC Range = 2 and 50 mw. 

Heating rate = 2YJmin. 
Reference = Aluminum. 

(d) Preparation of complexes 
(Cl&8N0)&ioz03: 2.05 g (10 mmol) of MoO,Naa . Na .2HsO 

was dissolved in 50 ml of water. Another solution, of 3.16g 
(ZOmmol) of 2.methyloxine in 75 ml of hot absolute ethanol 
Merck, is prepared. Once it is cold, this solution is added to the 
previous one. The resultant solution takes on a yellow colour, 
and to it is added a solution of 0.25 g of sodium dithionite in 30 ml 
of water. The solution takes on an orange colour. Drop by drop, 
and with vigorous stirring, glacial acetic acid is added, till reach- 
ing pH = 5. 

The solution turns reddish and precipitates a brown solid, 

Table 3. IR absorption maxima in cm-’ of molybdenum (V) oxo-complexes of 2-methyloxine 

V 
s 

M0=0 932-945 935-945 930-945 

V 
a 

MO-O 690 688 

vS MO-O 400 390 

V MO-OH 300 

V MO-N 348 345 350 

1110 1108 
V C-O-MO 1114 

Table 4. Electronic absorption spectra of molybdenum (V) oxo-complexes of Z-methyloxine 

Compound x h-d 3(kK) Transition 

750 13.3 54 ‘Bz+‘E (I) 
540 18.5 708 ‘B2+‘Br 
350 28.6 17800 Charge transfer 
311 32.2 10832 I, _.. 
256 39.1 123062 Intraligand 

752 13.3 33 ‘Bz+‘E (I) 
545 18.3 548 ‘Bz”B1 
354 28.2 3894 Charge transfer 
310 32.3 5118 ,. II 
255 39.2 50832 Intrallgand 

700 14.3 275 ‘Bs+*E (I) 
350 28.6 12012 Charge transfer 
325 30.8 9724 0 0 
255 39.2 115216 Intraligand 

c: molar extinction coefficient 
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which is separated by liltration in uocuo, and washed repeatedly 
with a boiling water-ethanol mixture (50%). 

The residuum is filtered hot and in vacua, so that one obtains a 
reddish powder which is dried over PaOs. 

Yield: 82%. 
(Cn,HsNOJ$foO(OH): 2.74g (IOmmol) of MoCIs are 

dissolved in 20 ml of water, with instant hydrolysis and a brown 
solution is obtained, to which is added NH, concentrated to 
cause total precipitation. The brown precipitate, identitkd as MoO 
(OHh, is filtered in uacw and washed repeatedly with boiling 
water. When dry, it is dissolved in 100 ml of boiling glacial acetic 
acid. 

At the same time, a solution of 3.16g (20mmol) of 2-methy- 
loxine in 40 ml of hot glacial acetic acid is prepared. This solution 
is added to the lirst, forming a dark solution. It is concentrated 
by boiling, till only 25 ml of the solution remain. It is left to grow 
cold, and precipitates a solid which is filtered in uacuo and is 
washed with a boiling acetic acid-water mixture (1: I). 

Orange crystals are obtained and are dried over P20J. 
Yield: 74%. 
(Cn,HaNO)ZMo201: A solution of 2.05g (IOmmol) of 

MoOANa, * 2H,O in 50 ml of water is orenared. NaOH 2N is 
added till reaching pH = IO, and the soluiion is heated by boiling 
for 5 min. 

At the same time, lS8g (IOmmol) of 2-methyloxine are dis- 
solved in 40 ml of hot Merck absolute ethanol. The two solutions 
are combined, and the resulting solution takes on an orange 
colour, to which is added a solution of 0.3 a of sodium dithionite 
in 25 ml of water. The solution changes to agreen colour. Lastly, 
HCI 2N is added drop by drop, and with vigorous stirrii till 
reaching pH =2, so that a precipitate of greenish color is 
obtained which is separated by liltration in uacuo. 

The solid obtained is washed with a mixture of 20 ml of water 
and 20ml of boiling ethanol, and is tiltered hot and in uacuo so 
that a greenish solution is obtained, and is dried over PzOs. 

Yield: 78%. 

DI!XUsSION 
(a) Structures of the complexes 

In this study, we have synthesized three different 
complexes of molybdenum (V) with 2-methyloxine as 
ligand. According to the results of the analytical and 
spectroscopic data, two of the complexes present a 
dimeric structure, while the other is a monomeric specie. 

Starting with a MoO,Naz - 2Hz0 solution and reacting 
with a solution of the liiand in ethanol, followed by 
reduction of Mo(VI) to MO (V) with sodium dithionite, a 
dimeric complex is precipitated in acid medium. 

Carrying out the precipitation at pH=5, with acetic 
acid, the complex of stoichiometry 2 : 1, obtained has a 
monoxo bridge and the molybdenum is six-coordinated. 
The formula which most closely fits the analyses is 
(2-methyloxine)J40z0,. We suggest that the structure for 
this complex should be as follows: 

II MO O 
I 1 

MO, is less than the magnetic moment of the 

0 

However, at pH = 2(HC12N) the stoichiometry of the 
compound precipitated is 1: 1, the molybdenum is five- 
coordinated, and the union between the two atoms of 
molybdenum is realized by means of a diixo-bridge. The 
formula which we assign to this complex is (2-methy- 
loxine)lMo204 and we suggest that the compound 
presents the following structure: 

For the synthesis of the monomeric complex of for- 
mula (2-methyloxinehMoO(OH), a solution of 
MoO(OH)s in glacial acetic acid is made to react with 
another of the ligand, also in acetic acid. The stoichiometry 
of the compound is 2: 1 and the molybdenum is six- 
coordinated. 

We suggest that the structure for this complex should 
be as follows: 

(b) Magnetic properties 
The magnetic susceptibility measurements and cal- 

culated magnetic moments, suggested spin-spin inter- 
action-through the oxygen bridges in a dimeric complex 
(2-methyloxine)&Io,09 comparable to that found in 
other complexes of molybdenum (V) which have been 
studied.’ 

The magnetic moment found for the complex (2- 
methyloxinekMo20, (CL = 0.19 BM), which presents a 
dimeric structure with dioxo bridge of the type 

MO”’ ,o,M~, is less than the magnetic moment of the 

dimeric complex of monoxo bridge of formula (Zmethy- 
loxine),Mo,OS and structure Ma-O-MO, with a value of 
magnetic moment p= 0.51 BM. ‘Ibis is due to the possible 
formation of a direct metal-metal bond’, which is more 
favourable to the dioxo bridge than to the monoxo bridge, 
due to the shorter distance between the molybdenum 
atoms, and the smaller bond angle, as has been proved by 
X-ray diffraction for MO(V) complexes with dialkyl- 
dithiocarbamates (Mo-MO = 2.58 A, O-MO-0 = 91.9” and 
Mo-MO = 3.70 A, Ma-O-MO = 178.1”, respectively).‘9 

The compound of formula (2-methyloxinekMoO(OH) 
has a magnetic moment of 1.75 BM. which corresponds 
to the spin-only value for d’ electron of the molybdenum 
(V) atom, being, therefore, a monomeric species. 

(c) ZR spectra 
The IR spectra of the three complexes exhibit a very 

strong doublet at 930-945 cm-‘, which we attribute to the 
vibration of the symmetric stretching mode of the ter- 
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minal MO = 0 bond. The antisymmetric mode has not 
been detected. However, the appearance of the sym- 
metric stretching mode is sufficient to designate, in the 
dimeric complexes, a cis disposition of two terminal 
MO = 0 bonds.8 

The MO = 0 bonds are very sensitive to the variations 
produced in the metal-donor atom as is usual in all 
oxocation complexes of metal-ox0 group. 

If we compare these complexes of 2-methyloxine with 
the MO(V) complexes of oxine3*4 we observe that the 
complexes of 2-methyloxine exhibit the band of the 
symmetric stretching mode of the MO = 0 bond dis- 
placed to greater frequencies (930-945cm-‘) than the 
analogous complexes with oxine (91&925cm-I). This 
difference is due to the steric effect of the methyl group, 
which weakens the union of the 2-methyloxine @and with 
the molybdenum atom, strengthening the molybdenum 
terminal oxygen bond, as happens also in vanadium 
(1V)complexes with oxine and 2-methyloxine.” 

Also, since the MO = 0 bond is stronger in the 2- 
methyloxine complexes than in the oxine complexes, the 
bond order of the molybdenum atom to the oxygen- 
bridge atoms should be less in the dimeric 2-methyloxine 
complexes than in the dimeric oxine complexes. 

In fact, the dimeric 2-methyloxine complexes exhibit 
an intense band in the 69Ocm-’ region, which we attri- 
bute to the antisymmetrical stretching vibration of the 
MO-O bridge bond, and another band of weak intensity 
at 400 cm-’ which corresponds to the symmetric stretch- 
ing mode. Both bands appear at greater frequency in the 
oxine complexes (760 and 405 cm-‘, respectively). 

Upon comparing the IR spectra of the 2-methyloxine 
mono-bridge complex, and of the 2-methyloxine dioxo 
bridge complex, one observes no differences for the 
vibration frequency of antisymmetrical stretching in 
constrast to what is claimed by other workers,” who 
have tried to resolve the problem of differentiating the 
monoxo and dioxo bridges by means of the IR spectra. 

The IR spectrum of the monomeric 2-methyloxine 
complex of formula (2-methyloxinehMoO(OH) exhibits 
a band at 3OOcm-*, which we attribute to the stretching 
of the Ma-OH bond, as occurs in other molybdenum 
compounds with Ma-OH bonds.” 

The IR spectra of the three 2-methyl-oxine complexes 
of molybdenum (V) studied, exhibit a very strong band in 
the 1105 cm-’ region and another band of lesser in- 
tensity in the 350 cm-’ region. We attribute the fust band 
to a C-O-MO, vibration, and this indicates the 
formation of a molybdenum chelate, while the second 
band corresponds to the stretching of the Mo-N bond, as 
happens also in other complexes that we have studied.” 

(d) Visible and UV spectra 
The visible and UV spectrum of dimeric complex with 

a monoxo bridge of formula (2-methyloxine)&Io,O3 and 
the spectrum of. the monomeric complex of formula 
(2-methyloxinekMoO(OH) exhibits two bands at 13300 
and 18,500 cm-’ which we attribute to transitions ‘& + 
2~(~ and 2132t2131, respectively, according to the Bal- 
hausen-Gray scheme for an octahedral structure.14 
However, the dimeric complex, with a dioxo bridge of 
formula (2-methyloxine)2M020, exhibits only a band in the 
visible at 14,286 cm-’ which corresponds to a transition 
‘B2 t 2EfZ) in accordance with the Gray-Hare diagram, 
for a possible square-pyramidal st~chue.‘~ 

On comparing the spectra of the dimeric complexes 
with monoxo bridge and dioxo bridge in the visible 

region, one observes the change produced in the dd 
transitions, on varying the coordination and passing from 
an octahedral structure for the six-coordinated complex 
with monoxo bridge, to a square-pyramidal structure for 
the complex with a five-coordination index and dioxo 
bridge. 

If we compare the transitions observed in the visible 
region for the dimeric 2-methyloxine complex with dioxo 
bridge of formula (2-methyloxinekMo204 (14,286 cm-‘), 
with the transition observed for the analogous complex 
with oxine as ligand (13,698 cm-‘) no appreciable change 
in dd transitions is observed and therefore, the struc- 
tures of the two complexes are probably similar, in 
contrast to the monomeric vanadium (IV) complexes 
with oxine and 2-methyjoxine of formula VOLL, (where 
LL = oxine and 2-methyloxine),” where there are ap- 
preciable differences in structure of the complexes: the 
Zmethyloxine complex having a trigonal-bipyramidal 
structure in which the steric impediment is less, while the 
oxine complex possessses a square-pyramidal structure. 

The absence of this structural change in the dimeric 
molybdenum (V) complexes might be due to the exis- 
tence of the bridge, that determines the structure of two 
square pyramids. 

In the UV region, the three complexes produce three 
transitions at 350, 310 and 255nm. The two first cor- 
responding to charge-transfer transitions and the last 
corresponding to an intra-ligand transition. 

(e) Themrogravimetry and differential scanning calori- 
metry 

The DSC and TG of the dimeric complex with monoxo 
bridge and formula (2-methyl-oxine),Mo203 shows that, 
from 210 to 770°C combustion of the complex is 
produced so as to form molybdenum (VI) oxide Mo03, 
by an exothermic process. (‘96 loss calculated: 66.97; % 
loss found: 67.00). 

The DSC and. TG of the monomeric complex (2- 
methyloxine)&ioO(OH) (Fig. 1) shows the loss, be- 
tween 90-“C and 130-“C, of a water molecule, (% loss 
calculated: 2.02; % loss found: 2.00) between two mole- 
cules of the complex, so as to form the dimeric com- 
plexes with a monoxo bridge identified by infrared spec- 
trum, by the reaction: 

2(2-methyloxine)2MoO(OH~(2-methyloxine),Mo203 
tH,Ot. 

Fig. 1. DCS and TG curves of (2-methyloxinehMoO(OH). 
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This endothermic process presents a value of AH = ‘A. Doadrio, R. Loxano and A. L. Doadrio, An. Quim. 1980,76, 
20.1 kJ/mol. B, 193. 

The dimeric complex formed continues the oxidation 
until formation of MoOa at 650°C. (% loss calculated: 
66.97; % loss found: 66.90). 

The dimeric complex of dioxo bridge and formula 
(2-methyloxine)2Moz0, shows in the DSC and the TG, 
only one exothermic process untill 690X, in which 
Moo3 is formed. (% loss calculated: 49.65; % loss found: 
49.66). 
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Ahstraet-The greatly increased solubility of PbBrs in propylene carbonate (PC) caused by addition of LiBr 
indicates that Pb(II) interacts strongly with bromide ion in propylene carbonate to form stable Ph(II)-bromide 
complexes. Soluhility and spectrophotometric data for LiBr solutions saturated with PbBr* indicate the presence of 
two Ph(II)-bromide complexes whose bromide:lead ratios are respectively 3.00 and 2.75. The former, which 
predominates in dilute (< 0.03 m) solutions of LiBr saturated with PbBr,, was shown by potentiometry and 
solubility data to he PbBr3-, a species also formed when PbBrr dissolves in PC in the absence of LiBr. The latter, 
which is predominant in more concentrated LiBr solutions saturated wih PbBrz, was shown by spectrophotometry 
and solubility data to be the polynuclear complex Pb$r$. Both complexes are sufficiently stable that the free 
bromide ion concentration in these solutions corresponds to only a small fraction of the total bromide concen- 
tration. In LiBr solutions unsaturated with respect to PbBrs, the major Pb(I1) species are PbBrs- and PbBq-‘. 

INTRODUCTION 
Its unique physical and chemical properties’ make pro- 
plyene carbonate (PC, 4-methyl-2dioxolone) an interes- 
ting solvent for electrochemical studies, but a major 
impediment to many such studies is the lack of con- 
venient, general purpose reference electrodes. This 
problem, of course, reflects the more general problem that 
we know relatively little of the fundamental chemistry in 
PC of heavy metal ions which might form the basis of 
such electrodes. In a survey of the solubilities of elec- 
trolytes in PC, Harris’ showed that the solubility of lead 
iodide in PC is greatly increased by additon of lithium 
iodide, and he postulated formation of a polynuclear 
Pb(I1) species. Brievogel and Eisenberg also invoked the 
formation of polynuclear species to explain the conduc- 
tance of concentrated equimolar LiCl-AlCl, solutions in 
PC. On the other hand, Butler’s4 careful potentiometric 
study of the solubility of AgCl in PC revealed only the 
mononuclear complexes AgCl, AgCl*- and AgC13’-. 
Earlier potentiometric studies in this laboratory’ in- 
dicated that the lead amalgam-lead bromide couple 
showed promise as a reference electrode, but did not 
address the question of the nature of the Pb(I1) species 
in solution. We report here the solubility of lead bromide 
and potentiometric and spectrophotometric studies of the 
solution chemistry of Pb(I1) in PC solutions of lithium 
bromide, which establish the nature of the Pb(II)-bromide 
species in PC solutions containing LiBr. 

RXPERIMBNTAL 
PC (98% pure by GLC) obtained from Matheson, Coleman and 

Bell was purified by vacuum distillation as described by Murry 
and Aikenss except that the pot and column temperatures were 
100 and 6W, respectively. The distillate was transferred to the 
controlled atmosphere box with minimal exposure and was 
analyzed by GLC as described by Jasinski and Kirkland6 except 
that the column temperature was programmed from 105 to 200°C 
at Z”C/min. The purified PC which was used in the metal-metal 
halide cells contained less than 20ppm water and all other 
experiments utilized PC which contained less than 1 ppm water. 
Thallium bromide was dried at 110°C for 24 hr, lead bromide and 

*Author to whom correspondence should be addressed. 

lithium bromide were dried under the same conditions in a 
vacuum oven and all were stored in the controlled atmosphere 
box. Solutions were prepared and stored in a controlled atmos- 
phere box (Kewaunee Scientific Equipment Model 2C4OSR) 
filled with recirculating nitrogen whose moisture content was 
below 1 ppm, and maintained at 25.O?O.l”C. 

The total lead concentration was determined by the method of 
Suk and Malat,’ and the total bromide concentration as described 
by Caldwell and Moyer” except that nitrobenzene was not used. 
The average coefficients of variation for these analyses were, 
respectively, 0.37 and 0.23%. 

Potential measurements of thallium-lead electrode pairs util- 
ized cells in which the two half cells were joined by a side arm 
with a teflon stopcock which was only opened during potential 
measurements. The cells, which were filled under vacuum, 
backfilled with nitrogen and sealed, were thermostatted at 25.00 + 
0.0X. Potential difference measurements between lead half 
cells containing different concentrations of LiBr made use of a 
LiBr salt bridge. 

Ultraviolet spectra were secured using a sealed thin layer cell 
with quaartz windows separated by a teflon spacer. The thick- 
ness, which could be selected to be between nominal values of 
0.013 and 02mm, was determined precisely by measuring the 
absorbance of a standard solution of acetophenone in methanol. 
All spectra were obtained using a Cary Model 14 spectropho- 
tometer with the sample chamber thermostatted at 25.0 + O.l”C and 
were corrected for the absorption of the cell and solvent. 

RESULTS AND DISCUSSION 
Effect of solvent composition on cell potential 

To establish qualitatively the manner in which PC 
affects the electrode potentials of interest, we measured 
the potential of cell I where Tl(Hg) 

Tl(Hg)/TIBr(s)/LiBr(C)/PbBrz(s)/Pb(Hg) (I) 

and Pb(Hg) denote the saturated two phase amalgams 
and the solvent is one of the four in Table 1. The potential 
of the aqueous cell and the value of 375.3 mV which was 
calculated from standard free energies of formation’ and 
the solvent independent potentials of the metal-metal 
amalgam cells”*’ for eqn (1) agree within 

ZTl(Hg) + PbBds) 8 2TlBr(s) t Pb(Hg) (1) 
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Table 1. Average potentials and 90% confidence limits of metal 
amalgam-metal bromide cells. These are based upon the potential 

of three electrode pairs measured 3 times daily for 5 days 

‘H20 xPc [LiBr]/M E/mV 

1.000 0.000 0.0389 376.4t0.2 

0.998 0.002 0.0789 371.220.2 

0.967 0.033 0.0683 376.3rO.l 

0.000 1 .ooo 0.0368 506.8r0.4 

2 mV, confirming that eqn (1) describes the cell reaction 
in the aqueous cell. Replacing water by pure PC causes 
the measured potential to increase by approximately 
130 mV, evidence that eqn (1) does not describe the 
cell reaction in PC. Table 1 shows that mixed solvent 
cells containing concentrations of PC up to that of the 2 
phase boundary exhibit essentially the same potential as 
does the aqueous cell. This result indicates that the 
interaction of PC with the thallium and lead half cells is 
not stronger than that of water, which in turn suggests that 
the potential of the PC cell reflects more the absence of 
water than the presence of PC. 

Dilute LiBr solutions saturated with PbBr* 
Although the solubility of PbBr2 in concentrated LiBr 

solutions corresponds to considerably more than one 
mole of PbBr* per mole of LiBr, in dilute LiBr solutions 
it approaches a limiting value of one mole of PbBr* per 
mole of LiBr. This behaviour is reflected in the solubility 
data in Fig. 1, where the solid line defines a 1: 1 mole 
ratio of PbBrz to LiBr, but it is more apparent in Fig. 2, 
where the solubility data have been transformed to show 
the dependence of the bromide:lead ratio on the lead 
concentration in these saturated solutions. As the lead 
concentration falls, the bromide : lead ratio increases 
steadily until at ca. 0.03 m Pb(II), it reaches a limiting 
value of 3.01 with a standard deviation of the sample of 
0.013. This limiting bromide:lead ratio indicates that in 
such dilute solutions the predominant Pb(II) species 
corresponds to PbBrS- or to some multiple thereof. 
Although in principle a bromide:lead ratio of 3.0 could 
also be compatible with equimolar concentrations of 

010 - 
0.09 - 

Fig. 1. Lead concentration versus lithium bromide concentration 
for LiBr solutions saturated with PbBr*. The line defines a 1: I 

mole ratio of PbBr2 to LiBr. 

Leod concentrotnn /m 

Fig. 2. Dependence of experimental bromide:lead ratio on lead 
concentration for LiBr solutions saturated with PbBr*. 

PbBr* and PbBr4*-, this would require that the solubility 
of PbBr2 be at least 0.03 m, a value which is two orders 
of magnitude above the measured solubility (see spec- 
trophotometric studies below). 

The UV spectra of dilute LiBr solutions 
saturated with PbBrz provide additional and com- 
plementary information concerning the Pb(I1) species in 
these solutions. Figure 3 reports the spectra of 4 such 
solutions which range in Pb(I1) concentration from 
0.0057 to 0.018 m. If the Pb(I1) concentration is below 
0.015 m, the spectra exhibit a single peak centered at 
305 nm, whereas if the Pb(I1) concentration is above 
0.015 m, the spectra also exhibit a second peak centered 
at 327 nm, whose intensity relative to the 305 nm peak 
increases with increasing Pb(I1) concentration. For Pb(I1) 
concentrations between 0.0057 and 0.0098 m, the apparent 
molal absorptivity of the 305 nm peak remains constant at a 
value of 9790m-’ cm-‘, which means that over this 
concentration range, the nature of the predominant Pb(I1) 
species does not change. Knowledge of the apparent molal 
absorptivity of the 305nm peak also permits one to 
estimate of the solubility of PbBr2 in PC. The absorption 
spectrum of a saturated solution of PbBr, in PC and that of 
a dilute solution of LiBr saturated with PbBr2 are virtually 
identical with respect to both the wavelength of maximum 
absorption and the band contour. This result indicates that 
dissolution of PbBr2 in PC yields PbBr3- and that any 
other Pb(I1) products do not absorb significantly in this 
wavelength range. The most probable reactions which 
meet these conditions are those defined by eqns (2) and (3). 

3 PbBr2(s) +2 PbBrS- t Pb+* (2) 

2 PbBr2(s) + PbBrS- t PbBr’. (3) 

The absorbance of a saturated solution of PbBr2 is 
equivalent to that of a PbBr3- concentration of 9.2 x 
10m5 m, which in turn corresponds to a molal solubility of 
PbBr2 of from 1.4 x lOA m (eqn 2) to 1.8 x lo* m (eqn 3). 

Neither the spectrophotometric results nor the solu- 
bility data are sensitive to the degree of aggregation of the 
Pb(I1) species in dilute LiBr solutions saturated with 
PbBr2, that is, to whether this species is PbBr3- or an 
oligimer (PbBr3JN. Because polynuclear Pb(I1) com- 
plexes form in more concentrated LiBr solutions 
saturated with PbBa it was necessary to determine the 
degree of aggregation of (PbBr3&,, i.e. the value of N. 
This was accomplished by analysis of the potential 
dependence of a Pb(II) concentration cell in which the 
predominant species is (PbBr3JN and the spontaneous 
reaction is defined by eqn (4) 

(PbBr3AdC’,) -4WWMCJ (4) 
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Fii. 3. UV spectra of dilute LiBr solutions saturated with 
PbBr2. The spectra denoted as I, 2, 3 and 4 correspond to 
solutions with lead concentrations of 0.005697, 0.00979, 0.01507 

and 0.01832 m, respectively. 

where the terms Ci and C, denote the formal concen- Concentrated LiBr solutions saturated with PbBr2 
trations of Pb(I1) in the two compartments, i.e. the 
concentrations of the complex assuming that N is unity. 

As Fig. 1 shows, increasing the LiBr concentration 
above 0.03 m causes the solubility of lead bromide to 

Experimentally, it is necessary to isolate the two deviate progressively above the reference line which 
(PbBraJ., solutions with a salt bridge to prevent pre- defines the quantity of lead bromide that corresponds to 
cipitation at the interface between the two solutions. The formation of PbBr,-. This excess solubility of lead 
necessary isolation was accomplished using a LiBr salt bromide ifi concentrated lithium bromide is reflected in 
bridge whose concentration was equal to the forma1 LiBr Fii. 2 as a continual decrease in the bromide:lead ratio 
concentration in the reference half-cell, as in cell II. with increasing lead concentration. From the limiting 

value of 3.01 which characterizes dilute solutions, 
-Pb(Hg)/PbBrz(s)/Li’, (PbBr,&(C,)//LiBr(C,)// the bromide:lead ratio falls to 2.85 in a solution whose 

Li’, (PbBr,-),(CJ/PbBr2(s)/Pb(Hg)‘. (II) lead concentration is 0.12m. These data can only be 
interpreted as the formation of at least one polynuclear 

In this cell there are two liquid junctions, whose poten- 
complex of the type PbxBry where Y < 3X. 

tials must be subtracted from the measured potential. To 
The spectral data in Fig. 5 which extend to much more 

estimate the contribution of these two liquid junctions, it 
concentrated solutions than do the data in Fig. 3, confirm 

was necessary to make two approximations. First, the 
the appearance of the second complex in more concen- 

two liquid junctions in cell II can be approximated by a 
trated LiBr solutions. As the analytical concentration of 

single junction between the two (PbBrS& solutions 
Pb(II) increases, the 327 nm peak grows progressively in 

(cell III) whose liquid junction potential can be estimated 
intensity relative to the 305nm peak until the 305 nm 

using the method of MacInnes12. Second, the value of 
peak becomes an ill defined shoulder on the 327 nm peak. 

the transference number of Li’ in this junction can be 
The presence of an isobestic point in Fig. 6 which occurs 

approximated by the value of 0.4 determined for LiClO, in 
at 315 nm indicates that only two lead species are present 

PC by Gabano,13 
in these solutions. The systematic variation of the in- 

-Pb(Hg)/PbBr2(s)/Li’, (PbBr3-)N(C,)// 

Li’, (PbBr,-),(CJPbBr2(s)/Pb(Hg)+. (III) 

The electrode reactions in cell II and the dissolution of 
PbBr2 in LiBr solutions follow respectively eqns (5) and 
(6). 

(PbBr3& + 2N e- 8 N Pb(Hg) + 3N Br- (5) 

N PbBr,(s) t N Br- S (PbBr3&. (6) 

Combining these reactions with the Nemst equation and 
solving for AE, the potential ofcell II yields eqn (7). 

AE = -0.059 [Pb(II)I(Ci) 

N log PWIMCA 

The plot of eqn (7) in Fig. 4, which covers values of Ci 
from 0.001 m to 0.008 m, has a slope of 0.96 showing that 

Fii. 5. UV spectra of solutions containing various con- 

N is unity and thus the complex in dilute LiBr solutions 
centrations of LiBr saturated with PbBr2. The spectra denoted as ._ ._ 
1, 2 and 3, correspond to solutions with lead concentrations of 

saturated with PbBr2 is the monomer PbBr3-. 0.06015.0.03140 and 0.008152 m, respectively. 

[mm)] (Ci) 

-“.05g’w [mm] (C,) ’ In” 
Fig. 4. Experimental test of eqn (7) for concentration cell II. 

MO- 

xm- 
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Fig. 6. UV spectra of solutions containing various con- 
centrations of LiBr saturated with PbBr2. The spectra cor- 
respond to lead concentrations as follows: 0, 0.008152m; A, 

0.01832 m; I, 0.0314 m, and A, 0.06015 m. 

tensities of the two peaks of course reflects the cor- 
responding variation of the relative concentrations of the 
monoculear species PbBr3- and the polynuclear species 
PbxBry. In principle, the identity of PbxBrv can be 
established by systematic analysis of the spectropho- 
tometric data for a series of solutions covering a range of 
concentrations. In practice, however, it is advantageous 
to apply spectral stripping to minimize the considerable 
overlap of the pertinent peaks which otherwise interferes 
with the spectrophotometric analysis. 

The spectrophotometric analysis is based on the 
assumption that the formation of the Pb(II) solute spe- 
cies can be described by eqns (8) and (9). 

PbBr*(s) t Br- * PbBrs- (8) 

X PbBrJs) t ( Y - 2X)Br- $ PbXBrvZXmY (9) 

the former predominating in dilute LiBr and the latter in 
concentrated LiBr solutions. At any wavelength where 
both species absorb, A/l, the total absorbance per unit 
cell thickness, follows eqn (10) where 4 denotes the 
molal absorptivity of species i. 

A/l = +,dPbBr3-1+ c~~x&‘b~Br~l. (IO) 

Replacing the concentration of PbxBrv by its equivalent 
in terms of the concentration of PbBr,- and Ke and Ks, the 
equilibrium constants of eqns (8) and (9), and rearrang- 
ing, yields eqn (11). 

AI1 - l pPbBq-[PbBr3-] 
= KsKs’*X-Y’ 9bXeru[PbBrp-]‘Y-2X’. (11) 

All the terms on the 1.h.s. can be evaluated experiment- 
ally, and the only unknown variable is the exponent 
(Y - 2X). To emphasize this aspect of eqn (1 l), we have 
rewritten it as eqn (12) where A’ denotes the terms on the 
1.h.s. of eqn (1 I), and B the constant terms on the r.h.s. of 
eqn (11). 

A’ = B[PbBr3-]Y-2X. (12) 

The molal absorptivity of PbBrJ-, which is already 
known from spectrophotometric measurements at ap- 
propriate wavelengths of dilute LiBr solutions saturated 
with PbBr2, is used to estimate the concentration of 

PbBr,- in a series of concentrated LiBr solutions 
saturated with PbBr2. The problem here is that in 
moderately concentrated LiBr solutions saturated with 
PbBr* there is no wavelength at which either the 327 nm 
peak or the short wavelength end absorption or both do 
not interfere significantly with estimation of the PbBr3- 
concentration. We have dealt with this problem in two 
ways which collectively define a unique formula for 
PbxBry. The first and simpler method, which assumes 
that spectral overlap does not seriously interfere with 
estimation of the PbBr3- concentration, yields a lower 
limit for the value of the term Y-2X This estimate of 
the exponent tends to fall below the true value because 
as the concentration of Pb(I1) increases, the magnitude 
of the spectral interferences increases, thus causing the 
estimated concentration of PbBr3- to deviate progres- 
sively above the true value. In the second method, an 
approximate spectral stripping method used to minimize 
the peak overlap probably tends to overcorrect the spec- 
tral interference, thus yielding an upper limit for the 
value of Y -2X. In both methods, the value of Y -2X 
is evaluated at nine equally spaced wavelengths from 290 
to 310nm, the wavelength range corresponding to the 
PbBr3- absorption band. To determine the best value of 
the term Y-2X at each wavelength, we subjected eqn 
(12) to nonlinear regression analysis using the program 
BMDP3R from the Biomedical Computer Program 
Libraries. 

Curve a in Fig. 7 reports the estimated value of 
Y-2X at each of the nine experimental wavelengths. It 
is clear that the value of Y-2X depends systematically 
on the wavelength, reaching a maximum value of 2.94 f 
0.17 at 300nm and falling rapidly at both higher and 
lower wavelengths. This result shows that spectral inter- 
ference is lowest at 300nm and that it increases at both 
longer wavelengths because of the PbxBry peak and at 
shorter wavelengths because of the strong end absorption. 
Because these peaks may still cause one to overestimate 
the PbBrJ- concentration somewhat at 300 nm, the value 
of 2.94 represents a lower limit of the term Y-2X. 

To reduce the spectral interference by the PbxBry 
peak and the short wavelength end absorption band, we 
applied the approximate spectral stripping technique 
outlined below. First, it was established that over the 

4.0 - b 

3.5 - ‘II 
:: 

L 
3.0 - 

2.5 - 

I’ I 

Fig. 7. Estimated values of Y-2X in eqn (12) with bars showing 
!M% confidence limits: a, uncorrected; b, corrected by spectral 

stripping to reduce interference. 
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composition range and wavelength range of interest, the 
three absorption bands can be appoximated fairly well as 
Gaussian curves of absorbance vs frequency. This pro- 
vided estimates of the spectral interference arising from 
the PbxBry peak and the end absorption band at each of 
the 9 wavelengths of interest for each of the nine LiBr 
concentrations studied. Because the estimates of the 
total spectral interference at each wavelength obtained in 
this way exhibited considerable scatter when plotted 
against the observed absorbance they were smoothed by 
linear regression. Since at each wavelength the ratio of 
the total estimated interference to the observed ab- 
sorbance was found to increase linearly with the obser- 
ved absorbance, the individual correction terms were 
replaced by the smoothed values calculated from the 
regression line. Subtraction of the appropriate refined 
correction term from the measured absorbance of each 
LiBr solution at each wavelength then yields corrected 
PbBr3- concentrations for substitution in eqn (12). In the 
most concentrated solution, which has a lead concen- 
tration of 0.0913 m, the correction estimated in this way 
corresponds to between 1 and 50% of the absorbance of 
the PbBrp- peak. In the less concentrated solutions it is 
proportionately less, and at all concentrations it reaches 
a minimum at 302.5 nm. This result agrees well with the 
earlier finding that when the spectral overlap was not 
corrected the minimum interference was found at 
300 nm. 

Values of Y-2X obtained in this manner are plotted 
against wavelength in curve b of Fig. 7. As is true of the 
uncorrected data, the estimated values of Y-2X show a 
pronounced wavelength dependence but unlike the un- 
corrected data, the value of Y -2X exhibits a minimum. 
This minimum value of 3.17 kO.21 thus represents an 
upper limit of the estimated value of Y-2X As might 
be anticipated, this minimum value occurs at 305 nm, the 
wavelength at which PbBr3- absorbs most strongly. The 
value of 2.94kO.17 obtained without correction for 
spectral interference thus define 3.00 as the most prob- 
able value of Y -2X 

Combining the value of Y-2X with the known com- 
position of the PbBrz saturated solutions summarized in 
Fig. 2 limits the possible formulas of the species PbxBrY 
still further. Thus the values of X and Y must satisfy 
eqns (13) and (14), 

Y<3X 

Y=2X+3 (14) 

the former constraint arising from the composition of 
concentrated solutions and the latter from the spec- 
trophotometric analysis. The integral values of X and Y 
which meet both constraints limit the formula of PbxBrv 
to PbJb:;, PbsBr?;, and PbsBr:;, which correspond, 
respectively, to bromide : lead ratios of 2.75,2.60 and 2.50. 
Of these, the species Pb,Br:; gives by far the best 
agreement between calculated and observed values of 
the bromide: lead ratio. For solutions in which PbBrJ- 
and the polynuclear species PbxBry are the only Pb(II) 
species, R, the bromide: lead ratio can be calculated 
from the spectrophotometrically estimated PbBr,- con- 
centration and the analytically determined total lead 
concentration through eqn (15). 

R,Y+ 3-Y PbJ%1 
X ( > X Pbl, * 

For a solution 0.09 m in Pb(I1) in which the polynuclear 
species is Pb,Br:;, eqn (15) predicts a bromide:lead ratio 
of 2.85. If the polynuclear species is PbSBr:;, the pre- 
dicted bromide:lead ratio is 2.74, and if the polynuclear 
species is PbSBr:;, the predicted bromide: lead ratio is 
2.68. Comparison of these three values with the experi- 
mental bromide: lead ratio of 2.87 verifies that the poly- 
nuclear complex is indeed Pb,Br:;. Further evidence 
that the polynuclear complex is Pb,Br:; is the experi- 
mental bromide: lead ratio of 2.73 of the 1.25 m Pb(I1) 
solution Fig. 2), which agrees very well with the value of 
2.75 assuming that essentially all the lead is present as 
Pb,Br:;. This value cannot be checked spectropho- 
tometrically because it would be necessary to reduce the 
pathlength to less than 10pm to obtain sufficient light 
transmission, but at this high concentration, nearly all the 
lead must be converted to the polynuclear species. An- 
other significant result of these calculations is that they 
show that in LiBr solutions saturated with PbBrz the free 
bromide concentration is only a very small fraction of 
the total bromide concentration. For example, the free 
bromide concentration in a 0.09 m LiBr solution saturated 
with PbBr2 is less than 0.002 m. Such low concentrations 
confirm the high stability of the Pb(II)-Br complexes in 
PC. 

Unsaturated PbBr, solutions in LiBr 
Relative to a solution of the same Pb(I1) content which 

is saturated with PbBrz, a solution which is unsaturated 
with respect to PbBrz contains a higher bromide concen- 
tration. That is, the bromide:lead ratio of an un- 
saturated solution is higher than that of a saturated solu- 
tion of equal Pb(I1) content, suggesting that the Pb(II) 
species in the saturated solution would be converted to 
higher complex(es) in the unsaturated solution. Figure 8, 
which compares the absorption spectra of two 0.0075 m 
Pb(I1) solutions, the first of which is saturated with 
PbBr2 while the second is unsaturated, shows that the 
spectra differ substantially. Most notable is the fact that 
the relatively symmetric peak of PbBr3- in the spectrum 
of the saturated solution is replaced by a broad asym- 
metric peak in the spectrum of the unsaturated solution. 
The decrease in absorbance at 305nm shows that some 
of the PbBr3- has been converted to a higher Pb(II)- 
bromide complex, a process which is reported in more 
detail in Fig. 9. Covering a range of Pb(I1) and bromide 
concentrations, these spectra clearly reveal the progres- 
sive conversion of PbBr3- into a second complex which 
absorbs at longer wavelengths. That this second complex 
is not Pb,Br:; is apparent if one compares its spectrum 
with that of Pb,Br:; in Fig. 6. Although both spectra 

Pi. 8. UV spectra of a PbBr2 saturated solution (curve 1) 
and a PbBrl unsaturated solution (curve 2). Both solutions have a 
lead concentration of 0.0075 m, but the saturated solution has a 
bromide : lead ratio of 3.0 whereas the unsaturated solution has a 

bromide : lead ratio of 5.0. 
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Fii. 9. UV spectra of unsaturated PbBrz solutions show con- 
version of PbBr,- into PbBr,*- with increasing bromide:lead 

ratios. Total bromide : lead ratios are as follows: 

[Brl/[Pbl 
4.5 

: 50 
r: 8:0 
A, 13.9. 

exhibit maximum absorption at similar wavelengths, the 
Pb.,Br:; peak in saturated solutions is much narrower 
than is the peak of the second complex in unsaturated 
solutions. The isosbestic point at 318 nm in the spectra of 
the unsaturated solutions confirms that only two absorb- 
ing species are present, so that the equilibrium conforms 
to eqn (16) 

RPbBrp-t(S-3R)Br-=PbRBrS(2R-S). (16) 

The identity of the species PbRBrs is easily obtained 
from the dependence of the spectrum on the solution 
composition. Consideration of the equilibrium constant 
of eqn (16) shows that for two solutions a and 6, the 
ratio of the concentrations of PbRBrs obeys eqn (17) 
where the charges are omitted 

[Pbdhl, 
[PbRB& 

= (B)R(k)S-3R (17) 

and the subscripts a and b denote the two solutions. The 
concentration ratio for PbBr3- can be replaced by the 
absorbance ratio at 295nm and that for PbRBrs by the 
absorbance ratio at 330nm, leaving only the bromide 
concentration ratio which can be determined by mass 
balance. As an example, consider two unsaturated 
solutions denoted a and b with Pb(II) concentrations of 
0.0075 and O.O050m, respectively, prepared by adding 
sufficient LiBr to appropriate saturated solutions so that 
the added LiBr concentration of each is 0.015 m. Since 
the free bromide concentration of a saturated solution is 
essentially zero, the free bromide concentration in an 
unsaturated solution equals the added bromide concen- 
tration corrected for the quantity which is consumed in 
eqn (16). This relatively small correction is easily ac- 
complished by estimating spectrophotometrically the 
decrease in the PbBr,- concentration which results from 
addition of the bromide and assuming a stoichiometry for 
eqn (16). Combining the fact that in solution a the 
PbBr3- concentration falls by 0.00225 m while in solution 
b it falls by 0.00150m with the assumption that in eqn 
(16) PbBr3- and Br- reacct in equimolar proportions 
yields the estimated bromide ion concentrations of solu- 
tions a and b as 0.01225 and 0.01350m. To a first 
approximation, these are equal. Substitution of this result 
in eqn (16) along with the absorbances at 295 and 330 nm 
yields R equal to 0.95, and eqn (16) simplifies to eqn (18) 

PbBr3- t (S - 3)Br- = PbBri2-S’. (18) 

Table 2. Concentration of PbBr,- in unsaturated solutions 

CPb&/m CLW,dded/’ [PbBrj]/m 

0.0050 0.010 0.0032 

0.0050 0.015 0.0028 

0.0050 0.025 0.0023 

0.0075 0.015 0.0042 

0.0057 0.062 0.0013 

0.0055 0.010 0.0047 

The stoichiometry and the equilibrium constant of eqn 
(18) can be determined by combining mass balance con- 
siderations with the spectrophotometrically measured 
concentration of PbBr,- and the analytical total concen- 
trations of bromide and lead. Application of this ap- 
proach to the six solutions described in Table 2 yields 
3.98 kO.13 as the value of S and 54 +28 m-’ as the 
equilibrium constant of eqn (18). Thus the product of eqn 
(16) is PbBr4-’ and its stepwise formation constant is 
54 _+28 m-‘. This value, which in the molar concentration 
scale is 45 M-‘, is somewhat higher than the value of ca. 
8 M-’ determined potentiometrically by Matsura et aL,14 
but it is not clear to what extent the difference arises 
from the limitations inherent in the two methods. It is 
also clear that our estimate of the stepwise formation 
constant of PbBr,-* in PC is substantially greater than 
corresponding values for aqueous solutions, which are 
ca. 0.2 M-‘.I5 Such enhanced stability relative to 
aqueous solutions appears to be a general charaacteristic 
of Pb(II)- bromide complexes in PC. For example, log /3, 
is 21.8 in PC14 as compared to 1.5 in water.15 The 
extreme stability of PbBr4-* in PC, which is consistent 
with that of other heavy metal halide complexes in this 
solvent, indicates that potentiometric methods will be 
necessary for full characterization of these complexes. 
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(Receiued 11 August 1981) 

Abstract-By using different methods, such as spectrophotometry, potentiometric titration, polarography and 
extraction, it was found that at pH > 8.5 osmium (VIII) is reduced by hydrogen peroxide to osmium(V1) to various 
extents. At pH 10.6, where the rate of the OsO,catalysed decomposition of hydrogen peroxide reaches its 
maximum, the concentration ratio of osmium (VIII) and osmium (VI) was found to be nearly one. This favours the 
explanation that the maximum rate of hydrogen peroxide decomposition is found at the pH where the rate of 
reduction of osmium (VIII) by hydrogen peroxide just becomes equal to the rate of oxidation of osmium (VI) by 
hydrogen peroxide. 

INTRODUCTION 

The decomposition of hydrogen peroxide was recently 
investigated in the presence of osmium tetroxide.’ The 
observed strong catalysis was interpreted in terms of a 
redox-cycle assuming that osmium (VIII) is reduced to 
osmium (VI) and the latter is reoxidised by hydrogen 
peroxide at rates governed by the pH. This paper 
attempts to collect direct evidence to support the 
mechanism of catalysis. The reaction was reinvestigated 
at about 1000 times higher concentration of catalyst to 
facilitate the estimation of osmium species [osmium 
(VIII), osmium (VI)] in the reaction mixture when the 
decomposition of hydrogen peroxide was complete. 

EXPBRIMENTAL 

Sodium hydroxide solution was purified by the procedure of 
D’Ans and Mattner? Other substances of reagent grade were 
used, without further purification. Triple distilled water was used 
to prepare solutions and reaction mixtures. Osmium (VI) was 
prepared by reduction of 0~0, with ethanol. Freshly-prepared 
standard arsenite solution was used for osmium (VIII) titrations.’ 

The absorption soectra were taken with a Unicam SP 800 
spectrophotometer. ‘P&wire and saturated calomel electrodes 
were used for potentiometric titrations; the e.m.f. was measured 
with a Radiometer DH 22 nH-meter. A Radiometer Polariter PO4 
was used to recoid polarograms. The bottom of the polaro- 
graphic cell was fitted a small bulb, which served to collect the 
mercury drops in order to reduce the free contact of the solution 
to be determined with the mercury dropped. 0.1 mol dm-’ phos- 
phate buffer solution served as supporting electrolyte. 

The total dissolved osmium contents were determined by the 
spectrophotometric method of Ayres and Wells.4 

Extraction experiments were carried out in two different ways. 
(i) Pure solutions of either osmium (VIII) or osmium (VI) were 
taken in ampoules and dioxygen was removed. Carbon tetra- 
chloride, also freed from dioxygen, was then added in a I : 1 
(V/V) ratio and the ampoules were closed. They were sub- 
sequently shaken in a thermostat for different periods (0.5-72 hr), 
after which the aqueous and organic phases were separated and 
analyzed by the Ayres and Wells’ method. (ii) For investigations 
of reaction mixtures, an equilibration time of only I5 min was 
used. To the solution to be investigated carbon tetrachloride was 
added in a I : I ratio and the mixture was efficiently stirred with a 
magnetic stirrer. After I5 min the phases were separated and the 

*Author to whom correspondence should be addressed. 

spectrum of the organic phase was recorded in the range 400_ 
250 nm. 

RESULTS AND DISCUSSION 
Figures 1 and 2 show the pH-dependence of the light 

absorption of osmium (VIII) and osmium (VI). It can be 
seen that at a given pH one can always find a wavelength 
where the absorbances of the two osmium species differ 
from each other sufficiently for the determination of OS 
(VIII) and OS (VI) separately. Further, it is also seen that 
there is a considerable difference in the acidic strengths 
of the osmium species. Osmium (VI) proved to be a 
stronger acid than osmium (VIII). The [OS 
(VIII)]/[OS,,~.~] values obtained for the reaction mixtures 
with different pH’s are plotted in Fig. 3. 

The polarographic measurements 
In alkaline medium osmium (VIII) is reduced in a 

stepwise manner at the dropping mercury electrode. The 
first step rises at zero applied e.m.f., showing that 
osmium (VIII) is spontaneously reduced to osmium (VI) 
by metallic mercury.- The second and third waves, 
with half-wave potentials of -0.61 and -1.51 V (vs SCE), 
respectively, have been correlated with the OS (VIFOs 
(IV) and OS (IV)-OS (III) reductions. It has been repor- 

Fig. I. Spectrum of 0s04 as a function of pH. Conditions: 298 K. 
4.05 x low4 mol dm-’ 0~0,; light pathlength = 1 cm; reference: 
water. I: pH 13.47; 2: pH 13.28; 3: pH 13.00; 4: pH 12.73; 5: pH 
12.46: 6: pH 12.19; 7: pH II.%; 8: pH 11.73; 9: pH 11.36; 10: pH 

11.02; 11: pH 10.47; 12: pH 9.93. 
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Fii. 2. Spectrum of OS (VI) as a function of pH. Conditions: 
298 K; 2.47 x lo-* M OS (VI) prepared by the reduction of 0~0, 
with etanol; light pathlength = 1 cm; reference: water. 1: pH 
13.36; 2: pH 13.00; 3: pH 12.54; 4: 12.86; 5: pH 11.41; 6: pH 
10.99; 7: pH 10.39; 8: pH 10.03; 9: pH 9.76; lo: pH 9.50; 1 I: pH 
9.33; 12: pH 9.08; 13: pH 8.82; 14: pH 8.50; 15: pH 8.36; 16: pH 

7.99: 17: pH 7.05; 18: pH 6.16; 19: pH 5.32. 

ted’ that the polarographic determination of osmium 
(VIII) and osmium (VI) is disturbed by both hydrogen 
peroxide and dissolved dioxygen, as both substances are 
reduced to water near zero applied e.m.f. in the presence 
of osmium (2 10m6 hi). It follows that before the polaro- 
graphic determination of the [OS (VIII)]/[Os (VI)] ratio 
one has to wait until the hydrogen peroxide has decom- 
posed completely, and the dioxygen must also be 
expelled by bubbling N2 through the solution. 

Polarogram of a ‘reaction mixture which contained 
osmium (VIII) and H202 at the beginning showed an 
increase of the second wave at the expense of the first 
one and the total diffusion current of the first two waves 
is also decreased. On the other hand, in the case of 
osmium (VI)-H202 reaction mixture the total diffusion 
current increased by the appearance of the first wave due 
to the partial oxidation of osmium (VI) by Hz02. Data 
obtained can be seen in Fig. 3. 

I 
¶ 10 II PH 

Fig. 3. Change in oxidation state of the osmium catalyst during 
the catalysed decomposition of H202 as a function of the pK 
Osmium (VIII) + H,O? reaction mixture: I, suectrouhotometric; 
0, potentiomktric -and polarographic; x, extraction method; 
Osmium (VI) + H202 reaction mixture; 0, spectrophotometric: 

0, potentiometric and polarographic; X, extraction method. 

381_-l_- 
9 10 11 12 pli 

Fii. 4. Kate of oxidation of OS (VI) by dioxygen as a function of 
pH. Conditions: 0.1 mol dm-’ phosphate t std. borax buffer 1 x 
10m3 mol dm-3 K20sOr(OH~i~~c~~extraction of the OS (VIII) 

Potentiometric arsenometry 
After the quantitative decomposition of hydrogen 

peroxide the estimation of osmium (VIII) content of the 
reaction mixture can be carried out by potentiometric 
titration with standard arsenite solution in appropriately 
alkaline solution (>0.5 mol dm-3).3 Determination is not 
affected by dioxygen dissolved in the analyzed solution. 
Data obtained can be seen in Fig. 3. 

It was checked separately that, [OS (VIII)]/[Os,,,,] 
concentration ratio is similarly not influenced by the 
presence of dioxygen, for the rate of oxidation of 
osmium (VI) by dioxygen is rather low, even at pH 10.6 
where its rate maximum was found (Fig. 4). It is interes- 
ting to note that the rate maximum of the 0s04-catalysed 
decomposition of hydrogen peroxide is also at pH 10.6. 

7 8 9 IO 11 12 pH 

I 8 9 10 11 12 pH 

l_ - --- 

7 8 9 10 11 12 pH 

Fig. 5. Distribution between water and Ccl, of OS (VIII) (1). OS 
(VI) (3) and the osmium species of the reaction mixture (2) as a 
function of pH. Curve a: aqueous phase; curve b: organic phase; 

curve c: osmium total. 
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Figure 5 shows extractabilities of osmium (VIII) 
(curve 1) osmium (VI) (curve 3) and the reaction mixture 
(curve 2) as a function of the pH. 50% distribution was 
found at pH 12.2 for osmium (VIII) and at pH 10.6 for 
the reaction mixture. In the case of osmium (VI) the 
distribution depends strongly on the duration of equili- 
brating. It can be seen from Fig. 5, curve 3 that osmium 
(VI) is hardly extracted from the aqueous phase in 
15 min, i.e. the concentration of osmium in the organic 
phase can be considered as being due only to osmium 
(VIII) from the reaction mixture. At pH < 9 and at longer 
equilibration interval (> 10 hr) the total dissolved osmium 
concentration is decreased, as a result of the increasing 
rate of dismutation of osmium (VI) with the increase in 
the hydrogen ion concentration. 

Figure 3 summarizes the results obtained with the 
different methods. It is seen that at pH < 9 osmium (VIII) 
is the dominating species, independently of whether the 
osmium was introduced in the form of osmium (VIII) or 
osmium (VI). At pH > 12 osmium (VI) is the main spe- 
cies. 

As the maximum rate of decomposition was found at 
pH 10.6’ while the concentration ratio [Os(VIII)]/[Os 
(VI)] is nearly 1 at the same pH, it is plausible to assume 
that the maximum rate of decomposition of hydrogen 

peroxide is found at the pH where the rate of reduction 
of osmium (VIII) by hydrogen peroxide and the rate of 
oxidation of osmium (VI) by hydrogen peroxide become 
equal. The present investigation does not give any in- 
formation concerning the mechanism of these processes, 
i.e. nothing can be said about the formation of an 
osmium (VII) intermediate, which was observed when 
the concentration of alkali is 2 mol dmW3 or higher.“.” 
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CYCLOPALLADATION COMPOUNDS OF THE 
2-PYRIDYLHYDRAZONE DERIVATIVES OF p-SUBSTITUTED 

ACETOPHENONES AND ACETYLTHIOPHENES 

MATSUO NONOYAMA* and CHISATO SUGIURA 
Department of Chemistry, Faculty of Science, Nagoya University, Chikusa, Nagoya, 464 Japan 

Abstract-Cyclopalladation occurs for 2-pyridylhydrazones(HL) of p-methyl-, p-methoxy-, p-chloro-, and p-nitro- 
acetophenone, and 3-acetyl- and 2-acetyl-thiophene with lithium tetrahalopalladate to give the complexes [PdXL] 
(X = Cl and Br) and some iodo complexes are prepared by metathesis of the chloro complexes with lithium iodide. 
These complexes are characterized spectroscopically. The hydrazones are coordinated to palladium through 
benzene or thiophene orthocarbon, hydrazone-nitrogen, and pyridine ring-nitrogen atoms forming fused five- 
membered chelate rings. 

INTRODUCTION 
Hydrazone derivatives are versatile ligands in coordina- 
tion chemistry and one of such ligands well studied is 
pyridine-2-aldehyde 2’-pyridylhydrazone(abbreviated as 
Hpaphy)‘. The l&and Hpaphy is coordinated to metal 
ions either as a neutral or as an anionic terdentate 
ligand(Structures I and II, respectively) depending upon 
the conditions under which complexes are prepared. We 
are interested in the ligands in which one of the two 
pyridine rings of Hpaphy is substituted by a benzene 
ring. In a previous paper’ we have reported that 2- 
acetylpyridine p-methylphenylhydrazone is cyclo- 
palladated to give the complex 111(X = Cl and Br) con- 
taining a Pd-C bond. In this paper we describe the 

I II 

III 

palladium(I1) complexes of isomeric hydrazones 
obtained by condensation of 2-pyridylhydrazine with 
p-methylacetophenone(abbreviated as Hmap), p- 
methoxyacetophenone(Hmxp), p-chloroacetophenone 
(Heap), p-nitroacetophenone(Hnap), 3-acetylthio- 
phene(Ha3p), and 2-acetylthiophene(Ha2p) (Structures 
IV and V; X = Cl, Br and I; Y = CHs, CHsO, Cl and N02). 

IV V 

*Author to whom correspondence should be addressed. 

Measurements 
EXPERIMENTAL 

Measurements were carried out by the methods reported pre- 
viously3. 
Syntheses 

The yields, melting points, and analytical results are given in 
Table I. 2-Pyridylhydrazine was prepared by the method in the 
literature.’ The hydrazones and complexes were prepared, res- 
pectively, by methods similar to those given below for Hmap and 
]PdX(map)](X = Cl, Br, I). 

Hmap: An ethanol solution (30 ml) of IS mmol of p-methyl- 
acetophenone and I5 mmol of 2-pyridylhydrazine containing a 
few drops of acetic acid was refluxed for I hr and concentrated 
to a small volume to give a precipitate. The product was recrys- 
tallized from acetone to form light yellow crystals. 

[PdCl(map)]: To a solution of lithium tetrachloropalladate, 
prepared in situ from 1 mmol of palladium chloride and 2.5 mmol 
of lithium chloride in 30ml of methanol, were added I mmol of 
Hmap and 1 mmol of sodium acetate. The mixture was stirred for 
2 days at room temperature to form a yellow precipitate. The 
precipitate was recrystallized from acetone. 

[PdBr(map)]: The yellow bromo complex was obtained 
similarly from lithium tetrabromopalladate prepared in situ by 
using 4 mmol of lithium bromide instead of lithium chloride. 

[PdI(map)]: Metathesis reaction of [PdCl(map)] with an excess 
of lithium iodide in acetone gave the yellowish brown iodo 
complex. 

RESULTS AND DISCUSSION 
The reaction of the 2_pyridylhydrazones(HL) with 

lithium tetrahalopalladate in the presence of sodium 
acetate give the complexes [PdXL](X = Cl, Br)(Table 1). 
The IR spectra (Table 2) show the bands v(N-H) sug- 
gesting that the hydrogen atoms of the hydrazone 
groups (-NH-N = C(CH&) are present in the complexes. 
The ‘H NMR spectra of [PdXL] in dmso-ds also suggest 
the presence of the hydrogen atoms, since the signals 
due to -NH- remained. A proton should, therefore, be 
removed from other place than the hydrazone groups. A 
similar result has been reported for the palladium(I1) 
complexes of isomeric 2-acetylpyridine p-methyl- 
phenylhydrazone.2 

Upon formation of the complexes the ‘H NMR spectra 
change markedly in the region of aromatic ring proton 
resonances (Fig. 1). The acetophenone derivatives show 
a characteristic singlet in this region (Fig. 1 and Table 2). 
The chemical shifts of the singlet are sensitive to halide 
ions X and the singlet is assigned to 6-H@h)? The 
doublets which shift similarly depending upon X is 
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Table 1. Melting points, yields, and analytical results of the complexes and hydrazones 

Compound 

M.P.a) 

(OC) 

Yield Analyt$iis, found( calid. ), % 
(%) c Ii N 

hap 

CPdCl(nap) 1 

[PdBr(map) 1 

[PdI(map) 1 

HmxP 

[PdCl(axp) 1 

Heap 

CPdCl(cap)l 

CPdBr(cap) 1 
cPdI( cap) 3 

Hnap 

CPdCl(nap) 1 

Ha3p 

[PdCl(a3p) 1 

bdBr( a3p) 3 

iPdI(a3p)l 

Ha2p 

[PdCl(ar?p) lb) 

102- 108 

222(dec) 

259(dec) 

214(dec) 

105-107 

243( dec) 

102-108 

262( dec) 

260(dec) 

245(dec) 

156-163 

238( dec) 

109-115 

226( dec) 

242( dec) 

209(dec) 

98-101 

179( dec) 

77 74.45l74.63) 

83 45.58C95.93) 

76 41.22t40.95) 

78 36.62c36.75) 

57 69.7oc69.69) 

88 43.85l44.00) 

79 63.14c63.55) 

88 40.43(40.39) 

95 36.88c36.23) 

63 32.62c32.67) 

76 60.7oc60.93) 

80 39.04l39.32) 

69 60.70(60.80) 

87 37.05c36.89) 

97 33.28c32.82) 

75 29.39l29.39) 

62 6o.qo(6o.80) 

93 36.95c36.94) 

6.78t6.72) 

3.8oc3.86) 

3.2Of3.44) 

3.12t3.08) 

6.13c6.27) 

3.7ot3.69) 

4.82c4.92) 

2.82C2.87) 

2.5Oc2.57) 

2.27l2.32) 

4.63c4.72) 

2.88t2.79) 

4.93(5.10) 

2.85( 2.81) 

2.54(2.50) 

2.22c2.24) 

5.08l5.10) 

3.55c3.62) 

18.80(18.65) 

11.36t11.48) 

10.15(10.23) 

8.92( 9.18) 

17.17C17.41) 

10.84(11.00) 

16.91(17.01) 

10.88(10.87) 

lO.Ol( 9.75) 

8.54( 8.79) 

21.73c21.86) 

14.09(14.11) 

19.42C19.34) 

11.87c11.73) 

10.80(10.44) 

9.02( 9.35) 

l&56( 19.34) 

10.51(10.77) 

a) dec = decomposition. 

b) This complex was obtained as a methanol adduct, [PdCl(a2p)]*CH30H. The 

presence of one mole of methanol was confirmed by the ‘H nmr spectrum. 

Hmap 

I I 

10 8 

6 mm 
Fig. 1. 60 MHz 'H NMR spectra of Hmap and [PdBr(map)] in 
dmso-4 (8 ppm from internal sodium 2,2-dimethyL24lapentane- 

sulfonate, DSS). 

assigned to 6’-H(py). For these complexes is proposed 
Structure IV where both 6-H(ph) and 6’H@y) are situ- 
ated in the proximity of X. This structure is closely 
related to Structure III of the cyclopalladated isomeric 

hydrazone. In accordance with Structure IV, the bands 
u(Pd-X) are observed in the normal region (Table 2).’ 

Because of the low solubilities of the thiophene 
derivatives no satisfactory ‘H NMR spectra are obtained 
and it is difficult to observe fine splittings required for 
determination of the structures. The rough features of 
the spectra are similar to those of the cyclopalladated 
complexes of acetylthiophene acetylhydrazones pre- 
viously reported.’ Structure V is proposed for 
[PdX(a3p)](X = Cl, Br, I). [PdCl(aZp)] may have a struc- 
ture where the position 3 of the thiophene ring is metal- 
lated.’ 

The signals due to 3-H and 4-H of p-substituted 
acetophenone moieties of the complexes(IV, Y = CHs-, 
CHsO-, Cl-) are observed near 7ppm. The cyclo- 
palladation results in upfield shifts of the signals com- 
pared with those of the free hydrazones. On the con- 
trary, the signals of -NH- of the hydrazone groups shift 
to lower field. This indicates that electrons of the 
hydrazone group move toward the phenyl ring in the 
complexes. The contribution of Structure VI is 
presumed. The thiophene derivatives show a similar 
trend. 

It is interesting that the phenyl and thienyl rings of the 
2-pyridylhydrazones prepared here are easily cyclo- 
palladated in preference to deprotonation of the 
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Table 2. Characteristic bands of IR and ‘H NMR spectra 
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Corpound 
IR(Nujol), cm-’ 
Y(N-H) )/(Pd-X) 

NMR(dmso-d6) 6 , ppm(DS& 
-NH- ~*-H(PY) 6-~( ph) 

R-P 3160 

[PdCl(map) 1 3280 

[PdBr(map) 1 3290 

[PdI(map) 1 3230 

HaxP 3iV0 

[PdCl( mxp) 1 3150 

Heap 3170 

[PdCl( cap) I 3250 

[PdBr( cap) 1 3280 

[PdI( cap) 1 3260 

Hnap 3195 

[PdCl(nap) 3215 

Ha3p 3180 

[PdCU a3p) 1 3220 

[PdBr( a3p) I 3210 

[PdI( a3p) 1 3200 

HeEp 3180 

[PdCU a2P) 1 3210 

337 

278 

301 

321 

265 

343 

9.73 a.25 7.82d; 7.28d(7.2jb) 

11.43 a.05 7.12 

11.50 8.13 7.38 

c) 8.22 7.72 

9.65 a.25 7.86d, 7.03d(8.9) 

11.42 8.02 6.95 

9.88 8.25 7.93d, 7.51dt8.6) 

11.70 8.08 7.33 

11.70 8.20 7.57 

11.75 8.41 7.95 

10.22 8.25 8.34d, 8.12df8.8) 

12.08 ca. 8.42d) ca. 8.42d) 

328 

333 

9.67 8.23 

11.42 7.98 

11.48 8.05 

11.67 8.27 

9.83 a.25 

11.52 7.95 

4,5-H( th) 

7.5 - 7.9m 

7.135 

7.12s 

7.13e) 

7.0 - 7.8m 

7.53d, 6.99dt4.8) 

a) 

b) 

d) 

e) 

Only major splitting patterns are given for the complexes because 

insufficient solubilities prevent observation of fine splitting patterns. 

The N-H and 6-H(ph) signals are a singlet and 6’-H(py) signal is a doublet 

(J = ca. 5 Hz). 8 = singlet, d I doublet, m = multiplet. 

For free hydrazones are shown all signals of phenyl rings and figures in 

parentheses are coupling constants in Hz. c) Not obeerved. 

Both the signals are overlapped as a complex multiplet. 

The signal seem6 to be a quartet[7] but is partially hindered by pyridine 

ring signals. 

hydrazone groups. This fact is a great contrast to the fact 
that Hpaphy is deprotonated at the hydrazone group.’ 
Cyclopalladation has also been reported for other sub- 
stituted hydrazones of aromatic ketones.‘.” High elec- 
tron density of the hydrazone group may facilitate 
cyclopalladation of aromatic rings by enhancing the 

electron density of the rings. The mechanism is difficult 
to he proposed at present. 

RRFRRRNClLS 
‘C. Bell, Rev. Inorg. Chem. 1979.1, 133. 
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as “ph”, “py”. and “th”. 
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SYNTHESIS OF SILVER (II) OXIDE BY OXIDATION 
OF SILVER OR SILVER OXIDE BY MEANS 

OF OZONE 
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Wpartement de Chimie MinCrale, Analytique et Appliqute, Sciences II, 30, quai E. Ansermet, CH-1211 Gentve, 

Switzerland 

(Rcceiutd 26 August 1981) 

Abstrret--The oxidation by ozone of a suspension of silver or silver oxide in an aqueous solution of sodium 
hydroxide is described. It has been shown that the oxidation proceeds in two steps: 

Ag 01 Ag20 0’ AgO. 

The experimental results are in good agreement with a mechanism of dissolution and precipitation. The silver (II) 
oxide obtained has remarkable properties of stability in alkaline solution and of reducibility to metallic silver. 
These special properties are probably due to the large size of the particles. 

INTRODUCTION 

Since the work of Marignac,’ who was the first to observe 
the formation of AgO by reaction of O3 on silver, some 
authors have studied this solid-gas reaction both on 
silver and on silver oxide.%’ The oxidation by ozone of the 
ion Ag+ in solution has formed the subject of a greater 
number of studies with several silver salts in acid, neu- 
tral or alkaline solutions?-’ As far as we know, there has 
been no work on the oxidation by 0, of an aqueous 
suspension of silver or silver oxide; this possibility to 
obtain the silver peroxide has been mentioned in the 
review published by McMillan* and in a patent ap- 
plication.’ We describe in this paper a detailed study of 
the synthesis of AgO by oxidation of a suspension of 
silver or silver oxide in an aqueous solution of sodium 
hydroxide, and we compare the properties of the product 
obtained (named OSK) with those of a commercial silver 
(II) oxide (Merck suprapur, named Msp) obtained by 
oxidation of Ag+ by persulphate. 

Equipment 
EXPERIMENTAL 

Ail the runs were done in a 101. reactor, fitted with a double 
mantle, a stirrer, an input and an output for the gaseous mixture 
O&&. The ozone was produced by a brushdischarge device 
providing a maximum flow of 2.6 gh-‘0s with a total flow (02 t 
0,) of 150 Ih-‘. The 2N sodium hydroxide solution contained 
either 100 g of silver powder (mean dia. 20 cm) or 100 g of silver 
oxide (mean dia. 2 gm). 

Analytical methods 
During the course of the synthesis, we took samples and 

analysed the mixture Ag-Ag,O-AgO. The titration of this mix- 
ture is complicated by the dismutation reaction (I) 

Ag+* t A$ = 2 Ag+’ (1) 

*Author ta whom correspondence should be addressed. 
tPresent address: Union Carbide, 43, rue J. L. Chevrolet 

-CH-2301 La Chauxde-Fond, France. 
SPresent address: Thermocompact SA, 10 rue Richemont, CH- 

1202 Geneve, Switzerland. 

which proceeds in solution and prevents the use of a chemical 
titration of the oxidizer power of AgO in the presence of metallic 
silver.” We used this method only for the samples taken at the 
end of the synthesis. In the other cases we used ther- 
mogravimetry; this method is well known”-” and is based on the 
loss of weight associated with the reactions (2) and (3): 

2 AgO -‘” Ag,O t l/2 O2 (2) 

AgZO = 2 Ag t l/2 OZ. 

Unfortunately between the two steps, there is a continuous small 
weight loss, so that the accuracy of the method is not better than 
?2% for AgO alone. In the presence of metallic silver, the 
solid-solid reaction (1’) 

AgO f Ag = AgzO (1’) 

proceeds at the same time as the reaction (2). However the reaction 
(1’) is slow, and we have made a correction curve taking into 
account this phenomenon for several AgO-Ag ratios. The accuracy 
of the thermogravimetric method is +5% in the case of the 
mixtures. _ 

In addition each sample was checked by X-ray diffraction and 
with the scanning electron microscope. 

STUDY OF TEE SYNTHESIS 

The stirring of the suspension and the flow of ozone 
are the main factors which influence the yield, calculated 
as the ratio of the silver oxidized (Ag20 + AgO) over the 
total amount of ozone introduced. Figure 1 shows the 
results obtained for the maximum flow of ozone; with 
our experimental equipment, the optimum rotation speed 
of the stirrer is 480 rpm, which we used in all runs. 

Figure 2 represents the change of the concentration 
during the course of a synthesis. All the runs show the 
same aspect, which is characteristic of two successive 
reactions; the oxidation proceeds then in two steps, 
Ago + Ag+ -P Ag+=. 

The complete oxidation (to 96 f 2% AgO) of 100 g of 
silver takes about 20hr. A prolongation of the ozone 
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.~ K=3- 
P 

0” 
0 

: 

7s- 

so- 

2% 

L 

0 
, 

200 .oo so0 800 

stlrrlng ,rpm, 

Fig. I. Consumption of ozone as a function of stirring. Total flow 
(02 t 03), IS0 I H-‘; flow of Os, 2.6gh-‘; temperature, 25°C; 

reaction mixture, IOOg of Ag in IO I NaOH 2N. 

Fig. 2. Change of the concentration during the synthesis. Total 
flow (0, t Os), IS0 W’; flow of Os, 2.6 gh-‘; temperature, 25°C; 

reaction mixture, IOOg of Ag in IO I NaOH 2N. 

bubbling does not change the percentage of AgO. With the 
same experimental conditions, we have observed the same 
rate of oxidation (100 gin 20 hr) with batches of 50-400 g of 
silver. The influence of the flow of ozone is shown in the 
Fig. 3, which represents the linear relation between the 
flow rate of ozone and the time required to oxidize 1OOg of 
silver. It was not possible to test higher flow rates of ozone 
than 2.6 gh-‘, but it is likely that a linear relation exists for 
larger rates of flow. 

All tests were made at 25°C; at 0 and 50°C we observed a 
slower rate of oxidation. 

By starting with Ag,O instead of Ag, we obtained the 
same product; in this case, the rate of oxidation is about 

Fig. 3. Rate of oxidation as a function of ozone flow-rate. 
Temperature, 25°C. 

two times greater. This is in good agreement with the 
hypothesis that the oxidation of silver proceeds in two 
steps. The examination with the SEM of the samples 
taken during the synthesis also confirms this hypothesis; 
as a matter of fact, one initially observes the formation 
of small protuberances of Ag,O on the surface of the 
silver grains, whose sizes diminishes. We never observed 
the formation of a tilm over the surface of silver, and so 
we think that the AgrO is formed by a mechanism of 
dissolution and precipitation. After some hours AgO 
appears in the shape of flakes (Fig. 4); at the end of the 
oxidation, the AgO flakes enlarge and theAg,O disap- 
pears (Fig. 5). The size of the particles obtained is 
exceptionally big, as compared with the usual AgO (Fig. 
6). However, the two products shown in Fig. 5 and 6 
have the same X-ray pattern, corresponding to the usual 
monoclinic form of AgO. 

PROPERTIES OF THE SILVER (II) OXIDE 
The main difference observed between AgO obtained 

by oxidation of silver by ozone and AgO obtained by 
oxidation of silver ions is the shape and the size of the 
particles. With the procedure described in this paper, we 
obtained large flakes of lO-30pm of length and O.l- 
1 pm of thickness. The specific area of this product is 
less than 0.1 rn’g-‘, when the specific area of Msp is 
0.8 m*g-’ as measured by the BET method. The thermal 
stability of the two kinds of silver oxide has been tested 
by thermograviemetry and differential thermal analysis. 
The starting temperature of decomposition according to 
the reaction (2) is about 10°C lower for the Msp sample. 

We have also compared the stability of the two types 
of oxide in 7N KOH solution at 60°C by measuring the 
volume of oxygen evolved. Figure 7 shows the remark- 
able stability of OSK; we have tested more than 15 types 
of AgO of different origins, and never obtained the same 
stability. 

Another outstanding property of the OSK type AgO is 
the possibility to reduce it (by hydrogen or hydrazine for 
example) to metallic silver, well before the complete 
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Fig. 4. Scanning electron microscope photography of reaction- 
mixture after 8hr (see Fig. 2) (1000~) Ag: 30%; Ag20: 50%; 

AgO: 20?& 

Fig. 5. SEM photography of AgO (types OSK) (1000 x). 

reduction of AgO to Ag,O. This reduction proceeds in 
two steps: 

2 AgO + Hz = Ag,O + H,O (4) 

Ag,O t Hz = 2 Ag •t HzO. (5) 

With all samples tested except OSK, we did not detect 
silver by X-ray analysis until 90% of AgO had been 
transformed into AgZO; with OSK, on the other hand, we 
have detected metallic silver when only 30% of AgO had 
been reduced to AgZO. This property could be very 
useful in the preparation of the cathodic mass of elec- 
trical cells. 

Fig. 6. SEM photography of AgO (type Msp) (1000 x ). 

Fig. 7. Decomposition of AgO in 7N KOH at 60°C. 

CONCLUSIONS 

The overall reaction of formation of silver (II) oxide 
by oxidation of silver by ozone can be written as follow: 

AgtO,=AgOtO,. (6) 

We have clearly demonstrated that this reaction takes 
place in two steps, with the intermediary formation of 
Ag20. Moreover, it seems that solid silver is not oxidized 
directly by gaseous ozone, but rather that we have a 
reaction between soluble species. The silver is not solu- 
ble in alkaline solution, and the tirst step must be the 
oxidation of silver. Silver oxides present some solubility, 
and several authorss*“*” have proposed Ag(OH)*-, 
AgO-, Ag(OH)s- and Ag(OH),- as the soluble species. 

The solubility of ozone in alkaline solution has also 
been studied by several authors;“*M most of them have 
mentioned that the decomposition of Oj goes through the 
ozonide ion and that the concentration of OH radicals is 
high. 

AU our experimental results are in good agreement 
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with a mechanism involving successive steps of dis- 
solution-oxidation-precipitation. The slow rate of oxida- 
tion observed could be partly explained by one or the 
other of the two folowing reactions: 

2 Ag(OH)s- = 2 Ag(OH)z- + Hz0 + l/2 02 (7) 

or 

Ag(OH)J- + Ag = AgzO t OH- t H,O. (8) 

Finally, the outstanding properties of the OSK type AgO 
is probably due to the size of the particles obtained by 
this synthesis. 

Acknowledgements-We are grateful to Miss H. Lartigue and to 
Mr. R. Mercier for their technical assistance, and to the “Com- 
mission pour l’encouragement des recherches scientiliques” for 
financial support (Project No. 915). 

RRFERENCES 
‘J. C. Cl. de Marignac, Compfes rendus 1885,20,87. 
‘F. Jirza and J. Jelinek, Z. anorg. und a@. Chemie 1926, 158,61. 

‘F. Jirza, CON. Czech Chem. Commun. 1949, 14,445. 
‘A. S. McKee and D. Clark, Batteries. Proc. 3rd Int. Symp. D. . . . 
285. Pergamon Press, Oxford, 1%2. 

‘Gmelins. Hanbuch der Anora Chemie Silber Teil Bl. D. 107. 
Verlag, Chemie, 1971. - 

a 

6T. M.-Franchuck and V. A. Lunekok-Burmakina, Tezisy Dokl. 
Uses Savesh Khim. Neotx Perekisnikh Svedin. 1973. 114. 28 
(CA 1975,83, 103902p). - 
‘D. S. Gorbenko-Germanov and W. K. Baskova, Zhur. Fis Khim. 
1974,48,2225. 

*J. A. McMillan, Chem. Rev. 1%2,62,65. 
‘German Patent Request No. 240910 Varta Batterie Ag, 3000 
Hanover 1976. 

“C. P. Lloyd, Anal. Chimica Acta 1%8,43,95. 
“T. P. Diiks and B. Wiers, J. Electrochem. Sot. 1959, 106,284. 
‘*J. C. Jack and T. Kennedy, 1. Thermal Analysis 1971,3,25. 
“G. M. Arcand, NASA Report No. 68-379, 1%8. 
“A. Fleisher, L Electrochem. Sot. 1%8,115,816. 
“Gmelins, Handbuch der Anorg. Chemie. Sauerstoff Lief. 7, p. 

2272. Verlag Chemie. 1%6. 
r6G. Czapski, Zsral I. Chem. 1%8,6, %9. 
“G. I. Rogozhkin, Tr. Uses Nuush. Zssled Znsf. 1970,25,76. 
‘*V. I. Matrozov, ZH, Prik/. Khim. 1975,48, 1838. 
19R. Hongue, Water Res. 1976.10.377. 
mL. Rizzuti, Chem. Eng. Sci. 1977,31,877. 



Po/yhedmn Vol. 1. No. 2, pp. 187-190. 1982 
Printed in Great Britain. 

SYNTHESES, CHARACTERIZATION, AND MOSSBAUER STUDY 
OF Sn(II AND Sn(IVI COMPLEXES OF THE 

CYCLOPENTADIENEDITHIOCARBOXYLATE LIGAND 

ROBERT D. BEREMAN’ 
Department of Chemistry, North Carolina State University, Raleigh, NC 27650, U.S.A. 

MARY L. GOOD and JOHN BUTTONE 
Department of Chemistry, University of New Orleans, New Orleans, LA 70122, U.S.A. 

and 

PAUL SAVINO 

Department of Chemistry, SUNY at Buffalo, Buffalo, NY 14214, U.S.A. 

(Received I September 1981) 

Abstract-The preparation and physical characterization of the tetraethylammonium salts of bis(cyclo- 
pentadienedithiocarboxylate)stannate(II) and fris(cyclopentadienedithiocarboxylate)stannate(IV) are reported. The 
coupling constants for the ring protons of the coordinated and uncoordinated ligand indicate that the oxidation 
state variation of the metal has little effect on the electronic structure of the @and. The MGssbauer parameters for 
the Sn(IV) complex (8 = I .05 20.02 mmlsec with respect to SnOs, Line width = I .OS mm/set) are normal for a 
pseudo-octahedral complex. The values for the Sn(I1) complex are somewhat abnormal for a Sn(I1) complex 
(6 = 0.29 mmlsec, Line width = 1.65 mmlsec) and are interpreted as indicative of metal-metal bonding in the 
molecular structure. 

INTRODUCTION 
In an effort to complete our studies of a new dithiolate 
ligand (cyclopentadienedithiocarboxylate, cpdtc*-) which 
has been shown to produce novel electronic structures in 
many transition element complexes,‘” we have chosen 
to prepare and study a few examples of non-transition 
element compounds. This ligand was proposed to exist 
predominately in resonance form B (Scheme 1) since the 
five membered ring would be aromatic (4n t 2, n = 1). As 
such the dithio acid behaves as a strong s-acceptor for 
the “out-of-plane” orbitals available in coordinated 
metals. The requirement that any nontransition element 
has an extensive coordination chemistry and the 
requirement that some probe of the electronic structure 
of the metal centre be available clearly led us to consider 
St@) and Sn(IV) complexes. In addition, Hoskins et al.’ 
have reported a Mossbauer study on the bis(diethyl- 
dithiocarbamate)tin(II) compound and it seemed that a 
comparison between the Mossbauer parameters of tin(H) 
dithiolates and dithiocarbamates could also be of in- 
terest. 

EXPERIMBNTAL 
Materials. SnBrs and SnBr, were obtained from Research 

Organic/Inorganic Chemical Corp. Na,(cpdtc) was obtained by a 
modification of the original procedure.’ All other reagents were 
treated as before.’ 

Preparation of complexes. The tin complexes can be prepared 
by the reaction of SnBr* or SnBr, with stoichiometric quantitites 
of Na,(cpdtc) and isolated by addition of tetraethylammonium 
bromide. 

[(C,Hs),N],Sn(C,H,C~. Typically, 0.535 milliioles of 
SnBrr were mixed with 1.07 mmole of disodium cyclopen- 

*Author to whom correspondence should be addressed. 

- e S- 
\ S- 

e ’ Q-e:- 
A 0 

Scheme I 

tadienedithiocarboxylate in acetonitrile under argon at - 30°C. 
The solution was stirred for 30 min and allowed to warm to room 
temperature. After stirring at ambient temperature for an ad- 
ditional 30 mitt, I .07 mmole of tetraethylammonium bromide 
were added and the reaction mixture was stirred for 2 hr. The 
mixture was filtered under argon to remove solid sodium bromide, 
concentrated under vacuum, and chilled to - UPC. The resulting 
fine, air-sensitive, reddish-brown crystals were gathered and 
stored under argon. Analysis Calcd for [(C,H,),N],s;l(C,~CS,h: 
C. 50.98: H. 7.33: N. 4.25. Found. C. 50.80: H. 7.19: N. 4.33%. 

‘[(C,H;),sn(C~H,Cs,)l. The St&v) complex was prepared in a 
manner and scale similar to the Sn(I1) complex, using three 
equivalents of the @and. The resulting ah-sensitive crystals were 
of a golden-brown color. Analysis Calcd for 
[(C,H,),N]sSn(C,H,CS&: C, 51.06; H, 6.55; N, 3.50; S, 24.05; 
Sn, 14.83. Found: C, 51.14; H, 6.64; N, 3.63; S, 23.93; Sn, 14.99%. 

Analyses. AU analyses were obtained from Galbraith Labora- 
tories Inc., Knoxville, Tenn. 

Spectroscopic measurements. IR spectra were obtained by use 
of Nujol nulls employing a Perkin-Elmer Model 457 spec- 
trophotometer. The NMR spectra were obtained on a Jeolco 
IOMHz instrument. Since high resolution data were required, 
sealed precision-bore sample tubes were run under conditions of 
high amplitude, hi filter, and slow (4Omin) scan times. J- 
coupling constants were obtained as previously explained3 by use 
of a computer simulation program written by Bothner-By and 
Castellano? The Mossbatter spectra were obtained using a drive 
unit and electronics package supplied by Austin Science Asso- 
ciates, Inc., Austin, Texas.’ Samples were run at 78 and 298 K 
and are referenced against SnO,.y 
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RESULTS AND DKWJSSION 
Miissbauer spectral results 

Sn(cpdtc):-, The singlet shape of the Miissbauer 
spectrum at 78 K (Fig. 1) coupled with the stoichiometric 
ligand to metal ratio indicate the Sn(IV) is nearly octa- 
hedrally coordinated with three bidentate sulfur 
ligands.” Furthermore, the lack of a room temperature 
Mossbauer effect is consistent with the presence of a 
presumed symmetric complex with only van der Waals 
forces in the lattice.“-‘3 The Mossbauer spectrum at 
78 K is characterized by an isomer shift of t 1.05 c 
0.02mmlsec with respect to Sn02 and a line width of 
1.05 +0.06 mmlsec. Sn(cpdt&. The somewhat 
broadened singlet in the Mbssbauer spectrum for the 
Sn(I1) complex (Fig. 2) indicates some unresolved 

quadrupole interaction. (line width = 1.65 ?0.06 mmlsec 
at 78 k). Interestingly, however, a very low isomer shift 
of to.29 kO.06 mmlsec at 78 K with respect to SnOz is 
not tyPica of Sn(I1) complexes but in fact is more in the 
range of Sn(IV) compounds. There is some evidence that 
diorganotin(I1) compounds (R,Sn) whiich are often found 
to have similarly low isomer shifts form metal-metal 
bonds leading to dimeric or polymeric systems.rc” The 
larger recoil free fraction observed at 298 K (isomer 
shift = to.12 20.12 kO.07 mmlsec with respect to SnOz; 
line width = 1.30 +0.03 mmlsec) is consistent with some 
strong interaction between neighboring molecules. 

Nuclear magnetic resonance results 
The proton NMR spectra of both the Sn(I1) and Sn(IV) 

I %r I 

-8.868 -6.886 -4.866 -2.000 ri%EC 2.000 4.000 6.000 9. 

Fig. 1. Mossbauer spectrum of [(C2H5)4N]2[Sn(CsH4CSz)3] at 78 K. 

Fig. 2. Mossbauer spectra of [(CzHJ),N12[Sn(C,H,CS~k] at 295 K (Curve A) and at 78 K (Curve B). 
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complexes are characteristic of an AA’BB’ system. The 
detailed coupling constants for these complexes as well 
as those for the Na,cpdtc compound are shown in Table 
1. The J-coupling constants represent the best computer 
fit with a simulated spectrum?’ 

A relationship between proton NMR and degree of 
aromatic character in cyclopentadienides has been pro- 
posed by Smith, Watson and Chiranjeevi” and further 
examined by Ammon et al. ‘9Jo where the bond order (p) 
has been directly related to aromaticity. Streitwieser has 
proposed that in r systems, single bonds will have 
p < 0.4, aromatic bonds will have p = 0.5-0.7, and that 
double bonds will exhibit p > 0.8:’ A plot of J-coupling 
constants vs bond order can be found in Fig. 3 for a 
number of selected compounds.” The J-coupling con- 
stants for cpdtc’-, its Sn(I1) and Sn(IV) complexes, and the 
derivative of cpdt?, S,S’-ethylene-t,6’-dimercaptoful- 
vene, are also plotted on the same graph and approximate 
bond orders can be obtained (Table 2). Two items are of 
immediate interest. It is apparent that the ligand alone has a 
great deal of aromatic character and the resonance struc- 
ture B above weighs heavily in the overall bonding scheme. 
The Sn(II) and Sn(IV) NMR data indicate that the com- 
plexed ligand shows less aromatic character. Since we 
have previously shown that d” [Zn(II) and Cd(H)] tran- 
sition element complexes of this ligand result in a ligand 

I 
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BOND ORDER 

Fii. 3. A plot of bond order vs J coupling constant (Hz). 

Table 2. Bond orders for (cpdtc)-2, Sn(II)(cpdtc);b, Sn(IV) 
(cpdtc);2, and S,S’cthylene_6,6’dimercaptoftdvene 

1-2 2-3 

cpdtc-2 0.73 0.56 

Sn(II)(cpdtc);2 0.84 0.53 

Sn(IV)(cpdtc);' 0.84 0.50 

C5H4CS2C2H4 
0.78 0.48 

“The J-coupling constants were plotted against bond orders for 
known compounds.‘* Experimentally derived coupling constants 
for the dithiolates were plotted on this same graph, bond orders 
were extrapolated, and are presented. 

form with significant aromatic character: the lack of a 
similar behaviour here is a little surprising. Yet, we may be 
observing an example of an energy mismatch of ligand 
orbitals and Sn orbitals. 

In addition, the similarity of the NMR data for both 
the Sn(I1) and Sn(IV) complexes would indicate that the 
ligand itself is probably not responsible for the unusually 
low isomer shift for the Sn(II) complex. These results 
suggest a strong metal-metal interaction in the Sn(I1) 
complex. Hoskins et al.7 have reported that the 
bis(diethyldithiocarbamate)tin(II) compound showed an 
isomer shift of 0.46 mmlsec (adjusted to Sn02 standard). 
The crystal structure of that compound showed a 
monomeric structure with the bidentate ligands bridging 
one axial and one equatorial position of a pseudo-trigonal 
bipyramidal structure. The application of valence bond 
theory which has traditionally been very successful as a 
predictive tool in the main group elements, would also 
predict a trigonal-bipyramidal for a monomer or a 
pseudo-octahedral geometry for a dimer or polymer sys- 
tem. Again, the similarily of the NMR data for the Sn(I1) 
and octahedral Sn(IV) complex taken together with the 
large recoil free fraction at 298 K observed in the Moss- 
bauer spectrum suggest some polymeric system with 
metal-metal bonding. Attempts to obtain single crystals 
of the Sn(II) complex in order to obtain an X-ray crystal 
structure have not been successful to date. 
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Table 1. NMR parameters of disodium cyclopentadienedithiocarboxylate and its Sn(I1) and Sn(IV) complexes’ 

rb AA,8 
512 ‘23 J13 J14 

Na2(cpdtc)c 4.02 .997 4.04 2.81 2.04 2.50 

Sn(cpdtd)22- 3.87 .638 4.77 2.65 1.94 2.65 

Sn(cpdtc)3-2 3.88 .561 4.77 2.36 1.65 2.36 

values for A and J are presented in Hz 
bcentre of ring proton spectrum 
‘replaces less accurate data in reference 2 
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SOLVENT EFFECTS ON THE ELECTRONIC SPECTRUM OF 
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Abstract-An early report on the solvent dependence of the electronic spectra of complex ions considered the 
electrostatic effect of solvent molecules in the second coordination sphere, on the position of the absorption 
bands.’ Solvent effects on the ligand field bands for solutions of K[Cr(NI-&(NCS),] have been discussed 
by Adamson’ who emphasised a correlation between the solvent shifts in the spin-allowed bands and the shifts in the 
quartet-doublet bands. This work describes the effects of various solvents on the electronic absorption spectra of 
[Cr(CNS),]‘-. 

INTRODUCTION 
Using solutions of [Cr(H,O)J (ClO& in alcohols, King 
et al. assigned maximum absorption peaks to partially 
solvated species.3*4 The spectra of the latter complex in 
various solvents have been studied by Gutmann and 
Melcher who compiled the octahedral crystal field split- 
ting parameter, &, for numerous ligands including 
solvent molecules.’ Some mixed chromium (III) com- 
plexes containing coordinated solvent molecules have 
been obtained as solids?’ 

EXPERJMENTAL 
K3[Cr(NCS)6].4H20 was prepared by both the drys and wet’ 

methods. The solids obtained (I and II, respectively) were 
recrystallised from methanol.’ By heating to constant weight at 
IWC, the anhydrous solids: III and IV, respectively, were 
obtained and stored in a vacuum desiccator over cont. 
H2S0,*(CsH6Nh[Cr(NCS)s1.H20 (preparation V) was prepared 
from solid II.8 Heating at WC to constant weight produced the 
anhydrous solid VI. Preparation V and VI were kept in the dark 
in a vacuum desiccator since they are photosensitive.* 

Because of their hygroscopic nature, the purity of preparations 
I-IV was ascertained not by chemical analysis but by the iden- 
tical wavelengths of maximum absorption, A,... of their aaueous 
solutions with the published data.‘*‘O-Loss in”‘Geight of solid V at 
60°C was 5.5% (talc. H,O =5.5%). Chemical analvsis of nre- 
paration VI* gave the following &lts: % C = 39.1 (39.3), % 
N = 19.4 (19.6), % H = 2.8 (2.8); the values between parentheses are 
the calculated percentages. 

A. R. dimethylformamide, DMF, and A. R. dimethylsul- 
phoxide, DMSO, were dried using recommended procedures.” 
The other A. R. solvents were used without further purification. 
The spectra of the filtered solutions were recorded in IOmm 
quartz cells in a Unicam SP800 spectrophotometer and the 
values of A,. were determined using a Perkin Elmer Coleman 55 
spectrophotometer, checking the wavelength scale with standard 
K$rO, solution. Spectral data were obtained for freshly pre- 
pared solutions, for solutions aged for a week in the dark and for 
solutions heated at 80°C for different periods. The approximate 
concentrations were 0.012 and 0.003-0.006 M for the aotassium 
and pyridinium salts, respectively. Solid state spe& of pre- 
parations III and IV were also recorded. 

RESULTS AND DISCUSSION 
The wavelengths, A,.,, of the lowest energy spin- 

allowed band for freshly prepared solutions are collected 

*Author to whom correspondence should be addressed. 

in Table 1, which includes & values calculated from the 
energy of the responsible transition: 4A2g+47’2r If it is 
assumed that & for the thiocyanate ligand is 
212.7 kJ mol-’ (corresponding to the confirmed literature 
value of A,., in aqueous solution i.e. Wnm’.“) and if 
the solvent shift in A,.X is ascribed to electrostatic 
effects, it is expected that the shifts would depend on the 
dipole moment and the size of the solvent molecule.’ 

However, A,,, in the five non-aqueous solvents was 
554? 1 nm (Table 1) although their molecules have 
different dipole moments and/or sizes. 

On the other hand, if the solvent shift is ascribed to 
the replacement of the thiocyanate ligand by solvent 
molecules, A,., in the non-aqueous solvents is expected 
to shift to longer wavelengths ( > 564 nm) on the basis of 
the published & values for these solvents? 

It is suggested that the correct value of A,, for the 
thiocyanate ligand is 216.5 2 0.4 kJ mol-’ (corresponding 
to A,., = 554? 1 nm). This is confirmed by the diffuse 
reflectance spectra of preparations III and IV for which 
the recorded A,.. was - 550 nm, which is distinctly 
different from A,,,.= of the aqueous solution. 

It can be argued that the literature A,, and A,,,, 
obtained for aqueous solutions, are shifted from the true 
values as a result of the replacement of thiocyanate 
ligands by water molecules. The aquation of 
[Cr(NCS)6]3- is reported to be rapid even in the dark and 
is further accelerated by light.‘*The small shifts in A,., for 
the aqueous solution of complex IV heated at 80°C and 
for its solution in 7.7 M NH,CNS (see Tables 1 and 2) are 
in agreement with this explanation. 4 for a mixed com- 
plex [MAnI?-,], containing the ligands A and B, may be 
calculated from the law of average environment:13 

A,, = ; in&“ + (n - 6)bB] (1) 

where the superscripts A and E refer to the two ligands. 
Equation (1) was used to calculate 4 and hence AmaX for 
[Cr(NH,k(NCS),]-. Taking the literature valued for 
NH3 and NCS-, the calculated A,.. was 526nm com- 
pared to the experimental value of 518nm.2 However, 
when the suggested revised value of & for NCS is 
used, the computed A,,, was 520nm, which is close to 
the experimental A,,. 
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Table 1. The absorption bands of [Cr(NCS),]‘- in different solvents 

SzO 
7.7 M NH4cNs MeOH EtOH iso_PrOH MS0 DMF 

Lax’“m l 564 562 (560) 553 l S5S 553 554 (555) 554 (553) 

9 /cm -1 17730 17795 18085 18020 18085 18050 18050 

Apr mol-1 212.7 213.4 216.9 216.1 216.9 216.5 216.5 

x' /l-m l 419 - 409 *410 415 408 (413) 407 (412) 

A(C.T.l)/nm *309 - 309 308 (311) 308 

,I(C.T.Z)/nm a 234 - 234 234 234 

X(C.T.?)/nm 218 - 210 211 211 

Values in parentheses are for preparation VI. The remaining values refer to preparation IV. 
*Identical values for the two preparations. 
‘Partially masked. 

Table 2. The wavelengths of the absorption bands, A mPX, for solutions of [Cr(NC&]‘- in aged solutions in different 
solvents or after heating at 80°C and the approximate number, n, of thiocyanate ligands replaced by the solvent 

Solvent 
SzO 

neoa stoa iao-PrOE rmB0 mF 

*ed sch. 564 

n 3 

1 hr. It 60% 566 (567) 

n 3-4 

2 hrs. at uO”c $66 

n 3-4 

3 hrs.at 8o"c - 

n 

4 hrs.at 80'~ - 

n 

568 568 

2-3 2 

569 568 (562) 

2-3 2 

570 569 

3 2 

564 554 554 

l-2 0 0 

564 573 (565) 570 (573) 

l-2 l-2 3 

583 575 

2-3 4 

595 580 

3-4 5 

596 585 

3-4 6 

Values in parentheses are for preparation VI. The remaining values refer to preparation IV. 

Table 2 contains the observed A,.x’~ for solutions 
aged for one week or heated at 80°C for different inter- 
vals. The approximatet value of II, the number of solvent 
molecules replacing the thiocyanate ligand, is also given 
in Table 2. Equation (1) and the corrected A,, for NC!!- 
were used for the calculation. When comparing Tables 1 
and 2, it can be seen that the solvents used fall into 
two groups: those which replace the thiocyanate readily 
(water and alcohols) and those which replace the thiocy- 
anate only on heating (DMSO and DMF). 

The wavelengths A’ of the absorption bands ascribed to 
the transition: 4A2, +4T,g, are also included in Table 1. 

tBecause the values of Ac, for the solvents’ cluster near A0 for 
the thiocyanate, the calculated figures for n are only ap- 
proximate. 

The values of A’ are less accurate than A,,. because 
the former were estimated from recorded spectra. 
However, the A’ values exhibit the same expected trend 
as found for A,.,. From the average A’ in the non- 
aqueous solvents, the configuration interaction 
parameterI was estimated as 97 kJmol_’ using & = 
216.5KJmol-‘. A’ shifted to longer wavelengths on 
heating the solutions at 80°C in a similar way to the shift 
in Amax. 

The intense UV absorption bands: CT1 and CT2, also 
given in Table 1, are ascribed to charge transfer from 
ligand to metaLl The proximity of the values obtained in 
all the solvents studied is not surprising. The position 
and intensity of an absorption band at 210-218 nm, also 
included in Table 1, suggests that it is also a charge 
transfer band. Structured absorption in the region 2% 
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levels, but these were only examined briefly to compare to earlier 
works For the [Eu(DPA)$ complex, the ‘&i’Fr (595 nm) 
and ‘D,+‘F, (613 nm) transitions were studied in all cases. The 
relatively h&symmetry of the Ln(DPA)s3- complexes (4) in 
aqueous solution was shown by the lack of a measurable ‘D,,+ 
‘FO transition (this band is both electric and magnetic dipole 
forbidden, and is only seen if axial symmetry is absent in the 
complex). 

AU CPL and total luminescence (TL) spectra were obtained on 
a medium-resolution spectrometer constructed in our laboratory 
for this purpose, and whose operation has been described in 
detail.” The [Tb(DPA),]“- and [Eu(DPA),]‘- complexes were 
excited at 29Snm, taking advantage of the fact that the DPA 
ligand absorbs quite strongly at this wavelength and is capable of 
sensitizing the lanthanide ion emission. The emission spectra 
were analyzed by a 0.5 m grating monochromator at 1 nm resolu- 
tion, and further increases in spectral resolution did not lead to 
an improvement of the bandshape features. The TL and CPL 
spectra are obtained in proportional arbitrary units, with the TL 
beina defined as I = f(1, + I.) and the CPL as AI = (I, -I,); I, 
and -I, represent the. emit&i intensities of left- and-right& 
cularly polarized light. The ratio of these quantities, ArlJ is 
termed the luminescence dissymmetry factor (g&, and this 
quantity is dimensionless. No other absolute quanta1 parameters 
were obtained. It was generally found that the TL intensity did 
not depend strongly on the nature or concentration of added 
tartrate substrate, and that the dissymmetry factor was an 
excellent measure of the degree of induced optical activity in the 
[Ln(DPAb]‘- complex. 

The interaction between the chiral substrates and the 
[Ln(DPA)sP- complexes was also investigated by examining the 
‘I. +‘Gr absorotion of lHo(DPA)?]‘- at 450 nm. This particular 
b&d is one of ihe “hypkrsensitivk;; lanthanide transitions which 
display intensity and wavelength variations as a function of the 
metal ion environment. Data were obtained on a Cary 11 UV/VIS 
recording spectrophotometer. 

The pH of all solutions was obtained using an Orion model 
701A pH meter, employing a glass microcombination electrode 
which could be directly inserted into the spectrophotometer and 
fluorescence cuvettes. The system was calibrated daily using 
phosphate buffers. 

RESULTS AND DISCUSSION 
Addition of any of the (R,R)-tartrate substrates to a 

solution of either [Tb(DPA)4- or [Eu(DPA)J3- resulted 
in the appearance of CPL in the lanthanide ion emission 
bands. The CPL associated with the Eu(II1) complexes 
tended to be more difficult to measure than for the 
corresponding Tb(II1) complexes, but this difference can 
be ascribed to the much lower quantum yield of emission 
in the [Eu(DPA)$- complex. In this paper, we shall 
detail the results of the Tb(II1) complexes, but will refer 
to the Eu(II1) complexes were necessary. It should be 
emphasized that the observed experimental trends are 
the same for both sets of complexes, and all differences 
can be traced to small variations in the association con- 
stants of the adduct complexes. 

The CPL associated with the various Tb(II1) emission 
bands is essentially the same as what we had presented 
before: and, therefore, only the 5D4+‘Fs emission band 
is illustrated in Fig. 1. The invariance of the CPL 
lineshape in all transition bands during the course of all 
previous studies and in the present work is evidence that 
no inner-sphere complexation between the chiral sub- 
strates and the lanthanide ion takes place, and that we 
are dealing with a true Pfeiffer effect. The strong degree 
of optical activity within the ‘D., +‘F, transition (relative 
to the other Tb(II1) emission bands) provides further 
support for the predictions of Richardson16 regarding f-f 
optical activity. 

Pfeiffer effect CPL in [Eu(DPA# has been reported 

in one of our previous studies involving monoamino- and 
diaminocarboxylic acids: and the representative spectra 
shown in Figs. 2 (‘D,,+‘F,) and 3 (‘&+‘F2) greatly 
resemble those previously published. As in the case of 
the Tb(II1) complexes, all (R,R)-tartrate substrates led to 
the same set of CPL lineshapes. In our previous work, 
we presented correlations with solid-state CPL studies 
on chiral 4 Eu(II1) complexes, and these arguments 
enabled us to conclude that if the sign of the 5Do+7F, 
CPL band was negative in sign then the A-isomer of the 
[Eu(DPA)~I’- complex was present in the greater excess. 
Examination of Fig. 2 reveals that using (R,R)-tartrates 
as environmental substances leads to positive CPL in the 
5&+7F, band region, and we, therefore, conclude that 
the A-isomer of the [Ln(DPA)p]3- complexes is being 
enriched as a result of the outer-sphere interaction, It is 
highly likely that the same isomer would be preferred 

4 
$0 

WAVELENGTH (nm) 

Fii. 1. Total luminescence (TL, lower trace) and circularly 
polarized luminescence (CPL, upper trace) of the 
ITb(DPA),13-/( t )dimethyl tartrate complex at pH 4.5. The data 
are shown in arbitrary units for the ‘D,+‘Fs Tb(II1) transition. 

CPL 

TL 

WAVELENGTH (nm) 

Fig. 2. TL (lower) and CPL (upper) spectra obtained for the 
[Eu(DPA)~]~-/( t )dimethyl tartrate complex at pH 4.5 within the 

‘&+‘F, transition. 
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obtained for Ho3’/Hz0 and [Ho(DPA)$ within the 
5Zs+sGa absorption, and one notes that the absorption 
of this particular band increases by approximately 4.5 
times when the Ho(M) ion is complexed. However, upon 
addition of 20-fold excesses of any of the tartrate sub- 
strates no change in either intensity or bandshape could 
be detected. We conclude that the environment of the 
lanthanide ion in the [Ln(DPA),P- complexes remains 
approximately the same in the outer-sphere adduct. This 
symmetry must remain fairly high (at least axial), since 
examination of Fig. 2 reveals no trace of the ‘&+‘F, 
Et@) emission band (this band is both electric and 
magnetic dipole forbidden in octahedral symmetries). 

WAVELENGTH (nml 

Fig. 3. TL (lower) and CPL (upper) spectra obtained for the 
[Eu(DPA),]‘-/( t )dimethyl tartrate complex at pH 4.5 within the 

‘I&-‘Z$ transition. 

We now turn our attention to the chemical information 
revealed by the CPL studies, and will begin with the 
parent compound, tartaric acid. While no induced optical 
activity was ever observed at any pH values when meso- 
or DL-tartaric acid was employed as the environmental 
substance, CPL was observed at low pH when L-tartaric 
acid was used. This induced CPL was found to maximize at 
pH 2.2, and vanished if the solution pH was raised to 5. 
These trends are illustrated in Fig. 5, where the CPL of the 
’ 0, + ‘F5 Tb(II1) transition is shown both as a function of 
pH and as a substrate concentration. 

Since pK,, values associated with the two carboxyl 
proton ionizations of tartaric acid are known to be 3.95 
and 2.82,” it would appear that production of the fully 
protonated ligand is necessary for the observation of the 
Pfeiffer effect. This trend is not at all surprising when 
one remembers that the [Ln(DPA)s]‘- complexes and the 
tartrate anion are of the same sign and would not interact 
as a result of the electrostatic repulsion. The lack of 
optical activity at higher pH values indicates that the 
simple existence of an asymmetric environment is not a 
sufficient condition for production of a Pfeiffer effect in 
the [Ln(DPA),13- complexes. 

In our previous works, we have outlined methods by 
which the association constant of the 
[Ln(DPA)313-/substrate adducts may be calculated?*9 
These methods take advantage of our observations in 

WAVELENGTH inml 

Fii. 4. Absorption spectra of Ho(III) within the hypersensitive 
‘I&-+‘& transition. Data are shown for IS mM solutions of 
Ho(III)/H,O (lower trace) and [Ho@PA)J’- (upper trace). The 
spectrum for IHo@PA)&/( + J-dimethyl tartrate is identical 

with the upper trace. 

with the [Tb(DPA)3]3- adducts since the lanthanide 
complexes tend to have very similar patterns of reac- 
tivity, and we therefore conclude that positive CPL in 
the ‘D4+‘F5 Tb(III) emission band signifies the 
presence of the A-isomer. This conclusion is in accord 
with our earlier observation that the A-isomer of 
[Tb@PAh]‘- led to the presence of negative CPL in this 
emission band. 

Further information regarding the nature of the adduct 
complexes was obtained by examining the absorption 
spectra of the 5Z8-+5G6 hypersensitive band in 
[Ho(DPA),]‘-. It is well known that certain f-f tran- 
sitions of lanthanide ions are quite sensitive to environ- 
mental changes,” and any perturbation of the 4 sym- 
metry of the Ho(III) complex should be manifested by a 
change in the lineshape or magnitude of the hypersen- 
sitive transition. In Fig. 4 we show the absorption spectra 

Fig. 5. Dependence of the luminescence dissymmetry factor of 
fTb(DPA)3)3-/L-tartaric acid solutions upon solution pH. Data 
are shown for tartaric acid concentrations of 0.2 M (upper trace), 

0.1 M (middle trace), and 0.05 M (lower trace). 
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Table 1. Formation constants of the [Tb@PA)$/L-tartaric acid 
adduct at various pH values 

2.0 2.26 

2.2 3.44 

2.5 2.36 

3.0 0.98 

3.5 0.42 

4.0 0.24 

4.5 0.12 

Each formation coDstent is reliable to f 0.05 

several Pfeiffer systems involving [Tb(DPA)3]3- which 
demonstrate that the limiting dissymmetry factor within 
the ‘D4 +‘F5 Tb(II1) transition is 0.022,- with the sign 
of the CPL being determined by the absolute configura- 
tion of the environmental substance. Table 1 contains the 
association constants calculated for [Tb(DPA)J’-IL-tar- 
taric acid at various pH values. Analagous results for the 
[Eu@PA),]“- adducts were not calculated due to the low 
values observed for the induced CPL, but are expected 
to be of similar magnitude. The trend toward lower 
assocation constants below pH 2.2 reflects destruction of 
the [Tb(DPA),13- comples as a result of acid hydrolysis. 

Quite different behaviour was noted when esters of 
L-tartaric acid were allowed to interact with the 
[Ln(DPA)3]3- complexes. To avoid hydrolysis of the 
tartrate esters, all work was concentrated between pH 
values of 3.0 and 6.0. Within these pH ranges, the CPL 
induced in [TIJ(DPA)~]~- luminescence bands was in- 
dependent in both sign and magnitude of the solution pH. 
The CPL within the ‘D4 + ‘F5 emission band was always 
positive, indicating that only the A-isomer of the Tb(II1) 
complex was preferred as a result of the outer-sphere 
interaction. The magnitude of the induced CPL depen- 
ded critically on the concentration of chiral substrate, as 
is shown in Fig. 6 for dimethyl and diethyl tartrate 
(carboxyl esters) and in Fig. 7 for dibenzoyl-L-tartaric 
and di-p-toluyl-L-tartaric acid (hydroxyl esters). 

For the carboxyl esters, it is clear that increasing the 
steric nature of the substrate results in decreased degrees 
of interaction with the [Tb(DPA)$- complex, and the 

[SUBSTRATE] 

Fii. 6. Dependence of the luminescence dissymmetry factor with 
carboxyl ester concentration. Results are shown for (t)- 
dimethyl tartrate (upper trace) and (t )diethyl tartrate (lower 

trace). 

aoC 

4.0 - 

g lum 
3 

xl0 so- 

[SUBSTRATE] 
Fii. 7. Dependence of the luminescence dissymmetry factor on 
hydroxyl ester concentration. Data are shown for dibenzoyl-l- 
tartaric acid (lower trace) and di-p-toluyl-L-tartaric acid (upper 

trace). 

Table 2. Formation constants of the [Tb(DPA)$ and 
[Eu(DPA)~]~- adducts with various tartrate substrates 

Substrete Kl (Tb" complex) Kl (Eu3+ complex) 

(t)-Dimethyl Tertrete 11.37 10.70 

(+)-Oiethyl Tertrete 1.64 (*) 

Dibenzoyl-L-terteric ecid 2.37 (6) 

Di-p-Toluyl-L-Tartsric Acid 5.95 5.59 

(e) The CPL associated with these sdducts wee too weak to permit accurate 

cslculation of the formation constant. 

The error associated with all other constants is tO.05. 
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association constants shown in Table 2 are proof of this 
trend. We postulate that in these complexes, the alco- 
holic -OH groups of the substrates are responsible for 
bonding to the [Ln(DPA),]‘- complexes, as has been 
indicated for transition metal complexes.‘2 Presumably, 
the bonding involves hydrogen bonding between the 
chelate and substrate, with solvent molecules bridging 
the two substances. It is quite likely that when L-tartaric 
acid binds to [Ln(DPA)3]3- at low pH it does so by a 
similar mechanism. 

On the other hand, the results obtained for the 
hydroxyl esters reveal a very different pattern, and the 
assoication constants shown in Table 2 co&m the trend. 
Unliie the transition metal PfeilTer effects just men- 
tioned,12 esterification of the hydroxyl groups does not 
eliminate the Pfeiffer effect when the [Ln(DPA)4- 
complexes are used. In addition, substitution on the 
benzoyf ring leads to a greater degree of interaction. 
These results point toward hydrophobic interactions be- 
tween the substrate rings and the DPA chelate rings as 
being the mode of bonding by which the Pfeiffer effect 
develops in this situation, and may even involve charge 
transfer complexation. Such interactions have been 
noted in other transition metal Pfeiffer systems.‘9 We 
have previously obtained strong evidence to indicate that 
hydrophobic interactions can be very important in the 
Pfeiffer effects of [Ln(DPA),P- systems.” 
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Abstract-Results are reported for the reaction of cis-dichlorodiammineplatinum(II) (“cisplatin”) with various 
nucleophiles in aqueous solution at constant ionic strength (cl = 0.5) and 30°C. The reactivity is described in terms 
of linear free energy relationships between the logarithm of the second order rate constants and two established 
indices of nucleophilicity, i.e. electrode potentials, F and nucleophilic reactivity constants, n:, (based on reactivity 
of frans-[Pt(PY)&lJ in methanol). New nucleophilic reactivity constants, (n$J’ are reported based on “cisplatin” 
reactivity in water. 

INTRODUCTION 
Biomedical interest in cis-dichlorodiammineplatinum(I1) 
(“cisplatin”) (CDDP) has been stimulated by its proven 
clinical 

H,N Cl 

>Pt( 
HA Cl 

activity in the control of a variety of cancers which are 
difficult to treat.’ On the molecular level, this activity 
appears to be related to replacement of the chloride 
ligands by endogenous nucleophiles incorporated in 
macromolecules. Accordingly, it was of interest to 
determine whether the reactivity of “cisplatin” toward a 
variety of nucleophiles could be described in terms of a 
linear free energy relationship. 

EWEIIIM&NTAL 
Crystalline “cisplatin” was obtained from the National Cancer 

Institute, Bethesda, Maryland and used as received. Au other 
chemicals were of analytical grade. “Cisplatin” (3.3 x lo-’ M to 
6.7 x lo4 M) was incubated in aqueous solution containing the 
appropriate nucleophile at 30°C. Each nucleophile was studied at 
five or more concentrations in the presence of at least a fifteen 
fold molar excess of nucleophile. The nucleophiles were main- 
tained in their anionic form by the use of a phosphate buffer (PH 
6.5, lo-‘M) and the ionic strength was adjusted to 0.5 M with 
sodium nitrate. 

The “cisplatin” concentration was determined by HPLC using 
an ODS Hypersil column pretreated with 0.5% hexadecyl- 
trimethylammonium bromide (HTAB) and a mobile phase of 
lOA M HTAB in water. In all cases, the products of the reaction 
were well separated from “cisplatin”. The chromatographic 
aspects of this study have been reported elsetihere.“) 

RESULTS AND DISCUSSION 

We have investigated the reactivity of “cisplatin” 
towards a variety of nucleophiles (Nu) (Table 1) in 
aqueous solution at 30°C (p = 0.5). The loss of “cispla- 
tin” followed the two term rate law 

R = kl [CDDP] + &2 [CDDP] [Nu] (1) 

involving a term for the solvent pathway (described by 

*Author to whom correspondence should be addressed. 

k,) and a term, k2, for the pathway involving direct 
reagent displacement. Excess reagent was used and the 
pseudo-first order rate constant, kb., was determined by 
HPLC following both “cisplatin” disappearance and 
product formation? This experimentally determined 
value was related to k, and k2 according to eqn (2). 

koba = kl+ kz [Nul. (2) 

For each nucleophile kobS was determined at 25 con- 
centrations of nucleophile. In all cases, linear relation- 
ships between b,,. vs [Nu] were observed, as predicted. 
The values of k2 were determined by linear regression 
analysis and are reported in Table 1. Attempts were 
made to correlate this kinetic data with extrakinetic 
properties (i.e. nucleophilicity indices) of the reagents. 
The oxibase scale of E” values has been widely used in 
such relationships to predict reagent nucleophilicity.3 
The k2 values (Table 1) correlated with E” (Fig. 1) 
according to the relationship (eqn 3) 

logk2=1.65E”t1.75 r=0.966 n=7. (3) 

Omitting the point for thiocyanate which is an obvious 
outlier (as similarly observed by Belluco et ~1.~ for trans- 
[Pt(PYkC12]) the relationship becomes (eqn 4) 

log &z = 1.66 E” t 1.59 r = 0.997 n = 6. (4) 

Table 1. Second order rate constants, k2, for reaction of “cis- 
platin” with selected nucleophiles and calculated nucleophili- 

city indices 

Nucleophile 

H2O 2.27 x lo-” 0.00 0.00 -2.60 
Br- 0.42 2.27 4.18 - 1.04 

p- 0.62 
8.04 :.: 

3.58 - 1.02 
5.42 - 0.54 

SCN- 28.2 4:10 6.65 - 0.77 

g$CS 187 4.91 7.17 0.42 
2 3 129 4.38 7.34 0.30 

‘As defined by eqn (1) and determined according to eqn (2). 
bDefined by eqn (7). 
‘Defined by eqn (5) (Ref. 5). 
dElectrode potentials (Ref. 3). 
‘k2 determined as aquation rate (0.126 hr-‘) divided by solvent 

concentration (55.51 M). 
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I I I I 
-3 -2 --I 0 

E0 

Fig. 1. Rates of reaction of “cisplatin” in water at 30°C with 
different nucleophiles as a function of their F values (eqn 3). 

The existence of such outliers when correlating nucleo- 
philicty with electrode potential led Belluco et al.’ to the 
introduction of the nucleophilic reactivity constant, nit, 
which is defined by eqn (5) 

nOp, = log (ky/kS) (5) 

where k, and k, are the rate constants for the reaction of 
trans-[Pt(PY)zClz] with nucleophile y and solvent, s, (in 
that study’ methanol), respectively, at 30°C. Correlation 
of k2 for “cisplatin” with ni, (Table 1) gave the rela- 
tionship (eqn 6 and Fii. 2). 

log kz = 0.66 n;, -2.13 r=0.991. n =I. (6) 

The slope of the linear free energy relationship in eqn (6) 
is defined as the nucleophilic discrimination factor* and 
describes the sensitivity of the substrate to nucleophilic 
attack. The value for “cisplatin” in water (0.66) is similar 
to that previously described for Pt(en)Ch in water4 and 
indicates that these substrates behave similarly. 

The slight scatter about the regression line (Fig. 2; eqn 
6) confirms the conclusion of others4’ that substrate 
nature is important in determining reactivity. Accord- 
ingly, new reactivity constants, (nit)’ are defined ac- 
cording to eqn (7) using “cisplatin” as standard and 

0 I 2 3 4 5 6 7 (I 

no 

Fig. 2. Rates of reaction of “cizplatin” in water at 30°C with 
different nucleophiles as a function of their nit values (eqn 6). 

water as solvent (where k2 and k, are defined in eqn 1) 

(nOpJ = log (Mk,) + 1.74. (7) 

These values may prove more useful in linear free 
energy relationships involving compounds of biological 
interest since only divalent platinium compounds exhibi- 
ting cis geometry are biologically active’ and nOp, 
values4’5 were determined with trans divalent platinum 
complexes, in organic media. 
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Abstract-The reactions of acetylacetonato cobalt (III) ion in sodium hydroxide solutions have been studied 
spectrophotometrically over a range of temperatures and hydroxide ion concentrations. The activation enthalpy, 
AH’ was 70.6 kJ mol-’ and the activation entropy, AS was - 119 JK-’ mol-‘, with a rate law of bb = kz [OH-]‘. 
A mechanism involving initial de-chelation of the acetylacetone ligand is suggested. The rate of exchange of methyl 
hydrogen of the acetylacetone ligand was studied, using proton nuclear magnetic resonance. The rate law was 
kobr = k [OH-]. Initial de-chelation is also suggested as a mechanism for this process. The 13C nuclear magnetic 
resonance spectrum of the complex is reported. 

INTRODUCTION 
The vast majority of studies of base hydrolysis reactions 
of octahedral cobalt (III) complexes have been on the 
loss of monodentate ligands in pentaammine-type com- 
plexes’ or in the loss of monodentate ligands from his 
(ethylenediamine) complexes where stereochemical in- 
formation was required. There are comparatively few 
investigations of the base hydrolysis of bidentate com- 
plexes. The most detailed studies have been of the com- 
plex ion oxalato bis(ethylenediamine) cobalt (III). Several 
groups of workers have published the results of the base 
hydrolysis of this complexm. It is now well established 
that this reaction proceeds via a two-stage reaction and 
that the kinetics of the loss of oxalate involve terms 
which are first and second order in hydroxide concen- 
tration’. Farago et al. have investigated the base 
hydrolysis of the corresponding malonate complex and 
have found only a single stage reaction.’ Anation reac- 
tions of diaqua bis(ethylenediamine) cobalt (III) ion and 
related complexes6-8 have shown the existence of 
reasonably stable (isolatable from basic solution) 
monodentate oxalato complexes.’ Similar studies of the 
reaction between acetylacetone and aquahydroxo bis 
(ethylenediamine) cobalt (III) ior? have shown that in 
basic solution there is no evidence for the formation of a 
monodentate acetylacetonato complex present in 
measurable quantities. 

The proton nuclear magnetic resonance spectrum of 
acetylacetonato bis(ethylenediamine) cobalt (III) ion in 
deuterium oxide solution has been reported”, but the 13C 
nuclear magnetic resonance spectrum has not hitherto 
been determined. This paper reports the “C NMR spec- 
trum in aqueous solution and a study of the proton NMR 
spectrum in basic deuterium oxide as well as a study of 
the rate-of-loss of acetylacetone in strongly alkaline 
aqueous solution at fairly high temperatures. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 
Reagents 

Where available reagents were BDH Analar grade and were 
used without further purification unless otherwise stated. Water 
was distilled and passed down a column of Permutit “Bio- 
deminrolit” mixed-bed resin. 

Carbonate free sodium hydroxide solution was prepared as 
described by Vogel. ” Solutions of the required concentrations 
were prepared by carefully withdrawing volumes from the stock 
solution and diluted with recently deionised water. 

Acetylacetone was dehydrated with calcium sulphate and dis- 
tilled under reduced pressure before use. 

Acetylacetonato bis(ethylenediamine) cobalt (III) iodide was 
prepared using the method of Reid and Sargesonn Analysis for 
(C2HSN2)2C~(C5H702); Calcd: Co 10.7 C2HsN2 21.8; Found: 
Co 11.2 C2H8N2 21.8%. 

Instrumentation 
UV-visible spectra were recorded on a Unicam SP 1800 or on a 

Perkin-Elmer 550 spectrophotometer, using stoppered silica cells 
of 1.0, 2.0 or 4.0 cm path length. 

Proton nuclear magnetic resonance spectra were obtained 
using a Perkin-Elmer RI2 spectrometer or a Varian CFI 20 
spectrometer. 

“C nuclear magnetic resonance spectra were measured using a 
Jeol FX 90 Q spectrometer. 

Kinetics were measured using a Perkin-Elmer 550 or a Unicam 
SPISOO spectrophotometer fixed at a wavelength of 402 or 
SlOnm where there was a large change in absorbance in each 
case. In some cases complete scans between 350 and 600nm 
were obtained during the reaction. 

The temperature was maintained using a Grant constant tem- 
perature bath with the liquid passing around the cell housing in 
the spectrometer. This gives temperature control which is in the 
region of +O.l K of the desired temperature. The sodium 
hydroxide solution of the desired strength was made up to an 
ionic strength of 2.0 M using sodium perchlorate and thermostat- 
ted in the constant temperature bath. A sample of the solid 
complex was thermostatted at the same time in the same bath. 
IO cm3 of the sodium hydroxide solution was quickly withdrawn 
and transferred to the tube containing the solid complex. The 
solid dissolved rapidly on shaking and the mixture was then 
transferred to the thermostatted stoppered spectrophotometer 

203 



204 L. S. BARK et al. 

cell. The spectrometer at a fixed wavelength was then started and 
a trace of absorbance against time was automatically recorded. 
The runs at the two wavelengths gave the same rate constants, 
within experimental error. Good plots of In (D, -D,) against t 
were obtained. The process was repeated over a range of tem- 
peratures and a number of hydroxide ion concentrations at each 
temperature. 

Kinetics of isotope exchange was carried out by a similar 
procedure except that the constant temperature bath was main- 
tained at the same temperature as the sample compartment of the 
NMR spectrometer and immediately on mixing the solutions of 
NaOD in 40 with the complex ion, the solution was transferred 
in an NMR tube to the spectrometer. The solutions of NaOD 
were prepared by dissolving weighed amounts of sodium metal in 
the required volume of DsO with dilution with 40 if necessary. 

RWULTS AND DR3CUSSION 
In 2.0 M sodium hydroxide solution, [Coena(AcAc)]” 

ion undergoes a very slow reaction at room temperature. 
A conveniently measured rate is not achieved until about 
60°C. The spectrum of this complex ion between 350 and 
600nm at room temperature does not vary significantly 
with variation of sodium hydroxide concentration. NMR 
studies have shown” that even in acid solution, the 
C-H proton exchanges with deuterium in D20 and this 
change becomes very rapid in basic solution. However, 
the pK,, of the complexed acetylacetone must be very 
high, because of the absence of any change in the 
spectrum of the complex with variation of [OH-] up to 
2.0 M. It is reasonable to suppose that the disturbance of 
the electronic system of the acetylacetone-metal ring, 

would result in significant spectral changes when a pro- 
ton is removed. 

The very slow reaction at room temperature indicates 
that there is no evidence for an initial rapid ring-opening 
reaction resulting in a monodentate acetylacetonato 
species, since the reaction is accurately first order in 
complex ion at higher temperature with no initial rapid 
absorbance change. This is not unexpected, because 
Sargeson et aL9 in a study of the reaction between 
acetylacetone and [Coenz(H20)J3’, showed that there 
was no evidence for the initial formation of a stable 
monodentate acetylacetonato species. 

The visible spectrum of the product is shown to be 
that of a cis-trans mixture of [Coen,(OH),]’ and com- 
pares well with that found in the literature and deter- 
mined under similar conditions.” At the high tem- 
peratures used here, the cis-trans isomerism of 
[Coen2(OH)z]’ is very fast” compared with the base 
hydrolysis of the complex. Thus, it is not expected that 
this will have any effect upon the kinetics of the reaction. 

At the higher temperatures (65 and 70°C) small 
amounts of a brown precipitate were produced in the 
spectrophotometer cell, during reaction with the higher 
concentration of sodium hydroxide solution. This is a 
little surprising in view of the known stability of ethy- 
lenediamine complexes.‘4 As a consequence of this 
effect the determination of the kinetics of the reaction at 
the highest concentration of hydroxide ion at 65 and 70°C 
was prevented. Under milder conditions, excellent first 
order plots of In (D, -I&,,,) against t were obtained and 

Table 1. Effect of variation of hydroxide ion concentration on the observed rate constant 

65.0 1.00 5.6420.22 

1.50 12.4 :5.5 

1.30 16.2 +2.7 

71.0 0.30 1.3720.41 

0.50 2.27LO.39 

0.70 3.10"0.38 

1.00 8.lll;O.30 

1.50 16.8 L5.4 

1.73 22.6 -6.4 r 

Tsmperature/°C 

60.0 

Hydroxide Ion 

concentration/M 

0.70 

1.00 

1.30 

1.50 

1.70 

1.80 

1.90 

2.00 

105kobs/s-' 

1.02+0.70 

2.88:0.63 

6.09+0.16 

7.89+0.01 

9.04LO.96 

10.6 LO.8 

12.4 LO.3 

14.2 LO.2 
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these were found to be linear for more than two half lives 
in every case. (Q = absorbance at time r, L&= final 
absorbance). 

The hydroxide ion concentration was varied with the 
ion strength maintained at 2.0 up to 2.0 M. It can be seen 
from the results which are given in Table 1, that there is 
a rapid increase in observed rate constant (L) with 
increasing [OH-I. The rate of increase of k,+ is too fast 
to be due to a reaction which is first order in [OH-]. 
Plots of kbs against [OH-]’ at these temperatures are 
shown in Fig. 1. It can be seen from these that excellent 
linear plots are obtained which pass through the origin. 
This implies that the rate law for the reaction is: 

/c+n = kz[OH-I*. (1) 

Values of kz calculated from the slopes of the graphs 
shown in Fig. 1 are given in Table 2. These values were 
used to determine an activation enthalpy of 70.6 kJ mol-’ 
and an activation entropy of - 119.0 JK-’ mol-‘. 

This is an unusual rate law for the base hydrolysis of 
an octahedral cobalt (III) complex. There appear to be no 
other examples for the type of reaction though rate laws 
of the type 

kobs = k, [OH-] t k2 [OH-]’ (2) 

are common, particularly when the departing ligand is a 
carboxylate ion.” The above rate law bears some 
resemblance to that obtained for the base hydrolysis of 
the corresponding tetraammine oxalato complex 
([Co(NH3&O~]‘) in which the rate law at low tem- 
perature is 

kobs = k, [OH-I 

and at high temperature is: 

k.,br = kz [OH-]*. 

(3) 

Table 2. Rate constants derived from plots of [OH-]* against 
observed rate constants 

Temperat"re/°C 

60.0 

65.0 

71.0 

ldk,/M%-' 

-5 
3.30x10 

5.23~10-~ 

7.73x10 
-5 

Various attempts have been made to interpret the 
mechanism of base hydrolysis involving second order 
terms in [OH-].‘5 Studies of fumarate, maleate and 
oxalate complexes among others have shown that in the 
monodentate complexes formed by these ligands the 
term second order in [OH-] is the result of a pathway 
that involves O-C bond breaking. It is not easy to dis- 
tinguish between O-C and O-Co bond breaking in the 
acetylacetonato complex, but the absence of two 
different dependences on [OH-] concentration and the 
fact that no monodentate species is present in isolatable 
amounts suggest that the rate law for this reaction arises 
from an initial fast equilibrium forming the monodentate 
species. 

+AcAc- (4) 

Poly Vol. I, No. 2-E 

Fig. 1. Variation of observed rate constant with [OH-]*: v = 344 K; I = 338 K; l = 333 K. 
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The rate law corresponding to this mechanism can be 8). These were, therefore, used as an internal standard to 
shown to be: allow for instrumental variations in the area of the 

kobs = MWH-12 methyl protons peak. The variation in the intensity of 

1 t K[OH]’ 
(5) these peaks was interpreted in terms of the ratio of the 

Thus, if the first reaction only occurs to a small extent, 
intensity of the methylene peak (ZcnJ to the intensity of 

then this rate law becomes 
the methyl peak (I,& Plots of In (ZcH,/Zc,,)* are 
shown in Fig. 2 for four hydroxide ion concentrations. It 
can be seen that they are reasonably linear and it is, 

kobs = k,k [OH-]. (6) therefore, concluded that the disappearance of the CH3 

The rate constants obtained from the graphs of kobs 
peak is a first-order reaction. The slopes of these graphs 
were used to determine the first order rate constant at 

against [OH-]’ are, therefore, composite rate constants. 
Some care has to be exercised, therefore on the inter- 

each hydroxide ion concentrations. The values are given 

pretation of activation energy data derived from such 
in Table 3. The rate increases with increasing hydroxide 
ion concentration in a way which suggest that the order 

graphs because the temperature dependence of k,K will 
only reflect the true variation of kz if K remains 

with respect to OH- is one. This is as expected for the 
mechanism: 

I 

slow k’ 

effectively constant over the temperature range used. 
This does not appear to be a valid assumption and the 
variation of K with temperature depends on the sign of 
AH for the reaction, so that K may increase or decrease 
with temperature. This may account for the apparently 
low value of the activation enthalpy of this reaction if K 
varies in the opposite direction to kz with increasing 
temperature. The question of attack on carbon or cobalt 
remains a moot point, since either could give rise to an 
[OH-l2 term according to the above mechanism. Ap- 
plication of tracer techniques to this system which might 
resolve the above question would be complicated by the 
fact that under the harsh conditions used, the liberated 
acetylacetone undergoes rapid irreversible decom- 
position reactions. 

The ‘H NMR spectrum of the acetylacetonatobis 
(ethylenediamine) cobalt (III) complex has been pre- 
viously obtained in neutral and acid solution.” Under 
these conditions in D20, only exchange of the “active” 
CH hydrogen occurred. We have measured the proton 
NMR spectrum of the complex in a solution of NaOD 
in 40. There is no signal due to the CH proton in basic 
solution because this proton has already rapidly 
exchanged. Otherwise the spectrum compares well with 
the literature.” Scanning of this spectrum after various 
time intervals showed that the signal at 2.02 S, which is 
attributed to the methyl protons, diminishes with time 
until it completely disappears. Thus, the methyl protons 
also exchange with deuterium. We felt that it was of 
interest to investigate the rate of disappearance of this 
signal and to see whether the rate was affected by the 
variation of deuteriooxide ion. There was no evidence 
over the time-scale used here for any exchange of the 
methylene protons of the ethylenediamine ligand (at 2.66 

The observed rate constant for this reaction will be given 
by 

kobs = k'K[OH-1 
1 + K [OH-] 

and if K is small, this becomes: 

hbr = k’K [OH-]. (9) 

It is not certain that de-chelation occurs before the 
keto-enol change followed by exchange takes place. 
However, observations of similar reactions with related 
complexes appear to support this mechanism. Farago et 
01.‘~ have studied the 13C and ‘H NMR spectra of 
malonato bis(ethylenediamine)-cobalt (III) complex in 
acid and basic solution and have concluded that dechela- 
tion occurs in basic solution and that in neutral solution the 
coordinated malonate group is stable. Furthermore, 
exchange of the methylene protons does not occur in 
neutral solution. In basic solution the malonato group 

Table 3. Variation of isotope exchange rate constant with deu- 
terooxide ion concentration at 308.6 K 

OD-/M 103kobs/S-' 

0.38 2.odo.02 

0.57 5.Od1.29 

0.77 5.5220.67 

0.96 9.31Lo.04 
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Fig. 2. Plot of log r (where r = I,“,/l,,, see text) against time at 308.6K for the NMR spectrum of acetyl- 
acetonato bis(ethylenediamine)-cobalt (III) ion in various concentrations of NaOD: 0 = O.% M NaOD; A = 

0.76 M NaOD: I = 0.57 M NaOD; 0 = 0.38 M NaOD. 

becomes de-chelated and they have shown that at the same 
time exchange of the methylene protons occurs. 

The 13C NMR spectrum of acetylacetonato bis(ethy- 
lenediamine) cobalt (III) ion in neutral 95% water, 5% 
deuterium oxide is shown in Fig. 3. By comparison with 
similar systems the signal at 27.6ppm relative to tri- 
methylsilane is assigned to the methyl carbons. Farago ef 
al. have observed two signals from two non equivalent 
methylene groups in ethylenediamine in malonato his 
(ethylenediamine) cobalt (III) ion. These were at 45.87 
and 44.29ppm and the values in this work at 44.75 and 
46.62ppm compare well with Farago’s work. There is, 
thus, no evidence for de-chelation in neutral solution, 
where more than two ethylenediamine signals would be 
expected. The above mechanisms both depend upon 
only a small amount of de-chelated complex being 
formed in strongly basic solution and thus de-chelation in 
neutral solution is not expected. The shift at 99.76 ppm is 

attributed to the C-H carbon of acetylacetone. The value 
of 193.02ppm for the carbonyl carbon which is coor- 
dinated to cobalt shows that it is considerably more 
shielded than the corresponding carbon in the malonato 
complex, which has a value of 179.5ppm.r6 This ad- 
ditional shielding could possibly be due to the electron 
donating properties of the methyl group which is bonded 
directly to the carbonyl carbon. 

CONCLUSION 
In alkaline solution acetylacetonato bis(ethy- 

lenediamine) cobalt (III) ion is comparatively stable. 
However, at elevated temperatures it loses acetylacetone 
to form a cis-tram mixture of dihydroxo bis(ethy- 
lenediamine) cobalt (III) ion. NMR studies show that in 
addition to the well-known exchange properties of the 
C-H proton, the methyl protons are also active to 
exchange in strongly basic solutions. It is postulated that 

1 + II 
I 

L 
$00 150 100 co 6 lwn- 

0 

Fig. 3. “C NMR spectrum of aceylacetonato bis(ethylenediamine)obalt (III) ion in HzO/D,O (95 : 5). 
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many reactions in basic solution are usually preceded by 
reversible de-chelation of the acetylacetone which 
occurs only to a small extent. 
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Abstract-The neutral r&2,2’-bipyridine(bipy) and 1 ,lO-phenanthroline(phen) compounds Mbipys and Mphens can be 
made conveniently in high yield by sodium amalgam reduction of the chlorides of Ti, Zr, Hf, V, Nb, Ta, Cr or better, for 
MO, W and Re, the respective adducts MO&L, WC&L and ReCl&I’HF) in tetrahydrofuran containing the lids. 
The Cr and MO compounds can also be obtained from the dimeric acetates M,(CO&fe),. For vanadium, similar 
compounds have been obtained from 2,2’dipyridylamine, 2,2’dipyridyldisulfide and di-t-butyldiimine. Reduction of 
VCll in THF containing one equivalent of 2,2’-bipyriclme under CO gives the carbonyl V(CO),bipy. Interaction of 
Vbipy, with NO and CHJ give respectively, V(NO)bipy, and [V(CH,)I(bipy)]. 

Although Herzog’ has made a number of zero-valent 
transition metal complexes of 2,2’-bipyridine and l,lO- 
phenanthroline (L) by reduction using Mg, L&bipy, etc. 
of cationic [ML,] complexes or halides, in many cases the 
syntheses involved several steps and the yields were 
often low? We find that the metal chlorides Tic&, ZrCL, 
HfCL,, VCl,, NbC15, TaCls and CrCl, plus three 
equivalents of the ligand in tetrahydrofuran can be 
directly reduced by an excess of sodium amalgam at 
room temperature under an inert atmosphere for cu. 
24hr, to give deep purple to black solutions from which 
the highly air sensitive zerovalent complexes Mbipy, and 
Mphenp can be obtained in yields of 80% or more. 

The direct reduction of the metal halides MoCl,, WC& 
and ReCIS did not proceed cleanly and gave a mixture of 
products. However, treatment of the adducts of the 
tetrachlorides, MoCLL, WC&L and ReCL,(THF)2 under 
identical conditions gave the respective ML, compounds. 

The compounds Crbipyp, Crphens, Mobipy, and 
Mophens can also be prepared by the direct reduction of 
Mz(CO,Me),, M = Cr, MO, in THF by sodium amalgam. 
The cleavage of the metal-metal bond in such tetra- 
carboxylates to give mononuclear species has been pre- 
viously observed with isocyanide ligands.3-s The reduc- 
tions probably proceed via interactions of the radical 
anions bipy’. 

The properties of the compounds, where known, are 
similar to those described by Herzog.’ The new com- 
pounds Zrphen3, HfL3, Nbphen,, TaL,, Mophen,, 
WphenB and ReLS generally have similar properties being 
dark coloured, extremely air sensitive, and either 
diamagnetic or paramagnetic, according to whether the 
M” state has even or odd number of electrons. It may be 
noted that Cobipy, has recently been made by metal 
vapour synthesis,& and Ru bipy, by electrolytic reduction 
of [Ru bipy,]*+ in MeCN.- 

For vanadium, the same reduction procedure allows 
synthesis of the corresponding complexes from 2,2’- 
dipyridylamine (l), 2,2’-dipyridyl disulfide (2) and di-t- 
butyldiimine (3); similar complexes of other metals can 
doubtless be made. So far only the zero-valent diazabu- 
tadiene complexes of nickel’ and ruthenium’ have been 
reported. 

*Author to whom correspondence should be addressed. 

Q--Q 
2 

For vanadium, the reductions were also carried out 
under atmospheres of hydrogen, carbon monoxide and 
buta-1,3diene, but only the Vb compounds were 
isolated. However, the reduction of VCI, under CO 
(2 atm) using only one equivalent of 2,2’-bipyridine gave 
the black microcrystalline compound V(CO),bipy. 

Although Vbipy, does not react with CO or with Hz at 
100°C and 100 atm pressure,. with methyl iodide it 
undergoes an oxidative-addition reaction to give an air- 
sensitive green solid [V[Me)I(bipyk] and with nitric 
oxide to give a diamagnetic, white, ‘I-coordinate nitrosyl 
V(NO)bipys. 

Microanalyses were by Pascher (Bonn) and Imperial College 
Laboratories. All operations were performed under oxygen-free 
nitrogen or argon or in uucuo. Solvents were dried over sodium 
and distilled from sodium-benxophenone under nitrogen im- 
mediately before use. Petroleum had b.p. 40-6WC. Magnetic 
moments in solution were obtained using Evans’ method and 
given as &a in B.M. at 309 K. Analytical data are collected in the 
Table. 

MoCb(CHsCN), and WCl,(CHsCN)s,s and ReCl,(THF)Lr” were 
prepared by known methods. 

Spectmneters: NMR Perki*Elmer R32 (‘H, 90 MHz), Bruker 
WM 250 (‘H, 250MHz). Data in ppm, referenced to SiMe,. All 
the diamagnetic species had a rather complex spectrum centred 
the region 7.946 ppm due to the aromatic protons of the lid. 
IR. Perkin-Ehner 597; spectra in Nujol mulls. 
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Table 1. Analytical data for new compounds 

Compound 

Zrbipy. 

Hfbipys 

Hfphen, 

Nbphen. 

Tabipy. 

Taphens 

Mophen. 

Wphen. 

Rcbipy. 

Rephen, 

V[C,HeN)rNHl. 

V[(C.H,N)aSalr 

v[~Qc~N~.H,N~~~~~ 

HoCt,blpy 

Moti.phen 

Wuebipy 

WCl,phcn 

V(CO),bipy 

V(Ek)Ibipya 

V(NO)bipy. 

r 
C 

64.5 
(64.4) 

68.9 
(68.9) 

55.8 
(55.7) 

60.1 
(60.1) 

68.5 
(68.3) 

55.6 
(55.5) 

59.8 
(59.9) 

67.9 
(67.9) 

59.5 
(59.7) 

55.0 
(55.0) 

59.5 
(59.5) 

63.8 
(63.8) 

50.5 
(50.6) 

65.0 
(64.9) 

30.6 
(30.5) 

34.3 
(34.5) 

24.9 
(24.9) 

28.5 
(28.5) 

52.3 
(52.7) 

50.0 
(49.9) 

65.2 
(65.6) 

H 

Found (Required) X 

N 

(1) Standard procedure 
2,2’-Bipyridine (3.1 g, 20 mmol) was added to a suspension of 

TiCI, (l.Og, 6.Smmol) and sodium amalgam (l.Og Na in 1OOgHg) 
in THF (80 cm”). After stirring for 24 hr at room temperature and 
filtering, the solution was reduced to ca. 15cm” under vacuum. 
Diethylether (25 cm3) was slowly added to precipitate a dark blue 
solid which was collected, washed with petroleum (2 x 20 cm”) 
and recrystallised from THF-diethylether (1 : 1). Yield, 3.Og, 
89%. 

The compounds Zrbipy,, 81%; Hfbipys, 81%; Vbipy,, 92%; 
Nbbipy,, 78%, psa = 1.75 BM; Tabipy3, 80%, )cd = 1.77 BM and 
Crbipy3, 91% were also prepared from the respective chlorides, 
ZrCl,, HfCl,, VCl,, NbCls, TaCls and CrC13. The LlO-phenanth- 
reline analogues Tiphen3, 86%; Zrpheq, 78%; Hfphen3, 79%; 
Vphen3, 86%; Nbphen,, 7246, p&= 1.9lBM; Taphen,, 81%, 
m = 1.81 BM and Crphen3, 85%, have been similarly prepared. 
Good analytical data for the known compounds were obtained. 

(2) T&(2,2’-dipyridyldisulfide)vanadium(O) and related com- 
pounds 

2,2’-DipyridyldisuMde (4.3g, 20mmol) was added to sodium 
amalgam (l.Og, Na in 1oOg Hg) and a suspension of VCls (1.0 g, 
6.4 mmol) in THF (80 cm3) at room temperature. After stirring for 
24hr the volatile materials were removed under vacuum. The 

15.3 
(15.0) 

13.1 
(13.3) 

13.1 
(13.0) 

11.9 
(11.7) 

13.5 
(13.3) 

12.8 
(12.9) 

16.1 
(16.5) 

13.3 
(13.2) 

11.7 
(11.6) 

12.9 
(12.8) 

11.5 
(11.5) 

22.0 
(22.3) 

11.9 
(11.8) 

15.3 
(15.1) 

G::, 

G::, 

Z:b 

k-3, 

i::, 

11.0 
(11.1) 

17.9 
(17.9) 

other 

27.0 S 
(27.0) 

36.1 Ct 
(36.0) 

34.1 CI 
(33.9) 

29.7 cc 
(29.4) 

28.0 c( 
(28.0) 

19.8 0 
(20.1) 

24.6 I 
(25.1) 

2.6 0 
(2.9) 

l- 

H 

530 
(559) 

600 
(631) 

650 
(646) 

690 
(718) 

600 
(633) 

630 
(649) 

750 
(721) 

630 
(634) 

690 
(724) 

620 
(654) 

750 
(726) 

680 
(711) 

520 
(564) 

520 
(556) 

residue was extracted into toluene, (50cm3) which was filtered, 
reduced to ca. 15cm3 and cooled to 0°C to yield a purple solid 
which was collected, washed with petroleum (2 x 20 cm”) and 
dried under vacuum. Yield, 4.Og, 88%; ti = 1.82 BM. 

The compounds tris(2,2’-dipyridy/amine)vanadium(O) (yield 
74%), w = 1.71 BM, and tris(di-tert-butyldibnine) vanadium 
(0) (yield 61%), pea = 1.79 BM, can be prepared by reacting VC13 
with the corresponding ligand under identical conditions. 

(3) 2,2’-Bipyridine and IJO-phenanthroline adducts of molyb- 
denum and tungsten tetrahalides 

The adducts were prepared by the same procedure given for 
MoCl&ipy). Excess 2,2’-bipyridine (2.0 g, 13 mmol) was added to 
MoCl,(MeCN)x (2.0 g, 6.2 mmol) in dichloromethane (50 cm3) at 
room temperature. After stirring the mixture for 24 hr, the solu- 
tion was reduced to ca. lOcm’, filtered and the brown solid 
washed with diethylether (2 x 25 cm”) and dried under vacuum. 
Yield, 2.3 g, 96%. 

Similarly, MoCl,phen, 93% and from WCl,(MeCN)r, 
WCl,bipy, 97%, WC&phen, 96%. 

(4) Zero-valent compounds from adducts 
The following procedure for Mobipy, is representative. 2,2’- 

Bipyridine (log, 6.4mmol) was added to MoCl,bipy (log, 



Convenient syntheses of zero valeot 2,2’-bipyridine 211 

2.5 mmol) and sodium amalgam (l.ONa in 1OOgHg) in THF 
(80 cm’). After stirring for 24 hr the solvent was reduced to co. 
20cm’ under vacuum. Dietbyletber (25 cm3) was then added 
slowly to precipitate a dark purple solid. This was collected, 
washed with light petroleum (2 x 20 cm’) and recrystallised from 
THFdiethylether (1: 1). Yield, 1.2g, 83%. Similarly Wbipy3, 
84%; Mopheq, 80%; Wpheo3 87%. 

(5) Chromium and molybdenum compounds from the acetate 
From M,(CO&fe), the following is representative. 2,2’-Bipy- 

ridme (2.3g, 15mmol) was added to a suspension of 
Mo&OsMe), (1.0 g, 2.3 mmol) and sodium amalgam (1.0 g, Na in 
100 g Hg) in THF (80 cm’) and the solution stirred for 24 hr at 
room temperature. The dark purple solution was tittered and the 
volatile materials removed under vacuum. The residue was 
extracted into tolueoe (6Ocm”) which was filtered, reduced to 
15cm3 and cooled to 0°C to give purple crystals which were 
collected, washed with petroleum (2 x 15 cm3) and dried under 
vacuum. Yield 2.0 g, 77%. Similarly Mopheq, 85% and from 
Cr#O&fe),, Crbipy,, 91%: Crphen, 89%. 

(6) T&(2,2’-bipytidine)rhenium(O) 
To a suspension of ReCl.,(THph (l.Og, 2.2 mmol) in THF 

(80 cm’) and sodium amalgam (1.0 g, Na in 100 R HR) was added 
$2’~bipyridme (1.2g, 7.7 mmol). A&r stirring fir 24 hr at room 
temperature and tiltering, the solution was reduced to ca. 28 cm3 
under vacuum and diethylether (25 cm’) was added slowly to 
precipitate a purple solid. The solid was collected, washed with 
petroleum (2 X 20 cm’) and recrystallised from THF-Et20 (1: 1). 
Yield, 1.2 g, 83%, &a = 4.1 BM. Similarly Rephen,, 76%, pa = 
4.3 BM. 

(7) Tetracarbonyl2,2’-bipyrfdine vanadium( 0) 
2,2’-Bipyridme (1.0 g, 6.4 mmol) was added to a suspension of 

VCls (1.0 g, 6.4 mmol) and sodium amalgam (1.0 g, in 100 g Hg) in 
THF (6Ocm’). The solution was stirred for 24 hr under CO 
(2 atm) at room temperature. The black solution was filtered and 
the volatile materials removed under vacuum. The residue was 
extracted into toluene (50 cm3) which was tittered, reduced to ca. 
20 cm3 and cooled to 0°C to yield a black microcrystalline com- 
pound which was collected and dried under vacuum. Yield, 1.2 g, 
57%. IR. 1850 cm-’ broad v(C0). 

(8) Bis(2,2’-dipyridinc)methyl(iodo)vanadium(IZ) 
The vanadium(O) comulex Vtbiuv)~ (0.5~. l.Ommol) in THF . __._ . 

(30 cm’) was treated witi an excess of methyl iodide (l.Og, 
7.0 mmol) in THF (20 cm3) and the mixture stirred for 2 br at 
room temperature. The solutioo was reduced under vacuum to 
ca. IO cm3. The green solid which was precipitated was collected, 
washed with petroleum (2 x IOcm’) and recrystallised from 
tolueoe (10 cm)) at 0°C. Yield, 55 g, 87%. 

(9) Bis(2,2’-bipyrid~e)nitrosylvanadium 
Nitric oxide was bubbled slowly into Vbipy, (0.5 g, 1.0 mmol) 

in tolueoe (25 cm’) at 0°C. A white solid was precipitated, collec- 
ted, washed with light petroleum (2 x 10 cm’) and dried under 
vacuum. Yield, 0.37 g, 71%. 

IR. 169Ocm-’ @IO). 

Acknowledgements-We thank the SERC for partial support and 
the NSF for a NATO postdoctoral fellowship (J.Q.). 

‘For references see W. R. McWbinnie and J. D. Miller, Adv. 
Inorg. Chem., Radio&em. 1%9,12, 135. 

REFERENCES 

‘See, e.g. S. Herxog, Z. Anorg. Allg. Chem. 1958, 294, 155; 
Naturwiss. 1956,43,35. 

‘G. S. Giiolami and R. A. Aoderseo, Jnorg. Chem. 1981,20,2840. 
‘T. E. Wood, J. C. Deatoo, J. Corning, R. E. Wild and R. A. 
Walton, Znorg Chem. 1980,19,2614. 

‘K. W. Chht, C. G. Howard, G. Wiiosoo, A. M. R. Galas and 
hf. B. Hursthouse, PoIyhedrun 1982, in press. 

6”r. G. Grosheos, B. Henne, D. Bartak and K. J. Klabunde. Jnora.. 
Chum. 1981,28,3629; bH. D. Abrufnt, A. Y. Teng, G. J. S-amueis 
and T. J. Mever. J. Am. Chem. Sot. 1979.101.6745. 

‘H. tom Diecki M. Svoboda and T. Greiserj Z. katurforscb TeiI 
B. 1981,36,823. 

“B. Chat&et, H. K6ster and R. Poilblaoc, J. Chem. Sec., Chem. 
Commun. 1981,266. 

9J. R. Dilworth and R. L. Richards, Jnorg. Syntheses 1980, 29, 
119. 

lsE. A. Allen. N. P. Johnsoo, D. T. Roseveare and W. Wiisoo, 
J. Chem. Sot. (A). 1%9,788. 



NOTES 

Tin-oxygen coordination in dimethyltin dichloride N-arylsalkylideneimine complexes 

(Receioed 8 June 1981) 

Abstract--Proton and ‘C NMR data indicate that in their complexes with dimethyltia dichloride, the 
N-arylsalicylideneimines behave as monodentate Jigands with oxygen, rather than imme nitrogen, as 
donor atom. 

fNTRODUCTfON 
The coordination behaviour of N-salicylideneaniline and 
its substituted derivatives towards diorganotin di- 
chlorides has been examined.‘3 Based on IR’ and 
Mbssbauer3 studies, two different modes of coordma- 
tion, (I) and (II), were proposed for the 1:2 adducts. 

I (R = CH3, C3Hs) 

II (R=CH3,C6HS) 

With a view to resolving this discrepancy, we prepared 
the dimethyltin dichloride complexes of N- 
salicylideneaniline and N-salicylidene-p-methoxyanilme, 
and examined their “C and proton NMR spectra 

N-Salicylideneaniiine and its derivatives were prepared by the 
direct condensation of sahcylaldehyde with anihnes in ethanol. 
The adducts were synthesized accordii to the procedures of 
Srivaatava and Chauhan.’ 

The PMR spectra were obtained in CDC13 with TM as inter- 
nal reference on a Perkin-Elmer Rl2B spectrometer. 

13CNMR spectra were recorded on a Varian CFf’-20 spec- 
trometer with 8 mm tubes at 27T. Generally 50,000 transients of 
1s were accumulated after excitation pulses corresponding to 
“Sip angles” of 2M. Spectra width were 4OUO Hz with 4 K real 
data points in the transformed spectra. Peak assignments were 
made with the help of off-resonance and comparison of the spectra 
with those of the,ligands? 

RRSULTS AND DISCUSSION 
The “C NMR spectra of the complexes and the 

ligands are recorded in Table 1. 
The N-arylsalicylideneimine ligands could coordinate 

to the metal atom either through the oxygen atom, or 
through the imine nitrogen atom. Both modes of coor- 
dination have previously been reported.‘J Coordination 
throughNaiin(II)wouldbeexpectedtoleadtoadownfleld 
shift of the axomethine carbon (C-l). This is not in fact 
observed. Comparison of the 13C NMR data of the ligands 
and complexes (Table 1) shows that a(C-1) remains 
unchanged. But, the value of a(C-2’) for the complexes 
moves downfield (0.4-0.6ppm) when compared with the 
liiand values. This is consistent with (I) because coor- 
dination through oxygen should result in a decrease in 
electrondensityandconsequentlyadownfleldshiftforC-2’. 

Further evidence in support of (I) can be obtained 
from the NMR of the azomethine and hydroxylic pro- 
tons. As the ring formed by the intramolecular hydrogen 
bond of the Schii base ligand is retained but distorted in 
the complex,lJ coordination through oxygen will 
result in the weakening of the O-H bond and the streng- 
thening of the C=N . . .H hydrogen bond. This is 
reflected in the broadening (disappearance) of the 
hydroxylic proton which resonates at S 13.3 ppm for the 
ligand.6 However the OH protons reappear at 
S13.2ppm as a singlet when DMSO is added to the 
complex (DMSO, as expected, forms a stronger complex 
with MeSnClz than SchilT bases). Similarly the 
axomethine proton (S8.54ppm for the liid)6 shows a 
small broadening (diierence of Av,,~ between complex 
and lid is ce. 2 Hz).’ That this is due to strengthen- 
ing of the C=N . . . H hydrogen bond is further substant- 
iated by the fact that in the protonated spectra. of 
N-benxalaniline and its derivatives, the azomethine proton 
resonance (8 cc. 8 * 61 ppm)’ is either very broad or exists 
as a doublet.9 

The value of the coupling constant 2J(1’9SnCH) has 
also been used in the elucidation of the structures of 
methyltin derivatives.‘&‘* An increase in the coor- 
dination number of the tin atom should give rise to an 
increase in the value of 2J(“9SnCH). The coupling con- 
stants determined for diiethyltin dichloride N-salicy- 
lideneanilme and dimethyltin dichloride N-salicylidene- 
p-methoxyaniline are 70.8 and 71.2 cps respectively. An 
increase of 1.8-2.2 cps over the *J(‘i9SnCH) of 69.0 cps 
for Me2SnClz’3 is of the order for tinaxygen coor- 
dination. The 2J(“9SnCJ$ values of Me2SnC12 in 
phenol” and anisole’5 are 70.0 and 72.4~~~ respec- 
tively. Thus, the NMR results provide quite strong evi- 
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Table 1. “C chemical shift (ppm) of N-salicylideneani&ne and its diiethyltin dichloride complexes 
in CDCI, 

4c-I) gtc- 2’) gtC-l”l Other carbons 

X=H 
Ligand 162.6 161.2 148.5 119.2; 117.3; 133.1; 118.9; 

132.2; 121.1; 129.2; 126.8 
Complex 162.6 161.6 148.5 119.2; 117.4; 133.3; 119.0; 

132.3; 121.2; 129.4; 126.9 
&I,S,j6.6 

X=GCH, 
Liind 160.4 161.0 141.3 119.4; 117.1; 131.9; 118.9; 

132.6; 122.6; 122.3; 114.7; 158.9; 
&I,o,55.4 

Complex 160.4 161.6 141.2 119.3; 117.3; 131.9; 118.9; 
132.9; 122.3; 114.7; 158.9; 
&i,o,55.5 &H&,6.8 

dence for oxygen, rather than imine-nitrogen coordina- 
tion in the N-arylsalicylideneimine complexes of dior- 
ganotin dichlorides. 
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Tbemogravfmetrfc anafyd~ and dfnsodatfon prenme of eaenfum thalfden 

(Receiued 26 June 1981) 

The relative stabilities of compounds containing polyhalide ions 
has for long been a subject of discussion. For example, Euhraim, 

given in Table 1. The figures for percentage weight loss lie close 
to the theoretical values for the loss of one mole of halogen or 
interhalogen per mole of caesium trihalide. In the case of mixed 
trihalides it is known that dissociation takes place in such a way 
that the halogen or interhalogen molecules contain the heaviest 
halogen atoms.’ Thus, thermogravimetric analysis afIords a 
useful method for checking the purity of metal polyhalides 
provided the volatile dissociation products are known. 

on the basis of vapour pressure measurements a&d at the 
order. CsL > CsIBr, > CsICI, > CsIdr > CsBr, for caesium 
trihalkes.’ %milar s,uences-have been compiled for the tri- 
halide ions themselves, and in those sequences derived from 
measurements in solution it is found that the relative position of 
the trihalide ions depends on the particular solvent used? In a 
recent paper Finch et ol. correctly drew attention to the fact that 
several parameters contribute to the thermodynamic stabiity of a 
polyhalide ion and they suggested the rank order IClT >IBrT > 
I; for the stabiities of these three trihalide ions? 

A convenient method for obtaining an “order of stability” of a 
series of compounds involves comparison of the procedural 
decomposition temperatures obtained from thermogravimetrlc 
analysis:‘~ This has been used with some success as a rapid 
analytical technique. for emgirlcally assessing the apparent 
thermal stability of polymers. We have, therefore, carried out 
a thermogravimetric study of caesium trihalides to obtain, from 
the procedural decomposition temperatures, an order of apparent 
thermal stability which could be compared with the order of 
thermcdynamic stability obtained by Ephraim from vapour 
pressure measurements. Thermogravimetric analysis could also 
prove to be a useful method for rapid analysis of metal poly- 
halides. 

RMJLTgANDDIscussNm 

The thermograms of the caesium trihalides indicated a one- 
step decomposition for each compound; the procedural decom- 
position temperatures and percentage weight losses obtained are 

tOur dissociation pressure measurements lead to a different 
order from that obtained by Ephraim. We camtot offer an explana- 
tion of this but suggest that vapour pressures measured in an all 
glass system are lihely to be more reliable than those measured in an 
apparatus using sulpluuic acid or KNSOJHsSO, as manometer 
liquid in an isoteniscope. 

The values of procedural decomposition temperature lead to 
the following “stab&y” order: CsIC12 > CsIBn > CsI:, > 
CsI&>CsBrs. This order is at variance with that obtained by 
Ephraim from his vapour pressure studies and although 
agreement in the results obtained from the two diierent ap- 
proaches (on the one hand, measurements in an open, dynamic 
system, and on the other, measurements in a closed system under 
equilibrium conditions) would not necessarily be expected, it was 
thought desirable to repeat the measurement of vapour pressure 
for the series of caesium trihalides. This was done using an 
all-glass system incorporating a spiral gauge null-meter. 

Dissociation pressures were measured in the temperature 
range 17-16X and for each compound the plot of log&/atm) 
vs T-‘/K-’ was a straight line represented by logto(p/atm)= 
- AT-‘/K-’ + B, the vahms of A and B for individual compounds 
being given in Table 2. Within the temperature range studied, the 
dissociation equilibrium for each compound is of the type: 
solid= solid +gas for which the equilibrium constant (Kp) is 
Rp =p, Thus for each compound logldKp/at&= 
- AT-‘/K-’ + B. Conseauentlv values of eouilibrium constant 
and enthalpy of dissociation may be calculated (Table 2). From 
the equilibrium constant values it is seen that the order of 
thermodynamic stability of the compounds is:- CsIBn > CsI3 > 
CsICIs>CsBr3 >CsI&t (this order holds for other tem- 
peratures within the range studied). 

It is noted that this sequence does not correspond exactly with 
that obtained in the thermogravimetric study described above; 
the difference can only be put down to the operation of kinetic 
factors in the latter case. Thus whilst the stability order obtained 

Table 1. ‘Ihermogravimetric analysis of caesium trihalides 

Compound 

cs13 

CsI2Br 

CsIBr2 

CsBr3 

CsICl* 

p.d.t* 
*C 

77 50.1 (49.4) 

49 53.7 (54.4) 

124 48.4 (49.3) 

38 

139 

42.4 (42.9) 

48.9 (48.5) 

weight'loss 
t 

% 

l 

Procedural decomposition temperature 

t 
Theoretical value in brackets 
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Table 2. Dissociation pressure, equilibrium constant and enthalpy of dissociation data for caesium trihalides 

Compound A B Kp(29B K) AH 
atm. -1 

kJ mol 

CSI3 2362 4.73 6.65 x 1o-4 45.23 

Cs12Br 2187 5.79 2.80 x 10 -2 41.87 

CsIBr2 2291 4.22 3.37 x 1o-4 43.87 

CsBr3 2160 5.39 1.38 x 10 -2 41.36 

CsIC12 1864 3.66 2.57 x 1O-3 35.69 

from studies in the open, dynamic system (thermogravimetry) is lever which was used as a null-meter. Pressures were read on a 
a useful empirical guide to the “apparent thermal stability” of cathetometer as a difference in mercury levels in a wide-tube 
caesium trihalides, it is not the same as the order of ther- manometer. The constant volume section of the apparatus (con- 
modynamic stability of these compounds. These results 
emphasise the danger inherent in drawing conclusions about 

taining the compound) was kept at constant temperature in an 
electrically heated oil bath and dissociation pressures were 

relative thermodynamic stabilities of any series of compounds on recorded only after solid-vapour equilibrium had been 
the basis of decomposition temperatures measured in an open established (after l-2 hr); values of pressure for ascending and 
system. descending temperatures were recorded. 

CONCLUSIONS 

Thermogravimetric analysis provides a useful means of check- 
ing the composition of caesium trihalides. The procedural 
decomposition temperatures obtained give only an order of “ag 
parent thermal stability” of caesium trihalides and do not lead to 
the order of thermodynamic stability (obtained from dissociation 
pressure measurements). 
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Reagents used were of the best grade available and, if neces- 
sary, were purified before use. The caesium trihalides were 
prepared by standard methods involving reaction of caesium 
halide with the appropriate halogen or interhalogens The 
purity of the compounds was checked by halide analysis after 
reduction; the analysis was carried out potentiometrically using 
silver nitrate as precipitant.” 
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Abstract-For the plus-two and plus-three lanthanide ions, AH, is inversely related to the sums of the ionic radii by 

AH”, = Q. t A/(r~,g+ t rxn - ) t B. 

This equation reproduces the known values for the plus-three oxides and the halides, and predicts the absolute 
hydration energies of the aqueous lanthanide(IIl) ions. The model is also used to calculate AH, of the lanthanide(II) 
oxides and Buorides. Based upon the enthalnies of disnroportionation, EuO, YbO, SmFs, EuFs and YbFr are predicted _ _ 
to be stable. 

INTRODUCTION 
Although much thermodynamic information is available 
for the plus-three lanthanides in solution and in the solid 
state’“, the situation is much different for the plus-two 
lanthanides. Lanthanide dichloride enthalpies have been 
calculated3 and several have been measured by Morss 
and associatesc6 . Kim and Oishi have recently published 
calculated values for the enthalpies of formation of the 
dihalides’. Kim’s cycle is based upon calculating the 
energies for the valence change from plus-three to plus- 
two. We have developed an alternate approach to the 
calculation of the plus-two lanthanide thermodynamic 
values, and this approach can be extended to other 
compounds in addition to the dihalides. Our approach 
utilizes a simple ionic model coupled to the known 
lanthanide contraction. 

CALCULATIONS AND RWJLTS POR 
PLUSTDREE LANTDANIDEg 

Using a Born-Haber cycle, the enthalpy of formation 
of a crystalline lanthanide compound, LnX, is given by: 

AH”,(LnX, c) = AH”,(Ln”‘, g) t AH’,(X”-, g) 

- AH”,.,(LnX). (1) 

Here AH’,.,(LnX) is the lattice energy of LnX, which can 
be estimated empirically by: 

AH”r,(LnX) = Al@,) + k2 (2) 

where r. is the sum of the ionic radii for the cation and 
anion. The constants are dependent upon the choice of 
Ln and X, and include the Madelung constant, the Born 
repulsion term, Van der Waals interactions, zero point 
energies, and heat capacity corrections to 25°C. The 
enthalpy of formation of the lanthanide cation, 
AH”,(Ln”‘, g) is given by 

AHof(Ln”+, g) = AH”,,(Ln) t $ Ii t 5/2 nRT (3) 

where AH’&Ln) is the standard sublimation enthalpy 

of the lanthanide; 5 Ii is the sum of the lanthanide 
I 

*Author to whom correspondence should be addressed. 

ionization energies; and 5/2nRT is the enthalpy change 
as a function of temperature from 0 K where I is calcu- 
lated to the experimental temperature, assuming the lan- 
thanide ion acts as an ideal gas. Combining eqns (2) and 
(3) with (l), results in the following expression: 

AH’,(LnX, c) = AHo,,,, t i I, - A&,) t B (4) 
1 

where the new constant B includes H”r(X”-, g), 5/2 nRT 
and k,. We will utilize a new function called Q,(Ln) 
which will be defined as: 

Q. = AHO., + $ Ii. 

Thus, AH“,(LnX, c) is simplified to: 

(5) 

AHaf(LnX, c) = Q,(Ln) t AI&a+ t rxn -) t B. (6) 

We will establish the validity and utility of eqn (6) by 
applying it to known experimental data. The constants A 
and B will vary for different liiand systems. For our test 
systems we will correlate the results for the LnaO, cubic 
sesquioxides and for the hydrated lanthanide ions. Table 
1 summarizes the data for the lanthanide oxides, with all 
units converted to kilojoules. Templeton and Dauben’s 
lanthanide radii were utilized along with 1.38019 for the 
radius of the O*- ion in the oxides”. Since two lan- 
thanides are contained in Ln,O, and since r,n - 
= 1.380 A for 0”, eqn (6) becomes: 

AH0(Ln203, c) = 2Q3 t A&,3+ t 1.380 A) + B. (7) 

If our simple electrostatic model is correct, a graph of 
AH”(Ln,O,, c)-2QS should be a linear function of 
l/&,3+ t 1.380 A). As shown in Fig. 1, the data for the 
lanthanide oxides are linear, with A calculated to be 
-25,872 KJ-&mol and B = 695 KJ/mol. The absence of 
sign&ant crystal field stabilization energy for the lan- 
thanide oxides is consistent with the general view that 
these stabilization energies are unimportant in lanthanide 
systems. 

The derivation of a similar equation for the enthalpy of 
formation of the solvated lanthanide (III) ions is some- 
what more complex and the following cycle is used. 
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Table 1. Evaluation of Q3 and Hf(Ln201) 

Ln AH’subi $1. Q rLn3+ -AH”,(Ln203, c) 

KJ mot-’ KJmol-’ 8, KJ mol-’ 
[1,81 [91 WI IL81 

La 431.0 3455.6 3886.6 1.061 1799 
Ce 421.3 3523 3944 1.034 1799 
Pr 356.5 3627 3984 1.013 1819 
Nd 327.2 3697 4024 0.995 1812 
Pm -318 -3739 -4057 0.979 - 
Sm 206.7 3869 4076 0.964 1828 

8 397.5 176.6 4036 3750 4213 4148 0.950 0.938 1663 1827 

: 290.4 388.7 3898 3790 4188 4179 0.923 0.908 1865 1863 
Ho 300.8 3923 4224 0.894 1881 
Er 316.7 3934 4251 0.881 1898 
Tm 232.2 4044 4276 0.869 1889 
Yb 154.0 4194 4348 0.858 1815 
LU 427.6 3910 4338 0.848 1878 

Ln(c) t nH+(aq)+ Ln”‘(aq) t n/2H& (8) 

Ln(g) = Ln(c) 

Ln”+(g) t ne- = Ln(g) 

n/2H,(g) = nH(g) 

nH(g) = nH+(g) t ne- 

nH+(g) = nH’(aq). 

The net reaction is: 

Ln”+(g) = Ln”+(aq) 

-9.500.. 

-9,600.. 

-9.700.. 

-9,800- 

B 
E 

-9,900~~ 

3 
- 

i 

-10.000~ 

s -10.100.. 

Q 
-10.200.. 

-10.300.. 

-10.400-. 

-10.500- 

La Gd 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

Lu 

-10.800 A 
0.400 0.410 0.420 0.70 0.440 0.460 0.460 

b+ + 1.38oh 

Fig. 1. The predicted and calculated values for the formation of 
Ln203. 

For (@-o-G), the sum of the AH’s equals the absolute 
hydration enthalpy of the Ln”’ ions. For Lr?+(aq), 

AH”,,,d(Ln’+) = AH”(Ln3’, aq) - AHo., 

-($Ii+5/2nRT)t3/2D~-~t(31~t5/2nRT) 

t 3AH”(H’, aq) (15) 

where the bond dissociation, Dr.,.+,, equals 
435.9 KJ/mol’; the ionization energy at OK is 
1312.0 KJ/mol’ plus the correction to 25”C, 5/2 nRT; and 
AH’(H’,aq) is the hydration energy. AH”(H’,aq) has 
been estimated to be -260.72 2.4”, -263.7? 312, and 
-26613, and we have utilized -263 Kcal/mol or 
- 1110 KJ/mol in our calculations. Equation (15) sim- 
plifies to: 

AH”,,Yd(Ln3+) = AHor(Ln3+, as) - Q3 t 1284 KJ. 
(16) 

In Table 2 we have summarized the known 
AHof(Ln3+,aq) values and the hydration energy results 
calculated from eqn (16). In Fig. 2 we have plotted our 
calculated AH”(Ln3+, as) values as a function of the ionic 
radii, obtaining a straight line. Once again crystal field 
effects are absent. 

The data for the hydrated lanthanide(III) ions can also 
be correlated in an equation similar to (7), calculated to 
be in units of joules: 

AH”(Ln3’, aq) = Q,(Ln) - 6053/(r,3+ t 0.775) - 1289. 
(17) 

We will use the proposed ionic model to calculate AH”, 
of the lanthanide triiodides. This series is chosen because 
covalent bonding has been postulated by Myers for the 
lanthanide trihalides in order to explain differences in the 
energy for the process 

L~3(g) = Ln(g) + 3X(g) (18) 

between experimental and the calculated data14. The data 
for La[III], Gd[III] and Lu[IIIj are used to determine the 
constants for the LnI, system. 

AHoI(LNi3, S) = Q3 - 14,644/(r,3+ t 2.20 A) - 95. 
(19) 

Table 2. Hydration enthalpies for Ln(UI) 
ions 

Ln(III) -AH0,(Ln3+, as) -AH&, 
KJ/mol [l, 81 KJ/mol 

La 708 3306 
Ce 698 3353 
Pr 705 3400 
Nd 6% 3432 
Pm 
Sm 691 3478 

: 
605 3527 
687 3542 

Tb 690 3579 
Dy 697 3597 
Ho 706 3637 
Er 705 3663 
Tm 702 3690 
Yb 674 3733 
LU 684 3732 
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La Gd LU 

-3800L___ 
0.940 1.020 1.10 1.18 

llrLn3+ , A -’ 

Fig. 2. The enthalpy of hydration for the lanthanide(III) ions as a 
function of the reciprocal of the ionic radii. 

Table 3. Evaluation of AH’,(LnI~, c) 

Ln Experimental 
-AH”, 

KJ mol-’ 
[15,161 

Calculated 
-AH”, 

KJ mol-’ 

La 
Ce 

k 
Pm 
Sm 

2 
Tb 
NJ 
Ho 
Er 
Tm 
Yb 
LU 

678 
665 

699 
679 
669 
654 

640 647 
615 531 
619 614 
598 605 
603 619 
594 604 
586 597 
582 591 
561 536 
556 561 

Except for Et& the average deviation of the calculated 
enthalpies compared to the measured ones is 1.6% an 
excellent result considering our model. Myers has poin- 
ted out that the Eu(III) discrepancies exist in all the 
halide calculations and is probably due to incorrect for- 
mation values”. The observation that our simple ionic 
model reproduces the experimental data not only 
confirms the validity of our calculations, but also in- 
dicates the lack of a signiticant covalent effect for lan- 
thanide halide formation. 

The calculated results for the known plus-three lan- 
thanide ions are consistent with our simplified ionic 
model. We will now extend these results to selected 
plus-two lanthanide systems. 

CALCULATlONS AND RESULTS FOR 
PLUS-TWO LANTHANmRS 

The sizes of the plus-two lanthanides are not as well- 
established as for the plus-three lanthanides. We have 
developed empirical relations for the plus-three ions 
which agree within 0.001 A for those given by Templeton 
and Dauben’“. 

rt,,,3+ = 5.10 1(/(q t 14) t 0.695 8, (La-Gd) (20) 

r,_,,j+ = 7.65 &(q t 14) t 0.575 8, (Gd-Lu) (21) 

where q is the number of 4f electrons present in the 
Ln3+ ion. Two equations are necessary because of the 
gadolinium break. In order to correlate the lanthanide (II) 
data, the chemically similar Ba(II) ion is included in the 
series, resulting in the following equations: 

r&+ = 8.40 &(q t 14) t 0.750 A (Ba-Eu) (22) 

r,_,,z+ = 11.76 A/(q t 14) t 0.590 A (Eu-Yb). (23) 

Equations (22) and (23) allow for a structural break at f 
and reproduce the ionic radii of Ba*” (1.35 A), Eu + 
(1.15 A) and Yb” (1.02 &‘*“*“. Here q is the sum of the 
4f and the 5d electrons in the lanthanide(II) ion. The QZ 
values are summarized in Table 4. Using the known 
values for AH, for BaO and EuO, the A and B constants 
can be calculated, resulting in the following equation for 
the lanthanide(II) oxides: 

AHf(LnO, c) = Q2- 685ll(r,_~+ t 1.380 A) t 308. 
(24) 

The calculated results are included in Table 4. The 
lanthanide(II) oxides of La, Ce and Gd are significantly 
less stable than those of the other lanthanides. Although 
each of the enthalpies is negative, the stabilities of the 
lanthanide(K) oxides must be measured in terms of their 
disproportionation into the metals and the metal (III) 
oxides, via 

3LnG(c) = Ln(c) t Ln203(c). (25) 

The enthalpy of disproportionation values, per mole of 
LnO, AHdiap, are summarized in Fig. 3. The only two 

Table 4. Thermodynamic data for LnO 

k4*+ Rllz+, 
A 

Q2 
KJ mol-’ 

-AH&LnO, c) 
KJ mol-’ 

-AHdiap 
KJ mol-’ 

Ba 1.350 1648 553.5[1] - 
La 1.310 2036.2 203 397 
Ce 1.275 1995 323 
Pr 1.244 1898 z 201 
Nd 1.217 1892 438 166 
Pm 1.192 -1905 
Sm 1.170 1818 561 8 

E 
1.150 1807.9 592.0 [l] - 38 
1.125 2157 270 339 

Tb 1.101 2065 388 234 
3% 1.080 1988 489 132 
Ho 1.060 
Er 1.042 z z 

147 
168 

Tm 1.026 1991 548 82 
nl 1.010 1933 625 -20 
LU 2316 
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Fig. 3. The predicted enthafpies of disproportionation for LnO 
and LnFr. 0, LnO; 0, LnF2 (this work); Cl, LnFr Ref. [7]. 

oxides which have a positive AHasp are EuO and YbO, a 
result consistent with the idea that the plus-two state is 
stabilized by half-filled or completely filled shells. Al- 
though EuO is known, YbO has not yet been isolated. 
The actual stabilities are.based on the free energies of 
disproportionation rather than the enthalpies alone. The 
reactions involve similar solid substances only and the 
entropy dserences should be relatively similar. There- 
fore, AHasp should be a good measure of the compound 
stabilities. 

Using a similar procedure, the enthalpies of formation 
of the ditluorides can be calculated and compared to 
those calculated by Kim’. The starting point will be the 
known values for BaF,, SmF*, EuF, and YbF, sum- 
marized in Table 5. The best fit equation is: 

AHf(LnF,, c) = QZ - 4663/(r,z+ + 1.330 A) - 1114. (26) 

Similarly, an equation can be derived fro the plus-three 
lanthanide fluorides using LaF,, GdF, and LuF, as the 
known compounds, obtaining: 

AH,(LnF,, c) = Q3 - 10,1!19/(rL,~+ t 1.33 A) - 1353. (27) 

The results for LnF, and LnF, are included in Table V 
along with the results from Kim’s studies. The enthalpies 
of disproportionation are calculated by: 

LnX&) = l/3 Ln(c) t 2/3 L&(c) (28) 

and the results are also contained in Table 5. Subsequent 
to Kim’s estimation of the enthalpies of the dihalides’, 
Kim has measured AH, for NdF, obtaining 
- 1660.6 KJ/mol-’ rather than - 1713 KJ mol-’ shown in 
Ref. [7], thereby modifying AHdiap to be -62 KJ mol-’ 
rather than the -!UKJmol-’ shown in the Table. Al- 
though the two sets of data have some differences, these 
are sometimes less than the errors for the experimental 
measurements. The disproportionation results are sum- 
marized in Fig. 3. The only ditluorides predicted to be 
stable are SmFZ, EuF, and YbF,. The trends from both 
models are equivalent. 

Table 6 summarizes the calculated constants for eqn 
(6) for all of the systems investigated. The elementary 
ionic model gives results consistent with experimental 
data for known systems and makes equivalent predic- 
tions to those from more complicated models. In the case 
of the triiodides, this simple model correctly reproduced 
the experimental data, indicating that the earlier sug- 

Table 6. Summary of results 

Species rX- A B 
A KJ~Ail& KJ mol-’ 

Ln Lni03(c) ‘(as) 
1.380 -25,072 695 
0.775 -6,053 -1,289 

LnI3(c) 2.20 -14,644 -95 
LnW 1.380 -6,85 1 t308 
LnF&) 1.33 -4,663 -1,114 
LnS(c) 1.33 -10,199 -1253 

Table 5. Thermodynamic data for the lantbanide fluorides 

h4*+ -AHr(LnF*, c) 
measured 

RJ mol-’ [20] 

-AHf(LnF2, c) 
calculated 

from eqn (26) 
IU mol-’ 

-AHr(LnFz) 
from [7] 

KJ mol-’ 

-AH@rF,, c) 
calculated 

from eqn (27) 
RJ mol-’ 

-AHr(Ln& c) 
experimental 

RJ mol-’ 

-AHdilp -A&p 
from from 

eqn (28) VI 
RJ mol-’ RJ mol-’ 

Ba 
La 
Ce 
Pr 
Nd 
Pm 
Sm 
EU 
Cd 

; 
Ho 
Er 
Tm 
Yb 

1207 

1160 
11882 17 

1172+29 

1206 
844 
909 

1028 
1053 
- 

1161 
1186 
856 
%7 

1061 
1045 ” 
1024 
1102 
1174 

1207 [20] 
771 
901 

1021 
1045 
1051 
1160 [20] 
1188 [20] 
830 
%2 

1056 
1040 
1016 
1097 
1172 

- 
1732 
1723 
1722 
1716 
- 

1723 
1613 
1702 
1701 
1722 
1715 
1715 
1715 

173$Ol 
1733 [m] 
1712 rm] 

1660.6+4.9[21] 

1669.0 +4.6 [22] 
1584 [2Ol 

1698.7 -ir 7.1 [U] 
1707 1201 

1678 f 8 [24] 
1698 -+ 6 [25] 
1669?6[26] 

1689 [20] 
1569.8 + 7.1[23] 

311 
240 
120 
91 
- 

- 12 
-111 

279 
167 
87 
98 

119 
41 

- 63 

3&4 
254 
120 
97 
85 

- 47 
-132 

303 
177 
63 
92 
97 
29 

- 125 
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gestion of significant covalent binding in the lanthanide 
halide systems is not necessary. These results should be 
useful to predict the thermochemical properties of ad- 
ditional systems. 
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BINDING OF SOME FIRST-ROW TRANSITION METAL IONS 
BY A POLY(IMINOETHYLENE)DITHIOCARBAMATE 

COPOLYMER 
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(Receiued 31 My 1981) 

Abstra&-The biding of the transition metal ions VO’+, Fe*‘, Fe’+, Co*+, Co3’, Ni*’ and Cu*’ by a poly(imin- 
oethylene)dithiocarbamate copolymer has been investigated by uptake studies and physical measurements (elec- 
tronic, IR, and ESR spectra and magnetic susceptibility). Metal ions may be bound by both the diiocarbamato 
and amino groups of the co-polymer. Binding to nitrogen (in addition to bindii to sulphur) increases in the order 
Fe(D) < Ni(II) < Cu(II) and accounted for increasing metal ion uptake by the copolymer in the same order. Factors 
which determine the relative uptake of the metal ions by the copolymer are discussed. 

INTRODUCTION 

Poly(iioethylene)dithiocarbamate copolymer (1) (ab- 
breviated “copolymer” in the text and PIED in formulae) 
is a zwitterion with both nitrogen and sulphur sites. 

-CH,CH,NH-CH,CHTNH+-CHZCH,NH- 
I 
CH,CH,NHCS;. (1) 

The copolymer is amorphous and is insoluble in water 
and organic solvents. It is of practical use as a scavenger 
of metal ions from solution. In this paper we report a 
study of the reactions of the copolymer with aqueous 
solutions of the ions VO”, Fe”, Co”, Ni” and Cu2’ 
following our earlier work with molybdate? 

The object was to determine the uptake of metal ions, 
the binding sites and the stereochemistry of the 
copolymer complexes by comparisons with well charac- 
terised monomeric dithiocarbamato complexes.>’ 

EXPERIMENTAL 

Materials. Poly(iminoethylene) was obtained from B.D.H. Ltd. 
as a 50% aqueous solution. Iron(D) chloride was purilied by 
heating under reflux with iron powder and hydrochloric acid.6 
Other chemicals were analytical or reagent grades. 

Preparations. Poly(iminocthylene)dithiocclrbamate copolymer. 
Carbon disulphide (10.2g) in ethanol (50 cm3 was added to a 
stirred solution of poly(immoethylene) (30 g) in ethanol (75 cm? 
at co. 20°C. The white precipitate, which formed immediately in 
quantitative yield, was l&e-d off, washed with ethanol and d&d 
in uacuo. (Found: C, 40.6; H, 8.1; N, 20.4; S, 24.1. Calc. for 
CwH&&.SsO~, i.e. C&N$2~ H20,0.25C2HsOH: C, 41.2; H, 
8.1; N, 20.3; S, 23.1%). 

Me&copolymer complexes. The copolymer (I g, 3.6X 
10m3 mol dithiocarbamate), which is insoluble in water, was stir- 
red with aq. solutions of the compounds VOS4.2H20, 
IWl2 * 2Hz0, CoCl2 * 6H,O, NiC12. 6H2O, CUSO~. 5H20 (GIL 7.5 X 
10;’ mol) in water (100 cm’) under air or nitrogen at 20°C for 
0.5-l hr. The metal-copolymer complexes were filtered off, 
washed with water and dried in uacuo. Analyses are given in 
Table 1. 

Physical measurements. Electronic spectra were recorded in a 
Unicam SPMNI spectrophotometer. Diffuse-reflectance spectra 
of powdered solids were obtained relative to a magnesium oxide 

*Author to whom correspondence should be addressed. 
t&sent address: Department of Zoology, The University, 

Whiteknights, Reading RG6 2AD, England. 

standard or the uncomplexed polymer on a Unicam SI7OOC 
spectrophotometer. IR spectra of compounds in KBr discs or 
Nuiol mulls were recorded on a P&in-Elmer 557 spectropho- 
ton&r. ESR spectra were obtained on a Varian -E-3 s&c- 
trometer calibrate-d with l,ldiphenyl-2-picrylhydraxyl (g 2.0037. 
Magnetic susceptibilities were measured on a Newport Instru- 
ments GouY balance calibrated 
[Ni(H2NCH2CH2NH3,]$&. Diamagnetic corrections z: 
taken from Selwood and determined by measurement for the 
copolymer. 

Analyses. Carbon, hydrogen and nitrogen were determined by 
the microanalytical service of this Department and sulphur by 
Butterworth Microanalytical Consultancy Ltd. Metals were 
determined by standard gravimetric procedures and by atomic 
absorption after decomposing the complexes with 1.1 nitric- 
sulphuric acid. 

BJfSULTS AND DISCUSSION 

The copolymer 
Structure of the copolymer. The dithiocarbamate 

copolymer (I) is prepared by CS, substitution at primary 
and secondary amino groups of poly(immoethylene). The 
latter has an average molar mass of 40,000 g mol-‘. Chain 
branching occurs at nitrogen given a 1: 2: 1 ratio of 
primary : secondary: tertiary amino groups.’ The maxi- 
mum number of amino groups which undergo sub 
stitution with CS, is ca. 3546, the actual number depend- 
ing on the CSJpoly(iiinoethylene) ratio in the pre- 
paration. In the copolymer used in the present work ca., 
25% of the amino groups were substituted. Thermal 
analysis showed substitution was predominantly at the 
primary amino sites and some water and ethanol was 
usually retained. 

UV and IR spectra of the copolymer. Peak positions 
and assignments are given in Table 2. The UV spectrum 
of the copolymer was similar to that of Et,NCS;Na” in 
agreement with the zwitterion formulation (I). In the IR 
spectrum, by analogy with simple dithiocarbamate 
R,NCS;, we assign a strong broad band centred at 
1460 cm-’ as v(NCS,,) + S(CH3.‘“*‘1 The strong band at 
965 cm-’ is assigned as v&NC!) + v.,(C!S~).‘~ For simple 
dithiocarbamates, R,NCS;, this band moves to lower 
wavenumbers as the munber and size of the R groups 
increase. For our copolymers, the shift of the band to 
lower wavenumbers was greatest in copolymers with 
more than 25% substitution of amino groups, i.e. when 
secondary as well as primary amino groups had reacted 
with CS2.” The presence of the band at 965 cm-’ is 
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Table 1. Formulatioo of metal copolymer complexes@ 

Formulations Analysis/wt.-$ c 

C II N M 

VOSO4.1.24 PIED.3.5H20 

FeC13.5.0 PIED.30H20 

FeC12.3.0 PIED.3.0H20 

CoC13.5.0 PIED.5.7H20 

CoC13.4.6 PIlID.27H20 

NiC12.1.67 PIED 3.0H20 

NiC12.1.55 PIED.3.9H20 

CuS04.1.10 PIED.4.5H20 

25.1t25.3) 

27.5(27.8) 

30.6(30.8) 

36.3(35.6) 

27.9(27.7) 

30.3(30.2) 

26.8(28.7) 

23.5(23.1) 

5.20(5.33) 

7.00(8.24) 

5.00(6.66) 

7.00(7.39) 

6.90(8.15) 

6.20(6.59) 

6.40(6.63) 

4.70(6.04) 

12.7c13.1) 

15.1C14.4) 

15.6c16.0) 

16.4(18.6) 

14.6(14.4) 

15.6(15.6) 

14.3(14.8) 

ll.S(l2.0) 

9.80(9.61) 

2.80(2.88) 

9.0(9.03) 

3.90(3.90) 

3.30(3.29) 

lO.O(g.86) 

10.2(10.1) 

12.6(12.4) 

8 Prepared as outlined in Table 3. 

k PIED is the ideal copolymer repeating unit, CgB20N4S2. 

0 Found and, in parenthesis, calculated. 

Table 2. IR and UV spectra of the copolymer and related compounds. (a) IR spectra (ficm-‘)’ 

Assignment Copolymer Et2NCS2-Na+.3H20 

v(OH) 3400 vs,b 3300 vs.b 

v(NH) 3240 vs 

u(CH) 2930 vs, 2830 "8 2915 "8, 2860 vs 

A(Nh) 1615 mb,1505 sh 

v(N-CS2) + 6(CH2) 1460 vs 1478 vs 

u[(C)CNl 1215 w 1204 vs 

v(CNC+CS2) 965 vs,b 988 vs,b 

5 In KSr discs. Peak maxima, relative intensities (~8, very strong; 

8, strong; m, medium; w, weak; b, broad, sh, shoulder) (v, stretching; 

6, bending). 

(b) U.V. spectra (?/lo' cm -l) 

Phase Copolymer Et2NCS2-Na+.3H20 

Solid a 44.5 45.0 
37.6 37.0 
33.4 33.4 
28.4 28.4 

aqueous solution 47.4 48.5 
38.8 38.9 
34.7 35.5 

a Reflectance relative to MgO. 
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Table 3. Uptake of metal ions by the copolymer@ 

10n QJnd.itiam~ Initial calcentrati& Bormdmetal Fracticaal 

102[Mlo/mDl L-l 10~~1,bl(~ PO~YDX)-~ 0wa9ge(e) a 

"G2+ e 0.5h, air 8.272 3.09 0.81 

*e2+ f 0.5h, air 7.603 0.675 0.177 

0.25h, N2 6.753 2.10 0.551 

Co2+ f 0.5h, N2 7.634 0.732 0.192 

0.5h, N2 7.616 B 0.782 0.205 

Ni2+ f l.Oh, air 7.603 2.22 0.583 

l.Oh, N2 7.575 2.47 0.648 

Cu2+ e 0.75h, air 7.605 3.40 0.892 

a Copolymer (l.Og, 3.813 x 10-3 mol CS2- Groups, 14.6 x 10s3 mol N) stirred 

with metal ion solution (100 cm3) at ca. 2o"c. 

h Contact time, whether under air or nitrogen. 

5 In deionised water unless otherwise indicated. 

4 [Ml,,/[Ll where [Ll is the molar concentration of CS2- groups per g 

polymer (see text). 

5 As sulphate. 

f As chloride. 

B In hydrochloric acid (0.4 mol 8-l) 
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consistent with the RNHCS; struchue formed by reac- 
tion of CS, at primary amine sites.” 

Metal-copolymer complexes. Aqueous solutions of 
metal salts, at concentrations twice that of the dithio- 
carbamato groups in the copolymer, were stirred with the 
copolymer until reaction was complete (0.5-l hr). The 
fractional coverage (13) of dithiocarbamato binding sites 
by the metal ions is given in Table 3. For 1: 1 coor- 
dination of metal ions by dithiocarbamato groups 0 
should be unity but this value was never attained. If bis- 
and tristomplexes were formed 0 would take the value 
0.5 and 0.33. With Fe(U) in air and with Co(H) in air and 
under nitrogen, 0 10.2 and the products consisted 
mainly of copolymer complexes of Fe(III) and Co@) 
which are therefore, as in the monomeric complexes, 
stabiised by dithiocarbamate. For the other metal ions, 
and the anaerobic reaction with FeO, 0.5 < B < 1 and 0 
increased Fe” < Ni*+ < VO” < Cu’+. The capacity of 
the copolymer for metal ions depends therefore not only 
on the stoichiometry of the complexes formed but also 
on the accessibility of the ligating groups. Binding with 
the amino groups by individual metal ions is discussed 
below. 

For nickel the quantity taken up by the solid 
copolymer was determined as a function of the concen- 
tration of nickel in solution. The resulting adsorption 

isotherm is shown in Fig. 1. The horizontal portion, 
which occurs when the surface is saturated with nickel, 
corresponds to a ratio of nickel to copolymer repeating 
unit of 0.65 : 1, i.e. 65% utilisation of binding groups. The 
inllexion in the isotherm shows that adsorption of the 
nickel is stepwise. Since, in general, Sdonor ligands bind 
Ni(II) more strongly then N-donor ligands we expect the 
initial, steeper part of the isotherm to represent Ni(II)- 
dithiocarbamato binding and the second, shallower part, 
Ni(II)-N binding. If, as indicated by the horizontal por- 
tion of the isotherm, a fraction 0.65 of the potential 
binding sites is available, then the first inflexion cor- 
responds to a Ni: dithiocarbamate ratio of 1:2. The 
presence of Ni bound to S and N is consistent with the 
physical measurements (see below). 

ZR spectra of the metal-copolymer complexes. Peak 
positions and assignments are given in Table 4. Coor- 
dination of dithiocarbamate causes v(N-Cs;) to move to 
higher wavenumber? owing to an increased contribu- 
tion of the canonical form R,N’=CS:- with the precise 
value for each metal depending on the R group (e.g. 
R=Et, 1478; L-proline, 1458 cm-‘).” 

In the IR spectrum of the copolymer a strong, broad 
band centred at MOcm-’ is assigned v(N-CSJ t 
S(CH2). In the metal-copolymer complexes the v(N- 
CSd component moved to higher wavenumbers leaving, 
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Table 4. Spectroscopic and magnetic properties of the metal-copolymer complexes” 

Metal ion vo2+ Fe2+ Fe3+ co3+ b Ni2+ a Cu2+ 

I.r.spectra (&n-l) 2 

v(N-CS2) 1500 1495 1490 1480 

v(CNC+CS2) 970 990 975-980 970 

V(MS) 370 352 365-360 

others 985 fi 

875 2 

1105 f 

613 f 

460 g 

w-visible spectra ($/lo3 cm-') h 

28.5 25.0 25.0 25.4 

23.0 19.0 19.0 20.6 

10.6 17.0sh 17.0sh 15.6 

7.0sh lO.Osh 12.0sh 

5.0 7.OOsh 9.4sh 

Esr spectra (Jpalues) 

2.008 

1.993 

2.899 

4.250 2.041 

2.186 2.010 

2.140 1.870 

1.982 

1495 1495 

980 960 

384 355 

1105 f 

613 f 

23.0 24.0sh 

21.0 16.0sh 

15.8 

10.0 

2.111 2.069 

Magnetic moments (u[uS) 

1.39 5.40 5.19 0.87 1.86 2.26 

*Complexes in Table I. b Identical data for the two cobalt and nickel 
complexes respectively of Table I. c In KBr discs, positions of 
gtructurallyesignificantfpeaks and assignments (cf. Table I ). 
- v(V=O). - V(VOV). - Sulphate. g v (V-O) (cf. 480 cm- I for 

a 
VO(acetylacetonate) 
Reflectance spectrZ 

I and 463 cm-l for its pyridine adduct). 
relative to MgO (sh. shoulder). 

l=t I-- 

Fii. 1. Isotherm of concentration change at 20°C for the binding 
of Ni” ions by a poly@minoethylene) dithiocarbamate 
copolymer: bound nickel [lO’x/mol 
brium concentration of Ni + ions [l 

copolymer)-‘] vs equili- 
Jmol I-‘] in water. The 

copolymer (0.2s) was equilibrated with aqueous Ni(II) chloride 
(20 cm?, the suspension filtered, and Ni determined in the tiltrate 

by EIYTA titration. 

if any dithiocarbamato groups remained free, a medium 
intensity band at 146Ocm-’ [v(NCS3] of free dithiocar- 
bamate and a band at 1430 cm-’ [S(CH,)]. Therefore, for 
the metal copolymer complexes assignments may be 
complicated by the presence of bound and free dithio- 
carbamato groups. For the copolymer v(N-CS2) 
(MOcm-‘) was 18 cm-’ lower than for Et,NCS;Na’ 
(1478cm-‘) (see p. 3). For our metal-copolymer 
complexes we found additional strong bands at 
wavenumbers consistently co. 15 cm-’ less than for the 
Et,NCS, complexes and so we assign these bands as 
v(NCS~) and they are evidence for the coordination of 
the dithiocarbamato groups of the copolymer. 

The dithiocarbamato group can be bidentate or, less 
commonly, monodentate. In the case of monodentate 
binding the 950-1050 cm-’ band [v..(CNC) + v.,(C!$)l is 
split by about 25-30cm-‘. Smaller splitting (<20cm-‘) 
or broadening of the band may be observed for biden- 
tate, unsymmetrical dithiocarbamates.‘O For our 
copolymer complexes, the band was fairly broad but was 
split only in the Cu complex and then by less than 
20cm-‘. Therefore binding of the dithiocarbamate is 
bidentate. Further evidence for metal coordination to 
sulphur is the weak to medium bands at 352-384cm-’ 
assigned u(M-S) by comparison with the low molecular 
weight complexes. 
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Vanadium. With Et,NCS; the vanadium (IV) air sen- 
sitive complexes [VO(Et,NCS&l (grey)“b*‘4 and 
[V(Et,NCSJ4] (red-brown)” are known. However, our 
vanadium-copolymer complex was green with a V : PIED 
ratio (0.81) indicative of 1: 1 coordination. The electronic 
spectrum of the V-copolymer complex (Table 4) was 
different from that of [VO(EtzNCS&l (peaks at 17,200, 
18,600, 23,500 and 27,4OOcm-‘) and the magnetic 
moment (p = 1.39) was in the range for VO*+ complexes 
having interactions between adjacent VO*’ groups (e.g. 
carboxylato and tridentate S&#‘s base complexes). MJ’ 
The ESR spectrum was complex (gay 1.99) and was not 
well enough resolved to establish whether there were 
fifteen lines, as would be expected for a complex with 
two interacting V(lV) atoms, or a monomer with very 
low symmetry. The IR spectrum showed the presence of 
some uncoordinated CS; groups [v(NCSJ, MOcm-‘I. 
Our data on the vanadium copolymer complex are, 
therefore, best interpreted by the structure 2 with 
dithiocarbamate bound to interacting vanadyl groups. 
Since v(V=O) is in the range observed for the monomeric 
VO*‘ complexes, the interaction does not involve ter- 
minal oxide. The stoichiometry (0.81: 1 PIED) indicates 
predominantly 1: 1 coordination of VO*+ and dithiocar- 
bamate. The coordination sphere could be completed by 
Hz0 or OH- ligands, and in agreement with this proposal 
we can assign medium intensity IR bands (Table 4) to 
v(V-0) and u(VOV).‘* The relatively high uptake of 
vanadium by the copolymer is therefore to be attributed 
not to a high binding affinity but rather to the formation 
of a 1: 1 complex. 

netic moment (5.40B.M.) was in the range expected for 
high spin Fe(II) with a small orbital contribution and 
greater than the moments observed for simple iron (II) 
dithiocarbamates {see [Fe(R,NCSJJ dimers, 4% 
4.2B.M., and the tris-complex [Fe(Et2NCSJ2 
S2C2(CCF3)J, 2.25 B.M.}. Complex (II) was ESR inactive 
as expected for Fe(H). Both the simple iron (II) com- 
plexes and our iron (II) copolymer complex readily oxi- 
dise in air. 

The question arises as to the number of dithiocar- 
bamato groups bound to iron in complexes (I) and (II). 
The spectroscopic properties of the copolymer com- 
plexes are similar but not identical with those of simple 
iron dithiocarbamato complexes and the magnetic 
moments are greater. The NCS, vibrations in the IR 
spectra gave broad bands which can be atrributed to the 
presence of both bound and free NCS2 groups. In com- 
plex (I) Fe(II1) probably has distorted octahedral 
geometry (see the ESR spectrum) and is ligated only by 
NC!% groups. In complex (II) the number of NCS; 
groups bound to Fe(II) is one or two and the coor- 
dination sphere is completed by Cl-, H20, or amino 
groups of the copolymer. 

Cobalt. Co(I1) chloride and the copolymer in the 
presence and absence of air gave green complexes which 
contained Co(II1). Co(III) is strongly stabilised by 
dithiocarbamate; reaction of Co(II) with Et*NCS; even 
in the absence of air is reported to give a Co(II1) com- 
plexa3 The IR spectrum of our cocopolymer complex was 
similar to that of the Fe(III) complex indicating the 
presence of both bound and free dithiocarbamate groups. 
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Iron. A solution of Fe(I1) chloride with the copolymer 
gave a Fe(III) complex (I) in air and a Fe(II) complex (II) 
under nitrogen (Table 1). The Fe(III)-copolymer com- 
plex (I) was black; its electronic spectrum (Table 4) was 
similar to that of the tris-complexes,‘9 e.g. 
[Fe(Et2NCSd3] (absorption maxima at 7000, 17,100, 
19,700,25,700 and 28,900 cm-‘). These complexes, which 
have distorted prismatic structures,m show the 
phenomenon of spin cross-over;‘9 the “Z’& state lies 
below 6A,, with a separation of the order of thermal 
energies and at room temperature the magnetic moment 
is less than the spin only value for high spin Fe(m) 
(5.9B.M.). The magnetic moment of our Fe(M) 
copolymer complex (Table 4) was similarly less than the 
high spin value. The Fe(III) complex also gave an ESR 
spectrum at room temperature which compared with that 
of other dithiocarbamate Fe(III) complexes.*’ There 
were signals at g = 4.25, g = 2 and a five line signal at 
g = 1.98. 

The UV-visible spectrum of our Fe(II) complex was 
similar to that of complex (I) except for a shoulder at co. 
10,000 cm-’ which corresponds with a peak in the spec- 
tra of Fe(II) dithiocarbamato complexes. ‘- The mag- 

The electronic spectrum was similar to that of 
[Co(Et2NCS3J (peaks at 15,500; 20,600; 25,ooO and 
27,000cm-‘)3*9 but there were additional shoulders at 
9400 and 12,000 cm-‘. The magnetic moment was greater 
than expected for diamagnetic low spin Co(III). Broad 
ESR signals (g - 2) observed at room temperature shar- 
pened on cooling to 77 K. Such signals could arise from 
distorted octahedral Co(II). We conclude that the co- 
polymer complexes contain mainly cobalt(III) bound to 
dithiocarbamate and some Co(II) in a distorted coor- 
dination environment. 
Nickel. Ni(II) chloride and the copolymer gave green 

complexes in the presence and absence of air. Their IR 
spectra showed the absence of free NCS; groups (no 
MOcm-’ band). The monomeric Ni(II) bis-(dithiocar- 
bamates) are square planar= and, therefore, if Ni(II) is 
similarly coordinated in the Ni-copolymer complex 
(Ni : copolymer 0.63 : 1) some nickel must be bound to the 
amino groups. The electronic spectra of the monomeric 
Ni(II) dithiocarbamate and our copolymer complexes 
were similar. A peak at ca. 30,OOOcm-’ has been assig- 
ned to charge transfer in monomeric Ni(II) dithiocar- 
bamates.= A peak at lO,OOOcm- is characteristic of 
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octahedral Ni(II) coordinated to amino groups. The 
copolymer complex was paramagnetic (1.86B.M.) and 
gave a broad ESR signal. From the observed magnetic 
moment (1.86B.M.) we calculate the ratio of planar 
yl= 0) to octahedral (typically p = 3.2 B.M.) species as 

: . 
Copper. Copper (II) sulphate and the copolymer gave a 

khaki complex with $e highest metal content of all the 
complexes prepared. The IR spectrum showed that not 
all the dithiocarbamate groups had reacted. The main 
feature of the electronic spectrum was a peak at 
16,OOOcm-’ similar to a peak found for 
[Cu(Et,NCS&$39 Absorbance extended into the near IR 
as in copper (II) amino complexes. The magnetic 
moment was close to the spin only value for one un- 
paired electron showing that the Cu was present as 
Cu(II). The ESR spectrum was isotropic with a g value 
(2.089) slightly higher than found for the analogous 
monomeric complex (2.052).= The ESR spectrum was 
quite similar to that of [Cu(dien),(N0,)].26 Low molecu- 
lar weight copper dithiocarbamato complexes occur in 
+l, t2, t3 and mixed oxidation states, and the com- 
plexes often have interacting copper atoms in dimeric or 
polymeric species.’ There was no evidence of reduction 
or magnetic interactions in the copolymer complexes. 
We conclude that copper (II) is bound to NCS; and also 
to amino groups of the copolymer rather like Ni(II). 

CONCLUSIONS 

Au the metals combined with the dithiocarbamato groups 
of the copolymer as deduced from IR spectra, i.e. the 
shift in the v(NC$.) band and the metal sulphur vibra- 
tions. The electronic spectra, magnetic moments and 
ESR spectra, however, show that the structures were not 
always the same as found in the analogous low molecular 
weight complexes. Not all the dithiocarbamato groups of 
the copolymer were coordinated and the degree of reac- 
tion appears to depend on the number of dithiocar- 
bamates bound in the low molecular weight species. 
Thus Co(III) and Fe(III) dithiocarbamates are coor- 
dinated to six sulphurs and so the degree of reaction 
depends on the accessibility of three dithiocarbamato 
groups for coordination whereas the requirements for 
VO’+, Fe”, N?’ and Cu*’ are two dithiocarbamates. 
The evidence for the binding of amino groups is limited. 
The electronic spectra of the nickel and copper com- 
plexes both have bands characteristic of metal amino 
complexes. This was supported in the case of copper by 
the ESR spectrum. 

The structure of the copolymer and the binding of metal 
ions 

The shape of the polyethylene molecule has been 
described as “elliptical’* similar to an American football.8 
The rapid and extensive reaction of the amino groups 
with CS2 suggests that the reactive groups are on the 
outside of the polymer molecule and that the resulting 
dithiocarbamato groups are also on the outside. Con- 
sistent with this is our conclusion that ca. 80% of the 
dithiocarbamato groups are accessible to metal ions. The 
acid form of the copolymer prepared by us is insoluble in 
water but the copolymer dissolves readily in alkaline 
solutions. The insolubility of the polymer suggests an 
interaction between molecules (or particles) possibly 
through NH: and CS; groups [see cl)]. This interaction 
is destroyed by deprotonation in alkali and so the 
polymer dissolves. Transition metal complexes of the 

copolymer were prepared in our work by reaction of an 
aqueous suspension of the acid form of the copolymer 
with solutions of metal salts. Copolymer complexes may 
also be prepared by reaction of aqueous solutions of the 
sodium salt of the polymer and metal ions. The com- 
plexes are insoluble and precipitate.z Therefore, the 
transition metal ions, like the proton, are effective in 
binding together polymer molecules or particles by 
forming bis and tris complexes with particles by binding 
dithiocarbamato groups and amino groups from diflerent 
polymer molecules or particles. Such interactions must 
also occur when the complexes are prepared by inter- 
action with suspensions of the polymer. The ligating 
groups on the copolymer are charged and distributed 
over the polymer surface. The initial reaction is elec- 
trostatic, cations binding to the negative sulphur and 
anions to the positive nitrogen. Davydova% has proposed 
a mechanism for metal binding with polymers whereby 
initial coordination of the metal ion is to one ligand on 
the polymer. Further coordination of the metal will 
depend on the proximity of neighbouring groups and the 
flexibility of the copolymer to change conformation. This 
treatment has usually been confined to soluble polymers 
but we have shown that our insoluble copolymer behaves 
similarly. 

None of the copolymer complexes had properties 
identical with those of analogous low molecular weight 
compounds. Studies of binding of metal ions with pro- 
teins have shown that conformational changes in the 
protein occur following binding of the metal ion and the 
consequent redistribution of charge. Structural studies of 
metalloproteins have revealed that at the binding site the 
metal may have a distorted stereochemistry not found in 
complexes of simple ligands.29 Our work has shown that 
in reactions of metal ions with a copolymer complexes 
with properties and probably structures different from 
those of analogous complexes with simple ligands are 
formed. 
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CONFORMATIONAL ANALYSIS IN DIASTEREOISOMER 
EQUILIBRIA OF SQUARE-PYRAMIDAL 

[CsH5(CO)zMo PYRIDINE-24MINElPFa COMPLEXES 

DEVENDRA K. RASTOGI* and SHARAD RASTOGI 
Department of Chemistry, Meerut College, Meerut-250001, India 

(Receiued 3 August 1981) 

Abstract-Synthesis and characterization of some new square-pyramidal pyridine-2-imine complexes 
[CsHs(CO)&oNC5HJX=NCH(RJ(Rs)]PF~ with X = CHs, C& and chir a amine, I-phenyl-isobutylamine and I 
amino acid methyl ester HsNCH(COOCH&R) with (R) = (CH&H,) and (C,H,) have been reported. In com- 
bination with MO chiiality (R) and (S), mixtures of two diastereoisomeric pairs of enantiomers with racemic amine 
and amino acids were obtained which were separated by fractional cystallixation. The diastereoisomers diier in the 
chemical shit of most of their ‘H NMR signals and interconvert on heating in acetone-d, at WC for 80 hr and WC 
for 2tMhr. On the basis of three conformational determining effects (i) C-H or C-alkyl of the asymmetric centre 
eclipses the ligand plane, (ii) M&H&H5 attraction and (iii) M&H&kyl repulsion in order of decreasing 
significance, the chemical shifts of the C5H5 signals, their differences as well as the diastereoisomer ratio at 
equilibrium for all the complexes ha8 been rationahsed. 

INTRODUCTION 
Recently, the conformational analysis for a number of 
square-pyramidal pyridine-imine complexes 
[C,H,(CO~MoNC5H,CX=NCH(R,)(R~)lPFs with X = H, 
C& and CsHs was reported.‘3 The asymmetric catalysis 
frequently makes use of such chelate ligands with optic- 
ally active substituents.3-6 We report herein synthesis, 
characterization and conformational analysis of some 
new complexes [C5H5(C0)2Mo pyridine-2-imine]PFs 
with methyl and phenyl substituents at the imine carbon 
atom. I-Phenyl-isobutylamine (I, IV) and amino acid 
methyl esters H,NCH(COOCH&R) with (R)= 
CH&&(II, V) and CIH5(III, VI) were taken to derive 
the SchitI bases NN’ used in these studies. This is an 
extension of the work described in an earlier com- 
munication’ wherein our efforts to synthesize pyridine- 
imine complexes with (R,)(RJ = (i-C3H7)(CsH5) and X = 
CH3 or CsH5 failed, for these decomposed during pre- 
paration. 

EXPRRIMRNTAL 
All operations were carried out under nitrogen using freshly 

distilled and dry solvents. The amino acid ester hydrochlorides 
were converted into the free bases by literature method.’ 

Synrhesis of [C5H5Mo(COhNN’]PF, complues I-IV 
Violet crystals of [CJH5Mo(COkNN’]CI of complexes I and 

II, carmine crystals of HI and IV and dark red crystals of V and 
VI were obtained bv reguxina a solution of 5mmol of 
C5H5Mo(COhCI and ‘I-mmol of &ilf base NN’ in SOml ben- 
zene at 80°C for about I hr for complexes II, III, V, VI and at 40” 
for about 50 hr for I, IV until the theoretical quantity of CO was 
liberated. These were filtered off and dissolved in the minimum 
quantity of EtOH. After again tiltering about 100mL of water 
was added to the filtrate. Now 7 mmol of NItPFn were added to 
the stirred solution which resulted in the precipitation of 
hexathtoronhosnhate salt of the cations IC~HIM~(CO~NN’I+. 
These were ii&red, washed with water, ether and p.&&l oda 
sephadex LH-20 column. Complexes I and IV were very air 
sensitive and therefore, care was taken in their preparation by 

*Author to whom correspondence should be addressed. 

removing traces of oxygen. The analytical data are given in Table 
1. The complexes are readily soluble in acetone, ~H,Cl,, alco- 
hols, sparinglv soluble in benzene. THF. chloroform and almost 
insoluble in%her and pentane. Preparation of complexes VII-IX 
has been described earlier.2 The Schilf bases NN’ were derived 
from I-phenyl-isobutylamine H*NCH(C6H~Xi-C~H,)(I, IV); the 
amino acid methyl esters HaNCH(COOCHJ(R) with (R)= 
CH&H,(II, V); GWIII, VI). 

Diastereoisomer separation and equilibration 
The diastereoisomers of complexes I-VI were separated on the 

basis of their different solubilities. In all the cases enrichments of 
the less soluble isomer in the crystallised fraction and of the 
more soluble isomer in the mother liquor were obtained. For the 
diastereoisomer separation of complexes I and IV, minimum 
quantity of a mixture of acetone:CH,CI,:ethanol (10:5: 1) 
needed for dissolution was used. On keeping the solution at 
-5°C for about 20 days, crystals of the less soluble dias- 
tereoisomer were obtained. The separation has been monitored 
by ‘H NMR spectroscopy as the diastereoisomers differ in the 
chemical shift of their signals. Fractionation of complex II was 
done by dissolving in the minimum quantity of 
acetone:CH2Ciz:ether(0.5:6:3) and those of III, V-and VI from 
CH2Cb:pentane (4: 1.5). In all the diastereoisomer senaration - -_ .~ 
experiments, the less and more soluble isomers were dis- 
tinguished by their hi field and low field C5H5 signals, respec- 
tively in their ‘H NMR spectra. 

The epimerixation was carried out as described before? The 
diastereoisomer equilibria were approached from both sides. To 
fully equilibrate, the fractions enriched in the more and less 
soluble diastereoisomers were heated in acetone-d6 in sealed 
NMR tubes at 80°C for 80 hr (II, III, V, VI) and for about 200 hr 
at 40°C (I, IV). Interconversion that occurs was frozen bv cool- 
ing. The room temperature ‘H NMR spectrum gives the dias- 
tereoisomer ratio at equilibrium from the C5H5 signals (I, II, IV, 
V) and from both the C5H5 and COOCH, signals (III, VI). 

RRSULTS AND DRI4JBSION 
In the reaction of C5&Mo(COhCl with Schiff base 

ligands NN’ (Schemes I and II), one mole of CO is 
liberated and the Cl ligand covalently bonded to MO is 
displaced as Cl-, thereby resulting in the formation of 
the salt [C5H5Mo(C0)2NN’]Cl, which by metathesis 
with NH,PFs are converted into the sparingly soluble 
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Conformational analysis in diastereoisomer equilibria 

Table 1. Analytical data of [CSH,Mo(COhNN’]PF, complexes I-VI 

23s 

Complex Formula (mol.wt.) C H N Yield m.pt./dec.pt! 

% % % % Oc 

I 
C C29H27N202Mo PF6 1 

II 
c C29H25N204Mo PF6 1 

III PF6 

IV 

v 
C C24H23N204Mo PF6 1 

(676.4) Calcd: 51.49 4.02 4.14 40 70-72t 

Found: 51.51 3.87 4.22 

(706.4) Calcd: 49.31 3.57 3.96 75 155-160 

Found: 49.22 3.64 3.60 

(644.36) Calcd: 44.74 3.56 4.35 75 176-I 80 

Found: 44.36 3.29 4.26 

(614.38) Calcd: 46.92 4.10 4.56 38 767 

Found: 46.22 3.86 4.62 

(644.36) Calcd: 44.74 3.56 4.35 60 140-142 

Found: 44.28 3.42 4.04 

(582.29) Calcd: 39.19 3.63 4.81 65 156 

Found: 38.60 3.28 4.44 

salts [C5H,Mo(C0)2NN’]PFs. In this reaction the 
contigurationsg at the MO atom is specified as (R) or (S). 
The introduction of a Schilf base l&and NN’ derived 
from an optically pure amine of stable configuration (S’) 
results in the formation of only two isomers, the dias- 
tereoisomers (RS’) and (SS’) ad depicted in Scheme 1. 
However, a Schiff base NN’ containing a chiral amine 
component in its racemic form (R’)/(S) results in the 
formation of four isomers, the two diastereoisomeric 
pairs of enantiomers (RS’)/(SR’) and (SS’)/(RR’) as shown 
in Scheme 2. 

Racemic amine was used for the synthesis of I and IV, 
whereas II, III, V and VI were prepared with optically 
pure (S)-amino acid esters. Even after fractional crystal- 
lization of these complexes, no optical activity was 
observed, which has been explained* due to racemization 
at the asymmetric centre during preparation. Therefore, 
the reaction mixture of complexes I-VI contain mixture 
of four isomers (SS’), (RS’), (SR’) and (RR’). 

Two characteristic strong bands in the 198&2OOO and 
190&1920 cm-’ regions due to v(C=O) absorptions and a 
band of medium intensity due to u(C=N) vibration be.- 
tween 1610-1625 cm-‘, are observed in the IR spectra of 
complexes I-VI. Besides this, the spectra of II, III, V 
and VI show a medium intensity band at 1735-1745 cm-’ 
due to u(C=O) vibration of the ester group. 

A perusal of Table 2, shows that in all the complexes 
both diastereoisomers differ appreciably in the chemical 
shifts of most of their ‘H NMR signals. As enantiomers 
under achiral conditions have identical ‘H NMR spectra, 
mixtures of two diastereoisomers (RS’)/(SS’) as well as 
two diastereoisomeric pairs of enantiomers (RS’)/(SR’) 
and (SS’)/(RR’) give the same ‘H NMR spectra. The ‘H 
NMR spectra of I-VI show singlets between S = 5.20- 
6.84 due to the CsHs protons of the two 
diastereoisomers, suitable for the determination of the 
equilibrium ratio by integration. In III and VI, the chem- 

ical shift differences of both the C5H5 and COOCHp 
signals are sufficient enough to estimate this ratio at 
equilibrium. The equilibration with respect to the MO 
configuration, brought about by heating the samples 
enriched in the more soluble and less soluble dias- 
tereoisomers in acetone-& in sealed tubes, was 
periodically checked by recording their ‘H NMR spectra. 
It was conlirmed that from both sides, i.e. enrichment in 
the more soluble and less soluble diastereoisomers, the 
same equilibrium ratio was obtained. The 
diastereoisomer ratio at equilibrium are shown in Table 
3. 

Interestingly, an examination of the value of dias- 
tereoisomeric ratios at equilibrium for square-pyramidal 
pyridine-Zimine complexes [C~&(C0)2MoNCJ-bCX= 
NCH(R,)(R2)]PFs with X = C&(I, 80:20) and X = 
CHs(IV, 67 : 33) [(RI)&) = (i-C~H#ZJI31 indicates 
that asymmetric induction in these complexes is 
enhanced considerably as the molecular weight of 
the alkyl subs&tent increases in the alkyl phenyl 
derivatives with the ratios 56:44, 75:25 (X=GHs) 
and 57 : 43, 63 : 37 (X=CHs) [(RI)&) = (CH&GHs); 
(CzHs)(C$H,)],’ respectively and therefore, it can 
be stated that the equilibrium ratio of the dias- 
tereoisomers in such type of complexes depends essen- 
tially on the substituents at the chiral carbon atom. 
Brunner et al. have made similar observations in the 
corresponding square-pyramidal dicarbonylcyclo- 
pentadienylmolybdenum - pyridine - 2 - carbaldimine,’ 
the thioamidato CsHs(COhMoSC(R)NR’.“‘-‘* and the 
amidinato C,H,(COhMoN(R’)C(R)NR’ complexesLs 
However, the equilibrium ratios for the new complexes 
I-VI are comparatively low (Table 3). 

Conjomaational analysis 
The square pyramids of the diastereoisomers are 
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Table 2. ‘H NMR Spectra of [C5H5Mo(C02)2NN’]PF6 complexes I-VI in acetone-d,; assignments, multiplicities’ and 
values in ppm (internal Me&) 

Complex CH2Cg3 CH(Cz3)2 CH2CHg N=CCH3 Cfi2C6H5 COOC~3 C5H5 C6HF NC& 

*I .08 5.20 7.65 8.20, 7.35, 
I 

21 .I4 6.04 9.4oh 

3.60f 3.79 5.30 7.67 8.W, 7.72, 
II - - 

3.6bf 3.84 6.00 8.38, 9.28 

30.9oo 2.26 3.80 6.00 7.62 
III 31.04= 

- _ 8.53, 7.48, 

3.90 6.03 9.50h 

IV 

21.12 2.9ae 5.40 7.42 8.57, 7.60, 

- 21.19 - 5.64 8.22, 9.32 

2.92e 3.64Q 3.84 5.43 7.55 8.70, 7.64, 
V 

3.Sg 3.87 5.58 8.32, 9.44 

31.08d 2.38 2.73e 3.86 6.00 8.65, 7.68, 
VI 

31.22d 3.98 6.02 - 8.42, 9.38 

a Multiplicity is shown as superscript ; ’ multiplets ; 

’ J=7.0 Hz ; d J=7.4 Hz ; * second isomer may be obscured 

by solvent signals ; f J=1.4 Hz ; g 5x1.2 Hz ; h partly 

overlapped with CGA5 signal. 

Table 3. Equilibrium ratios of the diastereoisomers of I-IX after onwards only the (S’) conliguration of the chiral carbon 
equilibration in acetone-d, atom is considered (Scheme 1). 

I II III IV v VI VII VIII IV 

SO:20 54~46 55:45 61:33 54~46 52:4S 81:19 51:43 58:42 

represented as projection formulas in which the chiral 
substituent is above the plane of the paper. It has been 
discussed’ that the cations CsH&fo(C0)2NN’ of the 
pyridine-imine complexes are simple models for a con- 
formational analysis of the arrangement of the chiral 
carbon substituent with respect to the ligand plane, al- 
though they contain a large number of atoms. From now 

On the basis of experimental evidence, the following 
three effects which govern the conformation of such 
molecules have been elaborated: (1) C-H or C-alkyl of the 
asymmetric centre in the ligand plane is most significant, 
(2) phenyl/M&H, attraction is of some significance, (3) 
alkyl/MCsH5 repulsion is of least significance. 

Large chemical shift differences of the C5H5 signals 
(0.84 and 0.70ppm, Table 1) for the diastereoisomers 
(RS’) and (SS’) are observed for the alkyl,phenyl con- 
taining complex I and the ester derivative II containing 
aryl group, respectively. For the ester derivative III, 
which does not contain aryl group, the two CsHs signals 
are isochronous, lying in the proximity of the signals of 
the low field isomer of I and II. 

Complexes with X = CsHs 

more stable isomer 
a(RS’) 

less stable isomer 
b(W) 
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In all the three complexes with X = CsHs, the high 
field isomers are those which are thermodynamically 
favoured at equilibrium. The three effects, important for 
the determination of the conformation of the complexes 
under discussion, have been shown in the order of 
decreasing significance. Most important conformation 
determining factor for I-III is the effect number (1) C-H 
bond of the asymmetric centre coplanar with C-CsHs 
bond of the chelate ring giving thereby conformations a 
and b to both the isomers. The reason for this arrange- 
ment is that all other substituents of the chiral carbon 
atom larger than hydrogen would suffer from severe 
steric hindrance with the large substituent X = CsHs at 
the imine carbon atom. For I and II, effect (2), the phenyl 
orientation towards the CsH5 liind is “8-phenyl effect” 
is the reason why the left diastereoisomer of configura- 
tion (RS’) and conformation a is thermodynamically 
more stable exhibiting the high field resonance than the 
right isomer of con8guration (SS’) and conformation b, 
which is also destabilized by effect (3), i.e. MCsHs/alkyl 
repulsion. An upfield shit arises only if the CsHs ligand 
is in the inner anisotropy region of the phenyl ri~&‘*‘~ 
as shown in the (RS’) isomer of conformation a, to which 
the high field signal must be ascribed. Because 
MCJH&I-IS interaction is not possible in isomer (SS’) 
of conformation b, it is thermodynamically less stable 
than (Rs’). An interesting situation arises, if within the 
series of the square pyramidal pyridine-Zimine com- 
plexes [CsHSMo(C0)2NN’]PF, with X=C6H5, the 
equilibrium ratios of the isopropyl derivative I (80:20) 
are compared with the ratios obtained for its cor- 
responding methyl (56 :,44) and ethyl (75 : 25) derivatives,’ 
the (SS’) isomer of type b is most destabilized in the 
isopropyl derivative than its corresponding methyl or 
ethyl derivatives owing to increasing MCsHs/alkyl 
repulsion. Further, on the basis of effect (3) the ther- 
modynamically more stable isomer of complex III is 
assigned the configuration (SS’) and conformation b with 
the smaller alkyl group pointing towards MCsHs moiety. 

analogy of this situation has often been seen in organic 
chemistry where, in the absence of steric hindrance, 
methyl rather than hydrogen usually eclipses double 
bonds like 13-m C=N, C=O and C=C. According to con- 
formation determining effect (2) -MC~H&H, attrac- 
tion, the thermodynamically favoured high field isomers 
of VII and VIII can be assigned (SS’) contiguration and 
conformation c. Effect (3) -MCsHs/alkyl repulsion, 
explains that the more stable diastereoisomer of IX has 
(RS’) conliguration with the smaller alkyl group pointing 
towards the CsHs l&and. 

From the above discussion it can be concluded that 
conformations a and b prevail in complexes with 
X=C,& (I-III) and the thermodynamically more stable 
diastereoisomers of I and II dominating at equilibrium 
are (RS’). In complexes with X=H (VII-IX), confor- 
mations c and d are dominating and the more stable 
diastereoisomers of VII and VIII have (SS’) contigura- 
tion. For complexes with X=CH3 (IV-VI), an inter- 
mediate situation arises wherein all the conformations 
from a to d do exist. 

For the aryl containing complexes IV and V with 
X=CH3, chemical shift differences of C5H5 signals are 
0.24 and O.l5ppm, respectively. Interestingly, the posi- 
tion of CsHs signals for these two complexes (Table 2) 
5.40, 5.648 (IV) and 5.43, 5.588 (V) is intermediate be- 
tween hi and low field isomers of I and II and 
definitely closer to the high field isomer (RS’) of con- 
formation a’ or the thermodynamically more stable 
isomer (SS’) of conformation d’, relative to the less 
stable isomer (SS’) of conformation b’ or (RS’) of con- 
formation c’, respectively. Further, the position of these 
C,Hs signals is also upfield compared to both isomers of 
the dialkyl derivatives III and VI. Another important 
experimental result is the value of diastereoisomeric 
ratio at equilibrium for these complexes. Table 3 shows 
that for complexes with X=CHs, the value of dias- 
tereoisomeric ratio at equilibrium 67 : 33 (IV), 54: 46 (V), 
52 : 48 (VI) is between those observed for complexes with 

Complexes with X = Ii 

p&es CH3 

less stable isomer 
c(W) 

Complexes with X = H, VII and VIII containing aryl 
group exhibit chemical shift difference for the C5Hs 
signals 0.38 and 0.45 ppm, respectively, whereas for IX 
without an aryl group, the CSHJ chemical shift difference 
drops to 0.07 ppm.2 Similar to the observations for I-HI 
with X=C!&, in the complexes VII-IX with X=H, the 
thermodynamically more stable complexes are the high 
field isomers. Here effect (1) determines that C&y1 of 
the asymmetric centre eclipses the C-N bond yielding 
thereby conformations c and d to both the isomers. The 

planes 

niore stable isomer 
d’(S) 

X=C6Hs and X=H, except for V (X=CHJ where this 
value is lower than that of VIII (X=H) but equal to that 
of II (X=C&). 

The experimental results of (i) chemical shift 
difIerence of CsHr signals and (ii) diastereoisomeric ratio 
at equiliium point that in pyridine-2-imine complexes 
with X=CHs, all the four conformations a’, b’, c’ and d’ 
are involved with the dominance of o’ and d’, which can 
possibly be explained by effect (2) and (3) making way 
for destabilization of conformations b’ and c’. This situ- 
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Complexes with X = CHs 

ligand x = cH3~a”\~/‘s~ X = CH, ligand 
planes H H planes 

more stable isomer less stable isomer 
a’( RS’) b’(SS’) 

ligand x = cH~>‘s\~/‘H~ X = CH, ligand 
planes alkyl alkyl planes 

less stable isomer 
c’( RS’) 

more stable isomer 
d’(SS’) 

ation parallels to that observed in the conformational 
analysis of a large number of CsHs(COhMo thioami- 
datoP’O amidinatoS5 and pyridine-2-imine complexes*** 
iu which on the basis of these three conformational 
determining effects, it has been shown that the complexes 
with X=CHa are intermediate between X=H and XGH5, 
although closer to X=&H5 than X=H. 

Ac&nowkfgemmt--One of the authors, Dr. D. K. Rastogi 
thankfully acknowledges the inspirations that he had derived 
from Prof. Dr. H. Bruaner of Institut fflr Cbemie, Universitit 
Regensburg, West Germany, while he was working with hint on 
problems of conformational analysis. 
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COMPLEX FORMATION OF TRACE ELEMENTS IN 
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STUDY ON THE FORMATION OF HYDROXO FLUORO MIXED 
LIGAND COMPLEXES OF THE LANTHANIDE ELEMENTS 

IN FLUORITE BEARING SYSTEM 

B. A. BILAL* and V. KOB 
Geochemical Group, Nuclear Chemistry Division, Hahn-Meitner-Institute fiir Kernforschung Berlin, FRG 

(Received 26 Augusf 1981) 

Abstract-The complexation of the rare elements Ce, Eu, Tb and Yb in fluorite bearing model solution of the pH 
5-9 and the pF 2-5 has been studied by means of the distribution method. Hydroxofluoro mixed Iii complexes 
were found to be the most important species formed at pH 7 and pF 3 which are the relevant values of 
hydrothermal fluorite bearing solutions. The stability constants and the distribution of these complexes as a 
function of pH and pF were determined. 

INTRODUCTION 
In previous publications’” the complex formation be- 
tween the lanthanide elements (Ln) and different ligands 
(Cl-, F, SO,‘-, OH-) present in a fluorite bearing model 
system has been studied. Only fluoro and hydroxo com- 
plexes have such stability as to affect seriously the 
coprecipitation of the lanthanides during fluorite 
mineralization. At the pH and pF of hydrothermal solu- 
tions, mixed tluoro hydroxo complexes seem to play the 
most important role. 

For the calculation of the stability constants of the 
mononuclear fluoro hydroxo mixed complexes, the fol- 
lowing equations are evaluated taking into account that 
neither [Ln(OHM nor negative complexes are formed.3’ 
The total concentration of the Ln in the organic phase 
(C,), and in the aqueous phase (C,), are expressed by 
the eqns (1) and (2) 

U&b = Ln@EHPM + V-nFW-02lo 

+ [LnF20H10 t [LnF& (1) 

(HDEHP = the organic solvent di-2-ethyl-hexyl-phos- 
phoric acid) 

(C,_,& = [Ln-“] t [L&+1 t [LnOH”] t [LnF2’] 

t [Ln(OH)2’l t [LnF(OH)‘] (2) 

The distribution coefficient in the absence of F- (&F) is 
given by the equation 

&[DEHP-] 
Qiap = 1 t &,,[OH-] t &[OH-1” (6) 

Equations (3) and (6) can be combined to give eqn (7) 
which is suitable for the calculation of the stability 
constants of the mixed liiand complexes from the sets of 
measurements in which the fluoride concentration was 
varied at a constant pH. 

(Q - Qdl + BdOH-1 + &rz[OH-I*) + Q(BdF-1 + Bm[FI) 
F-1 

= B12[OH-l* - /hPH-IQ •t /32,[OH-IF-l+ B&‘-l*. 

(7) 

EXPERIMENTAL 
The distribution of four selected lanthanides “‘Ce, ls2Eu. ‘@l’b 

and ‘@Yb between HDEHP and aqueous solutions having the pH 
7.48 + 0.03 and containing fluoride in increasing concentration as 
well as between HDEHP and aqueous solutions of the pF 3 and 
varying pH was investigated. A stock solution having the ionic 
strength 1 M (0.93 M NaCI, 0.05 M NaF and 0.02 M (NaH2pO. t 
Na2HP0,, 1: 100)) was prepared. This solutions was diluted with 
a similar one but lluoride free to obtain samples of different 

(CL&I _ --- 
Q - GA, 

[Ln3’lU3~WHP13 + 8d?IPH-12 + &IF’I~[OH-~ + &dF13) 
U.n3’l(l + /MOH-1 + PdOHI* + hF1 + BOWH-1 + &OFI*) 

(4) 
fluoride concentration which were equilibrated at 25 + 05°C with 
0.01% solution of HDEHP in benzene. Experimental details were 
reported previously.3 

RESULTS AND DISCUSSION 

Ln@EHP)sb 
’ = [Ln”][DEHP-1” 

*To whom correspondence should he. addressed. 

Pie 1 shows the distribution coefficient Q of Yb (as 
(5) example) as a function of the fluoride concentration at 

the constant pH of 7.48. More or less similar graphs are 
obtained for tbe other three lantbanides studied. Q 
decreases sliitly with increasing fluoride concentration 
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Figures 2 and 3 show the mole ratio of the different 
complexes of Ce and Tb (as example) as a function of 
the fluoride concentration at constant pH = 7 and as a 
function of the pH at constant [F] = lO-3 M, respec- 
tively. 

In Ref. 6 the hydrolysis constants of Ce3’, [Cen*’ and 
[CeF2J’ ions were determined at various ionic strength, 
0.034~ 1~0.06 M (Ce(NO&, NaF), pH 5.75 and at a 
maximum total Ce concentration of 5.75 mM. Using 
pK, = 14 the following values of the Bob and Kob (Kob = 
(&,//3+,,b)) were calculated: 

/30, = 5.2 x 10” M-’ 

K,, = 3.2 x lO’ M-* 

KI, = 4.1 x lO’ M-*. 

Fig. 1. Distribution coefficient of Yb as a function of fluoride The values of K,, and Kz, are in good agreement with 
concentration at pH 7.48. 

up to [F-l =2 mM (due to the formation of additional 
cationic complexes) and then increases monotonously 
within the investigated range (up to [F-l = 20 mM), in- 
dicating the increasing formation of neutral complexes. 
The still increasing slope of the curves excludes the 
formation of anionic complexes. 

The calculation of fi,* and /I,, of Ce- and Tb com- 
plexes according to the eqn (7) resulted in negative 
values, due to the incomplete separation of the variables 
in this equation. For calculating the stability constants of 
the complexes of these two elements, the eqn (8) was 
therefore developed, which is suitable for deducing the 
values of j?,, particularly at low values of [F-l. 

%(I t &[OH-] t /3,[OH-I*) = 1 t &[OH-] 

+ PozDH-I* + (B,o •t B,,[OH-IM-1. (8) 

The resulted /3,, values were then used for the cal- 5 L 
PF 

3 2 

culation of &, of the neutral complexes according to the Rig. 2. Mole ratio of the different complexes as a function of 
ew (9). fluoride concentration at pH = 7. 

(Q - Qiod1 + &dOH-1 + PmPH-I*) + QWo + BdOH-IW-1 + MF-12) 
v-1 

= B,2[OH-I2 + /32,1OH-XF-I t #L,[F-I*. (9) 

From eqns (7)~(9) the &, values, summarized in Table 1, 
are obtained. The error shown is the sum of the relative 

our results, whereas PO, value is 2 orders of magnitude 
lower than that reported in Ref. 5. This deviation cannot 

one time standard deviation (lo) and the relative error 
of the constants Sf;, S$‘, fiTp and /3M” of the correspond- 

be due to the different ionic strength only, but seems also 
to be due to the method of calculation used in Ref. 6 in 

ing complexes present in the solution. SF,“, SF, @, 
/?? and Brob were not determinable under our experi- 

which neither the possible formation of polynuclear 
complexes nor the complexation by the nitrate ion were 

mental conditions. considered. 

Table 1. Stability constants of the complexes LnF,(OHh 

B ab Ce EU Tb Yb 

+1 (5.2_+2.1) 10’ (5.7+2.0, 10” 

621 (1.721 .O) 10’2 (4.1+2.3) 10” 

13,~ (3.522.3) 1016 (5.OyD.7) 1016 (1.8+1.2) 10” (9.8+5.3) 1018 
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Fii. 3. 

5 6 pH 6 

9 8 6 5 
PO+’ 

Mole ratio of the different complexes as a function 
pHatpF=3. 

of the 

The results show that for the complexation of the lantha- 
nides in fluorite bearing model system between pH 7-g, the 
fluoride and hydroxyl ions are the most significant com- 
plexing hgands (at least under normal p- and T-con- 
ditions). Sulphate plays no considerable role at the con- 
centration in question.4 The influence of chloride had to 
be examined, despite the very low formation constants 
reported in the literature for the lanthanide chloro com- 
plexes. An interference of Cl- may take place because of 
the high NaCl concentration used for adjusting the ionic 
strength. The effect of Cl- was investigated poten- 
tiometrically’ and no measurable interference was found 
even at Cl- concentration of 1 M. 

Fkthermore, we have studied a possible Cl- effect 
using the method reported by Martin and Gillies,’ in 

Fii. 4. (C,), vs (C,), at different volume 
phase/organic phase). 

ratio (aqueous 

which the volume ratio of the organic and the aqueous 
phase was varied in a set of distribution experiments. A 
linear function was found by plotting the metal concen- 
tration in the organic phase against that in the aqueous 
phase. The extrapolation of the line shown in Fi. 4 pass 
through the origin of the coordination system, indicating 
that in presence of Cl- (even at 1 M) all Yb (as example) 
is presented as extractable species, which are likely to be 
Yb’+. On running the experiment with aqueous phase 
containing 2.3 mM of fluoride a graph intersecting the x 
axis is obtained, indicating the formation of nonextract- 
able, complexed, Yb species. 
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REACTIVITY OF POLYCHLOROPHENYLMERCURY 
COMPOUNDS WITH l,lO-PHENANTHROLINE 
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me&The action of l,lO-phenanthroliae @hen) on the THF solutions of RHgCl (R = 2,5-C&C12; 2,3,4- and 
2,4,6-C&Clp; 2,3,4,5-, 2,3,4,6-, and 2,3,5,6-C&& and C&l,) gives RHgCl @hen) when R contains hvo chlorine 
substituents in ortho (R =2,4,6-C&Cl,; 2,3,4,6-, and 2,3,5,6-&HC~ and C&l,), but the symmetrisation reaction 
occurs when R = 2,SCsH$12; 2,3,4&&Cl~ and 2,3,4J-&HC&. The action of phen on H& only gives H& 
(phen) when R = 2,3,4,5-&H& Compounds of the type RHglvle do not react with phen. These results indicate that 
steric effects are as important as the electronegativity of R in the formation of tetracoordiited mercury 
compounds. 

INTRODUCTION 

It is well known that organomercury derivatives show 
little tendency to increase their coordination number by 
interaction with donor molecules. However, the 
replacement of an organic group in HgR* either by more 
electronegative groups, such as the halogens, to form 
RHgX, or by other organic groups containing electron- 
withdrawing substituents, increases the positive charge 
on mercury thereby enhancing the stabilization of com- 
plexes, particularly with nitrogenous bases. 

A large number of papers describe the action of donor 
molecules on organomercury derivatives, HgR*, (R = 
hydrogenated or fluorinated organic ligands). In contrast 
to this, tbe correspondii reactioirs with organomercury 
derivatives containing chlorinated organic ligands has 
received little attention.’ It is noteworthy in these com- 
pounds the low coordinating ability of IigGCl&* as 
compared to Hg(C6F5h3 or (CsC15)HgC1.’ Since the elec- 
tronegativity of the pentachlorophenyl and pentatluoro- 
phenyl groups must be similar, the different accepting 
behaviour of the two compounds could be related to the 
steric hindrance due to the presence of the bulky 
chlorine atoms in ortho positions to the Hg-C v-bond. 

In order to study this effect, we have examined the 
action of 1 ,lO-phenanthroline on HgRz, RHgX and RHgMe 
where R is a polychlorophenyl group with one or two 
ortho chlorine atoms. 

Microanalyses were carried out at the Institute of Bio-Organic 
Chemistry of Catalunya. IR spectra were recorded on a Beckman 
lR-20 A -spectropho&meter_ samples were examined as KBr 
disks or Nuiol mnlls. ‘H NMR spectra data were obtained on a 
Perk&Elm& R-24 B in CD& s&ion with tetramethylsilaue as 
the internal reference (S = 0). 

Pnparatiue methods 
IUW (R= 2JCdW~; %3,4-, and 2,4,6-C&$; 22,4J-, 
22M-, and 23J.Wd-K~ and GCM 

The procedure is general for all of them. H& (1 mmol) and 
Hgclz (1 mmol) were dissolved in 5Oml of xylene, and the 
solution retied for 2 hr. On coolii, RHgCl precipitated. This 

*Author to whom correspondence should be addressed. 

was filtered and recrystallized twice from dichloromethane- 
methanol. Yields about 95%. 

The procedure is also general. CHJ (0.25 ml), Mg (0.36g, 
1.5 mmol) and dry ether (20 ml) were mixed in a flask under 
nitrogen. The mixture was stirred at room temperature for 
3Omin. After separating the excess of Mg, the solution was 
added slowly and with constant stirring onto RHgCl (1.5 mmol). 
The resulting solution was treated with ethanol (10 ml) and con- 
centrated to dryness. The residue was treated with di- 
chloromethane (25ml) and concentrated to half volume. On 
ad& methanol, RHgMe precipitated. Yields about 60%. 

RHgCl (Phen) (R = 2,4,6GI&Cls; 2,3,4,6-, and 2,3,5,6-&H&) 
and WZ (Phen) (R = 2ZAJGHCW 

These were prepared by mixing a solution of RHgCl or HgR* 
(1.0 q mol) in THP (5 ml), with another of phen (2 mmol) in THF 
(5 ml). The compounds RHgCl(phen) or H&(phen) precipitated 
immediately with a 70% yield. 

REflULTS AND DJSCUSSION 

Preparation of RI&Cl and RHgMe 
The compounds HgRz (R=2,5C,&C12; 2,3,4-, and 

2,4,6-G&; 2,3,4,5-, 2,3,44, and 2,3,5,6GHCL) were 
obtained by metallation of the corresponding polych- 
lorobenzenes with Hg(O,CCF,),S. Hg(CsC15)2 was made 
by the action of a THF solution of C&l&Cl on HgC!&‘. 
The compounds RHgCl were prepared with an almost 
quantitative yield by refluxing an equimolar solution of 
HgR* and HgCl, in xylene for 2hr. The compounds 
RHgMe were obtained by treating the corresponding 
RHgCl with a solution of methylmagnesium iodide in 
ether. 

The new compounds RHgCl and RHgMe are air-stable 
in solid and in solution. Analytical data and melting 
points are listed in Table 1. Values of the molar conduc- 
tivity (lob M) in anhydrous acetone at 18°C are typical 
of non-electrolytes. They are soluble in benzene, chloro- 
form, dichloromethane, and acetone, and scarcely solu- 
ble in ethanol and in ether. The IR spectra of the 
compounds RHgCl show the bands due to the liinds R.’ 
As the electronegativity of the group R increases, the 
band corresponding to the v(HgC1) is shifted to larger 
frequencies (Table 1). The methyl protons of the deriva- 
tives RHgMe appear in the ‘H NMR spectra as a triplet, 
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Table 1. Partial elemental analyses, melting Points and a@g-Cl) Ift hands (cm-‘) of polychlorophenylmercury compounds 

Compound 
%C 

Found. (C&d) 
%H 

Found (C&d) 
IN 

Found (C&d) 
Melting 

point (“cl v(IW3 

15,1(m@) 
WW98) 
16,1(15,98) 
17,4(17,30) 
17,4(17,30) 
18,9(18,86) 
19,5(19J3) 
20,4(19,53) 
18,8(19,53) 
22,1(21,23) 
21,7(21,23) 
24X3,25) 
34,4@W) 

00;;::; 
0,3(0:22) 
0,5(0/W 
0,5(0,48) 
0,8(0,79) 
I ,0(W) 
I ,0(W) 
l,lw4 
l,W7) 
U&27) 
1,7(1,67) 
1,4(1,43) 
IMIP) 
1,7(l,W 
ML23) 

I85 
219 
210 
I80 

E 
90 

127 
II5 
88 

;A 
23O(dec) 
255(dec) 

290 
170 

330 
350 
320 
330 
325 
310 

- 
- 
- 

due to the coupling with the ‘?Jg nucleus (natural 
abundance, 11.86%). 2J(‘H-‘WHg) decreases in the order 
given in the Table 2; from which it may be concluded 
that the electronegativity of R decreases in the order 
C&IS > 2,3,5,6C&Cl, > 2,3,4,6_CsHCl, > 2,4,6GH2C4 
> 2,3,4J_cSHCl, > 2,3,4&H&l, > 2,%~&Cl,. 

Reaction with l,lO-phenanthroline 
The addition of an excess of l,lO-phenanthroline on a 

solution of RHgCl in THF leads to different results as a 
function of the identity of R. The following sym- 
metrisation reaction takes place when R contains only 
one OrthO chlorine atom (R = 2,5-C6H3C12; 2,3,4-CsH2C13 
and 2,3,4,5-&HCL): 

2RHgCl + phen + HgCl*(phen) + HgR2. 

On the other hand, when R contains two ortho chlorine 
atoms, the corresponding RHgCl(phen) (R=2,4,6- 
C&$)3; 2,3,4,6- and 2,3,5,6-&H&) are isolated. 

Two mechanisms may account, according to Deacon et 
al,’ for the symmetrisation reactions: 

First mechanism 

2RHgXL2 = HgX2L + HsR2 + L 

Second mechanism 

RHgXL2 hs? RHgX t L 

RH~XL, + RHgX= HgX2L2 + W2. 

Two molecules of organomercury derivative are involved 
in the symmetrisation reaction for either mechanism. The 
approach of the two molecules when R contains two 
ortho chlorine atoms will be strongly disfavoured due to 
steric congestion and this fact may explain the remark- 
able stability of those species. Thus, these compounds 
are recovered unaltered after refluxing in benzene for 
12 hr. Although the stability of unsymmetrical mercurials 
RHgX towards disproportionation has been reported to 
increase as the electronegativity difference between the 
substituents increases,’ our results show that the elec- 
tronegativity difference is not the only factor and that the 
presence of two ortho chlorine atoms in the compounds 
RHgCl is the factor which prevents the symmetrisation 
reaction. Thus, the stability of CsCISHgCl(phen) towards 
the symmetrisation reaction attributed to the low solu- 
bility,’ can be more properly interpreted in terms of the 
presence of two ortho chlorine atoms. The action of 
phen on HgR2 gives only tetracoordinated HgR*(phen) 
when R = 2,3,4,5-&HCl,. The others do not react at all. 
These results agree both with the steric effects when R 
contains two ortho chlorine atoms and with the lower 
electronegativity of R for the other cases (R = 2,5- 
CsH3C12 and 2,3,4-C&$13). 

Finally, the action of phen on RHgMe does not lead in 
any case to the formation of the corresponding tetra- 
coordinate derivatives; the low electronegativity of the 
methyl group beii the reason for the nonreactivity of 
these species. 

All the new tetracoordinate species are pale pink sol- 
ids, stable in the air and in the solution. They are non 
electrolytes in acetone. Analytical data and decom- 
position temperatures are listed in Table 1. 

Table 2. Selected ‘H NMR spectra data for R&Me 

Compound G(CH&nm) 

OQ2 137 
0,83 I35 
Ml I34 
O$O I31 
0,80 128 
0,78 I25 
0777 123 
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NITROSOLATES AND RELATED COMPOUNDS-IX’ 

COORDINATION COMPOUNDS OF DIVALENT COPPER, NICKEL 
AND COBALT WITH NITROACETATE(2-) IONS AS CHELATING LIGANDS 

CRYSTAL AND MOLECULAR STRUCTURE OF 
POTASSIUM BIS[NITROACETATO(2-)]CUPRATwI)-WATER (l/l) 

K. VON DEUTEN, W. HINRICHS and G. KLAR’ 
Institut fiir Anorganische und Angewandte Chemie der Universit6t Hamburg, Martin-Luther-King-PI& 6, D-2000 

Hamburg 13, Germany 

(Received 26 August 1981) 

Abstract-The syntheses of KJCu(nac)Ll.H20 (4), [Cu(nac~N-Nl(H~~)l~H~O (N-N= bpy, phen; 5.6) and 
[M(nac)(N-N)&xHzO (M = Ni, Co; 7-10) with nitroacetate(2-) ions (nac ) as chelating ligands are described. 

The structure of 4 has been determined by Single crystal X-ray Mractioo and contains square planar 
[Cu(nac)$ units in which the nitro and carboxyl groups of the two chelate ligands are in cis positions. Two of the 
u&s form a centrosymmetric dimer with a four-membered CuOCu”O”-ring, the dimers beii connected by 
exo-oxygens of the liinds into two-dimensional layers. The water molecules and the potassium ions are armnged 
between the layers; there are two kinds of potassium ions with distorted (1 t 4 t 1) and (2 t 4 t 3) coordinations 
respectively. , 

INTRODUCTION 

While the carboxyl and nitro groups of uitroacetic acid 
0,N-CHrCOOH2~3 are arranged almost perpendicular 
to each other4 they are coplanar in the potassium salt 
K,[(O,N)CH(CO# indicating Ir-interactions in the 
nitroacetate(2-) ion (nac2-, 1). We therefore became in- 
terested in 1 in the course of our investigations on 
ligands with extended ?r-systems. 1 combines in itself all 
structural elements of the dtierent forms of nitrosolates 
2 and 2,4-pentanedionates 3 and furthermore is isoelec- 
tronic with 3. But in contrast to 3 with three planar 

*Author to whom correspondence should be addressed. 

co&urations, only one planar form of 1 is possible 
since any rotation of the CO, and/or NO, groups around 
the CC and/or CN axes resp. leads to identical con- 
formations so that 1 should readily act as bidentate 
ligand. However, no well defined coordination com- 
pounds of transition metals with 1 were known prior to 
the present investigations. 

Since an aqueous solution of potassium 
nitroacetate(2-) reacts strongly alkaline only hydroxy 
salts are precipitated by adding solutions of metal ions. 
However, a bis-(nitroacetato) complex of copper(H), 
K2[Cu(nac)J.H20 (41, could be isolated when the reac- 
tants were added in the reverse order. A precipitation of 
hydroxy salts could also be prevented in the presence of 

a, 2- 
p-0 1 1 “-jJ_o 
d 

2a 

GH3 C-0 

H-G 3 
p-0 

CH3 

3a 

2b 2c 

3b 
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chelating nitrogen ligands such as 2,2’-bipyridyl and l,lO- 
phenanthroline. In this case the compounds [Cu(nac)(N- 
N)(H,O)].H,O (N-N = bpy, phen; $6) and [M(nac)(N- 
N)d.xH,O (M = Co, Ni; 7-10) were obtained. To ascer- 
tain the coordination manner of the nitroacetate ligand 
we carried out X-ray structure determinations of 
K,[Cu(nac)&H,O (4) and of [Cu(nac)(bpy)(H,O)].HzO 
(S), the latter of which has been reported elsewhere.6 

EXPERIMENTAL 
Caution. Derivatives of nitroacetic acid are thermally unstable 

and may explode on heating to temperatures higher than 50°C as 
has been found for potassium bis-[nitroacetato(2-)]cuprate(II) 
(4). 

Preparation of compounds 
Potassium nitroacetate(2-) was prepared from nitromethane 

and potassium hydroxyde (50% in water) according to Feuer et 
of.’ 

Potassium bis[nitroacetato(2-)]cuprate(IIbwater (l/l) (4). 
The aqueous solution of potassium nitroacetate(2-) (9.2g, 
51 mMo1, 30ml) was slowly added to the solution of 
Cu(N0&.3H20 in water (6.0 g, 25 mMol, 20 ml). Soon a crystal- 
line blue green precipitate was produced (4.5 g, 4%) which had 
to be separated immediately since the second more voluminous 
fraction from the filtrate already contained hydroxy salts. Found: 
C, 13.07; H, 1.13; N, 7.30; Cu, 17.98; K, 21.07. CJ&N209 CuK2 
requires C, 13.13; H, 1.10; N, 7.66; Cu, 17.37; K, 21.38. bus: 1.90 
(295.8K), 1.86 (l%.OK), 1.80BM (77.4K). The compound is 
sparingly soluble in water; single crystals suitable for an X-ray 
structure determination were obtained only by chance when a 
solution was allowed to evaporate during several weeks. 

Mixed ligand complexes with nitroacetate(2-) and bipyridyl or 
phenanthroline. Suspensions of 2,2’-bipyridyl or l,lO-phenanth- 
roline monohydrate and solutions of the metal salts in water 
(10 ml for 5 mMol in each case) were combined, the solutions 
formed filtered and aqueous solutions of potassium 
nitroacetate(2-) (10ml for 10mMol) added dropwise. The pre- 
cipitations (7&8% yield) were separated immediately, washed 
with water, acetone, toluene, ether and dried in air (for details 
see Table 1). The compounds are soluble in methanol and 
ethanol, sparingly soluble in water and insoluble in toluene, 
chloroform, ether or acetone. 

Structure determination of KdCu(nac)J.HzO 
Crystal data. With Mo-K,, radiation (A = 70.926 pm): mono- 

clinic P; a = 854.4(l), b = 943.3(2), c = 1281.9(2) pm, /3 = 
98.07(l)“; space group P2,/n, 2 = 4; V = 1023.4 x lo6 pm3; MW = 
365.8; D, = 2.38 g/cm3. 

Intensity data, structure determination and refinement. Two 
thousand, nine hundred and ninety nine independent reflections 
with 1 < 28<60” were collected on a Syntex P2, four-circle 
diffractometer and corrected for Lorentz-and pola&ation fac- 
tors. The structure was solved by the heavy atom method and 
subsequent difference Fourier syntheses, which also revealed 
hydrogen atom positions. Since carbon and nitrogen have similar 
scattering factors and since coordinated carboxyl and nitro groups 
have similar geometry, the possible ambiguity was resolved by 
inspection of a difference Fourier map phased on all heavy atoms 
expect C(carboxyl) and N(nitro). Full matrix least-squares 
refinement with ail atoms included and, except for hydrogen, 
anisotropic led to a final conventional R = 0.058 for 2032 reflections 
having Fs > 3a(F,,). AU calculations were done using the SHEL 76 
program system.? 

tTables of atomic positional and thermal parameters and lists 
of Fs/Fc values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. Copies of 
atomic positional parameters have also been submitted to the 
Cambridge Crystallographic Data Centre. 

RESULTS AND DMXJSSION 
As can be seen from Fig. 1 the nitroacetate(2-) ion 

acts as a chelating ligand in K2[Cu(nac)21*H20 (4), a 
bonding mode which has also been found in [Cu(nac) 
(bpy)(H20)] * Hz0 (5): From the similarity of IR data 
reported in Table 6 it can be concluded that the ligand is 
bonded in the same way also in complexes 6-10. Due to 
the additional bipyridyl or phenanthroline ligands the IR 
spectra of the complexes are rich in structure, but by 
comparison with the spectra of these ligands the bands 
of the nitroacetate(2-) ion could be reasonably 
separated. The frequencies were assigned following Jen- 
sen’ except for the v.,ONO and vN-CH=C, the assign- 
ments of which we exchanged considering the pre- 
dominance of the nitroalkene form in the mesomerism of 
the ion.’ 

Thus the coordination sphere of the central ions in the 
cobalt and nickel complexes 7-10 is quasi-octahedral in 
accordance with the measured magnetic moments (see 
Table 1). The electronic spectra of the nickel compounds 
7 and 8 (reflectance spectra) show, besides CT bands 
above 20000 cm-‘, two distinct bands at ca 10500 and 
176OOcm-’ thus indicating octahedral geometry too. In 
the copper compounds 5 and 6 the coordination sphere is 
square-pyramidal, the coordinated water molecules 
occupying apical positions: while in the crystal of 4 
inner and outer coordination spheres of the copper ions 
must be distinguished. In the first sphere the copper(I1) 
ion shows square planar coordination with the nitro and 
carboxyl groups of the two nitroacetateO-) ligands in cis 
positions (Fig. 1). The four Cu-0 distances are equal 
within experimental error and their value (average 
192pm) conforms well to the range of 190-195pm 
typically found in similar complexes.‘“‘6 The coordina- 
tion sphere of the copper(H) ion is completed in the 
usual (4 t 2) arrangement by weaker bonds to oxygen 
atoms of two further [Cu(na&]‘- units, one bond 
(254 pm) to 06” of a carboxyl group and another (289 pm) 
to 03’ of a nitro group. The crystal structure thus formed 
can be described as polymer layers of centrosymmetric 
dimers with a four-membered Cu03Cu’03’-ring con- 
nected by bridges of the exo-oxygens 06 of the dimers 
(Fig. 2). The resulting anisotropic surrounding of the 
copper(I1) ion is also indicated by the unsymmetrical 
signal in the ESR spectrum of the powdered substance. 
The evaluation led to al= 2.249 (HII = 0.29263 T) and gI = 
2.078 (H, = 0.31690T). 

In 4 both nitroacetate(2-) ligands are almost planar, 
the distances and angles being typical for delocalized 
Ir-systems with bond orders between 1 and 2.” Some 
minor non-equivalence between the two ligands can, 

Fig. 1. ORTEP-plot and numbering scheme of atoms in the 
[Cu(nacjJ’- unit of 4. 
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Table 2. Bond lengths (pm) in K&u(nac)Ll-Hz0 (4) with estimated standard deviations in parentheses. For comparison 
the corresponding distances in [Cu(nac)(bpy)(HsO)]~H20 (!B” and KgacJ are also given 

K2[Cu(nac)2].A*o (4) . 

c2-01 129.5(8) c4-05 129.7(B) 131.8 133 
cz-02 126.2(7) C4-06 126.6(7) 125.7 127 
Cl-C2 142.4(9) c3-c4 139.5(P) 136.2 130 
Cl-N1 136.0(8) C3-N2 138.4(B) 136.3 139 
Nl-03 131.0(7) NZ-07 127.8(8) 132.6 128 
Nl-04 126.7(7) N2-08 127.6(7) 126.6 126 

cu-01 192.6(4) ml-05 193.2(5) 191.7 
Ix-03 191.9(4) cu-07 191.6(4) 191.3 

cu-03' 289.1 Cu-06" 253.9 

Table 3. Bond angles (“) in Ks[Cu(nac)&HsO (4) with estimated standard deviations in parentheses. For com- 
parison the correspondii angles in [Cu(nac)(bpy)(HsO)]~H20 (5)” and K2nac5 are also given 

1 K2nac 

Ol-cz-02 120.5(6) 
Ol-cz-Cl 122.3(S) 
02-c2-Cl 117.2(6) 
C2-Cl-N1 126.9(6) 
Cl-Nl-03 122.7(5) 
Cl-Nl-04 121.0(6) 
03-Nl-04 116.3(5) 

cz-Ol-cu 
Nl-03-Cu 
Ol-cu-03 
Ol-cu-05 
Ol-cu-07 

124.2(4) 
123.7(4) 
92.0(2) 
89.8(2) 

178.2(2) 

05-C4-06 
OS-c4-03 
06-C4-C3 
C4-C3-N2 
C3-N2-07 
C3-N2-00 
07-N2-08 

c4-OS-cu 
NZ-07-Cu 
05-cu-07 
03-cu-07 
05-cu-03 

118.1(6) 117.2 117 
122.9(5) 123.3 124 
119.0(6) 119.5 119 
125.3(6) 129.3 128 
124.5(5) 122.1 125 
117.7(6) 121.6 114 
117.8(6) 116.3 121 

126.9(4) 124.3 
126.9(4) 125.3 
92.0(2) 94.3 
86.2(2) 

169.5(2) 

Ol-cu-03' 91.8 Ol-Cu-06" 92.8 
03-cu-03' 86.8 03-Cu-06" 88.8 
0scu-03' 82.9 05-Cu-06" 101.5 
07-cu-03' 88.2 07-Cu-06" 07.1 
06"-Cu-03' 173.7 C4'-06"-Cu 116.3 

Table 4. Dihedral angles (“) in K2[Cu(nac)&HsO (4); for comparison the corresponding values are also given for 
[Cu(nac)(bpy)(HsO)]~HsO (5)” and Ksnac.’ Best planes through the ligands of 4 with deviations (pm) of each of the 

defining atoms in parentheses; angle between planes 

K2 [CU (nac) 2 ]-HZ0 (4-j .2 K2nac 

Ol-CZ-Cl-N1 
-17::; 

05-C4-C3-N2 11.5 3.8 
02-CZ-Cl-N1 06-C4-C3-N2 -169.3 -176.2 8 
C2-Cl-Nl-03 -2.0 C4-C3-NZ-07 -9.8 -6.9 0 
C2-Cl-Nl-04 178.1 '4-C3-NZ-08 160.4 173.3 0 

plane 1: 0.3361~ + 1.102ly + 12.52632 - 5.8788 = 0 

defined by: Ol(-3.71, 02t5.0). C2(-1.0)~ C1(-4.4), 
Nl(-O.l), 03t4.31, 04(-0.3) 

plane 2: 1.1234~ + 2.4617~ + 11.89642 - 5.9736 = 0 

&:;n;;' by: 05(0.0), 06(-7.51, C4t1.1). C3(13.0), 
. , 07(-1.9). 08(-7.1) 

plane 1 / plane 2: 10.20 
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Table 5. IR spectra of complexes. Assignment of frequencies due to the nitroacetate(2-) ion 
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K2nac 4 J! 6 7 8 9 
- 15? aooignment 

1590 1570 1560 1580 1570 1570 1570 1570 vas°Co 
1485 1525 1500 1500 1490 1480 1490 1480 1 N-Ch-C 

1430 1400 1405 1410 1415 1420 1410 1420 ‘a*ONo 
1325 1310, 1295 1295 1290 1310 1300 1310 1300 1,OCO 

1165 1225 1220 1220 1190 1200 1190 1210 S,ONO 

945 920 940 940 940 945 940 940 J N-CH-=C 

770, 765 805 790 790 780 705 780 780 3 ON0 

however, be detected in the NO distances of the nitro 
groups and the angles of twist at Cl and C3 (Tables 2,3). 
This can be traced back to the crystal structure, viz. to 

Fii. 2. 2D-layer with dimers of the [Cu(nac)$ ions in 4. Not all 
ions of the unit cell have been plotted, the water molecules and 

potassium ions also have been omitted for clarity. 
‘Part VIII: M. Kastner, S. J6nsd6ttir and G. Klar, Chemiker-Ztg. 
1981,105,232. 

*W. Steinkopf, Ber. lout Chem. Ges. 1909,42,2026 and 3925. 
‘K. J. Pedersen, Trans. Faraday Sot. 1927,23, 316. 
‘K. von Deuten und G. Klar, Cryst. Struct. Commun. 1980, 9, 
397. 

‘D. J. Sutor, F. J. Llewellyn and H. S. Maslen, Acta Cryst. 1954, 
I, 145. 

6K. von Deuten and G. Khu, Cryst. Sfrucf. Commun 1980,9,479. 
‘H. Feuer, H. B. Hass and K. S. Warren, J. Am. C/tern. Sot. 
1949, 71, 3078. 

*G. Sheldrick, Programs for Crystal Structure Determination. 
Cambridge, England (1975). 

9K. A. Jensen, 0. Buchardt and C. Lohse, Acta Chem. Stand. 
1%1,21,2797. 

“‘I-I. C. Freeman, J.E.W.L. Smith and J. C. Taylor, Nature 1959, 
184,707. 

“M. A. Jarski and E. C. Lingafelter, Acta Cryst. 1964,17, 1109. 
‘*P. L. Chioli, E. C. Lingafelter and B. W. Brown, Acta Cryst. 

1964,17, 1113. 
“E. C. Lingafelter, G. L. Simmons, B. Morosin, C. Scheringer 

and C. Freiburg, Acta Cry& l%l, 14, 1222. 
“C. Panattoni, G. Bombieri and R. Graziani, Acta Cryst. 1%7, 

23,537. 
“J. A. J. Jarvis, Acta Crysf. l%l, 14, %I. 
‘6R. C. Hoy and R. H. Morriss, Acta Cryst. 1%7,22,476. 
“G. Vetter, J. Kopf and G. Klar, Z. Naturforsch 1973,286,293 

and literature cited therein. 

Fig. 3. Coordination spheres of the potassium ions in 4. Dk- 
tances: a = 281.8, b = 269.9, c = 286.4, d = 280.5, e = 287.0, f = 
277.3, g =285.0, h =2X.2, i = 291.2, j = 308.9, k =272.3, I = 
260.2, m = 315.7, n = 294.3, 0 = 295.8 (pm); only contacts up to 
320pm have been considered and for reasons of clarity not all 

molecules and ions of the unit cell are plotted. ‘“E. ZinU, A. Harder and B. Dauth, Z. Elektrochem. 1934,40,588. 

the bridges between the monomer units formed by 03 
and 06 and to an additional hydrogen bond (202pm) 
between 08 and H91 of the crystal water. 

In the crystal structure of 4 the water molecules and 
potassium ions are found between the layers of the 
[Cu(nac)J’- ions. The two potassium ions of the asym- 
metric unit occupy d8erent sites with distorted (1 t 4 t 
1) and (3 t 4 t 2) coordinations for Kl and K2 respec- 
tively (all contacts up to 320 pm being considered). Two 
potassium ions K2 form a centrosymmetric arrangement 
with four asymmetric oxygen bridges (Fig. 3) leading to 
relatively short distances (348 pm) between each pair of 
K2 ions which are, however, longer than in potassium 
oxide (322 pm).‘* 
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A STUDY OF LANTHANIDE p-TOLUENE SULPHONIC ACID 
COMPLEXES IN SOLUTION 
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(Receiued 14 September 1981) 

Abstrret-Lanthanide p-toluene sulphoaic acid (ptsa) complexes were prepared for La, Pr, Nd, Sm, Eu, Dy, Ho, 
Er and Yb, and found to exist as Ln(ptsah. Conductivity studies of La(ptsa), in DMSO and DMF suggest 1: 2 and, 
possibly, 1 : 1 electrolyte behaviour in these solvents, respectively. NMR lanthanide-induced chemical shifts (LIS) 
for aromatic protons in @&.a)- and methyl protons in DMSO, were measured for all complexes as a function of the 
[Lr?]/[DMSO] in a medium consisting of Ccl,, DMSO, and CH+ZN. Analysis of the LIS data suggests a change in 
(ptsa)- coordination round Ln3+ across the lanthanide series. 

INTRODUCTION EXPERIMENTAL METHODS 

Benzene-sulphonic acid groups are extensively used in 
cation-exchange resins of the polystyrene-divinyl ben- 
zene-sulphonic acid type to separate individual lan- 
thanides”. The extraction of lanthanides by liquid cation 
exchangers, e.g., dinonylnaphthalene sulphonic acid, has 
been extensively studied?’ There is therefore good 
reason for the nature of the interaction between lan- 
thanide ions (Ln3’) and benzene &phonic acid to be 
characterized, not only in aqueous but in non-aqueous 
media. 

It is of interest for an attempt to be made to assess to 
what extent the changes in coordination of sulphonic 
acid round the Lr?‘, across the lanthanide series, con- 
tribute to the selectivity that resins and liquid cation 
exchangers exhibit for the individual Ln3’. Such changes 
in coordination can be deduced from the nuclear mag- 
netic resonance (NMR) lanthanide-induced chemical 
shift (LB), and have been reported for various ligands.5-7 

The preparation of lanthanide methane sulphonate’ 
and tritluoromethane sulphonate”’ complexes with 
various neutral donor ligands, was reported recently. No 
agreement has as yet been reached in these studies on 
the coordination of the sulphonate ligand round the 
Ln3+. To the best of our knowledge, no complexes of 
p-toluene sulphonic acids have been reported in the 
literature. 

*Address for correspondence: National Institute for Metallurgy, 
Private Bag X3015, Randburg, 2125, South Africa. 

tPresent address: Department of Chemistry, University of the 
Witwatersrand, 1 Jan Smuts Ave., Johannesburg 2000, S. Africa. 

The lanthanide p-toluene sulphonic acid complexes were pre- 
pared as follows. To an aqueous solution of p-toluene sulphonic 
acid monohydrate, (HptiH*O) a slight excess of the calculated 
amount of lanthanide oxide was added to&e a molar ratio of 6 
for Hpsta . HzO: Lnz03. After boiig the mixture, the excess 
oxide in the resulting solution was removed by filtration, the 
liltrate then being reduced in volume to facilitate crystallization 
of the product. The crystals were dried to constant mass in a 
heated vacuum desiccator. Analyses of the complexes prepared, 
which all conform to the formula Ln@tsa)3, are &en & Table 1. 
The analyses for C. H and S were determined at the National 
Chemical Research- Laboratory, Pretoria. The metal analyses 
were determined with 0.01 M ethylenediiinetetraacetic acid 
(EDTA), xylenol orange being used as the indicator.‘* 

The conductivity measurements of solutions were determined 
with a Metrohm ES27 conductometer equipped with a micro- 
conductivity cell, of which the cell constant was 0.79cm-‘. The 
dimethyl sulphoxide (DMSO) and dimethyl formamide (DMF) 
were purhied in accordance with the procedure of Ramalingam 
and Soundarajan,” and the acetonitrile was purified in ac- 
cordance with the procedure of Coetzee ct at!” 

NMR measurements were carried out with a Varian T-6OA 
spectrometer operating at 34°C. The methyl proton shifts of 
DMSO and aromatic proton shifts of (ptsa)-CsH, were measured 
with reference to tetramethylsilane (TMS) in a mixture of 
DMSO, CH3CN, and CC&. The solution, which contained 130 q g 
Ln(ptsah and 0.1 ml to 1.0 ml of DMSO, were prepared in a 5 ml 
volumetric Bask. The Ln’+ concentration in these solutions 
remained constant at f 4 x lo-* mol*l-’ depending on the atomic 
mass of the Ln. AU solutions contained 1 ml of CH3CN to 
promote the solubiiity of the complex in Ccl.,, which was added 
to make up the solution to 5ml. (In this manner, the observed 
DMSO and &I& proton chemical shifts could be determined as a 
function of the [Ln3’]/[DMSO] molar ratio and conserving the 

Table 1. Analyses of Ln(ptsa), complexes 

Element Ln, 46 c, % H, % s, % 
Found Calc. Found Calc. Found Calc. Found Calc 

La 21.07 21.29 38.57 38.66 3.36 3.24 13.93 14.74 

& 22.14 21.18 21.93 21.43 37.69 38.40 38.34 38.59 3.37 3.43 3.24 3.22 14.58 14.23 14.71 14.62 
Sm 22.49 22.65 36.78 37.99 3.43 3.19 13.74 14.48 

22.83 22.83 - 37.90 - 3.18 14.45 
23.94 24.04 36.82 37.31 3.52 3.13 I3.27 14.23 

HO 23.35 24.31 36.73 37.17 3.61 3.12 14.14 14.18 
Er 23.73 24.57 - 37.05 - 3.11 - 14.13 
Tm 25.04 24.75 - 310 - 14.09 
Yb 24.72 25.20 34.23 

::: 
& 3.08 11.71 14.01 
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use of Ln(ptsah). The solutions were analysed for their metal 
concentration bv the titration of I ml of solution with EDTA.” 
The DMSO coucentration of the solutions were determined by 
the titration of another I ml of solution with standardized 
KMnO,, according to the procedure of Krishman and Patel.‘J 

RESULTS AM) DISCUSSION 
The experimental molar conductance A,,,, in 

f12-’ mol-’ cm’, of dilute aqueous solutions of La(ptsab 
with a molar concentration of C, could be represented 
by the relation 

Ln(ptsa),zS + yS*{Lnptsa)o_,,(r t y)S)"+ t x(ptsa)-, 
(2) 

A,,, = 304 - 1.23 x lo3 C,,,“‘, 

obtained by a linear least-squares analysis of five 
experimental values in the concentration range 4~ 
10m5 mol I-’ to 1 x 10T3 mall-‘. Comparison of these 
values with similar values in the literatureI for 
La(ClO,h and La(N03h suggests that, at these concen- 
trations, La(ptsa)3 acts as a 1 : 3 electrolyte in aqueous 
solutions. The value for the limiting conductance at 
it&rite dilution, 304 a-’ mol-’ cm* for La(ptsa)3, sug- 
gests that the (ptsa)- possesses an ionic conductance of 
31.6 0-l mol;’ cm* at infinite dilution based on the in- 
deapfndent mtgration of ions (if the ionic conductance of 

at infinite dilution is assumed to be 
69.7 a-’ mol-’ cm’).” 

This implies a maximum coordination of eight DMSO 
molecules around the Ln3+. Presumably this maximum 
number of DMSO molecules would be reduced to seven 
for the heavier lanthani$s as has been found for DMSO 
solvatron of Ln(C10,)3 . 

Data have been reported%” on the molar conductance 
for Ln(CF3S03)3-nS, where S represents a neutral donor 
ligand, 4 < n ~9, and also* for Ln(CH3S03.3(TSMO) 
[TMSO = tetramethylene-sulphoxide]. The methanesul- 
phonate complexes behave as non-electrolytes in 
methanol. The data on molar conductance for 
triliuoromethanesulphonate complexes in acetonitrile and 
nitromethane indicate the existence of 1: 1, 1: 2 and 1: 3 
electrolytes, depending on the value of n. This is analogous 
to the results reported for Ln(ptsa)3. 

In non-aqueous media, the observed molar conduc- The variation in proton NMR shifts for DMSO and 
tance of a 10-3moll-‘La(ptsa)3 was 188.9 and (ptsa)- C&I., aromatic protons are shown as a function 
88.1 a-’ mol-‘cm* in DMF and DMSO respectively. of the molar ratio, [Nd”]/[DMSO], in Fiis 1 and 2 
According to Geary,‘* this implies that, in DMSO, respectively. The observed shift is a weighted average of 
La(ptsa), tends to behave as a 1 : 2 electrolyte, whereas, the free and Ln-bound contributions, since the molecule 
in DMF, its behaviour is somewhere between that of a in question is exchanged rapidly between these two 
1 : 2 and 1 : 1 electrolyte. Data in the literature’9*20 on states. The linear dependence of DMSO shift, i.e. &Hac,, 
molar conductance for La(ClO,h in these solvents sug- on the [Nd3’]/[DMSO] ratio (Pi. 1) suggests that, with 
gest that DMSO and DMF displace three ClO,- per mole decreasing DMSO content in solution, a greater propor- 
of La(ClO,),. For La(N03), data on molar conduc- tion of the latter is bound to the Nd3+. On the other 
tance’32’ suggest that DMSO displaces three N03-, but hand, the aromatic C&H, proton shift, &,, shows a 
that DMF displaces only one or two N03- from the La3+ different trend (as can be seen in Fig. 2) with decreasing 
coordination sphere. By comparison, the observed molar DMSO content. For [Nd”‘]/[DMSO] > 0.84, ScsHI 
conductances for La(ptsa), in similar solvents suggests remains constant, indicating that the same proportion of 
that (ptsa)- behaves as a coordinating anion for La’+, (ptsa)- is bound to Nd3+, whether increasing amounts of 
which is much stronger than ClO,-, and as strong, if not DMSO are bound to the Nd3+ or not. The variation in 

4.0- 

z 

3.5- 

2 

J 

::I/ 
0.04 0.0~ 0.12 0.13 0.20 0.24 0.23 

[Nd’+l = 0.0394 md.l-’ 

Fig. I. Variation in the chemical shift of DMSO, $Mso, as a 
function of [Nd3+]/[DMSO]. 

stronger, than NO,-. In the presence of a coordinating 
solvent, S, the (ptsa)) competes with the solvent for 
coordination sites round the Ln3’, i.e., 

and 

Ln(ptsa), + zSeLn(ptsahzS (1) 

7.50 1 Modlum: 
CCI. - CH,CN - Dug0 
rNdq=o.o3@4 mow’ 

1 I 1 I I 
0.04 0.02 0.12 0.16 0.20 

0.b 
0.23 

INb+l/CousOl 

Fii. 2. Variation in the chemical shift of C& PROTONS, &, 
as a function of DJd3’]/[DMSO]. 
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molar conductance for these solutions follows a similar 
trend. The molar conductance remains low, but constant, 
at < 2 fl-’ mol-’ cm’ for [Nd3+]/[DMSO] > 0.04, but in- 
creases rapidly for [Nd3’]/[DMSO] < 0.04. The increase 
in molar conductance for [Nd3’]/[DMSO] < 0.04 parellels 
the change in S,, (shown in Fii. 2). Thus; according to 
eqn (2), tbe replacement of @a)- by DMSO in the inner 
coordination sphere occurs only in the presence of 
excessive amounts of DMSO, i.e. when 
[Nd3’]/[DMSO] C 0.04. The replaced (ptsa)- contributes 
to the molar conductance which increases. Similarly, the 
observed i&r, contains a greater proportion of free 
(ptsa)- and 6,, approaches that of free (ptsa)- 
(7.276ppm) as seen in Fii. 2. With smaller amounts of 
DMSO, the molar conductance and S,, shifts suggests 
that the conditions shown in eqn (1) predominate. 
Behaviour similar to that of Nd was observed for Pr, Sm, 
Eu, Ho, Er, Tm and Yb, although the S,, could not be 
measured for Ho due to excessive broadening. 

Values for A&,,,, at [Ln]/[DMSO] = 1 were obtained 
for Nd from the slope of the straight line in Fig. 1. 
Similar plots for other Ln were also thus obtained. A plot 
of these values for A&r,&Szo vs Cr,/Szo is shown in 
Fig. 3. The data all fall in a straight line with intercept 
0.101 and slope 0.630. According to Reilley et uL: this 
indicates a minimum diiolar contribution to A&,Bo for 
Eu”+ of 70%. All other Ln have a larger proportion of 
dipolar contributions. There is no evidence of any 
change in DMSO coordination in the solvent species 
across the lanthanide series. Ln(ptsah therefore forms 
isostructural compounds with DMSO in this solvent 

It is assumed that the C&CN does not coordinate to 
the Ln(ptsa)3 in the presence of DMSO because no 
apparent changes in CHEN proton chemical shifts were 
observed in these solutions. (The methyl proton signals 
of C&CN and (ptsa)- occur very close to each other.) If 
C&CN associates with Ln(ptsa)3x(DMSO) it will occur 
in the outer coordination sphere, resulting in very small 
chemical shifts. 

The &~so and I~QJQ LIS for ditferent lanthanides 
were analysed according to suggestions made by Reilley 
et ni.,’ so that any changes in coordination of the ligands 
round the Ln3+ could be detected. The true paramagnetic 
LIS was obtained by subtraction of the shift for lan- 
thanum complexes from the observed shift, i.e. AS, = 
&b(r) - Sur> If dipolar contributions to the observed 
LIS are predominant, a plot of Ahs#Izo vs CD&“, for 
different Ln should be a straight line. S,” and CD are 
theoretical constants that are mentioned in the lit- 
eraturezz as reflecting the respective contact and 
dipolar contributions for individual lanthanides. 

Pi. 3. Analysis of LIS for DMSO protons. Fig. 4. Analysis of LIS for CJ&(ptsa)- protons. 

mixture. 
The &.H, values were calculated from the observed 

shit at a ratio of [Ln] to [DMSO] of 0.1, which, accord- 
ing to the previous discussion, occur in a region where 
no dissociation of the complex, Ln(ptsa)3~r@MSO), is 
found. A plot of A&.& vs C”lSxo is shown in Fig. 
4. Two straight lines, one for Pr, Nd and Sm with 
intercept -0.150 and slope -0.106, and the other for 
Eu, Er, Tm, and Yb with intercept -0.057 and slope 
- 0.058, best fit the data. This suggests that there are two 
spatial arrangements of the (ptsa)- round Ln3’ across 
the lanthanide series. The non-zero intercepts of the 
straight lines are indicative of greater contact contribu- 
tions to the LIS for A&,. A minimum dipolar con- 
tribution of 21% was calculated for ASCSHI in shifts 
induced by Eu’+. The delocalixation of electrons in 
aromatic systems is more likely to enhance contact con- 
tributions to aromatic protons. The excessive broadening 
observed for Ho3+ is probably due to contact cqn- 
tributions to the LIS. The interaction between (ptsa)) 
and Ln’+ is primarily ionic in nature with some con- 
tribution from covalent bonding, as judged from the 
contact contributions toward the LIS. 

Although the two straight lines in Fii. 4 pass through 
few points, the indications are that the (ptsa)-, which is 
presumably coordinated in a bidentate fashion, is more 
susceptible to changes in coordination with a decreasing 
Ln3’ radius. Hence, the detection of such changes is 
easier in the analysis of the LIS for AS,, than it is in 
that for AbMso. The latter is bound in a monodentate 
mode to the Ln”, and is presumably more labile. The 

L 2.0 
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change in DMSO coordination across the lanthanide 
series is less pronounced, and is not detected (Fig. 3). 

Some of these conclusions can be used to elucidate the 
role of (suIpho~~~- in the selective extraction of lan- 
thanides. In aqueous media, the interaction between 
Ln3’ and (sulphonate)- is primarily electrostatic. The 
selective extraction of individual Ln3’ by ion-exchange 
resins with sulphonic acid groups is primarily due to 
process that are not based on the coordinating ability of 
the sulphonate group. However, in non-aqueous media, 
the (s~pho~te)- acts to a greater extent as a coordinat- 
ing ligand, since it is more covalent. Hence, for liquid 
cation exchangers, such as dinonylnaphthalene sulphonic 
acid dissolution in non-aqueous media, the selectivity of 
extraction for individual Ln3+ reported in the literature’ 
is presumably due to changes in coordination of (sul- 
phonate)- round the Ln”‘. 
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Abshret-Liquid-liquid distribution of lanthanides was studied using dibutylphenacylphosphonate (HDBPP) in an 
aromatic dihrent as organic phase and 1M sodium perchlorate as the aqueous phase. Appropriate radioactive 
isotopes of the elements were used as indicators in the determination of the distribution ratios. HDBPP was found 
to act both as a neutral and an acidic extracting agent, the extracted species having the general composition 
[M{H(DBPP)+,}X(CIO,),]. x = 4, 4 = 1 were found for M = La aad x = 3, 4 = 0 for M = Eu, Gd, Tb and Tm. The 
separation factors of adjacent elements ati,_, and with respect to lanthanum ati were determined for all elements, 
except cermm. In a plot of azn. a8 a function of z, the dividing of the series into subgroup8 is discussed in terms of 
ionic radius, coordination numbers and nephelauxetic effect. 

INTRODUCTION 
The &ketophosphonates’-’ with the composition 
[R'C(0)CH2P(O)(ORk] and related compounds having a 
carbonyl group and a phosphoryl group in /3 to each 
other such as carbamyl-methylenephosphonatesa’3 
[R4NC(0)CHzP(OR)L?] or hydrogen 2_ethylhexylphen- 
acylphosphonate’4 [C,B,C(O)CH,P(O)(OH)(OCsH,7)1 
have been the subject of some recent studies because 
of their extraction abilities. Useful information about 
the metal complex formation by these ligands is 
also available from spectroscopic and structural in- 
vestigations. Some of them have been reported concern- 
ing complexes of transition elements,‘s-“’ lanthanides,” 
thorium’ and alkali metals.*’ The potential extraction 
abilities, which may be expected from these compounds 
are due to some particular structural properties. They 
have an asymmetric donor power due to the phosphoryl 
and carbonyl groups, while their enolic tautomerism 
gives them an acidic character. They are also potential 
chelating agents owing to the respective positions of the 
two oxygen atoms from PO and CO groups. Their 
behaviour in liquid-liquid systems should in part be 
governed by the inductive effects and the steric bulk of 
the substituents. Recent report? have shown that 
dibutylphenacylphosphonate (HDBPP) behaves as an 
extracting reagent by using almost all these potential 
properties. HDBPP was found to be. able to act both as a 
neutral adduct forming agent through the PO group and 
as a chelating anionic ligand. Also stoichiometries in 
agreement with mixed complexes have been found for 
the extracted species. The two kinds of extraction are 
identified by hydrogen-ion concentration dependencies. 
The neutral adduct forming is independent of hydrogen- 
ion concentration while the hydrogen-ion exchanging 
extraction has a negative power dependence. They will, 
therefore, be called, respectively, the neutral and the 
acidic extraction. The previous results= with HDBPP 

*Author to whom correspondence should be addressed. 
TLaboratoire de Chimie Minerale de I’E.N.S.C.S., B.P. 2%/R& 

F.67008, Strasbourg, Cedex, France. 

have easily shown the neutral extraction of a large range 
of metals (Th4’, lanthanides, Ga3’, In”, Fe3’, V02*+, 
U02*+, Zn”) and of inorganic acids from various 
aqueous solutions (thiocyanate, nitrate, chloride, sul- 
phate, perchlorate, tetrafluoroborate). Spectroscopic 
studies3*‘**’ of organic phases have proved that the ad- 
duct complexes with the neutral species are formed only 
through the PO group. In this case the quantitative and 
qualitative extraction behaviour of HDBPP is very 
similar to that observed for tri-n-butylphosphate (TBP). 
The low value that was found’ for the dissociation con- 
stant of HDBPP (PK. = 12.302 0.03) emphasizes the 
difficulty in observing the acidic extraction. Evidence for 
it must be investigated from low complexing aqueous 
solutions such as C104- or BF4- and/or at low hydrogen- 
ion concentrations. Even under those conditions the 
acidic extraction is often accompanied by the neutral 
one’>. Spectroscop’ rc investigations”’ of the organic 
phase and of complexes prepared by using a liquid-liquid 
extraction method show that @-ketophosphonates like 
HDBPP are chelating reagents when acting as anionic 
ligands. In this paper we will deal with the extraction 
stoichiometries and the separation factors of the lan- 
thanoids for the extraction of these elements from molar 
perchlorate solutions by HDBPP. The present work 
completes a previous report6 where we showed the neu- 
tral extraction of gadolinium from thiocyanate solution, 
the duality (neutral/acidic extraction) of HDBPP towards 
the extraction of gadolinium from BF4- and ClO,- media 
and the separation factors for lanthanides under con- 
ditions proper to the acidic extraction. The magnitude of 
the values obtained for the separation factors were 
encouraging and it seemed interesting to investigate the 
parameters influencing the separation. The study of the 
extraction stoichiometries and the study of the separa- 
tion factors require two different methods of measure- 
ment. As previously pointed out** the former may be 
carried out by single element experiments while the latter 
requires multielement experiments. The presentation of 
the results and the discussion are, therefore, subdivided 
in two parts corresponding to the two .experimental 
methods. 

257 
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DBFTNTTIONS 
The distribution ratio of an element Z is represented 

by 0, and defined by the ratio of the total analytical 
concentration in the organic phase to its total analytical 
concentration in the aqueous phase. The separation fac- 
tor (1z1z8 is the ratio of the respective distribution ratios of 
two extractable elements z and z’ measured under the 
same conditions. 

In this paper symbols with a bar above them refer to 
the organic phase and in brackets refer to the equilibrium 
concentrations. The total analytical molarity of reactants 
(moles per dm3) is given by a numeric value followed by 
M and the symbol of the reactant. 

Radionuclides 

EKPEBIMBNTAL 

‘r3Gd was obtained, as the aqueous chloride from the Kadio- 
chemical Centre Amersham. The other radionuclides ‘“La, ‘“Pr, 
‘“Nd, r@+rsrPm, ‘“Sm, 15Z+IYBu, IssGd, I%, laCDy, 166Ho, 

“‘Er! ‘T@Trn, ‘@+‘75Yb, rnL u were produced by thermal neutron 
irradmhon of the respective rare earths oxides in the reactor of 
Kjeller (Norway). The irradiated oxides and the aqueous chloride 
were converted to perchlorates and dissolved in diluted HCI04. 

Chemicals 
HDBPP was obtained from the Laboratoire de Chimie 

Min6rale de I’ENSCS. where it was oreuared and nurified as 
previously described.)‘Solvesso 150 w;s purchased from ESSO 
Company (Norway). This “carrier” diluent was chosen because 
of its high boiling point (180-210°C) and because its high aroma- 
ticity 07%) allowed us to avoid the polymerization of HDBPP in 
the organic phase. All other chemicals were of p.a. quality and 
used without further puritications. 

Distribution measurements 
Equilibrations were performed in a thermostated glass vessel 

at 20”, the two phases with the appropriate radionuclides added 
being shaken for 10min and separated by gravity and cen- 
trifugation when necessary. Samples of each phase were then 
withdrawn and analysed by radiometry (y-counting). When only 
one radionuclide was present in the extraction system, the dis- 
tribution ratio Dz of the element 2 was measured by using a 
NaBTl) well type scintillation detector. Such measurements were 
carried out in experiments whose aim was to investigate the 
extraction stoichiometries. But the determination of separation 
factors with a maximum of accuracy requires a simultaneous 
determination of the distribution ratios for several elements in 
extraction systems using admixtures of radionuclides. In this 
latter case the y-counting was made by using a Ge(Li) detector 
and a 40% analogue to digital converter interfaced to a NOBD-1 
computer. Procedure applying this latter counting method, choice 
of y-rays and evaluation of data have been described in a 
previous paper.” 

E-AL. CONDITIONS 
Single element experiments 

Extractant (HDBPP) concentration (i) and hydrogen-ion con- 
centration (ii) dependencies of the distribution ratios of La, Eu, 
Gd, Tb and Tm have been determined for each element under the 
following conditions: 

(i) 2o”C, 1 M (Na, M, H)C104, [H+] = lo-‘, - (2 x lo-‘- 
10e7) M (metal) solvesso-150. 

(ii) WC, 1 M (Na,M,H)ClO’, (4- 1) x 10m3 M (metal), sol- 
vesso-150,0.43 M HDBPP. 

Multielement experiments 
The determinations of the separation factors were made with 

(H+] as variable parameter by using the 10 following admixtures 
of elements. 

1. Eu,Tb,Tm 6. Pr, Er, Tm 
2. Eu. Tm 7. La, Pr. Nd, Sm 
3. Eu; Gd 
4. Dy, Tm 
5. Er, Tm 

8. La, Pr; Nd; Sm, Lu 
9. La, Pr, Nd, Sm, Ho, Lu 

10. La, Tm, Yb, Lu 

under the following experimental conditions: 
2o”C, 1 M (Na, M, H)C104, 2 x 10m3 M (metal/element), sol- 

vesso-150,0.43 M HDBPP. 

BBSULTS AND DlSCUS!HON 
Single element experiments 

Dependencies of the hydrogen-ion concentration on 
the distribution ratios of La3’ , Elu3+, Gd3+, Tb”+ and 
Tm” by 0.43M HDBPP diluted in solvesso- from 
1 M (lv13+, Na+, H+, ClO,-) are presented in Fig. 1. Each 
curve itself is the result of several experiments at various 
metal concentrations represented by different symbols in 
Fig. 1. In most cases macroscopic amounts of metal were 
used in order to avoid any irregularity in the distribution 
ratio caused by possible organic impurities at very low 
concentration. A disadvantage of this procedure is the 
risk of formation of polynuclear metal complexes which 
would not occur at trace metal concentrations. The metal 
concentration, however, seems not to affect significantly 
the distribution ratio, in so far as the amount of metal 
remains low compared to the amount of the extractant in 
the system. According to the shape of the curve plotting 
log D, vs log [H+] the results are divided into 3 regions 
where the extraction mechanisms and the species in- 
volved either in the aqueous or organic phase may differ. 
The metal distribution is independent of the higher 
hydrogen-ion concentration, indicating that the dominat- 
ing mechanism in this region is the neutral extraction. 
When decreasing [H’] a new region appears, where the 

WLY E” 

’ %b 
, 

-6 !Trn 
10 

65 [H+l 1o-4 

m-3 

Pi. 1. Hydrogen-ion dependencies of the extractions of La, Err, 
Gd, Tb and Tm as obtained by single element measurements. 
[2o”C, 0.43 M HDBPP, solvesso-150, 1 M (Na, H, M)ClO,]. Bach 

symbol refers to one experiment. 

La +eV 4 5 x lo-’ M (La3+) 
DA ‘2 x lo-* M (La3+) 

g 
OOCIV 2~10-~M(Bu’+) 
l AV 1O-3 M (Gd3+) 

16 x 1O-3 M (Gd3+) 
Tb 0’0 Trace (Tb3+) 

6 
lo-* M (II?+) 

Tm 6 x IO-’ M (Tm’+) 
ato 4 x 10V3 M (Tm3+) 

V 7 x lo-’ M (Tm3+) 
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inversely third power hydrogen-ion concentration 
dependencies are observed except for lanthanum which 
seems to prefer a close to inversely second power 
dependence. The negative values of the [H’] power 
dependencies are interpreted as clear evidence for the 
acidic extraction. Since the valence of lanthanides is +3, 
the third power dependence is the highest that can be 
expected. The third power dependence, thus, implies that 
the metal is in uncomplexed free ion form in the aqueous 
phase and forms extractable complexes with 3 dis- 
sociated (anionic) ligands DBPP-. The second power 
dependence observed in the case of lanthanum may be 
explained by several hypotheses and it is, therefore, 
necessary to fully determine the stoichiometries of the 
extractable complexes. At lower hydrogen-ion concen- 
trations the curve log Dz vs log [H+] steadily falls off 
from the linearity to approach a horizontal region. The 
deviation is often supposed to be caused by the ligation 
of the metal in the aqueous phase either by the 
hydroxilic ion (OH-) or by the dissociated enolate form 
DBPP-. But according to the values of the overall 
stability constants of M(OH),2’-M representing a lan- 
thanide-obtained by Guillaumont et al?3 the metal 
hydrolytic character should not be very significant in the 
H+-concentrations (lo-’ - 10V6) where the deviation is 
observed. Guillaumont et al. used a solvent extraction 
method, which consists of deducing the constants from 
the deviation from the linear relationship between log D 
and log[H’] when the extractant is HITA. The com- 
parison of our studies with theirs is, therefore, very 
relevant. The deviation from linearity is much more 
pronounced for extraction by HDBPP and may be 
attributed to the formation of aqueous species with the 
composition M@BPP)I(3-‘)+. When the extractable non- 
charged complexes are also dominating in the aqueous 
phase, the metal distribution becomes independent of 
hydrogen-ion concentration as the curves tend to suggest 
at the lower concentrations. 

In order to determine the full stoichiometries of com- 
plexes involved in the organic phase by the acidic 
extraction the extractant dependencies had to be deter- 
mined at an appropriate H+-concentration, The extrac- 
tant dependencies of single element extraction of La, Eu, 
Gd, Tb and Tm at [H’] = lo-’ from 1 M (Na’ClO,-) are 
presented in Fig. 2. Results give a +4.0 power depen- 
dence for lanthanum and a +3.0 power dependence for 
the others. A change in the coordination number is, 
however, not unusual throughout the 4f series and is, 
however, assumed to decrease from lanthanum to 
lutetium. 

Taking into account the hydrogen-ion concentration 
and extractant concentration dependencies, the obtained 
stoichiometries are convenient with structural com- 
position M(DBPP), to the ‘extracted complexes where 
M = Eu, Gd, Tb and Tm are surrounded by three dis- 
sociated enolic ligands. Since in this case the ligand was 
found” to be bidentate by IR spectroscopy, the coor- 
dination numbers are 6 provided that no water molecule 
are co-extracted. An excess of coordination sites is not 
unusual for lanthanide chelates as for instance sub- 

stituted @diietonates. The stoichiometries obtained for 
lanthanum are consistent with a mixed complex 
La@BPP)#IDBPP)&lO, where La is chelated by 2 
anionic liinds. [La(DBPP)J’ is extracted as an ion pair 
by 2 donor neutral molecules HDBPP and the charge is 
neutralized by 1 inorganic anion ClO,-. If we assume 
that the neutral HDBPP is monodentate, the coordina- 

100 i 

16’ j 

-2: 10 : 

Fig. 2. Extractant dependencies of the extractions of La, Eu, Gd, 
‘I% and Tm as obtained by single element measurements. [WC, 

1 M (Na, H)ClO,, IFI+] = 10” (W3 - 5 x 10-q M metal-ion]. 

tion number iV, is 6. The ClO,- anion is not taken into 
account because it is reasonable to assume that it is 
localized in the outer coordination sphere. But, the 
greater stability of the ion-pair formed by lanthanum 
compared to the other elements arises from the huge size 
of La?‘, which is therefore able to accept 4 molecules in 
the inner coordination sphere instead of 3. In conclusion 
we propose to descrii the extraction of lanthanides 
from 1 molar NaClO, solution by HDBPP by the follow- 
ing general equilibrium regardless of whether the 
mechanism is acidic or neutral. 

MS+ + xHDBPP + 4ClO,-=M{H@BPPh_,}x(ClO,)* 

+ (3 - q)H+. 

The mechanism of the extraction is identified by the 
value of q. 

M x 4 Mechsnism 

Eu,Gd,Tb,Tm 3 0 Acidic 
La 4 1 Mixed 
Gd 3 and 4 3 Neutral (previous 

results)6 

Multielement experiments 
In an attempt to determine the separation factors with 

a maximum of accuracy multielement experiments have 
been carried out by using admixtures of radionuclides. 
The distribution ratios were measured at various 
hydrogen-ion concentrations, and the results led to a 
new study of this parameter dependence. The main ori- 
ginality of Fig. 3 compared to Fii. 1 consists of the fact 
that each curve is lied to the others by several 
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Tb Er Lu 

I . . ...” 

Ki5 w 
Fig. 3. Hydrogen-ion dependencies of the extractions of lantbanoids by HDBPP as obtained by multielement 

measurements. [ZOOC, 1 M (Na, H, M)CIO,, 0.43 M HDBPP, solvesso-1501. 

experimental points simultaneously determined. The in- 
verse third power dependencies are to a large extent 
confirmed for all elements except for lanthanum, for 
which the second power dependence also is confirmed. A 
regular slight decrease in the power dependence must, 
however, be pointed out from Lu(-3.0) to Pr(-2.7) as 
shown in Table 1. 

Separation factors between two elements are, there- 
fore, not constant but vary with the hydrogen-ion con- 
centration, especially in regions far from that of a linear 
relationship between log D, and log [H’]. The separation 
factors CZ~L~ and a~=_~ were graphically deduced from 
the Fig. 3 at 3 different hydrogen-ion concentrations 
(7.5 x lo”, 1.5 x 10m5 and 5 x 10m5). They are reported in 
Table 2. Figure 4 presents a plot of log a+ vs 2 as 
recommended by Peppard et al.= In an earlier workz2 we 
proposed to discuss the shape of such plot in terms of 3 
intrinsic properties of the 4f elements. This discussion 
seems also to be relevant for the present extraction 
system. 

(1) The ionic radius. According to the variations of 
the ionic radius through the 4f series the stability of a 

given complex is expected to increase almost linearly 
with the atomic number, z, because the chemical bond 
between the strong electropositive lanthanide ions and 
oxygen atoms from the ligands is mainly ionic. Although 
different complexes are involved in log a~/~, this general 
trend is observed at least from La to Sm and from Er to 
Lu. But many irregularities are also observed and 
obviously reveal the occurrence of other effects 
influencing the separation. 

(2) The change in the coordination number throughout 
the lanthanoid series is a well known effect and may be 
interpreted as a consequence of both the large size that 
characterizes the lanthanide ions, and the decrease with 
z in ionic radius also called the lanthanide contraction. 
The coordination number NC of trivalent lanthanides 
varies largely. In the solid state they form complexes 
with NC ranging from 3 to 12, but 8 and 9 are most 
common. NC = 6 and 7 are often found in tris-complexes 
where substituted /?-diketones act as anionic bidentate 
ligands. In solution the coordination number is not well 
defined and varies with the chosen statistical model. 
Spedding et al: have concluded from partial molal 

Table 1. Hydrogen-ion concentration dependencies determined by multielement experiments. [ZO’C, 1 M 
(Na, M, H)CIO,, 0.43 M HDBPP, solvesso- 

La 2.0 + 0.1 Gd 3.0 + 0.2 

Ce Tb 2.9 + 0.1 

Pr 2.7 + 0.1 DY 

Nd 2.8 + 0.1 HO 2.9 l 0.1 

Fm 2.9 + 0.1 Er 3.0 2 0.1 

sm 2.9 + 0.2 Tm 3.0 *, 0.1 

ml 2.8 2 0.2 Yb 

Lu 3.0 *- 0.1 
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Table 2. Separation factors (I#~._, and aJL, and extraction constant K(Gd)= DM lH’]‘3[HDBPP]-3 at various 
hydrogen-ion concentrations. [2o”C, 1 M (Na, hi, H)ClO,, 0.43 M HDBPP, solvesso-1501 

261 

IX+1 7.5 x 1o-6 1.5 x 10-5 5 x 1o-5 

log K(Gd) -13.3 -13.2 -13.1 

2 
az/z-l az/La az/z-l az/La aZ/Z-l O&,/La 

La 1.0 

Ce (3.5) (3.5) 

Pr (1.49) 5.2 

Nd ‘ 1.19 6.2 

Pm 1.61 10 

SKI 1.50 15 

Eu 0.93 14 

Ga (0.89) (12.5) 

Tb (1.58) 21 

DY 1.43 30 

HO 1.13 34 

Er 1.24 42 

Tin 1.52 64 

Yb 1.56 100 

LU 1.26 126 

(2.5) 

(1.56) 

1.07 

1.50 

1.60 

1.58 

0.79 

1.60 

1.04 

0.96 

1.19 

1.51 

1.63 

1.16 

1.0 

(2.5) 

3 ..9 

4.2 

6.25 

10.0 

16 

12.5 

20 

21 

20 

24 

36 

58 

65 

(1.45) 

(1.10) 

1.03 

1.03 

2.35 

1.98 

(0.75) 

(1.44) 

1.22 

(1.00) 

(0.96) 

(1.40) 

1.18 

0.88 

1.0 

(1.45) 

1.60 

1.65 

1.70 

4.0 

7.9 

(5.9) 

8.5 

10.4 

(10.4) 

(10.0) 

14 

16.5 

14.5 

volume data that the ions La3’ to Nd”’ are nine-coor- 
dinated, Tb”+ to Lu” are eight-coordinated and Sm3’, 
Eu3+ and Gd”’ are mixtures of both coordination num- 
bers. In the present work the changes in the hydrogen- 
ion and extractant concentrations, which have been 

[“‘I 
. 7.5*10-6 

+ 1.5.10-5 

n 50.10-5 

Fig. 4. Variation of the logarithm of the separation factor (I& 
with the atomic number z. [2o”C, 1 M (Na, H, M)CIO,, 0.43 M 

HDBPP, solvesso-1501. 

observed especially for lanthanum to be different from 
those of other metal ions are an effect of the same kind. 
The formation of mixed complexes is easier for the 
largest ions, more able to accept an excess of neutral 
extractant molecules in the non occupied coordination 
sites. This effect should be correlated with the steric bulk 
of extractant. 

(3) The nephelnuetic efect in the 4f series is respon- 
sible, as independently explained by Jorgensen26 and 
Nugent:’ of the dividing of the series into 4 subgroups 
represented by 4 “tetrades” in a plot of log adLa vs z or 
by the “double-double effect” in a plot of (~rl=-~ vs z 
as suggested respectively, by Peppard et aLU and Fidelis 
and Siekierski.** 

CONCLUSION 
Interesting differences with respect to the complex 

formation are observed between lanthanum and the other 
elements. The extracted lanthanum complex has the 
composition La(DBPP)2(HDBPP)2C10., while the trir- 
enolate chelates M(DBPPh are dominating species for 
the others. 

The shape of the curve logcrdL. vs z gives a clear 
evidence of the division of the series into four branches 
as expected by the tetrade or doubledouble effect. This 
feature and the values of azb agree well with our 
previous results6 taking into account the different 
extractant concentrations. The most favourable con- 
ditions for high separation are found at low hydrogen- 
ion and extractant concentrations. The extraction con- 
stants, however, vary greatly from -log K(Gd)= 
10.5 -C 0.2 in [6] to -log K(Gd) = 1312 + 0.1 in the present 
work. Some sporadic tests seem to indicate that HDBPP 
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efficiency contiuuoualy decreases with age. These con- 
stants should bo determined by freshly prepared and 
purified product. The values of the extraction constants 
must, therefore, be very carefully considered. 
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Abstract-The fluoropolytungstates [H2WIzF20ss]4- and [HWr2F30r7]‘-, which are of the metatungstate type with 
the fluoride ions occupying inner sites, lose fluoride ion and form more hiiy charged species [HrW,aFOs,]‘- and 
[HW&03s]‘- in aqueous solution about pH 3 in media of suitable ionic strength. Kinetic results are presented 
here consistent with a mechanism involving less condensed species containing 11 tungsten and 1, 2 or 3 fluoride 
atoms. Involvement of such species is supported by the isolation of the aluminotungstates [HW,,AIFsO~(HaO)] 
(TMA)5t, 30&O and [H*W,IA~FZ~~~(HZO)IC~MA),, 17HrO. 

INTRODUCTION 
dodecatungstoheteropolyanions with the general 

formula [X@‘)W120,,J8-“)- the nature of the heteroele- 
ment X(X = Si, P, H,. . .) has little or no effect on the 
structure of the molecule.‘-3 However, its role becomes 
very important when considering the charge of the poly- 
anion. Hydrolysis mechanisms in aqueous solutions are 
affected by this charge. Accordingly, heteropolytung- 
states can be divided into two categories: 

(i) those that undergo hydrolysis with no detectable 
intermediate: metatungstate or “tungstate X”4 (X=H*“) 
having a charge of - 6 (pH hydrol. - 7-g). 

(ii) Those that hydrolyse at pH - 4-5 by giving inter- 
mediates whose tungsten content per anion is 11 or 9 
(X = B, Si, P; charges - 3, - 4, - 5, respectively).- 

We recently synthesised fluoropolytungstates with a 
metatungstic structure.’ In accordance with their charges 
these can be divided into two groups: 

(i) those that possess a 4(-) charge: [HzW12Fz038]4- 
and [HWJVI371’-, 

(ii) those that possess a 5(-) charge: [HZW12F039]5- 
and [HW,2F2038]5-. 

By ‘v and ‘H NMR studies the fluorine atoms were 
shown to be located in the central tetrahedron of the 
molecule.‘o However, an interesting phenomenon is 
observed in this series of compounds: above pH 3” 
fluoride is lost and the less highly-charged varieties con- 
vert to the highly charged ones. Fluoride exit from the 
central region of such a highly compact structure would 
seem most surprising were it not accompanied by a 
structural rearrangement of the molecule. 

Our aim is to elucidate this point through the kinetic 
study of the transformations of the two varieties viz. 
H-~zWIZF&I~- and [HWJ’G0371’-. 

EXPERIMENTAL 
(A) Preparation and analysis of fluoropolytungstic acids 

Procedures for the synthesis of the four fluoropolytungstates 
were reported in a previous article.’ We shall briefly summarize 
the main steps involved in the preparation of the two varieties of 
compounds: 

fHW1zP30371 f-J. (I) 

*Author to whom correspondence should be addressed. 
tTMA is the abbreviation of the tetramethylammonium cation. 

Synthesis 
In a polytetrafluoroethylene container, place successively 

12 ml of hydrofluoric acid (40%), 110 ml of distilled water and 
30 ml of hydrochloric acid (5 M).When hot and while stirring, add 
160ml of sodium tungstate (1 M). After coolirgt, add 16ml of 
hydrofluoric acid (48%); after a few minutes still stirring, add 
80ml of concentrated hydrochloric acid. After cooling in ice, 
extract with ether (200 ml) using a plastic separatory funnel. The 
dense ether layer is collected and plunged into an aqueous 
solution previously saturated with potassium chloride. The 
potassium salt [HW,sF30s7]K, precipitates and is collected. The 
parent acid is generated from its salt by Drechsel’s method’* in 
HCI 3M medium. The maximum yield is 48%. 

Analysis %W %F % Central H % Free H % Hz0 

Found 66.2 1.6 0.028 0.126 14.0 
Calcd 66.3 1.7 0.030 0.120 - 

[HzW,zpzO~I IL (2) 

This variety is prepared indirectly starting with 
[HWraFsOs7]H4: [HWizF303r]I& is dissolved in a 1M formic 
bulfer with pH 3.2 in the presence of KC1 (IM); its concentration 
is then W O.lM. The hydrolysis reaction time is 24hr when 
T=25”C. The resulting solution which contains two varieties 
[H2W,2FOss]s- and [HW12F203s]s- is partially precipitated using 
excess KC]. The mixture of potassium salt obtained in the ratio 
of 40% of [HWirFrOss]K, to 68% of [HrW,rFOsr,]Ks is dissolved 
(total concentration W 0.2M) in a solution of 2.4N hydrochloric 
acid. The reaction [HW,rFrO,]H, + [HrW,,F,O&I, which 
occurs in acidic medium is complete within 48 h at 50°C. 
[HaWraFrOrs]H4 is separated by four successive extractions using 
ether in HCI 2.4M medium.” It is obtained 95% pure. The yield is 
10-15% of the initial mixture. 

Analysis %W %F %Central H % Free H % Hz0 

Found 67.7 1.1 0.052 0.130 12.1 
Calcd 67.8 1.2 0.061 0.122 - 

(B) Hydrolysis study 
The compounds analyzed were dissolved in acid form (con- 

centration 5.W3M W) in 0.5M formic btiers at pHU.2 with 
IM NaCl at a temperature of 21°C. 
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The polarograms were recorded on a Tacussel type EPL 1B. 
The reference electrode was a saturated calomel electrode. 

The liberated labile tungstate percentage was determined by 
polarography as follows: 

The percentage of tungsten included in the substrate was 
determined at all stages of the reaction by measuring the height 
(at - 0.3 V) of the first polarographic wave of the substrate (one 
electron wave). 

The percentage of tungsten included in the fluoropolytung- 
states resulting from the hydrolysis (HW,2F20:8 and 
H2WIZF0&) was determined by measuring the height (at - 
O.SV) of the tirst polarographic wave of the compounds (one 
electron wave). When the wave height does not reach its maxi- 
mum, the difference is assumed to be indicative of W liberated as 
labile tungstate. 

During the reaction, the liberated fluoride was determined by 
the use of a specific lanthanum fluoride electrode.” 
(C) Preparation and analysis of [HW,,AlF30~6(H,0)](TMA), 
and [HzW,zA1F203,(H20)](TMA)~.,4 

0.5 mmoles of [HW12F303,]H4 were caused to react with 
25 mmoles of AlC13 in 100 ml of pH 4 formic buffer containing 
5mmoles of NaCl. The mixture was kept at 21°C for 6 hr and 
precipitated by 5 g of tetramethylammonium chloride. The solid 
was filtered off, washed with water, ethanol, diethyloxide and 
vacuum dried. 

Table 1. Results of hydrolysis of [HZWllF203sr- 

PH 3 3.2 3.4 3.6 3.8 4 4.2 

Disappearance 11/z 176 28 I2 6 4 2 1 
of substrate (min) 

FormatIon IIn of 
fluorinated polyanions 60 80 100 
(min) 
% [HWIzFz03s]‘- present 21 9 0 0 0 0 0 
at the end of the 
reaction 
% [H2W,2F0~]5- present 79 91 95 85 64 41 25 
at the end of the 
reaction 

species. It was also observed that above pH3.4-3.6 a 
certain proportion of the initial fluoropolytungstate is 
totally destroyed to give fluoride and tungstate. The 
latter then condenses to give polytungstates.‘5 

(B) An intermediate-evidence of its presence 
The question is to learn how the fluoride which is 

located in the central part of a relatively compact struc- 

Analysis Compound %W %F Al %TMA 

[HW,,AIF,O,(H,o)l(TMAk, 30&O Found 60.4 0.014 0.88 10.6 
(M = 3344) Calcd - 0.017 0.81 11.1 

[H2W,,AIF,03,(H~O)l(MA)~, 17&O Found 59.2 0.012 0.82 10.8 
(M = 3410) Calcd - 0.011 0.79 10.9 

W was determined gravimetrically by the cinchonine method. 
F was checked by the specific fluoride electrode after decom- 

position of the fluorinated compound.” 
Al’+ was determined by atomic absorption spectroscopy with a 

PerkibElmer 373. 
The tetramethylammonium in the fluoropolytungstates was 

determined by elemental analysis of carbon and nitrogen. 
The Na salt was obtained from TMA salt by ion exchange. “F 

NMR showed that the anion was not modified during this 
experiment. 

“F NMR spectra were recorded on a Briiker W H 90. 

RESULTS AND DISCUSSION 
(A) Products resulting from the hydrolysis of 
[H2W,2F203814- and [HW12F303d4- 

An analysis of the product formed at the end of the 
reaction shows that, in the pH range 2-4.2, the hydrolysis 
of [H2W,2F2038]4- and [HW12F3037]4- liberates only 
part of the combined fluoride (Tables 1 and 2). This fact 
is not the result of an incomplete transformation of the 
substrate, since the polarographic waves of the latter 
have completely disappeared by the end of the reac- 
tion.“* On the other hand, the appearance of a new 
wave with E,,2=- 0.4V, agrees with the presence of 
fluoropolytungstates with charge - 5, [H2W,2FO~v]5- 
and [HW,2F203s]S-. 

In both cases, raising the pH favours the formation of 
the [H2W,2F03v]5- variety to the detriment of the other 

*The rate of disappearance of the fluorinated substrate is iirst 
order with respect to either [H2W12F2038]‘- or [HW12F303,14-, but 
it is of higher order with respect to OH-. 

ture migrates from this site without a complete destruc- 
tion of the structure. We wish to show that the 
mechanism of hydrolysis of the two varieties, which 
occurs with a loss of fluoride involves one and the same 
intermediate in both cases. 

The mechanisms are easier to observe for 
[H2W,2F203,,]4-. For instance, at pH 3.6 the polarograms 
(Fig. 1) show that the half disappearance time of the 
initial compound (6 min) is clearly different from the half 
formation time of H2W12FO& (60 min). 

Hence both reactions occur consecutively and the 
determination of F- enables us to assert that the con- 
version [H2W,,F203,]4- +[HzW,,FO& involves a 
fluorinated intermediate which contains one fluorine per 
molecule. Similar measurements were taken at pH3.8 

Table 2. Results of hydrolysis of [HW,2F3037]‘- 

PH 3 3.2 3.4 3.6 3.8 4 4.2 

Disappearance fl12 480 150 53 36 22 11 9 
of substrate (min) 
Formation l,n of 
fluorinated polyanions 70 95 
(min) 
% [HW,2F20ss]s- present 
at the end of the 57 47 25 18 13 0 0 
reaction 
% [H2W12F03v]J- present 
at the end of the 43 53 75 72 70 66 40 
reaction 
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(1) The presence of Co2+ in a concentration of 
2.10-2M (four times the concentration of W) at pH4 did 
not disturb the kinetics of the lirst stage of the reaction,” 
but did modify tie ratio of the expected products to yield 
new varieties. Only 10% of the mixture [HW12F20Js- 
and [H2W,,FO&- was obtained instead of 41% in the 
absence of Co2+, 26% of polytungstates and 64% of new 
varieties. The latter were characterized by a polarogram 
whose fust wave appears at co. - 0.6 V followed by a 
second wave at co. - 0.8 V. The titration of liberated 
fluoride duris the experiments showed that the complex 
formed from [H2W,2F20SJc contains two fluorine 
atoms while the one corresponding to [HW12FaOJTr 
contains three fluorine atoms. These facts are interpreted 
later. 

(2) Other experiments were conducted at lower pH 
(3.2 and 3.8). The Co2+ complex was much less stable 
and Co2+ slightly disturbed the kinetics. The same 
mechanisms were found with Al’+ as at pH4, but the 
formation rates were slower; to obtain the same yield as 
at pH4 it was necessary to increase the Al”+ concen- 
tration (for instance at pH = 3.6, A13+ = 3.3 x lo-“M in- 
stead of 1.7 x 10m3M at pH = 4). 

(D) Synthesis of two complexes with Al” and a sug- 
gested mechanism 

We conclude from these experiments that the 
mechanism is the same between pH3.24 and the 
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Fii. 1. Evolution of the [HzW,,F20& polarogram as a function 
of time, for a 5 x lo-“M solution in W, in a formic buffer pH 3.6 
(OS), 1M NaCl at 21°C: t = (1) 4 min; (2) 11 min; (3) 18 min; (4) 
26min; (5) 39min; (6) 63 min; (7) 125 min; (8) 300min; (9) 

144Omin. 

and 4. Thus we can assume that the hydrolysis reaction 
involves at least two stages: 

(1) [H2W12F2038]4--intermediate 

(2) intermediate- [H2W,2F0391s-. 

The existence of an intermediate is conlirmed by a 
polarographic wave which develops around - 0.5 V, and 
disappears when [H2W,2F039Js- is formed (Fig. 1). 

In the case of [HW12F303,]4-, the disappearance time 
tl12 of the initial compound is higher. In spite of the lack 
of precision, the formation time tl12 of [HW12F03,$- 
was determined (Table 2); the two stages of the reaction 
..,P.._ .+a1 Ad~“.t”l& hrr m4.enm.mA.r vwm.t;,.lll.*llr A‘= nr,r YLul UC~CCLII”LC “J p,ruvCZ’cbp,., , ysu urruo.n, u&w 

wave corresponding to the intermediate. 
We did not succeed in separating a salt of the inter- 

mediate. However, the following experiments allow us to 
specify its nature. 

(C) Effect of some metal cations on hydrolysis 
A lirst series of kinetic experiments was carried out in 

the presence of metal ions at various concentration. The 
use of Co’+ and A13’ is developed here. 

i 

6 

6 

Fig. 2. The same solution as in Fig. 1, in the presence of AlC13, 
3.3 x 10e3M: t = (1) 4 min; (2) 11 min; (3) 18 min; (4) UI q in; (S) 

39 min; (6) 63 min. 
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hydrolysis involves a series of compounds possessing a 
defect structure type? We suggest that these compounds 
contain 11 tungsten atoms (Fig. 3). They are usually 
obtained by the removal of W04’ from the structure 
composed of 12 W, during similar reactions: thus 
SiW,,O$ gives SiW,,O& above pH 4.5.’ Compounds of 
this type are not known in the case of the metatungstate: 
hence, they should not be expected in the hydrolysis of 
fluoropolytungstates. These molecules are open (see 
Schema Fig. 3) and, in our case, allow fluorine migration 
from the molecule. When the cations A13’ and Co’+ are 
present in the solution, they Ml the hole and effectively 
prevent fluorine migration. The formation reaction of the 
compound with a defect structure occurs partially (case 
of Co*+) or is completely stopped (case of Al’+). 

Some experiments conducted with different metal 
cations enable us to classify the latter into two groups: 
(i) divalent cations (Cu*+, Co’+, Zn’+) complex the 
fluorinated defect structure compounds if their concen- 
tration is very high in the medium (M*‘/W = 4, M is the 
cation); (ii) tri or tetravalent cations (AI’+, Fe”‘, Zr4’) 
complex the defect structure compounds at concentrations 
which practically correspond to stoichiometric conditions 
of the compound formation (M/W = l/3-1/2). 

These results are in agreement with those already 
obtained for [SiW,,0p9]8-.‘3~‘7~‘8 The stability of the 
substituted compounds increases with the charge of M. 
The substituted compounds of Al obtained from 
[HW12F3037]4- and [H2W12F2038]4- which are quan- 

(a) 

Fig. 3. (a) Keggin’s structure. (b) Structure of II-tungsto corn- 

plex, derived from the former by removal of one W along with 
one of its oxygens. As a result, a more open structure is 

obtained, allowing the departure of F. 

titatively formed in solution have been isolated as TMA 
salts. The analytical data noted in the experimental sec- 
tion give a ratio Al/W = l/l 1. This is in agreement with 
the formulas [HW11AlF3036(H20)](TMA)5 and 
[H2W11A1F2037(H20)](TMA)5. However, there is a slight 
fluorine defect in the first compound that can be explained 
by incipient hydrolysis. 

The hydrolysis of [H2W12F2038]4- and [HW12F3037]4- 
to [HW1&038]5- and [H2W12F039]s- appear to occur 
via fluorinated species containing 1,2 or 3 fluorine atoms 
and 11 tungsten atoms. This hypothesis is substantiated 
by the composition of the isolated substituted com- 
pounds. In both cases, the intermediate observed by 
polarography in the absence of metal cations contains 
one fluorine per molecule [H,WI,F038]“‘-X’-. 

The r9F NMR spectra of the Al substituted compounds 
were obtained with the sodium salts. The spectrum of the 
trifluorinated compound shows only a multiplet probably 
composed of two peaks about 9Oppm relative to the 
trifluorinated acetic acid. The difluorinated compound 
includes two main multiplets at 58.4 and 88 ppm. Resolu- 
tion of the spectra is difficult for two reasons: the intro- 
duction of A13’ into the molecule creates magnetic in- 
equivalence of the fluorine atoms and on the other hand, 
the existence of several isomers is possible. The com- 
plexity of the spectra does not enable us to indicate the 
situation of the Al ion relative to the fluorine atom. 

CONCLUSION 
Detailed study of the hydrolysis of the two fluorinated 

polytungstates with charge-4 revealed the existence of 
defect structure varieties involved in the mechanism. 
The hydrolysis of the two varieties with charge-$ 
[HW,2Fz038]5- and [H2W12F039]5- is effective ordy 
above pH5.8 (Table 3) and does not implicate other 
varieties detectable by polarography or by fluoride 
determination. At these pH, the defect structure variety 
observed by polarography is unstable and breaks down 
very rapidly. It is presumed that a similar type of 
mechanism occurs in the destruction reaction of 
[HW,2F2038]s- and [HzW12F039]5-. 

Isolation of the two substituted compounds 
[HW11A1F303s(H20)1(TMA)~, 30H~0 and [HzW11A1F2037 
(H*O)](TMA),, 17Hz0 showed the possibility of obtaining 
a new family of heteropolyanions. 

Table 3. Degradation reaction kinetics of 
PItW12F03915- and [HW&0& 

PH 5.8” 6.2’ 6.3’ 6.7b 7.0Sb 

t&mm) 450 155 95 51 22 

The reactions are followed polarographically 
under the same conditions as above: “succinic 
buffer, bphosphoric buffer. 
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Abstract-The complexation reactions of iron(M) with 2-pyridine carboxylic acid (picolinic acid) and 2,6-pyridine 
dicarboxylic acid (dipicolinic acid) in aqueous solutions have been studied by spectrophotometric and stopped flow 
techniques. Equilibrium constants were determined for the I : I complexes at temperatures between 25 and 80°C. 
The values obtained are: 

Picolinic Acid (HL): Fe3+ t H2LcsFeHL3+ t H+(K, = 2.8, AH = 2 kcal mole-’ at 25°C p = 2.67 M) 

Dipicolinic Acid (HrD): Fe3+ t H,DeFeD+ +2H+(K& = 227 M, AH = 3.4 kcal mole-’ at 2X, p = 1.0 M). 

The rate constants for the formation of these complexes are also given. The results are used to evaluate the effects 
of these two acids upon the rate of dissolution of iron(III) from its oxides. 

INTRODUCTION 
Carboxylic acid derivatives of pyridine have found use in 
different applications, such as in chemical analysis’ and 
corrosion inhibition.2-4 Acids with a carboxylic group 
adjacent to the nitrogen atom exhibit strong complex- 
ation reactions with a variety of metal ions.5-9 

Recently, vanadium(R) picolinate, which is a strong 
reducing agent, was tested as a possible decontamination 
agent for nuclear power plants.” It was shown that this 
complex dissolved iron oxides at a sufficiently rapid rate 
for the intended purpose. To explore the feasibility of 
using carboxylic acids of pyridine for decontamination of 
nuclear reactors, the interactions of nicotinic, picolinic, 
and dipicolinic acids with uniform, spherical colloidal 
particles of chromium hydroxide and of haematite were 
studied in detail.” It was found that the reactivity 
increased in the order nicotinic < picolinic < dipicolinic 
acid and that the uptake by the amorphous chromium 
hydroxide was considerably larger than by crystalline 
haematite particles. Furthermore, dipicolinic acid leached 
iron from haematite over a given pH range. In contrast, 
no significant dissolution of iron(III) oxide was observed 
in the presence of picolinic acid.” In order to develop a 
better understanding of the_ above findings, this work 
reports results on the thermodynamics and kinetics of 
the complexation reactions between iron(II1) and the 
picolinic and dipicolinic acids in aqueous solution at low 
pH for temperatures up to 80°C. Spectrophotometry and 
stopped flow techniques were utilized. The latter offered 
an insight into the mechanism of the complexation reac- 
tions. 

(a) Solutions 
EXPERIMENTAL 

Stock solutions of ferric perchlorate were prepared from the 
anhydrous salt (Baker), either in the. highly concentrated state 

tsupported by the Electric Power Research Institute, Contract 
RP-966-2. 

*Authors to whom correspondence should be addressed. 

(>2M) or with a large excess of added perchloric acid 
([H+]/[Fe3+] > 10); these conditions provide solutions which are 
stable over extended periods of time.” The total concentration of 
ferric ion was determined spectrophotometrically as the thiocy- 
anate complex in acidic media.” 

Picolinic acid (Pfaltx and Bauer), dipicolinic acid (Aldrich), 
sodium perchlorate (G. F. Smith), and perchloric acid (Baker), all 
reagent grade, were used as supplied. All solutions were passed 
through 0.2 gm pore size Millipore filters before use. 

Throughout this work the order of mixing was as follows: 
sodium perchlorate, perchloric acid, the ligand solution (ii any), 
and doubly distilled water were mixed in a volumetric Bask 
leaving just sutlicient room for the ferric salt solution which was 
then added. The remaining volume was tilled up with water. All 
solutions were allowed to equilibrate overnight at ambient tem- 
perature before any measurements were taken. 

(b) Methods 
(i) Spectrophotometry. Quantitative spectral measurements 

were performed on a single beam Zeiss MQ3 spectrophotometer 
equipped with a Zeiss PMI photometer-indicator with diital 
readout. The latter device permitted the determination of ab- 
sorbance values to 3 decimal places. The water-jacketted cell 
holder was temperature-controlled to +O.l”C using a Haake 
Model FK external circulating water bath. Matched l-cm quartz 
(Hellma) cells were tightly stoppered to prevent evaporation, 
especially at high temperatures. Since no mechanical agitation 
was employed, a minimum of 20min was allowed for thermal 
equilibration. 

In all cases the reference cell contained a solution of similar 
ferric perchlorate, sodium perchlorate, and perchloric acid con- 
centrations to the sample solution. To the latter a known con- 
centration of the ligand was added. Neither acid alone absorbed 
lit at the wavelenqths used and over the concentration and 
temperature ranges studied. The measured absorbance ditlcrence 
(AA) resulted, therefore, from the formation of complex(es). 

(ii) Stopped fiw. The kinetics of the complexation at 25°C 
was studied using a combined stopped Sow/temperature jump 
apparatus described elsewhere.” 

DATA TREATMENT AND CALCULATIONS 
(a) Spectrophotomefry 

(i) Graphical onolysis. The following set of equilibria 
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(ii) Quantitative numerical analysis. (a) Picolinic Acid 
(HL). At elevated temperatures the extent of hydrolysis 
of the ferric ion increases and the simple analysis based 
on the assumptions made in eqn (11) breaks down. In 
more exact terms the measured absorbance difference is 
given by: 

AA=A=-Ai (13) 

where A’ is the absorbance of a ferric solution prepared 
in the absence of ligand and AT is the absorbance of the 
same ferric solution in the presence of a known concen- 
tration of ligand. The value of A’ is the sum of con- 
tributions from Fe”, FeOH” and, at the highest total 
ferric concentrations studied, from Fe2(OHk4+. Chang- 
ing the pH in the ferric solutions alters the relative 
concentrations of these species; since +&Hz+ S +=3+ 
over the wavelengths studied, the value of &+ changes. 
Equation (11) is, therefore, only valid when either A’ is 
small compared to AT (in which case Ae = l MHL) or 
when the values of C& are sufficiently large to yield 
negligible amounts of hydrolysis products. 

Even with the correct expression for AA, the ab- 
sorbance data could not be explained over the entire 
range of acid concentration and temperature by assuming 
only reactions (D-o-(). The final model incorporated 
equilibria (D-o-() giving mass balance: 

c$ = CM + &OH t 2&(OH)2 + CMHL + CML (14) 

ci? = cH,L + CHL + CMHL t CM,. (19 

Combination with the corresponding equilibrium 
expressions and assuming CH = C,!, leads to the cubic 
equation: 

lYCM3t UC,2 t SC, t K = 0 

(I = 2K,&2KH2(1 t K,,/C,?&lC&’ 

u = [(K,/G)(l + K~/Cii)(l t K,JC;t)l 
+ [2&2K~*(l+ KA,/CIW;~‘I 

S = [Kdl + K,,/CfdC~ - CrW%l 
•t [(I + KH/~I%~ + KN/C;;)I 

K =-c&(1 t K,,/C;). 

The value for the absorbance difference is then 

(16) 

Wa) 

WW 

(W 

(164 

AA = %HL&HL t EMLCML t 6i(& - cri, 

•+ %SOH(CMOH - &OH) 

t ~M2(0H)2(~kl~~OH)2 - &COH)2) (17) 

where superscript i refers to concentrations in the ab- 
sence of the added ligand. 

The data were evaluated using the multiparametric 
curve-fitting program CFT4A15 with 4 parameters (i.e. 
K,, Kla, eMnL, and cML). Values for KH and Kzz were 
taken from the literatureI and the extinction coe5cients 
cM, rMoH and l M2(OH)2 were obtained from the ab- 
sorbance readings of the ferric perchlorate solutions 
alone. Values for K,,, were evaluated independently 
from the U.V. spectra of several picolinic acid solutions 
of varying hydrogen ion concentrations (0.02 < [H’] < 
l.OM). Equation (16) was solved numerically using the 

Newton-Raphson method and the species distribution 
calculated. Values for c$, CiMOH, and C&OW)Z were 

determined from the known hydrolysis constants for the 
corresponding ferric complexes.‘2 

(b) Dipicolinic Acid (H,D). The absorbance data for 
dipicolinic acid indicated that MD was the predominant 
species formed. The values for the equilibrium constants 
(K, . Kla) were larger than those for the picolinic-ferric 
complexes, so more dilute ferric solutions were 
employed. Under these conditions, the dimeric species, 
Fe2(OH)24+, could be neglected. The equilibria (D-o-(), 
with CMHD taken to be vanishingiy small, were used to 
formulate an expression for CM: 

where 

&.f2t UCM + y = 0 W-3) 

(I = K, K,,,( 1 t K&J;;) Wa) 

a=C~(ltKH/C~KCB+KA,)+K,K,A(C~-C~) 
(lgb) 

y = - C&C;;(CA t K,,,). 

The absorbance difference was given by 

WC) 

AA = CM&MD + &oH(Cr,,o” - &OH) + +.a(& - cif,. 

(19) 

A two parameter (K, - K,,,, tMD) fit was undertaken, 
using independently measured values for K,,, obtained 
by titration of the dipicolinic acid against standard 
sodium hydroxide solution in l.OM sodium perchlorate 
medium.16 

(b) Stopped J&J w 
The time-voltage data obtained from the stopped flow 

experiments were considered to follow single exponen- 
tial curves: 

AV=AV,(l-e-“‘) (20) 

in which A V is the voltage change at time t, A V, is the 
total voltage change, and T is the relaxation time. This 
equation is applicable when small absorbance changes 
are involved, as was the case in the investigated systems. 
Implicit in this equation is the assumption that the con- 
centration of the complex is small compared to the 
concentrations of the metal and the ligand. In most cases 
this condition is realized by using only the initial part of 
the A V vs t curve. 

Where the exponential levelled off to a suitable plateau 
value, Vf, the data were plotted as In ( Vf - V) vs t. If the 
final value was unknown, as was the case when the time 
scale was shortened to expand the initial portion of the 
curve, the data were treated according to the Swinboume 
method,” which only required voltage values at constant 
time intervals. At least four curves were recorded for 
each solution and average values of the relaxation time 
and amplitude were estimated to within ? 10% accuracy 
limits. The relaxation times for solutions with similar 
[H’] follow the relation: 

r -‘=koBs=kr(C~tC$tkb (21) 

where h and k,, are the composite forward and backward 
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rate constants which may or may not vary with [H’] total scatter based on the data obtained at seven different 
depending on the reaction mechanism. Values of AA for wavelengths. Values of K, calculated at 25” and 35°C 
the complex formation were calculated from the relax- 
ation amplitudes according to:” 

were in excellent agreement with those determined by 
the graphical analysis. 

AA = (l/2.303 I) In( 1 t A V,/ Vo) (22) 

RESULTS 
(a) Picolinic acid 

(i) Equilibrium d&u. The equilibrium constants of the 
formation of FeHL”’ were determined for temperatures 
of 2535, SO,65 and 75°C at an ionic strength of 2.67M. 
Values of AA in the presence of O.OSM picolinic acid 
were recorded every 5nm between 380 and 405nm for 
solutions in which [H’] varied between 0.2 and l.OM, 
and that of [Fe3’lToT between 0.04 and OAOM. 

Although inclusion of the complex FeL*’ was neces- 
sary in order to accurately evaluate the data, insufficient 
amounts of the complex were formed to give a reliable 
value of KIA. It is estimated that KIA is in the order of 
O.lM, which indicates the second species to be indeed 
FeL*’ and not Fe(OH)HL*‘. The latter complex, while 
giving a similar mathematical formulation, would lead to 
much lower value for the equilibrium constant (- 
10e3M) of its formation. 

Linear plots of CL/AA vs G/C& were obtained at 
25°C conIirming the predominance of the FeHL3’ spe- 
cies under those conditions. A typical plot is shown in 
Fig. 1. Deviation from linearity was observed at [H’] < 
- 0.5M and at higher temperatures, as other complexes 
appeared in significant amounts. In these cases the 
rigorous analysis given in the section on data treatment 
was applied. The standard deviations between the 
measured AA and that calculated from eqn (17) did not 
exceed 0.005 absorbance units. Table 1 gives a com- 
pilation of the equilibrium constants for FeHL3’ and the 
dissociation constants for HIL’ obtained over the tem- 
perature range studied. The errors quoted represent the 

A van’t Hoff plot of In K vs l/T gave a AH” = 
2 kcal mole-’ both for the complexation step (3) and for 
the first dissociation of protonated picolinic acid (1) at an 
ionic strength of 2.67M. The reversibility of the reactions 
was checked by cooling samples from 75 to 25°C and 
then measuring again the absorbances after approx. 2 hr. 
In no case did the difference exceed 2% of the original 
value. 

(ii) Kinetic data. The equilibrium data indicated that at 
high acidities the dominant complexation reaction in- 
volved binding of the picolinic acid to a ferric ion ac- 
cording to: 

Fe3’tH2L’~FeHL3’tH’. (23) 

The possible reaction paths for this process are as fol- 
lows: 

.O- 

.s- 

.o - 

.!I - 

/ 

o- 
0 

I 
IRON ID,-PICOLINIC ACID 

0 C:.0.02Al,cO,=1.OM 

0 C:.0.02H,C:~O.8H 

25-C, A=400nm 

10 20 30 

c: /c: 

Fi. 1. Absorbance data for. iron(M)-picolinic acid complex 
formation, plotted according to eqn (12) (p = 2.67M). 

Fe3’ t H,L’ 2 FeHL”+ t H’ 
k-1 

(24) 

FeOH*’ t H2L’%FeHL3’ t Hz0 
k-2 

(25) 

Fe3+ t HL 2 FeHL3’ 
k-3 

(26) 

FeOH*’ t HL 2 FeHL3’ t OH-. 
k-4 

(27) 

Stopped flow experiments have been conducted with 
solutions in which proton concentrations (HC104) were 
varied between 1.0 and O.SM, picolinic acid between 0.01 
and O.O4M, and iron(II1) between 0.04 and 0.25M. In all 
cases the solute iron species were in excess over picol- 
inic acid and the low equilibrium constant ensured that 
the concentration of complex formed was always small 
compared to that of Fe3’. The values obtained for ki and 
k,, (eqn 21) are shown in Table 2. 

There is no obvious trend in the values of kr signifying 
that path 1 (eqn 24) is rate determining for the forward 

Table I. Formation constants for FePic3+ and acid dissociation constaots for picolinic acid (H,L+) at various 
temperatures (a = 2.67&f) 

TY : 25 35 50 65 75 

Kl : 2.6 f .l 3.1 f .2 3.9 f .l 3.a f .3 4.7 * .4 

$1(M) : .085.i .007 .090 f .009 .094 f .016 .120 f .014 .126 f .013 

x1 = [FeHL3+][H+]/[Fe3+][H2L+] $1 = [HL][H+]I[H2L+] 
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reaction, thus, k, = kt. This finding is due to the very low 
concentration of FeOH*’ present in the highly acidic 
media used in this work. The latter complex is known to 
be many times more reactive than Fe3+.lW1 The reverse 
rate constants, however, do not show the direct proton 
dependence as required by path 1. The discrepancy 
between the measured ‘values of kb and those calculated 
from the equilibrium constant, k;, reflect the relatively 
large experimental errors in the measurements. It may be 
that kb is also independent of [H’] in which case the 
reverse reaction proceeds via paths 2 or 3 (eqns 25 and 
26) or both. It is recognized that the interchange of 
FeOH*’ with Fe3+ and HL with H2L+ is very rapid. 

The stopped flow data recorded for [H’l = 0.5 M did 
not obey the single exponential formula (eqn 20). It was 
clear from the shape of the curves generated that a faster 
process, r-20ms, was present and was probably asso- 
ciated with the formation of FeL*‘. Owing to inherent 
diiculties, these curves with small amplitudes were not 
analyzed quantitatively. 

(b) Dipicolinic acid 
(i) Equilibrium d&u. To determine the equilibrium 

constant for the formation of the complex between the 
ferric and dipicolinate ions, FeD’, absorbances were 
measured at 350, 345, 340 and 335nm over the tem- 
perature range 25-WC, for a series of solutions in which 
[H’] varied between 0.04 and l.OOM, [Fe3’]- between 
lOa and 4~ 10e3M, and [H2D] between 5 x lo-’ and 
8 x IO-‘hf. The ionic strength was kept constant at l.OM 
with NaC104. 

Excellent linear plots of C&/AA vs C~‘/C$ (Fii. 2) 
were obtained at 25°C for the concentrations under in- 
vestigation, indicating the formation of FeD*. The 
rigorous analysis showed that the experimental data over 
the temperature range studied could be rationalized by 
considering only the FeD’ complex; the values obtained 
for K, * KIa are given in Table 3. 

The large formation constant for FeD+ could be 
measured with far greater precision than that for 
FeHL”. Consequently, the value of AH“= 
3.4 2 0.6 kcal mole-‘, was also much more accurate than 
the enthalpy for the corresponding picolinate complex. 

(ii) Kinetic data. The complexation reaction with 
dipicolinic acid may be represented as follows: 

Fe3+ + H2D 2 FeD’ + 2H’ (28) 
k-1 

FeOH*+ + H2D z2 FeD’ t H’ t Hz0 

Fe3+ t HD-:3 FeD+ t H’ 

FeOH*+ t HD-2 FeD’ t H20. 
k-4 

(29 

(30) 

(31) 

Stopped flow experiments were conducted for 1.0~ 
C;; > 0.625M; 1.0 x lo-’ > c; > 0.5 x lo-3M, and 

I .f 

0 l.OH mo-‘Y 

0.3 0 0.2M l.srlo-‘H 

A 0.6Y 2X10-‘H 

v 0.04Y 5110-‘M 

0 0.04M Inlo-‘N 

0.1 
0 0.5 1.0 1.5 

c:‘/c: (xlo-‘M) 

Fig. 2. Absorbance data for iron(III)dipicolinic acid complex 
formation, plotted according to eqn (12) with CA* dependence 

(jI = LOM). 

Table 2. Forward, &&’ s-l) and reverse, k,,(s-‘) rate constants calculated from eqn (21) at 25°C p = 2.67M for 
different acidities 

c; W 1.000 0.875 0.750 0.625 

k f fJ+A') 29 f 5 21 f 10 24 i 6 22 f 10 

kb (5-l) 5.3 f .0 5.6 f 1 6.6 i .8 7.6 f .6 

ki = kfC& (5-l): 10.4 6.6 6.4 4.9 

Table 3. Formation constants for FeD+ at various temperatures, p = l.OM 

T’C : 25 35 50 65 60 

K~.Q,(H) : 227i6 276t5 326*10 443*8 560*36 

pxA1 = 2.05 i 0.1 ; pKu = 4.47 f .05 (at 25-C) 

kyl,, = IF~+lC~+12/C~2~l~~~3*l 
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0.015 > CA > LOX lo-‘M. In all cases only single 
exponential curves were observed with r values ranging 
between 0.8 and 5 sec. Table 4 gives values for the 
observed forward and reverse rate constants, which 
show that &, varies inversely with hydrogen ion concen- 
tration indicating a contribution from paths 2 and 3 (eqns 
29 and 30) to path 1 (eqn 28). Of these two, 2 is the more 
likely since [FeOH*+] and [HL-] will be similar but the 
hydroxylated species is very much more reactive to 
l&and substitution than is the hexaquoiron(II1) ion. Thus, 

kr = k, + kzKJC;: (32) 

from which k, and k2 are estimated to be 34K’ s-’ and 

1.5 X 104&f-‘s-l, respectively, using a value of 1.47X 
10T3M for Kw.12 The kb values increase with increasing 
hydrogen ion concentration which suggest that paths I,2 
and 3 contribute to the reverse process. The error in k,, 
values is, however, too large for any reliable estimates of 
the individual rate constants to be made. In the case of 
dipicolinic acid the agreement between the experimental 
and calculated values of k,, is quite reasonable. 

DIscussION 
A compilation of various data for the dissociation 

constants of the two acids (Table 5) shows that the 
measurements in this work are in good agreement with 
the literature values. The proton independent formation 

Table 4. Forward, &&W-’ s-‘) and reverse, k&(s-‘), rate constants calculated from eqn (21) at 25”C, p = l.OM, for 
ditlerent acidities 

c;; (M) : 1.000 0.875 0.750 0.625 

k t (WV) : 53.1 f 1.0 59.6 . t 2.7 65.3 * 2.6 66.2 f 7.3 

kb (5-l) : 0.209 i .014 0.171 f .013 0.109 f .013 0.099 f .036 

Ai * $CH2/d[l (i'): 0.231 0.196 0.160 0.112 

Table 5. Comparison of pK values for picolinic and dipicolmic acids in aqueous solutions 

A. Plcollnlc Acid 

Ionic 1 
strangth (Ty whod* bl (kczLl., pQ2 Ref. 

0 25 gl.ul 1.01 t .02 0.52 f .07 5.32 22.23 

0.1~ N&10, 25 gl 1.03t.05 - 5.30 f .Ol 24 

0.5~ N&10, 25 gl 0.66 f .02 5.17 f .Ol 25 

0.5~ NeClO, 25 tp 1.43 f .03 - 4.66 f .02 6 

2.67~ WO,, 25 sp. 1 1.07 f .03 1.5 f .7 - This lmrk 

8. Olplcollnic Acid 

Ionic 
Strength pIA1 

Al? 
kcaljl?lolr Ref. 

0 20 9’ 

0 20 SP 

0 25 SP 

0 25 91 

0.1~ NaN03 20 91 

0.5H KNo3 20 91 

0.5~ NaClO,, 25 SP 

0.5~ NaC104 25 91 

0.W NaC104 25 glscal 

1.W NaCIOq 25 91 

1.W NaClO, 25 SP 

1.w N&lo4 25 91 

2.24 

2.23 

2.22 

2.29 

2.10 

2.27 

2.15 t .03 

2.092 f .OM 

2.00 f .02 

2.18 

2.05 f 0.1 

* 5.07 

5.10 - 

_ 5.22 - 

_ 5.14 - 

- 4.66 _ 

4.55 _ 

4.32 f .02 - 

_ 4.532i.m - 

1.1 4.50 f .Ol -0.2 

4.62 

4.60 6tl 

_ 4.47 t .05 - 

26 

26 

27 

27 

26 

26 

7 

29 

30 

31 

31 

This work 

l 91: glass electrode; sp: spectrophotometry; cal: calorimetry; 
T: temperature variation 
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constants, &, calculated from the tabulated pK, are: 
log 13, = 1.52?0.05 (MHL) and logp ~4.5 (ML) for 
iron(II1) picolinic acid at 25”C, p = 2.67M; and log B1 = 
8.8820.17 (MD) for iron(II1) dipicolinic acid at 25X!, 
CL = l.OM. No data have been found for comparison with 
the picolinic acid values but the formation constant for 
FeD’ has been quoted as log #I1 = 10.91 at 2O”C, p = 
0.1 M? The discrepancy between the latter value and one 
found in the present work is quite large. The ionic 
strength is not the same, but it is not possible to say if 
the difference is due to this parameter alone. 

In this study the protonated form of dipicolinic acid 
(H,D’) has been ignored; since log@ = - l.07*u no 
sign&ant amounts of H,D+ should form except at very 
high acid concentrations ([H'l > 2M). Omitting this 
species from the analysis is further justified, because the 
data could be described over a wide range of [H’] 
values. 

The kinetic experiments gave rise to single exponen- 
tials which is consistent with the formation of a single 
complex. The amplitudes (AV,) of these exponentials 
yielded similar stoichiometries and equilibrium constants 
to those evaluated from the equilibrium absorbance 
measurements. Thus, this work is internally consistent. 
The rate constants evaluated from the kinetic data con- 
form very well to those expected for the rates of sub- 
stitution of bound water in the coordination spheres of 
Fe3+ and FeOH2’. The water exchange rates, kH1o, for 
these ions, have been measured by NMR and were found 
to be 160 and 1.4 x 10’ s-‘, respectively?2 Values for the 
exchange rates of various 0 and l- charged ligands, 
tabulated in Refs. [32,33], fall in the range 1.2-15OOs-’ 
for Fe3’ and 0.1-5 x 10’s_’ for FeOH2’. The behavior of 
dipicolinic acid with FeOH*+ is intermediate between 
that of a 0 and l- ligand. This is quite reasonable since 
uncharged dipicolinic acid may exist in a zwitterionic 
form. In this case the ligand penetration will begin from 
the dissociated carboxylic group and the true charge seen 
by the metal will be between 0 and - 1. The range of 
values of Fe3’ is very large, and a dependence upon the 
basicity of the ligand has been demonstrated for the 
series chloro-, dichloro-, trichloroacetate anions.” These 
observations suggest an associative mechanism for sub- 
stitution at Fe’+. The majority of ligands not having a 
particularly high basicity give values for the ligand-water 
exchange rate in the range 1.2-120 s-‘. 

The comparison between the solution properties of the 
two acids and their interactions with metal (hydrous) 
oxides’“*” can only be made in a qualitative manner. 
Dipicolinic acid is a stronger acid which binds iron(III) in 
solution more strongly than picolinic acid. Since the two 
acid molecules have similar structures, it is expected that 
dipicolinic acid could leach iron(II1) from its oxides more 
rapidly than picolinic acid. 

Finally, it is worthwhile noting that the measured 
enthalpy of complexation of iron@) by picolinic acid is 
low and so it is to be expected that the interactions with 
metal oxides will be of similar nature at higher tem- 
peratures, as long as the surface of the solids does not 
change appreciably. The formation of FeD’ has a 
moderate positive enthalpy change associated with it and 

this implies that the rate of dissolution of haematite by 
dipicolinic acid may increase with temperature. 

Acknowledgement-The authors appreciate useful comments 
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Abstract-Data for the resolution of americium from europium and terbium using 2,2’-diaminodiethylether- 
N,N,N’,N’-tetraacetate and lJ_diaminopentane-N~~‘~‘-tetraacetate are reported along with values of the 
formation constants of the La-Lu and Y chelates of the latter. It is shown that the minimum single-stage separation 
factor for Am3+ from Ldc cations, using 22’diaminodiethylether-N,N,N’,-N’-tetraacetate with Dowex SO resin, 
exceeds 1.7 for all Am-Ln pairs, and runs as high as 350 in the case of Am)+, La’+. The minimum of 1.7 occurs at 
Eu3+ in the lanthanon seouence. A novel seoaration of Am’+, Cm3+ and heavier actinons from each other and from 
all the lanthanons and ytkum appears to be feasible. 

INTRODUCTION 

The partitioning of americium and curium from the 
fission products has been regarded by numerous authors 
as being advantageous in minimizing the long-term 
hazards associated with the geological disposal of 
nuclear waste.13 Unfortunately, the isolation of these 
actinides is complicated by the presence of large quan- 
tities of the chemically similar lanthanide elements in the 
fission-product mixture. All known separation techniques 
for segregating Am and Cm from the lanthanides have 
proven deficient in some manner. The TRAMEX 
process, which exploits the preferential amine extraction 
of anionic actinide chloride complexes, requires the use 
of large quantities of highly corrosive chloride salt solu- 
tions (10 hj LiCl)? Attempts at the use of analogous 
systems, which substitute thiocyanate for chloride, suffer 
from the instability of SCN- in the presence of alpha 
radiation.4 At present, the most effective Am, Cm-Ln 
separation processes utilize diethylenetriaminepen- 
taacetic acid (DTPA) anions to preferentially complex 
the actinides. These systems suffer from the very high 
stability of the DTPA-metal complexes, which produces 
slow exchange rates in ion-exchange and Talspeak-type 
solventextraction systems.’ 

Most of the known reagents for Am, Cm-Ln separa- 
tions share the common trait of forming their strongest 
lanthanide complexes with cations in the mid-lanthanon 
range. The necessity of a Ln stability constant maximum 
in this position can be divined from a consideration of 
the bonding characteristics of the lanthanide and actinide 
complexes. Since electrostatic interactions dominate the 
bonding in these complexes, and the charge of the 
cations in question is equal (+3), the paramount factor in 
determining the relative stability of the complexes for- 
med by the Lns and Am and Cm, is the cationic radius. 
On this basis the difficulty of Ln-Am, Cm separation is 
apparent in the fact that Am and Cm have radii 
equivalent to Nd and Pm, and are, consequently, inter- 
spersed in the lanthanide sequence by reagents whose Ln 
complex stability constants steadily increase from La to 
Lu (e.g. hydroxycarboxylic acids). 

*Author to whom correspondence should be addressed. 

Fortunately another more exploitable trend emerges 
from a comparison of the chemistry of the lanthanides 
and actinides. It has been observed6 that for most ligands 
the trivalent An cations form more stable complexes 
than do Ln cations of the same radius. This phenomenon 
has long been attributed to increased covalence of the Sf 
actinide orbitals, but the continuation of the comparison 
to Er and Y of similar radius indicates that the effect 
may be a result of the increasing nuclear charge of the 
three series (Y < Ln < An). No matter what the origin of 
the excess stability seen in the An complexes, the result 
of its existence is that one would expect the most 
effective Ln-Am, Cm separation agent to form its 
strongest lanthanide complexes with Nd or Pm. A stabil- 
ity constant maximum in this position would allow the 
entire magnitude of the An “excess stability” to be 
reflected in the Ln-Am, Cm separation factors. 

The problem of Ln-Am, Cm separation now becomes 
one of designing a ligand which exhibits a Ln maximum 
in the correct position, and maximizes the “excess 
stability” experienced by the An’s. The few ligands 
which display relative maxima in the mid-lanthanon 
range appear to do so as a result of a decrease in dentate 
character which occurs in the lanthanide complexes of 
some multidentate ligands? 

This paper examines the ion-exchange elution behavior 
and Ln complex chemistry of two ligands, 2,2’diamino- 
diethylether-N,N,N’,N’-tetraacetic acid (EEDTA) and 
1,5diaminopentane-N,N,N’,N’-tetraacetic acid 
(PMDTA), in hope of distinguishing the structural 
moieties necessary in producing an effective Ln-Am, Cm 
separation agent. 

EXPERIMENTAL 

2,2' - Duminodiethylether - N,N,N’,N’ - tetraacetic acid 
This reagent was Drepared from 22’dichlorodiethylether (Al- 

drich) via-the met&l-of Yashunskii et a/.@) The- anhydrks 
EEDTA exhibited a formula weieht of 334 (theoretical 336). Calc 
for C12H&~: C, 42.9, H, 6.0, l?, 8.3. Found: C, 43.0, H, b.1, N, 
8.3% 

1J - Diaminopentane - N,N,N’,N’ - tetraacetic acid 
Twenty-five g of 1 Jdiaminopentane (Aldrich) was dissolved in 

1OOml of water. To this solution 115 g of chloroacetic acid 
(Aldrich), which had been dissolved in 1OOml of water, cooled, 
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and neutralized with NaOH, were added. The resulting mixture 
was warmed to 4O”C, and maintained at pH 10 by timely ad- 
ditions of 10 M NaOH. Over a 24 hr period, 122 ml of base were 
added in this fashion. The reaction mixture was diluted to 2, 1 
and loaded on five, (1” X4’), -40 t50 mesh, hydrogen-form. 
Dowex 50 cation-exchange columns. The resulii& HCi and un: 
reacted chloroacetic acid were Rushed from the system with 
distilled water. A lightcoloured, easily discernible band of 
PMDTA formed, and was displaced from the resin bed by elution 
with 0.2M NH,OH. The acidic fractions of the eluate were 
collected, evaporated to a hard glass, and recrystallized from 
water. The resulting white powder (59g) was characterized by 
equivalent weight and C, H, N analyses, and determined to be 
PMDTA.H,O. Calculated for &H&1209: C, 44.3; H, 6.88; N, 
7.95. Found: C, 44.2: H, 6.99; N, 7.95%. The anhydrous PMDTA 
was obtained by drying overnight at 108°C. Calc for CIJHnN20s: 
C, 46.7; H, 6.65; H, 8.38. Found: C, 45.6; H, 6.78; N, 8.17%. 

Reagents 
Lanthanide nitrates. Solutions of approximately 0.1 M in Ln 

(NO& were made by dilution of stock solutions previously 
prepared from the corresponding oxides (greater than 99.9% 
purity) using the method described by Adolphson? 

Lanthanide tracers. Solutions of U’Am(NOI),, ‘s5Eu(NO& and 
‘@TbCI, were purchased from New England Nuclear and diluted 
to provide convenient activities. 

Cation elution experbnents 
The Ln-An selectivities of EEDTA and PMDTA were in- 

vestigated by elution of U’Am, ‘“Eu and ‘@lb mixtures from a 
2-mmx500-mm, cation-exchange column (Dowex 50W-8, 20& 
4OOmesh). The eluents were prepared by dissolution of the 
respective purified aminocarboxylic acids followed by pH ad- 
justment with NH,OH. The eluents were also made 0.1 M in 
NI-L,CIO, to insure a constant ionic strength. The effluent from 
the elution experiments was collected and counted by means of a 
Ge-Li detector. The discrete gamma energies used were: 59.5 
KEV (U’Am), 105.3 KEV (‘5sEu) and 298.6 KEV (I%). The 
flow rate utilized was 2 drops per min (37 drops per ml). 

Protonation constants of the PMDTA anion 
The PMDTA anion protonation constants were obtained from 

pH, measurements on a series of independently prepared 
PMDTA solutions, each containing a different amount of KOH 
or HNOX, and enough KNO, to adjust the ionic strength to 0.1 &I. 
The resulting values of the protonation constants are shown in 
Table 1. 

Lunthanide-PMDTA stability constants 
The stability constants for the ML- (,!?, = [ML]/[M][L]) and 

MHL (Bu = IMHLlIIMlIHL-1) comnlexes formed bv the various 
la&&&s and y&u& were determined potentiometrically at 
25.OC and 0.1 M ionic strength (KN03. These values were 
calculated from pH, measurements on a series of independently 

prepared solutions of PMDTA, M(NO&, KN03 and KOH. The 
nonlinear calculation method which was employed, has been 
described in detail elsewhere.” The results of these calculations 
are shown in Table 2. 

EEDTA eiutions 
DISCUSSION 

Although the similarities between the lanthanide com- 
plex stability curves of DTPA and EEDTA have been 
recognized for some time” no attempt has been made to 
utilize EEDTA as a Ln-An separations agent. It had 
been shown previously that the maximum Ln-EEDTA 
complex stabilities occur at Eu and Tb, and that these 
were the leading elements in the lanthanide elution 
sequence.” In view of these results the elution chroma- 
togram illustrated in Fig. 1 is quite encouraging. The 
desired elution order of Am, Tb and Eu is observed 
implying that EEDTA can indeed be used to separate 
Am from the entire lanthanide family. The equivalence 
of the Tb and Eu-EEDTA complex stabilities is again 
confirmed by the near coincidence of their elution peaks. 
By employing the Am-Tb separation factor calculated 
from the chromatogram (1.71) and the EEDTA stability 
constants reported in Ref. 12, the separation factor be- 
tween americium and each of the lanthanides was cal- 
culated. These values appear in Table 3 along with the 
separation factors observed for DTPA cation-exchange 
systems at 70-WC,*4~‘5 and values calculated from the 
DTPA stability constants reported previously.‘6S’7 The 
average separation factor actually measured for DTPA at 
25°C is 2.35.” The at: values in parenthesis are nor- 
malized to this value and are probably more reliable than 
those calculated from the absolute magnitude of the 
Am-DTPA stability constant. 

As seen in Table 3, EEDTA, like DTPA, exhibits 
excellent separation factors between Am and the light 
lanthanides. In the heavy lanthanide range EEDTA 
attains separation factors greater than 2.0 for the entire 
group from Dy to Lu. This behavior is clearly superior to 
that of DTPA which achieves a heavy-rare-earth separa- 
tion factor of this magnitude only at Lu. It is clear that 
by exhibiting a minimum Am-Ln separation factor of 
1.7, EEDTA promises to be a ligand of great utility in 
nuclear waste processing. 

In addition to favorable separation factors, EEDTA 
has other attributes which may encourage its use. The 
acid form of EEDTA is quite soluble in water, allowing 
the use of hydrogen ion as a retaining ion in a displace- 
ment cation-exchange system. As evidenced by its isola- 

Table 1. 

aN = [~Ll/[81N[Ll a 
pK, Values 

This Work Ref. 10 

Ol - 0.157 x loll 2.02% log [HLlICHlCIj = IO.20 10.58 

20 
"2 - 0.350 x 10 1.32% log cH2Ll/cHl[HLI = 9.35 9.50 

=3 - 0.180 x 1O23 2.32% log [H3~]/[~l[~2~] - 2.71 2.7 

O4 - 0.311 x 1oz5 2.65% log CH~LII[HICH~LI - 2.24 2.2 



Selectivity of some aminocarboxylates 219 

Table 2. Stability constants of rare earth PMDTA &elate species (25”; Z = 0.1) 

n % h3 BH Sl log 61 

Y .663 x lo7 6.8Za .22? x 1011 10.36’ 

La .123 x lo7 6.09 .910 x log 8.96 

Ce .218 x 10’ 6.34 .321 x 1O1’ 9.51 

PK .282 x 10’ 6.45 .510 x 1010 9.71 

Nd .334 x lo7 6.52 .588 x lO1’ 9.77 

Pm 

Sm .462 x lo7 6.66 .149 x 1011 10.17 

Eu .496 I 10 6.70 .166 x 1011 10.22 

Gd .611 x lo7 6.79 .232 x 1011 10.37 

Tb .??l x 10’ 6.89 .344 x 1011 10.53 

w .960 x lo7 6.98 .560 x 1011 10.75 

Ho .I15 x IO8 7.06 .678 x 1011 10.83 

Er .13? x lo8 7.14 .106 x 101’ 11.03 

lin .1?2 x lo8 7.24 .I54 x 1012 11.19 

Yb .207 x lo8 7.32 -213 x 101’ 11.33 

LU .214 x 10’ 7.33 .231 x 101’ 11.36 

%alues are estimated to be reliable to +.05. 

Table 3. a&’ for EEDTA and DTPA 

I! EELTA 25’ DTPA 25’ DTPA 700-86 

Ls 349.14 

Cr 

PK 

Nd 

Pm 

Sm 

Eu 

Gd 

Yb 

4r 

HO 

Er 

Tm 

Yb 

Lu 

71.28 

15.24 

7.46 

2.25 

1.71 (mePawed 1.78) 

2.59 

1.71 (measured) 

2.15 

2.59 

3.57 

5.16 

4.93 

6.21 

(1907.75) 2630.26 1202.0 

(269.48) 371.54 

(49.04) 67.61 

(14.47) 19.95 

(2.63) 3.63 

(2.35) 3.24 

(1.99) 2.75 

(1.12) I.55 

(0.870) 1.20 

(0.957) 1.32 

(1.052) 1.45 

(1.095) 1.51 

(1.385) 1.91 

(2.089) 2.88 

162.0 

40.74 

13.80 

6.46 

3.02 

2.04 

2.00 

less than 
1.00 

at 70% 
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Fig. 1. Cation-exchange elution of a ‘“Eu-‘@t’t+~‘Am mixture 
using an EEDTA solution. 

tion after synthesis, EEDTA is protonated and sorbed by 
a hydrogen-form cation exchanger. This phenomenon 
will cause the formation of a sorbed EEDTA band 
immediately ahead of the Am band in a displacement 
system with H’-cycle resin and will permit a convenient 
recovery and reuse of the ligand. Finally, the ten thous- 
and-fold decrease in the magnitude of the stability con- 
stants of EEDTA, relative to DTPA, should translate 
into improved exchange kinetics for both ion-exchange 
and Talspeak-type, solvent-extraction methods which 
could be developed with EEDTA. 

PMDTA investigations 
The successful separation of Am from the lanthanides 

in the EEDTA cation-exchange experiments prompted 
an attempt to discover which structural properties 
common to EEDTA and DTPA were responsible for 
their peculiar selectivity. It was conjectured that the 
decline of the EEDTA and DTPA stability constant 
values for the heavy lanthanons (Tb or Dy-Lu) was 
essential to their preference for Am and Cm relative to 
all lanthanons and that this phenomenon was related to 
the gradual detachment of a ligand chelating group as the 
lanthanide radius decreased for steric reasons. Two pos- 
sibilities for the failing chelating group are evident in a 
structural comparison of EEDTA and DTPA. Both 
ligands consist of two terminal iminodiacetate groups 
connected by a five-membered chain. It is possible that 
this particular chain length between the terminal nitrogen 
atoms is such that the coordination of one of the terminal 
carboxylates is compromised and gradually fails due to 
steric constraints resulting from the decreasing lan- 
thanide radius. A second possible explanation of the 
decreasing heavy lanthanide stability constants would 
predict a gradual failure of the coordination of the 
EEDTA ether-oxygen atom and the corresponding 
failure of the DTPA mid-chain nitrogen atom or car- 
boxylate group. An investigation into the Ln, An elution 
behavior and Ln complex stability constants of the 
PMDTA ligand was conducted to examine the im- 
portance of the mid-chain chelating moiety in producing 
Ln-An selectivity. 

From the outset it was apparent that the behaviour of 

the PMDTA ligand was remarkably different than that of 
EEDTA. Preliminary ion-exchange experiments revealed 
that elutions with thirty column volumes of 0.02M 
PMDTA solutions at pH’s of 3.0 (optimum for EEDTA), 
4.0, or 4.8 were insufficient to remove the Am, Eu and Tb 
tracers from the resin bed. An acceptable chromatogram 
was obtained only after the PMDTA concentration was 
increased to 0.04M and the pH was increased to 5.1. 
These more severe conditions were indicative of the 
significant differences observed in the magnitude of the 
PMDTA and EEDTA protonation and lanthanide com- 
plex stability constants. 

The PMDTA chromatogram depicted in Fig. 2 also 
revealed substantial differences in the PMDTA and 
EEDTA elution orders for the lanthanide and actinide 
tracers. Unlike EEDTA which eluted Am well ahead of a 
poorly separated Eu-Tb mixture, PMDTA eluted Tb first 
followed by an unresolved Am-Eu peak. The relative 
positions of these peaks showed that the PMDTA-Ln 
chelate system does not possess the decline in stability 
across the heavy lanthanons needed to allow the elution 
of Am ahead of Tb. 

The values determined for the Ln stability constants of 
the protonated and unprotonated complexes confirmed 
the behaviour observed in the elution experiments. In both 
cases the stability constant sequence increases continu- 
ously across the entire lanthanide family. The complete 
reversal of the decreasing trend exhibited by the DTPA- 
Ln and EEDTA-Ln chelates in the heavy lanthanon 
region underscores the importance of the mid-chain 
chelating moiety which PMDTA lacks. Further com- 
parisons are evident in Fig. 3, which displays the plots of 
logp, vs lanthanide cationic radius for DTPA16, 
EEDTA”, 1,6 - diaminohexane - N,N,N’,N’ - tetraacetic 
acid (HMDTA)“, diethylenetriamine-N’-propanoic- 
N,N’,N”,N”-tetraacetic acid (DTPTA)19, and PMDTA; 
and the log& values for N-methyliminodiacetic acid 
(MIDA)“. The most striking feature of this graph is the 
lo’-fold decrease in jzl, value directly attributable to the 
replacement of the ether oxygen atom in EEDTA with a 
methylene group (PMDTA). The stability constants of 
PMDTA bear little resemblance to those of DTPA and 
EEDTA, and instead parallel the values exhibited by 
HMDTA and MIDA. It is evident from this phenomenon 

Fig. 2. Cation-exchange elution of a ‘5JEu-‘@lb3’Am mixture 
using a PMDTA solution. 
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Fig. 3. Stability constants of the laathanide chelates formed by 
several aminocarboxylates. 

that the two additional five-membered chelate rings 
formed by the mid-chain chelating group are essential to 
the high stability and actinide selectivity shown by 
EEDTA and DTPA. Unfortunately, it is still impossible 
to determine the exact role played by this group in the 
decrease in complex stability displayed in the heavy 
lanthanides. Molecular models show that chelation of the 
mid-chain group introduces considerable strain in the 
coordination of the iminodiacetate groups, but the 
present data do not offer conclusive evidence as to which 
group fails as the cationic radius decreases. 

The literature contains only two other citings which 
offer further evidence in deciphering the mode of chela- 
tion in these ligands. In 1979, Choppin, Baisden and 
Khan” published ‘H and “C NMR spectra for the 
DTPA complexes of La and Lu. They concluded that the 
middle carboxylate group was unbound, implying hep- 
tadentate coordination of the metal cation by three 
nitrogen atoms and an average of four carboxylate 
groups. If one accepts this view, however, it becomes 
difficult to rationalize the 104-fold increase in /3, values 
of DTPA over those of EEDTA. The only other in- 
dication of the chelation mode of these aminocarboxyl- 
ates appears in the stability constants reported for 
DTPTA.19 This ligand has a structure equivalent to 
DTPA with one of the terminal acetate groups replaced 
by propanoate. Surprisingly, this minor change (one- 
CH2-unit) reduced the stabilities of the lanthanide com- 
plexes to positions below those of EEDTA (i.e. ap- 

proximately a factor of ld below those of DTPA). The 
decline in chelate stability observed in the heavy lan- 
thanon region for EEDTA and DTPA chelates seems to 
be retained in the case of DTPTA, although the pub 
lished data in this region are poor. If one assumes that 
the remarkable decrease in the overall magnitude of the 
DTPTA stability constants, relative to the DTPA series, 
is due to the failure of the propanoate group to bond, the 
retention of the decreasing trend in the heavy lanthanon 
region might well be indicative of a gradual failure of the 
mid-chain donor atom to coordinate. 
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NEW MIXED HETEROPOLYTUNGSTATES CONTAINING 
Ge(IV) OR Sn(IV) 
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Abstract-New mixed heteropolyanions with formulae XZWIIOss(OH)m-[X = Si, Ge, B, As(V), Ga, Co(E), Zn; 
Z = Ge(IV), Sn(IV)] and X~ZW1r06r(0H)‘-[X’ = As(V), P(V); Z = Ge(IV), Sn(IV)] were prepared. Crystal systems 
of the potassium salts were determined. The stability range of the anions is given in terms of the pH. The acids 
corresponding to the salts were obtained and their neutralization studied. Spectroscopic and polarographic reduction 
studies are reported. 

INTRODUCTION 

In the recent research developments in the field of 
molybdo- and tungsto-heteropolyanions an important 
step has been taken in proving that unsaturated hpat of 
composition XW,,S or XMor, and XlW,, or X;Mo17react 
rapidly with transition metals Z to give anions of the 
XZW,, or XZMo,, and X;ZW,, or X;ZMo,, series’. 

The anions XWll and X;W,, have been described as 
unsaturated or incomplete hpa, in which one of the 
twelve (or eighteen) octahedral W atoms is missing’. 
These unsaturated hpa result from the controlled base 
attack of the complete anions XW,, (and X;W,,); most 
of the hpa XWll can also be prepared by direct methods. 
The rapid reaction between a metallic element and an 
unsaturated hpa has been used in the prepation of mixed 
hpa XZWI,, where a transition metal occupies the empty 
octahedral sitez3”*’ and more recently in the preparation 
of mixed hpa where another element (Al”‘, Ga”‘, In”’ or 
Tin’) completes the unsaturated anionb. 

This paper gives the results of the preparation of 
mixed hpa XZW,, and X;ZW,, where Z is germanium 
(IV) or tin (IV). Germanium cannot be added to un- 
saturated hpa as Ge”; in this oxidation state this element 
is oxidized instantaneously by the W atoms. An in- 
vestigation on hpa containing tin (II) is in progress. 

Starting material 

EXPERIMENTAL 

The commercial oxide GeOr used in this work is the hexagonal 
“soluble” variety, which is very reactive. Ge@ is dissolved in 
concentrated base. The pH of the solution is adjusted to approx. 
3 and this solution is- used as Ge’” reagent. A soh&n of 
SnCl.+SHrO is the starting material of Sn’“. The unsaturated hpa 
XW,, to which the Gew or Sn’” elements are going to be added, 
are prepared according to the methods described by ZonnevijlIe6. 
The mixed hna (CoCoW,, and ZnZnW,,) used in the urenarations 
involving the exchange reaction, are obtained with the-methods 
elaborated by Bauchet et al.’ and Baker er ~1.~“. 

General method 

An excess of Gew or Snrv is added to solutions or suspensions 
of the potassium salts of unsaturated hpa, previously heated to 
6&7O“C. In the case of Sn* the pH of the final solution is 
adjusted to 4 with potassium bicarbonate. The excess of the 

reagent is filtered off and on cooling the potassium salt of the 
mixed hpa separates from the solution as long transparent 
needles. By adding potassium chloride or a saturated solution of 
potassium acetate in methanol to the reagent mixture, pre- 
cipitation of the potassium salt is almost complete. The yield after 
recrystahisation is near go%. 

This method is applicable in the preparation of SiGeW,,, 
GeGeWI1, SiSnW,,, GeSnWr,, P2SnWr7, PaGeWrr, AsrSnW17 
and AsaGeWr7. 

The potassium salts of the anions BGeW,,, BSnW,r, GaGeWr, 
and GaSnWrr are obtained by applying the general method but at 
less elevated temperatures (m). They separate after several 
days on cooling (Y’C) when treating the reagent mixture with a 
saturated solution of potassium acetate in methanol or ethanol. 

Spectral studies and conductivity measurements made during 
the addition reaction show clearly the formation of the com- 
plexes in the ratio Z/XWt, = 1 (Figs. 1 and 2). 

Since the unsaturated hpa corresponding to the complexes 
Co”GeWu and ZnGeWtt cannot be obtained because of their 
instability, we applied the exchange method to prepare these 
complexes starting from the mixed hpa containing an element in 
the oxidation state II in the octahedral site (CoCoWr, and 
ZnZnWlr in this case). The reaction is the following: 

xz”w,,o&~- t Z’v~xz’~w,,040H~-*’ t Z”. 

The higher the oxidation state of the element Z’, the more 
complete is the substitution of the divalent element. For the 
elements Ge(IV) and Sn(IV) this reaction is quantitative in a 
limited pH range. For the preparation of the complexes CoGeW,, 
and ZnGeW,, the general method outlined above is followed, 
only the pH of the mixtures is adjusted to 2.5 to obtain a 
quantitative reaction. Because of the sohrbiity of these com- 
plexes the yield doesn’t exceed 30%. 

*Author to whom correspondence should be addressed. 
tThe abbreviation hpa stands for heteropolyanion. 
SAs others, we refer to hpa by their symbolic formulae? for 

example SiWll and P2W17 are respectively the anions SiWttOk 
and PxW&-. 

Go’“/ SiWjjOB36 
I I I I 

0.5 1.0 1.5 2.0 

Fig. 1. Conductirnetric study of the formation of the complex 
SiGeWuO&OH)s- (chpa = 5.10-“.M; l/R in arbitrary units). 
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1 

Absorbance 

Fig. 2. Spectrophotometric study of the formation of the com- 
plex GeGeW11039(0H)5- in a buffer solution of pH = 4.5 (chpa = 

5.10-4 M). 

The anion A&WI1 is obtained by adding to a solution of the 
sodium salt of AsW,, (the potassium salt beii unstable) the 
stoichiometric quantity of SnCl.+ .5H20. This mixture is passed on 
a cation - exchanger in the hydrogen form (Amberlite IR-120) to 
obtain the acids corresponding to the salts in the solution. A 
passage on a weak base resin (Amberlite IR-45) eliminates all 
acids but the acid of the polyanion AsSnWII. Addition of a 
solution of potassium bicarbonate to the mixture does not lead to 
a precipitation of the potassium salt of the anion, but an 
evaporation afterwards at room temperature results in the 
deposition of the potassium salt as a transparent amorphous 
material. 

Chemical analyses 
The elements K, W, Ga, Co(II) and Zn were estimated by the 

following classical methods: 
-W and Ga by precipitation with &hydroxyquinoline; 
-Co by biamperometry: oxidation by KJ(Fe(CNM and back- 

titration with a standard cobalt solution; 
-K by precipitation with sodium tetraphenylborate. 

The water content was evaluated by ignition at 600°C. Ger- 
manium and tin were estimated by a new method using the 
fluorescence X technique. This method is described in detail 
elsewhere”. 

Other measurements: for spectral, pH, conductivity, polaro- 
graphic and X-ray studies the instruments already described were 
used”. 

RESULTS 
Analytical results and formulation of the anions 

Chemical analysis of the potassium salts of the new 
anions leads to the formulae indicated in Table 1, show- 

ing a OH- ligand to complete the octahedral coordination 
of Ge(IV) or Sn(IV). 

Crystal systems 
The salts of mixed hpa belong to a limited number of 

crystallographic types, depending on the number of 
cations n, per anion and on their nature’. The crystallo- 
graphic types resulting from X-ray powder diffraction 
studies of the potassium salts of the mixed hpa contain- 
ing Ge(IV) or Sn(IV) are in agreement with the value of 
n, found by chemical analysis. 

Thus the potassium salts of the anions SiGeW,,, 
GeGeW,,, SiSnW,, and GeSnW,, with formula 
K5XZW,,03~OH) belong to the hexagonal system and 
are isomorphous with K,SiW,,O, . 18H203. The potas- 
sium salts of BGeW,,, BSnW,,, GaGeW,, and GaSnW,, 
with general formula K&ZW,,0s9(OH) belong to the 
tetragonal system, QP type, isomorphous with 
K,PW,,O, * 15H203 and the salts of P2SnW,,, P,GeW,,, 
AsSnW,, and As,GeW,, with formula 
K,X,‘ZW,,O&OH) belong to the rhombohedral series. 
The potassium salts of the new anions Co”GeW,, and 
ZnGeW,, with general formula K,XZW,,O,dOH) belong 
to the cubic system (c.f.c. type, space group Fm3m) and 
are isomorphous with K,Co”Co”W,,03,(HzO); the value 
of the lattice parameter (22.2& is greater than the one 
found usually in this crystal system (21.5 f 0.2 A). 

Stability 
The stability of the new mixed hpa is studied in terms 

of the pH by spectrophotometry. The Figs. 3 and 4 sho’w 
the results for GeGeW,, and GeSnW1,. The sharp 
decrease of the absorbance at pH>6 for the first one 
and at pH > 5 for the latter is due to the degradation of 
the hpa, which is confirmed by the appearence of a 
precipitate. The rapid change at pH < 2 agrees with the 
formation of polyacids. This stability in acidic medium 
allows the preparation of the free acids of the new 
anions by cation-exchange; analysis of the resins eluate 
revealed that none of the elements contained in the anion 
was retained on the resin during the preparation of the 
polyacids. 

The results of the potentiometric study (Figs. 5 and 6) 
of the neutralization of the acids are in agreement with 

Table I. Analytical results for the new salts (calculated percentages in parentheses) 

Salt %K %W % Ge or Sn %X 

K5SiSnW,,O39[OH).17H20 6.30~5.901 61.63!61.071 3.50[3.581 

K5SiGeW,,03g[OH).16H20 6.14(6.021 63.02(62.X1 2.22c2.231 

K5GeSnW,,039[0Hl.17H20 6.26f5.631 60.22(60.261 3.4oc3.541 

K5GeGeW1,039~0HI.12H20 6.07f6.071 62.67(62.611 4.54c4.511 

K6ESnW11039(OHI.14H20 7.43c7.151 62.33(61.671 3.58c3.621 

K6BGeW,,039[OHl.15H20 7.56f7.241 61.27[62.361 2.19c2.241 

K4AsSnW,1039~OH1.15H20 4.76c4.771 62.05[61.661 3.76c3.621 

K7P2SnW,706,[0HI.26H20 5.54c5.591 62.93[63.821 2.5Oc2.421 

K7P2GeW,7061~0HI.17H20 5.52c5.661 63.73164.671 1.51~1.501 

K7As2SnW,7061(0H).16H20 5.45c5.501 62.3Or62.761 2.2Ec2.381 

K7As2GeW1706,~0HI.17H20 5.62c5.56) 62.65(63.531 1.44c1.481 

K6GaSnW1,039(0HI.15H20 7.09[7.01) 60.35[60.421 3.45c3.551 2.09[2.061 

K6GaGeW1,03g~0HI.14H20 7.23c7.13) 61.28[61.451 2.05[2.21) 2.13[2.121 

K7CoGeW1~03g(0HI.15H20 8.05(6.18) 61.04(60.451 2.13[2.171 1.75(1.761 

K7ZnGeW,,03g(0H).13H20 8.2Oc8.291 61.60(61.251 2.25[2.201 1.95[1.961 
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Fig. 3. Study of the stability of K~GeGeWllO&OH): absorbance 
in terms of the pH (chpa = 5. lo-’ M). 

E x 10. 

4, 

Fig. 4. Study of the stability of KSGeSnW1&(OH): absorbance 
in terms of the pH (chp = 5.10-‘M). 

PH GeGeW,, 
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Fig. 5. Neutral&ion oi the polyacid H~GeGeW&&OH) 
(c,id = 5.10m3 M). (1) Potentiometric titration in 1M NaN@ as 
background electrolyte. (2) Conductimetric titration. (3) Poten- 
tiometric titration by allowing the mixtures to obtain their equil- 

ibrium (after 2 days). 

2 

I I I I I I II I 
OH- eq. / mole 

I I I ! I I 
0 5 10 15 

Fig. 6. Neutralization of the polyacid H7P&MV,&(OH) 
(C,id = 5. lo-’ M). (1) Potentiometric titration. (2) Potentiometric 
titration in 1M NaNa as background electrolyte. (3) Poten- 
tiometric titration by allowing the mixtures to obtain their equil- 

ibrium (after 2 months). (4) Conductimetric titration. 

those obtained from conductivity measurements: the fist 
equivalence points on titration with base confirm the 
anion charges already given; yet the neutralization of the 
acids of the anions SiSnW,, and GeSnW,, shows the 
presence of one more proton than predicted by the 
charge of the anion; since no change in the acid strength 
is observed in the course of the react&, equivalent 
hydrogens must be neutralized, so these acids are for- 
mulated as follows: Hd(SnW,,O,. 

A second equivalence point is correlated to a complex 
degradation reaction. 

The presence of a background electrolyte destabilizes 
the acids of the hpa containing Sn(IV). The neutraliza- 
tion of these acids in solutions of high ionic strength 
shows equivalence points at 0.5 equivalents of OH- after 
the inllexions found in the absence of background elec- 
trolyte (Figs. 6 and 7). 

The results obtained from the diRerent methods and 
the formulae of the acids derived from them are shown 
in Table 2. 

Spectral study 
All of these new hpa are colorless (except the com- 

pound containing Co(II) in the tetrahedral site); the 
spectral region of interest is to be found in the near UV 

FM. 7. Neutralization of the polyacid &SiSnWllO,s (cd= 
5.10~’ M). (1) Potentiometic titration. (2) Potentiometric titration 
in 1M NaN@ as background electrolyte. (3) Potentiometric 
titration by allowing the mixtures to obtain their equiliirium 

(after 2 months). (4) Conductimetric titration. 
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Table 2. Number of equivalents OH- per mole deduced from the 
first equivalence points observed in the neutralization of the 
acids; the equivalence point for the complete degradation of the 
anions is not mentioned. Potentiometric. measurements. (a) 
Without background electrolyte. (b) In NaNOs 1 M. (c) At equili- 

brium 

Acids Conduct. Potentiomatric results 

results a b c 
_ 

HSSiSnW,,040 6.0 6.1 6.5 6.0 

H5SiGeW,,039(0HI 5.0 4.9 

H6GeSnW,,040 5.9 6.0 6.6 

H5GeGeW,,03g[OH1 5.0 4.9 4.6 

H6BSnW,,03g(0HI 5.9 6.0 6.1 

H6BGeW,,0Sg[0HI 5.9 6.0 5.2 

H4AsSnW,,0Sg[0HI 4.1 

H7P2SnW,706,[0H) 7.0 7.3 a.2 6.5 

H7P2GeW,706,[0HI 6.3 7.1 

H7As2SnW,706,10H) 7.0 7.0 

H7As2GeW,706,(0H) 6.5 /.2 

H6GaGeW,,039(0HI 5.9 6.3 7.5 

H7CoGeW,,03g(0H) 6.9 7.0 

from 210 to 300 nm (Fig. 8). In this range the hpa show a 
charge transfer band; at approx. 250nm appears a 
characteristic maximum, separated from the whole of the 
band for the complete anions (XW,J, but reduced to a 
shoulder for most of the unsatiated hpa. This maximum 
reappears on filling the empty octahedral site by an 
element, all the more separated from the whole as the 
oxidation state of the element is higher. The absorption 
spectra of the hpa do not change very much whatever 
the element X may be. When the hpa are Xz)ZW,, the 
appearance of a shoulder near 300 nm is observed which 

I I 
40 kK 30 

III,,, I I , I 

E x104 

For the anions X,‘ZW,, this splitting up is observed 
over the whole pH range studied here (Fig. 9). In acidic 
medium (pH near 2) the solutions are slowly changing 
and after some days the presence of reduction waves due 
to the complete hpa is observed. 

DISCUSSION 

Fig. 8. UV absorption spectra of (I) KsGeW1l@y. (2) The results show that p* elements can replace one 
K~GeGeW,,O&OH). (3) K5GeSnWl10&OH). (4) K.+GeW120a. tungsten atom in the complete anions XWlz and X;Wls. 

t, PM 1.0 In.1 

I I, , 1 I I I I 1 I I I 1 

2 4 6 2 4 6 

LLl.lu -- 
2 4 6 2 4 6 

Fig. 9. Left. Half wave potentials in terms of the pH of SiSnWl, 
and SiGeW,, in comparison with SiW,,. Right. Half wave poten- 
tills of P2SnW17 and PzGeW17 in comparison with PzWU. chps = 
lo-’ M; c,,uffer = 0.5 M; C NaNq = 0.5 M. n represents the number 
of electrons observed in the reduction process. m represents the 
number of protons participating in the reduction reaction. V, 
represents a reversible reaction; V, a nearly reversible reaction; 

0, a nearly irreversible reaction; 0, an irreversible reaction. 

extends into the visible region, explaining the slightly 
yellow color of the salts. 

Polarographic study 
The reducibility of the new hpa has been studied in 

terms of the pH and has been compared to the reduci- 
bility of the corresponding unsaturated hpa. Generally 
the half wave potentials of the unsaturated hpa are more 
negative than those of the mixed hpa, owing to the higher 
negative charge of the unsaturated hpa. The total number 
of electrons observed in the reduction process does not 
change by filling up the octahedral site in the unsaturated 
hpa with an element like germanium or tin. When the pH 
is raised the first bielectronic wave in the case of the hpa 
XGeW,, is split into two pH independent monoelectronic 
waves associated with a reversible reduction reaction 
and into two reversible waves of which only the lirst one 
is pH independent in the case of the hpa XSnWtI (Fig. 
9). 
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Substitutions by organometallic derivatives of tin@/) 
and germanium(IV) have been reported12” but until 
now no study of the purely inorganic mixed hpa has been 
undertaken. A polarographic study by Salomon-Bertho” 
showed that the reaction of Ge(IV) with the unsaturated 
hpa SiW,, gives the stable anion SiGeW,,. 

Germanium belongs to the elements which are able to 
occupy the octahedral site Z as well as the tetrahedral 
site X in the hpa of symbolic formula XZWI,. Until now 
it is the only non-metallic element for which such a 
behaviour has been observed. 

The mixed hpa of the XZW,, and X;ZW1, type with 
Z = Ge(IV) or Sn(IV) have been isolated as their potas- 
sium salts and as their polyacids for X = Si, Ge, B, 
As(V), Ga, Co(U), Zn and for X’ = As(V), P(V). 

The mixed hpa with X= P(V) (Z=Ge, Sn) and X= 
As(V) (Z = Ge, Sn) have been detected but the occurence 
of secondary reactions at the pH of preparation prevents 
the formation of pure compounds. An indirect method 
has to be found for the preparation of these complexes. 

The study of the acids, of the composition of the salts 
and of their crystallographic type leads to the conclusion 
that in XZWll the anion XW,, acts as a pentadentate 
ligand towards Z(IV), the sixth coordination position 
being occupied by a OH- ligand and to the general 
formulae of the anions: 

where x stands for the oxidation state of the element X 
or X’. 
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Abstract--Total NMR band shape fitting methods have provided accurate energy data for inversion barriers at 
sulphur and selenium in complexes of types cis-[MXsL] (M = Pdn, Ptn; X=CI, Br, I; L = MeS(CH8)2SMe, 
MeS(CHs)sSMe, oQMe)&HsMe, cis-MeSCH=CHSMe) and [PtXMe{MeE(CH&E’Me}] (E = E’ = S or Se and 
E = S, E’ = Se.; X = Cl, Br, I). Barrier energies were found to decrease by 10-12 kI mol-’ in going from aliphatic 
through aromatic to olefinic ligand back-bone. This can be explained in terms of (3p - 2p)r conjugation between 
the inverting centre and the ligand back-bone. The effects of @and ring size, nature of halogen atom and the metal 
oxidation state on the barrier energies are discussed. 

INTRODUCTION 

The use of the NMR technique for studying sulphur 
inversion dates back to 1%6 when Abel et al.’ examined the 
Pt(I1) chelate [PtClz{MeS(CH2)2SMe}]. Shortly afterwards, 
Haake and Turlep examined the effect of truns 
influence on inversion rates in complexes cis and truns- 
[PtCla(SRR’h] (R = Me, Et, Bz). More recently, Cross et 
aL4’ and Hunter ef a/.“’ have studied S, Se and Te 
inversion in a wide range of Pd(I1) and Pt(I1) complexes. 
Energy barriers to inversion were, in most cases, based 
only on coalescence temperature measurements in con- 
trast to our own studies which utilised total band shape 
analysis. This method has been rigorously applied to 
the Pd(I1) and Pt(II) complexes [MX1{ER(CI$,$Me)}z] 

R = CH,SiMep, 
~~&&Jz] (R = H and/or M?k = !?&.13*14 I?! 
terly, however, we have been exar&ng chalcogen in- 
version in Pt(IV) complexes, in particular 
[PtXMe3{MeE(CHz).E’Me}] (E = E’ = S or Se, R = 2,3)” 
and (E = S, E’ = Se, n = 2, 3).16 Since little is known 
about the influence of the oxidation state of platinum on 
the inversion rates of S and Se we have now prepared 
and examined Pt(I1) complexes of general type 
[PtXMe{MeE(CH,hEMe}] (X = Cl, Br, I; E = S, Se, S/Se). 
Furthermore, in order to examine whether the chalcogen 
inversion rates depend on the electronic nature of the 
l&and back-bone, we have prepared the following com- 
plexes with aliphatic, aromatic and olefinic back-bones, 
cis-[MX2L](M = Pd(II), Pt(II); X = Cl, Br, I; L = 
MeS(CH2kSMe, MeS(CHzhSMe, o-(SMe&H3Me and 
cis-MeSCH =CHSMe). Some of the complexes have 
been reported previously4.5*17 but only limited inversion 
studies have been carried out. We report here accurate 
inversion energy data and discuss the major structural 
dependencies of these values. 

EXPERIMENTAL. 

Materi&. The ligands 1,3-bis(methyhhio)propane, 1,2- 
bis(methylthio)ethane and cis+-bis(methyhhio)ethene were 

*Author to whom correspondence should be addressed. 

prepared by previously reported methods.” 3,dBis(methyl- 
&io)toluene~ was prepared by the methylation of toluene-3$ 
dithiol (B.D.H.). 1.2-Bis(methvhhio)benzene was isolated bv the 
methyl&ion of’o-methylthiobenxenk thiol.” 

Preparations of complexes of the above ligands were based on 
standard general methodsI with some improvements. A typical 
preparation was as follows. Potassium tetracMoroplatinate(I1) 
(0.5 mmol) and the lid (l.Ommol) were refluxed in an 
ethanol/water (3:l) mixture for cu. 12 hr. The resulting pre- 
cipitate was filtered, washed with water and ethanol, and further 
purified by recrystallisation from a suitable solvent depending on 
the @and as follows: 3,4-bis(methyhhio)toluene (di- 
chloromethane or chloroform), 1,2-bis(methyhhio)propane 
(acetonitrile), 1,2-bis(methylthio) ethane and l&bis(methyl- 
thio)ethene (Soxhlet extraction using ethanol or dichloromethane 
as solvent). 

The corresponding dibromide and diiodide complexes were 
prepared by relIuxing the dichloride complex with lithium 
bromide or iodide in ethanolic solution. 

The liinds 1,2-bis(methylseleno)ethane (b.p. @PC/8 mmHg) 
and I-methvhhio-2-methvlselenoethane Ibn. 82”C/lO mmHd 
were prepared by literature methods.“*‘6 - 

_I 

[Ch&ro(mcthyl) (~4-lJ-cycloocfudiene)platinum(I~]. (m-p. 
166-167°C) was prepared from [dimethyl(r1,5-cyclo- 
octadiene)platinum(II)].z’ The corresponding bromo- and iodo- 
complexes were obtained by adding excess of the appropriate 
potassium halide to an acetone solution of the chloro compound. 
Immediate precipitation was noted (white-bromide, yellow- 
iodide). After stirring for 1 hr, acetone was removed by rotary 
evaporation. The residue was collected on a frit, washed with 
distilled water followed by pentane and air dried (90-9S’C) to 
give either White [bromo(merhy/) (r)‘lJ-cycle- 
octndiene)pMnum(u)l. m.p. 170_171”C, or yellow [iodo(methyl) 
(~4-l$cyclooctadiene)platin~(II)], m.p. 139-140°C. 

The preparations of the complexes [PtXMe{MeE(CH&E’Me}] 
were very similar, and only a representative method for one of 
the chloride complexes is given. An excess of l-methylthio-2- 
methylselenoc&ne (0.1088g; 0.64 mmol) in chloroform (3 cm3) 
was added to a solution of icMoro(methvl) (n4-15c~clo- 
octadiene)platinum(] (0.2114 g;- 0.599mmoi) in chloroform 
(5cm3). After refluxing for 2 hr the solvent was removed. 
Recrystallisation from dichloromethanelhexane gave 
[chloro(merhyf)(l - methylthio - 2 - methyl- 
selcnoe~hone)pfa~inr(~] as a pale yellow powder (0.141 g; 
57%). 
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Spectra. Al ‘H NMR spectra (with one exception, see later) Mt4tn.m 
were recorded on a JEOL PS/P~-100 spectrometer operating io 
the F.T. mode at 1oOMHx. Compkxes were studied in a variety 

Analytical data for the complexes are collected in 

of solvents (see later). A standard variable temperature unit was 
Tables 1 and 2. 

used to control the probe temperature. Tehperatores were 
recorded immediately before and after runuing the spectra and 

cis-[MX&] complexes 

were measured with a copper-constantan thermocouple with an All these five and six membered ring complexes of 

accuracy of 4°C. Computer simulations of spectra were palladium@) and platinum(H) possess the same basic 
achieved witb a program based on that of Bin~ch.~ geometry and differ only in the ligand back-bone. At 

Table 1. Characterisation of the cis-[MXzL] complexes 

H 

Pt 

Pt 

Pt 

Pt 

Pd 

Pd 

Pd 

L 

M&C2n4S14e 

Ms9C2n29m 

0+w2C6H5Eb 

t4esC~6Sus 

nesC2Ii4Sua 

M%?%a 

o- (SW*) *c6H3Me 

-t - 

A”.ly.i.*/\ 

COlouT u.pr*c C H 

Pale yellor 234 12.20 (12.35) 2.35 (2.60) 

re11cu 242 6.50 (8.40) 1.65 (1.75) 

Yellow 206 (d) 12.25 (12.40) 1.10 (1.10) 

Dark yellow , l@(d) 6.65 (6.4s) I.40 (1.40) 

Yellow 230 25.65 (24.00) 2.50 (2.65) 

ormge-yellow 260(d) 20.30 (20.05) 2.10 (2.20) 

Derk yella 23S(d) 17.35 (17.10) 1.60 (1.90) 

Pe1e yaua 239 14.60 (14.95) 2.95 (3.00) 

Dark yellow 242(d) 15.75 (16.00) 3.45 (3.35) 

Purple 215(d) 10.00 (9.95) 2.00 (2.05) 

Light yellow 192 14.85 (16.05) 2.70 (2.70) 

Dark red 175(d) 10.00 (10.00) 1.65 (1.65) 

ra11ow 240(d) 29.65 (29.80) 5.25 (3.30) 

Duk yellow 210(d) 25.90 (23.95) 2.55 (2.65) 

Purple 19s 19.90 (19.65) 2.05 (2.20) 

Table 2. Characterisation of the ck_[PtXMeLl complexes 

NO. 1 L 

16 

17 MeSC2HdSMe 

18 

19 I 20 

2i 

MeSec2H4SeMe 

22 

23 MeSC2H4SeMe 

24 

Analysis*/% 

C H 

16.00 (16.35) 3.50 (3.55) 

14.95 (14.55) 3.00 (3.15) 

12.90 (13.10) 2.70 (2.85) 

Cl Light orange 144 - 146 12.85 (13.00) 2.80 (2.80) 

Br orange 141 - 142 11.55 (12.20) 2.40 (2.65) 

I Dark orange 137 - 138 10.85 (11.15) 2.20 (2.40) 

” 

Calculated values in parentheses 
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X /\, wkn ./“\, k 
me90 dl 

n (0 

Pii. 1. Diastereoisomers of tic-(k&L] (L = homockalcogeo 
ligaads with allpbetic, aromatic or olefinic backbones) com- 

plexes. 

ambient (Pt complexes) or lower temperatures (Pd com- 
plexes) the ‘H spectra were consistent with the presence 
of two diastereoisomers, meso and DL, generally in 
unequal abundances (Pig. 1) (Table 3). This is suikingly 
apparent in the 36llMHz spectrum of [PdIz{o- 
(SMe&H,Me}] at -70°C (Fig. 2), where isomeric dis- 
tinction is clearly observed in the -We, the -CMe and 
the three aromatic proton signals. 

On warming the complexes in solution the spectra 

change in accord with an increasing rate of suiphur 
inversion such that at higher temperatures (cd. 60°C) 
time-averaged signals for the two isomers were obser- 
ved. These changes were fully consistent with previous 
qualitative studies on certain of these complexes.‘~1s*17 In 
order to evaluate the sulphur inversion barriers ac- 
curately in all the present complexes, we chose to study 
the band shape changes of the methyl and (where ap- 
propriate) olefinic protons. The spectra of 
[PtCl#4eSCH=CHSMe)] may be taken as typical (Fii. 
3). At low temperatures the two oletinic signals for the 
meso and DL isomers (plus 19’Pt satellites) are clearly 
visible as sharp singlets. On raising the temperature, 
coalescence of the signals occurs, which is complete by 
cu. 60°C. Computation of the energy barrier for the 
inversion process was straightforwardly accomplished 
using the static parameters in Table 3 and the authors’ 
version of the standard band shape programZZ for the 
spin problem 

A=B AX=BX 
(meso) @L) (meso) (DL) 

X = ‘9Spt 

66.3% 33.7% 

Table 3. Static psrsmeters used ia the computations of the SMe signals of ci.s[MX2L] complexes 

l- OL (anti) isomer 

:omp1ex 

NO. 
T/-C v*%lr 3 

Jwo/H~ 91 
b ~8a/Hr ‘J(PM)Hz 

b 
P2 

1 54.0 271.7 48.3 0.44 259.6 49.3 1.56 

2 27.0 

3 -11.3 

4 -25.8 

286.9 

287.4 

679.0’ 

296.4 

654.8’ 

5 11.7 

6 -5.5 

-38.6 

-1.9 

1.8 

-10.0 

-32.8 

-74.0 

-36.2 

-60.0 

-70.0 

311.6 

308.6 

505.4 

301.4 

315.2 

312.6 

270.0 

266.4 

282.9 

284.4 

672.4’ 

310.8 

694.0d 

3a4.7 

302.5 

309.2 

307.7 

311.8 

309.4 

51.3 

48.0 

82.5 

51.0 

78.9 

47.1 

46.8 

49.0 

47.9 

48.3 

48.7 

45.4 

0.30 259.3 

0.40 280.8 

0.40 668 .o 

0.47 299.8 

0.46 643.0 

0.39 305.4 

0.39 302.5 

0.47 303.2 

0.47 299.1 

0.50 312.6 

0.50 310.3 

0.49 262.9 

0.50 259.3 

0.36 261.3 

0.23 275.5 

0.23 662.6 

0.32 317.1 

0.32 683.9 

0.41 299.8 

0.41 297.6 

0.43 307.7 

0.43 MS.8 

0.47 317.0 

0.47 314.6 

50.5 

43.6 

77.8 

45.4 

73.0 

45.8 

45.9 

48.7 

47.9 

48.7 

49.2 

48.1 

1.70 

3.60 

0.60 

0.53 

3.54 

0.61 

3.61 

0.53 

0.53 

0.50 

0.50 

0.51 

0.50 

0.64 

0.77 

0.77 

0.68 

0.66 

0.59 

0.59 

0.57 

0.57 

0.53 

0.53 

Shifts measured at 100 k8ir rclacive to Me4Si 

Populations accUT*te to f 0.005 

For 195pt rrte11ice lines 

01efinic protons 

Sli8htly t-r.tm‘e dependent 

Not measured 

T- 
T2’l/S 

0.320 

0.240’ 

0.230 

0.330 

0.330 

0.270 

0.270 

0.4552 

0.382 

0.382 

0.286 

0.20SC 

0.180 

0.340 

0.185 

0.327 

0.360 

0.250 

0.320 

0.509’ 

0.509’ 

” 

n 

0.187’ 

0.187’ 
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6 7 6 5 4 

,Bhm 

2 I 

Fig. 2.360 MHz ‘H spectrum at - 70°C of ~dI~{o-(SMe)&H,Me}] in CD&l, showing isomeric distinction in (a) the 
aromatic, (b) the -SMe and (c) the -CMe regions. In the aromatic region J12 = 7.5 and Jz3 = 2 Hz. 

T/=X k A--’ 

0.001 

&A-- 

5.2 

_A 

8.2 

13.0 

52.5 

-A- 

750 

-A- 

Fii. 3. Experimental and theoretical 100 MHz ‘H spectra of the 
olefinic region of [PtCl, (MeSCH=CHSMe)] showing the effects 

of pyramidal S inversion. 

Activation parameters for the inversion process were 
calculated from the usual Arrhenius and Eyring plots 
(Fig. 4) and are reported in Table 4. The errors quoted 
are standard deviations, those for AG’ being quoted in 
the manner recommended by BinschT3 The energies are, 

in all cases, based on the rate constants k12 for the 
interconversion meso +DL. For the complexes with 
olefinic back-bone [MX2(MeSCH=CHSMe)], the band 
shape changes in both the SMe and -CH=CH- regions 
were computed. The two energies subsequently cal- 
culated were in excellent agreement (Table 4). 

cis-[PtXMeL] complexes 
In the complexes (L = MeS(CH&SMe or 

MeSe(CH&SeMe) the chakogen atoms are centres of 
chirality and thus, in the absence of any internal 
exchange process, two diastereoisomers may exist, one 
with syn chalcogen methyls and the other with anti 
chalcogen methyls (Fig. 5). At low temperatures (cu. 
-60°C) the spectra showed the presence of both isomers 
in solution, the more abundant species being attributed to 
the anti conformation (Table 5). Taking the complex 
[PtClMe{MeS(CH&SMe}] as a representative case, the 
-SMe region exhibited four signals (plus 19’Pt satellites) 
at cu. -50°C whereas the methylene region was predict- 
ably complex. Two PtMe signals (plus 19’Pt satellites) 
were observed at lower frequencies. Chemical shift and 
coupling constant data for this and the other complexes 
have been collected in Table 5. On warming the sample, 
band broadening commenced and by co. 20°C bands had 
coalesced and sharpened again to reveal two averaged 
SMe signals (one each for the SMe groups truns to the 
halogen and methyl groups) and one averaged PtMe 
signal. The methylene region absorption was still very 
complex and was not analysed. On heating the complex 
to its decomposition point, cu. 16O”C, no further spectral 
changes were observed. Throughout this temperature 
range, -60°C to 16o”C, “‘Pt-H coupling was retained, 
confirming the absence of any ligand dissociation. 

In these complexes, in contrast to the complexes 
[PtXz{MeS(CH&3Me}], sulphur pyramidal inversion can 
proceed via two different transition states depending on 
whether the chalcogen truns to methyl (Er) or frans to 
chalcogen (Ez) inverts (Fig. 5). Since there are only two 
chemically distinct species syn and unti, NMR wiR not 
be able to distinguish between these two inversion 
pathways. If, however, the two inversion barrier energies 
are substantially different (see later), the spectra will be 
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-0.6 + \ 

-0.6 

-I .o t\ 
I \ I 

Yll- 
- -I.*/ 
5 

-1.4 1 \ 

t 

\ \ 
-1.6 

-1.6 1 
3.07 3.12 3.17 3.22 3.27 3.32 3.37 

Iti K/T 

Fii. 4. Eyring plot for the olehic band tittiogs of [PtCI, 
(MeSCH=CHSMe)l. 

sensitive only to the lower energy process. Studies on 
[PtX2{MeS(CH&%4e}] demonstrated band coalescences 
at cc. 100°C as a result of independent inversion of each 
sulphur atom. The much lower coalescences (ca. 0°C) in 
the fPtXMe{MeS(CH,),SMe}] complexes imply that the 
spectral changes here are a consequence of inversion at 
sulphur trans to methyl (E, in Fig. 5) and are totally 
insensitive to the (presumably) higher energy inversion 
of the sulphur trans to halogen. Energy barriers for the 

NO. 

- 

1 (CD31 2so 

2 w31p 

3 CO3CN 

J CD3CN 

S CDCl3 

7 CD2C12 

8 (CD31 2= 

9 CDJCN 

10 cop 

11 CD$N 

1.2 (CD31 p 

13 CD*Cl2 

15 CD2C12 

former process were computed in the usual way and the 
data are reported in Table 6. 

Complexes of this type involving mixed S/Se ligands, 
e.g. [PtXMe(MeS(CH&SeMe}]], can exist as two 
geometrical isomers each of which occurs as a diaster- 
eoisomeric DL pair (Fig. 6). Interconversion between 
these DL pairs takes place by pyramidal inversion at 
either the sulphur or the selenium atoms. At low tem- 
peratures (ca. -50°C) the ‘H spectra clearly indicated the 
presence of all four DL isomers in unequal abundances 
(Complexes 22-24, Table 5). The variable temperature 
spectra of the complex (X = Br) are illustrated in Fig. 7. 
The line assignments in the lowest temperature spectrum 
follow the methyl labelling in Pii. 6 and are based on 
careful comparisons with the corresponding homochal- 
cogen complexes. On raising the temperature of the 
sample, the expected band broaden& and coalescences 
occurred as the rates of pyramidal inversion at the 
chalcogen atoms increased. We show later that this may 
be ascribed to inversion at sulphur and selenium atoms 
trans to the Pt-Me group. In the spectra shown in Fig. 7, 
sulphur inversion has become rapid at 32.8”C and both 
sulphur and selenium inversions are rapid at 131.8“C. 
Total band shape analyses were not preformed on the 
spectra of these mixed chalcogen ligand complexes since 
the spectral changes were predictably more complex 
than for the homochalcogen complexes and did not war- 

Table 4. Arrhenius and Eyriog parameters for sulphr inversion’ io cis-[MX,L] complexes 

- 

.=b/ K 

382 

361 

314 

slgc 

276 

285’ 

320 

283 

29s 

320 

293 

269 

274’ 

228 

230’ 

269 

228 

EJkJ owl“ 

94.3 t 0.5 

77.2 f 1.4 

70.9 * 0.9 

73.1 f 0.9 

68.3 t 1.1 

66.3 f 1.1 

74.7 f 1.8 

68.8 c 0.5 

74.5 f 0.6 

72.0 f 0.3 

60.3 t 0.3 

60.7 t 0.8 

53.0 t 0.5 

52.9 t 0.6 

66.0 f 1.1 

51.1 t 1.5 

WIO A 

13.3 * 0.1 

13.1 * 0.2 

13.2 i 0.2 

13.5 * 0.2 

13.8 1 0.2 

13.4 z 0.2 

13.4 t 0.3 

13.3 t 0.1 

13.5 f 0.1 

14.7 t 0.05 

13.1 f 0.1 

13.2 f 0.2 

13.5 f 0.1 

13.5 t 0.1 

13.9 * 0.2 

12.9 e 0.3 

dn+/kJ ml-l 

al.1 f 0.5 

74.3 * 1.4 

68.4 t 0.9 

70.5 f 0.9 

66.0 t 1.1 

63.9 f 1.1 

72.0 + 1.8 

66.3 f 0.5 

71.9 r 0.6 

69.7 * 0.3 

sa.1 2 0.3 

58.4 c 0.a 

51.1 * 0.5 

51.0 f 0.6 

63.8 f 1.1 

49.1 f 1.5 

d,JK‘l md-1 

-0.9 t 1.3 

-3.4 L 4.1 

-0.6 f 3.0 

5.5 f 3.0 

10.5 f 4.0 

4.2 f 3.9 

2.4 t 5.7 

2.3 f 1.6 

5.7 t 2.0 

29.5 t 1.0 

-0.7 f 1.3 

0.5 k 3.0 

7.8 f 0.2 

7.3 f 2.7 

14.3 f 4.1 

-3.9 f 6.5 

a Energy data derived from .SMe region signals except where stated 

b Coalescence temperature for St& signals 

’ Coalescence temperature and associated energy data for olefinic proton signals 

d Value based on a single fitting at 230.0 K 

G t (29a.lSK)m ml-1 

_._. ._... 

al.40 t 0.11 

75.25 f 0.24 

68.61 f 0.01 

68.82 * 0.04 

62.88 f 0.08 

62.76 * 0.08 

71.29 f 0.13 

63.9 f O.Sd 

65.61 f 0.07 

70.24 t 0.01 

60.88 t 0.01 

58.29 e 0.01 

58.28 t 0.09 

48.73 f 0.15 

48.78 t 0.18 

59.50 c 0.12 

50.3 f 0.40 
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SYn 

(dl-1) 

Ez Ez 
11 

E2 E2 11 

anti 

(dl-2) 

Fig. 5. Diastereoisomers of cis-[PtXMe(MeE(CH&EMe}] complexes showing the hvo possible E inversion 
pathways. 

SY” 

(dl-1) - 
inwmim 

Fig. 6. Structoral and diastereoisomers of [PtXMe{MeS(CH2)&Me}]. Only one of each DL pair is depicted. 

Table 6. Energy parameters for the complexes (PtXMe{MeE(CH&Me}] 

Complex 

NO. 
Complex Ea/kJ m01-~ lw10 A AH + /kJ ml-l AS /J K-lmol-l + AG + /kJ .ol-1 

16 [PtClMetMeS(CH,),SMe~] 61.9 ? 3.9 13.2 f 0.8 59.7 + 3.9 -0.2 t 14.7 59.8 f 0.s 

18 [Pt IMe(MeS(CH2) 2SMe]] 60.3 f 2.9 13.0 f 0.6 58.1 * 2.9 -3.4 f 11.2 59.2 t 0.s 

19 [PtC1Me(MeSe(CH2)2SeMe}] 66.0 ? 3.8 12.0 f 0.6 63.3 f 3.8 -24.6 f 12.0 70.7 f 0.2 

rant the considerable computational efforts that would DISCUSSION 

have been involved. Static NMR parameters 
No further significant spectral changes were noted on 

heating these mixed chalcogen ligand complexes to their 
decomposition points. it thus appears that other fluxional 
rearrangements so characteristic of the Pt(IV) complexes 
of type [PtXMe,{MeE(CHzkE’Me}l’6 are absent in the 
Pt(II) complexes of type [PtXMeLl. 

Considering first the [MXL] complexes (Table 3). the 
chemical shift assignments are based on the lower popu- 
lated isomer being the meso form due to steric factors. 
On this assumption the SMe protons in this isomer 
appear at somewhat higher frequencies than their posi- 
tion in the DL isomer in most cases. A change in halogen 
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- =‘“^ 1 7 PtMel 
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Fig. 7. Variable temperature 1OOMHz H spectra of 
[PtBrMe{MeS(CH&8eMe}]. Lowest temperature lines are 
labelled according to Fii. 6. In the higher temperature spectra the 
labelling (AC), etc represents the shift of the averaged A and C 

signals, etc. 

from Cl to I favours the meso isomer in the unsaturated 
ligand complexes but favours the DL form in the cases 
of saturated liinds. In all cases, however, sixeable high 
frequency shifts of the SMe protons occur. This is 
particularly apparent in the olefinic ligand complexes 
(Nos. 3, 4; 11, 12) where the DL isomer signals 
experience such large high frequency shifts that they 
occur at higher frequencies than the meso signals. The 
magnitude of the ‘J (PtH) coupling constants are also 
halogen dependent, increasing with halogen size for the 
SMe protons and decreasing for the olefinic protons. The 
higher values of “J(PtH) coupling for the olefmic protons 
(74-83 Hz) compared to the SMe protons (45-51 Hz) may 
be ascribed to the greater s character of the olefinic 
carbons compared to the methyl carbons. 

No inversion energies were calculated for the cis- 
[PtMeX{MeS(CH2)2SeMe}] complexes for reasons men- 
tioned earlier. The spectral changes, however, can be 
qualitatively interpreted to give a relative ordering of the 
various possible inversion pathways (Fii. 6). There are 
four such pathways depending on whether inversion 
involves S or Se atoms situated either trans to X or trans 
to methyl. We have shown in earlier work on pla- 
tinum(IV) systems”, that, in general, S inversion occurs 
more readily than Se inversion (the energy difference is 
ca. 10 kJ mol-I). In the present work we have shown that 
the strong trans influence of Me lowers the S inversion 
barrier by ca. 15-20 kJ mol-‘. Moreover, a AG* value of 
70 kJ mol-’ has been calculated for Se inversion trans to 
methyl (Complex No. 19) whereas inversion at Se trans 
to halogen, complexes 
[PtX2{MeSe(CH2hSeI&, wa?too s;z to be measured 
by DNMR methods. In the complex 
[PtXMe{MeS(CH,),SeMe}] we can therefore predict that 
the relative order of inversion energies will be S(trans 
Me) ( - 60 kJ mol-‘) < Se( frans Me) ( - 70 kJ mol-’ < 
S(trans X) ( - 75-80 kJ mol-‘) < Se(trans X) ( - 85- 
90 kJ mol-‘). The two coalescence phenomena at ca. 0” 
and 60°C observed in Fig. 7 can therefore be attributed 
with some certainty to inversion at S trans to methyl and 
at Se trans to methyl respectively. 
(i) Variation in metal. The change of metal from Pt to 
Pd in the complexes [MX2L] produces a decrease in the 
S inversion barrier of 10-15 kJ mol-‘. This trend, which 
has been observed previousIy,1’-‘3 may be explained in 
terms of the greater strength of the Pt-S bond compared 
with the Pd-S bond. 

In the case of the [PtMeXL] complexes, certain strik- (ii) Variation in metal oxidation state. Since we have 
ing difIerences in the static parameters compared to shown that in the complexes [PtXMeL] pyramidal in- 
those of [P&L] complexes are apparent. For instance, version occurs at chalcogens trans to Me, these systems 
‘J(PtH) values for SMe protons trans to halogen lie in are well suited for comparison with the trimethyl- 
the range 5675 Hz but, for these protons tmns to platinum(IV) complexes [PtXMe3{MeE(CH2hEMe}]“. 
methyl, values in the range 15-18 Hz were detected. This Comparison of AG* values of the appropriate complexes 
illustrates the large difference in the trans influence” of reveals a consistent increase of the chalcogen barrier of 
halogen and methyl groups. The ‘J(PtMe) values in the 1.5-4.5 kJ mol-’ on going from platinum(H) to 

range 70-74 Hz are somewhat lower than those predicted 
from results obtained for the mononuclear complexes 
[PtMesX{MeE(CH2bEMe}] in which the J values for 
Pt-Me trans to EMe are of the order of 69-71 Hz. Now 
the magnitudes of coupling constants may, to a first 
approximation, often be related to the magnitude of the 
Fermi contact term, i.e. to the amount of s character in 
the bond. Oxidation from platinum(H) to platinum(IV) 
implies a change in hybridisation of platinum orbitals 
from dsp’ to sp”d2 and a consequent reduction in the 
magnitude of ‘J(PtMe) values in platinum(IV) complexes 
to two thirds their values in the corresponding pla- 
tinum(I1) complexes. The fact that this was not observed 
here suggests that the above simple theoretical model is 
inadequate in this case. 

Pyramidal inversion energies 
These are listed in Tables 4 and 6. For the cis[MXL] 

(L = homochalcogen ligands) complexes, only one 
pyramidal inversion pathway is possible (Fig. 1). For the 
cis-[PtXMeL] (L = MeE(CH2)2EMe) complexes (Fig. 5) 
the energies calculated are lower by ca. 15-20 kJ mol-’ 
compared to the [MX2L] complexes and are therefore 
attributed to inversion of the chalcogen trans to the 
methyl group rather than that trans to the halogen. This 
lowering of energy again reflects the different frans 
influences of halogen and methyl groups. 
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platinum(IV). This trend, which may be primarily asso- 
ciated with a slight increase in platinum-chalcogen bond 
strength on oxidation from platinum(H) to platinum(IV), 
parallels that found for the complexes 
[PtX,{MeS(CH&%Ie}] and [PtX*(MeS(CH2)2SMe}J~s 

(iii) Variation of halogen. The effects of the difference 
in tram influence between halogens and methyl groups 
have been discussed already. The relative tram 
influences of the three halogens themselves are reflected 
in the energy data in Table 4 for the cis[MX2L] com- 
plexes. When M =Pt(II) the energy barriers (AC* 
values) show a consistent decrease by 6-7 kJ mol-’ from 
chloro to iodo complexes. When M = Pd(I1) the decrease 
is by 9-10 kJ mol-‘. The relative order of AG* values, 
namely X = Cl > Br > I is in accord with increasing truns 
influence, and a concomitant weakening of the M-S 
bonds. 

(iv) Variation in ligund ring size. A comparison of the 
AG+ values of [PtCIZ{MeS(CH&SMe}] and 
[PtC&{MeS(CH,)$Me}] in Table 4 shows a large 
decrease of ca. 16kJmol-’ as the heterocyclic ring in- 
creases from five to six members. This trend is in 
keeping with that found for inverting nitrogen atoms in 
various sized rings,26 but diiers somewhat from our 
earlier albeit not st@@tly analogous study’ of the com- 
plexes truns [MX,{S(CR&] (M = Pd(II), Pt(II), n = 2- 
5). Here sulphur inversion energies in the five and six- 
membered rings (n =4,5) were virtually the same and 
essentially no different from those of open-chain sul- 
phide complexes. It is of interest to note that in the 
platinum(IV) complexes,” increasing the ring size from 
five to six caused a lowering of AG* of 5-6 kJ mol-‘. 

(v) Variation in l&and back-hne. The effect of vary- 
ing the ligand back-bone from aliphatic to aromatic to 
olefinic produced consistent trends in both platinum and 
palladium complexes. The change aliphatic + aromatic 
(e.g. complexes 1+5 or 9+ 13, Table 4) caused a lower- 
ing of the S inversion barrier of 10-l 1 kJ mol-‘, whereas 
the change aromatic+olefinic (e.g. complexes 5 + 3 or 
13+ 11, Table 4) caused a further lowering of l- 
2kJ mol-*. These decreases in barrier height are clear 
examples of (3p-2p)r conjugation effects between the 
chalcogen lone pair and the ligand back-bone, such in- 
teractions being more effective in the planar .transition 
state than in the pyramidal ground state. These effects 
have already been observed in the case of Group VA 
elements.n The results are consistent with those of 
Mislow et ~l.~*‘~ for phosphorus and arsenic inversion. 
In the former case replacement of an alkyl by an aryl 
group in acyclic dialkylarylphosphines lowers the phos- 
phorus inversion barrier by cu. 9kJ mol-’ due to (3p- 
2p)r delocalisation. 

Additional data supporting (3p-2p)v conjugation 
effects have been obtained from appropriate com- 
plexes in the platinum(IV) series. For example, AG* 
values for S inversion in the complexes 
[PtC1Me3{MeS(CH&SMe}], [PtCIMel{o-MeS(&H,)- 
SMe}], and [PtClMe,{MeSCH=CHSMe}] are 63.3”, 52.216 
and 50.530 kJ mol-’ respectively. Similar trends will also be 
reported in rhenium(I) carbonyl complexes.3’ 

FWXIONAL REARRANGEMENTS 
Since no further spectral changes occurred after 

pyramidal inversions became fast on the NMR time 
scale, it is apparent that the 180” @and rotation move- 
ment (“pancake flip”) we proposed for the mononuclear 
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platinum(IV) complexes is not taking place in these 
platinum(H) complexes. Such a movement would only be 
observable in the [PtXMeLl complexes by virtue of their 
lower symmetry compared to the [MX;?L] complexes. Its 
absence, however, in these former complexes in the 
temperature range studied calls for some explanation. In 
the Pt’” complexes it would appear that the “pancake 
flip” mechanism requires inversion at both chalcogen 
atoms to be rapid in NMR terms before the fluxion can 
operate. In the complexes [PtXMe{MeE(CH,)$‘Me}] 
(E = E’ and E = S, E’ = Se) the “pancake flip” mechanism 
would be expected to interchange the resonances due to 
EMe(@orans X) and EMe(truns Me). In the particular case 
of [PtBrMe{MeS(CH&SeMe}], for example, (Fig. 7), the 
fluxion would interconvert the two geometrical isomers 
and so produce averagings of the inversion-averaged 
S-methyls (AC) and (FH), the Se-methyls (BD) and (EG), 
and the Pt-methyls (PQ) and (RS). This was not obser- 
ved at temperatures below decomposition, which sug- 
gests that the inversions at either or both E atoms truns 
to X (most likely Se frans X) were too slow to initiate 
the “pancake flipping”. 

The nature of the transient intermediates almost cer- 
tainly has a strong influence on the ease of the fluxional 
motion. For platinum(I1) complexes, the motion will in- 
volve a change from four to pseudo-six coordination at 
the metal, whereas the corresponding mechanism for 
platinum(IV) complexes requires a change in coordina- 
tion number from six to pseudo-eight. This a propor- 
tionally smaller change in coordination but almost cer- 
tainly other factors concerning the stabilities of the 
ground and transition states of these species will be 
important in finally determining the ease of the fluxional 
rearrangements in these complexes. 
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COPPER(I) PHOSPHINE HYDROBORATE COMPLEXES: 
A STUDY INVOLVING HYDROBORATES 

CONTAINING A B-O BOND 
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Ahstraet-A study was made of the reactions between chlorotris(methyldiphenylphosphine)copper(I) and several 
hydroborates containing a boron-oxygen bond. The new complex ((acetoxy)trihydroborato)lris(methyldiphenyi- 
phosphine)copper(I) (Ph&feP)$uHsB(OsCCH,) was isolated and characterized by analysis, IR, and NMR data. 
Analogous reaction conditions using HB(ORh- anions did not give a B-H containing product nor did several other 
anions of the general type HBR,-. The ability of the hydrohorate to complex is related to the Lewis acidity of the 
respective borkre attached to H’-. 

INTROlKJCTION 

A variety of complexes have resulted from the studies of 
hydroborate complexes of copper(I).‘-’ Interest in these 
complexes has been centred on the various bonding 
modes assumed by the hydroborate moiety’” as well as 
the selective reducing capability exhibited by these 
complexes.6 How various phosphine and phosphite 
ligands have inlhtenced the former characteristics has 
been determined.lS3 Also ascertained have been the 
bonding modes and various bond strengths of several 
hydroborates including tetrahydroborate, (ethoxycar- 
bonyl)trihydroborate, (methoxycarbonyl)trihydro- 
borate, and (carboxy)trihydroborate.’ The latter com- 
plexes contain boron attached to only hydrogen and 
carbon. To our knowledge no hydroborate containing a 
B-O bond has been incorporated into a copper(I) com- 
plex analogous to those listed above. We wished to 
examine the effect this bond linkage might have on the 
ability of the hydroborate to coordinate to copper(I) 
phosphine complexes. In addition, the series of anions 
HsBO&CHs-, H2B(02CCH&- and HB(02CCHs)~-‘” 
had been reported in the literature and we anticipated the 
possibility that the copper complexes of this series might 
afford a stepwise comparison of hydroborate complexes 
containing three, two, and one B-H respectively. We 
report the reactions of B-O containing hydroborate 
salts with (Ph&feP)&uCl and the synthesis and 
characterization of the new complex ((acetoxy)- 
trihydroborato) tris (methyldiphenylphosphine)copper(I), 
[CH,(C,H&P]3CuHaBO,CCH3. 

RESULTS 

The general reaction studied was that used for the 
synthesis of copper(I) hydroborates:‘-4 

(PhMeP)$uX + NaH,_.BR. 
+ (PhzMePbCuH4_.BR. + NaX. 

The reaction in which R = 0CH3, OPr’ did not give a 
B-H containing product as indicated by IR. The reaction 
in which R = acetoxy required more rigorous conditions 
than usually employed in making copper(I) hydroborate 

*Author to whom correspondence should be addressed. 

complexes since the mixture had to be refluxed for 24 hr 
and crown ether was required to solubilize the sodium 
salt reactant. In addition, rigorously anhydrous con- 
ditions must be used. However, these reaction conditions 
gave a compound which analysis, IR and NMR data 
indicated to be (Ph2MeP)&rH3B02CCH3. We were un- 
able to synthesize the HzB(OzCCH&- anion, a result 
substantiated by a recent report by Hiu.8 However, the 
reaction using the HB(02CCH&- anion was studied 
using conditions analogous to that for the (acetoxyhri- 
hydroborate, and no reaction was detected. 

Characterization of (Ph2MeP),CuH3B02CCH3 
Analysis. Analysis supports the formulation shown, 

which is analogous to that found for the methyl- 
diphenylphosphine copper complex of tetrahydroborate 
thereby suggesting the presence of a singly bridged M- 
H-B linkage since the latter complex was found using 
neutron diffraction techniques to have such a singly 
bridged M-H-B bond? 

IR spectra 
IR data also support the proposed structure since the 

IR absorptions show coordination of the hydroborate 
moiety. Characteristic absorptions are seen in the B-H 
stretching region and in the carbonyl region (Table 1). 
Sodium (acetoxy)trihydroborate, prepared by the method 
of Gribble and Ferguson,’ shows three absorptions in the 
B-H stretching region at 2500, 2225, and 229Ocm-‘. 
Potassium tetrahydroborate and potassium (ethoxycar- 
bonyl)trihydroborate show B-H absorptions at 
2260 cm-’ and 2320 cm-‘, respectively?b The frequency 
shift of the B-H absorption of potassium (ethoxycar- 
bonyl)trihydroborate compared to the analogous ab- 
sorption in potassium tetrahydroborate was rationalized 
as being due to the decreased negative charge on the 
boron caused by the electron withdrawing effect of the 
ethoxycarbonyl group. It would be expected that a 
similar effect would be observed with sodium 
(acetoxy)trihydroborate only to a greater degree since 
the OC=O group with the oxygen bonded directly to the 
boron would be expected to result in a greater withdraw- 
ing effect than the carbon attached to boron as in the 
ethoxycarbonyl. The larger shift for the acetoxy salt is 
substantiated by the strong absorption at 25OOcm-’ in 
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sodium (acetoxy)trihydroborate, an absorption that is not 
present in potassium tetrahydroborate or potassium 
(ethoxycarbonyl)trihydroborate. 

Upon complexation with copper, the strong absorption 
at 25OOcm-’ disappears and a broad, weak absorption 
appears at 2060cm-’ and is assigned to a B-H bridging 
stretch. Fl-IR results in a more definite observation of 
this absorption. The other two B-H absorptions remain 
essentially the same at 2291 and 2221 cm-‘. The very 
small change in the latter frequencies is surprising and 
may be indicative of the influence of the oxygen directly 
bonded to boron and its strong withdrawing effect com- 
pared to the carbon directly bonded to boron in the B-C 
bond of the (alkoxycarbonyl)trihydroborates. 

The separation between the B-H terminal and bridging 
stretches is considered to be a measure of the covalency 
of the M-H-B bond since, as Marks and Kolb’ have 
pointed out, the difference between the frequencies 
should decrease as the B-H force constants become 
more equal and covalency decreases. Table 1 shows that 
this value is 290 cm-’ for the tetrahydroborate complex, 
24Ocm-’ for the ethoxycarbonyl complex and 230cm-’ 
for the (acetoxy)trihydroborate complex indicating a 
weaker coordination or weaker covalent M-H-B bond in 
the (acetoxy)trihydroborate complex than for either the 
tetrahydroborate or ethoxycarbonyl complexes. The 
withdrawal of electron density from the boron and sub- 
sequently the hydrogens attached to it, is likely the cause 
for the weak bond and thus the difficulty encountered in 
preparation of this complex compared to the other 
hydroborates. The values for the B-H absorptions for 
the (acetoxy)trihydroborate along with the gradual 
decrease in the differences in the BHtBHb values going 
from BH4- to HjBC02C2Hs- to H,BO&!CH,- for the 
diphenylmethylphosphine complexes is consistent with 
the (acetoxy)hydroborate existing as a singly bridged 
hydroborate in analogy to the structure recently 
definitively determined by neutron diffraction for 
(Ph2MeP)sCuBHs? Coordination through the carbonyl 
group might also be a possibility, but coordination 
through this group would have the effect of lowering the 
C-O stretching frequency which occurs at 1683 cm-’ for 
the free anion. Upon complexation an increase of 8 cm-’ 
is observed indicating that no direct interaction occurs 

between the carbonyl oxygen and the metal. The in- 
crease in frequency is a logical consequence of the 
inductive effect as a result of complexation to a positive 
centre through the hydrogens of the borane group. The 
smaller shift (8cm-‘) compared to that observed for 
analogous alkoxycarbonyl complexes3 (30 cm-‘) is fur- 
ther evidence that the M-H-B bond is not as strong in 
the acetoxy complex. 

‘H NMR. Proton nmr supports the structure assigned 
to this complex by IR and analysis data. The proton nmr 
consists of three peaks at 7.28, 2.18 and 1.55 ppm cor- 
responding to the phenyl protons, the acetate methyl 
protons, and the phosphine methyl protons, respectively. 
The ratio of these peaks is 30: 2.94: 8.24 compared to the 
expected ratio of 30: 3 : 9. The peak corresponding to the 
acetoxy methyl protons is shifted slightly downfield from 
acetic acid at 2.11 ppm indicating that some electron 
density is shifted from the acetoxy methyl group. The 
fact that B-H protons are not observed is characteristic 
of many B-H containing compounds, and is a result of 
partial decoupling of the boron from the hydrogens by 
quadrupole-induced “B and r”B relaxation. 

“B NMR. The boron NMR of (acetoxy)(tri- 
hydroborato) tris (methyldiphenylphosphine)copper(I) 
also is consistent with the proposed formulation and 
shows a broad absorption centred at -0.7 ppm from 
boron trifluoride etherate. This absorption is broadened 
to the point where no fine structure can be seen. The 
broadness of the peak is comparable to other tetra- 
hydroborate complexes and is indicative that thermal 
broadening is occurring at room temperature? 

The boron chemical shifts of the tris(methyldiphenyl- 
phosphine)copper(I) complexes of tetrahydroborate and 
(ethoxycarbonyl)trihydroborate are reported as -39.0 
ppm*” and - 32.9 ppm“ from boron trifluoride etherate. 
The large downfield shift in the acetoxy complex again 
reflects the large withdrawing effect of the acetoxy group 
as compared to hydrogen and ethoxycarbonyl and is 
completely consistent with observations in proton NMR 
and IR data. 

DIsclJsSION 
Bommer and Morse3a prepared the (ethoxycar- 

bonyl)trihydroborate complex of copper(I) and did not 

Table 1. Characteristic IR frequencies’ for NaH,B(O$CH3 and (Ph2MeP),CuH,B(02CCH1) (cm-‘) 

Conpound 
6-H B-H 

Terminal (Bridging) c=lo (BHb-BHt) 

NaH38(02CCH3) 2500 5 1683 s 
2290 5 
2225 m 

(Ph2MeP)3CuH3B(O2CCIl3) 2291 s 
2221 m 

2060 w 1691 s 230 

(Ph2MeP)3CuH3BC02C2H53a ;;;; Eh 2090 5 1660 240 

2% :” 2095 5 290 

aAl spectra are solid state. 



Copper(I) phosphine hydroborate complexes 301 

experience the difficulty that was encountered in the 
preparation of the (acetoxy)trihydroborate complex. Our 
NMR data support the fact that the electron density 
around the boron is much less in the (acetoxy)tri- 
hydroborate than in the (ethoxycarbonyl)trihydroborate 
complex. Our IR data also show that the M-H-B bond is 
weaker in the (acetoxy)trihydroborate complex. These 
results clearly indicate that the withdrawal of electron 
density from the boron severely weakens the M-H-B 
bond. This is a logical conclusion in light of the fact that 
hydrogen has no p or d orbitals available for back 
bonding and so most of the electron density for the bond 
must come from the hydride iteslf. 

Although the sodium salt containing the (acetoxy)tri- 
hydroborate anion was prepared by Hu?, he reported 
that the di(acetoxy)dihydroborate anion could not be 
prepared. Our results confirm this. The 
tri(acetoxy)monohydroborate salt was prepared by 
Gribble.’ We found that no reaction occurred between it 
and chlorotris(methyldiphenylphosphine)copper(I) under 
the conditions used. This may not be particularly surpris- 
ing since the extensive withdrawal of electron density 
from the boron by the acetoxy group (or = 0.39)9 would 
be even more pronounced with three acetoxy groups. 
Upon this more extensive removal of electron density 
from the hydride hydrogens, it would be expected that 
they would become even poorer electron donors and 
therefore be less available for coordination to the metal. 
The bulky nature of the anion may also discourage 
complexation. Both properties are consistent with the 
remarkably weak reducing characteristics of 
NaHB(OAcb.7 

Another hydroborate which contains a B-O bond is 
sodium trimethoxyhydroborate.‘O Reaction of this 
hydroborate with (Ph2MeP),CuC1 resulted in the im- 
mediate formation of a coloured product and no B-H 
containing species resulted. Analogous results were 
obtained with potassium triisopropoxyhydroborate.” A 
similar result was observed by Churchill” with the reac- 
tion between tetrameric chlororris(triphenyl)phosphine- 
copper(I) with sodium trimethoxyhydroborate in which a 
hexameric copper hydride cluster was formed. It is logi- 
cal to assume that such a reaction was taking place in 
this study and that such results indicated complete 
hydride transfer and breaking of the B-H bond. The fact 
that HB(OMeb- and HB(OPr%- did not form an isol- 
able complex analogous to the acetoxy- or alkoxycar- 
bony1 derivatives is consistent with their behaviour as 
strong reducing agents.” Similarly, strong reducing 
agents such as potassium triethylhydroborate’3 and 
potassium tri-secbutylhydroborate” gave results analo- 
gous to those when the trimethoxyhydroborate anion 
was used. The greater reactivity of the latter anions 
compared to I%-, H,BOC(O)CHj- and 
HB[OC(O)CHJ- may be attributable to the greater ease 
of removing a hydride ion from a weak Lewis acid such 
as B(OCH& and B(C2HJ)3 as compared to a strong 
Lewis acid such as BH3, H*BC(O)OR, and H,BOC(O)R. 
The ability of the carbonyl group to withdraw electron 
density has already been pointed out and results in the 
substituted boranes behaving as stronger Lewis acids 
toward H- than BHs. 

One may conclude on the basis of these results with 
the (acetoxy)hydroborates that if the substituent group 
on the boron is strongly electron withdrawing that coor- 
dination is much more diicult to attain and once 
attained is much weaker. Furthermore, if the hydro- 

borate acts as a strong reducing agent, the reaction with 
copper(I) phosphine complexes do not produce com- 
pounds containing M-H-B bonds. 

JsxPERIMmTAL 
Chemicals. Commercially obtained samples were used except 

where indicated. AU solvents were dried by reported proce- 
dures.” 

Sodium (acetoxy)trihydroborate. This reagent was prepared by 
the method similar to that of Gribble? An alternate synthesis is 
as follows: A sample of sodium tetrahydroborate (0.38g, 
0.01 mol) was magnetically stirred in 50ml of dry benzene in a 
250 ml round bottom Bask under a stream of dry nitrogen. Acetic 
acid (O.l9g, 0.015 mol) dissolved in 25 ml of dry benzene, was 
added dropwise. The mixture was stirred until gas evolution 
stopped (about one hour), and the white solid product was 
collected by filtration and dried under vacuum. The product was 
slightly contaminated by sodium tetrahydroborate as indicated by 
a small amount of the tetrahydroborate complex isolated from 
the complexation reaction with (Ph,MeP)JCuCl, 

((Acetoxy)trihydroborato)fris(methyldlphenylphosp~ne~opp- 
er(I). To a stirred solution of IS-crown-5 (0.44g, 0.002 mol) in 
50 ml of dry methylene chloride was added sodium (acetoxyhri- 
hydroborate (0.19 g, 0.002 mol). When all of the salt dissolved, 
chlororrir(methyldiphenylphosphine)copper(I) (1.4 g, 0.002 mol) 
was added. The mixture was refluxed with stirring under an inert 
atmosphere for 24 hr. After this time the solution was filtered and 
the filtrate collected. The solvent was removed by flash evapora- 
tion and to the remaining oil was added 15Oml of hexanes. The 
hexanes caused the product to crystallize as a white solid which 
was then collected by filtration. Analysis: Calc. 66.8% C, 6.1% II, 
1.4% B, 8.62% Cu; Found 66.9% C, 5.88% H, 1.41% B, 8.41% 
cu. 

The reactions using the alkoxy- and alkylhydroborate salts 
were carried out in an analogous manner except that the crown 
ether was not used. For example, to a stirred solution of 
(Ph2MeP),CuC104 (1.53 g, 0.802 mbl) in 50 ml methylene chloride 
was added NaHB(fLrPrh (0.002ml in THF). The solution im- 
mediately turned bright yegow. Removal of the solvents and an 
IR of the remaining solids showed no B-H present. 
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THE PREPARATION AND COORDINATION 
CHEMISTRY OF 2,2’ : 6’,2”-TERPYRIDINE 

MACROCYCLES- 

EDWIN C. CONSTABLE and JACK LEWIS* 

University Chemical Laboratory, Lensfield Road, Cambridge CB2 IEW, England 

(Received 3 February 1982) 

Ahstrati-A range of 6,6”disubstituted derivatives of 2,2’:6’,2”-terpyridine have been prepared with the intention of 
forming macrocycles incorporating the 2,2’:6’,2”-terpyridyl moiety. A high yield route to 6,6”-bis(methyIhydraxino- 
4’-phenyl-2,2’:6’,2”-terpyridine is described, and a number of complexes of this novel pentadentate ligand have 
been prepared. 

Although complexes of the “classic” diimine ligands 
2,2’-bipyridine (1) and l,lO-phenanthroline (2) have been 
known for many yearsLm3 it is only recently that such 
fragments have been incorporated into macrocyclesti. 
We have demonstrated that macrocycles of type 3 form 
transition metal complexes which exhibit unusual coor- 
dination geometries about the metal, and, with a view to 
extending these observations, we have embarked upon the 
synthesis of derivatives of 2,2’ : 6’,2”-terpyridine (4) suit- 
able for incorporation into such systems. 

1 

3 

Our target molecule was a 6,6”-bishydraxino sub 
stituted compound, 4a, which was expected to condense 
with a 1,2-dicarbonyl compound to give a macrocycle of 
type 5, which has a similar donor set to macrocycle 3. 

We describe herein the synthesis of such derivatives 
using the Krohnke pyridiie synthesis,’ in which an a$- 
unsaturated carbonyl compound is condensed with an 

*Author to whom correspondence should be addressed. 

4 

4a Z=NRNHr 
4b Z=CI,Y=H,X=Ph 
4c Z=NHNH,,Y=H,X=Ph 
4d Z=NMeNH,,Y=H,X=Ph 
4e Z=NH,,Y=H,X=Ph 
4f Z=Br,Y=Ph,X=H 
4g Z=NMeNH,,Y=Ph,X=H 

MeyN 
JAN 

LN-4e 

/N N’ 

X’ 

%+ 

NN 1’ X 

A’ 
r 
5 

active methylene species in the presence of ammonium 
acetate to form a 1Jdiiydropyridine (Scheme 1). By 
adopting the strategy in which the methylene group is 
additionally activated by an N-pyridinium group (i.e. 

Scheme 1. 
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Y = -N&H*+), a pyridine is obtained directly by loss of 
C,H,NH’. Obviously, if R and Z are pyridyl groups, the 
synthesis may be extended to terpyridines.“’ 

2,bdiacetylpyridine reacted smoothly with benzalde- 
hyde in methanol or n-propanol in the presence of 
diethylamine to form the bischalcone 6 as a yellow 
crystalline solid, in 88% yield. The reaction of 6 with l- 
ethoxycarbonylmethylpyridinium bromide (7) and am- 
monium acetate in n-propanol proceeded smoothly, with 
the precipitation of the 6,6”-bispyridone 8 as a tan POW- 
der in 9% yield. Attempts to convert 8 to the 6,6”- 
dichloro derivative 

6 I 

Ph Ph 

8 

4h with PCl,/POCI, led predominantly to a monochloro 
derivative, and only after four days at reflux could 4b be 
obtained, and then only in poor yield. No improvement 
in yield was observed on using PC&, SO&l,, SOCl, or 
PBr,/Br, as the halogenating agent. The dichloro com- 
pound reacted with hydrazine or methylhydrazine with 
difficulty to give the desired derivatives 4e and 4d. 

We considered that diazotisation/bromination* of the 
66”-diamino compound 4e might provide an alternative 
route to the desired 66”-dihalo derivatives, but the yield 
of 4e from the reaction of 6 with l-cyanomethyl- 
pyridinium chloride and ammonium acetate was low 
(320/o), and this route was not further investigated. 

We therefore decided to investigate syntheses in which 
the halogen atom was carried through the synthesis, and 
the central pyridine ring was generated from acyclic 
precursors. 2,6-Dibromopyridine was prepared from 2,6- 
dichloropyridine in 80% yield’, and then converted to 
2-acetyl-6-bromopyridine by lithiation followed by reac- 
tion with Me,NCOCH,.” Attempts to convert 2,6-di- 

Ph 

(PY’ I- 

chloropyridine directly to 2-acetyl-6-chloropyridine 
failed, the chlorine atoms appearing to be inert to metal 
exchange with either n-BuLi or PhLi at low temperature. 

Although 2-acetylpyridine reacts smoothly with half an 
equivalent of benzaldehyde in the presence of base to 
form the l,S-diketone 9, (indeed it is difficult to stop the 
reaction at the chalcone stage) the reaction was nowhere 
near so facile with the 6-bromo derivative, the major 
product under a range of conditions being the chalcone 
10. The reaction of 2-acetyl-6bromopyridine with ben- 
zaldehyde 

H Ph 

9 

in aqueous methanolic KOH was optimised to give a 
yield of 92% of the pale yellow chalcone, 10. 

The Ortoleva-King reaction’ of 2-acetyl-bbromo- 
pyridine with iodine led to the formation of 
the very insoluble golden-yellow pyridinium salt 11 in 
75% yield. Finally, the desired dibromo compound, 4f, 
was prepared in 86% yield from the reaction of 10 and 11 
with ammonium acetate in glacial acetic acid (Scheme 2). 
The reaction of 4f with methylhydrazine at reflux led to a 
rapid, high-yield conversion to the desired bis(methyl- 
hydrazino)-derivative 4g. 

The bis(methylhydrazino) derivative 4g is a potentially 
pentadentate ligand, and we have completed a .preli- 
minary investigation of its coordination chemistry. 
Coloured solutions are obtained on refluxing a suspen- 
sion of 4g with a methanolic solution of a transition 
metal salt, from which solid [ML]“+ species may be 
obtained upon the addition of ammonium hexaIluoro- 
phosphate of tetra-n-butylammonium tetratluoroborate 
(See Table 1). We are at present investigating further 
examples of such complexes in an attempt to determine 
the mode of bonding of the ligand. Preliminary crystal- 
lographic studies indicate that 4g acts as a planar pen- 
tadentate ligand. If this is the case it is a non-macrocyclic 
analogue to the macrocycles of type 3, and certain 
observations on the electrochemical behavior of com- 
plexes of 4g confirm this belief. 

We have also demonstrated that macrocycles of type 
Sa may be prepared by template condensations. Thus, 
the template reaction of [Co#g)l* with glyoxal-sodium 
bisulphite in aqueous methanol leads to the formation of 
[Co&)]*’ which may be isolated as its [BK] or [PF,] 
salts. Further synthetic, structural and electrochemical 
studies upon these systems are underway and will be 
reported shortly. 

Ph 

[NH,] [OAcl 

Br Br Br Br 

10 11 4l 

Scheme 2. 



The preparation and coordination chemistry of 2,2’:6’,2”-terpyridine macrocycles-l 

Table 1. 

ca1c. Found 

Compound co1our C H N C H N 

[tr(~gI]Cl3. HCl Red 45.58 4.21 16.18 45.59 4.09 16.22 

bfn(4$I][PF612.H2G orange 36.27 3.20 12.88 36.18 3.44 12.88 

[Fe(4g)lbF4kl.H2'J Green 46.53 4.21 16.52 46.37 4.09 16.33 

Cco(~)I@F412.MeOH Red 43.54 4.08 14.83 43.43 4.39 14.54 

[Ni(4~)lCBF412~%+20 Yellow 43.24 3.75 15.35 43.08. 3.63 15.34 

[Co(~ta)l[PF612.2H20 Orange 37.32 3.11 12.19 37.52 3.53 11.98 
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EXpERDlENTAL. 
‘H NMR spectra were recorded on Bruker WH-408 or Varian 

CFT-20 spectrometers. Infrared spectra were recorded on a Per- 
kin-Elmer 577 spectrometer. Mass spectra were recorded on an 
AEI MS-30 spectrometer. Elemental analyses were performed in 
the microanalytical section of the University Chemical Labora- 
tory. 

2,6-Dibromopyridiie and Zacetyldbromopyridine were pre- 
pared by the literature methods’.“. 

2.6Bis(cinnamoyl)pyridine (6): 2,CDiacetylpyridine (5.OOg, 
0.03 mol), benzaldehyde (15.0 ml, 0.148 mol) and diethylamine 
(20.0 ml) were dissolved in n-propanol (120ml) and heated to 
refhtx for 3hr, and allowed to cool, when a yellow crystalline 
precipitate of the bischalcone 6 was obtained (9.03 g, 88%). 
g(C=O str) 1671 cm-‘, MS 339 (M+, 100%). 

I-Ethoxycarbonylmethylpyridinium bromide (7): Ethyl 
bromacetate (14.0 ml, 0.126 mol) and pyridine (10.0 ml, 0.116 mol) 
were dissolved in acetone (35.Oml) and left to stand overnight. 
The white crystal mass so obtained was collected by filtration, 
washed weU with acetone, and stored over P205 until required 
(the product is very hydroscopic) (19.Og, 92%) m.p. 135.5-136.5. 
g(C=O str) 1754 cm -I, ‘H NMR (dmso-&) 61.24, t, 7.1 Hz (CHd; 
4.22, g, 7.1 Hz (CHs); 5.73, s, (C&N); 8.24, m, (H,>); 8.73, m, 
(I&); 9.10, dd, (Hz.&. 

4,4”-DfphenyI-2,2’:6’,2”-terpyridine6(1H), 6”(I”H)-dione (8). 6 
(1.5Og, 4.5 mmol), 7 (3.OOg, 12.2 mmol) and ammonium acetate 
(6.0 g) were heated to reflux in n-propanol (110 ml) for 2 hr. after 
which period the suspension was cooled, and the tan precipitate 
of the dione 8 collected by filtration. Found C, 77.46; H, 4.77; N, 
10.26%. Calc. for CnHu,N&; C, 77.69; H, 4.56; N, 10.07%. 

6,6”-Dfchloro-4,4”-diphenyl-22’: 6’,2”-terpyrfdine (&I): 8 (1.36 g, 
326mmol), PC& (S.OOg, 24mmol) and POC& (25.Oml) were 
heated to reflux for %hr, after which period the dark brown 
suspension was allowed to cool, and quenched on ice (2OOg). The 
yeUow precipitate was extracted with chloroform (8 x 100 ml) and 
the extracts dried over MgSO4. The dark coloured insoluble 
residue consisted predominantly of bchloro-4,4”-diphenyl- 
2,2’:6’,2”-terpyridin-6”(1”H-one (MS 435,437). The CHC!, extract 
was evaporated to dryness in uacuo, and the pale yellow solid 
evaporated from aqueous methanol Despite drying in uacuo the 
recrystallised solid always contained some water, as evidenced 
by the analysis and the i.r. spectrum. Found: C, 62.80; H, 4.71% 
Calc. for C~H17N3C12: 3.5 Hz0 C, 62.67; H, 4.64%, MS 453,455, 
457. 

6,6” - Bis(methylhydrazino) - 4,4” - diphenyl - 2,2’:6’,2”- terpyrid- 
ine (Id): 4b (0.30 g, 0.58 mmol) was heated to retlux with methyl- 
hydrazine (lO.Oml) under nitrogen for 3 hr, after which period 
the yellow solution was allowed to cool, and the pale yellow 
crystals of 4d collected by filtration. MS 473 (M+ 100%). The 
6,6”-bis(hydrazino) derivative, t, was prepared in a similar man- 
ner on substituting hydrazine for methylhydrazine. 

POLY Vol. I. No. 3-G 

I-Cyanomethylpytidinium chloride: Chloroacetonitrile (10.0 ml, 
0.158 mol) and pyridine (12.9ml. 0.16Omol) were mixed and 
allowed to stand for three days at room temperature, after which 
period a pale brown crystalline mass had formed. This was 
dissolved in warm methanol (40 ml) and the solution so obtained 
quenched in ether (200 ml) to give the desired salt as an off-white 
solid (18.8 g, 77%). p(C = N str) 2260 cm-.‘, ‘H NMR (dms&) S 
6.22, s, (C&N); 8.25, m, (H,.d; 8.78, m, (H3, 9.30, dd, (H2.J. 

6,6”-Diamino-4,4”-diphenyL2,2’: 6’,2”-terpyridine (4e). I- 
Cyanomethylpyridinium chloride (1.85 g, 12 mmol), 6 (2.OOg; 
5.9 mmol) and ammonium acetate (6.0 g) were heated to reflux in 
n-propanol (85.0 ml) for 1 hr after which period the deep red 
solution was allowed to cool, when yellow crystals of 4e were 
precipitated (0.784g, 32%). MS 415 (M+ 100%). 

1-(2-Bromopyridy/)-3-phenyl-2-propenone (10): 2-AcetyW 
bromopyridine (5.0 g, 0.025 mol) and benzaldehyde (10.0 ml, 
0.1 mol) were added to a solution of KOH (1.2 g) in water (10 ml) 
and methanol (50ml), and the solution so obtained stirred at 
room temperature for 2 hr, after which time precipitation of the 
pale yellow chalcone 10 was complete (6&g, 9%). P(C=O str) 
1670cm-‘, MS 287, 289 (M+ 60%), 258, 268 (M -29, 45%), 131 
(M - &HrNBr, lW%). 

l-(2-Bromopyridylcarbonylmethyl)pyridinium iodide (11). 2- 
AcetyWbromopyridine (10.00 g, 0.05 mol) and iodine (12.80 g, 
0.05 mol) were heated to reflux in pyridine (60 ml) for 1 hr. The 
solution was cooled, and the yellow crystalline pyridinium salt 11 
separated by Ultration (15.26 g, 75%). ‘H NMR (dmso_ds) 8 6.45, 
s, (CHz), 8.00-9.04, m (aromatics). 

6,6”-Dibromo-4’-phenyl-2.2’: 6’,2”- terpyridine (4f). 11 (7.05 g, 
0.0174 mol), 10 (5.0 g. 0.0174 mol) and ammonium acetate (7.7 g) 
were heated to reflux in acetic acid (5Oml) for 9Omin, after 
which period the pale brown solution was cooled to give 4f as 
off-white needles (6.95g, 85.8%). MS 465, 467, 469 (M+ loo%), 
386,388 (M - Br, 20%). 

6,6”-Bis(methylhydrazineo)-4’-phenyl-2.2’: 6’,2”-terpyridine (4g). 
4f (6.41 g, 0.01 mmol) was heated to reihrx in methylhydrazine 
(25 ml) for 2 hr under nitrogen, after which a pale yellow sus- 
pension had been obtained. The suspension was cooled, and the 
yellow solid collected by filtration to give 4g as yellow needles 
(4.87g, 8%). MS 395 (M-H, lOO%), 381 (M-CHr, 50%). 

Coordination compounds of 4g 
Typically, 4g (0.2mmol) and the metal salt (0.2mmol) were 

heated to reflux in methanol (20 ml) under a nitrogen atmosphere 
for 1 hr, after which period a clear solution had been obtained 
[N&][PFJ or [n-Bu+NUBF,] was added to the hot solution, 
which was allowed to cool slowly, when the complexes were 
obtained as crystalline or microcrystalline solids. The metal salts 
used were CrCl,.6HzO, Mn(OAc)z.4Hz0, FeC12.4Hz0, 
CoCl2.6Hz0, Co(OAch.4HzO and Ni(OAck.4HzO (See Table 1). 

Fonnatbn of the macrocyclic complex [Co(5a)][PF J.2HzO. 4g 
(0.22 g, 0.554 mmol) and Co(OAch.4H20 (0.138 g, 0.554 mmol) 
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were heated to rethtx in methanol (28 ml) for 5 mitt to give a clear 
orange solution. A solution of glyoxal-sodium bistdphite hydrate 
(0.138 g, 0.554 mmol) in water (10 ml) was added, and the mixture 
refluxed for a further 2Ohr, after which period a deep orange 
solution had been obtained. This was filtered hot and treated with 
[NH,][PFJ (Log) and cooled, when orange needles of KWdI 
[PF&.2HzO were obtained. 
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Abstnet-The reactions of the 3coordinated metal rrir-(bis-trimetbyIsilyiamides) M[N(SiMe,)Js (ML,; 
where M = La, Pr, Eu, Gd and In) with trimethylphosphineoxide MesPO(L’) have been studied. All of these metals 
gave 1: 1 complexes MLs(L’) which dissociated on heating in uacao. The Pr and Eu complexes gave interesting 
pseudo-contact shifted ‘H NMR spectra which are qualitatively in accord with the expected molecular structure. 
Variable temperature NMR measurements proved the restricted rotation of the silylamide (L) ligands occurs 
around the M-N axes. Evidence is also presented for unstable koordinated complexes MLs(L’)2. The gadolinium 
1: 1 complex gave a very broad NMR spectrum and its ESR spectrum is being investigated. 

INTRODUCTION 

Previous research has shown that the lartthanide ele- 
ments may be constrained to the exceptionally low 
coordination number of three by the steric effect of the 
bulky nitrogen donor ligand N(SiMe,),.’ An entirely un- 
predicted feature of these compounds was the pyramidal 
structure exhibited in the crystalline state”’ in contrast 
to the trigonal configuration favoured by transition 
metals and Group IIIB elements: 

The pyramidal configuration of M[N(SiMe,)J, com- 
pounds suggested that coordination of a fourth ligand 
was feasible provided that it was sterically undemanding. 
This was confirmed by the addition of excess triphenyl- 
phosphine-oxide which gave the 1: 1 complexes 
M[N(SiMe,)J,(Ph,PO), (M= La, Eu and Lu).~ Fur- 
thermore it seemed worthwhile to try the addition of the 
less bulky ligand trimethylphosphineoxide since it was 
possible that 1: 2 complexes containing 5-coordinated 
lanthanides might be obtained. This paper gives an ac- 
count of our results in this area. 

RESULTS AND DISCUSSION 

It was decided to study reactions of Me,PO with 
M[N(SiMe,& where La, Pr, Eu, Gd and In, for the 
following reasons. 

(i) Praseodymium and europium would give complexes 
which should yield interesting pseudo-contact shifted 
NMR spectra. 

(ii) Lanthanum was selected because being the largest 
lanthanide element it was more likely to give a 1:2 
complex than the smaller elements. In addition the 
diamagnetic chemical shift of the lanthanum complex 
was needed to evaluate the paramagnetic pseudo-contact 
shifts of the praseodymium and europium complexes. 

(iii) Gadolinium was included because the 4f’ species 
would be expected to give an interesting ESR spectrum 
for comparison with the detailed ESR studies on 
GdIN(SiMe,)J3.6 

(iv) The indium complex was of interest in its own 
right but also in case it was required as a diamagnetic 
host for the ESR studies on the gadolinium complexes. 

*Author to whom correspondence should be addressed. 
tDepartment of Chemistry, Lanzhou University, Lanzhou, 

People’s Republic of China. 

(a) 1: l-Complexes M[N(SiMe,)J,(Me,PO) (M = La, Pr, 
Eu, Gd, In) 

The metal tris-(bis-trimethylsilylamide) (ML,) and 
trimethylphosphineoxide (L’) were combined in equi- 
molecular proportions in benzene and the 1: 1 complexes 
ML,(L) were eventually crystallized from pentane at 
low temperature. 

M[N(SiMe,)& t Me3PO+ M[N(SiMe3)J3(Me3PO). (1) 

Some data on these complexes are listed in Table 1. 
Although the NMR and IR spectra confirmed the in- 
tegrity of these 1: 1 complexes they dissociated on heat- 
ing in uacuo and mass spectral studies gave peaks only 
for the separate ML, and Me3P0 species and their 
fragment ions. However, the lowering of the vpO 
frequency (La, 46; Eu, 47; Gd, 42; In, 25 cm-‘) of the 
ligand on complexation suggested a significant inter- 
action in the complex. Bands at ca. 380 and 360 cm-’ are 
probably the two NM, stretching frequencies expected 
for the OMN, system with local Cl” symmetry. 

The ‘H NMR spectra showed some interesting fea- 
tures. In the lanthanum complex the silylamide methyls 
(80.53) were shifted slightly downfield compared with the 
parent LaL, (80.25)’ and the Me,PO methyls (60.85) 
were shifted slightly upfield compared with the free 
ligand (61.0). It is noteworthy that in LaL,(Ph,PO) the 
silylamide methyls (60.07) were shifted slightly upfield 
compared with the parent LaL, compound but this may 
in part result from a ring-current effect due to the nearby 
phenyl groups on the phosphineoxide ligand. 

The europium complex gave a highfield shift to the 
silylamide methyls (S - 0.45) and a very great downfield 
shift to the phosphineoxide methyls (623.0). Assuming 
that the diamagnetic contribution to these chemical shifts 
to be same as in the lanthanum compound the paramag- 
netic shifts in the europium complex are -0.98ppm (L) 
and 22.15 ppm (L’). Extensive measurements on toluene 
(C&) solutions of EuL,(L’) showed that these 
paramagnetic shifts increased markedly with decrease in 
temperature Table 2 (the plot of shifts vs l/T was 
approximately linear). Simultaneously the silylamide 
methyl signal broadened and below ca. 220 K eventually 
split into two equal signals one upfield and the other 
downfield (e.g. at 193 K: S t21.68, -28.64). Such 
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Table 1. M[N(SiMe&&Me3PO) compounds 

X in M[N~SiMe~2~21j(Me~Wl colour ".p.(%) 
1 
R N.m.r. Chem. S&if& Infrared Bands (cm-l) 

N312_ !E3& Y g 
-w %N - 

White 189-191 
b 

La 0.53k.6~- 0.S5(d,l)-b'-c 1124 380,360 

Pr Pale Yellow f 
b 

0.09(5,6)- -22.Sl(d.l+ f f 

Jill Pale orange 158-162 -0_45@,6)b'C- 23.0 (d,Ub'"- 1123 380,365 

Gd white 168-172 e e ll2S 363,350 

In White dec.137 0.42@,6# 0.90(d,l,"~ 1145 360 

Chemical shifts 6 in ppm relative to TMS, downfield positive. 

It-8 C6D6 at 306K. 

2J 
HP 

= 16Hz. 

In C7DS 

very broad signals due to paramagnetism. 

This compound was studied in solution only. 

-1 
Free ligandi Vpg = 1170 cm ; 8 = 1.0. 

Table 2. ‘H NMB chemical shifts for Eu[N(Siie&l~(Me~PO) 

T(K) - N(SiMe>$ !.q$ eb 
I 

293 -0.42 23.78 124.8 

253 -0.84 32.94 124.8 

233 -1.68 40.84 124.6 

223 v. broad 44.31 

213 Y. broad 49.16 

203 -25.99, +20.00 56.51 (124.6)c- ; 114.5, 132.2 

193 -20.64. +21.68 61.15 (124.5): ; 114.7, 132.3 

? 
In C,D*, 6 in ppm relative to TMS, downfield positive. 

b 
- Calculated angle from K(cosZB-l)r -3 function (see text). 

c 
- value calculated for averaged 6L. 

behaviour is consistent with the onset of restricted rota- shifts in EuL,(L’) lies in the pseudo-contact @polar) 
tion of the silylamide ligands around the Eu-N bonds mechanism and the molecule has axial (3-fold) symmetry 
which would be expected in the frozen conformation to then these data should accord with the wellknown for- 
have for each N(SiMe,), ligand one SiMe, group proxi- mula K(3 cos* 0 - l)re3. Although we could not reliably 
mal to the Me,PO group and the other distal. This is in calculate K from first principles we were able to make 
accordance with the crystal molecular structtu: deter- reasonable estimates of 0,.(-21”) and r,(5.72 A) for the 
mined for LaL,(Ph,PO).’ In this complex the POLa was Me,PO protons by assuming with suitable adjustments 
174” whilst the OL@I angles were 107.8, 105.2 and 104.8” that Eu[N(SiMe&(Me,PO) has a structure analogous 
(i.e. significantly less than the “tetrahedral” angle of to that determined for La[N(SiMe&(Ph~PO)J. Thus a 
109.5’). Moreover each silylamide ligand had a planar value of K was deduced and taking a reasonable estimate 
Si,NLa structure and these “ligand planes” subtended (4.89 A) for the average value of r, for the silylamide 
angles of 39.2, 43.9 and 48.6” with the N3 plane of the protons in freely rotating silylamide groups a value of BL 
molecule. If the origin of the paramagnetic chemical was calculated. In fact two solutions to the equation are 
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obtained, namely 0 and 180- 0, due to the cos* 0 term. 
In our model only the 180- 0 value has any physical 
meaning and the values obtained at each temperature are 
listed in Table 2. It is reassuring to find that I%_ is 
practically independent of temperature (average 124.7’) 
although the chemical shifts are very sensitive to tem- 
perature. Moreover the value of eL is very close to one 
of the values (54.73” and 125.27’) at which the function 
3 cost 0 - 1 changes sign. However, this value of ca. 125” 
is considerably greater than which might have been 
expected on the basis of the structural model. Although 
it is ditlicult to visualize the average position of silyl- 
amide protons in such a complicated fluxional molecule, 
intuitively one would expect the angle fJ,_ to coincide 
with that of the Eu-N bond vector. In the structure of 
LaL,(Ph,PO) the La-N bonds averaged 106” relative to 
the O-La axis and this is near the tetrahedral angle. It is 
possible that Eu[N(SiMe&(Me,PO) has a more 
covalent interaction between metal ion and ligands than 
the lanthanum complex and that the silylamide ligands 
are pressed further away from the phosphineoxide ligand 
thus widening the O&N angle. Clearly a crystal struc- 
ture is needed to settle the structural details of this 
interesting molecule. However, it must also be borne in 
mind that the above calculations are rather unsophisti- 
cated and assume a purely pseudo-contact mechanism 
for the paramagnetic shifts. If covalency is invoked this 
raises the possibility of some Fermi contact contribution 
due to transfer of 4f electron spin which would vitiate 
the above calculations. Further insight should be gained 
from the measurements in progress of ? NMR chem- 
ical shifts since agreement on geometrical parameters 
derived from ‘H and Y NMR shifts will only be 
obtained if a purely pseudo-contact mechanism is opera- 
tive. Before leaving the europium complex it is worth 
pointing out that the limiting low temperature ‘H NMR 
spectrum showed restricted rotation of silylamide ligands 
around the Eu-N bonds. If the “frozen” structure of the 
molecule in solution is similar to that given by the crystal 
structure of LaL,(Ph,PO) then the SiMe, groups proxi- 
mal to the Me,PO ligand should resonate at high field 
due to their t$_ becoming less than 124.7” and the distal 
SiMe, groups should shift down6eJd because their e,_ 
should exceed the limiting angle of 125.27”. Such is 
indeed the case as shown in Table 2 for the two lowest 
temperatures where &_ values are approx. 115” and 132”. 

The NMR spectra on the praseodymium complex 
Pr[N(SiMe&(MepPO) are consistent with those 
obtained for the europium complex although the 
paramagnetic shifts are opposite in sign. The data in 
Table 1 show that in PrL,(L’) the Me,PO protons 
experience a large upfield shift (-2366ppm) relative to 
the lanthanum complex and the silylamide protons give a 
small upfield shift (-044ppm). Using the same struc- 
tural model as for EuL,(L’) the paramagnetic shifts for 
PrL,(L’) predict an angle B,_ = 125.65” which is remark- 
ably close to that predicted for Eu (124.7”). In fact the 
upfield shift for the praseodymium silylamide protons, 
which at tirst sight is surprising bearing in mind that the 
europium silylamide protons also give an upfield shift, is 
due to the change in sign of 3 cos* 8 - 1 on crossing the 
limiting angle of 125.27”. Thus there is remarkable 
agreement between structural parameters for PrL,(L’) 
and EuL,(L’) derived from ‘H NMR spectra based on 
pseudo-contact paramagnetic chemical shifts. The gadol- 
inium complex GdL,(L’) gave as expected very broad ‘H 
NMR peaks which will require further analysis as will 

the complex ESR spectra which have been obtained in 
preliminary experiments. 

(b) 1: 2 Complex: Eu[N(SiMe,)2],(Me,PO)2 
The addition of Me,PO (2mols) to EuL, (1 mol) in 

benzene gave an unstable 1: 2 complex EuL,(L’), which 
had a red-orange colour and decomposed (> 115°C) 
before melting. Its IR spectrum showed significant 
differences from that of the 1: 1 complex; in particular 
the PO stretching frequency 1140 cm-’ (cf. 1123 cm-‘) 
suggested weaker bonding of the Me,PO ligands to 
europium in the 1: 2 complex. The ‘H NMR spectrum of 
the 1: 2 complex was dramatically different from that of 
the 1: 1 complex. Thus at 293 K in C,D, the doublet 
(2Jr.rp = 16 Hz) for the Me,PO protons was shifted upfield 
(S - 6.22; cf. 623.78 for 1: 1 complex) and the silylamide 
protons downfield (62.24; cf. 8 - 0.42 for 1: 1 complex). 
It would be premature to attempt any structural cal- 
culations based on these data bearing in mind the doubts 
expressed concerning the origin of the paramagnetic 
shifts for the 1: 1 complex. Nevertheless it is reasonable 
to suppose that the 1: 2 complex should have a structure 
based on a trigonal bipyramid with the phosphine oxide 
ligands occupying the axial positions with the silylamide 
ligands in equatorial positions. On this model the oxygen 
atoms would be axial and the nitrogens equatorial but the 
SiMe, groups might alternate above and below the equa- 
torial plane to minimize interligand repulsions. This 
would imply a substantial dihedral angle between the 
EuN, plane and the EuNSi, planes but by symmetry the 
SiMe, groups would be equivalent. If the &_ values for 
the SiMe, groups are between 54.73 and 125.27” then 
their ‘H pseudo-contact paramagnetic shifts will be 
opposite in sign from those of the MepPO protons. In 
fact the NMR data suggest values of ca. 60” (or 120”) 
which implies a considerable dihedral angle for the 
EuNSi, planes. It is hoped that a single crystal X-ray 
structural determination will be obtained in due course. 

Preliminary work suggests that praseodymium forms 
PrL3(L’)2 with ‘H NMR chemical shifts in C.& of - 3.0 
(L) and t 5.8 (L’). 

EXPERIMENTAL 

AU of the compounds described in this work were extremely 
sensitive to moisture and operations were conducted in uacuo or 
under an atmosphere of de-oxygenated dry nitrogen, using 
vacuum-line and glove-box techniques as reported earlier.‘*’ The 
three-coordinated species ML3 (M = La, Pr, Eu, Gd and In) were 
prepared by the literature method.‘.’ Trimethylphosphine oxide 
(m.p. 139-140°C) was prepared by a modification of Burg and 
Mekee’s method’ using THF as solvent. 

ANALYTICAL METHOD 

Elemental analysis for C, H, N and P were obtained 
commercially from Butterworth Laboratories and Uni- 
versity College, London. Lanthanide elements were 
determined gravimetrically and bis-trimethylsilylamide 
ligand volumetrically by previously reported methods.’ 

Spectroscopic measurements 
IR spectra were obtained as Nujol mulls using cells 

with CsI windows and Perkin-Elmer 577 and 225 spec- 
trophotometers. Mass spectra were obtained by direct 
insertion in an MS982 machine. NMR spectra were 
obtained on a Bruker WP80 machine and on the ULIRS 
Bruker 4OOMHz machine. For variable temperature 
studies solutions were kept in sealed off NMR tubes to 
avoid hydrolysis. Hydrolysis was indicated by the 
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presence of the methyl proton signal of the free amine 
(Me&NH (80.19). All chemical shifts are relative to 
TMS and are reported in Table 1. 

Lan?hanum tris - (bis - trimethylsilylamide)mono - tri- 
methylphosphine oxide 

Trimethylphosphine oxide (0.17 g, 1.85 mmol) in ben- 
zene (15 cm3) was added dropwise to a solution of 
La[N(SiMe,)J, (1.14 g, 1.85 mmol) in pentane (40 cm3). 
After standing for 14 hr the solvents were pumped off in 
vacua and the residue purified by extraction and low 
temperature crystallization from pentane (60 cm3) giving 
a white solid (0.7 g, 52% yield). Found: La, 19.16; P, 4.39; 
N(SiMe,),, 66.58%. La[N(SiMe3)J3(Me3PO) requires: 
La, 19.50; P, 4.35; N(SiMe3)*, 67.47%. IR spectra: 
1312(vs), 13OO(vs), 125O(sh), 124O(vs), 1124(vs), lllO(sh), 
98O(vs), 947(vs), 867(vs), 825(vs), 770(m), 750(m), 665(vs), 
595(vs), 38O(vs), 36O(sh). 

Indium tris - (bis - trimethylsilylamide)mono-trimethyl- 
phosphine oxide 

Me,PO (0.33 g, 3.6 mmol) and In[N(SiMe3)J3 (2.12 g, 
3.6 mmol) were allowed to react in benzene (100 cm’) and 
after 12hr the solvent was removed in vacua and the 
residue extracted with pentane and crystallized to a 
white solid (1.95 g, 71% yield). Found: In, 16.87; C, 34.86; 
H, 9.28; N, 5.50; P, 5.2; N(SiMe3)*, 68.94%. 
In[N(SiMe,)J,(Me,PO) requires: In, 16.71; C, 36.69; H, 
9.24; N, 6.12; P, 4.51; N(SiMe3)*, 69.91%. IR spectra: 
131O(vs), 13OO(vs), 1265(sh), 125O(vs), 1145(vs), 94O(vs), 
86O(vs), 835(s), 665(sh), 63O(sh), 620(s), 395(sh), 36O(vs). 

Europium tris - (bis - trimerhylsilylamide) - mono - 
trimethylphosphine oxide 

Me,PO (0.18 g, 1.95 mmol) and Eu[N(SiMe3)J3 (1.23 g, 
1.96 mmol) were added together in benzene (80 cm3) and 
left overnight before pumping off the solvent. The resi- 
due was extracted with pentane concentrated to 20cm’ 
and cooled to -20°C. Yellowish-orange hexagonal plates 
were slowly deposited (0.92g, 65% yield). Found: Eu, 
20.67; Si, 23.1; P, 3.89; N(SiMe,), 65.32%. 
Eu[N(SiMe3)J3(Me3PO) requires: Eu, 20.95; Si, 23.22; P, 
4.27; N(SiMe,),, 66.25%. IR spectra: 1315(vs), 13OO(vs), 
125O(sh), 124O(vs), 118O(sh), 1123(vs), 96O(vs), 95o(sh), 
865(m), 85O(sh), 825(vs), 770(s), 69O(sh), 67o(vs), 6OWs), 
38O(vs), 365(sh). 

Europium tris-(bis - trimethylsilylamide) - bis(trimerhyl- 
phosphine oxide) 

Me,PO (0.31 g, 3.34 mmol) was allowed to combine 
with Eu[N(SiMe3)J3 (l&g, 1.67mmol) in benzene 

(50cm3). Removal of the solvent in vacua left an 
orange-red microcrystalline solid. It was noticed that 
during the addition of the Me,PO solution to the orange 
solution of EuL, the colour first diminished until about 
equimolecular proportions were present and thereafter 
the reddish-orange colour was restored during the ad- 
dition of the second mol of Me,PO. The 1:2 complex 
was unstable and gave problems for analysis. Found: Eu, 
19.97; N(SiMe3)*, 57.01%. Eu[N(SiMe3)z13(MezPO)), 
requires: Eu, 18.59; N(SiMe,),, 58.7%. IR spectra: 
1340(m), 1305(vs), 129O(vs), 128O(sh), 1245(vs), 1233(sh), 
114O(vs), 103O(vs), 985(vs), 94O(vs), 830(m), 82O(sh), 
762(m), 745(m), 73O(sh), 680(w), 66O(vs), 603(sh), 595(vs), 
485(vs), 400(m), 363(vs), 35O(sh), 275(vs), 245(vs), 215(s), 
205(s). 

Gadolinium rris-(bis-trimethylsilylamide)-mono- 
trimethylphosphine oxide 

The complex was obtained in 65% yield from equi- 
molar proportions of reactants added together in benzene 
as for the preparation of the lanthanum complex. Found: 
Gd, 21.12; P, 4.27; N(SiMe,),, 66.73%. 
Gd[N(SiMe,)J,(Me,PO) requires: Gd, 21.52; P, 4.24; 
N(SiMe,),, 65.8%. IR spectra: 1315(vs), 13OO(vs), 
125O(vs), 124O(sh), 118O(sh), 1128(vs), 11 lO(sh), 985(sh), 
955(s), 94O(sh), 775(m), 755(w), 725(sh), 67O(vs), 6OO(vs), 
385(vs), 365(sh), 290(w), 245(w). 
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NOTES 

The preparation and ekctrochemistry of complexes of 4’,4”‘-diphenyl-2,2’ : 6’,2” : 6”,2”’ : 6’“,2”” 

WfwePyrkl~ 

(Raked 24 November, 1981) 

Jh’TRODUCTION 

Although complexes of 2,2’-bipyridine and 2,2’ : 6’,2”-terpyridine 
have been widely studied, t3 the coordination chemistry of the 
hiier oliiopyridines has received little attention. A few com- 
plexes of quaterpyridines have been described’23, but apart 
from an uncharacterised 1: 1 adduct with Li[ClOJ’, no coor- 
dination compounds of quinquepyridines are known. We report 
here the preparation and electrochemistry of the nickel(H), 
cobalt(B) and cadmium(H) complexes of 4’,4”‘diphenyl- 
2,2’: 6’,2” : 6”,2” : 6”,2’“‘quinquepyridine (L), and the electro- 
chemical generation of the corresponding nickel(I) and cobalt(I) 
species. 

The liind was prepared by the method of Krohnke5, tbe 
desired 2,6-bis(cinnamoyl)pyridine being obtained by the con- 
densation of benxaldehyde with 2,6diacetylpyridine in the 
presence of diethylamine. The complexes were prepared by the 
addition of one equivalent of L to a solution of metal@) acetate 
in retbuing methanol. The suspension so obtained was rethtxed 
for 1 h to give a clear solution. Addition of either iNHJ[PFJ or 
Na[BPh,] followed by cooling yielded the product as a micro- 
cystalliie solid. Satisfactory elemental analyses (C, H, N) were 
obtained for the complexes [NiL][PFJs, [CoL][BPhJs4HsO and 
[CdL][PFJs.2H20. 

Electrochemical measurements were recorded on a Princeton 
Applied Research Electrochemistry System Model 170. Cyclic 
Voltammetric studies were carried out using a three-electrode 
potentiostatic system with platinum wire as auxiliary and work- 
ing electrodes and an Ag-Ag[NO,] reference electrode at a scan 
rate of 1 Vsec-‘. All readings were taken in acetonitrile with 
0.1 mol I-’ [a-Bu&l][BF,] present as base electrolyte. Controlled 
potential electrolysis experiments were carried out using a pla- 
tinum gauze as the working electrode, a salt bridge being in- 
cornorated to separate oxidised and reduced species. ESR spec- 
tra-were measured as glasses in acetonitrile at-77 K. All solvents 
were distilled, dried and degassed before use. ‘H NMR spectra 
were recorded in CDCI, or CD&N solution at ambient tem- 
perature on a Bruker WH-400 spectrometer. 

ttR9tJLTs ANLt DISCUSSION 

Although complexes of L could be obtained under the con- 
ditions described above, no coordination occurred if water was 
used as the solvent, or if metal halide, nitrate or sulphate was 
used. These results suggest that the ligand in the above com- 
plexes is only weakly bound to the metal centre. This was 
confirmed by the liberation of free ligand upon the addition of 
halide, wate;, imidaxole, pyridine or t;iphenylphosphine to solu- 
tions of INiLl*+. No comnlexes could be obtained with salts of 
Ti(III), &II); Cr(III), MI&I), Fe(III) or with second-row tran- 
sition metals other than cadmium. Preliminary results have in- 
dicated that t&nuclear suecies are obtained with Zn(ID and 
HgO, and that stable M(O) compounds may be formed with 
metal carbonyls. 

Reductive cyclic voltammetry of [NiL][pFJs in acetonitrile 
shows a reversible primary reduction wave at E,n = - 1.14 V, 
and a quasi-reversible secondary wave centred at Ells = - 1.62 V. 
Controlled potential electrolysis of [NiL][PFJs in acetonitrile at 
- 1.2V gave a deep purple solution, the E.S.R. spectrum of 
which showed the characteristics of typical ff nickel(I) spectra gt 
2.197, g1 2.062.6 The generation of Ni(I) in the system is of 

particular interest since relatively few examples are known with 
nitrogen donor liinds.’ The paramagnetic nickel(H) starting 
material gave no ESR spectrum at 77K, but gave a contact 
shiited ‘H NMR spectrum at ambient temperature. Reduction of 
[NiL][PFJr by controlled potential electrolysis at the secondary 
reduction potential, - 1.7 V, led to the formation of a nickel(I) 
liind radical species, as demonstrated by ESR spectroscopy, gt 
2.130. P, 2.088. isotrouic II 2.0661. with the slow concomitant 
preci&tion of L from solution. A similar lii dissociation 
process also occurs on the reduction of [Ni(bipy)J*+ at its 
secondary reduction potential, although the reduction potentials 
for this complex occur at signiicantly higher negative potentials 
than for WiLp. This presumably reflects a greater ?r-acceptor 
ability for L compared with bipy. 

Reductive cyclic voltammetry of [CoL][PFJs in acetonitrile 
shows a reversible primary reduction wave at Etn = - 0.89 V. 
Controlled potential electrolysis of [CoL][PF& at - 0.9 V led to 
the reduction of the cobalt(H) species with concommitant change 
of colour from orange to dark blue. The reduction was followed 
by ESR spectroscopy at 77 K which showed the gradual loss of 
the signal at g,, 2.542 assigned to the d’ Co(H) starting material; 
on completion of the reduction no ESR signal could be detected 
at 77 K. This is consistent with the formation of a ds cobalt(I) 
complex with high zero-field splitting.’ 

Cyclic voltammetry of H+iLlz+ and [CoL]*+ shows a number of 
further reduction waves for each complex; however, these could 
not be investigated quantitatively due to the precipitation of the 
highly insoluble free @and. The complex [CdL][PFJs gave an 
irreversible reduction wave at - 1.62 V. 

In order to elucidate the mode of coordination of the quinque- 
pyridine ligand we have investigated the ‘H NMR spectra of 
CDCls, and CDsCN solutions of L, and CD$N solutions of the 
diamagnetic cadmium(II) complex. In both cases the resonances 
due to the protons on the A and A’ rings are equivalent, as are 
those on the B and B’ rings. This indicates that the complex has 
a high symmetry on the NMR time-scale at ambient temperature, a 
result which is consistent with a planar quater- or quinquedentate 
ligand. The resonances due to Hs HY, HJ,, HY and equivalent 
protons all experience a considerable downfield shit (- 0.76) 
upon coordination, which may be interpreted in terms of Van der 
Waals deshielding resulting from the adoption of the n’s, cis, 
cis-contiguration.9 

This work was undertaken as part of our study of polydentate 
ligands,‘” and further synthetic and electrochemical studies are 
underway to elucidate the similarities and dissimilarities between 
complexes of L and polydentate macrocycles. 
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F’OTENTIOMETRIC INVESTIGATIONS OF SOME ORTHO-DIPHENOLIC COMPLEXES OF ALUMINIUM 

by Richard A. Hancock* and Stefan T. Orszulik 

The Bourne Laboratory, Royal Holloway College (University of London), 

Egham, Surrey TWZO OEX 

(Received 18 Nouember Ml) 

Measurements of stability and equilibrium constants of catecholato and pyrogallolato com- 
plexes of aluminium have been assessed. They have been redetermined using iterative tech- 
niques and these have been applied to complexes of sulphonyl derivatives of these polyhydric 
phenols. 

Water-soluble chelates of aluminium (III) with ortho-diphenolic compounds have been 

known for 75 years. More recently Dubey and Mehrotra' isolated the potassium salts of the 

mononuclear chelates, K[Al R(OH)21 3.5 H20, K[Al R21.3H20 and K3[A1 R3]3H20 where R is the 

catecholate dianion. Similarly the three pyrogallolato complexes were prepared* in which the 

chelating ligand is again the ortho-dianionic species. These workers evaluated the stability 

constants for both the catecholato and pyrogallolato complexes by potentiometric methods but 

there are several reservations about their results, some of which have been noted by another 

worker3 and others which will be discussed here. 

EXPERIMENTAL 

Potentiometric titrations were carried out in the temperature range 22-25' using a Pye- 

Unicam 290 pH meter fitted with an E07 401 HA combined electrode. Aqueous solutions, having 

an initial volume of 0.05 cm3, containing nitric acid (4 x 10m3M), potassium nitrate 

(2 x lo-'M) and as appropriate the phenolic compound (6 x 10m3M) and aluminium nitrate 

(6 x 10m3M) were titrated Gth standardised potassium hydroxide (m1M) (initially by the addi- 

tion of 0.02 cm3 aliquots). Nitrogen was bubbled through the solutions to ensure adequate 

mixing and to maintain an inert atmosphere. 

Aluminium-pyrogallolato complexes were isolated as their ammonium salts by the dropwise 

addition of aqueous ammonia to appropriate mixtures of pyrogallol (50, 100 and 150 mmol) and 

aluminium nitrate (50 mmol) in water (0.05 dm3) which had been heated to 90' for 5 min under 

nitrogen. The products separated from the cold mixture (by the addition of ethanol in the 

latter two cases) were recrystallised from aqueous solution by the addition of acetone. Sat- 

isfactory analyses were obtained for each complex for aluminium4 and pyrogallate. 
5 

RESULTS AND DISCUSSION 

As a preliminary to the determination of formation constants using the Irving-Rossotti 

potentiometric titration technique6 an attempt was made to prepare the potassium salts of the 

pyrogallolato complexes of aluminium. Despite many approaches with the exclusion of oxygen, 

only black products could be obtained. However in contrast, the corresponding ammonium salts 

were white products, much easier to manipulate owing to their lower solubilities and analysed 

as NH4[Al R'(OH)21.2H20, NH4[Al R2'].H20 and (NH4)3[A1 R3'].4H20. where R' = 
n n O- 

*Author to whom correspondence should be addressed. 
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Catechol 

The proton-ligand formation curve (riA vs. pH) (where ?i, is the average number of pro- 

tons bound to catechol) was determined from the titration curves' and from it approximate 

values of the proton-ligand stability constants (Kl and K2) obtained by "interpolation of the 

half iiA values" i.e. at ?lA~0.5 and 1.5 respectively. The theoretical formation curve is 

syannetrical about lA = 1 for two proton ligands. Using the correction term method' mean pro- 

ton-ligand stability constants were calculated and are given in Table 1. 

Table 1. Proton-ligand stability constants 

log,, Kl log,, b log,, K, 

Catechol 12.52 + 0.13 9.46 t 0.07 - - 

Pyrogallol 12.67 t 0.12 11.72 t 0.11 9.21 t 0.09 - - - 

3,3',4,4'-tetra- 
hydroxydiphenylsulphone 12.09 + 0.07 7.83 t 0.05 - 

3,3',4,4',5,5'-hexa- 
hydroxydiphenylsulphone 12.66 + 0.15 10.39 t 0.08 7.46 0.09 - - + 

2,3-dihydroxybenzoic 
acid 12.4 t 0.08 9.9 t 0.03 3.01 0.04 - + 

3,4-dihydroxybenzoic 
acid 11.89 t 0.08 9.02 t 0.05 4.67 t 0.02 - - - 

The formation curve for the catecholato complexes of aluminium (ti vs. pL, where ii is 

the average number of catecholate ligands (L) bound to aluminium) was obtained from the 

appropriate titration curves 
7 

and from it an estimate of the three metal-ligand stability 

constants (K,) made by "interpolation of half ;i values". Beck8 regards the Irving-Rossotti' 

requirement of ratios of successive stability constants (Kn/Knt1)>102.5 to be insufficiently 

demanding for reliance to be put on the "half n value" 

to be >104. 

method and instead prefers the ratio 

Previously determined (3, 10) values of K2/K3 meet the more exacting condition 

but values of Kl/K2 do not and therefore the "half-n value" method would be expected to give 

inaccurate results. Oubey and Mehrotra' . in using the correction term method have assumed 

symmetry in the formation curve for 0<;1<2 at ?I = 1 and similarly for 1<&3 at ii = 2. IHowever 

when there is overlapping of equilibria there cannot be these points of symmetry and so the 

correction term method must not be applied. In addition to this fundamental restriction, 

Slabbert' has pointed out that these workers have used data for their formation curve which 

is not consistent with the experimental titration curve. This we have now been able to 

apportion to their implied use of a value of ti A = 1 for the calculation of ?I values rather 

than tiA~2 which is more appropriate for the pH range studied. 

In this work rigorous values for the aluminium-ligand stability constants have been 

calculated using the approximation formula given by 8eck8, from which, for three successive 

equilibria, the following three equations may be derived: 

loglo Kl =-loglo L t 
Cl 

log10 
ii (1) 

(1-t) t (2-ti) L K2 t (3-t) 
[ 1 
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‘wo , K2 = -log,0 [ L] t 

log,0 
(i-1) CL Kl t n 

(2-n) [L] Kl + (3-i;) LL] 2KlK3 

log K3 = -log,0 L t r3 

[L-j 2K1K2 + (n-1) [L] K, t ii 

(3-i) [ L] 2 K,K2 3 

(2) 

(3) 

Thus, beginning with the estimated values of K,, K2 and K3 an iterative method 

the equations l-3 until the sum of the absolute differences between successive 

of the three log Kn values was ~10 
-6 . The values of log Kn, included in Table 

arithmetic means for iterations commenced with several different values of [L] 

was applied to 

approximations 

2, are the 

and ti (three 

values of each of [L] and ?I being required for each approximation, one pair appropriate to 

each Kn such that n%n-1). 

Table 2. Aluminium-ligand stability COnStantS 

log10 Kl log10 K2 log10 K3 

Catechol 15.31 + 0.10 12.36 + 0.15 7.74 t 0.18 - 

3,3',4,4'-tetra- 
hydroxydiphenylsulphone 14.93 + 0.08 12.65 + 0.32 9.24 + 0.20 - - 

3,4-dihydroxybenzoic 
acid 15.03 2 0.08 12.61.~ 0.12 9.91 t 0.35 - 

3,3',4,4'-tetrahydroxydiphenyl sulphone 11 

Similar methods for the determination of proton and aluminium-ligand stability cons- 

tants to those used for catechol were applied here. It was assumed that this sulphone could 

be treated as a pair of independent orthodiphenolic units and that electronic effects are not 

transferred from one ring to the other through the sulphonyl group. Only two proton-ligand 

stability constants were thus calculated (see Table 1) and these used to construct a theoret- 

ical formation curve (Fig. 1) from equation 4. 

K, [H'] + 2K1K2[H+] 2 

"A = 1tK 
1 H+ [ 3 + KlK2[H+l 2 

(4) 

The experimental formation curve is also shown in Fig. 1 and the agreement supports the 

assumption made above. The relative concentrations of sulphone and aluminium was such as to 

prohibit the formation of polynuclear complexes. The three aluminium-ligand stability cons- 

tants are shown in Table 2. 

Pyrogallol The proton-ligand formation curves were determined as outlined for catechol. 

Equations l-3 were used iteratively as before with Ht and iA replacing L and ;i respectively 

to determine the proton-ligand stability constants. The approximate values were first deter- 

mined using "half ii values". 
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To obtain the aluminium-o-pyrogallolate dianion formation curve it is necessary to know 

the proton stability constants of the ortho-dianion, thus it is a requirement to know the 

structures of species involved in the successive protonations of the trianion. If the di- 

anion has the structure R' then from K2,(Ka2) and K3,(Ka,) the aluminium-o-pyrogallolate di- 

anion formation curve may be deduced. However, if the dianion has the structure R" then this 

formation curve may not be deduced. 
0- 

R" = 

0 
0 OH 

0- 
Evidence for the dianion structure being R" has been provided 

12 
on the basis of the similar- 

ity between the pKa2 for resorcinol (11.06) and that for pyrogallol (11.19). 

In their work with pyrogallol, Dubey and Mehrotra' did not acknowledge the existence of 

any difficulty with the assignment of a structure to the dianion. For the aluminium-ligand 

formation curve they simply used K2 and K3 (the second and third proton-ligand stability con- 

stants). Slabbert attempted to overcome the difficulty by using the value of pKa2 of 

3-methoxycatechol in place of K2, justifying this by the similarity of urneta for m-OH and 

m-OMe. We have devised the following approach for the determination of the aluminium-ligand - 

formation curve when there is no direct 

Ken, is defined for equation 5 then [L] 

dianion). 

access to LL] values. Since the equilibrium constant, 

can be expressed by equation 6 (LH2 is the protonated 

AlL;2;-5)- + LH En 
2 

CL1 = (Ken/Kn) [LH~] /[H+] 2 
(6) 

The quantity [LH2] / [Ht-J2 has been used by us in place of CL] for both the construction of 

the aluminium-ligand formation curves and for the iterative treatment using equations l-3. 

A1L(2n-3)- t 2Ht 
n 

(5) 

The constants so determined are equilibrium constants, defined by equation 6 and are given in 

Table 3. Potentiometric measurements were made in the pH range for which the hydroxyl group, 

not involved in chelation, remained undissociated. Thus, regarding pyrogallol as a dibasic 

acid (eqn. 6) the maximum value of iA was taken as 2 for calculations of n. Slabbert appears 

inadvertently to have applied this restriction but by virtue of having evaluated only Kal and 

Ka2 for pyrogallol. 

Table 3. Aluminium-ligand equilibrium constants 

pK1 pK2 pK3 

Catechol 6.67 t 0.10 9.62 t 0.15 14.24 0.18 - - + 

Pyrogallol 6.00 t 0.03 8.62 - + 0.42 14.67 _t 0.22 

3,3',4,4'-tetra- 
hydroxydiphenylsulphone 4.99 t 0.08 7.27 t 0.32 10.68 t 0.20 - - - 

3,?',4,4',5,5'-hexa- 
hydroxydiphenylsulphone 4.73 t 0.28 6.60 + 0.07 9.57 + 0.23 - - - 

3,4_dihydroxybenzoate 
anion* 5.88 t 0.08 8.30 + 0.12 11.00 t 0.35 - 

*Carboxylate considered fully ionised in aH range studied 
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3,3'4,4',5,5'-hexahydroxydiphenylsulphone 
11 

This sulphone may be considered to behave as a pair of independent pyrogallol units. 

The proton-ligand formation curve and the three proton-ligand stability constants were evalu- 

ated therefore as above (see Table 1). Again, without having access to [L] values, the alu- 

minium-ligand formation curve was constructed as a plot of n vs. p([H+]'/[LH2]), from which 

equilibrium constants were obtained. Use of these was made to construct a theoretical forma- 

tion curve from eqn. 7. 

n = 
Kel X t 2KelKe2 X2 + 3KelKe2Ke3 X3 

1 t Ke, X t Kel Ke2 X2 t Ke,Ke2Ke3 X3 
(7) 

x =j3H2] / [H+] * 

The good agreement between the theoretical and experimental formation curves (Fig. 2) sup- 

ports the assumption that just one of the identical ortho di -- 

ligand here. 

3,4 and 2,3- dihydroxybenzoic acids 

The proton ligand stability constants were determined 

phenate groups is the effective 

as previously described and are 

given in Table 1. However, the aluminium-ligand formation curves yielded values for stabil- 

ity constants which were of the correct magnitude only in the case of 3,4-dihydroxybenzoic 

acid. In evaluating pL for these formation curves proton-ligand stability constants for the 

two'phenolic groups were used. Preliminary studies indicate that chelation with the 2,3-di- 

hydroxybenzoic acid is through the carboxylate and ortho phenate groups. 

Hydroxides of aluminium chelates 

The presence of hydroxides would be expected to interfere with the titrations of both 

di- and tri- hydroxyphenyl systems. However it has been shown by Dubey and Mehrotra 1,* that 

titrations of 1:1,1:2 and 1:3 molar ratios of aluminium to phenolic compounds have inflexions 

for the formation of hydroxides but at higher pH than the formation of the next successive 

complex. Since we have used considerable excesses of phenolic compounds over aluminqum 

nitrate, the formation of such hydroxides is thought not to have any significant effect. 
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Figure 1: Proton-ligand formation curve of 3,3',4,4'-tetrahydroxydiphenyl sulphone 
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COMMUNICATION 

Diboron tetraiodide and it9 decomposition 

(Received 16 October 1981) 

Schumb et al.,’ in describing the preparation of diboron 
tetraiodide’, reported that the compound did not melt and that it 
decomposed to give an involatile black solid. We have repeated 
the preparation, which involves passing boron triiodide vapour 
through a radiofrequency discharge, and found that BrL melts 
under vacuum reproducibly at 949s”. A few degrees below the 
melting point the colour darkens from the original pale yellow 
and on melting the samples immediately begin to decompose 
giving a black-looking product and boron triiodide. At room 
temperature the decomposition is slow and only after some days 
do hexagonal crystals of BIs begin to appear; decomposition is 
more rapid in a solvent such as methyleae chloride giving dark, 
red-purple solutions. 

The mass spectrum of B& shows a continuation of the trend 
observed with B&Is and B9Brs; the heavier the halogen the more 
stable is the parent ion towards loss of BX,. The ratios B9Xst: 

After decomposing samples of diboron tetraiodide at loo-400” 
and removing the boron triiodide it was found that the dark 
residue would sublime at temperatures in excess of 250” at 
lO+mm Hg pressure. Mass spectral analysis showed that the 
sublimate was mainly B& with about 15% of B& The B& has 
very similar properties to those described by Wang? solutions in 
C&CL. CHCI,. CCL. toluene and uetrol ether were pink to . _. _I _, 

red-purple depending on solubility w&t royal blue solutions were 
formed in methyl and ethyl alcohols and acetone. Wongs has shown 
that the latter blue colour is due to the presence of BrIs? ions. 

*Author to whom correspondence should be addressed. 

Bs&+ are approximately, 0.4 (Cl), 1.3 (Br) and 8 (I). The stability 
of BsIs is further indicated by the formation of the doubly- 
charged parent ion B&,*+; two other doubly-charged ions, B&*+ 
and BJr*+, are also encountered in the mass spectrum. 

The discharge vessel is coated with a mainly involatile black 
residue but, on strong heating with a hand torch, small amounts 
of B& and BsIs can be sublimed out. As the discharge zone gets 
very warm during operation it is probable that these two 
monoiodides arise from the thermal decomposition of some B& 
and are not, therefore primary discharge products. 

A. G. MASSEY* 
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Department of Chemistry 
University of Technology, 
Loughborough, Leicestershire, LE 1 I 3 TU 
England 
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‘H NMR STUDIES OF THE ISOMERS OF DICYANOCOBALAMIN 
AND DICYANOCOBINAMIDE 

PRASANNA K. MISHRA and RAJ K. GUPTA* 
The Institute for Cancer Research, The Fox Chase Cancer Center, PA 1911 I, U.S.A. 

and 

PRABHAT C. GOSWAMI, P. N. VENKATASUBRAMANIAN and AMAR NATH* 
Department of Chemistry, Drexel University, PA 19104, U.S.A. 

(Received 27 April 1981) 

Abstract-An isomeric form of cyanocobalamin (cyanocobalamin’) discovered earlier has been reported to exhibit 
conformational differences from the regular form, in the corrin ring, aminopropanol side chain, and the nucleotide 
base. In the present work, we have attempted to answer the question whether a variation in the puckering of the 
corrin ring in the new form brings about a conformational change in the nucleotide base or vice versa. 
Measurements of NMR chemical shifts and spin-lattice relaxation times for a large number of protons show that 
the two isomeric forms of dicyanocobalamin (where the benzimidazole base is detached from the cobalt atom) 
exhibit differences in conformation for all the three segments of the molecule, namely, the corrin ring, the 
amino-propanol chain, and the nucleotide base. NMR studies also indicate the existence of a conformationally 
different isomer of dicyanocobinamide (where the nucleotide base is completely cleaved off), namely dicy- 
anocobinamide’. The existence of cobinamide’ is confirmed by means of thin layer chromatography. Based on these 
observations, it is suggested that a significant variation in the puckering of the corrin ring occurs in the new form 
and brings about a consequent change in the conformation of the nucleotide base through the amino-propanol 
linkage. 

INTRODUCTION 
We have reported earlier a new naturally occurring 
isomeric form of cobalamins’. The UV-visible spec- 
trum of any cobalamin’ (the new form) is indistinguish- 
able from that of its corresponding regular analog. The 
conversion of a cobalamin to cobalamin’ is achieved by 
substituting the benzimidazole base by a small group like 
Hz0 or CN- and modest thermal treatment. The base 
can subsequently be re-attached to the cobalt atom by 
adjustment of pH of the solution with retention of the 
new form. It seems that the corrin ring becomes quite 
flexible in the “base-off” form, due to the absence of 
benzimidazole steric contacts, and it flips into a new 
conformation with modest thermal treatment. For in- 
stance, adenosylcobalamin tends to convert into 
adenosylcobalamin’ in acidic aqueous solution (pH - 2) 
in the “base-off” state at 7o”C, while the adenosyl- 
cobalamin’ tends to back-convert into adenosyl- 
cobalamin at room temperature. The interconversion can 
be frozen by raising the pH and putting the base on. 

The new form of cobalamin is inevitably present as an 
impurity in the pharmaceutical preparations of the cor- 
responding regular analog; hydroxycobalamin’ can even 
be present to the extent of 10% in commercially available 
hydroxycobalamin. This raises the question whether one 
of the forms could be anti-anemic factor while the other 
one could be anti-neurologic or whether the new form is 
biologically inactive. 

Any cobalamin’ can be separated from the cor- 
responding regular analog using ion-exchange chroma- 
tography and each of the forms can be identified with the 
help of thin layer chromatography. 

*Author to whom correspondence should be addressed. 

The conformational change in going from cobalamin to 
cobalamin’ is borne out by subtle relative changes in 
chemical shifts of protons on the corrin ring and the 
nucleotide base. However, there are considerable 
differences in the Miissbauer parameters of the two 
forms for a large variety of derivatives. These 
differences are indicative of significant variation in the 
immediate environment of the cobalt atom. Both NMR 
and Mossbauer data would be consistent with a small 
out-of-plane upward displacement of the cobalt atom 
associated with variations in the puckering of the corrin 
ring and changes in the conformation of the nucleotide 
base’. 

The present work is an attempt to investigate the cause 
and effect relationship, namely, whether the confor- 
mational change in the corrin ring brings about a cor- 
responding conformational change in the benzimidazole 
base or vice versa. To answer this question we have 
followed two approaches. Firstly, we have studied the 
chemical shifts and nuclear spin-lattice relaxation times, 
T,, for protons in the corrin ring (including its substituents) 
and in the benzimidazole base when it is detached from the 
cobalt atom, for the two isomeric forms of dicyanoco- 
balamin. Secondly, we have looked into the possibility of 
the existence of the conformational isomer of a 
cobinamide, where the benzimidazole base is completely 
cleaved off (Fig. 1). Some of the preliminary work was 
reported earlier*. 

MA- AND METHODS 

Preparation of dicyanocobalamin and dicyanoco- 
balamin’ 

Cyanocobalamin’ was prepared by thermal treatment 
of the dicyanocobalamin under controlled conditions’. 
About 5 mg each of cyanocobalamin and cyanoco- 
balamin’ were dissolved in approx. 0.5 ml of D,O con- 
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Fig. 1. Molecular structure formula of cyanocobalamin. (a) Rupture of the bond at - gives dicyanocobalamin. 
(b) Hydrolysis at ----- gives dicyanocobinamide. 

taining 10 equivalents of KCN for NMR measurements 
(pH - 11.0). 

Preparation of dicyanocobinamide and dicyanoco- 
binamide’ 

The cobinamide and cobinamide’ were prepared from 
the cyanocobalamin and cyanocobalamin’, respectively, 
by treatment with concentrated HCl at 65°C for 5 mit?. 
Under these conditions the nucleotide side chain is split 
off with little hydrolysis of the amides. Fifty milligrams 
of cyanocobalamin or cyanocobalamin’ was treated with 
10 ml of concentrated HCl at 65°C for 5 min and then the 
solution was chilled in ice-salt bath. The excess acid was 
neutralized by dropwise addition of chilled 6 M NaOH 
with constant stirring and finally the pH was adjusted to 
- 4 using 0.1 M NaOH. The corrinoid solution was des- 
alted using phenol solution in methylene chloride’. 

The cobinamide was purified as follows. The solution 
was passed through SP-Sephadex C-25 and the effluent 
and washings were rejected. The absorbed corrinoids 
were eluted with 1% NaCl and the solution acidified with 
dilute HCl to adjust the pH of the solution to -5. The 
solution was desalted with phenol and passed over 
DEAE-Sephadex A-25 (Cl-). The effluent was collected 
and freeze-dried. Five milligrams of cyanoaquoco- 
binamide was dissolved in approx. 0.5 ml of D20 con- 
taining 2 equivalents of KCN for NMR studies (pH- 
10.5). 

The cobinamide’ was purified by passing the solution 
through DEAE-Sephadex A-25 (Cl-). The effluent was 
freeze-dried. The freeze-dried corrinoid was dissolved in a 
couple of millilitres of water and passed over SP- 
Sephadex A-25. The faster moving fraction is 
cyanoaquocobinamide’. Five milligrams of cyanoaquo- 
cobinamide’ in about 0.5 ml of DzO containing 2 
equivalents of KCN was used for NMR studies. 

Identification of cobinamides using thin layer chromato- 
graphy (TLC) 

TLC was carried out on cellulose plates at room 
temperature using s-butyl alcohol-ammonia (p = 0.88)- 
water-l.0 M KCN (250:0.4:100:0.3) as solvent4. 

The cobinamide’ moves slowly as compared to the 
cobinamide. Moreover, two spots of unequal intensity 
were observed for the cobinamide’ which is reminiscent 
of cyanocobalamin”. The R, values for the two com- 
ponents of cobinamide’ were found to be 0.45 (more 
intense spot) and 0.55 respectively as compared to 0.62 
for the cobinamide. The two components of cobinamide’ 
were found to be genetically related. If one of the spots 
on the TLC plate was scraped and redeveloped on a 
fresh TLC plate, after keeping the solution for several 
weeks, the other spots also make their appearance. 

NMR measurements 
The chemical shifts (in parts per million (ppm) of the 

observing field) of the protons are measured at 360 MHz 
relative to the methyl resonance of the sodium salt of 2,2 
dimethyl-2-silapentane sulfonic acid (DSS), used as an 
internal reference, using the Middle Atlantic NMR 
Facility at the University of Pennsylvania, Philadelphia. 
Parts of the 360 MHz NMR spectra with assignable lines, 
for the two isomeric forms of dicyanocobalamin and 
dicyanocobinamide, are given in Figs. 2-4. 

Spin-lattice relaxation times, T,, for several of the 
identifiable protons were measured at 212 1°C at 
1OOMHz using the inversion recovery technique’. The 
values of r, are reported in Table 1. The errors in T, 
measurements are less than *5% for the longer values 
(>2OOms) and *lo% for the shorter values (<2OOms). 
Both, the least-squares fitting of the data points to a 
theoretical recovery curve for the magnetization and the 
observation of the magnetization null point in the in- 
version recovery sequence gave similar values for T,. 
Because of overlap of DSS lines with Cd7 (Fig. 1) 
methyl resonance of dicyanocobinamides at 100 MHz, 
the r, for C-47 methyl group could not be measured. 

The line assignments were made with the help of 
earlier studies-. There are eleven methyl groups in 
the cobalamins and nine in cobinamides. In addition, in 
D20 solution the cobalamins give rise to five assignable 
single proton resonances (Fig. 3) and the cobinamides 
give a single line attributable to C-10 vinyl proton (Fig. 
4). 
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RESULTS AND DISCUSSION cyanocobalamin’ and dicyanocobalamin to dicyanoco- 
One observes dramatic changes in chemical shifts for balamin’ in contrast to that of the B-7 proton. A slight 

the benzimidazole base protons B-2, B-4 and B-7 in change in the orientation and/or the distance of the 
going from (the two isomeric forms of) cyanocobalamin benzimidazole base with respect to the corrin ring can 
to (the corresponding forms of) dicyanocobalamin. It account for these shifts. Similarly, B-2 chemical shift 
seems that the B-2 and B4 protons due to their closer also shows significant change for the two isomeric forms 
proximity initially to the s-electron system of the corrin of dicyanocobalamin. 
ring” than B-7 (Fig. 1) show a larger downfield shift The C-20 and C-47 methyls which are ring current- 
when the benzimidazole base is detached from the cobalt shifted by the benzimidazole base undergo substantial 
atom (and replaced by CN-) and presumably moves downfield shifts when the base is detached in the dicy- 
further away from the corrin ring. It is interesting to note anocobalamins. Even other methyl protons on the corrin 
that the chamical shifts for B-4 and R-l protons exhibit ring show quite significant changes in the chemical shifts 
significant changes in going from cyanocobalamin to while going from cyanocobalamin to dicyanocobalamin. 

610 1-j c35 
811 c53 

Pr3 

c20 

J-d 

c47 , \ 

A 

I 
I 

3 2 1 0 

PPM 

Fig. 2. The high field portion of 360 MHz proton NMR spectrum PPM 
of (A) dicyanocobalamin and (B) dicyanocobalamin’, both at pH 
11.0, in DrO solution and at 212 1°C. The sample concentration Fig. 4. The high and low field (aromatic) portions of 360MHz 
in each case is approximately 10mglml of the solution. The proton NMR spectrum of (A) dicyanocobinamide (B) dicyanoco- 
methyl resonance of 2,2-dimethyl-2-silapentane sulfonic acid binamide’ both at pH 10.5, in D20 solution and at 21 k 1°C. The 

(DSS) internal reference appears at 0.0 ppm. sample concentration in each case is approx. 10 mglml. 
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Fig. 3. The low field (aromatic) portion of 360MHz proton NMR spectrum of (A) dicyanocobalamin and (B) 
dicyanocobalamin’, both at pH 11.0, in 40 solution and at 212 1°C. The sample concentration in each case is 

approximately 10 mg/ml of the solution. 
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On the other hand, the differences in chemical shifts 
between dicyanocobalamins and cobinamides are rela- 
tively small. Detachment of the benzimidazole base 
removes the steric interactions with the corrin ring and 
so the puckering of the corrin ring is modified and is 
quite similar for the dicyanocobalamins and the 
cobinamides. However, small but significant differences 
in chemical shifts are observed between dicyanoco- 
balamin and dicyanocobalamin’, and between dicyano- 
cobinamide versus dicyanocobinamide’ (Table 1). 

We observe very interesting changes in proton spin- 
lattice relaxation times, T,, in going from cyanoco- 
balamin to dicyanocobalamin and to dicyanocobinamide, 
and also between the two isomeric forms of these spe- 
cies. The changes in the magnitude of T, can be gover- 
ned by the tumbling time of the molecule (correlation 
time, r,), localized segmental motion of a group (e.g. 
degree of hindrance to methyl rotation) and to changes in 
the magnetic environment. It is not possible at present to 
estimate the relative contribution of each of the above 
factors. However, we discuss the changes in T, in a 
more general and qualitative fashion. As seen from the 
relaxivity expression below (for a proton relaxing due to 
the direct dipolar interaction with another proton) 

1 3 y”Q* -=-_6 
l-, 2 r 

(where yH and h are the gyromagnetic ratio of proton 
and the Plan&s constant respectively), very small 
changes in the magnetic environment, i.e. inter-proton 
distance, r, can bring about a large change in T,. Fur- 
thermore, it is estimated that if a completely hindered 
methyl group becomes entirely free to rotate, one can 
observe an increase in T, of about a factor of four”. 

Doddrell and Allerhand” have observed for dicy- 
anocobalamin that the TV values for all singly protonated 
13C nuclei in the nucleotide base viz., B-2, B-4 and R-l, 
are centered around 240ms while for “C attached to a 
single proton on the corrin ring, namely C-10, the T, is 
1tOms. From these observations we have obtained the 
effective correlation time at 21°C for the corrin ring as 
= 8 x IO-” s and for the nucleotide base as = 4 x 1O-1o s. 
This clearly indicates that the nucleotide base is free to 
undergo some segmental motion once its linkage from 
cobalt is detached. This would in part explain the 
dramatic increase in T, for B-2 and B-7 in going from 
cyanocobalamin to dicyanocobalamin. The increase in T, 
for the same protons is not so impressive while going 
from cyanocobalamin’ to dicyanocobalamin’. It would 
seem that the nucleotide base in dicyanocobalamin’ may 
not have that much motional freedom and, moreover, it 
may be situated closer to the corrin ring. T, for the B-4 
proton also shows an increase but to a lesser extent than 
for B-2 and B-7 presumably because of its closer prox- 
imity to some protons on the corrin ring. For the two 
methyls in the nucleotide base, namely B-10 and B-11, 
one observes relatively small increases in T,, contrary to 
expectations, in going from cyanocobalamin’ to dicy- 
anocobalamin’. Perhaps the benzimidazole group moves 
closer to the propionamide group when detached from 
cobalt and the magnetic environment reduces the spin- 
lattice relaxation time. The methyl Pr3 on the amino- 
propanol side-chain shows a decrease in TV in going from 
cyanocobalamin to dicyanocobalamin presumably due to 
a change in the magnetic environment and shows a 
dramatic increase for the dicyanocobinamide. This is not 
surprising; one would expect considerable freedom of 

motion of the amino-propanol side chain after cleavage 
of the nucleotide base (Fig. 1). 

The methyl groups on the corrin ring, C-35, C-53, 
C-47 and C-20 show changes, either an increase or 
decrease in T,, while going from cyanocobalamin to 
dicyanocobalamin. The changes can be attributed to a 
combination of all three afore-mentioned factors. 

We have also previously studied the 3’P nuclear relaxa- 
tion times T, of the two isomeric forms of cyanocobalamin 
and dicyanocobalamin’2. The observed differences in T, in 
their two isomeric forms were interpreted on the basis of 
structural changes arising from variations in the nature of 
puckering of the corrin ring. The “P chemical shifts for the 
two isomers were, however, the same, indicating that the 
structural differences in the isomeric forms do not alter the 
electronic environment of the phosphorus nucleus. 

In conclusion, one may say that once the nucleotide 
base is detached from its linkage to cobalt, the corrin 
ring acquires a different puckering. The changes in T, 
and the chemical shifts clearly indicate that the amino- 
propanol side chain, the nucleotide base and the corrin 
ring have different conformations for the two isomeric 
forms of dicyanocobalamin. This rules out the possibility 
of the conformational change of the corrin ring or of the 
nucleotide base in cyanocobalamin’ being transferred 
from one part of the molecule to the other by direct 
steric interactions. Differences in conformation of the 
corrin ring are apparent in the two isomeric forms 
of dicyanocobinamide. The existence of dicy- 
anocobinamide’ is also verified by thin layer 
chromatography. From these observations, one can per- 
haps infer that a change in the puckering of the corrin 
ring in the new forms of cyanocobalamin and dicy- 
anocobalamin brings about a significant change in the 
nucleotide base through the aminopropanol linkage. 
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Abstract-Coordination compounds formed by the interaction of manganese(I1) chloride, thiocyanate, acetate and 
sulphate with 2,2’-bipyridyl (2,2’-Bipy), 4,4’-bipyridyl (4,4’-Bipy) and their dioxides have been characterized by 
electron spin resonance and optical absorption spectral studies in solid and solution states to determine the 
spin-Hamiltonian constant for manganese(II), metal-ligand bond parameters and the tentative environments around 
manganese(I1). The metal-ligand u-bond in the compounds studied herein in formamide solution is found to be 
moderately covalent. The compounds seem to have an essentially axial symmetry with g-value close to 2.0. The 
magnetic moments, electronic and photoacoustic spectra of these complexes are also recorded and interpreted in 
the solid state. 

INTRODUCTION 
Although electron spin resonance spectra on the coor- 
dination compounds of manganese(I1) have been stu- 
diedI extensively the majority of these were on diluted 
single crystal where the metal ion geometry was only 
slightly distorted from cubic. The zero-field splitting 
parameters D were small and the g values were close to 
2.0. Moveover, a few reports5*6 have been published to 
use this ion as a stereo-chemical probe for other well- 
known divalent ions. Further, recently’ the electron spin 
resonance studies on the manganese(H) ion have been 
recorded in a trigonal-prismatic coordination and 
parameters such as D and h are correlated with distortion 
from regular octahedral symmetry. In the present study 
we have investigated the recently reported* coordination 
compounds of manganese(H) chloride, thiocyanate, 
acetate and sulphate with 2,2’-bipyridyl, 4,4’-bipyridyl 
and their dioxides by electron spin resonance, pho- 
toacoustic and electronic spectral studies in solid and 
solution state. The manganese(I1) ions in these com- 
plexes are shown to achieve six-coordinate, high-spin 
octahedral environment through the ligand and/or anion 
bridging. Since the magnitude of the g and A values is 
likely to throw light on the nature of metal-ligand bond 
the ESR spectra of the compounds concerned are com- 
pared with similar chromophores like Mn06, MnN204 and 
MnN402. 

EXPERIMENTAL 
Manganese(I1) chloride, acetate and sulphate were obtained from 

B.D.H. and used as such. Manganese(I1) thiocyanate was pre- 
pared by the literature method.’ 2,2’-Bipyridyl and 4,4’-bipyridyl 
were obtained from Koch Light Labortories and used without 
further purification. These were oxidized to their dioxides as 
described by Simpson et oL”’ and Ochiai.” The complexes were 
prepared as described earliei and chemical analyses were car- 
ried out to confirm their stoichiometries. 

Electronic spectra of the complexes prepared were recorded in 
the solid state as nujol mulls in the range 33-6 x Id cm-‘. The 

*Author to whom correspondence should be addressed. 

mulls were smeared on filter paper and run against a reference 
consisting of a similar piece of 6lter paper soaked in nujol. 
Magnetic susceptibilities were measurei at room tempera&e 
with a Cahn R. G. Electrobalance Mode1 7550 using HeCo(NCS), 
as the magnetic susceptibility standard. Diamagneric corrections 
were estimated from Pascals’ constants and magnetic moments 
were calculated using the equation 

Clctl = 2.84 d(x? T) 

The photoacoustic spectra were recorded in the solid state on a 
Princeton Applied Research instrument Model 6001 in the range 
50-6.5 x 10 cm ’ using carbon black as a reference. ESR spec- 
tra of the complexes studied were recorded as 4 x IO-’ M solu- 
tions in formamide and/or dimethylformamide at room tem- 
perature (2%K) and at low temperature (120K) on a JOEL 
PE-3X spectrometer. The magnetic field homogenity is ca. + 
30 mG on the effective sample value. DPPH was used as a 
g-marker. The maximum error in g, hypertine separation and 
hyperline line width are 2 0.001, + 2 G, 2 3 G, respectively. 

RESULTS AND Dl!XUsSION 
The room temperature magnetic moments, electronic 

and photo-acoustic spectral bands are given in Table 1 
and the ESR parameters are listed in Table 2. 

Magnetic moments 
Because of the additional stability of the half-filled 

d-shell manganese(H) generally forms high spin com- 
plexes which have an orbitally degenerate ‘S ground 
state term and the spin-only magnetic moment of 
5.92 B.M. is expected which will be independent of the 
temperature and of the stereochemistry.‘2 All the man- 
ganese(I1) complexes reported here show magnetic 
moment values in the range 5.7-6.1 B.M. thereby in- 
dicating the presence of five unpaired spins and hence 
these are high spin complexes. 

Electronic and photoacoustic bands and spectral 
parameters 

In the case of manganese(II) complexes the intensity 
of the electronic transitions from the ground state (%) 

327 
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Table 1. Magnetic moments (B.M.), electronic and photoacoustic spectral data (X Id cm-‘)* 

X42,2'-Bipy)C12 6.M 
($80) *** 

23.4 

I.ii( 2,2'-Bipy02)C12 5.97 10.4 . . . 26.0 
(25.6) 

Mn(4,4’_BiPY)Cl2 5.77 
(16.5) l ** '** 

Hn(4,4'-Bi~yO2)Cl~ 6.13 18.0 21.6 24.4 
(19.5) (21.6) 

Mn(2,2'-Bi~~)~(K3)2 5.99 17.5 22.9 24.4 
(16.4) 

~(2,2’-BQYO,),(~of3), 5.89 ,;I):;, (;;I:) 24.4 

bln(4,41-B~~)2(~o@2 6.14 19.5 23.0 25.0 

~(4,4’-Bk02)(~~)2 5.71 20.0 . . . 
(20.0) (21.7) 

23.5 

F~1(2,2’-Bipy)(OAe)~ 5.77 18.3 21.9 . . . 

yln(4,4’-BQw)(O~)2 5.90 . . . 1.. . . . 

Mn(2,2’-BiPY)so4 5.90 19.2 . . . 23.1 
(20.4) 

~~2(4,4’-~PY)(so4)2 5.75 . . . . . . 25.6 

~2(4,4’-B~~2)(~04)2 6.02 17.8 20.0 25.3 

. . . . . . 
29.0 . . . 
(29.4) 

(z;::) l ** 

(E;:& '** 

(%9") (Z) 

27.4 30.2 
(29.4) 

27.6 31.2 

27.7 . . . 
(26.3) (31.2) 

26.7 . . . 
(27.3) 

26.6 30.1 
(27.4) (30.3) 

. . . 
(27.0) *.' 

27.7 31.2 

l Photoacoustic spectral bard are shown in parentheses. 

to the states of four-fold multiplicity are rather weak and 
since the Mn(II) ion has a d5 configuration the same type 
of energy level diagram applies whether the metal ion is 
in tetrahedral or octahedral environments. Out of the six 
electronic spectral bands of the [Mn(H20)a12+ ion only 
four could be observed in the electronic spectra of the 
complexes studied here. The observed bands represent- 
ing the corresponding transitions and energies in terms of 
Racah parameters are: 

6A,,+4T,,(4G)(10B+5C) - 20 X lo3 cm-’ 

+ 4E8, 4A1,(4G)(10 B t 5 C) - 24 x 10’ cm-’ 

+4E,(4D)(17Bt5C) - 27.5 x lO’cm_ 

+4T,, eP) (7 B f 5 C) - 33 x 10’ cm-‘. 

The observed electronic spectral transitions of practic- 
ally all the manganese(H) complexes studied here are 
identical and typicall of octahedral environments 
around the metal ion. The energies of 6A,, +4E,(4D) and 
6Al,+4E,, 4A,(4G) transitions are known to be in- 
dependent of Dq but depend14 only on the values of B 
and C, and, therefore, these have been used to calculate 
the parameters B and C. The Dq values have been 
evaluated following the method of Preti.” The liiand 
field parameters Dq, B and C of the manganese(H) 
complexes studied here have values llOO-t300, 920-730 
and 3700-2900 cm-‘, respectively, and are in good 
agreement with similar data obtained for high spin octa- 
hedral manganese(H). In order to avoid errors due to 
mull technique we recorded photoacoustic spectra of 

Table 2. Electron spin resonance parameters 

l'!(2,2'-9i?Y)C12 2.01 92.5 

?:n(2,2'-RiP702)c12 2.01 90.0 

h(4,4'-BiPY)Cl, 2.01 95.0 

nl(4,4'-Bipy02)~12 P.00 70.0 

nl(2,2ui~~y)2(m)2 2.01 92.5 

~n(2,21-sip~2)2(nss)2 2.01 93.0 

r~(4,4'-BipY)2(::cc)2 2.01 92.5 

w(4,4*-9ipy02(10cs)2 2.01 90.0 

~.~(2,2'-~ipyy)(OA0)~ 2.01 92.5 

Iln(4,4'-sl~y)(cAc)2 2.01 92.0 
rn( 2,2'-3iPY)SC4 2.01 95.0 
I:n2(4,4’-BiPY)(So4)2 2.00 92.5 
rn2(4,4’-3iPyo2)(~04)2 2.01 92.5 
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these complexes in the solid state. This technique is quite 
useful in studying the optical absorption spectra for 
almost all types of materials irrespective of whether the 
sample is crystalline, amorphous, powder, gel or gas.16 
The scattered light does not affect signals which is usu- 
ally the case with the conventional methods dealing with 
solid samples. The photoacoustic spectra of all the com- 
plexes studied here show several bands in the range 
50-6.5 x lo3 cm-’ which are due to d-d spin allowed 
transitions and in a few cases the charge-transfer bands 
also appear in this region. The bands obtained are in 
good agreement with the electronic spectral bands and 
support the proposed octahedral geometries for the 
complexes. 

Electron spin resonance spectra 
The interpretation of the electron spin resonance spec- 

tra observed for high-spin d5 complexes have been made 
in detail but it is important to mention a few of the 
principles. For the compounds under study the spectra 
could be fitted for an axial Hamiltonian. The high spin 
manganese(I1) has an obrital %& ground state term 
which should not interact with the electric field in the 
first order case. However, the combined action of the 
electric field gradient and the spin-spin interaction 
produces splitting of the energy levels” due to second 
order spin-orbit coupling between the ‘A, ground state 
and the lowest level of the manifold 4A,, state. The 
magnitude of the Zero-field splitting is expected by the 
axial field splitting parameter D in the case of an axially 
distorted octahedral field. The spin-Hamiltonian for 
manganese(H) can be defined as: 

X= @Hs tD[s,Z- 1/3s(s t l)]+As.I 

where H is the magnetic field vector, g is the spec- 
troscopic splitting factor, fl the Bohr magneton, A is the 
manganese hypertine splitting constant, s is the electron 
spin vector, I is the nuclear spin vector, s = 5/2 and s, is 
the diagonal spin operator. 

For s = 5/2 and noting the selection rule Am, = f 1, 
five allowed transitions should arise when field separa- 
tions are dependent on 6, the angle between the applied 
magnetic field and the symmetry axis. These transitions 
are: 

Am, = + 5/2 c, 3/2; H = Ho 2 2D(3 cos* 8 - 1) 
Am, = r 3/2 c, l/2: H = H,, * D(3 COS% - 1) 
Am, = ? l/2 ++ - l/2: H = H, 

where H, = hv/gfl and 0 is the angle between the applied 
magnetic field and the direction of the axial distortion. 
When the complex is very nearly octahedral only the 
central Am, = - l/2 t) t l/2 transition will be observed 
since it has only a second order dependence on D. This 
fine central line will of course be split into a sextet due to 
electron spin-nuclear spin hyperfine coupling (%fn, I = 
5/2). If, however, the zero-field splitting is appreciable 
then the other electronic transitions will appear in the 
powder spectrum and the value of zero-field splitting can 
thus be evaluated. In addition to these allowed tran- 
sitions the frozen solution spectra give low intensity pair 
of forbidden lines between each pair of allowed lines 
(Fig. lb). These lines are due to simultaneous change of 
both the electron and nuclear spin by 2 1. From the 
intensity ratio (IR) of the forbidden lines to the allowed 
lines one can obtain an approximate value of the dis- 

(b) 

Fig. 1. ESR spectra of Mn(2,2’-Bipy)Cb in formamide. (a) At 
25°C. (b) At - 170°C. 

tortion parameter D by using the following equation:” 

IR = 8/15(3/4,D/gfi H)*[l t s(s t 1)/3m,(m, t l)]’ 

[I(It 1)-m’+ ml. 

In an alternative method for the calculation of D, Allen’s 
plots” (D vs IR) have been found useful. However, we 
could not succeed in evaluating D by this method for 
want of certain data. The electron spin-nuclear spin 
hypertIne coupling constant A in the present study has 
been calculated by taking average of all the observed 
lines (Fig. la). From the ESR spectra (in formamide 
solution) the values of g and A have been calculated for 
all the manganese(H) complexes studied here (Table 2). 
The observed values are consistent with the values 
obtained for chromophores like’-5*20 Mn06, MnN204 and 
h4nN402. It is seen that the A values are somewhat lower 
than the pure ionic compounds and also when man- 
ganese(H) is coordinated to oxygen the metal-ligand 
bond seems to be more covalent as reflected by A values 
(Table 2). 
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Abstract-The IR and Raman spectra of gel grown nickel molybdate have been recorded. The group theoretical 
analysis has been carried out and a vibrational assignment proposed based on Czk symmetry. Tbe observed Mo-0 
stretching frequencies and the splitting suggest a tetrahedral coordination of oxygens around the molybdenum. 
Hence it has been concluded that the gel grown nickel molybdate is isomorphous with the a-form of cobalt molybdate. 

INTRODUCTION 

The vibrational spectra of molybdates and tungstates 
with scheelite structure have been investigated and dis- 
cussed in detail by numerous authors.‘-’ However, not 
much work has been reported on metal molybdates and 
tungstates which form monoclinic crystals. The infrared 
spectra of these molybdates and tungstates have been 
reported.89 The Raman spectra of HgMoO,,, HgWO., and 
CdWO, have been analysed by Blasse” and that of 
MgMo04 by Miller.” 

There are two forms (a and b) of CoMoO, which is 
isomorphous with NiMo04.‘2-‘6 According to Cour- 
tine et al.” the a-form of CoMo04 consists of Coo6 
octahedra and Moo4 tetrahedra, whereas according to 
Lipsch and Schuit;13 Plyasova and Karakchiev,‘4 it 
consists of CoOa and Moos octahedra. Clark and 
Doyle’ ascribe the complexity of the observed infrared 
spectrum to the octahedral nature of the molybdenum 
oxygen network. However, no mention is made about the 
a and b forms in their study. A detailed infrared in- 
vestigation of the CoMo04r7 has shown that in the 
a-form the molybdenum cations are surrounded by a 
tetrahedron of oxygen and in the b-form the coordina- 
tion of oxygens is octahedral. 

In the present investigation the vibrational spectros- 
copic study of the gel grown NiMo04 was taken up to 
find out to which form (a or b) it belongs. 

EXPERIMENTAL. 
Gel grown NiMoO, has been used for the investigation. The 

details of the growth and morphology are given by Kurien and 
Ittyachen.” The infrared spectrum in the range SO-500cm-’ 
was recorded using a FIR 3OPolytec and in the range 40& 
4OOOcm-’ with a Perkin-Elmer 457 spectrometer. The Raman 
spectrum, Fig. 1, was recorded using a Spex Ramalog 1401 dou- 
ble monocbromator equipped with a Spectra-Physics Model 165 
argon ion laser operating at 4880 A. The sample was placed in a 
capillary tube and spectral slit widths of 200 and lOOc( were 
employed for different regions of the spectrum. 

FACTOR GROUP ANALYSIS 

NiMo04, isomorphous with CoMoO,, cry&&es in a 
monoclinic system with space group C2/m (C&J and has 
8 molecules per unit cell.‘5*‘6~‘9. The primitive cell 
contains 4 molybdenum atoms surrounded by slightly 
distorted oxygen tetrahedra in 2C2 and 2C. sites. 

The standard group theory analysis to predict the 
correct number of active modes for each symmetry 
species of the crystal’s factor group, can be carried out 
by correlation of the MOO:- and Ni*’ ions even though 

*Author to whom correspondence should be addressed. 

discrete MOO:- do not exist in the lattice. The analysis, 
however, is more easily done by correlating the site 
group of each atom in the unit cell individually to the 
factor group. In either case the same total number of 
modes is predicted for each symmetry species. The 
results of the analysis are summarized in Table 1. 

RESULTS AND ASSIGNMENTS 
The internal modes of the molybdate ion are expected 

to occur in the regions 80&950 cm-’ stretching and 275- 
4OOcm-’ bending. For the external modes, the frequen- 
cies strongly depend on the type of motion (translation 
or rotation) and on the nature of the cation. Further, 
interactions are likely to occur between rotational, trans- 
lational and low-lying internal modes. These features 
can be distinctly observed and the assignments of the 
bands to various classes of symmetry can be more 
correctly done with single crystal data. 

As the crystal contains two pairs of molybdate ions in 
2C2 and 2C, sites there will be 4v,, symmetric (2A, t 
A, + B.) and 12v,, asymmetric (3A, t 3B, + 2A, t 4B.) 
stretch&s. In Raman, the totally symmetric line obser- 
ved at 937cm-’ has been assigned as one of the A, 
components. It is presumed that there may be some 
accidental degeneracy between the vl of C2 and C, site 
molybdate ions, or it would have mixed up with the 
asymmetric stretch&s (i.e. v1 of C2 mixing with q of C, 
or vice versa). The lines at 915.5, 909, 898, 885, 881 and 
876 cm-r are assigned to the 3A, and 38, components of 
V~ stretch&s. In infrared, however, only three lines at 
930,904 and 878 cm-’ are observed in the Mo-0 stretch- 
ing region. This may be due to the poor resolution of the 
instrument. 

The infrared frequencies 970, 690 and 610cm-’ 
observed by Cord et al8 for NiMoO, are not observed. 
The observed spectrum is also different from that repor- 
ted by Clark and Doyle’ and the spectrum of b-form 
NiMoO.,.” In all these cases the molybdenum is 
coordinated octahedrally. The above frequencies are the 
characteristic q and v, modes of a MOO, octahedra. 

In Raman, the observed Mo-0 stretching frequencies 
are in the region 937-876cm-’ and further the splitting 
for the q degenerate stretching is about 4Ocm-‘. For a 
distorted octahedron” the splitting is of the order of 
150cm-‘. The observed stretching frequencies are in- 
dicating a tetrahedral coodination except for a slit shift 
towards high wave number, which may be due to the 
distortion in the tetrahedra. Thus, the infrared and 
Raman spectra together indicate the presence of a dis- 
torted MOO, tetrahedra. 

DiscrepanciesM24 exists in the assignments of v2 

and v.,. From single crystal data and UBFF analysis2,23-2s 
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RAMAN SHIFT Ai’ CM-’ 

Fig. 1. Raman spectrum. 

Table I. Factor group analysis of NiMoO, space group C2/m (Ci,); Z = 8 ZB = 4 

Cry&al 

2x24 A, 

2x2R F, 

2d2%2&,2&3 F2 

For Bi’+ione in C2Site Gi = 

For I?i2+ione in C,,,Site Ai& = 

Ag+2Bg+Au+2Bu 

2$+Bg+Au+2Bu 

3Ag+3Bs+2Au+4Bu 

Acoustic mode8 -Au-2Bu 

Total active modee 19Ag. 17Bg. 14Au. 19Bu 

it has been established that v4 > UZ. For the two 
diierent molybdate ions, group theory predicts eight ~2 
[3A, + B,(R); 3A. t B,(IR)I and twelve v4 [(3A, + 3&; 
2A, t4EJIR)I. In Raman, the strong band with factor 
group splitting at 368, 365 and 361 cm-’ has been assig- 
ned to three of the six v4 components. However, the 
asymmetric band contour present just below these three 
lines (around 350 cm-‘) superimposed by the plasma line 
of the argon ion laser, indicates the presence of one or 
two more v,, components. The lines at 340, 327 and 
288 cm-’ have been assigned to three of the four expec- 
ted v2 components. It is possible that the band at 

327 cm-’ may also contain the fourth v2 component. In 
infrared the broad band appearing between 340 and 
440 cm-’ with peaks at 410, 408, 386 and 365 cm-’ are 
assigned to four of the six v4 components and the band 
centering at 317cm-’ with a shoulder at 305 cm-’ has 
been assigned to two of the four expected v2 com- 
ponents. 

In the case ‘of external modes it is dithcult to dis- 
tinguish between the twelve translations [(3A, t 3&(R); 
2A. + 4BJIR)I and twelve rotations [(2A, t 4&(R); 
3A, + 3B.(IR)]. But in general the rotational modes are 
expected to have higher intensity than the translational 
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Table 2. Vibrational assignments of nickel molybdate 

RaBeul 
ih aa4 

Inirared 
in em -1 

Assignment8 

937 

z5 
898 
886 

:k 

718 

570 

464 

:z; 
361 

340 
327 
258 

233 
213 
207 
194 

174 
161 
142 
137 

110,104 
96.73.54 

904 va 
878 v8 

3’Ls& 3Bg +o04 

638 a, br 
598 II 
578 m 

4Q ‘1 
450 1 

410 m.br 
400 m,br 

R II20 or 2x361 

__ 
R B20 or C 

365 +‘iO7 
R H20 or C 
R Ii20 or C 

$or Bg ,,Mo04 3 

317 w,br 
305 ah 

260 m 
200 w 

$ or Bg &Moo4 

R MOO4 

162 w T Moo4 

Lattice modes 

Abbrevatione: ve. very strong; 8, atrong; m, medium; 
w, weak; br, broad; eh, shoulder; 
R, Rotation; T,Tranelation; 
C. Combination. 

modes. The strong lines observed at 233, 213, 207 and 
194 cm-’ have been tentatively assigned to the rotational 
modes and the frequencies at 174,161,142 and 137 cm-’ 
as the translational modes. Only three peaks 260,200 and 
162cm-’ have been observed for the rotational and 
translational modes. 

during his stay in I.I.Sc., Bangalore. Thanks are also due to Mr. 
K. V. Kurien, Teacher fellow, department of Physics for provi- 
ding the crystal. One of the authors (S.S.S.) is grateful to the 
CSIR for the award of a fellowship. 

The bands observed at 712 and 464 cm-’ in Raman and 
the lines at 598,578, 383 and 450 cm-’ in IR may be due 
to the librational modes of lattice water, if present in the 
crystal or due to some combinations. 
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Abstract-The preparation and characterization of osmium carbohydrate polymers derived from glucose are 
reported. The materials are polydisperse, anionic polyelectrolytes. Solution viscosity measurements indicate 
generally spherical shapes. Both gel electrophoresis and ultracentrifuge experiments show that each preparation 
contains a range of molecular sizes. Representative molecular weights determined for several preparations range 
from 13,000 to 77,000 daltons. Estimates of molecular diameters range from 27.3 to 41.5 A. 

We have prepared and partly characterized a new group 
of substances which are osmium carbohydrate polymers 
exhibiting a wide range of compositions. Typical pre- 
parations yield materials having from 10 to 40% osmium, 
although some materials outside this range have been 
prepared. These substances have a number of potentially 
useful properties. They are non-toxic when injected into 
synovial spaces, and are effective and long lasting stains 
of tissue surfaces there’. Studies by others’ lead to the 
suggestion that osmium containing materials of this sort 
may be valuable as anti-inflammatory agents’. Research 
into this topic has led to the finding of unusual growth 
patterns in porcine articular cartilage stained by some of 
the compounds. In related work, the polymers are found 
to stain gluteraldehyde fixed tissue and appear to be 
generally useful in electron microscopy. Each of these 
applications is dependent upon the macromolecular 
character of the osmium compounds, with higher mole- 
cular weight preparations being the most effective. 

In this paper we report the preparation and charac- 
terization of osmium carbohydrate polymers prepared 
from glucose. Methods of characterization include ele- 
mental analysis, visible UV spectroscopy, solution den- 
sity and viscosity measurements, gel filtration, gel elec- 
trophoresis and ultracentrifugation experiments. These 
studies indicate that the compounds are polydisperse, 
anionic polyelectrolytes. Molecular weights vary from a 
few thousand daltons for the lower osmium percentages 
to nearly 1 million daltons for the higher osmium per- 
centages. Although these materials have not been pre- 
viously reported, there have been other studies of 
osmium-carbohydrate chemistry. They include Bahr’s 
early survey of osmium tetroxide-biomolecule chemistry,3 
polarographic studies of osmium-sodium gluconate solu- 
tions: and recent preparations of osmium polysaccharide 
complexes.’ In this research, crystalline products have not 
been obtained nor have monomeric complexes. The com- 
pounds are characterized as macromolecules in terms of 
molecular size and weight. The picture that emerges is 
consistent with an osmium containing backbone for the 
polymer with monosaccharide ligands attached. 

*Author to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 
Preparations 

The polymers were prepared by the reaction of potas- 
sium triacetatodioxoosmium (VI) (TAKO) and glucose 
(or other carbohydrate). The relative proportions of 
osmium to carbohydrate, the nature of the carbohydrate, 
the nature of the solvent, and the temperature deter- 
mines the composition of the product. 

In Fig. 1, typical visible-UV spectra for black and 
brown compounds are presented. Although there are 
differences in band contours, the principal d8erence 
between the two is in the intensity of absorption in the 
visible range. Extinction coefficients, calculated on the 
basis of osmium present in the preparations, show that 

\ 
zoo 300 400 500 600 700 BOO 

WAVELENGTH (mr) 

Fig. I. Visible-UV spectra of black (IV) and Brown (II) polymer 
preparations. Extinction coeflscients are plotted versus 

wavelength. 

Poly Vol. I. No. 4-B 335 



336 C. C. HINCKLEY. P. S. OSTENBURG and W. J. ROTH 

the absorption of the black materials is approximately 
three times that of the brown. Direct comparisons with 
other materials are difficult, but the magnitude of visible 
light absorption is similar to that found in some charge 
transfer complexes.’ 

Composition 
Carbon, hydrogen, and potassium were determined by 

Galbraith Laboratories.* Osmium was determined 
colorimetrically.9 Compositions ranged from extremes of 
6-35% osmium, with associated carbon percentages for 
these extremes of 30 and 13% respectively. Potassium 
percentages were irregular, and varied from 1 to 13%. 
Preparations containing more than 40% osmium have 
been prepared, but they were insoluble. 

Titration with potassium permanganate and ceric am- 
monium nitrate indicated an average oxidation state for 
osmium in the compounds of t4. IR spectra showed 
broad bands in the regions 1610-1550, 1400-1300 cm and 
1200-950 cm-‘. These spectra indicate the presence of 
ghicose and gluconate in the compounds. The analyses 
were consistent with the empirical formula: K,OsO, 
(glucose), (gluconate), (H,O),. This formula embodies 
an interpretation of these materials as glucose and/or 
gluconate solubihzed osmium dioxide, OsOZ, or a closely 
related salt, e.g. K,OsO,. 

Gel filtration ‘O 
Gel filtration of the product mixtures demonstrated 

that the osmium-glucose complexes were relatively large 
molecules. When eluted on a Sepharose 6-B column, the 
black polymers eluted at, or near, the void volume. They 
were comparable in size to globular proteins that range in 
molecular weight up to 1 million daltons. The brown 
compounds generally eluted behind the void volume 
indicating smaller molecular size, 

Density and viscosity “*‘2 
Partial specific volumes, 8, were obtained from solu- 

tion density measurements of a selection of polymer 
preparations. Intrinsic viscosities, {q}, were determined 
for the same preparations. Values in units of cm3/g for 
these two determinations for the four preparations stu- 
died were: 0.454, 2.37; 0.505, 1.88; 0.492, 2.13; 0.292, 
1.76; for g and {q} in each case. Ratios of these numbers 
vary from 3.72 to 6.03, consistent with distorted spherical 
shapes for the molecules. 

Gel electrophoresis 13*14 
Electrophoretic mobility relative to a standard sub- 

stance, Rf, is given by, R, = d/d,, where d is the distance 
migrated by the sample, and dB is the distance migrated 
by the standard under the same conditions. In these 
studies, the stationary phase was either agarose or poly- 
acrylamide gel, and the reference standard for R, cal- 
culations was bromophenol blue (BPB). Electrophoresis 
was through a glass tube filled with gel connecting con- 
ducting reserviors of trihydroxymethylamine-acetic acid 
buffer (0.1-0.4 kj) solution in contact with platinum elec- 
trodes. 

Osmium carbohydrate polymers were anionic 
polyelectrolytes and migrated towards the positive elec- 
trode. In a typical experiment, electrophoresis was con- 
tinued for 24 hr. During this time, the osmium polymer 
migrated as a band 2-l cm broad, at a rate, measured for 
the center of the band, comparable to or slightly greater 
than BPB in most cases. The broad band is due to the 
polydisperse nature of the preparations. 

Electrophoretic mobility in a gel is dependent upon the 
concentration of the stationary phase,14 as in, log R = 
log Rf”- K,C,, where C, is the gel concentration, R,’ is 
the mobility extrapolated to C, = 0, and K, is the retar- 
dation coefficient. The latter is dependent upon the 
geometry of the migrating species and the nature of the 
gel. It is found experimentally, in some systems, to be 
linearly dependent upon the mole&-u weight of the 
migrating species. Determination of R,” provides a 
measure of relative charge-carrying capacity, and K, is 
an index of relative size. 

In these polydisperse materials both Rf” and K, 
differed within the mixtures, giving rise to migrating 
bands which broadened as the electrophoresis pro- 
ceeded. For the osmium polymers studied here, R,“ 
values for the leading edges of the bands are smaller than 
those calculated for the trailing edges, consonant with 
the greater mobility of the smaller molecules. A typical 
range was 0.029-0.049 for K, values reflecting a radius 
difference, after suitable assumptions,‘4 of 30% between 
the smallest and largest particles in the mixture. Radius 
differences of this kind up to 50% have been measured. 
The maximum range for observed K, values includes 
0.029 and 0.108 for the smallest and largest measured 
respectively. The preparations are clearly mixtures con- 
taining molecules of different charge and size, but they 
migrate in continuous bands. Only rarely are there band 
separations. 

Sedimentation velocity experiments gave results which 
were broadly similar to those of electrophoresis. That is, 
the polymer preparations were polydisperse and of high 
molecular weight. Centrifugations through a 5-20 (or 
25%) sucrose gradient resulted in broad bands with the 
most concentrated region of the band having sedimen- 
tation coefficients ranging from 3-10 svedbergs, in most 
cases. 

In Table 1 molecular weights calculated for several 
cases are listed, together with the sedimentation 
coefficients from which they are derived. Values listed 
are for the concentration maxima of the sedimentation 
profiles. These molecular weights correspond to mole- 
cules which contain from 15 to 80 osmium atoms. They 
may be considered typical of the preparations they 
represent, but each preparation contains both smaller 
and larger components. Although the relationship is not 
smooth, there is a general correspondence between ele- 
mental composition of the preparations and molecular 
weights found in the mixtures; polymers with higher 
percentates of osmium have larger average molecular 
weights. 

Molecular volume and molecular weight determina- 
tions may be combined to provide estimates of the 
diameters of the molecules. These are listed in Table 1, 
and are derived assuming that the molecules are spheri- 
cal. The relatively large dimensions are consistent with 
the gel-filtration results which suggest large molecules in 
solution. 

Conclusions 
Compositions and properties of osmium carbohydrate 

polymers suggest that they may be considered carbo- 
hydrate solubihzed 0s02, or a closely related material. 
The polymers are anionic, and viscosity measurements 
indicate that the molecules are generally spherical in 
shape. This, together with the polydisperse character of 



Osmium carbohydrate polymers 331 

Table 1. Representative sedimentation coefficients and estimated molecular weights for polymer preparations” 

Particle 

Preparation % OS S20 w(svedbergs) H(doltons) diameter (9) 

I 6.7 3.5 13,000 27.3 

II 9.7 3.5 12,400 27.0 

III 23.0 5.0 20,000 30.6 

IV 20.0 9.5 53,000 42.4 

V 35.0 17.0 77,000 41.5 

Cal s20,w 
values refer to the band midpoint of highest concentration. 

the mixtures, suggests that the structure of these mole- 
cules may be described as coiled chains of varying 
length. The chains may be crosslinked or branched, but 
not linearly extended. The osmium containing links of 
the chain are most likely bridged via 0x0 or carbohydrate 
ligands. 

Osmium dioxide polymers have been suggested as 
products of the reaction of Os04 with biological 
materials’e2’. The materials reported in this study are 
analogous to those polymers, but unlike them, are solu- 
ble and characterizable as macromolecules. Pursuit of the 
analogy has produced a number of potential applications, 
all of which so far, are dependent upon the ability of the 
higher molecular weight preparations to bind to tissue 
surfaces. In the research reported in this paper, these 
compounds have been studied in aqueous or dilute buffer 
solutions. In these media they are near spherical in 
shape, but they are unlikely to remain so when bound to 
surfaces. A polymer molecule which contains a hundred 
osmium atoms, when uncoiled, would yield a filament 
several hundred Angstroms long. Molecules of this 
length could bind to extensive regions of membrane 
surface. It is likely that conformational changes of the 
kind described are involved in binding to biological sur- 
faces. 

Preparation 
EXPERIMENTAL 

The contents of one ampoule of OsQ (-0.5 g, 2 mmole) was 
dissolved in 5 mL of methyl alcohol. To this was added 10 mL of 
l.OM-KOH in methanol. The solution became orange and after 
about 30 minutes a precipitate of dipotassium tetramethyl osmate 
(DTMO) formed. DTMO was removed from the solvent and 
excess base by centrifugation. The supemant was removed and 
the precipitate dissolved in 100 mL of glacial acetic acid to form 
the blue triacetate compound, K {OsO&CCHs)s}, (TAKO). 
Dghrcose 4 mmole (0.72 g) was added to 100 ml of glacial acetic 
acid in a 1.0 L round bottom flask. The Dghtcose did not 
completely dissolve. To this was added the acetic acid solution of 
TAKO. The reaction mixture turned brown in a few minutes and 
darkened after standing overnight after which the mixture was 
filtered to remove undissolved Dghtcose and insoluble OS com- 
plexes. Acetic acid was removed by rotary evaporation leaving a 
viscous liquid. This liquid was dissolved in about 3OmL of 
distilled water and loaded on a Sephadex G-25 column (total 
volume about 606 mL) and eluted with distilled water. Water was 
removed from the product by rotary evaporation. This product is 
dried over phosphorus pentoxide under vacuum. Yield: 0.422g. 
Anal. 35.0, OS; 14.6, C; 5.8, H; 4.%, K. 

The brown complexes were obtained in the same manner using 
2.16g (12mMol) of Dghrcose. Yield: 0.575g. Analysis: 
13.0% OS, 26.69% C, 4.3% H, 13.2% K. 

Alternative preparation 
A homogeneous reaction mixture was obtained by varying the 

procedure slightly. Instead of adding Dghrcose to glacial acetic 
acid. the carbohydrate was dissolved in 10.0 mL of distilled HsO 
in a .l.O L RB flask. To this was added 100 mL glacial acetic acid, 
and then the blue solution of TAKO in acetic acid. The carbo- 
hydrate remained in solution. The synthesis was completed as 
described above. No major difference in physical or chemical 
properties of the complexes obtained from the two methods of 
synthesis has been found. 

Osmium analysis 
Five to ten milligrammes of the Os-glucose complex was 

dissolved in 10 mL of distilled water with 1 mL of 6N HzSQ. 
Standardized KMn4 was added dropwise until the black or 
brown color disappears and a faint pink color persist and the 
solution was transferred quantitatively to a volumetric tlask. The 
flask was then filled to the mark with a solution of 1 M thiourea in 
1NHzS04. The absorbance of the rose-colored Os-thiourea 
complex was measured on a Perkin-Elmer model 340 spec- 
trophotometer (480 nm). Osmium content was calculated using a 
previously determined calibration based upon freshly prepared 
0~0~ solutions. 

Gel filtration 
For a Sepharose 6-B column (lm long, O.D.= ISmm), the 

void volume and total volume were determined by using a 
mixture blue dextran and Co(NO& dissolved in water. Ap- 
proximately IO mg of the Os-glucose complex to be studied was 
dissolved in 0.5 mL HZ0 and loaded on the column. Elution takes 
about 12hr. Fractions of about 2.2 mL were collected using a 
Gilson FC-220 K fractionator. The absorbance of each fraction 
was determined using a Perkin-Elmer 340 spectrometer. A plot 
of fraction number (or total volume) vs. absorbance was then 
made. 

Density and viscosity 
The determinations of partial specific volumes and viscosities 

of solutions in water were carried out using the same solutions. 
Guy-Lussac (10 mL) and MoorbVan Slyke (2 mL) pycnometers, 
and an Ostwald dropping pipette were used,. all supplied by 
Fisher Scientific Co., catalog numbers 3-24 A, 3-249 and 13-695 
respectively. Starting solutions containing 0.035-0.10 weight 
fraction of the osmium compound in water were prepared and 
then diluted with water as less concentrated solutions were 
investigated. A water bath was used to maintain temperature at 
20” +O.O2”C. Before measurement, solutions were kept in the 
bath for 20-30 min. Tie flow in the viscosimeter was measured 
with an accuracy of 20.05 sec. 
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Agarose and polyacrylamide gel tube electrophoresis 
Electrophoretic chambers, constructed locally and similar to 

one described elsewhere13, accommodating 15 or 8 tubes having 
i.d. of 6 mm were used. A Heathkit, model lP-32, power supply 
was used. 0.1-0.4 M TRIS (trihydroxymethyl amine) titrated with 
glacial acetic acid to pH = 7.4-7.5 constituted the buffer system 
for all experiments. Agarose gels were prepared by boiling a 
slurry of agarose (Calbiochem No. 121852) in the buffer. The hot 
solution was poured into the tubes closed at the bottom with 
conditioned Spectapor 5 dialysis membrane. After the gel set, a 
Rat top on the gel column was obtained by cutting out the 
meniscus. Preparation of polyacrylamide gels is described else- 
where13. Electrophoretic purity reagents supplied by BIG-RAD 
were used. BIS constituted 5% of the total acylamide concen- 
tration and the final concentration of TEMED and ammonium 
persulphate were O.O06v/v and 0.3 w/v respectively. Isobutyl 
alcohol was pipetted on top of the polymerizing gel to ensure its 
flat surface. Twenty to one-hundred micro-litres of l-2% polymer 
solutions were delivered on the gels in buffer solution after 
pre-electrophorising the system for 0.5-l hr. The potential ap- 
plied was 602 1 V, resulting in a current of l-2 mA per tube. 
Positions of the front and trailing edge of a band after elec- 
trophoresis were determined visually on Polaroid pictures of 
gels, measured with an accuracy of +0.5mm, and then recal- 
culated into real distances. Bromophenol blue, supplied by Fisher 
Scientific Co., was used as the reference, but since its band 
overlaps with bands of the investigated compounds, it was elec- 
trophoresed in a separate tube. 

Sedimentation oelocity in preformed sucrose gradients 
Spinoco Model L and LS-50 preparative ultracentrifuges were 

used with either W 41 or SW 50.1 rotors. Preformed linear 
sucrose gradients of concentration 5-25 and 5-20% w/w were 
used. The gradients were prepared according to standard pro- 
cedures”. Gradient maker, peristaltic pump, and “Densi-flow” 
layering devices, were manufactured by Buchler Instruments. 
Fifty to one-hundred micro litres solutions containing l-2 mg of 
the polymer were layered on the top of a gradient, and within 
15-30min. centrifugation was begun. The temperature of the 
centrifuge was 20 f 1°C. The centrifuged sample was fractionated 
immediately after the run. A glass capillary was lowered down to 
the bottom of the sample tube and the contents carefully pumped 
out. By measuring the refractive index with an Abbe-3L refrac- 
tometer (Bausch & Lomb) and/or the absorbance (Perkin-Elmer 
Model 340 spectrophotometer) of the fractions, the gradient was 
calibrated and the sample distribution along the tube determined. 
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Abstract-The synthesis and properties of complexes of the [Rh(COD)L,]BPh, type (COD = l,kyclooctadiene, 
L = monodentate N-donor ligand) and of mixed complexes of the general formula [Rh(dioletin)L,L’]BPh., (diolefin = 
COD or norbornadiene, L = monodentate N-donor ligand, L’ = P- or As-donor ligand, n = 1 or 2) are described. The 
stoichiometry of the precipitated complexes depends upon the nature of the diolefin and group Vb donor ligands. 

INTRODUCTION 
Cationic rhodium(I) diolefin complexes containing group 
Vb ligands have been extensively studied during recent 
years and a review on their synthetic methods and pro- 
perties has been published.’ 

Most of the interest has centred on the 
[Rh(diolefin)LJA complexes while mixed complexes 
containing both N- and P-donor ligands have been stu- 
died to a much lesser extent.‘.’ Usually these mixed 
complexes are four-coordinate and no five-coordinate 
complexes containing N- and P-monodentate donor 
ligands have been described. 

These compounds are usually isolated as the cor- 
responding C104-, PF6- or BF.,- salt, BPh.,- being much 
less used as counterion due to its higher coordination 
capability to metals via n-interaction of an arene ring’” 
which hinders the possibility of isolation of 
[Rh(diolefin)L,]BPh, complexes when L are weak 
nitrogen-donor ligands such as nitriles or aniline.2.9 

We describe below the preparation of new cationic 
rhodium(I) complexes containing norbornadiene or 1,5- 
cyclooctadiene and group VB donor ligands with BPh.-, 
formulated as [Rh(diolefin)L.LI,]BPh, (n = 1 or 2, m = 
0 or 1) which can be either four- or five-coordinate 
depending on the ligands present in the complexes. 
Thus, we describe the preparation of three new pen- 
tacoordinated compounds when L = quinoline, L’ = PR, 
and diolefin = NBD. 

RESULTS AND DISCUSSION 

The reaction of [Rh(COD)Cl], with N-donor ligands 
such as pyridine, 2-ethyl-pyridine or quinoline in alco- 
holic medium followed by the addition of sodium tetra- 
phenylborate yields the corresponding cationic com- 
plexes according to the reaction: 

[Rh(COD)CI], + 2L + 2NaBPh.,- 
2[Rh(COD)L,]BPh,, t 2NaCI. (1) 

Similar complexes could be obtained by using other 
non-coordinating anions”‘.” but when trying to pre- 
pare the corresponding norbornadiene derivatives with 
2-ethyl-pyridine or quinoline only the arene 
Rh(NBD)BPh4 could be obtained.Y 

*Author to whom correspondence should be addressed. 

Mixed complexes could be obtained by addition of an 
excess of N-donor ligand and stoichiometric amount of 
P- or As-donor to the corresponding [Rh(diolefin)Cl], 
dimers suspended in methanol. Precipitation occurs by 
addition of sodium tetraphenylborate. 

The results are summarized in the scheme. 
Then the diolefinic ligand present in the complex is 

norbornadiene, the complexes can be either four- or 
five-coordinate. Thus, when the N-donor ligand in the 
complex is pyridine or 2-ethyl-pyridine, displacement of 
one of the ligand molecules occurs (process i) yielding 
the corresponding four-coordinate complexes similar to 
those obtained when the anion was C104-‘2. 

If quinoline (pK, = 4.89) with lower donor strength 
than pyridine (pK, = 5.25) or 2-ethyl-pyridine (PK., = 
5.89) is used the added phosphine occupies the fifth 
coordination position on the metal, thus affording the 
corresponding five-coordinate complexes when 
triphenylphosphine or p-substituted phosphines are used 
(process ii). When using phosphines with larger steric 
hindrance such as (m-Me&H.&P it was not possible to 
isolate any pentacoordinated complex and only the cor- 
responding tetracoordinated compound was obtained 
(process i). With (o-MeC6HJ3P no cationic complexes 
could be isolated and the only product obtained was the 
arene Rh(NBD)BPh, derivative (process iii). 

When ligands weaker and with larger steric hindrance 
than triphenylphosphine, e.g. triphenylarsine are used, 
the arene complex was obtained in every case (process 
iii). 

These results suggest that it is likely that the 
mechanism of ligand substitution in four-coordinate 
cationic diolefin rhodium(I) complexes proceeds via the 
formation of a five-coordinate species of the type 
[Rh(NBD)L,L’]A with subsequent loss of one molecule 
of N-donor ligand to afford the four-coordinate mixed 
complexes. 

All these complexes are stable in the solid state but 
when the triphenylphosphine complexes are suspended 
in pure methanol, they lose N-donor ligand as indicated 
in the following reaction: 

Mco” 
2[Rh(NBD)L.(Ph,P)]BPh,,- 

suspension 

[Rh(NBD)(Ph,P),]BPh, + Rh(NBD)BPh., t nL (2) 

as proved by the IR spectra of the products that show 
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[Rh(diolefin)C1]2 

+L 

+BPh- 
4 

[Rh(diolefin)LL']BPh4 

(i)diolefin-NBD; 

diolefin=COD; 

(ii)diolefin=NBD; 

(iii)diolefin-NBD; 

[Rh(dikefin)L2L']BPh4 Rh(diolefin)BPh 
4 

~=py, z-et-py; L'=Ph3P 

Lsquinj L'=(m_MePh)3P 

~=py, 2-et-py, quin; L'=Ph3P 

L-2-et-py, quin; L'=Ph AS 

L-quinj L'-Ph3P, (e_FP;1)3P, (e-MePh)jP 

Lsquinj L'-(o-MePh)gP 

I_-py, 2-et-py, quin; L'-PhlAs 

Scheme 1. 

Table 1. Analytical results for the (Rh(dioIefin)L,L:]BPb complexes 

Complex Found.(calc.)(%) 
AM 

C H N (ohm 
-lcm?l;lol-1 

1 

[RfdC’JD) by) 2] BPh4 

[Rh(COD)(2-et-py)2]BPh4 

[Rh(COD)(quin)2]BPh4 

[Rh(COD)(py)(Ph3P)] BPh4 

[Rh(COD)(2-et-py)(Ph3P)]BPh4 

[Rh(COD)(quin)(Ph3P)]BPh4 

[Rh(COD)(Z-et-py)(Ph3As)]BPh4 

[Rh(COD)(quin)(PhjAs)]BPh4 

(R~(NBD)(PY)(P~~P)] BPh4 

[Rh(NBD)(2-et-py)(PhJP)] BPh4 

[R~(NBD) (quin) (mMGH4)3PIBPh4 

[Rh(NBD)(quin)2(Ph3P)]BPh4 

[Rh(NBD) (quin)2(#cC~H~3P1BPh~ 

[R~(NBD) (quin)2@-C,H4)3PlBPh4 

73,64 6,10 4,03 
(73,26) (6,14) (4,061 

73,27 6,66 3,93 
(74,19) (6,76) (3,76) 

74180 5,90 3,25 
(76,14) (5,87) (3,55) 

75r77 6,34 1,68 

(75,78) (6,01) (1,60) 

74,37 6,24 1,38 
(76,87) (6,271 (1,55) 

75905 6,16 1,64 
(76,87) (5,90) (1,51) 

71,86 5139 1,13 
(72,54) (5,981 (1,48) 

72,53 5,47 1,53 
(73,371 (5,63) (1345) 

75,77 5,99 1,66 
(75,79) (5165) (1,63) 

73,67 6,03 1,23 
(76,111 (5,96) (1,58) 

77,47 6,24 1,49 
(77.30) (5,95) (1,471 

77,60 5173 2,50 
(77,76) t5,55) (2,701 

77,87 6,11 2,23 
(78,06) (5,89) (2960) 

73,36 5,04 2,17 
(73,901 (4,99) (2,57) 

27 

8 

16 

56 

52 

44 

12 

20 

48 

48 

68 

48 

44 

44 
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the presence of both cationic and arene complexes and 
no bands due to coordinated N-donor ligand. 

When the diolefinic ligand present in the complex is 
1,5-cyclooctadiene, only the four-coordinate derivatives 
could be isolated. These mixed complexes are analogous 
to those obtained with C104- as anion.” It is note- 
worthy that when using l,S-cyclooctadiene as diolefinic 
ligand it has been possible to isolate mixed complexes 
containing both N- and As-donor ligands contrarily to 
what happened in the case of norbornadiene, while the 
isolation of five-coordinate species with COD was not 
possible. These observations could be in line with the 
higher r-acidity of norbornadiene which enhances pen- 
tacoordination ability.‘3.‘4 The only mixed pen- 
tacoordinated complexes containing 1,Scyclooctadiene 
described in the literature are [Rh(COD)z(Ph3Sb)]- 
BPhq” and those by Cocevar et al. containing bidentate 
N-donor ligands. I6 

The analytical data for these complexes are collated in 
the table. 

The conductivities for all these complexes are much 
too low for the bulky anion BPh4- to be responsible,” 
therefore suggesting the existence of an equilibrium in 
acetone solution: 

[Rh(diolefin)L.L’,]BPh, ti 
Rh(diolefin)BPh, t nL t mL’ 

n=lor2,m=Oorl 

though in the solid state all these complexes contain the 
uncoordinated BPb- anion as may be clearly seen from 
their IR spectra. 

EXPERIMENTAL 
[Rh(COD)Ls]BPb complexes were prepared similarly to 

[Rh(NgD)(py)zlgPU9l. 

Synthesis of the [Rh(NBD)L,L’]BPh, complexes 
To a methanol suspension of [Rh(NBDJCl]s an excess of 

N-donor ligand (Rh: L = 1: 50) was added upon which the dimer 

dissolved. The solution was then cooled to &lfPC and an equi- 
molar amount of phosphine (Rh: P = 1: 1) was added, followed 
by the addition of an equimolar amount of NaBPb upon which a 
yellow-orange solid precipitated that was immediately filtered at 
0°C. The solid was washed with cold methanol/water and air 
dried. 

Synthesis of the [Rh(COD)LL’lBPh, complexes 
Addition of N-donor ligand (Rh: L = 1:4) to methanol suspen- 

sions of fRhtCODJCI1, led to disolution of the dimer. The solu- 
tion was then cooied-to 10°C and an equimolar amount of PhsP 
or PhsAs was added. After the addition of the stoichiometric 
amount of NaBPb the compound precipitated. The solid was 
filtered, washed with cold methanol/water and air dried. 
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Abstract-Synthetic apatites containing uranium were prepared from solution by precipitation. The hydroxy apatite 
obtained contained up to ca. 1% uranium homogeneously dispersed in the apatite matrix. Carbonate-fluoride apatites 
were prepared from calcium carbonate via a heterogeneous reaction. The uranium content in the latter apatites was to 
low to check for distribution by EPMA. However, emission spectra and vibrational analysis proved that IJOr*+ was the 
species present in both apatites (HAP and CAP). KRD of pure and uranium containing apatites revealed no sign&cant 
differences. When heated to 700°C most uranium-containing apatites, including natural Oron (Israel) apatite, lose the 
characteristic UO,*+ emission and show an identical emission centered at co. 18860cm-‘, suggesting the trans- 
formation of LQ” to another ion, possibly uranate. 

INTRODUCTION 
Many geochemical and archaeological studies’4 have 
pointed out, mainly by means of fission tracks counting, 
that the concentration and distribution of the uranium 
and the apatite phase in natural rocks are mutually 
dependent. The Israeli Negev phosphates contain about 
100-150 ppm uranium and the concentration ratio U/P, is 
practically constant in all the fields. The microscopic 
distribution of uranium in these phosphates was deter- 
mined by fission tracks countingS and it was clearly 
shown that uranium concentrates in the apatite phase. 
The exact location of uranium and the nature of its 
bonding with apatite is not yet well understood and the 
fact that uranium is present in the IV and VI oxidation 
states, complicates the problem. Part of the uranium 
(5-25%) is quite mobile, and is easily extracted by suit- 
able complexing agents while most of it is strongly 
connected to the phosphates. Only by heating the rock to 
about 700°C (a process in which the uranium is oxidized) 
does the uranium become extractable and fission tracks 
analysis indicates that uranium no longer concentrates in 
the apatite phase6. 

Investigations of synthetic apatites containing uranium 
also reflect different approaches regarding the bond be- 
tween the two components. Thompson’ investigated the 
uranium distribution in hydroxyapatite crystals prepared 
by precipitation from a solution of Ca(NO& and 
(NH&HPO, at pH = 12, and concluded that: 

l Relatively large amounts of the uranyl ions are lost 
in washing, and are loosely associated with the hydroxy 
apatite crystals in the hydration shell. 

l The uranium remaining in the final solid phase after 
washing, concentrates on preferred regions of the crystal 
surface. 

On the other hand, Blasse’ doubts the assumption that 
uranium is present in the apatite lattice, basing this on 
the identification of a new phase-BaJJO,(POJ,[BUP] 
in a study of the emission spectrum of UOz2+ in 
Ba3(PO&. 

In this work uranium containing apatites were pre- 

tPost doctoral fellow supported by the Atomic Energy com- 
m&ion of Israel. 

*Author to whom correspondence should be addressed. 

pared in order to examine the location of the uranium in 
relation to the apatite lattice. Fluoro-apatite, 
Ca,(P0J3F(FAP), hydroxy-apatite Ca5(PO&O;W&) 
and fluorohydroxy-carbonate apatite 
C03)3(OH, F) (CAP), were prepared both by solids staz 
reactions and in solution, in the presence of variable 
amounts of uranium in the IV and VI oxidation states. 
The products were examined by activation analysis, x 
ray diffraction (XRD), E.P.M.A. (electron probe micro 
analysis), infrared, Rarnan and emission spectroscopy in 
order to estimate the uranium concentration, chemical 
composition, cell constants, homogeneity of uranium 
distribution in the host matrices, the nature of the chem- 
ical bonds and the exact species of uranium in these 
materials. 

1. Syntheses 

EXPERIMENTAL 

(a) Hydroxy apatites (HAP). The method of preparation used 
is a modification of the method suggested by Tandy.9 The method 
is based on the dropwise addition of a Ca(NO& solution to a 
NqPOd solution, the pH being raised to 14 by addition of 6N 
NaOH. The Ca(NOs)r solution contains the UOsr+ ion added in 
the form of UOr(NOrb.6HrO in the required amounts. The 
product was washed several times with T.D.W. and dried over- 
night at 100°C. 

Materials. NarP0.,.12H@Merck; Ca(NO&.4H&Baker; 
UOs(NO&.6Hr@Hopkin and Wiiams. (No steps were taken to 
avoid atmospheric COr absorption.) 

(b) Fluoro (hvdroxy) carbonate apatites (CAP). This auatite 
was prepared by a method described by Deutch.“’ The hetero- 
geneous reaction was carried out in an alkaline solution (iitial 
pH approx. 13.5). The reactants are calcite (CaCOs), NarHPO.+, 
NaOH and KF. The ratio (F-)/(OH-) was chosen so as to enable 
the formation of apat$e at a suitable rate.” Also, owing to the 
large excess of Uuoride ions, the apatite obtained had a minimal 
hydroxy substitution. The required concentration of uranium in 
the form of U0,(N0&.6H20 was added to the reaction mixture. 
in propylene vessels;.&d refluxed at 670°C for 1 week. Sam: 
ples were checked for the extent of reaction by comparing the 
intensities of the (104) reflection of calcite and the (211) reflection 
of apatite in the KRD diagram. The precipitate was repeatedly 
washed with T.D.W. to remove the soluble salts. The unreacted 
calcite was removed using a solution of triammonium citrate.12 

Materials. CaCOs-BDH Analar; Na2HP0,.12H20-BDH Lab 
Reagent; NaOH-BDH Analar; KF-Merck. 

(c) Fluoro-apatites (FAP). Samples were prepared by grind- 
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ing the starting materials in the appropriate ratios in an agate 
mortar. A quantity of co. 25Omg was introduced into a 30mm 
long platinum capsule which was closed but not sealed. The 
mixture was gradually heated to the required temperature for 
8-24 hr and then cooled slowly to room temperature. The extent 
of reaction was determined by examination of powder diffraction 
patterns. 

Attempts to prepare uranium containing apatites were carried 
out using various uranium compounds: 

14 U02, UP207 and Ug(PO&“, UOj . 

Materials. UOrAlpha Inorganics; CaHP04.2H@-BDH 
Lab. Reagents; Cao-Baker; CaF,BDH Lab. Reagents; NaF- 
Merck. 

2. Analyses 
(a) Uranium was determined by activation analysis.? (b) The 

distribution of U. Ca and P was examined by E.P.M.A. using a 
Jeol JXA-5. The simultaneous examination-of three elements 
was carried out by its three wavelength dispersive spectropho- 
tometers. Uranium concentration was also estimated by this 
method using Corning glass (O&0.76% U02) as a standard. 

(c) Phase analyses was accomplished by XRD at room tem- 
perature (Phillips diffractometer), using Ni-filtered copper radia- 
tion and 1/4-l” 28/min scanning speeds. Calibration was checked 
using Si as internal standard. 

(d) IR spectra were recorded on a P.E. 180 spectrophotometer. 
Samples were prepared both in a nujol mull and KBr pellets and 
calibrated against atmospheric CO2 bands. 

(e) Raman and emission spectra were recorded on a Spex 1401 
double monochromator with a Spex 1442 third monochromator in 
tandem. The signal was detecteh by a thermoelectrically cooled 
Cl3034 Class II uhotomultiulier. The 5154, 4880 and 64718, 
lines from spectra’physics 184 Ar’ and Kr+ lasers were used as 
excitation sources. Laser plasma lines were used for calibration. 

RESULTS 

1. Solid state reactions 
(a) Reactions with U(ZV). The first series of reactions 

was conducted in order to substitute Ca’+ by U(IV) and 
Na’ in the apatite lattice of FAP, using U02 as the 
uranium source. The reactants were Ca,(PO&; 
CaHP0,.2H,O; CaF,; NaF and U02, and the estimated 
product was Ca,o_,U~J9Na,~d,(P0,),F,. Increasing the 
uranium concentration from 0.7 to about 20% gave rise to 
a deepening yellow colour in the product. XRD analysis 
gave characteristic FAP diagrams, the cell constants 
being almost identical with those of pure FAP (JCPDS 
15-876). In addition to typical FAP pattern, the diagrams 
show a number of unassigned reflections which gain 
intensity with the concentration of uranium in the reac- 
tion mixture. 

The products were washed with TDW, O.lN HCl and 
0.2N citric acid. Activation analysis of the precipitates 
and filtrates revealed that the amount of uranium in the 
filtrate was negligible. On the other hand XRD analysis 
of the precipitates showed the disappearance of the 
unassigned reflections of the original products. 

The precipitates containing 1.4 and 2.9% uranium were 
examined by E.P.M.A., before and after the washings 
with HCl and citric acid. It must be emphasized that 
E.P.M.A. was carried out on several dtierent areas of a 
large number of product particles. The patterns found 
showed two sign&ant phases: the first was homo- 
geneous in the Ca and P distribution, while the uranium 

tWe are grateful to Dr. H. Feldstein from Soreq Nuclear 
Research Center for performing these measurements. 

counts were no higher than the background noise. The 
second was richer in uranium and contained in addition 
mainly Ca. A similar pattern of Ca, P and U distributions 
resulted from measurements of the precipitates after 
washing by T.D.W., O.lN HCl and 0.2N citric acid. 

In a second set of substitution reactions U(IV) phos- 
phates were used as starting materials. The reactions 
examined were: 

2Ca3(P0.& t CaF, t CaO t UP207+ Ca&(PO&F, 
(1) 

(heating the reaction mixture to about 1000°C for 12- 
18 hr in a closed platinum tube). 

7Ca,(PO& t 3CaF, t LJ,(PO& + 3Ca&(PO.&F, 
(2) 

(same conditions as above). 

The products obtained in these reactions were yellow 
and their XRD analyses gave diagrams and cell constants 
similar to those of FAP (JCPDS 15-876) with additional 
unassigned reflections. The E.P.M.A. patterns were 
essentially the same as in the products of the UO, 
reactions. 

(b) Reactions with U(VZ). The substitution reaction 
performed was: 

0.25U0, t 2.7SCa,(PO.& t 0.5CaHP04 t CaFz 
-, Cs.,,(UO,),,,(PO,),F~ + 0.25&O (3) 

(same conditions as in reactions 1 and 2 above). 
Again, the results of XRD analyses and E.P.M.A. were 
the same as for the UOz reactions. However, when 
heating the reaction mixture in an induction furnace for 
several minutes (temperature of about lSOO“C), the 
E.P.M.A. pattern, although nonhomogeneous, revealed 
for the first time that uranium is present not only in the 
unknown phases with calcium, but also in the apatite 
matrix in a concentration of about 0.5%. In spite of the 
observed distribution of uranium in apatite, XRD analy- 
sis did not show any deviation from the cell constants of 
pure FAP. 

2. Reactions in solution 
(a) Hydroxy up&es. A series of uranium containing 

hydroxy apatites was prepared. The molar concentration 
U/Ca in the initial solution ranged from 0 to 10.5%. The 
products with the higher uranium concentration were 
more intensely yellow. The concentration of the starting 
materials and products is given in Table 1. The pre- 
cipitates and filtrates were examined by activation 
analysis for uranium. Most of the uranium was found in 
the solid phase (Table 1). 

A detailed E.P.M.A. of all solid phases was carried 
out. The homogeneity of U, P and Ca distribution, as 
well as the approximate concentration of uranium were 
checked. The results are compared with the uranium 
concentration determined by activation analysis (Table 
1). The significant conclusion of these measurements is 
that uranium is homogeneously distributed up to U/Ca 
starting concentrations of 2.1%. Higher U/Ca molar 
concentrations in the initial solutions resulted in non- 
homogeneous distribution of uranium. The uranium rich 
particles were also rich in Ca and contained negligible 
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Table 1. Concentration and distribution of uranium in precipitated hydroxy apatites {Initial [Ca”] and 
[PO:-] was 2. 10e3 mol/l in all samples} 
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U@2+ U/Ca U U U 
moles in molar ratio distribution concentration concentration 

Sample solution in solution in solid product in solid (%) in solid (%) 
(x106) (Xl@) (EPMJV (EPMA) (Activation Analysis) 

0.21 
0.42 
0.84 
2.1 
4.2 
8.4 

21 
42 

0 
0.105 
0.21 
0.42 
1.05 
2.1 
4.2 

10.5 
21 

10 84 42 

11 168 84 
12 210 105 

homogeneous 
homogeneous 
homogeneous 
homogeneous 
homogeneous 
beginning of 

nonhomogeneity 
nonhomogeneous 
nonhomogeneous 

0.17 
0.54 
0.83 
0.73 
1.35 

0.81 

0.012 
0.022 
0.049 
0.12 
0.59 
0.7 
0.69 
0.69 

0.92 

6.04 
8.09 

amounts of P. The particles with homogeneous uranium 
distribution showed similar behaviour with Ca and P. 

As XRD analysis, of the solid phases dried at lOO”C, 
resulted in diagrams with high background and broad 
peaks, the samples were further heated to 300-4OO’C and 
reexamined. The products with molar concentrations of 
U/Ca (in the initial solutions) from 0 to 2.1%, indicated a 
single phase in the XRD diagrams-HAP. A single ad- 
ditional reflection (not found in JCPDS 9432) had a d 
value of 2.66A and its relative intensity was moderate. 
Precipitates from solutions with U/Ca molar concen- 
trations higher than 2.1% demonstrated the existence of 
additional phases and much lower intensity of the HAP 
reflections in their XRD diagrams. Cell constants were 
calculated for both pure and uranium-containing hydroxy 
apatites. The calculations were based on sixteen chosen 
reflections and results are given in Table 2. Heat treat- 
ment of HAP, pure and containing lO%U did not change 
the cell constants. 

The uranyl ion UOz2’, has a well known emission 
spectrum in the visible region, consisting of a progres- 
sion in v1 (the symmetrical vibration of UO, ‘). The 
emission spectra of pure and uranium containing 
hydroxy apatites are given in Fig. 1, and compared with 
spectra of several other uranyl containing compounds: 
U02(NOa)2.6Hz0; U02(OAc)2.2H,0; NasP04 glass con- 
taining 1% U02’+, and Oron (Israel) natural apatite. 
Temperature effects on emissions are also shown. 

Raman and IR spectra of pure and U-containing (1%) 
HAP, were also recorded and analyzed according to 
functional groups. The spectra are summarized in Figs. 2, 
3 and compared with spectra of other uranium containing 
compounds. 

The HAP containing l%U was subjected to an extrac- 
tion experiment? in a hot (70°C) solution of 1N Na,CO,. 
Two successive processes extracted about 62% of the 
uranium. No change was found, however, in the XRD 
diagram and the emission spectrum of the remaining 
HAP. Similar results were obtained after prolonged 
heating (700°C) of HAP (l%U) with KF or NaF. 

tWe are grateful to Dr. H. Feldstein from Soreq Nuclear 
Research Centre for these measurements. 

(b) Carbonate apafites. Three samples were prepared, 
the molar U/Ca concentrations in the starting solutions 
being 0,0.02 and 0.08%. The pure CAP is white, while the 
U-containing CAP is yellowish. Activation analysis 
showed the uranium concentration of the 2 yellow com- 
pounds to be 0.025 and 0.1%. These low uranium con- 
centrations prevented the use of E.P.M.A. to determine 
uranium distribution in the compounds (the lowest limit 
of sensitivity is about 0.2%). XRD analysis was carried 
out for the three products after thermal treatment at 
different temperatures. At temperatures up to 3OO”C, the 
diagrams as well as the cell constants calculated from 
them were similar to literature values of a carbonate 
apatite (JCPDS W-272). At higher temperatures several 
changes were found, namely, the appearance of ad- 
ditional reflections, shifts toward lower 28 values and 
changes in intensity ratios. These changes were typical 
of both pure and uranium containing CAP, but appeared 
at lower temperatures in the higher uranium-containing 
apatite. Cell constants derived from XRD analyses at 
different temperatures are listed in Table 3. 

Emission spectra of CAP were also recorded and are 
given in Fig. 1. Unlike the uranyl ion in the HAP matrix, 
the typical UO,” emission in CAP disappeared as soon 
as the sample was heated to about 100°C. Raman and IR 
spectra are given in Figs. 2 and 3. Vibrations of the 
UO,*+ ion could not be detected due to low concen- 
tration. 

DISCUSSION 
(1) Solid state reactions 

From XRD diagrams, cell constants and E.P.M.A., the 
main product of the reactions in presence of U&” is 
clearly FAP. As E.P.M.A. is insensitive to low uranium 
concentrations (0.2% is the upper limit of the technique), 
the possibility that small amounts of uranium were in- 
corporated into the apatite lattice cannot be neglected. 
E.P.M.A. measurements show, however, that most of the 
uranium exists in phases in which the main other con- 
stituent is calcium. The additional unassigned reflections 
in the XRD patterns of the products, their disappearance 
from the precipitates’ diagrams after washings with 
O.lNHCl and 0.2N citric acid, and the absence of 



346 A. GIVAN, I. MAYER and L. BEN-DOR 

Table 2. Cell constants of hydroxy apatites containing uranium 

U/Ca Uranium 
molar concentration (%) concentration (%) a&) co@) 

Sample in solution in hydroxy apatite k0.003A kO.OOSA 

HAP 0 0 9.428 6.892 
HAP 0.21 0.59 9.420 6.887 
HAP 0.42 0.70 9.427 6.890 
HAP 1.05 0.69 9.423 6.894 
HAP 2.1 0.69 9.426 6.897 
HAP 4.2 0.92 

(nonhomogeneous) 9.401 6.879 

JCPDS 9-432 0 0 9.418 6.884 

i 
m-l 

Fig. 1. Emission Spectra, excitation Ar+ laser, 4880& 150 mW. (1) 
U&(N0&.6H20. (2) U@(CHSC00)2.2Hz0. (3) CAP mixed with 
1% uranyl nitrate. (4) NasPOd glass containing 1% uranyl. (5) HAP 
containing 1% uranium. (6) No. 5 heated to 700°C. (7) CAP 
containing 1% uranium. (8) No. 7 heated to 700°C. (9) Oron Apatite 

heated to 800°C. 

I. 

u,lu0;*1 

~ 

V 
v,lPo;‘I 

1400 COO 600 c" 1’ 

Fig. 2. IR spectra. (1) 0.2% HAP pure in KBr pellet. (2) 1.0% HAP 
containing 1% uranium in KBr pellet. (3) 0.3% CAP pure 

in KBr pellet. 

uranium from the respective filtrate, suggest that 
uranium concentrates in a nonapatite phase, which is 
insoluble, and which has a very low-intensity XRD pat- 
tern. It might possibly be an imperfectly crystallized 
calcium uranate. Changing the uranium source from 
UO2 to the U(W) phosphates, UP207 and U,(PO&, had 
no effect on the results. Uranium again concentrates in a 
nonapatite phase, but as previously mentioned a low 
distribution of uranium in the apatite lattice is possible. 

In contrast, the reaction with UO,-U(VI) leads, bey- 
ond doubt, to the incorporation of uranium in the apatite 
lattice. In addition to several undefined phases which are 
richer in uranium, the apatite matrix showed a homo- 
geneous distribution in concentrations of approx. 0.5%. 

(2) Reactions in solution 
The fact that the HAP phase was indeed obtained is 

based on positive identification and on the absence of 
XRD reflections and IR bands characteristic of other 
phosphate phases”-“. The homogeneity of the phos- 
phate matrix with respect to the distribution of Ca and P, 
as recorded by E.P.M.A. also rules out different phos- 
phate phases. 

In spite of the moderate accuracy of the deter- 
minations by E.P.M.A., very similar results were obtained 
for uranium concentration in the apatite solids both by 
this technique and activation analysis. The uranium was 
shown to be homogeneously dispersed in the apatite 
matrix at concentrations of up to 1%. The uranium 
concentration in the hydroxy apatites is almost a linear 
function of U/Ca molar ratios in solution for low values 
of U/Ca. At higher U/Ca values the uranium concen- 
tration reaches saturation (at about 1%) and at U/Ca 
molar ratios greater than 2.1% the crystallization of new, 
uranium containing phases begins. These phenonena are 
well demonstrated by E.P.M.A. and by additional 
reflections in the XRD. Most of these reflections are 
similar to those of Ca2U207 (JCPDS 19-254) both in d 
values and relative intensities. This fact is in accordance 
with the qualitative E.P.M.A. picture, which indicated 
that the additional phases contain mainly Ca and U. 

The uranium incorporation does not cause significant 
changes in HAP cell constants (Table 2). The deviation 
from literature values of these constants at high U/Ca 
molar ratios (Table 2, nonhomogeneous distribution of 
uranium in apatite), is of dubious character, since the 
appearance of new phases was associated with 
significant low intensity of the apatite reflections. Thus 
XRD alone cannot unequivocally determine the location 
of uranium in the apatite lattice. Additional data was 
supplied by other physical methods. 
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Fig. 3. Raman spectra. (1) HAP pure. (2) HAP containing 1% uranium. (3) CAP pure. 

Table 3. Variation of lattice constants of carbonate apatites with temperaturet 

Temp. CAP CAP (0.025% U) CAP (0.1% U) 

“C %(A) co(h aoA co& so(A) co(h 
150 9.292 6.929 9.290 6.915 9.291 6.899 
300 9.287 6.900 9.294 6.900 9.303 6.893 
500 9.315 6.894 9.318 6.892 9.336 6.8% 
700 9.369 6.892 9.369 6.905 9.443 6.950 
900 9.443 6.951 

Wandard deviation-up to 0.009A in Q, and 0.007A in a~. Literature values 
(JCPDS B-272): ao = 9.309& co = 6.972A. 

Table 4. Force constants, bond order and bond length of the uranyl ion in 
various compounds 

Sample fr (md/A) frr (md/A) nt r(&)t r&S 

UOz(N0&.6H20 7.180 -0.081 2.375 1.694 1.729 
U~(OAC)~.~H~O 7.100 -0.099 2.351 1.699 1.732 
NaJP04(1% UO1’+ glass)0 5.385 - 1.836 1.806 1.741 
HAP (1% U) 6.180 -0.224 2.075 1.753 1.758 
CAP (0.1% U)P 6.030 - 2.030 1.762 1.763 
BaWMPD~)~II 6.156 -0.276 2.068 1.754 1.759 

Walculated according to Ref. [23]. 
$ Calculated according to Ref.[22]. 
Kalculation based only on Y, from emission spectrum. 
IlVibrational frequencies Y, and q from Ref. [8]. 

The identification of uranyl ions ion in the apatite 
matrix was determined by emission spectra (Fig. 1.). A 
comparison of these spectral splittings and intensity 
ratios with those of U02(N0&.6H20, UOzAcz.2Hz0, 
Na,PO,, glass containing 1% UO,” (Fig. l), showed 
great similarity to the spectra of U02*’ in phosphate 
matrices. The fact that the emission spectrum changed 
neither after heating the sample to 7OO”C, nor when 
almost 2/3 of the uranium was extracted by 1N NazC09, 
nor after prolonged heating with KF, demonstrated the 

affinity of the U02*+ bonding to the host apatite matrix. 
On the other hand, the ease of only partial extraction of 
uranium, points out the possibility of the existence of 
several sites for the UO,‘+ in the lattice. 

Assignment of Raman and infrared bands in the vibra- 
tional spectra of HAP and HAP containing 1% U was 
made on the basis of functional groups. The spectra 
identified the phosphate phase as HAP, and distinguished 
it from other phases (OCP, /3-Ca,POJ. Despite the low 
intensity of the UO,” bands of HAP (l%U), both in the 
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Raman and infrared spectra (due to the low UO,” 
experimental concentration in the samples), they can be 
used to obtain further information about UOZ2+ in the 
apatite phase. Excellent agreement of the values of v, 
(symmetric stretch vibration) was obtained from both 
Raman and emission spectra of UOz(N0&.6H20, and 
UO,(OAC)~.~H,O, facilitated the correct assignment of 
the V, band of UOZz’ in apatites, by comparison with the 
respective value from its emission spectrum. 

The uranyl ion, of linear Dm,, symmetry, has four 
normal modes of vibration: vI symmetric stretch mode, 
which is only Raman active, I+ antisymmetric stretch 
mode, only infrared active, and v2 the doubly-degenerate 
bending mode, again only IR active. Deviations from 
these activity rules*, are usually assigned to environ- 
mental effects rather than to a change in the symmetry of 
the ion.‘**” The frequencies vI and vg of UO,‘+ change 
in accordance with the ligands attached to the ion.‘**” In 
principle, the more significant change is expected in the 
value of I+, a mode which includes motion of the centre 
of the ion relative to the centre of the trapping site, but 
due to the high atomic weight of the uranium, there can 
be no real difference between the effects on y1 and vs. 
Variations of the vibration frequencies imply respective 
changes in the force constants computed from them, and 
therefore also in the bonding strength within the ion. 
Several different empirical relationships between the 
stretching of the U-O bonds, force constants (jr) and the 
U-O bond length (r) and bond order (n) have been 
derived and have been checked for a series of U02*’ 
compounds with known U-O distances.“* The Raman 
spectrum of HAP (l%U) showed a weak band at 795 + 
3 cm-‘, which did not appear in the spectrum of pure 
HAP. This band was assigned to v, (UO,“) and is in 
excellent agreement with the value of v,( UO,*‘) from 
the emission spectrum of HAP (l%U) (790 cm-‘). The IR 
spectrum of HAP (l%U), contains a weak band at 880 ? 
3 cm-’ which is absent in the spectrum of pure HAP. This 
band was assigned to vg (UOZZ’). The two frequencies 
are quite similar to those of UO,*’ in BUP’. The force 
constants calculated where used to compute the U-O 
bond lengths and bond orders for U02*’ in HAP (l%U) 
and several other compounds. The results of the cal- 
culations are listed in Table 4. Again, there is significant 
similarity in force constants, bond length and bond 
orders of UOZ2+ in various phosphate phases, excluding 
perhaps the Na3P04 glass, the deviation of which is 
related to the broader and less resolved emission lines. 
Bond lengths computed for UO,” in HAP are in the 
range attributed to stronger U-O bonds,“’ (1.69- 
1.76A). Bonds in uranates, on the other hand, are weaker 
with bond lengths of around 2A. It is noteworthy that the 
strength of the U-O bonds is anion dependent. 

The emission and vibration spectra of CAP and HAP 
are very similar (except for the CO,‘- bands). Although 
the vibrational bands of U02*+ in CAP could not be 
detected the V, frequency was derived from the emission 
spectrum (Fig. 2). The value of yl (UOZ2’), namely 
800? 5 cm-’ was used to calculate the force constant. 
The values listed in Table 4, are quite similar to those of 
UO,” in HAP and of BUP. 

Unlike HAP, CAP decomposed at temperatures higher 
than 500°C and CO, was released. The CO,*- ions which 
substitute part of the POd3- ions, leave their sites and the 
lattice expands. This phenomenon was characterized by 
a shift toward lower 28 and higher d values in the XRD 

diagrams, as well as by an increase of the respective cell 
constants. The presence of U02*+ evidently increased 
the ease of decomposition as it began at lower tem- 
peratures with higher uranium concentrations (Table 3). 
The disappearance of the typical UO,“’ emission in the 
0.1% uranium CAP system after heat treatment at 100°C 
suggests a different bonding of the U02*+ in this system 
as compared to HAP. Possibly, during heating and in the 
presence of F- ions the uranyl radical is transformed to a 
different material, e.g. uranate. It is significant to note 
that natural Oron apatite, with no heat treatment also 
does not show the characteristic UOZZ+ emission al- 
though it certainly contains U(V1). When heated to ca. 
700°C pure CAP, O.l%U-CAP and Oron apatite have 
identical emission centered at 18860(3) cm-‘; the same as 
in pure HAP. Possibly the transformation of uranyl 
radical in synthetic apatites by heat treatment took place 
in the natural apatite in some past historical event. 
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Abstrati-The solid solution y-(Zno.,sMno.*~)1(PO4)2 has been studied utilizing neutron powder diffraction data. The 
monoclinic (P2Jn) structure has been refined by means of the Rietveld full-profile technique (R, =O.OSl, 
I$, = 0.057). The results clearly show that the cations are strongly ordered; Zn2+ at the five-, and Mn*+ at the 
six-coordinated sites. The “ZnO5” uolvhedra are somewhat distorted trigonal bipyramids, while the “Mn4” 

_ _ octahedra are fairly regular. 

INTRODUCTION 
When zinc ions in a-Zn,(PO.& are replaced by other 
M*+ cations, a solid solution called “7-Zn3(P0&“, or 
more correctly y-(Zn,_,M,),(PO&, may be formed;’ it is 
henceforward abbreviated Zn/M. Such y-phases were 
earlier studied owing to their potential use as com- 
ponents in colour television screens. It was then shown 
that the y-phase could be stabilized by substituting Cd*+, 
Mn” or Mp for zinc?V3” (A metastable y-phase with a 
few per cent Ca” exists above 12OOK.)’ In addition, 
recent studies have shown that also Fe”, Co2+, Ni” or 
Cu2+ can stabilize the y-phase.6 The crystal structure of 
“y-Zn3(POJ2”, stabilized by a small but unknown 
amount of manganese, was determined in 1963 by 
Calve.’ The monoclinic unit cell (Z = 2) contains four 
five-coordinated cations, M(l), and two six-coordinated 
cations, M(2). In his paper, Calvo suggested that the 
M2’ cations should preferentially enter the M(2) sites, 
thereby stabilizing the y-phase with respect to a- 
Zn3(PO&. Partly in order to verify this idea, we have 
carried out cation distribution studies of some Zn/M 
phases, utilizing various techniques.8*9*‘0 The present in- 
vestigation of ~-(Z~.&&,&3(PO.& has been based on 
neutron powder diffraction data, because the neutron 
scattering amplitudes of the two metals in question are 
widely different. 

Mg3(P0,)2 is isomorphous with the “y-Zn,(POJ,” 
phase,” and some cation distribution studies of various 
(Mgl_-rMr)3(P04)2 solid solutions have been carried 
out.” These and the present investigation have been 
undertaken as part of a project on cation distributions in 
minerals and inorganic structures containing five-coor- 
dinated cation sites.“‘o.‘2’4 

EXPJWMENTAL 

cr-Zn,@‘O& and Mn2P207 were first prepared by conventional 
techniques (cf. Ref. 6). The solid solution “I-(Zn,,,&f~.25)3(PO~)2 
was then prepared by heating a mixture of a-Zn3(P0,)2, h&P& 

*Author to whom correspondence should be addressed. 

and commercial MnO in the molar proportions 3 : 1: 1 in evacu- 
ated and sealed silica tubes. The Mn content in the v-phase (25 
atom %) is close to the maximum solubility, which i‘s 27%.at 
1070 K.“” The heatina continued at 1070 K (800 + 10°C) for three 
months, whereupon the tubes were quenched in cool water. Eight 
samples so obtained were checked by means of X-ray powder 
diiraction (Guinier-H&g camera, CrKa, radiation: A = 
2.28975 A; 50.00 mm camera radius, KC1 internal standard). The 
photographs were evaluated by a film scanner and associated 
programs’5.‘6. The dimensions of the monoclinic (P2Jn) unit cell 
were relined to (mean values): a = 7.563(2), b =8.553(l), c = 
5.056(l) A, fl= 94.78(2)“, V = 326.0(l) A’ (Z = 2). In some of the 
powder patterns a few weak reflections remained un-indexed. 
The three samples finally selected for the neutron diffraction 
study (combined volume about 3 cm3, equivalent to - 10 g 

A 
had 

only one very weak un-indexed reflection (at d = 4.076 ) in 
addition to the 33 indexed reflections. This batch sample was 
therefore judged to be sufficiently pure. 

The neutron powder diffraction data were collected at room 
temperature at the Studsvik R2 nuclear research reactor (Studs- 
vik, Nykiiping, Sweden), with the sample kept in a vanadium 
cup, using a double monochromator in parallel setti 

Y 
(copper 

crystals). The average flux was 10” neutrons m-*0- for A = 
1.52 A. Accurate data were collected for 2” s B < 50”, with a total 
scan time of 12 days (A0 = 0.04’). 

TEE PROFILE REFINEMENTS 
For 0 > 34.7” the reflections overlapped so much that it 

was quite impossible to fix the background level with 
satisfactory precision. Therefore only data with 2” s 0 s 
34.7“ were used. No evidence of superstructure could be 
detected in the intensity profile, nor extra reflections 
extinct in the centro-symmetric space group earlier 
reported for this structure type.7~‘1~t7Vt8 Peaks greater 
than 0.3% of the largest peak in the spectrum (comparing 
integrated intensity values) ought to be significantly 
observed in spite of the fact that the background was not 
so smooth. We therefore assume the space group sym- 
metry for y-(Zno,75Mrb,25)3(PO,)z to be P2t/n (No. 14). 

After subtraction of the graphically determined back- 
ground but without correction for absorption effects, the 
intensity data were processed by means of the full-profile 
refinement procedure of Rietveld.19 In a preliminary step 
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the scale factor, zero point and unit cell parameters were 
refined to fix the mean neutron wavelength. The crystal 
structure was then refined with 28 parameters: one scale 
factor C such that I,,,, = C * lobs, three peak profile 
parameters, 18 atomic positional parameters, and six 
isotropic temperature factors (the two metal sites were 
given the same value for reasons discussed below, while 
phosphorus and the four oxygen atoms had individual 
temperature factors). Atomic coordinates from an X-ray 
single-crystal refinement of the Y-(Zn0.,,M~.,3)3(P04)2 
structure’8 were used as starting parameters. 

The cation distribution was expressed by a para- 
meter x, defined by the formula y-(Zn,_,Mn,)2M”’ 
(ZnO.zs+zx Mno.75_2x)M’Z)(P04)2 with 0 4 x d 0.375. Thus 
x = 0 indicates an “ordered” model with M(1) occupied 
by zinc only, while x = 0.25 gives a random distribution 
such that all cation sites are occupied by 75% Zn and 
25% Mn. The true value of x was determined through a 
series of ten-cycle refinements, with systematically shif- 
ted x values. The neutron scattering amplitudes were 
taken from the International Tables of X-ray Crystallo- 
graphy.” The discrepancy index R,, defined as ZIZabr- 
Zcalcll~Zobs and based on integrated reflection intensities, 
is given in Table I for the various refinements as a 
function of x, together with some further selected data 
from the respective refinements. 

A distinct R, minimum was soon found in the region 
0 <x < 0.02, and a computerized interpolation of the 
R, = f(x) curve located the minimum at x = 0.0125. Not 
only the R factors but also the standard deviations of the 
refined parameters obtained the smallest values for this 
final refinement with x =0.0125; the R factors were 
RI = 0.051, R, = 0.057 and R, = 0.073 (cf. Ref. 19). The 
accuracy of x may be slightly affected by the fact that 
M(1) and M(2) were given the same temperature factor. 
This arrangement, though, was necessary because in the 

trial refinements M(2) sometimes had a scattering am- 
plitude close to zero (cf. Table 1). However, an in- 
spection of the results of other refinements of this struc- 
ture type shows that this approximation may well be 
justified.“V’7.‘8 The observed and calculated intensity 
profiles are shown in Fig. 1. The refined atomic 
parameters are listed in Table 2. A table of observed and 
calculated integrated intensities for the x = 0.0125 
refinement has been deposited with the Editor at Queen 
Mary College, London, from whom copies are available. 
(The refined atomic parameters have also been deposited 
with the Institut fur anorganische Chemie, University of 
Bonn, F.R.G.). 

The fact that three of the refined temperature factors 
(cf. Table 2) have acquired negative values, though close 
to zero, is somewhat curious. However, physically 
meaningless temperature factors sometimes occur with 
the profile-refinement procedure:’ and even with single- 
crystal neutron diffraction data.22 Our irrelevant tem- 
perature factors may be due to the rather high and not 
quite smooth background, and considerable overlapping 
among the reflections at higher 13 values in the used part 
of the intensity profile. From the expression exp [ - 
B. (sin e/A)*] it is clear that the temperature factors, B, 
are principally determined from reflections with higher 0 
values. Although slight, absorption effects also affect the 
temperature factors to some degree. However, the stan- 
dard deviations of all positional parameters are quite 
small and do not suggest any deviations from P2,/n 
space group symmetry, or disorder in the structure. 
Neither are the standard deviations of the isotropic 
temperature factors very large, and they are also fairly 
equal. Moreover, the refinements with other values of 
the parameter x gave still worse B factors then those 
presented in Table 2. For instance, for x = 0.10 (i.e. still 
with a fairly strong cation ordering) the temperature 

Table 1. Selected data from the Rietveld full-profile refinements of y-(Znr,.,,M~.x~(P04)2 for a series of x values 
(0 s x ~0.375). The value of x is defined according to the formula y-(ZnI_,Mn,)2 “‘(Z~.25+21M~.75_2r)M(2)(P04)2 

1! $(ljJ= t&2ga 
% % L&p -- - esd(B$ esd&& 

0 0.590 -0.120 0.053 0.058 0.074 0.15 0.001 

0.0125E 0.578 -0.099 0.051 0.057 0.073 0.13 0.001 

0.02 0.571 -0.084 0.053 0.058 0.074 0.14 0.001 

0.025 0.566 -0.075 0.055 0.059 0.075 0.15 0.001 

0.05 0.542 -0.028 0.068 0.067 0.083 0.16 0.001 

0.10 0.500 0.070 0.111 0.103 0.121 0.23 0.002 

0.15 0.448 0.162 0.157 0.150 0.174 0.33 0.002 

0.20 0.400 0.258 0.197 0.198 0.230 0.44 0.003 

0.25d 0.350 0.350 0.241 0.242 0.279 0.54 0.004 

0.30 0.300 0.460 O.a3 0.294 0.323 0.65 0.005 

0.35 0.258 0.542 0.333 0.351 0.421 0.99 0.007 

0.375 0.230 0.590 0.351 0.371 0.437 1.33 0.009 

'Neutron scattering amplitudes in lo-l2 fi units. definition: ad(B) de- -- 

notes the mean e.s.d.'s of the six isotropic temperature factors (B) in a 

refinement, and esd(E) denotes the mean e.s.d.'s of tbz18 atomic positio- - 

nal parameters (x,y,z) which were refined. &This is the "correct" model. 

-%-As is the randan distribution model. 
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Fig. 1. The least-squares fit obtained between the observed intensities (continuous line) and calculated intensities 
(points) for y(Z~.,sMn&,(P04k (neutron powder diffraction data). The discrepancy in the lit (AZ = lobs- I,,) is 

plotted below to the same scale. 

Table 2. Atomic positional coordinates and temperature factors 
for the “x = 0.0125” refinement of y-(Zrb.,sMno.zs)~(P032 (see 

Table 1) 

Atan !! Y z B /h2/ - 

M(l) 0.622 0.134 0.081 0.46(12) 

M(2) 0 0 l/2 0.46(12) 

P 0.206 0.192 0.036 0.54(15) 

O(1) 0.051 0.136 0.836 -0.31(14) 

O(2) 0.135 0.205 0.304 -0.15(11) 

O(3) 0.254 0.354 0.936 0.33(16) 

O(4) 0.362 0.079 0.046 -0.34(10) 

The esttited standard err‘0~s according to the fitting 

program were 0.001 of‘ less for the positional paw- 

ters. Space group g2,& (No. 14); equivalent positions 

(IC,y,$, (-&,-y,-g, (1/2-&,1/2+y,l/E-z), (1/2+x,1/2-Y, 

l/2+2). 

factors were in the region -0.9(3)~ E c l.3(3)A2. We 
have also performed a series of refinements assuming the 
temperature factors of the four oxygen atoms to be 
equal, i.e. with 25 parameters instead of 28. The “best” 
refinement as regards low R factors, low standard devia- 
tions and reasonable temperature factors was obtained 
for x = 0.0150, i.e. quite close to x =0.0125 earlier 
obtained. In this case we obtained B(meta1) = 0.40(15), 
B(phosphorus) = 0.55(16), and B(oxygen) = -0.11(7) A’, 
with RI = 0.059, R, = 0.058, and R, = 0.084. The posi- 
tional parameters deviated less than 1 u from the res- 
pective values of the “x = 0.0125” refinement flable 2); 
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their standard deviations were always less than 0.001. 
We therefore conclude that the atomic parameters 
arrived at in the x = 0.0125 refinement are basically cor- 
rect. 

DI!SCIJSSION 

The crystal structure of y-(Z11,,.,,Ikln&~(P0,)2 is built 
up of somewhat distorted M(l)OS trigonal bipyramids, 
and almost regular M(2)06 octahedra and PO, tetrahedra 
(see Fig. 2). Zinc orders strongly at the M(l), and man- 
ganese at the M(2) sites. This is interesting since Zn” 
(3d’q as well as Mn” (3ds, high-spin) yield zero CFSE 
(crystal field stabilization energy) in octahedral and in 
tetrahedral environments with oxygen liiands.23 
However, the most common state for manganese in 
mineral structures is high-spin, octahedrally coordinated 
Mn*+, especially with 02-, OH- or H,O ligands.= Its 
structural role seems to be controlled principally by local 
electric charge and ionic radius, so that relative to 
smaller divalent cations such as Zn”, Mn2+ pref- 
erentially occupies the largest cation sites. Zn” often 
occurs with lower coordination numbers, which may be 
explained by thermodynamic considerations.= This is in 
agreement with the observed Zn2+/Mn2+ cation ordering. 

Some interatomic distances and angles are summarized 
in Table 3, with corresponding values for y- 
(Z~..Jvl~.03)3(PO~)2 from an X-ray single-crystal 
study7.‘8 added for comparison. The similarity between 
the two compounds is striking. According to our 
experience, the dimensions of the phosphate tetrahedra 
from the present neutron dilfraction study are unusually 
good considering the fact that only powder data have 
been used in the structure refinement. It is also notewor- 
thy that the metal-oxygen bond distances for the two 
compounds of Table 3 display a small but explicable 
diflerence: The M(2)-0 mean distance in y- 
(ZQ,,,MQ,.,),(POJ~ has increased significantly from y- 
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Table 3. Interatomic distances (A) and angles (‘) 

Distances 

M(l)-O(1) 

M(l)-O(2) 

M(l)-O(3) 

M(1)-0(4) 

M(lbO(4') 

M(l)-0 average 

2.43(l) 2.394(41 

1.97(l) 1.934(4) 

1.98(l) 1.984(5) 

1.94(l) 1.955(3) 

2.02(l) 2.007(4) 

2.07(l) 2.055(4) 

M(2)-O(l) (~2) 2.07(l) 2.010(5) 

M(2)-0(2) (x2) 2.30(l) 2.201(3) 

M(2)-0(3) (.x2) 2.24(l) 2.227(4) 

M(Z)-0 average 2.20(l) 2.146(4) 

P-O(l) 1.56(l) 1.518(6) 

P-O(2) 1.50(l) 1.551(4) 

P-O(3) 1.53(l) 1.536(4) 

P-O(4) 1.53(l) 1.555(3) 

P-O average 1.53(l) 1.540(4) 

L 
Angles 

c-M(l)-0 range 

O-M(l)-0 average 

c-M(2)-0 rFmg& 

c-M(2)-0 averaged 

C-P-O range 

O-P-O a”erage 

66.2-163.1 67.4-163.7 

104.8 104.9 

82.3-97.7 82.5-97.5 

90.0 90.0 

104.6-112.4 105.9-112.1 

109.5 109.8 

his work. & Eata fran Calve [ 7, 181. All atans are numbered as 

in Table 2. -%he estimated standard deviatims of the s&es are 

0.4' OF less for both studies. &he 180' angles are not included. 

Fig. 2. An ORTEP plot of the “y-Zn#O&” structure. The 
smallest circles represent phosphorus atoms, the second largest 
are metal atoms [M(l) or M(2)], and the largest circles are oxygen 

atoms. 

(Zno.WMno.o&P04)2r while the M(l)-0 mean distance is 
almost unchanged. This reflects the situation that the 
larger Mn*+ cations concentrate at the M(2) sites, 
thereby increasing the M(2)-0 distances. The converse 
effect for M(2)-0 was in fact noticed in a former study 
of the isostructural ~-(Z~L,,,,N&.,),(PO~)~ phase,“’ where 

nickel also preferentially entered the M(2) sites: the 
M(2)-0 mean distance had in this case decreased to 
2.12 8, as the smaller Ni*’ ions replaced zinc at the M(2) 
sites. 

The observed cation ordering in - 
(Zn0.75Mn&3(P032 implies that Mn*’ prefers thye 
octahedral M(2) positions, which comprise one third of 
all metal cation sites available. The maximum solubility 
of Mn*’ in “y-Zn3(P04)2” is determined by this effect; 
however, it is not 33% but only 27% at 1070K3*” so 
some additional factor, probably a size effect, must be 
involved. However, for y-(Zn, Ni),(PO,), the maximum 
solubility of Ni*+ at 1070 K is close to 33%.13 

The intra-crystalline Zn*‘IM*’ cation exchange in a 
Y-(Zn,_,M,)~(PO& solid solution may be expressed by 
means of the cation distribution factor I&,= 
[X&M(l)) . &.#49M&d~(2N . &MO)l. hum- 
ing equal activity factors for the cations, K,, may be 
regarded as the equilibrium constant at the temperature 
in question for the cation exchange reaction 

Zn*‘[M(2)1 t M2+[M(l)l#Zn2+[M(l)l t M*‘[M(2)]. (1) 

A random distribution of the cations makes KD equal to 
unity, while KD increases as M*’ concentrates at the 
M(2) sites. For the solid solution y_(Z~,,,Mtr,&,(P0,)~ 
the cation distribution factor, as a function of the 
parameter x, is defined by the equation K,= 
(1 - x)(0.75 - 2x)/x(0.25 t 2x), so that x = 0.0125 gives 
KD = 208 and x = 0.0150 gives KD = 169. Since the dis- 
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Table 4. Cation distribution Ko values (see text) and homogeneity ranges of M*+ (in atom%) for some 
y-(Zn,_,M,),(PO& solid solutions 
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Solid solution Fa 5 Technique Hm&itY ~ef. 

Y-z"+(po4'2 ~1300 K -20 x-ray 3-m 9: [aJ 

Y-(m, 9oFeo ,o)3(P04)2 . . 
r-(mo &e. 20’3’PC’4’2 . . 1070 K 30 Mtissbauer 

Y-(2",.70Fe0.30)3(Po4)2 

3-40 % [9,13] 

Y-'Z"o.65Feo.35'3'P04'2 

b'-(m, 70Ni0 30'3'P04'2 1070 K 40 Neutrcn . . 3-33 % [10,13] 

y-cz"0.75E"0.25'3'po4)2 1070 K -200 Neutron 3-27 % Ez 

tribution coefficient changes considerably with x, the 
factor for the Zn*+/Mn*+ distribution at 1070K should 
rather be given as KD = 200. However, the fairly good R 
factors, the low standard deviations obtained in the 
x = 0.0125 refinement as well as the reasonable inter- 
atomic distances and angles certainly agree with the 
feasible result that Zn*+ strongly orders at the five- and 
I&*’ at the six-coordinated sites. We therefore believe 
that our results are correct within the limitations set by 
the profile-refinement technique. 

Corresponding KD values, according to eq. (l), and 
homogeneity ranges for some y-(Zn,_,M,),(PO,), solid 
solutions have been summarized in Table 4. Since KD > 
1 for all phases listed there, it is clear that Zn*+ has a 
much stronger preference for five-coordination than any 
of the cations Mg*+, Fe*+, Ni*’ or Mn*+. Part of this 
result is in accordance with the results of an earlier study 
of isomorphous (Mg,_,M,),(PO3, solid solutions.” 
From recent studies of (Fel_-zM&(P04)2 graftonite- 
type solid solutions it is also evident that Zn*’ has a 
much greater tendency for five-coordination than has 
the Mn*’ cations.26 In order to make this kind of 
cation distribution studies more complete, some further 
neutron diffraction investigations of y-phases are in 
progress involving a number of other divalent-metal 
cations. 

CONCLUSIONS 
It is concluded that the divalent-metal cations of the 

solid solution y-(Zrb.,5Mn,,.25)~(P0,)2 are strongly 
ordered, zinc at the five-, and manganese at the six- 
coordinated sites (I& = 200 at 1070 K). This cation 
ordering agrees with the stabilizing effect of Mn*’ on the 
“y-Zn3(P04)20 structure suggested by Calve. It is also in 
accordance with the solubility of Mn*+ in the y-phase. 
Finally, the observed changes in the metal-oxygen bond 
distances as Mn*+ substitutes for zinc correspond with 
the established cation ordering. 
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Abstract-Trichlorobis(hexamethylphosphoramide)In(III), InCl,(OP(N(CH,)&, was prepared by extraction of 
indium(III) chloride from aqueous solution into chloroform containing a slight excess of hexamethylphosphoramide 
and structurally characterized by X-ray methods. In this pentacoordinated complex, the central In(III) ion is 
bonded to two hexamethylphosphoramide molecules via the phosphoryl oxygens in the axial positions and to three 
chloride ions in the equatorial positions in a trigonal bipyramidal arrangement with average In-0 and In-Cl bond 
distances of 2.18 and 2.36 A respectively. The solid state infrared and Raman spectra of the complex are discussed. 
The observed spectra are consistent with those expected for the pentacoordinated structure of the complex. 

INTRODUCTION 

Recently the hexamethylphosphoramide [HMPA = 
OP(N(CH,)3,] complexes of the lanthanides have 
received particular attention from synthetic and spec- 
troscopic points of view.lS3 In our effort to systematize 
the synthesis of the HMPA complexes by special 
extractive methods, ‘*2S4V5 we have prepared the In(II1) 
complex of the composition InCl,(HMPA),. Like the 
trivalent lanthanides, In(II1) belongs to the class (a)-ions 
and readily forms complexes with oxygen donor ligands 
like HMPA. This paper describes preparative, 
identification, spectroscopic and structural studies of the 
InCl,(HMPA), complex. 

InC13(CsH18N3P0)2: C, 24.87; H, 6.26; N, 14.50% The absence of 
water peaks in the IR showed the sample to be anhydrous. 

Spectroscopic measurements. The solid state absorption spec- 
trum of the complex was recorded with a Beckman DBG spec- 
trometer as thinly dispersed Nujol mull in a QS 81 sandwich type 
auartz cell. The IR spectrum of the complex in the solid state 

EXPERlMENTAL 
Preparation of the complex. The complex was prepared by an 

extractive method described previously.‘*2*4, 1 mMol of 
InC1,.3H20(BDH) was dissolved in a minimum quantity of water 
and the aqueous solution was extracted with 20ml of CHCI, 
containing a slight excess than 2mMol of HMPA. The chloro- 
form layer was separated and dried by placing it in contact with 
molecular sieves for several days in a closed system. The solvent 
was then allowed to evaporate slowly in a vacuum desiccator 
when well formed crvstals of InCh(HMPA)2 were obtained. 
These crystals were washed with a-small amount of CC4 to 
remove excess HMPA. The crystals were dried and kept in a 
desiccator until used. 

Found C, 25.11; H, 6.33; N, 14.81; talc. for 

*Author to whom correspondence should be addressed. 
tPresent address: Department of Chemistry, University of 

Joensuu, SF-80101 Joensuu, Finland. 
tWe thank Perkin-Elmer Co., Bodenseewerk, oberlingen and 

especially Mr. Duelli for running the spectrum in their instru- 
ment. 

#Tabulated data for final positional parameters and anisotropic 
thermal factors have been deposited as Supplementary Data with 
the Editor from whom copies are available on request. Atomic 
co-ordinates have also been deposited with the Cambridge Crys- 
tallographic Data Centre (CCDC). 

was measured by muliiple internal reflection technique with a PC 
283 instrument and as pellet (dispersed in RbI) with a Perkin- 
Elmer PE 58OB instrumentt from -180cm- (Fig. 1). Both 
spectra are essentially the same, indicating no exchange with 
RbI. Laser Raman spectrum of the solid sample was obtained 
with a Spex 1403 in combination with SCAMP data processinn 
unit which allowed collection of spectra with considerabii 
reduction of backmound noise. The 19435 cm-’ line of the Ar- 
ion laser (Spectra Physics) was used as excitation source. 

Crystal structure determination. Unit cell parameters and 
orientation were determined and intensity data (Bmin < 0 < &,,a 
recorded using conventional o-scan methods on a crystal 1.0X 
0.3 x 0.3 mm’. MO-K, radiation (A = 0.71069 A) and a Syntex P21 
diffractometer was used for structure determination. 

The crystals of InCh(HMPAh belong to the monoclinic space __ 
group P&/c. The unit cell parameters and other crystal data for 
InCL3(HMPA)* (m.w. 579.6) are: a = 16.986(3), b = 10.214(2), c = 
16.254(3) 8, and p = 111.35(l)‘, V = 2626.3 A’, Z = 4, d, = 
1.47 g/cm’, c = 13.37 cm-‘, standard reflections 111,202. A total 
of 5335 indenendent reflections was measured, of which 3563 hnd __ 
intensities greater than three times their standard errors based on 
counting statistics and were considered as minimum useful in- 
tensity. Lorentz, polarization and absorption corrections were 
applied to the observed intensities. The structure was solved by 
direct methods (MULTAN 78). Isotropic least-squares 
refinement of all non-hydrogen atoms converged the con- 
ventional R-factor to 0.124. Subsequent anisotropic refinements 
with all hydrogen atoms in fixed and idealized positions with 
U = 0.10, yielded a final1 R = 0.051 and a weighted discrepancy 
factor R, = 0.052 (w = l/cr*(F~% 

RESULTS AND DISCUSSION 

ZR and Raman spectra. The IR spectrum of the 
InCla(HMPA)2 complex in the water absorption region 
(Fig. la) showed the complex to be anhydrous. Direct 
evidence that all ligands (3 Cl- and 2 HMPA) are bonded 
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Il1lI1llIII11lI1II III111 Ill I II Ill.1 
800 1400 ,000 

C" -1 
600 200 

Fig. 1. (a, b) IR and (c) Raman spectra of InCl~(HMPA)~ complex with probable assignments. 

to the central In(III) ion came from the crystal structure 
analysis of the complex. The main changes in the IR 
spectrum of the coordinated HMPA with respect to the 
free @and are the lowering of the PO and raising of the 
PN peak frequencies’.’ and these changes were observed 
(Fig. 1). The PO frequency (HMPA 1210cm-‘)‘V2 was 
lowered about 20cm-’ and the PN frequencies at 982 
and 74Ocm-’ of HMPA’** were raised to 992 and 
755cm-’ in the present complex. These changes are 
comparable to that observed for a-type trivalent cations 
like the lanthanides and Y(III).‘” 

Complexation also brings about characteristic 
changes’** of the peak centered at 12OOcm-‘. The CN 
stretching which is usually observed as shoulders 
(-1150, 1174 cm-‘) appears as a strong peak at 
1142 cm-’ for the indium complex. Of the bending 
vibrations the NPN bending is IR inactive in HMPA and 
its complexes’** and appears as a very weak peak at 
645 cm-’ in our complex. However, in the Raman spec- 
trum the complex showed the expected NPN bending as 
strong peak at 648 cm-‘. 

The PO bending vibration of HMPA at 484 cm-’ (IR) 
showed the very small but expected lowering of 
frequency in our In-complex (476cm-‘). The weak 
shoulder at -5OOcm-’ in the complex is probably the 
CNP bending vibration. A reversal of intensity of these 
peaks is usually observed in the Raman spectra of 
HMPA-complexes.‘** This is also the case with our In- 
complex (Figs. lb, c). The weakly split peaks at 370 and 
352 cm-’ (Raman 372 and 348 cm-‘) in the complex could 
be assigned to the CNC and CNP bending of the coor- 
dinated HMPA.‘** 

Much has been said about In-Cl stretching vibrations”‘6 
in diflerent complexes. The chromophore [InCl,OJ in 
his-diethylether complex belonging to the I&, symmetry 
showed’*” a strong IR band at 342cm-’ due to In-Cl 
antisymmetric stretching. The symmetric In-Cl stretch- 
ing which is ik inactive appeared as weak shoulder at 
316cm-’ in the IR and as strong polarized peak at 

317 cm-’ in the Raman spectrum.’ In a recent study of 
the matrix (Kr) isolated InCb monomer, Givan and 
Loewenschuss” have assigned the observed triplet near 
350 cm-’ as the symmetric In-CI(A;) and the 394 cm-’ 
peak as the antisymmetric In-Cl(E) frequencies in the 
isolated molecule. 

The structure of our InCl,(HMPA), complex with the 
same [InCI,Od chromophore (see later) can be ap- 
proximated to Dj,, symmetry. Within the range of our IR 
investigation (180cm-‘), we are able to find only two 
bands with shoulders at 305 (sh. -280) and 182 (sh. 
-200) cm-‘. There is no indication of a strong absorption 
around 340 cm-’ in the infrared (see above CNC and 
CNP bending). The other weak intensity peak centered 
at 305 cm-’ is most probably the ligand CH, torsion, 
although some contribution from either In-Cl or In-O 
stretching vibrations to the intensity of this peak in this 
region cannot be completely ruled out. 

In the Raman spectrum we observed (Fig. lc) a strong 
and sharp peak at 265 cm-’ together with a peak of much 
weaker intensity at 286 cm-‘. The 265 cm-’ peak can be 
definitely assigned to the symmetric In-Cl stretching (A;) 
frequency. The 286cm-’ peak is provisionally assigned 
to the symmetric In-O stretching. Both these symmetric 
stretching frequencies being only Raman active are not 
observed in the IR. 

The antisymmetric In-Cl stretching is, however, both 
infrared and Raman active (E’). The 182cm-’ IR-peak 
with a shoulder at higher wavenumber corresponding to 
the broad peak at 15Ocm-’ in the Raman is the 
antisymmetric In-Cl stretching vibration. We note that 
this antisymmetric stretching vibration is likely to be 
weak in the Raman.’ 

The assignment of the deformation modes at lower 
wavenumbers are very tentative as only the Raman data 
are available for the low wavenumber region. We have 
observed a strong and split peak around 80cm-’ (not 
shown in Fig. 1) region. This peak is probably due to the 
deformation mode Cl-In-Cl. The splitting may have ori- 
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ginated due to the difference in the three <Cl-In-Cl 
angles (see later). The bending mode of O-In-Cl is also 
expected to occur in this region. 

Unfortunately, we are unable to observe any charge 
transfer transition in the ultraviolet below 50 kK in the 
solid complex. In nonaqueous solutions the complex is 
found to dissociate. Thus for cyclohexane and chloro- 
form solutions only solvent induced shifts of HMPA 
peak were observed. No broad charge transfer spectrum 
was evident. 

Crystal structure. The crystal structure of trichlorobis 
- (hexamethylphosphoramide)In(III) complex consists of 
discrete monomeric units where the In(II1) ion is coor- 
dinated to two HMPA molecules through the oxygen 
atoms and to three chloride ions as shown in Fig. 2. The 
chloride ions occupy the equatorial positions and the two 
HMPA molecules the axial positions in an approximately 
trigonal-bipyramidal arrangement around In(III) ion. 

The three In-Cl bonds (Table 1) average 2.359A and 
none of the bonds deviates significantly from the mean 
value. The observed In-Cl bond length is only slightly 
smaller than that found in a similar pentacoordinated 
complex InCl,[(CaH,),Pl, (2.383 A),‘” and may be com- 
pared to a calculated value obtained by summing the 
ionic radii of It?+ and Cl-. Considering a linear relation- 
ship between the coordination numbers and the effective 
ionic radii,‘9.M we obtain a value of 0.718, for the 

Fig. 2. Numbering scheme and perspective view of pentacoor- 
dination around In(III) ion in InC12(HMPA)2 complex. 

Table 1. Interatomic distances and angles in pentacoordinated InC&(HMPA)2 complex. Estimated standard 
deviations are given in parentheses 

Bond Length*& 

In-Cl(l) 2.37118) Ptl)-otl) 1.496(6) N(1)<(2) 1.451(13) Nt4)CW 1.439t14) 
in-Cl(2) 2.3580) Pt2)-0(2) l-476(7) N(l)-C(I) 1.454t10) Nt4)<tlO) 1.5OOtlB) 
m-a(3) 2.349(7) Ptl)-~tl) l-631(7) N(Z)<:(l) 1.453tl2) Nt5)-Ct9) 1.47ot15) 

P(1)+(2) 1.636(g) N(2)-C(5) 1.449t13) NtS)-Ctll) 1.469119) 

In-otl) 2.175(10) Ptl)-Nt3) 1.632(13) Nt3)-Ct3) l.423tl2) Nt6)-Ct7) 1.417(15) 

xn-Ot2) 2.185tll) PtZ)-f?t4) 1.636(g) N(3)-C:(6) 1.464t12) Nt6)X:(l2) 1.405t2l) 

Pt2)-~(5) 1.638(13) 
P(2)-N(6) 1.629tll) 

Bond AnglestDeg) 

Cltl)-In-Clt2) 
cItl)-In-Clt3) 
Cl t2)-InUt3) 

otl)-xnat2) 

otl)-Ptl)-Ntl) 
Ot2)-PtZ)-NtI) 

N(l)-Ptlb-NtZ) 
Nt4)-Pt2)-Nt5) 

Ptl)-Ntl)st2) 
Ptl)-Nt2)StS) 
Pt2)-Nt4)SW 
Pt2)-Nt5)-Ctll) 

117.5(l) 
118.1(l) 
124.4(l) 
178.0(2) 

106.6(3) 
108.6(I) 

103.4(3) 
115.0(4) 

120.9(S) 
120.2(S) 
122.4(7) 
123.8(E) 

111.4(7) 
114.4(11) 

91.4t2) 
90.1/2) 
87.4(l) 

152.lt3L 

118.3(3) 
107.1(4I 

114.3t31 
105.5t5) 

124.3t6) 
124.6(S) 
120.7(E) 
125.0(8) 

111.otw 
113.3t91 

90.7(2) 

90.7(l) 
89.8(2) 

154.4(4) 

107.3(3) 
118.ltI) 

105.0(3) 
102.5t4) 

121.2t6) 
121 .1(5) 
120.1(7) 
120.3tlO) 

112.4(6) 
109.9(12) 
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pentacoordinated radius of In III) ion. If we take the 
radius of chloride to be 1.81 d r9t the calculated In-Cl 
bond length would be 2.52A or clearly higher than the 
observed one. On the other hand, similar calculation for 
the In-O bond length (O’- = 1.40 8’4 gives 2.11 A which 
is somewhat smaller than the observed value (2.18A) 
(Table 1). The reason for these facts may be the steric 
requirements of the bulky HMPA ligands which cause 
the trans-In-0 bands to lengthen while the equatorial 
In-Cl bonds are shorter than those predicted on the basis 
of ionic radii only. The effects of covalency should not 
be very prominent in case of trivalent indium.” 

Least-squares analysis of the mean planes through the 
three equatorial chlorides, including the In(III) ion, 
shows that the central metal ion is only slightly (0.008 A) 
above the plane of the chlorine atoms. The angle O(l)- 
in-O(2) being almost linear (178”a2), the In(II1) site 
symmetry could be approximated to IL,. This is borne 
out nicely by the observation of only one Raman active 
peak’ for the symmetrical In-Cl stretching at 265 cm-‘. 
Probably the major distortion from the idealized trigonal 
bipyramidal geometry for our complex stems from the 
opening up of the angle between Cl(2) and Cl(3)_(Cl(2)- 
In-Cl(3) = 124.4”) and closing up of the Cl(2bIn-O(1) 

Wee also: L. Paulmg, Nature of the Chemical Bond, 3rd Edn. 
Cornell University Press, Ithaca (1960). 

angle (87.4”). It must be mentioned here that although the 
three equatorial angles (Table 1) are close to the ideal- 
ized value of 120”, they differ somewhat amongst them- 
selves. In the present complex, there is no drastic change 
in the interatomic distances in the coordinated HMPA 
ligand. The average P-O distance of 1.49A is similar to 
other coordinated complexes of HMPA (Table 2) which 
probably reflects on the similar order of decrease in the 
P-O stretching frequency (-20 cm-‘) in these complexes 
with respect to the free ligand. It may be noted that while 
X-ray structural data on the free HMPA molecule are 
lacking, CNDO/2 calculations have predicted a bond 
length of 1.51 A for the free ligand.35 

Interestingly enough in the uranyl complex 
[UO,Cl,(HMPA)J the P-O stretching frequency is much 
lower than other HMPA complexes”*3’*M although the 
P-O bond lengths are very similar 1.50 A). This is pos- 
sibly due to a* unique feature of the uranyl complex, 
where the U-O-P angle is almost linear (178.5°).30 The 
average P-N bond length (1.634 A) in our indium com- 
plex is comparable to those found in other HMPA com- 
plexes. Vilkow et aL3’ have investigated by electron 
diffraction the structure of P[N(CH )J3 and found the 
P-N bond length to be 1.70(+0.005) A in this compound. 
Allowing for the tetracoordinated nature of phosphorus 
atom in HMPA, the PN bond lengths in the complexes 
reflect partial r-bond character. This is also evident from 
the almost planar nature of the nitrogen atoms in the 

Table 2. Selected structural data on metal-HMPA complexes 

Complex P-O (A) *Neta1-0-P (0) Ref. 

Mo05'HMPA't120 21 

MoO$iMPA'% 

prc13 '3HMPA 

WC12 'ZHNPA 

U02'4HMPA'2C102 

1.52 173 

1.47 159 

1.49,1.48,1.48 159,164,173 

21 

22 

1.46 1545 23 

1.52,1.48,1.55 153,164,152,158 
1.51 

24 

NbOC13'2iiMFA 1.49,1.51 158,151 25 

MoOC13'2HMPA 1.50.1.50 148,156 26.27 

a-Mo02C12*2HMPA 1.48 159 
28 

E+Mo02C1 2. ZHMPA 1.48.1.48 144,149 29 

U02C12-2WA 

SnC14 'ZHMPA 

NbC13(OR)2'HMPAb 

UC14'2H.MPA 

UBr4'2HMPA 

InC13'2HMPA 

1.50 179 30.31 

1.49 165 32 

1.52 158 33 

1.50 

1.53 

1.50.1.48 

163 34 

166 34 

152,154 This work 

aDisordered structure ER=i-Pr 
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coordinated HMPA molecules (the average of the sums 
of the three angles about the nitrogen atoms is 356”). 
Incidentally, the nitrogen atoms in P[N(CH& are also 
close to planar configuration. 

RBFERENCRS 

‘S. P. Sinha, Z. Anorg. A@. Chem. 1977,434,277. 
‘S. P. Sinha and A. Bartecki, Inorg. Chim. Acta 1978,28, 145. 
‘R. P. Scholer and A. E. Merbach, fnorg. Chim. Acta 1975,15, 
15. 

4S. P. Sinha and H. Irving, Anal. Chim. Acta 1970,52, 193. 
‘S. P. Sinha, J. Jnorg. Nucl. Chem. 1971,X$2205. 
6R. A. Walton, J. Cbem. SodA) 1967. 1485. 
‘M. J. Taylor,.J. Chem. So&I). 1%7,‘1462. 
‘D. M. Adams. A. J. Cartv. P. Cartv and D. G. Tuck. J. Chem. 
&x.(A) 1968;162. .’ - 

?. R. Beattie, T. Giison and G. A. Ozin, J. Chem. Sot.(A) 1%8, 
1092. 

‘9. R. Beattie and G. A. Ozin, 1. Chem. Sot.(A) 1%8,2373. 
“I. R. Beattie and G. A. Ozin, J. Chem. Sot.(A) 1%9, 542. 
“C. A. Evans and M. J. Taylor. J. Chem. Sot.(A) 1%9. 1343. 
“I. R. Beattie, G. A. Ozin &dH. E. Blayden,.J: Chem. Sot.(A) 

1%9,2535. 
14A. J. Carty, Coord. Chem. Rev. 1%9,4,29. 
“G. A. Ozin, J. Chem. Sot.(A) 1970,1307. 
16A. J. Carty, T. Hinsperger and P. M. Boorman, Can. J. Chem. 

1970,48, 1959. 
“A. Givan and A. Lowevenschuss, J. Mol. Struct. 1979,55, 163. 
‘*M. V. Veidis and G. J. Pale& Chem. Comm. 1%9,586. 
I*. D. Shannon, Acta Cryst. (A) 1976,32,751. 
mS. P. Sinha, Struct. Bonding 1976,25, 69. 

*‘J.-M. LeCaroentier. R. ScNuuu and R. Weiss, Acta Crrst. (B) 
1972,28, 1278. -- 

. 

**L. J. Radonovich and M. D. Glick, J. Inorg. Nucl. Chem. 1973, 
35. 2745. 

23MI Laing, C. Nicholson and T. Ashworth, J. Crysr. Mol. Struct. 
1975, 5,423. 

uL. R. Nassimbeni and A. L. Rogers, Cryst. Struct. Comm. 1976, 
5,301. 

*‘L. G. Hubert-Pfalzgraf and A. A. Pinkerton, Jnorg. Chem. 1977, 
16, 1895. 

%P. Khodadad, B. Viossat and N. Rodier, Ada Ctyst. (B), 1977, 
33, 1035. 

27D. Garner, P. Lambert, F. E. Mabbs and T. J. King, J. Chem. 
sot. D&on Trans. 1977, 1191. 

*sB. Viossat, P. Khodadad and N. Rodier, Acta Cryst. (B) 197’7, 
33,2523. 

29B. Viossat, P. Khodadad and N. Rodier, Acta Cry& (B) 1977, 
33,3793. 

MJ. C. Russell, M. P. duPlessis and L. R. Nassimbeni, Acta 
Crysl. (B) 1977,33,2062. 

3’R. Julien, N. Rodier and P. Khodadad, Acta Cryst. (B) 1977, 
33,241l. 

“L. A. Aslanov, V. M. Ionov, V. M. Attiya, A. B. Permin and V. 
S. Petrosyan, Zh. Strukl. Khim. (End. Trans.) 1977. 18.876. 

“L. Hubert-Pfalzgraf, A. A. Pinker&n and’ J: G. J&es;, Jnorg. 
Chem. 1978,17,663. 

yJ. G. H. duPreetz, B. J. Gellatly, G. Jackson, L. R. Nassimbeni 
and A. L. Rodbergs, Inorg. Chim. Acta 1978,27, 181. 

“R. Dorshner and G. Kaufman, Inorg. Chim. Acta 1975,15,71. 
36S. P. Siiha, to be published. 
“A. V. Vilkov, L. S. Khaikin and V. V. Evdokimov, Zh. Strukt. 

Khim. (En@. Trans.) 1972,13,4. 



Polyhedron Vol. I. No. 4. pp. 361-363, 1982 
Printed in Great Briain. 

0277~5387182/040361-03$03.00/0 
Per8amon Press Ltd. 

THE KINETICS OF INTERACTION OF COPPER(I1) 
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Ah&act-The reaction between copper (II) species and human serum apo-transferrin has been studied spec- 
trophotometrically using the stopped-flow method. An initial rapid step which is conveniently studied is tirst-order 
in concentration of both transferrin and copper (II) species under the experimental conditions; a pH near 8 was 
maintained by tris bufier and the solutions contained the synergistic bicarbonate ion. The rate of reaction appears 
to decrease in tris concentration. At 25°C second order rate constants of 2.1 x 10’ and 2.9 X 10’ M-’ s-’ at pH 8.08 
and 7.86 respectively (0.050 M tris and 0.050 M bicarbonate ion) can be determined The reaction appears to 
represent a principal binding of copper to the protein, and the results are discussed in the context of other kinetic 
d& for substitution at copper (II). 

INTRODUCTION 

The two coordination sites of iron in the serum iron 
transport protein transferrin have yet to be characterized 
unequivocally. It has been established that in order for 
binding to occur at the specific sites by ferric ions or ions 
of other metals, bicarbonate ions or other appropriate 
substitute synergistic ions must be present.’ There is 
reasonable certainty that one bicarbonate or replacement 
anion is required for each iron or other metal ion used.2 
Use of copper (II) ions for comparison with ferric ions in 
kinetic studies of metal ion binding to apo-transferrin 
was initially reported by Woodworth. The spectropho- 
tometric method was limited to the detection of reactions 
occurring in the conventional time range. Consequently, 
a study of the binding of cupric ions to human apo- 
transferrin employing a stopped-flow spectrophotometer 
was undertaken, in our laboratory. At the conclusion of 
the conduct of the experimental aspects of this work, an 
initial report of some results of a study of the kinetics of 
binding of cupric ions to apo-transferrin appeared: but 
sufficient details for evaluation of the conclusions were 
not provided, and to our knowledge the study not for- 
mally published.’ Therefore, we wish to report some 
results of a study of the interaction of copper (II) species 
with apo-transferrin employing the stopped-flow method. 
An objective of our work was to examine the direct 
interaction of a metal ion with the specific binding site in 
the presence of the synergistic ion. The difficulties asso- 
ciated with maintaining iron (III) in solution in the ap- 
propriate pH region have precluded use of uncomplexed 
ferric ions. A probable lower rate limit for copper (II) 
interaction is suggested by these results; however, exact 
interpretation of the observed reactions is thwarted by 
the existence of a multiplicity of possible copper (II) 
species in solution. 

EXPERIMENTAL 

Materials. Transferrin was purchased from Sigma, (WC- 
0141), or from Behring Diagnostics. Copper (II) ions were 
generated in solution from cupric perchlorate. All other materials 

tPresent address: Department of Biochemistry and Drug Dis- 
position, Revlon Health Care, Scarsdale Road, Tuckahoe, 
NY 10707, U.S.A. 

*Author to whom correspondence should be addressed. 

were of reagent grade but were treated (aide injm) to remove 
any potential metal contaminants.6 Distilled and deionized water 
was used for making up all solutions. 

Methods. Transferrin samples were dissolved in approx. 0.1 M 
sodium perchlorate solution and dialyzed vs 0.1 M sodium 
perchlorate solution for 20hr followed by two 1Ohr dialyses 
against distilled and deionized water, all at 4°C. All containers 
and pipettes were washed with acid and rinsed before use. 

Transferrin concentration was determined from measurement 
of the absorbance at 278~1 of aliquots of a stock diluted in 
0.2 M hydrochloric acid (~2,s = 0.912 x ld cm-’ M-‘)6. The 
molarity was calculated using the assumption of a molecular 
weight of 77,000 daltons.’ Buffer materials, sodium bicarbonate 
and sodium perchlorate were extracted with a 0.001% chloroform 
solution of dithizone to remove potential contaminants which 
would interfere with kinetic studies. The aqueous layers were 
further washed with chloroform and stored in plastic bottles. 
Absorbance measurements on transferrin solutions in the ab- 
sence or presence of metal ions were made using a Cary 14 
spectrophotometer at 25.O”C. Kinetic runs were carried out in a 
Durrum-Gibson stopped-flow spectrophotometer. The reactant 
solutions do not contact metal surfaces in the version employed 
which has a Kel-F flow path and glass drive and stop barrels. 
Artefacts which possibly can arise due to temporary in- 
homogeneity of mixed solutions were eliminated by utilizing 
solutions of very similar ionic concentration in each drive 
syringe. 

The stoichiometry of binding was studied at 430 nm at pH 8.1, 
0.050M sodium carbonate. To a solution of an appropriately 
diluted stock apo-transferrin solution, a stoichiometric amount of 
copper (II) ions was added (assuming two copper binding sites 
per molecule of transferrin). Upon addition of a further two 
equivalents of copper ions a slight increase in absorbance was 
observed, while a third two equivalent aliquot resulted in an 
absorbance change that was not outside of experimental error. It 
is conceivable that the very small absorbance change is a con- 
sequence of non-specific binding of copper following the satura- 
tion of the specific sites. Our observations are entirely consistent 
with results from spectrophotometric titrations reported earlier.’ 

RESULTS AND DISCUSSION 

In all experiments about 80-S% of the total ab- 
sorbance change occurs within about one tenth of a 
second, under the conditions employed, with a much 
slower reaction of the order of several seconds account- 
ing for the remaining increase in absorbance at 430hm. 
The reported results refer only to the first process since 
this may be regarded as the step involving the principal 
binding of copper ions to apo-transferrin. The second 
step is of such small amplitude that it cannot be charac- 
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terized satisfactorily. The first step is analyzed to be 
first-order over at least three half-lives and the rate 
constants obtained, kaba, for each of three series of 
experiments are compiled in Table 1. 

Reaction of a solution of copper (II) ions with a 
solution of apo-transferrin each buffered with 0.05OM 
tris and containing 0.050 M sodium bicarbonate was stu- 
died as a function of copper ion concentration at both 
the pH of 8.08 and a pH of 7.86. The cited rate constants, 
kobs, represent averages of typically, five to seven repli- 
cate determinations. The effect of concentration of the 
tris buffer was also studied at fixed copper ion and 
apo-transferrin concentrations. An unbuffered copper 
(II) solution, with no synergistic ion present was mixed 
with a buffered apo-transferrin solution (0.050 M tris, pH 
8.08) containing 0.050M sodium bicarbonate and the 
reaction monitored spectrophotometrically. 

All reactions were run with an excess of copper (II) 
species. The observation of a first order reaction and the 
increase in koba with increase in copper (II) concentration 
imply that the rate of reaction is first order in the 
concentration of reacting apo-protein, viz, Rate = kobs 
[Apo-transferrin]. At both pH values plots of kobs vs 

total copper ion concentration are linear with the line 
passing through the origin, within experimental error. 
This indicates that the reaction is also first order in 
reacting Cu(II) species, and that the reverse reaction of 
dissociation of metal ion from the protein is unimportant 
under the experimental conditions. Second order rate 
constants at 25.O”C of 2.1 x 10’ and 2.9 x lo4 M-’ s-’ can 
be derived from the slopes of these plots for the reaction 
at pH 8.08 and 7.86 respectively, in 0.050 M tris and 
O.OSOM bicarbonate medium. The first order rate con- 
stant at 25.O”C for the reaction of unbuiIered copper ions 
(1.0 x 1O-3 M) (pH - 5) with ape-transferrin in buffer, 
where the final solution has a pH of 8, and the final tris 
concentration is 0.025 M is 47 s-’ which yields an esti- 
mated second order rate constant of 4.7 X lo’M_’ s-‘. 
That this is approximately twice that for reaction of the 
buffered copper solution is most likely a reflection of the 
difference in final tris concentration since the Table 
shows the marked dependence of kobs on tris concen- 
tration ( - 100 s-’ in the 2.5-5.0 mM region, with a ten- 
fold reduction to - 9 s-l observed at 50 mM tris). Con- 
verting our data to that which would pertain to a tris 
concentration of 2.5 mM yields a second order constant 

Table 1. Kinetics of interaction of Cu(ID with ape-transferrin; k&, for the initial phase under different conditions, 
at 25.O"C 

kb obs s-1 

PH s.osa 2.00 3.79 (0.07) 

5.00 12.2 (0.20) 

7.00 15.9 (0.13) 

10.0 20.1 (0.53) 

15.0 36.1 (1.0) 

20.0 42.1 (0.90) 

PH 7.86' 0.75 2.82 (0.06) 

1.50 5.41 (0.20) 

3.0 11.0 (0.26) 

5.0 14.2 (0.44) 

10.0 30.0 (1.46) 

PH 7~36~ [Tris]x103M 

2.5 101 (3.1) 

3.5 112 (7.7) 

5.0 108 (2.7) 

10.0 58.9 (1.8) 

25.0 20.1 (0.9) 

50.0 9.2 (0.6) 

a [Transferrin], = 2.0 x 10W5M; 0.050M tris and 0.050 bicarbonate in each 

syringe. 

b Figure in brackets is the standard deviation. 

C [Transferrinlo = 1.5 x 10%; 0.05OM tris and 0.050M 

syringe. 

d [Transferrin], = 1.5 x 10W5M with 0.050M bicarbonate 

[Cu(II)] = 2.5 x 10m4M, no buffer or bicarbonate ion 

bicarbonate in each 

present. 

present. 
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of 4 x lo5 M-’ s-’ at pH 7.86, which is not inconsistent 
with the reported value of 6.25 x lo5 M-’ s-’ at pH 7.45 
in 2.5 mM tris buffer, which was determined it appears 
from direct second order kineticse4 

The product of the overall reaction is a copper com- 
plex of apo-transferrin having two copper ion species in 
the specific sites and with possibly additional copper 
bound in non-specific locations, while the product of the 
reaction whose kinetics are reported is presumably apo- 
transferrin with its specific sites occupied by copper 
ions. Of necessity the kinetics were conducted using 
different concentrations from those used to verify the 
capacity of the apo-protein to accept two copper species 
(see experimental section and Ref. 8). Therefore, the 
stoichiometry of products has an attendant uncertainty. 

An attempt to interpret these results requires both a 
knowledge of the copper (II) species in the solutions 
used and an appreciation of the lability of copper (II) 
species toward binding ligands with particular reference 
to the coordinating environment in the protein. A pH in 
the region of 8 is thought to be necessary for specific 
binding to be implemented;’ the consequence is that a 
solution of copper (II) ions would be present as a mix- 
ture of the aquated 2t ion and the Cu(OH)’ species 
since a solution of aquo copper (II) ions is a weak acid 
(pK6.3).” Proton transfer between these species would 
be rapid compared withobservedprocesses and an analysis 
of data would be possible but copper hydroxide species 
precipitate in the pH range used. The buffering sub- 
stance, tris hydroxyaminomethane is complexed by 
copper (II) ions. An inspection of the results of Bai and 
Martell” leads to the conclusion that virtually all of the 
copper in the kinetic runs will be in some tris complex 
form. The rate constants, therefore, represent composite 
terms for various copper&s species of different aqua- 
tion states reacting with the protein; tris is displaced by 
the stronger ligand sites within the protein which is 
supported by the fact that the rate constant is reduced by 
increased tris concentration. 

Understanding of the kinetics of ligand binding to aquo 
copper (II) species within the framework of the Eigen- 
Wilkins’ mechanism’* has rested, in part, upon the ver- 
sions of the value of the rate constant for water 
exchange from the aquated copper dication. Recently, an 
analysis of this area of research and further work would 
indicate that 2 x lo9 s-’ at 25°C is a reasonable value.13 
For small ligands, in the absence of ligand steric effects, 
the second order rate constant for complex formation 
would be expected to be about 10’ M-’ s-’ at 25°C if 
outer sphere complex association constants are of com- 
parable magnitude to those assumed for nickel (II) com- 
plex formation. The much lower value for copper (II) 
binding to apo-transferrin can be explained qualitatively. 

In this study the macromolecular nature of the ligand, 
the range of incorrect orientations for binding, and the 
presence of adjacent hydrophobic groups giving rise to a 
lowered effective dielectric constant at the binding loca- 
tion are factors which could retard the rate of binding. A 
rate controlling conformational change of the protein 
would appear to be ruled out by the lack of any 
significant change in the circular dichroism spectrum 
upon the binding of copper.‘4 The charge nature of both 
metal and ligand are important factors affecting the rate 
of formation of the outer sphere complex. Groups on the 

protein acting as 1igands2’c’.9*‘5 are neutral under the 
experimental conditions and the charge of the synergistic 
ion is effectively neutralized.14 However, a small rate 
retardation factor could result from the reduction in 
effective positive charge of the metal by bound tris or a 
hydroxy group. The observed rate constant is about 
three orders of magnitude reduced from that predictable 
for simple ligands; it is not possible to assess each factor 
quantitatively. In neutral solution tris would be very inert 
to displacement from copper (II) in the absence of apo- 
transferrin, by inference from the stability constant and 
expected formation rate constant. The closeness of the 
rate constants for formation of product from buffered 
copper (II) solution and from initially uncomplexed copper 
suggests that this may be displaced rapidly. Which species 
of copper actually reacts following the rapid increase in pH 
from 5 to 8 in the presence of a buffer and protein is not 
known. Therefore, it is conceivable that tris 
replacement is rate limiting. 

The kinetics of copper (II) species binding to apo- 
transferrin are conveniently studied by the stopped-flow 
method; the reaction is complex. The first observed step 
which probably related to binding at the specific sites, is 
amenable to characterization. Subsequent steps, not 
characterized, may relate to additional binding of copper 
at other sites on apo-transferrin. 
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Ahatnet-The crystal structure of the title compound was determined at room temperature (co. 21°C) using single 
crystal X-ray and neutron diiraction data. The substance crystallizes in the cubic space group Or,‘?-FdL in a unit 
cell whose edge is a = 21992(3)A. The X-ray data were refined to R(Fa)=O.O26 and R,(Fa)=0.027, while the 
neutron data refined to R(Fs) = 0.055. The two sets of coordinates obtained agree remarkably well even for the 
hydrogen atoms but, since the neutron results are more reliable for the hydrogen atom positions, our discussion is 
based on these. 

The Co-N and (N-H) distances are, respectively, l.%8(2)A and 0.953(5)1(. The most important result, namely the 
Cu-Cl(axial)/Cu-Cl(equat.) ratio, is 0.955; the individual values of these quantities being Cu-Cl(ax) = 2.301 and 
Cu-Clleauat.) = 2.409. Thus. the CuCl?- anion is axially compressed by a substantial amount and, in this respect, . . I 

resembles its octahedral CuFe4- relative. 

INTRODUCTION 

In 1968 Raymond et al. published the structure of 
[Cr(NH,) J[CuCIJ which is isostructural with the 
[Co(NH&][CuCl,] derivative we were studying at the 
time.’ Inasmuch as our study was carried out with film 
techniques’ while that of Raymond, et al.’ was the 
product of data collected with a computer-controlled 
diffractometer, the data of Brennan and Bernal was 
never published except as Brennan’s Ph.D. thesis.3 Since 
that time, however, it has become evident that the sys- 
tem [M(NH,) J[XClJ (M = Co(III), Cr(III); X = Cd(H), 
Hg(II), Cu(II), etc.) is more complex than was thought 
earlier. Major contributions to this interesting system 
were made by CleggCd who demonstrated that the cubic 
(Fd3c) lattice found for many of these salts was not as 
robust a system as previously thought. In fact, 
[Cr(NH3 J[HgCIJ was found’ to be cubic (Fdk) but the 
Co(NH,)d+ salt was reported to be monoclinic (P2,lc). 

Theoretical treatments due to Burdette’ and to Rossi 
and Hoffmann” have predicted either no dilTerence’ be- 
tween axial and equatorial bonds of the trigonal bipy- 
ramidal species or longer axial bonds,’ when the central 
ion is d”. The studies by Long, et al9 and by Epstein and 
Bernal” on the CdCI,-’ species and that by Clegg’ on 
the HgC15-3 ion demonstrated that they were axially 
compressed, as was the case for the CUCI,-~ (3dp. 
Efforts to isolate a ZnClSW3 ion failed in the cases of two 
independent studies.9S ” the only species present being 
tetrahedral ZnCL-’ and either Cl- or N03-, depending 
on whether the salt isolated was [Co(NH3) J[ZnC1J9 ” 
or [C4NH3)J~~nCtJ(N~3)9. 

In an effort to probe the electronic nature of the 

*Author to whom correspondence should be addressed. 

CuCl,-’ species, Epstein et ai.” studied the ESR spectra 
of [Co(NH3)J[CdC15] crystals doped with Cu(I1) and 
found that as the temperature was lowered the spectra 
changed in a systematic manner indicating a drastic 
lowering of the point group symmetry at the previous 
trigonal bipyramidal (32) site such that full separation of 
the g,, g,, and g,, tensor components was evident at 
liquid nitrogen temperature. A dilTerential scanning 
calorimetric study” was coupled with the above obser- 
vations which indicated a first order phase trasition 
occuring at 280.8 K. In order to document the nature of 
this transition and the concomitant molecular rear- 
rangement, we decided to study the crystal and molecu- 
lar structue of [Co(NH3)J[CuClJ at room temperature 
and at liquid nitrogen temperatures with X-ray and neu- 
tron diffraction data. The structures derived from single 
crystal, computer-controlled data obtained at ca. 21°C by 
both techniques is discussed in this paper. 

EXPERIMENTAL 

X-Ray data collection and refinement. A single crystal having 
nearly perfect octahedral geometry was selected for data collec- 
tion. The size of the crystal along the square girth was approx. 
0.15 mm. It was mounted on an Enraf-Non& CAD-4 diffrac- 
tometer and data were collected according to procedures we 
have described in detail already.” Crystallographic data collec- 
tion and processing parameters are given in Table 1. The posi- 
tional parameters of our previous X-ray determination were used 
as a trial set. After convergence, the thermal parameters of the 
heavy atoms were assumed anisotropic and refined. Hydrogens 
were found experimentally at excellent positions giving an 
average N-H distance of 0.90 A but attempts to refine their 
positional and isotropic thermal parameters led to very large, and 
unreasonable, values of the latter. Thus, we decided to 6x the 
thermal parameter at a value of U = 0.060 A and to refine the 
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Table I. Summary of X-ray data collection and processing parameters 

Scan Speed Range ~_______________~_~~~~~~~~~~~~~~_ 

Independent Data with 1>3o(I) --------------------- 

Total Variables _____________________-_--_-_______ 

R.... IjIFo/ +#IFoj ____________________ 

R.... ]Zw(lFo - Fcj)2,~,(F,12]k ______________ 

Weights _______________________~~__~_~~~~~~~~~~~~~ 

FdJc, cubic 

a = 21.992(3)i 

CoCuC15N6N18 

389.826 

2 = 32 

p = 1.947 8m-cn 
-3 

p = 32.8 CR 
-1 

A = 0.71073 ;; 

40 2 28 < 440 

Ae = (0.87+0.35 tan e)O 

2408 

0.33 to 5.03O min 
-1 

217 

25 

0.026 

0.027 

a(F)-* 

positional parameters while restraining the entire -NHr ligand to 
a rigid, tetrahedral geometry. The success of this method is best 
illustrated by comparison of the value of the hydrogen atom 
fractional coordinates obtained by both methods (Table 2). One 
reelection, the (0, 0,4), was eliminated from the refinement due to 
extinction since the crystal was mounted nearly exactly along the 
c-axis, and its measured value was only about 60% of that 
calculated. 

Neutron difraction data collection and refinement. An octa- 
hedral shaped crystal having dimensions ca. 1.4~ 1.8x 1.9mm 
was mounted on a copper pin along the a-axis and optically 
centered inside the x-circle of a PDP 11/03 computer controlled 
four-circle diffractometer interfaced to a PDP 11/40 computer. 
The whole neutron-ditIraction system was developed at the 
University of Missouri Research Reactor Facility. A monoch- 
romatic neutron beam was obtained by reflection from (002) 
plane of beryllium. The neutron wave length, 1.058 A was cali- 
brated using a Si(a = 5.4308 A) crystal. The single lattice con- 
stant 21.992(3) A was obtained by least-squares retinement of the 
setting angles of 17 automatically centred reflections. The neu- 
tron intensities of hkl reflections with all indices either even or 
odd having 4”<26 <95” were measured using 128 step scan 
method in which counts at each step were measured for a preset 
monitor count of the direct beam. Scan width of 1.95” was used 
with 39 steps of 0.05” each. Two standard reflections were 
measured after every 47 reflections and revealed no significant 
systematic fluctuation. The neutron intensity data are consistent 
with previously reported9 space group: O,,s-Fd3c. The 1442 
reflections were corrected for background and Lorentz effects. 
The neutron absorption corrections were applied using an analy- 
tical procedure. The linear absorption coefficient (CL = 2.97 cm-‘) 
was calculated including an incoherent scattering cross section 
of 34 x 10mB cm2 for hydrogen. The resulting crystal transmission 
factors range from 0.646 to 0.705. The equivalent data were 
averaged yielding 658 unique reflections of which 334 having 
I > 2a(I) were used in the least-squares refinement. The vari- 
ances of Fa2 were calculated from o’(Faq = a,‘(Fz) t (0.01 Fsq2 
where oc2(Fa2) is determined from the counting statistics and 0.01 
is an empirical “ignorance factor.” 

The refinement of the structure was carried out by full-matrix 
least-squares techniques based on the minimization of Xw(Fo2 - 

kF,q2 with individual weights w = l/u2(Fs2). The neutron scat- 
tering amplitudes were N(9.40), H( - 3.723), Cl(9.58), Co(2.50) 
and Cu(7.60) all in fm.2 AU calculations were done on the 
University of Missouri Computer Network using an Amdahl 
47O/V7 computer and an IBM 3031 Processor with programs 
mentioned earlier.” 

The initial parameters were those reported earlier for the 
analogous cobalt and chromium salts, [Co(NHs)sl[CdCls]9 and 
[C~(NH&][CUCI~]~ which are isomorphous with the title com- 
pound. A difference-Fourier map phased upon isotropically 
refined X-ray positional parameters of the five independent non- 
hydrogen atoms revealed the positional parameters for hydrogen 
atoms. These parameters were in good agreement with those 
reported from the X-ray study of [Cr(NHs)d[CuClr]’ when ac- 
count is taken of the usual observation of X-ray shift of 
hydrogen atom positions. Several cycles of anisotropic least- 
squares refinement of all independent atoms with 50 variables, 
including an isotropic extinction parameter and a scale factor, 
converged to the final values of 0.080 for R(Fcq, 0.083 for 
R,(For) and 0.055 for the conventional R factor. The value of the 
secondary-extinction parameter (Zachariasen, 1%3)” was 
5.249 x 10e4. The shifts in all refined parameters on the last cycle 
were below one-tenth of their standard deviations. Positional 
parameters along with their standard deviations are given in 
Table 2. The direction of vibration of thermal ellipsoids is shown 
in Figs. 1 and 2. Values of Fa and F, are available from the 
authors. 

Analysis of thermal motion. The root-mean-square com- 
ponents of thermal motion along principal axes for all atoms are 
given in Table 2 and the directions of vibration are shown in Figs. 
1 and 2. The minimum and maximum vibrational amplitudes for 
the equatorial chlorine atom vary by a factor of 4 indicating 
much larger anistropic vibration in this atom compared to the 
axial chlorine atom. The axial and equatorial Cu-Cl bond lengths 
corrected for the effects of thermal motion are 2.3OlA and 
2.409A compared to 2.291 and 2.392 A for uncorrected distances. 
The corrected Co-N distance is 1.973 A compared to 1.968(2) A 
for the corresponding uncorrected distance. 

The amine hydrogen atoms have relatively larger amplitudes of 
vibration for which rigid body thermal motion analysis was 
carried out, and the amine group was treated as a hindered rotor. 



The crystal and molecular structures of [Co(NHs) J[CuCls] 

Table 2. Positional parameters derieved from the X-ray and neutron diffraction data. There are two entries per 
atom, the top entry in each case is for the former. Estimated standard deviations are given in parentheses 
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Atom Site Syunetry x Y 2 

Cl(ar) 

Cl(e9) 

N 

H(l)* 

H(2)fC 

CO 064 0.0000(-I 

0.0000(-) 

CU D3-32 0.2500(-1 

0.2500(-) 

c3-3 

c2-2 

Cell. 

Gen. 

0.1899(l) 

0.1899(l) 

0.0690(31 

0.0690(l) 

0.0989(3) 

Gen . 

H(3)* Gen. 

0.1041(4) 

0.0553(3) 

0.0585(4) 

0.0834(3) 

0.0822(5) 

0.0000(-1 

0.0000(-I 

0.2500(-) 

0.2500(-) 

x 

x 

0.0765(l) 

0.0769(l) 

0.0479(31 

0.0489(l) 

0.0457(3) 

0.0474(S) 

0.0862(3) 

0.0899(4) 

0.0367(3) 

0.0371(S) 

0.0000(-1 

0.0000(-I 

0.2500(-1 

0.2500(-) 

X 

X 

-Y 

-Y 

-0.0287(3) 

-0.0290(l) 

-0.0011(3) 

-0.0037(5) 

-0.0307(3) 

-0.0338(S) 

-0.0651(3) 

-0.0695(4) 

*Atoms constrained to a rigid group in the X-ray refinement (see text). 

The value for Us, (amplitude of the difference ellipsoid in the 
direction of the hindered rotation axis x ld) was 132(29) A’. The 
average uncorrected N-H bond length is 0.953 A. The root-mean- 
square amplitude of rotation, (ti) (calculated by tan (0) = 
(U$#*/rc_u) is 20.9”. On the basis of this, the N-H distance 
after correction for hindered rotaton is 1.020 A. 

DISCUSSION 
As mentioned in the section on the refinement of the 

X-ray diffraction data, it was necessary to fix the thermal 
parameters of the hydrogens and since we also decided 
to use a rigid group refinement for the -NH, ligand, the 
current discussion will be based on the neutron diErac- 

Fii. 1. A view of the CuCb- ion in [CofNHs)J[CuC15]. The 
shape of the thermal ellipsoids represent 30% probability con- 

tours of thermal motion. 

Polv Vol. I,No. 4-D 

Fig. 2. A view of the [Co(NH&J’+ ion in [CofNH&J[CuC]s] 
showing thermal motion of hydrogen atoms. The shape of the 
thermal ellipsoids represents 15% probability contours of thermal 

motion. 
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Table 3. Anisotropic thermal parameters for [CO(NH,),][CuCl,] from X-ray and neutron diffraction 
Atom 

“11 “22 “33 “12 “13 “23 

CO 0.0152(6) u 11 u 11 -0.0009(8) U 
0.0241(29) -0.0094(35) 

12 “12 

CU 0.0252(7) U 
11 

U 
11 

-0.0017(8) IJ 
12 

U 
0.0287(11) 0.0014(14) 12 

Cl(ax) 0.0268(9) U 
0.0331(8) 

11 
u 

11 
-0.0028(11) U 
-0.0037(8) 

12 

Cl(eq) 0.1111(33) 0.0219(12) 
“22 

0.0149(17) U 
0.1220(35) 0.0285(11) 0.0116(15) 

12 
0.0048(16) 
0.0058(13) 

N 0.0228(41) 0.0233(45) 0.0238(37) -0.0043(38)) -0.0004(32) -0.0010(36) 
0.0244(12) 0.0345(14) 0.0352(13) -0.0037(S) 0.0019(9) 0.0026(g) 

H(l)* 0.0521(47) 0.1483(89) 0.0825(64) -0.0453(45) -0.0251(45) 0.0542(59) 

H(2)*- 0.0680(55) 0.0503(53) 0.1320(95) -0.0141(43) 0.0350(56) 0.0162(52) 

H(3)” 0.0887(67) 0.1189(76) 0.0671(61) -0.0554(53) 0.0418(49) -0.0228(52) 

The form of the thermal ellipsoid is expf-2n2(h2Ulla 
*2 2 “2 

+ k U22b l e2u33c 
*2 ** ** 

+ 2hka b U,2 + 2hfia c U13 

+ ZkPb c U23) 1. 

*The x-ray refinement was carried out with a simple, isotropic, thermal parameter of 0.060 for all three 

hydrogen atoms (see text). 

Table 4. Bond lengths and angles in [CO(NH&][CUCIS] from neutron diffraction results 

(a) 
Sym 
Position “istances 

SYm. 
Position Angle (deg) 

CIA-Clcax) 2.291(l) N-Co-N 9 89.7(4) 

Cu-Cl(eq) 2 2.392(2) N-Co-N 10 90.3(4) 

Co-N 1.968(2) H(l)-N-H(Z) - 107.4(8) 

N-N(l) 0.952(10) H(l)-N-H(3) - 106.6(g) 

N-H(2) 0.937(11) H(2)-N-H(3) - 103.3(8) 

N-H(3) 0.971(11) Co-N-H(l) 114.6(5) 

Cl(ax)-H(1) 2.5.8 2.368(g) Co-N-H(Z) 111.8(5) 

Cl(u)-H(2) 3,6,7 3.016(11) CO-N-H(~) 112.4(5) 

Cl(ax)-H(2) 2.5,8 3.612(12) Cu-Cl(ax)-H(l) 2,5,8 92.8(3) 

Cl(ax)-H(2) 2 3.612(12) 

Cl(ax)-H(3) 2 3.740(11) 

Cl(ax)-N 2,538 3.312(3) 

cl(ax)-Cl(eq) 2,;,8 3.312(l) 

Clkq)-H(2) 2.429(11) 

Cl(eq)-H(l) 6 3.128(10) 

Cl(eq)-N 4 3.297(3) 

Cl(eq)-H(3) 4 3.499(12) 

Cl (eq)-H(3) 6 3.552(12) 

Cl(eq)-N 6 3.647(3) 

(a) Fist atom is at he Position corresponding to the coordinates listed in Table 1 while the last 

atOm iS at any of the symmetry related position. Where no symmetry position is listed, the 
last atom iS alSO at the position defined by the listed coordinates. 

(b) Symmetry positions are as follows: 

1=X, Y,Z;2=X,;-Y,:-2;3=j-X, Y,$-Z;4=&X,:-Y,Z;5=:-Z,X,+-Y; 
6=:-Z,:-X, Y;7= Y,$-Z,:-X;S=;-Y,:-Z,X;9=-Z, -X, -Y; lO=Z,X, Y. 

tion results only. This, in reality, corresponds to using 
the X-ray data as well since the results are extremely 
close, as shown on Table 2. In fact, it is remarkable how 
cIose the hydrogen fractional coordinates obtained in the 
X-ray study agree with those obtained by neutron 
diffraction. 

Table 5 was prepared in order to compare the results 
of our work with those structures reported earlier which 

are of high precision. The worst agreement is associated 
with the N-H distance found in [Co(NH,)J[CdC151, 
which is not surprising since it is remarkable that the 
authors” were even able to find the hydrogen atoms 
experimentally in a structure containing all those heavy 
atoms. The other parameters associated with the 
heavier atoms are in excellent agreement, however. All 
in all, correlations are very good and the very precise, 
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Table 5. A comparison of distances (A) and Angles (‘) between compounds containing the species [Co(NH&,]” 
Structural 
Parameter ,(a) 

II(b) III(C) IV(d) 
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Co-N 1.968(2) 1.960(6) 1.968(l) 1.970(3) 

<N-H> 0.953 0.79 0.88 0.86 

N-Co-N 89.7(4) 89.51(12) 89.84(3) 89.47(3) 

<Co-N-H> 112.9 107 111.5 112.7 

‘X-N-H> 105.8 not given 107.7 105.8 

Reference This study 10 17 18 

(a) iC~(Nlt~)~][CuCl~]; neutron data. 

(b) [Co(NR3)6j[CdC15]; x-ray data 

(~1 ~COW~~~)~][CO(CN)~J; x-ray data 

(d) ICO(NR~)~IIC~(CN)~I; x-ray data 

low temperature, study (X-ray) by Iwata” is impressive 
even when dealing with the geometrical parameters 
associated with the hydrogen atoms. Thus, this portion 
of the sturcture is obviously in very good company. 

In so far as the Cu moiety is concerned, the results 
obtained by neutron d&action, corrected for thermal 
motion (uide supra), give Cu-Cl(axial) = 2.301 and Cu- 
Cl(equat.) = 2.409 or a ratio of axial/equat. = 0.955, which 
is a clear case of an axial compression. Given the geometry 
of the complex anion [CuCl,]-’ (D,-32), if one is to 
invoke a Jahn-Teller effect, the unpaired electron must 
reside in either of the pair of degenerate 3d orbitals 
(x2-y2; xy) or (xz; yz). Perhaps we will have more to say 
on this subject when the structure of the compound is 
redetermined at low temperature where, according to our 
esr spectrum orbital degeneracy seems to have been 
removed. 

One more point on the question of axial/equatorial 
distances in Cu(II) complexes: In 1959, Knox19 published 
the crystal structure of K,CuF, which crystallizes in a 
tetragonal space group and consists of [CuF$- anions 
having D4,, symmetry. Here, there are two axial Cu-F 
bonds of 1.95 A and four equatorial Cu-F bonds of 2.08 
A. The axial/equatorial ratios is 0.938, which is, if any- 
thing, somewhat more compressed than ours. Therefore, 
as far as Cu(II)-halide systems are concerned, the 
occurrence of axial compression appears to be common, 
and relatively independent of the point group of the 
system or the number of bonds, provided it is of 
sufficiently high symmetry. 
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HISTAMINE AS A LIGAND IN BLOOD PLASMA-II 

STABILITY CONSTANTS FOR ITS TERNARY COMPLEXES OF Cu(I1) 
WITH L-HISTIDINE, L-GLUTAMINE AND L-THREONINEt 
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Laboratoire de Chimie I. Electrochimie et Interactions 40, Avenue du Recteur Pineau, 86022 Poitiers, France 
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Abstract-A preliminary study of the simulated distribution of histamine in blood plasma at different pathogenic 
levels has drawn attention to the importance of some copper ternary complexes with respect to the possible 
pathological activity of this metal. 

The next stage of investigation required the calculation of the formation constants of the species that the 
simulation pointed out as the most concentrated in plasma. 

The present work reports the determination of the formation constants for the ternary systems Cu-histamine- 
histidme, Cu-histamine-glutamine and Cu-histamine-threonine together with the parent binary systems Cu- 
histidine, Cu-glutamine and Cu-threonine under the proper experimental conditions (37”C, I = 0.15 lU). 

JBTRODUCMON 

For a long time it has been known that low-molecular- 
weight ligands can effectively compete with albumin for 
Cu(II) ion in blood plasma,‘-” the amino-acid bound 
fraction of this ion being proposed to play a physiologi- 
cal role in the biological transport of the metaL 

The low-molecular-weight fraction as well as the free 
ion concentration have thus been proved to be of great 
interest from a general point of view, more especially in 
terms of the distribution of the metal ion amongst the 
dEerent involved ligands.4. 

Accordingly, the computer simulation of the complex 
formation of equilibra between the low-molecular-weight 
ligands and the metal ions in blood plasma was sub- 
sequently pioneered by Perrin and his coworkers, their 
model including Cu(I1) and Zn(I1) together with initially 
seventeen,5 and later twenty-two amino-acids.6 

Clearly such distribution simulations can help to dis- 
cern the specificity of metal ions implicated in biological 
processes.’ Thus, the computer technique of the model- 
ling of plasma complex equilibria has been improved by 
the achievement of a new more sophisticated model 
which takes account of eight metals and forty ligands.8*9 
Concerning the complexation of copper, this model 
points out the predominance of histidine, cystine and 
threonine as the main amino-acids to be bound to Cu(I1) 
ions. 

Histamine is a ligand normally present in blood 
plasma, but its concentration in the normal state” is so 
low that it is not expected to influence the distribution of 
the low-molecular-weight bound metal fraction and on 
account of this, it had not originally been included in the 
above model.* 

Nevertheless, this concentration is known to increase 
dramatically when anaphylactic or anaphylactoid release 

tPart I: Ref. [13]. 
SPermanent address: Istanbul oniversitesi Kimya Fakilltesi 

Bayazit, Istanbul, Turkey. 
*Author to whom correspondence should be addressed. 
SOriginally submitted to The Journal of Inorganic and Nuclear 

Chemistry 23 May 1979. 

of histamine occurs from mast cells in the blood 
stream.“” 

A recent work of ours, developing in more detail the 
different possible mechanisms of such an increase, has 
drawn attention to the fact that some metal-histamine- 
amino-acid ternary complexes could well become non- 
negligible in the pathogenic state.13 In support of this 
suggestion, many physiological studies have produced 
evidence that metal ions interfere with the histamine 
release process and also with its biological activity.‘c20 

In that respect, whereas Zn(II) ion is widely known to 
inhibit the histamine releaseBC” and its pharmacody- 
namic activity:’ Cu(I1) ion has been proved to seriously 
aggravate the pathological effects of histamine in mice.*‘. 

In our last study on the topic,13 we reported a simula- 
tion of the metal histamine complexes in plasma which 
denoted some ternary complexes of copper as potentially 
having pathological activity. As the stability constants on 
which this simulation was based were only estimated 
from the combination of the binary metal-histamine 
ones, especially determined for this occasion, and from 
literature data, there was an urgent need for the cal- 
culation of the ternary constants pertaining to the species 
appearing as the most predominant in the quoted dis- 
tribution. The present work deals with the study of the 
ternary systems Cu(II)-histamine-L-histidine, Cu(II)- 
histamine-L-glutamine and Cu(II)-histamine-L- 
threonine; this involving the preliminary study of the 
binary systems Cu(II)-L-histidine, Cu(II)-L-glutamine 
and Cu(II)L-threonine under the same experimental con- 
ditions (37”C, I = 0.15 M NaC10.J. 

Reagents 
EXPERIMENTAL 

Lhistidme, L-glutamine and Lthreonine were supplied by 
Merck as biochemical grade products and their purity was 
checked potentiometrically before use. 

The stock solution of copper perchlorate in perchloric acid was 
prepared from crystals supplied by G. Frederick Smith Chemical 
Co. The metal content of the solution was determined volu- 
metrically by complexometric titration 
ethylenediaminetetraacetate,** 

against 
the strong acid one from direct 

potentiometric measurements. 
Perchloric acid was supplied by Prolabo R.P. as a “Nor- 

371 
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matom” grade product. Sodium perchlorate was Merck reagent 
grade. Sodium hydroxide solutions were prepared from B.D.H. 
concentrated volumetric solutions with freshly boiled deionised 
water; their titre was systematically checked against potassium 
hydrogenophtalate Prolabo R.P.p.a. 

Experimental procedure 
A Corning digital type 113 mV meter was used, equipped with 

a Beckman glass electrode (cat. no. S39301) and a saturated 
sodium chloride calomel electrode arranged as below. 

G.E.iLigand, Cu*+, NaClO., 0.15 q11&$11Hg2C12-Hg. (1) 

The reaction cell system (Ingold) was thermostatted at 37.00 * 
0.02”C by circulating water and maintained under an atmosphere 
of thermostatted, scrubbed, oxygen-free nitrogen. The ionic 
background to hold activity coe5cients constant was I = 
0.15 mol. dm-‘, this being isotonic with blood plasma. 

The standard alkali solution was stored in and delivered from a 
Radiometer Autoburette ABU 12. The electrode system was 
calibrated as in Ref. [9]. 

The initial overall concentrations of the reactants used for the 
titrations pertaining to each binary or ternary system under 
consideration are summarized in Table 1. 

Calculation of formation constants 
All the potentiometric titration data were treated with the 

MINIQUAD program, 23 SCOGS24 being used only additionally 

for atemary system in view of a comparison as it can be seen 

further. 
For each binary or ternary system, the optimization of the 

formation constants took account of the several sets of constants 
arising from the combination of all the possibly existing species. 

As it has been emphasized in an earlier papery the use of only 
numerical criteria (the sum of squared residuals for instance) to 
test the given models capacity to describe the experimental 
measurements may sometimes be misleading. So the selection of 
the presumably best set of constants for each system was finally 
done on the basis of the graphical comparison between experi- 
mental and simulated data. 

In that view, the following variables were looked at: (I) for the 
binary systems, we chose to use the formation function i on 
account of its particular sensitivity to be modified by the exis- 
tence of species other than simple and mononuclear ones. In- 
deed, the experimental or simulated formation function is cal- 
culated in the usual way according to the relation 

i = {CCL - ([L] + [HLI t [HzL] t . . ~)]}/C,. (2) 

This relation, in which CL and CDn represent the total ligand 
and total metal concentrations, is established independently of 
the metal complex species existing in the solution. Thus, the 
formation curves obtained for different total Iii and total 
metal concentrations are superimposable as long as exclusively 
simple and mononuclear species are formed; any modification of 
this normal shape is therefore attributed to the existence of 
protonated, hydrolysed or polynuclear species. (ii) for the ternary 

Table 1. Initial total concentrations of the reactants used for the potentiometric titrations (hsn= histamine, 
C~H = 100.0 mM) 

System C 
h*lPl 

CX/lM 
cC”‘d 

C”/M! 

Proton-glutamine 

Proton-threonine 

Copper-his t idine 

coppm-threonine 

Coppsr-histamine- 

histidine 

Coppsr-histarine- 
g1utuine 

Copper-hlstarine- 

threoninc 

10.00 

10.00 

20.00 

20.02 

5.00 

IO.01 

10.01 

2o.M) 

1o.w 

5.00 

5.00 
10.00 

20.00 

10.00 

5.00 

5.00 

10.00 

20.02 4.36 32.57 

10.01 3.33 16.94 

5.00 
10.01 

5.00 

3.23 10.00 

3.23 10.00 

3.23 5.00 

4.65 10.00 

4.65 5.00 

4.65 5.00 

3.23 lO.CQ 

3.23 5.00 

4.65 10.00 

4.65 5.00 

4.65 5.00 

6.56 10.01 

6.56 10.01 

6.5S 5.00 

4.23 10.01 

4.23 5.00 

4.23 5..oo 

25.03 

30.03 

45.05 

42.05 

10.11 

21.43 

21.43 

4.36 40.48 

4.36 20.46 

3.33 15.63 

4.36 15.45 

3.33 25.30 

4.36 40.46 

4.36 20.46 

3.33 15.63 

4.36 15.45 

3.33 20.63 

3133 11.56 

4.36 21.66 

4.36 11.15 

3.93 40.31 

4.36 40.46 

4.36 30.4'1 

4.36 30.41 

4.36 20.46 

3.33 20.63 

3.33 40.31 

4.36 30.47 

4.36 30.47 

4.96 20.46 

3.33 20.63 

3.33 43.72 

4.36 43.23 

4.96 32.51 

4.96 32.57 

4.36 21.66 

3.33 22.30 
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systems, we based our graphical comparisons on the average 
number of protons bound to both of the ligands under con- 
sideration, as deftned in relation (3) 

where Cn, CL, Cx. Con respectively stand for the total concen- 
trations of strong acid, tirst ligand L, second liiand X and sodium 
hydroxide introduced in the solution and NDP for the number of 
dissociable protons of each ligand. 

This calculation necessitated the modiicationz5 of the PSEU- 
DOPLOT program. 26 Let us note on this occasion that, as has 
been previously explained in more detail: the calculation of the 
theoretical variables to be compared with the experimental ones 
is a real simulation of the experiments. In point of fact, it is not 
based on the recalculation of the variable under consideration 
from the new total concentrations pertaining to a particular set of 
formation constants, but on the contrary it consists of the itera- 
tive calculation of the new values of [H] derived from this set of 
constants and the analytically known total concentrations. The 
calculation of the simulated variables f or S then performed 
exactly as in the case of the experimental curves. 

RESULTS AND DISCUSSION 

All the results are summarized in Table 2. Setting aside 
the proton-ligand equilibria which have already been 
well defined under other experimental conditions, let us 
examine the formation of the complexes for each system 
under study. 

Cu-histidine 
Among the copper-amino-acid systems, the Cu-his- 

tidine one has certainly been the most investigated dur- 
ing the past decade .n-35 Nevertheless, as there was no 
available data under the proper experimental conditions, 
we had to redetermine the formation constants for this 
system. In particular, we compared the fitting of the 
different sets of constants proposed by the previous 
authors. m-30.32.33.35 

As can be seen in Table 2, apart from Perrin and 
Sharma’s results,% all the other authors were in close 

agreement about the identity of the species which are 
formed in acidic and neutral media, as our results 
confirm. As for the hydrolysed species, however, our 
“best” model excludes the existence of ML (OH) in 
favour of M&(OH)*. Besides, the addition of 
ML,(OH), to this model or the replacement of ML*(OH) 
by ML,(OH), did not improve either the numerical or the 
graphical fits with the experimental data. 

Figures 1 and 2 for example, show the comparison of 
the experimental curves with the simulated ones cor- 
responding to our “best” model, both of them being 
defined as in the above chapter. 

Cu-glutamine 
There is nothing special to note on this system. The 

experimental formation curves were found superimpos- 
able and characteristic of the existence of the two simple 
species ML and ML, formerly evidenced.M38 

Cu-threonine 
According to earlier studies, Cu-threonine is essen- 

tially composed of ‘the two complexes ML and ML2,31L4’ 
the species MLH_, and ML2HeZ being also previously 
characterised.m’42 ’ 

Together with the simple species ML and ML*, our 
results also establish the existence of MLH_, and the 
fact that MLH_, is preferred to M,L,H_, (see Table 2, 
V-A, V-B) indicates that the formation of this species 
arises from the dissociation of the hydroxide group of the 
amino-acid rather than from the bonding of a free 
hydroxide ion on the so1vent4’ 

We also characterised the species ML&,, but not 
ML2H-Z which did not improve the fits when introduced 
in the “best” model (see Table 2, V-C, V-D). This is 
probably because the pH range investigated 2 s pH d 9) 
was not basic enough for the concentrations of this species 
to be significant under the present conditions of medium 
and temperature. 

Let us finally note that we could not find out under 
these conditions the MLH species which had been pre- 

3.0 

+ 

I t •t 
I ? 

0. 1.0 2.0 3.0 4.0 5.0 6.0 7.0 9.0 9.0 10.0 11.0 12.0 13.0 14.0 

Fig. 1. Experimental formation curves of the CU-histidiie system (37”C, I = 0.15 M NaCIO,) Experiment: (i) t; (ii) 
X; (iii) Cl; (iv) A; (v) V. See corresponding concentrations in Table 1. 



374 AYCIL KAYALI and GUY BERTHON 

Table 2. Formation constants obtained from these studies. The formula of the general complex is Cu, (his- 
tamine),X,H, where X represents histidine, glutamine and threonine respectively. II =number of experimental 

observations, S = sum of squares of residuals. The results are obtained from MINIQUAD when not specified 

sys tern 

I Proton-glutamine 

II Proton-threonine 

III-A Copper-histidine 

III-B Copper-histidine 

III-C Copper-histidine 

III-D Copper-histidine 

III-E Copper-histidine 

IV copper-glutamine 

V-A Copper-threonine 

V-B Copper-threonino 

V-C Copper-threonlne 

V-D Copper-threonine 

V-E Copper-threonine 

VI-A Copper-histanine- 
histidine 

VI-B Copper-histamine- 
histidine 

VI: Copper-histanine- 
glutamine 

VIII Copper-histamine- 
threonine 

0 101 8.680 2 0.002 
010 2 10.864 2 0.003 

0101 8.573 ? O.WR 
010 2 10.721 + 0.004 

9.896 f 0.006 
17.499 * 0.021 

0 110 
0 2 10 
0111 
0 2 11 
0 2 12 

0110 
0 2 10 
0111 
0 2 11 
0 1 l-l 
0 2 2-2 

0 110 
0 2 10 
0111 
0 2 11 
0 2 12 
0 1 1-l 
0 2 2 -2 

0110 
0 2 10 
0111 
0 211 
0 2 12 
0 1 l-l 
0 2 2 -2 
0 2 1-l 

0110 
0 2 10 
0111 
0 211 
0 2 12 
0 2 2 -2 
0 2 l-l 
0110 
0 210 

0110 
0 210 
0 2 l-2 

0110 
0 2 10 
0 1 l-l 
0 2 2-2 

0110 
0 2 10 
01 1 -1 
0 2 l-l 

0110 
0 2 10 
0 1 l-l 
0 2 l-l 
0 2 1 -2 

0 110 
0 2 10 
0 2 1 -1 
0 2 1-2 

1110 
11 11 
11 12 

1110 
11 11 
1112 

1110 
1111 

1110 
1111 

13.842 2 0.061 
23.166 f 0.015 
26.551 f 0.055 

9.694 + 0.007 
17.505 2 0.024 
13.663 + 0.007 
23.217 + 0.015 
3.079 2 0.109 

P<O 

9.693 + 0.006 
17.498 t 0.021 
13.643 2 0.007 
23.172 ? 0.014 
26.546 ? 0.053 

B<O 
9.207 2 0.158 

9.693 + 0.006 
17.498 ? 0.021 
13.843 2 0.007 
23.172 !: 0.014 
26.546 2 0.054 

k<O 
9.204 ? 0.154 
6.422 + 0.107 

9.693 + 0.006 
17.456 : 0.021 
13.643 * 0.005 
23.172 ? O.Cl4 
26.546 : 0.054 
9.204 + 0.154 
6.422 : 0.107 
7.475 ; 0.006 
13.566 + 0.021 

7.793 + 0.004 
14.272 : 0.016 
7.142 + 0.065 

7.791 + 0.001 
14.249 ? 0.016 
2.036 : 0.050 

v0 

7.789 + 0.003 
14.299 ? 0.013 
1.599 ?: 0.122 
4.693 ? 0.049 

7.769 + 0.003 
14.299 + 0.012 
1.599 + 0.113 
4.599 + 0.144 
-5.303 2 0.535 

7.769 2 0.003 
14.321 ? 0.012 
4.676 2 0.126 
-5.291 ? 0.556 

17.336 ? 0.012 
22.653 ? 0.016 
26.657 : 0.055 

17.341 2 0.015 
22.842 + 0.022 
26.876 + 0.064 

15.971 2 0.016 
20.112 !: 0.097 

16.433 ? 0.014 
20.360 C 0.113 

O.l46E-05 227 

0.277E-05 286 

0.1973-05 3W same mode1 
as rsi.33 

0.2303-05 3W S&me model 
a, ref.2B 

O.lSlE-05 300 Sane model 
a$ ref.25, 
39. 35. 

O.l?SB-05 300 same node1 
*s ref.32 

0.1792-0s 300 'Best' q udei 

O.lBOE-05 232 

0.2BlE-05 300 

0.267E-05 300 

O.lSOE-05 300 'Bast'Dode1 

O.lBSE-05 3W 

O.lSSE-05 3W s*ae mode1 
., rer.29, 
42. 

300 XCGS 
(doviationin 
ritre=0.0341 
-1) 

0.1931-05 300 

0.664B-05 300 

0.527E-05 300 

1 1 l-l 6.464 2 0.057 
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0. 

0. 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 lC.0 

Fig. 2. Formation curves of the Cu-histidine system, simulated on the basis of the results shown ln Table 2, III-E. 

viously mentioned by Pettit and Swash in the acidic 
medium.” 

Cu-histamine-histidine 
The two MLXt and MLXH complexes had already 

been characterised for this system under diierent 
experimental conditions.3sc3 Gur study confirmed them 
as the main ternary species (see Table 2, VI). 

According to Wiiams’ hypothesis based on ther- 
modynamic consideration? the MXz complex involves 
a tridentate and a bidentate (histamine-like) histidme 
molecules, but it is more generally expected to be dou- 
bly-bound through the imidaxole and the amino groups of 
histidine. 29*y Whatever be the structure of this parent 
species, it seems logical that the histamine molecule 
replaces the histamine-like bonded hi&dine in the ter- 
nary species MLX. 

In the MX,H complex, a molecule of histidine is 
bound through the carboxyl and imidazole groups, while 
the bond of the second is histamine-like.m It is thus most 
likely that the structure of MLXH is based on the same 
bonding modes. 

Besides MLX and MLXH, we also characterised the 
MLXH2 species in the acidic range. The molecule of 
histidine in this complex is probably bound as in MLXH, 
whereas the histamine has the same structure as LH in 
the MLzH complex. In that case, the histamine molecule 
is thought to be protonated either through its imidazole- 
group” or through its amino-gro~p.~~ 

Cu-histamine-glutamine 
The two MLX and MLXH species were found for this 

system (see Table 2, VII). 
Concerning the parent complex MX1, spectroscopic 

studies made in the solid state assigned a third bond 
between copper and glutamine through the amid0 group 
of the latter.” On the contrary, Gergely et al.” con- 
cluded that this group did not bind copper in this com- 

TM = Cu, L = histamine, X = histidlne in the present case and 
generally stands for the second l&and. 

plex. Thus it is not easy to predict a possible structure 
for MLX, which nevertheless might be similar to that of 
the Cu-(histamine)-(glycine) species.” 

As for MLXH, the histamine molecule must once 
more be protonated through its imidaxoleU or its amino- 
group”2. 

Cu-histamine-threonine 
Three species were characterised for this system: 

MLX, MLXH and MLXH-, (see Table 2, VIII). 
Although the bonding of the MX2 species is generally 

thought to be glycine4ike~2 some authors lately sug- 
gested the possible interaction of the union&d hydroxy- 
group of the threonine molecule.40c’ Nevertheless, the 
fact that the threonine in Cu+istidine)-(threonine) does 
not coordinate through the hydroxy-group in the solid 
state& tends to suggest that the MLX structure is of the 
Cu-(histamine)-(glycine) type3’. 

The structure of MLXH can reasonably be expected to 
arise from the bondii of a protonated histamine and a 
glycine-like molecule of threonine. 

Finally, it is probable that the MLXH-, species is 
formed, as the species of same stoechiometry in the 
Cu-histidine-threonine system,= by the dissociation of 
the hydroxy-group of the threonine. Thus, it can be 
thought to have a similar structure. 
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Abstract-Metaphenylenediamine and acetylacetone react in presence of divalent nickel, cobalt and copper salts to 
form complexes of a &membered N4 tetradentate macrocycle, dibe.nzo-(f,n)-2, 4, 10, IZtetramethyl-1, 5, 9, 
13-tetrazacyclohexadeca-[161-l, 3,9, ll-tetraene. The complexes are characterised to be distorted octahedral of the 
type [M(Me,[l6] 1, 3, 9, 11-tetraene NJX,] where M = Ni(II), Co(I1) and Cu(I1); X = Cl, Br, NO1 or NCS. The 
l&and coordinates through azomethine or imine nitrogen atoms which are bridged by acetylacetone moieties. The 
electrical conductance, molecular weight, magnetic, electronic and IR spectra are discussed. 

INTRODUCTION 
Complexes of metal ions with synthetic macrocyclic 
ligands are of great importance, in part because of their 
resemblance with many natural systems, e.g. porphyrins 
and cobalamines. These ligands are also of theoretical 
interest since they are capable of furnishing an 
environment of controlled geometry and ligand field 
strength. Curtis et al.’ produced the first of many new 
synthetic macrocyclic ligands and their recent work has 
formed the basis of work in this field. Many of the 
macrocyclic ligands have been synthesised by the reac- 
tion of amines with 2,6_diacetylpyridine or dicarbonyl 
compounds,’ however, a very few have been prepared 
from aromatic diamines and dicarbonyl compounds. A 
few complexes of benzene 1,2_diamine with /?-diketones 
have recently been reported3” and their structures have 
been established by X-ray crystallography but similar 
compounds with benzene 1, 3-diamine have not been 
synthesised so far. In continuation of our efforts to study 
the metal chelates of macrocyclic ligands,- we report 
here the synthesis and characterisation of six-coordinate 
tetragonal complexes of tetradentate Nq ligand dibenzo- 
(f,n)-2, 4, 10, 12-tetramethyl 1, 5, 9, 13-tetrazacyclo- 
hexadeca-[16]-1,3,9, 1 I-tetraene abbreviated as [Me,[16] 
tetraene NJ. Attempts to isolate the free ligand failed. 

EXPERIMENTAL 
All the chemicals and solvents used were of reagent grade. The 

ligand m-phenylenediamine acetylacetone was synthesised by 
refluxing methanolic solutions of diamine (0.01 mol) and acetyl- 
acetone (0.02 mol) on a water bath for 6 hr. The condensation 
product so obtained on cooling was recrystallised from methanol, 
yield - 45%. 

Preparation of complexes 
(a) (Mm-PDAMJ. A general orocedure of two steo reaction 

was adopted for s;n&esi&g the metal chelates. _ 
m-Phenylenadiamine (0.02 mol) dissolved in the minimum 

amount of methanol was added to a methanolic solution of 
anhydrous metal salt (0.01 mol) (pH - 3.0-3.5) and refluxed on a 
water bath for 47 hr. The mixture was concentrated, cooled and 
the precipitate of the complex was filtered, recrystallised from 
methanol, and dried, yield - 60%. 

*Author to whom correspondence should be addressed. 

(b) [M(Me,[l6] tateneNJX& The metal complex of diamine 
obtained by the above method was dissolved in warm methanol 
and 2 ml of acetylacetone added to it. The resulting solution was 
stirred mechanicallv for 4 hr. refluxed for 12 hr and left for three 
weeks. The dark &e crystals which separated were filtered, 
recrystallised from DMF and dried at 110” in uacuo yield - 35%. 

The nitrato complexes were prepared by taking metal nitrates. 
Bromo and thiocyanato salts were prepared by stirring and 
slowly adding KBr or NHJNS solution to ethanolic solution of 
metal chloride and filtering off KCI or NH&I. 

The colours and analyses of the complexes are given in Table 
1. These are insoluble in common organic solvents but are all 
soluble in dimethvlformamide. The nickel (II) comolexes are also 
soluble in nitrobknzene. The nickel (II) &d copper (II) com- 
plexes are stable up to 250” while those of cobalt (II) 
decompose - 250°C. 

The metal contents were determined by standard EDTA titra- 
tion using Eriochrome black T as indicator while halides were 
estimated by Volhard’s method and nitrate as nitron salt. The 
micro-analyses of C, H and N were done at the Instrumentation 
Centre, Department of Chemistry, Aligarh Muslim University, 
Aligarh, U.P., India. 

The magnetic susceptibility measurements were carried out 
using Gouy’s method and CuS04.5Hz0 as calibrant. The IR 
spectra in 4000-625 cm-’ range in KBr pellets were recorded on a 
Perkin-Elmer 621 instrument and in the range 10@-650cm- in 
nujol mull on a Polytec FIR-30 spectrophotometer. The elec- 
tronic spectra were recorded in nujol mull and DMF solution. 
6660-33300 cm-’ (300-1500 nm) range on DMR-21, UV-VIS near 
IR spectrophotometer. The conductivity measurements were 
made in DMF solutions on Toshniwal type CL Ol/Ol conductivity 
bridge. The molecular weights of soluble nickel complexes were 
determined cryoscropically in nitrobenzene. 

RESULTS AND DISCUSSION 
The analytical data of these complexes show their 

formulae to be [M(Mer-[16]-tetene N4)X2] where M = 
Ni(II), Co(I1) or Cu(II) and X = Cl, Br, NO, or NCS. The 
electrical conductance of soluble complexes measured in 
nitrobenzene show their non-electrolytic nature. The 
molecular weight determination of nickel (II) complexes 
are consistent with their proposed formulae. The 
isomorphism of nickel (II) to those of cobalt and copper 
complexes indicate their similar nature. The compounds 
are stable to water but are hydrolysed by dilute mineral 
acids by the formation of a brown insoluble precipitate. 

The reactions of acetylacetonato complexes with 
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diamine and template synthesis of macrocyclic com- and 1745 cm-‘. Thiocyanato complexes show bands 
plexes fail in many solvents. However, the complexes -2110, 815 and 480cm-’ assignable to KN, vCS and 
are isolated by reaction of acetylacetone with diamine NCS bending,13 respectively, and are in accordance with 
metal complexes in anhydrous methanol. the monodentate N-bonded nature of this group.14 

IR spectra Magnetic and electronic spectral studies 
The assignment of important bands in the IR spectra 

are tabulated in Table 2. The strong bands - 3200 cm-’ 
are due to the presence of the NH group, however, these 
bands appear at higher or lower energies depending upon 
interaction of the anions.9 The assignment is based on 
the fact that the macrocyclic ligands” which have coor- 
dinated secondary amine group have bands in the 
vicinity of 3200 cm-‘. This contention finds support from 
the appearance of strong bands -1640 and 84Ocm-’ 
assignable to NH deformation coupled with NH out-of- 
plane bending.6*” The strong bands appearing as dou- 
blets in the spectra of all the complexes -1X@- 
1610cm- may be assigned to VC = N vibrations and 
these bands indicate the presence of coordinated 
azomethine groups.‘,” The absence of absorptions 
-3400 cm-’ show that amino groups of the diamine have 
reacted with acetylacatone. This observation is sub- 
stantiated by the appearance of bands -2920, 1360, 
1240-1260, 1190 and 660cm-’ characteristic of acetyl- 
acatone moiety and may be assigned to vCHS, 
Ssym CH3, vC-CHs, SCH t vC-CH, and ring vibrational 
modes, respectively.6’7*‘2 The absence of stretching and 
bending vibrations of (C-O) group - 1525 and 1280 cm-’ 
indicate the absence of this group in these complexes. 

The magnetic moments (Table 3) of nickel, cobalt and 
copper complexes lie in 3.05-3.25, 4.85-5.15 and 1.75- 
1.82 B.M. range at room temperature. The values are 
consistent with high- spin nature of the nickel and cobalt 
compounds and show the presence of a pseudoocta- 
hedral environment around the metal atom.19 

The spectra of nitrato complexes exhibit new bands at 
-1240, 1015 and 865-870 cm-’ which are consistent with 
the monodentate nature of this group and is substan- 
tiated by the small splitting of bands appearing -1760 

The nujol mull absorbance spectra of nickel complexes 
show a broad band around - 8130-8530cm-’ with a 
shoulder -10000-10650, and -15380-16700 and 26310- 
267OOcm-‘. The position of these bands is consistent 
with the postulation that the nickel ion has essentially an 
octahedral environment about it and can be interpreted 
in terms of D4h symmetry of these complexes.‘6 The 
spectra do not show any regular pattern except that the 
thiocyanato complex does not show any splitting of the 
first band perhaps due to the small difference among the 
ligand field strengths of nitrogen atoms of azomethine, 
secondary amine and thiocyanate group. The spectra of 
cobalt complexes exhibit bands -7930-8920, 1538& 
17540 with a broad band envelope -19080 cm-’ showing 
almost two bands -18200 and 195OOcm-‘. The spectra 
are comparable to those reported to be distorted octa- 
hedral. The assignment of spin-allowed band (Table 2) to 
4,, +4** is justified since the first band appears ap- 
proximately at half the energy of the visible band.‘.16 The 
spectra of copper complexes show a broad band maxima 
-1820&19000cm- with a shoulder on low energy side 
-15280-16220cm-’ and show that these complexes are 

Table 3. Magnetic and electronic spectral data” 

[Nib&j 
(NdL)8r2-j 
[Ni(L)(N03)J 
[Ni(L)(NCS)d 
[cot L&J 

[pwr*] 
ko(L)(N03)J 
($4 L)(NCS)2-j 
Cc4 L&J 

(Cd LIB r2] 

(Cd L)( N03j2] 
[CU(L)(NCS)~) 

813Osh, 11000, 15580, 26310, 

8550sh, lC580, 16660, 26660, 

8200sh, ICPBO, 15850, 26320, 

10600, 16520, 26700, 

7950, 15650, 18540, 19320, 

7935, 15385, 18000, 18650, 

8930, 17540 18250, 19000, 

8220, 16050, 18320, 1921c, 

15320, 18280, 30640 

16200, 19000, 30620 

15550, 18620, 30600 

16000, 18720, 30750 

30700 

30760 

30720 

30680, 

30650, 

30760, 

30700 

30580 

(ii% 
l .I 

3.22 

3.05 

3.25 

3.15 

4.92 

5:l 5 

4.88 

4.85 

1.82 

1.76 

1.75 

1.80 

(e) Nickel (II): 3a 33E 
IQ 9' 
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1g-r 2dP). 

and chargetransfer; Cobdt(I1); 4TlF4T 
29' 4T,9-4~2g ’ *Tl&Tl*(P) 

and ohsrge-transfer. CoPPer( 2S,~2E12g* '+E, or 2A2g WI* 

oharge-transfer. The aesipwen are in increasing order of l nmrgy. 
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distorted octahedta1.7*‘6*‘7 The band separation of about electronic and IR spectral studies structure (1) may be 
-3000 cm-’ is consistent with the proposed geometry of proposed for these complexes. 
these complexes. All the complexes exhibit invariably 
strong absorptions 307OOcm-’ region which may be Achowledgements-The authors are thankful to C.S.I.R., New 
associated with the intraligand charge transfer involving Delhi, for financial assistance and to Head RSIC, I.I.T., Madras 
imine functions.” for recording electronic and IR spectra. 

Far IR spectra 
The far IR spectra in the region -lOB-UOcm- show 
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LIQUID-LIQUID PARTITION COEFFICIENTS OF CIS- AND 
TRANS-TRIS( 1 ,l ,l-TRIFLUORO-2,4-PENTANEDIONATO)CHROMIUM(III) 

BETWEEN DODECANE AND VARIOUS POLAR SOLVENTS 

NOBUO SUZUKI,* MUTSUKO ITOH and HITOSHI WATARAI 
Department of Chemistry, Faculty of Science, Tohoku University, Sendai 980, Japan 

(Receioed 8 December 1981) 

Abstract-Partition coefficients of cis-Cr(tfa)s and transCr(tfa)r between dodecane and 12 polar solvents im- 
miscible with dodecane were determined at 2s”C. The partition coefficients of the trans isomer were slightly larger 
than those of the cis isomer. Solvent effect on the order of magnitude of the partition coefficient was discussed in 
terms of cavity formation energy. 

INTRODUCTION 
The liquid-liquid partition coefficient of metal chelate is 
one of the principal factors governing the extraction 
constant in chelate extraction and a systematic study on 
the liquid-liquid partition coefficient is necessary for the 
elucidation of the extraction mechanism. However, reli- 
able partition coefficient data are not much in evidence at 
present. In particular, the partition coefficient of a 
geometric isomer of metal chelate has not yet been 
given. On the role of solvents composing two-phase 
systems, many studies have been reported, but most of 
them have concerned the solvent effect of the inert 
solvent phase.’ Systematic studies on the role of the 
polar solvent phase is necessary for the meaningful 
discussion of the solvent effect of partition system. 
Recently, we have investigated the polar solvent effect of 
aqueous mixed solvent such as water-dimethyl sul- 
foxide, water-ethylene glycol and water-acetonitrile, on 
the partition equilibrium of /3-diketone and its metal 
chelate, and reported the correlation of the partition 
coefficient with the internal pressure of the mixed 
solvent.* In this approach the importance of a solvo- 
phobic effect in the polar phase was clearly demon- 
strated. 

In the present study, we determined the partition 
coefficients of cis and trans isomers of tris(l,l,l- 
trifluoro - 2,4 - pentanedionato)chromium(III) or 
tris(trifluoroacetylacetonato)chromium(III), Cr(tfa),, be- 
tween dodecane and 12 polar solvents immiscible with 
the inert solvent. The purpose of this study is to examine 
(1) the solvent effect of the polar solvent phase and (2) 
the partition behaviour of two different geometric isomers, 
cis and trans forms. 

EXPERIMENTAL 
Chemicals. Cr(tfa)s was synthesized from chromium chloride 

and trifluoroacetylacetone according to the method reported by 
Fay et al.r The crude product was purified by chromatography on 
silica gel-benzene system. Mutual separation of cis- and trans- 
Cr(tfa), was made by utilizing the differences in solubility in 
organic solvent and in elution volume in adsorption chromato- 
graphy of the isomers. Reversed-phase chromatography on 

*Author to whom correspondence should be addressed. 

LiChrosorb RP-8 (Varian, E. hf. Lab.) column was not effective 
for the separation of the isomers. cis-Cr(tfa),, which is present to 
ca. 20% in the synthesized product, was extracted with benzene 
from the solid mixture since it was more soluble than the trans 
isomer, and puritied on silica gel column eluting with hexane- 
benzene (7: 3) mixture. But a complete removal of trans isomer 
from cis isomer was diicult. The residual solid was recrystal- 
lized in hexane-benzene mixture, and trans isomer was obtained 
pure. The yield of cis isomer was highly improved through 
transformation by refluxing tram isomer dissolved in o-di- 
chlorobenzene at 180°C for several hours. The compounds 
obtained were identified by means of elemental analysis. The 
purity of the isomers was determined by the silica-gel chromato- 
graphy. Fiie 1 shows the elution curves of the llnal products of 
the cis and trans isomers. The purity of the trans isomer was 
satisfactory but the cis isomer was found to contain 10.8% trans 
isomer. In the partition experiment of cis isomer, the con- 
tamination of trans isomer was corrected. Dodecane (Kanto, G. 
R.) was treated with fuming sulphuric acid and then distilled 
under reduced pressure or puritied by passing through activated 
alumina column. N,N-Dimethylacetamide, acetonitrile, dimethyl 
sulfoxide, dimethyl formamide, propylene- I ,Zcarbonate, 
methanol, ethylene glycol and formamide, all G.R. grade reagent, 
were purified by distillation under reduced pressure after drying 

/cis 

L- 

Smirk 

Elution time 

Fig. 1. Analysis of cis- and trans-Cr(tfa)3 by liquid chromato- 
graphy. Column; 17.5 cm x4mm I.D. packed with silica gel. 

Solvent; 7 : 3 hexane-benzene.. Flow rate; 1.0 ml/min. 

Poly Vol. I, No. 4-E 383 
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on calcium hydride or molecular sieves 4A. Diethylene glycol, 
triethylene glycol and benzyl alcohol, G.R. grade reagent, were 
used without further purification. Redistilled water was used. 

Measurement of partition coeficient. Partition experiment was 
carried out by stirring dodecane solution of Cr(tfah with polar 
solvent by magnetic stirrer in a glass stoppered vessel immersed 
in thermostated water bath at 25 + O.K. Within 5 min, the equil- 
ibrium was essentially attained, so that the stirring time of 
1.5-3 hr was usually adopted. The volume ratio of the two phases 
was varied from 5/E to 8/l depending on the partition coefficient 
in order to facilitate the photometric determination of dodecane 
phase. For methanol, ethylene glycol and benzyl alcohol systems, 
in which volume change of a few per cent was observed in a 
preliminary partition experiment, the solvents mutually saturated 
with dodecane were used. Decomposition or cis-tram 
isomerization of Cr(tfa)j in the polar solvents was not observed 
even after 1 day. After centrifugation, the absorbance of the 
dodecane phase was measured at the absorption maximum 
wavelength of 343 nm at which cis and trans isomers show the 
equal molar extinction coefficient of 1.18 X IO’mol- 1 cm-‘. 

Partition coefficients of trans-Cr(tfa)J and cis-Cr(tfa)l in the 
presence of minute amounts of trans isomer were calculated 
from the next equations, respectively, 

K. 
A Vi o ,,ons = dad. POBI 

Anit- %od Vdod 
(1) 

low solubility of the complex. Solubility was determined from 
photometric measurement of Cr(tfa)J-saturated solution. Spec- 
trophotometric measurement was carried out by means of 
Hitachi 356 or JASCO UVIDEC-2 spectrophotometer. 

RESULTS 

The observed partition coefficients of cis- and trons- 
Cr(tfa),, average values of at least four measurements, 
are listed in Table 1. In almost solvent systems, the 
partition coet7icients are less than unity; this suggests 
higher solute-solvent interaction in polar phase. The 
partition coefficients for rrans isomer is slightly larger 
than those for cis isomer in most systems. It is interes- 
ting that the difference in the partition coe5cients of the 
cis and trans isomers is not so remarkable in every 
solvent pair and this must be compared with the quite 
large difference in the solubility of two isomers into a 
solvent; solubilities of trans isomer, 5.14 x lo-‘M in 
dodecane and 1.33 x lo-‘M in water, solubilities of cis 
isomer. 1.11 x 10m3 M in dodecane and 3.75 x lo-‘M in 
water. 

(2) 

where AiGt and Adod are the absorbance of dodecane solution DISCUSSION 
before and after partitioning, and VM and Vpolar are the volumes 
of dodecane phase and polar phase. Solvent efect on the partition coejicient 

For dodecanelwater system, the partition coefficient was The partition coefficient does not show any satis- 
estimated as the ratio of the solubilities of the complex in factory correlation with the solvent properties relating to 
dodecane and in water because of large partition coefficient and solvent polarity, such as dielectric constant and dipole 

Table 1. Partition coefficients of trans-Cr(tfa)j and cis-Cr(tfa)J at 2YC 

NO. Solvent 
Surface 

tensiona 

Partition coefficientb 

trans cis 

1. Triethylene glycol 45.2 

2. N,N-Dimethylacetamide 32.43 

3. Acetonitrile 29.3 

4. Dimethyl sulfoxide 46.2 

5. Dimethylfonnamide 35.2 

6. Benzyl alcohol 39.96 

7. Diethylene glycol 48.5 

8. Propylene-1,2-carbonate 38.3 

9. Methanol 22.6 

10. Ethylene glycol 46.49 

11. Formamide 58.2 

12. Water 72.0 

0.317 + 0.020 _ 

0.00070 + 0.00077 

0.00491 + 0.00029 

0.0139 + 0.0004 

0.00526 + 0.00018 

0.0682 + 0.0015 

0.489 + 0.019 _ 

0.0215 2 0.0005 

0.0178 + 0.0005 - 

10.1 + 0.9 - 

13.6 + 2.45 

3.86 x LO3 = 

0.276 + 0.022 

0.00898 + 0.00070 

0.00436 + 0.00021 

0.0106 + 0.0004 

0.00321 + 0.00044 

0.0729 + 0.0016 

0.433 + 0.032 

0.0128 + 0.0007 

0.0150 + 0.0001 

8.35 _ + 0.79 

3.65 + 0.09 

2.96 x-lo3 ' 

a) Dynes cm -1 -1 
. For dodecane, 24.91 dynes cm . 

b, KD = Cdod'Cpolar' 
c) Calculated from solubility, 3.86 x lo3 = 5.14 x low4 M/1.33 x 10-l M f-Or 

trans isomer and 2.96 x lo3 = 1.11 x lo-3 M/ 3.75 x 10-l M for cis isomer. 
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2.0. 

y” 

0” 
- o- 

-2.0 - 

I 
0trfns_Cr(tfol 
0 cis -cr(tfOl 

-20 0 m 40 60 
A r /dyna cm-’ 

1 '3 
'3 

Fig. 2. Correlation between partition coefficient and the difierence 
in surface tension, A7 = 7+,- 7~. Numbers iu this hure 

correspond to those in Table 1. 

moment. But, with the surface tension of the polar 
solvent a good linear correlation was obtained. In Fig. 2, 
log KD of the complexes are shown against the 
ditIerence in surface tension between dodecane and 
polar solvent. The surface tension data used are listed in 
Table 1. The partition coefficient increases with increase 
in surface tension of the polar phase. This strongly 
suggests the contribution of cavity formation work in the 
partition process.’ 

The free energy change accompanied by the partition 
of the complex from dodecane to polar solvent can be 
represented by, 

RT In & = (b + Gi),,-(Gc t Gi)nonpler 

=Ad,tAGi (3) 

where G, and d, refer to the free energy contributions 
of cavity formatjon energy and interaction energy. In the 
present study, G, was calculated according to the Scaled 
Particle theorysb and was compared with RT In KD The 
equation for G, has been given as’, 

d,=-RTln(l-y)+RT$-(:) 
1 

+RT [+; (j?$] (z) 

(4) 

Y = w1'/6 

where p is the number density of the solvent, u the 
molecular diameter, and subscripts 1 and -2 refer to 
solvent and solute. For the calculation of AG,, the data 
of hard sphere diameters of polar and nonpolar solvent 
molecules, u,, and solute molecule, u2, are required. The 
values of u, for solvent used in the present study were 

a- 

6- 

4- 

2. 

0. 

-2. 

-4, 
0 

12 
a 

1 
4 
06' 

l 

0 2 

8.' 

73 

((Jl&, + 2 

St 
b 

x,” 

i 

0 
0 

0 

O o” 0 
0 0 

2 4 6 a 

Fig. 3. Free energy chauges for tbe gartition of Cr(tfah and hard 
sphere cavity of o2 = 9.48~ lo- cm iu dodecane(n)/polar 
solvent(p) systems; ullr =7.57x 10dcm. The rauge in AG, iu- 
dicated iu the figure corresponds to 2% error in ulP Solvent 

numbers shown in this tigure correspond to those in Table 1. 

estimated from an empirical linear relation between lit- 
erature values of u, for commonly used solvent and 
(molar volume)“‘.’ The value of u2 = 9.48 X 10-O cm for 
Cr(tfa), was calculated using the approximated relation 
between the potential minimum distance, ~9, and mole- 
cular diameter u in Lennard-Jones potential function, 
r,= 1.122 us with the estimated molar volume of 
379 cm3 mo1-‘.9 The calculated A& which is identical 
value for the two isomers, are shown in Fig. 3 as a 
function of u,, along with RT In K,, of trans isomer. It 
is noted in Fig. 3 that AG, and RT ln K,, show a similar 
dependence on ul of polar solvent. This indicates the 
importance of the cavity formation energy, that is, the 
order of magnitude of the partition coe5cient is gover- 
ned by that of cavity formation energy. The energy 
diflerence of about 5 kcal mol-’ between A& and RT ln 
K,,, noted in Fii. 3 irrespective of polar solvents, is 
ascribable to a solvation of Cr(tfa), in polar solvent 
phase. Preferential solvation of polar solvents such as 
methanol, dimethyl sulfoxide and acetonitrile to 
tris(acetylacetonato)chromium(III) through its octa- 
hedral face was reported recently by means of NMR line 
broadening experiments.‘o 

Stereochemical @ect of cis and trans isomers. It is 
interestingthat the diflerence in the partition coefticients 
between cis and tram isomers is only slight, neverthe- 
less the solubiity of cis isomer into dodecane or water 
are about 2-3 times higher than that of trans isomer into 
the same solvent. From the solubilities of isomer into 
dodecane determined in the present study and the par- 
tition coefticients, solubilities into the other polar 
solvents and solution free energy difierence, AG,,~_,_. 
were calculated according to the next equations, 
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Table 2. Estimated solubilities of trans-Cr(tfa)q and cis-Cr(tfa), at 2X. 

NO. Solvent 
Solubility, mol/l AG s,cis-trans 

trans cis kcal/mol 

1 Triethylene glyool 

2 N,N-Dimethylacetamide 

3 Acetonitrile 

4 Dimethyl sulfoxide 

5 Dimethylformamide 

6 Benzyl alcohol 

7 Diethylene glycol 

8 Propylene-1,2-carbonate 

9 Methanol 

10 Ethylene glycol 

11 Formamide 

12 Water 

13 Dodecane 

1.62 x 1O-3 

5.91 x 10-2 

1.05 x 10-l 

3.70 x 10'2 

9.77 x 10‘2 

7.54 x 10-3 

1.05 x 10-3 

2.39 x lo-? 

2.89 x lo-' 

5.09 x 10'5 

3.78 x 1O-5 

1.33 x lo-7a 

5.14 x 10-4a 

4.02 x l~-~ 

1.24 x 10 -1 

2.25 x 10-l 

1.05 x 10-l 

3.45 x 10-l 

1.52 x lo-' 

2.56 x lO-3 

8.67 x lo-' 

7.40 x 1o-2 

1.33 
-4 

x 10 

3.04 x 1o-4 

3.75 x lo-7= 

1.11 x 10-3a 

-0.538 

-0.437 

-0.526 

-0.617 

-0.749 

-0.419 

-0.528 

-0.763 

-0.557 

-0.569 

-1.235 

-0.613 

-0.456 

a) Observed value in this work. 

S, = SwlKo 

AG _ s,LVs *rons = RT In C3p.trans/Sp,cis) (6) 

where S,, and Sdod correspond to solubilities into polar 
solvent and dodecane. The calculated results are listed in 
Table 2. Solvent effect in AG O,ClS I,ll”S _ is found to be less 
important nevertheless the solubility varies over the 
range of lo-‘-lo-‘M depending on the solvent. This 
result is consistent with AG, for another set of different 
metal chelate and solvents estimated from solubility data 
of Co(tfa), available in literature,3 which gives 
AG ._ S.CIS W(l”S at 25°C (kcal mol-‘); -0.553 in cyclohexane, 
-0.572 in benzene and -0.772 in ethanol. Difference in 
dipole moments of trans and cis isomers, reported as 
3.80D and 6.48D for Co(tfa)3,” seems not to play a 
dominant role in AG S.ClS fl(l”S * _ When we recall that 
AG ._ S.CIS tm”S is the sum of the differences in sublimation 
energy and in solution energy between cis and trans 
isomers, the slight solvent dependence of AGs,ris-rrans 
seems to reflect the difference in sublimation energy of 
the isomers (see m.p. of trans isomer is higher than that 
of cis isomer) as well as that in electrostatic interaction 
energy expected from the difference in dipole moment. 

The present discussion gives also an explanation to the 
small solvent dependence observed in cis-trans equili- 
brium in solution; “,I3 the reported cis-trans equilibrium 
constants of tris-trifluoroacetylacetonates defined as 
[trans]/[cis] are in the range of 4-6 slightly depending on 
the solvent and the central metal ion. The fact that Pans 
isomer is more stable than cis in equilibrium is not 
consistent with the solubility data which suggests cis 
isomer to be more stable. The equilibrium constant is 
governed by intermolecular energy as well as inter- 
molecular energy in general. Hence, it is proposed that 
the cis-trans equilibrium is primarily governed by the 

difference in intermolecular free energy which includes 
entropy of geometric conformation favourable to Pans 
isomer. In addition, the present results may explain the 
reason why the separation of cis and trans isomers may 
be achieved on silica gel, but not on a chemically bonded 
C-8 column. The latter system will be essentially similar 
to a liquid-liquid partition system and the separation 
between isomers may be difficult. It will be more prom- 
ising for the separation to utilize the stronger afinity to 
silica surface expected for the cis isomer because it 
possesses the most hydrophilic octahedral face including 
three acetyl groups. 
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Abstract-Synergistic effects of seven bidentate amines S: 2,2’-bipyridyl, l,lO-phenanthroline and its derivatives, 
on the extraction of zinc(H) with 2-thenoyltiuoroacetone, H’ITA, in benzene were investigated at 25°C. Addition 
of the amines even at low concentration (<lo-’ M) caused a remarkable improvement in distribution ratio, while at 
higher concentration a lowering of the distribution ratio was observed because of masking effect of amines in 
aqueous phase. Slope analysis of the distribution curves, taking into account free amine concentration in the 
organic phase, showed that the dominant extracted species is Zn(TTA)$ in every system. The adduct formation 
constants obtained was found to he correlated with the formation constant of Zn!? in aqueous solution rather than 
the acid dissociation constant of the conjugate acid of the amine. 

INTRODUCTION 

Since a synergistic effect was observed in the extraction 
of uranyl ion,’ many investigations have been carried out 
on this subject2 Synergistic ligands commonly in- 
vestigated are phosphoric esters and pyridine derivatives 
acting as monodentate ligands. General properties com- 
mon to these synergistic ligands seems to be their strong 
coordination ability to metal ions and high lipophilicity 
or hydrophobicity. However, we have not enough in- 
formation on the factors governing the synergism, except 
reaction stoichiometry or qualitative discussion on ligand 
basicity. Recently a large synergistic effect of bidentate 
amines such as 2,2-bipyridyl and l,lO-phenanthroline was 
observed,3 but not thoroughly investigated compared 
with monodentate ligand systems. Further investigation 
to assess the advantages of bidentate amines seemed 
worthwhile. 

In the present study, synergistic effects of a series of 
bidentate amines on the extraction of zinc(I1) with 2- 
thenoyltrifluoroacetone (HTTA) were systematically in- 
vestigated. Our main interest concerned which property, 
basicity or hydrophobicity, of the amine plays a 
dominant role in the synergistic effect. Adduct formation 
constants were determined and discussed in comparison 
with the acid dissociation constants of the conjugate acid 
of the arnines and the formation constant of metal-amine 
complex which are considered as measure of basicity of 
amine and with the liquid-liquid partition constants of 
amines as measure of hydrophobicity. 

EXPERIMENTAL 

Chemicals. 2-Thenoyltrifluoroacetone (Dotite, G.R.) was 
purified by vacuum sublimation at 36°C. l,l&Phenanthroline 
(phen) (Dotite, G.R.) was puritied as monohydrate form by 
recrystallization from aqueous solution. Bipyridyl (bipy), S- 
methylphenanthroline (5MP). 4,7-dimethylphenanthroline 
(4,7DMP), 2,9-dimethylphenanthroline (2,9DMP), 2,9dimethyl- 

*Author to whom correspondence should be addressed. 

4,7-diphenylphenanthroline (2,9DM4, IDPP), and 4,7-diphenyl- 
phenanthroline (4,7DPP) (Tokyo Kasei and Dotite, G.R.) were 
used without further purification. Benzene, used as the organic 
solvent, was purified by distillation after acid washing. 6sZn(II) 
tracer was obtained from New England Nuclear Corporation as a 
solution of ZnC12 in 0.5 M HCI. Stock solution of 65Zn(II) was 
prepared by repeated evToration with 0.1 M HCIO, to eliminate 
HCI and the resulting Zn(I1) tracer was diluted with 0.1 M 
HCIO1. The resulting tracer concentration was 2 x 10-‘-10-6 M 
and the total concentration of Zn*+ was kept 3.5 x tom6 M or less 
by the addition of an inactive Zn2+ solution. Sodium perchlorate 
commercially available as G.R. grade was purified by recrystal- 
lization three times from aqueous solution and dried at 260°C for 
2 days. Sodium chloride (Wake, G.R.) was used as purchased 
form. AU experiments was run at constant ionic strength, 1.0 or 
0.5 M adjusted with sodium perchlorate and sodium chloride 
respectively. Aqueous phase was buffered with 0.004M sodium 
acetate. 

Distribution of Zn(I1). Five ml of organic solution of TTA 
and an amine was shaken with an equal volume of the aqueous 
solution of zinc adjusted to desired pH in a thermostated room at 
25 + O.s”C over 13 hr:After centrifugation, 2 ml portion of each 
phase was removed into a polyethylene tube and the radioac- 
tivity was counted to at least 1% accuracy on a NaI(T1) scin- 
tillation counter. The equilibrium pH of the aqueous phase was 
carefully measured by a glass electrode. 

Distribution of the amines. Distribution ratios of the amines 
between benzene and aqueous phase were obtained by batch 
method in the same experimental condition with zinc dis- 
tribution. From distribution ratio observed as a function of pH, a 
partition coefficient was determined together with an acid dis- 
sociation constant of a conjugate acid. 

RESULTS 

The extraction processes of the zinc-‘lTA chelate may 
be expressed as follows: 

Zn2+ t p A- t qS Bpq ZnA,S,‘2-p” 

KDC 
ZnA, a ZnAdo) 

(I) 

(2) 

387 
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S- -5 S(0) (3) 

Bs.m 

ZnA,(o) + mS(o) w ZnA&,(o) (4) 

where A- and S stand for the enolate ion of HTTA and 
the amine, respectively. The mark of (0) refers to 
organic phase. In eqn (1) which includes all of the 
dominant complex formation reactions in aqueous phase, 
B p0 and pq correspond to the formation constants of 
ZnA (‘-* + and ZnS *+ respectively. 

Tk distribution ;atio of zinc in the absence of the 
amine, Dr.,, is given by: 

DM= &d3&-I* 

1+ x B,oM-lP’ 
(5) 

The distribution ratio in the presence of the amine, DMs, 
is written as follows under the assumption that the 
formation of an additional complex with excess TTA, 
e.g. ZnAjHA or ZnAjHAS,, is negligible, 

Dhls = bcB2[A-12(1 + %n[Slom) 

’ 
(6) 

1 •t z &,~A-I’W 
P.4 

Under the same concentration of [A-], the ratio of 
D&Dhl is written in logarithmic form as: 

1og+1og (1 tx /3s,,[Sl,")t 

The second term in the right hand side of eqn (7) is a 
correction term for a water soluble complex formation of 
Zn*+ including a competitive masking of Zn*+ with S. 

Distribution of zinc chelate. Distribution ratio of zinc 
with 0.5 M HTTA in the absence of the amine was 
measured varying pH of aqueous phase in the range from 
3.9 to 5.0. Slope analysis of log & vs pH plot indicated 
Zn(TTA), to be extracted and a contribution of Zn’ITA’ 
to be negligibly small; this is consistent with the previous 
result4 

In the presence of amine, the distribution of zinc was 
greatly improved. Figure 1 shows the distribution ratio 
of zinc with HTTA against the initial amine concen- 
tration, [Slojti,, in logarithmic scale. It is noteworthy that 
in phen, bipy and SMP systems, the rapid increase of the 
distribution ratio in the low concentration region of 
amines is followed by the lowering of the distribution 
ratio in higher concentration of amine. 

Extraction of zinc with amine alone was done in order 
to check the possible contribution of ion-pair extraction 
to the observed enhancement of the distribution ratio in 
the synergistic systems. With bipy alone no observable 
amount of zinc was extracted from l.OM NaClO, into 
the organic phase. For phen system, 3% of zinc was 
extracted with organic phase containing 10w4M phen, 
but, from the mass balance examination by radiocounting 
measurement, over 70% of zinc was removed from the 
aqueous phase as insoluble compounds. Intluence of 
NaC104 concentration, in the synergic system of H’ITA- 
phen or -bipy, was examined; no appreciable change in 

2- 

‘; _ 
P 

0, 
0 

O- 

-2 
d 

I 
-8 -6 -4 -2 

log IS lqinit 

Fig. 1. Improvement of the distribution ratio of zinc with H’ITA 
by addition of bidentate amines; 0, phen (pH=4.0); A, bipy 
@H =4.1); 0, 4.7DPP (PH = 3.7); @, 2.9DMP (PH = 3.9); 0, 
4,7DMP (PH = 3.8); A, SMP (PH = 3.7); 0,. 29DM4,7DPP (PH = 

3.7). [HlTA] = 0.05 M. 

the distribution ratio of zinc in the concentration range 
of 10-6-100M NaClO, was observed. With the more 
hydrophobic amine of 4,7DPP, a quantitative ion-pair 
extraction was observed at the same NaC104 concen- 
tration and amine concentration above 3 x lo-’ M, but in 
another salt anion system, Zn*’ - 4,7DPP - 0.5 M NaCl, 
the extraction of zinc was depressed about two orders of 
magnitude. From these results it was concluded that the 
remarkable increase of the distribution ratio shown in 
Fig. 1 was due to a synergistic effect rather than ion-pair 
extraction. 

Partition coejicients of the amines. The distribution 
ratio of the amine, Da, in benzene/water system was 
observed as a function of pH of aqueous phase. The 
results for bipy, phen, 5MP, 4,7DMP and 2,9DMP are 
plotted in Fig. 2. The curves show a typical distribution 
profile for a monoacidic base and represented by the 
next equation: 

log Ds = log Km - log( 1 t [H+]/K,a) (8) 

2.0 I 

Fig. 2. Distribution curves of the amines in benzene/aqueous 
phase system. 
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where KHS is dissociation constant of the conjugated 
acid of amine. Analysis of the distribution data based on 
eqn (8) gave log KDs and pKHs (= - log KHS), which are 
listed in Table 1. For 4,7DPP, because of its very low 
solubility in the aqueous phase, the partition coefficient 
was estimated by introducing the distribution ratio at low 
pH and literature value of KHS into eqn (8). 

Data analysis of synergic extraction. The dependencies 
of pH and HTTA concentration on the synergic extrac- 
tion of zinc were examined. The experimental results for 
bipy and phen systems are shown in Figs. 3 and 4. The 
slopes in these figures are close to two in every case and 
this suggests, according to eqn (6), the mole ratio of TTA 
and zinc incorporated in the extracted species to be 2: 1. 

In the synergistic system provided that [S], + [Sl% 
q[ZnA, S, (2--p)+] + m[ZnA,S,], holds, it is expected 

2 . 

B 
0 . 
0 

0. 

-21 
2 3 4 5 6 

DH 

Fig. 3. Correlation between the distribution ratio of zinc and pH 
in the presence of bipy (A) and phen (0); [bipy] = 1.46 x lo-* M, 
[phen] = 3.1 x lO-6 M, [HTTA] = 0.05 M, I=l.OM by 

(Na, H)ClO+ 

0 

2 0 

E -2 

-4 
-4 -2 0 

log tHTTAl,,i,it 

Fig. 4. Correlation between the distribution ratio of zinc and 
initial concentration of H’ITA in the presence of bipy (A) and 
phen (0); [bipy] = 1.46 x 10-j M, [phen] = 3.1 x toe6 M. Aqueous 

phase; pH = 3.85, I = 1.0 M by (Na, H)ClO+ 

from eqn (6) that a linear correlation between log D,, 
and log [S]oinit should be observed and the slope cor- 
respond to the number of S molecules incorporated in 
the adduct complex. But, the rapid increase of the 
distribution ratio observed in Fig. 1 does not show a 
straight line corresponding simply to a limited number of 
amine molecules coordinated to Zn(TTA), in the organic 
phase. Then, to suppress the formation of ZnA,Sz-p’+ 
and ZnA,S,, the synergistic extraction at low pH and 
HTTA concentration than the condition of Fig. 1 was 
examined. The results are shown in Figs. S(a) and (b) for 
phen and 4,7DPP systems, respectively. These figures 
clearly show that the slopes of log DMs vs log [S],.idt are 
close to unity at low pH and low HTTA concentration. This 
means the adduct complex in the organic phase to be 
Zn(TTA),S in these regions. Adduct formation constants 
were obtained, according to eqn (7), from log (D&D& 
log a! vs log [S], plot, where log a refer to the correction 

Table 1. Equilibrium data in synergistic extraction system of Zn-TTA-amine-benzene 

Amine log es * log KDS PKHS 
log K;" 

"M 
a 

log 501 

(cm3 moi -I) 

bipy 8.38 2.03 4.12 5.52 92 4.8gd 

phen 10.2 0.57 5.15 4.41 151 6.36e 

5MP 10.6 1.24 5.35 5.22 165 6.62f 

4,7DMP 10.9 1.49 5.65 5.49 178 6.90' 

4,7DPP 10.3 5.7b 4.84 10.31 243 5.6gh 

2,9DMP 8.15 1.83 6.25 5.88 178 4.1 i 

2,9DM4,7DPP 9.2 (ca. 7.O)C --- ___ 270 __ 

a) 

b) 

Cl 

d) 

Estimated molar volume from VM of phenanthrene (151 cm3' mol -l) and van der Waals 

volume of phenyl (45.84 cm3 mol -l) and methyl (13.67 cm3 mol-I) groups. 

Estimated value from DS at low pH. 

Estimated value based on the linear relationship between log KDS and VM for phen 

derivatives. 

Ref. 5. e) Ref. 6. f) Ref. 7. g) Ref. 8 h) Ref. 9. i) Ref. 10. 
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term in the equation. The correction term for masking 
effect by the amine was calculated by the use of available 
data of formation constant between zinc ion and amine in 
aqueous solution.~‘” Adduct formation constants for the 
seven amines are listed in Table 1 together with other 
equilibrium data. 

DISCUSSION 

Mechanism of the synergistic extraction. The dis- 
tribution ratio of zinc with TTA was extremely enhanced 
by addition of the amines; bipy, phen and its derivatives 
(see Fig. 1). The synergistic effect is expected to be 
caused by a formation of more soluble complex in the 
organic phase than the simple complex Zn(TTA)2. So, 
the determination of composition of the adduct complex 
is necessary in order to elucidate the synergistic extrac- 
tion mechanism. 

On the composition of adduct complex of Zn(TTA)* 
with monodentate base, only Zn(TTA),S complex has 
been reported previously and this is different from the 
cases of Co(TTA)* and Ni(TTA)2, in which Co(TTA)& 
and Ni(TTA),S, were observed.” On the adduct with 
bidentate base, Kassierer and Kertes reported a for- 
mation of Zn(TTA)zbipy complex in benzene/water sys- 
tem.3 Concerning the Zn-phen system, although no 
extraction data was available, some spectral data of 
Zn(‘ITA),phen was reported.12 

In the present study, the adduct complex in the organic 
phase was concluded to be Zn(TTA)2S for every amine 
system. In Fig. 5(a), logDus of phen system decreases 
over lo-’ M amine concentration, through a maximum 
value, with a slope of nearly two with respect to 
log [S]o,init. Since ZnS,” is formed in aqueous phase at 
the higher concentration of amine,6 the slope of -2 
strongly supports the presence of mono-coordinated 
species in the organic phase. The structure of Zn(TTA),S 
is expected to be octahedral from the IR spectral data.‘* 
Then, the adduct formation reaction of eqn (4) will be 
accompanied by a structural change of TTA coordination 
from square planar to octahedral. 

Factors governing the synergistic elifect. To symplify 
the discussion, when the formation of water soluble 
complex in the synergic extraction system is neglected, 
eqn (7) is transformed to, 

D&I%, = 1 + /3J% (9) 

where D&DM is considered as a measure of synergic 
effect. If [S], B [Zn(TTA),S],, [S], is nearly equal to 
[S]o,init/(l t K&). Then, eqn (9) is rewritten by, 

D&DM = 1+ Ps,~[%.d(l + KG). (10) 

When /3JS], B 1 in eqn (9), eqn (10) is simplified as, 

D 
-=& [Slojnit. 

D, 
(11) 

From eqn (11), the order of D&DM for different amines 
can be compared with the order of &,,(l t K;$’ under 
the same initial concentration of amines. This provides a 
general principle that the larger gs,, and KDs of the 
amine is, the greater the synergistic effect occurs. In the 
present systems where @s,1 * 10’ and KDs > 1, the order- 
ing of the synergic effect of the amines is determined 
primarily by B+ 4,7DMP > SMP > 4,7DPP, phen > 
2,9DM4,7DPP > btpy > 2,9DMP. The adduct formation 

-4 I 
-8 -2 

41 I 

I J 

-a -6 -4 -2 
logt4,7opp3,~~ 

Fig. 5. Normal synergistic extraction curves at low pH or at low 
HTTA concentration. (a) Effect of phen: 0, [H’ITA] = 0.002 M, 
pH = 3.8; 0, [HTTA] = 0.05 M, pH = 2.5. (b) Effect of 4,7DPP: 0, 
[HTTA] = 0.05 M, pH = 3.70; 0, [HTTA] = 0.002 M, pH = 3.70; 

A, [HTTA] = O.OCO4 M, pH = 3.70. 

constants obtained for the bidentate amines are larger 
than those for TOP0 (log &,, = 6.2 in Zn-TTA-ben- 
zene13) known as a great synergistic ligand. The large 
adduct formation constant with the amine, especially 
with phen derivatives, may be due to the =N-C-C-N= 
grouping which tends to form five-membered rings with 
the central ion. Of the phen derivatives, 2,9DMP and 
2,9DM4,7DPP give smaller adduct formation constants 
than other derivatives. This is explicable by considering 
a steric hindrance of the methyl groups at 2,9-carbon 
nearest to nitrogen atoms in the adduct formation reac- 
tion. The smaller complex formation constant reported 
for Zn-2,9DMP system in aqueous solution (see Table 1) 
supports this explanation. 

The relative magnitude of ps., for different amines is 
expected to relate to its basicity. It is pointed out that the 
increasing order of logp,,, for different bases cor- 
responds with the increasing basicity of the bases, and 
usually pKHs of the conjugate acid of the base is com- 
pared with log /3s.1.‘4 Comparison of log &.I and pKHs 
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shows only a slight proportionality between them, except 
for 2,9DMP system (Fig. 6a). A satisfactorily linear 
relationship between log fi.., and log &, in Table 1 was 
clearly obtained for the six amines including 2,9DMP as 
shown in Fig. 6(b). The empirical relationship is 
represented as, 

log &., = 1.03 log go, t 3.80 (12) 

where &,, and gO, refer to the formation constants for 
the next relations, 

Zn(TTA)&) t S(o) e Zn(TTA)&) (13) 

Zn*+ t S + ZnS*+. (14) 

Equation (12) clearly shows the parallel relationship be- 
tween the reactivities of amine in organic phase reaction 
of eqn (13) and in aqueous phase reaction of eqn (14). In 
addition, after an appropriate transformation ,3.,, can be 
related to &,, through the next type of equation: 

log /%,I = log PO, + 

12 

11 

10 
z 
e 

$9 

8 

7 

(a) 

04 

5 03 
OO 

2 

0 

1 
0 

6 

3 4 5 6 7 

P&is 

12 

(b) 

ll- 

7 
3 4 5 6 7 8 

‘o&l “0, 

Fig. 6. Correlation of adduct formation constant with basicity of 
amine; (a) log &,, vs p&s and (b) log &I vs log &,. Amines; (1) 
bipy, (2) phen, (3) SMP, (4) 4,7DMP, (5) 4,7DPP, (6) 2,9DMP. 

in which the second term in the right hand side can be 
replaced with exchange-extraction constant, KSCX, 
defined for the next equation, 

Zn(TTA)do) t ZnS” $ Zn(TTA)$(o) t Zn*+. 

(16) 

Equation (15) implies that fl.., is determined by &,, and 
K,‘“/K,; the former reflects the basicity of S and the 
latter the difference in free energy of the processes of 
eqns (3) and (16). It is interesting to note that eqn (15) 
clearly supports the previously reported result that the 
organic solvent giving large KDs is not always favourable 
to adduct formation.15 The values of KS’” were cal- 
culated from eqn (15) as listed in the last column of 
Table 1. 

Comparison of eqns (12) and (15) gives the next rela- 
tion, 

log Ka=” - log KDs = 3.8. (17) 

This relation indicates that the constant term in eqn (12) 
must be compared with log (Ka’“/K,s). 

Energetic consideration on the two processes of the 
partition and the exchangeextraction of amine gives the 
next free energy expression approximately, 

-RT In Km = AG(S), - AG(S) (18) 

-RT In K,‘” = AG(ZnA,S), t AG(Zn”) 

- AG(ZnA& - AG(ZnS*‘) 

t AC,=’ (19) 

where AG refers to energy of solution of a given com- 
pound shown in parenthesis, AC=” to the difference in 
bonding energy of S in eqn (16) in vapor phase and 
subscript o to organic phase. Assuming that the 
difference in number of water molecules hydrated to 
Zn’+ and ZnS*’ is 2, the energy ditTerence of AG(Zn*‘) - 
AG(ZnS”) can be approximated by, 

AG(Zn*‘) - AG(ZnS*‘) = 2AG,, - AG(S,) (20) 

where AG, and AG(S3 refer to the hydration energy of 
Zn2+ per hydrated water molecule and the solution 
energy of the coordinated amine denoted as S,, respec- 
tively. The difference of AG(ZnA,S), - AG(ZnA2), will 
be approximated by, 

AG(ZnA,S), - AG(ZnA3, = AG(ZnA,3, 

t AG(S,), - AG(ZnA3, (21) 

where AG(ZnA,“), is the solution energy of ZnA2 in 
adduct complex. If AG(ZnA,“), = AG(ZnA& is 
assumed, eqn (19) is simplified as, 

-RT In K,‘” = 2AG,, t AG(S,), - AG(S,) 

t AG=“. (22) 

From eqns (18) and (22) the next equation is derived, 

RT In (Ks”“/K& = - 2AG,, + AG(S), - AG(S,), 

- AG(S) t AG(S,) - AG:. (23) 

Assuming AG(S), = AG(S,), and AG(S) - AG(S,) = 
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AGJS) where AGJS) is the hydration energy of the 
nitrogen atoms of the amine, we get the final equation, 

log KS= - log Km = - (2AGh t AG,,(S) 

t AG==)/2.3RT. (24) 

Equation (24) shows that the constant value in eqn (17) is 
due to the hydration energies of zinc ion and amine and 
the bonding energy difference. From eqns (17) and (24), 
we can obtain the value of about -5 kcal/mol for 
(2AGh t AG,,(S) t AGT) at 25°C irrespective of amines. 
The present discussion gives additional suggestion that 
the effect of organic solvent on the adduct formation 
constant will be mainly caused from AG(ZnA2”), - 
AG(ZnA& and AG(S), -AG(S,), which may be 
neglected in the present rough discussion. 

From the present study, it is concluded that synergistic 
ligand having larger PO, and larger K,‘“/K, is more 
promising for the effective synergistic extraction of zinc. 
Further investigation on the relationship developed in 
this study for the various other systems is worthwhile to 
elucidate factors governing synergistic effects. 
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Abstract-The crystal structure of cr-TiAl$ls, the low-temperature modification of titanium(I1) tetra- 
chloroaluminate, has been determined by vibrational frequency correlations and neutron powder diffraction. The 
infrared spectra of (II- and /3-TiAl#s and TiA12Cls~C,,H6 are discussed. 

INTRODUCTION 

A number of divalent transition metal chlorides form 
solid compounds of the composition 1: 2 with aluminum 
chloride. Belt and Scott’ characterized several of the 
MCI,/AICl, (M = Cd, Co, Cr, Cu, Fe, Mn, Ni, Pd and V) 
mixtures by X-ray powder diffraction. Only two com- 
plete crystal structure determinations, however, have 
been performed. Ibers* found that the cobalt atoms in 
CoAl,CI, are octahedrally coordinated and linked 
together by AlCl, units in infinite chains. In contrast, 
CuAl,Cl, consists of discrete molecules with a square 
planar coordination of the transition metaL The same 
conclusion has been reported for PdA12Cls, while 
NiA12C18 is isostructural with the cobalt compound.’ 

Brynestad et aL6 isolated the title compound in two 
different crystal modifications. The high-temperature 
modification, which we denote as /?-TiA12C18, is isos- 
tructural with CoA12CI,. The c-axis is equal to the 
repetition length of the chain in this structure. Since the 
low-temperature modification, a-TiAl& forms needle 

*Author to whom correspondence should be addressed. 

shaped crystals along an axis of half this repetition value, 
it is unlikely that both modifications contain the same 
type of chains. It follows that the a-modification prob- 
ably has a chain with half the repetition length compared 
to P-TiAI,CI,. This model is at variance with the sug- 
gestion of Brynestad et aL6 that the chains are of the 
same kind, but differently stacked. The present study 
was undertaken in order to clarify the situation and give 
further insight into the crystallization and bonding of 
MA12C18 compounds. 

EXPBRMENTAL 

Tbe greenish-blue low-temperature modification of TiAlrCls 
was prepared at 225°C by the reaction between aluminum 
chloride (Fluka, 99%; distilled 3 times) and bits of titanium metal 
wire (Koch-Light, 99.99%, Q = 3 mm) in excess: 

Ti(s) t 4/3AlrCh,(l) = T&l+&(s) t 2/3Al(s). 

To ensure complete consumption of the aluminum chloride, the 
reaction time was about one month. Chemical analysis gives 
12.8% Ti compared to the theoretical value 12.4%. The difference 
may be due to unseparated metal. Green crystals of the high- 

WAVENUMBER (CM-‘) 

Fig. 1. IR spectra of TiAl$&.C& and the two crystal mod&cations of TiirCla. 
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Table 1. Positional parameters with estimated standard devia- 
tions for a-TiAlQ 

Atom X Y z 

Ti 0 0 0 
Al 0.119(7) 0.286( 14) 0.380(9) 
Cl(l) 0.930(4) 0.254(9) 0.253(11) 
Cl(2) 0. M(2) 0.014(10) 0.266(5) 
Cl(3) 0.180(3) 0.543(3) 0.245(9) 
CI(4) O&6(4) 0.210(4) 0.747(8) 

temperature modification were obtained by sublimation of o- 
TiAl$Is over the temperature gradient 230-240°C. Both reactions 
were carried out in sealed quartz tubes. Large, dark violet 
crystals of TiA12Cls~C& were synthesized by dissolving a- 
TiAlsCls in benzene at 70°C with subsequent slow cooling until 
room temperature. 

Spectra of Nujol mulls between CsI-windows were scanned 
with a Perkin-Elmer 580B spectrophotometer. 

Neutron powder diffraction data were recorded by the OPUS 
II diffractometer at the JEEP II reactor equipped with a Ge 
monochromator and a BFs detector. The incident wavelength 
was 1.877 A, step scan size 0.1” and angular resolution Ad/d = 
9.5.10--‘. The specimen was kept in an aluminum cylinder of 
I.D. 12 mm and length 40 mm. 

RESULTS 
The cell constants were obtained from the 28 values of 

78 reflections. With the literature data as starting pointP 
(a = 13.17, b = 14.94, c = 5.982 and p = 90) the 
refinement converged at a = 13.161(3) A, b = 7.477(2) A, 
c = 5981(l) 8, and fl = 90.48(3)“. No evidence was found 
for doubling of the b-axis. From the systematic extinc- 
tions, the space group was determined to be P 2,/a 
(monoclinic). 

The cell parameters strongly indicate a hexagonal 
close packing of chlorine and z = 2 formula units. 
Besides, the spectra (Fig. 1) confirm the assumption of 
chain structures for the (Y- and /&modifications. Taking 
this information into account, only one trial structure is 
consistent with the space group. 

Using the Rietveld least square profile refinement pro- 
gram, we arrived at a final R-factor of 0.061 for the 78 
reflections (R = PIRobs) - I(calc)/CI/ZI(obs)). Because of 
the needle like shape of the powder, it was necessary to 
include a preferred orientation parameter in the 
refinement. Scattering factors were taken from standard 
tables.’ The final positions of the atoms are given in Table 
1. They correspond to an overall temperature factor of 

B = 0.99 A*, scale f. C = 0.65 and half-width parameters 
u = 13852, u = - 1605 and w = 932. A list of observed and 
calculated structure factors may be obtained from the 
authors. Figure 2 illustrates a part of the chain, and a 
stereographic view of the unit cell is shown in Fig. 3. 

DISCUSSION 

The structure may be described as a slightly distorted 
hexagonal close packing of chlorine with titanium octa- 
hedrally and aluminum tetrahedrally coordinated in 
every second layer. The atoms are bonded in such a way 
that they form chains of the type shown in Fig. 4(a), 
parallel to the c-axis. It is clearly seen from the figure 
that the AlCl, tetrahedra are placed on top of each other 
in a-TiAl& while they in ,%TiAl& are rotated + 120” 
about the chain axis from one aluminum layer to the 
next. Thus, the Al-Al repulsions are minimized in the 
latter type. 

The magnitude of the estimated standard deviations of 
the bond distances and angles (Table 2) does not permit a 
detailed discussion of bonding properties. It is evident, 
however, that the bridging Cl-Al-Cl angles are con- 
siderably smaller than the corresponding angles involving 
the terminal chlorine. Such a difference may be 
explained in terms of longer bridging bonds and smaller 
van der Waals radii of bridging atoms. Similar angles 
were observed in CoAl,Cl, and Ct~Al$l,.~~~ 

The cobalt and copper compounds have distances 

Fig. 2. Part of a chain in a-TiA12Cls. 

Fig. 3. Stereographic view of the unit cell of a-TiAlzCls. The unit cell has been translated &JO) compared to the 
positions given in Table 1. The axes are oriented with x horizontally to the right, y inwards into the page and z 

vertical. 
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Table 2. Interatomic distances and bond angles in a-TiAl&%. 
Only the shortest non-bonding distances have been included 

Distances (A) Angles (‘) 

Ti-CI(l) 2.60(6) Cl( I)-Ti-CI(2) 83(2) 
Tiil(2) 2.47(3) Cl(l)-Ti-Cl(4) 89(2) 
Ti-Cl(4) 2.35(4) C](2)-Ti-Cl(4) &1(2) 
Al-Cl(l) 2.61(10) Cl(l)-Al-Cl(2) 88(4) 
Al-Cl(2) 2.17(12) Cl(l)-ALCl(3) 108(4) 
Al-Cl(3) 2.23(11) Cl(l)-ALCl(4) 88(3) 
Al-U(4) 2.38(8) C1(2kAl-Cl(3) 130(4) 

C1(2bAl-Cl(4) %(4) 
C1(3)-Al-Cl(4) 130(4) 

Non-bonding within 
the chain 

Ti-Cl( l)-Al 84(3) 
Cl(2)-Cl(4) 3.23(6) Ti-C(2)-Al 97(3) 
Cl(l)-U(2) 3.35(7) Ti-C1(4)-Al 150(3) 

0 .A 

64 (b) (4 
Fig. 4. Chains of composition (MAl$X& within a hexagonal 
close packing of chlorine atoms. The tetrahedra illustrate AlCh 
units, and the circles indicate the transition metal, M. (a) Present 
in a-TiAlzCls, (b) present in CoAl& and p-TiA12Cls and (c) 

chain type not yet found. 
Between chains 
C1(2)-C1(3) 3.55(8) 
Cl(3)-Cl(4) 3.57(6) 

from aluminum to the terminal chlorines of 2.06-2.11 A 
and to bridging chlorines of 2.15-2.20 A. Compared with 
the present investigation, it seems to be signitkant that 
the Al-Cl(l) bridge bond is longer than those reported 
previously. Further indications of perturbation of the 
ideal coordination polyhedra are found in the TLC1 
distances and Ti-Cl-Al angles. The distortions may 
create a torsional force around the chain axis which may 
be relieved when the structure is changed to the /3- 
modification. 

This conclusion is in agreement with the IR frequen- 
cies summarized in Table 3. All bands between 200 and 
300 cm-’ are assigned to TX1 stretching modes. A 
regular TiCI, octahedron has only one IR active fun- 
damental, situated at -320cm-’ for TiCg-.* This value 
is expected to be lower for a divalent complex with 
chlorine bridges. One strong band in the correct position 
was found for p-TiA12Cls, although some splitting was 
detected (Fig. 1). The observed much more distinct 
splitting for the a-modification is consistent with a more 
distorted structure. 

f3-TiAl,C&, show three strong absorptions at 552,466 and 
344cm-‘. Brinkmann and Gerding’ showed that the 
probably isotructural’ FeAlzC& has three similar bands. 
They attributed bands at 350 and %Ocm-’ to oxide 
contaminations, while a peak at 480 cm-’ was assigned to 
the single infrared stretching mode of an AU, tetra- 
hedron. However, it is shown below that all three 
frequencies nicely are explained by reduction of the 
symmetry. 

The main perturbation of the AlCI, group is from Td to 
Ca, symmetry, since the aluminum atom is attached to 
one terminal and three bridging chlorines. As shown in 
Table 4, the stretching fundamental v,(FJ splits into the 
IR active modes A, and E. Furthermore, the totally 
symmetric stretching vibration, which belongs to A, (Id), 
also is activated. This procedure leads to three IR active 
Al-Cl stretching modes, as observed for both the 
titanium(U) tetrachloroaluminates. The interpretation is 
confirmed by the positions of the fundamental frequen- 
cies for unperturbed AlCl; (in NH,AICLJ:‘O vl(Al) = 
356, Y*(E) = 126, v,(FJ = 485 and v4(Ft) = 184 cm-‘. An 
additional verification of the assignment is found in the 
Raman spectrum. It contains the expected prominent 
peak at 343 cm-’ (d-mod.). 

Very interesting results may be deduced from the Another example which provides further support to 
Al-Cl stretching region. The IR spectra of both a-and the vibrational model, is found in the IR spectrum of 

Table 3. IR frequencies (cm-‘) of titanium(II) chloroaluminates 

o-TiA12Cls /3-TiA12Cls TiA&~C& Mode 

591 w 590 sh 598 sh 
552 s 552 s 554 vs Al-Cl 

504 vs Al-Cl in 
466vs 466vs 442vs 1 

v,(Fr) 

Al-Cl Alc1; 
344 m 344 m 350 m AK1 vc(Ar) 
280 s 256 s 275 sh TLC1 
246 sh 243 s 260 s Ti-Cl 
227 m 209W 209s Tim 

200 sh TLC1 
Mm Cl-Al-cl 

w = weak, m = medium, s = strong, vs = very strong and sh = shoulder. 
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Table 4. Perturbation of the AlCt group from Td to Cz. and 
Cp, symmetries 

C 2u * Tld C 3” 

A2 

B2 
/ 

c 

*Selected irreducible representations. 
- IR active modes. 
- - Raman active modes. 

TiAl,Cl, . C,H,. This compound probably has the molecu- 
lar structure:” 

The symmetry of each AICL group is reduced 
from Td to G, since aluminum in this case is bonded 
to two terminal and two bridging chlorines. It is shown 
in Table 4 that F,(T,) split into A,, B, and 
B2(C& Together with the transformation AI( 
A,(C,,), the correlations lead to four IR active Al-Cl 
stretching fundamentals. They are observed at 350, 442, 
504 and 554cm-‘. The bands in the range 200-3OOcm-’ 
all can be assigned to the Ti-Cl modes of a square 
pyramid distorted from Cd” to C2”. Thus, the proposed 
molecular structure of TiAl,Cl, . CJI, is supported nicely 
by the IR data. 

Finally, it is pointed out that two of the three natural 
arrangements of (MAl,Cl& chains in a hcp lattice now 
have been found (Fig. 4). We suggest that the third one, 
the helix structure, may exist in a crystal stable at 
elevated temperatures. 
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VIBRATIONAL SPECTRA OF (CDs),MX AND NORMAL 
COORDINATE CALCULATIONS FOR (CH&MX AND (CD&MX 

(M = Ge, Sn; X = Cl, Br) 
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(Receioed 18 February 1982) 

Abstruct-IR (4000-30 cm-‘) and Raman (4000-O cm-‘) spectra of (CH&MX (M = Ge, Sn; X = Cl, Br) have 
been recorded, together with those of (CD&MX. By assuming the C rV molecular symmetry, all the active 
fundamentals except an internal torsion have been assigned and normal coordinate calculations have been carried 
out to confirm the proposed assignments by a symmetry force field for (CHj),MX and (CDrhMX. 

INTRODUCTION 
Numerous studies have been reported on the vibrational 
spectra of (CH,)&eX (X = F, Cl, Br, I)lm5 and 
(CH,),SnX (X= F, Cl, Br).69 However, all of them 
relate to the vibrational spectra of the undeuterated 
compounds, thus the normal coordinate calculations for 
these compounds have also been made by using only the 
data of the undeuterated compounds. Further, those 
calculations for (CH3),SnX have been made by assuming 
the methyl group as a point mass.“9 In order to obtain 
the more reliable force constants, it is desirable to carry 
out the normal coordinate calculations for these com- 
pounds by using the vibrational data of (CD,),MX as 
well as those of (CH,),MX, and without assuming the 
methyl group as a point mass. 

The aim of this study is to obtain the vibrational 
spectra of (CD,),MX (M = Ge, Sn; X = Cl, Br) and to 
make normal coordinate calculations by using the vibra- 
tional data of (CH&MX and (CD3)sMX. 

EXPERJMENTAL 
(CH&GeCl and (CH&GeBr were prepared by the reaction of 

(CH&Ge with acetyl chloride in the presence of AQto and by 
the reaction of (CH&GeH with mercuric bromide,” respec- 
tivelv. (CD&GeCl and (CD&GeBr were orenared in the same 
manner; by. using (CD&Ge%d (CD&GdH,‘respectively. The 
crude compounds were purified by trap-to-trap distillation in a 
conventional vacuum line. 

(CH3$InCl and (CD&SnCl were synthesized by the reaction 
of (CH&Sn and (CD&Sn with SnCl.+, while (CHs),SnBr and 
(CD&SnBr were ureuared bv bromination of (CH&Sn and 
(CD$&n, respectively?2 The c-rude compounds were purified by 
sublimation under vacuum. 

The purity of all the compounds was checked by their IR and 
Raman spectra. The spectra of the light compounds were iden- 
tical with those reported in the previous papers.2‘4’6.7 

Infrared spectra in the range 4000-300 cm-’ were recorded on 
a Hitachi 345 spectrophotometer and far-infrared spectra in the 
range 400-30 cm-’ on a Hitachi FIS-III spectrophotometer. The 
spectra for the germanium compounds were recorded in the gas 
phase (path length: IO cm). The spectra for the tin compounds were 
measured in carbon tetrachloride (40&13OOcm-‘), carbon di- 
sulfide (1300-4OOcm-‘) and hexane (400-30cm-t) solutions, by 
using fixed cells (thickness: 0.099 mm in the range m cm-’ 
and 0.5 mm in the range 400-30 cm-‘). 

Raman spectra in the range 4000-O cm-’ were recorded in the 

*Author to whom correspondence should be addressed. 
tPresent address: Hitachi Research Laboratory of Hitachi 

Ltd., Kuji, Hitachi, Ibaraki 319-12, Japan. 
*Present address: Department of Resource Chemistry, Faculty 

of Engineering, Iwate University, Morioka, Iwate 020, Japan. 

liquid state on a JEOL JRS-Sl laser Raman spectrophotometer 
equipped with a NEC GLG 5800 He-Ne laser and qualitative 
polarizations were also obtained. 

RESULTS 
If each methyl group in (CH&MX is staggered to the 

M-X bond and the neighbouring M-C bonds, the mole- 
cule will have a Cx, symmetry. Under this symmetry, the 
24 fundamental modes are divided into eight non- 
degenerate A, vibrations, 12 doubly-degenerate E vibra- 
tions and four non-degenerate A, vibrations. The A, and 
E modes should be active in both the IR and Raman 
spectra and the former modes exhibit polarized bands 
and the latter depolarized bands in the Raman spectrum. 
The A, modes are inactive in both the infrared and 
Raman spectra. The 24 fundamentals can be divided into 
19 modes which are largely associated with motions of 
the methyl groups and five modes which can be con- 
sidered as C,MX skeletal vibrations. Symmetry coor- 
dinates which are used to describe these fundamentals, 
are classified in Table 1. Figures 1 and 2 show the IR and 
Raman spectra of the deuterated compounds, respec- 
tively. Observed fundamental frequencies are listed in 
Tables 2-4. 

The vibrational assignments for the light compounds 
were almost the same as those reported in the previous 
papers.3*4*6 The assignments of the CD, stretching and 
CD3 deformation modes of (CD&MX can easily be 
made, by taking into consideration the isotopic shift and 
the polarization of Raman bands as well as data for 
related compounds.r3 Therefore, the assignments will be 
discussed only on the vibrations except the CD, stretch- 
ing and CD, deformation modes for the deuterated 
compounds. 

There should be one Al and two E methyl rocking 
modes in the region 700-550cm-‘. For (CD,),GeCl two 
infrared bands due to these modes were observed at 656 
and 588 cm-’ in this region. For (CH,),GeC13 and 
(CDJ,GeCF,‘3, two corresponding bands have also been 
observed at 836, 762cm-’ and 660, 595 cm-‘, respec- 
tively, in their infrared spectra. For each compound the 
higher frequency band has been assigned to the overlap 
of the A, mode and one of the E modes. Therefore, we 
assigned the 656cm-’ bands for (CD,),GeCI to the A, 
rocking mode and one of the E modes. Thus the 
588 cm-’ band should be assigned to the remaining E 
rocking mode. For (CD&GeBr these modes were 
observed at 656 and 586cm-’ in the IR spectrum and 
assigned in the same manner as (CD&GeCl. 

For (CDJ,SnCI and (CD&SnBr, the CD, rocking 
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Table 1. Description of the symmetry coordinates for (CHMdX 

Vibrational mode’ 
Coordinate 

Al *2 E 

Stretching (CH31a or (CD3ja S, s9 s13* S14 

Stretching (CH3Js or (CD3js s2. s15 

Deformation (CH3ja or (CD3ja S3 SlO Sl6P S17 

Deformation (CH3js or (CD3js Sq Sl8 

Rocking (CH3) or (CD3) s5 Sll Sl9’ S20 

Stretching (MCI) ‘6 S21 

Stretching (HX) % 

Deformation (MC31 ‘8 S22 

Rocking (MCI) ‘23 
Torsion S12 % 

* Abbreviations used: a, asymmetric; 8, symmetric. 

Table 2. Observed and calculated frequencies (cm-‘) and potential energy distributions for (CH#3eCI and 
(CD&GeCI* 

NO (CH3j3GeC1 (CD3)3CeC1 

II? Raman Calcd PED IR Raman Calcd PED 

1 2985 2998 2993 lOOS, 2242 2239 2231 99S1 

2 2911 2913 2913 99S2 2129 2124 2127 96S2 

3 lL13 1410 1419 96S3 1033 1032 1025 97S3 

4 1251 1253 1255 82S4 14S2 980 972 975 7294 17S2 1156 

5 837 832 846 95s5 656 657 644 92S5 

6 569 576 577 96S6 522 519 512 82S6 12S4 

-I 391 364 391 93s7 390 364 385 90S7 

8 190 194 190 94S8 169 171 170 93S8 

13 2985 2992 2994 87S,3 13S,4 2242 2239 2230 75S13 24S14 

14 2985 2992 2993 87S14 13S13 2242 2239 2231 75S14 24S13 

15 2911 2913 2912 99S15 2129 2124 2128 96S15 

16 1413 1410 1418 90S16 1033 1032 1026 85S16 13S17 

17 1413 1410 1419 88S17 1033 1032 1025 83S17 14S16 

18 1251 1253 1253 82S18 15S15 980 972 977 70S18 17S15 13S21 

19 837 832 84-l 96S1; 656 657 642 91Slq 

20 760 764 768 94S20 588 590 576 90S20 

21 616 620 619 96S21 553 558 550 7352, 13s18 

22 190 194 191 99s22 169 171 169 95S22 

23 172 168 165 100Sp3 144 150 153 98S23 

* The weighted sum of squared deviations. l(iobsd - Acalcd) 
2 

lAobad’ Al. 

1.78 x 10-3; E. 2.75 x 10 -3. Average error: A,, 0.711: E. 0.751. 
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Frequency/cm-’ 

, 
Fig. 1. Gas-phase IR spectra of (A) (CD&GeCI (1870 Pa pressure) and (B) (CD&GeBr (2000 Pa pressure), and 

solution infrared spectra of (C) (CD&SnCl and (D) (CDJ$nBr(-, solution: -----, solvent). 

modes were observed at ca. 600 cm-’ and at ca. 550 cm-’ pear in the region MO-2OOcm-‘. For (CDS)SGeCI three 
in the infrared spectra. Taking the assignments for the Raman bands were observed at 558,5 19 and 364 cm-’ in 
light compound6 and (CD&SnCFXL3 into consideration, this region. Of these bands, the 519 and 364cm-’ bands 
we assigned the ca. 600 cm-’ bands to the overlap of the are intense and strongly polarized, while the 558cm-’ 
A, rocking mode and one of the E modes, and the ca. band is weak and depolarized. In (CHJ,GeCl the 558 and 
550 cm-’ bands to the other E rocking mode. the 519cm-’ bands shift to 620 and 576cm-‘, respec- 

The skeletal stretching vibrations are expected to ap- tively, while the 364cm-’ band remains at the same 

Table 3. Observed and calculated frequencies (cm-‘) and potential energy distributions for (CHMeBr and 
(CD&GeBr+ 

No (C~3)3CeBr (~D3)3CeBr 

IR Raman Calcd PED IR Raman Calcd PED 

1 2983 2988 2990 lOOS, 2238 2240 2228 99S, 

2 2911 2910 2913 99S2 2127 2122 2125 96S2 

3 1413 1407 1419 96s3 1033 1031 1025 9?S3 

4 1248 1249 1252 8334 13s2 919 970 974 7294 15S2 1256 

5 836 828 845 95s5 656 655 643 92S5 

6 569 572 577 9786 520 518 511 a4s6 13~4 

7 283 261 287 71S7 27S8 281 261 278 77S7 19Sa 

a 182 189 178 71Sa 28S7 160 165 162 7758 21S7 

13 2983 2988 2991 a5s,3 15s,4 2238 2240 2227 73S,3 26S,4 

14 2983 2988 2990 85S,4 15S,3 2238 2240 2228 ?3S,4 26S13 

15 2911 2910 2912 99S15 2127 2122 2126 96S,5 

16 1413 1407 1418 91S,6 1033 1031 1026 88S,6 10S,.7 

17 1413 1407 1419 9os,7 1033 1031 1025 86S17 11S16 

18 1248 1249 1250 83S,* 13S15 979 970 976 71S,a 16s,5 13S21 

19 836 828 846 96s,9 656 655 641 93S,9 

20 760 761 767 94s20 586 589 575 9os20 

21 614 618 618 96S2, 553 557 549 ?3S2, 13S18 

22 182 189 182 98S22 160 165 161 97S22 

23 152 151 1oos23 137 138 99S23 

* The weighted sum of squared deviations. l(Aobsd - XcaIcd)2/Aobad: Alr 

1.82 x 10 -3 i E, 2.54 x 10-3; Average error: A,, 0.94%; E. 0.651. 

Poly Vol. I. No. 4-F 
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Frequency I cm-’ 

Fii. 2. Raman spectra of (A) (CD&GeCI, (B) (CD&GeBr, (C) (CD.&Cl, and (D) (CQ,)&rBr in the liquid. 

position. Therefore, the 558 and 519cm-’ bands are spectrum. The 557 and 5 18 cm-’ bands were assigned to 
assigned to the E and the A, GeCn stretching modes, the E and the A, GeC, stretching modes, respectively, 
respectively, and the 364cm-’ to the Ge-Cl stretching and the 261 cm-’ to the Ge-Br stretching mode. 
mode. For (CDS)3GeBr these skeletal stretching modes For the tin compounds, two Raman bands at cd. 
were observed at 557, 518 and 261 cm-’ in the Raman 500 cm-’ and ca. 470 cm-’ are assigned to the E and the 

Table 4. Observed and calculated frequencies (cm-‘) and potential energy distributions for (CH&SnCI and 
(CD&SnCI* 

NO (CH3)pC1 (CD3)$aC1 

IR Raman Calcd PED IR Raman Calcd PED 

1 2987 2997 2995 lOOS, 2241 2247 2231 99S, 

2 2911 2921 2912 9?S2 2118 2121 2117 97S2 

3 1395 1401 1402 9753 1023 1028 1013 97S3 

4 1200 1201 1202 86S4 1os2 926 923 924 7854 12S2 10S6 

5 780 785 786 9695 599 600 590 97s5 

6 515 513 519 99S6 471 469 466 94s6 

7 343 312 344 9as7 343 312 342 97S7 

a 145 142 145 97sa 130 128 130 9asa 

13 2987 2997 2995 a5S13 15S,4 2241 2247 2231 65s,3 34S14 

14 2987 2997 2995 a53,4 15S13 2241 2247 2230 65s,4 34St3 

15 2911 2921 2912 99S,5 2118 2121 2117 97S,5 

16 1395 1401 1402 95S16 1023 1028 1013 93S16 

17 1395 1401 1401 96S17 1023 1028 1014 94.~~~ 

ia 1191 1201 1193 a7sla los,5 926 923 922 77S,a 13S,5 llS2, 

19 780 785 788 97s,9 599 600 587 97slq 

20 722 730 725 97S20 548 550 544 91s20 

21 542 544 548 99s2, 499 498 493 a6s21 

22 1.45 142 147 76S22 24S23 130 128 129 91S22 

23 145 142 141 76s23 24522 130 128 133 92S23 

* The weighted sum of squared deviations. I(Xobsd - icalcd)2/Aobsd: A,, 

1.12 x 10-3; E, 2.23 x io- 3 . Average error: A,, 0.48%; E. 0.85%. 
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A, SnC3 stretching modes, respectively, and Raman 
bands at 312 cm-’ for (CD,),SnCl and at 215 cm-’ for 
(CD,),SnBr were assigned to the tin-halogen stretching 
vibrations, in the same manner as the germanium com- 
pounds. 

The remaining three skeletal bending modes are 
expected to appear below 200 cm-‘. For (CD,),GeCl, two 
Raman bands were observed at 171 and lSOcm_‘. Con- 
sidering the assignments of the light compound, we 
assigned the former band to the A, and E GeC, defor- 
mation modes and the latter to the E GeCs rocking 
mode. For (CD,),GeBr, a Raman band at 165 cm-’ was 
assigned to the A, and E Ge& deformation modes and 
that at 137cm-’ to the E GeC, rocking mode. The 
infrared band due to the E GeC, rocking mode was very 
weak and its frequency is indefinite for (CD,),GeCl, 
while for (CDJ,GeBr no corresponding band was 
observed even at the saturated vapour pressure: it will be 
probably too weak to be observed. 

For (CD,),SnCl, these A, and E SnC, skeletal bending 
modes were not resolved and were assigned to a com- 
mon band at 128 cm-’ in the Raman spectrum. However, 
for (CD,),SnBr two Raman bands were observed at 115 
and 126 cm-‘. In the previous study6 for (CH,),SnBr two 
corresponding bands have been observed at 148 and 

122 cm-‘. The 148 cm-’ band has been assigned to the A, 
and E SnC, deformation modes and the 122cm-’ to the 
E SnC, rocking mode. Therefore, we assigned the 
128cm-’ band for (CD&$nBr to the A, and E SnC, 
deformation modes and the shoulder at 115 cm-’ to the E 
SnC, rocking mode. 

One methyl torsional mode should be expected. 
However, no band ascribable to this mode was observed 
in both the IR and Raman spectra for these compounds. 

NORMAL COORDINATE CALCULATIONS AND DISCUSSION 

Normal coordinate calculations were carried out by 
Wilson’s GF-matrix method on an ACOS 77/900 com- 
puter at the Computer Center, Tohoku University, using 
the iterative least-squares refinements in the same man- 
ner as with an acetonitrile-borane adductr4 and 
(CHJJ4 and (CD&M (M = Si, Ge, Sn, Pb).15 

Molecular parameters used in the calculations were 
based on the microwave data for (CH3aGeCl’6 and 
(CH3,GeBr” and on the electron-diiusion data for 
(CH&SnCl.” For lack of the structural data for 
(CHMnBr, the molecular parameters were transferred 
from (CHMnCl and SnBr,.19 

The least-squares refinements were carried out in 
terms of the symmetry force constants, which were fitted 

Table 5. Observed and calculated frequencies (cm-‘) and potential energy distributions for (CH&SnBr and 
(CDJ$nBr* 

NO (~~313~nBr (CD3)3SnBr 

IR Raman Calcd PED IR Raman Calcd PED 

1 2985 2997 2993 lOOS, 2240 2246 2229 99S, 

2 2909 2920 2910 99S2 2118 2119 2117 9752 

3 1391 1400 1399 97s3 1022 1030 1011 97s3 

4 1200 1201 1202 86~4 11s2 925 922 923 77S4 14S2 

5 780 785 786 96.~5 598 600 590 9755 

b 514 512 518 10056 469 469 465 94S6 

7 237 217 238 8937 llS8 236 215 235 91S7 

a 145 145 143 89Sa llS7 124 126 129 91S8 

13 2985 2997 2993 

14 2985 2997 2993 

15 2939 2920 2910 

16 1391 1400 1399 

17 1391 1400 1398 

ia 1191 1201 1193 

19 780 785 788 

20 721 730 723 

21 540 543 545 

22 145 145 143 

23 120 125 120 

72S13 2aS14 

72S14 2aS13 

99s15 

"'1 b 

9Y 7 

86S18 11s 15 

97s19 

97S20 

99% 

97522 

9as23 

2240 

2240 

2118 

1022 

1022 

925 

598 

546 

496 

124 

IO9 

2246 2229 

2246 2229 

2119 2117 

1030 1011 

1030 1012 

922 922 

600 587 

550 543 

497 490 

126 127 

115 110 

56S13 43s,4 

56S14 43s,3 

97915 

94s16 

95917 

76Sla 13S15 11S2, 

97519 

92520 

a6s21 

9aS22 

9as23 

* The weighted sum of squared deviations, l(hobsd - Xcalcd)2/hobsd: A,, 

1.19 x 10-3, E, 2.33 x 10 -3 . Average error: A,, 0.77%; E, 0.71%. 
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Table 6. Symmetry force constants and their uncertainties* 

(CH3)3GeCl (cH~)~G~B~ (CH3)3SnC1 (CH3)plBr 

(I 0 0 0 

Al Fl 

F2 

F3 

FL 

F5 

F6 

F7 

F8 

F2,4 

F~.6 

E 
F13 

F14 

F15 

F16 

F17 

Fl8 

F19 

F20 

F21 

F22 

F23 

4.765 0.029 4.754 0.029 4.773 0.023 4.766 0.024 

4.660 0.152 4.677 O.l49 4.721 0.116 4.697 0.122 

0.517 0.007 0.517 0.007 0.535 0.006 0.532 0.006 

0.522 0.046 0.513 0.044 0.502 0.035 0.507 0.038 

0.486 0.011 0.485 0.011 0.452 0.009 0.451 0.009 

2.832 0.127 2.844 0.128 2.339 0.073 2.329 0.076 

2.146 0.061 1.608 0.133 1.897 0.072 1.502 0.059 

0.595 0.078 0.649 0.143 0.479 0.045 0.517 0.096 

-0.457 O.l64 -0.434 0.167 -0.390 0.151 -0.413 0.153 

-0.090 0.084 -0.091 0.082 -0.147 0.071 -0.145 0.073 

4.768 0.038 

4.765 0.038 

4.641 0.156 

0.520 0.008 

0.517 0.008 

0.523 0.011 

0.492 0.047 

0.409 0.010 

2.697 0.120 

0.440 0.040 

0.532 0.055 

4.758 0.038 4.773 0.041 4.766 0.035 

4.755 0.038 4.773 0.041 4.767 0.035 

4.663 0.147 4.729 0.132 4.705 0.137 

0.520 0.007 0.535 0.007 0.532 0.007 

0.517 0.007 0.537 0.007 0.534 0.007 

0.513 0.043 0.488 0.039 0.492 0.041 

0.492 0.010 0.460 0.010 0.460 0.010 

0.408 0.011 0.383 0.009 0.382 0.009 

2.697 0.115 2.263 0.085 2.244 0.088 

0.401 0.037 0.300 0.040 0.287 0.032 

0.557 0.061 0.497 0.065 0.439 0.058 

-0.451 0.160 -0.380 0.175 -0.403 0.176 

-0.070 0.071 -0.115 0.073 -0.109 0.075 

F,5 18 -0.478 0.162 

F,8'21 -0.065 0.074 
, 

*The stretching force constants are given in 102 N m-‘, the deformation force constants in 
lo-‘s N m rad-*, and the stretchingdeformation interaction constants in lo-’ N rad-‘. The subscript 
number i in Pi corresponds with that in Si in Table 1. 
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Table 7. Comparison of force constants (lO*N m-‘) and bond distances (nm) 
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Compound f(M-C) r(M-C) f(M-X) r(M-X) 

2.1915) 0.214424' 

2.29') 0.210618) 1.90a) 0.2351'8) 

2.4725) 0.228128) 

2.27a) 1.50a) 

2.0025) 0.24619) 

a) This work. 

to the observed fundamental frequencies, for the two 
isotopic species of each compound, simultaneously. The 
observed frequencies used in the refinements were taken 
from the IR spectra except for the E GeCa rocking 
frequencies for the germanium compounds, which were 
taken from the Raman spectra. The observed frequencies 
were weighted by (l/h). The torsional mode was neglec- 
ted in the E class. In order to improve the fit between the 
calculated and the observed frequencies, it was neces- 
sary to include two interaction constants, v,(CH& 
S,(CHJ interaction and S,(CH&V(C-M) interaction in 
the A, and the E blocks, in addition to the diagonals. 
Calculations were tried including other off-diagonal force 
constants but no reasonable results were obtained. 
Therefore, all the interaction constants, except for the 
above two constants in the A, and the E blocks, were 
constrained to zero in the least-squares refinements. 
Symmetry force constants from the last cycle in the 
least-squares refinement are given in Table 6, together 
with their uncertainties. Calculated frequencies are also 
given in Tables 2-5, together with potential energy dis- 
tribution? expressed as lOOF,,Li~/8FiiL~~* 

The M-C and M-X valence stretching force constants 
calculated from the symmetry force constants are com- 
pared with those of the related compounds in Table 7. 
The M-C and M-X bond distances are also shown in 
Table 7. Although there is only a limited number of the 
data, it is seen from the table that both the M-C and 
M-X stretching force constants progressively increase 
with increasing halogen substitution. This is in agreement 
with what might be expected from the bond distances. 
The same trend of the force constants has been found in 
a series of (CHJ,_,GeF.(n = 0- 4).’ 
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Abstract-A potentiometric and spectrophotometric study of aluminium (III) complexes with methylthymol blue 
has been performed in aqueous solutions. Evidence was found for the formation of 1: 1 and 2:l (metal:dye) 
complexes and it was concluded that protonated and hydroxo complexes of both 1: 1 and 2: 1 complexes were 
formed in addition to the neutral complexes. The formation constants were determined and possible structures for 
the complexes were discussed. 

INTRODUCTION 

Methylthymol blue, 3,3’-bis[[bis(carboxymethyl)- 
amino]methyl]thymolsulphonephthalein (Formula I, 
abbreviated as MTB or H,mtb) has been used as 
an indicator in direct chelatometric determination 
of aluminium’ and also as a sensitive reagent in spec- 
trophotometric determination of aluminium.2-7 Many 
reports have been published regarding both 
equilibria3~5*s-t2 and kinetics’3-‘5 of the Al(II1) complex 
formation with MTB in acidic aqueous media. However, 
nothing has been published for the complexes formed in 
neutral to alkaline media. As to the complexes even in 
the acid solutions, despite the investigations above, there 
still remains uncertainty because of serious discrepancies 
among the conclusions by different authors. As far as the 
compositions of the complexes are concerned, the con- 
clusions may be classified into the two groups: (i) only 
1: 1 (AI: MTB) complex3.” and (ii) both 1: 1 and 1:2 
complexes”* lo, ” . Based on these conclusions, the equi- 
librium 3.5.8. to. t t or rate 13-15 constant of each complex 
formation has been determined. Such discrepancies were 
primarily caused by the use of the reagents of low purity’6. 
Another reason might be for the fact that these 
investigations have been performed only by spectro- 
photometry within the visible range.” 

This paper deals with the results of a potentiometric and 
spectrophotometric study on the equilibria of Al(III)- 
complex formation with MTB in acidic to alkaline media. - - 

previously,” except for preparing test solutions. After the com- 
plex formation of Al(II1) and h4TB had been completed by 
heating the solutions at WC for at least 30 min (the pH’s of the 
solutions were around 2.9, the reagents for the pH buffer and 
ionic strength were added. All the measurements were performed 
at 25 f O.l”C: the ionic strength of the solutions was maintained 
at 0.1 with sodium perchlorate. 

The formation constants of the complexes were calculated in 
the same manner as described previously.‘9 The acid dissociation 
constants of MTB used in the calculations were those determined 
previously’9 (pKi: 12.94, 11.14,6.85,3.04,2.0, and 1.8 for i = l-6, 
respectively). 

RESULTS AND IDSCUSSION 

Complex formation equilibria 
Potentiometric tit&rations of the MTB solutions con- 

taining 1: 2, 1: 1, 2 : 1, and 3 : 1 molar ratios of Al(III) to 
MTB were performed, and hereafter the molar ratios of 
Al(III) to MTB are referred to as l/2, l/l, 2/l and 3/l, 
respectively. The titration curves are shown in Fig. 1, 
together with those for Al(III) alone and for MTB alone. 
The 3/l curve (Curve 6) is the same as the 2/l curve 
(Curve 5) up to a = 6, but this a value up to 9 there is 
another buffer region where aluminium hydroxide was 
precipitated. This region is in the same pH as that of the 
Al(II1) curve at a = O-3, and the extent of this btier 
region over three units of a indicates that there exists 
one mole of free Al(II1) per mole of MTB in the 3/l 
solution and that no more than two Al(II1) ions can 

Cl-l </Q-b cy3 y3 

CH CH 

SO,H 

I MT6 

ExIlmMENTAL. combine with a MTB molecule. Both l/l and 2/l curves 
The MTB was purified using a cellulose column.” The other (Curves 4 and 5) have two inflections: at a = 5 and 6, and 

reagents, apparatus, and procedures were the same as described at a =6 and 8, respectively. One proton in the MTB 
molecule remains undissociated at a = 5 for the l/l solu- 

*Author to whom correspondence should be addressed. tion, and all the available protons of MTB are dissociated 
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0 

Fig. 1. Potentiometric titration curves of MTB solutions con- 
taining various molar ratios of Al(HI) to MTB. a =number of 
moles of base added per mole of MTB. I-Al(II1) alone, 2-MTB 
alone, 3-6-l/2, l/l, 2/l and 3/l solutions, respectively. [MTB] = 

1 x lo-’ mol dmm3 and [Al(III)] is varied. 

at a = 6 for the 2/l solution. This indicates the formation 
of 1: 1 and 2: 1 complexes, [AlHmtb]*- and Al,Hmtb, at 
respective a values. The extent of the buffer region at 
a = 6-8 for the 2/l solution is just twice as much as that 
at a = 5-6 for the l/l solution. These facts suggest that 
each Al(II1) ion in the 1: 1 and 2: 1 complexes is 
hydrolyzed to liberate one proton from the water mole- 
cule in its inner coordination sphere. Thus, formation of 
the hydroxo complexes, [Al(OH)(Hmtb)13- and 
[Alz(OH),mtb]‘-, may be complete at a = 6 and a = 8 in 
the l/l and 2/l solutions, respectively. 

The visible absorption spectra of l/l, 2/l, and 3/l 
solutions at various pH values (pH O-14) were measured 
between 350 and 7OOnm, and those of the l/l and 2/l 
solutions are shown in Figs. 2 and 3. The spectra of the 
3/l solutions were the same as those of the 2/l solutions 
but aluminium hydroxide was precipitated at pH 5-9. The 
variations in absorbances as a function of pH at 588 nm 
for the l/l and 2/l solutions are shown in Fig. 4. The 
spectra of the MTB alone, l/l, and 2/l solutions around 
pH 0 (acidic media of 1 mol dmm3 perchloric acid) were 
the same and had an absorption maximum at 435 nm 
(Spectrum 1 in Figs. 2 and 3) indicating no complex 
formation taking place in such strongly acidic media. 
With increasing pH from 1, a new absorption band 
appeared around 590 nm for both l/l and 2/l solutions 
(Spectrum 2 in Figs. 2 and 3), and either absorbance 
reached its maximum at pH 3-5 (the extent of their pH 
range is sightly wider in the l/l than in the 2/l solution) 
as seen on each curve of variation in absorbance at 

0. 

E 
0” 
i 

0. 

s 

h 

400 500 600 

WovelengthAnll 

Fii. 2. Visible absorption spectra of the l/l solutions at various 
pH values. pH: l-0.26,2-4.53, 3--8.00,4-9.75, 5-12.08, and 

613.66. [MTB] = 1.92 x lo-’ mol dm-‘. 

0 
400 500 600 

Wavelength/m 

Fig. 3. Visible absorption spectra of the 2/l solutions at various 
pH values. pH: 14.13, 2-4.46, 3--8.09, 4-10.12, 5-01, and 

6-13.61. [MTB] = 1.92~ low5 mol dm-‘. 

PH 

Fig. 4. Variations of the absorbances of the l/l and 2/l solutions 
at 58gnm as a function of pH. l-l/l and 2-2/l, solutions, 

respectively. 

588 nm in Fig. 4. These pH regions correspond to those 
for the first inflection points of l/l and 2/l titration 
curves, respectively. This indicates the absorption bands 
around 59Onm being attributable to the complexes, 
[AlHmtb]‘- and Al,mtb, respectively. With further in- 
crease in pH, each spectrum shifted to 513 and 517nm 
around pH 8 and became broad as seen on Spectrum 3 in 
Figs. 2 and 3, respectively. At much higher pH values 
(over 8) both l/l and 2/l solutions showed three 
different spectra as shown on Spectra 4-6 in Figs. 2 and 
3. These spectrum bands were exactly the same as those 
of the MTB alone solutionsl’ at the respective pH’s; 
being attributable to the acid species, H,mtb4-, Hmtb’- 
and mtb6-, respectively. These facts suggest that the 
complexes, [Al(OH)(Hmtb)13- and [Al,(OH),mtb]*-, are 
dissociatecd into AI(O and H2mtb4- over pH 10. 
Two spectrum changes over pH 10 may correspond to 
the successive proton-dissociations from H2mtb2-. 

, NO previous author has pointed out the formation of the 
2: 1 complex. However, the formation of this complex 

1 may be valid because precipitation did not occur in 
the 2/l solution throughout the pH range investigated, 
while one mole of Al(III) ion per mole of MTB was 

1 hydrolyzed and precipitated in the 3/l solution. Some 
authors%8. 1% 11 pointed out the formation of 1: 2 complex. 
However, this is contradictory to the following fact. Two 
inflection points at a = 4 and a = 5 on the l/2 curve 
(Curve 3 in Fig. 1) are just between each first and second 
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intlection points for the MTB and l/l curves. This fact can 
be explained reasonably as indicated below providing 
that a half mole of MTB reacts with AI(ID) and another 
half mole of h4TB remains being free. 

a=o-4: 

i A?’ t i Hotb = i [AlHmtb12- t G H’ 

i Hdntb G= i H,mtb”- + i H’ 

a =4-S: 

i [AlHmtb12- t i H,O = !j [Al(OH)(Hmtb)13- t k H’ 

i H,mtb”- $ ’ 2 H2mtb4- t i H’. 

The results of molar-ratio and continuous-variation 
methods for the Al(II1) complex suggested the formation 
of only 2: 1 complex at pH 4.5 and of only 1: 1 complex 
at pH 8, though both 1: 1 and 2: 1 complexations in either 
media were found by potentiometric titrations. Such 
results have been often observed in sulphonephthalein 
dyes;” one of the explanations for this problem is that 
the 1: 1 and 2: 1 complexes formed in solutions of the 
same pH have absorption maximum at almost the same 
wavelength, such as listed in Table 1. 

Summarizing the discussion, the equilibria of complex 
formations for the AI(DI) and MTB system are indicated 
in Scheme 1. 

The formation constant and A,,, of each complex species 
are summarized in Table 1. 

The 1 I1 or less solution: 

Structures 
The MTB molecule has two chelating groups on each 

side of its large sulfonephthalein nucleus; each chelating 
group reacts with a metal ion independently.m Thus, the 
proton in the 1: 1 complexes, [A1Hmtb12- and [AI 
(Hmtb)13-, may be attached to the amino nitrogen of 
another [his-(carboxymethyl)aminolmethyl (BCA) group 
which is not coordinating to the Al(III) ion, because the 
amino hydrogen may dissociate in more alkaline media.19 
The colour or spectral change of MTB, accompanying 
the proton dissociation or the complex formation, arises 
from the change in the Ir-electronic system in the sul- 
phonephthalein nucleus. Thus, the proton dissociation 
from the phenolic group or the coordination of the 
phenolic oxygen leads to an important change in the 
absorption spectrum.2’ However, the spectral change is 
obscure when groups other than the phenolic one dis- 
sociate the proton or coordinate to metal ion.” Two 
carboxylic groups of the uncoordinated BCA group in 
[AlHmtb12- are considered to be protonated successively 
in acidic media below pH 4, but the change in spectrum 
is obscure. Thus, highly protonated complexes, 
[AH,mtblm3+” with the maximum n-value of 3, may exist 
in strongly acidic media, although appreciable spectral 
changes were not observed. All available protons of a 
MTB molecule are dissociated at a = 6 in the 2/l solution 
(Curve 5 in Fig. 1); this may be explained by the fact that 
the phenolic or quinoyl oxygen and all the donors of either 
BCA group coordinate to an Al(III) ion. 

Evidence was found for the formation of 1: 1 mono- 
hydroxo complexes in the other metal-sulphonephthalein 
or EDTA systems, e.g. {[Cu(OH)sxo]‘-}?’ {[Fe(OH) 
[Hxo)]‘-},~~ and {[Fe(OH)edta]2-}25.26 (SXO or 
Ha- sxo, 3 - [[bis(carboxymethyl)amino]methyl] - o) 
cresolsulphonephthalein; X0 or Hsxo, 3,3’-bis- 
[[his-(carboxymethyl)amino]methyl - o - cresol- 

pH<l pH3-6 PH 6 
A13’ + Hsmtb~[AIH,mtb]~3’“(n = 3 - l)ti[AI(OH)(Hmtb)]3 

pH>lO 
sAl( + H,mtb~s’“(m = 2 - 0) 

The 2/l or more solution: 

pH<l pH 3.5 - 5.5 pH 6 
2A13’ + Hsmtb~Al,mtb~[A12(0H)2mtb]2~~ 

pH>iO 
2AI(OH)4 + H,mtb-s’m(m = 2 - 0) 

Scheme 1. 

Table 1. Formation constants and absorption spectra of Al(M) complexes with MTB at 25°C and fi = 0.1 (NaC104) 

A e x 10 -4 

Reaction Log K -?E 
nm 

-1 1 
cm mol- 1 

A13+ + Hmtb5- = l [AlHn~tb]~- 16.2 587 1.96 

2A13+ + mtb6- ==== 

*A12mtb [A1Hmtb12- + 

26.8 588 4.39 

H+ + *[Al(OH)(Hmtb)j3- = 2H+ + l [A12(OH)2mtb]2- ==Z= + H20 6.7 513 1.97 

A12mtb 2H20 13.8 517 1.95 

*The complexes corresponding to the Amax and E values 
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sulphonephthalein). On the basis of poten- 
tiometric, magnetic susceptibility, NMR, ESR, IR or 
electronic spectral data, {[CU(OH)SXO]~-}*~ and 
{[Fe(OH)edta] -}“,” were found to undergo dimeriza- 
tion to form an hyroxo or 0x0 bridge structure, and the 
monomer and dimer are in equilibrium. Although no 
evidence was found regarding the structure of [Al(OH) 
(Hmtb)13- in the present work, this complex is expected 
to be dimerized with 0x0 or hydroxo bridge. With regard 
to the 2 : 1 hydroxo complex, [A12(OH)2mtb]2-, a possible 

polymerized structure, e.g.[,,, ‘Al.mtb.Al<oH].“- (n 3 

2), could exist, as a result of dehydration (olation) of two 
AI(O ions attached to each side of the sulphone- 
phthalein nucleus, as discussed in detail for 
{[Fe2(OH)2xo]2-}?4 However, a detailed discussion of 
the structures of the hydroxo complexes of the Al(III)- 
MTB system must await further investigation. 
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Abstract-When hydrated nickel (II) chloride reacts with l&crown-6, two products are yielded: NiZC12(H20)s Clz. 
18 C6 (compound I) and 2 NiClr. 2HrO. 18C6 (compound II). These complexes were separately isolated and 
characterized by infrared spectroscopy. The crystal structure of compound I is described. It crystallizes in the 
triclinic system with a = 8$28 (4) b = 9,693 (4). c = 10,616 (4) A, (I =55,74 (3), fi =6i,47 (3), ~=63,62 (3), 
V= 648,l A’, space group Pl. This structure shows an unusual conformation of the 18 crown 6 polyether (all the 
atoms of the crown are divided into two parallel planes separated by 1.1 A) and a Ni2C12(H20)s unit containing the 
nickel atoms in the form of a bridged dinuclear unit. The cohesion of the structure is given by hydrogen bonds 
between the crown ether and the water molecules surrounding the dinickel unit. In a previously reported structure 
involving crown ether the hexa-aquo metal ions were present as monometallic units. 

INTRODUCTION 
In previously described structures of complexes between 
alkali and alkaline earth metal cations and cyclic 
polyethers,‘.’ the metal cation is generally located at the 
centre of the hole. In more recently described complexes 
of actinides and lanthanides3S5 the metal is outside of the 
hole. 

Some structures have been determined for complexes 
of the transition metal cations within the first series. 
Sandwich-type structures are proposed when the metal is 
directly bonded to the crow&‘. Coordinated water 
molecules give more complicated structures in which the 
metal is not bonded to the crown. The cohesion of the 
structure is then give by hydrogen bonds between the 
water molecules in the aquated cation and the crown 
polyether.a’o 

The synthesis of (NiCl,)* 18C6 was briefly described 
by D. de Vosy but the experimental conditions were not 
given in detail. We obtained different reaction products 
using the below-mentioned conditions. So we are giving 
herein the synthesis of two new complexes of hydrated 
nickel (II) chloride with 18-crown-6. The infrared spectra 
of both products are compared with that of the crown 
polyether in the free state. Further, the structure of 
compound I is determined by X-ray diffraction. 

EXPERIMENTAL 

Synthesis of the complexes 
Triethylorthorformate, used by De Vos’ as a drying agent, 

reacts with water to yield ethanol and ethyl formate. According 
to the conditions described, we always obtained compounds 
containing coordinated methanol and ethanol molecules. In all 
cases these compounds were isolated as powders. By varying the 

*Author to whom correspondence should be addressed. 

crystallization conditions we succeeded in obtaining two new 
crystalline complexes as follows: NiC12,6H20 (2.38 g, 10 mmol) 
and 18C6 (2.64g, IO mmol) were mixed in 30 ml of an 
methanol/ethyl formate mixture (5: 1 volume ratio). With the 
addition of dried diethyl ether (about 75ml) the green solution 
became muddy. 

After several days, two different products are obtained: yel- 
low-orange crystals (compound II) which are formed on the 
walls of the reaction vessel and a green oil (compound I) which is 
decanted and slowly crystallized from diethyl ether at room 
temperature. The use of ethyl formate is necessary, but the 
methanol/ethyl formate ratio, if it is between 5: 1 and 2 : 1, does 
not inthtence the nature of the reaction products. 

Table 1 shows the elemental analysis of the separately isolated 
complexes. Both compounds I and II are sensitive to atmos- 
pheric moisture and thus must be carefully stored under an argon 
atmosphere. The slight variations observed between the experi- 
mental and the theoretical values, particularly for compound I, 
are presumably due to the above-mentioned instability of the 
complexes. 

CHARACTERIZATION OF THE COMPLEXES 
IR spectroscopy 

The IR spectra of the compounds are determined by a 
Perkin-Elmer 457 recording spectrophotometer as dry 
nujol mulls between potassium bromide plates. 

X-Ray diffraction 
The cell constants were determined directly on a 

diffractometer and refined from the least-squares fit of 
28, x, Q for 36 high Bragg angle reflections. This gave the 
triclinic lattice 
c = 10.616 (4) Ap 

arameters: a = 8.828 (4), 6 = 9.693 (4); 
; a = 55.74 (3); /3 = 63.47 (3); y = 63.62 

(3)“; V = 648.1 A’. The space group is Pi. 
Data were collected by an automatic CAD-3 Enraf- 

Nonius Diffractometer with MO& = 0.71069 A)Zr 
filtered radiation in the B - 28 scan mode up to 2&,., = 

409 



410 JACQUES JARRIN et al. 

Table 1. Elemental analysis of compounds I and II 

[Ni2C12(H20)s]C12.18C6 
compound I 

2NiC12.2Hz0.18C6 
compound II 

% C H Cl 0 Ni 

Found 21.8 5.9 23.6 31.2* 17.5 
talc. 21.6 6.0 21.2 33.6 17.6 
Found 24.1 5.0 28.5 24.6 21.4 
Calc. 25.7 5.0 25.4 22.9 21.0 

*Calculated by difference. 

50”. The scan range varied according to A0 = 
0.70 + 0.34 tg 8. 1301 reflections with I 2 3c~(I) were used 
for further calculations. The intensities were corrected 
for the Lorentz and polarization factors but not for 
absorption (pAMa = 19.3 cm-‘) 

The structure was solved by direct methods (Mul- 
tan”)-isotropic and then anisotropic full matrix least- 
squares refinement gave R = 0,086. At this stage, alter- 
nate Fourier syntheses and least-squares refinement were 
used to locate all hydrogen atoms. In the last least- 
squares cycles a weighting scheme is used with the form 
w = (325.0-1.857 Fo)-’ for Foc85.0 and w= 
(100.0 to.7 Fo) for Foa 85.0. The final R values are 
R = (211 Fol - IFcll)/ZIFol= 0.045 and Rw= 
(Pw(jFol - IFcl)‘/Zw Fo )“2 = 0.059.t 

The atomic scattering factors were taken from Infer- 
national Tables for X-Ray Crystallography.” The real 
and imaginary parts of the anomalous dispersion were 
taken into account for nickel and chlorine atoms. 

RESULTS AND DISCUSSION 
IR spectroscopy 

The spectra of compounds I and II are compared with 
the one of the pure ll-crown-6 polyether previously 
described by Charpin.13 

As shown in Fig. 1, the absorptions at 3500-3150 and 
1635 cm-’ frequencies are attributed to water molecules 
involved in a complicated set of hydrogen bonds.“’ The 
spectra of both compounds show the characteristic ab- 
sorptions of 18-crownd, but the absorption frequencies 
are slightly displaced, thus proving complex formation. 

The absorptions between 1030 and 1080cm-’ in the 
spectrum of complex II probably indicate a crown ether 
configuration similar to that observed with the free state. 
They are not mentioned in the previously described 
complexes. The spectrum of compound I in the 1250- 
1350 cm-’ frequency range is similar to that of (MnX2)2. 
18C6. 8H20 described by M.E. Farago.” 

X-Ray dijfraction 
This compound presents a chain structure. The 

[Ni2C12(H,0),]2’ and 18C6 groups are alternatively bon- 
ded by hydrogen bonds. Free chloride ions are also 
hydrogen bonded to the water molecules surrounding 
two neighbouring dinickel units (Fig. 2). 

Since the space group is centrosymmetric with one 
[Ni2C12(H20)s]C12.18C6 group in the unit cell, this implies 
that both the ether and the [Ni2C12(HZ0)8]2+ group lie on 
inversion centers (Fig 2). 

tAtomic co-ordinates, thermal parameters and lists of Fo/Fc 
values have been deposited as supplementary material with the 
Editor, from whom copies are available on request. Atomic 
co-ordinates have also been deposited with the Cambridge Crys- 
tallographic Data Centre. 

1600 1666 1466 1200 1000 600 800 406 

Fig. 1. IR spectra of; (a) compound I [Ni2C12(H20)s]ClZ * 18C6. 
(b) compound II 2NiC12. 2H20 * lEC6. 

Fig. 2. Hydrogen bonding. 

The [Ni2C12(H20)s]2+ 
This unit is formed by two edges sharing octahedra 

around Ni with the chlorine atoms at each end of the 
common edge. Four water molecules on each nickel 
atom complete the octahedron. The Ni-Cl distances are 
respectively 2.403 A and 2.420 A, which agree with those 
found in the [Ni2ClJ- ion’6.‘7 No significant variance is 
observed concerning bond angles and distances (Table 2 
and 3). The water molecules are repelled by the Cl 
atoms, with Cl-Ni-0 bond angles higher than 0-Ni-0 
ones (93.3 and 87.1” respectively). All hydrogen atoms of 
the water molecules participate in the hydrogen bonds. 

The hydrogen atoms of the water molecules which are 
not involved in hydrogen bonds with the crown have 
hydrogen bonds with the free chlorine atom (Fig. 2). 

The 18-crown-6 polyether. 
The bond angles and the distances do not differ from 

those usually found in other similar structures.‘3V’b22 On 
the contrary a conformational analysis shows some big 
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Table 2. Interatomic distances in A (the e.s.d.) in parentheses refer to 
last decimal places) 

411 

NCCl( 1) 2.403(2) oc(WC(2) 
Ni-Cl’(l) 2.420(3) oc(W(3) 
Ni-O(1) 2.068(8) oc(2kc(4) 
Ni-O(2) 2.067(7) oc(2XC(S) 
NC0(3) 2.05q6) W3Wl) 
Ni-O(4) 2.07q7) W3W(6) 

C(0-W) 
C(3W4) 
CWX9 

1.433(12) 
1.425(14) 
1.425(12) 
1.432(12) 
1.424(11) 
1.430(14) 
1X35(16) 
1.498(15) 
1.502(14) 

Table 3. Bond angles in @) (The e.s.d. in parentheses refer to last decimal places) 

Cl(l)-Ni-Cl’(l) 85.12(8) Cl’(+Ni-O(4) 176.1(2) 
Cl(l)-Ni-O(1) 93.2(2) o( l)_Ni-o(2) 170.9(3) 
Cl( I)-Ni-O(2) 94.8(2) O( I)-Ni-O(3) 85.q3) 
Cl( I)-Ni-q3) 178.3(2) O(1 jNi-o(4) 85.3(3) 
Cl(lkNi-O(4) 91.9(2) O(2)-Ni-@3) 86.9(3) 
Cl’(l)-Ni-O(l) 92.3(2) 0(2)_Ni-o(4) 90.2(3) 
Cl’( lbNi-q2) 92.5(2) O(3)-Ni-o(4) 87.9(3) 
Cl’( l)-Ni-O(3) 95.0(2) Ni-Cl( I)-Ni 94.88(9) 

c(1)s(2HMl) 109.4(8) Q(2)-c(5W(6) 112.7(8) 
C(2WAl)_C(3) 111.1(7) C(W(6)_0,(3) 115.4(8) 
O,(lW3)_C(4) 108.7(8) C(6)_0,(3tc(l) 112.1(7) 
C(3tW4WA2) 108.5(S) 0,(3)-c(lW(2) 109.5(e) 
C(4HM2W5) 113.2(7) 

0 HI511 

Fig. 3. The 18-crown-6 polyether. 

Table 4. Torsional angles in the crown (0) 

72.6 
- 173.7 

173.3 
-65.4 

- 176.9 
- 75.5 
-56.1 
- 68.4 
177.1 

Fig. 4. Crown viewed perpendicular to the mean plane. 

differences (Table 4). The atoms are not alternately 
above and below the mean plane of the crown. It can be 
described (Fig. 4) as a sequence of five atoms below 
(C(l), C(2), Oc(l), C(3), C(4)), two above (O@), C(5)) 
and two below (C(6), Oc(3)), and the reverse for the 
symmetry related ones. In this way, all the atoms of the 
crown are in two parallel planes, and the distance be- 
tween these planes is 1.10 A (Fig. 4). The crown is 
thicker than in other similar structures. 

The 6 oxygen atoms of the crown have hydrogen 
bonds with the water molecules of the [Ni2C1,(H,0),]*’ 
units (Fig. 2). These bonds are alternately below and 
above the plane of the crown and roughly perpendicular 
to this plane. This may explain the unusual thickness of 
the crown and its peculiar conformation. 

The unusual conformation of the crown ether is 
related to the strong hydrogen network which assumes 
crystal packing in the three directions 

CONCLUSIONS 

The presence of polar oxygenated ligands such as 
water molecules around the metal causes an unfavorable 
competition with respect to crown ether ligation. So, 
18-crown-6, which is a very flexible crown ether, is not 
bonded to the nickel atoms but is hydrogen bonded to 
the aquated cation [Ni2C12, (H20)J?’ The dinuclear 
unit were not observed in the previous reported struc- 
tures of complexes between hydrated cations and crown 
ethers.“” 



412 JACQUES JARRIN et al. 

This investigation shows, once again, that the solvent- 
metal interaction strongly influences the complexing. 

The IR spectrum of compound II is quite different, and 
if suitable crystals are prepared their crystal structure 
will be solved. 
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Abstract-The quantum mechanical “Extended Hiickel Theory” is applied to the electronic structure calculation of 
compounds containing heavy elements like mercury. Di-tertiarybutyl mercury, which deposits elementary mercury 
when irradiated, shows an absorption band at 242 nm (e = 4070). A quantitative discussion of the molecular orbitals 
calculated by the Extended Htickel Method, using a basis set of s-, p- and d-functions was made. The calculations 
indicate that the absorption band at 242 nm is attributed to a charge transfer between the Highest Occupied 
Molecular Orbital (HOMO) and the Lowest Occupied Molecular Orbital (LIMO). It was found to be a symmetry 
allowed transition and its calculated energy is in good agreement with that observed. A quantitative discussion of the 
coefficients of different atomic orbitals of both the HOMO- and LUMO-calculated wave functions and calculation of 
bond orders between Hg- and C-atoms for the ground and first excited states explained reasonably, that it is this 
transition which is responsible for the decomposition of di-tertiarybutyl mercury with the liberation of elementary 
mercury. 

INTRODUCTION 
Di-tertiarybutyl mercury is known to be sensitive to 
light, it absorbs light and decomposes to give the ele- 
mentary mercury and the corresponding alkane. It was 
widely used for many chemical preparations, where 
different light radiation sources are used to initiate the 
reactions.‘.’ 

(CHJX-Hg-C(CH,), --, Z(CH&C’ + Hg. (1) 

The literature pertaining to these reactions concen- 
trated on the mechanisms of these reactions. However, 
no attention has been devoted to determine the proper 
wavelength of radiation that is responsible for the 
decomposition of f-Bu,Hg. This stimulated the authors 
to study this particular point from the quantum 
mechanical point of view. The calculated energy states 
and their corresponding functions with their symmetry 
are the key for this study. 

The Extended Htickel Molecular Orbital Method 
“EHMO”3.4 employing the s-, p- and d-Slater orbitals 
was used to perform this study. 

THEORETICAL BASIS OF CALCULATION 

The EHMO method is based on the solution of the 
Linear Combination of Atomic Orbital Self Consistent 
Field “LCAO-SCF” equation: 

~,(F,,-Es,.)c,.=0 v=L2,...,n (2) 

where Fwy is the Coulomb- or resonance-integral, S,, is 
the overlap integral, E is the energy eigenvalue and C,, 
is the coefficient of atomic orbital. The diagonal matrix- 
elements F,, (Coulomb integral) wig be taken as the 
negative value of the atomic orbital ionization energy, 
Fpp = - I. The out-of-diagonal elements FGy (resonance 

*Author to whom correspondence should be addressed. 

integral), is calculated from Wolfsberg-Helmholtz 
empirical equation? 

F,. =O.SWp, +Fv,P,v (3) 

where k is a constant parameter, having a value between 
1.5 and 2.0. In this study the k-value of 1.68 was used, as 
it gives the minimum total energy. S,, is the overlap 
integral, S,, = J e+$. dr. The functions 4, and 4. are 
the radial part of the electron wave functions, where 
they are a polynom of the radius r, multiplied by an 
exponential function 4 = r”-’ e-‘(Z~s)‘n”, where n is the 
principal quantum number, z is the atomic charge and s 
is a shielding constant.’ The value (z - s)/n is termed the 
orbital-exponent p, and has a value for every atom 
depending on the shielding constant s.* These functions 
have no nodes and are known as the Slater functions.6 

A molecular orbital will be considered as formed from 
a linear combination of all the atomic orbitals over all the 
molecule. 

EXPERIMENTAL 
Di-tertiarylbutly mercury was prepared following the method 

described by Neumann? It was isolated as colourless crystals 
(mp. 58-6O’C) and gave an NMR singlet at 7 = 8.8. The UV- 
absorption spectrum was recorded using n-hexane as a solvent. 
A Perkin-Elmer UV-VIS spectrophotometer 200 was utilized 
with a I cm cell width for a duration not longer than 15 min. 

To perform the calculation, t-Bu,Hg was considered to be a 
linear molecule belonging to the Ds., symmetry group, all the 
angles at the carbon are exactly tetrahedral with bond lengths: 
C-H = 1.09, C-C = 1.54 and C-Hg = 2.07 A.” The minimum basis 
set for atoms taken into consideration were: for the H-atoms, 
only the Is-orbital; for the carbon atoms, 2s-, 2p,, 2p, 2p,; for 
the mercury atom, 6s-, 6p,-, 6p,-, 6p,-, 6d,z, 6d,z_,:-, 6d,,-, 6d,,- 
and 6d,,-orbitals. So a basis set of 59 atomic orbitals was 
considered in the calculations. The ionization energies used to 
evaluate the Coulomb integrals are given in Table 1. The orbital- 
exponents used to calculate the resonance integrals are sum- 
marised in Table 2. 
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Table 1. Ionization energies after Skinner” 

I Atomic orbital I, ev Atomic orbital I, ev 

H (1s) 13.60 % (65) 8.69 

c (28) 21.01 Hg (6~) 3.03 
c (2P) 11.27 Hg (6d) 0.60 

Table 2. Orbital exponents after Slater6 

The calculations were performed with the aid of FORTRAN 
IV computer programme using the IBM 370/l% computer 
system. 

RESULTS AND DISCUSSION 
The UV-absorption spectrum ot t-Bu,Hg gave two 

absorption bands at 216 nm (E = 21804) and 242 nm (E = 
4070). The present study is devoted to the latter band (at 
242 run) which is expected to be responsible for the 
decomposition of the compound under investigation. 
Evidence for this expectation is based on the work of 
Rebbert12 where similar molecular (dialkyl mercury) was 
reported to decompose at 254 nm. 

Having 59 atomic orbitals, the same number of eigen- 
values assigned to 59 molecular orbitals should be 
obtained from Hiickel equation. Also an eigenvector, 
whose components are the coefficients of the atomic 
orbitals, belongs to every eigenvalue. 

In the molecule under investigation, 52 valence elec- 
trons are present. These electrons will occupy 26 mole- 
cular orbitals of lowest energies from (ljs to &. Table 3 
shows the energies and symmetries of the calculated 
molecular orbitals. A transition from the 26 occupied 
molecular orbitals to the unoccupied orbitals is expected. 
However, the probable transition is that from the 
Highest Occupied Molecular Orbital (HOMO) to the 
lowest Unoccupied Molecular Orbital (LUMO). To 
determine the probability of LUMO +HOMO tran- 
sition, their eigenvectors should be thoroughly in- 
vestigated. Table 4 shows the eigenvectors of the HOMO 
($jq) and the LUMO ($g3) molecular orbitals. The 
graphical presentation of these molecular orbitals, based 
on the coefficients in Table 4, for the s- and p-orbitals, 
are shown in Fig. I. This figure shows that tiJi4 trans- 
formed as species AZu of the DXd point group, while $33 
will transform as species A,, 

The direct product of irreducible representation to 
which I+&, dipole moment operator and (LJ., gave rise to a 
totally symmetric representation and consequently the 
LUMO t HOMO is a symmetry allowed transition. The 
calculated coefficients of the s- and d,z- orbitals on 
the mercury atom in $,S (LUMO) are higher than the 
corresponding values for (k3., (HOMO). This means a 
higher electron density on mercury atom in $33 than in 
I,& This increase is consequently associated with a 
decrease in the electron density at the p,-orbital (in the 
direction C-Hg bond). 

The bond order between Hg- and C-atoms was deter- 

Table 3. The molecular orbit& of I-BuzHg, their energies and 
symmetry 

Orbital L/.f mergv, ev Sprnmetry 

1 

2 

31,32 
33 (ImO) 

34 (HOMO) 

35 

36937 

38,39 

40 

41 

42,43 

44,45 

46,47 

48,49 

50 

5r 

52 

53 

54,55 

56.57 

58 

59 

82.744 

68.407 

0 
0 
0 

-02.277 

-04.859 

-10.425 t 5.566 e'J 

-10.547 

-12.970 

-12.986 

-13.818 

-13.830 

-14.286 

-14.315 

-15.089 

-15.324 

-15.495 

-15.734 

-18.183 

-18.329 

-23.741 

-25.969 

-30.902 

-30.909 

sss(4,) 

S PZ 

Fii. 1. Representation of s- and p-atomic orbitals in the mole- 
cular orbitals 4% (HOMO) and I,+~~ (LUMO) according to their 

calculated coefficients. 
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Table 4. Eigenvectors of the molecular orbitals &, and &s given 
for the Hg- and C-atoms only 

the overlap integral. The summation was performed over 
the HOMO and LUMO molecular orbitals. 

Coefficients Coefficients 
For the ground state the bond order was calculated to 

Atom Orbital in 4,s (LUMO) in &., (HOMO) 
be 0.1230, whereas for the first excited state the bond 
order is -0.0232. This indicates that LUMO +HOMO 

1 K3w -0.7674 excitation leads to a transition from a positive value of 

(6pz) 0.0000 bond order which is a bonding state to a negative value 
(6~x1 0.0000 EZ which is antibonding state. 
(6~,) 0.0000 These changes in the electron density on the mercury 
(6&j 0.4837 0.0000 
(6&z) 0.0000 0.0000 

and carbon atoms and this destructive change of the 

(6&-,3 0.0000 0.0000 
bond order indicates the breakage of the Hg-C bond and 

(6&I 0.0000 0.0000 
the consequent decomposition of di-tertiarybutyl mer- 

(6dxJ 0.0000 0.0000 cury. 

2 C(2s) 0.0290 0.1359 RRFRRBNCES 

(2Pz) 0.0366 - - 0.6680 ‘V. Balzani and V. Carassiti, Photochemistry of Coordination 

(2PJ 0.0000 0.0000 Compounds. Academic Press, London (1970). 
(2PJ 0.0000 0.0008 *U. Blaukat and W. P. Neumann, 1. OrganomeraL Chem. 1973, 

3 U2s) 0.0290 - -0.1359 49, 323. 

(2Pz) -0.0366 - 0.6680 ‘R. G. Parr, The Quantum Theory of Molecular Electronic 

I$+ 
O.OOOD 0.0000 

Sfructure. Benjamin, Amsterdam (1964). 

0.0000 0.0008 
‘R. Hoffmann, I. Chem Phys. 1%3,39, 1397; 1%3,4& 2474. 

Y ‘hf. Wolfsberg and L. Helmholtz, I. Chem. Phys. 1952,28,837. 
6J. S. Slater, Phys. Rev. 1930,36, 57. 
‘J. A. Pople and D. L. Beveridge, Approximate Molecular Orbi- 

mined for both the ground and tirst excited states ac- tal Theory. McGraw-Hill, New York (1970). 
cording to the equation: *E. Clementi and D. L. Raimondi, 1 Chem. Phys. 1%7,38,2686. 

9w. P. Neumann and U. Blat&at, Angew. Chem. 1%9,81,625. 
‘“lntemational Tables for X-Ray Crystallography, Vol. III. The 

Kynoch Press, Birmingham, England (1968). 
“H. A. Skinner and H. 0. Pritchard, Trans. Far. Sot. 1953,49, 

1254. 
where bk is the occupation number of the molecular ‘*P E Rebbert and P. Ausloos, 1. Am. Chem. Sot. 1%3, 85, 
orbital, C,, is the atomic orbital coefficients and S,,, is sorra: 

Poly Vol. I. No. 443 
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THE SYNTHESIS AND CHARACTERIZATION OF (UCp,), 
(PYRAZINE) AND [U(MeCp)&(PYRAZINE): 

r-BRIDGED DIMERS OF U’+ 

CHARLES W. EIGENBROT, Jr. and KENNETH N. RAYMOND* 
Contribution from the Department of Chemistry, University of California, and the Materials and Molecular 

Research Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720, U.S.A. 

(Received 14 September 1981) 

Abslrac&The title compounds are formed by the reaction of U(CB&(C,HsO) and U(C6H&(C,HsO) with 
pyrazine (C&NJ and characterized by elemental analysis mass, IR, ‘H NMR and electronic spectra, and by X-ray 
powder patterns. The [U(C6H7)J2(C4HlN2) exhibits anomalous magnetic behaviour that remains under in- 
vestigation. 

INTRODUCTION 
Since the resurgence of interest in the organometallic 
chemistry of the lanthanide and actinide elements in the 
13 yr since the synthesis of uranocene,’ a continuing ques- 
tion has been the role of f-electrons in the bonding in 
these compounds.’ As part of a programme to create, 
examine, and explain structural and magnetic probes of 
this bonding:” we have sought the synthesis of ap- 
propriate dimeric species of uranium for detailed mag- 
netic characterization. A previous report on the synthesis 
and characterization of (YbCp,),(pyrazine) led to the 
conclusion that as low as 4K no spin-pairing took 
pIace.4 The behaviour of pyrazine in d-metal dimers has 
demonstrated that, in the covalent extreme, it can facili- 
tate spin-pairing between the metal ion paramagnets. The 
fact that no pairing was apparent in the Yb complex is 
convincing evidence of the predominantly ionic bonding 
in this compound, consonant with the known core-like 
properties of the 4f shell. 

However, in the early actinides the Sf shell electrons 
make a greater contribution to the chemical environment, 
and so dimeric compounds of uranium have been sought. 
A few other uranium dimers have been reported? but 
their magnetic characterization has not been complete. 
This study represents the completion of the investigation 
of the f-dimer complexes of pyrazine that began with 
(YbCp,k(pyrazine) compound. 

EXPERIMENTAL 
All manipulations were accomplished using a Schlenk or 

vacuum line with high purity Argon or in a Vacuum Atmospheres 
HE-93 glove box with a recirculating oxygen and moisture-free 
Argon atmosphere. Ail solvents were dried by distillation from 
potassium heazophenone ketyl and were degasled prior to use. 
Pyrazine (Aldrich 99 t %) was dried over BaO at 60°C. Infrared 
spectra were recorded on a Perkin-Elmer 597 spectropho- 
tometer, the visible-near IR spectra on a Cary 14M spectropho- 
tometer. NMR spectra on the UCB 250MHz spectrometer. and 
mass spectra on an AEI-MS12 spectromete;. The magnetic 
behavior was measured as described elsewhere.’ Elemental 
analyses were performed by the Microanalytical Laboratory at 
the University of California, Berkeley; or Mallissa and Reuter 
Analvtische Laboratorien. Enaelskirchen. West Germanv. The 
X-ray power patterns were &llected with Cu radiatiou. The 
NaCp(DME)6 (DME is 1, 2dimethoxyethane) and UCl,’ were 
prepared by the literature techniques. Naphthalene was sublimed 
before use: The K(MeCp) was produced by the reaction between 
the diene (after crackinn) and KH in THF Mrahvdrofuran) at 
0°C. 

_. , . 

UCp(THF) and U(MeCp),(THF). To small pieces of sodium 

weighing 0.3Og (13 mmol) in IOOmL THF was added 1.7Og 
(13 mmol) of naphthalene. The resulting dark green mixture was 
stirred at room temperature overnight. It was then filtered 
through a glass frit onto S.OOg (13 mmol) of UC& in 150 mL THF. 
The mixture of green solutions turned immediately to a deep 
purple. This mixture was stirred at room temperature for one 
hour. Next, the NaCp@ME) or KMeCp (39.5mmol) (solution 
and slurry, respectively) in 1OOmL THF was added, the purple 
changing to brown immediately. The mixture was stirred at room 
temperature for another hour, at which time the THF was 
removed under vacuum. Care was taken to retain a slight damp- 
ness of THF. The brown residue was Soxhlet extracted with 
benzene overnight. Next the benzene was removed under 
vacuum and the residue subjected to room temperature vacuum 
for 12 hours to remove the naphthalene. The product thus 
obtained (90% based on UC&) is crystalline. Its composition was 
confirmed by the IR spectrum,* PMR spectrum lfor the methvl- 
ated compound at 21’C in ff-toluene shifts in bppm vs TMS: 
-8.1 (s-7H, 102Hz); -14.5 (s, -12H, 49Hz); -21.4 (8, 
- 8H, 73 HZ)], and elemental analysis. Found: C, 48.91; H, 5.53%; 
U&HssO requires: C, 48.26; H, 5.30%. 

(UCp,h@yrazine). This compound can be synthesized by the 
combination of stoichiometric amounts of UCp,(THF) and 
pyrazine in benzene, toluene, DME, or THF. The blue-grey 
product precipitates immediately upon addition of pyrazine to a 
brown solution of UCps(THF). It is most soluble in THF, but 
only sparingly so. The supematant from a THF preparation, if 
cooled quickly to -78°C and held there for a few days, yields 
black microcrystalline material. This material was used for the 
X-ray powder pattern. Found: C, 43.40; H, 4.07; N, 2.22%; 
U,CJI,N, reauires: C. 43.13: H. 3.59: N. 2.96%. IR snectrum _ -- - - 
(Nujol mull) (cm-‘) 3086, 1422; 1279, 1261,’ 1068, 1018, 660,809, 
782,737,619,602,470. 

Mass spectral data (70 eV) are included in Table I(a). 
The low solubihty of this compound hampered further charac- 

terization. 
[U(MeCp)l],(pyrazine). To a dark brown solution of 

U(MeCp)&T’HF) in toluene was added a stoichiometric amount 
of pyrazine in a small volume of toluene. The color changed 
immediately to a deep blue-black. Stirring at room temperature 
for a few minutes, followed by liltration yielded a very strongly 
colored filtrate. Cooling to - 15°C overnight yielded black crys- 
tals shaped like needles. Found: C. 46.60: H. 4.47: N. 2.72%: 
U2C,,,H~N2 requires: C, 46.29; H, 4.28; N; 2.81%. iR spectrum 
RJuiol mull) (cm-‘) 1420. 1279. 1057. 1048. 1030. 950. 880. 849. 
840;805,770,‘758,742,728, 694, 611; 463.PMR spectrum (20°C; 
&-toluene, 8 ppm vs TMS) - 2.15 (s, 18 H, 9 Hz, Me); - 11.5 (s, 
IIH, lSHz, ring); -13.4 (s, IZH, ISHz, ring); -67.0 (s, 4H, 
15 Hz, pyrazine). 

Mass spectral data (70 eV) are in Table I lb). 
Electronic spectrum (in toluene vs toluene) (MI) 1510, 1360, 

1220, 1180, 1020,910,680. The maxima are quite broad. 
Single crystals suitable for diRtaction studies have not been 
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Table 1 (a). Mass spectrum of (UCP3)2(pyraziae) 

RA (%)a m/c Aseivent e 

0.8 883 %L5X 

1.5 a17 "zL4X 

0.8 620 U2LX 

1.1 514 rn3X 

1.4 512 

15 433 rn3 

16 403 

25 387 

22 368 rn2 

16 338 

23 322 

4 303 In 

72 80 X 

73 66 L 

100 44 

%lative abundance. 

9, - C5H5 and X - C4H4N2. 

Table 1 (b). Mass spectrum of [U(MeCp)3]2(pyrazhe). 

RA (%)a m/e Aeslgllment L 

0.2 966 U2L5X + 15 

0.1 952 "2L5X 

0.7 887 U2L4X + 15 

0.4 a73 "ZL4' 

0.3 726 

0.6 647 

0.7 602 

0.7 568 

2.0 556 m3x 

1.5 523 

30 494 

20 475 a) 

25 431 

88 $15 

40 336 

70 80 X 

100 79 L 

%Rclativc abundance. 

iL - C6H, and X - C4B4N2. 
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obtained. Both this and the previous compound sublime with 
some decomposition at lo-” torr and 120°C. 

DISCUSSION 
The dimeric formulation of these compounds is based 

primarily on: (a) the X-ray power pattern of 
(UCp&(pyrazine); (b) the mass spectra of both com- 
pounds; and (c) the PMR of the methylated compound. 

The crystal and molecular structure of 
(YbCp&(pyrazine) has been determined,’ and consists of 
a dimer located about a crystallographic inversion center. 
Two ytterbium atoms, each with three $-Cp rings, are 
nearly linearly bridged by a pyrazine ring coordinated 
through its nitrogens. Because (UCp&(pyrazine) exhi- 
bits low solubility, and [U(MeCP)&pyrazine) forms 
only thin needles during crystal growth, a single crystal 
X-ray structure of these compounds has eluded us. 
However, it is reasonable to assume that substitution of 
U” for Yb” would lead to isomorphic structures, and if 
so, that powder patterns of the two compounds should 
be quite similar. Indeed this is so, the similarity of the 
patterns extending to the general pattern of the lines and 
their relative intensities. 

The mass spectra of both compounds reveal the 
presence of dimeric species (Table 1). Both spectra con- 
tain several prominent peaks that are not easily assigned, 
but that are included for completeness. The intensity of the 
high-mass peaks in rather low, consistent with the 
decomposition observed during sublimation. In the spec- 
trum of the methylated compound, peaks appear that 
correspond to [I&_,(pyrazine) + 15]‘, which suggests 
that perhaps uranium-methyl bonds are formed in the 
spectrometer. 

The PMR spectrum of the methylated compound in- 
cludes one singlet resonance for the four pyrazine pro- 
tons. This supports the dimer formulation since in the 

monomer the chemical shifts should be two sets of two. 
This spectrum also exhibits resonances one expects for 
the mono-methyl Cp ligands-the methyl groups shifted 
the least, while the inequivalent sets of ring protons are 
shifted more by the uranium ion. 

One use of the liquid helium apparatus is predicated on 
the expectation that any covalent effects would be of 
particularly low energy and necessitate the use of very 
low temperatures. For this reason neither the room tem- 
perature moment nor the temperature dependence of the 
NMR spectrum has been determined. The magnetic 
behavior of the methylated compound has been in- 
vestigated four times. Three times the data indicate the 
compound is only weakly paramagnetic, and that the 
paramagnetism varies slowly with temperature. The 
fourth investigation produced results that suggest an 
abrupt spin-state change at very low temperature. Any 
further interpretation of the magnetic behavior of this 
compound will require further investigation. 
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INTRODUCTION 
Since Allen and Senoff’ reported the first dinitrogen complex of 
ruthenium in 1%5, over one hundred and fifty dinitrogen com- 
plexes have been prepared. Dinitrogen complexes are generally 
formed bv transition metals”. Linke ef oL6*’ have claimed the 
formation of dinitrogen complexes of calcium, strontium and 
barium during the incomplete solvolysis of the corresponding 
metal pernitrides (MjN3 with water, acetic acid and hydrazine. 
The route for the formation of dinitrogen complexes by the 
indirect method5 involves, oxidation of hydrazine, thermolysis or 
acid catalysed decomposition of an azide complex. The source of 
the molecular nitrogen thus appears to be either azide or hydraz- 
ine. So it was thought interesting to see if thermolysis of hydraz- 
ine complexes of metal azides [M(N&(N$.&j which contain 
both hydrazine and azide can give rise to a dinitrogen complex. 
Since, transition metal azide hydrazinates are highly explosive, 
alkaline earth metal complexes were chosen. Thermolysis of 
calcium azide hydrazinate, Ca(N&(NH& and barium azide 
hydrazinate Ba(NJ2(N2H4), did not yield any dinitrogen complex 
probably because the hydrazine was lost initially giving anhy- 
drous metal azides which exploded violently. However ther- 
molysis of magnesium azide dihydrazinate, Mg(Nr)2(NzH&, gave 
a blue coloured compound which showed strong infrared ab- 
sorption -2lOOcm-’ indicating the formation of a dinitrogen 
complex. The object of this communication is therefore to report 
a new route for the formation of dinitrogen complexes by the 
solid state decomposition of metal azide hydrazine complexes. 

EXPERIMENTAL 
Magnesium azide dihydrazinate, Mg(N&(N2H&-I was pre- 

pared by a novel reaction of magnesium metal powder with 
ammonium azide dissolved in hydrazine hydrate (99%). Mag- 
nesium metal dissolves in the solution of hydrazinium azide 
formed metatheticahvs with the evolution of hvdroaen. The 
reaction can be represented as follows: 

_ - 

NH4N3 t N2H4H20+ NzHsNr t Hz0 + NH3 (1) 

Mg” + 2NzHsN3 -$ Mg(N&(NrH& + H2 (2) 

Mg t ZNH.N, + 2N2HB20 
+ Mg(N&(NrH& + 2H20 + 2NH, + Hz (3) 

Magnesium azide dihydrazinate, Mg(N&(NH&-I was 
characterized by chemical analysis (Found: Mg, 14.00; N1,48.97; 
N2H4, 37.03. Mg(N&(NJI.& requires: Mg, 14.11; Ns, 48.75; 
N2Hl. 37.14%). Azide content was determined by ceric am- 
m&&m nitrate solution using N-phenylanthranihc acid as an 
indicator.9 Maanesium content was determined by EIYTA titra- 
tion and hyd&ine by the titration against 0.05 M potassium 
iodate solution under Andrew’s condition.* Infrared spectra of I 
and its decomposition products were recorded as nujol mulls 
using Perkin-Elmer 599 spectrophotometer. UV spectrum was 
recorded using Gary-14 spectrophotometer. Thermal analysis was 
carried out using Stanton-Redcroft TG 750 and IYIA instru- 
ments.” All experiments were done both in air and N2. The 
heating rate employed was 10”C/min. both in TG and IYTA. 

*Author to whom correspondence should be addressed. 

Platinum cups were used as sample holders. Mass spectral 
analysis was done using MS 10 spectrophotometer. 

RESULTS AND DISCUSSION 
Although calcium azide mono- and dihydrazinates are repor- 

ted” there appears to be no mention in the literature about the 
preparation of magnesium azide hydrazinate. Presently we 
seem to have obtained magnesium azide dihydrazinate 
Mg(N3)2(N2H4)2 by the novel method described above. The 
compound has been characterized by chemical analysis and 
infrared spectra (Table 1). The characteristic i.r. absorptions of 
the azideobserved at 208Ocm-‘, 1310 and 64Ocm-’ have been 
assiened.12 Hvdrazine absorutions at 3400.3300.1600.1400.1100, 
%5: 820 and 53Ocm-’ r&e similar to those rep&d for 
M(N21&)2X2.‘3 The ~u_u of N21& appears at 965 cm- Indicating 
the presence of bridged hydrazine. 

Differential thermal analysis (IYI’A) of Mg(N&orIQ shows 
an exotherm at 217°C followed by an endotherm at 350°C. Ther- 
mogravimetry (TG) shows a two step decomposition cor- 
responding to the DTA peaks. The weight loss for the first step is 
51% and 77% for the second step (Table 2). 

The observed weight loss (77%) corresponds to the formation 
of magnesium imide, MgNH (77.18%). The magnesium content of 
MgNH also shows good agreement (Found: 60.85; Cak. 61.85%). 
Ir spectrum of the residue shows characteristic absorptions of 
imide in the region 3700-3100 cm-‘, 86Ocm-’ and 600-300 cm-‘.‘4 
On strong heating MgNH decomposes to Mg3N2 with the evolu- 
tion of ammonia. 

However the focal point of the present investigation is the 
intermediate obtained during the thermal decomposition of 
Mg(N,)2(N2H.&I. The decomposition product after the exo- 
therm at 217°C corresponding to 51% weight loss is blue coloured 
and sensitive to moisture and air. Observed weight loss (51%) is 
in good agreement with the formula Mg(NH&NrII. The in- 

Table 1. IR absorption frequencies of Mg(N&(NrH&-I and 
Mg@JH2)2(N2bII (cm-‘) 

Mg(N&(NrH&-I Mg(NH&Nz-II 

3400 s JN2 asym. stretching 3600s - 
3300 s NH, sym. stretching 3300 w NH, asym. stretching 
2080 s N1--asym. stretching 3200 m NH, sym. stretching 
1600 s NH, bendina 216OsNrN stretching 
1310 s Nj--sym. stretching 
1170 s NH2 twisting 
1080 s NH2 twisting 
%5 s N-N stretching 

of N2Hs 
820 w NH2 rocking 
640 s Ns- bending 
530 s NH2 rocking 
400 m Mg-W stretch- 

ing of N, 
350 w I@-N stretch- 

ing of N$& 

2040 sh N = N stretch& 
1630 s NH2 bending 
1200 s NH2 wagging 
1080 s NH2 twisting 

600 vb NH2 rocking 
400 s Mg-N, stretching 

s-strong, m-medium, w-weak, sh-shoulder, vb-very 
broad. 
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Table 2. Thermal analysis data of Mg(N&(N2H& 

Step 
No. 

1 

2 

Thermogravimetryt 
Temp. % wt. loss 
range Obsd. Reqd. 

25-217 51.00 51.06 

217-350 77.00 77.18 

DTAS 
peak temp. 

217 (exo) 

350 (endo) 

Reaction 

Mg(N&(NzH.& -, 
Mg(NH2)2Nr 
MB(N&(NrH& + 
MgNH 

tTG-N2 atmosphere. 
fAir. 

frared spectrum of II shows characteristic absorptions at 3660, 
3300,3208, 1630, 1200, 1080,600 cm-’ have been assigned similar 
to those reported for M(NH&. I*” The absorptions at 2160 (s), 
2040 (sh) cm-’ and 410 (s) cm-’ have been assigned to r+.+u and 
+ix._N1 respectively (Table 1). Presence of N3- in the residue 
which is known to show vn_u 21OOcm-’ as in the parent com- 
pound is ruled out by the qualitative analysis of the residue (-ve 
test with FeCl, solution; no blood red colour) as well as absence 
of N3- IR bands at 1310 and 640 cm-‘. Chemical analysis of the 
residue showed the presence of Mg2+ (Found: 28.59; Calc. 
28.84%) and amide. Acid hydrolysis of the residue gave am- 
monium salt (tve test with Nessler’s reagent). The blue 
coloured compound showed an absorption at 24Onm in UV 
spectrum. On further heating Mg(NH,),(N,) decomposes 
350°C with the evolution of ammonia and nitrogen to 
magnesium imide, MgNH. Evolution of NH3 and Nr was 
confirmed by the mass spectrometric analysis of the evolved 
gases at above 350°C which showed peaks at m/e = 14,15, 16,17 
and 28. 

It is not surprising that the thermolysis of Mg(N&(N#& 
yields Mg(NHz)zNz since the hydrazine moiety is known to 
disproportionate to amide and coordinated nitrogen. 
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COMMUNICATION 

REACTIONS OF LANTHANIDE ELEMENTS WITH THALLOUS 
CYCLOPENTADIENIDE-A NEW ROUTE TO 

CYCLOPENTADIENYLLANTHANIDES 

G. B. DEACON*, A. J. KOPLICK, and T. D. TUONG 
Chemistry Department, Monash University, Clayton, Victoria 3168, Australia 

(Received 15 January 1982) 

Abstract-The cyclopentadienyllanthanides, (&H&Yb, (CJH&H&Yb(dme) (dme = 1,2-dimethoxyethane), and 
(C,H&M(thf) (M = Sm or Nd; thf = tetrahydrofuran) have been obtained from reactions of ltithanide elements 
with thallous cyclopentadienide, and (&H&Yb has been prepared by oxidation of (C5H5kYb with TI(&Hs). 

Transmetallation reactions between lanthanide elements 
and di(organo)mercurials provide a convenient synthesis 
of organolanthanides in which the organic group contains 
electron withdrawing substituents.‘-3 This route does not 
appear attractive for cyclopentadienyllanthanides, since 
bis-(cyclopentadienyl)mercury has low thermal and un- 
satisfactory storage stability,4 and since the effect of the 
fluxional ql-cyclopentadienyl groups of the mercurial’ 
on transmetallation is uncertain. The readily prepared 
and more stable thallous cyclopentadienide’j is a more 
attractive reagent, and we now report that cyclopen- 
tadienyllanthanides can be prepared by reaction of lan- 
thanide elements with this compound. Although thallous 
cyclopentadienide is commonly used in the synthesis of 
cyclopentadienyls by reaction with metal halides,6 reac- 
tion with free elements is novel. 

Details of some reactions of thallous cyclo- 
pentadienide with lanthanide elements are given in Table 
1. With an excess of metal, which enhanced reaction, 
samarium and neodymium gave tris-cyclopentadienyls) 
whereas ytterbium gave divalent species [eqn (1); 

M t nTl(CIH5) + (CSHJnM t nT1 (1) 

M = Sm or Nd, n = 3; M = Yb, n = 21. Reactions were 
carried out in the presence of a little metallic mercury, 
which was not necessary for reaction to occur but 
reduced the induction time. After filtration of the reac- 
tion mixtures to remove suspended metals, the products 

*Author to whom correspondence should be addressed. 

were isolated by evaporation to small volume and ad- 
dition of petrol (M = Yb) or. by evaporation to dryness 
(M = Sm or Nd). The resulting compounds (Table 1) 
were identified by analysis, infrared absorption charac- 
teristic’** of q5-cyclopentadienyllanthanides, (C,HJ,M’ 
(n = 1 - 3; M = Sm or Nd) ions in the mass spectra of the 
(C,H&M(thf) complexes, and a ‘H NMR resonance in 
agreement with that reported’ for (&H,),Yb. 

Monitoring the ytterbiumlthallous cyclopentadienide 
reactions by visible/near IR spectroscopy (see9 for 
background) has shown that tris-(cyclo- 
pentadienyl)ytterbium is formed as an intermediate [eqn 
(l), M = Yb, n = 31 and is then reduced to bis-(cyclo- 
pentadienyl)ytterbium (eqn 2) by the excess of metallic 
ytterbium used (Table 1). To this stage it has not been 
possible to isolate (C,H,),Yb from transmetallation in 
preparatively useful 

2(CsH,),Yb + Yb-*3(CsH&Yb (2) 

yield even with adjusted stoichiometry. However, reac- 
tion of equimolar amounts of (C,H,),Yb and TI(&H,) in 
tetrahydrofuran at room temperature for 10 h, followed 
by filtration, evaporation to dryness, and sublimation 
gave tris-(cyclopentadienyl)ytterbium (32%) (eqn 3), 

(CSH&Yb t Tl(&HJ + (C5H&Yb t Tl & (3) 

which was identified by visible/near infrared spectros- 
copy’ and (C5H5),Yb’ (n = 1 - 3) ions in the mass spec- 
trum. Thus, transmetallation (1) and the oxidation (3) 
provide convenient halide-free routes to cyclo- 
pentadienyllanthanides. 

Table 1. Reactions of lanthanide metals with thallous cyclopentadienide in tetra- 
hydrofuran (thf) or 1,Zdimethoxyethane (dme) 

Tl(CsHs) Solvent Temp Time Yield’ 
Metal mg at mm01 ml (“C) (h) Product* (%) 

Yb 14.2 8.66 dme45 85 16 (GH5kYb(dme) 42 
Yb 13.3 6.39 dme30 25 120 
Yb 13.8 8.55 thf50 65 

GHskYb$dme) ; 
72 (c~H~)~Y~ 

Sm 16.0 1.39 thf30 65 (C&kSm(thfI 59 
Nd 11.2 5.99 thf50 65 : (&H&Nd(thf) 42 

“Reactions were carried out under dry oxygen-free nitrogen in the presence of 
mercury (ca. O.lg). *Compounds were isolated and manipulated under purified 
nitrogen. ‘Based on Tl(C5Hs). dAfter drying the product at MO-150°C under vacuum 
for 2 h; the thf solvate is unstable? 
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A KINETIC STUDY ON THE AMMONOLYSIS OF 
TRIMETAPHOSPHATE 
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Ahatraet-The rate constants for the ammonolysis of trimetaphosphate in aqueous solution were determined by 
measuring the disappearance of trimetaphosphate by use of high-performance liquid chromatography (HPLC). The 
rate of the reaction was of first order in the concentration of trimetaphosphate. It was found that metal cations 
added increased the reaction rate. The activation energy and the activation entropy were determined to be 
13.6 k&mole and about -25 eu, respectively. 

INTRODUCTION 

It is well known that small cyclic phosphates such as 
trimetaphosphate, P3,,,, react with various amine com- 
pounds to open their rings and form phosphorus- 
nitrogen compounds in aqueous so1ution.‘-4 Even though 
new compounds which contain a P-N bond in their 
molecules have been synthesized by utilizing these reac- 
tions,S7 fundamental consideration on the reaction 
mechanism has not sufficiently been made up to the 
present. This may be due to the lack of the analytical tools 
available for characterizing the reactions. HPLC 
developed in our laboratory allows us to separate and 
determine these phosphate compounds speedily and rou- 
tinely.“‘O By use of the HPLC device, a kinetic study was 
carried out in order to determine the reaction rates of the 
fundamental reaction, i.e. ammonolysis of Pa, to form 
monoamidotriphosphate, MATP. 

EXPERIMENTAL 

Chemiculs. Trisodium trimetaphosphate trihydrate, 
NasPsOg*3Hz0, was prepared according to the literature.” The 
purity was checked by the HPLC to be higher than 99%. Other 
reagents used in this study were of analytical grade. 

iVMR measurement. A Hitachi Model R-20B hi resolution 
NMR spectrometer operating at 24.3MHz for “P was used. 
Analyses were performed in 8 mm spinning sample tubes at 25°C. 
85% orthophosphoric acid in a 1 mm capillary inserted in the 
sample tube was used as an external reference. Chemical shifts are 
reported positive downfield from the standard. For adequate 
signal-to-noise ratios, it was necessary to limit measurements to 
relatively high concentrations (higher than 0.1 M as P). 

HPLC analysis. A Hitachi 635 liquid chromatograph was used 
for the separation of phosphates. The separation column (42.6 x 
500 mm) was packed with an anion exchanger (TSKGEL, IEX- 
220 SA). A -portion of the efauent was introduced to the 
AutoAnalyzer detector in order to monitor continuously the total 
phosphate concentration in an e&rent. Details of the chromato- 
graphic system have been described previously.a’o Potassium 
chloride solution of an appropriate concentration was used as an 
eluent for isocratic elution. Each elueat contained 0.1% 

*Author to whom correspondence should be. addressed. 

EDTA .4Na (PH 10.7) in order to obtain a well-resolved chroma- 
togram with Rood reproducibility. The retention times and the 
areas of the peaks were determined and recorded automatically 
with a Shimadzu Chromatopac C-RlA data processor. 

Rate measurement. The kinetic experiments were conducted at 
temperatures between 10 and WC in a thermostated bath con- 
trolled within ?O.l”c. The pH of the reaction mixture solution 
was between II and 12. Both ,‘P NMR measurement and the 
HPLC analysis are available for the quantitative kinetic study. In 
this study, “P NMR measurement was carried out in order to 
identify the reaction products and the rate constant deter- 
mination was performed mainly by HPLC. In order to separate 
P3, and MATP by HPLC, 0.5 M potassium chloride solution was 
used as an eluent. 100-~1 portions of the reaction mixtures were 
withdrawn at proper time-intervals and were poured into IOO-ml 
measuring flasks containing an ice cold eluent. The flasks were 
surrounded by water at 0°C. This procedure “freezes” the reac- 
tion at the noted time intervals. lOO-pl portions of the diluted 
sample solution were applied to the column. Good linearity was 
found for the plots of the peak area vs the amount of P3, or 
MATP. The slopes of both the plots were consistent with each 
other. 

RRWLTS AND DISCUSSION 

The mixed solution of sodium trimetaphosphate 
(0.28M) and ammonia (4.9M) was allowed to stand at 
30°C for 30 hr. 3’P NMR spectrum of the mixed solution 
Rave doublets at -0.2 and -5.2ppm, attributable to the 
end POINHl and the end PO3 phosphorus atoms res- 
pectively, and a triplet at -20.5 ppm attributable to the 
middle PO3 phosphorus atoms. The chemical shifts of 
the signals are consistent with the values of MATP in the 
literature’. Since the areas of the signals corresponding 
to each phosphorus atoms were found to be equal, it was 
concluded that the mole ratio of each phosphorus atom 
was equal to each other. This indicates that P3, reacts 
with ammonia to form MATP predominantly in these 
experimental conditions. The mixed solution was 
analyzed by HPLC using 0.21 M potassium chloride 
solution as an eluent (Fii. 1). For comparison purposes, 
the chromatogram of a mixture of orthophosphate, PI, 
diphosphate, Pz, and triphosphate, P3, is also shown. 
Since no peak appeared at the peak positions of PI, or 
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Retention time, min 

Fii. 1. Elution profiles of (a) monoamidotriphosphate and (b) a 
mixture of ortho-, di- and triphosphate. 

Pt. it was concluded that ammonolysis reaction of 
MATP to diphosphate and diamidomonophosphate’ did 
not occur in these experimental conditions. 

A solution of P3, whose pH was adjusted to be c11. 12 
by adding sodium hydroxide was allowed to stand at 
50°C for 12hrs. By the 31P NMR measurement and the 
chromatographic analysis, formation of P3 was not 
detected, which excludes the possibility of hydrolysis 
reaction of P3, under the present experimental con- 
ditions. 

The “P NMR spectra of the mixed solution indicated 
the progress of the reaction. In order to determine the 
reaction rate accurately, HPLC analysis was carried out. 
In Fig. 2, representative elution patterns for the am- 
monolysis of PJm are shown. The rate of disappearance 
of P3, can be expressed as a first order equation with 
respect to a concentration of P3,,,, I&,, because the 
initial ammonia concentration, C&,, is much higher 
than Cp,,. 

dC% 
-- = k . CP,, 

dt (2) 

where k is the pseudo first-order rate constant depending 
on concentration of ammonia and temperature. Equation 
(2) can be rewritten as 

where C”,,, is the initial concentration of P3, in reaction 
solution. Since the concentration of P3, was determined 
by measuring the peak area of the chromatograms, the 
ratio C,,,/CO,,, can be calculated from the peak area 
ratio. 

The data for the ammonolysis of P3,,, were in ac- 
cord with eqn (3) as shown in Fig. 3. The rate constants 
thus obtained are summarized in Tables l-4 together 
with the results of all the kinetic experiments. For all the 

03- 

o MATP 

15 20 25 30 20 25 20 25 20 25 

Retention time, men 

Fig. 2. Elution patterns for the ammonolysis of trimetaphos- 
phate. c”P,m = 0.28 M, c”,,, = 4.9 M. 

-06- \ . 
I 

0 50 100 150 

Time, min 

Fig. 3. The first-order disappearance of trimetaphosphate in 
aqueous ammonia at 30°C C”,,m = 0.28 M, C& = 4.9 M. 

experiments, the reaction was followed for at least one 
half-life. 

Efect of ammonia concentration. Figure 4 shows the 
relationship between the rate constant and the concen- 
tration of ammonia. Since the reaction was expected to 
be of first-order in the concentration of ammonia, 
linearity was expected for the plots of k vs C”,,,. 
However, as can be seen from Fig. 4, the rate constant 
does not always increase with an increase in ammonia 
concentration. This phenomenon should be attributed to 
the change in the property of the solvent. Water as 
solvent may play an important role in this reaction. 

Efect of cations. When ammonia concentration is kept 
constant, a higher value of C”,,, leads to a greater rate. 
This phenomenon indicates the catalytic effect of sodium 
ions in the sample. In Table 2, the rate constants are 
shown, where sodium chloride of various concentrations 
was added to the reaction solution. It is obvious that the 
rate constant increases with increasing sodium ion in the 
reaction solution. Sodium ions are known to bind the 
trimetaphosphate anions to form ion-pairs’**“. Ion-pair- 
ing may change the water structure around the tri- 
metaphosphate anions and/or may decrease the negative 
potential near the anions, which may facilitate approach 
by nucleophile, NH3. 

In order to compare the catalytic effect of cations, the 
same amounts of chloride salts of several monovalent 



A kinetic study on the ammonolysis of trimetaphosphate 421 

Table 1. Summary of rate data (I) Table 4. Summary of rate data (IV) 

Run CiH3(M) Pun co (MI kx103 (ml"-') 

1 0.98 0.028 1.46 

2 2.94 0.028 3.04 

3 4.90 0,028 3.52 

4 6.86 0.028 3.40 

5 8,82 0.028 2.98 

6 10.8 0.028 2.70 

7 12,7 0.028 2.46 

8 0.98 0.11 2.06 

9 2.94 0.11 4.53 

10 4.90 0.11 5.64 

11 6.86 0.11 5.76 

12 8.82 0.11 5.30 

13 10.8 0.11 5.01 

I4 0.98 0.28 3.09 

15 2.94 0.28 7.35 

16 4.90 0.28 9.54 

17 6.86 0.28 9.99 

18 8.82 0.28 9.99 

Temp. = 30°C 

Table 2. Summary of rate data (II) 

RUtl CNaC1(M) CNo (M) kx103 (ml"-') 

19 0.33 0.41 6.82 

20 0.83 0.91 11.5 

21 1.51 1.59 18.8 

CO 
%I 

= 0,028 M, CiH3 = 4.9 M, Tem~. = 30°C 

'NOCl : Concentration of sodium chloride added. 

'Na : Total concentrotlon of sodium fan, 

Run Co CM) 
P3m 

&,(M) CN(l(M) Tem.l'Cl kx103(ml"-') 

25 0.28 0 0.84 IO 1.75 

26 0.28 0 0.84 20 4.19 

27 0.28 0 0.84 40 17.0 

28 0.28 0 0.84 50 35.7 

29 0.028 0 0,084 10 0.68 

30 0.028 0 0.084 20 1.60 

31 0.028 0 0.084 40 7.32 

32 0.028 0 0.084 50 14.4 

33 0.028 0.83 0.91 10 2.31 

34 0.028 0.83 0.91 20 5.08 

35 0.028 0.83 0.91 40 22.6 

36 0.028 0.83 0.91 50 43.7 

CO 
NH3 

= 4.9 M 

Fig. 4. Plots of rate constant vs. ammonia concentration 
C”,,. (M); (a) 0.28. (b) 0.11. (c) 0.028. 

Table 3. Summary of rate data (III) 

RUfl Salt* kx103(mln-‘) 

22 LiCl 14.8 

20 Nat1 11.5 

23 KC1 10.5 

24 (CH314NCI 0.99 

Co 
'3m 

= 0.028 M, CiH3= 4.9 M, Temp.= 3O'C 

l Concentrotian of salt added was 0.83 M. 

cations were added to the reaction system (Table 3). The that by adding tetramethylammonium ions to the system, 
order of the rate constant was found to be (CHs),N+ < 
K’ < Na+ < Li’, which is consistent with the order of 

the reaction was inhibited. One of the possible explana- 
tions is the decrease in the stability constant of sodium 

the stability constants of the ion-pairs. It should be noted trimetaphosphate ion-pair with increasing ionic strength. 

1 
8 - -25 

Fig. 5. Arrhenius’ plots for the ammonolysis of trimetaphos- 
phate. Cu. (hi); (a) 0.91. (b); 0.84. (c) 0.084. 
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Table 5. Activation parameters for the ammonolysis of tri- 
metaphosphate 

CNO(M) E,(kcol/male) AS* (eu) 

a) 0.91 13.6 -24 

b) 0.84 13.6 -24 

C) 0.084 13.6 -26 

CO 
NH3 

= 4.9 M 

Activation parameters. The influence of temperature 
on the reaction rate is shown in Fig. 5 and Table 4, and 
the activation parameters obtained are listed in Table 5. 
Activation energies, E., were constant in spite of ap- 
preciable variation in the concentration of sodium ion. 
This may indicate that only one kind of activated com- 
plex may participate in the process. Since the formation 
of NaP,Pi- complex has been reported, the stage that 
NaPSO$- is attacked by ammonia molecule may be the 
transition state. 

Use of the value of AS* has been suggested by Long as a 
criterion for the role of water in hydrolysis reactions.14 
Small values of AS* about zero are expected for unim- 
olecular reactions. Larger negative values, generally -15 
to -30 eu are expected for bimolecular reactions. AS’ 
values for this reaction are about -25 eu which may 
indicate the bimolecular mechanism. 
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CHARGE TRANSFER SPECTRA, KINETICS AND 
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Ah&net-The importance of Ir-backbonding in the pentacyanoferrate(II) complexes of thioamides has been 
demonstrated by a systematic study on the electronic spectra, kinetics and equilibrium, and on the electrochemistry 
of the thiourea (tu), thioacetamide (ta) and dithiooxamide (dto) derivatives. The complexes exhibit a characteristic 
absorption band at 305 run (tu), 367 nm (ta) and 550 nm (dto), which was assigned to a metal-t&and charge 
transfer transition involving the thioamide group. The kinetics of formation of the complexes starting from the 
aquopentacyanoferrate(I1) ion, and of substitution reactions in the presence of dimethyl sulphoxide or isoni- 
cotinamide, were consistent with a dissociative mechanism. From cyclic voltammetry, the E’ values were 
evaluated as 300 mV (tu), 405 mV (to) and 520 mV (dto), while the pKa of the coordinated cyanides in the 
complexes were respectively, 2.56, 2.38 and 2.13. The trends in the thermodynamic parameters of the iron(H) 
complexes followed the acceptor properties of the ligands; however, they were reversed in the oxidized state, 
where the major role is played by o and z-donor interactions. 

INTRODUCTION 

Among the cyan0 complexes of the transition metals,’ 
the pentacyanoferrates are probably the most well 
behaved series suitable for systematic studies of struc- 
ture and reactivity. Because of the n-donor properties of 
the Fe(CN),3- group,* a special affinity is expected for 
unsaturated bases, as in the case of ruthenium(I1) am- 
mines.3 Consequently, the study of charge transfer in- 
teractions becomes essential to understand the chemistry 
of [Fe(CN),L]“- and related complexes. 

In this work, we have investigated the role of ?T- 
backbonding in cyanoiron complexes of thiourea, 
thioacetamide and dithiooxamide in aqueous solutions. 
These thioamide ligands have been selected because of 
their expected differences of acceptor properties: and of 
their interest in analytical’ and biological chemistry.6 
Thiourea was already known to coordinate to the pen- 
tacyanoferrate(II) ion.778 However, for comparison pur- 
poses, it was found necessary to repeat and extend the 
previous work in order to include a detailed analysis of 
the electronic spectra and to evaluate fundamental 
thermodynamic and electrochemical parameters. 
Dithiooxamide has been used’ in the presence of the 
amminepentacyanoferrate(I1) complex as a spot test 
reagent for transition metal ions. In spite of this im- 
portant application, little has been known about the 
nature of the dithiooxamide complex. Also, to our 
knowledge, no complex of thioacetamide with the pen- 
tacycnoferrate(I1) ion has ever been reported in the 
literature. 

EXPERIMENTAL 

The complex NapFe(CNbNHJ.3H20 was prepared from 
sodium nitroprusside (Carlo Erba), as described in the lit- 
erature.” Lithium per&orate was prepared from perchloric 
acid (Merk) and lithium hydroxide (Fisher) or lithium carbonate 
(Carlo E&a). The solid &as recrystaIlized several times from 
alkaline solutions to remove iron(III) impurities, then from acidic 
solutions to eliminate carbonate ions, and finally from a neutral 

*Author to whom correspondence should be addressed. 

solution. Dithiooxamide was recrystallized from ethanolic solu- 
tions; thioacetamide and thiourea (Baker) were used as supplied. 
Isonicotinamide was recrystallized from aqueous solution, after a 
treatment with activated charcoal. Dimethyl stdphoxide and other 
reagent grade chemicals were used as supplied. 

The solutions of the complexes and of the ligands were always 
freshly prepared, with argon saturated, deionized water. In the 
case of thioacetamide (a possible carcinogen) the solutions were 
previously filtered to remove traces of colloidal sulfur present in 
the samples. The thioamide complexes were prepared in solution, 
from the amminepentacyanoferrate(II) complex, in the presence 
of a large excess of the free l&and. When concentrated solutions 
were required (e.g. 10-3hJ), the free ammonia was neutralized 
with acetic acid. Attempts of isolating the thioamide complexes as 
solids by evaporating the solutions under vacuum, or by adding 
ethanol in the presence of sodium iodide, produced oily materi- 
als. After drying under vacuum, with calcium chloride, they 
convert into hygroscopic solids of very difficult manipulation. 
For this reason, all the experiments were carried out with the 
complexes directly prepared in aqueous solution. The oxidized 
thioamidepentacyanoferrate(II1) complexes were generated by 
careful titrations with sodium hexacMoroiridate(IV)). 

The electronic spectra of the complexes in the visible and 
near-UV region were recorded on a Gary-14 spectrophotometer, 
fitted with thermostatted cell compartments. The measurements 
were carried out under argon, in the presence of an excess of the 
ligands, to prevent the dissociation of the complexes. The ab 
sorption of the free ligands in the UV region was compensated 
with a blank, under identical conditions as the sample. 

The kinetics of formation of the thioamide complexes were 
investigated with a Durrum model D-110 stopped-flow apparatus, 
equipped with a Kel-F flow system. The aquopentacyanofer- 
rate(H) complex was generated at concentrations smaller than 
lo-’ M, by dissolving the appropriate amount of 
Na,Fe(CN)rNHs.3H20 in argon saturated water. The ligand 
solutions, containing 0.20141 lithium perchlorate, were always 
freshly prepared under argon, and kept in the dark. The kinetics 
were monitored at 440nm for the thiourea and thioacetamide 
complexes, and at 550 nm, in the dithiooxamide case. A possible 
source of error influencing the kinetics of formation of the 
substituted pentacyanoferrate(II) complexes is the contribution 
of the starting Fe(CN)sNH,‘- ion which becomes less dissociated 
as the pH increases. This kind of effect may be responsible for a 
gradual shift of the intinite time absorbance, but can be mini- 
mized by using Guggenheim’s method,” for a thst order 
behavior.‘* This also eliminates the contribution of dimeric spe- 
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ties which can be present in the solutions of the aquopen- 
tacyanoferrate(I1) ion.” The thiourea complex is air sensitive, 
and the presence of oxygen may be another source of error. The 
hydrolysis of the thioamides is also critical, specially at high pH. 
The kinetics of dissociation of the complexes were investigated 
in the presence of dimethyl sulphoxide or isonicotinamide, with a 
Cary-I4 spectrophotometer. The solutions were transferred and 
mixed up with thermostatted syringes. 

Cyclic voltammetry measurements were carrried out with a 
Princeton Applied Research Corporation instrument, consisting 
of a 173 potentiostat and a I75 universal programmer. A carbon 
paste electrode was employed for the measurements, with 
Ag/AgCl (I FJ KCI) as the reference electrode, using the con- 
ventional Luggin capillary arrangement to minimize the ohmic 
drop. A platinum wire was used as the auxiliary electrode. 

RESULTS AND DISCUSSION 

Electronic spectra 
The electronic spectra of a number of thioamides have 

been examined by Persson and Sandstrome4 In addition 
to a weak band associated to a n + r* transition (Table 
1) there is a strong band at 235, 260 and 305 nm in 
thiourea, thioacetamide and dithiooxamide, respectively. 
These bands have been assigned to a IT + B* transition, 
reflecting the trends in the energies of the empty, low 
lying n* orbitals centered on the thioamide chromo- 
phore. On the other hand, the characteristic spectra of 
pentacyanoferrate(I1) complexes containing u-donor 
ligands (e.g. Fe(CN)SNH33-) consists of a ligand field 
band, of moderate intensity (c = 200 - 450 M-’ cm-‘) in 
the visible-near UV region, and of a strong absorption 
below 240 nm associated to a d, + p,,, iron-to-cyanide, 
charge transfer transition. 

In the thiourea complex, the ligand transitions are 
superimposed to the strong metal-to-cyanide CT bands in 

the ultraviolet region. The R+ g* transition can be 
detected as a shoulder at 240nm in the thioacetamide 
complex, and as a peak at 300nm in the dithiooxamide 
analog. The ligand field band can be seen at 407 nm in 
Fig. 1, for the thiourea complex. It is supported by 
Gaussian analysis, around 400 and 395 nm, in the 
thioacetamide and dithiooxamide complexes, respec- 
tively. In addition to the internal transitions in the ligand 
and in the pentacyanoferrate(I1) moiety, there is a new 
band appearing at 305, 367 and 550nm in the tu, ta and 
dto complexes, respectively. 

The new band is relatively strong. Its energy is very 
sensitive to the substituent at the thioamide group, and 
correlates linearly with the energies of the 1~+ g* tran- 
sition of the ligands. This and other observations to be 
described, support a charge transfer assignment, involv- 
ing the highest occupied orbitals of iron(H) and the low 
lying, empty s* orbitals of the thioamides. 

The calculated oscillator strengths, assuming a Gaus- 
sian behavior for the charge transfer bands, are shown in 
Table 1. By assuming a simplified MO function, like 

Q = (1 - fY2)“*~yp. t dP\vL 

it is possible to estimate the resonance integral, B, in 
terms of the perturbation theory,14 according to the 
equation 

The values of a were obtained from the oscillator 
strengths data,” by using an approximate Fe-L distance 
of 2.5 A. The calculations show that the charge transfer 

Table I. Spectral data of thioamides and of substituted pentacyanoferrate(I1) and (III) complexes 

Free Ligands 

n - ?I*, Xmax(lOg E) B 

* + n*, Xmax(log EG 

Thioamide Thioacetamide Dithiooxamide 

280 (2) 327 (1.71) 483 (1.34) 

242 (4.11) 266 (4.10) 312 (4.05) 

210 (3.63) 

II'll*‘ x max(log ES 

Fe (CN) (thioamide 1 3- 
5 

235 (4.08) 260 (4.01) 305 (3.96) 

LF, 'A+(l), Amax (log E) 407 (2.60) 4OGt2.6) 395 (2.70) 

CT, Tag, h,,(log E) nFe 305 (3.11) 367 (3.30) 550 (3.35) 

Oscillator strength, P 0.037 0.045 0.070 

Resonance integral,B(lO cm -3 3 4.2 4.3 4.5 

Fe(CN)5(thioamide) 2- 

CT, x ma,(log E) nL+nFe, 595 (3.4) 565 (3.4) 560 (3.3) 

2) in ethanol, ref. 4, 2) in water 2.) Gaussian analysis 
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Fig. 1. Electronic spectra of thiourea, thioacetamide and dithiooxamide complexes of pentacyanoferrate(I1). 

interaction increases from thiourea to dithiooxamide, and 
provide a good comparison of the acceptor properties of 
the ligands. 

The ligand field band observed in the pentacyanofer- 
rates can be assigned to the ‘A, + ‘E(1) transition, in 
analogy with the related complexes reported in the lit- 
erature.16 The energy of this transition is a function of 
10 Dq and of the tetragonal distortion parameter, Dt, 

Er.++_o~ = 10 Dq - (35/4)Dt - C 

Dt = $ (Dscr.~ - Dq,). 

Since Dqo, is nearly constant, the relative energies of 
the ligand field transition in a series of [Fe(CNhL] com- 
plexes express the magnitude of Dq associated to the 
ligand L. In this way, the thioamides should be placed 
after imidazole and methionine, in the spectrochemical 
series, NO’ > CO > CN- > dmso > P(GH& - SO,‘- > 
A&H,), > Sb(C,H& > pyrazine > pyridine > 
imidazole - S-methionine > dto > NH,R - ta - tu>H,O. 

Despite their electron acceptor properties, the 
thioamides actually provide a very weak ligand field 
strength. The situation seems rather anomalous, and may 
be a consequence of the presence of filled r-orbitals in 
the thioamides, interacting with the metal d, orbitals. 

This kind of interaction has been detected in the oxidized 
pentacyanoferrate(II1) complexes with n-donor ligands, 
like “J* SCN- and N3-. The main evidence is a strong 
absorption band in the visible, associated to a ligand-to- 
metal, charge transfer transition. The pentacyanoferrate 
complexes with the thioamides possess a deep blue color 
in the oxidized state, with a strong absorption band at 
560 nm (dto), 565 nm (ra) and 595 nm (tu). Analogously 
to the complexes previously reported in the literature, we 
have assigned it as a charge transfer transition from the 
highest occupied s orbitals of the thioamides to the d,, 
orbitals of the pentacyanoferrate(II1) ion. 

Kinetics of substitution 
The formation of the thioamide complexes from the 

aquopentacyanoferrate(I1) ion was observed to take 
place according to a first order kinetics for at least three 
half lives, in the presence of excess of the ligand. The 
reaction can be represented by 

Fe(CN)sH203- + thioamide + 

Fe(CN)S(thioamide)‘- t HzO. 

The typical dependence of the observed rate constants 
on the ligand concentration can be seen in Fig. 2. From 
the slope of those linear plots we have obtained the 
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Fig. 2. Observed rate constants of formation of the pentacyano- 
ferrate(I1) complexes of thiourea, thioacetamide and dithioox- 
amide, versus the concentration of the ligands, at 2YC, p = 

0.100 M lithium perchlorate, [Fe(CN)sH,O]‘- c 5 x lo-’ hJ. 

specific rates of formation of the complexes, at several 
temperatures, as shown in Table 2. 

For the thiourea complex, previous work’ has raised 
the question about the magnitude of the pKa of the 
coordinated water molecule in the Fe(CN)5H203- ion. 
Because of some inconsistent results in that work, as 
discussed by Davies and Garafalo,” we have also 
repeated the thiourea kinetics in order to invalidate 
definitely the proposed values of pKa of 7.86 for the 
[Fe(CN)5H20]3- ion. Our typical results for Lb, at pH 
3.6, 8.8 and 11.0 (25”C, p = O.lOOM lithium perchlorate, 
[tu] = 9.9 x lo-’ M) were essentially identical, namely 
1.92, 1.95 and 1.95 s-l. This kind of behavior is con- 
sistent with the work of Davies and Garafalo.‘g In ano- 
ther parallel study, using dimethyl sulphoxide as the 
ligand, we demonstrated that bb3 does not depend on the 
pH, over the pH range 5-13. The specific rates (in M-’ 
s-l) in that case were 382 (pH 5.6), 382 (pH 6.80), 379 
(pH 8.80), 378 (pH 11.9) and 382 (pH 13). In acidic 
solutions, however, there was a systematic decrease of 
the specific rates, for instance, 310 (pH 3.23), 187 (pH 
2.5) 58 (pH 2.0) and 11.4 IS-’ s-’ (pH 1). The cause of 
this variation is the protonation of the cyanides?“” with 
a pKa around 2.50. 

According to our results, the pKa of the coordinated 
water molecule in the [Fe(CN)SH20]3- complex should 
be higher than 13. There are many reasons to believe that 

Table 2. Specific rates of formation and dissociation of pentacyanoferrate(II) complexes of thioamides” 

kfP 
M-'s." (T, I$ kd, s 

-1 
(T, UC 

thiourea 8.2 x 10 (288.1) 4.4 x 1O-3 (283.1) 

1.27 x lo2 (293.1) 7.0 x 10-3 (286.1) 

1.94 x lo2 (298.1) 1.26 x 1O-2 (290.1) 

2.79 x lo2 (303.1) 2.04 x 1O-2 (294.1) 

4.4 x 102 (308.1) 3.30 x 1o-2 (298.1) 

thioacetamide 1.64 x lo2 (293.1) 5.4 x 1o-4 (288.1) 

2.71 x lo2 (298.1) 1.18 x 1O-3 (293.1) 

3.85 x lo2 (302.1) 2.84 x lO-3 (298.1) 

5.7 x lo2 (306.1) 6.1 x 1O-3 (303.1) 

9.1 x 1O-3 (306.1) 

dithiooxamide 1.75 x lo2 (288.1) 5.5 x lo-4 (288.1) 

2.80 x lo2 (293.1) 8.2 x 1o-4 (291.1) 

4.6 x lo2 (298.1) 1.22 x 1O-3 (293.1) 

6.7 x lo2 (303.1) 1.85 x 1O-3 (295.1) 

1.08 x lo3 (308.1) 2.70 x 10 -3 (298.1) 

5.4 x 10-3 (303.11 

1.14 x 10-2 (308.1) 

a) 0.100 E lithium perchlorate b) second order rate constants, 

measured at 440 nm (tu, ta) or 550 nm (dto),[Fe(CN)5H203-]65x10~5~ 

5 observed rate constants at the saturation point. 
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Table 3. Activation parameters of formation and dissociation of pentacyaaoferrate(II) complexes of thioamides” 

433 

thiourea thioaoetamide dithiooxamfde 

(kJ.mol-') 60 65 65 

AS; (J.mol-l.deg-') 0.8 21 22 

AHi (kJ.mol-') 88 106 108 

(J.mol-'.deg-l) 21 64 70 

a) 0.100 M lithium perchlorate. 

the pKa of the complex cannot be as low as 7.86. For 
example, this value is smaller than the pKa of the 
oxidized [Fe(CN)5HzO]2- complex, namelp 8.4. By 
lowering the oxidation state, one would expect an in- 
crease of pKa accompaning the loss of acidity of the 
metal ion. This point is also supported by a comparison 
with pentaammineruthenium complexes,3 which are 
closely related to the pentacyanoferrates.’ Considering 
that the pKa of the Ru(NHl)sH203+ complex increases 
from 4.1 to 13.1 in the lower oxidation state, a pKa as 
high as 17 would be expected for Fe(CNkH203- ion. 

The activation parameters associated to the formation 
of the thioamide complexes are shown in Table 3. The 
activation enthalpies around 65 kI . mol-‘, and the small, 
positive activation entropies are typical of substitution 
reactions in the aquopentacyanoferrate(I1) ion with neu- 
tral ligands. Dithiooxamide reacts twice as faster than 
thiourea or thioacetamide, because of the statistical 
effect associated to the presence of two coordinating 

groups in the molecule. The fact that the specific rates 
and the activation parameters are practically independent 
on the nature of the ligand is consistent with a dis- 
sociative mechanism, as in most reactions of the cyano- 
ferrates in aqueous solutions.“S 

The dissociation of the thioamide complexes can be 
conveniently investigated in the presence of dimethyl 
sulfoxide or isonicotinamide, which form stable com- 
plexes with the Fe(CNk3- ion. The reaction can be 
represented by 

Fe(CN)5(thioamide)3- + dmso + 

Fe(CN),dmso3- + thioamide. 

By working with a constant, excess amount of the 
thioamide @and, the kinetics of @and exchange were 
typically of fhst order, with a saturation behavior of k,,,,, 
vs the concentration of dimethyl stdfoxide, as shown in 
Fig. 3. This hind of behaviour can be interpreted in terms 

0 I 2 3 4 J 6 + 

[ dmso, isonic. ] (I&) 

Fig. 3. Observed rate constants of substitution in the pentacyanoferrate(II) complexes of dithiooxamide (0 0 0) 
and thioacetamide (000) vs the concentration of dimethyl suifoxide and isonicotinamide, respectively. The 
internal figure refers to the substitution in the thiourea complex by the dimethyl sulfoxide lid. at 25°C and 

p = O.lO!l &I lithium perchlorate. 
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of the dissociative mechanism, 

k-r. 
Fe(CN)5(thioamide)3- w Fe(CN)s3- + thioamide 

*L 

Fe(CNb- + Hz0 & Fe(CN)5H203- 

Fe(CN),3- t A & Fe(CN),A3- 
k-A 

where L is the thioamide ligand, and A is the attacking 
ligand. 

The rate law for this mechanism can be expressed by 

- d]Fe(CN),L3-I = d[Fe(CNbA3-] = k,,,dt 

were 

kobs = k-~ . k,[Al + k . k-AIL1 
k,[Al+ kL1 ’ 

The saturation profile of kobs in Fig. 3 is generated by the 
terms involving ka[A] which predominate over the cor- 
responding k,[L] terms, as the concentration of A in- 
creases. In this case, one can see that k,+ approaches 
k+, which is the rate constant of dissociation of the 
thioamide ligand from the complex. 

The experimental values of k+ at several tem- 
peratures are shown in Table 2. By carrying out in- 
dependent kinetics in the presence of isonicotinamide 
instead of dimethyl sulphoxide, we have observed that LL 
does not depend on the nature of the attacking ligand. It 
was also possible to fit the experimental plots shown in 
Fig. 3, with the specific rates of formation of the thioami- 
des and the dmso or isonicotinamide complexes, and the 
corresponding rates of dissociation previously reported 
in the literature.” The activation parameters shown in 
Table 3 are comparable to those of pentacycnoferrate(I1) 
complexes of aromatic N-heterocycles2’26 and amino- 
acids,27*28 exhibiting analogously an isokinetic behavior 
between AH* and AS’. 

For some pentacyanoferrate(I1) complexes of aromatic 
N-heterocycles, a limiting dissociative mechanism have 
been postulated” based on the corresponding volumes of 
activation. Considering that our activation parameters 
are similar to those obtained for those complexes, and 
that there is a general tendency of correlation29 between 
AS’ and AV#, it seems reasonable to extend the 
mechanism to the present work. 

From the rate constants of formation and dissociation 
of the thioamide complexes, one can obtain the stability 
constant, Ku, and the thermodynamic parameters AHIr 
and A& shown in Table 4. The trends in Ku parallel the 
?r-backbonding stabilization predicted by the analysis of 
the charge transfer spectra. Dithiooxamide, which is 
more effective than thiourea in delocalizing the s-elec- 
trons of the pentacyanoferrate(I1) group, also forms the 
most stable complex. 

Electrochemistry 
The electrochemistry of the pentacyanoferrate(I1) 

complexes of the thioamide was investigated in aqueous 
solution, and 0.10 M KCl, using cyclic voltammetry. Of 
the several electrodes which we have tested, the best 
results were obtained with a carbon paste one. Platinum 
or gold electrodes exhibited only poorly reversible 
waves, and may be susceptible to the adsorption of the 

sulphur containing ligands, present in high excess in solu- 
tions. 

Typical cyclic voltammograms can be seen in Fig. 4 
for the thioacetamide complex, as a function of pH. The 
electrochemical behavior was practically reversible, fol- 
lowing closely the Randles-Sevcik equation, with the 
ratio of anodic and cathodic peaks very close to one. The 
half wave potentials, measured at the center of the 
anodic and cathodic peak separation, are shown in Table 
4. Within the experimental error, they can be taken as 
the formal potentials for the complexes, since the 
diffusion coefficients of the cyanoferrates do not vary 
substantially with the oxidation state.30 

The results shown in Table 4 indicate that the 
dithiooxamide complex is the most resistant to oxidation, 
with an E” of 0.520 V vs NHE. In contrast, the thiourea 
complex can be easily oxidized (E@ = 0.300 V vs NHE), 
even by air, to deep blue [Fe(CN),(tu)l’- product. The 
electrochemical data parallel the kinetics and spectral 
properties, reinforcing the conclusion that d,,-backbond- 
ing should play an important role in the chemistry of the 
thioamide complexes. 

By lowering the pH, we have observed that the com- 
plexes can be protonated reversibly, producing anodic 
shifts in the cyclic voltammograms, as shown in Fig. 4. 

.4 
+ 

3 .2 .I 0 -.I -.2 

V (VI Ag/Ag CII 

Fi. 4. Cyclic voltammograms of the pentacyano(thioacetamide) 
ferrate(I1) complex, at lo-’ M. 0.10 M KCI, 25°C. scan rate = 
I00 mV . se’, obtained with a &bon paste, electrode. The pH is 
varying from 4.16 (a) to 0.92 (k). The internal figure shows the 

plot of El,2 vs pH for this complex. 
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Table 4. Thermodynamic parameters of pentacyanoferrate complexes of thioamides in aqueous solution’ 

K II (M-l) 

AH (kJ.mol-') 

AS (J.mol-'.deg-'1 

E*'CV, "s NHE) 

AH* (kJ.mol-') 

AS* (J.mol-l.deg-l)b 

K III& 

AH (kJ.mol-') 

AS (J.mol-'.deg-') 

pKa 

Thiourea 

5.6 x lo3 

-2.8 x 10 

-2.0 x 10 

0.300 

-5.7 x 10 

-9.5 x 10 

9.2 x 104 

-4.0 x 10 

2.33x lo2 

2.56 

Thioacetamide 

9.7 x 104 

-4.1 x 10 

-4.4 x 10 

0.405 

-7.3 x 10 

-1.15x lo2 

2.7 x lo4 

-3.7 x 10 

2.14.x lo2 

2.30 

Dithiooxamide 

1.6 x lo5 

-4.3 x 10 

-4.8 x 10 

0.520 

-7.6 x 10 

-8.7 x 10 

4.6 x lo2 

-2.8 x 10 

1.47x lo2 

2.13 

a) 25.0 OC, y = 0.100 fi b) experimental reaction entropy of redox 

couple (Szed - S&l measured by using nonisothermal electrochemical 

cell with the reference electrode held at a fixed temperature. It 

can be related to the overall cell reaction 1 

by adding 20.5 eu32, or 85.7 J.mol-'.deg-'. Ox + ' H2 -red + H+ 

[(CN),Fe(thioamide)]‘- + H’(aq) K. 

[HNC(CN),Fe(thioamide)]‘-. 

The dependence of the redox potentials on the pH is 
illustrated internally in that figure. The initial curve, of 
slope - 0, intersects the second curve possessing a slope 
close to the theoretical value of 0.059, at a pH cor- 
responding to the pKa of the complex.3’ The values of 
pKa obtained in this way are shown in Table 4. As one 
would expect, the basicity constants increase from the 
dithiooxamide to the thiourea complex, and are close to 
the pKa values of the pentacyanoferrate(I1) complexes 
of aromatic N-heterocyclic ligands.’ 

The temperature dependence of the redox potentials 
was also investigated, in order to evaluate the cor- 
responding values of AH and AS, as shown in Table 4. 
By solving the thermodynamic cycle at several tem- 
peratures, we have calculated the values of Ku,, AH and 
AS. 

KlII 
Fe(CN)SH202- + LX Fe(CN)sL2- + Hz0 

+C 
11 

+e 11 
Fe(CN)sH203- + L KII _ Fe(CN)sL3- + H20. 

The results, shown in Table 4, reveal an inverse trend for 
the association constants of the oxidized complexes, 
with the thiourea ligand forming the most stable com- 

plex. Dithiooxamide, which is the strongest Ir-acceptor 
of the series, behaves as a poor electron donor toward 
the pentacyanoferrate(II1) ion. On the other hand, 
thioacetamide seems to act in both ways, stabilizing the 
two oxidation states in a comparable extent. 
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Abstract-The synthesis and electronic and IR spectra of CuL2(NOJ2 and CuL(NO&, where L stands for 
morpholine, are described. The thermal behaviour of the complexes is also discussed. The solids contain distorted 
octahedral &(II) bonded to morpholine through nitrogen only. In aqueous solutions only the species CuL,(aq)2+ is 
stable in the concentration range 0.5 < IL1 < 2 mol dm-‘. its stabilitv constant beinR IOR KX = 14.64 f 0.15 at 25.oo”C 
and ionic strength 1 mol dm-‘; at ver; l&h morpholide concentrations, 3.4 < [Li < 6 rnil dm-‘,, evidence is also 
found for CuLJ(aq)2’, the value log K4 = 15.5 being estimated. The aggressiveness of morpholme-H202 towards 
metallic copper is compared with that of ammonia-H202, both on thermodynamics and kinetics grounds; experimental 
results seems to be dominated by kinetics factors. The relevance of these results to water treatment in secondary 
systems of nuclear power reactors is discussed. 

INTRODUCTION 

Morpholine (perhydro-l&oxazine, OXNH) is used in 

secondary systems of nuclear power plants to control pH 
and at the same time avoid unwanted concentration of 
additives in steam generators. Due to its volatility, it is 
distributed throughout the secondary system,’ and is 
frequently in contact with copper alloys in the conden- 
ser. It is well known that ammonia is detrimental towards 
copper in the presence of oxygen, partially because of 
the shift of the redox potential of the couple Cu(II)/Cu(O) 
associated with the formation of Cu(NH&” and related 
species. In view of the lack of information on the com- 
plexation chemistry of morpholine in aqueous solutions, 
it was considered of interest to evaluate this system. In 
this paper, we report some aspects of the basic chemistry 
of the morpholine-copper system in aqueous solution, 
together with the complexation chemistry in solid phase in 
the absence of halide ions. Also, an estimation of the 
aggressiveness of morpholine-water mixtures of metallic 
copper in the presence of oxygen is given. Related previous 
work refers mainly to the structure of ML,X, complexes 
(L = morpholine, X = halide ion),%’ a brief mention of the 
aqueous morpholine-copper system occurs in the lit- 
eratureP 

EXPERlhiENTAL 
Reagent grade chemicals without further purification and dou- 

bly-distilled water were used. Morpholine was purified by dis- 
tillation through a multiple-plate column under nitrogen. Con- 
stant boiling point hydrochloric acid was prepared as usual.’ 

Elementary analyses were performed by the Department of 
Organic Chemistry, Facultad de Farmacia y Bioqufmica; Cu(II) 
was determined using an Orion specific electrode, by titration 
with EDTA; morpholine solutions were standardized by poten- 
tiometric titration. 

Complexes reported in this paper were prepared by dissolving 
15~ CU@JO~)~.~H~O in 30cm moruholine. heatina to 80°C and 
removing Cu(OH)2 by centrifugatioi and filtration at high tem- 
perature. The solid complexes precipitate upon standing at 5°C; 
they were filtered off, washed with (CH,CH2)20 and dried on 
fritted glass in uacuo over morpholine. 

*Author to whom correspondence should be addressed. 

UV and visible spectra were obtained in a Shimadzu UV-2IOA 
spectrophotometer; for solids, a reflectance accessory for the 
same equipment was used. IR spectra were recorded in the range 
4OW-600 cm-’ using a Beckman IR33 spectrophotometer, either 
as KBr pellets or as Nujol mulls. 

Thermogravimetric analyses (weight, DTA and DTG) were 
obtained using a Metfler Recording Vacuum Thermoanalyzer 
Mod. 1; runs were performed between 25 and SSO’C, at 4°C min-’ 
under N2. 

Polarograms were recorded on a PAR Polarographic Analyzer 
Model 174A in two operating modes, dc sampled and daerential 
pulse. For these measurements, oxygen was excluded by purging 
with N2, and temperature was kept at 25.00?0.05”C. KNOl 
(1 mol dm-‘) was the su~po:ng electrolyte; for the dropping 
electrode, m = 2,625 mg s ; t - 2 s; h = 47 cm. 

Copper coupons used were 99.9% Cu, polished with 600 emery 
paper; aggressiveness of reagents was determined in the form of 
weight loss of the coupon, and copper (II) concentration increase 
in the solution. 

RESULTS AND DISCUSSION 
Characterization of solid phases. Whilst it is relatively 

easy to prepare morpholine complexes under rigorously 
anhydrous conditions,25 the solid phases formed in the 
presence of water and especially in the absence of halide 
ions often show irreproducible compositions reflecting 
mixtures of copper hydroxide and morpholine containing 
solids. After several attempts in various H,O-HNCJI,O 
mixtures it was apparent that water had to be kept at low 
concentrations, and that it was not included in the solid 
complexes formed by copper and morpholine. In prac- 
tice, it was found that any water in excess to hydration 
water from Cu(NO& 3H20 gave rise to basic pre- 
cipitates. By the technique described in the experimental 
section it was possible to obtain a solid showing the 
composition CuL,(NO,),, as shown by elemtary analysis 
and thermal decomposition behaviour. 

In some experiments carried out at lower Cu(II) con- 
centrations, a diflerent solid was also obtained, which 
lost morpholine easily on standing, and had to be stored 
in a desiccator saturated with morpholine. Elementary 
analysis indicated it to be CuL.,(NO,),. 

A tentative assignment of the most intense bands of 
the IR spectrum of CuL,(NO& is shown in Table 1. For 
comparison, bands of the free ligand are also shown.2- 
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Table 1. IR spectra of CLIL~(NO~)~ and L 

Assignment Frequency in 
CuL2 (NO31 2/cm 

_, Frequency in 
L/cm * 

v, NH stretch. 

V2~“3axia1~“22 
vz3 CH2 stretch. 

“4~“5~“25axial 

v5; combination 

u3 NO2 stretch. 

“12 

“3, C-N stretch. 

v32 C-O stretch 

and out-of-plane 

“13axial 

v14stretch C-O 

v37 

‘16 

3235s 
3190s 

291Om 

286(kn 

2710sh 

138Ovs,b 

1255s 

1225n 

119an 

1099s 

1030s 

872s 

82ml 

3340s 

2910s 

2860s 

2710~1~ 

1256s 

l225n 

12oall 

1099s 

1030s 

870s 

820 

* For the spectrum of pure L, see Refs lo-“. 

5.8*9 The spectrum of CuL,,(NO,), is very similar, except 
for the position of the higher frequency component of 
the N-H stretch (see below). 

In liquid morpholine, the N-H stretching occurs at 
3340 cm-‘; upon complexation this band is shifted to 
lower value?’ and sometimes it is split due to solid 
state effects.4 In good agreement in CuL,(NO,), com- 
plexes, there are two components located at 3190 and 
3270 (x = 4) and 3190 and 3235 cm-’ (x = 2). The 
antisymmetric and symmetric C-O-C stretching bands 
appear at the same frequency as in the free ligand; this 
suggests that there are no Cu-L-Cu bridges in the struc- 
ture, but that rather the polyhedron around Cu(I1) in 
CuL2(N0,), includes the nitrate ions. The strong band at 
1380 cm-‘, which we assign to ya (E’)NO* stretch, in- 
dicates however that Cu-0N02 bands are highly ionic; 
a similar behaviour is found in CuNOX.1*5H,0, the 
structure of which also involves NO,- ions in the Cu(I1) 
coordination sphere.’ 

The electronic spectrum of CuL2(NO& shows a broad 
maximum centered around 59Onm, which is consistent 
with the expected distorted octahedral configuration. The 
value of the energy of the band maximum is lower than 
for the aqueous ion, as expected for a crystal-field d-d 
transition when nitrate ions are replaced by H,O. The 
electronic spectrum of CuL4(N0& also shows its max- 
imum shifted to lower wavelengths, indicating the 
replacement of NO; coordination by morpholine coor- 
dination. 

Thermograms of CuL,(NO,), are composed of three 
weight losses, two endothermic at 94 and llYC, and the 
third exothermic at 200°C. The overlap of the two first 
steps precludes the quantification of the individual 
weight losses; the overall loss is in agreement with the 
weight of two morpholine molecules per copper atom 
(Found: 47.1; Calc., 48.1%). The last transition is con- 
sistent with the decomposition to copper oxide (Found: 
55%, Calc. 57.6%). The loss of the four morpholine 

molecules in CuL4(N0,), gives rise to a very broad 
weight loss amounting to 30% (Calc. 32.7%), followed by 
an exothermic transition at 210°C which finally yields 
copper oxide (total Found, 85; Calc., 84.8%). 

Species in aqueous solution. At pH values higher than 
6, a single broad band centered at 547 nm is observed in 
the visible spectrum; there are no large expected 
differences between the various possible (morpholine- 
water-hydroxide)-copper complexes, but on the basis of 
the polarographic results described below, we attribute 
this band to the species CUL~(H~O)~*+; other minor 
species might contribute to the spectrum, but cannot be 
identified spectroscopically. An average values for 
1ODq = 18,000 cm-’ is calculated for the above complex. 

On lowering the pH below 6, the band at 547 is 
replaced by the spectrum of aqueous Cu*+, without any 
indication of other species with less than three coor- 
dinated morpholine molecules. All measurements were 
carried out at morpholine concentrations higher than 
0.5 moldme (and usually equal to 2moldme3) because 
the range of stability of morpholine complexes is rather 
limited by the hydrolytic behaviour of Cu(I1) and the 
protonation of morpholine. 

Polarographic reduction of the morpholine complexes 
shows a single reversible wave yielding Cu(0); no evi- 
dence for Cu(I) is found. Reversibility was checked by 
the value of the slope of plots of log& - i)/i vs Edc and 
values of E3,4 - E,,,,. Corrections were made for residual 
currents. The value of the overall dissociation constant 
of $e,prevailing complex, K, was calculated from eqn 
(1). ’ 

@d - (El,3, = (23RTlnFMlog K, -log (f,k,/f,k,) 
- P log (L) fL) (1) 

where (L) is the concentration of free ligand; fc and f. 
are the activity coefficients for Cu(II) with and without 
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added morpholine; fl. the activity coefficient of the 
ligand; p the number of L molecules bound to Cu(II); k, 
and k, the ratios of the cathodic diffusion current to 
Cu(II) concentration, with and without morpholine res- 
pectively. From the plot of (E,,& vs log(L) (see Fig. 1), 
the value of p can be calculated to be 3 in the range 
0.5 <M<2, and seems to reach the value of 4 at very 
high amine concentrations. Measurements at different 
pH values indicate that the main species do not contain 
OH- ions in the coordination sphere. This is shown in 
Table 2. 

Estimation of (kc/k,) from Ilkovic’s eqn (2) indicates 
the ratio to be always larger than 0.92, and we have 
therefore taken it as unitary in order to calculate K,; the 
error thus introduced I.D. less than 0.04 units in log K,. 

(k&s) = (WD,)“‘= &/I,). (2) 

In eqn (2), D, and D, are the diffusion coefficients of 
complexed and aqueous Cu(I1). 

Similarly, US/j=) = 1, as the ligand is non-ionic and the 
ionic strength was kept constant. 

On these grounds, we obtain the value logK,= 
14.64* 0.15 at ionic strength 1 mol dmm3 (KN03 and 

Table 2. Polarographic half-wave potentials at different pH 
values (2s”C) 

log L P" El/2 fv 

0.293 10.89 -0.468 

0.293 11.36 -0.472 

0.293 12.12 -0.475 

0.293 12.24 -0.474 

0.662 11.89 -0.527 

0.662 13.38 -0.530 

0.662 11.98 -0.527 

25.OO”C, where KS is the overall stability constant, K, = 
K,--‘. 

As mentioned above, measurements performed in the 
morpholine concentration range 3.4-6 mol dmm3 yield the 
value p = 4.4kO.7 within the 75% confidence limits. 
These experiments were carried out at ionic strength 
of 0.5moldm-3 (KNOs) and only a few points 
could be measured, giving rise to a rather large 
scatter of data. Assuming p = 4, the value log K, = 15.5 
can be calculated. 

-03901 1 1 1 I I 

-0~0 -a2w -0100 0000 l aim +0200 40300 IO@]* 

Fig. 1. Half wave potentials for the reduction of complex copper 
ions vs log M ([Mj = 0; El,2 = t O.OlSV). 

The oxidation of C%(O) in the presence of morpholine. 
From the value of K, the standard redox potential of the 
couple Cu(II)/Cu(O) is calculated to be -0.096V in the 
presence of 1 mol dme3 morpholine. This value should be 
compared with the potentials for the aqueous couple, 
t 0.337V and for the couple in 1 mol dme3 ammonia, 
- 0.12OV. The corresponding AG” values for the reaction 
with hydrogen peroxide according to eqn (3) 

pL + Cu(0) t Hz02 --f CuL,‘+ t 20H- (3) 

are - 187.8 and - 192.4 kJ for L = morpholine and am- 
monia respectively. 

Table 3. Dissolution of metallic copper by morpholine/H202 and ammonia/H202 mixtures 
T 

t/OC Reaction Medium Coupon Weight Loss/ Increase in 

ug cm-'h-l ?:~:?on,rnoI dmF3h-' x lo4 

60 Morpholine 8.2 0.39 

60 Morpholine/H20 
SO%V/V 14 0.72 

60 Ammonia 190 8.6 

60 Ammonia/H20 
4O%v/v 780 39 

60 kater 0.9 < 0.03 

70 Morpholine 55 2.1 

70 Morpholine/H20 
SO%v/v 60 3.0 

70 Ammonia 900 38 

70 Ammonia/H20 
4O%v/v 1800 74 

70 Water 17 0.66 
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Thus, on thermodynamic grounds alone, morpholine is 
expected to be practically as dangerous as ammonia 
towards copper alloys in the presence of O2 at least at 
high l&and concentration. (It is possible, although not 
very probable, that in more dilute solutions there might 
be larger differences determined by the values of the low- 
er stability constant k.(n < 3) of morpholine and ammonia 
complexes). In practice, the aggressiveness of mor- 
pholine is much lower, probably due to kinetic effects. 
Table 3 shows that the rate of weight loss of copper 
coupons by oxidation with H20, is much faster in the 
presence of ammonia than in the presence of mor- 
pholine, although the latter system dissolves copper 
much faster than hydrogen peroxide alone. These 
observations, together with the lower volatility of mor- 
pholine,’ makes this amine less dangerous to copper than 
ammonia for the condenser tubes in power plants. 

It should be emphasized that the different aggressiveness 
is not a pH effect, as measurements similar to those in- 
cluded in Table 3 but at different fixed pH values showed 
that in the whole range 9 < pH < 12.5 ammonia dissolved 
more copper than morpholine in the presence of 
lo-* mol drne3 H,O,. 
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TRIMETHYL AND DIETHYLPHENYLPHOSPHINE 
COMPLEXES OF RHENIUM(I, III, IV, V) AND 

THEIR REACTIONS. X-RAY CRYSTAL STRUCTURES 
OF A BIS(q5-CYCLOPENTADIENYL)-ETHANE- 

BRIDGED DIRHENIUM(I) COMPLEX OBTAINED 
FROM PHENYLACETYLENE, TETRAKIS- 

(DIETHYLPHENYLPHOSPHINE) (DINITROGEN) 
HYDRIDORHENIUM (I), TETRAKIS(TRIMETHYL- 

PHOSPHINE) (q*-DIMETHYLPHOSPHINOMETHYL) 
RHENIUM(I) AND TETRAKIS(TRIMETHYL- 

PHOSPHINE) (1ODO)METHYL RHENIUM(II1) 
IODIDE-TETRAMETHYLPHOSPHONIUM IODIDE 
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AbstractA number of trimethyl- and diethylphenylphosphine complexes of rhenium have been obtained by 
sodium amalgam reduction of ReC&(THF)z on from Re(NPh)C13(PMe,)2 and their reactions studied. The 
following compounds have been isolated and characterised by infrared and nuclear magnetic resonance spec- 
troscopy. ReCl(PMe& (A), ReH(PMe& (B), [ReHCI(PMe3s]BF4 (C), [Re(NfiPMes)s]CI. MeOH (D), and the 
corresponding BFd- salt, [Re(PMe&lCI (R), ReMe(PMe& (F), ReCI(COk(PMe& (G), [(Me,PhRe($- 
CJ-IzFhZ)lGH&% (A), ReCI(N3(PI%Ph)4 OX ReH(NJ(PEt~Phk Q, [Re(NHPh)I(PMe&]I (0, 
Re(NHFhX$C03(PMe3J3 &I. Re(&3I$Me~)(PMe& (Ml, ReH3(PMe3), @I), [ReH&PMe,),]BF,(O) and 
[ReI(Me)(PMeJJ . [Me4P]I (P). 

For Re(q*-CH2PMe2)(PMe& computer simulated and two dimensional S/J resolved “P{‘H} NMR spectra have 
been obtained; the spectra are fully consistent with the structure determined by X-ray diiraction. 

The X-ray structures of compounds H, J, M and P have been determined. Preliminary data for compound C have also 
been obtained. 

Trimethylphosphine complexes of rhenium have been 
made bv reduction of Re(NPh)Cl,(PMe,), with sodium 
amalgam under daerent a.tiospheres, Ni;Ar, CO, etc.’ 
Here we describe additional compounds of PMe,, and 
also of PEt,Ph, obtained by reduction of ReC&(THF),. 
The reduction in presence of Bu’NC is described 
separately;’ the reduction in presence of P(OMe), leads3 
to the dimer Re,[P(OMe),],,, unlike the reductions des- 
cribed here which give mononuclear species. 

A. TERTIARY PHOSPEUNE COMPLMES DERIVED FROM 
RHENIUMTF3RACHLQRIDEBIg(TF,TKAHYDROFURAN) 

(1) Pentakis(trimethylphosphine)chloro- and hydrido- 
rhenium(I) 

The sodium amalgam reduction of ReCL,(THF), in 
tetrahydrofuran containing excess PMe, under nitrogen 
provides both ReCl(PMe,), (A) and ReH(PMe& (B) 
where the hydride arises from the solvent. We have been 
unable to convert (A) into (B) by LiAlH, or NaBH,. Both 
compounds are moderately air stable and can be handled 
briefly in air. The yellow chloride and white hydride can 
be separated by crystallisation from petroleum, or better, 
by sublimation of the hydride at 120°C and 10e3 cm Hg. 
The ‘H and “P{‘H} NMR spectra confirm the octahedral 
geometrv. Analormes of the hvdride with PR, limmds are 
ieH[P(6Me),],‘-and ReH(Pg3),,’ while relatei hydrido 
species with chelating phosphines, e.g. ReH(N& 
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Further studies the reactions of 
Re(NPh)Cl,(PMe,), are al::described. X-Ray diffraction 
studies on four of the molecules have been made. The 
various reactions are summarised in Schemes 1 and 2. 
Infrared and nuclear magnetic resonance (‘H, ‘3C and 
“P) data are given in the Experimental Section. 

*Authors to whom correspondence should be addressed. 
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ReH(Nn)(PEtzPh)* 

< 
(ix) ReCC~(THF)z 

ReCC(N,)(PEtzPh)a, 

I 

[ReN4(FMes)~l~F, 

(0 f (iii) 

l ~ReH,hk~)t. 

ReH(PMe.). 

ReMe(PMe,), [Re(PMe9)slCt 

Scheme 1. (i) PMes, NalHg, N2; (ii) HZ; (iii) HBF,; (iv) Nz, MeOH; (v) Ar, MeOH; (vi) MeLi; (vii) PhCTH; (viii) CO; (ix) PEt2Ph, N2. 

ReH,(PMe,). 

1‘ 
(ii) 

Re(~'-CH,PMe,)(PMe,), [Re(NHPh)I(PMe,),]I 

T (0 
t (iii) 

Re(NPh)Ct',(PMe,), (0 
) Re(NHPh)'cN2)(PMe3). 

(iv) 

J 1 

(v) 

Re(NHPh)(~'-CO,)(PMe,), [Re(N,) (PMe3)51~~L 

Scheme 2. (i) Na/Hg, PMe3, Nz; (ii) HZ; (ii) 12; (iv) Co2; (v) HBF4. 

(diphos), are known.“6 The hydride slowly reacts with methanol. The fluoroborate salt of this cation has also 
hydrogen (4atm) in benzene to give the trihydride been obtained by action of HBF, on Re(NHPh)(NJ- 
ReH,(PMe& described later. (PMe& (see later). 

The chloride in methanol slowly dissociates to give 
[Re(PMe,),]Cl (see below) which on heating in toluene 
re-forms the neutral chloride. 

(2) Reactions of pefltakis(trimethylphosphine)chloro- 
rhenium(l) 

(c) Methanol. From the reaction in methanol under 
argon a white crystalline solid can be isolated. According 
to analytical and spectroscopic data this is [Re(PMea)dCl 
(E). The spectroscopic data suggest that the cation, 
which is presumably j-coordinate in solution, is non- 
rigid. 

(a) Fluoroboric acid and trityltetrafluoroborale. The 
interaction of ReCl(PMe,), with one equivalent of 
aqueous 48% HBF,, or with two equivalents of Ph,CBF, 
in THF, produces the yellow, air sensitive salt, [ReH(Cl)- 
(PMeJs]BF4 (C). This is soluble in polar solvents and is 
a 1: 1 electrolyte in MeNO,. 

The IR and ‘H NMR spectra confirm the presence of 
hydride but the high field line is poorly resolved and the 
7-coordinate cation is presumably non-rigid in solution. 
Protonations by Ph,CBF, in THF, where the Ht 
evidently comes from the triphenylmethyl ion, have been 
recognised previously.6 Protonation-or oxidative ad- 
dition-to octahedral rhenium(I) complexes to give 7- 
coordinate species is rare but is known for trans- 
ReH(NJ (dppe)*.’ The structure of compound (C) has 
been investigated by X-ray crystallography. Although the 
main features have been identified, confirming the nature 
of the compound, complete refinement has not yet been 
achieved due to disorder and/or pseudo symmetry cor- 
relation problems (see Experimental). Full details will be 
reported when the refinement has been completed. 

In methanol, the salt reacts readily with dinitrogen at 
1 atm and the dinitrogen complex (D) can be isolated 
quantitatively from the solution. Surprisingly, however, 
it does not react with CO under the same conditions 
(1 atm), nor does it react with COZ or N,O; it can be 
recrystallised unchanged from MeCN and pyridine. 
There is also no reaction with hydrogen, and under 
hydrogen, alk-1-enes are not isomerised or hydrogenated 
even at 120” at 30 atm. 

(d) Methyllithium. The chloride is readily methylated 
by methyllithium in diethylether to give ReMe(PMej)s 
(F) whose isocyanide analogue, ReMe(CNBuY5 has been 
described.* 

(e) Carbon monoxide. In diethylether, ReCl(PMeJ, 
reacts with CO (3 atm) to give the white crystalline 
ReCl(CO),(PMea)p (G) for which IR and NMR data 
indicates a structure with cis-CO and mer-PMe, groups. 

Similar compounds of the class ReCl(CO),(PR,),, n t 
m = 5, with different tertiary phosphines are well 
known.’ 

(b) Dinitrogen. In methanol, the chloride reacts with 
NZ to give an air-stable white salt [Re(NJ- 
(PMe,),]Cl.MeOH (D) which is a 1 : 1 electrolyte in 
methanol. In addition to the terminal Re&) stretch 
there is a band at 33SOcm-’ in the IR spectrnm due to 

(f) Phenylacetylene. Interaction of ReCI(PMe+ with 
PhC,H at 110°C in toluene gives the unusual q -cycle- 
pentadienyl derivative (Ii) whose structure, shown 
diagramatically (l), has been determined by X-ray 
diffraction. Knowing the structure the NMR data can be 
interpreted. Although a wide variety of unusual 
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Re(PMe,) 3 

I Re(PMe3) 3 

organdmetallic compounds may be made by linking of 
acetylenes’ a derived molecule of the present type ap- 
pears to be unique. Suitable crystals for X-ray study 
were obtained from petroleum. 

The structure of the complex is shown in Fig. 1 and 
selected geometry parameters in Table 1. The terminal 
qs-CsR, rings are coordinated to Re(PMe& groups and 
a!though such a system is uncommon, it is closely related 
to the more frequently found (q’-GH,)Re(CO), systems. 
How the compound is formed from six phenyl acetylenes 
is unknown, but some sort of metal-mediated process 
involving hydrogen transfer from two acetylenes and 
C-C bond formation must occur. 

3. Tetrakis(diethylphenylphosphine)dinitrogen chloro- 
and hydride rhenium(l) 

By contrast with the PMe, case, reduction of 
ReCl,+(T’HFJ2 in THF containing excess PEtzPh gives a 
yellow air-stable dinitrogen complex, ReCl(NJ(PEt,Ph), 

UPC231 -Pm 

Fig. 1. Molecular structure of the complex derived from reaction 
of phenylacetylene with ReCI(PMe&. 

(I). This is similar to other well known compounds such 
as ReCl(N&(PMe,Ph),’ and has Cl trans to N2 with 
equatorial phosphines. 

In addition, a small amount of petroleum soluble yel- 
low hydride ReH(N&PEt,Ph)r (J) was isolated; this has 
Re-H and Re-N, stretches in the IR at 1890 and 
1945 cm-’ respectively. Chelating phosphine dinitrogen 
hydrides are known.4’5 A diagram of the molecular 
structure, which has crystallographic 2-fold symmetry 
coincident with the H-Re-N2 axis, is shown in Fig. 2, 

Table 1. Selected bond parameters for the complex derived from reaction of phenylacetylene with ReCI(PMe& 

a) Bond Lengths (A) 

He(l)-F(i1) 2.312(S) 
Re(l)-F(l2) 2.321(4) 
He(l)-F(I3) 2.332(4) 

He(l)-C(11) 2,29(l) 
Re(l)-C(12) 2.31(l) 
Re(l)-C(i3) 2.26(l) 
Re(l)-C(14) 2,32(l) 
Re(l)-C(lS) 2*30(l) 

P-C(He) 1.82(2) - 

C(12)-C(16) 1.56(2) 
C(16)-C(2.6) 1.62(2) 

C(ll)-C(12) 1.38(2) 
C(l2)-C(13) 1.46(2) 
C(13)-C(14) 1.40(2) 
C(14)-C(15) 1.44(2) 
Cf15)-C(ll) 1.43(2) 

Re(2)-F(21) 
Re(2)-F(22) 
Re(2)-F(23) 

Re(2)-C(21) 
Re(2)-C(22) 
Re(2)-CC231 
Re(2)-C(24) 
Re(2)-C(25) 

1.92(2) Avtie 1.86 

2.318(4) 
2.325(4) 
2.303(S) 

2.29(l) 
2.30(l) 
2.27(l) 
2.30(l) 
2,29(l) 

C(22)-C(26) 1*51(2) 

C(21)-C(22) 1.43(2) 
C(22)-C(23) 1.42(2) 
C(23)-C(24) 1.43(2) 
C(24)-C(25) 1.48(2) 
C(25)-C(21) 1.43(2) 

b) Bond Angles (de1). 

P(ll)-Re(l)-PC121 92.8(2) P(21)-Re(2)-F(22) 90.6(2) 
P(ll)-Re(l)-P(13) 93.6(2) P(21)-Re(2)-P(23) 96.4(2) 
P(12)-Re(l)-P(13) 91.3(2) P(22)-Re(2)-P(23) 91.4(2) 

C(ll)-C(12)-C(l3) 108(l) C(21)-C(22)-C(23) 108(l) 
C(ll)-C(l2)-C(16) 129(l) C(21)-C(22)-C(26) 127(l) 
C(13)-C112)-C(16) 122(l) C(23)-C(22)-C(21) 123(l) 
C(12)-C(16)-C(26) 112(l) C(22)-C(26)-C(16) 110(l) 
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Fig. 2. Molecular structure of flans-ReH(N2MPEt*Ph),. 

and some of the more significant bond lengths and angles 
are given in Table 2. 

The molecule is octahedral with an equatorial set of 
four, tetrahedrally distorted phosphines and mutually 
tram H and NS ligands. Since no structure of a trams 
hydrido dinitrogen rhenium complex has been deter- 
mined (although trans-HRe(NJ(dppe)2 has been made 
and unidentate tertiary phosphine compounds of other 
metals are knowt?“) the molecular geometry 
parameters are most usefully compared with those of the 
[NrReCIP,I unit found in the structures of ReCl(N& 
(IMeSh),,” the ortho-metallated complex, fat-Re(N& 
(q*GHHgMe&Ph4e2Ph)~,” MoClJN,ReCl(PMe,Ph)&‘* 
and (MeO)Cl.,MoN2ReC1(PMe2Ph)4.‘3 In the two p--N2 
bridged species the Re-N distances are short (1.88, 
1.81 A) whereas in the mononuclear chloro complex’o the 
distance is 1.97 A, and in the ortho-metallated species” 
1.960 A. The considerably longer Re-N distance in the 
present complex indicates a signiticantly larger trans 
weakening influence by the hydride compared to chloride 
ligand. 

An additional feature is that the shorter Re-N dis- 
tances in the bridged molecules are associated with much 
longer Re-P distances [2.433(9) to 2.486(6) A]. Values in 
ReCl(NJ(PMe,Ph),, the ortho-metallated species” and 
the hydride are all close to 2.400 A. This suggests that the 
bonding characteristics of the bridging dinitrogen ligand, 
which appear to be those of a a-acceptor, at least at 
rhenium, are significantly modified when the ligand is 
terminal. 

B. ADDITIONAL REACTIONS OF TETRAKIs(TRIMETHyL 
PHOSPHlNE)DlNITROGEN pHENyLAMIwRHEMuMo. 

(a) Iodine. Interaction of Re(NHPh)(NJ(PMe,), with 
iodine in benzene solution leads to loss of N2 in an 
oxidative addition reaction giving a quantitative yield of 
the salt [Re(NHPh)I(PMe,)J (K). This is a 1: 1 elec- 
trolyte in nitromethane; the spectra are consistent with 
the NHPh and I groups being cis. 

(b) Fluoroboric acid. With HBF, in THF the phenyl- 
amido complex reacts to give the fhroroborate salt of the 
same cation, [Re(IQ(PMe&]’ described above. The 
phenylamido group has been lost, presumably as 
PhNH,+ and the additional PMe, must be derived from a 
second molecule of the starting material since the yield is 
only ca. 45%; we have been unable to characterise what 
must be a more soluble species with less than four PMe, 
per Re. 

(c) Carbon dioxide. Interaction of CO, with 
Re(NHPh)(N&PMe& in toluene leads to air sensitive 
orange crystals of Re(NHPh)(q2-CO&PMeA (L). We 
have been unable to obtain crystals suitable for X-ray 
study; only three examples of q2-CO2 complexes are 
confirmed by X-ray diiraction.“ The $-CO2 formul- 
ation is based on spectra.“-” Thus, the IR spectrum has 
bands at 1620 and 1605 cm-’ similar to those in Ni(q2- 
Co2Wh”)2,‘5 while the 13C{lH} NMR peak for CO, 
occurs at 163.4 ppm [in ($-C,H&le),Nb(CH,SiMe3)_ 
(T)~-CO~)‘~ the value is given as -200.5ppm and we 
presume this should be +200.5 since “C resonances of 

Table 2. Selected bond parameters for trans-ReH(N2)(PEt2Ph)4 

a) Rand Len4ths (A). 

Re -P(l) 2.412(l) Re -P(2) 2.404(l) 
P(l)-C(11) 1.852(4) P(2)-C(21) 1.856(4) 
P(l)-C(13) 1.854(4) P(2)-C(23) 1.849(S) 
P(l)-C(111) 1.852(4) P(2)-C211) 1.8!56(4) 

Re-N(1) 2.055(5) 
N(l)-N(2) 1.018(8) 

b) Bond Ansles fdesi). 

N(l)-Re-P(1) 83.8(l) N(l)-Re-P(2) 99*6(l) 
P(l)-Re-P(2) 90.8(l) 
Re-NCl)-N(2) 180 



metal carbonyls are in the positive region up to 300 ppm]. 
The 3’P{‘H} spectrum indicates two phosphorus 
environments. The structure is probably of the type 2. 

C. SYNTHESIS AND REACTIONS OF m- 
METHYLPHOSPEINE) ( q’-DJMFXHYLPHOSPHINO- 

METwL)RBENLuMo 

Although the reduction of Re(NPh)Cl,(PMe,), in 
presence of trimethylphosphine by sodium amalgam in 
THF under nitrogen leads’ to Re(NHPh)(Nz)(PMe3), a 
prolonged reaction time gives the latter as minor product, 
the major one being Re(q*-CH2PMe&(PMe3), (I@, as 
yellow, air-sensitive petroleum soluble crystals. The 
structure has been determined by X-ray crystallography. 
The structure of one of the two crystallographically 
independent molecules, which are identical within the 
limits of experimental error, is given in Fig. 3, whilst 
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Fig. 3. Molecular structure of Re(q*-CHzPMe2)(PMeJ4. 

some of the more important geometry parameters are 
given in Table 3. The rhenium coordination geometry is 
distorted octahedral, with the main distortion arising 
from the presence of the three atom metallocycle. Inter- 
estingly, most of the angular distortion occurs in move- 
ment of the phosphorus atom in the ring from an ideal- 
ised octahedral position, with P(12)-Re-C(l4) = 160” and 
P(l4)_Re-P(l5) = 137”. A second point of interest is the 
distribution of the Re-P bond lengths into two groups, 
which might be termed axial [e.g. Re(l)-P(1 l), Re(l)- 

Table 3. Selected bond parameters for Re($-CH2PMe&PMe& 

a) Hond Lenslths (A), 

Molecule 1 

Re(l)-P(11) 2.378(l) 
Re(l)-P(13) 2.379(2) 
Re(l)-P(14) 2,326(2) 
Re(l)-P(12) 2.334(2) 

Re(l)-P(lSf 2,332(2) 
He(l)-C(lSA) 2,277(B) 

P(lS)-C(lSA) 1,755(7) 
P(15)-C(15B) 1.846(11) 
P(15)-C(l5C) 1.842(9) 

Other P-C(Me) 1.84-1.88(l) 

b) Pond Antiles (leg). 

P(ll)-Re(l)-Pt13) 177.3(l) 
P(ll)-Re(l)-P(12) 89.1(l) 
P(ll)-Re(lf-P(14) 91.8(l) 

P(ll)-He(l)-P(15) 89.5(l) 
P(ll)-He(l)-C(15A) 91.0(2) 
P(15)-Re(l)-C(l5A) 44.8(2) 
P(lS)-He(l)-P(12) 115.7(l) 
P(15)-Re(l)-P(14) 136.9(l) 
C(lSA)-Re(l)--F’(14) 92.2(Z) 
C(lSA)-Re(l)-Y(12) 160,4(2) 

C(15A)-P(15)-C(lSB~ 113.0(S) 
C(15A)-P(15)-C115C) 110.2(5) 
C(lSH)-P(15)-C(15C) 97.0(51 
Re(l)-P(lS)-C(15A) 6.5,0(3) 
Re(l)-P(15)-C(15B) 130.8(3) 
Re(l)-P(lS)-C(15C) 130.8(4) 

Molecule 2 

Re(2)-P(22) 
Re(2)-P(24) 
Re(2)-P(21) 
Re(2)-P(23) 
Re(2)-P125) 
Re(2)-C(25A) 

P(25)-C(25A) 
P(25f-C(25B) 
P(25)-C(25C) 

2.376(2) 
2.374(2) 
2.331(l) 
2.322(2) 

2.321(2) 
2.280(6) 

1.756(8) 
1.844(11) 
1.847(12) 

1.83-1.88 

P(22)-Re(2)-P(24) 176.7 
P(22)-Re(2)-P(21) 88.5 
P(22)-Re(2)-P(23) 91 *?I 
P(22)-Re(2)-P(25) 89.6 
P(22)-Re(2)-C(25A) 90.6 
P(25)-Re(2)-C(25A) 44.9 
P(25)-Re(2)-P(21) 115.5 
P(25)-Re(2)-P(23) 137.0 
C(ZA)-Re(2)-P(23) 92.1 
C(25&)-Re(2)-P(21) 160.4 

1) 
1) 
1) 

1) 
2) 
2) 
1) 
1) 
2) 
2) 

C(25A)-P(25)-C(25B) 111.3(S) 
C(25A)-P(25)-C(25C) 113,3(S) 
C(25B)-P(2S)-C(25C) 96.5(S) 
Re(2)-P(25)-C(25A) 66.3(2) 
Re12)-P(25)-C(25H) 130.4(3) 
Re(2)-P(25)-C(25C) 131,1(4) 
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P(13)] and equatorial [Re(l)-P(12), Re(l)-P(14), Re(l)- 
P(U)]. In the former group all distances are 2.375- 
2.378(2) A whilst in the latter the range is 2.321- 
2.337(2) A. The equatorial group contains the metallocy- 
cle phosphorus atoms for which the Re-P bond lengths 
are unaffected by the ring formation. These features 
make interesting comparisons with results found for 

P 
molecules containing equivalent M< 1 rings. In IrCl,(n*- 

C 
CH2PMePh)(PMe2Ph)218 the angular deformation is 
similar to that in our complex, with the Ir-C bond less 
distorted from the octahedral position than the Ir-P 
bond, but the latter is significantly shorter (- 0.025 A) 
than the other two equatorial Re-P bonds. In the dis- 
torted planar Pt” complexes Pt[q’-CHPhP(CH,Ph)& 
(C2B,H,Me)P(CH2Ph),” and the related PEt, and 
PPrzM complexes, the deformations of the Pt-C and 
Pt-P bonds in the ring away from the orthogonal planar 
positions are about equal, but now the Pt-P distance in 
the ring is considerably less (- 0.07 A) than the other 
Pt-P bond length. A common feature of all structures, 
however, is a significant shortening of the metallocycle 
P-C bond. 

The NMR data which is generally consistent with the 
solid state structure indicates that the molecule is non- 
rigid in solution. The ‘H NMR spectrum contains, in the 
6 1.5-1.3 ppm region, doublets and doublets of doublets 
due to PMe, plus a broad multiplet at ca. S 1.4 for the 
PMe2 protons of the metallocycle similar to that obser- 
vedn HM(q’-CH,PMed(PMe&, M = Fe,*’ Ru.” The 
methylene protons, S -0.51 ppm are equivalent and 
give a triplet [3J(P,d-H) = 9.09 Hz] of triplets, [‘J(P,-H) 
= 3.78 Hz] of doublets, [*J(P,-H) = 1.95 Hz] (for num- 

bering see Diagram 3). Although at +36”C the “P{‘H} 
spectrum has four broad peaks, the molecule is non-rigid; 
at -60°C sharp multiplets are observed. This spectrum 
could not be assigned completely by normal methods. 
However, non-linear, least squares iterative computer 
simulation yielded all the phosphorus-phosphorus coup- 
ling constants. The standard deviation in the calculated 
line positions was 1.5 Hz, well within the resolution of 
the spectrometer at -60°C. Figure 4 shows the excellent 
agreement between the observed (4a,, 4b,, 4c,, 4d,) and 
simulated (4a2, 4b2, 4c2, 4d2) spectra. The resonance of 
P, (Fig. 4a) occurs at S -73.6 ppm as a doublet *J(P, - 
P,,) = 89.6 Hz of doublets *J(P, -P,) = 32.3 Hz of 
triplets *J(P, - Pb) = 19.9 Hz. The two equivalent atoms 
Ps (Fig. 4b) at S -40.6 ppm give rise to a doublet 
‘.l(Ps -P,,) = 21.2 Hz, of doublets ‘J(P, -P,) = 19.9 Hz, 
of doublets *J(Ps -P,) = 19.2 Hz. The resonance of P, 
(Fig. 4c) at S -45.5ppm consists of an incompletely 

P b ‘III, - 
He ” 

P’ -\ 
c b 

pd 
(3) 

-72 93 -74 -U -15 -16 
- 

-i L-2 u i _ ~__._ . . . . . . . 
-39 -LO -4 -35 -36 -37 

Fig. 4. Observed (a,, bi, cl,dJ and computer simulated 
(as, bz, c2, dz) “P{‘H} NMR spectra of Re(q’-CH2PMes)(PMe& in 

toluene at 213 K. 

resolved doublet of triplets of doublets *.l(P, -Pd) = 
13.4 Hz; Pd (Fig. 4d) at 8 -36.0ppm is a doublet of 
triplets of doublets. 

The two dimensional23 S/J resolved, proton decoupled, 
101 MHz “P spectrum obtained at 213 K is also fully 
consistent with the crystal structure, showing four dis- 
tinct phosphorus sites (Fig. 5). A cross section in the J 
axis through each resonance shows the 3’P homonuclear 
coupling patterns, identical, with one exception, with 
those observed in the conventional one dimensional 
spectrum (Fig. 4). The cross section through the peak at 
8 -36ppm shows a broad singlet, compared with the 
well resolved 12 line multiplet observed in the one 
dimensional spectrum. The reasons for this are not well 
understood, but may be connected with the chemical 
exchange at this site that occurs on the time scale of the 
experiment. 

The 13C{‘H} spectrum of the compound is very com- 

I/ 
I I 1 I 1 1 -30 -40 -50 -60 -70 -80 

Fig. 5. Two dimensional 8/J resolved “P spectrum of (M), at 
213 K showing a projection of the 6 axis. Cross sections through 
each “P resonance, corresponding to the J axis, are shown 
above the peaks. Those peaks marked with an arrow are due to 
machine artifacts such as quadrature spikes, etc., except for the 

peak at S -63 which is due to free PMes. 
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plex. A multiplet at 6 -34.8ppm can be assigned to the 
CH, group-this is at a much lower frequency than that 
in IrCl,[~2-CH,P(MePh)](PMe,Ph),‘B (8 -8.6 ppm), and 
in Ru(~2-CH2PMe3[(CH32PMe21(PMej)224 (8 
+42ppm); the 13C spectrum of HRu($-CH*PMe& 
(PMe,)4’L was not reported. 

Interaction with hydrogen. In tetrahydrofuran with cu. 
3 atm H2 for 3 days, Re($-CH,PMe3(PMe,)4 reacts to 
give ReH,(PMe,), (N) as the major product. This white 
crystalline compound can also be obtained (as noted 
above) from ReH(PMe,), and indeed the latter can be 
detected by NMR initially in the reaction mixture and is 
presumably an intermediate in the formation of the tri- 
hydride. The ‘H NMR spectrum is similar to that for 
ReH,(diphos)22S with a high field quintet at 8 -7.84 ppm, 
‘J(P-H) = 20.8 Hz. The “P{‘H} spectrum consists only 
of an unresolved broad band 8 -41.24 ppm even down to 
-60” indicating non-rigidity. 

The trihydride reacts with one equivalent of 
tetrafluoroboric acid in THF at -78” to give the white air 
stable crystalline salt [ReH4(PMe,),]BF4 (0). In addition 
to PMe, resonances at S 1.78 ppm, the high field region 
has two sharp outer and three broad isomer lines which 
at -60” resolve to a quintet S -5.40 ppm, 2J(P-H) = 
23 Hz, similar to the spectra of MH,(PMe,)4, M = MO,= 
w"; the 3’P{1H} spectrum is also temperature dependent 
being a singlet at GO" and two broad overlapping sin- 
glets at t36". 

Interaction with methyl iodide. The addition of methyl 
iodide to Re(q’-CH2PMe2)(PMe,)4 in THF gives an 
orange solid. On recrystallisation from methanol, both 
white and orange crystals are obtained which can be 
separated manually. The former were identified by NMR 
and analysis as [PMe,]LU The nature of the orange 
crystals was determined by X-ray diffraction study as the 
double salt [ReI(Me)(PMeJJ * [PMe,]I (P). The struc- 
ture of the complex rhenium cation, which has octa- 
hedral geometry with trans methyl and iodide ligands is 
given in Fig. 6 and some of the more important bond 
lengths and angles are listed in Table 4. 

Fig. 6. Structure of the cation in the double salt [ReI(Me)- 
(PMe3)~]I.[Me~]I. Each cation site is occupied by two enan- 
tiomeric forms of the ion which are present in unequal amounts 

(60:40). The dominant form is shown with heavy bonds. 

The reaction differs from those of methyl iodide with 
the hydride species MH(q2-CH2PMe2)(PMe,),, M = 
RuT3 Fe,29 in producing a cation; the q2-CH2PMe2 group 
is lost, presumably as PMe2Et. Few examples of 
cationic phosphine complexes of rhenium@) are 
known, namely [ReX2(dppe),]X, X = Cl, Br.25*3W32 

EXPERIMENTAL 
Microanalyses by Pascher, Bonn, and Imperial College 

Laboratories. Molecular weights by cryoscopy in benzene. Mel- 
ting points (uncorrected) in sealed tubes under nitrogen. 

All operations were carried out under oxygen-free argon or 
nitrogen or in vacuum. Solvents were dried over sodium and 
distilled from sodium-benzophenone under nitrogen; methanol 
was dried over magnesium and distilled from magnesium 
methoxide under N2. Petroleum had b.p. 40-6O”C unless other- 
wise stated. 

Table 4. Selected bond parameters for [ReO(Me)(PMe~)r]I . DWII 

a) Bond Lentiths (A) 

Rr -I(l) 2*744(i) Re -c 2+13(2) 
Re -F(ll) 2.442(7) Re -F(21) 2.458(14) 
Re -F(12) 2.461(7) Re -F(22) 2.476(13) 
Re -P( 13) 2.463(e) Re -P(23) 2.39.5(14) 
Re -F(14) 2+440(7) Re -F(24) 2.472(14) 

P-C(Me) 1.83 - 1.87 (HarIfe Fixed) 

F(lll)-C(111) 1.79(2) 
F(lll)-C(113) 1.81(2) 

h) Bond AnsIles (deg). 

P(lll)-C(112) 1.82(2) 
P(lll)-C(114) 1.78(2) 

I(l)-Re-C 178.3(S) 
I(l)-He-F(11) 98,7(2) C-Re-Ftll) 80.2(l) 
I(l)-Re-F(12) 98.0(2) C-Re-P(12) 83.1(6) 
l:(l)-He-F(13) 83.9(2) C-Re-F(13) 94.8(6) 
I(l)-Re-F(14) 83.6(2) C-Re-P(14) 97.8(6) 
I(l)-Re-F(21) 81.7(3) C-Re-P(21) 96.7(6) 
I(l)-Re-P(22) 82.4(3) C-Re-F(22) 99.1(6) 
l(l)-Re-F(23) 97.2(3) C-Re-F(23) 82.0(6) 
I(l)-Re-F(24) 99.4(3) C-Re-P(24) 81.3(6) 

C(He)-P(lll)-C(He) 107.3-111.7(1.5) 
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Spectrometers. NMR: Perkin-Elmer R32 (‘H, 90 MHz), Bruker 
WM 250 (‘H 250; 13C{‘H}, 62.9; “PI’H}, 101.27 MHz); data in 8 
ppm referenced to SiMe4 and 85% H3P04 (external) at 36°C in 
deuteriobenzene unless otherwise stated. 

The two dimensional S/J resolved “P sue&urn was recorded 
at 213 K on the WM 250 with broad band broton decoupling and 
using a preliminary version of the Bruker 2D software. A relax- 
ation delay of 30s between pulse cycles was used crl = 10s) and 
half cosine window functions were used in the Fourier trans- 
formations in both dimensions. 

IR: Perkin-Elmer 683; spectra in Nujol mulls unless otherwise 
stated; data in cm-‘; PMe, bands not listed. 

(1) Pentakis(trimethylph&phine) chlororhenium(l), (A) 
To sodium amalgam (18 in 5 cm3Hg) and PMe, (3cm’, 

30mmel) in THF (50cm ) was added a suspension of 
ReC4(THF)233 (2.0 g, 4.2 mmol) in tetrahydrofuran (100 cm’) and 
the mixture stirred 18 hr at room temperature. The solution was 
filtered, evaporated in vacuum after tirst subliming out the 
hydride at i2O”C 10-3cmHg, and the residue extracted into 
petroleum (2 x 4Ocm?. The solution was filtered through cel- 
lulose, concentrated to ca. 5 cm3 and cooled at -20°C 6 yield 
pale yellow crystals which were collected and dried in vacuum. A 
second batch was obtained by evaporation and cooling of the 
filtrate. Yield 1.5 g, 60%; m.p., 231-2°C (decomp). [Found: C, 29.8 
(29.9); H, 7.8 (7.5); Cl, 5.8 (5.9); P, 25.6 (25.8)0/o. M, 580 @X5)]. 
The compound is fairly air stable and readily soluble in hydro- 
carbons. 

NMR. ‘H: 1.4 s (36) PMe3; 1.2 d (9), ‘J(P-H) = 6 Hz, PMes 
trans to Cl. 

13C{‘HJ: 3.37 d, J(P-C) = 24 Hz; 24.7 m, PMe3. 
“P(‘H}: -36.6 br, s (4); -43.8 br, s (l), PMe3. At -60” the spec- 

trum is sharper: -34.7d (4), ‘J(P-P) = 9Hz; -42.0 quin. (1) 
*J(P-P) = 8 Hz PMe3. The broadening at 35°C is presumably due to 
some dissociation of PMel. 

(2) Pentakis(trimethylphosphine)hydridorhenium(I), (B) 
Sublimation from the solid as above Rave aml~ticdl~ ad 

spectroscopically pure white crystals which could be-cryst&ised 
from uetroleum. Yield. ca. 0.717. 30%: ILD.. 205-206“C. [Found: 
C, 31.‘8 (31.7): H. 8.1 (8.1); P, 2% CU.& M, 530 (567).j 

NMR. ‘H: 1.54 s Q6), 1.41 s (9), PMe3: -8.8 doublet of quintets, 
‘J(P-H) = 13.4 Hz, J(P-H) = 23.8 Hz. 

“P{‘H): -44.5 s (4), -52.0 s (1) PMe+ 
IR. 1940 w (Re-H). 

(3) Pentakis(trimethyfphosphine)chlorohydridorhenium(III) 
tetraj?uoroborate, (C). 

To ReCI(PMe& (0.86 g, 1.43 mmol) in TI-iF (30 cm3 was added 
either one equivalent of HBS (48% aqueous) or more con- 
veniently, two equivalents of Ph&BF4 (1.0 g, 3.0 mmol) in THF 
(30 cm’). After 12 hr at room temperature the green solution was 
filtered, evaporated in vacuum and the residue washed with Et20 
(2 x 20 cm’). After extraction into MeOH (30 cm3 the solution 
was filtered, concentrated to ca. 5 cm3 and cooled at -20°C to 
give orange crystals. Yield, 0.6g, 60%; m.p., 162-163°C. [Found: 
C, 25.5 (26.1); H. 6.5 (6.7); Cl, 4.9 (5.2); F, 12.1 (11.0); P, 22.7 
(22.5)%]. AM(MeNOZ, 25°C). 105 a-’ cm2 mol-‘. 

NMR. ‘H: 1.70d. 2J(P-H) = 3Hz: 1.84d. 2J(P-H) = 9Hz: 

“P{‘H}: -45.5 d (4). ‘J(P-P) = 24.4 Hz; -43.8 m (l), PMe+ 

1.53 4, *J(P-H) = 7 Hz, PMe,. ‘-9.7 br ‘(half height ‘width 38 Hz) 
Re-H. 

IR. 2004 (Re-H). 

(4) Pentakis(trimethyfphosphine) dinitrogen rhenium(I) 
chloride/methanol (l/l), (D) 

To ReCI(PMe& (0.5g, 0.83mmol) under N2 at room tem- 
perature was added methanol (50 cm3) and the mixture stirred for 
2hr. After evaporation under vacuum the residue was washed 
with petroleum (2 x 30 cm’) and extracted into MeOH (20 cm?; 
the solution was filtered, concentrated to ca. 2cm3, Et20 
(0.2 cm3) added and cooled at -20°C to give white crystals which 
were washed with ether and dried. Yield, O&g, 80%; m.p., 
218-219°C. [Found: C, 28.9 (29.1); H, 7.2 (7.4); Cl, 5.6 (5.4); N, 

4.0 (4.2); 0, 2.6 (2.4); P, 24.0 (23.5)%]. Ah( (MeOH, ZSoC)= 
83 I--’ cm2 mol-‘. 

NMR. ‘H (in d4 MeOH): 1.64 s (36), 1.49 d (9), 2J(P-H) = 7 Hz, 
PMe,. 

“PI’H): -47.0 br, s(4), -40.3 br, s (1) PMe+ 
IR. 3350 br, m (OH), 2030 s (ReN2). 

(5) Pentakis(trimethylphosphine)rhenium(I) chloride, (E) 
As in the above, but under argon for ca. 12hr to give white 

crystals. Yield, 0.35g (70%), m.p., 201-203°C. [Found: C, 29.6 
(29.9); H, 7.6 (7.5); Cl 6.2 (5.9); P, 24.9 (25.7)%]. hh( (MeOH, 
2s”C), % n-’ cm2 nm-‘. 

NMR. ‘H: 1.45 s (36), 1.28 s (9). 
“P{‘H}: -47.08 (36°C). 

(6) Pentakis(trimethylpho~hine)methyl rhenium(I), (F) 
Methyllithium (0.62 cm , 1.1 M) was added to ReCI(PMe& 

(0.41 g, 0.68 mmol) in Et20 (70 cm3) at -20°C. The mixture was 
allowed to warm slowly to room temperature and stirred for 
another 4 hr. The volatile materials were removed under reduced 
pressure and the residue extracted into ~troleum (40 cm’), which 
was filtered, concentrated to ca. 5 cm and cooled at -20°C to 
give a yellow solid. Recrystallisation gave yellow crystals. Yield, 
0.30 g, 82%; mp., 185-6’C. [Found: C, 33.1 (33.0); H, 8.2 (8.3); P, 
27.6 (26.7)%. M, 550 (581)]. 

NMR. ‘H: 1.37 s (36), 1.44 s (9), PMe3; -0.22(3) quin. of doublets, 
3JSp,is-H) = 7.4Hz, ‘J(Pm.,H) = 3.0 HZ, Re-Me. 

‘P{‘H}: -44.34 (4) br, s, -50.43 (1) br, s. Some free PMe3 was 
observed at 8 -62.0 ppm. 

IR. 1430n1, 1392m, 1370m, 1360sh, 1200~. IlSOw, 1100~. 
1020 w, 932s, 850m, 800~. 72Ow, 682111, 670111, sh, 650m, 
64Om. 

(7) a,b-Bis(carbonyl)-c,de-tris(frinrethylph- 
rhenium(l), (G) 

ReCl(PMe& (Log, 1.7 mmol) in Et20 (50 cm’) was stirred 
under CO (3atm) in a pressure bottle at room temperature for 
18 hr. The filtered solution was evaporated, the residue washed 
with petroleum (2 x 30 cm’) and extracted into toluene (30 cm’). 
The filtered solution was concentrated to ca. 10 cm3 and cooled 
at -20°C to give off-white crystals. Yield, 0.7~. (80%); m.p., - 
174-175°C. [Found: C, 26.4 (26.i); H, 5.4 (5.3); Cl, 6.6 (7.0); 0,6.6 
(6.31: P. 19.0 (18.4)%. M. 490 (5055)l. ~ ,I~. 

NMR. ‘H: ‘1.54t (lSj, 2J(P-H)=3Hz, 1.27d (9), ‘J(P-H) = 
9 Hz, PMe+ 

‘3C?i-Ik 18.1 d. J(P-C) = 24.4 Hz; 18.9 t, J(P-C) = 17.1 Hz, 
PMel: 16.5, CO. 

“‘{‘H}: -35.8 d(2), *J(P-P) = 24.4 Hz, -38.9 t (l), 2J(P-P) = 
24.4 Hz, PMe3. 

IR. 1920 vs, 1830 vs (CO). 

(8) ~-~l,2-Bis(3,4-dip~~nylcyclopen?adienediyl)-1,2- 
diphenvlethane-@V (Re’), C’ -’ (Re2)]-bis[tris(trimethyl- 
phosphine)]rhe&m(l), (II) _ 

To ReClfPMeZh (1.0~ 1.66mmol) in toluene (70cm’) was 
added phe&ace$ene (l-km’) and thd mixture refluxed for’16 hr. 
The dark red solution was filtered and evaporated in vacua. The 
residue was extracted with petroleum (2~4Ocm”), the solution 
filtered, concentrated to ca. 5Ocm’ and cooled at -20°C to give 
orange crystals. Yield, 0.7g, 60%; mp., 300°C. [Found: C, 55.8 
(55.0); H 6.4 (6.4): P, 12.7 (12.9)%, M 1390 (1440)]. 

3’P{‘H$ -41:6 br, s, PMe3. 

NMR. ‘H: 1.25 d, ‘J(P-I-I) = 4 Hz, PMeX; 4.73,5.03,5.21 s, CH; 

IR. 3065 

7.0-7.3 m. 7.58. 7.9 Ph. 

w. 3015 w. 1600m. 1500 m. 1450 m. 1425 m. 1290 m. 
1275 m, IlSS’w, 114O’w, 108O’w, 1070’~. 1040&, 103&v, 955 s; 
935 vs, 895 w, 844 m, 755 m, 710 m, 705 m, 694 s, 656 m, 589 w, 
560 w, 535 w, 510 w, 485 w. 

(9) Tetrakis(diethyIphenylphosphineKdinitrogium (I), 
(I) and Tefrakis(diethylphenylphosphine)(dini~rogen) hydrido- 
rhenium (I), (J) 

To PEt2Ph (1.5 cm3, 9 nunol) and Na/Hg (0.8 g, in 8 cm3 Hg) in 
THF (50cm3) was added a suspension of ReCb(THFh (0.5 g, 
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1.1 mmol) in THF (100 cm’) and the mixture stirred 18 hr under 
NZ. After filtration the solution was evaporated, the residue 
extracted into petroleum (2 x 30cm3), the solution filtered, con- 
centrated to ca. IOcm’ and cooled at -20°C to give yellow 
crystals of the hydride. Yield, co. 15%; m.p., 115-116°C. The 
hydride can also be sublimed at lWC, lo-’ mm Hg. [Found: C, 
54.0 (54.6); H, 6.5 (6.9); P, 13.7 (14.1)%. M, 840 (880)]. 

NMR. ‘H: 1.68 m, l.lOm, PErsPH; 7.32M, 7.65 m, PEtrPk; 
-7.43 quint, ‘J(P-H) = 2.22 Hz, Re-H. 

“P{‘H}: -23.6 br, s. 
IR. 1945 (ReNz); 1890 (Re-H). 
The residue after sublimation or petroleum extraction was 

washed with petroleum and extracted into toluene (2 X 30 cm’), 
the solution filtered, concentrated to 15 cm3 and cooled at -20°C 
to give yellow crystals of the dinitrogen chloro complex. Yield, 
0.6~. (60%): m.o.. 131-132°C. IFound: C, 52.2 (52.5); H, 6.3 (6.6); 
Cl.y.7 (3.9); N;2.8 (3.1); P, 13.1 (13.6)%. M 870 (913.5)]. 

NMR. ‘H: 0.9 m. 1.48 m Et: 7.45 m. 7.12 m Ph. 
‘)P{‘H}: -15.5 br, s, PEtzPh. 
IR. 1918 (ReN& 

(10) Tetrakis(trimethylphosphine)iodo(phenylamido)rhenium 
(IIDiodide (K) 

To Re(NHPh)(N2)(PMe& (0.5 a, 0.82 mmol) in benzene 
(40 cm’) ias added iodine (0.21 g, 0.9mmol) in benzene (30 cm’) 
and the mixture stirred for 4hr at room temperature. The red 
precipitate was collected, washed with Et20 (2 x 40 cm3) and then 
recrystallised from MeOH-Et20 (4: 1) to give red crystals. Yield, 
0.6g, 86%; m.p., 286Sac. [Found: C, 25.6 (25.8): H, 4.9 (5.0); N, 
1.6 (1.7); P, 14.6 (14.8); I, 28.6 (30.3)%]. AM (CHJNO~, 25°C) 
100 K’ cm* mol-‘. 

NMR. ‘H: 7.4-6.8m (5) Ph, 3.65 brs (1) N-H, 1.86m and 2.31 m 
(36) PMe+ 

“P{‘H): -56.25 d, *J(P-P) = 12.1 Hz; -619Od *J(F-P) = 
24.4 Hz: -86.26 t. *J(P-P) = 24.4 Hz. PMe?. 

IR. 34OOw, 159Om, 1485m, 1415 w, 1308w, 1285m, l275w, 
116Obr,w, 102Ow, 98Ow, 946s, 945~s. 918m, 86Om, 76Ow, 
720 m, 710 m, 700 w, 682 m, 660 m. 

(11) Pentakis(tn’methylphosphine)(dinitrogen)rhenium(I) tetra- 
fluoroborate 

One equivalent of aqueous 48% HBFd (0.14cm3, 0.82 mmol) 
was added to Re(NHPh)(Nz)(PMe& (0.5 g, 0.82 mmol) in THF 
(50cm3) at -78°C. The mixture was allowed to warm to room 
temperature and was stirred for 4 hr. The precipitate was collec- 
ted, washed with petroleum (2 x 20 cm?. After extraction into 
MeOH (20cm’), the solution was filtered, concentrated to ca. 
2 cm3 and Et20 (1 cm’) was slowly added to give, on cooling at 
-20°C white crystals. Yield, 0.25g, 45% m.p., 203-205°C 
(decomu). IFound: C, 26.9 (26.4); H, 6.8 (6.6); N, 3.9 (4.1); P, 23.1 
(22.7); F; il.6 (11.2)0/o]. AM (MeOH, 25”C),80 0-l cm* mol-‘. 

NMR. ‘H(d4-MeOH): 1.90 s (36). 1.73 s (9). PMe3. 
“P{‘H}: -46.3 brs (ij, -39.8&b(l), PM&: 
IR. 2005 s, 146Om, 1420m, 1310m, 1289 m, 1085 s, 1050 vs, 

1035 vs. 940 vs, 865 m, 715 m, 695 m, 662 m, 444 w. 

(12) Tris(trimethylphosphine) ($-carbon dioxide)phenylamido- 
rhenium(I), (L) 

Dry CO2 (cont. HzS04) was passed through a solution of 
Re(NHPh)(N&PMe& (1 g) in toluene (40 cm? for 2 hr when the 
solution was evaporated and the residue extracted into petroleum 
(100cm3). On reducing the volume (50cm’) and cooling at 
- 20°C. vellow-oranae needles were obtained which were washed 
with p&oleum and-dried in vacuum. Yield, 0.41 g, (50%); m.p., 
188°C. [Found: C, 36.8 (36.4); H, 6.8 (6.8); N, 2.3 (2.2); 0, 5.5 
(5.1); P, 21,0 (19.7)%. M. 600 (55011. 

NMR. ‘H: 6.2-7.4m PkNH, l&d, *J(P-H)=7.4Hz; 1.34 t, 
‘JfP-H) = 3.0 Hz PMel. 

3’P{‘Hj: -14.13 s; -30.94 s. 
“C{‘H}: 163.4 s C&; 117.0-140.1 m Ph; 30.21 d, J(P-C) = 

24.0 Hz, 19.75 t J(P-C) = 11.1 Hz, PMel. 
IR. 1620 m, 1605 m (COZ). 

((13) Tetrakis(trimethy$hosphine)(r)*-dimefhylphosphinomethyl) 
rhenium(J), (M) 

To Re(NHPh)&(PMe& (4.0 g, 7.5 mmol) in a pressure bottle 
was added trimethylphosphine (4.0 cm3, 40 mmol), sodium amal- 
gam (ca. 20 fold excess of Na) and tetrahydrofuran (100cm3). 
The solution was stirred for 3 d under nitrogen (2 atm) when it 
was a yellowish green. The solution was evaporated in vacuum 
and the residue extracted with toluene (100 cm’). After filtration 
and concentration to co. 15 cm3, cooli 

“H 
to -20°C gave a mixture 

of Re(NHPh)(Nz)(PMe& and Re(n -CH2PMe2)(PMe&. This 
solid was collected and treated with petroleum (4Ocm’) in which 
the latter compound is soluble; cooling the petroleum extract 
gave the pure product as crystals. Yield, 2.1 g, 50%. [Found: C, 
31.9 (31.8); H, 7.9 (7.8); N, CO.2 (0); P, 30.1 (27.4)%]. 

NMR. ‘H: 1.57 dd, *J(P-H) = 5.49, 0.98 Hz, 1.52d, *J(P-H) = 
1.10 Hz, 1.48 d, *J(P-H) = 1.22 HZ, PMe,; 1.40 broad multiplet, 
PMe2; 1.35 dd, *J(P-H) = 7.08, 1.95 Hz, PMe3; -0.51 ttd, *J(P- 
-H) = 9.09, 3.78 Hz, *J(P-H) = 1.95 Hz, C&PMe2. 

“P{‘H} (-60°C): -73.6 ddt (I), *J (PO-Pd) = 89.6 Hz, *J (I’.- 
P,) = 32.7 Hz, *J(P,-Pb) = 19.9Hz, P,; -45.5 dtd (l), ‘J(P,- 
&) = 19.2 Hz, *J(P,-P,,) = 13.4 Hz, P,; -40.6 ddd (2), *I (P,- 
Pd) = 21.2 Hz, P,,; -36.0dtd (I), Pti 

“Cl’H): 35.05 d *J(C-P) = 7.93 Hz; 34.76 d, *J(C-P) = 6.71 Hz; 
29.2 dt, ‘J(C-P) = 22.58, 3.36 Hz; 15.70 d *J(C-P) = 1.22 Hz, 
P(CH,),; -34.8 broad multiplet (CH2PMe3. 

IR. 1300 m, 1286 m, 1272 m, 1262 m, 935 s, 890 m, 745 m. 

(14) Tetrakis(trimethylphosphine)trihydridorhenium(JJI), (N) 
A tetrahydrofuran $25 cm’) solution of compound (M) (1.6g. 

2.8 mmol) in a 100 cm pressure bottle was stirred for 3 d under 
hydrogen (7 atm). The solution was then evaporated in vacuum 
and the residue extracted into 
was filtered, reduced to ‘: 

etroleum (50 cm3). This solution 
1Ocm and cooled at -20°C to yield 

white crystals. Yield, ca. 100%; m.p., 147°C. [Found: C, 29.8 
(29.9); H, 8.0 (7.9); N, ~0.2 (0); P, 27.3 (25.1)%]. 

NMR. ‘H: 1.54 s, 1.51 s, PMe,; -7.85 quin. 2J(P-H) = 20.84 Hz, 
ReH. 

“P(‘H}: -41.24br, s. 
IR. 1915 w, 1887 w, 1785 m, 1758 s (Re-H); 129Os, 1270s. 

930 br, vs, 852 m. 

(15) Tetrakis(tn’methylphosphine)tetrahydn’dorhenium(IV)tetra- 
juoroborate, (0) 

To a solution of ReH9(PMe3)4 (0.2 g, 0.4 mmol) in tetrahydro- 
furan (50 cm3) at -78°C was added fluoroboric acid (0.067 cm3 
of 40% aqueous, 0.4 mmol). The white precipitate was collected 
and dried under vacuum. After dissolving in methanol (50 cm3), 
and reducing the volume to ca. 15 cm3, cooling to -20°C gave 
white crystals in essentially quantitative yield; m.p., dec. 210°C. 
[Found: C, 24.8 (24.8); H, 7.0 (6.9); N, CO.2 (0); P, 22.1 (21.3); F, 
13.2 (13.0)%]. AM (MeOH, 25°C) 115 K’ cm* mol-‘. 

NMR. ‘H: 1.78 s, PMe3; -5.40 broad quintet ReH. At +6O”C, 
-5.40 quin. *J(P-H) = 23.6Hz, ReH. 

“P{‘H}: -42.53 br, s, -42.75 br, s; at +SO”C, -42.83 s, PMe,. 
IR. 2005 w, 1948 m, 1930 bm (Re-H). 

(16) Tetrakis(tn’methylphosphine~a-Iodo)(f-methyl)rhenium(lll) 
iodide-Tetramethylphos~honium iodide (P). 

To a solution of Re(u -CHzPMe2)(PMe& (0.8 g, 1.4 mmol) in 
THF (50 cm3 was added excess Me1 (0.5 cm3). The orange pre- 
cipitate was collected, dissolved in methanol (30cm’) and the 
filtered solution concentrated to ca. 10 cm3. On cooling at -20°C 
white and orange crystals respectively of [PMe.,]I and the 
rhenium complex were formed. These were hand picked. The 
orange crystals have m.p., 240-245°C. 

NMR. ‘H (d’-MeOH): 2.16 s, Re-Me; 1.92 s, PMe3. 
“P (C-MeOH): -50.7 s RePMe,; +25.2 s PhIed. 

CRYSTALLOGRAPHIC STUDIES 

(a) Crystal data 
Compound C. [ReH(Cl)(PMe,),](BF,), M = 689.87; 

orthorhombic, space roup 
9.982(4), c = 17.731(4) d 

Pca2,, a = 15.812(2), b = 
, Z = 4, D, = 1.64 g cmm3, p-Mo- 

Ko) = 45.3 cm-‘. 
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Compound R [Re(PMe&(C,H&, M = 1441.7; 
monoclinic, space group P2,/a, a = 14.352(4), b = 
34.781(9), c = 13.521(3) A, p = 105.34(2)“, 2 = 4, D, = 
1.47 g cmm3, F(M~-K~) = 39.5 cm-‘. 

Compound J. ReHN,(PEt,Ph),, M = 880.04; mono- 
clinic, space group 12, a = 15.830(4), b = 8.174(2), c = 
15.914(4) A, p = 90.45(2)“, 2 = 2, 
p(Mo-Ka) = 29.8 cm-‘. 

D, = 1.42 g cmW3. 

Compound M. Re(u*-CH2PMe2)(PMep).,, M = 565.59; 
triclinic, s ace group P 1, a = 9.470(2), b = 16.942(l), c = 
17.076(2) , 1 a! = 110.00(2), p = 103.91(l), y = 89.27(l)“, 
2 = 4, D, = 1.51 g cmp3, k(Mo-Ka) = 49.6 cm-‘. 

Compound P. [ReI(Me)(PMe,),](PMe3(I),, M = 
977.39, orthorhombic, space group P2,2,2,, a = 8.775(2), 
b = 14.038(2), c = 27.884(4), Z = 4, D, = 1.89 g cme3, 
F(Mo-KLY) = 64.9 cm-‘. 

(b) Data collection 
All data were recorded on a Nonius CAD4 difIrac- 

tometer usin graphite monochromated Mo-Ka radiation 
(A = 0.71069 h ) and an w/20 scan mode, with the o scan 
width at a constant 0.85 t 0.35 tan 0 deg.” An empirical 
absorption correctior? was applied in all cases. Ad- 
ditional data collection parameters are as follows:- 

showed ghost peaks for the P atoms and some methyl 
carbons. At first it was assumed that these were occur- 
ring due to pseudo-symmetry, but when we found that a 
basically complete structure would not refine below R - 
0.20, and the ghosting still occurred, we realised that the 
problem was one of disorder, with the complex cation 
site occupied by two enantimeric forms of the cation, in 
non-equal amounts. The two images have a common 
Me-Re-I axis, and both images have equatorial PMe, 
orientations such that one Me group lies in the equatorial 
plane with the other two above and below, and the four 
PMEa groups in each image having a four-fold axis 
relationship, (see Fig. 6). Refinement of this model was 
then completed successfully, although to achieve stabil- 
ity, some fixing of P-C distances to standard values was 
necessary. The final R( =ZAF/ZF,,) and R’( = 
Zo”*AF/Cw”*F,,) values are 0.053 and 0.054, adequately 
confirming the chosen model. 

R and R’ values for the other three structures are as 
follows: Compound I-I, R = 0.066, R’ = 0.070; Compound 
J, R = 0.0197, R’= 0.020; Compound M, R = 0.0314, 
R’ = 0.0316. 

Final atomic coordinates, thermal parameters and lists 
of F&F, values have been deposited with the Editor as 

Collected/ 
observed 

Compound 9 Range g scan speed Temperature data* 

C 
H 
.I 
M 
P 

lSIB<30” 1.27-6.77 deg mitt-’ 263 K 4195/2850 
1.5 = 8 < 23” 1.274.77 deg mitt-’ 293 K 9036/7619 
1.5~0<27” 1.27-6.77 deg min-’ 268 K 2412/2412 
1.510<23” 1.27-lO.l5degmin-’ 268K 6933/6132 
1.5~0<28” 1.27-6.77 deg min-’ 293 K 4806/3421 

*Observed data have I > l.Sa(I). 

(c) Structure solution and refinement 
AU five structures were solved via the heavy atom 

method. For compounds II, J and M, the structure 
development and refinement was routine and proceeded 
without problems. For compounds J and M, most methyl 
hydrogen atoms were determined experimentally; the 
remainder were inserted in expected positions. Un- 
fortunately the metal hydride atom in J was not located, 
in spite of the apparent high quality of the data (uide 
infra). For compound H, the six phenyl rings were refined 
as rigid groups. 

The structure development for compound C was prob- 
lematical due to pseudosymmetry, with the metal atom, 
the chlorine and one phosphorus atom all lying in the 
same plane, perpendicular to z, thus imposing strong 
$-mirror symmetry on the electron density maps. 
Attempts to achieve stable refinement have so far been 
unsuccessful and so we defer presenting the final results 
until this problem has been overcome. However, with an 
R value of 0.10 with contributions from all heavy atoms 
expected for the proposed structure (albeit with a wide 
spread of temperature factor coefficients and several 
unreasonable bond lengths and angles), the proposed 
structure is felt to be reasonably confirmed in outline. 

The development and refinement of structure P also 
gave problems. Electron density syntheses continually 

tCopies are available on request from the Editor at Queen 
Mary College. Tables of atomic coordinates have also been 
deposited with the Cambridge Crystallographic Data Centre. 

supplementary data.t Computers, programs and 
sources of scattering factor data are given in Ref. 34. 
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Ahstraet-The molecular interaction between dinonylnaphthaienesuiphonic acid (HDNNS) and 5,8diethyi-7- 
hydroxy6dodecanone oxime (HOx) was examined based on variations in the criticai micelie concentration (CMC) of 
HDNNS in the presence of HOx. The CMC values were obtained from interfaciai tension us concentration isotherm8 
measured at the hexanelaqueous interface. The interaction appears to involve hydrogen bonding between the HOx and 
HDNNS polar functional groups to form a dimeric structured complex. 

INTRODUCTION 
In previous papers” it has been shown that $8 - 
diethyl - 7 - hydroxy - 6 - dodecanone oxime (HOx) has 
the ability to alter the critical micelle concentration 
(CMC) of dinonylnaphthalenesulphonic acid (HDNNS), 
presumably through a specitic oxime-sulphonic acid in- 
teraction in the bulk organic phase. Spectroscopic evi- 
dence has been presented which indicates that the 
specific interaction involves an intermolecular hydrogen 
bonding between HOx and HDNNS molecules.2 

The purpose of this work is to examine quantitatively 
the effect of HOx on the interfacial and micellar 
behavior of HDNNS and to propose a specific complex 
involving the interaction between the polar functional 
groups of the oxime and the sulphonic acid. 

EXPRRIMRNTAL 
Reagents Dinonylnaphthaienesulphonic acid was obtained from 

King Industries, Inc. as SYNEX 1040 (Lot #M-32) and was 
puritied according to the method of Danesi et al? LIX63 was 
purchased from Henkel Corp. and was puritied as described 
elsewhere.2 Ah other chemicals were reagent grade and were 
used without further purification. 

Measurements. Interfaciai tensions were measured using the 
du Nouy ring method. Details of the experimental procedure for 
determining the interfacial tension vs concentration isotherms 
are presented eisewhere.‘~* 

RESULTS AND DISCUSSION 
Variation of the CMC and the CAC with oxime concen- 
tration 

Figure 1 shows the interfacial tension vs log [HDNNS] 
isotherm in the absence of HOx. The isotherm shows 
that a certain critical concentration is required before 
any significant interfacial adsorption occurs. This con- 
centration, denoted CAC (critical adsorption concen- 
tration), is defined as the intersection of the extrapolated 
slope and the horizontal as shown in Fig. 1. It has been 
shown previously’*2 that addition of HOx shifts the 
interfacial tension isotherms to the right. The variation in 
the CMC and the CAC of HDNNS in the presence of 
HOx, shown in Fig. 2, appears to be directly 
proportional to the concentration of HOx. The 

*Author to whom correspondence should be addressed. 

results of the effect of HOx on the CMC and the CAC 
are given in Table 1. 

Nomalization of the interfacial tension isotherms 
The similarity of the form and the apparent propor- 

tionality to the oxime concentration of the various inter- 
facial tension vs log [HDNNS] isotherms’ suggest 
that a normalization might be accomplished with the 
proper mathematical manipulation. Consider the reaction 
between the oxime (HOx) and the sulfonic acid (HD) in 
the system free of HDNNS micelles: 

HD + nHOx = HD - nHOx. 

1 
-7 -6 -5 -4 

log [HDNNS] 

Fig. 1. Iuterfaciai tension vs log[HDNNSRmoldm”) isotherm 
at the hexane/water interface (0.5 moldme KNOs; pH = 2.5, 

25°C). 
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In the mixed extractant system, the CAC also signifies 
the concentration at which the oxime-sulfonate complex 

? formation is complete. Therefore, 
E W- 

‘E [HD - nHOx] = CAC. 
Z 

(6) 

0 30- 

Z 
Equations (2)-(6) can be rearranged to give 

k 
$ 20- 

log K = log CAC - log CACo - n log {[HOx]o - &AC}. 
(7) 

c (z 
c IO- 

With the exception of n, all the terms on the r.h.s. of eqn 
(7) can be obtained from the experimental data pre- 
viously presented. By choosing values of n and solving 
eqn (7) under the condition that K must be constant for 

-7 -6 -5 -4 -3 -2 all isotherms, a value of n = 1 was found to give the best 
log CHDNNSI fit. Thus it appears that a 1: 1 HOx-HDNNS complex is 

Fig. 2. Effect of HOx on the interfacial tension vs log [HDNNS] formed with log K = 4.8. The results of the calculations 
isotherms at the hexanelwater interface. are summarized in Tables 2 and 3 and indicate that for 

CAC 4 [HOxJo, eqn (7) can be rewritten as 

Table 1. Effect of HOx on HDNNS CMC and CAC” log CA& = log CAC - log [HOxlo - log K. 

tati1 o CMC CAC Substitution of log K = 4.8 into eqn (8) gives 

63) 

1.0 x 10-4 2 x 10-5 3 x 10-6 

1.0 x 10-3 2 x 10-4 3 x 10-5 

1.0 7. 10-2 2 x 10-3 3 x 10-4 

1.0 x 10-l 2 x 10-2 3 x 10-3 

*All values In mol d~a-~. 

The equilibrium constant for reaction (1) is given by 

K = [HD . nHOx]/[HD][HOx]’ (2) 

where [HOx] and [HD] represent the monomeric con- 
centrations of HOx and HDNNS, respectively. If [HOx], 
and [HDlo represent the total analytical concentrations 
of HOx and HDNNS in solution, then a mass balance 
gives 

[HOx],, = [HOx] + n[HD . nHOx] (3) 

[HDlo = [HD] + [HD . aHOx]. (4) 

In the presence of HOx, the concentration of HDNNS 
available for adsorption at the organic/water interface is 
decreased from [HD10 to [HD] as a result of the for- 
mation of the complex HD * nHOx. It shall be assumed 
that in each mixed reagent system, the same critical 
value of effective HDNNS monomer concentration, 
CA&, is needed in order for interfacial adsorption to 
become significant. Furthermore, it shall be assumed that 
for each HOx-HDNNS mixture, the monomer concen- 
tration of HDNNS between the CAC and the CMC is the 
same as the monomer concentration in the HDNNS- 
alone system at corresponding positions on the inter- 
facial tension isotherms. Thus, at a given CAC, the 
monomer concentration is given by 

[HD] = CA& (5) 

where CA& is the critical adsorption concentration for 
HDNNS in the oxime-free system. 

log CACo = log CAC - log [HOx]o - 4.8. (9) 

Equation (9) can be used to normalize the interfacial 
tension vs log [HDNNS] isotherms at various HOx con- 
centrations by assuming that the form of the equation 
holds for all points on the isotherm and not just at the 
CAC. Therefore, eqn (9) becomes 

log [HDl* = log [HD]o - log [HOx], - 4.8 (10) 

Table 2. Experimental data for the evaluation of the HOx- 
HDNNS complex stoichiometry” 

IHWo CAC CA% 

1.0 x 10-4 3 x 10-6 

1.0 x 10-3 3 x 10-5 

1.0 x 10-2 3 x 10-4 

1.0 x 10-l 3 x 10-3 

=A11 values (in mol dm-3) 

5 x 10-7 

5 x 10-7 

5 x 10-7 

5 x 10-7 

Table 3. Calculated values for the evaluation of the HDNNS- 
HOx complex stoichiometry 

log{[HOx]o - CAC) 1ogCAc 1ogCAc 
0 

logKb 

-4.0 -5.5 -6.3 4.8 

-3.0 -4.5 -6.3 4.8 

-2.0 -3.5 -6.3 4.8 

-1.0 -2.4 -6.3 4.8 

aAll values calculated using data from Table 2. 

b 
1ogK calculated from equation 8. 
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Proposed HOx-HDNNS complex structure 
Using the value of K evaluated from Table 3 the free 

energy change for the formation of the 1: 1 HOx- 
HDNNS complex has been calculated according to the 
relation 

Wxl 
(mol dm‘? AG=-RTlnK (11) 

and gives AG = - 1.4 kJ mol-‘. This is a typical value for 
the formation of multiple hydrogen bonds and suggests 
that the dimerization may be of a structure such as (I). 
This model of the oxime-sulphonate interaction involves 
two H---O hydrogen bonds and one N--H hydrogen 
bond. 

R: y’ 
C-C-R” ’ 

II I 

/Y O\ 
01 H 
I I / 

Fig. 3. Normalization of tbe interfacial tension vs log [HDNNS] 
isotherms at various HOx concentrations. 

Table 4. Typical free energy values for hydrogen bond for- 
mation. 

Bond Type -AG(W rn01-~) 

N---HO 0.62 

-O---HO 0.35 

%hes from Ref. 141. 

where [HD]* is the effective sulphonic acid concentration 
and [HD], and [HOx]o are the analytical concentrations 
of HDNNS and HOx, respectively. The results of the 
application of eqn (10) to the interfacial tension vs 
log[HDNNS] isotherms presented in Fig. 2 are 
shown in Fii. 3. The equation works remarkably well and 
convincingly supports the argument for a specific inter- 
action between HOx and HDNNS in the organic phase. 

(1) 

Based on structure (I) the free energy change can be 
calculated from tabulations of hydrogen bond types 
given by Vinogradov and Linnel? As shown in Table 4, 
the free energy is calculated as approx. - 1.3 kJ mol-‘, in 
remarkable agreement with the results calculated from 
the experimental data of this work. 

Achow/edgement-This work was supported by the National 
Science Foundation under Grant Nos. ENG 76-82141 and CPE 
8110756. 
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ABSTRACT : The extraction of In(II1) from IM (Na,H)(Cl,ClO,+) media with 4-acylpyrazol-5-ones 

(HL) in toluene at 25°C is described by equilibria In 
3+ 

+3E = InL'3+ 3 H+ (log K = 

1.48, 1.03, 0.87 with acyl = benzoyl, lauroyl, 2-thenoyl), InCl 
2+ 

+ 2 g _ InClL, + 2 H+ 

(log K = 0.26, -0.45, -0.35 respectively) and In 
3+ 

t m cl- = InCl 
(3-m)+ 
m 

(log 8, availa- 

ble from literature). The extraction from IM (Na,H)(Cl.N03) medium is enhanced by addition 

of aliquat (TOMA+,Cl-) and the following synergic equilibrium takes place : 

InClL2 + (TOMA 
+ 
,Cl-) I- (TOMA+,InClZL2-) (log K = 5.49, 5.25, 5.21 respective- 

ly). Cl- of (TOMA',Cl-) is exchanged by N03- with the equilibrium constant log K = 1.50. 

If (TOMA+,Cl-) is replaced by tri-n-octylammonium chloride, the synergic effect is largely 

reduced (log K = 4.17 with acyl = benzoyl). The extraction from chloride solutions contai- 

ning C104- remains unchanged by addition of ammonium salts. 

INTRODUCTION 

1 

Since the discovery of the synergic effect by Cuninghame et al. in 1954, numerous studies 

have been reported on metal extractions by mixtures of an acidic extractant plus a neutral 

extractant, an acidic extractant plus an acidic extractant, a neutral extractant plus a 

neutral extractant, but a relatively poor number of papers on the extractions of metals by 

mixtures of an acidic extractant and a cationic extractant (i.e."onium" salts) is available : 
2.8 

they mainly concern the extraction of rare earths and cobalt . To point out some extrac- 

tant properties of this kind of mixture, the indium(II1) extractions from chloride medium 

with I-phenyl-3-methyl-4-acylpyrazol-5-ones (respectively noted HPMBP, HPMLP and HPMTP with 

acyl = benzoyl, lauroyl and 2-thenoyl) and "aliquat" (TCMA'.Cl-) or tri-n-octylamine (TOA) 

are investigated. 

EXPERIMENTAL 

REAGENTS AND SOLUTIONS : 4-acylpyrazol-5-ones were prepared as described previously'. Their 

initial concentrations in toluene varied from 0 to 0.04M whereas the total "TOMA +#I or TOA 

concentrations were 0 or 0.016M. The total "TOMA +1, concentration has been determined by 

potentiometric determination of stripped Cl- in a IM acidic nitrate solution from a toluene 

solution containing a well-known weight of Fluka "aliquat". Organic solutions were systema- 

tically pre-equilibrated against an aqueous solution, free of metal, of the same composition 

as the one used in the corresponding metal extraction procedure. Aqueous solutions were pre- 

pared by dissolution of the appropriate indium salt in perchlorate, nitrate and chloride 

solutions of II! ionic strength. The total initial metal concentration was 4.35 10w3M. pH were 
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adjusted by addition of O.IPl NaOH solutions of suitable composition. 

EXTRACTION AND ANALYTICAL PROCEDURES : The distribution measurements were performed in a 

thermostated vessel (25.0 ? 0.2'C) using a batch technique. Equal volumes of the organic and 

aqueous phases were shaken forat least I5 minutes, which was sufficient to reach equilibria, 

and then separated by gravity. For each experimental point, aliquots of the two phases were 

withdrawn and analysed. Metal concentration determinations were done with a IL 453 atomic 

absorption spectrophotometer. The withdrawn organic samples were previously diluted in a 

water-ethanol mixture. 

RESULTS AND DISCUSSION 

EXTRACTION OF In(III)_ FROM PERCHLORATE-CHLORIDE SOLUTIONS WITH HPMBP IN TOLUENE : Though the 
lO*ll 

In(II1) extraction from perchlorate medium has been given earlier some attention , new 

experiments have been performed because of our slightly different experimental conditions 

I 12 3 

PH 

FIG.1 : In(II1) extraction from IM(H,Na) 

(Cl,C104) medium with toluene solutions 

of: [HPMBP]= 0.02M 

[HPMBP]= 0.02M + [TOMA+Cl-]=O.O16M 

continuous lines: calculated extraction 

curves; broken line : extraction of 

InCl(PMBP) 2; parentheses values: [Cl-] - 

i . e . metal concentration, nature of diluent. As 

expected, plots of 1ogD vs pH at constant 

[HPMBPI and of 1ogD vs log I HPMBP] at constant 

pH are straight lines of slope 3 according to 

equilibrium 111 (D designs [%r][In]-') 

{I] In3+ 
- Kl 

+ 3 HPMBP z== In(PMBP)x + 3 H+ 

(log Kl = 1.48 f 0.03). 

The extraction of In from perchlorate-chloride 

aqueous solutions of constant ionic strenfth 

(p = 1) with HPMBP in toluene is drastically 

reduced compared with the extraction performed 

from pure perchlorate solutions : as shown on 

Fig.1, when ClO,- is progressively changed with 

Cl-, the curves 1ogD vs pH at constant [Cl-land 

~HPMBPI are not anymore straight lines but cur‘ 

ves the slopes of which increase from 2 at low 

pH to more than 2.5 at high pH. The mean slopes 

vary from 3 ([C104-] = 1M) to s 2 ([Cl-] = IM). 

These experimental facts are consistent with 

the coextraction of In(PMBP)s and InCl(PMBP)z 

following the equilibria {I} and I21 

{2} InC12+ + 2 G 2 InCl(PMBP)z + 2 H+ 

(log K2 = 0.26 + 0.03). 

Kp determination : Assuming that In(PMBP)3 and 

InCl(PMBP)z are the only extracted species, the 

distribution coefficient is 

[ In(PMBP)3] + [ InCl(PMBP)z] 
D= 

i 1 InCllj13-m)+] 
m=n 

D= a DL + b D2 b-ith 

a= [ In3+] (,iO[ InC1~3-m)+l)-' 

b= [ InC12+] (mio[ InC1~3-m)+])-' 
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Dl= [In(PMBP)3][ 1n3+lw1; Dp= [InCl(PMBP)2][ InC12+]-' 

For each experimental point, Dl is determined from log KI expression whereas a and b coeffi- 

cients are entirely determined by considering the 8, values of equilibria (31 

In3+ 
6 

I3} +mc1- . 
. InC1(3-m)+ 

.m 

Then, D2 is calculated and Kp is obtained from the equation : 

log K2 = log D2 - 2pH - 2 log fHPMBP1 

In fact, experimental D values are corrected because of the lack of extractant due to In 

complexation in the organic phase. The log Bm values considered in this paper are those of 
12 

FERRI (2.58, 3.84 and 4.20 for n = l,lj 2 and 3) determined in Cl- - Cl04 medium at 25'C with 

p = 3 and those of CARLESTON and IRVING (2.36, 3.63 and 3.95) in the same medium at 20°C 

with p = 0.69. The two series of values have been checked in our calculations and they are in 

good agreement with our experimental work. Nevertheless, the latter values are slightly 

better. The 1ogD values, calculated with log Kl = 1.48 and log Kp = 0.26 are in good agree- 

ment with the corrected experimental ones. One may conclude that In(PMBP)x and InCl(PMBP)z 

are the only extracted species. Though InC12 
+ 

and InC13 are the predominating aqueous species 

under the experimental conditions, InClz(PMBP) remains too hydrophilic to be extracted. 

EXTRACTION OF In(III) FROM PURE CHLORIDE (AND NITRATE-CHT.ORIDE) SOLUTIONS WITH HPMBP + 

(TOMA+,Cl-) : The addition of (TOMA+,Cl-) largely enhances the In extraction from pure Cl- 

aqueous solutions with HPMBP (fig.1). After an accurate correction of 1ogD to counterbalance 

the lack of extractants due to the indium extraction, plots of 1ogD vs pH at constant [HPMBP] 

and [ (TOMA+,Cl-)] and of 1ogD vs log [HPMBP] at constant pH and [ (TOMA+,Cl-)] are straight 

lines of slopes 2, 2 which is consistent with the extraction equilibrium 14) 

I41 InC12+ - + 2 HPMBP + n (TOMA+,Cl-) 
K4,n 

_ - (n ToMA+,InCln+l(P~~~)~-) + 2 H+ 

In this hypothesis, 1ogD = log K4 n + log b + 2 log [ HPMBP] + 2 pH + n log [ (TOMA+,Cl-)I. 

A variation of R = [NOl-][Cl-1-I iermits to vary [ (TOMA*,Cl-)] at constant "[TOMA+]" which 

limits aggregation effects. In view to evaluate [ (TOMA+,Cl-)] for 0 < R < 9 ('tl%Zj~otal = 

0.016M) the constant of equilibrium (51 

K5 
I51 (TOMA+,Cl-) + N03- / (TOMA+,N03-) + Cl- 

has been determined by potentiometric determination of the stripped Cl - in Na(N03,Cl) 1M 

solution from a (TOMA+,Cl-) toluene solution : log Kg = 1.50 + 0.02. 

Plots of (1ogD - logb) vs log [(TOMA 
+ 
,Cl-)I at constant [HPMBP] and pH are straight lines of 

slope 1 which shows that n = 1. According to this result, log K4 I = 5.75 ?: 0.05 has been 

calculated and the following synergic equilibrium is established': 

K6 
t6) InCl(PMBP)2 + (TOMA+,Cl-) c (TOMA+,InC12(PMBP)2-) 

with log K6 = 5.49 f 0.08 

It must be noted that the extraction of In with (TOMA+,Cl-) alone under the herein experimen- 

tal conditions is negligible towards the synergic extraction. 

EXTRACTION OF In(II1) FROM CHLORIDE SOLUTIONS CONTAINING PERCHLORATE WITH HPMBP + (TOMA+,Cl-): 

Since (TOMA+,Cl-) is nearly fully changed into (TOMA+,ClO,+-) under the experimental condi- 

tions, no synergic effect is observed in this case. However, it has been shown previously 

that (TOMA+,ClO,+-) is a synergistic agent in the extraction of Co(I1) with HPMBP 
14 

and it is 

noticeable that no similar effect is observed in the case of In. Then, the constant of the 

expected equilibrium 17) is negligible, 

I71 InC12+ + 2 HPMBP + (TOMA+.C~O,+-) -2 (TOMA+,InC12(PMBP)2-) + 2 H+ + ClO,- 
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and the formation of (TOMA+, InC12(PMBP)2-) is rather poor though I&12+ is the predominating 

species in the aqueous phase. 

EXTRACTION OF In(II1) FROM PURE PERCHLORATE AND PURE CHLORIDE SOLUTIONS WITH OTHER ACYLPYRA- 

ZOLONES AND AMMONIUM SALTS : The constants of equilibria 11). {Zj, {4} and I61 have been 

also determined for the HPMLP - (TOMA+,Cl-), HPMTP - (TOMA+,Cl-) and HPMBP - (HTOA+,Cl-) 

systems ((HTOA+,Cl-) = tri-n-octylammonium chloride) : the results are reported on table I. 

It appears clearly that (HTOA+ ,Cl-) is not so an efficient synergic agent than (TOMA+,Cl-) 

in the extraction of In(II1) from chloride medium by HPMBP. It appears that HPMBP is a bet- 

ter extractant of In(II1) than HPMLP and HPMTP (see log K1 and log Kp) in the same experi- 

mental conditions, and it is noticeable that the synergic effect is quite similar whatever 

the acylpyrazolone is. 

Table I : 
___, 

extractants log K1 log K2 log K4 , 1% 6, , 

wMw + (HTOA+,C~-) 1.48 i 0.03 0.26 ? 0.03 4.43 + 0.04 4.17 f 0.07 

HPMBP + (TOMA+,Cl-) 1.48 + 0.03 0.26 ? 0.03 5.75 k 0.05 5.49 + 0.08 

HPMLP + (TOMA+,Cl-) 1.03 * 0.05 -0.45 ?: 0.05 4.80 ?r 0.03 5.25 f 0.08 

HPMTP + (TOMA+,Cl-) 0.87 f 0.05 -0.35 + 0.05 4.86 ? 6.05 5.21 + 0.10 

(1) 

(2) 

(3) 

(4) M. KAWASHIMA and H. FREISER, AnnZ.Chem., 1981, 2, 284. 

(5) 0. TOCHIYAMA and H. FREISER, AmZ.Chem., 1981, 53, 874. AnaZ.Chim.Acta, 1981, 131, 2 

(6) I. DUKOV and L. GENOV, J.Inorg.Mucl.Chm., 1981, 43, 412. 

(7) H. KAWAMOTO and H. AKAIWA, Bunseki Kagaku, 1975, 2, 127. CA 83 : 33426. 

(8) S. NORIKI, AnaZ.Chim.Acta, 1975, 76, 215. 

(9) B.S. JENSEN, Acta Chem.Seand., 1959, 12, 1668. 

(10) Y.A. ZOLOTOV and L.C. GAVRILOVA, Zh.Neorg.Khim.,l969, 14, 2157. 

(11) 0. NAVRATIL and A. MALACH, cc?yz. C’zer?.Chm.Com., 1978, 5, 2890. 

(12) D. FERRI, Acta Chenr.Seand., 1972, 26, 733. 

(13) B.G.F. CARLESTON and H. IRVING, J.Chm.Soc., 1954, 4390. 

(14) M. LAKKIS, ThPse de 3gme cycle, Strasbourg (1981). 
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ABSTRACT : The extraction of Co(I1) with mixtures of I-phenyl-3-methyl-4-benzoyl-pyrazol-5- 

one ((H)PMBP) and tri-n-octylamine (TOA) is investigated in order to explore the influence 

of diluents and inorganic anions with synergistic acidic extractant + liquid anion exchanger 

systems. Although it is proved that the same species [HTOAl+ [CO(PMBP)~~- is extracted from 

various inorganic media, with toluene as the diluent, the presence of Cl0 4-, S042- or Cl- 

anion modifies the distribution of the anions which are associated to (HTOA)+ in the organic 

phase, leading to different synergistic equilibria; with Cl- or SO4 
2- 

: 

CO(PMBP)~ + (HTOA+,PMBP-) _ (HTOA+,CO(PMBP)~-) (log K = 6.10) and with C104- : 

C~(PMBP)~ + HPMBP + (HT0A+,clo4-) __ (HTOA+,CO(PMBP)~-) + H+ + C104- (log K = 2.34) 

The same synergistic equilibrium is observed for the extraction of Ni(I1) from C104- medium, 

with a comparable value of the constant (log K = 2.45). 

The synergistic effect is cancelled in n-octanol. 

INTRODUCTION 

Previous investigations have shown that chelating acidic extractants in combination with 

cationic extractants (ammonium, arsonium, phosphonium salts) can produce synergism on the 
l-19 

extraction of metal ions . Most of the papers deal with the extraction of cobalt(I1) and 

rare earths with mixtures of 2-thenoyltrifluoracetone (HTTA) and nitrogen bases or quaternary 
l-11 

ammonium salts . In the latter case, the extraction is enhanced by formation of metal 

anionic species M(TTA)3- or M(TTA)4- which are coordination-saturated and found in the 

organic phaseinassociationwith a lipophiliccation(i.e.R4N+). The conclusions are less 

obvious if one considers the HTTA-nitrogen bases system : the difficulties to explain the 

extraction curves are connected with the fact that nitrogen bases may form tertiary ammonium 

salts with the aqueous inorganic acid or with the acidic extractant (i.e.HTTAl) ; thus, they 

act as cationic extractants. Nitrogen bases may also remain neutral and act as common 

neutral extractants. In order to evaluate the importance of the nature of aqueous inorganic 

anions on such extraction systems, the extraction of cobalt(I1) from perchlorate, sulphate 

and chloride media with I-phenyl-3-methyl-4-benzoyl-pyrasol-5-one (HPMBP) in combination with 

tri-n-octylamine (TOA) is investigated. 

EXPERIMENTAL 

20 
REAGENTS AND SOLUTIONS : HPMBP was prepared as described previously and purified by several 

recrystallizations in a I:10 toluene-ethanol mixture. Solutions of HPMBP and of HPMBP + TOA 

461 
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in toluene or I-octanol were prepared from Fluka or Merck chemicals. The HPMBP and TOA 

initial concentrations were varied between 0 and 0.04 M. Organic solutions were systemati- 

cally pre-equilibrated against an aqueous solution, free of metal, of the same composition 

as the one that is used in the corresponding metal extraction procedure. Aqueous solutions 

were prepared by dissolution of the appropriate cobalt salt in sodium perchlorate, sulphate 

or chloride acidic solutions of IM ionic strength(O.lM in a few but expressly noted cases). 

The total initial metal concentration was 1.7 10s3M. pH was adjusted by addition of O.IM 

NaOH solutions of suitable composition. 

EXTRACTIONS AND ANALYTICAL PROCEDURES : The distribution measurements were performed in a 

thermostated vessel (25.0 f O.Z'C) using a batch technique. Equal volumes of the organic and 

aqueous phases were shaken for a least 10 minutes, which was sufficient to reach equilibria, 

and then separated by gravity. For each experimental point, aliquots of each phase were 

withdrawn and analysed. Metal concentration determinations were done with a IL 453 spectro- 

photometer; the withdrawn organic samples were previously diluted in a water-ethanol mixture 

(water : ethanol : sample = 5:14:1) : it has to be noted that the sensitivity of Co absorp- 

tion is slighty enhanced in such a medium. 

RESULTS AND DISCUSSION 

21 
EXTRACTION OF COBALT(I1) WITH HPMBP OR TOA : Zolotov et al. accurately described the 

cobalt(I1) extraction with HPMBP in benzene or isoamyl alcohol but new experiments were 

needed because of our slightly different experimental conditions i.e metal concentration, 

nature of diluents and inorganic anions, ionic strength.Plots of log D vs pH and log D vs 

log [HPMBP] at constant [HPMBP] and pH respectively (D = cobalt distribution ratio) have been 

performed to study the extraction of cobalt(I1) from C104-, Cl- and SO4 
2- 

aqueous solutions 

in HPMBP-toluene and HPMBP-I-octanol solutions; straight lines of slope 2 are obtained 

showing that the extractions are well described with equilibrium (I) : 

(1) co2+ + 2 HPMBP 4) CO(PMBP)~ + 2 H+ 

The corresponding equilibriumconstantsK, are given in the following table : 

Diluent Inorganic anion Ionic strength log K, Ref. 

benzene c104- 0.1 -7.25 + 0.08 21 

isoamyl alcohol c104- 0.1 -1.87 ?r 0.07 21 

toluene c104- 1 -7.25 + 0.05 this work 

toluene cl- I -7.00 i 0.03 II 

toluene S042_ I -7.78 f 0.10 II 

I-octanol 
c,lJI 

I -1.98 + 0.03 II 

I-octanol 
4 

I -2.87 2 0.10 II 

Two points have to be noted : - when the organic Co concentrations in toluene solutions are 

greater than s 0.2 IOW3M, third phases appear; they disappear if alcohols are added; in this 

case, the extraction is largely enhanced and this synergistic effect is usually explained by 

the replacement of water molecules in the extracted species by alcohol molecules. 

- the extraction is lower when it is performed from SO 
2- 

4 
aqueous solutions, whatever the di- 

luent is. No detectible extraction of Co(II) from C104 , S04'- and Cl- aqueous solutions with 

TOA alone in toluene or I-octanol has been observed under herein experimental conditions. 
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EXTRACTION OF COBALT(I1) FROM PERCHLORATE MEDIA WITH A MIXTURE OF HPNBP AND TOA : 

-Toluene as diZuent : The extraction curves log D vs pH for [C104-]= lM, [HPMBPli= 0.02M and 

various [ToAli (i denotes initial concentrations) are shown on Fig.1 : if TOA is added to the 

HPMBP-toluene solution, the cobalt extraction is enhanced, the third phase disappears and the 

slopes of the observed straight lines increase from 2 to 2.7 approximately. This last fact 

shows clearly that TOA is not merely a neutral synergistic agent in this extraction system : 
22 

since HC104 is highly extracted with amines , the cobalt extraction from perchlorate aqueous 

solutions with HPMBP + TOA can be described by equilibrium (2) : 

(2) co2+ + 3 HPMBP + (HTOA+,ClO4-) _ (HTOA+,CO(PMBP)~-) + 3 H+ - + Cl0 
4 

In this hypothesis, experimental curves can be corrected using the following equations, 
- 

[ HPMBP] = [ HPMBPli - 3 [co] and [ (HTOA+,C104-)] = [TOAli - [co] where [co] denotes the cobalt 

concentration in the organic phase. After corrections, the slopes of the curves log D vs pH 

are closed to 3 and are well-consistent with equilibrium (2). Accordingly, log-log plots of 

D vs [HPMBP] at constant pH and [ (HTOA+,ClO,-)] are straight lines of slope 3. A little more 

surprising is the slope I of the corrected turves log D vs log [ (HTOA 
+ 
,C104-)] at constant pH 

and [HPMBP] if one considers that the aggregation of perchlorate ammonium salts in toluene is 
22 

not negligible .Assuming arbitrarily that ammonium cations and salts are monomers and taking 

log [C104-] = 0, log K2 = -4.91 f 0.06 (K2 = constant of equilibrium (2)). According to equi- 

librium (2) the extraction of Co is increased when [C104-] = -1; log K2 = -5.15 f 0.05. 

-I-octanol as diluent : when the diluent is I-octanol. the addition of TOA has no effect on 

the extraction of cobalt with HPMBP. It must be concluded that (HTOA 
+ 
,CO(PMBP)~ ) is not 

formed under herein experimental conditions. 

EXTRACTION OF COBALT(I1) FROM SULPHATE MEDIUM WITH A MIXTURE OF HPMBP AND TOA : 

-Toluene as diZuent : Extraction curves log D vs pi for [HPMBPI 
i 

= 0.02M and various [%%I' 
i 

are shown on Fig.2 : if TOA is added to HPMBP, the extraction of Co is enhanced and the 

previously observed third phase disappears; nevertheless, two facts are quite different from 

the extraction performed from perchlorate medium : the slope of the curves remains approxi- 

mately 2, and the extraction does not increase regularly with increasing [Tzli. 

A maximum of extraction is observed for [‘?%li. [HxP].-' = 
1 

l/3 (Fig.3) which is most pro- 

bably the ratio of the two extractants in the extracted species. On the opposite to HC104, 

H2S04 extraction with TOA is rather poor under the experimental conditions (less than 5% TOA 

are combined with H2S04). Two equilibria explain the experimental facts : 
K 

(3) HPMBP + TG 4 - (HTOA+,PMBP-) 

(4) co2+ + 2 HPMBP + (HTOA 
+ 
,PMBP-) 

K4 c 
4 (HTOA+,CO(PMBP)~-) + 2 H+ 

with log K 
3 

= 2.45 (see Co extraction from Cl- medium) and log K4 = -1.68 + 0.10 

The synergistic equilibrium is : 
K 

(5) CO(PMBP)~ + (HTOA+,PMBP-) _ - (HTOA+,Co(PMT 

with log KS = log K4 - log K, = 6.10 f 0.10 

-l-o&an01 as diluent : the extraction of Co(II) from sulphate medium with HPMBP in I-octanol 

is weakened if TOA is added to the organic phase. As observed with perchlorate medium, 

(HToA+,CO(PMBP)) is not formed : the antagonistic effect is explained by a decrease of 

HPMBP activity due to the TOA-HPMBP interactions described by equilibrium (3) with log K = 
3 

2.15 f 0.15. This antagonistic effect is not observed with perchlorate medium because TOA 
+ 

exists mostly as (HTOA ,C104-) and consequently its interactions with HPMBP are very weak. 

EXTRACTION OF COBALT(II) FROM CHLORIDE MEDIUM WITH A MIXTURE OF HPMBP AND TOA IN TOLUENE : 

-Fxtraction of HCZ with TOA in toZuene : for [ToAli = O.OOlM to 0.02M and pHi = 1.5 to 3, 
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FIG. 1 : Extraction of Co(II) from C104- medium 

[C104-j = IM; [HPMBP] . = 0.02M; from the right 

to the left [TOA] 
i 
= :, 0.0066, 0.02, 0.04; 

diluent : toluene. 

PH 

FIG.2 : Extraction of Co(II) from SO4= medium 

[SO4=]= 0.33M; [HPMBP]. =O.O2M; from the right 

to the left [TOA] 
i 

= 0: 0.04, 0.02, 0.0033, 

0.0066; diluent : toluene. 

.+0.5 

’ 0 

.-0.5 

-3 -2 

log [TOA] 
i 

FIG.3 : Influence of R = [TOA] i-l[HPMBPli 

on the extraction of Co(II) from sulphate 

medium; diluent : toluene, pH = 4.00. 

0 

B 

3 4 

PH 

FIG.4 : Extraction of Co(II) from Cl- medium 

(diluent:toluene); (Cl-]=IM; [HPMBPli = 0.02M 

[TOA]; = 0' and ITOAI~ = 0.022; 

O: calculated points;.oexperimental points. 
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constants of equilibria (6) and (7) have been determined with pH and [Cl 1 measurements and 

conventional calculations : 

= + H+ + Cl- a 
K 

(6) - (HTOA+,Cl-) 
K 

(7) 2(HTOA+,Cl-) 47, (HTOA+,Cl-)2 

with log K6 = 3.57 f 0.03 and log K7 = 1.06 ? 0.05 22 23(10g[c1-l = 0) 

These results are in good agreement with previous determinations - . 

-HPBMP-TOA interactions in tohene : the addition of HPMBP to the organic phase TOA-toluene 

decreases the extraction of HCl from a IM (Na,H)Cl aqueous solution. Equilibrium (3) can be 

considered to explain this fact. Using the following procedure based on pH measurements, the 

corresponding constant K3 has been determined : log Kg = 2.45 f 0.05. 

Procedure : A (TOA + HPMBP) toluene solution is shaken with an equal volume of 1M (Na,H)Cl 

aqueous solution. pH are measured before and after shaking and A[H+] is calculated. Consi- 

dering that the observed increase of pH is only due to HCl extraction (equilibria (6) and 

(7)), [ Tz], [ (HTOA+,PMBP-)] and [ (HPMBP)] are obtained from the following equations : 

A[H+] = K6 [%A] [H+] + 2 K; K7 [ToAl [H+12; 

[ (HTOA+,PMBP-)I = [Txli - [%%A] - A[H+] and [=P] = [H%Pli - [ (HTOA+,PMBP-)] 

~~ = [ (HTOA+,PMBP-)I [THAI-’ [ii%%l-1 has been determined with pHi = 2, ]%Ali = 0.01M and 

0.05M c [HXBP] < 0.03M 
i 

-Cobalt(III extraction from IM chloride medium : it has been performed with [TX] = [HPMBP] 
i i 

= 0.02M; it can be described by equilibria (I), (3), (S), (6) and (7) with their respective 

constants log K. = 
1 

-7.00, 2.45, 6.10, 3.57 and 1.06. A calculated curve log D vs pH obtained 

from these values is in quite good agreementwith the experimental one (Fig.4). Each calcu- 

lated value, log Deal , has been determined through the following equations : 

[ ??%I i - [Gl = [ToAl + [ (HT~A+,PMBP-)] +.[(HTOA 
+ 
.cl-)] + 2[ (HTOA+,C1-)2] 

1 HPMBPli - 3[c0] = [%%P] + [ (HTOA + 
+ 

,PMBP-)] ; [ (HTOA ,Cl-),] = K7 K6' [H+] 2[%] 2 

[ (HTOA+,C~-)I = ~~ [H+I]T~AI; 1 (HTOA+,PMBP-)] = (]HPMBPli - 3[G])(l + K3[~]-')~3[~]. 

log Deal = log K, + log K5 + 2 pH + 2 log[HxP] + log[(HTOA 
+ 
,PMBP-)] 

EXTRACTION OF NICKEL(I1) WITH A MIXTURE OF HPMBP AND TOA IN TOLUENE : The extraction of ni- 

ckel(I1) from (H,Na)C104 IM medium with HPMBP in toluene is described by the equilibrium (1') 

(1’) 
Ni2+ - 

+ 2 HPMBP __ Ni(PMBP)2 + 2 H+ with log K,, = -6.71 

if TOA is added to the organic phase, the equilibrium (2') takes place : 

(2’) 
Ni2+ - 

+ 3 HPMBP + (HTOA+,C104-) _ (HTOA+,Ni(PMBP) 
3 

) + 3 H + + Cl0 - 
4 

with log K 
2' 

= -4.26. Thus the synergistic equilibrium is : 

(3') Ni(PMBP)2 + HPMBP + (HTOA+,C104-) __ (HTOA 
+ 
,Ni(PMBP)3-) + H+ + Cl0 - 

4 

with log K3, = 2.45 

It noticeable that K3r is quite similar to K3 (log K 
3 

= 2.45) observed in the same conditions 

for Co(I1); hence. it can be concluded that the Ni-Co separation remains unchanged with the 

formation of (HTOA 
+ 
,M(PMBP)3-) ion-pair. The slow extraction of Ni(I1) from Cl- and SO4 

2- 

media have not been extensively studied. 
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CONCLUSION 

Whatever the nature of the inorganic aqueous anions is (C104-, Cl- or SO4 
Z- 

), a synergistic 

extraction of Co(II) and Ni(II) with a mixture of HPMBP and TOA in toluene is observed. In 

all cases, the extracted species is (HTOA+,M(PMBP)3 ). It may be formed according to two 

different but thermodynamically equivalent ways. The first one is the phase transfer of the 

hydrated aqueous complex M(PMBP)2,aq. followed by its water molecules substitution by the 

PMBP- anion of the organic ion pair (HTOA+,PMBP-). The second way is consistent with the 

formation of the M(PMBP)3- anion in the aqueous phase followed by an interfacial anionic 

exchange such as 

M(PMBP)3- + (HTOA+,X-) _ (HTOA+,M(PMBP)3-) + X- 

where X- represents the aqueous inorganic anion. 

An accurate study of the extraction rates would be necessary to definitively conclude; 

however, the extraction rate of Ni(II) is higher from C104- medium than from Cl- and SO 
2- 

4 
media, which suggests that the anionic exchange is the metal phase-transfer mechanism for 

the extraction from Cl0 
4 
- medium. 
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Abstract - Reduction of the solvated copper(I1) cation by trimethyl 

phosphite in acetonitrile occurs via a short-lived purple inter- 

mediate, believed to be a copper(phosphite complex. 

Trialkyl(aryl)-phosphane and phosphite complexes of copper(I) are conveniently 

synthesised from reactions between the ligands and copper(I1) salts in alco- 

holic media.' When a mixture of copper(I1) hexafluorophosphate, pentakie- 

(acetonitrile) and trimethyl phosphite in acetonitrile (Cu11J:(P(OMe)31 = l:lO, 

is allowed to warm from 77K, a deep purple colour develops as P(OMe)3 melts. 

The colour fades rapidly even below 230K, and at room temperature the identi- 

fied products are the tetrakis(trimethy1 phosphite)copper(I) and trimethoxy- 

methylphosphonium cations, the hexafluorophosphate anion, and dimethyl 

methylphosphonate. Minor amounts of other organo-phosphorus compounds are 

formed also but were not identified. Spectrophotometric titration, monitoring 

Cu (NCMe) i 
-1 

absorbance at 13,400 cm , indicates that rapid, quantitative 

reduction of copper(I1) occurs only when [Cu 111:(P(OMe)31 <1:6. Below this 

ratio the stoicheiometry remains 1:6 and partial copper(I1) reduction results. 

Formation of the purple transient from solutions of Cu(PF6)25MeCN and excess 

P(0Ne)3 in MeCN is complete within the time of mixing at 297+0.1K, but its 

decay is within the stopped-flow range providing [P(OMe)3] does not exceed 
-3 

O.lmoldm . The electronic spectrum obtained by point-by-point determination 

over the range 22,200-32,800 cm -', [Cu11]:[P(OMe)3] = 1:lO or l:lOO, consists 

* Author to whom correspondence should be addressed 
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Notes 

the difference in coordination number. As expected,substitution of MeCN by 

2,2'-bipyridyl(biey) reduces the oxidising ability of Cu I1 (E4 = ca. -0.24V 
2+ 

vs Ag+/Ag) and reduction of Cu(bipy)3 is not observed. Electro- 

chemical oxidation of Cu(P(OMe)3)4+ 

by P(OMej3 

in MeCN is irreversible and occurs at a 

potential significantly higher than that of Cu(NCMe)4+. It is reasonable to 

conclude therefore that a species Cu(P(OMe)31n(NCMe),--n2+ is directly involved 

in the redox step. 

The limited kinetic data obtained do not allow a definitive mechanism to be 

formdlated, however equation (l), N = MeCN, P = P(OMe)3, is plausible. 

2+ + 
cuN2p4 

P - CuNP2+ 
Kg 

5 

CuNP: + P kCuP + 
+ 
4 

+.N 

P2 
+ 

+ N (1) 

This will lead to the rate law, Rate 
2+ 2 

= kK5(CuN2P4 I [PI , which is consistent 

with the observed behaviour,providing K5 is small compared with the stepwise 

formation constants K,---K4. By analogy with complexation of Cu 
II 

in water, 
5 

this is a reasonable assumption. The dimeric radical cation, 

(MeO)3P-P(OMe)3'+ , postulated as the other product, has been observed from the 

y-irradiation of P(OMe)3 at 77K.6 We suggest that one of its decomposition 

products is MeP (OMe)3+. This is known to be an intermediate in the auto- 

catalytic Arbuzov rearrangement of P(OMe)3,7 and accounts for the presence of 

MeP (0) We) 2 as the major organo-phosphorus product. 

EXPERIMENTAL 

Preparation of CU(PF~)~~M~CN and Cu(PF6)4MeCN and the spectroscopic and 

stopped flow techniques used to study the reactions under anerobic conditions 

have been described previously. S,9 2,2'-Bipyridyl(bipy) complexes were pre- 

pared by stoicheiometric reactions between bipy (B.D.H. Analar) and the copper 

salts in MeCN using standard vacuum techniques. Their vibrational spectra 

indicated that MeCN and free bipy were absent. Products from the reaction of 

Cu(PF6)65MeCN with trimethyl phosphite (purified as described previously') were 

identified by comparison of their 
1 
H, "F and 3'P n m r , . . . and i.r. spectra with 

those of authentic samples. 

Solution concentrations used were as follows: for stopped flow (Cu"] = 

5x10-4, [P(OMe)3] = 7.5x10-3-7.5x10-2mol dmm3: for spectrophotometric titration 

[Cu'I] = 0.06, [P(OMe)3] = 0.03-0.45 mol dmv3; for n.m.r. typically [CuIIl = 

0.09, [P(OMe)3] = 0.90 mol dmm3. 

Cyclic voltammetry was carried out in a Pyrex cell contained in an Ar atmos- 

phere glove box, B20<5p.p.m., coupled to a potentiostat (CV-IA, Bioanalytical 



of an asymmetric 

in absorbance at 

[P (OMe) 3l : [Cu*‘l 

297fO.lK, Figure 

-1 
band, vmax 29,000 cm , F = 3x103dm3mol-‘cm-’ . The decrease 

29,000 cm-’ is pseudo-first order in [Cu”] providing 

>15:1, and the pseudo-first order rate constants at 

1, indicate a second order dependence on [P(OMe),l. The 

derived overall third order rate constant is 3.7fO.8~10~ dm6mol s . 
-2”-1 

Notes 

12 3 4 5 6 

1031P(OMe,)12 (mol* drnm6 1 

Fig. 1. Dependence of pseudo-first order rate constants, kobs 
2 

on [P(OMe)31 . 

The decrease in absorbance is slower when (Cu I11 is in excess, but reproducible 

results were not obtained. On standing at room temperature, these solutions 

became brown suggesting attack of the solvent. 

Substitution of MeCN by P (OMej3 at Cu” is expected to be rapid by analogy 
2+ 2 

with solvent exchange at Cu(NCMe)S . The observed electronic spectrum is 

therefore assigned to a d-d transition in a species of the type 

Cu(P(OMe)3)n(NCMe)5_n 
2+ 

, the relatively high molar absorption coefficient 

possibly being the result of intensity borrowing from charge transfer bands 
-1 

occurring >40,000 cm . No e.p.r. signals could be observed from reaction 

mixtures quenched to 77K, however a paramagnetic Cu 
II 

, tetramethylthiourea- 

(Me4tu) complex, vmax 19,600 and 25,000 cm-‘, has been observed as a relatively 

long-lived intermediate in the Me4tu reduction of Cu 
II 

in MeCN. 
3 

Cu (NCMe) 6” is a moderately good oxidising agent in MeCN due to the effective 

solvation of Cu’ by MeCN. The Cur”’ 

metry using Cu (NCMe)z+ ani Cu (NCMe) 4+ 

couples determined by cyclic voltam- 

salts are quasi-reversible,peak-to-peak 

separations 0.070 and 0.17OV respectively. The slight difference in mid-point 

potential, +0.71O(Cu 
II ) and +0.750V(Cu1) vs. Ag+/Ag observed probably reflects 
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Systems Inc.) and XY recorder. The working and auxiliary electrodes were Pt 

wires and the reference electrode was Ag/AgNO 3, 0.1 mol dmm3 in MeCN. 

Et4NBF4(0.1 mol dmm3) was the supporting and bridging electrolyte. Reference, 

bridge, and sample compartments were separated by unfired Vycor tips sealed to 

the glass by heat-shrunk P.T.F.E. tubing. Acetonitrile (Rathburn Chemical Co., 

HPLC-S grade), purified 
10 

and dried over molecular sieves in vacuo,had limiting 

potentials +2.4 and -2.7V vs. Ag+/Ag. Reproducible voltammo-grams (fO.OOSv) 

were obtained from at least three samples of each compound studied, [solute] = 

3X1o-4 mol dm 
-3 -1 

, scan rate 0.100 Vs . 
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Abstract _-.W_____ 

The title complex was synthesized and its structure was determined by single crystal 

X-ray diffraction. There are four molecules per unit cell and the space group is ET. 

The methyl nicotinate ligands are bound in trans positions through the nitrogen atoms. 

The average Cr-N distance is 2.094 fi and the average N-Cr-N angle is 177.4 degrees. The 

average Cr-Cl and Cr-0 bond lengths (2.317 i and 2.011 i, respectively) are typical of 

many other structures. The coordination between methyl nicotinate and chromium may serve 

as a model for the proposed complex between nicotinic acid and chromium in glucose 

tolerance factor. 

Chromium has been recognized as an essential trace element since 1957.l Mertz 

first described chromium dependence in rats and later showed that chromium is an essential 

co-factor for insulin and is required for normal glucose tolerance in rats. 
2 

He has 

recently reviewed the status of chromium as an essential trace element in animals and in 

man.3 

The compound of chromium responsible for insulin potentiation is called glucose 

tolerance factor (GTF). Much effort has gone into the purification and characterization 

of GTF but little success has been achieved. 435 Various preparations have been found 

to contain chromium, nicotinic acid, glycine, glutamic acid, and systeine.4 Likewise, 

efforts at synthesizing and characterizing model compounds of GTF have not been success- 

fu1.4,6 Polarographic studies of the interaction between insulin, chromium and mitochondria 

have been performed. 
7. 

These and other studies have led to a model for the mode of action 

of GTF in which two nicotinic acids are coordinated in trans positions to a chromium 

atom. 
6 

However, in these models the nicotinic acids are coordinated through the nitrogen 

atom. It is this feature of nitrogen-coordinated nicotinic acid that is of interest in 

the present work. There are no well-characterized model complexes to support this 

assignment, but there are, of course, many chromium carboxylic acid complexes. In order 

to study the chromium-nitrogen bond proposed for GTF, we prepared the title compound 

and determined its structure by single crystal X-ray diffraction. 

The compound was prepared by dissolving 5.0 g (1.9 x 10m2 mol) CrC13m6H20 and 7.0 g 

(5.1 x 10-2 mol) methyl nicotinate in 250 mL ethanol and refluxing over type 4A molecular 

sieves in a Soxhlet extractor for twenty-four hours. The product was evaporated to dryness, 

washed with water and a small amount of ethanol, and re-crystallized from ethanol/water 
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by slow evaporation at 0'. Dull green plate-like crystals were obtained. The compound 

has a distinct shoulder in the untraviolet spectrum measured in ethanol at about 265 nm. 

Preparations of GTF show an absorbance maximum at 262 nm.4 

A 0.05 x 0.2 x 0.4 mm specimen was used for all X-ray work. The cell dimensions and 

intensity data were measured on a Picker FACS-I diffractometer with graphite-monochromated 

Cu radiation. The space group and cell data are: triclinic, Ei; 5 = 7.2917(5), 
b = 17.198(2), 2 = 17.893(2) i; a = 91.76(l), g = 98.764(6), y. = 92.698(l)'; v = 2213.6 i3; 

d 
obsd 

q 1.515 g cm-3,dcalc = 1.514 g cmm3 for Cr(H20)(C7H7N0,),C1,~3H20 and 5 = 4. 

A total of 8055 diffraction.intensities, measured to a 20 maximum of 127" with the 20-O 

scan technique, yielded 7221 unique data after averaging, of which 6047 2 30 above back- 

ground. An 8x8x8 grid Gaussian quadrature absorption correction was applied (11 = 96.5 cm-'). 

The positions of the two chromium atoms in the asymmetric unit were obtained from an E2-1 

Patterson synthesis, and the remaining atoms were located in subsequent electron density 

and difference maps. Block-diagonal least-squares refinement with anisotropic temperature 

factors for the non-hydrogen atoms gave E = 0.106.8 

The asymmetric unit contains two essentially identical molecules of 

Cr(H20)(C7H7N02)2C13 and six waters of hydration. The chromium atoms (Figure) are 

coordinated octahedrally with the methyl nicotinates bound through the nitrogen atoms in 

trans positions. The average Cr-N distance of 2.094 i (see Table) found in this structure 

is similar to other Cr-N distances. For example, the corresponding distance in the 

complex [CrC12(H20)2en]+ is 2.09 8,' in di-u-hydroxo-tetraglycinatodichromium(II1) it 

is 2.064 i,l" and in the ion bis(isopropyliminodiacetato)chromate(III) it is 2.118 i." 

Significantly shorter Cr-N bond distances have also been measured.12713 The 1.974 i 

distance in bis(pyridine-2,6-dicarboxylato)chromate(III) clearly is due to the tridentate 

nature of the ligand. The Cr-Cl and Cr-0 distances are typical of other structures. 
9,13 

The pyridine ring atoms are planar with all atoms less than 0.02 i from the mean plane. 

The equatorial planes containing chromium, oxygen, and three chlorides are similarly 

well-defined with all atoms within 0.06 i of the mean plane. It is also interesting to 

note that the methyl nicotinate planes are nearly parallel to each other. If d*-p?r 

bonding were important, the methyl nicotinate planes would be perpendicular to each other. 

Crystal-packing forces are probably responsible for the observed conformation. 

Acknowledgements. We thank Prof. Carl Rollinson for many heloful discussions and the _-________-..____-_ 
University of Maryland Computer Science Center for the use of its facilities. 

Supplementary Material Available. Lists of observed and calculated structure factors, .__________1__5_.________5__5__5 
atomic coordinates, thermal parameters, bond lengths and anqles, and cell dimension. 
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Figure. ORTEP plot of the nonhydrogen atoms of the two molecules 

of Cr(me-nic)2(H20)C13 in the asymmetric unit. Note the 

positions of the carbonyl oxygens. 

Table: Selected Bond Lengths and Angles in Cr(Me-nic)2(H20)C13.a 

Bond Lengths (i) 

Cr(l)-N(1) 2.119 (9) Cr(2)-N(3) 2.100 (9) 

Cr(l)-N(2) 2.071 (9) Cr(2)-N(3) 2.084 (9) 

Cr(l)-Cl(l) 2.328 (3) Cr(2)-Cl(4) 2.324 (3) 

Cr(l)-Cl(2) 2.324 (3) Cr(2);Cl(5) 2.308 (4) 

Cr(l)-Cl(3) 2.303 (4) Cr(2)-Cl(6) 2.316 (3) 

Cr(l)-O(1) 2.016 (9) Cr(2)-O(2) 2.006 (9) 

Bond Angles (deg) 

N(l)-Cr(l)-N(2) 175.8 (4) N(3)-Cr(2)-N(4) 178.9 (3) 

Cl(l)-Cr(l)-N(1) 90.5 (2) C1(4)-Cr(2)-N(3) 92.3 (3) 

O(l)-Cr(l)-N(2) 88.0 (3) O(2)-Cr(2)-N(4) 91.4 (4) 

aStandard deviations in the least significant digit are given 
in parentheses. 
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ABSTRACT 

(Received 7 June 1982) 

Spain 

of CrCl 
3 

The vibrational structure of anhydrous chromic chloride, CrCl 3, has been investigated 

at room temperature in the spectral range 240 - 500 cm" by means of Raman and 

infrared absorption spectroscopy. 

INTRODUCTION 

Although the spectra of many chromium complexes have been studied in depth, data on the 

vibrational spectra of the layer compound anhydrous chromium(II1) chloride, CrCl 
-1 3' 

appear to rather scarce. Only one band, at 315 cm , in the infrared absorption spectrum 

has been mentioned by Clark': this band was attributed to the7)(Cr-Cl) bridge. Inview of 

the present day interest in the industrial uses of anhydrous chromic chloride 
2-4 

we have 

therefore undertaken a review of the vibrational structure of this compound in greater 

detail. 

The crystal structure of CrC13 has been established by Morosin and Narath' as being 

unambiguously monoclinic (C2fm ; C3&) with two CrC13 groups in the primitive cell at 

room temperature, and rhombohedral (RT ; C&j with six CrC13 units atw225'K. 

Factor group analysis of the room temperature phase of CrCl3 yields the following 

information: 

Optical branch, r(C&, 2=2) = 6~g + ag + 4Au + 5Bu 

Acoustic branch,r(C$ ~2) = lAu + 2B 
U 

The optical branch can be observed using Raman and infrared spectroscopy. The two 

spectra have no bands in common, in principle, since only the A and B modes are 
6 E 

Raman active and only the Au and Ru modes are infrared active. None the less, both 
-1 

spectra occur in the same low frequency range, say 100 - 500 cm . 

EXPERIMENTAL 

The vibrational spectra of micaceous , polycrystalline samples of anhydrous chromic 

chloride prepared by sublimation were investigated at room temperature. 

Raman spectra of pure samples of the deep violet CrC13 were obtained with several 

different exciting lines using a double Czerny-Turner monoch?omator. Althou& no 

spectra were recorded with exciting lines of wavelengths 514.5 or 488.0 nm owing to 

the intensity of absorption in this region of the spectrum, good Raman spectra were 

obtained relatively easily with exciting lines of wavelengths 632.8, 465.8 and 

475.9 nm using exciting radiation of powers below 100 m!I. 

Infrared absorption spectra were recorded as CrCl3 pellets using a Perkin Elmer 225 

spectrophotometer. 

RESULTS AND DISCUSSION 

The Raman and infrared spectra obtained for anhydrous chromic chloride are presented 

in Figure 1. At least five broad absorption bands can be observed in the infrared 
-1 

spectrum in the region between 240 and 5QO cm . Nevertheless no possible assignments 

415 
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to the Au or su modes can be made. On the basis of group theoretical arguments one 

would expect to be able to identify four or five strong Au + Bu doublets that could 

not bc resolved at room temperature. The observed infrared spectrum is therefore not 

in contradiction with theoretical Predictions based on the x-ray structure of CrCl3 

at room tcmpcrature. 

Ilo strorqg changes in the Danan spectrum as n function of the frequency of the 

exciting wavelength were noted in the present work, although the 245 cm 
-1 

band was 

noticeably weaker when observin, m with an exciting line of wavelength 632.8 nm. The 

six bands in the Raman spectrum predicted by the above factor group analysis were all 

clearly visible and were probably A 
g 
+ Bg doublets. Indeed, shoulders could be 

-1 
observed on the low frccurncg side of the bands at 299, 245 and 164 cm . This aspect 

of the uorl:, however, could be clarified only by recording single crystal spectra. 
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ABSTRACT 

Various volatilisation processes for the purification of Moo3 were investigated. 

Of these, fusion of MoO3 with NaCl at 600°C gave the best results. Thermal analysis of 

the MoO3/NaCl and W03/NaCl systems illustrates details of the processes involved. 

INTRODUCTION 

This study arose from an investigation into the purification of MoOg for production 

of radiopharmaceutical technetium. Rhenium and tungsten are the impurities of major 

concern since their high neutron absorption cross sections produce excessive activity. 

Rhenium is a particularly undesirable contaminant as it exhibits similar chemistry to the 

final radionuclide required, its group VII partner, Tc. Tungsten is difficult to remove 

because of its chemical similarity to molybdenum. We felt that a volatilisation process 

using simple molybdenum compounds could result in a suitable purification procedure. 

RESULTS AND DISCUSSION 

Four likely processes were tested and their results are summarised in the table which 

also shows the results of analysis for rhenium and tungsten by spark source mass 

spectrometry. 

The first two processes involve sublimation of MoO 3 from a tube furnace at 800°C to 

room temperature, in silica apparatus. Both processes result in significant reductions 

in rhenium content because volatility of rhenium oxides is higher than that of molybdenum 

and tungsten oxides. The high rhenium result observed in the MoO 3 fraction furthest from 

the furnace illustrates this convincingly. 

Sublimation under vacuum does not lower the tungsten content but this cannot be 

explained by volatilisation. The crystal structures of MOO3 and WO3 are quite different. 

MOO3 is layered' and volatilises as polynuclear species, whereas WO3 
1 
exhibits an 

infinite lattice structure and hence is non-volatile. It is possible that WO3 is 

physically carried over in the process. Sublimation in oxygen flow rates at 100-200 mL/min 

would be less likely to carry particulate matter and may explain the lower result for 

tungsten in process 2. 

# Current address : Division of Energy Chemistry, CSIRO, Lucas Heights Research 

Laboratories, Private Mail Bag 7, Sutherland, NSW, 2232, Australia. 
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TABLE 

PURIFICATION PROCESSES AND RESULTS FOR MOLYBDENUM TRIOXIDE 

PURIFICATION PROCESS 

SAMPLE Ah'ALYSED 

0. Starting Material 

Ampere Bulk MOO3 

1. Sublimation of MoO3 at 800°C (in vacuum) 

Residue 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

MoOa closest to furnace exit 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

MOO3 furthest from furnace exit 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

2. Sublimation of MOO3 at 800°C in flowing 02 
(sl50 cm3 min-I) 

M&3 

3. MoO3 refluxed in SCC12 to produce MoWlt, 

MoOCl4 sublimed at 100°C* 

4. Fusion of MoO3 with NaCl at 600°C 

MoO2Clr sublimate* 

ANALYSIS 

Re (ppm) t w(Ppm)t 

5.5 83 

co.2 170 
. . . . . . . . . . . . . . . . . . . 

co.4 130 
. . . . . . . . . . . . . . . . . . . 

42 310 
. . . . . . . . . . . . . . . . . . . 

co.9 26 

2.3 75 

~0.6 ~0.6 

*Molydenum oxide chloride samples were hydrolysed, 
washed and dried then analysed as MoO3 

tAnalysis by spark source mass spectrometry, 
estimated accuracy : f25% 
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Unlike the processes 1 and 2 which involve high temperatures, process 3 uses low 

temperatures. ~003 is refluxed in thionyl chloride, producing MoOCls2 which is 

subsequently sublimed at 1OO'C. However, no significant purification occurs because of 

formation of rhenium and tungsten oxide halides which have similar volatilities to 

MoOCls at this temperature. 

The fourth process utilised the fusion of MoOa with NaCl to form MoO2C12 which 

volatilises immediately. This product has greatly reduced concentrations of both rhenium 

and tungsten. A more thorough investigation of the process by thermochemical and X-ray 

diffraction techniques was carried out to determine the reactions involved. Thermogravimetry 

was carried out on a Cahn RH Electrobalance with hanging platinum sample cup in quartz 

tubing inside a vertical furnace. In an atmosphere of flowing nitrogen, samples were 

heated at 5 Co per minute. Amplified mass and temperature signals were processed and 

stored by an LSI-11 computer. Differential thermograms were calculated from TG data by 

computing the smoothed first derivative as described by Whittem, Stuart and Levy3. X-ray 

diffraction apparatus consisted of a 114 mm dia. Debye-Scherrer powder camera, attached 

to a Philips X-ray generator producing Ni-filtered copper radiation. 

In the preparation of MoO2C12 by the fusion process4, the reaction has been claimed 

to be 

2 MOO3 + 2 NaCl B NanMoOs + MoOzC12 

However thermogravimetric studies on this system, using a range of McO3 to NaCl ratios 

from 1:2/3 to 1:3, gave the stoichiometry 

3 MOO3 + 2 NaCl - NaZMopO7 + MoOzC12 

A thermogram for this reaction is shown in Figure la. Powder 

did not show the presence of NazMoOs. Sodium dimolybdate was 

non-volatile product. 

X-ray diffraction studies 

confirmed as the sole 

Thermogravimetry on the WOs/NaCl fusion system indicated the same stoichiometry as 

the MoO3/NaCl system. A comparison of derivative thermograms (Figure lb) shows that the 

reaction in the tungsten system occurs 300°C higher. We believe that it is this 

temperature difference of the solid state fusion reactions which results in the excellent 

separation observed for these two metals in impure Moos. 

If increased yields of purified molybdenum are desired, the residue may be dissolved 

in hydrochloric acid solution, dried, and recycled through the fusion process, 

Na2Mo207 + 2 HCl - 2 NaCl + 2 MoO3 + Hz0 

The MoOs/NaCl fusion system at 600°C probably represents the simplest, most effective 

method of purifying MoO3 for technetium production. 

REFERENCES 
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ABSTRACT 

A reversible colour change from lemon-yellow to orange was observed for 

polycrystalline UOz(hfa)z NH3 at 100°C (hfa = (1,1,1,5,5,5-hexafluoro-2, 

I-pentanedione)). The changes in theX-ray powder pattern between -196O and 

130°C were followed with a Guinier-Simon focussing camera. The colour change was 

not due to an a w 8 type structural transition as found earlier in a and B- 

UOn(hfa)z tmp (tmp = trimethyl phosphate), but was considered to be due to 

changes in the hydrogen bonding of the ammonia molecules. 

INTRODUCTION 

The crystal structure of UOz(hfa12 NH) was recently determined'. At room 

temperature, this crystal is monoclinic, space group Cm, with a = 6.665(l), 

b = 24.428(4), c = 5.613(2) A, f3 = 92.964(5)O, with two molecules per cell. The 

ammonia, coordinated to uranium, also serves to bind the molecules into sheets 

perpendicular to b by hydrogen bonding. During vapour pressure studies of 

UOn(hfa)z NH) under vacuum, it was noticed that, at around lOO'C, a reversible 

colour change from lemon-yellow to orange occurred, with no loss of ammonia. It 

was thought that this might be caused by a phase transition similar to the a H $ 

phase transition in U02(hfa)ntmp 2,3 (tmp = trimethyl phosphate) which also has a 

yellow-orange colour change. We were thus led to follow the structure of 

UOz(hfaj2 NH3 from -196" to 130°C using a Guinier-Simon focussing camera, in 

order to ascertain the cause of the colour change. 

483 
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Fig 2. Variation of Cell Volume - 

t 93,0° 1 

Fig 3. Variation of Beta Angle 

The structural changes observed at 100°C were probably caused by weakening of 

the intermolecular hydrogen bond system involving the atmnonia hydrogen atoms. 

These forces link the UOt(hfa)2 NH3 molecules into sheets perpendicular to b, at 

room temperature, as shown in Figure 4. The ammonia molecule is near the uranyl 

Fig.4 Possible Hydrogen Bonding 
Scheme in U02(hfa)zNH3. 

oxygen atoms O(1) and O(2) and the partial fluorine atoms of the disordered C(l)F3 

group. Uranium, nitrogen, O(1) and O(2) lie in the plane of the paper (the mirror 

plane m) while there are two C(l)F3 groups, one above and one below the mirror. In 

this configuration, the U-N-O and U-N-F angles are favourable for hydrogen bonding. 

Figure 4 shows that the hydrogen bond attractions are downward towards the C(l)F3 

group; the C(l)F3 group in the next unit cell in the g-direction is too far away 

for any further attractions to occur. Thus, the bonding environment around the 



Notes 

EXPERIMENTAL 

X-ray photographs of UOn(hfa) 2 NH,, in sealed glass capillaries, were taken at 

-196, 20, 70, 100, 110, 120, 125 and 130°C with the Guinier-Simon camera, using 

Pb(N03)r as the 20 standard. Unit cell dimensions were determined at each 

temperature by least-squares analysis of the diffraction line positions 

(34, 59, 77, 51, 48, 58, 44 and 19 lines respectively). At 130' the pattern 

became weak, because the melting point was near. The results are given in 

Figures 1 to 3, except for -196O, when a = 6.485(41, b = 24.297(13), c = 5.470(3) i, 

f? = 93.74(3J" and the unit cell volume = 860(l) fi.3 

RESULTS AND DISCUSSION 

The X-ray photographs could all be indexed on the C-centred monoclinic unit cell 

found at room temperature'. The relative intensities of the lines did not change 

greatly over the range, nor did the lines show splitting or fusion characteristic 

of a change in symmetry. Thus, the change in colour was not due to a phase 

transition, such as was found earlier in the tmp complex 
2,3 , but was a consequence 

of bonding changes within the Cm structure itself. 

Figure 1 shows that irregularities in the expansion of the unit cell edges 
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-24.45 

Fig.1 Unit Cell Dimensions of 
U02(hfa)zNH3 with Temperature. 

commenced at 100°C. The unit cell volume increased steadily to 100°C and then 

levelled off (Figure 2). The B-angle also showed unusual behaviour (Figure 3). 
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ammonia molecule is asymmetric, which agrees with the above observations that the 

structural changes at 1OO'C are irregular. 

Notes 

Possible favoured positions of the ammonia hydrogen atoms H(l), H(2) and H(2)' are 

given in Figure 4. The ammonia molecule is most likely, in fact, to be disordered, 

like the CF3 group. However, the main hydrogen bond forces are likely to be in the 

diagonal direction (e - E). When the structure is heated above room temperature, 

the thermal motions increase and the mainly diagonal intermolecular attractions are 

weakened; this is consistent with the increase in F and the B-angle. The expansion 

along e may permit the sheets to stack together more closely (see Figure 1) causing 

the reduction in 2. 

These changes are more subtle than the expected a,B-type phase transition and a full 

high temperature structural analysis would be needed for further clarification of 

the atomic shifts. 
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BIS(N,N'_DISALICYLIDENE-3,4-PHENYLENEDIAMINE-l-ETHYLBENZOATO)ZIRCONI~(IV), AN EIGHT- 
COORDINATE CHELATE WITH LINEAR POLYMERIZATION POSSIBILITIES 
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(Received 19 April 1982) 

Abstract- Synthesis of the Schiff-base complex bis(N,N '-disalicylidene-3,4_phenylenediamine- 

1-ethylbenzoato)zirconium(IV), which has two, linearly disposed, uncoordinated ester groups, 

has been accomplished from the reaction of a zirconium alkoxide with the new Schiff ligand 

N,N'-disalicylidene-3,4-phenylenediamine-l-ethylbenzoate. The ligand itself was isolated in 

two forms, yellow and orange, which are believed to be tautomers based on infrared data. 

Elemental analyses, IR, NMR, and W-Visible data are included for all new compounds, as well 

as mass spectral data for the complex. Broadening 05 'H NMR resonances in the complex 

spectrum, relative to TMS and ethanol of solvation resonances, may be indicative of a slow 

molecular motion. Preliminary attempts to polymerize the complex with aromatic amines 

failed, however, due to decomposition of the metal chelate unit at the high temperatures 

(>300°C) required. 

INTRODUCTION 

As part of our research program to prepare coordination polymers of high thermal stabili- 

ty* we are currently investigating ligand-centered polymerization reactions that will link 

eight-coordinate metal chelates. Ligand-centered polymerization has been extensively used 

in organometallic chemistry for the preparation of thermally stable polymers' and pendant 

polymers 
2. 

(including heterogeneous and homogeneous catalysts); however, the application to 

eight-coordinate systems is virtually unknown. The use of reactions analogous to well-known 

organic polymerizations will hopefully lead to high degrees of polymerization, while problems 

associated with previous methods (e.g., 

ligands3 

the low solubility of delocalized diquadridentate 

and the hydrolytic reactivity of suitable zirconium(IV) reactants4)should be avoid- 

ed. 

The title compound, i, derived from the new Schiff-base N,N'-&alicylidene-3,4-phenyl- 

enediamine-l-ethyl benzoate, H2dspeb, - - contains two uncoordinated ester groups suitable for 

o- 0 

/ o_$ :: 
Zr :rc- k J ’ 0 C&l5 

0-y XT OC 

b 0 cH 2 
further reaction. The preparation and characterization of this chelate, as well as both of 

the yellow and orange forms of this new Schiff-base ligand, are reported herein. Preliminary 

polymerization reaction results with aromatic amines are also discussed. 

EXPERIMENTAL 

Preparation of the Free Schiff-base Ligand, H2dspeb. In a 200 mL round bottom flask, 

*Author to whom correspondence should be addressed at the University of Massachusetts. 
t Current address: University of Delaware, Newark, Delaware 19711. 

481 



488 Notes 

2.0 g (.Oll mol, Eastman) 4_amino_3_nitrobenzoic acid was covered with 100 mL of absolute 

ethanol, and 3 mL of cont. H2SD4 was then added dropwise with COnCUrrent WpetiC stirring 

of the solution. Heating resulted in a clear burgundy-colored solution after several 

minutes, and reflux conditions were maintained overnight. After 24 hours the clear solution 

was thoroughly chilled with ice, neutralized with concentrated ammonium hydroxide with rapid 

stirring, immediately poured into an excess (approx. 400 mL) of ice-water slurry, and 

suction filtered. When dry, 2.3 g, a quantitative yield, of dark-yellow ethyl-4-amino-3- 
5 

nitrobenzoate resulted, mp 13S-136'C, in agreement with one literature source. Hydrogena- 

tion was accomplished by dissolving the entire amount in a slurry of 150 mL of dry ethyl 

acetate (COHN) containing 1.0 g of 10% Pd/powdered charcoal (MB) in a Parr bottle, and 

applying a one atmosphere pressure of hydrogen gas for approximately S hours. ' IThe end 

point was confirmed by TLC using a 10 hexane:4 ether:1 acetic acid eluent on silica gel. 

The yellow spot due to starting material was absent, and only one low Rf white spot remained 

which darkened upon standing in air.] Droplets of water, if apparent, were physically 

separated at this point, and the ethyl acetate was further dried with anhydrous calcium 

chloride. After standing covered for 10 to 15 minutes with occasional swirling, the mixture 

was filtered through a dry ethyl acetate-Celite pad or a fine-glass frit with suction, and 

the pad was further rinsed with dry athyl acetate. The solvent was removed by rotary evapo- 

ration to give a quantitative amount of slightly impure ethyl-3,4_diaminobenzoate; mp, 107- 

109OC (lit. ', 112-114'C). Without further purification approximately 2.0 g (.Oll mol) of the 

diamine was dissolved in 150 mL of absolute ethanol, was treated with a slightly greater than 

stoichiometric amount of salicylaldehyde, 3.0 g (.025 mol), which gives a clear orange 

solution, and was heated at reflux for 12 hours overnight. The resulting solution was concen- 

trated, then chilled to near O'C, at which point both yellow and orange modifications of the 

free Schiff-base ligand precipitated. After a petroleum ether (61-70°C) washing, suction, 

filtering and drying, the combined weight of these products was indicative of quantitative 

yield. Subsequent recrystallization of the mixture from petroleum ether (61-70°C) or methy- 

lene chloride-petroleum ether (61-70°C) gives the orange powder, while absolute ethanol 

recrystallization of the mixture gives mostly soft yellow needles. Heating some of the small 

yellow needles in a melting point capillary causes a gradual color change to orange, followed 

by sharp melting at 164-16S'C if conversion to the orange form is complete. 

Anal. Calcd for C23H20N204: C, 71.1; H, 5.15; N, 7.22. Found (yellow needles): C, 71.0; 

H, 5.41; N, 7.31. Found (orange powder): C, 71.1; H, 5.34; N, 7.40.8 

Preparation of Zr(dspeb)2-Ethanol Solvate. Approximately 250 mL of absolute ethanol 

containing 80 mL of zirconium tetra-n-butoxide butanol solvate (Alfa) was heated under 

reflux conditions under a drying tube (anhydrous calcium sulfate) for one hour, and then 

distilled into oven-baked glassware. For the first 100 mL collected, 2.0 g (.OOS2 mol) 

of Schiff-base ligand was added and dissolved with gentle warming under a dry nitrogen strem. 

A slightly less than stoichiometric amount of Zr(OBun)4~BunOH (1.0 mL, 1.06 g, 0.0023 mol) 

was pipetted into the magnetically stirred ligand solution, and the solution was heated to 

reflux under a drying tube as described above. After one hour a yellow solid began to 

appear; after 16 hours at reflux the hot reaction mixture was filtered imediately through a 

hot glass frit, washed with petroleum ether (61-70°C), dried with suction; and further dried 

in vacua; yield, 1.64 g of bright yellow &, a 32% yield. 

Anal. Calcd for C48H42N40gZr: C, 63.4; H, 4.62; N, 6.16. Fgund: C, 63.38; H, 4.73; 

N, 6.07, 
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Despite recrystallization from dry benzene-petroleum ether (61-70°C) t appears to 

remain solvated. Also, additional products with infrared spectra very similar to 1 were 

obtained upon the addition of petroleum ether (61-70°C) to the reaction filtrate; cut these 

products darkened upon heating in melting point capillaries in contrast to &, which shows no 

sign of discoloration to 27O’C. 

Spectral Measurements. Infrared, electronic, 
1 H NMR, and mass spectra were obtained 

using instrumentation and accessories described previously. 
4 

RESULTS AND DISCUSSION 

Zr (dspeb) 2. To the best of our knowledge, Zr(dspeb)2 is the first zirconium eight- 

coordinate chelate containing two uncoordinated functional groups to be successfully pre- 

pared. The choice of a zirconium alkoxide as the starting material rather than zirconyl 

chloride4” or tetrakis(salicylaldehydato)zirconium(IV)4 was based upon the almost quanti- 

tative yields of bis(quadridentate Schiff-base)zirconium(IV) products obtained from a 

similar reaction with the analogous ethylenediamine Schiff-base ligand. 
10 Due to the more 

rigid aromatic ligand structure being used here along with the necessity of breaking apart 

the trimeric nature of the lower zirconium alkoxides, 11 our yields were somewhat lower. 

As a diester derivative of Zr(dsp)2,4 it retains the good solubility in benzene and methyl- 

ene chloride which is displayed by the unsubstituted parent compound. It can be recrys- 

tallized from undried solvents without hydrolytic decomposition, and it is isolated in a 

pure enough form to be used directly in subsequent reactions, 

Spectral characterization data for the new Schiff-base ligand, both forms, and the 

corresponding bis-zirconium chelate are given in the Table. For comparison, data for the 

known Schiff-base free acid, H2dspba, are also included. 12 

Zr(dspeb)Z’EtOH. The spectral changes upon complexation are almost perfectly analogous 

with those observed for the H2dsp/Zr(dsp)2 system,4 with subtle differences. In the infrared 

specty the phenolic C-O stretch shows the largest change in frequency, gaining about 

25cm ) while the imine stretching frequency remains almost unchanged as previously noted. 4 

However, the broad hydroxy stretching resonance observed in the spectra of the free Schiff- 

base does not disappear upon complexation due to the presence of ethanol in the Zr(dspeb)2 

lattice. 

The presence of solvated ethanol is further corroborated by comparing the 1 H NMR spectra 

of ethanol vs. Zr(dspeb)2 2 5 SC H OH in deuterated methylene chloride. Identical quartets 

appear at 6.15-6.60~ and identical triplets appear at 8.65,9.00~ in both spectra. These 

multiplets are easily distinguished from the ester chemical shifts in three ways: first of 

all, the ester carboxyl group deshields the ethyl protons to a different extent than does the 

hydroxyl group of ethanol, so a slightly different chemical shift is observed; secondly, 

the integrated relative intensities of the ethyl ester signals compare favorably with other 

ligand signals; and thirdly, all signals due to ligand moieties are considerably broadened 

in contrast to the very sharp ethanol and internal standard (TMS) signals in the same 

Zr(dspeb)2 spectrum. However, no hydroxyl peak is observed in this spectrum, presumably 

due to fast proton exchange. 

One explanation for the broadened NMR signals noted above is that a physical motion 

occurring within the chelate is slow enough at the probe temperature to allow the NMR 

instrument to detect differences in the chemical environments around protons affected by 
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TABLE. SPECTRAL DATA FOR Zr(dspeb)2 AND APPROPRIATE P~C~RSORS. 

Zr(dspeb)2s2= Yellow H2dspeb Orange H2+ 

3455 m, br, smooth 3405 m, br 3410 w, br 

3080 

2490 

1714 m 

1611 s 

1588 m 

1468 m 

1337 m 

1314 m 

1287 m 

1244 m 

1221 m 

1022 m 

748 s 

(C2H50H) 3300 m 

3054 w, hr 

2960 ILW 

2933 w 

2906 

2868 w 

1708 m 

1686 s 

1624 sh 

1614 s 

1596 m 

1484 m,d 

1368 m 

1286 s 
br 

1250 m 

cmplx. m 

1017 m 

754 s 

3053 w, br 

2990 

2978 mw 

2941 
W 

2929 

2900 w 

2860 vw, br 

1716 s 

1684 w 

1610 s 

1589 m 

1487 m,d 

1364 m 

1292 sh 

1277 s 

1259 s 

cmplx. m 

1019 m 

754 s,d 

H2dspha Assignment 

3420 w, br (0-HIV> H-bonding 

3050 8, cmplx.(C-H)V 

2800 

1680 s acid/ester (C=O)v 

1615 s 

1590 w 

cmplx. 

1298 m 

1275 m 

1230 m 

1145 m 

750 s 

quinoid (C=O)v 

(C=N)v 

(C=C)v 

1,2-disubstituted aromatic 

aliphatic C-H6 

M(O-$1~ 

(ester C-0)v and (0-$)v 

(C-C) v 

(C-H)6 

-1 b c 
Ultraviolet/Visible Spectra, cm ,-'- 

Abs C2saOH G!2c12 

40,300 39,500(4.85) 

38,900 sh -38,800 

33,900 33,900(4.77) 

31,200 sh 

29,700 

26,700 w,sh 

25,700 25,600(4.49) 

Yellow H2dspeb 

C,HSOH Abs G.!2c12 

40,300 sh 

38,800 sh 

35,300(4.26) 36,200 

33,600 sh 34,500 

31,100(4.5) 

29,900 sh 29,500 

-26,700 sh -27,000 

Orange HZ+ 

Abs C2H50& ?!2cl, 

36,100 36,000(4.43) 

33,300 w,sh 33,300 w,sh 

29,800 29,700(4.32) 

26,700 sh 

1 H Nuclear Magnetic Resonance Spectra, T,~'? 

Zr(dspeb)2s2H&%k Yellow H2dspeb(?)& Orange H2dspebh H2dapbag Assignment 

-2.40 -2.80 br O-H 

1:l 1.2-1.34(2) d 0.95-1.05 ud H-C:N 

1.40-1.65 ud 1.85-2.05(2) ud 1.85-2.05 br ortho- 

2.0 si or ud aromatic 
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the motion. Presuming chelation analogous to that observed by X-ray diffraction for Zr(dsp)2, 
4 

there are two such fluxional motions possible in this chelate, a stereochemical rearrangement 

of donor atoms around the eight-coordinate metal ion, 
4 and an inyerting motion of the 

puckered ligand backbones (yide infra). Since all signals in the ‘H NMR of Zr(dsPl2 are 

sharp, it is the addition of the ester groups that causes one, or both, of these motions to 

be considerably slowed. Intuitively, one would predict that the relatively large mass of 

an ester group on the perimeter of a puckered dsp(2-) ligand is most likely to decrease the 

rate of ligand backbone inversion as shown in Figure 1. 

Despite this broadening in the NMR spectrum, changes in chemical shifts resulting from 

chelation of the free ligand are still readily evident. Seyeral arQmatic proton signals are 

shifted upfield by as much as 1.2 ppm, which is comparable to the changes observed for the 

analogous signals in the unsubstituted Zr(dsp)2 system. The imine protons and aromatic 

protons ortho to the ester group, which appear as two doublets downfield from the usual 

aromatic region for the free ligand, are also dramatically rearranged in the complex, but here 

the changes are unlike the simple upfield shift observed upon going from H2(dsP) to Zr(dsp)2. 

A low temperature NMR study of Zr(dspeb12 would help elucidate these structural changes. 

Band shifts obseved in the electronic spectra due to chelation are also basically simi- 

lar to the unsubstituted system. Although more shoulders are apparent in the spectra of 

H2dspeb compared to H2dsp, only two Xmax ‘s are observed for each of these ligands oyer the 

43.5 to 14.3 kK (230 to 700 nm) range. Comparable, their chelates Zr(dspeb)2*EtOH and 

Zr(dsp)2 both display three Xmax ‘s of slightly increased intensity over this same range; 

several shoulders due to vihronic coupling 15 adorn the “middle” X 
max of both chelates at about 

33.9 and 36.9 kK (295 and 271 nm) respectively, and the lowest energy chelate maxima occur 

further toward the visible region than do the low energy ligand ama. While it is tempting to 

assign these low energy transitions as CT(L--+M), metal ion perturbation of the low energy 

shoulders apparent in the free ligand spectra must also be considered as a possible expla- 

nation. l6 

Two subtle differences between the electronic spectra of Zr(dspeb)2 and Zr(dsp)2 should 

now be pointed out as they may assist in the further interpretation of these spectra. In the 

cascading sequence of vibxonically induced shoulders mentioned above, one less shoulder is 

observed in the diester complex vs. the unsubstituted complex. - Also, the low energy Imax 

of Zr(dsp) at 27.0 kK (370 nm) has a pronounced shoulder at 23.8 kK (420 nm) in contrast to 2 
the shoulderless hmax of Zr(dspeb)2, which falls equidistant between the two, at 25.6 kK 

(390 Inn). 

If the approximately 35.7 kK (280 nm) or 25.6 kK (390 nm) electronic bands are to be 

considered as possible CT(L--+M), and if one uses an X (M) of 1.6 for Zr(IY) , then the 
estimated value of X opt(L) 

opt 
would be either 2.8 or 2.4,, respectively, according to 

Jorgensen’s empirical formulation. 18 
Considering that the X 

opt 
of the delocalized acetylace- 

tonate ligand, 2.7, is substantially lower than the typical oxygen donor ligands, 3.5, neither 

Xopt (L) P ossibility can superficially be eliminated; however, in view of the dsp(2-) bond 

distances and angles in Zr(dsp)2, extensive delocalization does not seem likely except within 
the benzene rings. Using typical x 

opt 
values for N and 0 donors, the lowest energy CT(L---_*M) 

bond is estimated to be near or higher in energy than the methylene chloride cut-off. The 

basic question of how easily the substituted and unsubstituted dsp(2-) anions are oxidized, 

which affects x opt (L), merits further ConSideratipn. 
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The mass spectrum of Zr(dspeblZ .EtoH provides some final evidence for fOITUlation ,j, in 

that the parent peak at 862 m/e (only 4 m/e down from the 866 m/e peak of the tris-perfluoro- 

90 
heptyl-s-triazine standard) corresponds to the Zr(dspeb) 2 molecular ion. As with Zr(dsp) 24 

the parent peak is also the base peak in the spectrum; the p-17 (loss of OH) is prevalent; and 

all zirconium-containing species display the distinctive pattern of peaks arising from its 

variety of isotopes. The p-280 peak can be interpreted as loss of an OC6H4CH:MC6H3-(N)COQC2H5 

ligand fragment while the major ligand peak (no zirconium pattern) at 149 m/e corresponds to 

the H3COC6H3CH:N+ fragment. 

The two Forms of HZdspeb. me isolation of two forms of this Schiff-base ligand is not 
20 20,21 

surprising since dimorphismf9 thermochromism and photochromism have often been found 

for Schiff-base species. In this particular case, the recrystallization solvent appears to 

play a pivotal role. Whereas H2dsp can be recrystallized from absolute ethanol OP benzene- 

petroleum ether (61-70°C) without dimorphism, recrystallization of H2dspeb from ethanol OX 

salicylaldehyde leads primarily to the yellow modification, while recrystallization from 

petroleum ether (61-70°C) or methylene chloride-petroleum ether (61-70°C) leads to the orange 

powder. 

Small but significant differences between these two forms are apparent in their room 

temperature electronic spectra in solution, thus ruling out solid state packing effects as 

the sole explanation. The absolute ethanol spectrum of the.yellow form, especially, shows 

an extra band at 31.1 kK (322 nm) among the low energy transitions, and two additional high 

energy shoulders at 40.3 and 3.88 kK (248 and 258 nm) that do not correspond to any bands 

apparent in the other ligand spectra. In contrast, the spectrum of yellow H2dspeb in 

methylene chloride actually bears a stronger resemblance to the electronic spectra of orange 

H2dspeb, which shows no distinct solvent shifts in changing from absolute ethanol to methylene 

chloride. 

Preliminary assignments of the corresponding structures are pos.sible based on infrared 

results. In the KBr spectrum of yellow H2dspeb, the broad peak at 3X0 cm -1 and the shoulder 
-1 at approximately 1624 cm are tentatively assigned as an N-H stretch and a quinoid carbonyl 

22 stretch, respectively, which suggests that a “ket-amine” structure is present. The fact 

that both ligand forms display hydroxyl stretches near 3400 cm -’ and C?N imine @retches 
near 1610 cm -l, leads us to conclude that enol-imine structures must therefore be displayed by 

the opposite “arm” of the yellow form, and both arms of the orange form. See Figure 2. 

‘Iwo other resonances common to both spectra, near 1710 and 1685 cm , are assigned as -1 

free and hydrogen-bonded ester carbonyl stretching modes. This latter assignment is based 
upon analogy to the free acid, H2dspba, in which hydrogen-bonding lowers the carboxyl 

carbonyl stretching frequency to 1680 cm . -1 24 
The )%dloW form, which is recrystallized from 

hydrogen-bonding solvents such as ethanol, shows a predominance of this hydrogen-honded ester 

carboxyl resonance relative to the free ester carbonyl resonance in the solid state. This 
observation is consistent with the I1 external” hydrogen honding of structuxe E, although the 

enol-imine has been found to predominate for other Schiff-bases derived from salicylalde- 

hyde _ 26 

UPon heating the yellow form in a melting point capillary, however, an orange compound 

which retains an N-H stretch is obtained. Such thermochromic changes for similar Schiff-base 
species have also been attributed to tautomerism, 20a although cis-trans isomerism and solid 
state effects have not been ruled out. 
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Both H2dspeb forms give almost identical H1 NMR in deuterated methylene chloride at 

38’C probe temperature, the difference being a few anomolous signals at -2.40, 6.15, and 

8.8-9.0r in the spectrum of the yellow form. The remaining enol-imine spectrum, which 

predominates, can be interpreted as follows: The hydroxyl proton signals of H2dsp remain 

almost unchanged in the ester derivative; the imine proton signals, while also in the same 

proximity as those for H2dsp, are separated or otherwise split perhaps due to slight 

chemical differences or coupling via delocalization; signals derived from the aromatic pro- 

tons ortho to the electron withdrawing group, in a manner analogous to the free acid H2dspba, 

are shifted even further downfield from the usual aromatic region and remain unequal due to 

the Schiff-base substituents; and of course, signals assigned as ester protons are absent in 

the spectra of H2dsp and H2dspba. 

Several preliminary reactions designed to augment the conjugated ligand system yia con- 

densation of aromatic amines with the free chelate ester groups were attempted. However, 

due to the high reaction temperatures required, approximately 280°C for aromatic amides and 

360°C for benzimidazoles, 
27 . 

side reactions of the metal. chelate unit predominate. Unexpect- 

ed color changes, and the absence from the infrared of the distinctive metal coordinated 

C-O stretching resonance anticipated for the desired reaction products substantiate this 

conclusion. In spite of these observations, use of more reactive organic reagents, use of 

more reactive chelate derivatives and/or use of an appropriate catalyst 28 
should permit these 

Iigand-centered reactions to occur under milder conditions, and thus may still eyentually 

lead to interesting polymerizations of these eight-coordinate species. 
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Laboratory for elemental analyses, and Mr. Eugene Guzik for the mass spectrum of Zr(dspeb)2*- 

EtOH. 



1. 

2. 

3. 

4. 

>. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

C. E. Carraher, Jr., J. E. Sheats and C. U. Pittman, Jr., Eds., Organometallic Polymers, 

Academic Press, New York (1978), p. 53, p. 87, p. 107. 

Ibid., p. 1, p. 13, p. 25, p. 39, p. 67, p. 181. 

Notes 495 

REFERENCES AND NOTES 

a. R. D. Archer, W. H. Batschelet and M. L. Illingsworth, Organic Coatings and Plastics 

e., (1979), %, 191. 

b. M. L. Illingsworth and R. D. Archer, to be submitted for publication. 

C. P. H. Merrell and R. A. Osgood, Inorg. Chem. Acta, (1975), l4, L33. 

R. D. Archer, R. 0. Day and M. L. Illingsworth, Inorg. Chem., (1979), l8, 2908. -____ 

P. Thieme, J. prakt. Chem., (1891), [Z], 43, 451. 

P. R. Thomas and G. J. Tyler, J. Chem. Sot., (1957), 2197. 

J. A. Silk, J. Chem. Sot., (1956), 2058. 

University of Massachusetts Microanalysis Laboratory provided the analyses. 

N. S. Biradar and A. L. Locker, J. Karnatak Univ. Science, (1972), $2, 1. 

S. R. Grupta and J. P. Tandon, Monatsh. Chem., (1973), X&, 128. 

D. C. Bradley and A. M. Thomas, J. Chem. Sot., (1969), 3857. 

P. Pfeiffer, T. Hesse, H. Pfitzner, W. Scholl and H. Thielert, J. prakt. Chem., (1937), 

l49, 243. 

Note: Coordination through the carboxylate group was observed for H2dspba, analogous 

to the known Zr(RC00)413 and the appearance of this compound is identical to the orange 

form of its ethyl ester H2dspeb. Calcd for C21H16N204: C, 70.0; H, 4.44; N, 7.78. 

Found: C, 70.27; H. 4.34; N, 7.61. 

J. Ludwig and D. Schwartz, Inorg. Chem., (1970), ,9, 607. _I_- 

R. C. Fay and J. K. Howie, J. Am. Chem. Sot., (1979). lO& 1115; and references therein; 

cf., C. J. Donahue and R. D. Archer, ibid., (1979), zp, 782 and S. L. Hawthorne, A. H. 

Bruder and R. C. Fay, Inorg. Chem., (1978), l7, 2114. 

The regular spacing of the shoulders at approximately 1.5 kK intervals is possibly 

consistent with C=C vibronic coupling for Zr(dsp)2 and Zr(dspeb)2. 

.K. K. Chatterjee and B. E. Douglas, +sctrochim Acta, (1965), 2l, 1625. 

Note: The appearance of prominent low energy shoulders is also seen in hydrogen bonding 

solvents.17 

a. J. J. Charette, Spectrochim Acta, (1967), 2l, 1625. 

b. A. Y. Kiss, G. Bacskai and E. Varga, Acta Phys. Chem. Szeged., [N.S.], (1947), 4l_, 

7256g. 

C. K. Jorgensen, Progr. Inorg. Chem., (1970), $l, 101. 

cf. A. Senier, F. Shepeard and R. Clarke, J. Chem. Sot., (1912). lO& 1955, 

a. C. K. Jorgensen, Progr. Inorg. Chem.. (1970). l2, 101. 

b. G. Smets, Pure and Appl. Chem., (1972). 2,0(l), 1. 

Hydrogen bonding may contribute to the lowering of this quinoid carbonyl frequency; 

cf., L. J. Bellamy, The Infra-red Spectra of Complex Molecules, Wiley and Sons, New York, 

1960, p. 143 and p. 151. 

N. B. Pahor, M. Calligaris, P. Delise, G. Dodic. L. Randaccio, J. Chem. Sot., Dalton, -- 
(1976), 2478. 

Note: The low carbonyl stretching frequency of the carboxylate group in the Hdspba, 

1680 cm-', . is probably due to resonance and the existence of hydrogen bonding dimers in 

the solid state. 
24 



4% Notes 

24. R. M. Silverstein and G. C. Bassler, Spectrometric Identification of Organic Compounds, 

Wiley, New York, (1967), p. 89-90. 

25. a. G. C. Percy and D. A. Thornton, J. Inorg. Nucl. Chem., (1972), d$, 3557. 

b. G. 0. Dudek and E. P. Dudek, J. Am. Chem. Sot., (1964), 8, 4283. 

C. P. Teyssie and J. J. Charette, Spectrochim Acta, (1963), $?, 1407. 

d. G. 0. Dudek and R. H. Helm, J. Am. Chem. Sot., (1962), $$ 2691. 

26. cf., H. Vogel and C. S. Marvel, J. Polymer Sci., (1961), ,$g, 511. 

27. a. cf., Ref. 1, p. 95. 

b. M. Ueda, A. Sato and Y. Imai, J. Polym. Sci., Polym. Chem. Ed., (1979), &I, 783. 

1 
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Zr(dspeb)2s5& 

2.35-3.55(7) 

3.8-4.1(l) d 

4.2-4.5(l) d 

5.40-5.90(2) q 

6.15-6.60 q 

8.30-9.00 tt 

862 P 

845 (P-17) 

Yellow H2dspeb(?lh Orange H2dspe& H,dapbag Assignment 

5.40-5.80(2) q 2.10-3.55 m 

aromatic 

6.15 

8.8-9.0 

5.40-5.80(2) cj 

8.45-8.73(3) t 

-CH2 ester 

-CR2 C2H50H 

-CH3 ester 

and C2H50H 

Mass Spectrum of Zr(dspeb)2, m/e and Assignmenti 

"Zr(dspeb)2+ 582 (P-280) Loss of 0C6H4CH:NC6H3(N)COOC2H5 

Parent minus OH 149 H3COC6H3(0)CH:N+ fragment 

%S KBr pellets. Abbreviations: w = weak, br = broad, s = strong, sh = shoulder, m = medium, 

si = singlet, ud = unsymmetrical doublet, d = doublet, cmplx = complex, d = doublet, 

mu = multiplet, q = quarter, t = triplet, tt = 2 overlapping triplets. gLog molar extinction 

coefficient (M-'cm-') is in parentheses. % h 

qualitative. 

max occurs below the solvent cut-off. 

fRelative intensities in parentheses. h6DMS0. %D2C12. . &ly the "Zr 

component is listed for the three Zr containing fragments. 
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Carcinogenic Chromium(V1) forms Chromium(V) with Ribonucleotides but not with Deoxyribo- 
nucleotides. 

D.M.L. Goodgame, *+P.B. Hayman, 
t 

and D.E. Hathway, + 

t 
Chemistry Department, Imperial College, London, SW7 ZAY, 

4 
Imperial Chemical Industries, P.L.C., Central Toxicology Laboratory, Alderley Park, 

Cheshire, SK10 4TJ. 

Compounds of chromium(V1) present an industrial hazard because of their mammalian car- 

cinogenicity and toxicity. 1,2,3 There is, therefore, appreciable interest in determining 

the biological transport and the mode of action of chromium species derived from the initial 

chromium(V1) compounds taken into the body. 4.5 

Chromium(V1) (as chromate or dichromate) is readily taken up by cells but can be easily 

reduced to chromium(II1) by biological reductants (e.g., NADPH, ascorbic acid, etc.). 697 

The fact (i) that chromium(II1) is much more potent than chromium(V1) in causing infidelity 

of DNA synthesis in vitro 
8 

and (ii) that Cr 
III 

may represent the state of oxidation involved 

in the chromate-induced DNA cross-linking, which was observed 799 in rat liver and kidneys, 

suggests that Cr 
III 

may be the ultimate form of the metal that is bound in cells. However, 

chromium(II1) penetrates cell membranes less effectively than does chromium(VI).10 

During our studies on the interaction of a range of chromium compounds with nucleic 

acids and their components we have observed the formation of long-lived chromium(V) species 

derived from chromate(V1). In view of the recent report 
11 

that incubation of chromate(V1) 

with rat liver microsomes and NADPH produces an e.p.r. signal characteristic of chromium(V) 

we are prompted to summarise our own complementary observations in this area. 

In a typical set of experiments, sodium chromate and the sodium salt of 5'-AMP were 

mixed in equimolar proportions in water in the pH range 6-7 and stored at room temperature 

(22'C) for ~a. two months. At various times, portions of the solution were frozen and 

studied by e.p.r. spectroscopy (X-band, % 9.2 GHz, and Q-band, * 35.8 GHz, at Q 80 K). 

Within a few minutes of mixing the components a sharp (% 2.5 mT breadth) anisotropic signal 

(g = 1.982 and 1.976) characteristic 
12,13 

of chromium(V) was observed (Figure 1). The signa 

was better resolved at Q-band (Figure 1A) than at X-band frequency (Figure 1B)and the form 

of the spectrum is consistent with an axial ligand geometry about the metal ion. The signal 

increased in intensity over s 1 hour but then remained essentially unchanged for several 

weeks. 

Parallel studies using the sodium salts of 5'-GMP, 5'-IMP, 5'-CMP, 5'-UMP, 5'-ATP, 

D-ribose 5-phosphate, and also with adenosine, guanosine, cytidine, inosine. uridine, and 

D-ribose also gave chromium(V) signals very closely resembling those with 5'-AMP under the 

same conditions.(There were small variations in the observed g-values but the differences 

were barely outside experimental error). 

In contrast to the above, corresponding experiments in which sodium chromate was 

reacted with the sodium salts of 2'-deoxyadenosine 5'-monophosphate (d-AMP), d-CMP, d-GMP, 

d-ATP, TMP, 2-deoxyribose 5-phosphate, or with thymidine, gave no evidence for chromium(V) 

even after periods of up to two months. 
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1.982 
4 

1. E.P.R. spectra of the Cr" species obtained from aqueous solutions of sodium 

te and the sodium salt of 5'-AMP at 2. 80 K: A) at Q-band frequency; B) at X-band 

ncy. 
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It appears therefore that chromate(V1) differentiates between ribonucleotides and 

deoxyribonucleotides, and related molecules, in that the cis-diol grouping in the former is 

required for the formation of the chromium(V) species. Unfortunately, we have been unsuc- 

cessful, so far, in isolating the chromium(V) species present in such solutions. However, 

their ready formation from some of these fundamental units of nucleic acids suggests that 

further, more detailed, consideration should be given to the role of water soluble, long- 

lived chromium(V) species in the problem of chromium(V1) carcinogenicity and toxicity. 

Further studies in this direction are in progress. 

Acknowledgementz- We thank the S.E.R.C. and Imperial Chemical Industries, P.L.C., for a 

CASE Studentship to P.B.H. 
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Substituent Effects on Metal-proton Interactions in 

1-Tetralone Oxime Complexes of Rhodium(I) 

BY C.A. Johnson and A.J. Nielson* 

Department of Chemistry, University of Auckland, 

Auckland, New Zealand. 

Complexes containing metal-proton interactions are important intermediates in aromatic 

C-H bond activation by d* transition metalsl. The interactions, which may be detected by 

'H nmr spectroscopy2, are of specific interest in that they represent orientated precursors 

to any o intermediates formed during the electrophilic or nucleophilic processes involved 3.4 . 

We report here preliminary results showing apparent aromatic ring substituent effects on metal 

proton interactions in 1-tetralone oxime complexes of rhodium(I). 

The complexes (1) to (4) were prepared by reacting 1-tetralone oximes with Rh(CO)gCl 

dimer and were characterised by elemental and spectroscopic analysis. The 'H nmr spectra 

showed coordinated nitrogen by shifts in the hydroxy and u-carbon proton resonances compared 

with the free liqand and the metal-proton interaction confirmed by a downfield shift of Ha. 

co 

co 

(1) RI = R2 = H 

(2) RI = H, R2 = OMe. 

(3) Rl = OMe, R2 = H. 

(4) Rl = NOz, R2 = H. 

Thus for complex (2) S(CUC13) 1.76, mt, 2H, C3-methylene; 2.64, t, 2H, C2-methylene; 

2.92, t, 2~, Cq-"ethylene; 3.83, s, 3H. C6-methoxy; 6.78, d (Jm = 2Hz), lH, C5-aromatic; 

6.91, dd (Jm = 2Hz, Jo = E.lHz), 1H. Cg-aromatic: 8.56, d (Jo = E.lHx), 1H. Cg-aromatic; 

8.92, b, lH, OH. 6-Methoxy-1-tetralone oxime, 1.88, m, 2H, C3-"ethylene; 2.85, m, 4H, 

C2,4-methylenes; 3.85, s, 3H. Cg-methoxy: 6.85, d (Jm = 2Hz), lH, C.j-aromatic; 6.95, dd 

(Jm = 2Hs, Jo = 8.1Hz), lH, CT-aromatic: 8.05, d (Jo = E.lHs), lH, Cg-aromatic: 9.28, b, 

lH, OH. 

For (1) to (4) liqand planarity imposes close proximity of HP to the filled metal ds2 

orbital, the HOMO available for overlap with a u* CH orbital (LUMO) at an incipient stage in 
3 

nucleophilic attack expected for rhodium(I) . Liqand rigidity allows minimum distortion to 

remove proximity effects and anisotropy associated with the dz2 orbital will be invariant in 

the series as liqands are similar in each case. With lack of backbonding ability the donor 

t 
m, multiplet, t, triplet, s, singlet, b, broad, d, doublet, dd, double doublet. 
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power of nitrogen will be little affected by aromatic ring substituents4. As attractions or 

repulsions within the interaction vary the metal-proton distance, the C8 shift will be 

sensitive to substituent effects as a result of differing anisotropy experienced by HS. 

Metal-proton distances of ca. 2.6 to 2.9 x have been determined by x-ray crystallography in 

other d* 
5 

complexes containing metal-proton interactions . 

Results from stistituents studied so far (Table 1) show apparent greater sensitivity to 

inductive effects than resonance contributions. 

Table 1 lH nmr Data for Hg in 1-Tetralone Oximes (60 MHz) 

Oxime free liganda complex 
a 

shift 
b 

1-Tetralone 8.00 8.55 0.55 

6-Methoxy-1-tetralone 8.07 8.61 0.54 

7-Methoxy-1-tetralone 7.63 8.31 0.67 

7-Nitro-1-tetralone 8.65 9.40 0.75 

a, ppm from TMS; b, ppm. 

Both effects can reduce electron density at HR in (4) but resonance contributing electron 

density to H8 in (3) is not reflected in the proton shift. No effect is observed for (2). 

The shifts are in accord with the greater inductive effect of NO2 over OMe groups. In 

terms of 'H nmr shifts, for the Hammet equation D.S.P. extension, 6 = pIuI + oRoR, then 

PI " P R' 
The magnitude of the inductive effect gauged from shift comparison of (3) and 

(4) shows contributions of 0.12 and 0.20 ppm for 7-methoxy and nitro groups respectively. 

The values are significantly large when compared with the downfield shift of (1). 
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EXTRACTION OF Cu(I1) AND Ni(I1) BY CAMPHORQUINONE 
DIOXIME 
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Department of Inorganic Chemistry, Eiioven University of Technology, P.O. Box 513, 5600 MB Eindhoven, 

The Netherlands 

(Received 26 January 1982) 

Ah&aft-The extraction properties of three geometrical isomers ((I-, /3- and 6-) of D-camphorquinone dioxime 
(H,CQD) with copper and nickel are described. Under extraction conditions isomerixation occurred from w and 
p-HrCQD into I-H*CQD. The expected selectivity of S-HrCQD for nickel could not be established. On the 
contrary, copper formed complexes with lower pHtn values than nickel. An ESR study showed that this was due to 
the fact that copper did not form a NN coordinated complex, but just like nickel a NO coordinated complex. UV 
spectroscopy proved that besides the Cu(HCQD)s complex a Cur(HCQD)rCQD complex is involved in copper 
extraction. 

INTRODUCTION 

The development of hydroxyoximes as commercial 
solvent extraction reagents for copper has prompted 
much research in the chemistry of such sys- 
tems.‘** Many attempts have been made to find a reagent 
that is selective for nickel above copper. In order to from 
stronger complexes with nickel than with copper, a 
reagent must be found that does not follow the normal 
Irving-Williams order of stabilities. This is only possible 
if nickel forms a diierent kind of complex with the 
reagent than copper does. Aliphatic cxdioximes3*4 did 
indeed extract nickel at lower pH than copper and this 
was explained’ by assuming that nickel formed a square 
planar complex with a low spin d* conliguration, while 
copper formed an octahedral complex by binding two 

*Author to whom correspondence should be addressed. 

additional water molecules. However, the extremely low 
rate of extraction does not make this system very attrac- 
tive for commercial use. 

Here we report on the separation properties of another 
kind of crdioxime, camphorquinonedioxime H2CQD. 
HzCQD is known to exist in four isomeric forms (Fig. 1) 
which diier by the orientations of the OH groups. The 
rigid bicyclic skeleton is responsible for a larger NN 
distance than in aliphatic adioximes. NN coordination is 
the normal mode of coordination for vicinal dioximes but 
the large N . . . N distance in HXQD makes this kind of 
coordination less attractive. Recently it was reported’ 
that for copper only a NN coordinated H&QD complex 
could be isolated: Cu(/3-HCQD)2*H20*l dioxane (Fig. 
2b). 

In contrast to this it was published’” that nickel forms 
stable NO coordinated complexes with a-, y- and S- 
H*CQD (Fig. 2a) and an unstable NN coordinated com- 

Fig. 1. The four isomeric forms of camphorqainone dioxime. 

NO COORDINATION N N COORDINATION 

Fig. 2. Two possible ways of coordination of camphorquinone dioxime with copper or nickel. 
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plex with p-HaCQD. a- and S-HzCQD are likely to form constant, it follows that 
NO coordinated complexes (Fig. 1) and if no isomeriza- 
tion takes place into /3-H,CQD it is to be expected that 
these two isomers react better with nickel than with ( > 

dlogD =2 

copper. In this way the Irving-Williams order of stabili- 
apH IH~CQDI ’ 

(5) 

ties might be broken. Introducing pHllz as the pH value at which 50% of the 
For this reason we have studied the extraction proper- metal is extracted (log D = 0) eqn (4) leads to: 

ties of the camphorquinone dioxime isomers for copper 
and nickel and the kind of complexes which are respon- log KE = - 2 log [H,CQD] - 2pH,,2. (6) 
sible for the extraction. 

EXPERIMENTAL 

The optically active camphorquinone dioxime ligands were 
prepared from (+) camphor according to the procedures of 
Forster? 

Finally the value of pHuZ at l.OM equilibrium concen- 
tration of extractant in the organic phase, denoted by 
(pH,&, can be obtained from eqn (6) as 

a-H&QD: [a]o (in 2 per cent sodium hydroxyde) = 
-99.1 (-98.39);-b-H2CQD: [(I]~ = - 25.7 (-24.1’); 
v-H,CQD could not be isolated pure. S-H&QD: [an] = 
+85.2 (t83.64. 

Optical rotations were obtained at 20°C with a Kreis-Polarimeter 
0.01/400 mm from Zeiss Winkel, while ESR measurements were 
done with a Varian El5 spectrometer at room temperature and 
UV-visible spectra were obtained on a Unicam SP.8OOD. 
Aqueous metal ion concentrations were measured with the Per- 
kin-Elmer 300 Atomic Absorption Spectrophotometer. 

The extraction experiments were carried out in a three stop- 
pered flask with a stirring device and continuous pH measure- 
ments. The starting volumes of water and organic solvent were 

RESULTS 
Figure 3 shows the results for the extraction of Ni*+ with 

S-H2CQD. The pHII value of 5.20 means a (pH,&, value 
of 3.60. The slope (1.93) of the log D-pH curve agrees with 
the theoretical expected value of 2 for the Ni(HCQD), 
complex. The HzCQD recovered after the extraction 
experiment did not show a sign&ant change in specific 
rotation (Table 1). 

The extraction properties of (Y-HJZQD for Ni” are 

both 250 ml. Stirring was stopped when no further change of the 1 
OH was noticed. indicating that equilibrium was reached. For t 
analysis equally small vol&es of water layer and organic layer 
were withdrawn from the system. To measure the distribution 
coefficient as a function of pH thereafter a small quantity of 4N 
acid or base was added, and the process of stirring until equili- 
brium and withdrawal of small portions of the aqueous and 
organic solutions was repeated at a ditferent pH. Care was taken 

0 o 
$ 
- 

to keep the volumes of the aqueous and organic solutions equal. 
Although in this procedure the electrolyte concentration does not 
stay constant we referred this method because it is convenient -1 

to execute and because in a separate experiment it was shown 
that in the applied concentration range the influence of the 
electrolyte concentration is negligible. As organic solvents used . 
were chloroform, pentanol and tributylphosphate and inorganic 
salts used were metal chlorides, nitrates or sulphates. NAOH 
was used as base and HCI, HNOl or H2S04 as acids. Fig. 3. Log D as a function of pH for the extraction of Cu(II) (0) 

or Ni(II) (X) with %-camphorquinone dioxime. Concentration of 
S-H,CQD in pentanol 0.025M. Initial aqueous metal sulphate 

TREATMENT OFEXTRACTIONDATA 
concentration 0.001 M. 

The extraction is expected to follow eqn (1): 

M*+ + 2HzCQD e M(HCQD)z t 2H’ (1) 

where M“ represents the aquo metal ion, M(HCQD), 
the extractable complex and bars indicate the organic 
layer. The equilibrium constant KE and the distribution 
coefficient D are defined as: 

Combination of (2) and (3) gives 

I I I I 1 

3 
PH 4 

5 

1ogD = log KE + 2pH t 2 log [H2CQD]. (4) 
Fig. 4. Log D as a function of pH for the extraction of Cu(II) (0) 
or Ni(II) (X) with a-camphorquinone dioxime. Concentration of 
a-H,CQD in pentanol 0.025M. Initial aqueous metal sulphate 

When taking a large excess H2CQD, so that H2CQD is concentration 0.001 M. 
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Table 1. Specific rotation 

H2CQD fresh after 7 after after Cu after Ni 

solution days 45 days extraction extraction 

a’ -63.8 -64.3 -63.3 +51.9 +47.1 

fib + 3.7 +21.2 +23.9 +59.4 +45.5 

6a +78.6 +71.1 +70.2 +67.5 +67.8 

I: pentanol as solvent b: t.b.p. as solvent 

quite analogous to those of S-H,CQD (Fig. 4) with a 
PH,,~ value of 5.03 and a slope of I.%. The recovered 
H*CQD had a specific rotation of = t 47.1 (Table 1) 
indicating that isomerization had taken place. 

The only solvent that we could find which dissolves 
/3-H&QD and is not soluble in water was tributyl- 
phosphate (TBP). In Fig. 5 a pronounced difference is 
seen between results from experiments with fresh solu- 
tions and results from extractions performed with solu- 
tions after contact times of two days. In the latter case 
the results correspond to those of the Ni &H*CQD 
system: pHu2 = 6.16, slope 1.99 and the recovered 
H2CQD showed a specific rotation of +45.5, indicating 
that isomerization had occurred. Fresh solutions, 
however, show a slope of 0.97 and a slightly higher pHIjZ 
value of 6.33. 

In contrast to the results obtained in the extraction of 
nickel a value of 2.50 is found (2 was expected on ground 
of eqn 1) for the slope of the extraction curve for copper 
with S-H,CQD (Fig. 3). A clearly lower pHllz value of 
2.75-leading to a (PH,,~),.~ of 1.15-is found. Also for 
copper no significant change in the specific rotation of 
S-H,CQD could be noted (Table 1). 

As with the Ni (Y-H2CQD system the Cu a-H&QD 
system gives almost the same figures as found for Cu 
S-H,CQD (Fig. 4). In this case also isomerization had 
taken place (Table 1). a PH,,~ value of 3.08, a slope of 
2.67 and a change in specific rotation from -63.8 to t51.9 
are found. 

With a fresh solution of /?-H2CQD in TBP (Fig. 6) a 
pHII value of 4.21 is obtained for the copper extraction, 
quite larger than with the Cu &H&QD pentanol system. 
The slope of 1.47 indicates that the extraction chemistry 

Fig. 5. Log D as a function of pH for the extraction of Ni(I1) with 
@camphorquinone dioxime. Concentration of /3-H,CQD in tri- 
butyl phosphate 0.025 M. Initial aqueous nickel chloride concen- 
tration 0.001 M 0: fresh-solution X: after two days of contact. 
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Fig. 6. LogD a function of pH for the extraction of Cu(II) 
with /3-camphorquinone dioxime. Concentration of fl-HrCQD in 
tributyl phosphate 0.025 M. Initial aqueous copper chloride con- 
centration 0.001 M. 0: fresh solution X: after two days of con- 

tact. 

must deviate considerably from that represented by the 
extraction eqn (1). Just as in the experiment with nickel 
and /3-H,CQD, after two days the picture had dramatic- 
ally changed. The pHr12 value was lowered to 3.66 and 
the slope had increased to 2.37. Specific rotation 
measurement from the recovered H,CQD showed that 
most of the p-H,CQD had isomerized. This isomeriza- 
tion was more pronounced than the isomerization that 
occurred without contact with the aqueous copper solu- 
tion (Table 1). 

The slopes of the log D-pH curves for the copper 
extraction deviate from 2 and point to an extraction 
chemistry which is different from that assumed in eqn 
(1). To find out which stoichiometry the copper cam- 
phorquinone dioxime complex had during extraction an 
experiment was carried out with equivalent moles of 
copper and S-H,CQD. If Cu(HCQDb would be the only 
extraction complex at most 50% of the copper can be 
extracted. Figure 7 shows that definitely more than 50% 
of the copper can be extracted, but that even at high pH 
100% extraction is not reached. At pH 5.0 65% of the 
copper was extracted. 

VIS-spectroscopy (Fig. 8) shows that two different 
copper complexes are present in the organic phase after 
extraction. When the pH is relatively low a complex is 
formed with a maximum absorbance at 25,3OOcm-‘. At 
higher pH’s a new band appears with a maximum at 
22,4OOcm-’ and the corresponding complex becomes 
prevalent at pH is 3.20. 

Also ESR measurements, correlated with the two 
different Cu-HCQD complexes are carried out. The ESR 
spectrum of the complex with A,,, 25,3OOcm-’ is 
presented in Fig. 9. It is exactly the same as that found 
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Fig. 7. % copper extraction as a function of pH for the extraction 
of Cu(II) with S-camphorquinone dioxime. The initial concen- 
tration of S-H$QD in chloroform and the initial copper nitrate 

concentration in Hz0 are both 0.002 M. 

by Ma’ for Cu(P-HCQD),.H,O.: dioxane. For the com- 
plex with A,,, at 22,4OOcm-’ no ESR signal could be 
observed. 

DISCUSSION 

From Table 1 it can be clearly seen that under extrac- 
tion conditions isomerization takes place when a- or’ 
/?-HXQD are used. 

Without contact with an aqueous solution containing 
metal ions (r-H*CQD does not isomerize at all and p- 
H,CQD isomerizes only to a certain extent. 

This phenomenon can be readily explained by the 
bonding of metal ions or protons to the dioxime; by this 
interaction the double bond character of the CN bond 
will be weakened and thus the rotation barrier of this 
bond will be lowered. S-H,CQD is the only isomer which 
possesses hydrogen bridge stabilization and no steric 
repulsion (Table 2). Therefore it is not surprising that it is 
the most stable isomer. 

25000 
wrvonumborr cm-’ 

20000 

Fig. 8. VIS spectra of the organic phase for the extraction of 
copper with G-camphorquinone dioxime. A: pH = 1.93; B: 
pH = 2.87; C: pH = 3.20; D: pH = 5.00. For initial concentrations: 

see Fig. 7. 

HCQDh in chloroform to an equilibrium mixture of 
85-90% Ni(S-HCQD)* 5-10% Ni(cr-HCQDb and 5% 
Ni(&HCQD) (I-HCQD). This means that after recover- 
ing of HXQD a specific rotation is expected of 0.90x 
(+ 78.6) + 0.075 x (- 63.8) + 0.025 x (+ 3.7) = + 66.0. 

Pedersen and Larsen6 found isomerization of Ni(cu- In Table 1 it is seen that after extraction with (Y-, fl- or 

----*H 1 uoa 4 - “N n 

14 
I I I I, N 

I , 

03c” I 
I 

I 90 cl I I 

65cu 1 I 96.4 a I I 

Fig. 9. ESR spectrum of copper H&QD complex (A,,, 25300 cm-‘) in chloroform at room temperature. 
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Table 2. Stabilization and repulsion of the four different HzCQD isomers 

HZCQo OH... CHJ repulsion OH... OH repulsion on0 stabilization 

0 Yes IlO Yes 
6 Yes IlO *0 

-l IlO yes IlO 

6 ll0 IlO Yes 

S-H,CQD the specific rotation had changed into the 
direction of this figure, but apparently equilibrium had 
not been reached. 

The expected selectivity of S-HXQD could not be 
established. On the contrary, copper was extracted at a 
much lower pH than nickel (Fig. 3). This result is sur- 
prising because if copper forms a NN complex as sug- 
gested by Ma5 then rotation around the CN double bond 
is necessary. Furthermore it might have been expected 
that copper extraction with @H&QD, for which no 
rotation is needed would have a lower pHr12 value than 
copper extraction with S-H2CQD. However, in Fig. 6 it 
can be seen that after a contact time of two days, in 
which isomerization from fl- to S-HXQD has taken 
place, the pHLjl value is lowered and not raised. 

These results can only be explained if we assume that 
copper does not form a NN complex but a NO complex 
just lie nickel. 

To investigate this possibility we took a closer look at 
the ESR spectrum of the extracted complex, which is 
completely identical with the ESR spectrum found by 
Ma5 for CU(/~-HCQD)~*H~O*~ dioxane. Ma has inter- 
preted the ESR spectrum of CU@-HCQD)~ by assigning 
the four main lines to copper (“‘Cu, 65Cu: I = 3/2) nuclear 
hypertine interactions and the extra lines as being due to 
the nitrogen (14N:I = 1) superhyperhne interaction. By 
counting 9 nitrogen superhypertine lines he concluded 
that four nitrogen atoms are attached to copper. Because 
of the line broadening on the low field side of the 
spectrum the nitrogen superhyperfine lines are only 
clearly observed on the high field side. 

Our interpretation of the superhyperfine structure is 
completely different from that of Ma. Natural copper is 
composed of 69.1% 63Cu and 30.9% “Cu both with spin 
3/2 but with a slightly different magnetic moment 
(0.70904 x 10m4 vs 0.75958 x low4 rad. set-’ gauss-‘). The 
ESR signal of most copper compounds in liquid solution 
shows four lines with fairly large linewidths and as a 
consequence no separate peaks can be observed for the 
two Cu isotopes. However, whenever ligand nitrogen 
superhyperlme structure is observed one has to take into 
account “,” that extra lines may become observable as a 
result of the diierent magnetic moments of 63Cu and 
65Cu. At the bigh field side of the spectrum (see Fig. 9) 
two overlapping hyperfine splitting patterns with inten- 
sity ratios of 1: 2 : 3 : 2 : 1 can be seen with a splitting of 
16.5gauss. Computer simulation gave an excellent fit 
with an intensity ratio between 63Cu and 6sCu of 76 : 24. 
From the complete ESR spectrum a hypertine splitting of 
9Ogauss is obtained for 63Cu. The copper hyperlkte 
splitting for 65Cu can now be calculated to be 
0.75958/0.70904 x 90 = %.4 gauss. The predicted separa- 
tion between 63Cu and 65Cu of the nitrogen super- 
hypertine splitting on the high field side of the ESR 
spectrum is 3/2(%.4- 90) = 9.6 gauss, and is in very 
good agreement with the observed separation of 9.5 
gauss. With this interpretation it becomes clear why this 
extra hyperfine splitting of 65Cu cannot be seen on the 

other copper hype&e line with nitrogen superhyperfine 
structure, because for that line the calculated separation 
between 63Cu and 65Cu would be ;(%.4 - 90) = 3.2 gauss 
and with such a small difference no separate peaks can 
be detected. A further argument in favour of our inter- 
pretation of the ESR spectrum is the fact that the 
nitrogen superhyperline structure on the high field copper 
line does not have an intensity ratio of 
1:4:10:16:19:16:10:4:1 and that the superhypertine 
lines are not equidistant either, as would be required if 
four nitrogen atoms were bonded to copper. We there- 
fore conclude that only two instead of four nitrogen 
atoms are bonded to copper, and so an intensity ratio of 
1: 2: 3 : 2 : 1 occurs in the nitrogen superhyperline struc- 
ture. As a consequence the CU@-HCQD)~ complex of 
Ma and the extracted complex with h,,, at 25,300 cm-’ 
do not have the NN structure but just like nickel a NO 
structure (Fig. 2). 

The results found in the extraction experiments are in 
good agreement with this interpretation. For, when cop- 
per and nickel form the same kind of complex with 
H&QD, copper wig have a lower pH,,* value than nickel 
according to the Irving and Williams law. 

The low values of the slopes of the log D vs pH curves 
found in the extraction of copper and nickel by fresh 
/3-HXQD (1.47 for Cu and 0.97 for Ni) can now also be 
explained if we assume that /3-H*CQD is not active in 
the extraction. Only the small portion of the S-HXQD 
that is present will be active. As a consequence the 
extractant concentration in eqn (4) is not a constant 
when the equilibrium is changed by adding acid or base. 
This means that the slope of log D vs pH will not give a 
value of two, but will give a value which is considerably 
lower. After two days, during which most of the /3- 
H,CQD is isomerized to S-H,CQD, excess S-H,CQD 
will be present and indeed the slopes are increased to 
values (2.37 for Cu and 1.99 for Ni) which are almost 
equal to the values found in the extraction by S-H,CQD. 
Also the change of the pHr12 value (4.21-3.66 for Cu and 
6.33-6.16 for Ni) can be explained by the fact that 
isomerization of /3-H,CQD to S-H,CQD increases the 
extractant concentration. For according to eqn (6) an 
increase in the extractant concentration leads to a 
decrease in the PH,,~ value. For a-H,CQD such a 
phenomenon was‘ not observed. This is not surprising 
because a-H&QD itself can form a NO complex and 
thus is active in the extraction. As a consequence, during 
isomerization of a-H$QD to S-HXQD the extractant 
concentration does not change. 

The result of the slope analysis of 1.93 for the extrac- 
tion of nickel(H) by S-H,CQD is consistent with the 
theoretically expected value of 2 (eqn 5) and thus the 
extraction equation can be represented by 

Ni*’ t 2H2CQD # Ni(HCQD)* t 2H’. 

With copper(H), on the contrary, a deviating value of 
2.50 was found for the extraction by S-H2CQD. 



508 L. R. M. PAPING et al. 

According to Fig. 8 it was shown that two different 
complexes are involved during the extraction: complex A 
with h,,, = 253OOcm-’ and complex B with A,,, = 
22400 cm-‘. Their ratio is strongly pH-dependent; at low 
pH the spectrum is dominated by A, at relatively high pH 
values B is more important. Since the spectrum of A 
correlates with the presence of the copper ESR des- 
cribed above, complex A may be assumed to be 
Cu(HCQD)z. 

Figure 7 shows that at pH = 5, 65% of the copper is 
extracted and from Fig. 8 it can be concluded that at this 
pH complex B is almost exclusively responsible for the 
extraction. The value of about 65% extraction at high pH 
can be explained if a complex with a copper:H,CQD=2:3 
ratio is assumed to be present during extraction. In that 
case the maximum concentration of copper in the 
organic phase is expected to be 66.7%. To check the 
hypotheses on the stoichiometry of the two copper 
complexes accurate values of the intensities of both 
(overlapping) bands were necessary. The separation at 
different pH values was carried out by means of com- 
puter simulation. 

The best fit was obtained by using a corrected Lorentz 
function with the general form y = a(1 t bx’ t cx4))’ as 
used by Baker et al.‘* for IR band simulation. A strong 
absorption near 35000cm-’ with some overlap around 
25000 cm-’ has been taken into account. In Fig. 10 one 
of the simulations is shown, and the excellent fit is 
noteworthy. In this way the real intensities of the bands 
at A,,, could be obtained and these values are according 
to Lambert-Beer’s law proportional to the concentrations 
of complex A (25300 cm-‘) and B (22400 cm-‘). By using 
the trial and error method the best extinction coefficients 
for A and B could be determined. These extinction 
coefficients are 4940 for A and 8700 for B. In Fig. 11 it is 
shown what happens with the different species as a 
function of pH. 

For complex A we assume that the same reaction 
equation applies as used in eqn (1) and kA is then given 
by eqn (8) 

k = DJWQD~I[H+~~ _ L41[H+lZ 
* [Cu”][H,CQD]* - [Cu*+][H&QD]*’ (8) 

29 28 27 26 25 24 23 22 21 20 19 18 

WAVENUMBERS CM-’ Xl03 

Fig. 10. VIS spectrum of the organic phase after the extraction of 
copper(B) with S-camphorquinone dioxime at pH 3.20. X: 
experimental, -: calculated by computer simulation. For initial 

concentrations see Fig. 7. 

100 

Fig. 11. Extraction of copper(H) with S-camphorquinone dioxime 
as a function of pH. 0: % reacted &H,CQD, X: % Cu extracted 
into the organic phase, 0: % Cu extracted by complex A with 
A max 253OOcm-‘; S: % Cu extracted by complex B with A,,, 

22400 cm-‘. For initial concentrations see Fig. 7. 

The composition of complex B is more complicated. It is 
very likely that complex B is neutral in the organic 
phase, and in combination with the results of Fig. 7 this 
suggests its formula to be Cu*(HCQD),CQD. In that case 
the reaction equation is 

2Cu” t 3H,CQD e Cu2(HCQD),CQD t 4H’ (9) 

with an equilibrium constant kg: 

k, = FbWCQD)2CQDlW+14 = EW+14 
[Cu’+]*[H,CQD]’ [Cu2+12[H,CQD15’ 

(10) 

In eqns (8) and (10) all concentrations can be measured 
([H’] with pH measurements [Cu”] with atomic ab- 
sorption, [A] and [B] with UV/visible spectroscopy) with 
the exception of [H2CQD]. To eliminate [H2CQD] we 
combine (8) and (10) 

(11) 

resulting in 

a(log [B] - 3 log [A] -log [Cu”]) = 2 

3PI-I 
(12) 

In Fig. 12 we see that a plot of 2 log B - 3 log A- 
log [Cu”] vs pH indeed gives a straight line with a slope 
of 1.99 confirming our assumptions concerning complex 
B. However, the requirements of a neutral complex with 
a copper ligand ratio of 2/3 are also fulfilled with the 
assumption of the complex Cu*(HCQD),OH, replacing 
the double negative charge of CQD by HCQD- plus 
OH-: 

2Cu*+ t 3H2CQD t Hz0 * Cuz(HCQD)30H + 4H’. 
(13) 

Because [H20] can be assumed to be constant, replacing 
(9) by (13) gives no difference in expressions (11) and 
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3 pH’ 

Fig. 12.2 log B - 3 log A -log [Cu”] as a function of the pH for 
the extraction of copper(I1) with S-camphorquinone dioxime. A 
and B are the calculated values of the maxima of the complex 
with A,,,- - 253OOcm-’ and of the complex with Amax= 

22400 cm-’ respectively. For initial concentrations see Fig. 7. 

(12) so complex B might also be represented by 
Cu,(HCQD)sOH. 

If OH- is replaced by another anion, for example 
NO,- (to adjust pH HNOj is used), elimination of 
[H2CQD] from the expressions for kA and kn gives: 

$ = s [NO,-]'[Cu*+]. (14) 

This would mean that [A3]/[B]’ would be independent 
from the pH, which does not fit with Fig. 11. We there- 
fore conclude that this reaction does not take place. 

Although the extraction experiments strongly point to 
the formation of a 2 : 3 Cu: HCQD complex, we checked 
if a 1: 1 complex could explain the extraction results 

Cu2+ + HpCQD P Cu(CQD) + 2H’. (15) 

In combination with eqn (8) and by eliminating the 
[H,CQD] we obtain 

[Al Ku”1 
$=pjiym (16) 

Therefore a plot of 2 log B -log A-log[Cu’+] vs pH 
must give a straight line with slope 2. From Fig. 13 it is 
clear that this is not the case so we may safely reject eqn 
(15). Also Cu(HCQD) (NOs) could be. rejected by this 
way of analysis. Because of all these arguments for 

Fig. 13. 2 log B-log A-log [Cu2’] as a function of the pH for 
the extraction of copper(I1) with S-camphorquinone dioxime. A 
and B are the calculated values of the maxima of the complex 
with Amax = 253OOcm-’ and of the complex with A,,, = 
22400 cm-’ respectively. For the initial concentrations see Fig. 7. 

complex B we conclude that complex B must have the 
composition Cu2(HCQD),CQD or CU~(HCQD)~OH. 

In agreement with this conclusion no ESR signal could 
be observed for complex B. This is not an unknown 
phenomena”.‘4 for binuclear Cu(I1) complexes in which 
the antiferromagnetic coupling between the two copper 
ions is so large that the singlet ground state has a very 
pronounced energy difference from the triplet state. As a 
result the complex is diamagnetic at room temperature. 
Since only binuclear copper(I1) complexes can have such 
an antiferromagnetic coupling and mononuclear cop- 
per(I1) complexes always have an unpaired electron, this 
confirms the conclusion that the composition of complex 
B must be CuJHCQDhOH or Cu,(HCQD)XQD. 

CONCLUSIONS 
The expected selectivity of &H,CQD for the extrac- 

tion of nickel above copper has not been confirmed. On 
the contrary, copper was found to have a pHIjP value 
that was much lower (2.75 vs 5.20) than that of nickel. 
This expected selectivity of camphorquinone dioxime for 
nickel above copper was based on a publication of Ma, 
claiming that the dioxime in Cu(p-HCQD),*H,O.f diox- 
ane, had a NN coordination around copper. 

Our analysis of the ESR spectrum showed, however, 
that this product does not have a NN coordination but a 
NO coordination like nickel. With the knowledge that 
there is no difference in coordination of HKQD around 
copper and nickel, it is not surprising that S-HzCQD has 
no selectivity for nickel above copper, and that the 
normal order of stabilities according to Irving and Wil- 
liams is followed. 

Under extraction conditions isomerization occurred 
from (x- and /l-H2CQD into S-H*CQD. Without contact 
with metal ions or protons the a-HtCQD is stable in 
solution. We therefore conclude that metal ion or proton 
attaches on the nitrogen atoms and lowers the double 
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bond character of the CN bond, thus making rotation 
around this bond more easy. 

Analysis of the slope of 1ogD vs pH confirmed the 
expected reaction equation for nicket: Ni*‘+ 
2HzCQD D Ni(HCQD)z t 2H’. 

With copper two different compkxes are involved in 
the extraction which is clearly seen by UV spectroscopy. 
Computer simulation showed that these two complexes 
are Cu(HCQD),, with an absorption at 25300cm-’ and 
CU,(HCQD)~ CQD or CUZ(HCQD),OH with an absorp- 
tion at 22~cm-‘. ESR spectroscopy proved the 
CU(HCQD)~ complex to have an NO structure. For the 
Cu:HCQD = 2:3 complex no ESR signal could be 
observed, which is not uncommon for binuclear cop 
per(I1) complexes with a very strong antiferromagnetic 
coupling. 

‘A. W. Ashbrook, &XL Rev. IW5,16,285. 
*D. S. Flett, Gem. Ind. 1977,706. 

‘A. R. Burkin and J. S. Preston, J. horg. Nucl. Chem. 1975.37, 
2187. 

4M. L. Navtanovich, L. S. Lutova and V. L. Kheifets, Russ. I. 
fnorg. them. (Engl. ‘&an& 1979,24,%3. 

‘hi. S. Ma and R. J. Angelici, Jnorg. Cfiem 1980,19,363. 
6S. B. Pedersen and E. Larsen, Acta Cltem. Stand. 1973, 23, 
3291. 

‘M. S. Ma, R. J. Angelici, D. Powell and R. A. Jacobson, J. Am. 
Chern. Sac. 1!278,100,7068. 

*A. Nakamura. A. Konishi and S. Otsuka. J. Chem. Sot. Dalton. 
1979,488. 

9M. 0. Forster, 3. Chem. Sot. 1903,83,514. 
‘OH. M. Swartz, 3. R. Bolton and D. C. Borg, J&i. Appl. Eiec. 

Spin Resort, 1972,461. 
“L. E. Warren, J. M. Plowers and W. E. Hatfield, L Chem. Phys. 

1969.51, 1270. 
‘*C. Baker, J. P. Cockerell, J. E. Kelsey and W. F. Maddams, 

Spectrockim. Acta, 1978, MA, 673. 
13D. E. Fenton and R. L. Lindtvedt, J. Am. Chem. Sot. 1978,100, 

6367. 
ldJ A. Bertrand, J. Ii. Smith and P. G. Eller, Inorg. Chem. 1976, 

li, 1649. 



Po~yhedmn Vol. 1, No. 6, pp. 511-519, 1982 
Printed in Great Britain 

M77-5387/sz!o6o511~3.w 
Pmgamon Press Ltd. 

B-HALOGEN DERIVATIVES OF THE 
BIS( 1,2-DICARBOLLYL)COBALT(III) ANION 

i. M,&TEL,* F. MACASEK and P. RAJEC 
Department of Nuclear Chemistry, Comenius University 842 15 Bratislava, Czechoslovakia 

and 

S. HEI&&NEK and J. PLESEK 
Institute of Inorganic Chemistry, Czechoslovak Academy of Sciences, 250 68 fiei near Prague, Czechoslovakia 

(Received 1 February 1982) 

.&strati-The halogenation of (C2B&&Co-CS+ by elemental halogens in alcohol and y-radiation-induced 
halogenation by CHBr,, CHCll or CC& in polar solvents proceeds alternatively in both ligands yielding suc- 
cessively &; 8,8’-; 8,9,8’-; 8,9,8’,9’-; 8,9,12,8’,9’- and 8,9,12,8’,9’,12’-halogen derivatives. The stepwise introduction of 
halogen was monitored by UV spectrometry, individual compounds were isolated by gel chromatography and 
identified by NMR. Thirteen halogen derivatives are described. y-radiation-induced chlorination of 
(C2B9HI&CoWCs+ by CC& proceeds by reaction with liberated chlorine whereas the chlorination by CHCIS 
probably results from reactions with chlorine-containing intermediates. 

INTRODUCTION 
A study of the radiation stability of the 
(C,B,H,,),Co-Cs’ species (I) (Fig. 1) in the CHBr,- 
nitrobenzene mixture has proved not only an extra- 
ordinary resistance of this skeleton to degradation or 
structural changes, but also a transformation of (I) to its 
I-Br-(IIb) and 8,8’-Brr(IIIb) derivatives,‘” the latter 
being the final product.3 In contrast to the last fact, 
preliminary experiments have shown that the radiolysis 
of (I) in the CCL,-nitrobenzene mixture can also afford 
more chlorinated compounds.4 

To date, little was known on halogen substitution of 
the anion (I). Whilst the hexabromo derivative (VIIb) was 
prepared by a direct bromination of I in boiling acetic 
acid,5 the 9,9’-dibromo (VIIIb) and 9,12,9’,12’-tetrabromo 
derivatives (IXb) were obtained by a general synthesis 
from the appropriate bromo-o-carboranes.6 In the chloro- 
series, only a chlorination of (I) to B-polychloro deriva- 
tives has been claimed in a recent patent application.’ 
No iodinated derivatives of (I) were known. 

Due to the fact that the halogenation of (I) during the 
radiolysis was considered to be a result of the reaction of 
(I) with an elemental halogen generated by the radiolysis 
of the polyhalomethane present,3 a direct halogenation of 
(I) has been studied and the results compared with those 
of radiolysis, carried under various conditions. 

EXPERIMENTAL 
Physical measurements 

UV-spectra were measured with Specord UV-VIS spectro- 
photomkter (GDR). IR spectra were ditermined using a Perkin- 
Elmer Model 567 and Model 598 spectrophotometers (U.S.A.). 
NMR spectra in acetone were recorded on a Varian XL200 
soectrometer (‘H: 200 MHz. “B: 64.2 MHz) and Bruker WI-I-270 
spectrometer i’H: 270MHi, “B: 86.6kz). The “B chemical 
shifts were externally referenced to BF+O(C2H&, with the value 
signifying the signal to higher field. 

*Author to whom correspondence should be addressed. 

Conductivity measurements were carried out using a Radelkis 
OK-102 conductometer at 80 Hz (O-150 pS) and 3 kHz (0.5- 
500 mS) at 22°C. They were analyzed by Gauss-Newton-Leven- 
berg optimization method on a HP 8925 A calculator to obtain 
parameters of Debye-Hiickel-Onsager equation in the Robinson- 
Stokes mod&a&* r\=a(Ao-(o,~ta3~/(ltB~)) 
where A and A0 are molar conductivities at given concentration c 
and at infinite dilution, respectively, and (I is the degree of 
dissociation. Thermodynamic dissociation constant Kr was in- 
cluded into calculations so that KT = (r*~~f~~/(l- a) and f= = 
- Aq(ac)/(l t By/), in order to optimize the Ao, B and KT 
values. 

Analyses; separation 
The elemental analyses were carried out by the Laboratory of 

elemental analysis, Chemical Institute of Comenius University, 
Bratislava. 

Halogenation of I was followed by purification of samples, 
removed at intervals, on the Sephadex LH-20 column (100 X 4, 
300 x 15 mm), methanol being used for both the swelling and 

r - 
-1 

a- cB 

0-m 

Fig. I. Structure of compound I. 
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elution. The progress of halogenation was monitored by UV 
spectra of eluted fractions, treated by linear regression analysis 
using a HP 9825 A calculator. The fractions exhibiting idenucal 
spectra were examined by isotachophoresis in Laboratory of 
Separation Methods, Chemical Institute of Comenius University 
and showed an absence of ionic impurities. 

For the isolation of halogen derivatives, the methanol-water 
60:40 v/v mixture has been found to be the most suitable eluent. 
The elution volumes for I and IIIb using the 90 x 4 mm column 
were 16.5 and 30ml respectively. VIIb did not move under 
these conditions and pure methanol was required for its elution. 

Irradiation 
Solutions were irradiated with @Co y-rays at 2Gy.s-’ dose 

rate (determined by Fricke dosimeter) at 32 + 2°C in sealed glass 
ampoules. 

Chemicnls 
Caesium salt of bis(l,Zdicarbollyl) cobalt(II1) has been pre- 

pared according to Hawthorne et al.5 When necessary, it was 
converted to a free acid by passing the 0.1 mol dm-’ solution in 
methanol through a cation-exchange resin Dowes 50x8 in H+- 
form (35 x 13 mm column for 100 ml of the solution) swelled in 
methanol. VIIb has been synthetized according to the literature.’ 

Sephadex LH-20 (Pharmacia Uppsala) was used for gel 
chromatography. All other chemicals were of the analytical grade 
purity. 

Syntheses 
Results of analysis of the products are summarized in Table 1. 

In order to obtain correct analytical data and pure substances, 
only the first crystallizate was isolated and recorded as the yield. 
As a rule, the actual yield of halogenation of polyhedral skeleton 
was quantitative. 

(8-BrC2B9H,0)Co(C2B9H11)-Cs’ (IIb) 
(a) Elemental bromine (1.6g, 10 mmol) was added to I (4.57 g, 

10 mmol) in methanol. After evaporation of the solvent an orange 
product was purified twice by the gel chromatography and 
recrystallized from the ethanol-acetone-water (50: 20: 30 v/v) 
mixture. Yield: 4.01 g, (75%). 

(b) Compound I (0.045g) in lOm1 of the methanol-CHBr, 
(80: 20 v/v) mixture was irradiated by 5 kGy dose. The product 
was isolated as described in (a). Yield: 0.035 g (66%). 

(8-BrCzB9H,&Co-Cs+ (IIIb) 
(a) Elemental bromine (3.2 g, 20 mmol) was added to the solu- 

tion of 4.57 g (10 mmol) of I in methanol. After the evaporation 
of the solvent, the precipitated dark-orange crystals were recrys- 
tallized at 50°C in ethanol-water (70: 3Ovlv) mixture, yielding 
4.74g (77%) of needle shaped crystals of IIIb. 

(b) A solution of 0.045 g of I in 10 ml of the methanol-CHBr3 
(80:20 v/v) mixture was irradiated by 12 kGy dose; higher doses 
may be applied as well. After a removal of the solvent, the 
product was purified as in (a). Yield: 0.054 g, (88%) of IIIb. 

(8-C1C2BgH10)C~(C2B9H11)-C~t (Ha) 
(a) Gaseous chlorine was bubbled through the solution of 

4.57 g (10 mmol) of I in the mixture of ethanol-C& (70: 30 v/v) 
under cooling. The reaction was stopped after an absorption of 
0.75g of Cl2 (about IOmmol). White crystals of CsCl were 
removed by filtration and after evaporation of the solvent, the 
oroduct was ouriiied and isolated like in the case of IIb. Yield: 
j.68 g (75%). . 

(b) A solution of 0.045 g of I in 10 ml of the nitrobenzene-CCb 
(70: 30 v/v) mixture was irradiated by 40 kGy dose. After removal 
of the solvent, the product was purified as in (a). Yield: 0.039g 
(80%) of IIa. 

(8-CIC2B9HI&Co-Cs+ (IIIa) 
(a) The synthesis was performed as with Ha-procedure (a), 

but with the absorption of 1.42 g of Cl* (about 20 mmol). Yield: 
4.09 g (78%). 

(b) A solution of 0.045 g of I in 10 ml of the nitrobenzene-CC4 

Table 1. Analytical data of halogenated I (%) 

camp. C xi B Cl,Br,I co 

Calc. Fd. talc. Fd. talc. Fd. talc. Fd. Calc. Fd. 

Parent 10.53 10.59 4.86 4.91 42.67 42.42 12.90 13.05 

IIa 9.78 9.85 4.31 4.40 39.62 39.70 7.22 7.54 11.99 12.08 

IIb 8.97 9.05 3.95 4.13 36.34 36.25 14.92 14.22 11.00 11.12 

IIC 8.25 0.34 3.81 3.95 33.40 33.31 21.78 21.91 10.12 10.25 

IIIa 9.14 9.21 3.78 3.83 37.03 37.10 13.49 13.62 11.21 11.41 

IIIb 7.82 7.95 3.32 3.39 31.67 31.45 26.00 27.58 9.59 9.72 

IIIC t.78 6.80 2.04 2.47 27.47 27.52 35.82 35.60 8.32 8.45. 

IVa 8.58 8.69 3.42 3.53 34.75 34.81 18.99 19.12 10.52 10.62 

Va 8.08 8.17 3.05 3.14 32.74 32.80 23.86 23.95 9.9X 9.98 

VIIa 7.24 7.29 2.43 2.38 29.34 29.44 32.07 32.13 0.80 8.94 

VIIC 3.96 3.99 1.33 1.42 16.06 16.15 62.82 62.95 4.86 4.93 

VIIIa 9.14 9.23 3.78 3.82 37.03 37.11 13.49 13.60 11.21 11.40 

IXa 8.08 8.13 3.05 3.10 32.74 32.79 23.86 23.92 9.91 9.97 

& -Cl, b -nr, c -1 
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(70: 30 v/v) mixture was irradiated by 75 kGy dose. After the 
removal of the solvent, the product was purified as in IIb/(a). 
Yield: 0.041 g (78%). 

(8,~C1&B9H9)Co(8’-ClCrBsH,&Cs+ (IVa) 
(a) Gaseous chlorine was bubbled through the solution of 

4.57 g (10 mmol) of I in the mixture of nitrobenzene-CCh 
(70:3Ov/v) under cooling. The reaction was stopped after an 
absorption of 2.20 g of Cl* (about 30 mmol). After removal of the 
solvent, the product was purified as in (a). Yield: 4.58 g (82%). 

under stirring to 80°C and kept at this temperature for the 
additional 10min. The resulting orange solution got turbid by 
separated particles of grey-black elemental cobalt and of 
hydrated cobalt oxides. The suspension was filtered, the pre- 
cipitate was washed twice with 20 ml of hot water, the combined 
clear filtrates were heated to WC and mixed with 2.0 g of Cs2S04 
in lOm1 of water. The yellow precipitate was dissolved by an 
addition of ethanol under heating and the solution was left to 
stand overnight at room temperature. The precipitated yellow- 
orange leatlets were sucked off, washed with 20% aqueous 
ethanol and water, and dried in air yielding 4.5 g (85.5%) of VIIIa. 

(8,9-C12C2BgH9)2Co-Cs’ (Va) 
(a) The synthesis was performed as with IVa, but with the 

absorption of 2.92 g of Cl* (about 40 mmol). Yield: 5.05 g (85%). 
(9,12C12C2B9H&Co-CS+ (IXa) 

(8,9,12-Cl$2B9Hs)2CoCs’ (VIIa) 

9,12-Clr-l,2CrBroHro (4.3g. 20mmol) treated in the same 
manner as in the preparation of VIIIa afforded 5.1 g (85.6%) of 
IXa. 

(a) It was used the same procedure as in IIa/(a) but with the 
absorption of 4.61 g of Cl? (about 60 mmol). Further absorption 
of chlorine led to the formation of chloro derivatives of I with 
more than six chlorine atoms in the molecule. Yield: 4.18 g (63%). RESULTS AND DISCUSSION 

(b) A solution of 0.045 g of I in 10 ml of the nitrobenzene-CCL Reaction of halogens with (C2B9H,,)2C~C~+ in 
(70: 30 v/v) mixture was irradiated by 100 kGy dose. After the various polar solvents (CH,OH, C2H50H, CClJnitro- 
removal of the solvent, the product was puritied as in IIb/A. benzene) has been found to proceed successively with 
Yield: 0.045 g (67%). the main path represented by the following steps: 

Elemental iodine (0.25 g) was added to I (0.46g) in methanol. 
After evaporation of the solvent an orange product was puritied 
twice by the gel chromatography and recrystallized from the 
ethanol-acetone-water (70: 20: 10 v/v) mixture. Yield: 0.48 g 
(84%). 

(C,B,H, &Co-Cs++8 -X- + 8,8’-X2-+8,9,8’-X3- 
I II III 

1 
IV 

(8-IC2BsH,&Co-Cs’ (111~) 

8,9,12,8’,9’,12’-X6--+8,9,12,8’,9’-X5-c 8,9,8’,9’-Xc 
VII VI V 

Iodine (15 g, 60 mmol) was added to the solution of I (9.2 g, 
20mmol) in 50ml of ethanol. When an exothermic reaction 
ceased, the reaction mixture was left to stand overnight at room 
temperature and then was heated at WC for 2hr. The excess 
iodine was decomposed by the addition of 12.6g (50mmol) of 
NaS03.7 H,O in 100 ml of water, the whole solution was boiled 
for-a while and then was left to stand for 2 days. The compound 
111~ crystallized very slowly in the form of orange prisms 12.1 g 
(85%). 

a=Cl b=Br c=I 

Scheme 1. 

In accord with the estimation of electron densities 
which drop with I in the order B(8)>B(9,12)>B(lO)> 
etc.,9 the first product is always the I-halogen0 derivative 
(II), followed by the 8,8’dihalogeno species (III). As it has 
been found by kinetic measurements,‘” the introduction 
of the second halogen atom is distinctly slower, which 
indicates an easy transmission of substituent effects from 
one carborane ligand through the cobalt atom to the 
opposite ligand. This fact allows control of the sub- 
stitution by the reactants ratio. While the mono- and 
dihalogenation are easy to perform by using the ap- 
propriate molar amount of halogen, a further halogena- 
tion to a higher degree, as to the compounds (IV), (V) or (VI) 
results always in mixture of these compounds. 

(8,9,12-I&BsH&Co-Cs+ (VIIc) 
To the suspension of I (4.6 g, 10 mmol) and AK& (3.Og, 

20mmol) in 4Oml of benzene heated at 50°C was added iodine 
(16.5 g, 65 mmol) during 1 hr. The vigorously escaping HI was 
collected in a polyethylene bag connected with the reaction 
apparatus. After the addition of the all iodine, the reaction 
mixture was heated for additional 2 hr to 80°C until the colour of 
12 disappeared. To the reaction mixture was added 2OOml of 
water, benzene was evaporated in uacuo and the remnant was 
extracted by two 100 ml portions of diethyl ether. Excess iodine 
in the combined ether extracts was decomposed by an addition 
of a small amount of aqueous solution of NsSOr, ether was 
evaporated in uacuo and the brown thick water-insoluble 
remainder was neutralized with 3.0 g of KzCOj in 100 ml of water 
and dissolved by the addition of 40ml of ethanol. The orange- 
brown liquor was filtered, 2.5 g of Cs2S04 in 100 ml of water was 
added, the mixture was heated until turned homogeneous and 
was left to stand for 3 days to yield during a slow crystallization 
10.3 g (84.4%) of heavy brown prisms of VIIc. 

(9-ClCZB9H,&CoCs+ (VIIIa) 
To the suspension of 9-chloroo-carborane (3.6 g. 20 mmol) in 

30ml of methanol was added 6.Og of KOH pellets. When a 
violent reaction (moderated by occasional cooling) ceased, the 
resulting solution was heated for additional 30 min till the end of 
a hydrogen evolution. After the evaporation of a part of 
methanol in uacuo, the remainder was diluted with 50ml of 
water, the mixture was concentrated by evaporation in uacuo to 
the volume of 30 ml, and CoClr.6HsO (3.8 g, 15 mmol) in 10 ml of 
hot water, followed by 12g of KOH pellets were successively 
added. The mixture was intensively shaken for lOmin, heated 

The substitution at the B(8) and B(8) positions brings 
distinct changes both in the ‘H NMR chemical shifts of 
the carborane C-H signals and in the HPLC relative 
retention times (Table 2) which had allowed a relatively 
easy identification and separation of mixtures, composed 
of compounds (I), (II) and (III). Surprisingly, in the case of 
the hexachloro derivative (VIIa), the presence of further 
four chlorine atoms did not ditIerentiate these important 
characteristics from those of 88’dichloro derivative (IIIa). 
A suspicion that chlorine atoms in positions B(9) and 
B(12) do not change properties governing these charac- 
teristics has been confirmed with (9-ClC2B,H,&CoCs+ 
(VIIIa) and (9,12-Cl,CzB,H&CoCs+ (Ixa) compounds, 
the discussed characteristics of which ditIer nly diightly 
from those of the parent compound (I) (see Table 1). This 
causes great difficulties in identification and separation of 
individual polychlorinated derivatives of (I) by HPLC on 
chemically bonded silica gel (controlled largely by dipole 

POLY Vol. I, No. 6-B 
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Table 2. A comparison of 'H NMR" and HPLCbcharacteristics of some cbloroderivatives of I 

Subatituent/e and Relative retention lR o (Ppm) 

Their Position/e in I time' 

parent 100 3.95 

E-Cl 135 4.30 4.18 

a&C12 235 4.29 

9,9'-Cl2 100 4.03 3.9C 

9,12,9',1@-Cl4 86 4.04 

8,9,12,8',9~,12)-Cl6 230 4.31 

a 200 MRz, CD3COCD3, 'IUS 4 b Silnnised silica gali column : 

length 300 mm, I.D. 3.8 rzm; eluentr 2.7 mM n-C121i25KR2.11Cl in 

methanol - water 6:4, pressure: 7.5 MF%q flow rate: 1.1 ml/min.; i 

W detector at 254 nm; relative retention time of I = 300 sec.6 

' L'r.Z. Plzdk of the Institute of Inorganic Chemiatm, Ret, 

is thanked for the kind permission to use these data prior pub- 

lication. 

moments) and of the successful separation by the gel 
chromatography on Sephadex which is governed pref- 
erentially by the molecular size of compounds to the 
separated. In this way, the practically pure chloro- 
derivatives (IVa) and (Va) were isolated. 

As demonstrated in the Scheme 1, the successive 
alternating entry of halogen atoms into both dicarbollide 
ligands is consistent with the suggestion that each 
halogen atom decreases the electron density both on 
single vertices in the same ligand, and although some- 
what less distinctly, in the opposite ligand. 

Going from chlorine to iodine, the reaction rate of 
haiogenation ‘of (I) distinctly decreases. This follows from 
the .fact that, without catalysis, chlorine can afford not 

only hexachloro compound (VIIa) but also more 
chlorinated species even at ambient temperature, 
bromine does not react to (VIIb) before heating, and 
iodine in excess yields under prolongued heating only 
diiode compound (IIIc) while (VIIc) is formed in almost 
quantitative yield from (I) only in the presence of AK% and 
in a benzene slung. 

GAMMA-RADIATION-INDUCED EALOGENATION OF 
I M TEE PRESFXE OF CEBQ, CHC!, OR Ccl, 

The gamma-radiation-induced halogenation of the bis 
(dicarbollyl) cobalt (III) skeleton performed under 
various conditions is summarized in the Scheme 2. 

CHXJS 

/x\ 

CHBrJS 
/lZkGy\ CHBr,/S 

200kGy 

11 

1 
CCIJNB 
100 kGy 

Cl&b&o-Cs’ 

(8,9,12-Cl&BsH&Co-Cs’ \)8,8’-Xr9,12,9,IZ_CL 

VIIa -X=CI VIId -X=Br 
NB = nitrobenzene 

S = CH,OH//C,H,OH Cb = C,B, ligand 

Scheme 2. 
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The Scheme 2 shows that the radiation-induced halo- 
genation parallels in many respects the direct halogena- 
tion. The dil8culty in the introduction of the third 
bromine atom during the radiation of (IIIb) in the presence 
of CHBr3 is easy to understand since (IIIb) was also found 
unchanged in the presence of excess bromine under 
comparable conditions. The absence of further chlorina- 
tion of (IIIa) under analogous conditions (200 kGy) in the 
presence of CHCl, is, however, more obscure, especially 
in the light of the fact that in the presence of Ccl, a 
further chlorination proceeds until (VIIa) is reached even 
at lower doses (100 kGy). This indicates that the radia- 
tion-induced chlorination by CHCl, is probably of a 
different course than that evoked by Ccl+ A possible 
reason may be found in different results of radiolytical 
dissociation of CHCI, and CCL,, of which the latter 
decomposes merely to Cl, and C,C&, while CHCl, 
changes to a variety of products with no chlorine among 
them.” If this consideration holds, the radiation-induced 
chlorination by CHCL is likely to transfer the most 
hydridic H atom from the B(8) vertex to some of radia- 
tion intermediates, followed by the transfer of a chlorine 
atom to the released B(8) position. 

direct halogenation, the products of which can, in some 
cases, be again CCLradiolytically chlorinated. The fact 
that no further radiation-induced chlorination can be 
achieved starting from the pure hexachloro derivative 
(VIIa) indicates that such a halogenation can probably be 
operative only with compounds in which during a violent 
chlorination also less negatively charged vertices were 
substituted leaving some B(9,12) positions untouched. 

The above observations indicate that the y-radiation- 
induced chlorination by CCL, is likely a result of a direct 
reaction of (I) (which reacts as an excellent halogen 
scavenger) with the elemental chlorine while the 
chlorination by CHCI, has a different course. 

IDJWl'IFICATlONOFRALiMXNATEDDERIVATrVESOFI 
The main characteristics of the isolated halogen 

derivatives of (I) are gathered in Tables 3-6. 
A combination of the gel chromatography on the 

Sephadex LH-20 column and of the electronic spectra of 
halogenated products (Table 3) treated by regression 
coefficient techniques were found to be a useful tool for 
tracking reaction steps to mono, di-, hexahalogenated 
compounds. 

As demonstrated in the Scheme 2, an introduction of The IR spectra (Table 4) show four main groups of 
more than six chlorine atoms into (I) is successful by a signals. 

Table 3. UV spectra of halogenated I 

Substituted I 1 

Pswent 287 30,980 

8-Cl 308 26,111 260 8,570 

8-Br 315 30,ooO 273 8,830 

8-I 295 35,200 318 34,700 

8,dC12 313 30.170 263 8,590 

8,8=Er2 322 27,660 277 9,000 

8,8*-12 291 17,ooo 335 15,500 

8,9,8=c13 318 33,050 274 7,667 

'3,9,8:9'-Cl, 320 33,600 278 8,250 

9,9°-c12x 283 39,300 

9,12,9;12'-clqx 284 47,500 

8,9,12,8;9;12'-Cl6 325 34,E50 284 8,170 

8,9,12,R;9;12'-16x 351 2,640 276 1,340 

METHANOL SOLIJTION, x-hCETONITRILE SOLUTION 
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Table 4. IIR spectra of haiogenated I (cm-‘, Nujol mulls, x-KBr tablets) 

Subatitutod I 

Parent 

e-cl 

8-IX 

8,8’-Cl* 

8,8’-BP2 

8,9,8’-Cl; 

8,9,8’, 9’-Cl 4 

9,12,9J,lZJ-Cl4 

8,9,12,8!9:12%6 

9,9'-Cl2 
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Table 6. Electrolytical parameters of (8-BrCrBsH&Co-Csf and (g-BrCrB9Hr&Co-H+ solutions (22°C) 

soltult nitrobonsono nitrobonsono-ccl~(lr2 r/r) 

Rdrroncu voluom 

al CFldm-~2~ 776 475 

% C dd'2m01-1) 44.37 125 

A Cdra3’2la& > 1.72 9.67 

Eatimatodr IIIb<H+) IIIb(Ca+, IIIbOt+) 

~tsnol-ldlu% 0.306 0.314 0.324 

B cdm3'2rno1-1'2) 4.3 2.7 11.8 

K,+ol.dm-3) .107 slog 6.1~10-~ 

(1) v CH vibrations at 3040 cm-’ which do not prac- 
tically change with substitution. 

(2) Strong v BH vibration bands at about 26OOcm-’ 
exhibiting a refinement of the broad signal with 8,8’- 
disubstituted species. 

(3) Substituent inthtenced bands in the 9%12OOcm-’ 
region 

(4) B-X vibrations which are shifted to lower 
frequencies in order B-Cl QUO-890 cm-‘) > B-Br (790- 
830 cm-‘) > B-I (750-800 cm-‘), i.e. similarly as it was 
observed with halogenated o-carboranes. ‘%I5 

The structures of all compounds described were pro- 
posed on the grounds of the “B and ‘H NMR spectra 
(Table 5). Line-narrowed ‘H decoupled and undecoupled 
“B spectra (at 64 or 86MHz) revealed practically all 
signals present with the accuracy better than 0.1 ppm. 

The constitutions of compounds substituted sym- 
metrically in both CzB&ands, i.e. of 8,8’Xz(III), 
9,12,9’,12’-X., and 8,9,12,8’,9’,12’-X6 (VII) derivatives 
were deduced from the “B spectra which have shown in 
all cases the main features of the spectrum of the parent 
anion” with one singlet of relative area 2 with 8,8’-X2, 
one singlet of relative area 4 with 9,12,9’,12’-X., and two 
singlets of 2:4 area ratio with X,-derivatives. In all 
cases, the signals belonging in the parent spectrum to the 
substituted atoms were changed to singlets and were 
shifted by 4-12 ppm to the lower field with chlorine, by 2 
to -2ppm with bromine and by -10 to -12 ppm (i.e. to 
the higher field) with iodine substitution. Analogously, 
the ‘H spectra have exhibited with all these compounds 
only one C-H carborane signal, which is in the full 
agreement with the preservation of symmetry in each 
C,B,-fragment and with an identity of both ligands. 

The constitution of the I-monosubstituted compounds 
(Ha-c), isolated as the first intermediate in the halogena- 
tion of the (C2B~&Co- anion follows both from the 
fact that a further halogenation converts them to the 
8,8’-X2-derivatives and from the NMR spectra. The “B 
spectra are composed of two sets: one set containing 6 
doublets in a 1: 1: 1:2:2:2 area ratio and of chemical 
shifts close to those of the parent anion (I), and another 
set consisting of a singlet of area one and five doublets of 

relative area 1: 1: 2: 2: 2, having chemical shifts rather 
similar to those of 8.8’disubstituted compounds (Ha-c). 
In an agreement with this, the ‘H spectrum exhibits two 
slightly different C-H carborane signals belonging to the 
substituted and the unsubstituted ligand. 

The “B spectrum of 8,9,8’,9’-Cl., derivative of (I) has 
confirmed both the identity of the two C,Brligands and 
unsymmetrical substitution in them, showing two 
diflerent singlets and seven further doublets of intensity 
one (doublet of intensity 2 at -4.7 is a result of an 
insutlicient resolution). The position of singlets cor- 
responds to the substitution in the positions B(8) and 
B(9). 

The position of the chlorine atoms in the 8,8’,9-Cl3 
derivative of (I) has been proposed on the ground of the 
“B spectrum which has the figure similar to that of (I), 
and in which it is possible to trace one set belonging to 
the B(8), i.e. symmetrically substituted ligand (area ratio 
1” : 1: 1: 2: 2: 2; s = singlet) and a second set appertaining 
to the B(8), B(9), i.e. unsymmetrically substituted ligand 
(2 singlets and 7 doublets of relative area one). 

A more detailed discussion of “B spectra and 
assignments of most signals will be published elsewhere. 

All the compounds should be highly dissociated in 
polar solvents which we used, as it ensues from elec- 
trolytical properties (Table 6). Even in the nitrobenzene- 
CCL 1: 2 mixture, having relative permitivity l = 11.0. 
the dissociation constant of (8-Br&B,H,&Co-H,O’ is 
high enough to ensure high dissociation (>90%) even in 
0.15 mo1.dm-3 solutions. Thus, the halogenation of (I-VI) 
can proceed as ion-molecular reactions. 

Acknowledgement-Elemental analysis and IR spectra were per- 
formed by Dipl. Ing. Eva Greiplova, and Dr. A. Perjessy from 
the Chemical Institute of the Comenius University, Bratislava. 
We are also grateful to Professor Donald Gaines for NMR 
spectra measured on a Bruker WH-270 spectrometer. IR spectra 
in KBr tablets were performed by Dr. F. Haruda Institute of 
Inorganic Chemistry, Czechoslovak Academy of Sciences, ReZ. 



B-halogen derivatives of the bis(l&iicarbollyl) (III) anion 519 

REFERENCES 
‘i. M&el, R. tech, F. MacBSek, S. Hefmhek and J. PleSek, 
Radiochem. Radioanal. Lett. 1977,29, 317. 

icheskaya khimiya nevodnych rastvoroch, Khimiya, Leningrad 
(1973). 

*i. MPel, R. tech, F. MacPek, S. Hefmtiek and J. PleSek, 
‘J. PleSek, K. BaSe and S. Heimtiek, II. Int. Meeting on Boron 
Compounds, Abstracts, p. 46, 25-29 March 1974. Leeds, 

Radio&em. Radioanal. L&t. 1978,35,241. 
‘i.. Mate1 F. MaciSek and H. Kamenisti, Radio&em. “?~~~i, F. Mac&k, P. Rajec, S. Heimtiek and J. PleSek. 
Radioanal. Lett. 1981.46, 1. 

‘i. MateI. H. Kamenisti and R. tech. XVI. Nat. Svmoosium on 
Radiation Chemistry, 2-6 May, 1979. Dvur I&l&, Cze- 
choslovakia. 

‘M. F. Hawthorne, D. C. Young, T. D. Andrews, D. V. Howe, R. 
L. Pilling, A. D. Pitts, M. Reintjes, L. F. Warren Jr. and P. A. 
Wegner, J. Am. Chem. Sot. 1%8,90,879. 

6A. R. Siedle, G. M. Bodner, A. R. Garber, D. C. Beer and L. J. 
Todd, Inorg. Chem. 1974, 13,232l. 

‘P. Seluck$, K. BaSe, J. Pleiek, S. Hefm&nek and J. Rais, 
Czechoslov. Pat. Appl. PV 6892-79. 

*Yu. A. Fialkov, A. N. Zhitomirskii, Yu. A. Tarasenko, Fii 

Polyhedron to be published. 
“J. W. T. Spit&s and R. J. Wood, An Introduction to Radiation 

Chemistry, p. 401. Wiley, New York, (1976). 
12A. R. Siedl& G. M. Bodner and L. J. Todd, J. Organometal. 

Chem. 1971.33. 137. 
“L. A. Lejies, .L. E. Vinogradova, V. N. Kalinin and L. I. 

Z&ha&in, Izo. Akad. Nauk SSSR, Ser. Khim. 1968, 1016. 
“V. I. Stanko, A. I. Klimova and T. P. Klimova, Zh. Obshch. 

Khim. 1%7,9,2236. 
“R. Freyman, A. Bullier, Mmes G. Capderroque and M. Selim, 

Analusis 1976,4,258. 



Polyhrdmn Vol. 1, No. 6. pp. 521-523, 1982 

Printed b Great Britain. 

of17-5387/82/060521~3~3.M)I0 
Pergamon Press Ltd. 

ON THE VALIDITY OF THE ISOLOBAL PRINCIPLE: 
PENTABORANE(9) AND ITS FERRABORANE DERIVATIVES 
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Abstract--We have completed FenskeHall LCAO-MO-SCF calculations on B5H9, I-Fe(CO),B4Hs, 2- 
Fe(CO)sB4Hs, and 1,2-[Fe(CO)&BrH,. Comparison of orbital contour diagrams of the a, and e cluster MO’s for 
BrHs and I-Fe(CO),B.,Hs demonstrates the validity of the isolobal principle. In addition it is found that the apical 
and basal BH units of B5H9 have practically identical Mulliken overlap populations for framework cluster-type 
interactions. Further, in all the ferraboranes the I-Fe(CO)s (apical) units have a larger cluster-type Mulliken overlap 
population than do the 2-Fe(CO)s (basal) units. The Fe(COb units have less electronic charge than do the BH units. 
The cluster-type Mulliken overlap population for an Fe(CO), group is much less than that of the isolobal BH unit, 
but this may result from an artifact of the Mulliien overlap population analysis. 

1. INTRODUCTION 
The use of boranes as models for the geometric and 
electronic structures of metal clusters has received 
significant attention in recent years. In earlier studies an 
empirical correlation of geometric structures was noted 
and is commonly referred to as the “borane analogy”.’ A 
more complete understanding of the borane analogy has 
resulted from recognition that the pertinent molecular 
fragments [e.g. BH and Fe(CO)J have similar spatial and 
energetic distribution of their valence orbitals. The latter 
is referred to as the “isolobal principle”.* Recently, the 
results of self-consistent charge extended Htickel mole- 
cular orbital calculations on metalloboranes have been 
used to suggest that, although there are similarities be- 
tween BH and Fe(CO)s, there is a sign&ant difference 
as we1L3 Namely, that whereas the BH fragment con- 
tributes 3 atomic orbitals and 2 electrons in cluster 
bonding, the Fe(COb fragment is seen to effectively 
contribute only 2 orbitals and 1 electron. The purpose of 
this work is to reexamine the validity of the isolobal 
principle for B5Hg and some of its ferraborane deriva- 
tives, i.e. l-Fe(CO),B4Hs, 2-Fe(COhB4H8, and 1,2- 
[Fe(C0)J2B3H7, using a non-parameterized method. 

2. METHOD OF CALCULATION 
Our calculation technique is the LCAO-MO-SCF 

Fenske-Hall method4 with use of the usual basis func- 
tions that are employed for this method. For Fe( + 1) the 
atomic wave functions of Richardson et al.’ were 
employed except that the 4s and 4p exponents were set 
to 2.00 to make them slightly more contracted than the 
free atom functions. The boron, carbon, and oxygen 
functions are those that have been used often in Fenske- 
Hall calculations and are essentially Clement? double- 
zeta or curve-fit thereto. For hydrogen 1s we used an 
exponent of 1.16. 

The geometry of BSHg was taken from the reported 
microwave spectroscopic results,’ and of 1,2- 

*Author to whom correspondence should be addressed. 

[Fe(C0)J2B3H7 from the reported X-ray diffraction 
study’ with slight adjustments for C, symmetry as des- 
cribed in our study of diiron ferraboranes.’ The struc- 
tures of l-Fe(C0)3B4H8 and 2-Fe(CO)sB4H8 were esti- 
mated based on the known structures of BsH9 and 1,2- 
FWC0M2BJ-b. 

3. RESULTS AND DECUSSION 
The calculated electronic structures of B5H9 and l- 

Fe(CO)aB4Hs are in agreement with other theoretical 
results,‘%‘* and with the interpretation of the UV-pho- 
toelectron spectra of these compounds.“-14 Briefly, the 
HOMO of B5H9 is an e orbital, and the penultimate 
orbital is an al orbital; both of these orbitals are in- 
volved in cluster bonding between the apical boron atom 
and the basal B4Hs group. The at orbital also contains 
significant (B-H),pical character. The electronic structure 
of l-Fe(C0)3B4H8 is very similar in terms of the cluster e 
and nl orbitals; in addition there are three “nonbonding” 
orbitals that are predominantly localized on Fe(COh and 
characterized as “8”‘. A summary of this qualitative 
orbital description is presented in Fig. 1. The existence 

e-- 

%.H, 1 -Fe(CO),B,t$ 

a,- 

Fig. I. Energy level diagrams for the upper MO’s of BrHs and 
I-Fe(CO),B4Hs with qualitative sketches for the e and at cluster 
MO’s. The arrows represent 2p orbitals on boron. The eigen- 
values of B,H9 were shifted to less negative values by 2.5 eV. 

Only one of each degenerate e orbital is shown. 
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of analogous al and e orbitals for both compounds is isolobal principle are indeed valid for these compounds. 
expected on the basis of the isolobal principle. This conclusion contradicts the results obtained from 

Orbital contour diagrams for both the e and the a, self-consistent charge extended Htlckel theory (SCC- 
orbitals of B5H9 and 1-Fe(CO)sB4H8 are presented in EHT) calculations on 1-Fe(CO)3B4H8 wherein the e 
Fig. 2. These diagrams provide a more quantitative orbital only was involved in cluster bonding3 
assessment of the isolobal principle. It is clear from the In order to further examine our results on B5H9 and 
similarity of the contours that the predictions of the the ferraboranes we tabulate relevant Mulliken overlap 

(b) 

Fig. 2. Orbital contour diagrams for the e and a, MO’s of BsHs and I-Fe(CO)sB4H,. The contours are shown in the 
plane of B,-B2-B4 (see sketch in Table 2). The contours are for the square of the appropriate wavefunction and 
succeeding contours decrease by a factor of two with units of electrons per cubic atomic unit (Bohrs). The largest 
contour value of all four diagrams is 0.05 except for the e set of BsHs where it is 0.025. Notice that there is some 

distortion of the two-fold symmetry in l-Fe(CO)3B4Hs due to the local C3 axis on the Fe(CO), group. 

Table 1. Total Mulliken overlap population between the specified cluster atom and the remainder of the cluster 
atoms 

Cluster overlap Population 
~C$.Xde Atom Fenske-Hall SCC-EHT' 

S5"9 apical B 1.922 2.080 

basal B 1.901 1.785 

I-Fe(C0)384H8 apical Fe 0.357 1.066 

basal B 1.821 1.879 

2-Fe(CO))S4H8 basal Fe 0.299 0.701 

l,Z-lFe(Cc)212BsHr apical Fe 0.532 0.667 ' 

baeal Fe 0.234 0.794 

%zf. 3. 
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Table 2. Calculated atomic charges on BH, Fe(CO),, wH, and Fe atoms on sites shown in the diagram 

1 

523 

I-Fe(CO)36& 0.482 

Z-Fe( CO) 3B& -0.493 

l,Z-[Fc(CO)jJ2-- 

B3”7 0.298 

2 

-0.219 -0.219 

0.853 -0.161 

0.596 -0.410 0.126 

+Charge on the apical Fe Atom. The basal Fe atom haa a calculated charge of 0.442. 

population (0.p.) values in Table 1 and compare our 
values with those obtained in the extended Hiickel cal- 
culations.3 These o.p. values refer to the total cluster 
bonding of a given cluster atom to the remainder of the 
cluster atoms. Excluded are interactions with the ter- 
minal B-H hydrogen atoms and the three CO ligands on 
the iron atoms. Several conclusions result from these 
o.p. values. First, the apical and basal BH units of B5H9 
have nearly the same cluster o.p. for the Fenske-Hall 
calculation in contrast to the SCC-EHT calculation 
which shows the basal BH unit to have a somewhat 
smaller o.p. than the apical unit. Second, in all three 
ferraboranes the I-Fe(CO), units have a larger cluster o.p. 
than do the 2-Fe(C0)3 units. This also is borne out by the 
SCC-EHT calculations on 1-Fe(C0)3B.,Hs but not for 
l,2-[Fe(CO)3]2B3H7. Thiid, in both the Fenske-Hall and 
SCC-EHT calculations the o.p. for the Fe(CO), group is 
much less than that of the isolobal BH group. Due to the 
inherent limitations in the Mull&en overlap population 
analyses,” we do not feel that it is appropriate to con- 
clude from this that the Fe(CO)3 group is less tightly 
bound to the cluster than are the isolobal BH units. 

The calculated atomic charges for pertinent cluster 
units are given in Table 2. These values illustrate that the 
Fe(CO), group has less electron density associated with 
it than does the isolobal BH group that it replaces. This 
result is in agreement with the calculated atomic charges 
from the SCC-EHT calculations? 
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NEW HYDROGEN DINITRATES AND THEIR STRUCTURES 
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(Receiued 14 May 1981) 

Abstract-The new compounds frans-[Ru(pyr),C12][H(ONO~)~] and [C,rH,NH][H(ONO,),] have been charac- 
terised (where pyr is pyridine and C,sHsN is phenanthridine) and these, with the known compounds frans- 
[Ir(~yr)~Cl~[H(ON0,),1, Cr9H&J]2HNOr~2H20 and [phenH][H(ONOz)~], shown to involve the hydrogen di- 
nitrate ion. The crystal and molecular structure of the Ru complex has been determined. The orthorhombic unit 
cell, space group Pbcn has a = 7.54, b = 21.83, c = 14.86(?0.01) A, Z = 4. The compound is isomorphous with the 
analogous Rh(II1) complex, but has additional disorder involving the nitrate groups owing to loss of nitric acid with 
time to yield an isostructural mono-nitrate compound. The complexes trans-[Ru(pyr),Clz][H(ONO,)*] and trans- 
[Pt(pyr),Cl,](NO,), were obtained under conditions previously described as giving rise to nitration of the pyridine 
ring. In fact, no evidence for the formation of 3-nitro-pyridine has been found during these studies. 

INTRODUCTION 2.47 0 

Hydrogen-bonded species of the type (XHX)) are fairly 
common and new examples occur frequently.293 Al- 
though derivatives including the caesium salt were made 
in 1862,“ the hydrogen dinitrate anion was not fully 
characterised as such until the mid-1960’s. At that time, 
two series of its salts with singly charged cations were 
deliberately synthesised. These were, first: with com- 
plex cations of the general type trans-dihalo-fetrakis- 
pyridinerhodium(III), (trans-[Rh(pyr),X,l [H(ONO&]) 
and secondly,6 with tetrahedral cations of the tetra- 
phenylarsonium type, such as [(AsPhJ] [H(ON02)J. 

2.43 

Although the spectroscopic properties’ of these spe- 
cies suggested that the hydrogen-bonded anion contained 
a short linear hydrogen bond with an oxygen-oxygen 
contact of about 2.5 A, this was almost immediately 
contradicted’.’ by a crystal structure, using X-ray 
diffraction, performed upon the original sample’ of 
transdichloro-tetrakis-pyridinerhodium(II1) hydrogen 
din&rate, which was found to contain a quasi-tetrahedral 
anion, in which the hydrogen atom was essentially four- 
coordinate with respect to two oxygen atoms of two 
nitrate groups. The linear structure for the hydrogen 
bond was further discredited when the crystal structure 
of caesium hydrogen dinitrate was determined,’ again by 
X-ray diffraction. 

hydrogen bond. The controversy is well summarized in a 
recent short report.13 However, there, an average O--O 
distance of 2.43 A was attributed to the tetraphenylam- 
monium rather than the tetraphenylarsonium salt. 

+2.47---_, 

0 

The structure of the anion was rather similar to that 
found earlier for the rhodium compound, although, in the 
interim period, one crystallographic study”’ had indicated 
that in [Ph4As][H(ONO&] despite some random occu- 
pancy of equivalent sites (disorder of [H(ONO&-), 
there was, undoubtedly a linear, short hydrogen bond as 
shown in (I). This situation is rather like that found” in 
the doubly hydrogen-bonded dimers of phenylpropiolic 
acid. 

That the hydrogen dinitrate salt is not tetrahedral in 
the metal complexes was contirmed by a neutron 
diffraction study14 of trans-[Rhpyr.,ClJ [H(ONO&]. 
Contrary to the tetrahedrally coordinated ion suggested 
by earlier X-ray studies,‘” the hydrogen dinitrate ion is 
linear but disordered between two sites in the lattice. 
Undoubtedly this disorder was responsible for the un- 
usually large anisotropic thermal parameters and ap- 
parent tetrahedral geometry observed”* in the X-ray 
analysis. 

The debate has now, in part, been settled by a study of 
the caesium salt, using neutron diffraction. This shows” 
that the structure of its hydrogen din&rate ion, (II), is as 
originally suggested, dominated by a short linear 

*Author to whom correspondence should be addressed. 
tPart 11 is Ref. 1. 

However, there are still some complications which 
seem not to have been considered in detail. The spec- 
troscopic properties (even the frequencies arising from 
the NO vibrations) which might be expected not to be 
particularly sensitive to the environment of the hydrogen 
dinitrate ion, are, in fact, rather variable. The suggestion 
was therefore made,’ some years ago, that there may 
well be a number of possible conformations for this 
ennea-atomic anion, and the structures determined so far 
appear to conflrm this. The structure found by the neu- 
tron study of the Cs’ salt consists of two almost planar 
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nitrate groups. The geometry of the hydrogen bond and 
individual nitrate groups agree fully with those found in 
the tetraphenylarsonium salt. However, the entire 
hydrogen dinitrate ion is planar in the latter whilst in the 
Cs’ salt the dihedral angle between the planes of the two 
nitrate groups is approx. 75”. It seemed of interest there- 
fore to collect further examples of the existence of the 
ion. 

This paper reports the syntheses of new hydrogen 
dinitrates and comments on two known ones,“-” which 
have not previously been characterized in detail. The 
compounds studied are of two kinds: first, the two com- 
pounds truns-dihalo-terra&pyridinemetal(II1) hydrogen 
dinitrate, where the metal is ruthenium (a new compound 
entirely) and iridium” (which we mentioned briefly 10 yr 
ago), and secondly, two salts of the phenanthridinium 
cation, [PHI+, which are its new anhydrous hydrogen 
dinitrate, and the known compound’6 of composition 
phenanthridinium nitrate, nitric acid, dihydrate, together 
with the results of infrared studies of the hydrogen 
dinitrate of l,lO-phenanthroline, (V). 

EXPERIMENTAL 

Analytical results are given in Table 1 
Preparation of trans-[Ru(pyr),Cl,]H,O: Commercial grade 

ruthenium trichloride (2.5g) was dissolved in concentrated 
hydrochloric acid (5-10 cm’) and the solution taken to dryness at 
100” on a steam bath. The resulting solid was then added slowly 
with stirring to an aqueous solution of pyridine (10cm’) in 
hydrochloric acid. Zinc powder (about 1.5 g in lots of 0.3 g) was 
cautiously added to the gently boiling solution until the solution 
became green-yellow. At this stage, a greenish powder pre- 
cipitated which when treated again with zinc oowder/HCl vielded 
ad orange-yellow solid. This-was collected and washed with 
water, ethanol and finally ether. 

Preparation of the hydrogen dinitrate salts: (a) Ruthenium. 
0.5 g of the previously prepared [Ru(pyr)&1&H20 was dissolved 
in 5 cm3 of concentrated nitric acid. The solution was then 
warmed on a steam bath for no more than three minutes. On 
cooling the solution large orange crystals of trans- 
[Ru(pyr),Cl,][H(ONO,),] were deposited. Prolonged heating 
leads to an as yet unidentitied product, as shown by a change of 
colour to blue-green. X-ray powder photographs show that the 
new hydrogen dinitrate salt is isomorphous with the rhodium and 
iridium complexes, and the crystal and molecular structure of the 
Ru complex is mentioned below. (b) Rhodium. The method 
followed was essentially that of Poulenc.‘8 An ethanolic solution 
of trans-[Rh(pyr)J&]Cl5H~O was treated with aqueous nitric 
acid (8M) and the product, which precipitates immediately, was 
collected. (c) Iridium. The method described bv Gillard and 
Heaton” was used. (d) Caesium 9-10mm long -crystals were 
grown from a saturated solution of caesium nitrate-in concen- 
trated nitric acid when it was SIOWIY cooled from 70 to 25”. The 
colourless crystals were collected and dried in a desiccator over 
silica gel. For the Raman study, to avoid the possibility of 
decomposition, the sample was used immediately. 

Preparation of trans-[Pt(pyr)&lz][N031z: The method of 
Grinberg et al. was followed. I9 A mixture of cis-[Pt(pyr)+&] 
(2g), water (10 cm’) and pyridine (3.5 cm3) was heated on a 
boiling water bath until all the solid had dissolved. It was cooled 
to room temperature, and filtered. After reheating 5-10 min on a 
boiling water bath, the solution of [Pt(pyr),]CI, thus prepared 
was poured into a hot solution of 20 cm3 of cont. HN03 in 10 cm3 
water and heating was continued for another 3wOmin. The 
solution was cooled to room temperature, filtered and mixed with 
2 volumes of alcohol and a large volume of ether. The mixture 
was cooled in icewater for 2 hr, the precipitate filtered off, and 
washed with a mixture of alcohol and ether (1: 3) until there was 
no acid reaction to methyl orange (this required a long time!), 
then Ilnally with ether. Yield: 2.3 g. 

Phenanthtidine dinitric acid dihydrate: Phenanthridine (Al- 
drich Chemical Co.) was recrystallized twice from petroleum 
ether (60-80’) before use. MP 105-106”; Lit16,” 105-106”. It has 

been reportedI that when a solution of phenanthridine in hot 
3M HN03 is cooled, transparent pale yellow prisms of a dinitrate 
separated. This preparation is not reliably reproducible and on 
only one occasion could such a sample be isolated. We have 
found however that quite different thermogravimetric analyses 
are obtained from this dihydrate compared with the anhydrous 
compound (below). In the former, 2 molecules of water are lost 
at 94” prior to continuous sublimation of phenanthridine with the 
loss of HNO,. By contrast, the latter comoound begins to 
decompose at 75”. -In both cases the yellow crystals wh;h had 
sublimed had a melting point of 105-6”. All other attempts have 
so far led to a new anhydrous dir&ate. However, other workers 
have found” in the case of the various salts (including “acid 
nitrates”) of (N.Ndimethyl)di-acridylium doublv-charaed cations 
(crystallized .from nitric-acid of differing str&thsj that salt 
formation is extremely complicated and that several series of 
nitrates may exist. This may well be equally the case for the 
phenanthridinium pitrates. 

Phenanthridinium hydrogen dinitrate: Phenanthridine (ca. 
0.5 g) was dissolved in hot concentrated HNO, (5 cm’) and left to 
cool. Fine acicular crystals, which were removed and airdried, 
separated from the deep-yellow solution. These on keeping (2 yr) 
lost nitric acid, leaving chiefly Cr3HgN.HNOs. No nitration of the 
phenanthridine ring is observed in this preparation. During titra- 
tion of the proton of the hydrogen din&rate, a white solid 
precipitated which was recrystallized with 60-80 petroleum ether 
and proved to be pure phenanthridine (mp., IR). 

Phenanthridinium nitrate: If either of the above salts was 
treated with water, acetone or alcohol, the crystals changed from 
yellow to white as the hydrogen dinitrate decomposed to the 
nitrate salt. 

l,lO-Phenanthrolinium hydrogen dinitrate: l,lO-Phenanth- 
roline monohydrate (Lancaster Synthesis Ltd.; ca. 0.5g) was 
dissolved in hot concentrated HNO, (5 cm’). and left to cool. 
During 1 month large elongated prisms separated which were 
collected and air-dried. 

l,lO-Phenanthrolinium nitrate: l,lO-Phenanthroline monohy- 
drate (ca. 0.2 g) was dissolved in hot 3 M HN03 (5 cm’) and the 
solution then concentrated to about 2 cm3. A slightly hygroscopic 
powder separated. 

Thermogravimetric analyses were carried out under a nitrogen 
atmosphere using a Stanton Redcroft TG 750. Infrared spectra 
were recorded as nujol mulls with a Perkin-Elmer 257 spec- 
trometer. 

Raman spectra of all the salts containing the hydrogen dinitrate 
ion were recorded at room temperature and, in addition, those 
samples with good signal-to-noise ratio were recorded at several 
temperatures between 10 and 300K. Details of the apparatus 
have been given elsewhere.2 Room temperature spectra on 
powder specimens were recorded at very low incident laser 
power (<30 mW) and in a spinning cell to reduce the possibility 
of sample decomposition. Resolution was typically 1.5 cm-‘. 

X-Ray powder photographs were taken with either Debye- 
Scherrer or Guinier cameras usina CuK radiation. 

For the collection of single crystal X-ray data for trans- 
Ru(pyr),CI,H(ONO,),, a 20 scanning technique was employed 
using a Hilger and Watts Y290 four-circle diffractometer and 
MO& radiation, at 25”. The crystal used was of dimensions 
0.2 x 0.2 x 0.3 mm. Each reflection in the O-5&, lavers was collec- 
ted for 28<70”. 864 unique reflections gave counts for which 
I > 244 and these were used for the structure analysis. The 
scattering factors for all atoms are those given*’ in International 
Tables for X-ray Crystallography, the ruthenium and chlorine 
atoms being corrected for anomalous dispersion. All calculations 
were carried out on an ICL 472 computer using the X-RAY72 
package** of programmes. 

Crystal data: C20H21N606C12R~, M = 613.4, Z = 4, Ortho- 
rhombic, a = 7.54, b = 21.83, c = 14.86+0.01 A, U = 2444.2 A, 
D,,, = 1.72 (by flotation), D, = 1.70 g cm3, F(ooO) = 1236: space 
group Pbcn (No. @I), p(MoR,) = 8.97 cm-‘. 

Initial refinement and analysis of difference Fourier maps 
showed that the site of the nitrate group of the asymmetric unit is 
not fully occupied and that for the crystal involved the com- 
pound is a mixture of the hydrogen dir&ate and the nitrate with 
disorder between the symmetry-allowed sites for the nitrate 
group of the latter. A population parameter of 0.70 was chosen 
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Compound M.P.(Y C H N H+ 8 b 
M- 

trans+h(pyr)4C12]~(ONO2)2~ 165 talc. 39.05 

C12HgN2.2HN03 

C13HgN.HN03 

C13HgN.2HN03 d 

C13H9N.2HN03.2H20 d 45.77 

found 39.65 

3.41 13.65 16.7 

3.41 13.65 18.5 

37.80 13.23 16.2 

37.78 12.20 17.0 

47.44 4.38 11.06 20.69 

46.88 4.12 10.43 20.1 

39.16 3.45 13.70 16.5 

39.12 3.48 13.42 16.0 

34.01 2.85 11.90 27.62 

34.20 3.07 11.95 28.5 

37.81 3.14 13.22 

37.79 3.34 13.12 

30.7 

31.2 

59.26 3.73 17.28 

59.50 3.69 17.35 

47.06 3.29 18.30 

47.11 3.15 18.08 

170 = 64.40 4.13 11.57 0.39 

64.39 4.47 11.99 0.44 

51.17 3.60 13.76 0.66 

50.48 3.29 12.93 0.64 

4.39 

3.19 

12.30 0.59 

46.82 12.33 0.64 

5 from acid-base titration 

k from the percentage residue in the thermogravimetric analysis 

5 literature m.p. 170' (ref. 15) 

a decomposes 

for all the atoms in the nitrate group of the asymmetric unit. This 
value gave rise to values of anisotropic thermal parameters for 
the atoms of the nitrate group which were comparable to those 
reporteds for the isomorphous Rh(III) analogue. In the final 
refinement anisotropic thermal parameters for all atoms were 
used. Hydrogen atoms were not included in the calculation. 
Full-matrix least-squares refinement was terminated when the 
maximum shift in any parameter was less than 0.05~. not inchid- 
ing the atoms of the nitrate group whose maximum shifts at 
termination were less than lo, The final R based on ah 864 
reflections was 0.06O.t 

tFuU lists of observed and calculated structure factors, atomic 
positions, bond lengths, angles and thermal parameters have been 
deposited as supplementary material with the Editor, from whom 
copies are available on request. Atomic co-ordinates have also 
been deposited with the Cambridge Crystallographic Data 
Centre. 

RESULTS AND DISCUSSION 
Details of the geometries of the cation and anion are 

given in Table 2. 
Before discussing the vibrational spectrum for the 

hydrogen dir&ate anion, it is worthwhile comparing the 
known vibrations of the nitrate gr0up,2~*~~ and of nitric 
acid.25 

In compounds in which the NO, group is covalently 
bonded through one of the oxygen atoms, the symmetry 
of the group will be lower than for the free nitrate ion 
(D3,,), and IS expected to be C2”. Consequently, six 
fundamental vibrations are expected; these will be both 
infrared and Raman active. The position of these bands 
has been reviewed by Field and Hardyz3 and are given in 
Table 3. 

The hydrogen dinitrate ion can be envisaged as a 
nitrate ion that has been involved in a very strong 
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Table 2. Trans-[Ru(py)&lJ [OzNOHON02] 

Final bond lengths and Angles (in R and ' respectively), with 

Estimated Standard Deviations in Parentheses. 

Ru - Cl 

Ru - N(1) 

Ru - N(2) 

N(1) - C(1) 

C(1) - C(2) 

C(2) - C(3) 

C(3) - C(4) 

C(4) - C(5) 

C(5) - N(1) 

N(2) - C(6) 

C(6) - C(7) 

Cl - Ru - Cl" 

Cl - Ru - N(1) 

Cl - Ru - N(2) 

N(1) - Ru - N(2) 

C(1) - N(1) - C(5) 

N(1) - C(1) - C(2) 

C(1) - C(2) - C(3) 

C(2) - C(3) - C(4) 

C(3) - C(4) - C(5) 

C(4) - c(5) - N(1) 

2.326(4) 

2.091(12) 

2.088(13) 

1.376(15) 

1.413(22) 

1.373(24) 

1.407(21) 

1.411(22) 

1.322(19) 

1.371(23) 

1.432(25) 

179.7(6) 

90.1(3) 

89.8(4) 

89.0(5) 

119.4(12) 

119.2(13) 

122.3(12) 

116.9(15) 

119.1(15) 

123.1(12) 

C(7) - C(8) 

C(8) - C(9) 

C(9) - C(10) 

C(10) - N(2) 

N(3) - O(1) 

N(3) - O(2) 

N(3) - O(3) 

O(2) - O(2)' 

O(1) - O(1)' 

O(1) - O(2)' 

O(1) - N(3) - O(2) 

O(1) - N(3) - O(3) 

O(2) - N(3) - O(3) 

C(6) - N(2) - C(l0) 

N(2) - c(6) - C(7) 

C(6) - C(7) - C(g) 

C(7) - C(8) - C(9) 

C(8) - C(9) - C(l0) 

c(9) - C(10) - N(2) 

1.436(30) 

1.402(26) 

1.399(24) 

1.353 (25) 

1.136(29) 

1.208(23) 

l-055(31) 

2.879(24)* 

3.104(23)* 

3.097(23)* 

118.0(20) 

121.1(23) 

120.9(26) 

120.9(14) 

120.8(17) 

117.4(17) 

119.8(:6) 

119.3(17) 

121.7(15) 

* 
Contact distances 

Relative to the atcms at x. y. Z. the primed atoms are at l-x, y. 1-z 

and the double primed atoms are at -x, y. t-.!. 

symmetric hydrogen bond with nitric acid. Under these 
circumstances it is expected that the spectra should be 
more closely related to a coordinated nitrate group than a 
free nitrate ion. 

It was pointed out in 1932” that an “abnormal” nitrate 
salt was a product of the reaction of dilute nitric acid 
with phenanthridine. The abnormality was that the com- 
pound was formulated as containing two molecules of 
nitric acid, i.e. ClsHsN.2HN0,*2Hz0. Such “abnormal” 
or acid nitrates are known” for other N-heterocyclic 
cations. 

If instead of 3M HNOa, hot concentrated nitric acid is 
used to crystallize phenanthridine, then a new compound 
is formed which has the formula C1,H9N.2HN0,. The 
salt contains a labile acid molecule which is readily lost 
by washing. No nitration of the aromatic ring is observed 
during the preparation. 

Since we could not synthesise the compound de- 
scribedI by Morgan and Walls except on one occasion, 
we restrict our discussion of the phenanthridinium salts 

to the anhydrous dinitrate and the simple nitrate. These 
two salts P*HN03 and P.2HNOs are most clearly dis- 
tinguished by their characteristic X-ray powder patterns 
(Table 4). Upon prolonged exposure to X-radiation, lines 
of the simple nitrate salt appear in the spectrum of 
P.2HN09, indicating decomposition. In the vibrational 
spectrum of this latter compound however, absorptions 
due to free HNOs are absent and on this basis we 
conclude that a Pe2HN0, contains the [H(ONO&- 
anion. 

It is intriguing that slow crystallization OI l,lO- 
phenanthroline from 3M nitric acid has very recently3 
been shown to give ClzH8N2.2HN09 which is made up 
of a singly charged l,lO-phenanthrolinium cation and an 
anionic assembly[H(ONOJJ described as containing an 
unsymmetrical O-H-O bond with an oxygen-oxygen 
contact of 2.54 a (III). 

The vibrational spectral details of C1,HsN2*2HN0, and 
the simple nitrate salt are shown in Table 3. 

In the phenanthridine and l,lO-phenanthroline salts it 
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is not easy to determine which peaks are due to the anion 
owing to the large number of peaks for the organic 
cation. 

The reaction of [Ru(pyr),Cl,] with nitric acid has pre- 
viously been claimed to give rise to nitration of the 
pyridine ring?6 However, our sole product under con- 
ditions identical to those cited26 was the new hydrogen 
dinitrate salt trans-[Ru(pyr),C12][H(ON02)21. It has also 
been claimed2’ that [Pt(pyr),JC12 gives nitro-pyridine by 
treatment with nitric acid. However, this too is incorrect. 
The product is actually rrans-[Pt(pyr).,Cl,] [NO& which 
we have used for comparison in the Raman studies. 
Thermogravimetric runs on the same compound after 
recrystallization from cont. HNO, were superimposable. 

Infrared spectra for the three salts truns- 
[M(pyr).,C121[H(ONOJ2] are superimposable and the 
relevant peak positions are recorded in Table 3. The 
salient features of these spectra are the broad bands 
centred on 1500 cm-’ and 750 cm-’ typical of hydrogen- 
bonded species and the extremely sharp peak at 
866cm-’ which shows the “window of absorption” 
noted2’ for Speakman’s Class A of hydrogen bonds. 
Changes with perdeuteration of the pyridines in the 
infrared spectrum are also listed in Table 3. 

The infrared bands at frequencies above 625 cm-’ 
attributed to the anion can be determined by considering 
which bands remain unchanged on deuteration of the 
pyridine ring. In practice, these are the bands at 1510, 
1330, 1240,1025,987,780 and 690 cm-‘, and of these, the 
peak at 690 cm-’ cannot be unambiguously assigned to 
the anion, since it may be due to a vibration of the 
N-heterocyclic ring which is relatively insensitive to 
deuteration. 

The presently available vibrational information on the 
differing types of salts of the hydrogen dir&rate anion is 
collected in Table 3 (which chiefly relates to infrared 
spectra) and Table 5 (Raman spectra). 

The overwhelming feature of the Raman spectra due 
to tmns-[M(pyr).,Cl,][H(ONO& is the strength of the 
light scattering from internal modes associated with the 
pyridine ring. No strong features associated with the 
hydrogen dinitrate ion could be seen at very low tem- 
perature, although 21 fundamental vibrations are pre- 
dicted. 

In suitable crystals and with low signal-to-noise ratio it 
has been found that several broad weak features are 
present at 1335, 1080 and 7OOcm-’ which are not obser- 
ved in either trans-[Rh(pyr),C&]Cl-5H20 or trans- 
[Pt(pyr).,C121[NOJ12. We assign these peaks to the 
hydrogen dinitrate anion. 

A recent Raman study of caesium hydrogen dinitrate 
immersed in CCL has reported’ bands above 6OOcm-’ 
which were attributed to the hydrogen dinitrate ion. A 
band near 1400 cm-’ was said to shift to 1010 cm-’ upon 
deuteration. We have been unable to confirm all the 
details of that work since we find that the bands at 1382, 
1050,720 and 705 cm-’ in freshly prepared single crystals 
of caesium hydrogen dinitrate are, with the exception of 

POLY Vol. I.No. bc 

the band at 1382cm-‘, all present in CsNO, itself. To 
avoid decomposition of the caesium hydrogen dinitrate 
crystals, attempts were made to cool the freshly isolated 
product rapidly. <However, this made no significant 
difference and all the bands of caesium nitrate were still 
observed. 

The ready decomposition has previously been noted 
by Tuck et a1.F and no infrared spectrum could be 
obtained on mulling at room temperature. Saturated 
solutions of potassium nitrate in various concentrations 
of nitric acid (2-16M) have also been examined by 
Raman spectroscopy, but no evidence was obtained for 
the existence of the [H(ONO,)J species in any of the 
solutions investigated. 

The band at 1335 cm-’ in the Raman spectra of truns- 
[M(pyr),Cl,] [H(ON02)J can be assigned by comparison 
with previous work. Williams et a1.P attributed the band 
close to this at 1382cm-’ in the caesium salt to an 
O-H-O deformation since they found a shift to 
lOlOcm_ on deuteration. Our infrared results for the 
metal complexes all show a strong band at 1340cm-’ 
which can be assigned to an NO2 symmetric stretch. 

Raman studies2’ on anhydrous nitric acid attributed 
the band at 1303 cm-’ to the NO2 symmetric stretch and 
ascribed that at 1395 cm-’ to a H-O-N bonding mode. 
The corresponding infrared band assigned to the H-O-N 
bonding mode at 1331 cm-’ in the vapour phase was 
found to shift to 1014 cm-’ upon deuteration. In addition 
the Raman studies” of anhydrous nitric acid assigned 
the bands at 926, 771, 677 and 612cm-’ to ON0 angle 
deformation, NO, out-of-plane bend, NO’ stretch and 
ONO’ bend respectively. The weak bands at 1059cm-’ 
and 644 cm-’ were not assigned, but were considered to 
be due to ionized nitric acid. 

It is not possible at present to assign the weak bands at 
1080 and 7OOcm-’ in the metal complexes of the 
hydrogen dinitrate anion, but they are close to those just 
mentioned as appearing in anhydrous nitric acid. 

Room temperature spectra of trans-[Ru(pyr)4C12] 
[H(ON02),] were recorded, but owing to the poor signal- 
to-noise ratio, bands were observed only at 1030, 650, 
360 and 300 cm-‘. It was not possible to isolate the broad 
weak bands from the background noise. Diiculty in 
locating bands due to [H(ON02)J does not prove that 
the ion is not there, but merely that its Raman spectrum 
is elusive. 

Our results and observations concerning the structure 
determination of the isomorphous Ru(II1) complex 
complement these findings. We also find a pseudo-tetra- 
hedral position of nitrate oxygen atoms but of special 
importance to the correct description of the structure is 
the fact that during the data collection HN03 was lost 
from the crystal even when this was sealed in a 
Lindemann tube. 

Examination of difference Fourier syntheses with full 
occupancy of the nitrate positions of the asymmetric unit 
(viz. fully hydrogen dinitrate) disclosed holes at those 
positions. Assuming that all the HNO, of the hydrogen 
dinitrate had been lost resulting in the formation of an 
isostructural nitrate compound, difference Fourier syn- 
theses were calculated with a population parameter of 
0.5 for the nitrate atoms. Peaks were observed at the 
relevant atomic position. No extra peaks could be found 
in the Fourier map and thus it was evident that the 
structure as determined was a mixture of the hydrogen 
dinitrate and an isostructural simple nitrate with frac- 
tional occupancy of almost crystallographically equivalent 
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k 
C13V 

7.368 

6.458 

5.711 

5.063 

4.320 

4.226 

3.704 

Table 4. d-values” for phenanthridine and its salts 

C13v*mo3 ~1~~9N.2~0~ 

12.517 10.394 

9.816 9.816 

6.304 5.711 

4.791 5.063 

4.129 4.435 

3.490 3.490 

3.424 3.360 

a Cu-l&radiation. 

bWat.sined by crystallization from petroleum ether. 

Table 5. Raman band frequencies (cm-‘) for nitrate and hydrogen dinitrate salts 

Assignment A B C D E P G 

Lattice 

N-N 

H-Cl 290 290 298 320 - _ _ 

58 

70 

100 76 80 

120 120 

140 

30 30 30 

37 37 35 

55 55 60 

65 

67.5 

70 

120 120 120 

125 

130 130 

135 135 

140 

145 180 145 

210 198 220 

225 205 235 - - 

252 238 240 230 - - 

302 301 302 320 - _ _ 

318 320 340 - - _ 
- 

ring deformation 650 625 660 653 - - - 

nitrate 665 705 705 705 

hydrogen dinitrate 700 720 720 720 

symtrlc stretch of 980 1025 1032 

nitrate and pyridine 985 1050 1051 1050 1050 1052 

ring 
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Table 5 (Contd.) 

hydrogen dinitrate 1080 1080 - - 

out of plane deformation 1215 845 

1220 895 1220 1212 - 

hydrogen dinitrate 1335 - - _ 1385 1382 

1575 1500 1575 - 

1610 1480 1610 1610 - 

A: e- ~R~(PY=)~C~~I[H(ONO~)~~ 

B: trans- [Rh(d5pyr),C12][H(ON02)2] 

C: a- [Rh(pyr)4C12]Cl.5H20 

D: -- [Wpyr)4C12](N03)2 

E: CsNO 
3 

F: Cs[H(ON02)2] (A - F all recorded at room temperature) 

C: C+(ONO,)2] (recorded at 28K) 

sites. A population parameter of 0.70 was finally chosen 
as such a value gave magnitudes of thermal vibra- 
tion ellipsoids comparable with those of the isomorphous 
Rh(II1) complex.8 Such a choice of population parameter 
implies a mixture of 40% hydrogen dinitrate and 60% 
nitrate with the nitrate group of the latter distributed 
between the two equivalent positions in the lattice. 

Roziere et ai.” refined two sets of atomic positions in 
the Rh(II1) neutron-diffraction determination but found it 
necessary to protect the sample in a sealed silica-glass 
tube. The loss of nitric acid would make it necessary to 
refine the crystal structure of the Ru(III) complex with 
two sets of positions for both the hydrogen dinitrate ion 
and the nitrate ions. Such a strategy was not considered 
worthwhile (if indeed possible) in the light of the more 
recent work.” The average disposition of the nitrate 
groups in the Ru(III) structure is shown in (IV). 

Given these results, it is clear that hydrogen dinltrate 
ions of these types are linear as proposedS as confirmed 
above and in the analysis’ by neutron diffraction of 
W-UONW~I. 

O(3) W3') 

----_------__ 

3.10 

CONCLUSION 

It is quite obvious, from the careful thermodynamic 
work using the vapour pressures of nitric acid and solu- 
tions in it by Dawbery’ and from the ready isolation of 

salts of the general composition [C][H,(NO,),+i] 
(0 c n < 4 is a typical range) that nitric acid/water mix- 
tures contain at some equilibrium level such species as 
hydrogen dir&ate. Despite some early French work,32.33 
using Raman spectroscopy, which was interpreted in 
terms of such hydrogen bonded ions, no other spec- 
troscopic work has supported the involvement, in 
aqueous solutions, of the equilibrium 

[H-ONO$ + [ONOz]- L= [H(ONO&]-. 

However, distribution studies of nitrate species be- 
tween aqueous and organic phases do indicate the im- 
portance of this equilibrium since [R3NH’][H(ON0&] 
is a commonly extracted species,‘4 and it may be neces- 
sary to reinterpret several other observations in these 
terms. For example, the “monohydrated dime? of nitric 
acidg5 extracted into benzene, toluene, carbon tetra- 
chloride or n-dodecane from its 6-16M aqueous solu- 
tions might well be [H,O’] [H(ONO&]. 
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Triethylhydrazinium 

NOTES 

chloride and triphenylamfnophosphonium chloride as aminating 
reagents for diphenylchlorophosphine 

(Received 25 May 1982) 

INTRODUCTION 

Over the past four decades work in this laboratory’-’ and 
other?” has clearly established the utility of NH&I as a syn- 
thetic reagent as a result of the numerous reactions of the type 

B: t NH&I4 B:NH2+CIl (B: = Lewis base) 

that it undergoes. However, NH&l is an unstable chemical and 
may not be stored. We were, therefore, interested in determining 
whether or not adducts of the type [B:NHJCI can be used as 
sources of NH&I in chloramination reactions. 

Gilson and Sisler6 have previously shown that ammonia-free 
NH&I reacts with (C6H5&PCI to produce the two adducts 
(C6H5),P(CI)NH2CI and (C6H5)2P(CI)(NH+NH-PCl&H5)Z. 
These have been shown to form diphenylphosphazene trimer and 
tetramer when pyrolyzed. We report herein the results obtained 
in a study of the reaction of the adducts [EtrNNHJCI and 
[(C6H5),PNHJCI, respectively, when heated with (C6H5bPCI. 
Both these reactions resulted in the formation of diphenyl- 
phosphazene trimer and tetramer. 

ExPgluMENTAL 
Materials. Diphenylchlorophosphine was obtained from Victor 

Chemical Company and vacuum distilled at O.lS-O.2OTorr and 
1~114°C. l,l,l-Triethylhydrazinium chloride was prepared by 
the reaction of a solution of (C2H5)rN in benzene with NHrCI 
mixed with NH,. This procedure is similar to that reported by 
Omietanski and Sisler.’ The reaction mixture was filtered off, 
extracted with CHCls and the product reprecipitated from the 
CHCL extract bv the addition of ether. Analysis: Calcd. for 
I(C2H&NNH$i: N, 18.35; Cl, 23.23. Found: N; 18.34; Cl, 23.23. 
M.p. 18F190°C. (lit 177-178°C)’ 

Triphenylaminophosphonium chloride’ was prepared by treat- 
ing an ether solution of (C6H5bP with a gaseous mixture of 
NH2Cl and NHs@). The reaction mixture was filtered off and 
extracted with CHCI,. The product was reprecipitated by ad- 
dition of ether to the extract. M.p. 232-235°C (lit. 236°C)” 

All solvents used were dried and stored over CaH2. All reac- 
tions were carried out in the absence of O2 and HzO. Infrared 
spectra were measured either on a Perkin-Elmer Model 137 
spectrometer using sodium chloride optics, or on a Perkin-Elmer 
Model 337 grating spectrometer. Solid samples were examined as 
KBr pellets, as Nujbl or Kel-F mulls between KBr plates, or in 
solution in CCL in a NaCl cell of thickness 0.518mm. Meltino 
points were deiermined with a Thomas Hoover melting poinj 
apparatus. 

Chloride analyses were performed by hydrolyzing the samples 
in 20 ml of water and 25 ml of 10% aquaous NaOH solution and 
then following the Volhard procedure. Nitrogen analyses were 
done on a Coleman Model 29 nitrogen analyzer. 

Procedure. Equimolar mixtures of [(C2H5)sNNH2]CI and 
(CsH5)rPCI were heated for varying periods of time at tem- 
peratures in the range of 140-27o”C, both without solvent and in 
Cl+ZHCHClr. Typical procedures follow. 

The reaction of diphenylchlorophosphine with triethylhydraz- 
inium chloride in the absence of solvent at 190°C 

(C6H5bPCI t [(‘$Hs)sNNHJCl + 
[(CrHs),NHICl+ HCI + l/3 l(Cd&)~PNls 

Under a flow of dry Nr 1.003g (7.225 mmoles) of 
I(C,H&NNHXI was placed in a SO-ml flask with a maenetic 
s&&g- bar-- and I.35 mL (7.28 mmoles) of diphenyl- 
chlorophosphine pipetted onto it. A water-cooled condenser was 
fitted into the top, and into the top of the condenser was fitted a 
nitrogen bubbler to maintain a constant small positive pressures 
of dry nitrogen in the system, and to flush out any evolved gases. 
From the nitrogen bubbler, gases passed into a trap containing 
SOmL of 0.2 M NaOH solution to trap the evolved HCI. The 
reactants were heated together at l~l9Y’C for 48hr with stir- 
ring. The material in the flask. including lonn white needles and a 
yeRow mass, was digested in 40mL if boiling benzene in two 
portions, filtered hot, and the filtrates combined. The residue was 
identified as [(C2Hs)sNH]CI by melting point (244-246°C with 
sublimation) and its infrared spectrum. The benzene extract was 
evaporated to dryness, leaving 1.393g of tan solid, m.p. 203- 
214°C. The infrared spectrum indicated this material to be 
[(C,H&PN]r in a crude yield of 96.7%. Recrystallization from 
hot benzene raised the melting point to 228-230°C (lit. 23& 
232”)” Other runs of the reaction of [(CrH5)sNNH2]Cl with 
(C6HS)rPCl are summarized in Table I. 

The reaction of triphenylaminophosphonium chloride with 
diphenylchlorophosphine 

G,H5M’ + ~/nWJWWl, (n = 3,4). 

Ten and one-tenth grams (32.2mmoles) of [(C6H5)sPNH2]CI 
was weighed into the bottom of a sublimation apparatus, and 
under dry nitrogen flow 6.0mL (32.4 mmoles) of (C6H5)2PCl 
added by pipette. The cold finger and seal were immediately 
fitted to the base of the sublimation apparatus and vacuum 
applied. The line was then switched to dry nitrogen and the 
apparatus left exposed to the dry nitrogen line during the reac- 
tion. The pot was heated with a silicone oil bath at 160°C for 
24 hr, then at 210-240°C for 75 hr. When the pot had cooled, the 
base was removed under a stream of dry N2 and the small 
portion of viscous oil (0.3g) scraped from the cold finger and 
discarded. The apparatus was reassembled, evacuated, and heat 
applied. At 157-159°C and 0.2-0.6mm, over a period of 6hr, 
3.43 g of white crystalline sublimate was obtained and discarded. 

A tan, yellow and white amorphous residue remained, most of 
which dissolved when digested with hot CHCb. The small amount 
of undissolved material was NH&l. Fractional crystalliition of 
the dissolved material from CHC!, yielded 2.1 g of [(C&bPNL, 
m.p. 318-319°C (lit. 320-321”C).‘* Further fractional crystallization 
yielded 0.790 of [(CJ&)sPN]s, m.p. 225-2uPC (ht. 230-232oC).” 
The total phosphazene yield (tetramer plus trimer) was 44.8%. 
Further runs of the reaction of (C6Hs)zPCl with [(C6Hs)sPNHJCI 
are listed in Table 2. 

The results reported herein co&m that, as postulated and 
similarlv to MH,NH,lCI. I(C,H,),NNH,lCl and 
[(C&)~PNHJCl act as in sii; sburce~‘for NH&l aid serve as 
aminating agents toward (&,HsbPCl, converting this substance to 
diphenylphosphazene trimer and tetramer. Under some circum- 
stances some amounts of the intermediate (C6Hs)zPCI=N- 
P(NH)(Cd-fs)z6 are also obtained. The reactions with 
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Table 1. Further runs of [(CrH5)rNNH2]Cl t (C6H5bPCI 

(C&&‘c1 (c2H5)3aNH2cr Conditions Yield of Product Remarks* 

(mnoles) (nmw1es) [(CsH&‘N, C(C,H,)$‘N14 
54 45.7 no solvent; 3.769, 41.3% --- M.P. 230-23T'C. 

140-198'=C, 48 hrs 

29.1 13.9 At reflux of 4 ml 0.549, 20% ___ M.P. 223-22t?°C.; 

of (C2~5)3~, until 7.51% N: calcd. for 

it was consumed. (c~H~)~PN, 7.03% N. 

90°C for 48 hrs. 

53.9 54.4 no solvent; 1.529, 14.2% 1.329, 12.3% Separated from black 

150°C., 15 hrs tar by elution from 

ZOO'C., 12 hrs a silica gel column 

215'C.. 108 hrs with benzene. 

27O'C.. 24 hrs 

11.9 11.71 no solvent; ___ 1.028 g. 44.1% Separated by extrac- 

197-237°C.. 60 hrs tion with boiling 

benzene. 

M.p. 317-319°C. 

*Literature: M.p. [(C~H~)~PN]~, 230-232°C; [(C6H5)2PN]4, 320-321°C 

Table 2. Further runs of [(C6H5)rPNHJCl + (CJfs)2PCl 

V6H5W 
(mnoles) 

32.3 

[(C6H5)3PNH21Cl Conditions Yield of Product 

(mmoles) [(C6H5J2pN]3 [(C6H5J2pN14 

31.36 no solvent; 0.329, 5.1% --- 

16O'C.. 52 hrs. 

10.8 11.2 no solvent; 0.179, 7.9% 0.4059, 18.8% 

73-150°C., 48 hrs. 

32.4 32.2 no solvent; 0.799. 12.3% 0.219, 3.2% 

16O"C., 24 hrs. 

Remarks 

Som (C6H5)3P also ob- 

tained major amounts of 

tar from which 

[(c~H~)~PN], WAS emac- 

ted with benzene. Iden- 

tified by m.p. and spec- 

trum. 

Overall yield of 

[(c~H~)~PN]" material 

26.7% of theory. Ex- 

tracted with benzene. 

Identified by m.p. and 

spectrum. 

Identified by m.p. and 

spectrum. 

[(CrH5)rNNH2]Cl may be considered to proceed by such steps as 
the following: 

(C&IM’CI + [GHs)sNNHXI- 
CJMWW3C~ + GHs~N 

2tGW&VWCllC~ f WA)4 - 
(C,H,hP(Cl~N-P(=NH)(C,H,), t 3[(C2Hs)rNH]Cl 

(C,H,),P(Cl)=N-P(=NH)o2 + NC~HS~P(NH~)C~~C~- 
](CGHJ)ZPNI~ + 3HCl 

this adduct would not accumulate in the presence of (CrH&N. 
Similarly, the basic character of the system would account for 
the absence of the intermediate (C6H5)2P(NH2)ClNHPClz(C6H5)z, 
which had been isolated from the reaction product of ammonia- 
free NH&Z1 with (C6H&PCl by Gilson and Sisler6 and shown to 
form diphenylphosphazene trimer and tetramer upon pyrolysis. 

An analogous series of steps is probable for the 
[(C6H&PNH2]Cl reactions. The tars and oils obtained as by- 
products in these reactions were shown by their infra spectra to 
contain N-H, tetra-coordinated P-CLHS, P-C,,H5, P=N-P and 
P-NH-P linkages (Table 3). Thus, intermediates of the types 

or 

XGHS)~P(NH~)C~IC~ + WA),N - 
GJ-W’NI, + 3HCl+ ~[(GHs)INHIC~ 

The adduct [(C&hP(NHa)Cl]Cl has been isolated in the reaction of 
(C,H&PCl with ammonia-free NH&l.6 The fact that this com- 
pound was not isolated in the present instance may be attribu- 
ted to the presence of the base (&H&N formed by the 
thermal dissociation of [(CrH5),NNH2]Cl. The adduct 
[(C6HskP(NH&Cl]Cl tends to undergo condensation with the loss _ ___. 
of HCI even at room temperature, and appreciable quantities of 

Table 3. Principal bands in the fR spectra of the by-products of the 
[(C&),PNH,]Cl-(C6H,)2PCl reaction 

N-H 3.3-3.4 u 

tetracoordinated P-C& 9.0 &J 

P-C6H5 6.9 p 

P=N-P 7.6-8.3 L1 

P-NH-P 10.4 p 
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discussed above are probably present in considerable quantity. 
This is not surprising since (&H&P is much less basic that 
(CzHs)sN. 
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Complex Formation Between Uranium(V1) Ion and some ahninoacids 

(Received 18 December 1981) 

Abstract-The formation constants for the complexation of the VOP by a number of C-substituted glycines have been 
determined by potentiometric titrations. 

INTRODUCTION 
Although there have been some reports on aminopolycmboxylic 
acid complexes with uranyl ion using solvent extraction or spec- 
trophotometric methods’ little work has been published on a- 
aminoacid complexes of uranium using a potentiometric titration 
technique. 

Typical of the formation constants found are those for uranyl 
complexes of nitrilotriacetic acid and glycine reported as 
Log K = 9.56 f 0.03 and 7.53 respectively.2” 

We report here the results of a study for UO,” complexes of a 
series of a-aminoacids containing sulphur and oxygen atoms, 
having certain affinity to chelate with metal ions in cooperation 
with the aminoacid’s nitrogen. The aminoacids studied were a 
series of C-substituted glycines of general formula R-CH(NH2) 
CGGH, where R = -CH*OH, -CHzSH, -CHr, -CH2CH2SCHI, 
(CH&CH-, (CH&CHCHr and C2H$H(CH3 all able to form 
five membered chelate rings. For comparison, complexes of 
serine and cysteine were investigated. Concurrently complexes 
of serine showed greater stability than those of alanine due to the 
presence of an OH group in serine which also showed an affinity 
to form an extra bond with the metal ion. In contrast to valine or 
leucine, methionine must therefore form more stable complexes 
due to its molecule containing a sulphur atom. 

The only example of a related investigation so far reported has 
been by Cefola et al.* who studied complexes of glycine and 
UOP ions. Studies of mixed ligand complexes of uranyl ion with 
aminoacids and carboxylic acids or monocarboxylates have been 
published recently3-’ each suggesting relatively strong bond 
formation between uranyl ion and oxygen donors. 

EXPERlMgNTAL 
Measurement of protonation and complex formation con- 

stants; For the hydrogen and metal ions, formation constants 
were calculated from potentiometric titration curves’ obtained 
using a combined electrode calibrated in terms of hydrogen ion 

concentration, (H] at 25°C. The electrode was also calibrated by 
0.05 M KHP before and after each titration and agreement was 
always better than 0.005 PH units. 

Potentials were measured with a Mettler DK31 diaital oH 
meter. All solutions were made up in a background 07 KNO, 
(total I = 0.1 M). The aminoacids under experiment were con- 
verted to the fully protonated form by adding the calculated 
amount of standard nitric acid. The titration cell was ther- 
mostatically controlled (25 ?O.l”C). Carbonate free alkali were 
added by means of a Mettler DV 210 automatic burette dispens- 
ing 0.02 2 0.001 ml of alkali at each reading. The titrations were 
reproducible to 0.007 pH unit throughout. Solutions of 1: 2 or I:5 
metal to ligand concentration were titrated with alkali and at the 
beginning of each titration total volume of solution in the cell 
was always kept at 30ml. At higher pH values, when ligands 
titrated in the presence of a metal ion precipitation occured. In 
such instances- therefore, data before -precipitation only were 
considered and used to calculate KML, and KML, values. 

Throughout this study uranyl nitrate (Analar) was used for the 
preparation of metal ion solutions. The aminoacids alanine, 
methionine, serine, leucine, valine, isoleucine and cycteine were 
obtained from Merck (Germany). 

The proton and metal complex formatiom constant were cal- 
culated using a Fortran program. 

RESULTS AND DUXUSSION 
Calculated proton and uranyl complex formation constants are 

given in Table 1 with those for comparable ligands. 
The obtained results for proton complex formation constants 

show the trends expected from inductive effects of the sub- 
stituents. This effect is more noticable with the protonation of 
the amino group (LogfiHL) than the carboxyl group- 
(Log ,¶HzL), since the amine nitrogen is closer to the substituent. 
The replacement of an a-hydrogen atom with an alkyl is seen to 
produce a small regular increase in proton complex formation 
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discussed above are probably present in considerable quantity. 
This is not surprising since (&H&P is much less basic that 
(CzHs)sN. 
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Complex Formation Between Uranium(V1) Ion and some ahninoacids 

(Received 18 December 1981) 

Abstract-The formation constants for the complexation of the VOP by a number of C-substituted glycines have been 
determined by potentiometric titrations. 

INTRODUCTION 
Although there have been some reports on aminopolycmboxylic 
acid complexes with uranyl ion using solvent extraction or spec- 
trophotometric methods’ little work has been published on a- 
aminoacid complexes of uranium using a potentiometric titration 
technique. 

Typical of the formation constants found are those for uranyl 
complexes of nitrilotriacetic acid and glycine reported as 
Log K = 9.56 f 0.03 and 7.53 respectively.2” 

We report here the results of a study for UO,” complexes of a 
series of a-aminoacids containing sulphur and oxygen atoms, 
having certain affinity to chelate with metal ions in cooperation 
with the aminoacid’s nitrogen. The aminoacids studied were a 
series of C-substituted glycines of general formula R-CH(NH2) 
CGGH, where R = -CH*OH, -CHzSH, -CHr, -CH2CH2SCHI, 
(CH&CH-, (CH&CHCHr and C2H$H(CH3 all able to form 
five membered chelate rings. For comparison, complexes of 
serine and cysteine were investigated. Concurrently complexes 
of serine showed greater stability than those of alanine due to the 
presence of an OH group in serine which also showed an affinity 
to form an extra bond with the metal ion. In contrast to valine or 
leucine, methionine must therefore form more stable complexes 
due to its molecule containing a sulphur atom. 

The only example of a related investigation so far reported has 
been by Cefola et al.* who studied complexes of glycine and 
UOP ions. Studies of mixed ligand complexes of uranyl ion with 
aminoacids and carboxylic acids or monocarboxylates have been 
published recently3-’ each suggesting relatively strong bond 
formation between uranyl ion and oxygen donors. 

EXPERlMgNTAL 
Measurement of protonation and complex formation con- 

stants; For the hydrogen and metal ions, formation constants 
were calculated from potentiometric titration curves’ obtained 
using a combined electrode calibrated in terms of hydrogen ion 

concentration, (H] at 25°C. The electrode was also calibrated by 
0.05 M KHP before and after each titration and agreement was 
always better than 0.005 PH units. 

Potentials were measured with a Mettler DK31 diaital oH 
meter. All solutions were made up in a background 07 KNO, 
(total I = 0.1 M). The aminoacids under experiment were con- 
verted to the fully protonated form by adding the calculated 
amount of standard nitric acid. The titration cell was ther- 
mostatically controlled (25 ?O.l”C). Carbonate free alkali were 
added by means of a Mettler DV 210 automatic burette dispens- 
ing 0.02 2 0.001 ml of alkali at each reading. The titrations were 
reproducible to 0.007 pH unit throughout. Solutions of 1: 2 or I:5 
metal to ligand concentration were titrated with alkali and at the 
beginning of each titration total volume of solution in the cell 
was always kept at 30ml. At higher pH values, when ligands 
titrated in the presence of a metal ion precipitation occured. In 
such instances- therefore, data before -precipitation only were 
considered and used to calculate KML, and KML, values. 

Throughout this study uranyl nitrate (Analar) was used for the 
preparation of metal ion solutions. The aminoacids alanine, 
methionine, serine, leucine, valine, isoleucine and cycteine were 
obtained from Merck (Germany). 

The proton and metal complex formatiom constant were cal- 
culated using a Fortran program. 

RESULTS AND DUXUSSION 
Calculated proton and uranyl complex formation constants are 

given in Table 1 with those for comparable ligands. 
The obtained results for proton complex formation constants 

show the trends expected from inductive effects of the sub- 
stituents. This effect is more noticable with the protonation of 
the amino group (LogfiHL) than the carboxyl group- 
(Log ,¶HzL), since the amine nitrogen is closer to the substituent. 
The replacement of an a-hydrogen atom with an alkyl is seen to 
produce a small regular increase in proton complex formation 
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Table 1. Proton and many1 complex formation constants for the amino 
acids at 25” and I = 0.1 M. Standard deviation (u values) in parentheses 

DSerine 

DCysteine 

D-Methionine 

DL-Alanine 

log 8 HL log B H2L log B 1 b-a2 

9.16(4) 9.12* 11.509(9) 8.66 (3) 14.66 (5) 

8.244 (4) 10.552 (8) 
8.331 10.50t 

5.84 (2) 11.85 (5) 

8.921(3) 11.271(7) 
9.052$ 11.203$ 

6.41(l) 13.38 (2) 

9.592 (3) 12.067 (8) 7.33 (2) 14.97 (4) 
DL-Vahne 9.603 (2) 12.242 (9) 7.lo(lj 14.72 (2) 
L-Leucine 9.621(2) 12.266 (6) 7.13 (3) 14.36 (7) 
L-Isoleucine 9.652 (4) 12.350 (9) 7.02 (3) 14.66 (8) 

*Ref. [6]. 
tRef. [7]. 
*Ref. [8]. 

constant. This increase is to be expected as a result of the 
positive inductive effect of the aIky1 groups causing electron 
repulsion and therefore tending to make the a-carbon atom 
negatively charged. 

This effect will be transmitted to both the nitrogen atom and 
the carboxyl group resulting a decrease in acidity. The amino 
acids containing a sulphur or oxygen donor atom have lower 
proton complex formation constants than those of the other 
amino acids investigated in this work; even a-alanine with a 
simillar molecular structure forms a stronger proton complex 
than serine A Log /3HL = 0.43) with cysteine having a 
(A Log f3HL = 1.35). 

This is due to the large negative inductive effect of the attached 
corboxyl or sulphydryl groups. The possibility of a steric effect 
has been demonstrated by Martell et al? for L-Cysteine with 
Log PHL = 8.13 and DL-penicillamine Log 8 = 7.88 in 0.1 M 
potassium nitrate. For methionine the values are higher than 
those of cysteine due to a lower negative inductive effect of 
-SMe group. The proton complex formation constants for the 
series was found to be Dcysteine < Dmethionine < Dserine < 
DL-a-alanine < DL valine < L-leucine < L-isoleucine, respec- 
tively. 

With UOr*’ all ligands produced a light yellow coloured solu- 
tion and the solubility decreased as the alkyl chain increased in 
length. Mixtures of UOz*+ and serine were found to be the most 
soluble of all. The dearee of formation (A) of the amino acid 
complexes with uranyiion generally approached values 0.2-1.5 
and complexes of serine were found to be markedly more stable, 
with A values approaching 1.85 and formation constants com- 
parable to those previously reported for iminodiacetic acid” 
(Log f3 = 8.93). 

Above A = 1.5 there was some evidence of the formation of 
tris-complexes but since the maximum M: L ratio used was 
1: 3 the formation constants calculated were not sufficiently reli- 
able. 

A maximum coordination number of 8 has been suggested for 
uranium ion,” therefore a maximum of three bidentated ligand 
molecules are sutlicient to coordinate with UOr’+ to reach the 
specified coordination number. 

A quantitative comparison of the values for log BHrL-log /32 
shows that the affinity of the ligands for protons and uranyl ion is 
comparable whetherthe ligand contains-extra donor atoms (S or 
0) or not. The existing small differences can be explained in 
terms of steric factors and the fact that formation of a metal 

*Author to whom correspondence should be addressed. 

complex involves chelate formation of the N-U-O type while the 
proton complexes involve formation of separate N-H and @H 
bonds. 

In comparing the results for serine with those of alanine the 
proton complexes of serine (IogflHrL) tend to be weaker than 
those of alanine by 1.26 log units while the metal complexes are 
only marginally weaker (e.g. A Log t3 = 0.31). This can be regar- 
ded as an indication of extra bonding in serine. A similar com- 
parison of results for cysteine and those for alanine suggests only 
limited bonding between the metal ions and the sulphur atom. 
Methionine forms complexes more stable than cysteine, this 
could be explained in terms of the difference of inductive effects 
in the two molecules. 

Uranyl complex formation constants for other amino-acids, 
investigated in this work are also given in Table 1 followed by 
the pattern expected from the varying inductive effects of the 
substituent groups. 
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Preparation of cationic (keto-stabilfze!d plwphonium or sulphonium ylide)($- 
cyclopen~~enyl)(tripbenylp~p~e)pol complexes 

(Received 30 June 1981) 

Abstract-In the presence of AgClO,, chloro(u5-cyclopentadienyl)(triphenylphosphine)palladium(II) was treated with 
triphenylphosphonium benzoylmethylide triphenylphosphonium acetylmethylide, and diiethylsulphonium ben- 
zoylmethylide to yield the corresponding ylide complexes, [Pd( n5~yclopentadienylXylide)@ipheaylphosphine)]C104 
with ylidic carbon-metal o bonds. When NaC104 was used in place of AgClO,, the ylide complexes were not obtained. 

Some keto-stabilized phosphonium and sulphonium ylides exhibit 
well-known interaction’2 with various electrophiles through the 
nucleophilic ylidic carbon next to onium atoms. The nucleophilic 
ylides displaced labile ligands in [PdClr(SR&$, [PdaCl&Hs = 
CHPh)2]45, and [PdCls(NCR)J’J, and cleaved chloro-bridges in 
[Pd,Cl.,(PR,)$ to give stable ylide complexes with ylidic carbon- 
palladium D bonds. However, no attempt seems to have been 
described on the reaction of the ylides with (g5-cyclopen- 
tadienyl)halo(tertiary phosphine)palladium(II) compounds. This 
note deals with the reaction of some ylides with chloro(q’- 
cyclopentadienyl)(triphenylphosphine)palladium(II) (I) in the 
presence of silver perchlorate. Recently Kurosawa’ reported that 
a bromo analogue of 1 was treated with silver perchlorate in the 
presence of olefins or carbon monoxide to replace bromine with 
these incoming ligands and to yield respective cationic com- 
plexes retaining the q’-cyclopentadienyl moiety. 

0 0 6 

dnZ=CH-&-R - Riot-&-R - dnni-CH=&R. 

A B C 

RESULTS AND DISCUSSION 

(I’-Cyclopentadienyl)palladium complex I was prepared in a 
very low yield from the reaction of thallium cyclopentadienide 
with a halogen-bridged complex [PdrCl&PPhs)a], owing to the 
low solubility of the reactants, as described by Cross and 
Wardle”. However, sodium cyclopentadienide is soluble in THF 
and reacted readily with [Pd&(PPhsh] to afford I in a high 
yield. 

Complex I was treated with some keto-stabilized phosphonium 
and sulphonium ylides, which included triphenylphosphonium 
benzoylmethylide (TfJ, triphenylphosphonium acetylmethylide 
@I,), and dimethylsulphonium benzoylmethylide (IV.). These 

ylides could not displace chlorine coordinated to palladium in the 
presence of sodium perchlorate, implying low nucleophilicity of 
these ylides and fair stability of the palladium-chlorine bond. On 
the other hand, silver perchlorate, a strong halogen-trapping 
reagent could remove the chlorine from palladium, leading to the 
coordination of the ylides to palladium. Actually, the ylides II., 
III,, and IV, formed stable us-cyclopentadienyl ylide complexes 
[Pd(d-C,H,)(PPh,)@H(COR)ZR’J]ClO~ (ZR’, = PPhs, R = Ph, 
IIs.; ZR’, = PPhs, R = Me, III,; ZR’, = SMer, R = Ph, TVs), respec- 
tively, as shown in Tables 1 and 2. 

These ybde complexes exmbneo a v(C = 0) band in the range 
of 1620 to 164Ocm-‘, and the shift of the bands towards higher 

E- 
Pt13P,CH\ /” c’o4 

Riz+ c 

b_ 

Table 1. Yields and properties of the palladium complexes 

Complex Yield*’ Mpd’ Color Found(Calcd), % 

% OC C H 

I 80=) 136-138 Dark green 59.03(58.87) 4.40(4.30) 

IIba’ 22 127-131 Yellowish green 62.45(62.18) 4.48(4.42) 

IIIb 25 151-162 Pale green 62.20(62.06) 4.75(4.62) 

“I, 9 113-133 Brown 55.45(55.55) 4.61(4.52) 

al Isolated as a hemisolvate of CH2C12. b) Based on I, unless noted 

elsewhere. cl Based on Pd2C14(PPh3)2. d) With decomposition. 
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Table 2. Spectroscopic properties of free ylides and their palladium complexes 

'H-NMR=', 6 Value from TllS IRd', cm-’ 

6 (W 6 (CH3) 6 (CP)b' v(C=O) v(Cl-0) 

I 5.48(d,3.0) 

I1a 
4.57(d,Z4.3)=) 1524 

"1, 
4.ZS(ad,4.0) S.OO(d,Z.O) 1620 1090 

111, 3.69(d,27.0)'=' 2.08(d,1.8)=' 1530 

IIIb 3.07(ad,l.l) 2.01(ad, 2.2) 5.19(d,Z.2) 1640 1090 

Iva 4.29(s) 2.91(s) 1515 

Ivb 
4.1O%(d,6.00)*' 2.77(s), 2.69(s) 5.37(d,2.2) 1620 1085 

al In CDC13. Signal shape and coupling constant are given in the parentheses. 

Abbreviations used : s=singlet, d=doublet, ad=apparent doublet. b) Coupled 

with 31 P in triphenylphosphine. cl 

KBr disk. 

wave numbers upon coordination indicates larger contribution of 
the canonical structure B and smaller one of C, compared with 
those in free ylides. These results and the lack of an enolate 
C-O stretching band’ suggest that the bonding mode of the 
ylides to palladium is through the ylidic carbon rather than 
through an enolate oxygen. Similar high-wavenumber shifts were 
observed in some keto-stabilized ylide complexes= upon coor- 
dination through the nucleophilic carbon. The chemical shifts of 
the ylide methine protons of these cationic complexes are at 
comparatively higher fields than those of free ylides and of 
reported neutral palladium ylide complexes4d. The hi-field 
resonances in the present complexes are possibly attributed to 
the electron donation to palladium from triphenylphosphine and 
#-cyclopentadienyl groups. Saito et d,” noticed similar highfield 
resonances of the methine protons in cationic ylide complexes. It 
is noteworthy that magnetic non-equivalence of two methyl 
groups on sulfur in IV, was observed, due to the presence of the 
neighboring dissymmetric carbon which was induced by the 
u-bond formation between the carbon and the palladium atoms. 

In sharp contrast to the cases of II., III,, and IV., analogous 
cyclopentadienyl ylide complexes were not isolated from 
triphenylphosphonium methoxycarbonyhnethylide (Vcl) and 
dimethylsulphonium diacetylmethylide (VIA. ‘H NMR spectra of 
unidentified products from V, and VI, suggested loss of the 
cyclopentadienyl group. 

EXPERIMENTAL 

General procedures. IR and ‘H NMR spectra and melting 
points were measured according to the methods described in the 
previous paper.” Ylide compounds were prepared by the lit- 
erature methods.‘*2 

Preparation of chloro($-cyclopentadienyI)@iphenyl- 
phosphine)palludium(IT) I. Complex I was prepared essentialy 
by the method described by Cross and WardIe*, except that 
sodium cyclopentadienide was used in place of the thallium salt 
at temperatures lower than 0°C. 

Reaction of phosphonium or sulphonium ylides with I in the 
presence 4 AgClO,. To a mixture of triphenylphosphonium 
benzoylmethylide and I in THF, an equivalent quantity of 
AgClO, in benzene was added slowly. The precipitates formed 

*Author to whom correspondence should be addressed. 

Coupled with onium 31 P nucleus. d) In 

were collected and recrystallized from dichloromethane, diethyl 
ether, and n-hexane to afford yellowish green powder of $- 
cyclopentadienyl)(triphenylphosphonium benzoylmethylide) 
(triphenylphosphine)palladium(II) perchlorate a. ($- 
CycIopentadienyl)(triphenylphosphonium acetylmethylide) 
(triphenylphosphine)palladium(II) perchlorate I& and ($- 
cyclopentadienyl)(dimethylsulphonium benzoylmethylide) 
(triphenylphosphine)palladium(II) perchlorate I& were prepared 
similarly. 
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Molecular size and orientation of dinonylnaphthalenesulphonic acid at the hexanelwater and 
air/water interfaces 

(Received 10 May 1980) 

During our investigation of the inverse micellization phenomenon 
of dinonylnaphthalenesulfonic acid (HDNNS) in the presence of 
an aliphatic a-hydroxyoxime’, it came to our attention that the 
literature contains contradictory opinions of the molecular area 
(A,,) occupied by HDNNS at the organic/water interface.2.3 
Chimizia et al?, calculated the size of HDNNS micelles in 
toluene by using a value of A, derived from toluenelwater 
(HC103 interfacial tension data. However, van Dalen et al? 
determined A, for HDNNS at the air/water interface and then 
utilized the value in a manner similar to Chiarizia et al.’ to 
determine the size of the micelle. The purpose of this note is to 
present our work on the interfacial area measurements of 
HDNNS at both the hexanelwater interfaces and to reconcile the 
disparity of opinion based on consideration of the probable 
interfacial orientations of HDNNS in each system. 

EXPERIMENTAL 

Materials. HDNNS was obtained from King Industries as 
SYNEX 1040 reported to be a 38% solution in heptane. HDNNS 
was purified according to the method of Danesi et al? Purity 
was checked by IR and NMR spectroscopy. Water used in the 
experiments was twice distilled from potassium permanganate in 
an all-glass still. 

Measurements. Interfacial tensions were measured at the hex- 
anelwater interface using the du Nouy ring method. Details are 
presented elsewhere.’ In the case of the air/water interface, 
determinations of spreading pressure (P = yO-y) vs area iso- 
therms and the limiting area per molecule for HDNNS were 
made using a Langmuir trough apparatus (Cenco Hydrophic 
Balance). Samples of the sulfonic acid dissolved in hexane (- 
12 ~1 of 6 x IO-’ mol drnse3) were dispensed slowly onto the sur- 
face of an aqueous phase (ionic strength 0.S mol dm-’ (KNOs)) 
using a chromatographic syringe and the hexane was allowed to 
evaporate prior to measurement. Measurements were made by 
slow, stepwise compression of the surface material. All 
measurements were conducted at room temperature. 

RESULTSANDDISCUSSION 

Figure 1 shows the results obtained for the hexanelwater 
interfacial activitv of HDNNS from interfacial tension data. Bv 
using the Gibbs adsorption isotherm in the form 

1 I dy _=_-- 
A 2.3RT d log C 

where A is the effective interfacial area occupied by an HDNNS 
molecule, y is the interfacial tension and C is the bulk organic 
phase concentration of HDNNS, values for A (area in AZ/mole- 
cule) can be obtained at any value of C. The results of the 
application of eqn (1) to Fig. 1 were used to construct the 
spreading pressure (n) vs. area isotherm shown in Fig. 2. 
Spreading pressure is defined as ~~-7, where y0 is the interfacial 
tension in the surfactant-free system. The curve gives a limiting 
area/molecule (A, 
approximately 40 8. 

of 38A* in agreement with the A,, value of 
* determined at the toluenelaqueous inter- 

face by Chiarizii et al? 
The r versus area plot obtained with the air/water film balance 

is also shown in Fii. 2. According to this figure, the liiiting area 
for HDNNS at the air/water interface is about 1001(*. Using a 
diierent technique (measurement of the surface area of a 

monomolecular layer on water made visible by lycopodium), van 
Dalen et al.’ have reported a value of 95 ?7A2 for the inter- 
facial area of an HDNNS molecule at the air/water interface. 

-7 -6 -5 -4 

log [HDNNS] 

Fig. 1. Interfacial tension versus log[HDNNS] (moldmm3) iso- 
therm at the hexanelwater interface. (0.5 mol dm-’ KNO,; pH 2.5; 

25°C). 

T 

(mN mm’) 

loo I50 

Area, 8* 

Fii. 2. Spreading pressure (II) versus area isotherms at the 
hexanelwater interface (O/W) and the air/water interface (A/W). 

(Aqueous phase: 0.5 moldm-"KNO3;pH 2.5;25'C.) 
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The different values obtained for the interfacial areas at the 
air/water and the oil/water interfaces in identical aqueous sys- 
tems indicate that HDNNS molecules are oriented differently at 
the two interfaces. The 100 A2 value for the air/water system 
suggests that the bulky dinonylnaphthalene group is lying adjacent 
to the aqueous phase at the air/water interface rather than being 
extended perpendicularly, if an or anic phase were present. On 
the other hand, the value of 38 k for HDNNS at the hex- 
ane/water interface indicates that HDNNS is oriented per- 
pendicularly to the interface with the alkaryl group extended into 
the organic phase and the sulphonic acid group extended into the 
aqueous phase. HDNNS is known to hydrate extensively$ in- 
dicative of the favourable energy situation if the (- SO,-) group is 
hydrogen bonded. 

In inverse micellar systems, the surfactant aggregate is in the 
organic phase and is known to contain an aqueous core.2*3 
Thus the inner micellar surface is actually an organic/aqueous 
interface and any physical properties of the surfactant molecule 
would probably reflect organic/aqueous interfacial characteris- 

*Author to whom correspondence should be addressed. 

tics. Therefore, in treating HDNNS micellar systems, the 
organiclaquous interfacial area is the appropriate quantity to use. 

Acknowledgement-This work was supported by the National 
Science Foundation under Grant Nos. ENG76-82141 and 
CPE 8110756. 

MARK E. KEENEY 
K. OSSEO-ASARE* 

Departments of Mineral Engineering and 
Mkerials Science and Engineering 
The Pennsvlania State University 
Uniuersity’Park, PA 16802 . 
U.S.A. 

REFJtRENCFS 

‘K. Osseo-Asare and M. E. Keeney, Met. Trans. B. 1980, llB, 63. 
‘R. Chiarizia. P. R. Danesi, G. D’Afessandro and B. Scuppa, I. 
Inorg. Nucl.. Chem 1976,38, 1367. 

__ 

‘A. van Dalen. K. Gerritsma and J. Wiikstra. 1. Colloid Interface 
sci 1974,48,‘122. 

_ 

4P. R. Danesi, R. Chiarizia and G. Scibona, J. Inorg. Nucl. Chem. 
1973,35,3926. 



Polyhedron Vol. I. No. 6. pp. 543-548, 1982 D277-5387/82/WO~M6t03.m10 
Printed in Great Britain. Pagamoo Press Ltd. 
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ABSTRACT 

The coordination chemistry of 2,6_pyridinedicarboxaldehyde (Dial) has 

been recently reported'. The Schiff base derived from Dial and o-amino- 

benzenethiol has also been reported and its reactions with transition metal 

ions have been investigated2. The condensation product derived from Dial 

and o-aminobenzenethiol rearranges into a poly-heterocyclic compound, 

2,6-(dibenzothiazol-2-yljpyridine (DBTP). We now report on the synthesis 

and reaction of DBTP with some transition metal ions. 

EXPERIMENTAL 

2,6-(Dibenzothiazol-2-yl)pyridine (DBTP): This ligand was prepared by two 

routes: 

a) The method of Livingstone and Nolan3 whereby a mixture of 2,6-lutidine 

and iodine with dimethylsulfoxide was treated with o-aminobenzenethiol; 

yield: 9%. 

b) The condensation of Dial with o-aminobenzenethiol: To a solution of 

Dial' (1.00 g, 7.4 mmole) in ethanol (12 ml), o-aminobenzenethiol 

(4.35 g, 35 mmole) was added. The mixture was refluxed for 2+ hrs, 

then left to stand overnight at room temperature. A pale yellow 

precipitate was formed. It was recrystallized from chloroform. Yield: 

1.6 g, 49%. M.P. 275-277O (lit. 273-275j3. Anal. calcd for C18H11N3S2: 

C, 66.1; H, 3.3; N, 12.2; S, 18.5. Found: C, 65.9; H, 3.3; N, 12.0; 

S, 18.6. No band occurred between 2300 and 2800 cm -1 in the spectrum 

(the region containing the v S-H). 

Reactions of DBTP With Metal Ions: Except for RuC13. 3H20, the reactions of 

DBTP with various metal ions were carried out by the following general 

procedure: 

A solution of DBTP (0.230 g, 0.67 mmole) in hot chlo;_oform (40 ml) was 

added to a stirred solution of the metal salt (0.67 mmole) in hot ethanol 

(lo-15 ml). The product which separated was filtered off, washed with hot 

chloroform, hot ethanol and ether, respectively. It was dried in vacua over 

'2'5. 
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The above general method was thus applied to the reactions of 

CuCl*. 2H20, CuBr2, FeC13.6H20, Ni(C104J2.6H20, Pd(C6H5CNJ2C12, ZnC12, 

HgBr2, HgC12, Co12. 2H20, RhC13.3H20 and AgC104. 

In the case of RuC13. 3H20, a solution of DBTP (0.230 g, 0.67 mmole) 

in hot dioxane (60 ml) was added to a solution of the metal salt (0.176 g, 

0.67 mmole) in hot ethanol (20 ml) and the reaction mixture was refluxed 

for 2 hrs. The brownish-black precipitate that separated was filtered 

off, washed with hot dioxane, hot ethanol and 

then dried in vacua over P205. 

Elemental analyses were run by Pascher, 

Bonn, W. Germany. 

ether, respectively. It was 

Mikroanalytisches Laboratorium, 

The infrared spectra were recorded using a Perkin-Elmer 621 Grating 

Spectrophotometer. Potassium bromide pellets were used. 

The melting points were taken using a Mel-Temp apparatus and are 

uncorrected. 

RESULTS AND DISCUSSION 

It is well established now that the condensation of o-aminobenzenethiol 

with an aldehyde does not normally lead to the isolation of the correspon- 

ding Schiff base but rather a benzothiazoline or its oxidation product, a 

benzothiazole. Benzothiazoline may rearrange to the Schiff base in a basic 

medium3. 2,6-(Dibenzothiazole-2-yljpyridine (DBTP) I, originally reported 

by Livingstone and Nolan was synthesized by them by the condensation of 

o-aminobenzenethiol with 2,6_pyridinedicarboxaldehyde (Dial) which was 

prepared in situ by the facile reaction of 2,6-lutidine with iodine in 

DMSO. We improved the yield appreciably (from 10% to about 50%) by the 

condensation of o-aminobenzenethiol with presynthesized Dial'. The 

isolation of Dial from the 2,6-lutidine-I2 reaction mixture was not 

possible. 

a s\ JL 0 

0 

2 
// N c\ D 0 

N N 

I 

DBTP reacted with several metal salts: the products are listed in 

table I; their elemental analysis are listed in table II. 



Metal Salt 

CuC12.2H20 

CuBr2 

FeC13.6H20 

Ni(C104j2.6H20 

Pd(C6H5CNJ2C12 

ZnC12 

RuC13.3H20 

HgBr2 

HgC12 

Co12.2H20 

RhC13.3H20 

AgC104 

Notes 

Table I 

Reactions of DBTP With Some Metal Ions 

Product 

cu(~~TP)cl~.H~o 

CU(DBTP)B~~ 

Fe(DBTPj2C13.H20 

Ni(~BTP)~(c104)~. 

2H20 

Pd2(DBTP)C14 

Zn(DBTP)C12 

Ru(DBTP)C13.C2H50H 

Hg(DBTP)Br2 

Hg(DBTP)C12 

CO(DBTP)12 

Rh(DBTP)C13.2H20 

Ag(DBTP)C104 

Color 

Yellow 

Yellow 

Orange 

Pale-Yellow 

Brown 7360 78 

Pale-Yellow >360 81 

Brownish-Black >360 70 

Pale-Yellow 322-324 74 

Pale-Yellow 326-331 69 

Brown )360 72 

Yellow >360 77 

Pale-Yellow 311-313 73 

M.P. Oc 
with 

decomposition 

245-248 

>360 

283-285 

253-257 

545 

% Yield 

71 

63 

62 

92 
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Table II 

Elemental Analyses of DBTP-Metal Complexes 

Compound 

Cu(DBTP)C12.H20 

Cu(DBTP)Br2 

Fe(DBTP)2C13.H20 

Zn(DBTP)C12 

Co(DBTP)12 

Ag(DBTP)C104 

pd,(DBTP)C14 

Ru(DBTP)C13.C2H50H 

Rh(DBTP)C13.2H20 

Calcd 45.80 2.63 8.44 12.88 14.24 

Found 45.65 2.52 8.09 13.01 13.68 

Calcd 40.12 1.95 7.39 11.27 28.15 

Found 39.82 1.98 7.40 11.80 27.84 

Calcd 52.40 2.81 9.60 14.70 12.21 

Found 52.50 2.63 9.52 13.78 12.60 

Calcd 46.35 2.66 8.54 13.00 7.20 

Found 45.86 2.54 8.08 12.91 6.92 

Calcd 47.37 2.30 8.72 13.31 14.72 

Found 47.08 2.21 8.42 13.30 15.00 

Calcd 36.99 1.80 6.81 10.39 11.49 

Found 37.07 1.80 6.94 9.96 11.49 

Calcd 32.33 l.57 5.95 9.08 22.64 

Found 32.32 1.56 6.00 8.88 22.01 

Calcd 34.67 1.68 6.39 9.74 38.56 

Found 34.72 1.73 6.37 9.74 37.96 

Calcd 41.28 2.00 7.60 11.60 6.41 

Found 41.38 2.07 7.60 11.33 7.32 

Calcd 32.60 1.58 6.00 9.16 20.26 

Found 33.20 1.60 6.00 9.40 19.98 

Calcd 42.11 2.86 7.02 10.55 17.76 

Found 42.41 2.82 6.85 11.60 17.90 

Calcd 38.63 2.56 7.11 10.85 18.01 

Found 37.76 2.28 7.20 10.26 17.47 

C H N X Metal 

12.76 

12.71 

11.17 

10.86 

6.41 

6.60 

5.96 

6.40 

13.57 

13.28 

19.52 

19.89 
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The ligand reacted readily upon mixing with most of the ions reported. 

Some required refluxing for 2-3 hrs. The complexes are practically 

insoluble in water or common organic solvents. They are slightly soluble 

in DMF and DMSO. 

The IR spectra of the complexes differed only slightly from that of 

the ligand. The presence of H20 in some of the complexes is confirmed by 
-1 

the appearance of VO-H in their IR spectra around 3400-3440 cm . The 

band characteristic of uncoordinated perchlorate ion appeared at 1090 and 

1080 cm-l in the Ni(I1) and Ag(1) complexes, respectively. 

Although the ligand is potentially tridentate, it may very well 

behave as a mono- or bidentate, especially since the three donor nitrogen 

atoms are not equally basic. The pyridyl nitrogen is a stronger donor 

than the other two benzothiazole nitrogen atoms. Thus, the complexes 

Zn(DBTP)C12, Hg(DBTP)C12 and Hg(DBTP)Br2 are most likely tetrahedral 

with DBTP behaving as a bidentate ligand bonded to the metal atom through 

the pyridyl and one of the benzothiazole nitrogens. The ligand may be 

bidentate resulting in tetracoordinate Cu(DBTP)Br2 and Co(DBTP)12 or 

tridentate resulting in the complexes being pentacoordinate. 

has been previously reported3 

Co(DBTP)Br2 

to be five coordinate. The octahedral 

complexes Cu(DBTP)C12. 2 H 0, Fe(DBTP)2C13.H20, Ni(DBTP)2(C104)2.2H20, 

Ru(DBTP)C13.C2H50H and Rh(DBTP)C13. 2H20 are most likely octahedral, 

involving the ligand as a tridentate. The palladium(I1) complex, 

Pd2(DBTP)C14 involves Pd-Cl-Pd bridges as suggested in II. 

'Pd' 

/\ 
Cl Cl 

II 

The IR spectrum showing two medium bands 

to terminal and bridging Pd-Cl, respectively, 

at 335 and 260 cm 
-1 

assigned 

supports structure II. 



Notes 

Since the condensation of Dial and o-aminobenzenethiol did not 

afford the Schiff base III, we tried to prepare it by effecting the 

III 

condensation in a basic medium. No Schiff base was obtained. Attempts 

to react metal salts with a mixture of Dial and o-aminobenzenethiol in a 

basic medium resulted in the isolation of the metal complexes of the 

o-aminobenzothiazolate ion. Thus, palladium(I1) afforded bis(o-amino- 

benzenethiazolate)palladium(II). It was identified by comparison of its 

properties with authentic sample prepared by a known method'. 
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1,2,3,4_Tetraphenylbutadiene 
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Abstract. The reactions of 1,4-dil.ithio-1,2,3,4- 

tetraphenylbutadiene with indium(II1) species have 

been investigated. The neutral compound InC13.3py 

(py = pyridine) yields the pyridine adduct of a 

cycle-C41n-Cl molecule; with InC14-, the Spiro anion 

[C41nC41- is obtained. It was not possible to detect 

any indium(1) or (II) derivatives in the decomposition 

products of these compounds. 

INTRODUCTION 

Alkyl and aryl derivatives of indium(II1) are well known, and we now 

report the first synthesis of two related compounds containing the unsaturated 

C41n heterocycle. The preparation of organometallic heterocyclic molecules 

formally derived by the ring closure of tetraphenylbutadiene onto a hetero 

atom was first described some years ago, 1,2 and synthesis via the dilithiated 

diene has been carried out with a variety of elements. It is appropriate to 

note here that the only reported derivative of a Group III element is 

(C6RS)4C4~6RS; there are references to a thallium(II1) compound, but no 

experimental details have been published. The present work has yielded the 

neutral (C6HS)4CInCl,as the 1:l adduct with pyridine, and the Spiro anion 

[(C6H5)4C41nC4(C6H,)41 , as the tetraphenylarsonium salt. The latter compound 

reacts smoothly with two moles of maleic anhydride. 

In addition to the synthetic problem, the decomposition of this type 

of indium heterocycle is of interest as providing a possible route to organo- 

indium(1) compounds, few of which are known. Although Neumann and co-workers3 

have reported the generation of free stannylenes R2Sn by the decomposition of 

Diels-Alder derivatives of the corresponding tin(IV) compound, we were unable 

to identify any analogous reactions with the indium compounds prepared in 

this work. 

* 
Author to whom correspondence should be addressed. 
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EXPERIMENTAL 

General 

Indium(II1) starting materials were prepared by standard methods. 

Other materials were used as supplied: solvents were dried over sodium or 

calcium hydride before use. All experiments were carried out in an atmosphere 

of dry nitrogen. 

Analytical methods and spectroscopic procedures were as described in 

previous papers. 
4 

Preparative 

(i) 1,4-dilithio-1,2,3,4_tetraphenylbutadiene (I_). A slight excess 

of lithium metal was added to a solution of diphenylacetylene in diethylether. 

The mixture was stirred for ca. 6 h, at which time a yellow suspension separ- 

ated from a red liquid. This suspension was used without further treatment. 

(ii) Chloro(pyridine)(l,2,3,4-tetraphenyl-l,3-butadiene-l,4-diyl) 

indium(I2). A preparation of &made from 1.25 g (7 mmol) diphenylacetylene 

in 20 mL diethylether was diluted to 100 mL; 1.60 g (3.5 mmol) of indium(II1) 

chloride tris-pyridine5 (InC13.3py) was added, and the mixture stirred for 

30 h. The yellow product was collected and recrystallised from methylene 

chloride/petroleum ether. Yield 1.02 g, 50%, based on InC13.3py. 

Found: C, 66.0; H, 4.5: N, 2.2: In, 19.8; Cl, 6.5. C33H25NC11n requires: 

C, 67.6; H, 4.3; N, 2.4; In, 19.6; Cl, 6.1%. The 1H nmr spectrum in CD2C12 

was a set of complex multiplets at 6 6.6 - 8.6 ppm. 

(iii) Tetraphenylarsonium bis(tetraphenyl-1,3_butadienylene)indate(-1) 

(I&I). A suspension of A from 4.93 g (27.7 mmol) of diphenylacetylene was 

treated with 4.46 g (6.92 mmol) of tetraphenylarsonium tetrachloroindate(II1) 
6 

for 48 h. The yellow insoluble product was recrystallised from dichlorometh- 

ane/petroleum ether. Found: C, 79.0; H, 5.1; In, 9.6. 

C, 79.3; H, 5.0; In, 9.5%. The 
1 

C80H60AsIn requires: 

H nmr spectrum (CD2C12) consisted of multi- 

plets at 7.45 - 7.80 ppm (C6H5 of cation) and 6.75 - 6.90 ppm (C6H5 on C41n 

ring), with.the integrated intensity ratio 1:2. Yield 5.1 g, 61%. 

(iv) Reaction of II_I with maleic anhydride. A solution of maleic 

anhydride (0.14 g) in 20 mL of dichloromethane was slowly added to 0.87 g 

(0.7 mmol) of I& in the same solvent. The red solution which immediately 

formed was stirred overnight; solvent was then partially removed and petro- 

leum ether was added, throwing down the Diels-Alder adduct in quantitative 

yield. Found: In, 8.3. C88H6406AsIn requires: In, 8.2%. 
1 H nmr spectrum 

(CD2C12); 6 0.75 - 1.5 multiplet (sp3C-H); 6.75 - 6.90 multiplet, (C6H5 on 

C41n ring); 7.45 - 7.80 multiplet,cation. The integrated ratio of phenyl 

proton to C-H was 16:l (Calc. 15:l). 
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DISCUSSION 

The reaction between F and InC13.3py or InC14- proceedssmoothly, if 

slowly, under the conditions described to give the products 12 and I&I. Com- 

pound 2 did not yield identifiable products with uncomplexed indium(II1) 

halides, giving rather a complicated mixture which we were unable to resolve. 

Similar conclusions applied to the reaction between & and CH3InC12. We suggest 

that these difficulties arise because of the dimeric structure of these 

indium(II1) species in solution' 

R\,“jX\ ,“jR 
x/ lx’ ‘x 

R = X,CH3 

which results in the presence of a number of pairs of halogens which can be 

eliminated by reaction with the 1,4_dilithiotetraphenylbutadiene, giving a 

variety of different products. The use of the mononuclear InC13.3py, or of 

InC14-, obviates such difficulties. 

The characterisation of the products depends on elemental analysis, on 

lH nmr, and in the case of the Spiro anion 1s on 13C nmr, which shows the 

predicted fourteen line spectrum in the region 151.6 - 121 ppm. We have not 

attempted to assign these resonances, but note that for the structure shown 

below one expects four resonances from the cation phenyl groups, two from the 

C41n rings and eight from the two different types of phenyl rings attached to 

the C4In rings. The reaction of Ig with two moles of maleic anhydride is also 

consistent with the structure proposed, which is isolectronic with that of the 

compound Sn[C4(C6H5J412 reported earlier. 
3 

The structures are then 

Ph 
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Ph 

ph+f’n*ph 
. 

As noted in the Introduction, Diels-Alder decomposition 

did not yield any identifiable products, and these compounds do 

represent synthetic routes to organoindium(1) species. 

of I,I or 1s 

not therefore 
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SYNTHBSIS M ALKALI OXYDIPK:HOXYFLUOROVANADAT.KS(V) 

i4.K. CHAUDHUR? and S.K. GHOSH 

Department of Chemistry, North-Baetern Hill University, 

Shillong 793003, India 

Abstract- The reaction of vanadium pentoxide with hydrogen peroxide 

In an alkaline medium In the presence of alkali fluorides AP (A = NH4, Na, 

K, Rb or Cs) gives alkali oxydlperoxyfluorovanadates(V), A2 L?O(O,),FJ 

in very high yields. Characterlsation of the oompounds wae made from the 

results of chemical analyses , magnetic susceptibility measurements end 

i.r. speotral studies. IR spectrometry showed the peroxy ligands to 

be triangular bldentate. 

INTRODUCTION 

Although there has been a co:tped interest In the study of 

peroxyvanadium(V) chemistry, - the synthesis, characterisatlon and 

structural assessment of peroxy and mixed peroxyvanadlum(V) compounds 

have received relatively less attention to date. This is presumably 

owing to the uncertain nature of peroxyvanadlum(V) in solution of 

varying pH. Ae a sequel of our studies mainly aimed at the synthesis 

of fluoro compounds of transition metals, 7-9 we undertook the synthesis 

of peroxyfluorovenadium(V) compounds. The present paper reports the 

first general aynthesie of the title compounds along with their 

characterisation. 

EXPPRIN.ENTAL 

Vanadium pentoxide, alkali metal fluorides and hydrogen peroxide 

were reagent grade products. Infrared spectra were recorded on a 

Perkin-Elmer model 125 speatrophotometer. Magnetio measurements were 

carried out by Gouy method ualng Hg L_Co(NCS)4J as the callbrant. 

Synthesis of alkali oxydiperoxyfluorovanadates(V) 

A2L-V0(02)2FJ (A = NH4, Na or K) - A finely mixed powder of 

vanadium pentoxide (5.5 mmol) and alkali metal fluoride, AF (11 mmol) 

wae dissolved in 95 hydrogen peroxide (79.4 mmol) by slightly 

sJarmlng over a steam-bath and a red solution was obtained. A concentrated 

solution of the corresponding alkali hydroxide (50 mmol) was slowly 

added with constant stirring whereupon the solution became yellow. 

An excess of alcohol was added to the solution with stirring until 

an yellow coloured microscrystalline product was obtained. The 

reaction container was then cooled In an ice-bath for ~8 40 min. 

The compound was separated by centrlfugation and purified by washing 
with alcohol and finally dried in vacua over phosphorous pentodde. 

The yields of (NH4)2 i%(02)2F_7, Na2 L-VO(02)2FJ and K*L-VO( o~)~FJ 
were 1.6g (78%), 1-Q (84%) and 2.1g (84s) respectively, 

553 
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The Rb2LWV0(02)2FJ and Cs2 [VO( 02)2FJ compounds wore prepared 

in a manner similar to that desoribea above, however, the solution of 

V205 (5.5 mmol) and AF (A P Rb or Ca) ( 1 I mmol) in 9s hydrogen peroxide 

(79.4 mmol) was made alkaline by the addition of 25% solution of 

ammonium hydroxide (50 mmol). The yield of Rb2L-vO( 02)2Fl was 

2.6g (745) and that of CS~L-VO(O~)~F_~ was 3.5g (77%). 

Table 1. Analytical data and structurally significant 

1.r. bands of A2L-VO(02)2FJ (A o NH4,Na,K,Rb or Ca) 

compound 

(w4)2LirO(02)2F~(154:~~) 27.7 34.2 10.1 a 
(27.40) (34.41) (10.22) 98;;; v-o 

885s 3 ;O-o- 

472s V-F 

ii&?VO( O2 1 2F_7 23.6 26.2 
(23.47) (26.01 ) &:;6) Zo) 

935s ?+. 
8808 
835s 1 ;O-o- 

474s V-F 

K2L-VO( O2 1 2F,J 
iZ9) 

22.6 
(22.33) (Z4) G3) 

470s V-F 

ib2L-VO( 02)2FJ (‘5;0;~) 16.1 19.7 
(15.88) (19.94) 

970s gv_o 
. 8850 

::x 
3 go-o- 

V-F 
-- 
C s,L-VO( O2 ) 2FJ 63.7 12.4 15.1 

(63.94) (12.25) (15.39) Z7) 
945s qv_C 

,“:,“:i $0-O- 

476a V-F 

-a Calculated values in parentheses, b Peroxy oxygen, ’ Analysis for N. 

HESULTS AND DISCUSSION 

It has long been recognlsed that vanadium forms yellow dlperoxy- 

vanadate(V) in alkaline medium 10 ana is converted to red monoperoxy 

species in acidic solution. 5 The reaction of V205 with alkali fluoride, 

AF and hydrogen peroxide In an alkaline medium gave alkali oxydiperoxy- 
fluorovanadates(V), A2 L-VO(O,>,FJ in very high yields. A report on the 

synthesis of K,L-VO(U~)~FJ appeared 11 while our work was in progress. 

However, the reaction condition of the present synthesis is different from 

the one previously reported .’ ’ An alkaline condition Is found to be more 

conducive to the synthesis. 
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The Ad-VU(02)2FJ compounds are eJ.1 yellow coloured mlcro- 

crystalline products. They are soluble In water with slow decomp>sition. 

Estimation of peroxide content 12 showed the presence of two peroxy 

groups in each of the compounds. This result and the diamagnetic nature 

of the compounds suggest that the complex ion contains two peroxy groups 

per vanadium atom and that the vanadium has an oxidation state of +5. 

The occurrence of sharp vibrations around 88Ocm-' (Table 1) in the 

IR spectra of the compounds Imply the presence of triangularly bonded 

peroxy ligands, and in keepln,, D with this there are two readily identifiable 

3(-O-O-) bands at 9 895 and It c 870 cm" [cf. the an,alysis of 3(-O-O-) 

in transition metal complexesJ.' $ Another characterlstio feature of the 

spectra is the absorption at 935-970 cm -1 , which has been aRslqned as the 

a(V-0) mode of terminal V-O multiple bonds.9'14*15 The strong absorption 

at 470-480 cm" , in each spectrum, hau been assigned aa thea(V-?) mode 

owing to the presence of F- ligand bonded to vanadium(V) centre uld compare 

very well with those observed for many fluorovanadate species. 9,16,17 
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COMPLEXES OF N-BENZOTHIAZOLYL-N’-ALKYL THIOUREAS 

(Received 5th August, 1982) 

NT-substituted N-benzothiazolyl thioureas are of great biological and chemi- 

cal interest [l-31. Investigations on transition metal complexes have been 

carried out with the N’-phenyl derivate [4,5]. The ligand acts as a bidentate 

donor with nitrogen (from thiazole) and sulfur (from thiourea) as coordinating 

cent rcs . 

EXPERIMENTAL 

Synthesis of the ligands 

Equimolar amounts of Z-aminobenzothiazole and methyl (ethyl) isothiocyanate 

in pyridine were refluxed under NZ for 3 hrs. After cooling to 30°C the 

reaction mixture was added to 10% HCl, the precipitated product was filtered 

and recrystallized from aqueous ethanol (ethyl (BETU): m.p. 198’C; methyl 

(BMW): m.p. 209’C) (61. 

rreparation of the complexes 

A solution of the appropriate metal acetate (0,001 mol) (Cu, Ni, Co, Cd, Zn) 

in methanol was added to a hot methanolic solution of the ligand (0,003 mol). 

The copper complexes precipitated at once, the other compounds were obtained 

by concentrating the solutions on a water bath. The solids were filtered, 

washed with ether and dried in vacua. 

Analysis and physical measurements 

Sulfur was evaluated as sulfate by titration with barium perchlorate. Ana- 

lysis of C,H and N were performed at the Institut of Organic Chemistry, Graz. 

The IR spectra were recorded on a Perkin-Elmer SBOB, the UV/VIS measurements 

were carried out with a Perkin-Elmer Lambda 3 and a Zeiss PMQ 3 spectrophoto- 

meter. Thermograms in nitrogen atmosphere were obtained using a Mettler 

Therm0 Analyser with samples of approximately 15 mg and a heating rate of 

6’C/min for all runs. Conductivities were measured with a Metrohm 

conductometer. 

RESULTS AND DISCUSSION 

‘The complexes isolated are listed in Table 1 with their analytical data. 

Electronic spectra and conductivity data 

All measurements were carried out with 5. lOa M ethanolic solutions. Never- 

theless the very slow solubility of the copper complexes precluded their 

solution spectra. To investigate the equilibria conditions in the solutions 

sets of spectra were recorded for constant metal and various ligand concen- 

trations. The occurence of an isosbestic point for each compound indicates 

that only two species in equilibrium are present over the appropriate range 

of conditions. Plots of Job’s curves at several wavelengths confirm the 

formation of 1: 2 complexes 171. 

551 
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Table 1. Characterisation data of the metal complexes 

de camp . h c) 
Compound Colour C (%) H (%) N (%) s (%) 

m 

temp.OC (Q 
-1 -1 

cm’mol ) 

Cu(BMTU) 2 

Co (BMTU) 2 

Ni(BMTLJ)2 

Cd(BMTlJ) 2 

Zn(BMTU) 2 

Cu(BETU) 2 

Co (BETU) 2 

Ni (BETU) 2 

Cd(BETU) 2 

Zn(BETU) 2 

green 

bluish 

brown 

yellow 

white 

green 

bluish 

brown 

yellow 

white 

43,04 3,28 
42,93 3,20 

43,87 3,33 
42,95 3,20 

39,24 2,93 
38,81 2,90 

42,92 3,18 
42,35 3,14 

44,62 3,83 
44,80 3,76 

45,04 3,79 
45,19 3,79 

45,77 3,87 
45,21 3,79 

41,61 3,so 
41,06 3,45 

44,84 3,85 

16,42 25,39 
16,54 25,24 

16,70 25,63 
16,69 25,47 

16,94 25,73 
16,70 25,48 

14,80 23,41 
15,09 23,03 

16,70 25,12 
16,47 25,09 

15,90 24,12 
15,67 23,92 

15,79 24,35 
15,81 24,13 

16,09 24,32 
15,82 24,14 

14,52 22,27 
14,36 21,92 

15,57 23,90 

174 23 

250 24 

242 19 

193 22 

177 23 

204 

226 

23 

24 

222 21 

208 21 

204 24 

al found values b) calculated values c) lo-3 M in DMF, 25’ C 
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Table 2. Selected IR bandsa) (in KBr) 

Compound v (N-H) thiazol I thiazol II N-C=S II N-C=S III 

tv (C=N)l N-C& i 

BMTU 

Cu(BMTU) 2 

Ni(BMTU) 2 

Co(BMTU) 2 

Cd( BMTU) 2 

Zn(BMTU) 2 

BETU 

Cu( BETU) 2 

Ni(BETU) 2 

Co(BETU) 2 

Cd( BETU) 2 

Zn( BETU) 2 

3180 st,sp 
3050 st,sp 

3450 st,sp 
3380 st,sp 

3400 m,b 
3220 st,sp 

3380 st,sp 
3270 m,b 

3200 m,b 
3060 m,sp 

3260 m,b 
3095 m,sp 

3180 st,sp 
3020 st,sp 

3400 m,b 
3200 w,b 

3340 st,sp 
3060 w,b 

3380 m,b 
3030 w,b 

3420 st,b 
3180 w,b 

3315 st,sp 
3040 m,sp 

1600 sp 

1579 sp 

1582 sp 

1587 m 

1590 sp 

1591 sp 

1597 sp 

1595 sp 

1580 sp 

159’0 sp 

1592 sp 

1590 st 

1510 st,sp 1351 m 

1480 st,b 1310 st 

1480 st,b 1310 st 

1480 st,b 1309 st 

1475 st,sp 1333 st 

1477 st,b 1330 m 

1525 st,sp 1379 St 

1473 st,sp 1340 st 

1475 st,b 1340 st 

1480 st,sp 1337 st 

1485 st,sp 1350 st 

1495 st,b 1345 st 

1230 st,sp 

1180 st 

1183 st 

1190 m 

1180 m,sp 

1195 m 

1205 st 

1180 m,sp 

1178 st,sp 

1172 st,sp 

1175 sp,m 

1178 st 

a) st - strong, m - medium, w - weak, sp - sharp, b - broad 

v - stretching vibration 
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Effective stability constants were determined by the method of equimolar 

dilution [ 81. According to the stability series of Irwing and Williams [9lthe 

stability of the complexes increase namely in the order Zn < Cd < Ni * Co. 

The low conductivity data indicate that the complexes are non-electrolytes. 

Thermogravimetric study 

All thermograms show constant loss of weight without defined steps from the 

decomposition temperature up to 75O’C. Analysis of the resulting products 

gave non stochiometric ratios of metal, carbon and sulfur. 

Considerations about the dependence of the thermal stability of metal com- 

plexes on their stability in solution have been carried out earlier [lo]. In 

our study the order of thermal stability is different from spectroscopic data 

and increases as follows : Cu < Zn < Cd < Ni < Co. Moreover the stability 

sequence is exchanged for Ni and Co. The decomposition temperatures are 

listed in Table 1. 

IR spectra 

From literature it is known that strong vibrational coupling effects 

prevent unambiguous assignments of bands in the spectra of thioureas and thio 

amides. Especially the v (C=S) vibration is often not to be localized [ 11,121. 

However three bands seem to consistently appear and may tentatively designed 

as the ” N-C=S I, II and III ” bands. In the complexes these bands shift to 

lower wavenumbers indicating a weakening of the C=S double bond. The band at 

?r 1600 cm -1 in the ligand spectra corresponding to the ring C=N stretching 

(thiazol I vibration [ 131) occurs slightly at lower frequencies in the com- 

plexes. The v (N-H) vibrations shift to higher wavenumbers with respect to the 

free ligand. These facts suggest that coordination occurs through the basic 

nitrogen of thiazole and the sulfur of the thiocarbonyl group. 

Institut fiir Analytische Chemie 

Karl-Franzens-Universitat Graz 

A-8010 Graz 
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Phenylimido Tungsten(V1) Alkoxides 

By A.J. Nielson and J.M. Waters 

Department of Chemistry, University of Auckland, 

Auckland, New Zealand. 

(Received 3 June 1982) 

There are many examples of early transition metal alkoxides' yet few complexes have been 

prepared which additionally contain the multiply bonded imido function, MENR. Those 

reported to date usually contain the trimethylsiloxy ligand and result from reactions of 

metal halides or oxyhalides with silylamines which incorporate both imido and siloxy 

ligands2. We report here preliminary results of the synthesis of phenylimido complexes 

of tungsten(V1) containing aliphatic alkoxide ligands. 

Reaction of phenylimido tungsten tetrachloride3 with methanol in the presence of 

t 
butylamine leads to a yellow complex analysing as PhNW(OMe)h. An x-ray crystallographic 

determination* shows the dimeric structure (1) with the bridging methoxides trcxns to the 

phenylimido moiety.* The tungsten-tungsten separation is 3.47 & indicating no metal-metal 

interaction as expected for tungsten(V1). 

2) 
OMe P ‘\ 

N 

OMe 
I (4) 
OMe 
3) 

Me3C 

H2N 
/I' 

OR 

/ 
OR 

Me3C 

(2) 

a) R = -CHMe2 

b) R = -CH2CMe3 

(3) 

Figure. Complex (1): W-N, l-65(2) d; W-o(l), 2.04(l); W-0(1'), 2.14(l); W-0(2). 1.92(l); 

W-O(3), 1.97(l); W-O(4), 2.02(l). Complex (3): w-cl, 2.500(4), W-N(l), 1.70(l): 

w-0(2), 1.87(l); W-N(3), 2.40(l); w-o(4), 1.87(l); w-0(5), 1.82(l). 

* Lists of atomic coordinates and bond lengths and angles have been deposited as 

supplementary data with the Editor, from whom copies are available on request. 

Atomic coordinates have also been deposited with the Cambridge Crystallographic 

Data Centre. 
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Other alcohols were reacted by this method, to examine the effect of increasing size of 

ligand on coordination geometry. Thus ethyl alcohol gives a similar complex to (1) but 

samples appear to polymerise on attempted recrystallisation. iso-Propyl or neo-pentyl 

alcohols gave complexes (2a) and (2b), the structures being proposed on the basis of 'H and 

13C nmr spectra. With tbutyl alcohol phenylimido tungsten tetrachloride reacts to give 

complex (3) retaining one chloride ligand, presumably the result of steric constraint 

imposed by the bulky tbutyl groups which surround it. An x-ray crystallographic structure 

determination 
4 
confirmed the amine trans to the phenylimido group and one 

t 
butoxy ligand 

trans to chloride. 

These complexes show that for tungsten(VI), a bridging alkoxide or coordinating amine is 

preferred tra?zs to the phenylimido function. A similar effect has been observed for the 

trimeric 0x0 bridged complex [PhNW(u-0) (Me)2PMe313 which shows a lengthened W-O bond trans to 
3 

the phenylimido group . Thus localised TI donation is possible only for ligands cis to the 

imido moiety, presumably since the multiply bonded function competes more successfully for 

metal dT orbitals than any ligand trans to it. 

References 

1 D.C. Bradley, R.C. Mehrotra and D.P. Gaur, "Metal Alkoxides", Academic Press, 1978. 

2 W.A. Nugent and B.L. Haymore, Coord.Chem.Rev., 1980, 31, 123. 

3 D.C. Bradley, M.B. Hursthouse, K.M.A. Malik and A.J. Nielson, Chem.Commun., 1981, 103. 

4 Crystal data: (1) Triclinic: a = 8.473(7), b = 10.776(5), c = 7.683(3) i, a = 102.26(3), 

8 = 102.68(4), Y = 71.13(S), space group Pi, 2 = 2. MoK, radiation. 

(3) Monoclinic: a = 9.341(2), b = 29.608(7), c = 10.257(2) A, 

8 = 106.28(2)". space group P2l/c, Z = 4, Cu&, radiation. 

Intensity data were collected on an ENRAF-NONIUS CAD-4 diffractometer (decomposition 

occurred during collection for (1)) and the two structures were solved by Patterson and 

Fourier methods. Full-matrix least-squares refinement has returned present values of R 

as .076 (1082 observed data) and .066 (2015 observed data) for molecules (1) and (3) 

respectively. 
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cess was converted to a polymer which was not studied 

further. 3-Methoxy-propene did not yield any isolable 

allylcobalt derivative on similar treatment with zinc 

cobalt carbonyl ; rather, a slow catalytic isomeriza- 

tion to the cis- and trans-isomers of l-methoxy-pro- 

pene was observed : 

CH2=CHCH20Me Zn [Co (W41 2 , CH3CH=CHOMe (2) 

This was considered remarkable because a methoxy group 

normally is a much better leaving group than a di- 

ethylamino group. However, treatment of 3-phenoxy-pro- 

pene with zinc cobalt carbonyl did yield the expected 

ally1 cobalt tricarbonyl. It seems reasonable to cor- 

relate these results with the fact that the affinity 

of zinc for nitrogen donors is greater than that for 

oxygen donors6. Apparently, the coordination of the 

hetero atom to zinc can assist the nucleophilic sub- 

stitution. In the absence of a strong coordination in- 

teraction, as in the case of the ally1 ethers, a much 

better leaving group (Le. phenoxy) is required to 

make the substitution possible. Two mechanisms can be 

visualized for the coordination-assisted nucleophilic 

substitution (1) : 

Et2rJ--CH2CH=CH2 
9 

Et2y-CH2CHyCH2 

1 1 
-.Zn- COG -'O) -Zn- r c:(co)3 

C,CH2-a 
Et2N 

L 
'CH2 

- Zn ~o(CO)~-$~-C~HSCO(CO)~=-B PC~HSCO(CO)~ 

At the moment, we are unable to distinguish between 

these alternatives. It is apparent, however, that both 

the zinc atom and the transition metal group play a 

direct role in this reaction. On the other hand, it 

seems likely that only the cobalt atom is important in 

the isomerization reaction (2). Similar reactions are 

catalyzed by other cobalt compounds, e.g. the isomeri- 

zation of ally1 alcohol to propanal : 

CH2=CHCH20H 
HCo(C0) ) [CH3CH=CHOH]-CH3CH2CH0 

In the propargyl series, a marked difference was again 

observed between ethers and amines. 3-Methoxy-propyne 

and 1-methoxy-2-butyne slowly formed cyclotrimers on 
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refluxing with Zn[Co(CO)4]2 in benzene : 

RCXCH20Me Zn[Co(CO) 412 
or Co2(CO)8 

) 

CH20Me CH20Me 

R @f"""',,H: @IH20Me (3) MeOCH2 

R (3 : 1) R (R=H,Me) 

The zinc atom probably plays no direct role in this re- 

action. Indeed, it was found that dicobalt octacarbonyl 

catalyzes the same reaction more efficiently, giving 

the same ratio of isomers in the product. Cyclotrimeri- 

zation was also observed when 3-diethylamino-propyne 

was refluxed with dicobalt octacarbonyl in benzene. 

When, however, the same amine was treated with zinc co- 

balt carbonyl, the main organic product was a linear 

dimer formed by a very unusual "substitution" of one of 

the hydrogen atoms of an ethyl group bound to nitrogen: 

2 HC=CCH2NEt2 Zn[Co(C0)412, 

Et2NCH2CXCH(Me>N(Et)CH2=CHCH2 (4) 

This unexpected product was characterized by 
1 
H and 13C 

NMR spectroscopy (table 1) and GC/MS. The mechanism of 

this curious reaction has not yet been elucidated. In 

particular, it is not clear why the methylene carbon 

atom of an ethyl group is attacked in preference to the 

usually much more reactive propargylic methylene group. 

It seems safe to state, however, that both metals are 

important in this catalytic dimerization. We are cur- 

rently investigating the mechanism and the scope of the 

reaction. 

Table 1. 'H and 13C NMR data for 

(CH,CH,),NCH,C-CCH(CH3)N(CH2CH3)CH2CH=CH2 
1 2 3 4 5 6 7 8 9 10 11 12 

12 3 4 5 6 7 8 9 

'H 1.11 2.62 3.52 3.84 1.40 2.62 1.11 

13C 13.1 47.6 41.0 78.6 84.1 48.1 21.0 45.1 14.1 

I 10 11 12 (in 6 in 'H C6D6, ppm 

3.43,3.13 

6.01 

5.14,5.34 relative to 

13C 54.5 138.0 116.2 internal TMS) 
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EXPERIMENTAL 

All reactions were carried out in an atmosphere of dry, 

oxygen-free nitrogen. Solvents were carefully dried and 

distilled prior to use. In a typical experiment, 1 g 

(2.5 mmol) Zn[Co(CO),], and 25-50 mmol substrate were 

dissolved in 40 ml benzene. The solution was kept at 

50-80' C (depending on the reaction rate) for lo-100 

hours, and the reaction was followed by 
1 
H NMR spec- 

troscopy. Benzene and volatile components were drawn 

into a cold trap. Dimers and trimers were distilled 

from the reaction mixture at low4 mm Hg. All products 

were identified by NMR and/or GC/MS. 
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ERRATUM 

Elizabeth Gebert, Selmer W. Peterson, Arthur H. Reis, Jr. and Evan H. Appelman, The crystal 
structure of cesium perbromate. J. Inorg. Nucl. Chem. 43, 3085 (1981). 

The bond lengths and angles given in Table 4 are incorrect because of a computational error. A 
corrected Table 4 follows. Bond lengths and angles from Table 4 that are quoted in the body of 
the article are similarly incorrect and should be replaced by the corrected values presented 
here. 

We wish to thank Dr. Dieter Wald of the Justus Liebig Universittit, Giessen, for calling 
these errors to our attention. 

Table 4. Bond lengths and angles based 
on data corrected for absorption 

empirically 

4 (Br-0) 1.610(7)t 
4 (Cs-0) 3.194(7) 
4 (Cs-0) 3.39q7) 
4 (Cs-0) 3.392(7) 
4 (O-O) 2.616(10) 
2 (O-O) 2.654(9) 

Atoms Angles (“) 

2 (0-Br-0) llLq4) 
4 (0-Br-0) 108.7(4) 

tNumbers in parentheses are the 
standard deviations. 
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I. INTRODUCTION 

Carbonylhydridotrfs(triphenylphosphine)rhodium(I) is a Cinderella compound. Although it has proved to 

be one of the most commercially important homogeneous catalysts it has long been overshadowed by 
complexes of lesser importance, 

Its preparation was initially essayed’ in an attempt to isolate a crystalline analogue of tetra(car- 
bonyl)hydridocobalt(I). At that time the cobalt complex was an important catalyst in hydrogenation and 
hydroformylation processes. It is ironic that the useful catalytic properties of the rhodium complex were 
ignored for several years, particularly as it has now virtuahy displaced the cobalt complex as an industrial 
catalyst. However, once the crystal structure of the rhodium complex had been determined interest in its 
properties subsided. 

It was not recognised for some time that the title complex was the true hydroformylation catalyst in 
triphenylphosphine stabilized rhodium(I) systems. The catalyst was successively believed to be 
RhCl(PPh,),Z and truns-RhCl(CO)(PPh,): before it was real&d that these complexes were precursors of 
RhH(CO)(PPh& under hydroformylation conditions. Since its overdue recognition as a very important 
homogeneous catalyst many investigations of its catalytic behaviour, particularly in hydroformylation 
reactions, have been made. This has resulted in a copious patent literature dealing with minor changes in 
operating conditions and catalyst recovery. 

Nevertheless, interest in the catalytic reactions of the complex has never been fully reflected in the 
stoicheiometric reactions of RhH(CO)(PPh3)3. These reactions have been much less studied than those of 
dichlorot@riphenylphosphine)ruthenium(II) or chlorotti@riphenylphosphine)rhodium(Ir which are 
also important homogeneous catalysts. This review will deal with both stoicheiometric and catalytic 
reactions of RhH(CO)(PPh&. 

II. F'RJCPARATION 

Preparative routes to the complex are summarised in Fig. 1. 
The complex was first prepared by reacting hydrazine with trans-carbonylchlorobis(triphenyl- 

phosphine)rhodium(I) in ethanolic solution.’ This is the safest route to the complex. Preparations direct 
from hydrated rhodium trichloride using aqueous formaldehyde as the source of the carbonyl ligand are 
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570 F. H. JARDINE 

RhCI(COWPh312 

ky IVJHaEtoH p Rhc’co’(PPh3)2 

Rh(NO)CI,(PPh,), Hctiz z” co 
q . - RhHKJOWPh,)l- 

EtOH RhH(PPh& 

/ I \ 

91 pph KoH ti\;? 

RhC1,3H,O EtOi HCHO,,,,, 
RhC1,.3H,O 

/ 

RhCl,.3H,O 

Fig. 1. F’reparative routes to carbonylhydridot~s(triphenylphosphine)r. 

best avoided. Reduction of rhodium trichloride by either triphenylphosphine’” or tetrahydroborate’ 
produces hydrogen chloride. In the gas phase hydrogen chloride reacts with formaldehyde to form the 
potent carcinogen bis(chloromethyl)ether.s 

Besides hydraxine reduction of trans-RhCl(CO)(PPh& tetrahydroborate reduction of this complex 
will also yield RhH(CO)(PPhJ3.9 Effectively, trans-RhCl(CO)(PPh& is formed in the reaction between 
hydrated rhodium trichloride, carbon monoxide, and triphenylphosphine; the trans-complex is then 
reduced by sodium methoxide in refluxing methanol.” A similar reduction of Vaska’s compound with 
sodium propoxide requires further reduction with hydrogen before RhH(CO)(PPh,), can be isolated. The 
triethyl-, tributyl-, diethylphenyl-, and methyldiphenylphosphine analogues may also be prepared by this 
method.” 

An alternative to introducing a hydrido ligand into a carbonyl complex is to react either tetrakis- or 
tris(triphenylphosphine)hydridorhodium(I) with carbon monoxide.” It is possible that the reaction 
between hydrated rhodium trichloride, formaldehyde, triphenylphosphine, and sodium tetrahydroborate 
proceeds by this route, since if formaldehyde is omitted RhH(PPh,), is formed.’ 

Most preparative reactions have been carried out in ethanolic solution since RhH(CO)(PPh,), is 
insoluble in this solvent. It has been suggested that preparations on the decagram scale or above are 
preferable since small batches are often impure due to contamination with RhH(PPh&.13 

Preparations from nitrosyl complexes,” or azido or cyanate complexes,15 are not feasible due to the 
inaccessibility of the starting materials. Nor is the tetrahydroborate reduction of [Rh(CO)(PPhJJBF4 
ever likely to become a major preparative reaction.16 

III. PEYsIcAL PRoPERTIEs 

Carbonylhydridotris(triphenylphosphine)rhodium(I) is isolated from ethanol solutions as yellow 
monoclinic crystals. In a nitrogen atmosphere these melt at 172174”; in air, reaction with oxygen lowers 
the melting point to 12&122°?6 

In the IR spectrum of RhH(CO)(PPh& the carbonyl stretch frequency has been reported as 1926’ or 
1918 cm-‘! For the deuterio complex the carbonyl absorption occurs between 1923 and 1954 cm-‘.” The 
weak absorption attributable to the Rh-H stretch has been reported at 2004’ or 2041 cm-1.6 The 
absorption of the Rh-D stretch is obscured by a band due to triphenylphosphine.” 

A similar discrepancy between the two sources is noticed in the T-values reported for the hydrido 
ligand in the high field ‘HNMR spectrum, these being 19.9’ or 19.306 respectively. If the solution is 
cooled to - 30” the exchange of the triphenylphosphine ligands is slowed. The small coupling constant 
(J c 1 Hz) and the splitting pattern imply that the triphenylphosphine ligands occupy equatorial sites in a 
trigonal bipyramidal complex.12 This structure has been confirmed by X-ray crystallography.‘8.‘9 The 
crystals belong to the monoclinic space group P2Jn, and there are four molecules per unit cell. The unit 
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cell has the dimensions 10.11 X 33.31 x 1.33 A. The calculated density of 1.36 g crns3 agrees well with the 
observed density of 1.33 g cmm3. Unfortunately the intensity of the reflections was obtained by visual 
estimation of photographic records. The low accuracy and paucity of the data has required the phenyl 
rings to be treated as rigid hexagonal groups, and only the rhodium atom has been refined anisotropic- 
AY. 

As a consequence the hydrido ligand is difficult to locate. The preliminary report gave the Rh-H 
distance as 1.72 A.‘” In the full report this was corrected to 1.68 A.” The other molecular dimensions are 
essentially the same in both papers and are shown in Fig. 2. 

The uncertainty of the Rh-H distance has been remarked on elsewhere.20 It is diicult to locate the 
hydrido ligand in other rhodium(I) complexes, and the position of this ligand in RhH(PPh& has only 
been inferred?’ Accordingly the exact location of the hydrido ligand in RhH(CO)(PPh& must await an 
improved structure determination. 

The rhodium-phosphorus bond lengths of 2.337, 2.317, and 2.314A are longer than those found in 
many rhodium(I) triphenylphosphine complexes. Thus, in the five coordinate complex 
{RhCl(PPh3)2S02]2 the Rh-P bond lengths are 2.298 and 2.308A.” In RhCl(triphos) [triphos = 
PhP{(CH2)3PPh2}2] the relevant bond lengths are 2.28 A (twice) and 2.201 A;” whilst in 
RhBr(P(C&CH=CH2),} the Rh-P bond is 2.176 8,10ng.~ In RhH(PPh3)3 the bond lengths are 2.262, 
2.274, and 2.316 8, (the last being for the phosphorus trans to hydrogen)?’ In the three coordinate cation 
[Rh(PPh&]+ bond lengths of 2.21 and 2.24 8, have been quoted.= 

Nevertheless, the Rh-P bond lengths found in RhH(CO)(PPh,), agree well with those found for trans 
triphenylphosphine groups in other complexes. Thus in RhCl(PPh& these bond lengths are 2.384 and 
2.338 %i (orange isomer) and 2.315 and 2.327 A (red isomer);% in trans-RhC1(CS)(PPh3)2 the mean bond 
length is 2.336A;n in trans-RhC1(C2F,)CPPh~)2 the bond lengths are 2.347 and 2.370A.= Undoubtedly 
the longer than usual rhodium-phosphorus bonds in RhH(CO)(PPh,), result from the presence of four 
r-acid ligands in the complex. 

Despite being trans to the hydrido ligand, known to have a high truns effect (see RhH(PPh3)t’), the 
F&-C bond in RhH(CO)(PPh& given as 1.81 A’” or 1.829 Al9 is shorter than that found in trans- 
RhCl(CO)(PPh,), (1.86&.).29 It is, however, longer than the Rh-C bond in truns-RhCl(CS)(PPh,), 
(1.787 rr,.” 

The ESR spectrum of RhH(CO)(PPh& shows no trace of any paramagnetic impurity, nor is any 
generated after exposure to air. 3o This may be contrasted with the small quantities of these impurities 
revealed in RhCl(PPh& by this technique.4 

Cryoscopy on solutions of RhH(CO)(PPh& in benzene (m.pt. 5’) or o-xylene (m.pt. - 29”) show the 
complex to be undissociated.31 This is in accordance with NMR studies which show no dissociation of 
triphenylphosphine ligands at the latter temperature.‘2 However, osmometry on benzene solutions of the 
complex, under nitrogen at 38”, indicate extensive dissociation at this temperature.32 The following 
equilibria have been proposed for the system 

-PPh, 

RWCW’Phd, +ppb, fiWW’Ph,h 

-PPh, 
e RhH(CO)(PPh,). 

+pPtq 
(1) 

Lack of change in the frequency of the carbonyl absorption band in solution IR spectra suggests that the 
bis(triphenylphosphine) complex is trans-square planar.” It will be seen later that the dissociation of at 
least one triphenylphosphine ligand is essential to the catalytic activity of the complex. 

H 

2.314 it 
PPh, 

Fig. 2. X-ray crystal structure of carbonylbydridotris(triphenylphosphine)r~. (Redrawn with per- 
mission from S. J. LaPlaca and J. A. Ibers. Acta Cryst. 1%5, 18,511.) 
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RhH(CO)lPPh#t-C6H,S0,Na)), 

1 

RhH(COI(PPh2py), PFMn-C,H.SO,Nal 

\ / 
/ 

RhHfCOI(Ppy,)+=Ph, 

RhH(COI,(PPh,l, RhH(CO)(PPh&P(OCH,),CPr 1 

/ i 

(RhfCO),IPPh,),I, RhH(P(OCH2),CPr), 

Fig. 3. Some triphenylphosphine displaceme;;~~tii of ‘carbonylhydridorris(triphenylphosphine) 

IV. STOICEIEIOMETRIC REACTIONS 

A. Triphenylphosphine displacement 
As was noted in Section III triphenylphosphine ligands are easily lost from the complex in 

solution (eqn 1). A chemical consequence of this reaction is that triphenylphosphine is preferentially 
displaced by neutral ligands. Reactions of this type are summarized in Fig. 3. 

The stepwise replacement of triphenylphosphine ligands is best illustrated by the reactions of 
4-propyl-2,6,5-trioxa-l-phosphabicyclo[2.2.2]octane, 1, with carbonyIhydridotris(triphenylphosphine)- 
rhodium(I). In ethanolic solution at a 1.1: 1 ratio the @and displaces one triphenylphosphine ligand to 
form yellow RhH(CO)(PPh,),{P(OCH,),CPr’) 

RhH(CO)(PPh,), + P(OCHXPr- RhH(CO)(PPh,),(p(oCH3,CPr} + PPh+ (2) 

Under similar conditions excess phosphite ligand 1 displaces the remaining triphenylphosphine lids 
and the carbonyl ligand forming white RhH{P(OCHXP11}~3 

RhH(CO)(PPh3)3 + 4P(OCH&CPr - RhHjP(OCH2)3CPr}., + 3PPh3 + CO (3) 

I 
Pr 
1 

In ethanol at 25” triphenylphosphite also displaces all the neutral lids from RhH(CO)(PPh3)3 to 
form pale yellow RhH(p(OPh)3}d. y Tris(2-pyridyl)phosphine displaces two triphenylphosphine ligands 
from RhH(CO)(PPh,), in benzene solution. Yellow RhH(CO)(PPh,)(p(2-&HH$J),), is the product. 
However, the closely related ligand diphenyl(2-pyridyl)phosphine is capable of displacing all three 
triphenylphosphine ligands from RhH(CO)(PPh,), upon reaction in tetrahydrofuran so1ution.35 

RhH(CO)(PPh,), + 3PhzP(2-C5H4N)-+ RhH(CO)(ph,P(2C,H.,N)]))s + 3PPh3. (4) 

Similar behaviour is observed with the ligands Ph2P(CHJ14P+Me(CH2CHMe&-4-C12H&H,S03-X 
or PPhz(m-C&S03*Na).” Both the RhH(CO)L3 products act as water soluble alkene hydroformylation 
catalysts. Not surprisingly the bidentate ligand Ph2P(CH&PPh2 displaces two triphenylphosphine 
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ligands to yield yellow grey RhH(CO)(PPh&liphos). The latter complex is an active but unselective 
hydroformylation catalyst3’ 

RhH(CO)(PPh,), + Ph2P(CHJ2PPh2- RhH(CO)(PPh,)(Ph,P(CHJzPPh3 + 2PPh,. (5) 

This reaction implies that related complexes, so far unisolated, are formed when RhH(CO)(PPh,), reacts 
with other ditertiaryphosphine ligands. When the ditertiaryphosphine is chiral, the resulting complexes may 
function as homogeneous chiral catalysts (see Section VILC). Substitution of a triphenylphosphine ligand 
may also be accomplished by using resin bound tertiary phosphines3P-46 

RhH(CO)(PPh,), + %-PPhz - ‘LX-PPh,RhH(CO)(PPh,), + PPh3. (6) 

The complex may also be bound to phosphinated silica supports in an analogous reaction!’ These 
bound complexes function as heterogenised catalysts. The displacement of triphenylphosphine by 
carbon monoxide is better dealt with in Section VII which covers hydroformylation reactions. 

B. Hydride @and reactions 
In some instances the hydrido ligand reacts preferentially. In many of these reactions (Fig. 4) a 

triphenylphosphine ligand is also lost and four coordinate complexes result. 
The complex is eventually destroyed by t-butyl hydroperoxide, but the order of ligand loss is 

hydrido, triphenylphosphine, and finally carbonyl.” 
Triazenido complexes are precipitated by the addition of methanol after the reaction between 

carbonylhydridotrls(triphenylphosphine)rhodium(I) and lJ-diaryltriazenes 

RhH(CO)(PPh,), + ArNNNAr 
MeocH~CH~OH 

’ Rh(ArNNNAr)(CO)(PPh,),. 
r&IX 0 

Their colours range from red for the diphenyl derivative to yellow for the di(p-tolyl) or di(p- 
chlorophenylene) complexes. The complex of the unsymmetric triazene, 2, is brown.” 

In the reaction between RhH(CO)(PPh& and trifluoromethane sulphonic acid no triphenylphosphine 
ligand is displaced and an ionic complex results” 

RhH(CO)(PPh,), + CF,SO,H- [Rh(CO)(PPh,),]SO~.CF,. (8 

Fig. 4. Some hydride replacement reactions of carbonylhydridotris(triphenylphosphine)rh~~~. 
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The yellow trifluoromethane sulphonate can be further characterised by conversion to the tetraphenyl- 
borate salt 

[Rh(CO)(PPh&lSO&F, + NaBPh, MeoHIMyco p [Rh(CO)(PPh,),]BPh,+ (9) 

On the other hand, reactions with carboxylic acids (often pertluorocarboxylic acids), result in the 
formation of bis(triphenylphosphine) carboxylato complexes 

RhH(CO)(PPh,), + RC0~H-trans-Rh(OCOR)(CO)(PPh3)2 + PPh3 + H2 (10) 

(R = CFa;*‘* C2F5, CaF5?1 Me, Et, p-MeG& p-ClC&, p-02NC&, p-MeOCd163). 

There has been some controversy over the structures of the yellow carboxylato-complexes. This has 
resulted from the failure to observe certain characteristic carboxylato absorptions in their IR spectra. 
Some of the complexes can be isolated containing carboxylic acid of crystalliition. This molecule of 
carboxylic acid is hydrogen bonded to the carboxylato ligand, thus altering the IR spectra.” They are 
considered to contain monodentate carboxylato ligands. There is also a report of a very similar reaction 
occurring with a maleic acid/vinyl ether copolymer whereby rhodium is bound to the carboxylate group 
of the copolymer.” 

Although much weaker acids can liberate hydrogen from carbonylhydridotris(triphenyl- 
phosphine)iridium(I), for example p-nitrophenol, the liiit appears to be reached at hexathtoroacetyl- 
acetone for the rhodium’ complex 

RhH(CO)(PPh3)3 + (CF,CO),CH, W* d Rh{(CF,CO),CH}(CO)(PPh,), + PPh3 + H2. 
W 

(11) 

Yellow needles of the five-coordinate product are obtained from this reaction. 
A quite dissimilar orange product is obtained if the title complex is reacted at a lower temperature 

with bis(hexafluoroacetylacetonato)palladium(II) 

RhH(CO)(PPh,), t Pd{(CF,CO),CH),= Rh{(CF,CO),CH)(CO)(PPh,). 
500 

(12) 

Some reduction to palladium metal is also observed. A further side reaction between the palladium 
complex and triphenylphosphine 

Pd{(CF,CO),CH), t PPh3 - Pd((CF,CO),CH},(PPh,) (13) 

probably assists in the removal of the ligand from rhodium.” 
The most interesting reactions of the hydrido complex are those with alkenes or alkynes. Most 

alkenes are believed to form alkyls. Indeed, it will be seen later that the formation of such alkyls is 
essential in the catalytic reactions of RhH(CO)(PPh,),. However, like most important, reactive, catalytic 
intermediates they are not isolable. The sole example so far prepared results from the reaction with 
tetrafluoroethene56*57 

W% 
RhH(CO)(PPh,), + C2F,- trans-Rh(C,F~(CO)(PPh3)2 t PPh3. (14) 

5 atm. 2s’ 

The yellow complex can be reconverted to RhH(CO)(PPh,), by adding triphenylphosphine and treating 
the solution with hydrogen at 50 atm. pressures6 

Rh(C2FH)(CO)(PPh,), t PPh3 + H2- RhH(CO)(PPh,), t HCF,CFzH. (15) 

Allene gives the yellow q3-ally1 complex Rh(C3H5)(CO)(PPh3)2 which can be precipitated from the 
reaction mixture by addition of ethanol and cooling to 0” 58 

RhH(CO)(PPh,), + H,c.C=CH,~ Rh(q3-C3Hs)(CO)(PPh3), t PPh3. (16) 



In this complex the ally1 group is believed to be truns to the carbonyl group since the latter has a high 
IR stretch frequency of 1989 cm-‘. 

Many alkynes, however, give stable isolable vinyl complexes 

RhH(CO)(PPh,)3 + R&CR-+ Rh(CR=CHR)(CO)(PPh,), (17) 

(R = ph;59*a CO,H, COzEt;S9 COzMe59*6’). 

As shown in Pii. 4 the geometry around the metal is trans. Varying opinions have been expressed about 
the geometry of the vinyl groups. The phenyl and carboxymethyl derivatives are believed to be trans, 
since cleavage of these vinyl complexes with dry hydrogen chloride gives trans-alkenes (Scheme 1). 
Nevertheless, the ‘H and ‘Y NMR spectra of the bis(tritluoromethy1) derivative support a cis arrange- 
ment of trifluoromethyl groups in the complex. This structure is proposed to result from the formation of 
a relatively stable rr-complex 3 which favours the eventual formation of the cis-vinyl complex.59 

It has also been proposed that MeOJXuCCO&le forms a cis-vinyl complex upon reaction with 
RhH(CO)(PPh&. The vinyl complex oxidatively adds methyl iodide (Scheme 2). Vacuum pyrolysis of 
the resulting methyl complex gives predominantly the 2 isomer. However, as a slower rate of heating 
gives a greater proportion of the E isomer, the structure of the initial vinyl complex60 is still open to 
doubt. 

Reaction of RhH(CO)(PPh& with a ten-fold excess of diphenylacetylene results in the formation of 
a rhodacycle. The metallocycle arises from the oxidative addition of two further molecules of alkyne 
after initial formation of the vinyl complex.6l 

Chlorine is abstracted from allyl, methallyl, or vinyl chlorides to yield trans-RhCl(CO)(PPh&!* In 
view of the preceding reaction it is a little surprising that the reaction between RhH(CO)(PPh,), and 
TlBr(C6P5), yields the perlluorophenyl rather than the bromocomplex63 

RWW(PPh3)3 + flBtic$5)2 + RW~5)(CW’Ph3)2. (18) 

In the absence of alkenes RhH(CO)(PPh,), has been shown to react with dioxygen, however, no 
rhodium products have been identified. Further, the two reports from the same workers disagree on the 
quantity of dioxygen reacting with the complex. 6465 If alkene is present then a small proportion is 
oxidised to ketones.65 
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Scheme 1. Degradation of trans_Rh(PhC=CHPhXCO~Ph32. 
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Scheme 2. Degradation of trMs-Rh(Me02CC=CHC0e)(CO)(PPh~)*. 

If N-chlorothioformyldimethylamine is allowed to react with the title complex trans-RhCl(CO)- 
(PPh,), is formed together with the six-coordinate complex RhCl(T2-SCNMe2)2(PPh3) 

RhH(CO)(PPh3)3 + Me2NC(S)Cl----, cd-& RhCl(q2-SCNMe2)2(PPh3) + RhCI(CO)(PPh3)2. (19) 

The monotriphenylphosphine product is easily photolysed, so no X-ray structure was attempted. The 
coordination of the thiocarbonyl group, 4, is believed to be simillar to that found in other rhodium and 
iridium complexes.66 

Oxidative addition also occurs in the reaction between trichlorocyclotrithiazine and RhH(CO)- 
(PPh,),. The chlorobridged diier, 5, is first formed 

cIicl@2~ 

RhH(CO)(PPh,)s + (NW),- WCl,(NS)(CO)(PPh,)),. 
25’ 

Excess triphenylphosphine 6rst cleaves the dimer 

and on refluxing in dichloromethane reduces the monomer to a rhodium(I) complex 

{RhCl,(NS)(CO)(PPh,)), + PPh3 = RhCl,(NS)(CO)(PPh& 

4 

//s 
N co 

m3p 

bRh dC’ \ RhdC’ 
I I 

Cl ( 
I Im, 

‘Cl’ \ 

co 

t 
5 S 

CH,CI* 

RhCl,(NS)(CO)(PPh,), + PPh3- RhNS(CO)(PPhA. 
W 

(20) 

(21) 

(22) 

In all these complexes the thionitrosyl group is believed to be bound as NS-.‘j7 
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Nitrosyltribromide also adds oxidatively and forms an orange nitrosyl and a brown hyponitrite 

CH*CI, 
RhH(CO)(PPh,), + NOBr3 - RhBrANO)(CO)(PPhA + (RhBr@Ph&N~O,. (23) 

The IR spectrum of the nitrosyl complex suggests it contains NO- bound trans to CO. The identity of 
the hyponitrite is confirmed by the formation of nitrous oxide upon treatment with mineral acidsa 

(RhBr2(PPh3)2}2N202 + HCl + PPhS--* N,O + RhBr(PPh3)3. (24) 

Anionic nitrosyl groups also coordinate when RhH(CO)(PPh,), is allowed to react with dinitrogen 
trioxide 

CW’Z 
RhH(CO)(PPh,), + Nz03- RhNOz(NO)z(PPhA. (25) 

The yellow product’s IR spectrum shows it to contain a nitro group.@ 
The simple nitrosyl complex Rh(NO)(CO)(PPh,), may be prepared by two routesm 

RhH(CO)(PPh,), + p-MeCH.$03N(NO)Me -----* Rh(NO)(CO)(PPh,), 

RhH(CO)(PPh,), + Co(NO)(dmg),.MeOH--, Rh(NO)(CO)(PPh,)2 
(dmg = dimethylglyoxime anion). 

(26) 

(27) 

Surprisingly the title complex is not totally destroyed by treatment with concentrated nitric acid, 
instead yellow crystals of a tti(nitrato)rhodium(III) complex are formed’r 

RhH(CO)(PPh,), + HNOs+ Rh(NOM'Ph&. (28) 

Electrochemical oxidation of RhH(CO)(PPhJ, results in elimination of hydrogen from the [RhH(CO)- 
(PPh,)J+ cationn 

RhH(CO)(PPh& & [RhH(CO)(PPh,)J+ + Rh(CO)(PPh,), + f HZ. 
+k? 

(29) 

In toluene/acetonitrile mixtures coordination of acetonitrile increases the number of complexes that are 
formed (Scheme 3).‘3 

IRhH(COl(PPh,l,MeCN12* 

[RhH(COl0=‘Ph,l,~+ 

.MeCN 
-co l PPh J 

1 

I13hWPh~l,bkc~i~+ 

-H* -MeCN 

RhH(COlWh~13 + IRhHWh,l,MeCNl*+ 1 

[Rh(PPh&l+ 

Scheme 3. Electrochemical reactions of RhH(CO)(PPh&. (Redrawn with permission from G. Pilloni, G. 
Schiavon, G. Zotti and S. Zecchin, J. Organometal. Chem. 1977, X34,305.) 
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Fig. 5. Structure of Rh&-PPh&(CO)@Ph&. (Redrawn with permission from E. Sig, J. D. Jamerson 
and R. L. Pmett, J. Organometal. Chem. 1980,192, C49.) 

Carbonylhydridotris(triphenylphosphine)rhodium(I) decomposes in many solvents at temperatures 
above 80”. Pyrolysis of a suspension of F&H(CO)(PPh3)3 in nonane at 120” gives a green, air-sensitive 
solid. The structure of this trimeric diphenylphosphido-complex is shown in Fig. 5.74 A different brown 
product is obtained in the presence of carbon monoxide and hydrogen. Reactions of RhH(CO)(PPh& 
with carbon monoxide and hydrogen or carbon monoxide are best dealt with in Section VII. A devoted 
to catalytic hydroformylation. 

V.CATALYSlSOFIXYl'OPEJtXCEANGEANDlSOMERIZATION 

Since carbonylhydridofris(triphenylphosphine)rhodium(I) can form alkyl complexes upon reaction 
with alkenes (eqn 14) it acts as a powerful catalyst for isotope exchange and double bond migra- 
tion. “Naked” transition metal surfaces function in a similar way and the parallel between these sur- 
faces and monohydrido homogeneous systems has been noted.“*76 Carbonyldeuteriotris(triphenyl- 
phosphine)rhodium(I) is, therefore, an unsatisfactory deuteration catalyst. Dideuterio systems in which 
alkyl complexes have very short lifetimes are far superior! The mechanisms of isotope exchange and 
double bond migration are shown in Scheme 4. Both processes depend upon the formation of an alkyl 
complex and the subsequent reversal of this reaction by p-hydride or fl-de&ride abstraction as the case 
may be. Formation of a l&y1 complex cannot result in isomerixation but isotope exchange is possible. 
Isotopic exchange or isomerization or both may result from initial formation of a Zalkyl complex. The 
relative rates of isotope exchange by different alkenes reflects the ease of formation and stability of their 
alkyl complexes. Thus, pent-1-ene rapidly incorporates deuterium whilst truns-pent-2-ene barely reacts. 
The rate of isotope exchange for cis-pent-2-ene is intermediate.3z” 

The formation of alkyl complexes in both isotope exchange and isomer-ix&ion reactions is inhibited 
by addition of triphenylphosphine, resulting in slower rates of both reactions in the presence of excess 
ligand.32 

RhH(CO)(PPh,), 
4 

4 
- RhD~COM’Ph,), 

II 
+PPh, -PPh, 

II 

CH,OCH = CHR CHD = CHCH,R 

Scheme 4. Mechanisms of isotopic exchange and isomerization. 
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Scrambling of the deuterium atoms in trans-&H,D, is catalysed by RhH(CO)(PP& The product 
distribution is shown in Fii. 6. Despite a slight loss of deuterium overall, no deuterium was found to 
have been incorporated into the phenyl groups of the catalyst.m Exchange takes place between 
perdeuteroethene and RhH(CO)(PPh,),. The rate of exchange increases with temperature in benzene 
solution. The product distribution is shown in Fig. 7. The rhodium complex, however, undergoes 
extensive decomposition before the reaction is complete.79 

In the catalytic isomerization of terminal alkenes the double bond migrates into the chain since 
internal alkenes are of greater thermodynamic stability 

Alk-1-ene B cis-Alk-Zene B trans-Alk-2-ene. (30) 

Thus, but-l-ene,79 pent-1-ene$*” and hept-Genes0 eventually give rise to the trans-alk-2-ene when 
allowed to react with RhH(CO)(PPh,), at either room temperature or above. For both pent-1-ene”” and 
hept-1-ene” isomer&&ion to the cis-alk-2-ene is more rapid than the second stage of the isomerization 
to the trans-alk-2-ene. 

The relativi tendency of double bonds to migrate is shown by the isomerization of 3,74imethylocta- 
l&diene. 

C2H4 

C2HD3 

c204 

10 20 30 LO 50 60 70 

Isomer % 

Fig. 6. Isotopic product distribution from trans-CzHzD2. 

q 2S” 5days 

n 100° 1 day 

(31) 
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Isomer % 

Fig. 7. Isotopic product distribution from C2D4. 
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The related compound 3,7-dimethyl-7-methoxyoctene isomerizes 

RhHfCO)IPPhJ, 

similarly during hydroformylation.” 

(32) 

Double bond migration in nitrogen heterocycles is also catalysed by RhH(CO)(PPh3)3.83 

(33) 

\ 0 
‘; 
COMe 

RhMCOPPh,), I 
xylem c)(P 

d-3 N (34) 

LOMe 

UV light reputedly assists the RhH(CO)(PPh,), catalysed isomerization of hept-1-ene to @ns-hept-2- 
ene.” The isomerization of pent-I-ene is also catalysed by heterogenized derivatives of RhH(CO)- 

(PPhA” 
The isomerization of allylbenzene 

(35) 

proceeds much more slowly when catalysed by RhH(CO)(PPh,), than when either chlorotris(triphenyl- 
phosphine)rhodium(I) or dichlorot@riphenylphosphine)ruthenium(II) are the catalysts. Similarly 4- 
phenylbut-1-ene is only slowly isomerized to 1-phenylbut-2-enes in the presence of RhH(CO)(PPh,),. In 
both these cases allylic complexes rather than simple alkyl complexes are believed to be the inter- 
mediates.@ Formation of relatively stable ally1 intermediates would also explain the poorer yield 
obtained in the isomerization of the ally1 ether 

f\\ 
0 

Me Me 
RhHfCOXPPh,J, L Me&Me + t3@ 

when RhH(CO)(PPh,), replaces RuC12(PPh3)3 as the catalyst.% 
Allylic alcohols are eventually isomerized to aldehydes in the presence of RhH(CO)(PPh3)3m 

RhH(CO)(PPh& 
N Me+CHOH -+ MeCHCHO. 

CE@~CIH (37) 

If a chiral ditertiary phosphine (e.g. (-)-DIOP) is added to the reaction mixture-presumably forming 
RhH(CO)(DIOP)(PPh3)-chiral aldehydes result@ 

Me 
H 

', Me RhHrUlXPPh,), 
H’wi-- 

CHflH 
WDIOP 

Et 

H 
: CH&IH 

H 
rwi-- 

Et 

RhHIcoIFi%,l, 

I-I-DIOP 

(38) 

(39) 
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Other isomerizations catalysed by RhH(CO)(PPh& include the 1,3-sigmatropic rearrangement of 
3-chlorobutene 

RW’XO(PPh,h 
CH&HCHClMe ) MeCH=CHCH&l. 

However, this is almost a trivial catalysis since a very large number of transition metal complexes can 
catalyse the reaction which also takes place uncatalysed in dioxan solution at 70°.B 

A rare instance of catalytic isomerization not involving double bond migration is provided by 
cis-1,2-epoxycyclohexan-3-01. This compound is converted to the truns-isomer in the presence of 
RhH(CO)(PPh,), at 110°.W9’ 

HO HO 

RhtUCOUF%,~, 

110. 
0 

(41) 

The above isomerization is also catalysed by trans-RhC1(CO)(PPh3)2 or RuC12(PPh3)3.90 

VI. CATALYTIC JlYDROGJ!l’lATION 

Despite the limitations outlined in the preceding section on isomerization and isotopic exchange 
processes carbonylhydridotris(triphenylphosphine)rhodium(I) is a moderately useful catalyst for the 
hydrogenation of terminal alkenes under mild conditions. Its regioselectivity 
alkenes can be exploited in reactions of the type 

in favour of terminal 

(42) 

since at hydrogen pressures of one atmosphere or less internal alkenes are not reduced. Further, the 
complex does not catalyse the reduction of keto, cyano, chloro, hydroxyl, carboxyl, or aldehyde 
groups. * Alkynes react with RhH(CO)(PPh,), to form vinyl complexes (eqn 17). The vinyl complexes 
appear to be unable to activate molecular hydrogen, hence alkynes are not hydrogenated in the presence 
of the catalyst under mild conditions.92 However, there is one claim that phenylacetylene can be 
hydrogenated when RhH(CO)(PPh,), is the catalysty3 

It was seen in Section IV above that tetrafluoroethene forms the alkyl complex Rh(CF&F,H)(CO)- 
(PPh3)* (eqn 14). This alkyl complex reacts with hydrogen and regenerates RhH(CO)(PPh,), (eqn 15). 
The organic product is 1,1,2,2-tetrafluoroethane. Accordingly the alkyl route has been proposed for the 
hydrogenation of alkenes when RhH(CO)(PPh,), is the catalyst.* Scheme 5 shows the mechanism of 
catalytic hydrogenation. The upper loop of this scheme involves a 1-alkyl complex. This loop is favoured 
by the presence of two trans triphenylphosphine ligands. For steric reasons formation of a Zalkyl 
complex (lower loop) is much less likely, and the equilibrium will lie on the side of the alkene hydrido 
complex. Since internal or cyclic alkenes must form complexes of this type, their rates of hydrogenation 
will be very much smaller than those of terminal alkenes. 

Deuteration of alkenes offers some insight into the formation of metal alkyls despite potential 
complications arising from isotope exchange outlined in the previous section. Propene undergoes 
exchange with RhD(CO)(PPh,),, as a result about 9% of the propane formed in the deuteration contains 
only one deuterium atom. The deuteration is not random since some two thirds of the d,-propane is the 
2-deutero isomer and only one third the I-deutero product. This unequal distribution comes about 
because the stability of the primary alkyl complex, 6, is greater than that of the secondary alkyl complex, 
7.w 
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Scheme 5. Mechanism of catalytic hydrogenation. 

This effect is even more marked in the catalytic deuteration of 2-methylpropene using RhD(CO)- 
(PPh3)3 (Scheme 6). The tert-butyl complex is too unstable to undergo deuteration or hydrogenation and 
decomposes to yield either monodeuterated or unchanged Zmethylpropene. The alternative, stable, 
primary, alkyl complex can be either deuterated or hydrogenated to form CHJXD(CH3)2 or (CH,hCD 
respectively.w 
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Scheme 6. Catalytic deuteration of 2.methylpropene. (Redrawn with permission from E. Hirota, hf. Ito and 
T. Ueda, Proc. 6th Int. Cong. Catal. 1977, 1, 518.) 
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It is believed the rate determining step in both loops of the cycle is the attack of hydrogen upon the 
alkyl complex. This view is supported by the work of Siegel and Ohrt% who studied the product 
distribution from the catalytic hydrogenation of 4-tert-butyhnethylenecyclohexane. 

The steric bulk of the tert-butyl substituent requires that it is always equatorial. If hydrogen attack on 
the alkyl complex is the rate determining step then the major product is truns4tert-butylmethylcyclo- 
hexane. At IoW hydrogen pressures this is found to be the case. At higher hydrogen pressures 
hydrogenolysis of the intermediate alkyl complex is no longer the rate determining step since the 
concentration of hydrogen in solution is greater. As a consequence the proportion of cis4tert- 
butylmethylcyclohexane in the product increases. This is consistent with the rate of alkene attrick on the 
original hydrido complex becoming of increasing importance. The proportion of cis4tert-butyhnethyl- 
cyclohexane at high hydrogen pressures was found to approach that occurring when chlorotris- 
(triphenylphosphine)rhodium(I) is used as the catalyst. The rate determining step in catalytic hydrogena- 
tion using the latter catalyst is known to be alkene coordination.’ 

Under similar conditions RhH(CO)(PPh,)3 is a less effective catalyst than RhCl(PPh3)3.92 Amongst 
terminal alkenes there are some marked differences in relative hydrogenation rates (Table 1). However, 
it should be borne in mind that the efficiency of the rhodium(I) alkyl complexes in activating. molecular 
hydrogen is the rate determining step in RhH(CO)(PPh,), catalyses. In RhCl(PPh& catalysis the steric 
properties of the alkene determine its rate of attack on chlorodihydridobis(triphenylphosphine)- 
rhodium(III)! 

The dissociation of one triphenylphosphine ligand from RhH(CO)(PPh,), (eqn 1) before alkene 
coordination is essential on both steric and electronic grounds-six coordinate rhodium(I) complexes are 
2O-electron compounds. Other rhodium(I) and iridium@) complexes which do not dissociate are cataly- 
tically inactive. However, at higher temperatures when thermal dissociation of a liind occurs both 
carbonylhydridottis(triphenylphosphine)iridium(I) and transcarbonylchlorobis(triphenylphosphine)- 
rhodium(I) function as hydrogenation catalysts. 9~~8 Care should be taken in comparing the activities 
of RhH(CO)(PPh,), and IrH(CO)(PPh,)3 since the latter complex alone reacts directly with molecular 
hydrogen in solutionW 

IrH(CO)(PPh& + HZ+ IrH3(CO)(PPhA. 

Table 1. Relative rates of hydrogenation of alkenes catalysed by RhH(CO)(pPh&” and RhCI(PPh&’ 

Alkene Rate, mmole Ii, min-' ' 

RMCO)(PPh,), RhCl(PPh,), 

Ally1 alcohol 0.905 3.02 

Hex-1-ene 0.745 0.057 

Undec-1-ene 0.631 __- 

Dodec-1-ene --- 1.01 

Ally1 cyanide 0.248 0.453 

Styrene 0.062 2.56 

a-Pent-2-ene 0 1.01 

Cyclohexene 0 0.800 

Penta-1,3-diene 0 0.059 

a Under standard conditions:- alkene 1.251, catalyst 

1.25my. Jolume S0cm3, A, pressure 50 cm Rg. 25%. 
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It should be noted that the proposed iridium(III) product is a seven coordinate 2O-electron compound! 
At higher temperatures RhH(CO)(PPh& itself becomes active towards a wider range of substrates. 

At 80” internal alkenes (e.g. cycloheptene, cis- and truns-hept-Zene, and truns-hept3-ene) can be 
hydrogenatedeW Whilst it is possible that hydroisomerization to terminal alkenesWS8’ is taking place 
followed by hydrogenation, such a process is unavailable to cyclohexene”“’ or cycloheptene.W Cyclo- 
hexene can be catalytically hydrogenated using low concentrations of RhH(CO)(PPh,), in benzene 
solution at 50” under ten atmospheres of hydrogen. However, at RhH(CO)(PPh,), concentrations above 
0.25 mM the rate of hydrogenation tails off and the reaction virtually ceases at catalyst concentrations 
above 0.75 miM These observations suggest that under these conditions further dissociation of 
RhH(CO)(PPh,), to the more active mono-triphenylphosphine complex RhH(CO)PPhS is taking place 
(eqn 1). At higher catalyst concentrations such dissociation is inhibited by the triphenylphosphine 
displaced in the first step 

RhH(CO)(PPh,), = RhH(CO)(PPh,), + PPh3. (45) 

The lower selectivity of the mono-triphenylphosphine complex follows from the less crowded nature 
of the alkyl intermediates. These cycloalkyl or 2-heptyl complexes are much less likely to revert to 
alkene and hydrido complex before they undergo the slow oxidative addition of hydrogen en route to 
alkane formation. It would also appear that at higher temperatures the vinyl intermediates formed by 
addition of alkynes undergo hydrogenolysis. At 80” both hex-1-yne and phenylacetylene are hydro- 
genated.97*98 

The wider catalytic activity of RhH(CO)PPh3 may also explain certain discrepancies in claims that 
substituted alkenes can be hydrogenated. Generally, impure substituted alkenes can be hydrogenated but 
this may arise from the traces of hydroperoxides they contain forming triphenylphosphine oxide from one 
or more triphenylphosphine ligands 

RhH(CO)(PPh,), + ROOH b RhH(CO)(PPh,), + OPPhS t ROH (4) 

RhH(CO)(PPh,), t ROOH * RhH(CO)PPh3 + 0PPh3 + ROH. (47) 

Further quantities of hydroperoxides will destroy the catalyst. Failure to purify the substrate may 
account for the observation that the activity of the catalyst decreases with time during 
hydrogenation. 101*‘02 In the hydrogenation of ethyl acrylate it was claimed that weak irradiation by UV 
light preserved the activity of the catalyst.‘02 

One of the great advantages of a homogeneous hydrogenation catalyst is that it can be employed in 
the hydrogenation of insoluble substrates. This useful property has been combined with the regioselec- 
tivity of RhH(CO)(PPh,), in specifically reducing the pendant and external double bonds in rubber 
polymers.‘03.‘W 

Very few attempts seem to have been made to employ heterogenised varieties of RhH(CO)(PPh,), as 
hydrogenation catalysts. The formation of heterogenised derivatives of the catalyst was discussed in 
Section 1V.A. The majority of these derivatives have been used as hydroformylation catalysts, but there 
is one report of RhH(CO)(PPh,), being introduced into the pores of a polystyrene/divinylbenzene 
polymer and used as a hydrogenation catalyst.“’ 

Transfer hydrogenation is another neglected area of study. This is surprising since another mono- 
hydrido system RuHCl(PPh& has been widely investigated in transfer hydrogenation reactions. 
However, the results from the two studies that have been published are not encouraging, RhH(CO)- 
(PPh& is not very active in catalysing transfer hydrogenation. Hydrogen has been transferred from 
formic acid to act-1-ene at temperatures between 60 and 100”. Unlike other systems the addition of 
lithium formate to the mixture decreases the yield of octane rather than increasing it.lM Analogues of 
RhH(CO)(PPh,), containing aryl or mixed alkyl aryl tertiary phosphines function as poor hydrogen 
transfer complexes at 130”. Using these hydrogen has been transferred from benzyl alcohol to act-1-ene. 
A further disadvantage that became apparent in these systems was the isomerization of act-1-ene to 
trans-act-Zene.” 

VII. CATALYTIC HYDROFORMyLATION 

Hydroformylation is effectively the addition of formaldehyde across an alkene double bond. It is 
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usually achieved by reacting an alkene with a mixture of hydrogen and carbon monoxide in the presence 
of a suitable heterogeneous or homogeneous catalyst 

RCH=CH2 + Hz + CO - RCH,CH,CHO. (48) 

In particular the hydroformylation of propene to butyraldehyde is of great industrial importance.‘07 
This reaction can be catalysed by rhodium metal or by various cobalt compounds.‘” The latter probably 
form tetra(carbonyl)hydridocobalt(I) which is the true catalyst. However, this catalyst typically requires 
pressures of 90 atmospheres and operating temperatures of 180°.‘09 Carbonylhydridotri@iphenyl- 
phosphine)rhodium(I) can bring about the reaction at sub-atmospheric pressure and room temperature.62 
As a consequence RhH(CO)(PPh,), has virtually displaced CoH(CO)., as a commercial hydroformylation 
catalyst. Currently plants with an actual or projected capacity of 1.1 Mtonnes use RhH(CO)(PPh,), to 
catalyse the hydroformylation of propene.“’ The butyraldehyde produced is converted to Zethylhexanol 

H2/Ni 

2CHJCHXHO - CHJCH&CH(C2H5)CH20H. 
ls(p 180 atm 

(49) 

The 2-ethylhexanol is used to esterify phthalic acid. Bis(2-ethylhexyl)phthalate is used as the plasticiser 
for polyvinyl chloride plastics. Some 10% of the Zethylhexanol is converted into Zethylhexyl acrylate 
which is an intermediate for surface coatings and adhesives.“” 

In most hydroformylations the yield of the desired terminal aldehyde is reduced by sundry side 
reactions. Possibly the most unwelcome side reaction is the formation of an isomeric branched aldehyde 
by addition of the CHO group to the second carbon atom of the chain 

RCH=CH2 + H2 + CO - RCH-CH,. (SOi 

CHO 

Double bond migration in the alkene (see Section V) followed by hydroformylation would also produce 
the Zaldehyde. 

Competitive hydrogenation of the alkene-most hydroformylation catalysts are also hydrogenation 
catalysts-will also reduce the yield of aldehyde. In many industrial plants a large throughput is 
achieved by using high temperatures and gas pressures. Under these conditions the product aldehyde 
can be reduced to an alcohol 

RCH2CH2CH0 + H2- RCH2CH2CH20H. (51) 

A stoicheiometric reaction of tetra(carbonyl)hydridocobalt(I) illustrates the reductive properties of many 
hydroformylation catalysts”’ 

CHKHCHO + CoH(CO),+ CH,CH2CH20H. (52) 

It is apparent that in any practically useful hydroformylation system the above side reactions should 
be of minimal importance. It will be seen in Section VI1.B below that various features of the 
RhH(CO)(PPh,), catalysed hydroformylation system minimize the effects of the side reactions. 

A. Reactions with carbon monoxide and hydrogen 
Carbon monoxide and hydrogen in concert are capable of bringing about profound changes in the 

catalyst. The reactions amongst RhH(CO)(PPh& carbon monoxide and hydrogen are complex and not 
all the species believed to be involved in the system have been fully characterized. If the reactions are 
carried out at high temperatures the ultimate products are catalytically inactive, polynuclear, diphenyl- 
phosphido complexes. 

Solutions of RhH(CO)(PPh,), react with carbon monoxide to give two products3’*‘r2 

RhH(CO)(PPh,)z + CO --) RhH(CO)z(PPh& + (Rh(C0)2(PPh& (53) 
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mh(cotIFPh$,t, - 
do* tFihlcowPh,)&alv H* 

Scheme 7. Reactions of RhH(CO)(PPh~~ with CO and HP (Redrawn with permission from M. Yagupsky, 
C. K. Brown, G. Yagupsky and G. Wilkinson, J. Chem. Sot. (A) 1970,937.) 

The yellow, dinuclear rhodium(O) complex is believed to have structure 8 on the basis of its IR 
spectrum. 

In the presence of both hydrogen and carbon monoxide the variety of products increases (Scheme 7). 
In particular loss of carbon monoxide from 8 yields a red solvated dimer 9, which in turn slowly forms 
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the catalytically inactive dimer 10. The latter orange dimer can, however, react with triphenylphosphine 
and carbon monoxide to reform 8. Under severe conditions oxidative addition of hydrogen to JO occurs 
giving the un-isolable species RhH(CO)(PPhJr.‘13 The relative quantities of RhH(C0)2(PPh3)2, 
RhH(CO)(PPh,),, and 8 in solution under carbon monoxide and hydrogen at 25” have been estimated at 
55,25, and 20% respectively.“4 

PPh, f-3 

I I 

oc - Rh - Rh -co 

I I 
Using a pressurised, variable temperature, IR cell it has been proposed that the major species in 

solution are RhH(C0)2(PPh3)2 and 8. At high hydrogen pressures in the presence of triphenylphosphine 
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RhH(C0)2(PPh3)2 reforms RhH(CO)(PPh3J.“s That 8 should be present in the red solutions is surpris- 
ing, since solutions of this colour are usually associated with the red dimeric complex 9.‘13 Both groups 
agree that eventually brown solutions are formed. 

The brown solutions presumably contain the brown, tetrameric, diphenylphosphido complex Rh&- 
PPh2)4(CO)sPPh3. Crystals of this complex are obtained as virtually the sole product from nonane 
solutions of RhH(CO)(PPh3)3 which have been stored overnight at 120“ under 4 atmospheres of carbon 
monoxide and hydrogen. The structure of the complex has been determined by X-ray crystallography,“6 
and is shown in Fig. 8. This tetramer may be contrasted with the green trimer obtained in the absence of 
the gases (see Fig. 5). 

The equilibria between dissociated mononuclear species and dimeric species adds to the ditliculty of 
determining the mechanism of hydroformylation. Thermal degradation of the catalyst becomes im- 
portant when the system is operated at high temperatures 

B. Mechanism of hydrofonnylation 
There are three reactants in hydroformylation reactions-as opposed to the two reactants in 

hydrogenations-and the catalyst must be capable of activating the reactants in the correct order. In this 
system hydrogen is the last reactant to be activated. This minimizes alkane by-product formation, and 
hydrogenation is only important at Hz: CO ratios above 1: 1.‘14 

1. Linear aldehyde production. The dinuclear complexes 8, 9, and 10 are not directly involved in the 
hydroformylation catalysis. However, Scheme 8 indicates that three mononuclear species are all capable 
of initiating hydroformylation cycles. In the relatively dilute catalytic solutions RhH(CO)(PPh3), 
dissociates to form RhH(CO)(PPh3)2 (eqn 1). The bis(triphenylphosphine) complex reacts rapidly with 
carbon monoxide to form the dicarbonyl complex 13. Nevertheless, some reaction of RhH(CO)(PPh,), 
with alkene must take place since small quantities of alk-Zenes and alkane are formed even at low 
hydrogen pressures. These by-products must arise from the B-hydride abstraction and hydrogenation 
reactions respectively of the alkyl complex 12. The dicarbonyl complex 15 could isomerixe the alkene 
upon reverting to the hydrido alkene complex 14; but it is believed to be unable to add hydrogen 
oxidatively and bring about alkene reduction. 

The dicarbonyl complex 13 rapidly adds alk-lene to form RhH(CO),(PPh,),(RCH=CHJ, 14. The 
latter complex is a 20-electron species but is believed to be a genuine, if undetectable, short-lived 

Fig. 8. Structure of Rh&-PPh&(CO)SPPhl. (Redrawn with permission from J. D. Jamerson, R. L. Pruett, 
E. Billig and F. A. Fialto, J. Organometal. Chem. 1980.193, C43.) 
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Scheme 8. Mechanism of catalytic hydroformylation. 

intermediate that rapidly rearranges to the five-coordinate alkyl complex 15. The bis(triphenylphosphine) 
complexes 14 and 15 participate in the “associative route”. 

At low catalyst concentrations when no triphenylphosphine has been added to the catalytic system, 
there is evidence for the “dissociative route” involving the mono-triphenylphosphine complexes 1618 
(see catalytic hydrogenation’?. The participation of this route persists at much higher catalyst 
concentrations than in catalytic hydrogenation, possibly because the much greater r-acidity conferred by 
the additional carbonyl ligand enhances the lability of triphenylphosphine. The “dissociative route” 
avoids invoking a 20-electron intermediate such as 14, but requires recoordination of triphenylphosphine 
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upon formation of Rh(acyl)(CO)(PPh,),, 19. 1’4*“7 This acyl complex can also arise from alkyl migration 
in 15 or carbonylation of 12. Formerly it was believed that the alkyl complex 12 and particularly the 
secondary alkyl complex 12a could not undergo carbonylation. This has now been shown to be 
erroneous since the reaction with carbon monoxide is much more rapid than that with hydrogen.“* 
Secondary alkyls such as lb eventually lead to branched chain aldehydes (see below).“’ 

The acyl complex may react with either carbon monoxide or hydrogen. Addition of the former forms 
the catalytically inactive five-coordinate dicarbonyl complex 28. Thus excess carbon monoxide can 
poison the catalysis. As in catalytic hydrogenation oxidative addition of hydrogen to give a diiydrido- 
rhodium(III) complex is slow and rate determining. Although the rate determining step in both catalytic 
hydrogenation and hydroformylation is reaction with hydrogen, the rates themselves are not comparable 
since in the former process an a&y1 complex activates hydrogen and in the latter an acyl complex is 
involved. 

Hydrogen transfer to the acyl ligand followed by rapid elimination of aldehyde reforms RhH(CO)- 
(PPh& and permits the catalytic cycle to continue. 

2. Branched chain aldehyde production. Branched chain aldehydes result from the hydrogenolysis of 
branched acyl complexes 19a which in turn may be derived from one of the branched alkyl complexes 
12a, 15a or 18a. The branched alkyl complexes play a much more important role in hydroformylation 
than they do in catalytic hydrogenation. 

The generation of the 2-alkyl complex 15a from alk-lenes is much more likely that of 12a during 
hydrogenation. In each system both Markownikov 

L,MH + RCH=CH,+ L,M-CHR 
I 

and anti-Markownikov addition 

L,MH + RCH=CH*+ L,M-CH,CH,R 

can occur. Markownikov addition is more favoured by the dicarbonyl complex 13 since in this complex 
the polarity of the metal hydride bond is M ‘--H*+. Substitution of triphenylphosphine by a carbonyl 
ligand leads to this polarity-in the limit COHN ionises to H+ and [Co(CO)J. 

Once formed the Zalkyl complex 15a is more stable than the monocarbonyl complex l2a. The 
different dispositions of the large triphenylphosphine ligands in the four-coordinate alkyl 12a and the 
five-coordinate dicarbonyl complex 15a result in the latter experiencing less interligand repulsion. As a 
consequence it has a lower tendency to revert to a hydridoalkene complex and an increased possibility 
of reacting with carbon monoxide to form the branched acyl19a. 

Obviously in the “dissociative route” where mono-triphenylphosphine complexes are involved there is 
very little steric destabilization of the intermediate alkyl complex 18a. At low catalyst concentrations the 
proportion of branched chain product is increased.1’4 

In catalytic hydrogenation the participation of the secondary alkyl complex 12a was very limited since 
it tended to decompose before it could undergo the slow oxidative addition of hydrogen. It has been 
demonstrated that due to the greater rapidity of reaction with carbon monoxide secondary alkyl 
complexes are sutllciently long lived for hydroformylation to be competitive with alkene elimination. 
Scheme 9 shows the products of the deuterioformylation of E-3-methylpent-2-ene.118 The secondary 
alkyl complex undergoes both carbonylation en route to three-2,3dimethylpentanal and decomposition 
to 3-methylpent-2-ene or 3-methylhex-1-ene the precursor of 4-methylhexanal. Indeed, even tertiary 
alkyl complexes are involved in the cycle. Since no 2-ethyl-Zmethylbutanal could be detected amongst 
the products, carbonylation of the tertiary alkyl complex is not competitive with its decomposition to 
3-methylpent-2-enes or Zethylbutene the precursor of 3-ethylpentanal. 

It would seem, therefore, that the participation of tertiary alkyl complexes in hydroformylation rivals 
that of secondary alkyl complexes in hydrogenations. The ready formation of branched chain aldehydes 
as minor products implies that complexes such as 12a take part in the hydroformylation cycle. 

Further information can be obtained from the deuteroformylations shown in Scheme 9. It had been 
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Scheme 9. Deuteroformylation of E-3-methylpent-2-ene. 

demonstrated earlier that little deuterium scrambling occurred in the reaction.‘” Also, Z-fmethylpent-2- 
ene forms erythro-2,3-dimethylpentanal on catalytic hydroformylation. 

(56) 

Thus the overall addition of deuterium and CD0 is cis. Additionally the single deuterium atom in the 
alkyl group shows just one catalyst molecule to be involved. It is noteworthy that the deuteroaldehydes 
resulting from isomerixation contained two deuterium atoms in their alkyl groups. The two atoms are 
present because two catalyst molecules have been involved in their production.“* 

Apart from the steric interactions between the ligands the electronic properties of the alkene are of 
some importance. Analysis of the reaction mixtures during the hydroformylation of styrene showed that 
although only small amounts of the inactive dicarbonyl complex 20a (R = Ph) compared to 20 were 
present the bulk of the product consisted of 2-phenylpropanaLu4 

To summarize, branched chain aldehyde production arises from the relatively facile formation of 
secondary alkyl and acyl complexes from alk-1-enes during hydroformylation; the participation of such 
intermediates permits the hydroformylation of internal alkenes, even though they are hydroformylated 
much less rapidly than alk-l-enes.62 
3. Selectiuity in hydrofonuylation. Sub-sections 1 and 2 above have shown how both linear and branched 
chain aldehydes can result from the hydroformylation of alk-1-enes. Linear aldehydes are more desirable 
commercially than branched aldehydes. Accordingly many modifications have been made to hydro- 
formylation systems, particularly those using propene, with a view to increasing the proportion of the 
linear product. 

High catalyst concentrations minimize the contribution from the unselective “dissociative route”. 
Alternatively this can be achieved by the addition of triphenylphosphine to the system. This additive 
also inhibits alkane production. It was shown in Section VI that excess triphenylphosphine retards the 
rate of catalytic hydrogenation of alkenes by RhH(CO)(PPhJ,. Similarly, addition of triphenylphosphine 
in high concentrations greatly retards the rate of hydroformylation. This may result from supression of 
the dissociation of RhH(CO)(PPh,), and thereby inhibiting the formation of the dicarbonyl complex 13. 
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The increased selectivity of triphenylphosphine rich systems undoubtedly arises from the reaction 
proceding via trans-bis(triphenylphosphine) species.“’ Similar effects upon the product ratio are 
observed if other bulky tertiary phosphines are added to the system. Tributylphosphine, triphenyl 
phosphite, or pyrazine fail to bring about an improvement in the product ratio but still retard the rate of 
butyraldehyde production from propene: as does diphos.“’ 

The much lower rates observed in the presence of excess triphenylphosphine can be offset by 
increasing the reaction temperature and/or the gas pressure. The proportion of heptanal in the catalytic 
hydroformylation of hex-1-ene increases with temperature. 114~122~‘23 Elsewhere, it has been claimed that 
an increase in temperature had a neutral effect,lW or even decreased the proportion of linear aldehyde.’ 
However increasing the reaction temperature degrades the catalyst since it is pyrolysed to catalytically 
inactive diphenylphosphido complexes. 

The other factor that has a major effect upon the product ratio is the partial pressure of carbon 
monoxide. Low carbon monoxide partial pressures favour the formation of linear aldehyde. However, 
hydrogenation and hydroisomerization are also increased. ‘14 Again increased selectivity comes about 
because of the lower concentration of the dicarbonyl complex RhH(C0)2(PPh&. Low total gas 
pressures also increase the proportion of linear aldehyde. This results from a lower concentration of 
carbon monoxide in solution and a lower tendency to follow the less selective “associative route”. 

Hjortkjae? is of the view that changes in carbon monoxide or triphenylphosphine concentrations 
affect the selectivity by increasing the participation of stericahy selective routes rather than decreasing 
the participation of unselective ones. He concludes that there is a small range of carbon monoxide and 
triphenylphosphine concentrations that gives maximum aldehyde production rates. Other workers have 
reported a maximum in the rate of butyraldehyde production at moderate triphenylphosphine concen- 
trations (Fig. 9).3 

In laboratory systems the best selectivity for linear aldehydes in the reaction can be obtained at low 
gas pressures, and a 1: 1 HZ: CO ratio. Triphenylphosphine should be added to the solution. 

4. AIkene hydrocarbon hydrofomylation. Linear terminal alkenes up to Cl2 have been hydroformyl- 
ated. im Table 2 shows typical rates of hydroformylation under mild conditions. All terminal alkenes, 
save ethene, form some Zmethylalkanal as a minor product.‘n Propanal is the sole product from ethene 
hydroformylation. lzn The lean gas from oil cracking contains ethene, hydrogen, and carbon monoxide, 
and is a convenient feedstock for this reaction.lB 

The hydroformylation of propene is discussed separately in sub-section 6 below. In the hydroformyl- 
ation of but-1-ene at high temperatures and pressures the catalyst RhH(CO)(PPh,CH#Me,), produces 
mainly dimeric products from pentanal condensation.r3’ Carbonylhydridotris(triphenylphosphine)rhod- 
ium(I), on the other hand, gives a 96.2% selectivity to pentanal. 

Under mild conditions the ratio of hydrogen to carbon monoxide in the reactants has a profound effect 
in the hydroformylation of pent-1-ene to hexanal. The ratio of linear to branched aldehyde increases 
greatly with an increasing proportion of hydrogen in the reactants.“’ 

I I 1 , 

0 10 20 30 Lo 50 

PPhJ g dm-” 

Fig. 9. Effect of added triphenylphosphine upon rate of butyraldehyde production. 



592 F. H. JARDINE 

Table 2. Akene hydroformylation rates62 

Alkene 

Styrene 

Hexa-l ,5-diene 

4-Vinylcyclohexene 

Pent-1-ene 

Ally1 benzene 

Hex-l -ene 

Hept-1 -ene 

Dodec-1-ene 

Cyclooctene 

Pent-2-ene P 

&-Hept-P-ene 

u-Limonene 

Gas consumption 

CT? min-' a 

4.32 

4.26 

4.21 

3.74 

3.56 

3.52 

3.50 

3. 18 

0.26 

0.15 

0.12 

0.10 

2-blethylpent-l-ene 0.06 

a Under standard conditions. 2.5 U ~(CO)(PPhs)s, 

1.0 p alkene, 1:l H,/CO mixture total gas pressure 

5’3 cm H& 25’, benzene solution volume 80 cm=. 

9 Mixture of a- and a-isomers. 

Several groups have investigated the hydroformylation of hex-1-ene. At high pressures in the presence 
of triphenylphosphine the isomer ratio (linear: branched) is 4.3:1,‘33 but at one atmosphere pressure 
under similar conditions the ratio is 11.5:1.“4 Using synthesis gas (47% Hz, 52% CO) the activity of 
BhH(CO)(PPh3), is superior to its triphenylarsine or triphenylstibine analogues. The relative activities of 
the three catalysts were the same in the hydroformylation of oct-l-ene.‘34 At high temperatures the ratio 
of nonanal to Zmethyloctanal formed from act-1-ene was found to be 7.3:1 if triphenylphosphine was 
present. ‘35 The presence of oxygen in this hydroformylation gives rise to ketonic by-products and also 
degrades the catalyst.‘% 

The hydroformylation of styrene is unusual in that the main product is the branched aldehyde 
Zphenylpropanal. 

PhCH=CH2 + H2 + CO b PhCH,CHO + PhCHzCHzCHO 

CH3 

(57) 

Even upon addition of triphenylphosphine the branched aldehyde is still the major product.1’4 There is 
evidence that the Markownikov addition of styrene predominates, both here and in hydrosilylation. 

As shown in Table 2 internal alkenes are catalytically hydroformylated much more slowly than 
terminal alkenes. Preferential hydroformylation of but-Gene in a mixture of other butenes results in an 
enrichment of the gas in the latter components.‘37 

As internal alkenes inevitably form branched aldehydes, metal carbonyls or Pt(PPh,), have been used 
as co-catalysts to promote alkene isomerisation and thereby obtain some linear aldehyde from internal 
alkenes.‘38 Palladium on charcoal is also a co-catalyst.‘39 

Cyclohexene can be hydroformylated under mild conditionsu4 but apart from cyclooctene62 no other 
hydroformylations of cyclic monoalkenes have been attempted. 

Alkadienes react in a stepwise fashion. Both mono- and his-hydroformylation products are obtained 
from bicyclo[2.2.1] hepta-2,5-diene (norbomadiene).‘” Unsymmetric dienes illustrate the regioselectivity 
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of RhH(CO)(PPh,), catalysed hydroformylations. Thus, 3-methylocta-2,6-diene is hydroformylated only 
at the disubstituted double bond.14’ 

CHO 

(%) 

Only the vinyl group is hydroformylated in vinyldimethylcyclohexene.‘” 

‘0” I ’ C,H. CO/H, 533atm 

RhHICO)(PPh,~, PPh, - rCHO (59) 

Hydroformylation of the least hindered double bond in endo-tricyclo[S.2.1.Oz”]deca-3,8diene takes place. 

The products are intermediates in the preparation of the viricide 4-homoisotwistane.‘43 
At gas pressures of up to 30 atmospheres a large proportion of the residual double bonds in a high 

molecular weight polypentenamer can be hydroformylated. Carbonylhydridotris(triphenylphoSphine)rhod- 
ium(1) can catalyse this reaction at 40”, but the temperatures required if dicobalt octacarbonyl is the catalyst 
are too high.lU 

The hydroformylation of alkynes is diicult? This is now known to be due to the formation of vinyl 
complexes with the catalyst.se61 No aldehyde is formed unless triphenylphosphine is added to the 
system. With this addition the hydroformylation of but-Zyne produces both pentenal and Zmethyl- 
butanal.‘” 

5. Hydroformylation of substituted alkenes. The majority of functional groups are not affected during 
hydroformylation using RhH(CO)(PPh3), as catalyst, and therefore substituted alkenes can be used as 
the precursors of substituted aldehydes. The main diiculty encountered in the hydroformylation of 
substituted alkenes occurs when they react chemically with the catalyst. For example chloroalkenes 
form truns-RhC1(CO)(PPh3)2 which is inactive in the catalysis under mild conditions.62*1’4 Ally1 amine 
also poisons the catalyst, presumably by displacing two triphenylphosphine ligands. Other ally1 com- 
pounds can be hydroformylated as can be seen in Table 3 which gives rates of substituted alkene 
hydroformylation under mild conditions. 

Table 3. Substituted alkene hydroformylation rates62 

Substrate Gas consumption 

cm3 min-' B 

Ally1 alcohol 7.05 

Ally1 phenyl ether 5.78 

2-Allylphenol 4.03 

Ally1 cyanide 3.72 

Vinyl acetate 0.75 

Ethyl vinyl ether 0.20 

a Under standard conditions. 2.5mM RWCO)(PPh~)3, 

1.0 m substrate, 1:l &/CO mixture total gas pressure 

50 cm H& 25’, benzene solution volume 50 om3 
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Ally1 alcohol has been shown to form both linear’46-149 and branched146*‘47 aldehydes. Another report 
quotes hydroxytetrahydrofuran as the product. Iso Pittman and Honneck have shown how four products may 
arise (Scheme lo).& Other allylic alcohols such as linalool’5’ 

- ’ f C;H($;;J,:7:;tm - p + CCHO @*I 

or nerolidol’52 

CO/H, 53.3atm 

RhHICONPPh,~, PPh, 

form substituted tetrahydrofurans upon catalytic hydroformylation. 

tf> /co CHO 
HOW Rh HtClWJ?%,~~ 

HO-CHO + HO& 

Ii 
n, 0 OH 

Scheme 10. Hydroformylation of ally1 alcohol. 

I +I,0 

CHO 

Non-allylic unsaturated alcohols merely undergo hydroformylation. Thus the trimethyloctenol’53 

H, /CO 

HO 
RhHtCOIiPPh,), 

CHO 

and the cyclic alcohols’54*‘55 

Me OH Me OH 

Ilr 

Me 

-@ 

Me 
RhHtCOJfPPh,l, 

H,/CO 8OatrnlOO 

C=CH, CHCH&HO 

he tie 

Me OH Me OH 

Q 

Iv> /co 

RhHtCONPPh,l, 

Q 

MeC=CH2 MeCH CH,CHO 

(62) 

(63) 

64 

(65) 

form terminal aldehydes. 
But-Zen-l,Cdiol does not undergo cyclization on hydroformylation.‘M 
Unsaturated ethers are readily hydroformylated. Ally1 tert-butyl ether has been shown to form the 

terminal aldehyde as the main product’57*‘5* and some branched aldehyde.159 2-Methoxy-2,6_dimethyloct- 
7-ene forms only the linear aldehyde.lm 

H, /CO 

RhHfCOMPhJ, CHO 

Vinyl esters on the other hand form mainly the branched aldehyde.161*‘62 

(66) 



RC02CH=CH2 + CO + Hz 
RhH(coxpph3, 

,RCO$HCHO (67) 
I 

CH3. 

Methallyl acetate also preferentially forms the branched aldehyde but addition of triphenylphosphine 
increases the quantity of terminal aldehyde.la But-Zenylene diacetate has also been hydroformylated.164 

Cyclic acetals of acrolein with various 1,3diols, 22, can be hydroformylated using either RhH(CO)- 
(PPh& or an alkylphosphine derivative as catalyst.lG 

It can be seen from the above hydroformylations that RhH(CO)(PPh& is a useful hydroformylation 
catalyst for many alkene hydroformylations. However, the selectivity in many instances is low and limits 
the preparative applications of the reaction. 

R’ 

CH*=CHC( 
0-c-H 

\ 
/ W 

0 -CH 

\ 
R* 

22 

6. High pressure propene hydrofomylation. The commercial hydroformylation of propene uses 
molten triphenylphosphine as solvent, gas pressures of 14 atmospheres, and temperatures of about 
12V.‘66 Since excess alkene encourages decomposition of the catalyst the system is saturated with 
carbon monoxide before admitting propene.16’ A high percentage conversion to butyraldehyde also 
seems to degrade the catalyst,la so the unreacted gases and butyraldehyde are removed from the 
reactor. The butyraldehyde product is condensed and the gases recycled.169*170 

About 95% selectivity to butyraldehyde results from the choice of molten triphenylphosphine as 
solvent. However, the solvent soon becomes contaminated by condensation products of butyraldehyde 
and the minor product Zmethylpropanal. Some of the possible condensation products are shown in 
Scheme 11. The actual product mix reflects the 19:l ratio of isomers and the sterically hindered 
reactions of 2-methylpropanal.“’ The condensation products do not appear to atTect the catalysis 
adversely. 

C3H7CHO - 

CH3CH=CH2 

H, /CO RhHICOIIPPh,), 

* CH3-7H-cH3 

CHO 

1 t 
HO ?Hs HP 5H3 

C3H7CH-CH-CHO (CH3)2CH-CH-F-CHO 

Me,CtiCHO ii”’ 
p 

(cH3)2CH-_::H-~-CH202C--CH(CH3)2 

C3H$H=y-CHO HO CH3 

C2H5 

C3H7yH-CH-CH20H 

0COC3H7 

II 
it 7H3 

(CH,&CH-C02yH-;-CH2OH 

(CH3)2CH CH3 

Scheme 11. Formation of aldehyde condensation products. 



5% F. H. JARDJNE 

The catalyst is slowly degraded during the hydroformylation. Investigations on batch processes have 
revealed that the average yield in the first ten cycles of the catalyst’s life is 8%. By the 3lst4Oth cycles 
the average yield has decreased to 82%, while in the 61st-70th cycles it has fallen to only 58%.‘7”173 

The catalyst can be degraded in many ways. First, it has been shown earlier that its pyrolysis yields 
inactive diphenylphosphido complexes.“6 Further evidence for diphenylphosphido complex formation 
comes from the appearance of diphenylpropylphosphine in the hydroformylation of propene.‘@ The 
formation of this tertiary phosphine is not rapid, nor does it have any serious effects on the catalytic 
reaction. 

Fortunately, traces of oxygen in the system do not deactivate the catalyst since any oxygen-rhodium 
compounds react with the vast excess of triphenylphosphine and form inert triphenylphosphine oxide.lM 
Under the more severe conditions encountered in the industrial process low concentrations of allene, 
buta-1,3diene, or propyne-which all poison the catalyst under mild conditions-have no effect.‘74 More 
serious is the contamination of feedstocks by chloride, even chloride concentrations as low as 12 ppm 
greatly reduce the yields of butyraldehyde.“’ 

Although it has been stated that small concentrations of hydrogen sulphide in the gaseous feedstock 
does not poison the catalyst, this compound is probably the most serious poison.‘76 Hydrogen sulphide 
forms rhodium sulphide compounds which besides being catalytically inactive make rhodium recovery 
from the spent catalyst difhcult.‘” 

The high price of rhodium makes it essential to recover at least the rhodium metal present after the 
catalyst has become degraded and unable to satisfy the operational demands of large scale industrial 
processes. Regeneration of an active catalyst showing high selectivity is difficult. In what is probably the 
simplest method of separation the spent catalyst, triphenylphosphine, and attendant organic material are 
dissolved in benzene and absorbed on a magnesium silicate column. The organic material can be stripped 
off the column by benzene. Finally the catalyst is eluted by tetrahydrofuran.‘n 

A further method of regeneration involves distilling off all volatile material and addii a MO-fold 
excess of triphenylphosphine.“* Another course is to add aldehyde and blow air or oxygen through the 
slurry before removing the solid and adding more triphenylphosphine.‘79 The addition of dicobalt 
octacarbonyl or cobalt acetate to the spent catalystlW seems an unlikely method of regenerating an 
active, selective catalyst. 

Schemes advanced for rhodium recovery show many gradations between the drastic method of 
burning the catalyst mixture with excess oxygen in an underwater combustion device”’ and conversion 
of the catalyst to other rhodium(I) complexes.‘“*183 Several methods favour conversion to bromo- 
carbonylbis(triphenylphosphine)rhodium(I). Spent catalyst may be converted to the latter complex by 
oxidizing the organic matter with peroxides and then treating the inorganic residue with alkali metal 
bromides and triphenylphosphine, linally heating with carbon monoxide yields the bromo complex.‘84 
Bromocarbonylbis(triphenylphosphine)rhodium(I) can be obtained similarly from aqueous rhodium 
solutions derived from the spent catalyst.‘*’ 

Other methods of rhodium recovery involve extraction of rhodium ions from the above aqueous 
solutions by alkaline potassium cyanide so1ution,186 or by ion exchange.“’ Carbon pretreated with nitric 
acid has also been used to extract the rhodium ions. laa In other separation procedures rhodium 
compounds are recovered from organic solvents. Activated charcoal may again be used as an ab- 
sorbent WJWJ Alternatively the rhodium compounds may be absorbed by thiol groups incorporated into 
polystyrene resins.“’ Polyimide membranes are claimed to be impermeable to rhodium compounds and 
they have been used to retain rhodium from the catalyst.‘” 

7. Heterogenized catalysts. As in all homogeneous systems, particularly on an industrial scale’93 there 
is the problem of separating the catalyst from the products. The operating temperatures of the 
butyraldehyde plants are such that the product is gaseous and can easily be separated from the catalyst 
solution. Other processes may, however, encounter problems due to heat sensitive or involatile products. 
If the catalyst and products cannot easily be separated continuous industrial processes are impossible 
and batch processes which are inconvenient and less economic must be used. 

There are two approaches to the problem of catalyst separation. In the llrst the catalyst is physically 
absorbed on an inert support. This is known as a supported catalyst. The second method binds an active 
fragment of the catalyst to an inert polymer by a chemical bond. These catalysts are said to be polymer 
bound. Both these methods have been adopted to assist the separation of RhH(CO)(PPh3)3 from 
hydroformylation media. 

The most widely used support for RhH(CO)(PPh3)3 is silica.‘” Normally the catalyst is dissolved in a 
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suitable solvent and applied to the support. Only the catalyst molecules at the phase boundary are 
catalytically active’” and the results obtained are very dependent upon the type of support and the 
degree of pore Wing.‘% The solvents used have included ethanol, ethylene glycol, polyethylene glycol, 
glycerol, pinacol, benzene, toluene, or xylenes. 193 Other workers have dissovled RhH(CO)(PPh3)3 in 
tertiary phosphines before applying it to the support. It has been claimed that this method gives good 
catalyst stability and selectivity.‘*‘” The selectivity is achieved by coordinative saturation of the 
complex by the excess tertiary phosphine 195 which also inhibits the competing hydrogenation reaction.lW 

Other supports used include a, &‘93 or y-alumina5*~~ alumina-silica,ml aluminosilicates and 
granulated carbon.193 There is even one report that a catalyst can be prepared by physically incorporat- 
ing RhH(CO)(PPh,), into the pores of a non-substituted polystyrene resin.10s 

The most usual way of binding RhH(CO)(PPh,), fragments to polystyrene resins is to incorporate a 
tertiary phosphine ligand group into the resin. The preparation of these catalysts has been described in 
Section 1V.A above. 

The selectivity of the bound catalysts towards linear aldehyde production is commonly slightly less 
than that of the free catalyst. wo There is, however, one claim that a highly phosphinated resin with a 
low ratio of rhodium: diphenylphosphine groups gives improved selectivity in the hydroformylation of 
pent-lene to hexanal. 42 The low selectivity in linear aldehyde production is offset by the bound 
catalysts’ greater activity towards internal and polysubstituted alkenes?’ 

The tertiary phosphine catalysts prepared from previously chloromethylated polymers are inferior to 
those prepared from polymers which have been metallated unless the residual chlorine in the former has 
been carefully removed.” Presumably the chlorine they contain reacts with RhH(CO)(PPh3)3 to form 
polymer bound versions of RhCl(CO)(PPh3)2. It has been shown that the latter complex is at best only 
weakly active at low pressures.“’ 

The resin bound catalysts exhibit good thermal stability. 39*42 It has been found that those containing 
tertiary phosphine groups were deactivated less rapidly at high temperatures than those catalysts 
containing phosphonite groups. This was ascribed to the greater stability of the five membered rings 
formed in the o-metallation reactions of the latter 23. The former type yield four membered rings 24 in 
this reaction.39 

a 3 R\” 
02 a :I 7 

P 
23 24 

C. Chiral hydrofomylation 
It has been demonstrated that the addition of 1,2-bis(diphenylphosphino)ethane to solutions of 

RhH(CO)(PPh,), results in a more active but less selective catalytic system.% Since many chiral lids 
are di-tertiary phosphines it is possible to devise catalytic systems that can bring about chiral 
hydroformylation. Obviously RhH(CO)(PPh,), is not the true catalyst in these systems. It is probable 
that species of the type RhH(CO)(GL*) are involved. 

The lower selectivity suggests that hydroformylation takes place by the “associative route” and that 
the acyl complex formed has cis-tertiary phosphine groups 25. The lower selectivity both towards 

0 
11 R 

P 

\Rtld 
C\c’ 

* 
p( bH ’ 'CH, 

co 

substrates and towards linear aldehyde production is important 
prepared from achiral alk-1-enes cannot themselves be chiral. 

since the straight chain aldehydes 

RCH=CH2 + Hz + CO + RCH2CH2CH0 + RC*H-CH3 (68) 
I 

CHO. 
POLY Vd. 1. No. 7-8-C 
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Both products from suitable internal alkenes are chiral 

RCH=CHR’ + H2 + CO+ RC*H-CH*R’ + RCHrC*HR (6% 
I I 

CHO CHO. 

Many chiral ligands have been found to be effective. The most widely used has been (-)-DIOP, 26, 
others have included trans-1,2-bis(diphenylphosphinomethyl)cyclobutane, l,l’-bis(diphenylphosphino)- 
ferrocene,203 (+)- or (-)-DIPHOL 27,204 (-)-2,2-dimethyl-4,5-bis(diphenylphosphinomethyl)-1,3-dioxol- 
ane 2gm5 and 1,2,24rirnethyl(lR, 3S)-1,3-bis(diphenylphosphinomethyl)-cyclopentane 29,% 

0 H xr/ m2 

PPh, 

0 H 

26 

Me Me 

0 
x 

0 

\ 
Ph,PCH2 CH2PPh2 

In sub-section B above it was seen that styrene was one of the few terminal alkenes to form sign&ant 
quantities of branched aldehyde upon hydroformylation. Accordingly, its chiral hydroformylation has 
received considerable attention. Optical yields of Zphenylpropanal as high as 25% have been 
obtained.207 Using (->DIOP it was found that the prevailing chirality of the 2-phenylpropanal was R. 
The hydroformylation of a-deuterostyrene in the presence of (-)-DIOP yields S-Zphenyl-Zdeutero- 
propanal but R-3-phenyl-2-deuteropropanal 208 

(-)_DIOP 

PhCD=CH* + Hz t CO l PhCD-CHO t PhCHDCHzCHO. 
~(coXPP$), I 

(70) 

CH,. 

The products are believed to arise from preferential attack upon one face of styrene. 
The formation of two aldehydes of differing chirality according to the location of the aldehyde group 

has also been noted in the reactions of alk-2-enes 

(-)_DIOP 

RCH=CHMe t H2 t CO > (71) 
aWcoxPPh33 

(R = Me, C,H,)” 

(S)-RCH,-CHCHO t (R)-RCH-CH2Me 

I I 
Me CHO. 

Low overall and optical yields of 2-methylalkanals have been obtained from C4 to C8 alk-1-enes.” 
Poor optical yields have also been obtained from a-alkylstyrenes, but the optical yields from 

allylbenzene or trans-jl-methylstyrene are about 15%.207 
Although 4phenylpentanal forms the bulk of the product from the catalytic hydroformylation of 
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3-phenylbut-1-ene in the presence of (-)-DIOP, careful examination of the small quantity of 2-methyl-l 
phenyl-butanal shows there to be twice as much erythro as three isomer present.m 

Internal alkenes used as substrates in chiral hydroformylation have included cis-but-2-ene,13~2’0J” 
hex-2-ene,13 norbornene:” and bicyclo[2.2.2]oct-2-ene.2’o 

But-1-en3-ol represents one of the few substituted alkenes to have been chirally hydroformylated. 
As in normal hydroformylation of ally1 alcohol cyclization occurs. The product is 2-hydroxy-S- 
methyltetrahydrofuran,2’2 The other substituted alkenes are usually nitrogenous compounds. 

Hydroformylation of N-vinylsuccinimide always gave the Waldehyde no matter which hand of the 
DIOP was added. Addition of (+)-DIPHOL did form the (S&isomer. _ 

Using the latter additive N-vinylphthalimide could also be hydroformylated. 

0 0 

H, /CO OIPHOL 

RhH(COIlPPh,l, 

0 0 

Although N-acyl-2,3-dihydropyrroles are rapidly hydroformylated 

LJ 
I 

//cc\ 
0 R 

N-prop-2-enylacetamide reacted slowly 

-NHCOCH, 
H> /CO 

RhHiCOWt’h~l, 

(72) 

(73) 

HI /CO 

RhH (COWPhJ, 
- ‘N&HO 

I 

4% 
0 R 

(74) 

CHO 

~NHCOCH, 
(75) 

NHCOCH, + 

CHO 

and N-2-methylpropenylacetamide did not reactSm 
The chiral hydroformylation of 2,Sdihydrofuran under mild conditions is not very successful. Under 

harsh conditions 98% conversion has been achieved. 

H> /CO 

RhHfCONPPhJ, 

CHO 

(74) 

Unfortunately the harsh conditions greatly decrease the optical yields. 2’o It is a general rule that harsh 

conditions reduce optical yields. 
Alkynes can also be &rally hydroformylated in the presence of (-)-DIOP. But-Zyne forms some 

E-Zmethylbut-Zenal 

Me H 

MeCXMe 
H> /co I-)-OIOP 

‘\ 

RhHfCOh’PPhJ, 
- H’wi-- Me + 

CHO 
Et 

(77) 

but no alkenal intermediates could be detected in the chiral hydroformylations of act-l-yne or 
phenylacetylene. Not surprisingly the optical yield of (S)-Zmethylbutanal was lower than that obtained 
from but-2-ene?‘3 

It has also proved possible to bind fragments of the chiral ligands into polystyrene polymers. These 
polymers have been allowed to react with RhH(CO)(PPh,h to form polymer bound chiral catalysts. 
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Dibenzophosphole groups bound to the polymer greatly favour the formation of 2-phenylpropanal from 
styrene, but the optical yields are lower than when DIOP is added to the homogeneous catalyst:’ 

In all it would seem that chiral hydroformylation is a promising preparative method. The aldehydes so 
formed can be oxidized to carboxylic acids or reduced to alcohols by methods of known chirality. 

VIIL CATALYTIC EYDROSILYLATION 

Carbonylhydrido tn’s(triphenylphosphine)rhodium(I) is a disappointing hydrosilylation catalyst. Fur- 
ther, only alkenes and alkynes have been used as substrates. Surprisingly, in view of the utility of chiral 
hydroformylation, there have been no attempts to investigate chiral hydrosilylation which has proved a 
popular field with other transition metal complex catalysts! 

The performance of RhH(CO)(PPh& in catalytic hydrosilylations is poor both in respect of 
regioselectivity and overall yields. Moreover the yields tend to decrease with increasing severity of the 
reaction conditions.2’4~2” 

A possible mechanism which accounts for the lack of regioselectivity is shown in Scheme 12. Unlike 
hydroformylations catalysed by RhCl(PPh&:’ no intermediates have been isolated. An oxidative 
addition of one molecule of hydrosilane giving the catalytically inactive species RhH@XJ(CO)(PPh3), 
may account for the low activity of the catalyst. As will be seen below alkynes are much more readily 
hydrosilylated than alkenes. Vinyl complexes (eqn 17) may be formed in preference to the dihydrido- 
rhodium complex. The vinyl complexes would then undergo oxidative addition of hydrosilane. 

Vinyl cyanide can be catalytically hydrosilylated in the presence of RhH(CO)(PPhJ,. Normally, 

H 
Ph,P 

4 
Rh -PPh, 

Pby 1 
co 

+m, -Pm, 
II 

Ph,P 
bRh.YH 

OC’ .PPh 

RCH=CH/ ( <RC”;, 

/ 
Ph 3P\ Rh/WH2R 

SiHX, 

OC’ ‘PPh 3 I oc’ ‘PPh 3 

DHX, OC’ ‘SiX I 3 
YHX, 

m3 

1 1 

OC’ ‘SiX I 3 

PPh, 

H CH, 

&3p\ 1 /k,-R 
Rh H 

OC’ 1 ‘Six, 

PPh, 

-RhMCOIfPPhJ, 
-RhHfCOIfPPh,~, 

1 1 

RCH2CH2SiX3 RCl-kiX,)CH, 

Scheme 12. Mechanism of catalytic hydrosilylation. 
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hydrosilylatioa of the conjugated cyaaoalkeae is ditlicult. The product is usually (SiXJCH$H&N. 
Catalysis by BhH(CO)(PPh,), forms the /3-isome8i6 

CHNHCN + HSiX3 
RhH(COxpPh3, 

+ CH,-CHCN (78) 
I 

SiX3 

(X3 = ClMe2, PhMeJ. 
Similarly the conjugated alkadieae buta-1,3-dieae gives yields in BhH(CO)(PPhJ, catalysed hydro- 

silylatioas at least as good as in reactions using other transition metal complex catalysts.“’ 
Alkyaes are readily hydrosilylated. The products can include both cis- and trans-silylalkeaes.21s,2’9 A 

SiHX, 
Ph 

PhECH ‘\ 
RhHfCOWh,l, 

- r-i-- 
H 

H 
(79) 

small proportion of the product is formed by PhC(SiXJ=CH2, the result of a-addition. The yield of this 
by-product is less than when BbCl(PPh& or H,[PtClJ is the catalyst?‘9 

The reactivity of ethyae is so high that a disilyl compound can be formed.? 

HGCH + Et&I-I 
wccww3 

9 Et3SiCH=CH2 + Et,SiCH2CH#Bt~. (80) 

It would seem that alkyae silylatioas are the only area where BhH(CO)(PPh& caa compete with other 
well established hydrosilylatioa catalysts. 

IX. MI!JCEL.LANEoUS CATALYSES 

It has been claimed that BhH(CO)(PPh,), catalyses the carboaylatioa of butylamine at high tem- 
peratures aad pressures. Moaobutyl- and dibutylformamide are obtained in approximately equal quan- 
tities.“’ 

BuNH2 + CO 
RwCOWPh3h 

C&J+ 70 atm., lso” 
* (BuNH),CO + HCONHBu. (81) 

Under very similar conditions etheae forms peatan-3-one Trz 

C,H, + CO (82) 

A less practical method of preparing ketones is by reacting an acyl chloride aad etheae in the presence 
of BhH(CO)(PPh&. The products from the stoicheiometric reaction are ketone aad BhCl(CO)(PPhJ,. 
No clear indication was given as to how the chlororhodium complex was to be reconverted to the 
hydrido complex in the catalysis.“3 

In a complex reaction aromatic nitro compounds can be converted into the corresponding isocyanate. 
In the presence of MoC& as co-catalyst yields of 4.2% have been reported. The reaction is believed to 
proceed via reduction to aa aryl nitreae 

ArN02 + 2C0 + ArN + 2CO2 (83) 

which is then carboaylated to the isocyanate 224 

ArN + CO + ArNCO. (W 

The exact catalytic function of BhH(CO)(PPhp)s ia this reaction is not clear. 
Hydroformylatioa of formaldehyde would form glycolaldehyde. This reaction is commercially attrac- 
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tive since the glycolaldehyde could be reduced to ethylene glycol. Catalysis by RhH(CO)(PPh,), gives 
disappointing yields of glycolaldehyde.22s Methanol is the main product.226 

Addition of carbon monoxide to methanol followed by hydrogen reduction could produce ethanol 

CHsOH + CO + 2H2 + CH3CH20H + H20. (85) 

Unfortunately the main products when the reaction is catalysed by RhH(CO)(PPh& are methyl acetate 
and acetic acid.” As methyl iodide is used as a promoter the similarity to the acetic acid synthesis is 
obvious. 

Tertiary amines can be produced by allowing a secondary amine, carbon monoxide, and hydrogen to 
react in the presence of the catalyst.us 

Very poor yields of diacetylenes are obtained in the attempted dimerization of pent-1-yne using 
RhH(CO)(PPh3), as catalyst at 100” in chloroform solution. The stoicheiometric reaction of RhH(C0) 
(PPh,), and excess alkyne was mentioned in Section 1V.B. It would appear that elimination of dialkyne 
from the complex is quite difiicult.22g 

In carbon tetrachloride solution RhH(CO)(PPh& allows the polymerization of methyl methacrylate to 
proceed.W*23’ Free radical scavengers inhibit the polymerization.230 

X. CONCLUSION 

The preceding Sections have shown that while RhH(CO)(PPh,), is supreme as a hydroformylation 
catalyst it is a disappointing catalyst in many other reactions. Chlorotris(triphenylphosphine)rhodium(I) 
is probably a more generally useful hydrogenation catalyst, and dichlorotris(triphenyl- 
phosphine)ruthenium() is probably a more effective isotope exchange catalyst. The last complex is 
certainly a better hydrogen transfer catalyst. 

Future advances in catalysis by RhH(CO)(PPh& would appear to lie with a better understanding of 
the neglected coordination chemistry of the complex. 
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Abstract-Copper(I1) forms I : 2 complexes with o-hydroxyacetophenone-, resacetophenone-, peonol- and 2- 
hydroxy-I-naphthaldoximes. Thermogravimetric analysis indicate that all the chelates are anhydrous. All the 
complexes are found to be non-electrolytes in nitrobenzene. Magnetic and electronic spectral data show planar 
geometry for all the complexes. Based on ESR studies all possible parameters have been determined. The g, A and 
G values for all the complexes are consistent with the fact that copper is involved in a square planar coordination 
with oxime ligands. The metal-ligand bonding parameters evaluated showed substantial in plane a-bonding 
covalency and a small amount of in-plane as well as out-of-plane r-bonding. 

INTRODUCTION 
Oximes have various insecticidal, miticidal and nemato- 
tidal activities.’ They were employed as antidotes 
against organophosphorus poisons.* Oximes were 
employed as inorganic analytical reagents for separation 
and determination of many metal ions. Considering their 
biochemical and analytical importance and with a view 
that metal ions may enhance their biochemical activity 
we have prepared the copper complexes of o-hydroxy- 
acetophenone-, resacetophenone-, peonol- and 2- 
hydroxy-1-naphthaldoxime and characterised them by 
spectral, ESR and magnetic studies. 

EXPERIMENTAL 
The copper complexes of o-hydroxyacetophenoneoxime, res- 

acetophenoneoxime, peonoloxime and 2-hydroxy-l- 
naphthaldoxime were prepared according to the procedures des- 
cribed in the literature.‘” 

The copper-oxime complexes used in ESR spectral studies 
were diluted in their respective diamagnetic nickel oxime com- 
plexes (Cu to Ni 5 : 95 and 2 : 98 respectively) and were prepared 
as follows. 

An aliquot of copper(I1) ion solution (containing 2.5 mg of 
copper) and nickel(I1) ion solution (containing 47.5 mg of nickel) 
were transferred to a 400-ml beaker and diluted to about 150 ml 
with distilled water. The solution was heated to about WC and a 
slight excess of the oxime solution (1% in rectified spirit) was 
added. The pH of the solution was adjusted to 6.5-7.5 with 
sodium acetate solution (10%) set aside for about 20 minutes and 
then filtered through a sintered glass crucible. The precipitate was 
washed with hot water and dried in a vacuum desiccator over 
fused calcium chloride. 

Electronic spectra of the complexes in Nujol mull were 
obtained with Unicam SP-700 Spectrophotometer. ESR spectra 
of the solid complexes were recorded using Varian E-4X-band 
Spectrometer which was operated in the range 8.8-9.6GHz. 
DPPH was used as the g-marker. 

RESULTS AND DISCUSSION 
All the complexes are powders which are insoluble in 

water and soluble in dioxan, 2-ethoxyethanol and 
acetone. 

The complexes were stable in air and non-hygroscopic. 

*Author to whom correspondence should be addressed. 

All the complexes were analysed for the metal, carbon, 
hydrogen and nitrogen and the results showed a 1:2 
metal-ligand composition. Nitrobenzene solutions of the 
complexes gave low conductance values (Table 1) in the 
range of 0.28438 indicating a non-electrolytic nature. 
Elemental analysis, IR and thermogravimetric studies’ 
revealed that all the four complexes were anhydrous. IR 
studies also revealed that the complexes involved the 
replacement of the hydrogen of the phenolic-OH group 
by copper with nitrogen of the oxime group coordinating 
to it. 

The values of room temperature magnetic moments 
(pcfl) for the complexes are given in Table I. These are 
essentially spin only values, normally found for square 
planar copper(H) complexes in the absence of any anti- 
ferro-magnetic coupling. The values are consistent with 
an orbitally non-degenerate ground state for the cop- 
per(U) ion and indicate that the complexes are 
mononuclear in nature. 

The electronic spectra of copper oxime complexes 
showed absorption peaks in the 16.0 and 19.0 kK regions, 
the bands observed around 16.0 kK are assigned to 
‘Blp+‘Bzg transition of square planar copper(U) by 
analogy with the spectra of other square planar cop- 
per(I1) species. The bands observed around 19.0kK are 
attributed to *B,, +‘E, transition (Table 1). 

The electron spin resonance spectra of the poly- 
crystalline specimens of the four copper-oxime com- 
plexes (diluted in the respective nickel oxime complex, 
Cu-Ni 5 : 95) showed interesting features of resolution of 
the copper hypertine structure. The ESR spectra deter- 
mined with copper-oxime chelates diluted in nickel 
complex (Cu-Ni 2: 98) are found to be. similar with those 
of the above but the hypertine lines are slightly smaller 
for this concentration. In all the complexes, the low field 
part of the spectrum consisted of three of the four 
expected hypertine lines (the fourth line overlapping with 
the high field line) (Cu’+, S=i and nuclear spin I=;). 

These spectra are characteristic of axial symmetry. The 
spectrum is composed of two parts, the 19=0” (81) part 
and the 0 = 90” (gJ part, where 0 is the angle between H 
and the axis perpendicular to the coordinating plane 
formed by the ligand. Therefore, the copper hypefine 
line of the m, = - (3/2) of the gll absorption overlapped 
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Table 1. Analytical, molar conductance, magnetic moment and electronic absorption spectral data of the com- 
plexes 

____________________~---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~__~~-~-~-_-~_~~~~---_-~_~__--__-_-__ 
Complex Color Metal Carbon Hydrogen Nitrogen Molar con- 

ductanoe 
Absorption maxima,kK 
___________-___-____ 

(Z) ($1 (%I ($1 
Peff 

(ohm-'cm2 2B32B 
mole-lnitro- lg 2g 

2B-,2E 
lg g 

(B.M.) 

benzene) 

l.Copper-9-hjr- Brown 17.31 52.90 4.39 7.71 
droxyaceto- 
phenoneoxime (17.48) (52.80) (4.40) (7.70) 0.30 15.9 18.9 1.79 

P.Copper-resaceto- 16.10 40.a5 4.11 7.14 

phenoneoxime Brown (16.07) (48.85) (4.05) (7.08) 0.34 13.8 19.2 1.80 

S.Cogper- Light 15.00 51.00 5.10 6.70 

peonoloxime Brown (15.00) (51.00) (4.W (8.W 0.30 15.8 18.7 1.70 

4.Copper-2- Light 14.42 60.80 3.70 6.37 
hydroxy-l- Brown 
naphthald- (14.57)(60.60) (3.70) (6.40) 0.38 14.9 19.2 1.74 

oxime 

with the gL part. The spectra are fitted into an axial spin 
Hamiltonian given be10w.**~ 

H = Bk$IzSz + g,(IMz + &$)I + A&S, 

+ A,&% + I,&). (1) 

With S = i and nuclear spin I = :, the parameters in the 
spin-Hamiltonian as calculated from the spectra are 
given in Table 2. The analysis of ESR spectra of copper- 
oxime complexes is straight-forward when we compare 
these spectra with that of the ESR spectra of several 
copper complexes reported in the literature.‘“-‘3 in the 
spectra of the present complexes the line-widths are 
larger and the resolution is suflicient to measure all the 
ESR parameters accurately. Table 2 gives the g, A 
values, optical absorption frequencies and orbital reduc- 
tion factors 41 and t. Hathaway” pointed out that for 
pure u bonding 4 = t = 0.77, for in-plane pi-bonding 
kl< k, and for out of plane pi-bonding /rl < 41. In all the 
present complexes kr < t which suggests that in these 
chelates in-plane pi-bonding is present. The parameters 
in Table 2 show some interesting trends. The gll values 

are almost the same for all the complexes indicating that 
the type of bonding is the same in all the complexes and 
that Cu-N and Cu-0 bond lengths do not vary from 
complex to complex. Kivelson and Neiman” have 
shown that q is a moderately sensitive function for 
indicating covalency. Normally gr is 2.3 or more for ionic 
environment and it is less than 2.3 for more covalent 
environment. The present ESR results show that gll is 
less than 2.3 in all the cases suggesting that the copper 
oxime complexes are more covalent in nature. Similar 
observations are reported by Wasson and Trapp.16 Mas- 
sacesi et aLI reported that A is 2.3-2.4 for copper- 
oxygen bonds (octahedral and planar respectively); 2.2- 
2.3 for copper-nitrogen bonds and mixed copper- 
nitrogen and oxygen system (with variation in the point 
symmetry from octahedral and planar among them) and 
2.1-2.2 for copper-sulfur bonds. For copper-selenium 
bonds it is below 2.05. For the present copper-oxime 
complexes gll=2.20&2.204, in conformity with the 
presence of mixed copper-nitrogen and oxygen bonds in 
these chelates. The data presented in Table 2 also reveal 
that there is not much variation in values of All and 

Table 2. Spin Hamiltonian and orbital reduction parameters of copper-oxime complexes 
________-_______-_______-_______-________________----_-___________________-_________-__~~-_~~~-~ 

T(K) ga,, GO gu g1 A:: AT A$ AE; k:, k: : 

l.Cu-9-hydroxy- 301 2.102 '95.15 2.204 2.051 200.6 42.13 15880 18810 0.49 0.58 4.00 
acetophenone- 
oxime 

2.Cu-resaceto- 301 2.099 97.61 2.200 2.048 200.4 44.98 15750 19280 0.48 0.56 4.17 
phenoneoxime 

J.Cu-peonoloxime 301 2.097 94.17 2.202 2.045 200.4 41.11 15750 18690 0.48 0.51 4.49 

4.Cu-2-hydroxy-l- 301 2.096 95.26 2.200 2.044 202.9 41.44 14920 19230 0.45 0.51 4.54 
naphthald- 
oxime 

saJnits , ~lO_~crn -' bin cm" , 
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isotropic g[(go = l/3@, + 2g,)] and A[Ao = 1/3(All+ 2AJ field environments. The ESR parameters gn, gl, Ad and 
values. Furthermore, the high field “Perpendicular” A, and the separation of the d-orb& (2Blg+2B2g 
transition shows no signs of any further resolution into corresponding to Ix* - y’) to ]XY) transition and *Bi, + 
the individual compounds to yield g, and g, (where *E, corresponding to Ix* - y*)+ Ixz, yz)) are used to 
g, = :(gX +g,) and hence suggest an effective “&,” evaluate the bondii parameters a*, /3,*, 8* and the 
point symmetry. This would mean that in all the chelates Fermi contact hyper6ne interaction term “K”. a2 
the nitrogens and oxygens provide effectively the same measures the covalency of the in-plane u bonds, &’ of 
ligand field strength. Under this symmetry the unpaired the m-plane pi-bonds and j3’ of the out-of-plane pi- 
electron is considered to be in the 2Bla[]x2 - y*)] ground bonds. These parameters are close to 1.0 for ionic bonds 
state orbital.“.‘3 and become smaller with increasing covalent bonding. 

Hathaway”.” stated that two types of axial spectra 
are observed depending on the value of lowest g-factor. 
(1) Lowest g 2.04-such a spectrum can be observed for 
a copper(U) ion in axial symmetry with all the principal 
axes aligned parallel and would be consistent with elon- 
gated tetragonal, octahedral or square planar stereo- 
chemistries. In these axial spectra the g values are 
related by the expression, 

For a Cu*+ complex with I&,, symmetry the ground 
state can be expressed by the molecular orbital’3”5 

B,,=alx’-y’)-~cr’l-~lx+dy+o’x-~~4) 

(3) 

where 11’ is the hgand group orbital coefficient for the 
ground state and a is the metal d-orbital coefticient. The 
larger the square of the a’, the more covalent is the 
bonding. G=s=4.0 

I 

and is evidence that a d,’ - y* ground state is present. If 
G >4.0, then the local tetragonal axes are aligned 
parallel or only slightly misaligned; if G < 4.0, signiticant 
exchange coupling is present and the misalignment is 
appreciable. Consequently the vahre of G is a useful 
indication of the extent of exchange coupling in tetra- 
gonal systems. (2) Lowest g < 2.0~such spectra can be 
observed for a copper(U) ion in: axial symmetry with all 
the principal axes aligned parallel and would be con- 
sistent with compressed tetragonal-octahedraI or tri- 
gonal-bipyramidal stereochemistries. Further, if the g 
value is less than 2.03 it is an indication that the unpaired 
electron is present in the dz* ground state orbital and in 
these compressed stereochemistries the value of G has 
no significance. For the present four copper-oxime 
complexes g1 = 2.044-2.051, Gl= 2.200-2.2034 and G = 
4.00-4.54 (T.able 2). These values suggest that all these 
chelates have symmetry lower than tetragonal. Further, 
for these complexes the lowest g value is greater than 
2.04 and G P 4.0 consistent with a d,z - 9 ground state 
and with an elongated axial symmetry. 

Electron spin resonance and optical absorption spectra 
have been used many times to determine the covalent 
bonding parameters for the Cu*’ ion in various l&and 

The magnitude of a* can be estimated using the fol- 
lowing approximate formula15 

a2=~+(g,,-2.tM23)+;(g,-2.0023)+0.04 (4) 

where P = O.O36cm-’ for Cu*’ free ion,” and Al is 
expressed in cm-‘. The a2 values obtained by this 
expression (Table 3) tend to be slightly less than those 
obtained using the more elaborate and exhaustive mole- 
cular orbital theory. This leads to a small discrepancy in 
the value of (a’)’ derived from a* using the expression 
for normahsation of the B,, orbital 

(1* + (a’)* - Za(a’)S = 1 (9 

where S is the overlap integral between the metal and 
the normahsed ligand orbitals. We have assumed the 
overlap integral value calculated by Assour” S=O.o92 
and the values of (a’)’ are presented in Table 3. 

In order to estimate the molecular orbital coefficients 
(a, /3 and /?,), Hathaway and Tomlmson” assumed the 
value of B, as one and calculated a and /3 for several 
copper(U) ammonia complexes employing the expres- 
sions kt= a/3, and k, = as. The present authors deter- 

Table 3. Spin Hamiltonian and bonding parameters of copper@) oxime complexes 
_--__-_____-_____--__-~__--~-~-_~~~~~~~~~~ ~__~~~-~~~~~~~~~~~~~~~----~~~~~~---~~~~-~~---~~---- 

Complex 
%I gl 

a 
AlI *: c” (2)’ $- Pbm-‘1 K 

_____________________________________________~~____________________~~_~~~_~~~~~_~~~~~~~~~~~~~~ 

1 .Cu-o_-hydroxy- 
acetophenone- 
oxime 

2.Cu-resaceto- 
phenoneoxime 

2.204 2.051 200.6 42.13 0.82 0.21 0.71 0.024 0.30 

2.200 2.040 202.9 41.04 0.82 0.21 0.68 0.023 0.33 

3.Cu-peonoloxime 

$.Cu-P-hydroxy-l- 
naphthaldoxime 

2.202 2.045 200.4 41.71 0.82 0.27 0.62 0.024 0.30 

2.200 2.044 202.9 41.44 0.82 0.2-t 0.62 0.024 0.30 

__________________-_~~~~~___~~~-_~--~_-~-~-~-~~__~-_-____________________________________-____ 

BUnits, -’ -’ x10 cm 



mined the values of a for the four copper-oxime com- 
plexes from the expression (4). Substituting the values of 
a in the expression k, = a/3 the parameter fi is obtained 
and these values are also given in Table 3. The estimated 
values of the bonding coefficients indicate a large amount 
of in-plane u bonding and very little out of plane pi- 
bonding. 

Giordano and Bereman’s have treated the free ion 
dipolar term P as a variable to absorb the effect of 
electron delocalization by the use of the expression 

P= 
(Au - Ad 

[ 
(~,-2)-;w)-q 1 

(6) 

They suggested that identification of bonding groups 
may be obtained from values of P, e.g. for bonding to 
four sulfur atoms they found that P lies in the range 
0.026-O.O16cm- and for bonding to two nitrogen and 
two oxygen atoms the value of P is in the range 0.022- 
O.O29cm-‘. The values of P obtained for the copper- 
oxime complexes by using the above expression are 
given in Table 3. These values are found to be between 
0.023-0.024cm- and are consistent with bonding of 
copper to two nitrogens and two oxygens. Smaller values 
for P also indicate slightly stronger in-plane pi-bonding 
in the systems agreeing with a higher ligand field. 

The Fermi contact hyperfine interaction term K may 
be obtained from the expression” 
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these calculations PI 2 is assumed as one. The values 
obtained for K are in good agreement with those esti- 
mated by Assour” and Abragam and Pryce.” 
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of the contribution of “3” electrons to the hypertine 
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Ahstraet-The kinetics of the reaction between Cu(I1) and I- to give Cu(I) and Iz have been investigated in 
acidic solution in the presence of high chloride ion concentration (11 = 3.13 M). Under such conditions the 
precipitation of CuI is avoided. The rate of I2 production was followed using a “cleck” technique, by addition of 
increments of tbiosulphate and noting the time of appearance of the blue 1,starch complex. At a constant chloride 
ion concentration 1500 times that of the initial [Cu2’], the reaction is second order in both Cu2’ and I-, and is 
independent of [H+]. The rate is almost independent of [Cl-], but CuI precipitates when the initial [Cl-] is less than 
750 times that of the initial [Cu”]. The rate constant in the expression: Rate = ~,[CU~‘]~[I-]~ has a value of 
5.6 x lO’ M-‘s-’ at298.2 K([Cl-] = 2.73 M, c = 3.13 M)withactivationparameters: B, = 54.8 W mol-‘,logPZ = 14.347 
and AS& = 21.4 J K-’ mol-‘. The rate determining step is characterised by a large positive salt effect and a mechanism 
is proposed consistent with these observations. 

INTRODUCTION 
The reaction between Cu*’ and I- is used extensively 
in the iodometric analysis of Cu(I1)‘. As the [r-l is 
reduced, the reaction occurs at a conveniently measur- 
able rate.- Previous kinetic studies have been com- 
plicated by the precipitation of CuI, which gives rise to 
the characteristic autocatalytic behaviour of an hetero- 
genous system, and reaction orders are not well 
established. To avoid these difficulties, we have in- 
vestigated the kinetics of the reaction in the presence of 
excess chloride ion which effectively complexes the 
CuO product and the system remains homogeneous. 

EXPERIMENTAL 
Stock solutions of CuSO, (2.06X 10-2M), NaI (0.123 M), 

HCIO, (2.11 M), NaCl (5.00 M), Na2S203 (2.05 X 10e2 M) and 
NaCIO, (2.0h4, 5.OM) were prepared and standardised by con- 
ventional volumetric techniques. The “standard run” conditions 
were Cu2+ (5 mL), I- (5 mL), Cl- (30 mL) and starch (freshly 
prepared, l%, 5 mL) to give the followina initial concentrations: 
@+I = 1.87 X lo-‘I& - [I-] = 1.13 x IO2 M, [H+] =0.384&f, 
ICI-1 = 2.73 hf. and an ionic strenath. IJ = 3.13 hf. All solutions. 
except cl++; were added to a cy&&ai reaction vessel fitted 
with a magnetic stirrer and jacketed with circulating water at the 
desired temperature. A 5 mL microburette containing S2032- 
solution was mounted above the reaction chamber. An ap- 
propriate volume of SZO~~- was added from the burette and, after 
temperature equilibration, the reaction was initiated by addition 
of the Cu*’ solution. The time of appearance of the blue 12-starch 
complex was noted, and a further aliquot of S20s2- added. The 
extent of reaction vs time was thus recorded (Table 1). In much 
of the preliminary investigation, the calculated (3/4)_iife, (l/2)-life 
and (1/4)_hfe volumes of S2032- were used as aliquots. Under the 
above conditions, the (l/2)-lie for the consumption of Cu2’ was 
512 2 s at 298.2 K. 

The use of the “standard run” conditions allowed a systematic 
variation of [Cu2+] (7.49 - 18.7 X lo-’ M), II-1 (4.52 - 
11.3 X IO-’ M), [H’] (6 - 0.384 M), [Cl-] (0:9iO-2.73 Mj, and 
B (1.31- 3.13 M), by VSWhR the initial VOhmS. ADDrOD&e 
amounts of NaC104~solutionVwere added to maintain ‘co&nt 
ionic strength where necessary. At least two, and usually three, 
kinetics runs were performed after the variation of any particular 
reaction parameter. Replacement of Cl- by Br- as complexiag 

*Author to whom correspondence should be addressed. 

agent resulted in a much faster reaction. Stock solutions used 
under these conditions were: ICu2+l = 1.01 X IO-* M. 5 mL: 
[CU2’]i = 9.16 X 1Oe4 M, [I-] = 6.32 X IO-’ M at p = 6.126 M, 
NaCIO,, 5 mL: [I-Ii = 2.30 X IO-’ M, [H’] = 2.11 M, IO mL: 
[H’]i = 0.384 M, [Br-] = 5 M, 30 mL: [Br-]i = 2.73 M and starch 
(5 mL), [S2032-] = 2.07 X W2 M, p = 3.13 M. 

RIwLT!s 

Some 100 kinetic runs allowed us to determine the 
variation of reaction rate with respect to [Cu”], [I-], 
[H’], [Cl-], ionic strength and temperature. In most 
cases, the order with respect to a particular reagent was 
determined by the fractional life method. 

The reaction rate is independent of [H’] in the range 
0.073-0.364 hI, and even with no added acid, essentially 
the same (l/2)-life is observed (Table 2). 

A slight decrease in reaction rate is observed (Table 2) 
with decreasing chloride ion in the range 1.36-2.73bj. 
Below this value, a more marked decrease is observed, 
and with [Cl-] c 1.0 M, CuI precipitation occurs. A fur- 
ther set of reaction rates were measured in non-standard 
conditions (~=4.04kf, NaClOJ, with [Cl-] varying 
from 3.64-1.82 l$. These data (Table 2) con6rm that the 
rate is independent of [Cl-], in the range 2.0-3.6141 and 
the small rate variation observed in the l.O-2.0M range 
may be due to the presence of colloidal CM. Decreasing 
the [Cl-] without maintaining constant ionic strength 
shows that the reaction is characterised by a marked 
positive salt.effect (Table 2). 

Table 2 also presents the kinetic data obtained to 
determine the variation of rate with respect to [Cu”] and 
[II]. The reaction is found to be second order in both 
reagents and can thus be represented as: 

- d[Cu*+] 
- = k~[cu2+]‘[I-]’ 

dt 

([Cl-]=2.73& p = 3.11 M). The order with respect to 
[Cu*‘] was con6rmed6 from a linear plot of [Cu*‘]-’ us t 
obtained from the “standard run” conditions by S2032- 
us t data (Table 1). Pseudo-second-rate constants, k2, 
hIis-‘, were obtained from the slope of such plots and 
are presented in Table 3. The fourth order rate constant, 
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Table 1. Volume of SzO;- vs time data for the Cu*‘/I- reaction.’ T = 298.2 K, [Cl-Ii = 2.73 t$, [H’], = 0.384 I$, = 
3.13 M, S20:- = 20.5 mM, [CU*‘]i = 1.87 rnM 

volume 104[cu2+1 [cu2+1-1 (mg 

'2'3 2- 

[I-Ii, 

11.3 9.05 6.79 4.52 

(m3.J (@ (E-1, Mean time (5) 

0.75 15.9 629 24.5 

1.00 15.0 668 8 11 16.7 50 

1.25 14.0 714 34.3 78 

1.50 13.1 763 21.6 28.8 54 115 

1.75 12.1 826 45.3 77.3 151 

2.00 11.2 893 41.6 61.7 100.3 220 

2.25 10.3 971 55.3 81.7 132.5 

2.50 9.36 1068 70.3 104 163 

2.75 8.42 1188 88.6 127.7 195.5 

3.00 7.48 1337 110 153.3 

3.25 6.55 1527 132.3 

3.50 5.61 1782 157.3 221 

3.75 4.68 2137 184.6 

a Total volume of reaction mixture is 55 mL. 

t in eqn (1) was then calculated from the initial [I-] 
using the expression 

k4 = kJI-]i-‘. (2) 

The constancy of k., (Table 3) over a 1.7 fold variation in 
[I-] conlirms the reaction order established by the frac- 
tional life method. Activation parameters’ were obtained 
from the variation in lo,, using the “standard run” con- 
ditions, over the 13-25°C temperature range. 

The use of bromide rather than chloride ion as a 
complexing agent resulted in a more rapid reaction and, 
in contrast to the chloride media, the rate showed a 
marked dependence on [Br-]i (Table 4). At the same 
initial halide ion concentration of 2.73 l& the reaction is 
about 50 times faster in bromide media. 

The use of CH&N as a complex@ agent (without 
added halide ion) was also investigated. While water- 
CH,CN (18%) mixtures were effective in maintaining an 
homogeneous medium, the starch-G indicator complex 
could not be used as an indicator. Meaningful orders 
with respect to Cu*’ and I- were not obtained (although 
the reaction under these conditions is approximately 
second order in Cu*‘) probably because the rate is very 
sensitive to [CHEN]. 

DLSCUSSION 

Copper(U) oxidations of halide or pseudohalide ions 
have several synthetic [e.g. (CNh formation] or analy- 
tical applications. From a kinetic aspect, the Cu”/CN- 
system has been the subject of several investigations”” 
as this is an homogeneous reaction in the presence of 
excess cyanide ion. 

2Cu*+ + 6CN- +Z[Cu(CNh]- + (CN),. (3) 

Although the relationship between the order and the 
coefficients in eqn (3) is coincidental, Baxendale and 
Westcott’ found the rate law to have the form 

=!!$$?l= k[CU*+]*[CN-16 (4) 

and a rate determining step of 

2Cu(CN)3- +2Cu(CN)z- + (CN)2 (9 

was proposed.* 
Despite less attention, it is obvious that the Cu*‘/I- 

system must also be of high order in iodide ion, but the 
exact factor has been diicult to determine4 because of 
the autocatalytic nature of the heterogenous reaction (6) 

2Cu*+ + 41- --, 2CuI J + I*. (6) 

For this reaction, Kemp and Rohwer4 report the rate 
law: 

-dftu2+l _ ~[c~][cu*+]‘.“[~-]“.* (7) 

and it is this high power in [I-] that enables the 
iodometric estimation of Cu*’ to be performed in a 
reasonable time. 

In the present system, Cu(I) is stabilised in the 
presence of Cl- (or Br-) and CuI precipitation is pre- 
vented. Precipitation of CuI is also prevented if the [I-] 
is sufliciently high’**13 but under these conditions the 
reaction rate is too rapid for conventional techniques. 

In principle, it should be possible, from a knowledge of 
the Cu*‘/halideion stability constants’4 and the variation 
in rate with respect to the halide ion, to estimate which 
Cu(II)Xf;” species is involved in the rate determining 
step. Unfortunately, the results of our calculations are 
inconclusive but it is obvious that Cu*+, CuX’ and 
CI&*- are unlikely candidates for the active Cu(II)- 
halide species.” We have chosen CuX2 as the reactive 
Cu(II) species in strong halide media to illustrate the 
possible mechanism, but CuX,- cannot be discounted. 
CuX2 has the advantage of providing the appropriate 
Cu:X ratio for the most stable form of the CuQ halide 
complex. 

The following equilibria fit the observed rate laws and 
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are analogous to those proposed for the Cu”/CN- 
system:15 

choice of equilibria has been made on the basis of 
reactants that will. give the least unfavourable elec- 

cu*+ + 2x-=0x~ (*) 
trostatic interactions. We believe that the electron trans- 
fer is rate determining rather than substitution of a 

cux* + I- * CUXJ (9) 
coordinated water molecule, as all observations suggest 
that such substitution processes are very rapid in CufII) 

2cl&1- + cux*- t 11. (10) systems.16 
Although Cut&halide complexes are known to be very 

The positive salt effect suggests a rate determining step sensitive to air oxidation, kinetic runs performed in the. 
between two ions of the same charge (eqn lo), and the open atmosphere, and under N2 were identical. Deli- 

Table 2. Variation of rate with respect to initial concentrations. T = 298.2 K, p = 3.13 141 

Variation 0f [cu~+]~ 

[ cu2+1 
1 :z= % 

( mM_) (s) (6) (mM_) (‘4) (8) 

1.87 12.3 49.7 11.3 12.3 49.7 

1.50 13.8 53.3 9.05 15.8 60 

1.12 20.3 67.7 6.79 22 88.3 

0.75 31.5 98.5 4.52 35 150 

nd 2.0 + 0.2 1.8 + 0.2 nd- 2.1 + 0.2 2.0 f 0.2 

Variation of 

[H+li q 

w-0 (5) 

0.383 12.5 

0.307 12 

0.230 12 

0.153 11.5 

0.077 11.8 

-3 11 

Variation of 

Lcl-li t: 
c_ 

Cn_, (6) 

2.73 12.5 

2.27 13 

1.82 14 

1.3& 16.3 

[II+]’ Variation of uf 

% 

(8) 

ccl-Ii u t+” 
@I (M_) (6) 

52.7 2.73 3.13 12.7 

51 2.27 2.65 23 

51.5 1.82 2.20 55 

51.5 1.36 1.74 113 

51.5 0.91 1.29 195 

53 

Ccl-$ Variation ofC?l-l(u = 4.04ji 

% 
[Cl-Ii tl 

3 
(s) (R) (8) 

52.6 3.64 20 

56 3.18 19.5 

63 2.73 20 

94 1.82 22.5 

Variation of [I-lb 

[I-Ii 

[I-Ii = 1.13 x 10-2 M_, [Cl-Ii = 2.73 M_, [H+li = 0.384 M_. 

[Cu2+li = 1.87 x 1O-3 5, [Cl-Ii = 2.73 M_, [H+li = 0.384 E. 

tZ 
is the time taken for the initial concentration to decay 

to 2 of its original value, i.e. at least two half-lives. 

The order, n, with respect to the varied reagent, X, 

calculated from the plot of ln t -1 (or In tS) vs In CXli 

where the slope = (l-n) [53. 

ccl12+ Ii = 1.87 x 10 -3 n_. WI, = 1.13 x 10'2 n_, [Cl'], = 2.73 fi. 

ccu2+1 i = 1.87 x 1O-3 Ij, [I-Ii = 1.13 x 1o-2 M_, cii+1, = 0.384 5. 

No added acid. 

[Cu2+l =*l 87 x 1O-3 i ’ n_, [I-Ii = 1.13 x 10'2 M_, [Ii+], = 0.384 I$ 

u = 3.13 M_, NaC104. 

ccu2+1 i = 1.87 x 1O-3 5, [I-l, = 1.13 X lO-2 B'J, [H+], = 0. 

% = time taken for the initial CCu'+l to decay to two-fifths 

of its original value. 

Observable precipitation of GUI. 
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Table 3. Rate constants for the cu2'/I- R~~tiou. [Cl-]I = 2.73 M, (H+]i = 0.384 &I, c = 3.13 &I, [CU2+]i = 1.87 mM 

T cc”*+1 i c1-I. 

% CKI (mM_) (a$ 

25.0 c29s.21 1.87 

1.87 

1.87 

1.87 

1.83 

22.0 c295.21 1.83 

19.0 [292.2] 1.83 

16.0 C289.21 1.83 

13.0 [286.2] 1:83 

11.3 6 .74 5_27 5.63 

9.05 4.20 5.13 

6.79 2.71 5.E8 

4.52 1.37 6.74 

11.3 7.05 5.S8 

11.3 5.70 4.4 4.50 
6 

11.3 4.64 3.63 3.58 

11.3 3.74 2.g4 2.83 

11.3 2.75 2.16 2.23 

2 Estimated from the slope of the linear plot of [Cu 
2+,-l "S t 

(Table 1). 

b k4 = k2[I-li-* 

P Calculated from the activation parameters 

Ea 
= 54.8 f 2.3 kJ mol-', log PZ = 14.347, 

0 
"298 

= 21 i 4 J K-l mol-1, AH' = 52.3 f 2.2 kJ mol-'. 

Tablc4. Volume of &O:- vs time data for the Cu2’/I- reaction in the presence of bromide ion. [CU’+]i = 9.16 x IO-’ M, 
[I-Ii = 2.30 X 10m3 M, [H+]i = 0.384 M, /J, = 3.13 h4,’ T = 298.2 K, [&0,2-l = 2.07 x lO-2 &f 

vol.s203 *- 104[c"*+] cc"*+]-1 CBr-li 04) 

2.73 2.27 1.82 1.36 

(mL1 (Ml (M-l) Mean time (5) 

0.8 6.06 1650 4 8 

1.0 5.30 1890 

1.1 4.92 2030 

1.2 4.54 2200 

1.3 4.17 2400 

1.4 3.79 2640 

1.5 3.42 2920 18 37 

1.6 3.05 3280 

1.7 2.68 3730 64 

1.8 2.31 4330 34.5 82.5 

1.9 1.94 5150 113 

2.0 1.58 6350 60 146 

2.1 1.21 8260 85 195 

2.2 0.85 11800 123.7 268 

2.3 0.48 20700 191 

b Calculated Rate Constants - 

[Br-li k2 

@, (M-&-l) 

2.73 99.8 

2.27 35.8 

1.82 12.4 

1.36 3.47 

18.5 50 

100 

157 

205 

59.5 - 

258 

104.5 - 

143.5 - 

188 

242.5 - 

105k4 r! 

(M-3s-l) 

30.* 

1o.8 

3.74 

1.05 

P Ionic strength maintained with NaC104 

b T = 298.2 K, IJ = 3.13 M, [Ii+] = 0.384 M: 

c Footnote 5, Table 3. 

a Footnote b, Table 3. 
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berate addition of an air or. oxygen stream did, however, 
result in a catalytic system” (eqns 11, 12),. dioxygen 
being about 50% more effective than air. 

2cuci* + 21- -9 2CuC12_ + 12 (11) 

2H’ t 2CuC12- t (l/2)02 + 2CuC12 t HzO. (12) 

Under these conditions, 1, production is much greater 
than the stoichiometric amount indicated by eqn (6) and 
the possibility of using this system for the recovery of 
iodine from iodide waste is under investigation. 
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COMPOUNDS-XII? 

THE CRYSTAL STRUCTVRE AND ABSOLUTE CONFIGURATION OF 
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Ah&ad-The X-ray crystal structure and absolute configuration of [ t ]~$-C&)Mo(CO)&H~N-CH(=NR*] 
for R* = (S)-CH(CH)&&) have been determined from single crystal d&action data. The compound crystaUixes 
in the orthorhombic space group P2,2,2, with four molecules in a unit cell of dimensions [I = 8.631(4), b = 12.973(5), 
and c = 15.948cI) A. The structure was solved by the Patterson method and re6ne-d to a final R value of 2.3% using 
2620 independent data. The MO atom has square pyramidal coordination, and the configuration at MO is found to he 
(R) for the [ tlsm diastereoisomer. The Mo-Cp distances average 2.330A, with the two carbons of the ring closest 
to the SchilI base being the most eclipsed by the other ligands on MO. The MO-c(O) and Mo-N bond lengths and 
associated angles are contrary to previous cases where a “trans effect” was thought to be seen. Instead, the 
disparate Mo-N lengths are due to the greater alEnity of the formally charged, deprotonated pyrrole nitrogen for 
MO. Discrepancies between bondii properties of the present compound and its pyridme analogue are similarly 
explained. The phenyl ring of the optically active Schiff base is directed away from the MO atom, which is 
characteristic of the non-preferred diastereoisomers of the other compounds in this series. The conliguration of the 
optically active carbon is found experimentally to be (s), as expected from the absolute co&u&ion of the 
(S)-a-phenylethylamine used. 

INTRODUCTION 
In a series of papers on the structures and absolute 
configurations of organometallics having metals as chiral 
centers,‘-” we have dealt principally with X-ray deter- 
minations of what we have labelled “the preferred dias- 
tereoisomers.” That is, crystals studied were largely 
those of substances which (a) were the predominant 
species at equilibrium in solution and (b) crystallized first 
during a fractional crystallization experiment. However, 
in the case of one CpMO(CO)&hioamide)‘” and one 
CpMo(COh(SchilT base)3 we were able to determine 
the absolute configuration of non-preferred dia- 
stereoisomers. As shown in our previous studies,‘-‘o 
the most prominent structural difference between the 
preferred and non-preferred diastereoisomers is the 
orientation of the phenyl ring of the optically active 
carbon with respect to the Cp liiand; i.e. 

we found the preferred diastereoisomer to have the phenyl 
ring facing the edge of the Cp ligand whereas the non- 
preferred species has the phenyl ring pointing away from 
the Cp, as shown in the above sketches. We also designed 
molecules such as CpMo(COk(L) with L= 
N(CH,Ph)CPhN(CHMePh), in which two phenyl rings 

*Author to whom correspondence should be addressed. 
tFor paper 11 of this series see Ref. 12 of this paper. 

can, potentially, interact with the Cp ring and found that 
they behave as expected; that is, the preferred dias- 
tereoisomer has both phenyls close to and interacting 
edgewise with the Cp ring,” whereas the non-preferred 
species has one ring up and one down.‘* 

In this report,. we discuss the structure and absolute 
configuration of another Schiff base derivative, obtained 
from pyrrole carbaldehyde and (S+phenylethylamine, 
with the non-preferred con&ration. With this study, we 
expected to be able to establish the relationship of the 
signs of the optical rotations at various wavelengths and 
the absolute configuration for the cases of two related 
Schiff base non-preferred diastereoisomers (that des- 
cribed in Ref. 3 and this one). Details are given below. 

DIscussrON 
As can be seen in Fig. 1, the molecule consists of a 

central MO atom in a square pyramidal coordination 
polyhedron. Distortions from ideal geometry are caused 
by the dBerent bonding characteristics of the carbonyls 
and the SchiiT base nitrogens. The cap of the pyramid is 
the polyhapto-cyclopentadiene ring, which can be 
thought of as a single binding point to the metal. The MO 
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atom is a chiraI center, along with Cl3 in the Iigand, and 
the correct absolute configuration (Fig. 1) was deter- 
mined from analysis of 10 Bijvoet pairs of reflections.13 
Applying the extension of the R, S system” for poly- 
hapto ligands in organometallic compounds,” the 
configuration at MO is designated (R). This assumes that 
the ranking priority of the binding points is CsH5> 
N(imine) >N(pyrr.) >CO. The configuration of the 
pyridyl analogue has also been shown to be (R),’ al- 
though it was reported incorrectly in the original com- 
munication? Circular dichroism measurements have 

Fig. 1. Stereoscopic view of the molecde showing the atom labeling 
scheme. The thermal ellipsoids are SO% eqaiprobability envelopes, 
with hydrogens of arbitrary size. Note the (R) cdguration about 
MO, and (.!Z) about C13. 

shown that both compounds have the same sign of the 
optical rotation at the wavelengths sampled, positive at 
579 MI and negative at 404 nm, and this correlates well 
with the observed equality of configuration. 

The Mo-C(Cp) distances range from 2.257 to 2.399 A, 
with an average of 2.330 A. Bonding of MO to a $-CsHs 
ring has been shown to be influenced somewhat by the 
nature of the other ligands invol~ed,~” but the present 
values are in good agreement with those previously 
reported.‘*‘*’ It is also found that the two longest Mo- 
C(Cp) distances are those to CS and C6, the carbons 
closest to the SchiR base. If one considers the torsional 
angles X-Mo-Cent-C(Cp), where Cent is the midpoint of 
the cyclopentadienyl ring and X is each one of the four 
basal plane atoms, one finds the smallest values of the 
torsional angles when C(Cp) = CS and C6. That is to say, 
C5 and C6 are the most eclipsed of the Cp carbons and, 
as pointed out earlier,‘6*‘7 these minima almost never 
occur for X= C(C0) in complexes of the type cis- 
(OC)&fCp(L,)(L2). Since molecular orbital calculations 
predict the Cp rotational barrier in such compounds to be 
fairly low,” the reason for this obviously preferential 
orientation is unclear. 

The Ma-C-0 geometrical parameters are in accord 
with previous results,‘-” although it may appear a bit 
unusual to 6nd a sign&ant difference between the two 
Mo-C(CO) bond lengths. A previously observed case 
was attributed to “the frans effect,“’ even though similar 
cased shown no such discrepancy. This situation is 
similar to that found in studies of Werner coordination 

Table I. Summary of data collection and processing parameters 

space Group . . 

Cell Constants . . 

Molecular Formula . 

Molecular Weight . 

Molecules per Cell 

Density . . 

Absorption Coefficient 

Radiation (MoKa) . 

Collection Range 

Scan Width . . 

Maximum Scan Time . 

Scan Speed Range . 

ToLal Data Collected . 

Independent Data with 1>30(1) . 

Tolal Variables . . 

Weights . 

Goodness-of-fit. . 

P212121, orthorhombic 

a = 8.631(4) i 

b = 12.973(5) 

c = 15.948(7) 

V = 1786i3 

M°C20H18N202 

414.32 

4 

1.54 g-cmm3 

6.6 cm-l 

0.71073 ; 

40 < 28 5 700 

Ae = (0.95+0.35 sin 0)” 

90 sec. 

1.0 to 10.O” min 
-1 

4329 

2620 

298 

0.023 

0.021 

o(F) 
-2 

1.05 
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Table 2. Intramolecular bond distances (A)* 

619 

n0 - ci 

no - cz 

no - c3 

no - c4 

no - cs 

no - Cb 

no - Cl 

Ho - Nl 

Ho - N2 

Cl - 01 

c2 - 02 

c3 - c4 

c3 - Cl 

c4 - c5 

C5 - C6 

C6 - Cl 

1.938(4) 

1.977(4) 

2.257(4) 

2.306(4) 

2.389(4) 

2.399(4) 

2.298(4) 

2.150(3) 

2.220(3) 

1.169(4) 

1.156(4) 

1.420(6) 

1.398(6) 

1.410(5) 

1.398(5) 

1.425(6) 

111 - c9 

WI - Cl2 

N2 - C8 

N2 - Cl3 

C8 - Cl2 

c9 - Cl0 

Cl0 - Cl1 

Cl1 - Cl2 

Cl3 - Cl4 

Cl3 - Cl5 

Cl5 - Cl6 

Cl5 - c20 

Cl6 - Cl7 

Cl7 - Cl8 

Cl8 - Cl9 

Cl9 - c20 

1.354(4) 

1.372(4) 

1.297(4) 

1.472(4) 

1.413(5) 

1.375(6) 

1.384(6) 

1.397(5) 

1.507(6) 

1.520(5) 

1.386(5) 

1.380(5) 

1.383(6) 

1.370(6) 

1.376(7) 

1.375(6) 

* The average C-H distance is 0.95 (4) i. 

Table 3. Intramolecular bond angles (“) 

cl-no-c2 

Cl-no-WI 

Cl-tlo-N2 

C2-k-N1 

C2-no-N2 

Nl-no-N2 

cl-no-cent* 

c2-n0-cm* 

Nl-no-cent* 

N2-tlo-Cent* 

no-cl-01 

no-cz-02 

No-Nl-C9 

MO-NIX12 

C9-Nl-Cl2 

Ho-NZ-C8 

tlu-N2-Cl3 

CB-N2-Cl3 

N2-C8-Cl2 

NI-C9-Cl0 

c9-CIO-CII 

73.3(2) 

81.9(l) 

126.2(l) 

128.4(l) 

86.1(l) 

73.2(l) 

119.4(l) 

115.9(l) 

115.7(l) 

114.4(l) 

178.5(4) 

173.8(3) 

136.9(3) 

117.3(2) 

105.8(3) 

116.1(2) 

123.3(2) 

120.3(3) 

118.1(3) 

110.914) 

107.4(4) 

ClO-Cll-Cl2 

Cll-C12-C8 

Cll-ClZ-WI 

Nl-C12-C8 

N2-C13-Cl4 

N2-C13-Cl5 

c14-c13-Cl5 

C13-ClS-Cl6 

C13-C15-C20 

C16-C15-C20 

C15-C16-Cl7 

C16-ClT-Cl8 

C17-Cl8-Cl9 

Cl&C19-C20 

C19-CZO-Cl5 

c4-c3-c7 

c3-c4-c5 

C4-CS-C6 

C5-C6-C7 

C6-C7-C3 

105.7(4) 

134.7(4) 

110.2(4) 

115.0(3) 

115.7(4) 

111.1(3) 

111.4(4) 

121.8(4) 

120.3(4) 

117.8(4) 

121.1(4) 

120.2(4) 

119.2(4) 

120.6(4) 

121.1(5) 

107.2(4) 

107.8(4) 

109.1(4) 

106.6(4) 

109.3(L) 

WrnL refers to lhe geometric renter of the cp ring. 
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compounds in which structural determinations appear to 
show the trons effect in certain derivatives but not in 
closely related ones. At any rate, our values of Mo-Nl = 
2.150(3)A, Nl-Mo-C2 = 128.4(1)0 and of Mo-N2 = 
2.220(3) A, N2-&-Cl= 126.2(1)0 show that attempts to 
correlate the Mo-N distances with the opposite N-Ma-C 
angle in the expectation that the shorter Mo-N distance 
is associated with the smaller angle is not very general 
even if in some cases” such a relationship exists. 

As noted above and as found in the pyridyl SchilI base 
analogue,” the two Mo-N distances are quite different. 
Unfortunately, for the sake of comparison, the two cases 
give exactly opposite results. In the case of the pyridine 
derivative, the Mo-N(pyridine) bond is longer than the 

Table 4. Least squares planes and atomic deviations 

A. C3-C7 (I'lax. deviation 0.005;) 

-.2098x - .8832y - .4135z + .815 = 0 

Plo -1.992; Nl -3.033; 

Cl -2.848 N2 -3.022 

C2 -2.751 

Il. c15-czo Wax. deviation 0.006$ 

-.9339x + .0506y -.354Oz +7.812 = 0 

C. Nl, C9-Cl2 (tlax. deviation 0.003;) 

.3061x -.7462y -.5912z il.350 = 0 

no 0.067; C8 -0.045; 

N2 -0.097 Cl3 -0.120 

D. Nl, N2, Cl, C2 (Max. deviation 0.020;) 

-.1379x - .0748y -.4645z q3.589 = 0 

no 0.915; c5 3.007i 

C3 2.814 C6 2.981 

Interplanar Angles: 

A, C 32.6" 

A. D 4.9 

fJ> C 96.60 

B, D 15.6 

Table 5. Selected torsion angles 

Cl-MO-Nl-C9 -46.52’ 

C2-MO-N2-Cl3 40.90 

MO-N2-C13-Cl5 -i35.45 

Nl-C12-C&N2 - 0.84 

C8-N2-Cl3-Cl4 -27.25 

C8-N2-C13-Cl5 101.10 

N2-C13-Cl+Cl6 -38.79 

C14-C13-C15-Cl6 91.81 

Mo-N(imine) whereas the Mo-N (pyrrole) bond is shor- 
ter than the Mo-N(imine). The reason for this apparent 
discrepancy is probably as follows: the pyrrole nitrogen, 
once deprotonated, can not only bond MO as effectively 
in the sigma and pi sense as the pyridine nitrogen but, 
bearing a negative charge, binds more strongly the char- 
ged MO (formally + 1). The bonding within the two imine 
moieties is probably very close judging by the values of 
the two C=N distances (pyrrole = 1.297(4) and pyridme = 
1.270(16) A). 

The plane of the Cp is almost paralled with that 
deflned by the basal atoms Cl, C2, Nl and N2. The 
molybdenum atom is 1 .!N A from Cp and only 0.92 A 
above the basal plane. For comparison, the values in the 
pyridyl analog are 2.00 A and 0.95 A. The Nl-C12-C8- 
N2 torsion angle in both compounds is essentially o”, 
which is a structural characteristic distinguishing these 
compounds from the thioamide series.’ The phenyl rings 
in both SchilI base complexes are directed away from 
the Cp ring, which is the most prominent difference 
between the preferred and non-preferred 
diastereoisomers. [The present structure is referred to as 
“non-preferred” because it is not the predominant species 
in solution at equilibrium.] The configuration about the 
optically active carbon, C13, is (8. The remaining bond 
distances and angles in the current structure are as 
expected based on previous investigations.‘-“’ The pack- 
ing of the molecules in the crystal lattice is illustrated in 
Fig. 2, which shows the alternating rows of molecules 
characteristic of this space group. 

Fig. 2. Stereoscopic view of the molecular packing in the unit cell, with hydrogens omitted for clarity. 
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BxPBRlMENTAL 
The synthesis and resolution of (n5-C5H5)Mo(COMNN*) has 

been published elsewhere. I9 The crystal used for a8 measure- 
ments was an irregular brownish+ange fragment of ap- 
proximate dimensions 0.6 x 0.4 x 0.2 mm. An Emaf-Nonius 
CAD4 automatic ditbactometer was used with MoKu radiation 
monochromatixed by a dense graphite crystal assumed for all 
purposes to be ideally imperfect. Final cell constants, as well as 
other information pertinent to data collection and refinement, are 
listed in Table I. 

hyrhogen those of Stewart, Davidson, and Simpson were used?’ 
The anomalous dispersion coefficients of Cromer and Liberman** 
were used for molybdenum. Bond lengths, angles, least squares 
planes, and torsion angles are presented in Tables 2-5. Fmal atomic 
oarameters and lists of F./F, values have been deoosited as 

The structure was solved by interpretation of the Patterson 
map, which gave the position of the molybdennm atom. The 
remaining non-hydrogen atoms were found in subsequent 
difference Fourier syntheses. The usual sequence of isotropic 
and anisotropic refinement was followed, after which the 
hydrogens all were easily located. After shift/esd ratios were less 
that 0.1 for all refinable parameters, the refinement converged to 
the agreement factors listed in Table I. There were no unusuaIly 
high correlations between any of the variables in the 6nal cycle. 
The atomic scattering factors for the non-hydrogen atoms were 
comouted from numerical Hartree-Fock wave functions?” for 
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MUTUAL INFLUENCE OF METALS IN THE 
EXTRACTION OF THEIR CHLORIDE COMPLEXES 

WITH TRI-n-OCTYLAMINE AND ALIQUAT 
336 IN NITROBENZENE 

v. V. RAGREEV,* C. FISCHER,+ L. hf. KARDIVARENKO and YU. A. ZOLOTOV 

Vernadsky Institute of Geochemistry and Analytical Chemistry, U.S.S.R. Academy of Sciences, Moscow, U.S.S.R. 
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Abatraet-The simultaneous extraction of the micro- and macroamounts of In, Fe, Ga, Zn and Co from HCl with 
solution of tri-n-octylamine (TOA) and Ahquat 336 in nitrobenzene has been studied. A decrease in the extraction 
of the microelements in the presence of extractable macroelements (i.e. suppression of the microelement 
extraction) has been shown to occur, The conductivities, dielectric constants and viscosities of the nitrobenxene 
solutions of metal-containing and simple TOA and Aliquat salts have been measured. Their dissociation constants 
in nitrobenxene extracts have been calculated. Some features connected with mutual intluences of metals are 
reported. The mechanism of this phenomenon is discussed. 

INTRODUCTION 

The extraction of certain elements can be affected by 
others being present and extracted in a given system. 
This effect is particularly noticeable when microamounts 
of the former elements are extracted in the presence of 
relatively large amounts of the latter. This has been 
shown for the extraction systems with long-chain amines 
and quarternary ammonium salts (QAS).la The influence 
of the macroelements, observed in this case, may be of 
two kinds; it may either decrease (extraction sup- 
pression) or, conversely, increase (co-extraction) the 
microcomponent extraction. A detailed study of the 
mutual influence of metals during their extraction from 
chloride solutions with tri-n_octylamine (TOA) and 
Ahquat 336 (trialkylmethyl ammonium chloride with al- 
kyl radicals C&,) solutions in benzene4 has led to a 
conclusion that suppression of microelement extraction 
can be principally due to the dissociation of alkylam- 
monium salts in the extracts and a related common ion 
mechanism. Equations describing the extraction of the 
microelement in the presence of the macroelement have 
been derived? Their analysis indicated that in a number of 
cases the dielectric constant of the organic solvent 
(amine diluent) may be important in the developing of 
the mutual inlhrence of the metals in their extraction. In 
this connection it would be interesting to study the 
simultaneous extraction of metals by using a high-polar 
solvent, viz. nitrobenzene. 

TOA or Aliquat 336 were measured and plotted against 
their concentrations. 

RgPERIMRNTAL 
A procedure for the preparation of the solutions, experimental 

techniques and equipment for the conductivity measurements 
have been described earlier.’ The dielectric constants of the 
nitrobenzene extracts were measured with an EIO-7 instrument 
(USSR). A contactless cell5 and a data processing technique 
described in6 where used. Their viscosities were measured with a 
capillary glass viscosimeter VPZh-I (U.S.S.R.) with a capillary 
diameter d = 0.34 mm. 

RESULTS 
Influence of hydrochloric acid on the microelements 
extraction 

Figure 1 shows the results obtained for In(III), 
Fe(III), Zn(II) and Co(D) (microelements) in the absence 
and in the presence of the macrocomponents as a plot of 
log D microcomponent vs the initial concentration of 
HCl (I-g M). The same metals and Ga were used as the 
macrocomponents. The influence of the macroelements 
on the extraction of the microelements will be con- 
sidered below. A measure of such influence is the extent 
of the extraction suppression, i.e. the ratio of the 
microelement distribution coefficient in the absence of the 
macrocomponent to the corresponding value in its 
presence (DJD,). 

In the present paper the intluence of large amounts of 
Fe, Ga, In, Zn and Co upon the extraction of micro- 
amounts of the same elements (except for gallium) from 
HCl solutions with TOA and Aliquat 336 is represented. 
The influence of HCI and the macrocomponent and 
extractant concentrations were studied. Moreover, the 
extraction of the microcomponents in the absence of the 
macroelements, as well as, of the macroelements them- 
selves with the same extractants were investigated in 
parallel. The conductivities, dielectric constants and also 
the viscosities of the simple and metal-containing salts of 

Zndium. Indium was extracted in the presence of 0.4 M 
iron and 0.2 M zinc. In the case of TOA both macroele- 
ments suppress the extraction of indium. In the presence 
of iron Dr. decreases more than by five orders of mag- 
nitude at 6-g M HCI. In the presence of zinc this 
decrease is not strong, the factor is only 10-15. The 
extent to which the indium extraction is suppressed by 
iron increases with increasing HCl concentration, and it 
remains essentially constant for zinc in the acidity range 
investigated. The influence of iron and zinc occurs when 
metals are extracted with Aliquat 336 although this 
extraction suppression is still smaller and practically the 
same for both macroelements. 

*Author to whom correspondence should be addressed. Iron. The influence of gallium (0.4M), indium (0.4M) 
tCentral Institute of Solid State Physics and Material and zinc (0.2 M) on the extraction of iron microamounts 

Research, Academy of Sciences of the GDR, Dresden, GDR. was investigated. There is a noticeable decrease in the 
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Tri -n -octylanke 

Aliwat - 336 

Fii. 1. Extraction of In, Fe, Zo and Co in dependence of the HCl cooceotratioo by 0.5 M solutioos of TGA and 
Aliquat-336 in nitrobenzeoe in absence of the macrocomponent and in presence of In (@), Fe (a), Ga @), ZO (A) aad 

Co (El). IO, Fe, Ga = 0.4 M; Zo, Co = 0.2 M. 

extraction of iron in the presence of Ga and In for TOA 
as extractant: D, decreases by one to two orders of 
magnitude at 6-8 M HCl. The intluence of zinc on the, 
extraction of iron is less pronounced. In the extraction of 
iron with Aliquat 336 there is practically no influence of 
the macroelements. 

Zinc. Macroamounts of iron (0.4M) influence the 
extraction of zinc by TOA: Dzn decreases by two to 
three orders of magnitude in comparison with Dz,, in its 
extraction alone as HCI concentration increases. In the 
presence of indium the degree of the extraction sup- 
pression of zinc is smaller (the factor is only about 50). 
Cobalt influences the extraction of zinc by TOA when 
HCI concentrations are over 6 M: for 8 M HCl the D,/& 
ratio is close to 10. In the case of Aliquat 336 the 
influence of macrocomponents is smaller, the Dz, 
decreases by 3-4 times in comparison with its individual 
extraction in the acidity range investigated. 

Cobalt. The cobalt extraction with TOA is strongly 
suppressed in the presence of 0.4 M iron and indium or 
0.2 M zinc. Iron decreases DC0 by four to five orders of 
magnitude, indium and zinc approximately by two to 
three orders at the acid concentration 4-6M. In the 
extraction with Aliquat 336 this effect, as in the above 
cases, is not strong-the factor is only Q-10. 

Extraction of macroelements 
We have studied the behaviour of the macroelements 

themselves under these conditions, when their extraction 
together with the microelements was carried out. Dis- 
tribution coefficients of Fe(III), In(III), Ga(III), Co(D) 
and Zn(I1) with both extractants, dependii on the HCl 
concentration, are shown in Fig. 2. Ahquat 336 extracts 
Fe, Ga, In and Zn by 95-100%. The cobalt extraction 
increases from 28% at 2 M HCl to 93% at 8 M HCl. The 
percentage extractions of metals using TOA for 2 M and 
8 M HCl are as follows: 50 and 98% for Fe, 46 and 66% 
for In, 2 and 97% for Co, 60 and 99% for Ga respec- 
tively. Zinc is extracted practically completely in the 
acidity range investigated. There seem to be no previous 
studies on the extraction of such large amounts of these 
elements by using TOA and Aliquat 336 in nitrobenzene. 

Cmc. t-Ki,M 

Fii 2. Extraction of macroelemeots with 0.5 M solutions of TOA 
and Aliquat in nitrobenzene (de&&ions vs Fii. 1). 

Conductivity, dielectric constant and viscosity 
measurements 

To elucidate the reasons for the extraction suppression 
in systems containing amines and QAS it is necessary to 
know the state of the extractants themselves and com- 
pounds to be extracted in the organic phase. For this 
purpose the conductivities and dielectric constants of the 
extracts of simple and metal-containing salts of TOA and 
Aliquat 336 in nitrobenzene were measured. The pre- 
paration conditions of the extracts for the measurements 
of the conductivities and dielectric constants of these 
salts are summarized in Table 1. The initial extracts were 
adjusted to the desired metal or simple salt concentration 
by dilution with nitrobenzene. The conductivities of the 
nitrobenzene extracts are summarized in Fig. 3 as plots 
the equivalent conductivity A vs the metals concen- 
tration in the organic phase. The same 6gure shows 
similar dependencies for the extracts of TOA HCl and 
Aliquat 336 themselves together with the latter’s bromide 
and iodide analogues at various concentrations. The A 
values decrease with increasing metal concentration in 
the organic phase (a picture diiering from that for ben- 
zene extracts).4*’ As in the case of benzene the conduc- 
tivities of Ga-, Fe- and In-containing salts at equal con- 



Mutual influence of metals in the extraction of their chloride complexes 

Table 1. Extraction of metals with 0.25 M solutions of TOA and ARquat336 in 
nitrobenxene 

Molar ratio Compound to be 
Metal Aqueous phase D metal/extractant extracted* 

Trioctylamine 
Fe 0.36 M FeCIS 3.96 0.96 RINHMCb 
Ga 0.30 M GaQ 4.76 0.99 RjNHMCb 
IL 0.30 M InC& ::: 0.57 RINHInCl&NHCI 
Z. 0.25 M ZnC& 0.48 co 0.25 M CuClz 0.66 0.40 g3FNHM; 

3 2 
Aliquat 336 

Fe 0.30 M FeCb 2.74 0.88 R$‘NMCb 
Ga 0.30 M GaQ 3.57 R$‘NMCb 
In 0.30 M I&l, 2.33 

:z 

Z, 0.25 M ZnClz O.% 0:49 
R$‘NMCl, 

co 0.25 M CoCir 0.73 0.42 EkNEk 
3 

*The molar ratio metabextractant for all the atkylammonium salts studied was 
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Fii. 3. Equivalent conductivity A of metal-bearing and simple 
salts of TOA and Aliquat-336 in nitrobenxene vs concentration 

of McWj or &a, resp. 

centrations, which suggests a higher dissociation of the 
former. This is true for both TOA and Aliquat 336. The 
conductivities of extracts of the simple salts of TOA are 
substantially smaller than those of the solutions contain- 
ing comparable amounts of its metal-containing salts. 
The conductivities of extracts of Aliquat 336 and its 
bromide and iodide analogues occupy and intermediate 
position between the A values of the above mentioned 
two metal groups. 

A sharp increase in dielectric constant of extracts of 
metal-containing alkylammonium salts is observed in 
solutions with salt concentrations higher than -0.05 M 
(Table 2). The E values increase in the case of the Fe-, 
Ga- and In-containing salts of both extractants more 

Table 2. Dielectric constants of the extracts of the metal-con- 
taining and simple salts of TOA and Aliquat 336 in nitrobenxene 

(t = 25”, E of nitrobenxe.e 34.8) 

Dielectric constant 
Concentration Simple 
of metal (M) Iron Indium Gallium Zinc salt 

Trioctylamine 
0.031 41k4 - - - 
0.050 44+4 
0.0625 - 42:4 1 41:4 1 
0.100 - - - 4224 - 
0.125 51+5 5125 48k5 47+5 - 
0.200 5525 - 
0.250 64+6 - 64;6 1 1 

Aliquat 336 
u.057 44k4 

0.0625 45:4 1 7 1 - 
0.125 75k7 5025 51+5 
0.25 63+6 52:5 67;7 - 5225 

sharply than for both Zn-containing salts studied. It can 
be noted that an increase of the dielectric constants of 
extracts should be accompanied probably by stronger 
dissociation of the compounds in the organic phase. 

The viscosities of the extracts of Fe-, Ga- and In- 
containing salts of TOA and Aliquat 336 depending on 
their concentration in nitrobenxene were also measured. 
The viscosities of the extracts also show a marked 
increase with increasing salts concentration (Fig. 4). 

On the basis of the conductivities, dielectric constants 
and viscosities data obtained the values of the dis- 
sociation constants of the corresponding salts of both 
extractants were calculated. Fuoss-Kraus’ and Shedlov- 
sky’s equations allow the determination of I(diss to a 
good approximation when the degree of dissociation of 
the ion pairs is under 1O-2.‘*’ The reasonably high 
dielectric constants and conductivities of the extracts 
(Table 2) indicate that the salts RaNHMCb and 
R,R’NMCl, studied are electrolytes whose dis- 
sociatiod degrees are over 0.01. Therefore Fuoss-Ons- 
agers method’ which is suitable for finding the Kdiss 
values of weakly associated electrolytes was used for 
calculations. The precision of the method of conductivity 
measurements which we used (- 0.1%) permit us also to 
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3 
I 

Tii-n-odylamhe 

Fii. 4. Viscosity r) of metal-bearing and simple salts of tri-n- 
octylamine and Aliqua-336 in nitrobeazene vs concentration of 

MW or Clk~, resp. (designations vs Fig. 3). 

apply this method. It is well known that large alkylam- 
monium ions tend to strongly increase the viscosity of 
their solutions, therefore the viscosities were introduced 
into the equations for calculating the R&** values. The 
initial values of the limiting equivalent conductivities (A,,) 
for all the salts, except for TOA chloride, were found by 
extrapolating the C plots to infinitely diluted solutions 
(C=O). The ho value for TOA chloride was calculated 
from the data lo+ = 10.8 g-ion-’ Ohm-’ cm* and ho- = 
22.2 g-ion-’ Ohm-’ cm* in nitrobenxene’” and was found 
to be equal to 33 g-equiv-’ Ohm-’ cm*. The dissociation 
constants were calculated in the interatomic distances 
3-10 A range through the 0.5 A interval and the final I&s, 
limiting equivalent conductivity and interatomic distance 
values were taken as the minimum values of the function 
s(A) = Q(AA)*/N-3)“*. The program developed for the 
computer 15-BSM-5 (USSR) was applied for the treat- 
ment of the results. The dissociation constant obtained are 
listed in Table 3. There are shown all the alkylammonium 
salts investigated, except for TOA chloride, are rather 
strongly dissociated in the nitrobenzene extracts. Our data 
for TOA chloride correspond within an order of magnitude 
to the data previously described.” 

Some results concerning the IR-spectroscopic in- 
vestigation of extracts which could confirm the stronger 
dissociation of salts studied in nitrobenxene can be 
represented. The IR-spectra of the investigated metal- 
containing TOA salts show one strong r++rr-band at about 
316Ocm-‘. There is a remarkable shift of 40-50cm-’ to 
higher frequencies compared with the *,-bands for the 
benzene extracts of the same salts (tiH = 
3110.. .3120).“~‘* This shift is indicative of the weaker 
interaction of the alkylammonium cation with the complex 
metal-containing anion and, hence, the higher degrees of 
their dissociation in the nitrobenxene solutions as com- 
pared with benzene solutions. 

The trends of the A-CM plots for the Zn- and Co salts 
of both extractants, i.e. (RaNH)*MCL or (R,R’N)2MCL 
indicate that these salts can be considered as medium- 

Table 3. Dissociation constants (K& of the 
metal-containing and simple salts of TOA and 

Aliquat 336 in nitrobenzene 

Element Dissociation constant 

Triuctylamine Aliquat 336 
In (1.9*0.9)10-2 
Fe (1.5+0.9)10-2 (1.2?05)10-’ 
Ga (4 + l)lO_’ (1.2 *0.5)10_3 
Cl (6 + 1)10-5 (1.4?0.9)10-2 

strong electrolytes. Therefore their dissociation con- 
stants can be calculated by using Shedlovsky’s method 
on the assumption that these salts are dissociating mainly 
at the first stage whereas their dissociation at the second 
stage is very low. The dissociation constant thus cal- 
culated for the TOA zinc salt, (R,NH),ZnCL is equal to 
4.0x 10d4. The corresponding constant for the cobalt- 
containing salt can be assumed to be close to this value. 

DISCUSSION 
Thus, the data obtained show that the extractable 

macroelements had a considerable effect on the extrac- 
tion of microelements: extraction suppression of the 
microelements was observed in the majority of the sys- 
tems investigated. In principle, the extent of this 
influence may be controlled by various parameters of the 
extraction system, such as nature and concentration of 
the acid, type of the extractant and the nature and 
extractability of the macroelement as well as the 
dielectric constant and other characteristics of the 
extracts. Generally, the character of the influence of 
these factors on the babaviour of the microelement in the 
presence of the macrocomponent during the extraction 
by amine salts and QAS can be analysed by application 
of the following equation:3 

Dmicro = Lx . 4 * 
[RR’NCL],, 

%nicro(~RjR’NCI ’ CCXO) + amacro * Cnac.rJ 

(1) 

where Dmi.=ro is the coefficient of the microelement dis- 
tribution, &, is the constant of its extraction, q is the 
fraction of the microcomponent complexes to be extrac- 
ted in the aqueous phase, [R3R’NCllo is the concentration 
of the free extractant in the organic phase, Ccrco, is the 
total concentration of the dissociated and nondissociated 
simple amine salt, C,,,,, is the concentration of the 
macroelement in the organic phase, a is the extent of 
dissociation of the corresponding alkylammonium salts 
in the organic phase, R’-H or CH,. 

TOA. In most cases an increase in the concentration of 
hydrochloric acid leads to an increase in the degree of 
the suppression of the microelement extraction. This can 
be attributed to the fact that extraction of the macro- 
components studied increases, as a rule, with the acidity 
increasing of the aqueous phase (Fig. 2). For example, 
the extraction of macroamounts of iron with TOA in- 
creases as HCl concentration varies from 2 to 8M-DF, 
increases by one to two orders of magnitude. The degree 
of suppression of the In, Zn and Co amounts in the 
presence of iron also increases with the acid concen- 
tration. 

The influence of concentration of the macroelements 
themselves on the behaviour of the microelements must 
show the more complicated character. In addition to the 
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fact that this parameter enters into the denominator of 
the eqn (l), the macroelement concentration produces a 
sign&ant effect on the dielectric constant of the organic 
phase (as seen from Table 2). The latter in turn, affect 
the other parameters of the equation, such as the initial 
extractant concentration and the degrees of dissociation 
of the metal-containing alkylammonium salts in the 
organic phase. Hence the distribution coefficients of the 
microelements, Dmicror are expected to be the lower the 
higher is the degree of dissociation. In fact, the sup- 
pression of extraction is considerably stronger in the 
presence of Fe and Ga than in the presence of Zn and 
Co, nevertheless at reasonably high HCI concentrations 
all macroelements, except for indium, are extracted into 
the organic phase practically completely. There is 
analogous behaviour during extraction of the chloride 
complexes with TOA in benzene.4 Thus suppression of 
microelement extraction can be connected not only with 
the macrocomponent concentration. The dissociation of 
their extractable compounds in the organic phase must 
be the principal cause of the suppression. As seen from 
Fig. 3 and Table 2, the Fe- and Ga- containing salts of 
TOA are more dissociated than its Zn- and Co-containing 
salts. 

AIiquat 336. Mutual effects for Aliquat 336 are not so 
strongly pronounced as in the case of TOA (again the 
picture is analogous to that in the Aliquat 336-benzene 
system);4 at the same time, the degree of suppression of 
microamounts of Zn and Co extraction with the macro- 
components in the case of nitrobenzene is higher by 10 
times than in the benzene system. This could be expec- 
ted from the analysis of the above eqn (1). The studied 
metal-containing salts of Aliquat 336 are dissociated less 
than the corresponding salts of TOA (Table 3). But the 
dissociation constant of Aliquat itself is higher by three 
orders of magnitude than that of TOA chloride. In such a 
case our equation could be expected to show that an 
extent of the microelement extraction suppression in the 
case of Aliquat 336 would be higher than that in the case 
of TOA or commensurate to it. In reality, however, the 
suppression effects observed for the systems with 
Aliquat are poorer (Fig. 1). 

In our opinion one possible explanation of this 
phenomenon can be a very high extraction power of 
unsymmetrical QAS, containing a short alkyl chain, in- 
cluding Aliquat 336. In this connection the very large 
values of extraction constant in the numerator of the 
equation are likely to “smooth out” the probable 
influence of the variation in the other parameters of the 
eqn (l), which, in turn, obscures the action of the com- 
mon ion mechanism as the principal cause of the extrac- 
tion suppression. In Fig. 5 the influence of the iron 
concentration on the extraction of cobalt microamounts 
with TOA and Aliquat 336 is shown. The character of 
dependencies for TOA and Aliquat 336 is quite different. 
The iron concentration range where the cobalt dis- 
tribution coefficients are constant, is wider during 
extraction with Aliquat-D values are constant up to iron 

. concentrations of approximately 0.2 h4 and then fall. In 
the case of TOA cobalt extraction begins to be reduced 

Fig. 5. Inlluence of Crccar) on the extraction of microamounts of 
Co (extractant concentration 0.5 M in nitrobenzene; Cnc, 6 M). 

at the substantially lower iron concentration, i.e. 0.M. 
But both for TOA and Aliquat 336 the microelement 
extraction suppression is begun long before the organic 
phase has been saturated with the macrocomponent. 
Therefore probably the conditions for the common ion 
effect are more favourable in the TOA system compared 
with the Aliquat system. 

The data reported in this paper, concerning the mutual 
inthtence of metals during extraction, have been used to 
improve the conditions of their e&active separation.“*” 
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Ab&raet-Thermal decomposition of [WH(Me)(q-CsH&j in 1 - methyl - 4 - methoxybenzene unexpectedly gives 
[WMe(CHfiPh)(q-CsHj))J. Isomers of this compound, namely [wR(R’)(q-GHs)& where R, R’ = Me, C&OMe; 
OMe, C&Me; and Me, O&H&e have been prepared and characterised. 

The insertion of a transition metal centre into carbon- 
hydrogen bonds under homogeneous conditions is a 
general reaction which is of interest since, for example, it 
could be envisaged to lead to the selective functionalisa- 
tion of C-H systems. In a search for transition metal 
compounds which will insert a metal centre into C-H 
bonds under mild thermal conditions we found that the 
compound [urH(Me)(q-&H&l, 1, decomposed at cu. 
50°C giving methane and, presumably, the K-electron 
compound tungstenocene [W(q-C5H5)J.’ Tungstenocene 
formed in this way has been shown to insert into a range 
of carbon-hydrogen bonds where the carbon atom may 
be either saturated (sp’> or unsaturated (sp?.’ Tung- 
stenocene may also be formed by the photolysis of the 
compounds DV(H)2(q-CsH5);I and [W(q-CsH5)XOl’ and 
it has been isolated and characterised spectroscopically 
in an argon matrix.” 

Recently, striking advances have been made in the 
activation of fully saturated hydrocarbons using iridium 
and rhenium systems.4 

As part of a continuing systematic study of C-H 
activation by high energy transition metal centres we 
have investigated the thermolysis of 1 in 1 - methyl - 4 - 
methoxybenzene. As described below an unexpected 
reaction occurred. 

ItIBULl-5’ AND DISCUSSION 

A solution of [WH(Me)(q-C5H5)21 1 in p-methylanisole 
was heated for fifteen hours at 70°C. Chromatography of 
the reaction mixture gave a small yield of the dihydride 
[wo2(q-CJ-15)J and a very small quantity of orange 
crystals 3. Elemental analysis and the mass spectrum of 
3 were consistent with the stoichiometry C&,OW. 
Treatment of 3 with dilute hydrochloric acid followed by 
chromatography of the more volatile products showed 
that methane and anisole were formed (glc). In an 
attempt to isolate intermediates in the formation of 3 the 
decomposition of 1 in 1 - methyl - 4 - methoxybenzene 
was carried out, in the presence of added dimethyl- 
phenylphosphine. Aqueous extraction of the involatile 
reaction products followed by addition of aqueous am- 
monium hexafluorophosphate gave the compound 
Mr(H)(q-C,H,),(PMegh)lPFs, 2. 

The ‘H NMR spectrum of 3 is entirely consistent with 
the structure shown in Scheme 1. This structure is so 

*Author to whom correspondence should be addressed. _ 

unexpected that it was thought worthwhile to attempt a 
synthesis of the compound by an alternative route, in 
order to obtain a greater quantity than could be obtained 
by the above method. It was also thought sensible to 
synthesise other isomers of the compound to contirm 
that they had diierent spectroscopic properties. 

Unfortunately, thermolysis of 1 in anisole gave none 
of the compound 3 and no other tractable products could 
be isolated from the reaction mixture. 

Treatment of the compound [W(Me)2(q-CsH&) 4 with 
p-methylphenol gave a smooth reaction and orange 
crystals of the compound [wMe(OC&.&Ie-4)(q-&H&l 
5 were formed in high yield. Similarly treatment of 4 with 
phenol yielded the compound tWMe(OCJ15)(q-C5H5)~ 
6. 

The known compound [WI(Me)(q-&H&l, 7: was 
prepared by a new and more convenient route, namely 
the metathetical exchange by iodide of the benzoato 
group in the previously described’ compound 
[W(OzCPh)Me(q-C,H5))21, 8, using lithium iodide in 
acetone. This reaction proceeded in 84% yield. 

Treatment of 7 with p-methoxyphenyhnagnesium 
bromide gave the expected compound lWMe(C&OMe- 
4)(q-Cd&l, 9. 

The known compound [wCl(CdI,Me-4)(q-C,H,)5*, 
10, was treated with sodium methoxide giving the com- 
pound lW(OMe)(OCJI.Me4)l 11. 

The data for the new compounds 3,5,6,9 and 11 are 
given in Table 1 and are entirely consistent with the 
proposed formulations. The proposed structures are 
illustrated in Scheme 1. The data in Table 1 shows that 
the compound 3 is clearly different from any of the other 
isomers prepared. The structure given for 3 is supported 
not only by the spectroscopic data but also by the 
reaction with hydrogen chloride which gives methane 
and anisole as volatile products. Clearly the compound 3 
is a most unexpected product for which we are unable to 
envisage any simple mechanism of formation. We have 
put forward a speculative mechanism elsewhere” invok- 
ing a binuclear system in which the key step for the 
required cleavage of the methyl-ring carbon-carbon bond 
proceeds by migration of the aromatic ring of a tungsten- 
CH& system giving a carbene derivative W(=CHd(a- 
cd. 

-AL. 

Ail the reactions and manipulations were carried out under 

dinitrogcn or in vacua. AU solvents were thoroughly dried and 
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i 

Ohle 

10 11 

5, R =Me 

6, R=H 

Scheme 1. (i) MeShP in p-methylanisole at 70°C for 14hr, 21%. (ii) p-Methylanisole at 70°C for 15hr, 3%. (iii 
Benzoic acid giviq [w(O~CPh)hfe(q-C&~; then LiI in acetone at 5U’C for 12hr. (iv) p-MeOC&I&&Br in Et20 
at 45’C for 1.5 hr, 35%. (v) p-HOC&R, R = H or Me, in petroleum ether (60-8OQ at r.t. for 15 lu, >90%. (vi) 

NaOMe in methanol at 40°C for 12hr, 65%. 

Table 1. Analytical and spectroscopic data 

Compound c010ur 

Analytical 
data (95)” 
C H ‘H NMR datab 

3 [WMe(CH@C&X~-C5Hskl Orange 

5 DVMe(CCdUk4Ms-CGI,)J Red 

6 lWMe(OCd&)(~-CB&l Red 

9 DVMe(C&bOMe-4)(+ZI&l Yellow-orange 

49.8 5.0 
(49.6) (4.6) 
49.8 4.7 

(49.6) (4.6) 

(z:!) $) 

11 NOMeXC&Me-4Xq-GH,)-rl Orange 
f 

2 FV(HMs-CsH&(PMeSh)lPlG Yellow 37.2 3.8g 
(36.2) (3.7) 

2.88,5, m, Ph; 5.07,10, s, 2Cp; 
5.53, 2, s, CH2; 9.73,3, s, Me’ 
3.05-3.65,4, c (AA’XX’ J(AX) 38 
J(A’Xy 9) Cm; 4.99,10, s, 2Cg; 
7.78,3, s, Me; 9.51,3, s, WMe 
2.75-3.55, 5, m, Ph; 5.07, 10, s, 
2 Cp; 9.49, 3, s, Me’ 
2.40-3.65,4, c (AA’XX’ J(AX) 
96.5, J(A’X’ 9), C&, 5.41, IO, s, 
2Cp; 6.34,3, s, OMe; 9.89,3, s, WMed 
2.2-3.4,4, c (AA’XX’ J(AX) 83 
J(A’X’) 8), C&I,; 5.03,10, s, 2 Cp; 
6.51.3, s, OMe; 7.77,3, s, Med 
2.4.5, m, Ph; 4.84.10. d (J(F-H) 
2.7) 2 Cp; 7.92,6, d (f’Ip_H) 3 PMe2; 
21.9, 1, d (J(P-I-I) 28.8) W-H 

“Calculated valuesp in parenthesis. bGiven as: chemical shift 0, relative lnteaudty, multiplicity (J in Hz), assignment 
Cp = q-CsH5. ‘In C&. In (CD&CO. ‘In CIkCl~. ‘Stoichiometry from the mass spectrum. ‘W-H stretch 1945 cm-‘. 
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distilled before use. Chromatography was carried out using ah- 
minium oxide (100-120 mesh) supplied by East Anglia Chemicals 
Ltd. Celite 545 was supplied by Koch-Light Ltd. Microanalyses 
were by A. Bemhardt or by the microanalytical laboratory of this 
department. IR spectra were recorded as muUs on a Perkin- 
Elmer 457 instn&ent and were calibrated with polystyrene film. 
Hvdroaen-1 NMR suectra were determined usinn a Bruker WH- 
90; JNk-PMX60 or_Bruker WH-300 spectromet&. Mass spectra 
were recorded on an A.E.I. M.S. 902 spectrometer. Gas-liquid 
chromatography (glc) was carried out on a Pye 104 chromate 
graph using a 10% KCl&mina column. The compounds 
m_Xq-CsH&l, where X= Cl, Br or I’, [WI(MeXq-C5Hdd’, 
[WH(Me)(q-&H&l’ were prepared as previously described. 

Bis(q - cyclopentadienyl)methyl(phenoxymethyl)tungsten 
The compound [WH(Me)(q-&H&j (0.57g, 1.73 mmol) in 

redistilled p-methylanisole (15Ocm3 was heated for 15hr at 
70°C. The mixture was allowed to cool and was filtered and the 
solvent was removed under reduced pressure at 55°C. The resul- 
ting red-brown residue was dissolved in a minimum of benzene 
was placed on an alumina column made up on petroleum (40- 
60°C). Elution with benzene gave a yellow band which was 
shown from the IR spectrum to contain the compound l,W(I$(q- 
&H&l. Further elution of the alumina column with di- 
chloromethane gave an orange band which was collected, and the 
solvent was removed under reduced pressure 

Q 
‘ving a red-orange 

oil. This was extracted with petroleum (40 cm ,60-8@C) and the 
extract was filtered, then concentrated under reduced pressure 
and cooled to -78°C for 1 hr. Grange crystals separated. The 
crystals and their solutions in non-polar solvents were slowly 
decomposed on exposure to air. Yield O.O2g, 3%. The mass 
spectrum showed bands corresponding to the isotope ‘84w at 436 
[PI?; 421 [p-Me]+; 329 [P-Cd&OMe]+ and 314 IW(~-CZHJ)$, 
where P = the parent ion. 

Bis(q - cycfopentadienyl)(4 - methylphenoxy)methyItungsten 
The compound IW(Mek(q-&H&l (0.46g, 1.33 mmol) in 

petroleum (iSOcm’,- b.p. 60-&) was treated with p-metbyl- 
uhenol(0.14~. 1.33 mmol) and the mixture was stirred at 25°C for 
i5 hr. The solvent was removed under reduced pressure and the 
orange residue was dissolved in the minimum volume of jolwne 
and was chromatographed on an alumina column made up in 
petroleum (30-4t?C). Elution with tolueoe gave an orange band 
which was collected and shown to contain unreacted [W(MeMq- 
CJH&I. Further elution with dichloromethane gave a second 
orange band. This was collected and the solvent was removed 
under reduced pressure. The resulting red-orange solid was 
extracted with petroleum ether (6crso”c) and concentration and 
coolii gave red crystals. These were recrystallised from dietbyl 
ether at -20°C. The resulting red crystals were dried in uacuo, 
yield 0.55 g, 94%. The mass spectrum showed bands at 436 [PI’; 
421 [P-Me]+; 329 [P-G&&Me]+ and 314 w(q-C~H&j+. 

Bis(q - cyclopentadienyl)(phenoxy)methyIfungsten 
The compound MMek(n-&H&l (0.51 R. 1.48mmol) was 

reacted with phenol (0.140,’ 1.48mmol) as-described for the 
p-methoxypheool analogue above. Chromatography on an alu- 
mina column made up in light petroleum ether and elution with 
toluene : diethyl ether (3 : 1) gave a red band. After removal of the 
solvent, the resulting red oil was extracted with petroleum (40- 
60°C). Concentration and cooling gave orange-red crystals which 
were dried in vacua, yield 0.57 g; 91%. Mass spectrum: 422 [PI’; 
407 P-Me]‘; 314 [W(~-CJHJ)$. 

Improved synthesis of bis(q-cyclopentadienyl)iodomethyltung- 
sten 

The compound [W(@CPh)Me(q-C5H&j (0.5 g, 1.11 mmol), 
prepared as described,’ in acetone (150cmq was treated with 
dried lithium iodide (1.5 g, 1.2 mmol) and the mixture was stirred 
at 50°C for 12hr giving a dark green solution. The solvent was 
then removed under reduced fiessure and the resulting dark 
green solid was extracted with benzene. The solution was filtered 
and petroleum (lOO-120°C) was added. Slow concentration under 
reduced pressure gave green needles which were collected and 
dried in uacuo, yield 0.43 g, 85%. The compound was identified as 

the title compound by comparison of the IR spectrum with that 
of an authentic sample. 

Bis(q - cyclopentadienyl)(4 - methoxyphenyl)methyltungsten 
The compound (Me)(q-CsH&l (0.56g, 1.23 mmol) in 

diethyl ether (SOcm !VI was treated with p-•ethoxyphenyl mag- 
nesium bromide (3.15 cm3 of a 0.39 M solution in diethyl ether, 
1.23mmol). The mixture was stirred at 45°C for 1.5 hr. The 
solvent was removed from the resulting red-orange solution 
giving a red-orange oil. Toluene (60 cm3 and water (50 cm3 were 
then added and the mixture was vigorously shaken. After ultra- 
tion through a Celite bed the orange organic layer was separated 
and the solvent was removed under reduced pressure. The oily 
red-orange residue was extracted with a minimum volume of 
diethyl ether and placed on an alumina column made up in 
petroleum (40-6O”C). Elution with petroleum (40-6OQ gave a 
yellow-orange band which was collected and the solvent was 
removed under reduced pressure. The residue was extracted with 
petroleum (4O-f#C) and the extract was filtered and then coocen- 
trated until it was observed to be saturated. The mixture was then 
cooled to -78°C for 12 br giving yellow-orangecrystals which were 
couected. washed with cold petroleum (3&lOQ and finally dried ia 
uacuo, yield 0.18 g. 35%. hi&s spectr&n: 436 [PI+; 421 (P-Me]+; 
329 [P-C&OMel+ and 314 [W(q-CJH&l+. 

Bis(q - cyclopentadienyl)(4 - methylphenyl)methoxytungsten 
The compound [wCI(C~e-4)(q-C~Hs)zl(O.46 g, 1.04 mmol) 

in methanol (5OcmJ was treated with sodium metal (O.O3g, 
1.30 mmol) and the mixture was stirred at 40°C for 12 hr giving a 
clear red solution. The solvent was removed under reduced 
pressure then toluene (6Ocm3 and water (3Ocmp were added. 
The mixture was filtered through a bed of Celite and the toluene 
layer was separated. The solvent was removed under reduced 
pressure and the orange-red residue was dissolved in a minimum 
of dichloromethane and placed on an alumina column made up in 
petroleum (304C). Elution with toluene: diethyl ether (3 : 1) 
gave a red-orange band which was collected. The solvent was 
removed under reduced pressure and the residue was extracted 
with petroleum (MC). The extract was concentrated and 
cooled giving orange crystals, 0.29g, 65%. Mass spectrum: 436 
[PI’; 421 [p-Me)+; 405 [p-GMe]+; and 314 w(q-&H&j+. 

Bis(q - cyclopentadienyl)(dimethylphenylphosphine) - hydrido- 
tungsten hexafluorophosphale 

The compound [WH(Me)(q-CsHsW (O&g, 2.Ommol) in p- 
methylanisole (lOOcm3 was treated with dimetbylphenyl- 
phosphine (1.93 g, 14mmol) and the mixture was stirred at 70°C 
for 14hr. The resulting yellow precipitate was collected and 
washed with petroleum (2 x 20 cm3, MC). The residue was 
extracted with water (75cm3 and aqueous ammonium 
hexalluorophosphate was added to the extract giving a yellow 
precipitate. This was collected, washed with water and dried in 
uacuo. It was then recrystallised from acetone:diethyl ether 
mixture as yellow crystals which were dried in uacuo, 0.25g, 
21%. 
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Abstract-The following copper(I) and silver(I) complexes of N-methyl-rhodanine (MeRd, L) and N-amino- 
rhodanine (HsNRd, L’) have been prepared and studied by infrared and conductometric methods: CuXL (X = Cl, 
Br, I), CuCIOIL,, CuXL’ [X = Cl(:HAc), I(iDMF)], CusBrsL’ . #AC, Cu,X,L& . DMF (X =.Cl, Br), 
CuClO& . HAc, AgNOsL, AgNOjL’, AgClO&, AgClO&. The MeRd is coordinated through the thiocarbonyl 
sulphur atom and in most of its complexes through the ring-notrogen atom. The H*NRd is coordinated through the 
amine nitrogen and the thiocarbonyl sulphur atoms. Most of the complexes have a tetrahedral coordination. 

INTRODUCTION 

Rhodanine and its derivatives are used as analytical 
reagents. N-methyl-rhodanine (MeRd, L) and N-amino- 
rhodanine (H2NRd, L’) have two endocyclic (N, S) and 
two (0, S) or three (0, S, NH*) potentially coordinating 
sites, respectively. Their coordination behaviour toward 
the copper(I) and silver(I) ions has been investigated in 
this work. 

ExPFaImNTAL 
The ligands and all the reagents were of the best chemical 

grade. The complexes were prepared by addii a solution of the 
metal salt to a solution of the ligand using the millimoles (mM) 
and milliliters (ml) indicated below. 

CuClL and CnBrL. From the correspondii cupric halide 
(0.5 mM) in EtOH (3.5 ml) and L (1 mM) t hydroquinone (1 mM) 
in EtOH (3 ml). 

CuIL. From cupric nitrate (0.5 mM) in water (1 ml) and L 
(2 mM) t hydroquinone (1 q M) t KI (0.8 mM) in EtOH (9 ml) t 
water (8 ml). 

CuC&&. From cupric perchlorate (0.5 mM) in EtOH (3 ml) and 
LvmM) t hydroquinone (1 mM) t NaClO, (0.5 mM) in EtOH 
(10 ml). AgNOrL. From silver nitrate (0.25 mM) in EtOH (3 ml)+ 
HN03 (10 drops) and L (0.25 mM) in EtOH (3 ml) + HNOa (15 
droos). AaClO&. From silver perchlorate (0.5 mM)in EtOH (5 ml) 
and i (1 mM) hEtOH (5 ml).- 

AgNO&‘. From silver nitrate (0.25 mM) in EtOH (3 ml) + 
HN03 (4 drops) and L’ (0.5 mM) in EtOH (25 ml) t HNOr (8 
droos). AaClO,LJ. From silver perchlorate (0.25 mM) in EtOH 
(2 nij ani L’-(&5 mM) in EttjH (25 ml). CuClsL’:HAc and 
Cu,Br&‘:HAc. A suspension of CuX (1 mM) in a sohttion of L’ 
(1.2mM) t hvdroquinone in HAc (1Oml) was relhued for 3 h. 
CusX,L~, .$MF(X = Cl, Br) and CuIL’-DMF:CuX (0.5 mM) 
was dissolved in a solution of L’ (1 mM) in DMF (3 ml) and the 
comnlexes precipitated with CHCl, (12 ml). CuClO& . HAc. 
From cup& p&chlorate (0.5 ml& in HAc (2ml) and L 
(1.5 mhf) t hvdroauinone (0.5 mM) in HAc (8 ml) saturated with 
NaClO,: - - 

All the compounds were washed with the solvents used in the 
preparation. 

The compounds were analysed by standard methods (Table 1). 
For some H*NRd complexes the solvent percentage resulting 
from the elemental analysis was independently conlirmed by 
determining thermogravimetrically the weight loss of the sub- 
stance with a Mettler thermobalance. Infrared spectra (Table 2) 
were recorded with a Perkin-Elmer 188 spectrophotometer in 
KBr disks, or as Nujol mulls on KBr for the nitrates, in the 
range 4OW250cm-’ and as Nujol mulls on polythene in the 

*Author to whom correspondence should be addressed. 

range 600-60 cm-‘. Molar conductivities were determined with a 
WTW conductivity bridge. 

The silver halides dissolve in a DMF solution of MeRd or 
H,NRd giving soluble silver complexes; by adding CHC& to the 
solution only the silver halides precipitate. 

RR8ULT8 AND DRICUSSION 

The very strong v(C0) band observed at 1725 cm-’ for 
both the liiands is shifted to higher frequencies, at 
1753-1727 cm-’ for the MeRd and 1748-1733 cm-’ for 
the H*NRd complexes, excluding the coordination of 
these ligands through the carbonyl oxygen atom. Some 
ligand bands observed in the v(C-S) frequency range’ 
assignable to ring deformation modes may contain an 
important contribution from the &J-S) mode. Their 
frequency increase in the complexes excludes coordina- 
tion of the ligands through the ring sulphur atom: 

MeRd 

HzNRd 

Ligand 

774 (m) 
612 (s) 
630 (s) 

complexes 

782-770 (ms-mw) cm-’ 
624-620 (vs) 
642-633 (s) 

The u(NH) bands observed for the H,NRd ligand in 
CHCla solution at 3320 (vs) and 3245 (m) cm-’ are shifted 
in the complexes to lower frequencies (328&3250,3230- 
3160, 3175-3120 cm-‘) indicating a coordination through 
the amine nitrogen atom. 

The H*NRd band at 1050 (mw)cm-’ assignable to a 
v(C=S) mode* is shifted in the complexes to lower 
frequencies (1026-1012 (s-w) cm-‘) indicating a coor- 
dination of the lid through its thiocarbonyl sulphur 
atom. 

For the HzNRd complexes the v(MN) and u(MS) 
bands are clearly identifiable in the 499-403 cm-’ and 
323-291 cm-’ region, respectively, close to the frequen- 
cies observed for other H*NRd complexes.24 

For the MeRd complexes the v(MS) bands are clearly 
identi6ed at 312-298 cm-’ in the same spectral region in 
which these bands were observed for the copper(I) (308- 
270 cm-‘)’ and silver(I) (296-280 cm-‘)6 complexes of 
rhodanine. Some bands observed at about 200 cm-‘, with 
intensities much higher than that of the weak band 
observed at 199cm- for the free ligand, may be assig- 
ned to v(MN& modes even if superimposed on or 

633 
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Table 1. Analytical data, Found % (Calc. %), molar woductivities AM (0-l mol-’ cm’) in IO-’ M DMF solution aod 
colour of the N-methyl-rhodanioe (L) and N-amino-rhodanine (L’) complexes 

N C H 

CUClL 5.58t5.69) 

CLEWL 4.86c4.82) 

CUIL 4.16t4.15) 

CUClO L 
44 

7.32(7.45) 

AgN03L 8.79(8.83) 

AgC104L 

1 

5.59C5.58) 

CUC~L'.~HAC 10.31(10.68) 

cu Cl L' 
2 2 2 

+MF 12.55C12.53) 

Cu2BrpL'. *~HAC 6.53t6.22) 

cu Br L' 2 2 2 5.fDMF 10.81(10.88) 

C"IL+W 8.76t8.83) 

CUC~O~L'~.HAC 10.68(10.79) 

AgN03L' 13.03(13.21) 

A&l0 L' 
4 2 

10.97(11.12) 

19.52(19.51) 1.92f2.05) 

16.90(16.52) 1.65c1.73) 

14.48(14.23) 1.41(1.49) 

25.61f25.56) 2.57c2.68) 

15.15(15.15) 1.58(1.59) 

19.34(19.153 1.92(2.00) 

16.05(16.03) 1.72f1.92) 

16.83(16.89) 1.91(2.02) 

9.21(9.34) l.OZ(1.12) 

14.60(14.67) 1.71(1.75) 

12.68t12.62) 1.48(1.62) 

18.48(x3.50) 2.24t2.33) 

11.81(11.33) 1.29C1.27) 

14.28(14.31) 1.50(1.60) 

(*) referred to one metal salt equivalent. 

M 

25.69(25.&X) 

21.45t21.86) 

18.61(18.82) 

8.15(8.45) 

24.38t24.23) 

28.19(28.23) 

17.47(17.80) 

S Solvent COIOUI- 
AM 

light brown 35 

yellow 36 

yellow 33 

yellow brown 69 

orange 32 

light brown 62 

24.03t24.46) 5.53t5.73) brown green 34 

27.46c27.33) 3.02(3.11) light brown 32 

14.70(14.25) 2.83t3.33) brown 31 

23.24c23.73) 2.96c2.70) light brown 26 

17.58(17.97) 4.89(5.12) red brown 26 

11.07(11.55) yellow 66 

yellowish 52 

light yellow 61 

Table 2. Principal for IR bands (cm-‘) of the N-methyl-rhodanine (L) and N-amino-rhodanine (L’) complexes 

CuClL 

CUBI-L 

CUIL 

CuClO L 
44 

AgN03L 

AgC104L 

1 
CUC~L'.~HAC 

cu Cl L' 
2 2 2125'fDW 

Cu2Br2L'.;HAc 

Cu Br L' 
2 2 2.25.aDMF 

ClJIL+lF 

CUClO L' 4 2.HAc 

AgNO3L' 

AgC104L12 

v(NN) 

198msb 

198ms 

199mw 

200s 

199ms,169mw 

494ms 

495sm 

493m 

493sm 

493ms 

499vs,409sh 

470sb 

45Omb,403m 

V(NS) V(MX) 

312mw 198msb,154vs 

304mw 145vs,115sb 

298ms lOlvs,85ms 

311m 

307mw 301wm,261sm 

312m,305mw 

304sm 262sm 

300mb 263vs,(174vs) 

303” (173vs,136ms) 

322wm,(259sh) (173~s) 

2991~ 146sm 

323m,302sh 

302~8 (302vs),2Ols 

307m,291w 

6(ML’) 

198m, 167m 

196ms,168s 

198sm.1656 

198sm,167vs 

199m,165vs 

193vs.168s 

198s,167vs 

199m,155vs 

coupled with the ligand band. In this spectral region the 
v(MN) bands due to metals bonded to endocyclic 
nitrogen atoms appear and very often these v(MN) 
modes are coupled with ring vibration modes. 

All the halide complexes have molar conductivities 
(A,+, = 36-26) much lower than those characteristic for 
1 : 1 electrolytes (A, = 65-90)’ in DMF solution. The 
CuX - MeRd (X= Cl, Br, I) complexes showing one 
VcuS), one @UN) and two u(CuXA bands clearly have a 
(S, N, 2%) pseudotetrahedral coordination presumably 
with non-equivalent bridging Cu-X bond lengths. Their 
vJvcl (0.73,0.75) and y/vcl (0.51,0.55) ratios are normal 
for isostructural coordination environments.’ 

The H*NRd copper(I) halide complexes contain a cer- 
tain amount of the solvent (HAc, DMF) used for their 
preparation, the presence of which in the solid com- 

plexes was ascertained by the analytical results and the 
thermogravimetric determinations. These solvent mole- 
cules may be considered as hydrogen bonded to the 
ligand molecules rather than coordinated to the metal 
ion. 

The CuCl . H2NRd - :HAc and CuI . H2NRd. $3MF 
complexes show besides one v(CuN) and one v(Cus) 
band due to the presumably (N, S) chelating ligand 
molecule one v(CuX) band with a vl/vcl (0.56) ratio in 
agreement with an isostructural coordination environ- 
ment.8 The higher v(CuX) frequencies observed in these 
complexes with respect to those of the corresponding 
MeRd complexes indicate shorter Cu-X bonds cor- 
responding to a prevailing trigonal coordination probably 
in a pyramidal structure with some longer axial inter- 
action probably with halide ions. 
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The HzNRd complexes Cu,Cl,L;., . WF, 
Cu2Br2L’ - :HAc and Cu2Br2L;.2S a : DMF have fractional 
CulL ratios. Their bands at 173 and 136cm-’ are ten- 
tatively assigned to v(CuK) modes because in these 
complexes they are stronger than in the other HzNRd 
complexes but may be su~~~~d to or coupled with 
the &and bands at 177 (sm) and 134 (ms) cm-‘. These 
complexes have certainly a polynuclear structure and 
their rather high v(CuK) frequencies seem to indicate as 
for the previous CuKL’ complexes a prevailing trigonal 
pyramidal coordination. 

The MeRd perchlorate complexes show a single v3 
band of the perchlorate ion, this anion being clearIy not 
coordinated in agreement also with their molar conduc- 
tivities in the range 8iven for 1: 1 complexes.’ A single 
v(CuS) band clearly indicates a (4s) tetrahedral coor- 
dination for the CuClO,(MeRd), complex; two v&N) 
and two v(AgS) bands a (2N, 2s) tetrahedral coordina- 
tion for the AgCIO&ieRd), complex 9. 

For the CuClO,(H~NRd~* * HAc and ~lO,(H~NRd~ 
complexes a splitting of the p3 band of the perchlorate 
anion indicates a distortion from the Td symmetry very 
likely attributable to hydrogen bonds with the H,N group 
of the ligand or with the HAc molecules in the copper(l) 
complex. 

The molar conductivities, in the range given for 1: 1 
electrolytes’, agree well with an un~r~at~ perch- 
lorate anion. Two @N) and two v(ltfS) bands indicate a 
(2N, 2s) tetrahedral coordination due to chelating ligand 
molecules. 

The infrared spectra of the AgNO1(MeRd), and 
AgNO,(H,NRd)z complexes, recorded in Nujol mulls in 
order to avoid exchange reaction with KBr, show several 
bands not present in the other complexes of the same 
ligandz 
AgNO,(MeRdh 1305 ms, 1073 sm, 1038 w, 1025 m, 
815 VW, 808 mw, 720 mw AgN03(H2NRd)* 1348 w, 

1208s, 1115w, 1018m, 818mw, 734w, 720wm. Some of 
them more or less correspond to those given for 
monodentate nitrate ions”, but their multiplicity may 
indicate as asymmetric chelating or bridging coordina- 
tion. 

For these complexes sir&e V&I?) and V&S) bands 
are observed and two bands may be assigned to v(Ag- 
ON03 modes in agreement with other literature values’o 
supporting a (N, S, 20) tetrahedral coordiition. The 
molar conductivity of the MeRd nitrate complex agree 
well with a non-ionic constitution of this complex; the 
greater molar conductivity of the H,NRd nitrate com- 
plex, close to the 1: 1 electrolyte values, may be due to 
solvolysis in DMF solution. 
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and characterize are those which require only one or two 
ligands to complete the coordination sphere of the metal. 
Isolated complexes include Rh,(acetate),(L), Rh2(pro- 
pionate),(Lk, Rh&utyrate)XLk and &Cl,(L). 

4 H 4 
5 C 0’ 

P-N(;H2;H2C1) 2 

6 

The structure of cyclophosphamide and its optical 
isomers have been reported.‘*.14 The ring has the chair 
conformation with P =0 in an axial position and the 
racemic form is stable as a hydrate. The water mole- 
cule holds cyclophosphamide molecules together by two 
O-H.-.0 = P hydrogen bonds and one N-H. e.0 
hydrogen bond.” Solution stereochemicai studies” with 
the lanthanide shift reagent, Eu(dpm)‘, have been inter- 
preted in terms of coordination of europium to the axial 
P =0 site along \;ith chelation to the NH lone pair. 
Hence coordination is expected to stabilize the con- 
former with P = 0 in the axial position because of the 
greater basicity of axial P = 0,16 and both P = 0 and NH 
donor sites may be involved in coordination. 

Spectral data for the complexes isolated in the present 
study are in agreement with P = 0 coordination. The IR 
bands for the complexes are listed in Table 1. Although 
the complexity of the IR spectra do not permit definitive 
assignments for P = 0, the 11!&126Ocm- region for 
hydrated cyclophosphamide does show modest shifts to 

lower frequency. For example, the band at 1190 cm-’ 
shifts to 1175 cm-’ for rhodium(I1) carboxylate adducts 
and to lllOcm_’ for !&Cl’(L). This suggests the coor- 
dination of rhodium to (L) is very similar to that found in 
the hydrogen bonded structure. The rhodium(I1) car- 
boxylate adducts also have broad NH bands at 325& 
3275 cm-’ which is characteristic of bound NH. Hence 
the IR data are consistent with rhodium(R) chelate bonds 
toP=OandNH. 

The SbCl’(L) adduct has a sharp NH band at 
3375 cm-’ which is characteristic of free NH. This 
together with the decrease in the P = 0 band from 1190 
cm-’ to 1110 cm-’ is evidence for coordination of Sb(II1) 
to only the P = 0 site. 

All of the rhodium(H) carboxylate adducts with 
cyclophosphamide have the same green colour as the 
parent compound or the water adduct.‘7V’8 The electronic 
spectral data in Table 2 illustrate that the visible ab- 
sorption band at 617 nm for anhydrous rhodium(I1) 
acetate follows the spectrochemical series for increased 
d-orbital splitting reported previously for Rh2(acetate)4 
adducts.““” The value of 604 nm for the cyclo- 
phosphamide adduct indicates weak Rh-(L) coordination 
comparable to acetone and THF. The similarity with 
oxygen donors rather than nitrogen donors supports 
assignment of P = 0 as the primary coordination site in 
cyclophosphamide. 

The ‘H NMR of cyclophosphamide in CDCl, is com- 
plex. ‘9*20 Peaks have been assigned as follows: C-S, 

Table 1. IR Data 

Compound 

cyclophosphamide(L) 

SbCML)” 

Rhs(acetate),(L) 

Rh2(propionate)4(L)2’ 

Rh2(butyrate)4(L)zb 

Bands, cm-’ 

740,770,845,875,955,980,995, 1050, 
1090, 1135, 1190, 1220, 1230, 1250, 1260, 
1280, 1340, 1370, 1430, 1460, 1650,2900, 
2950,2975,3000,3200, (broad), 3450 (broad) 
735,770,890,945,980, 1040, 1100, 1110, 
1125, 1200, 1220, 1250, 1320, 1350, 1380, 
1410.2875.2950.3375 
740,835,870,94& 970, 1040, 1090, 1120, 
1175, 1205, 1340, 1425, 1690,2750,3275 (broad) 
740,780,800,840,880,920,945,975, 
1015, 1045, 1095, 1130, 1175, 1205, 1300, 
1420, 1460, 1590,2950,2975, 3250(broad). 
800,840,875,945,970,995, 1040, 1050, 
1090, 1130, 1175, 1210, 1260, 1310, 1375, 
1590,3275 (broad) 

“KBr pellet 
‘Nujol mull 

Table 2. Electronic spectral data” 

Adduct “Ml e *nm E Ref. 

Rh,(acetate), 617 b 442 b 18 
Rh&icetateMIWk 584 197 441 102 18 
Rh2(acetateb((CH1)2S0)2 497 317 
Rh2(acetate)4(NH,)2 528 b 18 
Rhz(acetate)41(CH,)2CO}~ 603 260 440 115 17 
Rh2(acetate).0’Hf% 597 235 441 110 17 
Rh2(acetate)4(CH$ZN)2 552 235 437 125 17 
Rh2bceMeMJ2 224 441 97 this work 
Rh2(propionate),(L)r z 270 438 178 this work 
Rh2(butyrate)dLb 607 267 442 113 this work 

“Solution data from Refs. 17 and 18 were recorded for adducts dissolved in the ligand. 
bReflectance spectra. 



Metal complexes of alkylating agents-III 639 

Table 3. “C Decoupled NMR data” 

Peakslcpd L SbCI,*(L) Rhz(OAc)db 
(L), 

Rh2(0&Et)db 
(Lk 

Rh*(02CPr).+b 
2cP 

C-5 25.56 25.26 25.54 25.56 25.56 
25.83 25.54 25.81 25.82 25.83 

C-4 41.27 41.49 41.47 41.56 41.68 
41.35 41.62 41.62 41.69 41.76 

CS 42.15 42.06 42.38 42.54 42.57 
42.22 42.44 

C, 48.72 48.69 49.16 49.36 49.43 
48.91 48.91 49.37 49.56 49.64 

C-6 67.47 68.28 67.79 67.77 67.79 
67.79 68.60 68.09 68.09 68.09 

‘ppm at 22.5 MHz, solvent CD& calibrated relative to TMS, ppm downfield from TMS. 
bOaly cyclophosphamidc peaks are listed. 

1.84m; C-4, 3.35m; C-a, 3.48m; C-/3, 2.56m; C-6,4.3m 
(m = multiplet; N-H and HzO, variable). These peaks are 
not shifted or changed in appearance in the complexes. 

The 13C NMR data are given in Table 3. The peaks 
agree with those reported previously.*’ All the peaks are 
doublets because of splitting by “P. Some of the ‘“C 
peaks are shifted in the complexes, and the changes for 
the rhodium(I1) carboxylate adducts are not the same as 
those for SbCl,(L). C-5 is constant for the rhodium(n) 
compounds, but is shifted upfield 0.3 ppm in SbCb(L). 
C-4 and CB show small, downfield shifts of 0.2ppm. C, 
shifts 0.5-0.7 ppm downfield in the rhodium(II) com- 
pounds but is not changed in the SbCb(L) adduct. C-6 
shifts 0.8 ppm downtield in the SbCI,(L) adduct, and 0.3 
ppm downfield in the rhodium(II) compounds. The 13C 
shifts are not large and probably are caused by slight 
changes in the conformation of the cyclophosphamide 
ring. Upfield shifts wound be expected if steric crowding 
were present. 

The “P NMR proton-decoupled spectra show a 
downfield shift of 4 to 6 ppm for the rhodium0 car- 
boxylate adducts and no shift for SbCb(L). The 
downfield shifts relative to 85% H3P04 are L * HzO, 12.7 
ppm; SbCb(L), 12.7 ppm; Rh,(acetate),(Lk, 16.9 ppm; 
Rh&ropionate),(L)2, 18.4 ppm; Rh(butyratek(Lk, 18.6 
ppm. A downfield shift would be expected for P = 0 
coordination, but the absence of a shift for SbCI,(L) 
relative to (L)H*O is puzzling in view of the IR data. 
Since “P chemical shifts are affected by bond angles of 
phosphorus, electronegativities, and d-orbital occupation 
per phosphorus atom?’ it is possible that a configura- 
tional change has influenced the “P chemical shift in this 
adduct. In addition, the SbCb(L) “P nmr shit is the 
same as (L) * Hz0 which does have P = 0 - - . H hydrogen 
bonds. Therefore, the P = 0---Sb bond can be con- 
sidered comparable to the P = 0 - * . HOH bond. 

All of the complexes isolated in this study are being 
tested by National Cancer Institute. Since the parent 
rhodium(I1) carboxylates have shown antitumour activity 
against L1210 leukemia and Ehrlich ascites tumours in 
mice,23.24 screening was requested to determine whether 
the cyclophosphamide adducts would have higher 
activity. The preliminary screening results for 
Rh2(propionate)d (LMNSC 301994), Rh2(butyrate), * (L), 
(NSC 342722), and SbCl,(L) (NSC 342672) indicate the 
compounds are not active. These results are surprising in 
view of the activity shown previously by the parent 
compound. 
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Ah&act-The interaction of metallic lithium, sodium and potassium with tangsten hexapheooxide in tctra- 
hydrofurao leads to salts of the hexapheooxotongstate(V) ion, [W(OPh)J. Electron paramagaetic resonance 
spectra of the salts in frozen tetrahydrofuran suggests that for the Li+, Na+ and K+ salts there are ion pairs with 
interaction between the cation and the oxygen atom of the phenoxo groups. 

X-ray d&action study of the tetraethylammonium salt contirms the octahedral oahue. of the [W(OPhJJ ion; 
for the lithium salt coordination of the oxygen atom of two pheooxo groups to Li+ occurs. 

INTRODUCTION 

Tungsten(VI) hexaphenoxide is a surprisingly stable spe- 
cies’ but it can be reduced by Kaney nickel to give 
tungsten(V) pentaphenoxide? During attempts to use the 
hexaphenoxide as starting material for the synthesis of 
hydrido tungsten species, we observed that it is readily 
reduced by alkali metals in tetrahydrofuran to give the 
hexaphenoxotungstate(V) ion. The yields depend upon the 
reaction conditions but we have isolated the salts 
[Li(THF)dWOP&l, WWOWI. NaOPh, 
K[W(OPh)J and [EbN][W(OPh)s] and the X-ray crystal 
structures of the tetraethylammonium and lithium salts 
have been determined. 

SYNTHESES 
(a) Lithium and potassium salts 

The interaction of excess lithium or potassium metal 
with the dark red W(OPh)s in THF in presence of an 
excess of phenol leads to yellowish solutions from which 
orange-yellow salts of the stoichiometry [Li(THF)2] 
[W(OPh),] and K[W(OPhM respectively can be isolated. 
If an excess of phenol is not present, complex mixtures 
from which no crystalline products could be isolated, are 
obtained. The optimum yield is obtained with mole ratios 
of metal, W(OPh), and PhOH of 2S:l:l. The lithium salt 
can be crystallised from toluene as air-sensitive orange 
crystals. The potassium salt is insoluble in toluene but 
forms air-sensitive yellow crystals from tetrahydrofuran. 

i,b) Sodium salt 
The optimum yield of the sodium salt is obtained using 

a ratio of Na:W(OPh),:PhOH of 4:l:l:. It crystallises 
from THF with one mole of sodium phenoxide as sol- 
vated air sensitive cubic orange crystals which very 
readily lose THF on drying under a nitrogen atmosphere 
or under vacuum. Analysis of the unsolvated complex 
indicates the stoichiometry Na*(OPhh but since the epr 
data of frozen solutions of the salt are similar to those of 
the other salts is seems most likely that the composition 
is Na[W(OPh)&NaOPh and not a 7-coordinate dianion. 
It is soluble in most polar organic solvents but is in- 
soluble in petroleum, toluene and diethylether. Preli- 
minary X-ray data on the THF solvate (see Fig. 3) 
co&m the presence of [W(OPh)J. 

(c) Tetraethyfammonium salt 
The interaction of methanol solutions of the sodium 

salt with excess tetraethylammonium bromide in 
methanol gives the EbN’ salt as air sensitive golden 
yellow crystals from methanol. 

X-RAY sTuucTuRAL STUDIFS 

(a) The tetraethylammonium salt 
Within the crystal structure there are two crystallo- 

graphically independent anions which lie on centres of 
symmetry, while the tetraethylammonium cation lies on a 
general position without any crystallographically im- 
posed symmetry. One of the [w(OPh)J ions shows the 
presence of disorder among the phenoxide ligands but 
both anions have the same structure. The [w(OPh)J 
ion is shown in Fig. 1, while Table 1 lists the more 
important bond lengths and angles. 

As expected the ion has a closely octahedral geometry. 
Within the accurately determined nondisordered anion 
the mean W-O distance is 1.943A and O-W-O cis 
angles are within one degree of the ideal value. The mean 
W-O-C angle is 139.0”. In a tungsten(VI) corn 
trans-WCl,(OPh)., the mean W-O distance is 1.82. ,: but R 

und 

the large standard deviations and scatter of individual 
bond lengths suggest that this is not an accurate struc- 
ture. 

The tetraethylammonium ion has the expected 
geometry with mean C-N of 1.5OA and mean C-C of 
1.53A and an approximate 12m(D& point symmetry. 

(b) The lithium salt 
In this crystal the [W(OPh)J anion, the Li’ ions and 

the tetrahydrofuran molecules are associated in the 
[Li(THF)J-[W(OPh)s] entity shown in Fig. 2. Table 2 
gives the more important bond lengths while selected 
bond angles are listed in Table 3. As can be seen from 
Fig. 2 in contrast to the almost undistorted octahedral 
arrangement of the anion in the Et,N’ salt (Fig. l), the 
anion is now distorted by the adjacent lithium atom 
which binds to two of the phenoxo-oxygen atoms. This 
causes a clear differentiation in bond le 

x 
hs between the 

four W-O bonds of mean length 1.918 and the other 
two W-O distances with an average of 2.012A where the 
oxygens bind to both tungsten and lithium. The latter 
distances are very similar to those found4 in the 
{[Na(THF),][W(OPh),]Na~H~~~ moiety in the sol- 
vated sodium salt which has the structure shown in Fig. 3 
where the mean W-O bond length is 1.9958. In the 
lithium containing ion pair the four short bonds are 
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Fii. 1. Structure of the ceotrosymmetric hexapheooxotungstate(v) ion. 

shorter than those in the [W(OPh)J ion (1.943&, but The lithium atom has a distorted tetrahedral environ: 
these four are balanced by the two lengthened ones so ment with a mean Li-0 distance of 1.94A. Within the 
that the overall mean W-O distance is 1.949.k 

Similarly, the angles at the phenoxo oxygen atoms 
show this differentiation. The four W-O-C angles have a 

W( 
0 

0 
)Li segment the acute 0(2)-W-O(5) (79.6”) and 

mean of 139.9” (Very Shdar to that in W’W’&l-1 While 
the other two have a mean W-O-C angle of 131.9”. 

O(2)-Li-O(S) angles (82.8”) are clearly a consequence of 
the bridging oxygen atoms requiring reasonably obtuse 

Table 1. Selected bond lengths (A) and bond aagles (“) in (Et$-I)(w(OPh)J 

W(Z)-O(4) 1.932(5) W(Z)-O(5) 1.956(4). 

W(2)-O(6) 1.940(5) 

Average W-O 1.943 

O(4)-C(41) 1.351(10) O(5)-C(51) 

O(6)-C(61) 1.334(7) 

Average O-C 1.340 

O(4)-W(2)-O(5) 89.2(2) O(4)-W(2)-O(6) 

O(5)-W(2)-O(6) 90.0(2) 

All O-W-O trans angles 180 by symmetry 

1.335(7) 

90.4(2) 

W(2)-0(4)-C(41) 142.1(4) W(2)-O(5)-C(51) 135.9(5) 

W(2)-O(6)-C(61) 139.1(4) 

Average W-O-C 139.0 

Within disordered [W(OPhIrj- moiety: 

Average W-O 1.936 Avera@? O-C 

o-w-o cis angles in range 88.1 - 91.9 

1.332 
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Fii. 2. Structure of LiHF)J_W(OPh~]. 

bonding angles. This requirement appears to override the 
tendency of the lithium atom for tetrahedral bond angles. 

It is pertinent to note that although a variety of “dou- 
ble metal &oxides” have been characterised on the 
basis of stoichiometry, molecular weights and spectros- 
copic data, X-ray structural data on such complexes is 
notably lacking? 

Strugural data is available6 for % lithium salts, 
F-F_, O(OPf )+iCl(THFM~, Li{Cr’ [OCH(CMe& 

and Lr{Fe[OCH(CMe3)~4.2(h4e3C)+ZHOH,’ 
and for some sodium salts (see Ref. 7). These lithium 
salts show similar interaction with the oxygen atoms of 
the alcoxo group to that found here for the phenoxo 

group and all the compounds can be considered as 
strongly associated ion pairs. In 
LiCr[OCH(CMe&j.+.THF for example there is a C&Li 
ring which severely distorts the symmetry about the 
chromium(II1) ion just as the symmetry of the 
[w(OPh)J ion is distorted in the present case. 

Electron paramagnetic resonance spectra 
The g values for the [W(OPh)J ion in frozen tetra- 

hydrofuran solutions of the salts are given in Table 4. 
These are low relative to comparable data for six-coor- 
dinate oxotungstate(V) species’ in which, of course, 
there is a well delined symmetry axis along the W = 0 

Table 2. Selected bond lengths (A) in Li(THF)2[W(OPh)J 

W(l)-O(1) 1.9X(7) W(l)-O(3) 1.928(6) 

W(l)-O(4) 1.906(6) W(l)-O(6) 1.915(6) 

AVeR?Xp 1.918 

W(l)-O(2) 2.0X?(7) W(l)-O(5) 2.012(7) 

Average 2.012 

Average overall W-O distance 1.949 

O(l)-C(ll) 1.362(12) O(2)-C(21) 1.365(H) 

O(3)-C(31) 1.358(13) O(4)-C(41) 1.366(U) 

O(5)-C(51) 1.350(12) O(6)-C(61) 1.354(12) 

Average O-C 1.359 

Li(l)-O(2) 1.92(2) Li(l)-O(100) 1.89(Z) 

Li(l)-O(5) 1.98(Z) Li(l)-O(200) 1.98(Z) 

Average Li-0 1.94 
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Fig. 3. The {Na~P),[W(OPh~]NaCrH~~~ moiety in the sodium salt. 

bond direction. The values suggest that the orbital con- 
tributions to g are higher and hence that the tzS orbitals 
are less widely split which is compatible with weaker 
axial fields than in the compounds with W = 0 bonds. 

For the sodium salt, the asymmetry due to binding of 
the sodium ions (see Pi. 3) is retained in solution as 
indicated by the strictly axial nature (gX = g,). For the 
lithium salt the axial symmetry is lost and the g, and g, 
values are the same as for the octahedral [W(OPh)J ion 
in the Et.,N’ or K’ salts. This does not mean, however, 
that the lithium ion is a free solvated ion since if the two 
fold axis dellned by the W.. . Li direction as found in the 

crystal (Fig. 2) is retained in solution, rhombic g values 
would be expected. The g values for the EbN’ salt also 
indicated octahedral geometry with a near axial dis- 
tortion but g, is noticeably lower in this case, suggesting 
a near octahedral geometry. There is no obvious dis- 
tortion in the solid (Fig. 1) and it seems unlikely that 
distortion should arise in solution. We take this as in- 
direct evidence that in the lithium salt, the Li’ ion is still 
in a strong ion pair in solution. In view of the similarity 
in g values this probably applies also to the potassium 
salt. 

Thus, for all three alkali metal ions, binding of M’ to 

Table 3. Selected bond augles (“) in Li(THF),[W(OPh),] 

O(l)-W(l)-O(2) 171.6(3) O(l)-W(l)-O(3) 91.5(3) 

O(Z)-W(l)-O(3) 87.9(3) O(l)-W(l)-O(4) 91.2(3) 

O(Z)-W(l)-O(4) 88.9(3) O(3)-W(l)-O(4) 175.7(3) 

O(l)-W(l)-O(5) 92.0(3) O(2)-W(l)-O(5) 79.6(3) 

O(3)-W(l)-O(5) 88.4(3) O(4)-W(l)-O(5) 88.2(3) 

O(l)-W(l)-O(6) 96.3(3) O(Z)-W(l)-O(6) 92.0(3) 

O(3)-W(l)-O(6) 90.0(3) O(4)-W(l)-O(6) 93.0(3) 

O(5)-W(l)-O(6) 171.5(3) 

w(l)-o(l)-c(ll) 138.5(6) W(l)-O(4)-C(41) 143.7(6) 

W(l)-O(3)-C(U) 138.2(6) W(l)-O(6)-C(61) 139.3(6) 

Average 139.9 

W(l)-O(2)-C(21) 131.6(6) W(l)-O(5)-C(51) 132.1(7) 

Average 131.9 

W(l)-O(2)-Li(1) 99.7(6) W(l)-O(5)-Li(l) 97.6(7) 

Average 98.7 

Li(l)-O(2)-C(21) 121.1(8) Li.(l)-O(5)-C(51) 127.7(9) 

AVeIXige 124.4 

O(Z)-Li(l)-O(5) 82.8(g) O(2)-LiU)-O(fO0) 123.3cl.O) 

O(2)-Li(l)-O(200) 113.4(1.0) O(5)-Liilj-O(100) 113.2(1.0) 

O(5)-LiU)-O(200) 125.2(1.0) O(lOO)-Li(l)-O(200) 100.5(1.1) 
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Table 4. Electron paramagnetic resonance spectra of hexaphenoxotungstate salts. Tetrahydrofuran solution, cu. 
100 K. X-band 
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Compound 

[Li(THF),1[W(OPh).l 

Na[W(OPh),j.NaOPh 

K[W(OPh).j 

LEt.NI[W(OPh).l 

W(OPh) 5 

1 

the oxygen atoms of the phenoxo groups seems to be 
indicated. 

Table 4 also gives data for W(OPh)5 where the g 
values suggest that in THF the structure resembles that 
of the lithium salt, with a near axial distortion of the 
octahedron. It seems most likely that in THF we have 
W(OPh),(THF) and indeed the compound is quite solu- 
ble in tetrahydrofuran although it is insoluble in 
methanol, benzene, etc.; the molecular weight by the 
Rast method in camphor was said to correspond to the 
monomer,* which is also conhrmed by cryoscopic 
measurement in DMSO. In the solid it is probably poly- 
meric with phenoxo bridges. 

Mechanism of formation. It seems unlikely that the 
formation of the [W(OPh)J ion is one involving simple 
one-electron reduction. As noted earlier unless additional 
phenol is present, the ion is not obtained. It is more 
likely that a hydride transfer is involved. 

M+PhOH+M++OPh-+H (1) 

H + W(OPh),-* W(OPh)s + PhOH (2) 

W(OPh)s + OPh- + [W(OPh),]-. (3) 

The reaction 2 was indeed proposed to occur in the 
synthesis of [W(OPh),], using “nascent” hydrogen from 
Raney nickel.2 We have shown that W(OPh)5 could be an 
intermediate as the tetrahydrofuran solution reacts with 
excess lithium phenoxide as in eqn (3) to give (Li(THF),] 
W@PhM. 

Interaction of W(OPh), in THF with Red-Al or similar 
hydridic reagents gives yellow solutions which probably 
contain [W(OPh),]-. 

The [W(OPh)J ion behaves as mild one-electron 
reducing agent, being oxidised to W(OPh)6. Thus, the 
sodium salt reduces (9’ -C,H,)Fe(CO),Br to [I’ - 
C5HSFe(C0)J2, MnBr(COb to Mn2(CO)ro, and 
COAX to Co4(CO)r2. Air oxidation produces W(OPh)6. 

EXPERIMENTAL 
Microanalyses by Pascher, Bonn. 

Spectra 
IR; Perkin-Elmer 597, in Nujol mulls. Epr; Varian El2 (X- 

band) in THF at ca. 100 K. NMR; Bruker WM-250, data in 8 ppm 
references to MedSi. 

Syntheses 
AU operations were carried out under oxygen-free argon or 

nitrogen or in vacuum. THF was dried over sodium-ben- 

POLY Vol. l.No.7-8-F 

1.21 

1.28 

1.21 

1.21 

1.20 

t 
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1.29 1.56 

1.28 1.63 

1 

zophenone and distilled under nitrogen. Hexaphenoxo-9 and 
pentaphenoxotungsten* were prepared by published methods. 
Melting points (uncorrected) were determined in sealed tubes. 
Petroleum had b.p., 4(Mo”. 

(1) Lithium bis(tetrahydrofuran)hexaphenoxotungstate( V) 
Lithium (O.O7g, IO mmol) was added to a tetrahydrofuran 

(100 cm’) solution of W(OPh)b (3.0 g, 4 mmol) and phenol (0.38 g, 
4mmol) at room temperature and the deep red solution stirred 
for 18 hr. The resulting yellowish green solution was filtered and 
evaporated to dryness under vacuum. The residue was washed 
with petroleum (2 x 30cm’) and extracted into toluene (2x 
30 cm’) to give an orange solution which was concentrated to ca. 
20 cm’ and cooled to -20°C to give ah-sensitive orange crystals 
of [Li(THF)J[W(OPh),]. 

Yield: 3.Og, 85%; m.p., 260-266” decomp. [Found: C, 59.7 
(59.0); H, 5.2 (5.1); 0, 13.8 (14.3)1.0/o 

IR. 307Ow. 159Os, 149Ovs, 1485vs, 128Ow, 1242vs, 1228vs, 
1162s. 1069m, 1046m, 1023m. IOOOm, 89Om, 863s. 845m, 
827m, 758s, 751s 689s. 63ls, 625m, 6OOm, 549w, 521w, 508w, 
450m. 

NMR. ‘H (&-Acetone); 1.77m, (8); 3.62m, (8); 5.06 t (6), 
J = 6.7 Hz; 9.20 br,s (12); 7.08 br, s, (12). 

(2) Potassium hexaphenoxotungstnte( V) 
Potassium (0.39g, 10 mmol) was added to a 100cm3 THF 

solution of W(OPh& (3.0 g, 4 mmol) and phenol (0.38 g, 4 mmol) 
at room temperature and the solution stirred for 18hr. After 
filtering, and evaporating to dryness under vacuum, the residue 
was washed with petroleum (2 x 30 cm’) and toluene (2 x 30 cm’) 
and extracted into tetrahydrofuran (2 x 30 cm’). The solution was 
concentrated to ca. 30cm3 and cooled to -20°C to give 2g of 
KW(OPh), as yellow air-sensitive crystals. Yield, 2.Og, 64% m.p., 
255-260°C [Found: C, 55.6 (55.3); H, 4.1 (3.8); 0, 11.9 (12.3)%.] 

IR. 307Ow, 1585s, 1480~s. 145Os, 1308w, 1228vs, 1169m,1162m, 
1146m, 107Om, 1024m, lOOOm, 987w, 989m, 854s, 84Os, 774s, 754s, 
703m, 692s, 632s, 617m, 606m, 536w, 517w, 472m, 452~. 415m. 

NMR. ‘H (de-Acetone): 5.05 br, s, (6); 7.12 br, s (12); 9.18 br, s 
(12). 

(3) Sodium hexaphenoxotungstate( V).sodium phenoxide (1: 1) 
As above from sodium (0.37 g, 16 mmol) 100 cm3 THF solution 

of W(OPh), (3.0 g, 4 mmol) and phenol (0.38 g, 4 mmol). After 
solvent removal the residue was washed with petroleum (2 x 
30cm3) and toluene (2 x30cm3) and extracted into tetrahydro- 
furan (2 x 30 cm3). The solution was concentrated to ca. 30 cm’ 
and cooled to -20°C to give solvated orange crystals. The solvent 
of crystallisation was removed under vacuum leaving 
NaW(OPhb.NaOPh as vellow crvstais. Yield: 3.0 a. 85%: m.p., 
260°C. decomp. [Found: C, 55.7 (57.1); H, 4.0 @o); d, 13.1 
(12.7)0/o.] 

IR. 306Ow, 159Os, 1484vs, 1466vs, 126Os, 1222vs, 1170s, 1151w, 
107Ow, 1043w, 1027w, lOOlw, 886m, 853s, 764w, 753s, 722w, 
7OOw. 689m, 633m, 623m, 607m, 5%m, 52Ow, 495~. 472~. 

NMR. ‘H (d$-THF): 11.22 br,s (4); 9.33 br,s (24); 6.44 br,s (21); 
5.03 br,s (12); 3.62 br,s (8); 1.76 br,s (8); 1.22 br,s (4); -2.19 br,s 
(2). 
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(4) Tetraethylammonium hexaphenoxotungslate( V) 
A solution of tetraethylammonium chloride (0.2 g, 1.2 mmol) in 

4Ocm’ of methanol was added dropwise to a solution of 
NaW(OPh),.NaOPh (0.9 g, 1 mmol) in 30 cm3 of methanol. The 
solution was cooled at -20°C to give golden-yellow crystals 
which were filtered and dried under vacuum to give 0.2 g of 
[EtdN][W(OPh)e] The filtrate was concentrated to ca. 30 cm3 and 
cooled to -20°C to give a further crop of crystals. Yield, 0.7 g, 
80%; m.p., 190-1°C. 

[Found: C, 60.5 (60.0); H, 5.8 (6.3); 0, 11.2 (10.9); N, 1.6 
(1.6)0/o.] 

IR. 306Ow, 1587s, 1575m, 148Ovs, 1393w, 1279w, 124Ows, 
1162m, 1067m, 1021m, 998m, 890m, 857s, 833s, 692s, 632s, 604s, 
52Ow, 476~. 

NMR. ‘H (&-Acetone): 1.19 t (12), J = 7 Hz; 3 17 (8), J = 7 Hz; 
5.09 t (6), 1=6.8Hz; 7.18br,s (12); 9.21 br,s (12). 

(5) Meraclion of tungsten pentaphenoxide with lithium 
phenoxide 

Tungsten pentaphenoxide (1 g, 1.5 mmol) and lithium phenox- 
ide (0.5 g, 5 mmol) were dissolved in 100 cm3 of tetrahydrofuran 
at room temperature and the solution stirred for 2d. After solvent 
removal the residue was ashed with petroleum (2 x 30 cm’) and 
extracted into toluene (2 x30cm’). The orange solution was 
concentrated to ca. 20cm’ and cooled to -20°C to give 
[Li(THF),]w(OPh),] identical with the product from W(OPh)+ 
Yield: 0.8 g, 60%. 

Crystallographic studies 
X-ray intensity data collection was carried out using a Nicolet 

R3m/Eclipse S140 diffractometer system. Graphite monoch- 
romated Cu-Xa radiation was used with the w scan technique. 
The SHELXTL program system”’ was used throughout the cal- 
culations, and the atomic scattering factors and the anomalous 
dispersion corrections were taken from Ref. 11. Least-squares 
refinement was by the block cascade method, typical of the 
SHELXTL system. For both compounds an empirical absorption 
correction was applied,” based on 36 psi scan measurements for 
each of eleven representative reflections for each crystal. 

(a) Crystal data for (NEt,)[W(OPh),] 
CsHz0N.C~300,W, mol. wt. = 872.7, triclinic, space group Pl, 

a = 10.734(2), b = 11.580(3), c = 17.998(3)A, a = 80.85(2), 
/3=86.42(l), y = 65.79(l)“, U = 2014.4 A3 (at 20°C). Z = 2, D, = 
1.44 g cm-3, F(OO0) = 886. ~(CU-Ka) = 57.3 cm-‘. 

Unit-cell dimensions and orientation matrix based on 25 
automatically centred reflections for a crystal sealed in a Lin- 
demann tube under dry argon. Intensity data collected for 4432 
reflections (2 < 20 < loo”). 4143 uniaue. 3333 observed II > 3~(1)1. 

Strucfure solution and’refinemeni A Patterson synthesis WaS 
used to locate the tungsten atom, and the remaining non- 
hydrogen atoms were found from subsequent difference Fourier 
syntheses. Because of the special positions of the tungsten atoms 
on centres of symmetry, progress was very slow. While the 
tetraethylammonium cation, and the [W(OPh),]- anion centred 
on (O,i,B showed no disorder, the other crystallographically 
independent anion centred on (0, 0, 0) was present in two 
different orientations. Best agreement was obtained when the 

tCopies are available on request from the Editor at Queen Mary 
College. Tables of atomic coordinates have also been deposited 
with the Cambridge Crystallographic Centre, University Chemical 
Laboratory, Lensfield Road, Cambridge CB2 lEW, England. 

phenoxo ligands of the two orientations were given occupancy 
factors of 0.64 and 0.36 respectively. The non-hydrogen atoms of 
the ordered moieties were refined anisotropically. In the dis- 
ordered [W(OPh),]- ion the tungsten atom was anisotropic and 
all remaining non-hydrogen atoms isotropic, with the phenyl 
rings relined as rigid bodies. The R values were R= 
P(AFFyP(F,I = 0.044 and R, = [&,~AF~Z/Z,~F~~2]“* = 0.047, 
with w = ~/[(uF~)~+O.OO~~F,~] 

(b) Crystal data for Li(THF),[W(OPh),] 
C$&.OsLiW, mol. wt. = 893.6, monoclinic, space group P2,/n, 

a = 18.230(3), b = 16.988(4), c = 13.249(3)& /3 = 99.18(2)“, U = 
4050.5A’ (at 19oC), Z = 4, D, = 1.46 g cmm3, F(OO0) = 1808, ~(CU- 
Ka) = 57.4 cm-‘. 

Unit-cell dimensions and orientation matrix based on 18 
automatically centred reflections for a crystal sealed in a Lin- 
demann tube under dry argon. Intensity data collected for 4514 
reflections (2<28s < IOOO), 4164 unique, 3193 observed [I> 
30(I)]. 

Structure sol&on and refinement. The tungsten atom position 
was located from a Patterson synthesis, and aU other non- 
hydrogen atoms were found from subsequent difference Fourier 
syntheses. AU non-hydrogen atoms were refined anisotropically, 
except the carbons of one THF unit. It is clear from the rela- 
tively high thermal parameters that a degree of disorder/high 
thermal motion affects one or both THF rings. The final R values 
were R = 0.052 and R, = 0.048, with o = l/[(uF0)2 +O.O006F,*]. 

For both structures, the final atomic coordinates, thermal 
parameters, fuU lists of bond lengths and bond angles, and lists of 
F,,/F, values have been deposited with the Editor as sup- 
plementary materiai.t 
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Abstract-Hg(I1) complexes have been prepared with Y-mercaptoamine 

ligands l-methyl-4-mercaptopiperidine (4-MP), 1-methyl-3(mercapto- 

methyl)piperidine.(3_MMP) and. l-methyl-2(2_mercaptoethyl)piperidi- 

ne (2-MEP) with 1:l and 1:2 metal to ligand ratios. Infrared and 

Raman spectra for all these compounds have been recorded and disc?: 

cussed. The spectral features agree with a linear S-Hg-S structure 

and with the characteristic two-coordination of mercury in all the 

complexes. The structure of [Hg(4-MP)2](C104)2 has been determined 

by X-ray crystallography. The crystals are orthorhombic, space 

group C222, (Z=4) in a unit cell of dimensions a= 13.161 (3) i, 

b= 6.589 (2) i and C* 24.740 (4) i. Solution of the structure by 

direct methods led to a final weighted R factor of 0.057 for 1339 

independent reflections. The crystal structure consists of discre 

te [Hg(4-MP)2]2+ cations and ClOi anions packed in layers paralell 

to the (100) plane. 

INTRODUCTION 

Despite of the fact that the affinity of RSH compounds towards mercury has 

been well known for a long time it is not yet clear which factors determine 

the structure of mercury(I1) mercaptides. The crystal structure of some 

di(alkylthio)mercury(II) compounds indicates that the coordination number of 

mercury depends strongly on the nature of the alkyl group. Thus, while the 

;oordination around mercury is essentially linear in Hg(SMe)2 ' and Hg(SEt)2, 

it is tetrahedral in Hg(SBut)2, 3 the framework of this structure being 

very similar to the one found in the cadmium complex of I-methyl-4-mercapto- 

piperidine 4 which is one of the ligands studied here. It should also be 

noted that different assignments of the S-Hg-S stretchings have been 

647 
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made for Hg(SR) 2 compounds. 5-8 

The aim af this work is that of contributing to clarify the nature of rner 

cury(I1) thiolate bond and to correlate the vibrational spectra of several 

mercury(II)-thiol complexes with their molecular structure. Accordingly we 

have synthesized and studied the complexes formed with mercury(I1) perchlor- 

ate and the following ligands: 1-methyl-4-mercaptopiperidine (4-MP), 1-methy!, 

-3(mercaptomethyl)piperidine 

ne (Z-MEP). 

(3-MMP) and 1-methyl-2(2-mercaptoethyl)piperidL 

4-MP 

Owing to the zwitterionic 

anion has been used in order 

the anion of its salt. 

CT 

CH2SH 

Y 
c), 

‘;J CH2CHgSH 

C”a CHz 

3-MMP 2-k%BP 

behaviour of these ligands 4the perchlorate 

to prevent coordination of the mercury atom with 

EXPERIMENTAL 

The composition of the complexes was determined as follows: Hg gravimetri- 

tally as HgS, S iodametrically and C, H and N with a Carlo Erba analyser by 

the Instituto de QuImica Bio-Organica (Barcelona). Analytical data are col- 

lected in Table 1. 

TABLE 1. Analytical Results 

Compound 

S*M?dp.HCl Calcd. 

Found 

2-MBP.HCl Calcd. 

Found 

[Hg(4-MP)] (ClO,) 2 Calcd. 

Found 

[Hg(4-W 2] (C104) 2 Calcd. 

Found 

[Hg(3+W] (C104)2.H20 Calcd. 

Found 

[Hg(3-kW 2l (C104) 2 Calcd. 

Found 

[Hg(2-MEP)] (C104)2. 1/2H20 Calcd. 

Found 

[Hg(2-Wp) 21 CC10,) 2 Calcd. 

Found 

% c 

46.26 

46.38 

49.09 

49.20 

13.58 

13.54 

21.77 

22.03 

14.94 

15.24 

24.38 

24.55 

16.92 

16.95 

26.76 

26.68 

%H %N 
- - 

8.87 7.71 

8.94 7.78 

9.27 7.16 

9.38 7.26 

2.46 2.64 

2.47 2.65 

3.96 4.24 
3.99 4.20 

3.05 2.49 

3.11 2.52 

4.38 4.06 

4.27 4.25 

3.20 2.47 

3.36 2.38 

4.77 3.90 
4.77 4.18 

% s % Hg 

17.64 

17.50 

16.38 

15.98 

6.04 

5.90 

9.69 

9.47 

5.70 

5.80 

9.30 

9.23 

5.65 

5.66 

8.93 

8.72 

__ 

__ 

__ 

__ 

37.79 
37.40 

30.30 

30.49 

35.65 

35.50 

29.08 

29.24 

35.33 

35.69 

27.93 

27.81 
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Spectrophotometers. IR: Perkin-Elmer 180, spectra in KBr pellets (4000- 

-500 cm-') or in nujol mulls (500-150 cm-') between polythene plates. 

Raman: Dilor equipped with a Tracer multichannel using 514.5 nm excitation 

and samples run as powders in spinning capillary tubes. 

Preparation of Zigands 

4-MP was synthesized according to the literature. 9 3-MMP and 2-MEP were 

obtained from their isothiouronium salts that were formed after N-methyla- 

tion 'O of 3-hydroximethylpiperidine and 2-hydroxiethylpiperidine respect- 

ively, following a reported method. 11, 12 Hg(C104)2.6H20 was prepared from 

analytical grade HgO and HC104. 

Preparation of complexes 

1) bk(4-MP)l (C104) 2 
A methanolic solution of 4-MP (7.5 mmol in 50 ml) was slowly added to a 

stirred clean methanolic solution of Hg(C104)2.6H20 (6.7 mm01 in 200 ml). 

The complex precipitated slowly as the ligand was being added. 

2) C%(4-W 23 K104) 2 

A white crystalline solid was formed while adding slowly 15 mm01 of 4-MP 

dissolved in 75 ml of 0.1 M HC104 aqueous solution to 75 ml of the same sol 

vent where Hg(C104)2. 6H20 (8 mmol) had been dissolved. Crystals suitable for 

x-ray diffraction were grown in 0.1 M HC104. 

3)[Hg(3-MMP)](C104),.H20 

Using the same procedure of the related compound described above, a yel- 

low oil formed. It was left in the freezer overnight and then washed with 

absolute ethanol several times. The oil became a white solid by staying 

under vacuum. 

An oil formed when NaC104 concentrated solution was added to 60 ml of a 

solution 0.1 M in HC104 containing 1.58 mm01 of Hg(C104)2.6H20 and 3.27 mm01 

of 3-MMP. This oil was placed in the freezer where it turned to a white so- 

lid. 

5)[Hg(2-MEP)](C104)2.1/2H20 

While slowly adding an aqueous solution of 2-MEP in 0.1 M HC104 to a stir 

red solution of Hg(C104)2. 6H20 in the same medium in 1:l mole ratio an oil 

formed, which became a white solid through continuous stirring for several 

hours. This solid was collected, washed with 0.1 M HC104 solution and water, 

and dried under vacuum over P205. 

6)[Hg(2-MBP),](ClO,), 

The same procedure as that used for the 1:l analog was followed. In this 

case, the Hg(C104)2. 6H20 solution was added to that of the ligand in 2:1 

mole ratio. The oil formed was treated with methanol several times and final 

ly dried under vacuum over P205. The white solid obtained is highly hygros- 
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topic. 

CrystalZographic studies 

A small crystal of [Hg(4-MP)2](C104)2 was chosen and mounted on a Philips 

PW-1100 four-circle diffractometer (Department of Mineralogy and Crystallo- 

graphy of Paris VI University), where crystal data and intensity measurements 

were carried out. Only Lorentz and polarization effects were corrected. 

CrystaZ data. (Hg[SC5H9NH(CH3)]2)(C104)2, orthorhombic, a = 13.161 (3), b = 

= 6.589 (Z), c = 24.740 (4), U = 2145.4 i3, space group C222,, Z = 4, Dm = 

= 2.03 g cm-3(flotation in bromoform-carbon tetrachloride), DC = 2.05 g cmm3, 

F(OOO) = 1280. 

Data collection. Philips PW-1100 diffractometer, graphite monochromated 

MO-K@ radiation, 8-28 scan mode, scan speed of 2ymin in 28, 1741 reflections 

collected, 1339 observed [I ),2.5 u(I)]. 

Structure soiktion and refinement. The structure was solved by direct me- 

thods, using the MULTAN system of computer programs. 13 An E-map computed from 

the set of phases with the highest combined figure of merit revealed peaks 

for all atoms, except hydrogen and oxygen atoms of perchlorate groups. Iso- 

tropic and anisotropic refinements by full-matrix least-squares method were 

made with the SHELX76 grogram 2. _:4The function minimized was WI 1 Foi - lFc 1 12, 

where w = (02(F) + 0.0067 IFI ) . A difference synthesis at R = 0.093 reveal_ _ 

ed 7 non-symmetric equivalent peaks linked to chlorine atoms. The integration 

’ a from a Fourier synthesis at this point, gave an electronic ;trn;;rm 

f 8 for one and about 4 for the rest of oxygen atoms, therefore, 

disorder in the localization of perchlorate ions was considered. Isotropic 

refinement of 0 atoms and anisotropic of the other atoms gave a final R fac- 

tor of 0.057. Bona distanc8s and angles are given in Table 2. Final atomic 

coordinates, thermal parameters and a list of Fo/Fc values have been deposit - 
ed with the Editor as supplementary data. 

TABLE 2. Bond lengths and angles for (Hg[SC5H9NH(CH3)],)(C10q)z. 

a. Bona Lengths (i) b. Bond Angles (deg) 

Hg-S 2.329 (0.004) 

S-C(l) 1.795 (0.015) 

C(l)-C(2) 1.511 (0.023) 

C(2) -C(3) 1.633 (0.022) 

C(3) -N 1.485 (0.019) 

N-C(6) 1.586 (0.024) 

N-C(4) 1.448 (0.023) 

C(4)-C(5) 1.444 (0.028) 

C(5)-C(l) 1.547 (0.019) 

S-Hg-S 

Hg-S-C(l) 

C(l)-C(2)-C(3) 

C(2)-C(3)-N 

C(3)-N-C(6) 

C(6)-N-C(4) 

C(3)-N-C(4) 

N-C(4)-C(5) 

C(4)-C(5)-C(1) 

C(Z)-C(l)-s 

C(S)-C(l)-s 

C(S)-C(l)-C(2) 

176.9 (0.1) 
102.1 (0.6) 
110.5 (1.3) 
103.6 (1.4) 
105.0 (1.6) 
111.1 (1.8) 
115.7 (1.2) 
113.2 (1.6) 
112.9 (1.5) 
109.0 (1.1) 
112.5 (1.1) 
108.3 (1.3) 
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DESCRIPTION OF THE STRUCTURE OF [Hg(4-MP)2](C104)2, 

The crystal structure of this complex consists of discrete [Hg(4-MP)2]‘+ 

cations, Figure 1, the ligands being in zwitterionic form, and of perchlorate 

anions packed in layers parallel to the (100) plane, Figure 2. These layers 

are linked together by weak hydrogen bonds. All the cations are crystallo- 

graphically equivalent while there are two crystallographically independent 

anions. 

Fig. 1. The molecular structure of (Hg[SC,H,NH(CH3)]2)“. 

. 

Fig. 2. Crystal structure of 

(Hg[SC5HgNH(CH3)I 2)(ClO4)2* 
Shaded circles denote ClO, anions. 

The mercury atom is on a binary axis 

and.%ts coordination is linear. Thus, 

there is only one type of piperidinic 

rings which are in chair conformation. 

The methyl group as well as the sulfur 

atom are in equatorial positions. 

The Hg-S distance is 2.329(0.004) i, 

which agrees very well with the sum of 

covalent radii 15 and is shorter than 

those reported for two mercury mercapt- 

ides with essentially digonal coordina- 

tion, 236 i in Hg(SMe)2 ‘and 2.45 i in 

Hg(SEt)2. 2 The distance between mercury 

and its closest non-bonded atom 
0’ 

which 

is an oxygen atom, is 3.08(2) A corres- 

ponding exactly to the sum of their van 

der Waals radii if taking the value of 

1.73 i for mercury as recently reported.’ 
16 

The shortest interatomic distances 

between consecutive layers range between 

2.9(l) and 3.2(l) i indicating that weak 

hydrogen bonds between protonated amine 

groups and perchlorate anions should be 

considered. This is also in agreement 

with the disorder found for the perchlo- 

rate anions. It is clear that as both 
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chlorine atoms are on binary axes only two independent oxygen atoms should 
i$e,found around each of them if it were not disorder, 

JR AND RAMAN SPECTRA OF THE COMPLEXES 

A significant feature of the IR spectra of all the complexes is a strong 

and broad band in the region of 3100 cm -1 showing that the amine group is 

protonated and linked by a very weak hydrogen bond to the anion ” and thus 

indicating that the ligand is in zwitterionic form. 

The_;pectra of [Hg(4-MP)2] (C104)2 of known structure show strong bands at 

395 cm (IR) and 372 cm -’ (Raman) that have been ascribed to S-Hg-S asym- 

metric and symmetric stretchings respectively. These assignments are quite 

clear because the rest of the bands in this region of the spectrum are only 

slightly shifted or remain in the same position as those of 1-methyl-4-mer- 

captopiperidine hydrochloride. They are also in agreement with previously 

reported assignments, 405 cm-’ (IR) and 394 (Raman), for the linear Hg(SEt)2- 

‘Further evidence provides the fact that in the case of the complex [~g(4-t@)] 

(C104)2 appears one band at 400 cm-’ (IR) and another at 379 cm-’ (Raman], 

which also indicate a linear coordination for the mercury atom. This suggests 

that a zigzag polymeric chain(-S-Hg-S-Hg-) is the backbone of the structure 

of this complex. Similar frameworks have been found in complexes of the type 

CH3COOHgSR. 18-” However in these cases coordination around mercury is great 

er than two (SHgS angles ranging from 140 to 160; because of the coordinating 

carboxylate groups. Therefore it is not surprising that the corresponding S- 

-Hg-S stretching bands have been assigned at lower frequencies. According to 

our results it does not seem likely that important interactions exist between 

Hg and S atoms of different chains in lHg(4-MP)](C104)2 since the S-Hg-S 

stretching bands appear practically in the same position as in the “pure” di 

gonal [Hg(4-MP)2](C104)2. 

Table 3 shows the assignments made for the S-Hg-S stretchings for all the 

complexes reported here; 

TABLE 3. Mercury-Sulfur vibrations (cm -1 
) 

Complex 

[Hg(4_MPlI (ClO4) 2 

[Hg(4-MP) 2] (C104) 2 

[Hg(3-mP)] (C104) 2.H20 

[Hg(3-WP) 2] WQ,l 2 
[Hg(Z-MEP)] (C104)2.1/2H20 (*) 

[Hg(2-MEP)2] (C104)2 (“) 

v,,(Hg-S) (IR) 

400 (s) 

395 (s) 

360 (s) 

350 (s) 

350 (s) 

360 (s) 

vs (Fig--S) (Raman) 

379 (m) 

372 (s) 

318 (s) 

326 (s) 

302 (s) 

326 (s) 

(“) J.M.V. Doctoral thesis 

s, strong; m, medium 
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In view of these data, linear coordination for the mercury atom has to be 

pposed for the complexes formed with 3-MMP and 2-MEP and thus, structures 

similar to those discussed above for the corresponding complexes formed with 

the 4-MP ligand should be expected for them. The assignment of o (S-Hg-S) rno 
des for 3-MMP and 2-MEP complexes indicates, however, the presence of very 

weak intermolecular Hg...S interactions. It must be pointed out that the va- 

lues reported for the S-Hg-S bands in Hg(SBut)2 are 172 cm-‘(asym.) and 188 

cm-‘(sym.) 7(see this reference for discussion of other values reported pre- 

viously). 

The Hg(SBut)2 complex is the only known mercury thiolate with tetrahedral 

coordination. However, it seems reasonable to think that this unique coordi- 

nation around mercury cannot be explained if only considering the size of 

thealkyl substituent as on the one hand there is good evidence that bulky 1L 

gands such as substituted piperidines lead to linear Hg(II) complexes and on 

the other it is known that the crystal structure of the cadmium complex of 

4-MP 4is very similar to that of H~(SBU~)~. According to Grdenie, “digonal 

coordination around mercury is favoured for atoms with electronegativity 

greater than Z.S(Pauling’s) while for atoms with values smaller than 2.5 the 

tetrahedral one is preferred. Sulfur has a limiting position because of the 

value of 2.5 of its electronegativity and SO a variation in its substituents 

can cause a change in the coordination number of mercury. The different co- 

ordination around Hg in Hg(SBut), and in the y-mercaptoamine-Hg(I1) complex 

es described here could thus be rationalised in terms of a decrease and an 

increase respectively of the “effective electronegativity” of the sulfur a- 

tom. The fact that a positive charge on the nitrogen atom enhances the acid- 

ity of the thiol group, as it is shown in the following pK, values 21 

c!$ 0 c$ 
SH 

pKa = 9.62 

CHIN 3 SH 

pKa 
gives support to the previous argument. 
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Abstract 

The following sntimony(II1) and bismuth(II1) trihalide complexes of 

2-aminobenzothiazole (L) were prepared and investigated by infrared spectro- 

scopy: SbClS.2L. SbBrg.l.5L, MX8.L (M=Sb,X=I; M=Bi,X=Cl,Br,I).The ligand is 

coordinated through its endocyclic nitrogen atom. The MXS point group has a 

C 
2v 

or C s symmetry in the SbX8 and BIClS and a Cgv symmetry in the BiBrS and 

BiIScomplexes. 

Introduction 

Few complexes of 2-aminobenzothlazole (L) with cobalt(II), nickel(I1) 

(1) and iron(II1) (2) have been studied. The crystal structure of the polyme- 

ric (2-aminobenzothiazolato)nltratotin(II) was determined by X-ray diffrac- 

tion methods (3). Up to now no complexes of this llgand with the VA group 

elements have been investigated. As the activities of many enzymes depend 

upon the interaction of sn imidazole or thiazole group with a metal ion, the 

coordination behavlour of the benzothiazole derivatives may have some inter- 

est. The 2-aminobenzothiazole complexes of antimony(II1) and blsmuth(II1) ha- 

lides have been Investigated in this work. 

Experimental 

The ligand and all the reagents were of the best chemical grade. The 

complexes were prepared by adding a solution of the salt (0.5 mmol) in aceto- 

ne (2 cm3 for SbClS, 20 cm3 for BiClS ), benzene (1.5 cm3 

tic acid (10 cm3 for Sb13, 5 cm3 for BiBr3, 

for SbBr3 ) or ace- 

20 cm3 saturated with KI for 

Bi13) to a solution of the ligand (1 mmol) in the same solvent (2 cm3 for 

acetone and acetic acid, 8 cm3 for benzene) and washing the compounds with 

the solvent used for the preparation. All the compounds are white except the 

Sb13 (yellow) and Bi13 (orange) complexes. The ligand was deuterlated in 

MeOD solution and the hydrobromide derivative L.HBr was precipitated with s 

Et2C from an athanolic solution of the ligand containing HBr. 

The N,C,H,S elemental analyses are reported in Table 1 with the molar 

conductivities determined with a WTW conductivity bridge. Infrared spectra 
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were recorded in XX (X=Cl,Br,I) disks (4000-250 cm 
-1 

) and as nujol mulls on 

polythene (600-60 cm-') with a Perkin Elmer 180 spectrophotometer. 

Results anti discussion 

The u(NH) bands of the ligand (3395s, 335Osh, 3265m, 3090sh. 30508 cm 
-1 

) 

identified through the vB/vH ratio (0.74-0.76) of the corresponding bands of 

the deuteriated derivative appear for the complexes in about the same spectral 

regions (3380-3340, 3290-3280, 3170-3150, 3120-3050 cm 

band (1605-1600 cm-') has the f 

-l) while the 6(NH2) 

requency observed in the L.HBr derivative. 

In the complexes the v(C=N) band shows a frequency decrease of about 5-20 
-1 

cm while the bands assignable to v(C-N) and v(C-S) modes (4) show a frequen- 

cy increase of 30-40 cm 
-1 

and 20-25 cm 
-1 

,respectively. These frequency changes 

are consistent with the electronic shifts 

due to a coordination of the ligand through the endocyclic nitrogen atom, as 

occurs in other complexes of this ligand (1,3). 
-1 

The ligand band at 302 cm , observed in all the complexes of th%s se- 

ries, was assigned (1) to a ,.b(C-NH2)'mode and its presence was considered to 

exclude a coordination through the exocyclic amino group. 

The bands assigned to w(MX) modes (Table 2) have frequencies in the range 

of terminal MX stretching modes (5-11). The antimony domplexes have equal 

/ "Br'"C1 
(0.79, 0.80, 0.81) and close vI/vcl (0.51; 0.54, 0.61) ratios. The 

’ 
%i%b 

ratios are for all the h(BlX) frequencies, except for the v(BiC1) 
-1 

band at 247 cm , close to their average value of 

For the SbX3 and BIC13 complexes three v(MX) 

point group has a C2v or Cs symmetry (12,13). For 

2L and SbBr3.1.5L complexes a Cav symmetry may be 

0.91. 

bands indicate that the MX3 

the SbX3 group of the SbC13. 

given by a square pyramidal 

structure with the stereochemically active electron pair in the sixth posi- 

tion; two nitrogen atoms in cis position give the two v(SbN) bands observed. - 

In the antimony bromide complex one of the ligsnd molecules may bridge two me- 

tal ions. 

For the MX3 group of the Sb13. L snd BiC13.L complexes a Cs symmetry may 

be given by a trigonal pyramidal structure with the stereochemically active 

electron lone pair in the fifth position and the ligand molecule bonded as 

monodentate. The BiBr3.L and BII 3.L complexes show only two v(BiX) bands cor- 
': 

responding to a Cgv symmetry of the BIX3 group (12,13) which may be given by 

a trigonal pyramidal structure with the stereochemically active electron lone 



Notes 657 

pair in the fifth position and the N+monodentate ligand molecule in the apical 

position. 

Table 1 

Analytical data, found% (calcd.%), and molar conductivity 
-1 

Ads mail 2 cm ) 

in 1c3M DMF solution at 25O of the P-aminobenzothiazole (;i complexes. 

S 
10.5:(IO.60) 32.0:(31.82) 2.5z2.29) 11.76(12.13) 

AM 
SbC I3 .2L 23.1 

SbBr3.1.5L 6.95(7.16) 21.07(21.49) 1.43(1.55) 7.89(8.20) 75.2 

Sb13.L 4.23(4.29) 12.52(12.88) 0.81(0.93) 4.62(4.91) 195.5 

BiC13.L 5.63(6.02) 18.49(18.06) 1.40(1.30) 6.58(6.84) 11.2 

BiBr3.L 4.54(4.68) 13.82(14.04) 0.97(1.01) 5.12(5.35) 47.9 

Bi13.L 4.05(3.79) 11.58(11.36) 1.05(0.82) 4.48(4.33) 68.7 

Table 2 

Principal infrared bands-(cm;')' of the, 2-aminobenzothiazoie complexes. 

” (C=N) 

u (C-N) 

u (C-S) 

* (C-NH21 

u (Mx) 

“(MN) 

other 

bands 

L 

1640~s 

1115sm 

620m 

302~s 

280wm 

212m 

202w 

155w 

148~ 

138~ 

126~ 

97w 

L.HBr 

1645~s 

112ovw 

623sm 

303s 

278~ 

212m 

2oowm 

164wb 

148~s 

131vs 

92s 

SbE13 

PL - 

1635sh 

1158~~ 

640s 

306s 

310vs 

247s 

202vs 

222s 

184~s 

164s 

(143s) 

114s 

287wm 

279wm 

264~ 

254~ 

1.5L 

1630~s 

SbBr3 

1156~ 

648m 

298s 

245~s 

198vs 

163~s 

222vs 

192s 

(146m) 

114s 

L 

1627~s 

1155mw 

Sb13 

640ms 

307wm 

157vs 

133sm 

124~s 

221w 

L 

1636~s 

1157w 

BiC13 

643m 

308s 

281s 

247s 

184~s 

222sm 

L 

1630vs 

1155w. 

645sm 

BiBr3 

310s 

223s 

179vs 

L 

1620s 

1152~ 

640mw 

306~ 

Bi13 

133s 

125~s 

223s 220w 

285s 

279wm 

264~ 

254~ 

185sm 

164s 

(146s) 

114sm 

288s 

11as 

92sm 

83ms 

284sm 

276~ 

261~ 

242~ 

188ms 

166sh 

148ms 

1oow 

284m 

252sh 

285s 

264~ 

246s 

204sh 

184sh 

242wm 

2oOw 

182sh 

165~ 

146~ 

120sh 

143s 146m 146s 

106~ 112wb 

The v(MN) bands of the (ring)nitrogen-metal bonds were located for the 

cobalt(I1) and nickel(I1) complexes of this'ligand (1) at about 240 and 220 
-1 -1 

cm with some contributions by v (MN) modes to bands at about 170 and 140 cm . 
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In the 280-240 cm 
-1 

region the antimony and bismuth complexes of 2-amino- 

benzothiazole show new but mostly weak bands to which a w(MN) contribution 

might be assigned. The bands at 222-184 cm -' assigned to v(MN) modes (Table 2) 

because of their mostly high intensities, even if they may be coupled with the 

medium or weak bands observed at 212 and 200 cm 
-1 

for the ligand. Some mostly 

strong bands are tentatrively assigned to d(MX) modes. Those at 146-143 cm 
-1 

may correspond to or be coupled with the ligand band at 148 cm 
-1 

having a 

very high intensity in the L.HBr derivative. 

Acknowledgments. Infrared spectra were recorded in the Centro Strumenti 

of the University of Modena. 
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Ethykdiamine rhodiam(lIC) ampkxes of ethy kned&mbN,N’-diSa-prophnic add 

(Receioed 24 May 1982) 

Abstract-EthyIenediamine rhodium(III) complexes of ethylenediamine-N,N’di-S-u-propionate hgand h9ve been 
prepared and the absolute contigurations of these complexes have been assigned based on pmr and CD data. 

The optically active tetradentate hgand, ethylenediamine-N,N’- 
di-S-a-propionate (SS-EDDP) was shown to possess high 
stereospecificity in its coordination to cobalt(III) ion which yiel- 
ded the A-cis-u, A-cis-a, and A-cis-g isomers. Schoenberg d aL’ 
showed how pmr spectra could be utilized to assign the absolute 
configurations of those complexes. We bave been interested in 
synthesizing rhodium(III) complexes of the SS-EDDP ligand, and 
in this paper wish to describe pmr and CD spectra of the 
etbylenediamine rhodium(III) complexes of this @and. 

Physical measurements. Electronic absorption spectra were 
obtained with a U&am SP 808A spectroph&omet& OBD and 
CD spectra were measured with a Jasco OBD/CDS spectro~ho- 
tometer. Pmr spectra were recorded on a Varian A-68 or a 
Brucker 90 mHx spectrometer. Infrared spectra were taken with 
a Perkin-Elmer Model 337 suectrophotometer. Elemental 
analyses were performed by Spang Micr&alytical Laboratories, 
AM Arbor, Michigan. 

Ethylencdiamine - N,N’ - di - S - a - propionic acid (SS- 
EDDP). This was prepared according to the known method.’ 
Found: C. 46.85: II. 7.92: N. 13.68. Cak. for C&,N,O,: C. 
46.90; H, 7.89; N, 13:70. 

_ _ _ 

A-cis-a-[Rh(SS-EDDPMc)]C~ To a solutionof 0.4Og of tmns- 
fBh(py)&] CIH$O (py = pyridiie) in 25 ml of water ~88 added 
to a 5 ml aqueous solution of 0.02 g of SSEDDP and 0.025 g of 
LiOH*H,O. The mixture was reguxed for two hours. The DY6 
dine was removed by ether extraction. The solution *was 
evaporated under a moving air until crystals started to form. The 
mixture was cooled in an ice bath and crystals were collected by 
liltration and dried. The OBD curve of the mother liquor in- 
dicated no other isomers present. The dried product was dis- 
solved in freshly distilled DMF and three drops of ethylenedi- 
amine were added. The solution was reguxed for three hours, 
and cooled in an ice bath for 1 hr. The creamy white product was 
filtered and washed with ethanol and ether. Yield: 0.188 (88%). 
Found: C, 29.98; H, 5.63; N,. 13.99; Cl, 8.87. C&. for 
BhCJ-I,,OXI: C. 29.%: H. 5.49: N. 13.98: Cl. 8.86%. 

.” ._ - , 

A-cis-p-[Rh(SS-El@(&)] bIk,O. b&e drops of pure 
ethylenediamine were added to 0.216g of A-cis-B-H[Rh(SS 
EDDP)Cl&3H202 dissolved in freshly distilled DMF. After 
thirty minutes of rethtxing, the product began to precipitate out 
of solution and after three hours of rethtxing the mixture was 
cooled in an ice bath for several hours. The creamy white 
product was &red and washed with ethanol and ether. Yield: 
0.14g (70%). Found: C, 29.00; H, 5.84; N, 18.48; Cl, 8.60. Cak. 
for IUK&I-I,N.+O,CI~H~O; C, 28.85; H, 5.77; N, 13.46; Cl, 8.5096. 

RlTSUL~ANDDapcrmslon 

Two isomers were yielded out of the four possibk isomers as 
shown in Fii. 1. The reaction of rruxs-IBh(o~)~CI,1’ with SS- 
EDDP and en yielded only the A-cis-&h(SS-Ei>DP)(en)]+. 
The A-cis-p isomer was prepared from the reaction of A-cis-g- 
iIUt(SS-EDDP)CI,]- with en in DMF. 

Although the electronic absorption spectra (Figs. 5 and 6) are 

not particularly helpful in distinguishing the geometric isomers, 
they are clearly distinguished in the PMB spectra. The cis-a 
complex shows a single methyl doublet at 1.5 ppm and the HI 
proton quartet at 3.62ppm (Pi 2), while the cis-@ isomer has 
two methyl doubkts as well as two very clear Hb proton quartets 
at 3.60 and 4.02 ppm (Fii. 3). 

Fig. 4 shows portions of the PMR spectra of cis-a- 
[Co@DDA)(en)]+, ‘A-&a- and A-cis-a-[Co&S-EDDP)n)]+, 
and cis-ajBh(SS-EDDP)(en)]+. The chemical shifts of the (I- 
protons of EDDA @belled H, and Hb) can be distinguished 

A- CiS-o( - 

*Author to whom correspondence should IX addressed. 
’ tPresent address: Department of Chemistry, University of 

California, Berkeley, CA 94720, U.S.A. 

A-G-P 
Fii. I. The four possibk isomers of iIUt(SS-EDDP)(en)l+ ion. 
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4.0 3.0 2.0 I.0 w, 

Fig. 2. The 60 mHz PMR spectrum of A-cis-a-[Rh(SS-EDDP) 
(en)]Cl. 

because of the magnetic anisotropic shielding of the C-N 
bond.‘*” Only an H, proton is exhibited in the A-cis-a-[Co(SS- 
EDDP)(en)]+ at 3.99 ppm and only an Hb proton signal in the 
A-cis-a-[Co(SS-EDDP)(en)]+ at 3.53 ppm.15 The cis-a-[Rh(SS- 
EDDP)(en)]+ showed only the Hb proton signal at 3.62 ppm and a 
A absolute conliguration has been assigned to this complex. The 
resonance of the Rh(III) complexes are shifted donw6eld from 
the Co(III) isomers due to the different electronic environment of 
the Rho complex ion. 

The ci@ isomer has only C, symmetry and the propionate 
arms are no longer equivalent. The facial arm of the A-cis-f3 
isomer is almost identical to one arm of the A-cis-a isomer (Fig. 
1). The protons of these similar arms should resonate at nearly 
the same value. The Hb proton in the planar carboxylate arm no 
longer ties in the shielding area of the C-N bond: such loss of 
shielding causes it to resonate at lower fields (4.02ppm in this 
work). An A absolute configuration may, therefore, be assigned 
to this isomer. 

The region between 2.8-3.2 ppm is mainly a superimposition of 
the signals due to the methylene protons of the en and the en 
backbone of the tetradentate ligand. Interference from the 

Fig. 4. The 60mHz PMR spectra of (from top. to bottom): 
cis-a-[Co(EDDA)(en)]‘, A-cis-a-[Co(SS-EDDP)(en)]+, A-cis-a- 
[Co(SS-EDDP)(en)]+, and A-cis-a-[Rh(SS-EDDP)(en)]+. Stereo- 

chemical representations are shown at left. 

methyl groups causes the en of A-cis-a isomer to adopt a 
particular conformation and a complicated pattern results. In the 
case of the A-cis-/3 complex the sharp peak at 2.86ppm would 
imply that the en is free of interference from the methyl groups 
and can oscillate back and forth between its possible con- 
formations. 

Douglas, et a16 has shown that the ( -)&Rh(en)aa]*’ and the 
( t )o-[Co(en)zaa]z’ (aa = amino acid) have the same absolute 
conhguration of A from the positive Cotton effect shown by 

Fig. 3. The 90 mHz spectrum of A-cis+~(SS-EDDP)(en)]Cl. 
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those complexes, while the (+)&Rh(er~)+]~’ complex which ‘J. I. Legg and D. W. Cooke, Inorg. C/rem. 1%8,4,1576. 
showed a negative Cotton effect has been assigned a A absolute 4W. A. Freeman, J. Coord Chem. 1978, I, 197. 
conliguration. As expected from the PMR spectra, the negative ‘L. N. Schoenberg, Ph.D. Thesis. University of Michigan (1%6). 
Cotton effect seen in the long wavelength absorption band of the ?S. Hall and B. E. Doulglas, Inorg. C/rem, 1%8,7,530. 
cis-a-[Rh(SS-EDDP)(en)l+ complex (Fig. 5) indicates a A ab 
solute contlguration also. The positive Cotton effect observed in MARY ELLEN FOSS SHERIDAN 
the cis+[Rh(SS-EDDP)(en)]+ complex (Fig. 6) shows a A ab MOO-JIN JUN*t 
solute contiguration. CHUI FAN LIU’ 
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COMMUNICATION 

Pentamethykycbpentadiene and the carbaborane B&HK as analogous ligmds in 
tradtion metal complexes 

(Received 26 Apti/ 1982) 

Abstract-A variety of experimental evidence suggests that both the electron donor abilities and the steric 
requirements of $-pentamethylcyclopentadiene and the B&H]; carbaborane cluster are roughly equivalent, and 
are clearly greater than those of unsubstituted cyclopentadiene. 

Metallocarbaborane chemistry originated with the recognition 
that the undecahydrodicarba-nido-undecaborate(2 - ) anion 
(B&H];) could formally substitute for the uS-cyclopentadienyl 
ligand (Cp-) in a variety of transition metal complexes.’ Despite 
acknowledged similarities between the two species, the 
Cp-/B&H:; analogy is flawed on several theoretical* and 
experimental-’ counts; in particular, many compounds of 
B&H]; (and the closely related B,&H%) are readily syn- _ _ ._. 
thesized which have no similarly-stable counterparts incyclo- 
pentadienyl chemistry. The neutral (CrB&,)rNi(IV) complex, 
for example, stands in contrast to the isoelectronic but highly 
reactive Cp2Ni(IV)*+ molecule, which has yet to be isolated.’ The 
recent report5 that stable salts can be prepared from the 
decamethylnickelocene dication, (MesCp)rNi2+, however, 
prompted us to consider whether in general pentomerhylcyclo- 
penrodiene might be superior to unsubstituted Cp- as an analo- 
gue for the B&H]; cage in transition metal complexes. A 
survey of the relevant literature in fact suggests that both the 
effective electron donor abilities and the steric requirements of 
coordinated MerCp- and B&H]; are roughly equivalent and 
clearly greater than those of Cp-. 

As evidence of their donor abilities, we note first that the 
oxidative susceptibility , and hence the metal center electron 
density, of first-row group VIII (Me5Cp)&f and (C2B9HllbM 
complexes is greater than that for the correspondi metallo- 
cenes. Both decamethylferrocene and (C,B$IH,,)#e(II)s- can be 
spontaneously oxidized by air,3a.6 and the rate of oxidation of the 
latter with Fe(OH2)63+ is at least four orders of magnitude more 
rauid than that of ferrocene under similar conditions.’ In ad- 
dition, cyclic voltammetric redox potentials for the Cpp, 
(MerCp),Ni, and (C2BJ-I,rbNiZ- molecules indicate that sub- 
stitution of either Me&p- or B&H:; for Cp- lowers the redox 
potential by approximately 0.5 eV for the Ni(IV)+Ni(III) reduc- 
tion. and bv over 0.6eV in the Ni(IID+Ni(II) case.ru.s The 
M(HI)+M(II) reduction potential in ihe’analogous cobalt com- 
plexes is -0.6eV higher in cobaltocene than in decamethyl- 
cobaltocene or the metallocarbaborane.‘“J 

The relative electronic properties of the ligands are also mir- 
rored in the carbonyl infrared absorption frequencies for a 
variety of related comulexes including LCdCO)2. LMn(CO)~, 
LRe(CO),, LMo(CO)&, and LW(CO)sCHs (L =Cp-, Me&‘, 
and BoCIH];).3~‘o The freauencies are consistentlv lower bv , _ 
- IS-20cm-’ and - 20-40 cm-’ in the Me&p com&exes and 
metallocarbaboranes, respectively, than in their Cp counterparts. 
Such reductions can be traced to greater M+CO backbondii, 
which stems ultimately from an electronenriched metal center. 

Although the literature data are still limited, the charge transfer 
spectra of cyclopentadienyl, pentamethylcyclopentadienyl, and 
metallocarbaborane complexes may provide another means of 
evaluating the donor capabilities of the three ligands. The. data 
available3”.* reveal red shifts in t.he lid-to-metal absorption 
bands of the latter two species relative to Cp compounds. The 
strong absorption at 200nm (c = Jl,@OO) in the spectrum of 
ferrocene, for instance, assigned to the L+M transfer le,. + 
2e,,,” has its equivalent at 222 nm (c = 35,000) in (MerCphFe. 
and at 229 nm (c = 28,000) in (CrB,H, ,)2FeZ-.3Y The red shifts 

reflect the lower energy required for the charge transfers and 
thus the greater oxidiibiity of the ligands. 

It must be stressed that the electronic effects of Me&p- and 
B&H:;, although phenomenologically-similar, do not share a 
common origin. The higher charge of B&H]; relative to Cp-, 
and perhaps the “focusing” of the orbitals on the open face of 
the carbaborane,‘* would be expected to increase the net charge 
on the metal, with a consequent reduction in redox potentials, IR 
stretching frequencies, etc. In the case of the uninegative 
Me&p-, however, recent evidence” suggests that the enhanced 
energy of the e; orbitals of the permethylated ring may be 
responsible for the additional electron donation to the metal 
center. 

In conjunction with the parallelisms in their electronic behavior, 
Me&p- mimics B&H]; (and B,f,H$) in its steric require- 
ments as well. A semiquantitative comparison of the bulkiness 
of the ligands based on their cone anglesI in several cyclo- 
pentadienyl and metzdlocarbaborane complexes’5’8 is presented 
in Table I. The comparable angles of Me,&- and B&H]; are _ - . 
found to be signiticantly greater ( > 8%) than those subtended by 
Cp-.19 Such differences in liind steric demand find qualitative 
expression in the stoichiometries of various metal complexes; 
note that the reaction of an excess of either Me&p- or B9C2H]; 
with UCL aenerates suecies of the form LJJCl,.202’ whereas the 
use of ihe smaller Cp- produces- te&akis (I’-cyclo- 
pentadienyl)uranium, Cp4Ur2 Similarly, Me5Cp- or B&H]; 
can be used to synthesize (Me,Cn),ZrH723 and (CsBlnH17)IZ?-?4 
respectively; with Cp-, 

_ .” ._._ 
either the insoluble polymeric 

[(Cp)2ZrH2],,r5 or the highly-coordinated (u5-Cp),Zr(n’-Cp)26 is 
formed. Other examples could be cited>4.27,28 

More important, however, is the influence the steric bulk of 
coordinated Me,Cu- and B&H?; mav exert on the reactivitv of _ _ 
their associated c-omplexes. It has long been recognized (hat, 
presumably by shielding the metal center from attack, the 
presence of stericallydemanding substituents can dramatically 
reduce the reactivity of peralkylated cyclopentadienyl metal 
complexes, suppressing ligand exchange,2’ hindering decom- 
position,M and stabilizing otherwise transient reaction inter- 
mediates.” The sterically-generated inertness of peralkylated Cp 
complexes may have a parallel in the celebrated chemical stabil- 
ity of (C2Bs.Hr1)2M species. The (CrBJ-IH,,)2Fe- ion, for example, 
is stable towards mineral acids,‘” and unlike the isoelectronic 
ferricinium cation?* can be refluxed in aqueous KOH for davs 
without change. Even more strikingly, the formally IS-electron 
complex (C,B,H, ,),Cr(III)- mav be recrvstallized from water and _ .._ 
is unalfected by molecular oxygen or hot concentrated H2S04,% 
in stark contrast to the readily hydrolyzed, highly air-sensitive 
Cp&r(III)+ ion. I3 Some indication of the degree to which the 
boron cage shields the metal center in this metallocarbaborane is 
provided by space-tilling drawings (Fin. 1) aenerated” from the - ” 
single crystal X-ray- data reported -for the Cs[(l,2- 
(CH3)2C2B9H9)rCr]~H20 complex. 35 The extent to which the 
encapsulation of the metal is responsible for the resistance of the 
molecule to chemical attack is of course ditRcult to gauge, but is 
should be pointed out that many metallocarbaboranes without a 
his-cage construction possess no more oxidative or hydrolytic 
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Table 1. L@and cone angles” in various cyclopcnbulienyl and q etallocarbaborane complexes 

Ligand Cone AngleR Complex Ref. 

CP- 1270 CpaFe 15 
1250 CpFeCnbHtl- 16 

1270 CpCo’&&oH~a- 17 

Me= Cp- 136” (MesCP)eFe i8 

BeckHI i2- 136” CpFeCaBeHl I- 16 

a- BIOCZHI a 142” CpCoCaB~oHza- 17 

aDistances from the metal to the ring centroid or 

to the best plane of the open face of the carba- 

borane were derived from crystal structure data 

(ref. 14-17). When necessary, the followFng bond 

distances were assumed: C-C (ring) - 1.42 d(, 

C-H - 1.08 A, B-H - 1.19 A, van der Waals radius 

of, hydrogen - 1.00 i. 

Fig 1. Space-tilling drawings generated from crystal suucture data for the Cs[(l,2-CH,~C,C,~,rj.H*0 
q olecule.‘5 On the left is a view of the original complex containing the dimethylated carbaborane cages; the methyl 
groups of the lower cage are in front. In or&r to illustrate more accurately the enclosure of the metal center 
(crosshatched sphere), the methyl groups were removed and replaced with hydrogens in calculated positions 

(C-H = 1.08 A) for the drawing on the right. 

stabiity than their Cp counterparts; the half-sandwich complexes 
Wo(COk.x OW3Fo(COk,8 ad KMW4~O)i,n for 
example, are all highly air-sensitive. 

The relationship of MeGp- to GBsH:r suggests that perhaps 
a larger role exists for the B&II:; ion in synthetic 
organometallic chemistry than has been generally appreckted. 
With a steric bulb comparable to that of Me&p-. it has a higher 
formal negative charge, which may aid the stability of unusual 
metal oxidation states.’ Existing metallocarbaboranes q htht also 
serve as prototypes for the synthesis of organornetallic specks of 
currently unavailabk types: based on the existence of 
(C2BpH,rkC+ 3a and (C&Hrl)Pdz-~ for exampk, 
“decamethylcupricene” W&kCu, and “decrlm!dllyl- 
palladocene” (Me&pJrPd. would seem to be reasonable syn- 
thetic targets, even though the analogous unsubstituted metallo- 
cenes are not presently knownss 

In brief, we believe the extent of the chemical inter- 
changeability of Me&p- and B&H:7 as liids in transition 
metal complexes deserves at least exploratory experimental in- 
vestigation-both metalkcarbaborane and traditional organo- 
metallic chemistry could gain from it. 
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Abstract-This paper describes the preparation of the halogen0 complexes, HgX*(o-R2AsC6H4C02H) (X = Cl, Br, 
I, and R = Et; X = Br, I, and R-&H,,) and the carboxylate complexes, M(o-R~sC,HCO&tL(M = Cd, R = Et, 
ChH,, and n = 0; M = Zn; R = Et; nL = HzO; M = Zn, R = ChHllr nL = 3HrO; M = Hg, R = p-tolyl, nL = 2H,O; 
84 = Hg, R = Me, Ph; C6Hll and nL = EtOH). The structures already reported for the halogen0 complexes with 
R = Ph, Me, p-tolyl and X = Cl, Br, I, have been revised on the basis of detailed scrutiny of the IR spectral data 
and all these complexes have been divided into four structural types out of which three retain the acid dimer unit of 
the free ligand. In the carboxylate complexes the lowering of v, CO* band and the marginal change in the v,,, COr 
band with respect to those of the corresponding @and sodium salts have been attributed to the existence of a novel 
resonating chelating system with the possibility of having a ring current. 

INTRODUCTION 

In our earlier communications’.2 it has been shown that 
the hybrid oxygen-arsenic ligands, arsinobenzoic acids 
(1, R = Me, Ph and p-tolyl) react with zinc(I1) acetate 
dihydrate, cadmium(B) acetate dihydrate and mer- 
cury(B) halides to yield the complexes, M(o- 
R2AsC6H4C0J2 (M = Zn, R = Ph and p-tolyl, M = Cd, 
R=Me, Ph and p-tolyl), Zn(o-MeZAsC61-LK02)2 (o- 
Me,AsC&CO~H) and HgX2(o-RzAsCsHJJOzH) 
(X = Cl, Br, I) while their reactions with mercury(I1) 
acetate fail to give the desired complexes Hg(o- 
R,As&,H.,CO&. 

The present investigation, in continuation, is an 
attempt to examine the influence of inductive and steric 
effects on the nature of complex formed by studying the 
complexes of zinc(II), cadmium(B) and mercury(I1) with 
two analogous ligands(1) having R = Et and &HI, and to 
reinvestigate the reported failure to obtain carboxylate 
complexes, Hg(o-R2AsC61-L,C02)2. The reported, struc- 
ture(2) and (3) assigned to the halogen0 complexes 
HgXZ(o-R2AsC6H&OzH) have also been revised. 

EXPERIMENTAL 

Preparation of the ligands, their sodium salts and the details 
of the physical measurements are the same as reported else- 
where.’ In addition, halogens were estimated by the Volhard’s 
method.’ PMR spectra of the soluble samples were recorded in 
CDCl, on TESLA BS 487 (80MHz) using TMS as internal 
standard. 

Zu[o+,H, ,)ZA~C6H4C02]23H20 
The addition of a solution (20 ml) of the ligand (1.45 g, 4 mmol) 

in 95% ethanol to an ethanolic solution (10 ml) of zinc(H) acetate 
dihydrate (0.44 g, 2 mmol) resulted in the separation of a white 
solid which was filtered, washed with 95% ethanol and dried in 
uacuo. Yield 78%. 

*Author to whom correspondence should be addressed. 

M(o-Et,AsC6H4C02)2nHzO[M = Zn, II = 1; M = Cd, n = 01 
Solvent was completely removed from the reaction mixture 

containing metal(H) acetate dihydrate (2 mmol) in methanol 
(IOml) and the @and (1 g, 4 mmol) in methanol (20ml) under 
reduced pressure. The solution of the residue, thus obtained, in 
2-3 ml chloroform gave a white solid on treatment with pet. ether 
(60-8O‘C, 30-35 ml), which was filtered, washed with ether and 
dried in uacuo. Yield 75-78%. 

CdIo-GH, I)&GH&~~z 
Boiling of a reaction mixture obtained by mixing a solution of 

cadmium(H) acetate dihydrate (0.53g, 2mmol) in 95% ethanol 
(10 ml) with that of the Iigand (1.45g, 4mmol) in 95% ethanol 
(20 ml) under reflux for ca 6 h resulted in the separation of white 
crystals which were filtered, washed with 95% ethanol and dried 
in vacua. Yield 88%. 

Hg(o-R2AsC6H&02)rEtOH(R = Me, Ph, C6H,,) and Hg[o-(p- 
roly1)rA~C~H&0~]~2HrO 

The dropwise addition of a cold (- 4 to - 6°C) ethanolic 
solution (15-20 ml for R = Me, Ph or C&I,, and 40 ml for R = p- 

tolyl) of the ligand (4 mmol) to a cold (-4 to -6°C) stirred 
suspension of mercury(H) acetate (0.64g, 2mmol) in ethanol 
(5 ml) resulted in the formation of a clear solution which yielded 
a white solid on subsequent sitrring for 5-10 min. It was filtered, 
washed with ethanol and dried in uacuo. Yield 80-90%. 

Excess of ligand and traces of water resulted in the formation 
of black particles which were also obtained durina the futile 
attempt to prepare a complex in the case of ligand with R = Et 
under simiiar conditions. 

HgXz(o-R~AsCJ-I&O~H) (R = Et, X = Cl, Br; R = C6Hl,, X = 
Br) 

The dropwise addition of a cold (0°C) ethanolic solution (15 ml 
for R = Et; 25 ml for R = C6HI ,) of the l&and (4 mmol) to a cold 
(0°C) stirred ethanolic solution (1OmB of mercurvfI1) halide 
(4mmol) resulted in the formation of a white solid~which was 
filtered, washed with ethanol and dried in uacuo. Yield 70-80%. 
A similar attempt to prepare a complex of the ligand with 
R = C6H,, with mercury(H) chloride resulted in the formation of 
a compound with ill defined stoichiometry. 
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Hg&(o-R2AsC&C02H) (R = Et, CeH,,) 
Mixing of a cold (0°C) solution of a ligand (2 mmol) in dry 

tetrahydrofuran (15 ml) with a cold (0°C) solution of mercury(U) 
iodide in dry tetrahydrofuran (15 ml) did not yield any solid 
product. The reduction in volume to 5 ml and subsequent treat- 
ment with ethanol (10 ml) yielded a white compound which was 
filtered, washed with ethanol and dried in uacuo. Yield 85-90%. 

RESULTS AND DISCUSSIONS 
A reaction of zinc(II), cadmium(I1) and mercury(H) 

acetates (dihydrate in the tirst two cases) with the ligand 
(o-R,AsCJI.,C02H) in 1: 2 molar ratio in ethanol yields 
the complexes Zn(o-RzAsC,H.,COz)znHZO (R = Et, n = 
1; R = C6Hl,, n = 3), Cd(o-R,AsCaH,CO& (R = Et or 
C6H1 ,), Hg(o-R2AsC6H4C0&EtOH(R = Me, &HI,, Ph) 
and Hg[o-(p-tolyl)zAsCsH~CO~l~2H~0 while a reaction 
of mercury(I1) halide with the ligand in 1: 1 molar ratio 
gives the halogen0 complexes HgX*(o-R2AsC!.J&C02H) 
(R = Et, X = Cl, Br, I; R = C6H1,, X = Br, I) (Table 1). 
The presence of water or ethanol is supported by the 
TGA data (Table 1). The TGA curves for the complexes 
Zn(o-RzAsCsH4C0J2nHZ0 [R = Et, n = 1; R = C6Hll, 
n = 31 show the loss of water molecule at lO&260°C and 
100-140” which indicate that water molecule are deep 
seated in the crystal lattice since the IR data show their 
non-coordination to the metal ion. All the mercury(H) 
complexes are completely destroyed upto 500-600”C. For 
the complexes Hg(o-R2AsCsH4C0J2EtOH (R = CaHll 
or Ph) soluble in CDCl, the presence of ethanol has been 
supported by the appearance of signals due to CH*(S = 

*All the efforts to prepare the methiodide of the ligand with 
R = Et failed. 

1.95) and CHs(S = 1.25), protons in their PMR spectra. 
The PMR spectra of the zinc(I1) and cadmium(I1) are 
consistent with the absence of ethanol as suggested 
by the analytical data. 

HgX&-R,AsC,H.&OtH) 
In our earlier communicationZ the appearance of uC=O 

bands below 17OOcm-’ , i.e. at 1660, 1680 and 1675cm-’ 
in the IR spectra of the ligands with R = Me, Ph and 
p-tolyl respectively was attributed to the internal 
hydrogen bonding between the carboxyl hydrogen and 
arsenic lone pair but recent19 in the case of the ligand 
with R= Me, it has been proved to be rather due to 
arsenic lone pair conjugation with the aromatic ring. 
These studies when further extended to the ligands with 
R = Et (vC=O, 1665), Ph, &Hi, (K=O, 1675) and p-tolyl 
reveal the presence of lone pair conjugation in the tirst 
case and its absence in the remaining three cases. The 
absence of such conjugation has also been reported6 for 
para and meta isomers of the ligand with R=Ph. The 
raising of vC=O value to about - 17OOcm-’ in the 
methiodides* (4, R = Me, Ph, p-tolyl, C,HII) can now be 
explained in terms of the electron withdrawing nature of 
the arsonium ion rather than the reported’ absence of 
internal hydrogen bonding. While discussing the nature 
of the bonding in the halogen0 complexes HgX*(o- 
R2AsC&C02H) (X=Cl, Br, I and R= Me, Ph and 
p-tolyl) the emphasis was laid only on the lowering of 
SOH band of the COOH group on complex formation 
while the position of vOH band was completely ignored.* 
A comparison of the IR spectra of HgX,(o- 
Me2AsC6H4C02H) with those of Hg(o- 
Me2AsChH.,C!0J2 EtOH, the ligand and its sodium salt 

Table 1. Elemental analysis and TGA data of zinc(D), cadmium(E) and mercury(E) complexes 

Complex 
(w”C) 

Found (Calcd)% Stepwise % Loss 
Dec. 

C H MB/X range “C Found (Calcd) 

Zn(o-Et2AsC6H4COz)zH~0 
(120) 

Zn[o_(C,H,,)~AsC6B~C02123B20 
(217) 

Cd@-Et2AsC6H&0& 
(140) 

Cd[o-(C6B,,)2AsC6H4C0*12 
(220) 

Hg(o-h4e2AsC6H4C02)2C2HSOH 
(150) 

Hg[o-(C6B,,)2AsC6B4C0212C2HSOH 
(225) 

Hg(o-Ph2AsC,J-I&02)2C2HsOH 
(155d) 

Hg[o-(p-tolyl~AsC,H4C02]22H20 
(165d) 

HgC&(o-Et,AsC6H&02H) 
(175d) 

HgBr2&&AsC&C02H) 

Hg12(o-Et2AsC6HJ02H) 
(199) 

HgBr2[o~C6HII)ZAsCg~C02Bl 
(215d) 

43.2 
(dp4.i) :::, 

(5412) (i3) 
41.6 

(42.7) (I:) 
54.9 

(54.6) df ) 
35.1 

(34.5) (:f ) 
50.3 

(49.5) &) 
49.7 3.3 

(50.8) 50.7 (;.;) 

(50.9) (4:o) 
25.6 2.9 

(25.1) (2.9) 
22.4 

(21.5) (Y) 
18.9 

(18.6) (;:t) 
31.5 

(31.6) (?Y) 
28.0 

(27.9) (:::) 

11.1” 
(11.1) 

0 
18.7” 
(18.8) 
12.8” 
(13.5) 

- 

13.4 
(13.5) 
26.8 

(26.1) 
36.0 

(35.9) 
22.7 

(22.2) 
30.9 

(31.3) 

loo-260 
(3.03151 0) 

100-140 6.5’ 
(6.3, 3H20) 

6&240 
(6.6, &OH) 

60-200 
(4.5, Cq.!IsOH) 

80-200 
(4.0, &OH) 

lo&200 4.0 
(2.0, 2H20) 

*Estimation of arsenic by iodometric method and of mercury@) by EDTA method did not give reproducible results. 
d, decomposition. 
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clearly indicate that the &Ha bands5 present at 856 and 
8!Xlcm-’ in the latter two spectra respectively shift to 
888 and 920 cm-’ in both the types of mercury(I1) com- 
plexes. Thus the assignment of 920 cm-’ band present in 
the halogen0 complexes should be revised as pCH, from 
SOH assigned’ earlier which means that the SOH band 
in these halogen0 complexes is either missing or overlaid 
by the pCH3 bands. The same conclusion can be drawn 
on the basis of a similar conparison in the case of 
complexes of the ligands with R = Et and &HI,. 
However, the reported appearance of the SOH band in 
the IR spectra (Table 2) of five complexes HgX2(o- 
R2AsC&C02H) (X = Cl, Br, I, R = p-tolyl; X = Br, I, 
R = Ph) remains valid in terms of a similar scrutiny of 
the bands in the 850-950 cm-’ region. 

The IR spectra of all the five ligands and their halogen0 
complexes show vC=O and uOH bands characteristic of 
the carboxylic acid dimers with the exception of the 
complex HgCl,( o-Ph2AsCsH4C02H) whose vOH band 
appears as a single broad band at 3170cm-’ 
instead of a weak doublet of dimer bands, at 25OO- 
27OOcm-‘. Except this complex the acid dimer unit of 
the ligand remains intact in all the halogen0 complexes 
which can accordingly be divided into the following four 
types: 

(a) HgC&(o-Ph2AsCsI&C02H) which contains a 
monomeric COOH group showing K=O value higher than 
in the dimeric ligand. 

(b) HgX,(o-R2AsC,&C02H) (X = Cl, Br, I and R = p- 
tolyl. X = Br, I and R = Ph) which contain COOH dimer 
unit with (i) a lower SOH value and (ii) same or lower 
vC=O value as compared to that of the corresponding 
ligand. 

(c) HgXz(o-RzAsC6H,C02H) (X = Cl, Br, I and R = 
Me; X = I and R = Et; X = Br, I and R = C6HlJ which 
contain C02H dimer unit with a slightly lower or higher 
vC=O value as compared to that of the ligand. 

(d) HgX,(o-Et2AsC,HJ02H) (X = Cl, Br) which 
contain C02H dimer unit with (i) 60 band split into 
two components. 

AsR2 

(‘1 

(3) 

The appearance of vC=O band at 17OOcm-’ and the 
respective absence of SOH and acid dimer bands at 
900-950.and 2500-2700 cm-’ suggests the coordination of 
the carbonyl oxygen to mercury(H) as shown in structure 
(2) since otherwise it is expected to absorb at 1750- 
1800 cm-’ (see vC=O in monomeric PhC02H, 
1785 cm-‘).8*9 This is further supported by the present’ 
of a strong monomer K-0 band at’ 1200 cm-’ which is 
missing in the spectra of the ligand and its bromo and 
iodo complexes. 

Only the slight difference (- 10 to t 15 cm-‘) obser- 
ved in the VC=O values of the type-b and -c complexes 
from those of the respective ligands suggest the absence 
of the coordination of carbonyl group of the acid dimer 
unit to mercury(I1) as shown in structure (5), since its 
coordination is expected to lead to a much lower value of 
vc=0.5 

Table 2. IR spectral data (cm-‘) of mercury(U) halide complexes 

Complexes vOH. C=O(reported) SOH(reported)* 

o-Me2AsC6H&02H 
HgC12(o-Me2AsC&C02H) 
HgBr2(o-Me2AsC&C02H) 
Hg12(o-Me2AsC,H4C02H) 
o-Et2AsC6H&02H 
HgCl,(o-Et2AsC6H4C02H) 

HgBr2(o-Et2AsC6H&02H) 

HgI&-Et2AsC6H&02H) 
o&H, ,)2AGWOJJ 
BgBr2[o_(C~H,,)2AsC6H~C02Hl 
HgI2[o_(C6B,,)zAsC,H4C02Hl 
o-Ph2AsC&C02H 
HgCl,(o-Ph2AsC,H,CO,H) 
HgBr2(o-Ph2AsC,H&02H) 

HgI&Ph2AsC,H,C02H) 
o+tolyl),AsC6H&02H 
HgCI~[o-(p-tolyl)2AsC&,C02H] 
HgBr*[o-(p-tolyl),AsCJ&C02H] 
HgI,[o-(p-to1yl),AsCGH.,C02H] 

2530,266O 
2500,261O 
2515,265O 
2500,262O 
2530,2615 
2510,264O 

2490,262O 

2530.2650 
2550,266O 
2530,266O 
2520,264O 
2550,265O 
3170, - 
2485,265O 

2500,265O 
2550,X50 
2500,2635 
2500,2635 
2580,260O 

1665(1660) 
(1670) 
(1670) 
(1670) 

1665 
1640 
1690 
1640 
1690 
1680 
1675 
1690 
1690 
1680 
1700(1700) 
1670(1670) 

(1700) 
1675(1675) 
1675 

(1675) 
(1675) 
(1675) 

895 
- (920) 
- (920) 
- (920) 
916 

942 

934(934) 

885(885) 
934 

(892) 

IF!; 



670 S. S. PARMAR and H. KAUR 

Table 2 shows that the uC=O, value of the ligand with 
R = Ph is lowered only by 10 cm-’ in type-b complexes 
whereas the SOH value is lowered from 934 to 
890 cm-‘. It has been observed that on dilution in carbon 
tetrachloride solution the vC=O and SOH frequencies of 
these ligands show an upward shift which suggests that 
the weakening of the hydrogen bond of the acid dimer 
unit is accompanied by the increase in the SOH value. 
The observed low vC=O value of 1665cm-’ for the 
ligands (1, R = Me and Et) has been explained in terms of 
the arsenic lone pair conjugation with the aromatic ring 
which due to the increased negative charge on the car- 
bony1 oxygen increases the strength of the hydrogen 
bond and is consistent with lower SOH values of 895 and 
916cm-’ as compared to that of 934cm-’ observed for 
(1, R = Ph) in which lone pair conjugation is absent. The 
effect of lone pair conjugation introduced by the 
attachment of the methyl group to arsenic(II1) on the 
vC=O and 60H values in the ligand (1; R = Me) is thus 
the same as caused by the coordination of ligand with 
R = Ph through arsenic(II1) to mercury(I1) that can be 
only explained in terms of structure (5) since a-donation 
from mercury(I1) to arsenic(W) is more pronounced than 
the u-donation of arsenic(II1) to mercury(I1) which in- 
creases the electron density around arsenic(II1) on 
coordination and compensates for the electron with- 
drawing nature of the phenyl group as compared to the 
electron releasing nature of the methyl group. It is, 
therefore, evident that the increase in the electron den- 
sity around arsenic(II1) on coordination is reflected by 
the increased strength of the hydrogen bond of the acid 
dimer unit which is manifested by a large downward shift 
of the SOH and a small one in vC=O. The attachment of 
p-tolyl group in the ligand (1, R = p-tolyl) makes 
arsenic(II1) a slightly better u donor and a poorer r- 
acceptor’O as compared to the ligand with R =Ph. 

However, in all the three complexes the vC=O value is 
the same as in the case of the free ligand but as expected 
the lowering in the SOH frequency is slightly less than 
the case of HgXZ(o-Ph,AsCaH,&OzH). 

In the complexes HgX&-Me2AsC,$IJ02H) the 
presence of two methyl groups makes arsenic(II1) a 
better u donor as well as better Ir-acceptor than the 
ligand with R = Ph.“’ In contrast to the ligand with 
R = Ph, the coordination of arsenic@) to mercury(I1) 
affects the vC=O of the ligand with R = Me in two steps: 

(i) The vca value of the free ligand (1665 cm-‘) is to 
be raised upto the extent it was lowered by lone pair 
conjugation since in the complexes the lone pair is 
involved in coordination to mercury(H). 

(ii) If it is assumed that in the absence of lone pair 
conjugation the vcd value were the same, i.e. 1680 cm-’ 
as in ligand with R = Ph the appearance of vc_o band at 
1670 cm-’ in all the three complexes can be explained in 
terms of structure (5) on the assumption that arsenic(II1) 
like the phenyl analog is a better r-acceptor than a u 
donor. 

It is noteworthy to point out here that in the free 
ligands with R = Me and Et, the conjugation takes place 
between plr electrons of the aromatic ring and the sp3 
hybrid orbital of the arsenic(III) containing the lone pair 
whereas in the case of the halogen0 complex it is the d?r 
orbital on arsenic(II1) which is overlapping simul- 
taneously with plr orbital of the aromatic ring and the dr 
orbital of mercury(I1). Similar arguments assign the same 
structure (5) to the complexes HgI*(o-EtzAsC.&CO,H) 
and HgXz[o_(CsH,,),AsC6H4C02H] where the higher 
vczo values suggest the lack of conjugation of the dr 
electrons of the coordinated arsenic with the aromatic 
ring probably due to steric factors. However in the case 
of type-d complexes the vc’c=o present in the ligand at 
1665 cm-’ splits into two components at 1640 and 

Ei ‘Et 

16) 
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Table 3. IR spectral data (cm-‘) of zinc(II), cadmium(H) and mercury(H) complexes 

Complexes 

o-R2AsC6H&02Na 
Zn(o-Me2AsC,&CO~)2 

-(o-Me2AsC~&C02H) 
Zn(o-Et2AsC,H&02)2H20 

Za[o_(C6Hll)2AsC6H4C0212jH20 
Zn(o-Ph2AsC6H&02)2 
Zn[o-(p-tolyl)2AsC6H&02]2 
Cd(o-Me2AsC6H4C02)2 
Cd(o-Et2AsC61&C02)2 
Cd[o_(C6H,,kAsC6H4CO212 
Cd(o-Ph2AsC6H4C02)2 
Cd[o-(p-tolyl-2AsC6H&02]2 
Hg(o-Me2AsC,H4C02)EtOH 
Hg[o-(C$,H, ,)2AsC6H4C02]2EtOH 
Hg(o-Ph2AsC,H.,C02)2EtOH 
Hg[o-(p-tolyl-2AsC6&C02]22H20 

(&YH) 

- 
- 

3380 
(1625) 
3380 
- 
- 
- 
- 
- 
- 

3380 
3420 
3380 
3410 

(1630) 

v., CO2 (reported) v, co2 

1595 1400 
1615(1605) 1400 

1610 1400 

1595 1410 
1605(1610) 1400 
1602(1617) 1415 
1602(1602) 1387 

15% 1380 
15% 1380 

1590(1590) 1395 
1595(1595) 1395 

1610 1365 
1605 1380 
1598 1350 
1590 1360 

1690 cm-‘. The lower vC=O value of the ftrst component 
may be attributed to the coordination’ of the carbonyl 
oxygen of the acid dimer unit to mercury(I1) while the 
higher v,=~ value of the second component may be 
ascribed to the coordination of enolic oxygen to mer- 
cury(I1) in structure (6). The doublet of bands present in 
the IR spectrum of the ligand R = Et in the range 127tS 
1305cm-’ spreads with the lower end shifting to 
1230cm-’ from 1270cm-’ in the spectra of these two 
complexes and not in the third which supports the pro- 
posed coordination of the enolic oxygen and raising of 
the vcco value.” 

The IR spectra of all the complexes of these ligands 
with zinc(II), cadmium(U) and mercury(I1) (Table 3) 
show that in zinc(II) complexes the v,-CO2 either 
remains the same as in the case of sodium salt or is 
raised by - 15 cm-’ whereas in the case of cadmium(I1) 
and mercury(I1) complexes this frequency decreases but 
the magnitude of this lowering is more pronounced in the 
case of mercury(U) complexes. This order is very much 
consistent with the expected order (Zn <Cd(H) < Hg(I1)) 
of the strength of the covalent bond between metal ion 
and the carboxylate ion. The v,,,-CO* values in these 
complexes are slightly higher than those of the cor- 
responding sodium salt. It has been seen in the case of all 
the complexes studied in present investigation that even 
if v,-CO, is lowered appreciably as in the case of mer- 
cury(U) complexes the changes in the v,,-CO2 are mar- 
ginal. This makes the assignment of the type of the 
bonding mode difficult. However, this limitation can be 
easily understood if we consider the exceptional status 
of these complexes in which arsenic(II1) is coordinated 
to the metal ion having dr tilled orbitals which take part 

in back bonding whose strength is increased by the flow 
of electrons from carboxylate oxygen to the metal ion. 
Thus this increased electron density around arsenic(II1) 
lowers the C=O bond order of the carboxylate ion through 
conjugation with the rr electron system of the benzene 
ring. 

These metal complexes thus contain a highly stable 
hybrid chelate system (7) which is not only comparable 
in terms of the electron delocalisation with the chelating 
acetylacetonate system“ but also shows a possibility of 
the presence of ring current in the complexes of metal 
ion having dr electrons whose ?r donor power surpasses 
the D donor power of arsenic(II1). 
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Ahstraet-The hydrolysis of hydro(pyrrolyl-1)borates ([BH.(NC,H&_,,-, n = 1,2,3) can be treated as a kinetically 
one-step reaction outside of the mildly acidic region. In strongly acidic medium the hydrolysis takes place in a 
steuwise manner: the intermediates (boranes and the cationic boron compounds) beiig hydrolyzed more slowly 
than the borate anion. In the first step of the hydrolysis of [BH#JC&)]- the B-H bond, while in case of 
[BH2(NCdH&- and [BH(NC,I-I,),]- the EN bond is breaking. 

In neutral and mildly alkaline medium, the hydrolysis is a general acid catalyzed reaction (A-SE2 mechanism). It 
becomes to a special H-ion catalyzed reaction (A-l mechanism) in strongly alkaline region since the protonated 
intermediate can be reversed to the original borate upon reaction with the OH- ion. The hydrolysis presumably 
takes place through an intermediate which is protonated on the pyrrolyl nitrogen. Concomitant to the hydrolysis an 
isotopic exchange reaction was observed on the C, and Cp atoms of the pyrrolyl group in heavy water. In the 
hydrolysis of the [BHS(NC.&)]--anion the N-protonated Intermediate is assumed to be able to reverse to the 
original borate even in acidic or neutral region, at least in part. 

INTRODUCTION 

In a previous paper’ we established that the hydrolysis 
of phenyhpyrrolyl-1)borates ([B(C6H5).PyL_.]-, n = 1, 
2, 3) and of the tetra(pyrrolyl-1)borate is a hydrogen-ion 
catalyzed reaction and the rate-determining step of the 
hydrolysis is the reaction between the pyrrolyl-borate 
and the hydrogen ion: 

[(B(C,H,),(NC,H,),-.I- 
slow 

tH+ = [H+B(C,H,).(NC,H,),.l 

- B(GHs).(NC.,HJ-. + HNCJL (1) 

very fast 

Wd-W,(KH&n + (3 - n)HzO - 

B(CsH,),(OHh-. + (3 - nP-INC.8~ n = 0, 1,2,3. 
(2) 

In the present communication we wish to report on the 
study of the kinetics and mechanism of the hydrolysis of 
hydro(pyrrolyl-1)borates ([BH.(NC&)4-.]-, I!= 
1,2,3). In contrast to the phenyl(pyrrolyl)borates, the 
hydrolytic stability of the two different bonds (B-H and 
B-N&Hd is almost identical in the former compounds.’ 
Similar to the BH;-ion* and the phenyl(pyrrolyl)borates’ 
the hydro(pyrrolyl-1)borates are quickly hydrolyzed in 
mildly alkaline buffers3.5 according to eqn (3): 

[BH.(NC4H&,]- + H’ + 3H20 = 
B(OHh + nH, t (4 - n)HNCdHd. (3) 

The light absorption at 220-270nm of the hydro(pyr- 
rolyl-1)-borates is considerably more intensive than that 
of the hydrolysis products so that the kinetics of 
hydrolysis can be conveniently followed spectropho- 
tometrically. 

*Author to whom correspondence should be addressed. 

EXPRRIMENTAL 

preparation 
. . 

Na~&NC.,HI)]C,HsO,: $BH2&.JSJ2~$BH$!&$ 
and Na[BH(NC~H&]~1.5 C.,Hs02 has been described pre- 
viously.4J The buffers used have been prepared in the usual 
manner using analitical grade chemicals from Reanaf and Merck. 
The ionic strengths of the buffers was adjusted to 0.1 with NaCI. 
pH-values were determined with Radiometer model PHI&l pH- 
meter. The concentration of OH- ions was determined by acid- 
alcaliietric titrations and the pH was calculated using the rela- 
tionship pH = 13.783 t log [OH-]. 

The 99.5 atom % heavy water used for the deuteration 
experiments.‘H NMR spectra were recorded on a Jeol model 
MH-100 NMR spectrometer. 

Kinetic measurements 
The rate of hydrolysis of hydro(pyrrolyl-Dborates was fol- 

lowed by spectrophotometry. The measurements were performed 
at 235 nm- (Na[BH,(NCdHi)]), 240 MI (K[BH~(NC&H~)~]) and 
246 nut (NaiBH(NC,H,),l) wavelennths at borate concentrations _ .._-. 
between 2 1 10ei and 4. 10-4mol/dm’ at 25°C using samples 
thermostatted to t0.W 

(a) In the acidic pH range the measurements were performed 
using a stopped Row apparatus developed at the Physical Chem- 
istry Laboratory of the Lajos Kossuth University. Dead-time of 
the apparatus was 5 ms. Equivalent amounts of borate and buffer 
solutions were quickly transferred into the cuvette of a single 
beam UV-VIS spectrophometer (Hitachi-Perkin-Elmer 139) 
using a quick mixer. The change in absorption was recorded on a 
storage oscilloscope (Phiiips PM-3220). 

(b) In the neutral and alkaline pH range the borates were 
dissolved in a solution containmg 0.01 mol/dm’ NaOH and 
0.09 mol/dm’ NaCI. The borate solutions were diluted to 1: 50 
before measurements with rapid stirring and the light absorption 
of the samples were determined using a Beckman Acta M-IV 
spectrophotometer. The absorption of the hydrolysis products 
was measured when eight times the half-lie of the reaction has 
elapsed: 

When the half-lifetime exceeded 6hr (alkaline medium) the 
measurements were performed with oxygen-free solutions and 
the samples were kept under nitrogen. 

Hydrolysis in the presence of pyridine 
1.2 cm’ pyridine was added to 25 cm3 of a solution containing 
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2.5 mmoles of borate then a HCI solution (1 mol/dm3) was added borate anion as well as that of the intermediates formed 
dropwise, under vigorous stirriig, until it became acidic with 
respect to methyl orange. After cooling to &5”C the crystalline 

from the borate may occur with nearly identical rates. 

material was filtered out, washed with a small amount of cold 
One of the intermediates which is relatively stable in 

water, alcohol and ether and dried in a stream of dry nitrogen 
acidic solution may be a borane, BHn(NC4H4)3_n (n = 

gas. The products were identified through their IR spectra? The 
1,2) since, when the hydrolysis is performed in acidic 

following products were obtained: CSHSN . BH2(NC4H4) (0.123 g, solution in the presence of pyridine, the following reac- 
tions take place: 

[BH,(NCJL,)]- + H’ + CSHSN = C~H~N~BHdXJ-Id + Hz (9 

[BH2(NC4H&-+H+CsHsN= C,H,N.BH2(NC4H4)+HNC,H, (6) 

[BH(NC4H&- + H’ + C~HSN = C~H~N*BH(NC.,H& + HNC& (7) 

31%, from Na[BH3(NC4HH4)]; 0.152 g, 38%, from 
Na[BH,(NC4H&l and CSHSN.BH(NC4H& (0.045 g, 8%, from 
NaMWC4W~l). 

Hydrolysis in deurerium oxide 
The &rates were dissolved in deuterium oxide containing 

0.12 molldm’ of ICHMOD and 0.1 mo1/dm3 of dioxane. The 
concen&ation was 0.5mol/dm3 with respect to the pyrrolyl group. 
The relative amounts of hydrogens in the pyrrolyl and tert-butyl 
groups were measured from the ‘H NMR spectra, then the borate 
solution was reacted with CH,COOD (2 mo1/dm3) in deuterium 
oxide. After hydrolysing the borate the hydrogen ratio in the 
pyrrolyl- and tert-butyl groups was measured again. The extent 
of deuteration in a- and p-positions of the pyrrolyl group was 
calculated from the difference of the hydrogen ratios. 

Hydrogen-deuten’um exchange studies 
The borates were dissolved in deuterium oxide containing 

1 mol/dm’ of NaOD. The solutions were kept at room tem- 
perature and the relative amounts of hydrogens in the pyrrolyl 
DOUD with resDect to the HDO was measured from the ‘H NMR 
ipecira at reg&r intervals. The exchange reaction was followed 
ultil 15% conversion level in the case of the [BH(NC4H4)J 
anion and to 5&75% conversion level in the other cases. 
The exchange rate constants for the (Y and @ hydrogens (ky and 
ky) were calculated from the following expression: 

- In f, = T t - In C 

where f, (or fe) is the ratio of the a: (or /3) hydrogens, respec- 
tively, to the total amount of hydrogens in the pyrrolyl group and 
n is the number of equivalent hydrogens (2, 4, or 6) in the 
pyrrolylborates. 

RESULTS AND DISCUSSION 
The hydrolysis of hydropyrrolylborates-according to 

eqn (3)-in mildly acidic buffers can be described as a 
kinetically pseudo-first-order reaction: 

d[B-I _ _ = k:yd’[B-] 
dt 

B- denotes the hydro(pyrrolyl-1)borate 
([BH,(NC4H4)4_,]-, n = 1,2,3) and kyd’ is the pseudo- 
first-order rate constant. The rate of hydrolysis is pro- 
portional to the hydrogen ion concentration (see Table 
and Fig. l), but in the pH range between 2 and 4 it 
increases more slowly than in the weakly acidic region 
with simultaneous formation of the end-product in-at 
least-two consecutive first-order reactions with nearly 
identical rates (Fig. 1). According to the data of Fig. 1 it 
can be assumed that in the region pH < 3 the hydrolysis 
of hydropyrrolylborates-like that of the tetrahydro- 
borate6-takes place stepwise, and the hydrolysis of the 

The same reactions take place in ethereal solution as 
we11.5 The products of eqns (5)-(7) were identified. The 
formation of these products indicates that in the first step 
of the hydrolysis of [BH3(NC4H,)]- the B-H bond, while 
in case of [BH,(NC4H4)*]- and [BH(NC4H4),]- the B-N 
bond is breaking. According to our observations the 
formation of pyridine-borane complexes in aqueous 
solution is possible only in those pH range where the 
borate hydrolysis is a stepwise process. When the 
hydrolysis of hydropyrrolylborates is conducted in 0.02- 
0.1 mol/dm3 HCl solution the rate of product formation 
decreases with increasing HCl concentration (Fig. 1). 
This trend could be explained by the formation of a 
hydrolytically very stable boron(l+) cation (e.g. 
[BH(NC4H4)(H20)2]’ cation) or a species containing a 
protonated pyrrolyl group (e.g. [(C4H,N)B(OH)2]’ 
cation). The kFdr values of the hydropyrrolylborates 
vary proportionally with the H’ ion concentration in the 
weakly acidic pH range. In the more alkaline range, the 
hydrolysis of the hydropyrrolylborates may also proceed 
through a reaction which is independent of the H’ ion 
concentration (Table 1). Since the rate of hydrolysis in 
buffers with different boric acid concentrations but iden- 
tical pH is proportional with the boric acid concentration 
(Table 2), this H’ ion-independent hydrolysis may be 
regarded as a water-catalyzed reaction and the hydroly- 

I---_ 

50 100 150 
Timdms) 

Fig. 1. Function of ln(A, -A,) vs time at the hydrolysis of 
[BH,(NC,H& in acidic buffers (0 0 0 IH’] = 0.10 mole/dm’; 
AA A [H’] =0.02mole/dm3; 000 pH=4.147; t t t pH= 

4.419). 
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Table 1. Fist-order hydrolysis rate constants (kFy*) of hydro(pyrrolyl-l)borates in aqueous buffers at 25°C 
(a = measured by stopped flow method) 

PH khydr [e-l, 
1 

cBH3(“C4H4)l- tBH2(AC4H4)21- [BWE4H4)31- 

3.182 

3.429 

3.713 

4.147 

4.419 

4.561 

6.575 

6.809 

7.130 

7.335 
8.127 

8.433 
8.636 

8.840 

9.050 
9.203 

9.583 

9.986 

10.056 

10.234 

10.647 

10.741 

10.921 

11.320 

11.453 
11.855 

121084 

12.362 

12.582 

12.010 

13.144 

8.7 a 

3.9 a 

2.9 8 

8.9.10-4 

4.5'10‘4 
3.2.10-4 

1.9.10'4 

1.1.10-4 

1.0*10'4 

3.9.10-5 

1.6*10-5 

1.4.10-5 

9.6*10-6 

4.9.10-6 

3.6*10-6 

2.7.10-6 

1.1.10-6 

3.1.10-7 

9.0.10-B 

7.7 a 

2.3.10-3 

1.2.10-3 

7.2.10-4 

4.5.10-4 

1.9.10-4 

3.4.10-5 

7.2*10-6 

3.2.10-7 

1.8.10-7 

1.4.10-7 

8.4*10-* 

4.3.10-6 

7.0 a 

3.6 a 

1.9 a 

0.72 a 

0.37 a 

2.7010-~ 

1.6*10-3 

7.3.10-4 

4.6*10-4 

0.5.10-5 

1.8.10-5 

6.6-10-6 

1.2.10-6 

2.5~10-~ 

2.1.10-7 

1.5.10-7 

7.5.10-8 

5.9.10-8 

3.6.10-' 

Table 2. Fiist-order hydrolysis rate constants (kiyd’) of hydro(pyrrolyl-1)borates at various concentrations of 
aqueous borate buffers at 25°C (ionic strength = 0.25) 

cH3B03 
kydr [s-~J 

mole'dm -3 [~3(Ncqfi4)1- bE2(NC4H4)21- CBH(NC~H~)~I- 

0.000 6.7*10-5a ~86.10'~~ 5.7.10-6a 

0.029 7.3.10-5 1.91~10-4 6.2*10-6 

0.007 9.7.10-5 2.13'10-4 6.8*10-6 

0.175 1.14'10'4 2.28.10-4 8.4.10-6 

a extrapolated value 
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sis of hydropyrrolylborates may be taken as a general- 
acid catalyzed reaction: 

-F = [B-l &, k,JHA] 

HA denotes the acid (H’, HzO, H,B03, etc.), kHA is the 
second-order rate constant of the acid-catalyzed reac- 
tions. The kHA values for the hydropyrrolylborates are 
summarized in Table 3. On the basis of the general 
acid-catalysis mechanism one would expect the ky 
values of the hydropyrrolylborates to approach to a 
constant value in the strongly alkaline range. In contrast 
to this expectation it was observed that when the 
measurements were performed in the absence of oxygen 
and transition metal ions, the kydr values (Table 1) 
approximated the zero. This was most conspicuous in the 
case of the [BH,(NC4H4)]- anion (Fig. 2). This obser- 
vation can be rationalized by assumin the formation- 
like the hydrolysis of the BH; f anion -in the reaction 
between the hydropyrrolylborates and acids of an in- 
termediate which can revert to the original borate upon 

2.0 6.0 100 
WI. 10” 

the action of OH- ions in the alkabe PH range. Thus the 
hydrolysis of the hydropyrrolylborates can be descrrbed 

Fig. 2. Pseudo-first-order rate constants (k:ydr) for the hydrolysis 

by the following equations if only the H’ ion and the 
of fBH,(NC~Hd]- in strong alkaline buffers. (0 0 0 measured 

H20 molecule are being considered as acids: 
values; --- calculated from eqn (8); - calculated from eqn 

IS.) 

[BH.(NC4H&,]- + H’ 2 [HBH.(NGH&-“1 
k-n 

kn o 
[BHJ_NC&)4-,I- + H,O 3 ]HBHn(NC&)+nl + OH- 

K-HZ0 

k2 

(9) 

(10) 

[HBHj(NCdHJ]+ BH(NGHJ + H, (11) 

[HBH,@K,H&,-,I 2 BHn(NC.,H4)3--n + HIGH4 (12) 

x=1,2 

very fast 
BHn(HC,HJ-n +2H20- B(OH)s + nH, t (3 - n)HNC,H., (13) 

n=l,2,3 

very faot 
B(OH)3 t OH- H [B(OHW-. (14) 

Since the hydropyrrolylborate is only weakly basic it can and the specific H’ ion catalysis (A-l mechanism). Ac- 
be assumed that the concentration of the protonated cording to eqn (15) in acidic or less basic solutions 
intermediate ([HBH.(NC4H4),_,]), formed in the reac- ([H’] % K,k_,,o/kJ the reaction is A-SE2 type but it is 
tion between the acid (H’ and H20) and the borate, A-l type in more basic solutions (k,[H’] Q kH20; [H’] Q 
remains small all the time during the reaction. Kwk-dkz). 

Applying the Bodenstein principle The rate constants in eqn (15) were determined in the 
following way. From the kydr value measured in the 
neutral and weakly alkaline region (Table 1) the kH 
values were determined then, from the data obtained in 
the more alkaline range (Table 1) and from the known kH 
thehtg20 and Kdk- H20/k2) values could be obtained. The 
[(k, - kf.‘cd)/k:‘d’] values were minimized in these 
calculations (kyicd means the right side of eqn 15). The 
calculated values obtained in this manner are sum- 
marized in Table 3. (In the case of the [BH(NC4H.,)J 
anion the value of kHZO is very small and uncertain 
therefore the K, . k_-H20/k2 value was not calculated.) 

( dWBH.U’GH&.I 
dt 

II o 
> 

and assuming that k2% k-H results in the following for- 
mula for kyd’: 

k:ydr = k,[H+12+ kdH+l 
[H’l + Kwk-H2o/k2 ’ 

(15) 

Equation (15) includes the two limiting cases of the acid- 
catalysis: the general-acid catalysis (A-Q mechanism) Due to the general-acid catalysis, the rate-determining 
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step in the hydrolysis of the hydropyrrolylborates is the observed in the hydrolysis of BH;,!’ BH&N-‘” and 
protonation of the borate anion (eqns 10 and 9). The amine boranes”*‘2 in D20. 
borate anion may be protonated on the pyrrolyl group 
or-like the BH,CN-“’ and BH;‘--on the boron as well. 

In the course of the hydrolysis of [B&(NC&)l- 
anion Hz evolution was observed following the pro- 

The hydrolysis of hydropyrrolylborates with deu- tonation reaction (eqns 5 and 11) indicating the ap- 
teroacetic acid in DzO resulted in the formation of 1, 2- pearance of intermediates I or II/a. The lack of B-H 
and 1,3_dideuteropyrroles (Table 4). This linding in- exchange makes intermediate II/a more likely but the 
dicates that the reaction between borate and acids gives formation of II/a can also be assumed in the reaction 
rise to the formation of a product protonated at the between the borate and H’ ion followed by conversion 
pyrrolyl carbon as well as another one protonated at the to an intermediate type I which, in turn, decomposes into 
pyrrolyl N atom since the rate of hydrogen exchange at BH,(NC&) and H2-gas. 
the nitrogen is lOOO-fold greater in DzO than either at a- The hydrolysis of DH~(NC.,H~)~l- and 
or p-carbons of pyrrole.‘.’ Accordingly, the formation of [BH(NC!~H&- anions results in the formation of pyrrole 
the following intermediates may be taken into con- in the reaction between the borate and acids (eqns 6, 7 
sideration in the course of the reaction between the and 12). It is to be expected in the case of the pyrrolyl- 
borates and H’ ion (R denotes pyrrolyl group or H): borates that the rate of protonation is faster at the N 

The formation of the intermediate I could not be atom than at the C atom so that the hydrolysis can be 
demonstrated experimentally. The reaction of acetone assumed to occur through the intermediate type II/b. 
with the residual borate anion after partial hydrolysis of We suggest that the hydrolysis of hydropyrrolyl- 
the hydropyrrolyl-borates in D20 did not result in the borates takes place through an intermediate protonated 
formation of (CH,),CDOD in measurable amounts; at the N-atom (II/a and II/b) and the observed exchange 
(CH&CHOD was obtained instead. On the other hand, reactions of the C-H hydrogens may occur as parallel, 
considerable hydrogen exchange at the B-atom was nonproductive exchange reactions. However, since the 

Table 3. Rate constants of hydrolysis of hydro(pyrrolyl-l)borates at 25°C 

Rate constanta CBH~(NC~H~)~- IBH* (I:c~H~)~I- CBH(NC H 1 
4 4’3 I- 

kE (mole-'*dm3.s-l) (1.25-+0.09)*105 (3.10-+0.06).105 (1.00~0.02)*103 

kH,O (e-l) (7.5'1.3).10'6 (1.5-+0.2)*10-7 (2.4zO.2)'10-8 

Kwk_H20/k2 (mole-dm-3) (3.0-+0.6).10-11 (2.1-+0.3).10-13 - 

kHjm3 (mole -1.dm3vt-1) (2.8'0.4).10-4 (2.4-fO.7).10-4 (1.5'0.2)*10-5 

Table 4. Deuterium contents (f., jp) of pyrrole obtained in acidic hydrolysis (AcOD/D*O). C,-H and C,-H 
exchange rate constants (k’,, k’,“) of the hydro(pyrrolyl-1)borates in alkaline medium (0.1 mole. dm-’ NaOD in 

40) 

Borate f, [%I f@ cw k~xle-'l k~cs-‘l 

CBH~(BC~H~)~- 34.224.0 37.622.4 8.6'10-7 3.8.10-7 

Cm2(~~4H4)21- 5.120.5 5.120.5 4.6.10-7 1.8.10-7 

CBH(NC4H4) 31- 5.420.5 5.620.5 1.3.10-7 7.5-10-8 
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protonations at the N- and the C,- and C,-atoms of the 
pyrrolyl group are parallel reactions, the study of C-H 
exchange may yield useful informations concerning the 
mechanism of hydrolysis reactions. In the case of 
hydropyrrolylborates (similarly to the observations”’ 
made with pyrrole derivatives) the relative rates of the 
hydrogen exchange at the a- and /3-C atoms depend 
strongly on the soft or hard character of the acid that 
catalyses the deuteration reaction. In the weakly acidic 
and neutral region (where the hydrogen exchange occurs 
in the reaction catalyzed by DzO’ which, itself, can be 
considered as a hard acid) the rates of H-exchange are 
almost identical at the C,- and &-atoms. In alkaline 
media, however (where the hydrogen exchange is a 
reaction catalyzed by the soft acid D,O), the exchange is 
considerably faster at the C,atom than at the &-atom 
(Table 4). 

The D/H ratio in the pyrrole obtained from the 
hydrolysis in D20 of the hydropyrrolylborates in weakly 
acidic or neutral regions does not depend on the acidity 
of the medium, i.e. the ratio of the hydrolysis and the 
C-H exchange rate is constant. In the strongly alklaine 
range (0.01-0.1 mol/dm3 NaOD-D20) the exchange rates 
are practically identical but the exchange rate exceeds 
considerably that of the hydrolysis and the D/H ratio in 
the hydrolysis products increases regularly with increas- 
ing alkalinity of the medium. 

These findings can be rationalized by assuming that the 
intermediate that occurs in the reaction between the 
borate and D20 may revert, upon the action of the OD- 
anion, into the original borate to a considerable extent so 
that the conclusions readed upon from the kinetic 
measurements are supported by the exchange studies as 
well. 

The pyrrole obtained through the acidic hydrolysis of 
the [BHp(NC&)]- anion in D20 contains much more 
deuterium than in the cases of other borates (Table 4). At 
the same time, the kH value of the [BH~(NC$I*II- anion 
is much smaller (Table 3) than expected. Both the rela- 
tively small kr., value and the increased deuterium con- 
tent of the hydrolysis product (pyrrole) indicate that the 
intermediate that occurs in the reaction between the 
[BH3(NC4H4)]- anion and the H’ ion (eqn 9) reverts 
partially into the original borate even in acidic medii. 
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Abstract-The synthesis and characterization of Cu(CH1CH2C00)2.papaverine is reported. The characterization of 
the compound was based on elemental and thermal analysis, on electronic and EPR spectra, as well as magnetic 
measurements over the temperature range. The available evidence supports a binuclear structure. The EPR 
spectrum is consistent with spin S = 1. The exchange interaction parameter - 2J = 362 cm-‘. Correlation between 
the - 2J values in familiar copper(H) proprionates and pKa values of the axial ligands was found and discussed. 

INTRODUCTION 
Copper(I1) proprionates with nitrogen donor ligands have 
attracted increasing interest in recent years. This interest 
largely derives from the discovery that the proprionate 
groups possess a pronounced tendency to serve as a 
bridge between copper(I1) atoms with a nitrogen donor 
ligand in the terminal position.‘.’ The binuclear cop- 
per(I1) compounds formed in this way exhibit superex- 
change interaction, which becomes larger as the ligands 
supply more electron density to the metal atom. It has 
been reported that the pyridine and isomeric picoline 
compounds of copper(U) proprionate follow this trend, 
and that there exists a direct correlation between the 2J 
values of the compounds and the pKa values of the 
terminal ligands.3 However, it must be noted that the 
lutidine compounds of copper(I1) proprionate do not 
appear to follow this trend.4 Therefore, it appears that 
beyond a certain point, the effect of the pKa of the 
terminal ligand on the 25 value of the compound are 
inconsequential.4 One of the important trends which has 
been noted for copper(U) carboxylates is the sensitivity 
of the 25 value to the Cu-O-C-0-Cu bridged distance 
and angle, through which demagnetization operates.’ 

In order to examine further the nitrogen donation 
effect on the super-exchange interaction in copper(I1) 
proprionate, we synthesized binuclear copper(I1) pro- 
prionate with papaverine [ I-(3’,4’-dimethoxybenzyl)-6,7- 
dimethoxy-isoquinoline], which has the structure 
represented as follows: 

CH;? 

OCH, 

and investigated its thermal, spectral and magnetic 
behaviours in comparison with those found in familiar 
copper(I1) proprionates. To our knowledge, papaverine 
as a ligand had not previously been studied, this is the 
first example. 

EXPERIMENTAL 

Preparation of covwUn vroprionate monovavaverine 
A slit]; ‘acidified- hilute methand solution of 

CulCHXHXOO)+H,O (1 mall was added to a near boilina 
dil&e methanol &&on of paiaverine (I mol). The solution was 
allowed to stand at room temperature to give green micro- 
crystals, which were collected and dried at room temperature. 
When the product was recrystallized from hot methanol green 
crystals oi the composition Cu(CH3CHzCOO)zpap (pap = 
oaoaverine) were seoarated (Found: C. 56.68: H. 5.56: N. 2.8: Cu. 
il:64. Calc: for Cu(eH3CHzCOO)zpap: C, 561875 H, 51691 N, i.SSf 
cu, 11.57.) 

Thermal study 

The thermal decomposition was studied by means of a deriva- 
tograph (MOM, Budanest). The apparatus and its ooeration have 
be&he&bed by Pailik.et a16 F%tinum crucible with an upper 
diameter of 14 mm was used, and thermocouples were Pt, Pt-Rh. 
Powder sample used had a weight of IOOmg. The rate of tem- 
perature was 6”lmin; the measurement was made in air atmos- 
phere. 

Spectral studies 
Electronic spectrum in the region 1.0-2.8 pm-’ was measured 

with a Perkin-Elmer 450 spectrophotometer and IR spectrum in 
the region 400-3600 cm-’ with the UR 10 spectrophotometer. In 
both cases the nujol suspension technique was used. EPR spec- 
trum of the powdered sample was run on a Varian Model E 4 
spectrometer at room temperature. 

Magnetic studies 
Magnetic susceptibility measurements of the compound were 

made over the temperature range 81-293 K. At each temperature, 
measurements were obtained at 5 different field strengths by the 
Gouy method, with mercury tetrathiocyanatocobaltate(I1) as cali- 
brant? Diamagnetic correction was calculated from Pascal’s con- 
stants.8 The effective magnetic moments were calculated from the 
expression 
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~a = 2.83 (x~=‘~ x T)“2. 
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RESULTS AND DISCUSSION 

Thermal decomposition of Cu(CH,CH,COO)zpap was 
carried out in aerobic conditions. The compound in air 
begins decomposing at about 423 K. At 523 K, the TG 
curve shows a pseudopause corresponding to the weight- 
loss of about 25%. In the temperature range 523-943 K 
slackening is registered on the TG curve with the weight- 
loss of another 61%, which probably corresponding to 
the loss of a papaverine molecule (theoretical weight-loss 
61.81%), to give at 943 K copper(U) oxide. On the DTA 
curve, there are two endothermic peaks whose maxima 
are respectively at 423 and 603 K, and a strongly exo- 
thermic asymmetric peak with the maximum at about 
743 K. 

The IR spectrum of Cu(CH,CHZCOO)zpap is very 
complicated. Locating the bands of “active” groups 
(COO-, -C=N-) is very difficult because there is several 
bands of papaverine9 in the region 1300-1600 cm-’ where 
the bands are expected. 

The electronic spectrum in Nujol of 
Cu(CH3CH2COO)zpap exhibits two absorption bands, a 
main band at about 1.40 pm-’ and a shoulder at about 
2.7 pm-‘. The band positions are comparable to those 
reported for binuclear copper(I1) acetate monohydrate.” 
The band at lower energy may be assigned to a spin- 
allowed d-d transitions and the band at higher energy 
may be due to a copper-copper linkage. The spectrum 
corroborated the conclusions based on the magnetic 
behaviours (see below). 

EPR spectrum obtained for the powdered sample at 
room temperature contained the absorption bands of 
axially-symmetric binuclear species.” The values 
obtained for the spin Hamiltonian parameters are: gl = 
2.096; gr = 2.41,; g,, = 2.206; IDI = 0.364 cm-’ and E = 
0.003 cm-‘. The values are comparable to those found in 
binuclear copper(U) carboxylates.‘* The compound also 
displays a line which can be attribute to a mononuclear 
impurity (g, = 2.04,; gll = 2.178; g,, = 2.09,,). 

The molar susceptibilities corrected for diamagnetism 
and magnetic moments for the compound are reported at 
various temperatures in Table 1. The temperature-sus- 
ceptibility data can be described by the equation: 

XM ‘Orr= Ng28* 
I [ 
x l- 1/3(exp 

+(N$.i;@)X 

where xMcorr was also corrected for t.i.p. equals 60 x 
10e6 cm’ mol-’ per Cu atom; X, is molar fraction of the 
mononuclear impurity; the other symbols have their 
usual meaning.” The least-squares fitting was performed 
using a new version of the minimization computer pro- 
gram BGD-2. The spectroscopic splitting factors g,, and 
gi,p were obtained from the EPR spectrum and used as 
constants in the least-squares fitting process. The cri- 
terion used to determine the best fit is the minimization 
of the sum of the squares of the deviation A, where 

A = 7 (q-l= - x:“P)*. 

The best fit parameters are: 2J = -362 cm-‘, X = 
0.81% and A = 1.485 x 10M8. 

The molar fractions of singlet and triplet states were 
calculated from the observed magnetic susceptibilities, 

Table 1. Magnetic data of Cu(CH$ZH2C00)Zpap 
(-A x IO6 = 294.4) 

T, K xMcor’ x lo6 tiL,,i, B.M. K, 

81 179 0.34 0.024 
101 190 0.39 0.032 
112 255 0.48 0.049 
122 286 0.53 0.061 
132 294 0.56 0.069 
143 338 0.62 0.086 
153 382 0.68 0.105 
164 475 0.79 0.147 
175 519 0.85 0.174 
185 590 0.93 0.216 
195 629 0.99 0.252 
2’: 706 678 I.105 1.06 0.335 0.300 

226 717 1.14 0.364 
239 728 1.18 0.401 
251 739 1.22 0.440 
262 750 1.25 0.473 
282 766 I.315 0.551 
293 766 1.34 0.584 

by the method of Hatfield el aLI4 The singlet-triplet 
equilibrium constants (Table 1) obtained from the molar 
fractions were used for calculations of enthalpy (AH”) 
and entropy (AS’). The calculated values are: AS”= 
2.7 e.u. and AH” = 348 cm-‘. The enthalpy value is in 
good agreement with the value of electron spin coupling 
constant, 2.l. 

From the above observation it may be suggested that 
the Cu(CH&H#OO),pap has binuclear structure similar 
to that of copper(I1) proprionate monopyridine.’ Cop- 
eer(II) atoms in the structural units 
CuZ(CHpCHzC00)4(pap), are bridged in pairs by car- 
boxylic groups of CH,CH,COO-, while the molecules of 
papaverine are bonded through nitrogen atoms in axial 
positions. 

It is known, that the value of exchange coupling con- 
stant, - 2J, to vary according to several factors.’ One of 
the important factors is terminal ligand. As the terminal 
ligand becomes stronger electron donor thus the -2J 
value tends to increase. Since the pKa value of the 
terminal ligands reflects the a-electron density on the 
nitrogen atom, such an increase in the value results in an 
increase in the Cu-N u-bond strength, leading to a 
greater contribution to magnetic interaction. Although 

Table 2. Values of - 23 for the copper(U) proprionates and pKa 
values of the terminal ligands 

-23 
Compound (cm-‘) pKa Ref. 

CUX2PY 350 5.25 15 
CuX23-pie 364 5.68 16 
Cfi2w 362 5.90 This work 
CuX,Z-pit 364 5.97 17 
CuX24-pit 376 6.02 3 
CuX~3,5-lut 371 6.15 4 
CuX,3,4-Iut 367 6.46 4 
CuX,2,4-lut 365 6.77 4 
CuX,nic 354 7.85 18 

X, CH+ZH,COO-; py, pyridine; pit, picoline; pap, papaverine; 
lut, lutidine; nit, nicotine. 
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the - 25 value of Cu(CH,CH2C00)2nic is to be expected 
in view of the pKa value of the terminal ligand being 
larger than that of the Cu(CH,CH,C00),.3-pit complex 
(Table 2), just the opposite was observed. 

As we can see in Table 2 the value of - 2J increases 
with increasing pKa value of the terminal ligand with 
maximum at pKa =6.02, and although the pKa value 
increases up to this value, the - 2J value is decreasing. A 
possible explanation lies in the different charge densities 
and charge distributions in the hetero-ring. It is a well- 
known fact that in the hetero-ring involves u- and a- 
electron system. It is, however, difficult to evaluate the 
effects of the u- and r-paths separately at present. 
Further studies along this line will be needed to clarify 
this situation. 
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STUDY OF THE EXTRACTION OF URANIUM (VI) 
BY BIS-(DI-n-BUTYLPHOSPHATE) COMPOUNDS ~ 

INCLUDING A POLYHETEROATOMIC CHAIN 
FROM NITRATE SOLUTIONS 
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Ecole Sup&ieure de Chimie de Marsielle-Facultk des Sciences, St. JCrome, rue Henri Poincare, 13397 Marseille 

Cddex 4, France 

(Received 11 January 1982) 

Ahs&aet*ompounds 1-4 with two di-n-butylphosphate groups linked by a polyheteroatomic chain 
(BuO)sP(O)OCH~CH~CHz).CH~OP(O)(OBu)s (1: n = 0; 2: II = 1, X = 0; 3: n = 2, X = 0; 4: n = 1, X = S) were 
prepared respectively by action of chlorodi-n-butylphosphate on ethyleneglycol, di and triethyleneglycol, and 
thiodiethyleneglycol under phase transfer conditions. 

The extraction of uranium (VI) from aqueous nitrate phase with these compounds, in toluene diluent, was 
studied. Distribution ratios with compounds l-3 are somewhat greater than those obtained with tri-n-butyl- 
phosphate. Extraction studies reveal that polyoxygenated chain of these compounds takes part in U(V1) 
complexatioi. The general expression for the complexes is assumed to be UO#JO&L,,, in which L is extractant 
compound and m the number of molecules coordinated to uranyl cation. Extraction stoichiometry is dependent 
upon extractant compound and its concentration in organic phase. For the compounds l-3, m = 1.5 when 
extractant concentration is higher than 0.1 M; m takes the different values 0.5, 1.0 and 1.5 when extractant 
concentration is lower than 0.1 M For the compound in which X is sulfur atom, m = 2.0 over all studied 
concentration range. 

It was found that in the solvent extraction of uranium (VI) with these compounds, di-n-butylphosphoric acid 
exhibits a synergistic effect increasing the distribution ratio of IJ(VI) by a factor of 100. 

INTRODUCTION 

Tri-n-butylphosphate (TBP) and related esters such as 
di-n-butylphosphoric acid (HDBP), bis-(2-ethyl- 
hexyl)phosphoric acid and other phosphoric compounds 
find important applications in the solvent extraction of 
lanthanides, a&ides and other heavy metals from 
mineral sources and their recovery from waste products 
of the atomic energy industry.’ 

A solution of TBP in dodecane or kerosene diluent can 
be used for solvent extraction of uranyl nitrate.‘” 
Recently much attention has been paid essentially to 
some neutral extracting molecules containing two P=O 
groups. These molecules could be considered as biden- 
tate ligands and extractant properties could be improved 
by an entropic factor. Among the ditTerent molecules so 
far studied we can mention tetra-n-butylpyrophosphate 
TBPPP octaethyltetraamidopyrophosphate OETAPP, 
tetra-n-butylethylenediphosphonate TBEDP.” 

8 R 
(BuO)~F-O+(Ofh)2 

TBPP 

P; fi 
(Et&P-0-P(N Et,& 

OETAFP 

(s.o$ CH,CH, (0 sum 
TBEDP 

Cyclic polyethers or crown ethers form stable com- 
plexes with a large set of metallic salts including tllarlyl 
nitrate and other uranium salts.7-9 In the present study 

*Author to whom correspondence should be addressed, 

we examined the extraction properties of compounds l-4 
in which two di-n-butylphosphate groups are connected 
by a polyheteroatomic chain. Both of these structural 
moieties could give particular extraction properties tow- 
ard many1 salts. Thus it might be expected that these 
compounds would coordinate better to uranyl cation than 
TBP does. 

1 : n: 0 

2 : n= 1 x-0 

3 : nz 2 x-0 

4 : lIZi x-s 

The compounds l-4 are readily prepared by action of 
chlorodi-n-butylphosphate on ethyleneglycol, di and 
triethyleneglycol and thiodiethyleneglycol by using 
transfer phase techniques. The extraction properties of 
these compounds have been studied in order to establish 
the composition of the extractable species and the rela- 
tion between the distribution ratios and the extraction 
system parameters. 

General: Infrared spectra were obtained on a Perkin-Elmer 
Model 457 IR spectrometer. ‘H NMR spectra were recorded on a 
Perhin-Elmer R-32 spectrometer at 9oMI-k. Samples were stu- 
died in CD&. Chemical shifts are reported in parts per million 
downfield from TMS. “C NMR spectra were recorded in C,& 
on a Varian (JET-20 pulse Fourier transform NMR instrument; 
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chemical shifts are reported in parts per million downfield from 
TMS. “P NMR spectra were recorded on a Varian m-80 pulse 
Fourier transform NMR spectrometer. The “P NMR signals are 
given in parts per million vs 85% H;PQ (positive values are 
downfield from the reference). Splitting patterns are designated 
as s, singlet; d, doublet; t, triplet; m, multiplet. Coupling con- 
stants are given in hertz. 

pH was determined with a Tacussel Mmisis pH-meter. A 
Beckman DB-GT spectrophotometer was used for spectro-pho- 
tometric determinations. Concentrations C are defined as the 
number of formula weights of solute contained in one litre of 
solution. The distribution ratio, D, for UOZ*’ is de&d as the 
concentration of this cation in the organic phase divided by that 
in the aqueous phase. 

MATERIALS 
“Pure grade” toluene, ethyleneglycol and diethylene- 

glycol were obtained from Carlo Erba; di-n-butyl- 
phosphite, thiodiethyleneglycol, triethyleneglYco1 and 
uranyl nitrate were purchased from Fluka. 

Preparation of (Buo)~P(O)OCH,(CH,XCH,),CH,OP(O) 
(OBu), 

Chlorodi-n-butylphosphate was prepared from di-n- 
butylphosphite as described by Walsh. ’ The compounds 
l-4 were prepared as described by Moshkina et al.” but 
under these experimental conditions 31P NMR spectra 
revealed the presence of di-n-butylphosphoric acid as 
side product. This can be overcome by using phase 
transfer catalysis reaction, indeed only this method gives 
rise to the pure compounds l-4. A solution of chlorodi- 
n-butylphosphate (100 mmol), glycol (50 mmol) and ben- 
zyl triethyl ammonium chloride (5 mmol) in CH,Cl, 
(30ml) was added to 50% NaOH solution (6Oml) under 
vigorous stirring, at 5-10°C. The mixture was then al- 
lowed to stand at room temperature with stirring for 
24 hr. Water (40ml) was added and the mixture was 
extracted. The organic layer was then washed with water 
and dried with magnesium sulphate. The solvent was 
removed under vacuum leaving a viscous product in 
60-70% yield. The compounds were not further purified 
but their structure and purity are in accordance with ‘H, 
13C and 3’P NMR analysis. These compounds can be also 
obtained in pure form and in 70% yield by action of 
chlorodi-n-butylphosphate on disodium salt of glycols. The 
latter were prepared by action of NaH on glycols in 
THF. However the former procedure was generally 
prefered for convenience. 

1 IR: 2950(C-H), 128O(P=O), 103O(P-O-C) cm-‘. ‘H 
NMR 8: 0.95(12H, t, J = 6Hz), 1.25-1.80(16H, m), 
4.00-4.30 (12H, m). 13C NMR S: 13.71, 18.99, 32.66 
(3Jcp = 6.7 Hz), 66.73 (*Jcp = 5.8 Hz), 67.44 (‘Jcp = 
5.8 Hz). “P NMR 8: - 3.56. 

2 IR: 2950, 1275, 1025 cm-‘. ‘H NMR 8: 0.95(12H, t, 
J=6Hz), 1.3&1.80(16H, m), 3.65-3.80(4H, m) 4.00- 
4.30(12H, m). 13C NMR 8: 13.71, 19.00, 32.69 (?cp= 
6.8 Hz), 66.63 (‘Jcp = 5.5 Hz), 67.28 (‘Jcp = 5.8 Hz), 
70.30 (3Jcp = 6.7 Hz). 3’P NMR 8; - 3.45. 

3 IR: 2950, 1265, 1025 cm-‘. ‘H NMR 8: 0.90(12H, t, 
J = 6 Hz), 1.25-1.75(16H, m), 3.60-3.80(8H, m), 3.90- 
4.30(12H, m). 13C NMR 8: 13.59, 18.72, 32.35 (3Jcp= 
6.8 Hz), 66.53 (‘Jcp = 5.7 Hz), 67.53 (*Jcp = 5.9 Hz), 
70.19 (3HCp = 6.8 Hz), 70.72, 3’P NMR S: -0.85. 

4 IR: 2950, 1270, lOlOcm-‘. ‘H NMR 8: 0.95(12H, t, 
J = 6Hz), 1.25-i.80(16H, m), 2.82(4H, t, J= 7Hz), 
4.00-4.30(12H, m). 13C NMR S; 13.66, 18.%, 32.47 
(3Jcp = 6.9 Hz), 32.61 CJcp = 6.6 Hz), 66.70 (*JcP = 
5.7 Hz), 67.38 (*Jcp = 6Hz). “P NMR 8: -1.06. 

Preparation of complexes 
Complexes are readily prepared by action of uranyl 

nitrate on extractant in chloroform solution. Water was 
separated by decantation and organic solution was dried. 
The solvent was removed under vacuum, leaving the 
crude complex as a green viscous oil. 

Several uranyl nitrate-extractant (U : L) stoichiometric 
ratios corresponding with those determined during 
extraction studies were used. 

We have noted below the principal variations of IR 
and NMR spectra of these complexes with regard to 
those of free ligands: 

1 U:L= 1:0.5, IR: 1190 cm-‘(P=O), “P NMR 8: 0.15. 
U:L= 1:1.5, IR: 1190 cm-‘, 3’P NMR 8: - 3.15. 

2 U:L= l:l, IR: 1185 cm-‘, 3’P NMR 8: - 0.10. 
U:L= 1:1.5, IR: 1190 cm-‘, 3’P NMR 8: 0.26. 

3 U:L= 1:1.5, IR: 1180 cm-‘, “P NMR 8: - 3.15. 
4 U:L= 1:2, IR: 1200 cm-‘, 3’P NMR 8: -0.71. 

DET-ATION OF DISTRIBUTION RATIOS 
Toluene solutions of extractant with a concentration 

from 0.025 M to 0.5 M were used. Uranyl nitrate solution 
(4.2 x lo-’ M) was prepared from a NaNOrHN03 solu- 
tion and ionic strength of the aqueous phase was main- 
tained equal to 1. Equal volumes of the two phases were 
mixed and shaken together during fifteen minutes. Prel- 
iminary experiments have shown that after 5 minutes the 
thermodynamic equilibrium for the extraction was 
established. After decantation and separation the pH of 
aqueous phase was measured and uranyl nitrate concen- 
tration in aqueous phase determined spectrophotometric- 
ally by complexing with 8-hydroxyquinolme. All distrib- 
ution ratios (D) were determined at 20 + 2”C, in all the pH 
range from 0.6 to 2.7. 

EXTRACTION OF NITRIC ACID 

Extraction of nitric acid into organic phase with a 
0.2 M extractant concentration was studied from various 
concentrations in aqueous phase. Titrations were made 
according to the method described by Sato et a1.l’ 

RESULTS AND DISCUSSION 
Nitric aGid extraction 
Figure 1 shows variations of nitric acid concentration 

in organic phase against its initial concentration in 
aqueous phase for 0.2M extractant concentration at 
20°C. We can note the closely similar curves for the 
compounds l-4 consistent with their identical structure. 
Acid content in organic phase is higher than extractant 
concentration when initial HN03 concentration in 
aqueous phase exceeds 4 M. Generally, HNOa extraction 
is related with the properties of phosphoryl groups” 
therefore extraction with compounds l-4 including two 
phosphoryl groups is twice as important as TBP extrac- 
tion. 

However the polyheteroatomic chain probably takes 
part in the complexation, this is supported by the fact 
that the substitution of a hard oxygen atomI by a soft 
sulphur atom in the chain (compound 4 vs 2) results in a 
slight diminution of the extraction of HNOp in organic 
phase. 

All studies of uranyl nitrate extraction have been made 
at nitric acid concentration in aqueous phase below 1 M; 
as shown the Fig. 1 for this value, HN03 concentration is ,/ 
lower than 0.045 M in organic phase. 



Study of the extraction of uranium (VI) 
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Fig. 1. Nitric acid concentration in the organic phase as a fune 1 I I I 

tion of HNO3 concentration in the aqueous phase after extras -1.5 -1D -0.5 

tion. LOG CE 

Uranyl nitrate extraction 
Distribution ratios obtained with compounds l-4 do 

not depend upon the aqueous phase pH within all the 
studied pH range. Table 1 reports the D values at 
different pH extraction carried out with 0.5, 0.3 and 
0.1 M concentrations of the compound 1. Similar 
behaviour was noted for the compounds 2-4. Therefore, 
we can consider these compounds as neutral extractants. 

Figures 2 and 3 show the plots of 1ogD for uranium 
against log Ce, CE is the extractant concentration for the 
compounds 14 and TBP. The distribution ratios with the 
compounds l-3 are somewhat greater than those 
obtained with TBP but this d8erence is more important 
at low concentrations for the compounds 1 and 2. For the 
compound 4 the distribution ratios are lower than those 

0 

-1 

Fig. 2. Distribution coefficient of uranyl nitrate as a function of 
extractant concentration for the compounds 1,3 and TBP. 

of the analogous compound 2. The difference particularly 
marked at low extractant concentration is due to the 
presence of the sulfur atom in the chain attaching the 
two phosphate groups. This result accounts for the par- 
ticipation of the heteroatomic chain in the extraction of 
uranyl nitrate in which the UOzz’ cation is Fenerally 
classified as a hard acid according to Pearson 4 and as 
A-type acceptor according to Ahrland et a1.15 Further- 
more the interaction of the UO,*+ cation with Merent 
donor atoms may be expected to follow the order 0 > S. 

Table 1. Distribution ratios D with compound 1 at different concentrations (CE) as a function of pH 
--__ h- 

Distribution ratios D 

PH CE = 0.5 M CE = 0.3 El CE = 0. I P: 

0.65 3.50 1.53 0.321 

I. I9 3.56 1.56 0.339 

1.61 3.52 1.57 0.346 

1.87 3.59 1.58 0.325 

2.29 3.58 I.61 0.342 

2.61 3.62 I.53 0.323 
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Fig. 3. Distribution coefficient of uranyl nitrate as a function of 
extractant concentration for the compounds 2,4 and TBP. 

We can note that these compounds have dif[erent 
behaviours toward uranyl extraction within the extrac- 
tant concentration range. A linear relationship is found 
for compounds 3,4 and TBP and two linear relationships 
describe the dependence of the log D against the log CE 
for the compounds 1 and 2. 

Table 2 gives the slope values which correspond to the For the 0.025-0.07M extractant concentration range, 
number of molecules coordinated to the uranyl nitrate. It uranyl nitrate is extracted by compound 2 in the molar 

was assumed that two nitrate ions are extracted with the 
uranyl cation as neutral extractant molecules, and the 
composition of the complex can be represented as fol- 
lows U02(N0&L, in which L and m are respectively 
the extractant molecule and their number coordinated to 
the uranyl cation. As it was recently reported for tri-n- 
octylphosphine oxideI and octaethytetraamidopyro- 
phosphate’ this coordination number depends upon 
extractant molecular structure and extractant concen- 
tration in organic phase. Without further information 
about the molecular structure of such complexes, the 

slope values could represent the average between two or 
more structures in equilibrium. 

IR and NMR studies were made on complexes as 
oily compounds. ‘H, ‘% and “P NMR data were not 
very informative about the structure of the complexes 
since the spectra were practically unalfected by the 
presence of uranyl cation. In contrast we noted a marked 
reduction (80 cm-‘) in frequency at the P=O stretch band 
accompanying the complexation of uranyl cation. 

Table 2. Number of extractant molecules coordinated with uranyl nitrate 

Compound 

CE = 0.025 - 0.37 M CE = 0.1 - 0.5 M 

Slope Complex Slope Complex 

TSP 1.8a U02(N03)2L2 1.8a U02 (NO3) 2L2 

I 0.5 U02(N03)2Lo_5 1.5 “02 CN03) 2Ll. 5 

2 1.0 1.5 - U02 (NO31 2L U02(N03)2L,_5 

3 1.5 _ IJ02(N03)2L, 5 1.5 UO2 (NO3) 2L, 5 

4 2.0 2.0 - U02(N03)2L2 U02 (N03)2L2 

a : value found in our experiment and that reported in reference (17) 
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ratio 1: 1. The complex might be a &elate between uranyl 
nitrate and the two phosphoryl groups of extractant. This 
model is consistent with previous results obtained by 
Saisho,6 Parker et al.” and Mikulski et u1.19 about neutral 
organophosphorus compounds containing two phos- 
phoryl groups. 

Only the compound 1 gives rise to a complex ratio 
1: 0.5 within the 0.025-0.07 M extractant concentration 
range and this might be represented as a dimer. 

Complexes with stoichiometry UO@IO&L1, are 
obtained with the compounds l-3 for 0.1-0.5 M extrac- 
tam concentrations and with compound 3 for 0.025-0.1 M 
extractant concentrations. The structure of such com- 
plexes could be dimeric as those of lanthanide nitrate 
complexes with 
kanes.M 

bis-(di-disopropoxyphosphinyl)al- 
However the slope value 1.5 could also be 

analysed as an equilibrium between two complexes 1:l 
and 1: 2. Unlike compound 2, a complex ratio 1: 2 occurs 
with the analogous compound 4. The present study illus- 
trates that no important difference between distribution 
ratios of the compounds l-4 and TBP was observed 
particularly at high extractant concentration. These 
results are supported by previous works about com- 
pounds behaving like bidentate ligands with respect to 
uranyl cation. Actually, it is diicult to draw comparisons 
between the extractant properties of various retorted 
ligands such as TBPPP OETAPP’ and TBEDP, since 
these studies have been carried out under different 
experimental conditions. However we can note that the 
distribution ratios obtained with the mentioned ligands 
stay relatively 10w.~ For instance, a distribution ratio 
equal to 1 was reported with TBEDP ligand6 at C = 0.1 M 
and 0.5 M HNO+ Moreover this compound includes two 
phosphonate groups and it is well known that the ex- 
tractant properties of these groups are far better than 
those of the less basic corresponding phosphate groups. It 
is worth mentioning that at low extractant concen- 
trations, the heteroatomic chain of the compounds 14. 
could be involved in the II complexation. This would 
explain the difference between the distribution ratios of 

the compounds l-3 and TBP and the variation of the 
coordinated extractant number for the molecules la. 
The intramolecular complexation involving two phos- 
phoryl groups of the same molecule could be more 
important at high extractant concentrations. 

Synergism 
Compounds l-4 synthesized according to Moshkina’s 

method” provide high distribution ratios and an 
influence of the aqueous phase acidity upon the dis- 
tribution coefficients of uranium. Such effects can be 
easily explained by the presence of di-n-butylphosphoric 
acid (HDBP) as shown ‘P NMB spectra. It was already 
reported that a HDBP-TBP mixture” gives distribution 
ratios higher than the sum of those obtained with each of 
them under the same conditions. It was also found that in 
the solvent extraction of uranium (VI) with dialkyl- 
phosphorodithioic acids in benzene, TBP exhibits a 
synergistic effect.” As shown in the Table 3 a strong 
synergistic effect is observed with a mixture of com- 
pound 3 and HDBP. 

The other compounds 1,2 and 4 lead to similar results. 
The data reported in Table 3 afford some evidences 
about the effect of HDBP upon the partition of the 
metal. We can note that compound 3 alone in toluene and 
0.1 M concentration extracts in moderate amount the 
uranium from aqueous solution. Under the same 
condtions, toluene solutions of HDBP in 0.005,0.01,0.02 
and 0.05 M and compound 3 in 0.1 M concentration 
extract the uranium with distribution coefficients which 
are respectively 14, 160, 350 and 280 times those 
obtained with compound 3 alone in 0.1 M concentration. 
An analogous effect is observed but less important when 
the HDBP concentration is maintained constant and 
different amounts of compound 3 are added. In both 
experiments the presence of large amounts of either 
added compound 3 or added HDBP produce an 
antagonistic effect. The latter must be assumed to be a 
strong interaction between HDBP and compound 3. 

Table 3. Distribution coefficients of uranyl nitrate with HDBP-compound 3 mixture” 

Molar 

Concentration 

of compound 3 _ 

Molar concentration of HDBP 

0 0.(105 0.01 0.02 0.05 

0 0 0.656 7.40 81.65 51.63 

0.025 0.104 2.99 48.04 127.40 119.48 

0.05 0.166 4.29 53.25 141.02 132.33 

0. I 0.458 6.38 73.54 162.93 130.58 

0.2 1.33 11.52 90.74 150.52 100.01 

“All studies were carried out with an initial pii of aqueous phase equal to 

2. I. This value decreases during the extraction, for instance the final 

pH of aqueous phase is 1.35 for a 0.05 M concentration of HDBP. 
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Abstract-The platinum(H) ylids [X2Pt{CH(py)CH2CH,Xpy)] (X = Cl, Br; py = pyridine) react with carbon monox- 
ide to give the platinum carhonyls [CO(X,)Pt{CH(py)CH$H$Hr}] which lose CO on heating or in solution. The 
platinum(IV) ylids [Cl,+Pt{CH(py)CHrCH&py)}l and[CIJ(CH,)Pt{CH(py)CH,CH,Hpy)] also react with CO to Rive 
Pt(CO)-ylid compounds. 

INTRODUCTION 
Platina(IV)cyclobutane compounds readily isomerise to 
platinum ylids under appropriate conditions.’ This reac- 
tion was established some years ago by Gillard et aL2 
They found , that, on refluxing a solution of 
[C12PtCH2CH2CH2(pyridine)21 (I, Cl) in benzene for lO- 

isomeric platinum(H) 
~&Pt$~(py)C~>H&py)] (I Cl) was formed With 

ylid 

CHCI,/CCI, as solvent, refluxing for about 2 hr gave the 
platinum(IV) ylid [CLPt{CH(py)CH,CH,}(py)l (HI, Cl). 
However, on prolonged refluxing in CHC&/CC&, a solid 
(A) could be extracted, the IR spectrum of which was 
similar to those of the two ylids[2a] but which showed a 
strong absorption at about 2060cm-‘. The elemental 
analyses for different samples were somewhat variable, 
but it was tentatively suggested that it was a platinum 
hydride [H(Clj)Pt{CH(py)CH2CH,Kpy)] contaminated 
with C12Ptpy2,2a*3 the hydrogen coming from ethanol 
impurity in the trichloromethane, although no charac- 
teristic Pt-H signal in the ‘HNMR spectrum could be 
observed despite diligent search. We have now done 
further work to elucidate the nature of A, which in fact 
appears to be a Pt-CO(yIid) compound, and this has led 
us to investigate the reaction of carbon monoxide with 
the ylids, The compounds and the reactions involved are 
summarised in Scheme I. 

RESULTS AND DISCUSSION 
Refluxing (I, Cl) in CDCl,/CCI, for about 5 hr gave a 

solid which showed no IR absorption which could be 
attributed to Pt-D. On repeating in the presence of a 
little CD30D (CDC13 contains no alcohol impurity), the 
IR of the solid extracted was identical with that of A, 
including the absorption at 2060 cm-‘. Thus A can hardly 
be a platinum-hydride. 

Platinum carbonyls with terminal CO groups show 
strong IR absorptions between 2050 and 2150 cm-‘.4 The 
presence of CO in A is supported by the mass spectrum, 
which includes two sets of peaks (of the same pattern) 
centred on M/e 344 and 372, probably due to [Cl,Ptpy]’ 
and [CO(C&)Ptpy]+, respectively. On heating solid A rir 
uacuo to about 130°C both carbon monoxide and pro- 
pene were detected in the gas phase. Thus, A is almost 

*Author to whom correspondence should be addressed. 

certainly an ylid related to (II, Cl) and [III, Cl] containing 
a P&CO moiety, but owing to the variables analyses, no 
more definite structure can be given. A compound (A, 
Br) similar to A is produced on prolonged refluxing of 
[Br2PwH,(py),1 (I, Br) in CHCl,/CCl,,. 
The IR spectrum again shows adsorption at 206Ocm-‘* 
and also at 330cm-’ (P&Cl). Presumably (HI, Cl) or 
[C12Br2Pt{CH(py)CH2CH3Hpy)l (III, Br) are tist formed 
and react with CO produced slowly in the mixture at the 
boiling point. 

On passing carbon monoxide through a solution of the 
ylid (II, Cl) in benzene at room temperature, the yellow 
colour faded rapidly and a pale-yellow solid (IV, Cl) 
eventually precipitated. This compound appears to have 
the structure: 

cl\pt/ 
CH(C,H,N)CHzCH, 

Cl’ ‘co 

where CO has replaced the pyridine attached to the 
metal in (II, Cl) and the chlorines are now cis to each 
other (truns in (II, Cl)2b). Thus, the elemental analysis 
agrees with the formula PtC9HIINC120. The IR spectrum 
of (IV, Cl), compared to that of (II, Cl)^, showed a very 
strong absorption at about 2080 cm-’ (PtC-0 stretching4) 
and absorptions at 487, 497, 508, 556 and 568 cm-’ (Pt- 
CO stretching and P&C-O deformation’). The absorp- 
tion at about 16OOcm-’ (C=C and C=N stretching vibra- 
tions of the pyridine attached to the platinum atom) is 
absent and there are two absorptions due to Pt-CI 
stretching 330 and 280 cm-‘) indicating that the chlorine 
ligands are cis to each other.-6 The mass spectrum 
includes two sets of peaks centred at M/e 344 and 372 
(see A, above) and, on heating the solid, carbon monox- 
ide was evolved. The tram-cis configurational change is 
not unexpected if the ylid ligand has some a-bonding 
character.’ 

The solid was soluble in methyl cyanide and dime- 
thylsulphoxide giving greenish solutions. These were 
unstable, CO (but no hydrocarbons) being evolved 
slowly in the dark and very rapidly in daylight, the colour 
changing to a yellow brown. The ‘H NMR spectrum in 
(CDx)2S0 was nearly the same before and after photoly- 
sis (ylid hydrogens: CH, S = 5.20 [triplet, J(Pt-H) 103 
Hz]; CH2, S = 2.4 [Multiple& partly obscured by H in 
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The reaction of carbon monoxide with platinum ylids 691 

solvent]; CH3, S = 0.79 [triplet] - c.f. (II, Cl) in CDCls? 
CH, S = 5.57 [J(Pt-H) 115 Hz]; CH, 8 = 2.43 and 1.92; 
CH, S = 1.07) suggesting that the ligand trans to the ylid 
moiety (i.e. Cl) had not changed. 

The ylid [Br,Pt{CH(py)CH,CH&py)] (II, Br) can be 
prepared from the corresponding platnacyclobutane (I, 
Br). Reaction with carbon monoxide gives the CO com- 
pound (IV, Br) corresponding to (IV, Cl). 

On continuing to pass carbon monoxide through the 
solutions left after the carbonyls (IV, Cl) and (IV, Br) 
had been removed (see above) until all the benzene was 
driven off and then drying in oacuo, yellow-brown solids, 
(V, Cl) or (V, Br) were obtained. Reacting these with 
triphenyl-phosphine in dimethylsulphoxide gave large 
yields of cyclopropane, at least 50 times that from any 
traces of unchanged (I, Cl) or (I, Br) present. This 
indicates that at least most of the ylid left has been 
reconverted into a platinacyclobutane: the action of HI 
on (II, Cl) in benzene also gives a platinacyclobutane.8 
The IR spectra showed more than one absorption due to 
PtC-0 stretching [(V, Cl): 2120, 2070 and 2035 cm-‘; (V, 
Br): 2115 and 2070 cm-‘] and a strong absorption at 
16OOcm-’ (pyridine attached to platinum, see above) 
with no or weak absorption at 1625 cm-’ (ylid pyridine). 
There was also only one absorption due to Pt-Cl 
stretching (330cm-‘). The elemental analysis of (V, CI) 
indicated the presence of two pyridines. The results 
suggest that (V, Cl) and (V, Br) contain mainly pla- 
tina(IV)cyclobutane carbonyls, probably 
[X(CO)PtCH,CH,CH,(py)J+ X- (X = Cl, Br) which 
has three stru_ctural isomers with respect to PtCO, mixed 
with some (IV, Cl) or (IV, Br) (and probably X2Ptpy,‘), 
the composition of the mixture depending on how much 
platinum was removed in the (IV, Cl) or (IV, Br) pre- 
cipitate. 

On passing CO through a benzene solution of the 
platinum(N) ylid (III, Cl) at room temperature (see 
preparation of A above), the bright-yellow colour again 
faded and precipitation with pentane gave a solid, the IR 
and mass spectra of which are very similar to those of A. 
Unfortunately, the elemental analysis does not cor- 
respond to any simple formula. 

Iodomethane oxidatively adds to the ylid (II, Cl) to 
give [ClJ(CH,)Pt{CH(py)CH,CH,Hpy)](VI).8 This pla- 
tinum (IV) ylid reacts with CO in benzene solution to 
give the addition compound, presumably [ClI(CH,) 
(CO)Pt{CH(py)CH,CH,}(py)]+Cl-(VIII). Until now pla- 
tinum(W) carbonyls have only been obtained in solu- 
tion.6,9 

EXPERIMENTAL 

The ylids [Cl,Pt{CH(py)CH,CH,Hpy)] (II, Cl) and 
[Cl.+Pt{CH(py)CH,CH,}(py)] (III, Cl) were prepared by the 
method of Gillard et nl.* 

[Br,Pt{CH(C,H,N)CH,CH,HCSH5N)](H, Br) 
[Br2PtCHzCH2CH2(py)J (I, Br) was prepared as previously 

described.” On refluxing a solution in benzene for 15 min. the 
colour turned yellow-brown. Addition of excess pentane gave a 
yellow brown solid: yield, 70%, m.pt 143°C with decomposition. 
Found; C, 28.12; H,.2.95; N, 4.18: Calc. for C1&,N&rZPt C, 
28.11; H, 2.88; N, 5.05%. The i&a-red spectrum showed bands 
at (cm-‘); 306Om, 303Ow, 2950m, 2915w, 286Ow, 284Ow, 1618m, 
1589s, 1492s, 1477vs, 1444vs, 137Ow, 1348w, 1273w, 1247w, 
1238m, 1211s, 119Ow. 1161m, 1149m, 1098w, 1068s, 1043m, 
lOllm, 945w, 936w, 913w, 882w, 848w, 817m, 768~s. 735w, 7OOvs, 
675vs, 639w, 612w, 479w, 445~ (see II, Cl’“). The mass spectrum 
included sets of perks centred on (M/e): 273 [PtCJI&N]‘, 352 

[pyPtC&N]+ and/or [BrPtCJH,N]+, 432 [BrPtpy$ and/or 
[Br2Ptpy]+, 511 [BrzPtpyJ, 553 (mol. ion). 

(A, Br) 
A solution of (I, Br) in a mixture of CHCl,/CC& (I:1 by vol) 

was refluxed for 6 hr. Addition of hot petroleum ether (40-60) to 
the hot solution gave a pale brown solid. I&a-red bands at 
(cm-‘): similar to (II, Br) above plus 207Os, 538w, 497w, 325m 
(broad). The mass spectrum included peaks centred on (M/e): 273 
[PtC&N]‘, 352 [pyPtC5HdN]+ and/or [BrPtCSH,N]+, 353 
[Ptpy,]+ and/or [BrPtpy]+ and/or [Br,Pt]+, 38l[(CO)PtpyJ+ 
and/or [(CO)BrPtpy]+, 432 [BrPtpy# and/or [Br*Ptpy]+, 460 
[(CO)Br,Ptpy]+ and/or [(CO)BrPtpy2]+, 511 [Br2PtpyJ+. 

cis-C12(CO)Pt{CH(C,H,N)CH,CH,XIV,Cl) 
A yellow solution of the ylid (II, Cl) was prepared from O.lg 

[C12PtCH2CH,CH,(pyz)] dissolved in the minimum volume of 
warm benzene (lS2Ocm’) by refluxing for 10 min.* Carbon 
monoxide was passed through the solution at room temperature 
for 2 hr. The colour faded and after leaving the solution saturated 
with CO overnight, a very pale yellow solid precipitated. This 
was filtered off, washed with pentane and dried in vacua: yield, 
70-80%; m.pt. 145°C with decomposition. Found: C, 26.4; H, 
2.64; N 3.38. Calc. for C9HIINC120Pf: C, 26.0; H, 2.65; N, 3.37% 
IR bands (cm-‘): 312Ow, 3075m, 3065m, 303Ow, 2%0m, 2935m, 
2870m, 2080~s (tails), 203Ow, 1625s, 1579~. 1482s, 1461s, 1414w, 
1384~. 1375w, 1338w, 1321w, 1286w, 1245w, 1214w, 1187m. 
1167m, 1132m, lllOm, 1069w, 1057w, 1029w, 1013w, 972w, 945~. 
916w, 859w, 827m, 781s, 758w, 749w, 698s, 678s, 633w, 568m, 
556s, 508m, 497m, 487m, 433w, 4OOw, 33Os, 280s (broad). The 
mass spectrum included peaks centred on (M/e): 273 
W%,Nl+, 308 [ClPtCJ&N]+, 344 [Cl,Ptpy]+, 372 
[(CO)C12Ptpy]+. Thermal decomposition of the solid at about 
130°C gave CO and propene. 

Br2(CO)Pt{CH(CSHSN)CH,CH,XIV, Br) 
This was prepared in the same way as (IV, Cl); yield 60-70%; 

m.pt. 158°C with decomposition. Found: C, 21.8; H, 2.22; N. 2.78. 
Calc. for C&II,NBr20Pt: C, 21.5; H, 2.18; N, 2.78%. IR similar to 
(IV, Cl) above but bands below 4OOcm-’ missing. The mass 
spectrum includes peaks centred on (M/e): 273 [PtC,H,N]+, 301 
[(CO)PtC,H,N]+, 352 [BrPtC,H.,N]+, 381 [(CO)BrPtpy]+, 432 
[BrJ’tpyl’, 460 KCO)BrzPtpyl+. 

Reaction of CO with [C&Pt{CH(C,H,N)CH,CH,HC,H,N)] (III, 
Cl) 

The ylid (III, Cl) was dissolved in the minimum volume of 
benzene and carbon monoxide passed through at room tem- 
perature for 5 h. The bright yellow colour of the solution faded. 
The product, extracted by precipitation with pentane, was a light 
yellow-brown solid; yield 650%; m.pt. 148°C with decom- 
position. Found: C, 31.9; H, 3.39; N, 4.58%. IR: similar to (A, Br) 
above. The mass spectrum includes sets of peaks centred on 
(M/e). 230 [ClPtl’, 273 [PtCJH4Nl+, 308 [CIPtCJH,Nl+, 344 
UPtPYl’, 372 [(CO)C12Ptpy]+, 388 [ClPtpyJ+, 422 
KM’tPYGH,N)l+. 

[C11(CH,)(Co)PtICH(py)CH,CH,HpylfCI-(Vn) 
A solution of the ylid (II, Cl) in benzene was oreoared as 

above and excess CHJI added (-.l cm’), CO was passed through 
the solution until all the volatiles appeared to have been driven 
off. The solid remaining was dried in uacuo. washed with ben- 
zene and again dried in iacuo giving a yelIow.powder. Found: C, 
28.5; H, 3.13; N, 4.50. Calc. for CISH19N20C1ZIPt: C, 28.3; H, 
2.99; N, 4.40%. The IR spectrum was almost the same as that of 
[Cl,I(CH,)Pt{CH(py)CH,CH,Hpy)]? except for a strong adsorp- 
tion at 2060 cm-‘. 

ANALYSIS 
The IR spectra of the solids in KBr discs were obtained using a 

Perkin-Elmer grating spectrometer 577, and mass spectra using a 
VG micromass/f with solid probe. 

The solids were decomp&ed in uacuo and the reactions with 
PPhl performed in an apparatus which was a slight modification 
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of that already described.” The hydrocarbons were determined 
by GLC using a squalane column” and CO using a molecular 
sieve SA column. 

4P. S. Braterman, Metal Carbonyl Spectra. Academic Press, 
New York (1975). 

‘P. L. Goggin and R. J. Goodfellow, 1. Chem. Sot., Dalton, 1973, 
2355. -- 
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Ahstraet-The optical activity associated with the f-f emission bands of Tb(III) complexes which contain chiral 
hydroxycarboxylic acid8 ha8 been studied by means of circularly polarized luminescence (CPL) spectroscopy. 
Complexes having the general formula Tb(SSA),(L) were studied (where SSA signi6es 54phosalicylic acid), with 
the chiral lid (L) being L-lactic acid, L-mandelic acid, L-aspartic acid, and L-malic acid. The CPL spectra were 
found to be sensitive to the mode of bonding between the metal and the chiral lid and therefore allowed 
predictions to be made regarding how the hydroxycarboxylic acid ligands attach to the Tb(III) ion. Also, the degree 
of optical activity varied systematically with the concentration of chiral ligand, and we have used this dependence 
to calculate formation constants for the addition of a hydroxycarboxylic acid liid to the Tb/SSA complex. 
Finallv. the line shane and maanitudes of the CPL snectra provide information regarding the type of chirality 
experienced by the ‘&III) ion. - 

INTRODUCTION 
In recent years the study of optical activity in transition 
metal complexes has been greatly facilitated by the 
emergence of such techniques as circular dichroism, and 
optical rotatory dispersion. These techniques are of great 
utility in studying optical activity associated with the d-d 
bands of these complexes, but are of little use in study- 
ing f-f optical activity in chiral lanthanide complexes. 
Recently, however, the technique of circularly polarized 
luminescence (CPL) has received a great deal of atten- 
tion as a convenient method for studying optical activity 
in lanthanides.‘-” 

Unlike the other aforementioned &optical tech- 
niques CPL allows one to study, directly, the chirality 
associated with the molecular emitting states rather than 
ground state phenomena.’ This is quite advantageous for 
the study of the highly luminescent lanthanide com- 
plexes. As a result, many papers have appeared in which 
the technique of CPL spectroscopy has been utilized to 
observe optical activity of various mixed ligand com- 
plexes of Tb(II1) and Eu(III).~-’ 

In an earlier paper we have detailed the complexation 
of chiral hydroxycarboxylic acids with complexes of 
Tb(DPA) (where DPA is pyridine - 2,6 - dicarboxylic 
acid), and have shown how the optical activity of the 
complex can be influenced by the addition of the 
hydroxycarboxylic acids and other chiral ligands.” 

With the exception of glycolic acid (hydroxyacetic 
acid) all n-hydroxycarboxylic acids can be resolved into 
optical isomers, and one would anticipate that the inter- 
actions between lanthanide ions and these ligands could 
best be studied by chiroptical techniques. Circular di- 
chroism studies revealed that the spectra associated with 
Pr(II1) complexes were complicated and that the over- 
lapping nature of the f-f absorptions prevented effectual 
use of the data.’ 

*Author to whom correspondence should be addressed. 
tTeacher-Scholar of the Camille and Henry Dreyfus Fotm- 

dation, l%O-t35. 

In the present work we have used CPL spectroscopy 
to study mixed-l&and Tb(II1) complexes of sulphosali- 
cylic acid (SSA) with chiral hydroxycarboxylic acids. 
The sulphosalicylic acid ligand, shown in Fig. 1, binds in 
a bidentate fashion to Tb(III), forming a biscomplex 
which leaves room for additional ligands to complete the 
coordination sphere.9 Normally the extra ligating sites 
are Glled by solvent molecules, but in the presence of the 
hydroxycarboxylic acids mixed ligand complexes are 
formed. The hydroxycarboxylic acids used in the present 
investigation were; L-lactic acid, L-malic acid, L-man- 
delic acid, and L-aspartic acid. The structures of these 
ligands are shown in Fig. 2. 

Also, a method for evaluating the equilibria associated 
with mixed-ligand complexes of Tb(II1) has been repor- 
ted in an earlier paper.’ We have made use of this ’ 
method for the mixed-l&and complexes investigated 
here, and report formation constants for them. 

EXPERIMENTAL 
Tb(III) solutions were prepared by dissolving a weighed 

amount of Tb,O, (99.%% pure, Kerr-hfcGee) in the minimum 
amount of 70% HClO,. neutral&a to oH 3 with NaOH. and then 
diluting to the desired volume. A subcient amount of NaClO, 
was then added to ensure that the tinal ionic strength was 0.1 M. 
L-lactic acid (LAC) was purchased from Eastman, as were 
L-malic acid (MAL), L-mandelic acid (MAN), and L-aspartic 
acid (ASP). The sulpho-salicylic acid was obtained from Aldrich. 
All materials were used as received. 

Solutions containing I:2 ratio of Tb(III) and SSA prepared 
from concentrated stock solutions, with the final Tb(III) concen- 
tration being 17 mM. For each system, varying amounts of each 
hydroxycarboxylic acid was added in turn, with ratios of Tb(II1): 
carboxylic acid ranging from 1: 0.5 to 1: 10. 

All CPL spectra were recorded on a high-resolution lumines- 
cence spectrometer constructed in our laboratory, whose opera- 
tion and features have been previously reported.’ All samples 
were excited at 303 nm (obtained from a 200 W Hg-Xe arc lamp 
and selected by a 0.1 m grating monochromater), corresponding 
to irradiition of the SSA ligand. Very strong Tb(II1) emission 
was observed, and CPL spectra could be recorded for a varying 
number of Tb(III) luminescence bands depending on the attached 
chiral ligand. An emission bandpass of 10 A was used for all 
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Fig. 1. Structure of S-Sulphosalicyhc acid. 

ASP : HOOC-Ct+-~t+CO~ 

NH2 

LAC : Ck CH-COOH 

,J OH 

MAL : 

MAN: 

iOOC-CHZ_$H-COOH 

a-l 

C6Hs I-CH-COOH 

bH 

Fig. 2. Structures of the carboxylic acid substrates. 

work. Ah studies were obtained in aqueous solution at room 
temperature. 

pH adjustment of the solutions was carried out by adding 
microliter amounts of standard NaOH or HC104 directly to the 
fluorescence cuvette, with pH being read on an Orion 701A pH 
meter. The pH was obtained by inserting a glass microcom- 
bination electrode directly into the cuvette, and this electrode 
was calibrated daily with phosphate buffers. 

RESULTS 
The addition of any of the hydroxycarboxylic acids, 

shown in Fig. 2, to a solution containing 1:2 Tb: SSA 
results in the appearance of CPL in the terbium emission 
bands. All of the emissions originate in the ‘D4 excited 
state, and transitions to the ‘F,(620nm), ‘F&SOnm), 
‘F5(545 nm) and ‘FJ490 nm) J levels of theground state 
can be observed. Of the above transitions, the 5D4+7F5 
transition is the most intense and was found to exhibit 
the greatest degree of CPL. The 5D4+7FS and 5D4+7Fi 
transitions were extremely weak; so much so that except 
for solutions of malic acid, no meaningful data could be 
obtained at these wavelengths. The ‘D4+‘F6 transition 
appears at 49Onm. Unfortunately, this overlaps with 
emission from the sulphonsalicylic acid and as a result 
no meaningful data could be obtained at this wavelength 
for any of the chiral ligands investigated. Therefore, the 
bulk of the data presented here is that of the ‘D,+‘F, 
transition. 

Simple mixing of 1: 2 mol ratios of Tb(II1) and SSA 
resulted in the formation of the Tb(SSAb complex since 
the formation constants associated with the addition of 
each ligand are log K, 8.42 and log Kz 6.19.9 Addition of 
L-lactic, L-mandelic acid, L-malic acid, or L-aspartic acid 
led to the observation of strong CPL. Spectra were taken 
in the pH range of 2.0-10.0. For L-lactic and L-mandelic 
acid the CPL intensity was nearly constant at low pH, 
but then started to decrease rapidly above pH 6.0. In the 
case of aspartic acid, the opposite pattern was observed. 
That is, at low pH the CPL intensity was again constant, 

but above pH6.0 the intensity rapidly increased up to 
about pH 7 5 where it once again leveled off. This pattern 
suggests that at high pH the aspartic acid is binding in a 
bidentate fashion (through its second carboxylic acid 
group) to the Tb/SSA complex in much the same manner 
as has been reported for the aspartic acid complexes of 
Tb/DPA.’ 

While the intensity of the CPL signal varied with pH 
for these ligands, the line shape remained invariant over 
the entire pH range. This was not true, however, in the 
case of L-malic acid. With malic acid we observed some 
rather peculiar behavior. At low pH the line shape of the 
malic acid complexes resembled, very closely, that of 
complexes of aspartic acid. However, at high pH (above 
7.0) the sign of the CPL signal inverted. This is not the 
first time that such behavior has been noted. In previous 
papers we have observed CPL sign inversion, at high 
pH, in complexes of malic acid with Tb(DPA), and 
Tb(DPA)2.‘*‘0 We have shown that this anomalous 
behaviour can be attributed to a change from bidentate 
binding (at low pH) to terdentate binding (at high pH) of 
the malic acid in complexes with Tb/DPA.‘,” It now 
seems likely that the same binding pattern can be assig- 
ned to the malic acid complexes with Tb/SSA. 

Examples of typical CPL spectra are presented here 
for the mixed ligand complexes of; lactic acid (Fig. 3), 
mandelic acid (Fig. 4), aspartic acid (Fig. S), and malic 
acid (Figs. 6-9). 

We generate two observables during the course of a 
CPL determination. One of these is the total lumines- 
cence (TL) intensity, given by eqn (l), and the other is 
the CPL intensity, given by eqn (2), where IL and IR 
renresent the emitted intensities of the left- and right- 
circularly polarized light, respectively 

I=$+I,) (1) 

CPL 

TL 

I 
530 

I I 
540 550 

Wavelength, nm 

Fig. 3. TL (lower) and CPL (upper) spectra obtained for 
Tb(SSA)r/L-lactic acid complex at pH 4.00 within the 5Dq +7F, 

transition. 
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CPL 

TL 

J I I I 
30 540 550 56C 

Wavelength, nm 

CPL 

TL 

i30 540 550 56C 

Wavelength, nm 

Fii. 4. TL (lower) and CPL (upper) spectra obtained for 
Tb(SSA)JL-mandelic acid complex at pH 2.60 withio the ‘Dd+ 

Fig. 6. TL (lower) and CPL (upper) spectra obtained for 
Tb(SSA)JLmalic acid complex at pH 8.80 within the 5D4+7F5 

‘5 transition. transition. 

CPI 

TI 

Wavelength, nm 

CPI 

TL 

Wavelength, nm 

Fi. 5. TL (lower) and CPL (upper) spectra obtained for 
Tb(SSAk/L-aspartic acid complex at pH 9.00 within the ‘Dd + ‘Fs 

Fig. 7. TL (lower) and CPL (upper) spectra obtained for 
l%(SSA)JLmalic acid complex at pH 8.80 within the 5D4+ ‘F, 

transition. transition. 
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CPL 

TL 

I I I 
0 620 630 64C 

Wavelength, nm 

Fii. 8. TL (lower) and CPL (upper) spectra obtained for 
Tb(SSA),/L-malic acid complex at pH 8.80 within the ‘D4+‘F3 

transition. 

AI=&_-Ia. (2) 

It is possible to eliminate the unit dependence associated 
with these two quantities by taking their ratio; this 
results in a parameter which is termed the luminescence 
dissymmetry factor (eqn 3) 

gr,, = AI/I. (3) 

This dissymmetry factor has both theoretical and 
experimental significance, as it may be related to the 
rotational strength of the transition.* 

Values of gi,, were calculated for each Tb/SSA com- 
plex at several pH values. These results are presented in 
Tables l-4 for complexes with L-lactic, L-mandelic, 
L-aspartic and L-malic acids, respectively. 

In a previous paper we have outlined a method for 
calculating the formation constants for mixed ligand 
complexes of Tb(III)P We can take advantage of this 
method for the mixed ligand complexes described here. 
Knowing the large values of the association constants of 
Th(II1) and SSAT and the low values for the association 
constants of Tb(II1) and cu-hydroxycarboxylic acids 
(ranging from 300 to 800),” it becomes clear that the 
chiral ligands investigated here would not be able to 
displace a SSA ligand. Therefore, the magnitude of the 
CPL intensity must be proportional to the extent of 
complexation between the lb/SSA complexes and the 
chiral lids. Clearly no CPL can be associated with the 
unbound Tb/SSA complex, and so it is apparent that if 
one molecule of chiral ligand is bound per molecule of 
complex, the mol. fraction of unbound Tb/SSA complex 
is given by eqn (4) 

&N = k?F - gi)/& (4) 

(High pH) 

CPL 

(Low pH) 

t 

I 
30 

I I 
540 550 

Wavelength, nm 

I 
560 

Fig. 9. CPL spectra of Th(SSA)2/L-malic acid complex at high 
pH (8.80) (upper) and low pH (5.12) (lower) within the ‘D4+‘F5 

transition. 

where gF is the dissymmetry factor value reached after 
addition of excess chiral ligand, and gr is the dissym- 
metry factor value at the concentration of interest. 
Knowing this mol. fraction, and the starting concen- 
trations for all materials, one can calculate the association 
constant for the following reaction: 

Tb(SSA)z+ + L- - Tb(SSA)*L. (5) 

These association constants, for the mixed ligand com- 
plexes investigated here are presented in Table 5. 

DLSCU!3!3ION 

Review of Figs. 3-9 illustrates the dependence of the 
CPL line shape on the mode of binding of the chiral 
l&and to the Tb(II1) ion. One notes immediately that the 
line shape for complexes with lactic acid and mandelic 
acid are identical to one another and indicative of the 
bidentate binding which must occur in these complexes. 
The line shape of these ligands contrasts sharply with 
that obtained for aspartic acid complexes (at all pH). 
This difference can be attributed to the ability of aspartic 
acid to form bidentate chelate rings through the two 
carboxylic acid groups on the molecule, rather than 
through one carboxylic acid group and one hydroxide 
group as is the case with lactic and mandelic acids. This 
distinction becomes important when one draws attention 
to the Tb/SSA complexes of malic acid. 

Referring to Fig. 9 one notes that at low pH the CPL 
line shape for the malic acid complexes is practically 
identical to that obtained for aspartic acid. At high pH, 
however, the line shape changes drastically (inverts) and 
in fact has some resemblance to the line shapes obtained 
for the complexes of lactic, and mandelic acid. Now, as 
we mentioned earlier the anomalous behavior of the 



Optical activity in mixed-ligand terbium complexes 697 

Table 1. g,.,,, values for various mol. ratios of Tb(SSAWL-lactic Table 2. giU, values for various mol. ratios of Tb(SSA),/L-man- 
acid at varying pH delic acid at varying pH 

LK/Tb Ratio ~!i fz lum- MN/Tb Ratio PH =1u- 

1.0 1.99 -0.0081 

1.0 2.42 -0.0081 

1.0 3.05 -0.0087 

1.0 5.95 .P.n:r?l , 

1.0 6.48 -0.0055 

1.0 7.07 -0.0058 

1.0 9.55 -0.0044 

2.0 1.95 -0.0116 

2.0 2.45 -0.0099 

2.0 2.99 -0.0110 

2.0 3.94 -0.0117 

2.0 5.60 -0.0094 

2.0 6.40 -0.0053 

2.0 7.40 -0.0045 

2.0 9.03 -0.0054 

3.0 1.95 -0.0153 

3.0 2.35 -0.0125 

3.0 3.01 -0.0118 

.O 5.16 -0.0115 

1.0 1.98 -0.0116 

1.0 2.53 -0.0116 

1.0 3.09 -0.0149 

1.0 3.90 -0.0155 

1.0 5.42 -0.0118 

1.0 5.97 -0.0092 

1.0 7.18 -0.0050 

1.0 8.16 -0.0026 

1.0 9.98 -0.0029 

2.0 1.95 -0.0157 

2.0 2.57 -0.0211 

2.0 3.20 -0.0233 

2.0 4.70 -0.0237 

2.0 6.07 -0.0173 

2.0 7.09 -0.0092 

2.0 8.05 -0.0045 

2.0 9.65 -0.0036 

3.0 1.89 -0.0135 

3.0 2.28 -0.0245 

3.0 3.07 -0.0231 

Table 3. gium values for various mol. ratios of Tb(SSAk/L-aspartic acid at varying pH 

um- 

0.50 3.04 0.0000 3.00 6.30 -0.0131 

0.50 5.20 0.0000 3.00 7.27 -0.0254 

0.50 7.11 -0.0079 3.00 8.23 -0.0331 

0.50 7.30 -0.0098 3.00 9.02 -0.0387 

0 50 7.52 -0.0107 5.00 3.45 0.0000 

0.50 7.65 -0.0096 5.00 3.77 0.0000 

0.50 7.81 -0.0098 5.00 4.22 0.0000 

0.50 7.95 -0.0101 5.00 4.65 0.0000 

0.50 8.27 -0.0122 5.00 5.38 -0.0057 

0.50 8.42 -0.0075 5.00 6.18 -0.0084 

0.50 8.53 -0.0071 5.00 7.36 -0.0248 

0.50 8.79 -0.0084 5.00 7.54 -0.0268 

0.50 8.89 -0.0069 5.00 7.72 -0.0270 

0.50 8.99 -0.0120 5.00 7.82 -0.0283 

0.50 9.30 -0.0081 5.00 8.02 -0.0270 

0.50 9.43 -0.0076 5.00 8.20 -0.0296 

0.50 9.51 -0.0078 5.00 8.40 -0.0287 

0.50 9.60 -0.0090 5.00 8.60 -0.0287 

0.50 9.76 -0.0062 5.00 8.74 -0.0292 

0.50 10.10 -0.0066 5.00 9.02 -0.0305 

1.00 2.16 -0.0106 5.00 9.23 -0.0290 

1.00 3.52 -0.0080 5.00 9.35 -0.0286 

1.00 4.52 -0.0047 5.00 9.44 -0.0222 

1.00 5.38 -0.0063 5.00 9.62 -0.0199 

1.00 5.90 -0.0075 5.00 9.72 -0.0293 

FQLY Vol. I. No. 9-10-C 
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ASP/Tb Ratio DH 

1.00 6.44 

1.00 7.23 
2.00 2.68 

2.00 3.16 

2.00 4.01 

2.00 4.61 
2.00 5.60 

2.00 6.06 
2.00 7.18 
2.00 9.60 

3.00 2.37 
3.00 2.99 
3.00 3.94 
3.00 5.63 

Table 3. (Con@ 

%l* ASP/Tb Ratio 

-0.0100 5.00 9.95 
-0.0197 10.00 3.61 

-0.0060 10.00 5.43 
-0.0059 10.00 7.20 

-0.0066 10.00 7.71 
-0.0062 10.00 8.12 

-0.0085 10.00 8.43 

-0.0101 10.00 8.60 

-0.0212 10.00 8.70 

-0.0299 10.00 8.95 
-0.0079 10.00 9.36 
-0.0053 10.00 9.60 

-0.0084 10.00 9.78 
-0.0116 10.00 9.92 

%m- 

-0.0158 
-0.0130. 

-0.0242 

-0.0623 

-0.0462 

-0.0513 

-0.0505 

-0.0462 

-0.0523 

-0.0439 

-0.0360 

-0.0375 
-0.0288 

-0.0350 

Table 4. g., values for various mol. ratios of Tb(SS-),/L-malic acid at varying pH 

glum MAL/Tb Ratio PH PH BlUra 

0.50 2.25 -0.0073 2.50 9.07 0.0586 
0.50 2.96 -0.0058 2.50 9.96 0.0416 
0.50 3.18 -0.0101 5.00 2.44 -0.0122 
0.50 3.41 -0.0117 5.00 3.28 -0.0245 
0.50 4.70 -0.0123 5.00 4.39 -0.0271 
0.50 5.84 -0.0091 5.00 5.95 -0.0268 
0.50 6.02 -0.0064 5.00 7.19 -0.0118 
1.25 3.11 -0.0137 5.00 7.31 0.0042 

1.25 4.30 -0.0206 5.00 7.38 0.0076 
1.25 5.64 -0.0200 5.00 7.48 0.0174 

1.25 6.79 0.0159 5.00 7.55 0.0214 

1.25 7.08 0.0271 5.00 7.75 0.0254 

1.25 7.30 0.0394 5.00 7.95 0.0403 
1.25 7.55 0.0438 5.00 8.20 0.0506 
1.25 7.73 0.0458 5.00 8.35 0.0603 
1.25 8.00 0.0470 5.60 8.67 0.0548 
1.25 8.28 0.0450 5.00 8.85 0.0592 
1.25 8.50 0.0412 5.00 8.99 0.0573 
1.25 8.82 0.0387 5.00 9.17 0.0581 
1.25 9.14 0.0323 5.00 9.43 0.0579 
1.25 9.58 0.0322 10.00 2.46 -0.0076 

2.50 2.50 -0.0146 10.00 3.13 -0.0272 

2.50 3.61 -0.0409 -10.00 4.07 -0.0256 

2.50 5.15 -0.0306 10.00 5.12 -0.0230 

2.50 6.54 0.0076 10.00 6.56 -0.0325 

2.50 6.60 0.0056 10.00 7.03 -0.0315 

2.50 6.69 0.0162 10.00 7.27 -0.0131 

2.50 6.79 0.0146 10.00 7.32 -0.0133 

2.50 6.88 0.0231 10.00 7.34 0.0116 

2.50 6.91 0.0248 10.00 7.36 0.0094 

2.50 7.38 0.0700 10.00 7.38 0.0330 

2.50 7.53 0.0521 10.00 7.78 0.0429 

2.50 7.78 0.0608 10.00 8.50 0.0656 

2.50 7.98 0.0598 10.00 8.80 0.0886 

2.50 8.23 0.0639 10.00 9.00 0.0953 

2.50 8.43 0.0611 10.00 9.31 0.0765 

10.00 9.70 0.0549 
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Table 5. Formation constants of tbe mixed ligand complexes 
formed between the Tb(SSA)* species and various carboxylate 

ligands 

Ligand 

L-lactic acid 

K1 

341 

L-mandelic acid 308 

L-malic acid 110 

L-aspartic acid 42 

malic acid complex, at high pH, can be attributed to 
terdentate binding to the Tb(III) ion. However, what is 
sign&ant here is that by careful inspection of the CPL 
line shapes of these four ligands, one can deduce the 
order in which the possible sites of attachment, on the 
malic acid ligand, are complexing. 

By comparison of the line shapes of aspartic acid and 
malic acid, at low pH, it becomes apparent that these two 
ligands (under the stated conditions) are bindii in the 
same manner, via the two carboxylic acid groups at 
either end of the molecules. As the pH is increased, the 
hydroxide group of malic acid can begin to take part in 
the binding, and thus we see the CPL sign inversion as 
terdentate binding becomes predominant. This CPL 
change reflects the new ligand conligurational changes 
which accompany the bidentate to terdentate bonding 
change. 

Interestingly, these findings are quite different from 
the data collected on the corresponding complexes with 
Tb/DPA. In previous papers6*‘*“’ we have contrasted the 
CPL line shapes of the Tb(DPA)*(ASP) and 
Tb(DPA),(MAL) complexes (at high and low pH) and 
have concluded that the mode of binding was radically 
different. This leads us to conclude that the mode of 
attachment of malic acid to the Tb(II1) ion is quite 
sensitive to the identity of the other ligand(s) involved in 
the complex. Further, in substituting SSA for DPA in the 

complex we have observed a drastic change in the order 
of bmdii of the possible attachment sites on this chiral 
ligand. 

In our previous work on mixed ligand carboxylic acid 
complexes we have observed that the optical activity 
associated with these complexes was due to a mixture of 
vicinal (chirality due to the presence of an asymmetric 
atom bound to the metal ion), and conformational 
(chirality due to the presence of an asymmetric atom in a 
chelate ring bound to the metal) effects.’ In the present 
work we have once again observed the double-signed 
CPL line shape, characteristic of a conformational effect, 
in all of the complexes studied. We therefore conclude 
that these complexes of Tb/SSA also derive their optical 
activity from a combination of vicinal and confor- 
mational effects. 

The results reported here further demonstrate the 
usefulness of CPL spectroscopy as a probe of lanthanide 
ion stereochemistry. While our discussions have been of 
a qualitative nature (due to the current state of CPL 
theory), they have demonstrated that by varying the 
functional groups on the chiral ligands, in a systematic 
fashion, one can obtain significant information regarding 
the formation of chiral lanthanide complexes via CPL 
spectroscopy 
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AMnet-Published entbalpy data for simple boron compounds, mostly containing trigonallycoordmated boron 
atoms, have been used to calculate bond enthalpy terms E(B-X), for their B-X bonds (X = N, 0, F, Cl or Br) that 
vary with their bond order, n(B-X), according to the relationship &B-X) = A[n(ELX)]“. Values of the constants A 
(the bond enthalpy term for a single bond) and m depend on X as follows: 

X N 0 F Cl Br 

A (kJ mol-‘) 385 434 606 419 347 
m 0.32 0.65 0.21 0.21 0.21 

Analysis of published thermochemical data for compounds with boron-hydrogen and boron-carbon single bonds 
affords single bond enthalpy terms &B-H) = 371+ 12 k.J mol-’ and E(B-C) = 350 f 10 kl mol-‘. These bond 
enthalpy terms have been used to estimate enthalpies of atomisation and standard heats of formation of gaseous 
mixed boranes BR’Rs’, BR’R2R3, BRX, and BR,X which have not yet been measured experimentally. 

INTRODUCTION 

This paper explores ways of rationalising and predicting 
enthalpies of atomisation and standard heats of for- 
mation of simple covalent compounds containing boron’ 
by considering relationships between bond enthalpy 
terms and bond orders. 

Boron forms trigonal covalent compounds, BR3, with 
single bonds to subsitutents (e.g. R = H, Alk) which are 
not capable of ?r-bonding. In addition, boron forms tri- 
gonal covalent compounds, BX3, in which the pz orbital 
perpendicular to the molecular plane can accept o-elec- 
tronic charge from substituents with suitable lone pairs 
of electrons (e.g. X = Hal, OR, NR,) or which form part 
of a v-bonded system (e.g. X = Ar, alkenyl, alkynyl). It 
is recognised that these bonds have some multiple 
character associated with dative px + pB r-bonding.2 

contain a double boron-halogen bond because the pz 
orbital on boron is available exclusively for one ?T- 
bonding substituent. A similar approach is used in com- 
parisons of boron-nitrogen compounds with isoelectronic 
carbon-carbon systems:’ borazenes are assumed to con- 

tain double bonds ‘B*N’, cf. alkenes; and borazynes 

are assumed to coitain u&e bonds -Ba-, cf. alk- 
ynes. 

The pioneering work of Pauling4 was followed by 
various empirical equations’-‘2 relating bond order, bond 
length, and bond strength. We shall use the relationship: 

E(B-X) = A[n(B-X)]” 

An attempt is made here to assign bond enthalpy 
terms, i?(B-R) and &B-X), to mixed derivatives, e.g., 
BRC3_,& where bond orders, n(B-X), depend on the 
number of ?r-bonding substituents. A subsequent paper 
will consider other mixed derivatives, e.g. BX’X2X3, 
where the substituents have different r-bonding poten- 
tials. 

where A and m are constants characteristic of the type 
of compound, because plots of log[E(B-X)] vs log[n(B- 
X)] give good straight lines for many covalent inorganic 
and organic systems. 13-15 

Our method of deriving bond orders assumes that 
boron uses four valence shell orbitals when attached to 
Ir-bonding substituents, so that the sum of the bond 
orders is four. In boron trihalides where all three bonds 
are equivalent, the bond order is taken as n&X) 1.33. In 
dihalogenoboranes, BRX2, the Ir-bonding capacity of 
boron is shared between two bonds which are assigned 
bond orders n(B-X) 1.5. Monohalogenoboranes, BR2X, 

RESULTS ANB DISCUSSION 

Enthalpy changes refer to 298 K. The conversion fac- 
tor 1 cal= 4.184 J has been used. Standard heats of for- 
mation of gaseous atomsI (enthalpies of atomisation of 
elements) are listed in Table 1. 

Boron-hydrogen 
The boron-hydrogen bond enthalpy term is derived 

from the standard heat of formation of borane:” 
AHP(BHa, g) 100.4 kJ mall’. 

*Authors to whom correspondence should be addressed. 3E(B-H)=AHr”(B,g)+3AHr”(H,g)-AHP(BH,,g). 
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Table 1. Standard heats of formation of gaseous atomsI 

Atom 

218.0 (< 1) 

716.7 (4) 

560 (12) 

472.7 (4) 

The resulting value., E(B-H) 371.2? 12 W mol-‘, is con- 
sistent with a bond length1sS’9 of d(B-H) 116 pm, using 
the relationship discussed elsewhere:14 

E(B-H) = 4.476 x 1011[d(B-H)]-4.4. 

It is assumed that this bond enthalpy term can be trans- 
ferred to other compounds containing boron-hydrogen 
bonds, e.g. BHzX or BHX2. 

Boron-carbon 
There are two principal methods of estimating the 

strengths of boron-carbon bonds in_ organoboranes. 
Mean bond dissociation energies,’ D(B-C), can be 
obtained from heats of dissociation into boron atoms and 
free radicals, R’. 

3D(B-C) = AHr”(B, g) + 3AH,“(R’, g) - AHr”(BR,, g). 

Bond enthalpy terms are derived from heats of dis- 
ruption into boron atoms and hypothetical organic groups, 
R*, having bond enthalpy terms which are the same as in 
the parent hydrocarbon, RH. 

3E(B-C) = AHP(B, g) - AHr”(BR,, g) - 3AHr”(H, g) 

+ 3AHr”(RH, g) + 3E(C-H). 

Table 2. Mean bond dissociation er 

*3 

w 

=@3 

B&3 

BP?3 

BPri3 

BB""3 

BPh3 

orgal 
8 

@f 

-1 
k.l mol 

B% 
R' RH 

-122.8 142.3 -74.5 

-148.8 108.4 -84.0 

-236.7 94.6 -104.5 

-252.1 76.2 -104.5 

-290.6 71.1 -126.5 

+129.9 325.1 +B2.9 

Atom 

0 

F 

Cl 

Br 

Table 2 contains standard heats of formation of some 
triorganoboranes,20 free radicals:’ and hydrocarbons? 
and carbon-hydrogen bond enthalpy terms, &C-H), 
which are taken as proportional to isolated C-H stretch- 
ing frequencies in the hydrocarbons.** The difference 
between mean __nd dissociation energy and bond 
enthalpy term, D(B-C)- E(B-C), is equal to the reor- 
ganisation enthalpy for R*(g)+R’(g), which is greater for 
methyl than for other alkyl groups, and greatest for 
phenyl. 

The bond enthalpy terms are similar for trialkyl- 
boranes, mean E(B-C) 35O.Ok.I mol-‘. Table 3 contains 
estimated enthalpies of atomisation, AH.“, and standard 
heats of formation of gaseous mixed boranes for which 
experimental data are not yet available. The bond 
enthalpy term is signilicantly greater in the case of 
triphenylborane which contains trigonal carbon and 
where the release of electronic charge from phenyl may 
lead to a higher bond order approaching n(B-C) 1.33, as 
in trivinylborane which has a similar boron-l 1 chemical 
shift.23*24 

Boron-halogen 
Standard heats formation 

halogenoboranes,‘S ‘7*20~2S B:;_xj X, (R = H Alk. :“=’ 
F, Cl, Br), are used to derive boron-halogen ‘bond 
enthalpy terms in Table 4. 

ties and bond enthalpy terms for tri- 
ioranes 

E(C-Ii) 

y 
kJ q ol 

415.8 369.9 350.9 

410.0 344.7 344.3 

410.0 360.2 353.1 

405.8 346.9 354.0 

(410.0) 354.6 349.0 

425.9 468.5 434.2 

i%B-C) 
L 

kJ mol 
-1 

$B-C) 

kJ mol 
-1 

In this and subsequent tables, E and g values are given to the 

nearest 0.1 kJ mol 
-1 

for arithmetrical convenience and do not imply 

this accuracy. 
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Table 3. Predicted thermochemical data for some gaseous trialkyl- 
boranes 

Compound Ali* 
--(1 

w 
-1 

kJ.mol 

.&l 

W,mol 

BMe2Et 5956.3 -131.5 

B&Et* 7117.6 -140.1 

BMeEtP? 8299.6 -169.4 

Bt&prn2 9481.6 -198.7 

Ewri2 9491.9 -209.0 

BMB"n2 11823.0 -234.7 

BPr"Pr'B"" 13000.8 -259.8 

6E(B-X) = 2AHr”(B, g) + 6AHr”(X, g) 

-z A&=‘(BRo-,, X,, g) 

t z-2 AHr”(BR,,g). 
( ) 

Data for diatomic boron halides “* *’ are included. 

E(B-X) = AiYf”(B, g) t AHfe(X, g) - AHf”(BX, g) 

Plots of log,,[E(B - X)]vs log,,[n(B - X)1 in Fig. 1 give 
parallel straight lines of gradient 0.21: 

&B-X) = A[n(B-X)]“.2’ 

E(E-X) tn kJ ml-' 

log ,. _E@-Xl 
[ 1 

2.9 X=F 

2.8 

2.7 

2.6 

2.5+ 
0.1 0.2 0.3 0.4 05 

Fig. 1. Boron-halogen bonds. 

(X = F, Cl, Br; A = 606, 419, 347 kJ.mol-’ respectively.) 
Bond enthalpy terms derived in this way are used to 
predict standard heats of formation for some halogeno- 
boranes in Table 5 which have not yet heen measured 
experimentally 

Boron-oxygen 
Orthoborates. Gaseous orthohoric acid and trialkyl 

borates contain trigonal BO, groups with n(B-G) 1.33. 
Table 6 contains standard heats of formation’7*20 of 
some triorthohorates, water, and dialkyl ethers. Bond 
enthalpy terms, E(B-G), are derived on the assumption 
that bond enthalpy terms in hydroxy or ahcoxy groups 
are the same as those in water or the corresponding 
dialkyl ether. 

Table 4. Bond enthalpy terms and bond orders for halogenoboraaes 

Relide A;+*(g) 

(z3) k.J mo1-l 

BF3 

=2 

BMF2 

BBtF2 

BPriF2 

BF 

BC13 

BAC12 

BPhC12 

BBun2Cl 

BPh2C1 

BCl 

BBr3 

BPhBr2 

BBun2Br 

BPh2Br 

BBr 

-1135.6 

-733.9 

-832.6 

-874.5 

-087.0 

+122.0 

-403.0 

-248.1 

-266.0 

-368.8 

-95.3 

+149.5 

-205.6 

-129.3 

-305.2 

-9.4 

+234.3 

E(B-X) 
ti 

kJ mol 
-1 

644.3 

649.4 

661.6 

670.2 

667.2 

761.3 

442.3 

448.7 

462.6 

483.0 

489.7 

531.8 

367.1 

384.9 

410.0 

394.6 

437.6 

n(B-X) 

1.33 

1.5 

1.5 

1.5 

1.5 

3.0 

1.33 

1.5 

1.5 

2.0 

2.0 

3.0 

1.33 

1.5 

2.0 

2.0 

3.0 
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Table 5. Predicted thermochemical data for some gaseous halo- 
genoboranes, BR,_,X, 

Compound 

(e) 

BunBF2 

R2BF 

rn2Bp 

Bu"2BF 

MeBC12 

B""BC12 

li2BC1 

Me2BC1 

EBBr2 

MeBBr2 

Bu%Br2 

A2BBr 

Me2BBr 

An * 

* 
kJ ,mmol 

6432.1 

1443.4 

3897.6 

10925.6 

2510.7 

6024.7 

1227.1 

3681.3 

1126.8 

2353.9 

5867.9 

1143.8 

3598.0 

AEf* 

kJ mol-' 

-885.1 

-368.3 

-517.1 

-628.9 

-337.4 

-393.3 

-109.8 

-258.6 

-125.0 

-199.4 

-255.3 

-35.9 

-184.7 

fX(B-0) = 2A&“(B, g) + 3AiY(O, g) + 3AHf%O, g) 

- 2AHr”MOR)s, gl. 

Their values increase slightly with increasing inductive 
effect of the alkyl group along the series Me = Et < Pf < 
Bun. 

Boron oxides. Table 7 contains standard heats of 
formation,25 boron-oxygen bond enthalpy terms, and 
probable bond orders for various boron oxides. 

The bond enthalpy term for crystalline diboron triox- 
ide, neglecting van der Waals attractions, falls within the 
range for orthoborates (Table 6). 

6E(B-O) = 2AHr”(B, g) + 3A&“(O, g) - AHrb(BzOj, g) 

Gaseous diboron monoxide has bond angle” BGB 
150”, consistent with ?(B-O), co. 1.75. A bent molecule 
having bond angle BOB 120” and a nonbonding pair of 
electrons on each atom, or a linear molecule having a 
nonbonding pair of electrons on each boron would have 
bond orders n(B-0) 1.5 or 2.0 respectively 

2E(B-O) = 2A\Hr”(B, g) + A&“(O, g) - AHf*(B20, g). 

Gaseous boron dioxide, an odd-electron molecule, is 
hnearz6 like carbon dioxide but contains one less elec- 
tron. The highest occupied molecular-orbital of carbon 
dioxide is a nonbonding orbital and the bond order is 
unchanged by the removal of one electron. Hence boron 
dioxide has bond order n(B-G) 2.0. 

2E(B-O) = A&“(B, g) t 2AHr”(O, g) - AHf”(B02, g). 

A simple molecular-orbital picture for boron monox- 
ide, another odd-electron molecule, indicates bond order 
n(B-0) 2.5. 

E(B-0) = AHr”(B, g) + AH,“(O, g) - AHr”(B0, g). 

Gaseous diboron dioxide is linea? and isoelectronic 
with cyanogen. The boron-boron bond enthalpy term is 

Table 6. Bond enthalpy terms for triorthoborates 

x 

w BtORj3 
R2O 

B(OH)3 -994.1 -241.8 

B(OW3 -900.1 -184.0 

B(OEtj3 -1C01.7 -251.7 

B(OPr")3 -1076.4 -292.3 

B(OB""j3 -1147.0 -333.9 

Table 7. Bond enthalpy terms for boron oxides 

Oxide A_a * E(B-0) 
A 

_n(B-0) 

kJ mol-1 kJ mol 
-1 

B203(d -1270.4 523.0 1.33 

B20@ +96.2 636.5 1.75 

Bo2w -284.5 671.5 2.0 

BOW 0.0 809.2 2.5 

B202(d -456.1 885.2 3.0 
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Table 8. Bond entbaipy terms for trigonal boron-nitrogen compounds 

Compound Al&*(s) E(B-N) _n(B-N) 

(s)(ref. I> 
-1 

kJ mol %.I mol 
-1 

105 

BOW,), -245.6 422.9 1.33 

B383N3R3 
-513.4 430.9 1.5 

4 

assumed to have the same value as the single bond in __ 
diboron,“’ AHr”(B,, g) 815.9 2 26.8 kJ.mol-‘. 

We have reinvestigated the heats of hydrolysis of 

2E(B-O) = A&“(B,, g) + 2AhH,“(O, g) - A&*(BzOz, g). 

These boron-oxygen bond enthalpy terms increase 
with increasing bond order. Fie 2 shows that a plot of 
log,, [@B-O)] gives a straight line of gradient 0.65: 

borazine and NN’IV-trimethylborazine. The resulting 
standard heats of formation of the liquid compounds,28 
- 516.6 and - 563.4 kJ mol-’ respectively, suspersede 
earlier vaIues,29’ 3o and the value for borazine agrees well 
with that obtained from the heat of combustion.” The 
iron-~~ogen bond enthalpy term is derived on the 
ass~ption that E(B-H) and Em-H) are the same as in 
borane and ammonia. 

E(B-0) = 434[n(B-0)]0”5. 

This relationship can be used to rationalise bond 
orders in other boron oxides, e.g. gaseous diboron triox- 
ide?’ A~~O~*O~,g) - 833.2 kJ mol-‘. which has bond 
angles” O@O 180” and B6B 120”. The heats of atomisa- 
tion of a linear molecule having bond orders n(B-0) 2.0, 
or of a bent molecule having bond orders n(B-0) 3.0 
(terminal) and 1.0 (bridging) would be 2724 or 
2460 kJ.mol-’ respectively. The beat of atomisation of a 
bent molecule having bond orders n(B-0) 2.5 (terminal) 
and 1.5 ~~d~~) is 27~~.moi-‘, which agrees well 
with 27 M.mol-’ derived from the standard heat of for- 
mation. 

Boron-nitrogen 
The boron-nitrogen bond enthalpy term for fris- 

dimethylaminoborane, &B-N) 1.33, is derived on the 
assumption that bond enthalpy terms within the 
d~ethylam~o group are the same as those in ~e~yl- 
amine:’ A&“(Me,NH, g) - 185 kJ mol-‘; and that 
nitrogen-hydrogen bond enthalpy terms are the same in 
dimethylamine and ammonia:2o 

A&“(NHs. g)- 45.9 W mol-‘. 

3&B-N) = AK”@?, g)+ A&“(N. g) + 3A&*(Me2NH, g) 

- AHr”(NH3, g) - Afh”tW2N)3J% gl. 

_E(B-0) in kJ mot-' 

Fig. 2. Bo~n~xygen bonds. 

6E(B-N) = 2AHr”(B, g) + 2AHr”(N, g) + AHP'@H~, g) 

Conside~tion of the data in Table 8 for these two 
compounds’ leads to the following relationship for tri- 
gonad boron-nitrogen compounds: 

E(B-N) = ~LV[II(B-N)]~.~*. 
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Abstract-The kinetics of cation exchange reaction of Eu(II1) propylenediaminetetraacetate with Yb(III) has been 
studied in an aqueous solution by the polarographic procedure. The measurements were made at 25°C and at an 
ionic strength of 0.5 M KCI. The dissociation of the europium complex has been found to be catalyzed by hydrogen 
ions. The influences of the inductive effect and the steric hindrance of a C-methyl group on the ethylene of PDTA 
are discussed by comparing it to analogous EDTA and CyDTA system. 

INTRODUCTION 
The cation exchange reactions of the metal polyamino- 
carboxylate chelate complexes have been continuously 
interested by a number of groups.‘-” It has been 
generally known that the reactions between lanthanide 
cations and lanthanide ethylenediaminetetraacetate 
complexes are catalyzed by the proton concentration in 
aqueous solution.‘” 

Nyssen and Margerum4 proposed, in the study of 
cation exchange reactions of Ln(III) trans-l,Zdiamino- 
cyclohexane-N, N, N’, N’-tetraacetate with CuUI), a 
mechanism in which the association of a proton on the 
nitrogen of tbe ligand is the slow process followed by a 
fast cleavage of the bond between the lanthanide cation 
and carboxylate of the ligand. On the other hand, Ryh16 
insisted that a proton associates primarily to the non- 
coordinated carbonyl oxygen atom of a carboxylate in 
the lanthanide exchange reactions of Ln(III) EDTA. 

Propylenediaminetetraacetate has higher pk value, 
because of the inductive effect of C-methyl group on the 
ethylene of the liiand, and thus forms more stable com- 
plexes with the metal ions than EDTA ligand.” It would 
be expected that the C-methyl group in the PDTA might 
be an important role on the rates of cation exchange 
reactions of its metal complexes. In the present paper, 
we report the results of a study of the cation exchange 
reaction between Eu(II1) PDTA and Yb(II1) ion through 
the polarographic method. 

EXPERIMENTAL 
Chemicals. Stock solutions of EuCll and YbC& were prepared 

by dissolving the corresponding oxides (American Potash and 
Chemical Co., 99.99% purity) in HCI and then adjusted to pH 
values below 3.5 to prevent the hydrolysis of the metal ions. The 
stock solutions were standardized by EDTA titration with EBT 
indicator in the presence of ammonia buffer. The stock solution of 
PDTA (Aldrich Chemical Co.) was prepared by dissolving it in 
the basic solution and standardized by the complexometric titra- 
tion with the standard Zn solution. The working solutions were 
buffered with 1.25 x lo-‘M sodium acetate/acetic acid. The 
ionic strength were adjusted to 0.5M with KCI. The deionized 
water was used for the preparation of all solutions. 

Apparatus. A Beckman Model 4500 Digital pH meter with a 
Fish& standard combination electrode was used for pH 
measurements. A Yanaco Model PlLD DC Pokuograph was used 
to record the variation of the free Eu(II1) conce&ti~n with time 
in the reaction mixture. 

tAuthor to whom correspondence should be addressed. 

Procedure. The procedure is simii as described elsewhere.‘e6 
The reaction was initiated by the injection of EuCI,-Na2PDTA 
solution into YbCl, solution. The cation exchang? rate between 
Eu(III) and Yb(III) in the mixture was measured by recording the 
variation of the di&sion current of free Eu(III) with time at 
constant voltage of - 0.85 V. The mixing time was less than about 
4sec. The reactions were followed for at least four half-life 
periods. AU the measurements were made in the medium of 
0.5 M KC1 at 20°C f 0.2. The DH was adjusted to desired value 
with 1.25 mM sodium acetate ahd varying~amounts of acetic acid. 
The pH range of the solution studied was between the values of 4 
and 5. The 0.01% gelatin was used to eliminate the polarographic 
maxima. 

RESULTSANDDISCUSSION 
The cation exchange reaction between Eu(PDTA)- 

and Yb(III) ion is written as 

Eu(PDTA)- + Yb’+&PDTA)- + Eu3+. 
k-1 

(1) 

The equilibrium constants of the reaction is 

Since log KYbo.DTA) = 20.25, log KBucPDTAj = 18.26” 
and the concentration of Yb(II1) ion is about a hundred 
times greater than that of Eu(PDTA)-, the pseudo&t 
order rate equation is written as 

R = _ d[Eu(PDTA)-] d[Ed+] 
dt = - = ko[Eu(PDTA)-1. dr 

(2) 

The pseudo-first order rate constants (ko) were cal- 
culated using Gugenheim’s method.” The observed rate 
constant (k,,) is related to the diffusion currents (A) of 
the free Eu(II9 ion as eqn (3): 

ka& + In (Al’ - A,) = const. (3) 

where A, id A,’ are the series of the diiusion currents 
at times ti and t, + t’, respectively, with an exactly con- 
stant time interval of t’. A plot of In (A,’ - A,) against ti 
gives a straight line of a slop equal to -k+ Fig. 1 is a 
typical plot of In (A: -A,) vs ti. The observed first order 
rate constants obtained at the various hydrogen ion 
concentrations are given in Table 1. 
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Table 1. Rate constants for the exchange reaction of Eu(II1) PDTA with Yb(III). T = 2o”C, p = 0.5 M (KCI) 

[Ii’] X 105 k, x lo3 (SEC-') [H’] x lo5 k, x 10' (set -'I 

0.99 3.58 /- 0.07 5.69 18.23 : 0.15 

1 .SB 5.88 t 0.06 6.32 23.26 I, 0.22 

1.92 5.40 9 0.18 6.76 22.22 t 0.29 

2.48 9.96 : 0.09 6.76 24.19 : 0.33 

3.13 12.09 t 0.10 7.64 27.24 2 0.29 

4.05 13.83 i 0.15 a.15 28.06 L 0.38 

5.13 15.09 ?. 0.42 8.15 29.79 ? 0.36 

5.57 18.30 : 0.19 

“_ 5.22 
2 
7 5.14 
‘;i 
x 5.06 

4.98 

4.90 

[iu3'Jo= 3.45 x lom4 m, [PDTA]~= 1.38 x 10~~ m. [yb3'Je= 1.08 x 10 -2 m, 

[acetate ] = 1.25 x 10'2 fi. 

30 50 70 90 110 
Time(sec) 

Fig. 1. Plot of In(Ai’- Ai) vs time for exchange of Eu(PDTA)- 
with yb(II1) at 2O”C, p = 0.5 M KC1 and [acetate] = 1.25 x 10e2 M, 
[Eu’+]~ = 3.45 x lo-‘M, [PDTA10 = 1.38 x lo-‘M, [Yb”], = 

1.08 x lo-’ M. 

When ko is plotted against the hydrogen ion concen- 
tration, a linear relationship is obtained as; 

b= ky(PDTA)+ ~$(PDTA)[H+] (4) 

where kpcDPTA) and &~‘pDTA’ are acid independent and 
acid dependent rate constants, respectively. Figure 2 
shows the linear relationship of k vs [H’]. The least 
square analysis of the straight line of Fig. 2 gives 
kEHu’pDTA’ = 3.50 x I@ M-’ set-’ and ky’PMA’ = 
-1.93 X 10e4 see-‘. The fact that the intercept is sliitly 
negative and small would mean that the acid inde endent 
dissociation process in negligible and thus, ky 8 DTA)= 
0 within experimental error. Therefore, the reaction 
would proceed mostly through the acid dependent 
mechanism and eqn (4) could be reduced to 

ko=k E$PDTA)[H+]. (5) 

The lirst order dependence on the hydrogen ion con- 
centration has also been found for the dissociation pro- 

01 2 3 4 5 6 7 8 9 
[ H+l x 10SM 

Fii. 2. Plot of k,, vs [H’] for exchange of Eu(PDTA)- with 
YbcIII). 

cesses of Ln(EDTA)- and Ln(CyDTA)- complexes in 
aqueous solution.‘” The acid dependent dissociation rate 
constants of several europium polyaminocarboxylate 
complexes are listed in Table 2, along with their stability 
constants taken from Ref. [12]. 

The cation exchange rate would be influenced by the 
structure of the @and. The acid dependent dissociation 
constants decrease with the increase of the stability 
constant. However, it does not lie that there is any 
regular relationship between KM= and kHML with the 
variation of the ligand. The stability constant of 
Eu(FDTA)- is about a ten times larger than that of 
Eu(EDTA)- because of the inductive effect of C-methyl 
group of PDTA ligand.12 The dissociation rate of 
Eu(EDTA)- is only about twice faster than that of 
Eu(FDTA)-, where as more than a hundred times faster 
than that of Eu(CyDTA)-, even the stability of 
Eu(CyDTA)- is comparable to Eu(PDTA)-. Thus, it 
seems like that the structural hindrance is more im- 
portant factor affecting to the rate of the dissociation of 
the lanthanide polyaminocarboxylate complexes. 
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Table 2. Stability constants and proton catalyzed dissociation rate constants of some Eu(III) complexes 

Complexes log KmL 

(ref. 12) 

Ref. 

Eu(EDTA)- 17.51 

Eu(PDTA)- 16.26 

E"(CyDTA)- 18.62 

6.0 x 102 

3.5 x 102 

2.2 

2, 7 

This work 

4 

There have been the disagreements in the mechanism 
how the proton attacks the ligand of the complex in the 
acid dependent dissociation process. Ryhl’ has suggested 
that the dissociation of Ln(EDTA)- complexes in 
aqueous solution presumably proceeds through the fast 
association of a proton to the non-coordinated oxygen 
atom of a carboxylate group of the ligand, followed by 
slow cleavage of the coordinative bond between the 
metal and the other oxygen atom. However, Nyssen and 
Margerum4 have proposed a mechanism, in the study of 
Ln(CyDTA)- complexes, in which the meta stable com- 
plex is formed by the slow association of the proton on 
the nitrogen atom of the ligand and then the fast dis- 
sociation of the protonated complex is followed. In this 
mechanism, the structure of the ligand can have a large 
intluence on the reaction rate.’ Choppin et al.8 have 
suggested that the rapid protonation equilibrium involves 
carboxylate oxygen protonation and the second step may 
involve the transfer of the proton from the carboxylate 
oxygen to the nitrogen atom. Once the nitrogen is pro- 
tonated, the ligand can dissociate rapidly. 

At this stage, it can not be definitely said how the 
proton associates to the ligand of the complex. However, 
if the metal-nitrogen bond is labilized by the protonation 
on the nitrogen atom and the protonation is the rate 
determining step, the steric environment around the 
nitrogen atom of the ligand would be an important factor 

for the dissociation process. The steric hindrance to the 
nitrogen atom in the CyDTA would be the largest and next 
in the PDTA, because of the cyclohexane group and C- 
methyl group of the ligands, respectively. Thus, it is 
expected that the dissociation rate of the complexes 
would be slower in the order of Eu(CyDTA)-, 
Eu(PDTA)-, and Eu(EDTA)-. This agrees well with the 
results on Table 2. 
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Abstract-p-Tolyl mercury thiocyanate and a-naphthyl mercury thiocyanate react with Co(NCS)aZpy and form a 
bimetallic pink compound of formula (py)z(SCN),Co(NCS)rHgaRa (R = p-tolyl and a-naphthyl group). On heating 
this compound in vacuum a blue compound (SCN),Co(NCS),Hg,Rr is formed. Nickel analogues 
(SCN)2Ni(NCS)rHg,Rr are formed by direct reaction of p-tolyl or a-naphthyl mercury thiocyanate with nickel 
thiocyanate. (SCN)rCo(NCS)rHg,R, and (SCN)rNi(NCS)rHgrRr act as Lewis acids and form complexes with 
bases. The Lewis acids and their complexes with various bases have been characterized by elemental analyses, 
molar conductance, molecular weight, magnetic moment, infrared and electronic spectral studies. These studies 
reveal that both the Lewis acids are monomers. In (SCN)rCo(NCSbHgaRr the Co(U) has tetrahedral geometry, 
where as in (SCN)2Ni(NCS)2HgrRr the Ni(II) has octahedral geometry through elongated axial bandings with 
SCN-groups of other molecules. Thiocyanate bridging of the type R-Hg-SCN-M [M = Co(U), Ni(II)] is present in 
the compounds. Pyridine and dimethylstdphoxide form adducts with these compounds by coordinating at Co(I1) or 
Ni(I1). The thiocyanate bridge is retained in these complexes. 2-2’bipyridyl ruptures the thiocyanate bridging in 
both the Lewis acids and forms cationic-anionic complexes of the type [M(I.-L)3][RHg(SCN)Jr. In both the type 
of complexes Co(H) and Ni(II) possess octahedral environment. The “softness” values have been used in a novel 
manner in proposing the structure of the complexes. 

INTRODUCTION 

A new class of organobimetallic compounds and their 
Lewis acid behaviour has been recently published by us.’ 
In this communication we report the synthesis and stu- 
dies of few more such compounds in which phenyl has 
been changed by a-naphthyl and p-tolyl group. 

EXPERIMENTAL 
Reagent grade solvents were purified before use. Cobalt and 

nickel thiocyanates were prepared by reacting their respective 
nitrates with potassium thiocyanate in ethanol. Co(NCSh(py), 
was prepared by the method described elsewhere.* Dimethyl- 
sulphoxide (dmso), 2-2’bipyridyl (bipy) and pyridine @y) were 
used as received. p-Tolyl mercury chloride and a-naphthyl mer- 
cury chloride were prepared by diazotization method&’ as des- 
cribed below: 

143 g (1 mmole) of a-naphthylamine was added to a mixture of 
450 ml of hydrochloric acid and 500 ml of water. To the mixture 
5OOg of ice was added and vigorously stirred. When the tem- 
perature reached 5°C solid sodium nitrite (about 69 g) was added. 
After stirring for about half-an-hour, the whole mass was filtered 
and any residue was rejected. To the clear filtrate a cold solution 
of 271 g (1 mmole) of mercuric chloride in 300 ml of hydrochloric 
acid was slowly added with vigorous stirring. Yellow-precipitate 
of RN2Cl~HgC12 was formed which was filtered after stir&z for - 
an hour. The compound was washed with water followeld by 
acetone and dried in air. Yield 417g. The whole compound was 
mixed with 114 g of copper powder in 2 1. acetone and cooled to 
WC, stirred for an hour, allowed to stand overnight and filtered. 
The residue was boiled with xylene, and filtered. On cooling the 
filtrate crystals of RHgCl were obtained. Yield 30 g. 

p-Tolyl mercury chloride was similarly prepared by using 
p-toluidine in place of a-naphthylamine. 

a-Naphthyl and p-tolyl mercury chloride were converted into 
their respective thiocyanates by reaction with potassium thiocy- 
anate (BDH) in 1:l molar ratio in acetone. KC1 was filtered off, 
and the filtrate was concentrated by evaporation. On addition of 
water to the concentrate p-tolyl mercury thiocyanate or a- 
naphthyl mercury thiocyanate precipitated, which was filtered, 
washed with solvent, recrystallized from acetone and dried in 

*Author to whom correspondence should be addressed. 

vacuum. Yield 28g. The purity of compounds was tested by 
elemental analyses and IR spectral band positions. 

p-Tolyl mercury thiocyanate m.p. 21O’C. (Found: N, 3.%; S, 
9.12; MC.: N, 4.01; S, 9.16%). a-Naphthyl mercury thiocyanate 
m.p. 155°C. (Found: N, 3.42; S, 8.29. Calc.: N, 3.42; S, 8.31%). 

PRKPARATION OF COMPLEXES 

(py)r(SCN)2Co(NCS)2Hg2R2(R = p-tolyl and a-nuphthyl) 
p-Tolyl mercury thiocyanate (6.98 g, 2 mmole) and a- 

naphthyl mercury thiocyanate (7.7g, 2mmole) were 
separately dissolved in 1OOml of ethanol. To each solu- 
tion an ethanolic solution of CO(NCS)~(~~)~ (3.33g, 
1 mmole) was added and stirred for 72 hr. A pink pre- 
cipitate appeared in each case, which was filtered, 
washed with ethanol and dried in vacuum. Both the 
complexes were crystallized from a mixture of acetone 
and ethanol. 

(py)#CN)2Co(NCS)2Hg&-tolyl)2-m.p. 215°C. 
(py)r(SCN)ZCo(NCS)zHg2(a-naphthyl)Fm.p. 204°C 

(SCN)2Cl(NCS)2Hg2R2 and (dmso),(SCN),Co(NCS),- 
HgJG. 

On heating the pyridme complexes in vacuum 
the pyridine is given off and blue compounds are 
formed, which were recrystallized from acetone. They 
have the general formula (SCN)2Co(NCS)2Hg,R,. On 
reaction with pyridme their parent compounds 
(py)&SCN)rCo(NCS)rHB,R, were again formed. When 
ethanolic solutions of RHgSCN and CO(NCS)~ were 
directly reacted (SCN)2Co(NCS)2Hg2R2 was not formed 
but CoHg(SCN)4 was formed instead. 

The dmso complexes were prepared by stirring 
(SCN),Co(IWS)zHg, (p-tolyl)z and (SCN)2Co(NCS)2Hg2 
(a-naphthyl)z in 50 ml of dimethylsulphoxide separately 
for 24hr. Pink complexes were formed, which were 
filtered and dried in vacuum. 

(dmso)2(SCN)2Co(NCS)2Hg2(P-tolyl)z m.p. 215°C 
(dmso),(SCN),Co(NCS),HB2(cr-naphthyl)z m.p. 204°C. 
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(SCN)2Co(NCS)2Hg2 (p-tolylb (0.873 g, 1 mmole) and 
(SCN)2Co(NCS)2Hg2 (a-naphthyl), (0.945 g, 1 mmole) 
were separately dissolved in 50ml of ethanol. To each 
solution an ethanolic solution of 2-2’-bipyridyl (0.468 g, 
3 mmole) was added and stirred for about 24 hr. Pink 
precipitate in each case appeared, which was filtered, 
washed with ethanol and dried in vacuum. The com- 
plexes were recrystallized from acetonitrile. 

[Co(bipy)J[p-tolyl Hg(SCN),], m.p. 146°C. 
[Co(bipy),][a-naphthyl Hg(SCN)J2 m.p. 135°C. 

(SCN)2Ni(NCS)2Hg2R2. p-tolyl mercury thiocyanate 
(6.987 g, 2 mmole) and o-naphthyl mercury thiocyanate 
(7.7 g, 2 mmole) were separately dissolved in acetone. To 
each solution a methanolic solution (1.75 g, 1 mmole) of 
Ni(NCS)2 was added and stirred for 72 hr. A bluish-green 
precipitate appeared in each case which was filtered 
washed with methanol and dried in vacuum. The com- 
plexes were recrystallized from acetone. 

(SCN)2Ni(NCS)2Hg2(p-tolyl), m.p. 238”(d) 
(SCNhNi(NCS)2Hg2(cu-naphthyl)2 m.p. 217”(d). 

and 

(SCN)2Ni(NCS)2Hg2 (p-tolyl)2 (0.873 g, 1 mmole) and 
(SCN)2Ni(NCS)2Hg2 (cu-naphthyl)2 (0.945 g, 1 mmole) 
were separately dissolved in 50ml of ethanol. To each 
solution an ethanolic solution of pyridine (0.2 ml, 
2 mmole) was added, and stirred for 36hr. Green pre- 
cipitate appeared in each case and was filtered, washed 
with solvent and dried in vacuum. Complexes were 
recrystallized from acetone. 

(py)2(SCN)2Ni(NCS)2Hg2 (p-tolyB2 m.p. 230”(d) 
(py)2(SCN)2Ni(NCS)2Hgz (a-naphthyl)z m.p. 255”(d). 

The bipyridyl complexes were similarly prepared by 
reacting ethanolic solutions of 2,2’-bipyridyl (0.468 g, 
3 mmole) in place of pyridme. 

[Ni(bipy)3][g-tolyl Hg(SCN),12 m.p. 162°C. 
[Ni(bipy),][naphthyl Hg(SCN)2]2 m.p. 166°C. 

The dmso complexes were prepared by the method 
adopted for corresponding cobalt complexes. 

Analyses of fhe complexes. The complexes were 
analysed for cobalt as anthranilate, nickel as dimethyl- 
glyoximate, sulphur as sulphate and mercury gravi- 
metrically as sulphide. Nitrogen was estimated by semi- 
micro Kjeldahl’s method. Analytical results along with 
melting points are presented in Table 1. 

Physical measurements. The molar conductances of 
the complexes were measured in dimethylformamide 
using a Philips conductivity bridge model PR-9500. The 
molecular weights were determined in dmso solution by 
the cryoscopic method. The magnetic susceptibility 
measurements were made at room temperature by 
Gouy’s method using CoHg(SCN)4 as standard. The 
diamagnetic correction were made using Pascal’s con- 
stants. Infrared spectra of the complexes were recorded 
as nujol mulls or as KBr pellets on a Perkin-Elmer 621 
spectrophotometer in the range 4000-2OOcm-’ and as 
polyethylene disc in the range 500-50 cm-’ on a polytech 
FIR. 30 Fourier spectrophotometer. Electronic spectra 

in the range 250-1800 nm were recorded on a Carl-Zeiss 
DMR-21 spectrophotometer. 

RESULTS AND DISCUS!JION 

M(NCS)2(py)2 or M(NCS)2(dmso)2 reacts with 
RHgSCN and forms an adduct of general formula 
L2(SCN)2M(NCS)2Hg2R2 (L = py, dmso). The pyridine 
or dmso is given off when the adducts are heated in 
vacuum, leaving behind a compound of general formula 
(SCN)2M(NCS)2Hg2R2 which is termed as Lewis acid. 
The Lewis acids when reacted with pyridine or dmso 
again form the adducts. On reaction with a strong base 
like 2-2’bipyridyl, the Lewis acids form cationic-anionic 
complexes. The structure of these complexes are dis- 
cussed below. 

1. Adducts. L2(SCN)2M(NCS)2Hg2R2 and Lewis acids- 
(SCN)2M(NCS)2Hg2R2 (L = py, dmso; M = Co, Ni and 
R = p-tolyl, cu-naphthyl) 

Both the adducts and the Lewis acids are non-conduc- 
ting in dimethylformamide. The molecular weight data 
(Table 2) of (py)2(SCN)2M(NCS)2Hg2R~ indicate that 
they are monomeric. The molecular weight of 
(SCN)2M(NCS)2Hg2R2 could not be determined on ac- 
count of insufficient solubility, however, the cobalt 
complex may be assumed to be monomeric, on the basis 
of the tetrahedral coordination of the cobalt atom but the 
octahedral nickel complex is presumably polymeric. The 
adducts can be formed by reaction of pyridine or dmso 
with the Lewis acids which in turn can be reformed by 
heating the adducts in vacuum. 

For deriving structural information the spectra of 
RHgSCN have been iirst studied. The solid phase spectra 
shows the presence of UC-N band at 2182, UC-S at 729, 
vHg-S at 235, SSCN at 446, and uHg-C at 459 cm-‘. On 
the basis of this information the unit cell of RHgSCN has 
been considered to have a dimeric centrosymmetric 
model, where a four membered Hg2S2 ring is formed.6 
The position of these bands is considerably changed 
when the spectrum is recorded in methanol. The vC-N is 
observed at 2136 and vHg-S at 283 cm-‘. This indicates 
that bridging through sulphur of thiocyanate is destroyed 
in solution. It has been considered safer to derive shifts 
from the spectral data in solution phase. On comparison 
of the various bands of RHgSCN with the corresponding 
bands of L2(SCN)2M(NCS)2Hg2R2, changes are observed 
in vC-N, vC-S and vHg-S bands (Table 3). The vC-N 

N 
C 

?\ 

R-Hg\s/Hg-R 
C 
N 

band is observed in the region 2125-2170 cm-’ and UC-S 
in the region 72&795 cm-‘. These changes indicate that 
the thiocyanate of RHgSCN becomes bridging probably 
by coordination to M through its N-end. 
A band in UC-N region in the range 2060-2080 cm-’ is 

also observed, which is assigned to N-bonded terminal 
thiocyanate arising from M-NCS and can be supported 
from its analogy to the reported band in M@JCS)22L.’ In 
the case of Lewis acids the bands assigned to UC-N, 
VC-S and SNCS are present almost in the same region in 
which they are present in their corresponding adducts. 
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The slight changes in band positions are due to change in 
stereochemistry around M. The change in vC-N stretch- 
ing band positions due to change in stereochemistry is 
well described elsewhere.’ The r&f-NCS bands in the 
case of cobalt Lewis acids are observed at about 
308cm-‘, which on adduct formation shift to 240cm-‘. 
This negative shift shows the change from tetrahedral 
configuration to octahedral on adduct formation.‘*’ Such 
a change is not observed in nickel analogues because of 
the presence of octahedral configuration in both the 
Lewis acids and their adducts. A band assigned to vM-N 
(py) is observed at about 270cm-’ in pyridine adducts 
and at 378 cm-’ in dmso adducts which is assignedlo~” to 
vhf-0 These bands are absent in the Lewis acids. 

The electronic spectra of the Lewis acids and the 
adducts as discussed later indicate that cobalt in 
(SCN)&l(NCS)2Hg2R2 is in tetrahedral coordination and 
the nickel is octahedral. The octahedral geometry in case 
of nickel is perhaps acquired by axial coordination 
through sulphur of the thiocyanate group of the adjacent 
layer.” In the case of L2(SCN)M(NC&HgzR2 both 
nickel and cobalt acquire the octahedral configuration. 
The ,magnetic moment values of (SCN)2Co(NCS)2Hg2R2 
are 4.1-4.2B.M. and of L2(SCN)2Co(NCS)2Hg2Rz are 
4.92-5.1 B.M. In the case of (SCN)2Ni(NCS)2Hg2R2 and 
their adducts these values are in the range 2.85-3.31 B.M. 
On the basis of above results the following structures 
(Figs. l-3) can be proposed, pending confirmation by 
single crystal X-ray analysis. These structures are further 
supported by: 

(I) The far IR spectra of the Lewis acids and their 
adducts show the presence of bands in the region 45% 
470, 210-220, 160-190 and 79-91 cm-‘, which can be 

R-\ /Ncs 
‘CO’ 
/ 

RMSCN 
cs 

(R = p-tolyl and a-naphthyl.) 

Fig. 1. 

(R = p-tolyl and a-naphthyl.) 

Fig. 2. 

(M = CO, Ni; L = py, dmso and R = p-tolyl and wnaphthyl.) 

Fig. 3. 

assigned to vHg-C, vHg-SCN, .SN-M-N and SS-Hg-C 
vibrations respectively.‘**” The presence of these bands 
support the proposed structure. 

(II) All the linkages shown in the structures are con- 
sistent with the requirements of HSAB principle. 

(III) Quantitative softness values as discussed later 
also support various linkages. 

(IV) Local symmetries around cobalt and nickel show 
that cobalt in (SCN)2M(NCS)2Hg2R2 has Ta symmetry 
and in L,(SCN),M(NCS),HgR, has Ddh symmetry. The 
nickel in its Lewis acids and adducts have D4,, sym- 
metry. The number of IR active bands calculated for 
these symmetries and the observed number of bands are 
in good agreement (Table 4). 

(V) The cobalt and nickel are in their preferred coor- 
dination geometries in Lewis acids and in their adducts. 
Mercury, too has the preferred linear structure. 

(VI) Organomercury halides have been shown to have 
poor acceptor properties,‘4 hence the linkage of pyridine 
and dimethylsulfoxide to cobalt or nickel instead of 
mercury is more justified. 

2. Cationic-anionic complexes. [M(bipy)3j[RHg(SCN)& 
The bipyridyl complexes of both the Lewis acids show 

a different behaviour. Their molar conductance values 
(132-136 cm-’ mhos/moles) in dimethylformamide show 
that they are 1:2 electrolyte. The IR spectra of the 
complexes indicate the absence of bridging and N-bon- 
ded thiocyanate. Two bands in the vC-N and vC-S 
regions are observed which are in the range of S-bonded 
thiocyanate’5 (Table 3). 

The electronic spectra of the complexes as discussed 
later indicate that cobalt and nickel are in octahedral 
configurations. The magnetic moment values also sup- 
port this cordiguration. The Dq values of the complexes 
are close to the reported Dq values of [Co(bipy)3]2+ ion. 
The far IR spectra shows the presence of bands at 260 
and 285 cm-’ for vCo-N and vNi-N respectively. On the 
basis of these observations we can suggest that the 
cation has cobalt or nickel duly coordinated with three 
molecules of bipyridyl. The anion possibly has a tri- 
coordinated mercury linked with two S-bonded thiocy- 
anate ions and one aryl group. The n-i-coordinated struc- 
ture of mercury is also supported by the number of 
bands in the vC-N and vC-S regions. The anion has Czv 
symmetry and is expected to give two bands in these 
regions. Two bands against each are actually present. 
Tricoordinated mercury compounds have been reported 
by earlier workers also.‘6*17 The preference of bipyridyl 
for cobalt or nickel in comparison to mercury is in 
conformity with the HSAB principle’* and bEiLl 
requirements, The far IR spectra show the presence of 
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Hg-SCN band at 210 cm-’ and absence of r&o-NCS or 
uNi-NCS band. 

On the basis of these results the following structure 
(Fig. 4) can be proposed to cationic-anionic complexes. 

Electronic spectra. The electronic spectra of the com- 
plexes have been recorded as nujol mulls in order to 
avoid the effect of solvolysis in solution. In the case of 
(SCN)2Co(NCS)2Hg2 two intense bands assigned to 
4A2+4Z’2(F) (Ye), and 4A2+4T,(P) (v*) transitions were 
observed at about 16,400 and 7850cm-’ respectively. 
The v2 band was not split showing the presence of Td 
symmetry around cobalt. The Dq values derived from y3 
and u2 bands are about 480 cm-‘. This value is higher 
than the reported” Dq value of [Co(NCS),12’. This in- 
crease in ligand field strength is consistent with the 
Cotton’s observation.20 It has been reported that when 
the free sulphur end of N-coordinated thiocyanate ions 
become bound to other ions such as Hg2+ the con- 
tribution of the N-coordinated thiocyanate to the ligand 
field around the first metal is enhanced. In 
L2(SCN)2Co(NCS)2Hg2R2, three bands in the region 
20,830-21,600, 16,500-17,800 and 8000-8900 cm-’ are 
observed assignable to 4T,,+4T,,(P) (q), 4T,,+ 
4A2g( v2) and 4 T,, + 4 T2J Y,) transitions respectively. The 
u2 band being two-electron transition is very weak. The 
spectral parameters Dq, B’ and /3 have been calculated 
from v2 and y3 bands. The Dq values so obtained have 
been compared with vl band position and both are very 
close. The band position, spectral parameters and the 
magnetic moment values (Table 5) support octahedral 
conliguration around cobalt in the adducts. In case of 
cationic-anionic complexes three bands are also obser- 
ved which are assigned to 4T1,+4T,,(P)(v3), 4T,,+ 
4A2g( y) and 4T,, +4 Tzg( vl) transitions. These bands are 
present in the region 21,260-21,600, 16,490-17,710 and 
892&93OOcm-’ respectively. The position of the bands 
in case of the cationic-anionic complexes have higher 
value as compared to corresponding band positions of 
the pyridine adducts. The Dq value (945 cm-‘) of the 
cation[Co(bipy),]‘+ is higher than the Dq values 
(890 cm-‘) of the adducts. [Co(bipy)3]2’ is expected to 
have higher value than L2(SCN)Co(NCS)2Hg2R2. The 
higher Dq value supports the existence of such a cation. 

The electronic spectra of the nickel Lewis acids, their 
adducts and cationic-anionic complexes show the 
presence of three bands in the region 25&W-28,570, 
15,87&18,500 and 901&11,360 cm-’ which are assigned 
to 3A2g d3Ti,(P)(4), 3Az, +3 T,,(F)(& and 3&, + 
3T2g(F)(~,) respectively. The Dq values derived from v2 
and V~ bands or from Y, bands show that Lewis acid has 
the lowest value and the cationic-anionic complexes 
have the highest value. This difference in Dq values is 
perhaps due to the difference in moieties around nickel in 

(M = Co, Ni; L = bipyridyl- and R = p-tolyl and a-naphthyl). 

all the three cases. In the Lewis acid the nickel has 
(NCS)2Ni(NCS), moiety and in the adducts has 
L,Ni(NCS)4 and in the cationic-anionic complexes has 
[Ni(bipyh] moiety. The thiocyanate being at the weaker 
and of the spectrochemical series will have a lower Dq 
value than bipyridyl which is at the stronger end of the 
spectrochemical series. The highest Dq value in case of 
cationic-anionic complexes and its closeness to the 
reported2’ Dq value of [Ni(bipy)J2’, indicates that nickel 
is linked only with bipyridyl. 

Quantitative “sofmess” values 
Quantitative “softness” values of metal ions in 

different compounds and of ligands, have recently been 
lused in deriving choice of linkages in a complex, its 
structures and relative metal ligand bond 
strength. 18.19.22.23 

The “softness” of metal ions has been 
denoted by E.2’ and of bases by Em2+, and the 
difIerence between the two by AE2.L. The “softness” 
values of various metal ions and bases involved in the 
present series have also been calculated by the method 
described elsewhere,lg and are presented in Table 6. 
These values have been applied in the following manner: 

(1) The pyridine, dmso or bipyridyl when reacted with 
any of the Lewis-acids has two sites for linkage, one at 
M[Co(II) or Ni(II) or Zn(II)] and the other at mercury. 
The AEiL values derived for M-py linkage and Hg-py 
linkage show that the former will be preferred because of 
higher value of AEG (Table 7). The experimental results 
also support this linkage. 

(2) The difference in total “softness” ATET(M-Hg) 
values of h4 and Hg has been indicative of the stability of 
thiocyanate bridge between M and HgF3 The difference 
in total “softness” between M(II) and Hg(I1) of the three 
Lewis acids of the alkyl series (Table 8) shows the 
following order of the stability of the thiocyanate bridge: 
Ni-Hg > Co-Hg > Zn-Hg. 

The difference in total “softness” values in Zn-Hg 
Lewis acids is the lowest, hence the thiocyanate bridge 
between these two metal ions is the,weakest. On reaction 
with pyridine Co-Hg Lewis acids form adducts, whereas 
in case of Zn-Hg Lewis acid the thiocyanate bridge in 
between Zn-Hg is broken. This may be on account of 
lower ATE.‘+(Zn-Hg) value. It is interesting to note 
that Zn-Hg Lewis acid of p-tolyl’ forms adducts with 
pyridine. The ATE,“(Zn-Hg) derived for this Lewis 
acid is 14.449 which is, higher as compared to alkyl 
series, and it is perhaps on this account the thiocyanate 
bridge between Zn-Hg is stable. 

(3) Metal ligand bond strength has recently been 
represented in terms of matching constant.” The match- 
ing constant data in case of Lewis acids and their ad- 
ducts have been calculated by the following equation and 
are presented in Table 9. 

‘Matching constant = ]En2+ - Em2+] t CFSE. 

A reference to Table 9 shows that the complexes 
where M = Ni(I1) have higher value than the cor- 
responding cobalt complexes. The zinc analogues have 
the lowest value. The sequence of stability is in con- 
sonance with the Irving-Williams stability sequence.24 
The matching constant value also indicate that the 
-naphthyl complexes are comparatively more stable than 
the p-tolyl complexes. 
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Table 7. Matching (AEZ) between metals and ligands 

Ligands AEf(C+L) E&,,(Ni-L) AE;,,,(Zn-L) AEn*m(Hg-L) 

pyridine 10.75 10.97 7.171 6.14 
dmso 10.49 10.71 6.552 5.88 
2-2’ bipyridyl 11.06 11.28 7.121 6.45 

The matching (hEi,,,) has been derived from the difference in softness values of metal 
ions and the ligand.‘9 The higher is the value of AE:,,, the better is the matching. E*+ of 
mefal ions:-Co+* = - 0.38, Ni*+ = - 0.16, Zn” = - 4.318 and Hg2+ = - 4.99. 

Table 8. Total “softness” ditference “ATE2.‘(M(Hg)” values 

Lewis acids ATq(Co-Hg) ATE,,+(Ni-Hg) ATE.+(Zn-Hg) 

(SCNkM(NCS)zHgz(CH,)z 14.48 16.65 13.10 
(SCN),M(NCSkHsz(C2Hs)z 14.34 16.47 12.97 
(SCN),M(NCSkHg2(C,H, 11.94 12.77 11.46 
(SCNkM(NCSkHg2(C,H,), 14.24 16.33 12.97 

ATE,+(M-Hg) have been calculated by adopting the equation reported elsewhere.z2 

Table 9. Matching constant values of the complexes 

Canplexes W 6sE CFSE 

(an-l) hn-1) 
4 

Matcpg const;nl. 

(e.v) '&& + CFSE) 

&CN)2Co(NCS +Hg2 (&M.olyl)2 480 39&O 4.939 9.X" 14.246 

(~)2C0(NCS)2H92(~~aphthyl)~ 475 39,?Go 4.31m 9.360 14.327 

wN)2NiMCS)2Hg2(p-tolyl!2 1020 53,760 6.:i;5 0.597 15.252 

(S~)2ni(NcS)2Hg2(d_na~thyl)2 1026 53,668 6.656 A.61F 15.274 

bCN)2zn(NCSqg2( ptolyl)2 P 7.544 7,54t 

(ly)2(sclrJ),C0(NCS)2H92(ptolyl)~ 690 3S#480 4.770 8.193 12.963 

(WI2 (SChl)2CO(NCS)*Hg2(4~a~~'lrthyl)* 90s 38,336 4.153 8.208 12.961 

~~u)2~~~*Ni~NcS~*~2~Iito:yl~2 1073 53,124 6.566 7.428 14.014 

(~)~(")~"iQCS)~HgZ(q-na~thyl)~ 1057 53,688 6.656 9.618 15.274 

(ml2 bCN~2~(NCS)2Hq2+tolyl)2 - 6.422 6.422 

(anso)2k3CN)2C~(NCS)2Hg2 (p-tOlyi)L 794 39,248 4.866 7.653 12.519 

(hso)2bCN)2Co(NCS)2Hg2(~naphthyl)2 756 39,552 4.9w 7.667 12.571 

(~s~)~(SQU)~N~(~S)~HP~(~~~~~~)~ 1,006 53,940 6.607 6.69 13.577 

(&uIo)~ (S~)2Ni(NCS)2HB2(~napht~l)2 1,007 53,316 6.609 7.533 14.142 

Comparison with alkyl mercury thiocyanate complexes 
(1) Alkyl mercury thiocyanate RHgSCN-[R = CHs, 

C2Hs, C3H7, C4H9, GH,,] react with CO(NCS)~ 
and form the Lewis acids of general formula 
(SCN)K!o(NC!$Hg2R2. The aryl mercury thiocyanates 
ArHgSCN-[Ar = CaHS, CH&H.,, CIOH71 do not react 
with Co(NCS),, to form the corresponding Lewis acids. 
They however, react with Co(NCS),(py), and form ad- 
ducts of general formula (py)2(SCN)2Co(NCShHg&4r)z. 
On heating these adducts in vacuum, the pyridine is 
given off and Lewis acids are formed. 

(2) The dimethylsulphoxide forms stable complexes 
with aryl derivatives whereas the dmso complexes of 
alkyl derivatives are very unstable. 

(3) The Dq values of (SCN)2Ni(NCS),Hg,R, (R = 
methvl. ethvl. oronvl, butyl, amyl, p-tolyl and a-naph- 

thyl) as presented in parentheses indicate th at n-amyl 
mercury thiocyanate has the highest ligand field strength 
and the n-propyl mercury thiocyanate has the lowest. 
The spectrochemical series can be drawn in the following 
order. 

n-CSH,,HgSCN(1070) > &,,,H~HgSCN(1026) 
> a- CH&H,HgSCN( 1020) 

C2H,HgSCN(l018) > CHjHgSCN(1016) 
> R- C.,H9HgSCN(101S) 

CgH,HgSCN(l014). 

(4) When Co(D) and Ni(I1) are replaced by Zn(I1) in 
the Lewis acids the behaviour become entirely different 
in alkyl and aryl analogs. On reaction with pyridine the 
alkyl derivative-(SCN)2Zn(NCS)2Hg,R2 decompose 
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whereas the aryl analogs (SCN)2Zn(NCS)2Hg2Ar2 forms 
well defined complexes. 

“J. R. Ferraro, Low Frequency Vibrations of Inorganic and 
Coordination Compounds, Chaps. 5 and 7. Plenum Press, New 
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Abstract - The preparation of I-hydro-pentafluorosulfur-F-ethylsilver is described. 

AgCH(SFs)CFs reacts with HC& and DC& to form HCH(SFs)CFs and DCH(SFs)CFs~l-Pentafluoro- 

sulfur-F-ethylsilver reacts with C& and DC& to form C&CF(SFs)CFs and DCF(SFs)CFs. 

AgCH(SFs)CFs, DCH(SFs)CFs, C&CF(SFs)CFs and DCF(SFs)CFs have not been reported previously. 

The vibrational spectra of HCF(SFs)CFs and its deuterated analog were investigated, 

and a tentative assignment was made. 

INTRODUCTION 

Miller and coworkers have found that perfluoralkyl-silver compounds are highly reactive 

and can serve as useful intermediates for the synthesis of polyfluorocarbons, 
2-4 

. We 

have recently reported the first synthesis of a perfluoroalkylsilver complex which con- 

tains the pentafluorosulfur group5. Since it was of interest to determine whether or not 

other pentafluorosulfur containing alkylsilver complexes could exist, we undertook the 

present work in which the compound AgCH(SFs)CFs was prepared and some of its reactions 

were studied. 

The vibrational spectra of pentafluorosulfur compounds are of considerable interest, 

and much attention has been given to their interpretation in recent years 
6-10 . There- 

fore, as part of this work, we obtained high resolution infrared and Raman spectra of 

HCF(SFs)CFs and its deuterated analogue, DCF(SFs)CFs, in order to attempt a vibrational 

assignment. 

EXPERIMENTAL 

Silver fluoride (Ozark-Mahoning) was stored and transferred in a drybox under subduad 

light. Acetonitrile (J. T. Baker Reagent grade) was dried over calcium hydride and 

distilled prior to use. 

1-Pentafluoro-F-ethylsilver was prepared from silver fluoride and pentafluorosulfur- 

F-ethene as described previously5. All manipulations involving fluoroalkylsilver com- 

pounds were carried out under vacuum in carefully dried glassware, and light was ex- 

cluded from the photosensitive reaction mixtures. 1-Hydra-1-pentafluorosulfur-F-ethane, 

HCF(SFs)CFs, was prepared as described previously5. High resolution infrared and Raman 

data are presented in Table I. 

Anhydrous DC& (99.5% isotopic purity) was prepared from Tridom 20% aqueous Dti by care- 

fully drying the gas above the solution over PeQo. 

Preparation of 1-hydro-1-pentafluorosulfur-F-ethene 

SFsCH=CF, was prepared by the dehydrohalogenation of SFsCHsCFsBr using NaOH suspended 

in mineral 011~~'~'. SFsCHsCFsBr was prepared by the addition of SFsBr to CFs=CHs 
11 

and 

purity was checked by infrared spectroscopy 
12 . SFsCH=CFs: Infrared spectrum, vapor 

723 
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phase, cm-l: 3130(w), 1730(s), 1350(s), 1245(w), 1210(s), 1085(w), 1010(s), 885(vs), 

780(s), 680(m), 600(s), 560(m). M. Calcd.: 190. Found: 188. 

Preparation of 1-hydra-l-pentafluorosulfur-F-ethyl silver 

In a typical experiment, a dry 100 ml vessel was charged with silver fluoride (0.709 g, 

5.59 mmol) and evacuated. Acetonitrile (1.85 g) and 1-hydro-1-pentafluorosulfur-F-ethene 

(2.553 g, 13.4 mnol) were condensed in at -196'. The vessel was sealed, allowed to warm 

to room temperature, and stirred for two hours. The resulting yellow solution was fil- 

tered under vacuum to remove residual silver fluoride, and the unreacted olefin along 

with the acetonitrile solvent was removed by pumping the filtrate. The white, solid 

product, AgCH(SFs)CFs,was isolated as the solvate. Calcd. mass for AgCH(SFS)CF,*0.5CHsCN: 

1.677 g. Found: 1.677 g. 

heatment of AgCH(SFs)CFs with a slight deficiency of anhydrous HC& (4.71 mmol) over a 

14 hr period gave a volatile mixture that was fractionated at -80, -115, -196'. Upon 

further separation by GLPC (r' x 4', 10% DCQF-1, 30/60 Chromosorb P, 30°, 50 ml/min He), 

the contents of the traps held at -115O and -196' yielded l,l-dihydro-l-pentafluorosul- 

fur-F-ethane (0.720 g, 69%) which was iddntified by its characteristic infrared spec- 
12 

trum . 12 
Since our infrared spectrum covers a broader range than that reported earlier , 

our data are reported here along with those for the Raman spectrum. HCH(SFs)CFs. Infra- 

red, 
-1 

vapor phase, cm : 3047(ww), 3005(ww), 1424(mnr), 1353(ms), 13OO(ms), 1272(ms), 

115O(vs), 915(s), 878(vs), 858&s), 740(m), 683@),654(w),6156),572(w), 529(sh,w), 513(vw), 

402(ww), 298(ww). 
-1 

Raman, liquid phase, cm : 303C(6), 3003(36), X.23(2), 1355(2), 

1298(l), 1265(l), 1135(3), 908(4), 870(2), 848(6), 733(100), 681(88), 650(20), 607(12), 

567(2), 530(3), 519(a), 482(3), 452(?), 408(6), 294(43), 268(3), 238(13), 156(l). In 

addition, a small amount of the starting material (SFsCH=CF2, 0.1083 g, 9%) was recovered 

along with a minor unidentified product which infrared and mass spectral data suggested 

was 1-trifluorosulfur-2-hydro-F-ethane (0.192 g, 20%). Infrared spectrum, vapor phase, 
-1 

cm : 1400(m), 1265(m), 1170(s), 1148(s), 1030(w)(SiF,?), 880(m), 850(s), 795(m), 

705(w), 630(w), 590(w). Mass spectrum, 70 eV, m/e (I/IO x 100): 190, p+?(28), 171(15), 

107(a), 91(8), 89(100), 85(5), 83(10), 82(18), 81(5), 71(8), 70(13), 69(13), 64(23), 

63(13), 57(15), 55(15), 51(39), 48(13), 45(13), 44(8), 43(18), 41(26). 

The white solid residue remaining in the reaction vessel after the previous treatment 

weighed 0.6955 g (4.85 mmol, 103% of the theoretical amount of AgC.?,). 

Preparation of 1-deutero-1-hydro-l-pentafluorosulfur-F-ethane 

A quantity of AgCH(SFs)CFs (approx. composition AgCH(SFs)CFs~2~0 CDsCN, 1.59 mol) was 

prepared as described previously except that CDsCN was used as the solvent. Anhydrous 

DCC(0.0424 g, 1.13 mnol) was condensed into the reaction vessel containing the 

A~cH(SF,)CF, solvate, and the mixture was allowed to warm slowly to room temperature with 

stirring. A reaction took place immediately as evidenced by a lightening of the gray 

color of the solid (formation of AgC&) and after 30 min., the volatile material was re- 

moved. Fractional condensation at -80 and -196O resulted in the isolation of CDsCN 

(-80' trap, 0.1201 g, 2.73 -1) and a mixture (-196' trap which was further separated 

by GLPC (v' x 8', 20% OV-210 on 80/100 Chromosorb W-HP, 70 ml/min He) and contained 

DCH(SFs)CFs, SFsCH'CFs, and a small amount of CDsCN. The yield of DCH(SFB)CFs was close 

to 41% (0.0971 g, 0.46 mmol) based on DC&, but the best sample was still slightly impure 

with small amounts of unidentified substances. The gray residue (0.3957 g) remaining 

in the reaction vessel contained AgCL, unreacted AgCH(SFs)CPs and probably AgF. 

DCH(SFs)CFs: M. Calcd: 211. Found: 215. Mass spectrum: m/e (I/IO x 100) species: 

192(20) SF&lUXFs+, 191(g) SF&DCFs+, 172(5) SFsCDCF+, 129(4) 34SFs+, 127(91) 32SFs+, 
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123(8) SF&HD+, 108(l) SF4 +, 102(2) CFsCDF+, 101(l) CFsCHD+, 91(6) 34SFs+, 83(100) 
32 

SFs+, 85(2) SiFs+, 84(71) CFsClH)+, 83(8) CFsCD+, 82(2) CFsCH+, 70(11) SFs+, 69(30) 

CFs+, 66(3) Sips+, 65(16) CFsCHD +, 64(10) CFsCD+, 63(3) CFsCH+, 52(14) CFeD+, 51(6) 

SF+ and CFsH+, 47(l) SiF+, 46(9) CFCHD+, 45(6) CFCD+, 44(4) cFCH+ and COs+, 43(2) 

CsF, 34(53) CFHD+, 33(S) CFD+, 32(4) CHF+ and S+, 31(13) CF+, 28(9) Ns+ and CO +, 18(5) 

HeO+ and OD+, 15(2) CDH. 
-1 

Infrared, vapor phase, cm : 306O(ww), 292O(wvw), 2420 

(vvvw), 235O(vvvw), 228O(vvw), 1465(vvw), 1406(ms), 1363(ms), 127O(ms), 1212(w), 117O(vs), 

1145(vs), 935(ms), 88O(ms), 85O(vvs), 794(s), 705(m), 630(w), 590(w), 575(sh,vw), 53O(vw), 

72s 

475(vvw). A satisfactory Raman spectrum was not obtained. 

Preparation of 1-deutero-1-pentafluorosulfur-F-ethane 

A quantity of anhydrous DCC (0.0243 g, 0.65 nnnol) was condensed into a 30 cm3 Pyrex 

reaction vessel which contained AgCF(SF,)CFs.CDsCN (0.67 aanol) prepared as described 

previously'. The reaction mixture was stirred for 30 min. in subdued light and the 

volatile material was removed under vacuum. The clear, volatile liquid was separated by 

fractional condensation at -78, -118, and -196'C. The -78O and -118' fractions were 

further separated by GLPC (y' x 4', 15% DC-200 on 80/100 Chromosorb P, 23O, 150 u&/min 

He), and a sample of DCF(SFs)CFs was isolated (overall yield 4%). DCF(SFe)CFs: M. 

Calcd.: 229. Found: 220. Mass spectrum, m/e (I/IO x 100) species: 129(2) 34SFs+, 

127 (42)'32SFs+, 108 (4) SF,+, 102 (56) CFsCDF+, 101 (7) CFsCHF+, 91 (6) 
34 

SFs+, 89 (100) 
32 

SFs+, 83 (5) C&CD+, 82 (<< 1) CFsCH+, 70 (6) SFs 
+ 
, 69 (18) CFs+ 64 (2) CFsCD+, 63 (1) 

CFaCH+, 52 (1) 13CFsD+, 52 (86) 12CFsD+, 51 (12) SF+,CFsli+, 50 (1) CFe+, 46 (2) CFCHD+, 

45 (1) CFCD+, 44 (2) CFclI+,coz+, 43 (2) Cap+, 33 (8) CFD+, 32 (3) CFH+, Os+, S+, 31 (13) 

cF+, 28 (5) Ns+ CO+. Infrared and Ramsn data are presented in Table II. 

Preparation of 1-chloro-1-pentafluorosulfur-F-ethane 

A sample of AgCF(SFe)CFs.2 CHsCN (1.9619 g, 4.70 nnaol) was prepared and dry, high 

purity C& (6.07 amol) was added. The reaction was allowed to proceed in the dark at 

room temperature for 3 hr. with stirring. After this time, the grayish solid had turned 

white (A&,) indicating that a reaction had taken place. The volatile material was 

removed and separated by fractional condensation and GLPC (D@F-1) as described previously. 

After exhaustive purification a pure sample of C&F(SFs)CFs (0.0969 g, 0.39 wol) was 

obtained (8% based on AgCF(SFs)CFs.2CHsCN). C&F(SFs)CFs. %S,F. Calcd.: 12.2, 65.1. 

Found: 12.3, 65.3. Mass spectrum, 70 eV, m/e (I/IO x 100) species: 193 (2) SFsCFCk+, 

138 (.6) SFzCF3'C&+, 137 (30) CF F37C&+, 136 (2) SFsCF3'C&+, 3 135 (100) CFsCF35c&+, 

131 (3)?, 129 (.3) 
34 

SFs+, 127 (9) 32SFs+, 119 (12) CsFs+, 118 (2) CF2;;37y+, 116 (5) 

CF CF3'cC+, 108 (.2) SF,+, 91 (1) 
34 

2 SF,+, 89 (37) 32SFs+, 87 (17) CFs CC , 85 (56) 

CFs35C.c+, 70 (16.4) 32SFs+, 69 (44) CFs+, 68 (1) CF 37ti+, 67 (3) 35ScL+, 66 (8) 

CF35C&+ I 55 (2)?, 51 (4) 32SF+, 50 (4) CFs+, 47 (3) 35C.c+, 44 (2) cOs+, 37 (1) 37C&+,35(2) 
35C,t+,P(6)32S+,q?,31(14)CP+, 28 (22)N,+, CO+. The vapor phase infrared spectrum was 

5 
similar to that obtained earlier for BrCF(SFs)CFs . Infrared spectrum, vapor phase, 

-1 
cm : 1273(m), 1242(vs), 1220(s), 1135(s), 960(m), 935(m), 898(vvs), 829(vs), 778(m), 

686(w), 607(m), 578(m), 555(vvw). 

Spectra 

Infrared spectra for the purpose of identification were taken on a Perkin-Elmer Model 

457 infrared spectrophotometer. High resolution infrared spectra were recorded on a 

Perkin-Elmer Model 621 infrared spectrophotometet which was purged with dry air. Gaseous 

samples were held in 7 or 10 cm Pyrex cells equipped with either potassium bromide or 

cesium iodide windows. 
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,.,;I 
I I I- 

1500 1000 500 

FREQUENCY (CM-') 

FIG. I. VIBRATIONAL SPECTRA OF HCF(SF5)CF3 AND DCF(SF5)CF3 

Bottom: 

Infrared spectra; gas phase, ca. 5 torr.; gain, 4.5; attenuator 

speed, 1100; suppression, 4; slit program, auto; scan time, 

32 min; source current, 0.8 amp. 

Raman spectra; liquid (cap.); sensitivity, 55; time constant, 

auto; slits, 8 -8 -8; height, 12; scan rate, 50 cm-l/min.; 

laser power, 300 nw (4880 i). 

Top: 
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TABIE I 

vibrational Frequencies and Assignments for HCF(SF,)CF3 

(cl Raman Infrared(Q 

"(cm-l) 

Assignment 

I 
- 

11 
0.2 
0.2 

0.5 

v (cm-‘) 

3004 
2734 
2600 

2328 

P 

0.23 3007 VW 

2572 vvw 
2529 VW 
2457 vvw 
2425 v-vu 
2382 vvw 
2325 vvw 
2299 vvw 
2235 vvw 
2152 vvw 
2078 vvw 
2027 vvw 
1935 vvw 

1704 vvw 
1620 vvw 
1597 vvw 
1562 W 
1501 VW 
1421 vvw 
1376 m 
1332 w 
1294 "8 
1242 vvw 
1217 "8 
1161 "8 

1113 vvw 
1048 vvw 
991 vvw 
935 s 
885 ""8 
865 vs 
814 w 
766 s 
710 m 
675 m 
611 ms 

572 w 
523 W 

464 VW 
409 VW 
400 VW 

327 VW 
283 VW 

218 VW 

C-H stretching 
2 x 1376 - 2752 
2 x 1308 = 2616 
2 x 1294 = 2580 
1376 + 1161 = 2537 
1294 + 1161 = 2455 
2 x 1217 = 2434 
1217 + 1161 = 2378 
2 x 1161 = 2322 
1376 + 935 - 2311 
1376 + 065 = 2241 
1217 + 935 = 2152 
1217 + 065 = 2082 
1161 + 865 = 2026 
1332 + 611 = 1943 
1148 + 761 = 1909 
1294 + 409 - 1703 
1294 + 327 = 1621, 1217 + 409 = 1626 
885 + 710 = 1595, 1376 + 218 = 1594 
1161 + 400 = 1561, 885 + 675 = 1560 
1217 + 283 = 1500. 1376 + 123 = 1499 
2 x 710 = 1420 
C-C + CFs stretching 
C-H bendine 
CF stretciing 
67'3 + 572 = 1247 
CF, stretchinS(C-H bending?) 
C-F stretching 
506 + 568 = 1154 
710 + 400 = 1110. 710 + 409 = 1119 
2 x 523 = 1046 766 + 283 = 1049, 935 +123=1058 
2 x 494 = 988 710 + 283 = 993. 865 + 123 = 988 
CF, + C-C stretching 
SF, stretching 
S-F stretching 
2 x 409 = 818, 523 + 283 = 806, 400 + 409 = 809 
CFs deformation 
SF, stretching 
SF; deformation 
CF. deformation 
SF; stretching 
S-F wagging 
CFs deformation 
SF, deformation 
SF4 deformation 
CF. rocking 
CF" rocking 
1212 - 861 = 351 
SF, rocking 
C-S stretching 
SF* deformation 
CCF bending 
CSF bending 
CCS bending 

1901 1 

1376 0.4 
1308 3 

0.44 
0.32 
0.44 1285 1 

1212 
1157 

0.37 
0.43 

1 
3 

1148 3 0.38 

937 3 0.28 
884 1 
861 2 

0.71 
0.38 

801 
761 
706 
672 
612 
586 
568 
524 
494 
465 
410 
399 
352 
326 
281 
248 
223 

0.1 
22 0.10 

0.05 
0.05 
0.63 
0.63 
0.75 
0.48 
0.72 
0.33 

100 
44 

9 
3 
2 
3 
4 
12 
6 
6 
1 
5 

49 
4 
6 

0.50 
0.50 
0.48 
0.64 
0.20 
0.60 
0.36 
0.24 155 

123 i.2 
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2230 12 0.42 

2112 1 

1375 
1314 

0.6 
7 0.59 

1236 
1208 
1153 
1140 
1038 
975 
925 
906 
895 
873 
855 
817 
760 
723 
701 
692 
670 
655 
610 
580 
560 
520 
487 
463 
455 
402 
394 
338 
320 
275 
241 
223 
158 
125 

0.5 
11 
11 
11 
6 
9 
0.1 
7 

0.6 
1 
2 
15 
6 
26 
6 

100 
7 
21 
30 
1 

0.63 
0.74 
0.31 
0.20 
0.35 

0.25 815 
0.25 760 
0.28 730 

0.20 720 
0.18 669 
0.28 663 
0.81 625 

8 br 0.61 
5 0.48 
5 0.51 
0.5 
16 0.54 
10 0.49 
11 0.55 
1 
12 0.66 
75 0.22 
3 0.55 
4 0.65 
4 0.62 
0.5 

TABLE II 

vibrational Frequencies end Assignments for DCP(SF. )CF. 

2560 “VW 

2530 “VW 

2480 “VW 

2410 VVW 

2320 “VW 

2230 V-i-d 

2124 “VW 

2115 “VW 

2080 “VW 

2058 “VW 

1863 VVW 

1768 VVW 

1739 “VW 

1714 “VW 

1620 VVW 

1593 VVW 

1555 VVW 

1486 VVW 

1375 VVW 

1318 Ills 

1288 “VW 

1240 s 
1212 “S 

1160 s,b 

1040 
981 
938 

897 
877 

575 
532 

w 
m 

“VW 

W8 

“8 

“VW 

VW 

w 

w 

Ins 

ms 
m 

w 

VW 

460 VW 
409 VW 
398 vvw 

276 vvvw 
245 vww 

1318 + 1240 = 2558 
1318 + 1212 = 2530 
2 x 1240 = 2480 
2 x 1212 = 2424 
2 x 1160 - 2320 
C-D stretching 
1240 + 897 = 2137 
1240 + 877 = 2117 
1212 + 877 = 2089, 2 x 1040 = 2080 
1160 + 897 = 2057 
1240 + 625 - 1865 
1040 + 730 = 1770, 097 + 877 = 1774 
981 + 760 = 1741, 1040 + 701 = 1741 
1318 + 398 = 1716 
1212 + 409 = 1621, 1160 + 460 = 1620 
1318 + 276 = 1594 
1160 + 398 - 1558, 897 + 663 = 1560, 1318 + 
245 = 1563, 1240 + 320 - 1560 
1212 + 276 * 1488, 760 + 730 = 1490 
981+ 398 = 1379, 1160 + 223 = 1383 
C-C + CFa stretching 
663 + 625 = 1288 
CF3 stretching 
CF, stretching 
C-i stretching 
580 + 560 = 1140 
C-D bending 
C-D bending 
CF3 + C-C stretching 

SF, stretching 
S-F stretching 
580 + 275 = 855 
701 + 125 = 826, 2 x 409 = 818 
1160 - 398 = 762* 
CF3 deformation 
455 + 241 = 696* 
SF+ stretching 
398 +276 = 674* 
SF4 deformation 
CF, deformation 
SF4 stretching 
S-F wagging 
CF, deformation 
SF; deformation 
241 + 223 = 464 
SF4 deformation 
CFs rocking 
CF3 rocking 
1208 - 873 = 335 
SFs rocking 
C-S stretching* 
SF+ deformation 
CCF bending 
CSF bending 
CCS bending 

*may be due in part to trace impurity of HCF(SFS)CF3 
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Raman spectra were taken using a Beckman Model 700 laser-Raman spectrophotometer 

equipped with a Spectra-Physics S-watt argon-ion laser. In order to ensure the identifi- 

cation of "grating ghosts", 
0 

spectra were obtained at the 4880 g and 5145 A exciting lines 

from which other discharge lines were removed by means of a narrow band pass filter 

(10 K,. The spectrometer was calibrated against the emission lines of Ne. Data are pre- 

sented in Tables I and II and Fig. I. 

Mass spectra were recorded on either a CVC MA-2 TOF or a CRC 21-110 mass spectrometer 

operating at an ionizing potential of 70 eV. 

RESULTS AND DISCUSSION 

Synthesis 

In a previous coununication, the facile addition of silver fluoride to l-pentafluoro- 

sulfur-F-ethene (I) was reported5. In this work it was found that l-hydro-l-pentafluoro- 

sulfur-F-ethene (II) also reacts readily with silver fluoride to form l-hydro-l-penta- 

fluorosulfur-F-ethylsilver which was isolated as the acetonitrile solvate. 

/SFs 
CHSQJ 

(1) FsC = C- +AgF = 

\ 

CF~~?SFSWWN)~ 

I 
X RT X 

* 
I X-F 

II X-H 

The number of solvent molecules associated with the silver complex was found to range from 

0.5 to 2 but was variable within these limits. Attempts to completely remove the solvent 

resulted in varying degrees of decomposition of the silver complex. 

Reactive fluoroalkylsilver complexes of the type AgCX(SF6)CF3 (X = H, F) appear to be 

generally useful intermediates for the synthesis of halo- hydro- and deutero- substituted 

pentafluorosulfurethanes by reaction with halogens and substances containing acidic 

hydrogen (deuterium). Earlier the reaction of AgCP(SFs)CFs with Brs, HI%, and HsO was 

reported5. In this work, we have extended our study to include the reactions of AgCH- 

(SFs)CPs with HC& and Df% and of AgCF(SFs)CFs with C& and DC&. 

AgCH(SFs)CFs + HCL = HCH(SFs)CFs + AgC& (2) 

AgCH(SFs)CFs + DC& = DCH(SFs)CFs + AgC4. (3) 

AgCF(SFs)cp3 + C& = C?CF(SFs)CFs + A& (4) 

AgCF(SFs)CFs + DC& = DCF(SFs)CFs + AgC% (5) 

The reaction of AgCH(SFn)CFs with H& produced the known compound HCH(SFs)CHs12 in good 

yield indicating that the silver complex exists as forrmlated above. A minor by-product 

also formed in this reaction, and mass spectral evidence indicated that it contained an 

SF3 rather than an SF. group. (The most intense peak was at m/e = 89 (SFs+); no peak 

was observed at m/e = 127 (SFn+)). If the peak at m/e = 190 is that for the molecule- 

ion, the mass corresponds to the composition t&F,S which may have the structure 

SF,CH(F)CFs. Another peak, at m/e = 101, corresponds to a fragment (CFsCHF+) consistent 

with this interpretation as do others in the spectrum. Since definitive data are lack- 

ing, this suggestion should be regarded as tentative. 

Mass and infrared spectra, and vapor density measurements are consistent with the 

forrmlations of the other reaction products. Peaks appearing in all of the mass spectra 

at m/e corresponding to the fragment CFsX (where X = H, D, 134) are probably due to re- 

arrangement or combination of fragments in the mass spectrometer since a strong peak for 

CFsBr+was observed in the mass spectrum of BrCF(SFs)CFs for which "F nmr spectroscopy 

had demonstrated the presence of the CFsCF- group5. Infrared spectra of the derivatives 

POLY Vol. I. No. FILE 
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showed intense absorptions in the regions associated with vibrations involving CP, and SF~ 

groups (see analysis of HCF(SF~)CF~ below). The analytical data for C&CF(SFs)CFs are in 

good agreement with its calculated elemental composition. The vapor density measurements 

for the other derivatives are all within 4% of the calculated values. 

Vibrational Spectra of HCF(SFs)CFs and DCF(SFs)CFs 

Reference Raman and infrared spectra of HCF(SF,)CF:, (designated hereafter as "H") and 

the isotopically substituted derivative, DCF(SFs)CFs, (designated hereafter as "D") are 

shown in Fig. I. Vibrational data and assignments are presented in Tables I and II. 

Eggers and Wright 
13 

and later Griffiths' concluded from vibrational studies of CFsSFs 

that the data were in best accord with the assumption of free rotation about the C-S bond. 

They analyzed the spectrum in terms of local c4.,, synmmtry at the SFs group and Csv 

synmmtry at the CF3 group. 

If free rotation about the C-S bond in HCF(SFs)CF3 is assumed, then, for the SFs-C 

moeity, the 3N-6 rule predicts 15 fundamentals and group theory indicates that these will 

be of synnnetry 4q, 2b,, bs and 4e. The q and e modes are both infrared and Raman 

active but the b modes are Raman active only. Absence of free rotation about the C-S 

bond would result in lowering the local syranetry to that of the molecule as a whole, 

point group Ci. The 15 vibrational modes would then all be singly degenerate of 

species a, and all modes would be both infrared and Raman active. Even in Q symmetry, 

however, it is possible that the group frequency concept would have some validity for 

SF, in view of the large mass difference between it and the rest of the molecule. Pub- 

lished assignments of the vibrational modes for SFs& 7,9,14 , SFsBr 
7,15 , and SFsCF3 9,13 

as well as the diagnostic bands observed by Cross et al. 
10 

were used as a guide for the 

assignment of HCF(SFs)CF, and DCF(SFs)CFs. The polyfluorocarb n portion of the molecule 

(18 normal modes of symmetry a) was assigned by comparison with " assignments for somewhat 

similar species such as CFsCBs X (X = F, Cc, Br, I) 
16,17 

L CF,CHC Br 
18 

and CFsCHFX (X = 
19 

C&, Br) . Isotopic substitution of hydrogen by deuterium allowed us to assign the C-H 

bonding modes. 

Vibrations of the SFs Group - 

"aLr' The four totally symmetric vibrations for the SFs group are the S-F axial stretch, 

the symmetrical SF4 square stretch, the SF4 out-of-plane deformation, and the C-S stretch. 

The S-F axial stretching mode appears as an intense infrared absorption at 865 cm -' in 

the spectrum of "H" and at 877 cm 
-1 

in that of "D". The bands are weak in the Raman 

spectra of both compounds, but they appear to be more strongly polarized than other bands 

This mode has been observed near 855 cm 
-1 

in the vicinity. for SF C&5yg 
-1 

5 , near 849 cm 

for SFsBr5'15, and at 883 cm-l for CFsSFs'. 

The synnaetrical SF+ square-stretching mode is usually one of the strongest bands in the 

Raman spectra of SFs compounds 
5,15 

. No exception was found for compounds "H" and "D" 
-1 -1 

for which the SF4 square-stretching modes were observed at 706 cm and 692 cm respec- 

tively as strongly polarized bands (P = 0.05, 0.17). This mode;has been assigned to a 

band at 707 cm 
-1 

in SFsC&', 
-1 

692 cm in SFsBr 
15 '9 

and 692 in CFsSFs . 
‘Ihe SF, out-of-plane deformation is a bending motion of four of the S-F bonds out of 

the plane determined by the SF+ square; two bands appear which are candidates for this 

672 and 612 cm 
-1 

assignment: in the spectrum of "H" and 655 an(l 610 cm 
-1 

in that of "D" . 

The SF, synmmtric deformation is usually observed near 600 cm 
-1 10 

and has been reported 

to occur at 602 cm 
-1 

for SFeC& 
7,9,14 -1 

for SFsBr 
15 9 

, 591 cm , 613 cm 
-1 

for SFsCFs , and 

637 cm 
-1 

for SFsOF 
25 

. Both bands exhibit PQR structure in each case (P-R separation ca. 
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10 cm -1 for "HI') although that for "D" is not well resolved; thus, a decision cannot be 

made on this basis. Since the bands at 672 cm 
-1 

for "H" and 655 cm 
-1 

for 'ID" are strongly 

polarized, while those at 612 cm 
-1 -1 

and 610 cm are weakly polarized and depolarized 

respectively, we have assigned the bands of higher frequency to the SF* synrmetric de- 

formation (ai). 

The bands of lower frequency are assigned to one of the antisyrmnetric CFs deformations 

(see below). 

The C-S stretching mode is similar to the S-CL stretch in S&C&. It is expected to 

occur at low frequency due to the large masses involved. A very strongly polarized Raman 

band at 281 cm 
-1 

for "H" and at 275 cm 
-1 

for "D" is assigned to this vibration. 

Griffiths' observed this mode at 324 cm 
-1 

in the spectrum of CFsSFs. 

"bi" The two bl vibrational modes involving the SF+ square are similar to the ai modes, 

the difference being that the br vibrations are antisymmetric with respect to the princi- 

pal axis of the SFs group. 

The SF, antisymmetric stretching mode is Raman active only and is of relatively low 

energy. It is assigned to a weak, depolarized Raman band at 586 cm 
-1 

for "H" and at 

580 cm 
-1 

for "D" . .The SF4 antisyrmnetric stretch has been assigned to depolarized Raman 

bands at 625 cm 
-1 

and 627 cm 
-1 

for SFsCC and CFsSFs 
9 
and 620 cm 

-1 15 
for SFsBr . 

The other bi mode is the antisynrmetric cut-of-plane deformation. It is observed as a 

weakly polarized Raman band (p = 0.60) at 248 cm 
-1 

for "H" and at 241 cm 
-1 

for I'D". The 

analogous modes for SFsC& and SFsCF have been observed at 273 cm 
-1 -1 9 

s and 262 cm . 
"bs" The bs mode is antisynnnetric with respect to the principal axis (of SFs) and a 

reflection plane and, thus, is the SF4 antisymnetric in-plane deformation. It should be 

Raman active only. A weak depolarized Raman band at 494 cm 
-1 

for "H" and one at 487 cm 
-1 

for "D" is assigned to this mode. No absorptions appear at these frequencies in the in- 

frared spectrum. The antisysuaetric SF4 in-plane deformation has been observed at 504 cm 
-1 

and 501 cm 
9 

-' in SFsC& and SFsCFs . 

"e" The degenerate stretching and bending modes are both infrared and Raman active. 

The degenerate SF, square stretching vibration is usually veryintense in the infrared 

spectra of SFs-containing compounds and weak in the Raman spectra. A very intense infra- 

red band at 885 cm 
-1 

for W' and at 897 cm 
-1 

for "D" was assigned to this mode. The 

Raman band was weak in the first case and was not detected in the second. In SFsC&, 

SFsBr, and CFsSFs, this mode has been assigned to bands at 909, 894, and 912 cm 
-1 9,15 

The degenerate SF4 in-plane deformation usually occurs at lower frequency in the region 

of 400 to 500 cm 
-1 10 

For "H" it is found in the Raman spectrum'at 465 cm 
-1 . and for "D" 

at 455 cm 
-1 

. The infrared counterparts of both vibrations were observed although it was 

necessary to record the spectrum of "HI' at 100 mm pressure in order to observe the very 
-1 

weak absorption at 465 cm . For SFsC&, SFsBr, and CFsSFs, this vibration was observed 

at 440, 419, and 427 cm 
-1 7,9,15 

The degenerate SF-wag involves motion of the axial S-F fluorine atom off the four-fold 

axis, and it appears at 569 cm 
-1 

for "H" and at 650 cm -' for "D". It has been assigned 

to bands at 592, and 588 cm 
-1 

in SFsC&, SFsBr, and SFsCFs 
7,9,15 

The degenerate SFs rocking vibration involves movement of the SFs group off the S-C 

axis. A weakly polarized band at 326 cm 
-1 

in the Raman spectrum of "H" and one at 
-1 

320 cm in.that of "D" was tentatively assigned to this mode. The infrared counterpart 

was not observed for 'ID". Supporting this assignment is the fact that this vibration was 

observed at 319 cm 
-1 9 

for SFsCFs . On the other hand, the infrared counterpart in SFsCFs 

was observed to be of medium-strong intensity. The analogous vibrations for SFsC& and 

731 
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SFsBr were found at considerably lower frequencies, 271 and 222 cm -1 9,lS. 

Vibrations of the CFsCBF Croup - 

In C, symmetry, all 18 fundamentals associated with the CFaCHF-moiety are singly degen- 

erate and both infrared and Raman active. Although the normal modes are undoubtedly ex- 

tensively mixed owing to the similar masses of most of the atoms, an attempt was made to 

identify each mode in terms of the motion deemed to contribute most heavily to the vibra- 

tion. Most of these assignments should be regarded as tentative. 

The antisymmetric CT, stretching vibrations , which are degenerate in an environment of 
higher symmetry, are wall separated; they occur as strong infrared bands at 1294 and 

1217 cm 
-1 

for '%I" and at 1240 and 1212 cm -' for "D". The corresponding Raman emissions 

are weak as expected for C-F stretching motions. Crowder" , who studied the series of 
compounds CFsCl&X (where X = F, Cc, Br, I), found that the asymmetric CFs stretching modes 

ware well separated in the species of higher molecular weight (for example: 1275 and 

1223 cm-' for CFsCY,I). 

In the case of the symmetric CFs stretch, Crowder 
16 

has concluded from normal coordinate 

calculations that this mode is coupled with the carbon-carbon stretching mode in the series 

CFsCHsX. Earlier, Tuazon et al. 
20 

had called attention to the fact that there is extensive 

interaction between ",CFs and yc_c in fluoroalkanes with the result that the higher fre- 

quency component usually has a larger contribution from v 
-1 _1 C-C' 

We have, therefore, assigned 

the infrared band at 1376 cm for "H" and at 1318 cm for "D" to the carbon-carbon 

stretching mode and that at 935 cm -' for "II" and at 938 cm" for "D" to the CFs symmatric 

stretching mode. In the related compounds CFsCHFBr and CFaCDFBr, the high frequency modes 
-1 19 

at 865 and 810 cm , respectively . It is not clear why the lower frequency component in 

"H" and "D" is higher than is usually found (855 - 840 cm-l for CFaC&X)16but no other 

bands in the 900 to 800 cm 
-1 

range are more likely candidates. 

There are three out-of-plane deformations associated with the CFs group; two are anti- 

symmetric and one is symmetric. The antisyametrfc deformations (in higher synxsatry de- 
-1 

generate) occur at 612 and 524 cm for "H" and 610 and 520 cm -' for I'D". These vibra- 

tions occur at 552 and 520 cm 
-1 

for CFsCHctBr 
18 -1 19 

and at 570 and 525 cm for CFaCHFBr . 
They are not separated as much in the CFsCrgX series . The symmetric CFs deformation 

16 

is usually a main feature of the infrared and Raman spectra of trifluoromethyl compounds 
-1 9 

and has been observed at 755 cm for SFsCFs . It appears as a strongly polarized band 
-1 

at 761 cm for "H" and at 723 cm -' for "D". The infrared counterparts are both present 

but the band for "D" is weak. This frequency is somewhat higher than those assigned to 

nsCFs in the CF~CH,X series (666-632 cm -1)16 and CF'aCHC!,Br (665 cmm1)18 but is not so 

greatly different from those observed for CFsCHFC!, and CFsCHFBr (698 and 691 cm ) . -1 19 

Infrared data for the compound CFsCHFI, which has the same molecular weight as HCF(SFs)CFs, 

have been reported 
21 

but not assigned. It is probable that the very strong band at 

694 cm 
-1 

is rrsCFs, which is in line with these assignments. 

The CF, rocking vibrations are expected to occur at low frequencies and are assigned to 

bands at 410 and 399 cm 
-1 

for "H" and at 402 and 394 cm -' for "D". Crowder has assigned 

bands at 409 and 350 cm 
-1 

to these modes in CFsC&F and 289 and 355 cm 
-1 

in CFaClgI 16. 

The CF, torsion is expected to occur at very low frequency and has been observed by 

Lopata and Durig 
17 

for the series CFsC&X (where X 
-1 

= F, CL, Br, I) at 107, 93, 89, and 82 

CUl respectively. A strong band centered at 92 cm 
-1 

in the Raman spectrum which was de- 

termined to be due to our optical system and not the sample probably obscured the torsion. 

The vibrations associated with the -C(H,D)F- portion of the molecule are due to C-F and 

C-H stretching and bending motions. The C-F stretching mode is easily identified as the 
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very strong infrared band at 1161 cm -' for 'W and at 1160 cm-l for I'D" and is close to the 

region found for other substances containing the -CFH- group 
16,19,22 

The C-H stretching vibration for "H" is observed at 3004 cm 
-1 * 

in the Raman spectrum which 

is within the usual range for a C-H stretch in fluoroalkanes 
23 , and it is the only band in 

the region. The C-H stretch is rather weak in the infrared spectrum which again is usual 

for this mode in a fluoroalkane 
23 

. The corresponding C-D stretch for I'D" occurs at 2230 

cm -1 yielding an isotopic lowering of 0.742 (harmonic oscillator approximation 0.707). The 

band was of medium intensity in the Raman spectrum and was very weak in the infrared spec- 
-1 

trum. An infrared scan of 'ID" at 100 mm pressure gave a strong sharp band at 2233 cm ; 
-1 

an overtone (2%) showed up at 2320 cm . 

The C-H bending modes occur in the same region as the C-F stretching modes 
23 

and are 

often difficult to identify. One of the C-H bends is tentatively assigned to a band at 

1308 cm 
-1 , but the other bend is not observed. Since the C-D bending modes for "D" were 

-1 
found at 1040 and 981 cm , the position of the second C-H bend for "H" can be calculated 

if it is assumed that the isotopic shift [0.795] is the same for both modes. This places 

the second C-H bend at 1233 cm 
-1 , and thus, it probably overlaps the intense infrared band 

at 1217 (VCFs). In a study of HCFCCBr, Diem and Burow found the CH bends at 1305 and 1205 
-1 -1 24 

cm ; upon deuteration, the bends shifted to 974 and 916 cm 

The in-plane C-C-F deformation is assigned to a band at 223 cm 
:1 

in the Raman spectrum of 

"H" and one also at 223 -' cm in that of "D". This mode appears at 230 cm 
-1 

for 

CFsCHaF 16'17. 

The S-C-F and C-C-S deformations should appear at the lowest frequencies save for the 

torsions. A weak Raman emission at 155 cm 
-1 

for "H" and one at 158 cm 
-1 

for "D" are 

assigned to the former while a very weak band at 122 cm 
-1 

for "HI' and one at 125 cm 
-1 

for 

"D" are assigned to the latter. The C-C-I bend for CFsCl&I occurs at 134 cm 
-1 16,17 

Finally, a band which could be ascribed to the SF, torsional mode was not observed in the 

spectrum of either derivative. This mode would be both infrared and Raman inactive if our 

assumptions are correct. 

A Raman band at 817 cm 
-1 

in the spectrum of DCF(SFs)CFs was of the intensity expected for 

a fundamental, but no likely candidates emerged. The combination of the weak CCS bending 
-1 

mode (125 cm ) with the most intense vibration in the spectrum, the SF, deformation 

(q, 692 cm-'), could produce a band of the magnitude observed, and we have assigned it on 

that basis. 

In general, all of the bands could be attributed to fundamentals and overtones or reason- 

able combinations. Therefore, the assignment is internally consistent; however, there is 

no guarantee that it is unique. 

The vibrational spectrum of the SF, group attached to the radical CFsCHF- is consistent 

with local C,, symmetry. All of the vibrations1 modes associated with the SF, group except 

the inactive torsion were observed and could be assigned on this basis. If the local sym- 

metry at the SF, group were lower than &y, the e modes would be expected to split; no 

indications of splitting were observed. Furthermore, the q, 4, b, and e modes generally 

followed the selection rules expected for cv local symmatry. It appears from these re- 

sults, that, as a first approximation, the SF~ group in two-carbon pentafluorosulfurfluoro- 

alkyl derivatives may be treated separately in assigning the spectrum. 

The fluorocarbon portion of the molecule presents a more difficult problem, however. The 

vibrational modes are highly mixed and, in the absence of a complete normal coordinate 

analysis, are difficult to assign in terms of the vibration which contributes the largest 

percentage to the mode. Assignments of the stretching vibrations are on firmer ground; 
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assignments of the deformations are less certain. 
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REACTION OF SCANDIUM TRIFLUCRIDE WITH HYDRAZINE 

P. CLAVIC 

"J. StefatY' Institute, Yu-61001 Ljubljsna,P.O.Box 199 

(Received 14 May 1982) 

Abstract - ScF3 reacts with anhydrous hydrazine yielding ScF3.N2H4; upon 

heating the canpound in inert atmosphere ScF3 is regained. With hydrazine 

hydrate N2H5Sc(OH)F3 is obtained with solid ScF3; it decomposes to ScF3 

in two steps. 

Hydrazine canplexes of ScF3 have not been isolated so far. Although ScF3 does not react di- 

rectly with NH3: the reaction of 4ScF3.H20 with gaseous NH3 under pressure yields 5ScF3.2NH3'. 

Therefore, in the continuation of our work on metal fluoride-hydrazine systems3, we investi- 

gated reactions of ScF3 with anhydrous hydrazine and hydrazine hydrate in the hope of isolat- 

ing scme ScF 
3 
-hydrazine complexes. 

ScF3 was prepared by dissolving SC203 in hot,,concentrated HCl; the solvent was evaporated and 

the remaining solid digested several times with large excess of 40 % RF. The solid ScF3 was 

dried and heated in vacuum at 200 'C for 5 hours (Found: SC, 44.2; F, 55.7; Calc.: Sc,44.10; 

F, 55.90 X). Scandium was determined by EDTA titration at pH = 4.5 with Methyl-Thymol Blue as 

indicator4. 

The preparation of anhydrous hydrazine, the experimental technique and the other methods of 

analysis were described elsewhere5. 

a) ScF3-N2H4 system 

Solid ScF3 reacted with liquid anhydrous N2H4 in a stirred glass reactor under vacuum. The re- 

action was slow - 96 hours at 50 'C were needed to obtain the product with a constant composi- 

tion-Excess N2H4 had to be removed at -3O'C to prevent decanposition of the produCt,which was 

ScF3.N2H4 (Found: SC, 33.0; F, 40.0; N2H4 23.7; Calc.: SC, 33.55; F, 42.53; N2H4 23.92 %I. 

Although most scandim compounds are six-coordinated, no higher ScF3-hydrazines could be iso- 

lated in contrast with the most of the pr~"iously investigated systems3. 

ScF3.N2H4 is stable in vacuum and in dry air. In open air it hydrolyses, the product contains 

N2R5*F4 
6 
as shown by chemical analysis and IR spectroscopy. In 5 % HF the reaction proceeds 

to the solvated 2N2H5ScF4.HF.H206, which was identified by the same methods. 
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The thermal decomposition of ScF3.N2H4 in argon atmosphere started slowly at 40 'C and haste- 

ned at 90 'C. One strong exothermic peak at 140 'C was observed, followed by a weak one at 

220 'C. The decomposition was concluded at 430 'C, the residue being pure ScF3 (Found: SC, 

44.4; F, 55.4 %). 

The IR spectrum of ScF3.N2H4 exhibits all the bands which are characteristic for the hydrazi- 

ne adducts. The spectrum has well resolved bands at the following frequencies (in cm-'): 

3365 m,sh, 3337 vs, 3293 s, 1625 and 1600 s, 1530 w, 1370 w,1304 m, 1195 w,sh, 1140 vs, 1100 

w,sh, 985 w,sh, 955 s, 670 w, 590 w,sh and 490 vs,b+. The shoulder at 985 cm 
-1 is the only in- 

dication that bidentate ScF3.2N2H4 might exist, but we were not able to isolate it. 

b) ScF3-N2H4-H20 system 

Solid ScF3 was reacted with 80 % solution of hydrazine hydrate in a polyethylene container.No 

colour or temperature changes were observed. The solid was allowed to react for several days, 

the product was filtered and washed with methanol to separate water and N2H5F. The product was 

N2H5Sc(OH)F3 (Found: SC, 31.6; F, 37.5; N2H4 21.0; Calc.: SC, 29.75; F, 37.49; N2H4 21.08 %). 

The IR spectrum of N2H5Sc(OH)F3 differs from the spectra of ScF3.N2H4 or 2N2H5ScF4.HF.H206and 

in the skeletal wavelength region it is also different from the spectrum of N,H,SCF,~. The 

presence of N2H5 + ions is demonstrated by the strong (NH+) stretching vibrations. The spectrum 
3 

has well resolved peaks (in cm“) at: 3370 w,sh, 3358 vs, 3110 vs,vb, 1612 s,1598 m,sh,1538 m, 

1270 w, 1190 w,sh, 1087 s, 949 s, 821 w,b and 480 vs,b. The OH-modes are superimposed on the 

(NH~) ones. 

Thermal deccmposition of the solid is different from the thermal deccmposition of ScF3.N2H4 

and also from the thermoanalytical course of the hydrazinium fluoroscandates'. It deccmposes 

in two steps, starting at 150 'C and ending at 440 'C. 'Ike endothermic peaks were resolved, a 

strong one at 185'C and a medium one at 34O'C. The end product was somewhat unpure ScF3 with 

45.6 % SC and 53.1 % F. 
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COMMUNICATION 

AN ANIONIC SIX-COORDINATE HIGH-SPIN IZON(II1) PORPHYRIN 

(Received 24 August 1982) 

Abstract - Isolation and characterisation of the tetrabutylammonium salt of difluoro 

iron(II1) tetraphenylporphyrin are described. 

All known iron(II1) tetraphenylporphyrin compounds having a high spin (S = 5/Z?) ground 

state can be classified in two categories : (1) the well known neutral five-coordinate 

complexes of the type FeX(tpp) , where X is anuninegative anion, and (2) the recently des- 

cribed cationic six-coordinate complexes [Fe(Lj2(tpp)]+, in which L is an oxygen-donor 

molecule such as water, ethanol or dimethylsulfoxide 1.2 . We now report that axial liga- 

tion of iron(II1) tetraphenylporphyrin by two fluoride anions gives rise to isolable 

anionic six-coordinate complexes in which the ferric ion is high-spin. 

EXPERIMENTAL 

Preparation of flubro(tetraphenylporphyrinato) iron(III) 

Tetraphenylporphyrin (H2tpp) was prepared by a literature method3. Direct insertion of the 
2+ 

FeF moiety from FeF3 gave FeF(tpp1 in a single step, a significant improvement with res- 

pecttoprevious methodsl. E12tpp (3g) and FeF 3.3H20 (1.5g) were dissolved in 1 1 of dj.methyl- 

formamide which had been dried over 4A molecular sieves for 4 days, The mixture was re- 

fluxed for 6 hours, and the solvent was then distilled off until a residual volume of ca. 

200 ml was obtained. Overnight crystallisation gave the expected complex. After filtration 

and washing with ethanol, this crude product was dissolved in dichloromethane (2QO ml) and 

recrystallised by slow addition of cyclohexane (300 ml). Yield : 3.17g (94 $1. Found : C, 

76.79 ; I-I, 4.19 ; N, 8.21 ; C44H28N4FeF requires C, 76.86 ; H, 4.1Cl ; N, 8.15. IR ; 615 csi' 

("Fe_F5)* 

Preparation of tetrabutylammonium difluoro(tetraphenylporphyrinatolferrate(II1) 

Addition of 150 mg of tetrabutylammonium fluoride trihydrate to 200 mg of FeF(tpp) in 15 ml 

of dichloromethane changed the colour of the solution from brown to green, Acetonitrile 

(30 ml) was then added, and the volume of the mixture was reduced to 10 ml with a rotating 

evaporator. The dark violet crystals which were obtained were filtered and dried in air. 

Yield : 220 mg (79 %). Found : C, 75.15 ; H, 6.80 ; N, 7.33 ; Fe, 5.97 ; F, 4.55. Calcula- 

ted for [(c,H~)~N] [FeF2(C44H28N4)l : C, 75.94 ; H, 6.80 ; N, 7.38 ; Fe, 5.86 ; F, 4.00. 
Electronic spectra were recorded on a Beckman Acta MVI spectrophotometer. Infrared spectra 

of KBr pellets were obtained on a Beckman 4250 instrument. A yarian E-104 A spectrometer wss 

used for EPR spectra. Magnetic susceptibility measurements were made by the Faraday 

method. 

RESULTS AND DISCUSSION 

Analytical data indicate that the anionic difluoro complex of iron(III) tetraphenylporphy- 

rin can be isolated as a crystalline solid with a tetrabutylammnium counter ion. The 

formation of a similar cmplex of deuteroporphyrin IX in solution had been inferred by 

Momenteau, Mispelter, and Lexa on the basis of spectroscopic studies6. 
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[NBU~I [FeF2(tpp)l shows absorption maxima at 415,588, and 628 nm in dichloromethane solu- 

tion. The Fe-F stretching frequency observed at 615 cm 
-1 

in FeF(tpp) is not found in the 

infrared spectrum of the difluoro complex. Instead, a broad, strong absorption is observed 

at 485 cm 
-1 , which we assign to a trans F-Fe-F vibrational mode. 

EPR spectra in frozen dichloromethane solution at 80 K show the usual pattern of high-spin 

iron(II1) porphyrins : g,= 5.7, g 
// 

= 2.0. In contrast to the report concerning the deu- 

teroporphyrin IX ccmplex6, we have not been able to detect a hyperfine splitting of the 

g = 2 line by the two fluorine nuclei of [FeF2(tpp)]-. Magnetic susceptibility measurements 

on the microcrystalline solid confirmed the S = 5/2 state : the value of the effective 

magnetic moment at room temperature is 5.95 BM. 

The varied spin states of ferric porphyrins are known to be controlled by the nature and 

number of their axial ligands'. The present characterisation of [FeF2(tpp)]-, the first 

anionic six-coordinate ferric porphyrin with a high spin state, provides a further illustra- 

tion of this concept. X-ray structure determination of this complex, crystallised as the 

2-methyl-imidazolium salt', confirms the trans difluoro configuration, and it shows a pla- 

nar, radially expanded porphyrin core with long iron-nitrogen bond distances (2.064(3)&, 

as expected for a high spin iron(II1) porphyrin complexl. 
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This review covers the literature up to the end of 1981. Although it does not claim to be a fully 
comprehensive treatise, all areas of metallacycle formation are covered and an effort has been made to 
ensure that all important literature has been included. However, only the chemistry of isolated and 
characterised metallacyclic complexes is discussed. We concentrate on synthetic procedures for the 
production of metallacyclic compounds but also, where appropriate, discuss the reaction chemistry of 
such compounds. The very large number of mechanistic schemes for various catalytic reactions, which 
invoke metallacyclic compounds as intermediates has been referred to in passing, where appropriate, but 
further details of these schemes may be found elsewhere and in some cases have been reviewed.‘-” 

During recent years, metallacyclic compounds of the transition elements have been the subject of 
considerable research as it is now recognised that they play an important role in a number of catalytic 
reactions, e.g. alkene metathesis,‘-’ isomerisation of strained carbocyclic rings,G9 cycloaddition of 
alkenes,“‘-” and oligomerisation of dienes.‘“” Recently they have also been suggested as intermediates 
in polymerisation reactions.r6* I7 However, despite their discovery in the mid-fifties, metallacyclic 
compounds did not become intensively studied until their role in catalysis was appreciated. Several 
synthetic routes have been used for their production and these will now be considered in some depth. 

1. INSERTION INTO C-C BONDS 
The first metallacyclic complex was prepared by Tipper’* in 1955. He treated chloroplatinic acid with 

cyclopropane in acetic anhydride to give a compound of formula [PtCl,(C,H&. The complex was later 
shown” to be a chloride bridged tetramer, with a structure analogous to Pt(IV) alkyls, in which platinum 
has inserted into the cyclopropane ring. Subsequent research has shown this method of synthesis to be 
useful for a small number of transition metals and many metallacycles have now been made via the 
reaction of platinum compounds with cyclopropanes. A better route to substituted Tipper complexes has 
since been shown to be the metathetical reaction between Zeise’s dimer, [(C2H4)PtClJ2, and the relevant 
substituted cyclopropane.*“-** An electrophilic attack on the organic ring has been proposed** and it is 
found that with aryl cyclopropanes insertions are always into the most substituted C-C bond on the ring. 
However, the most stable isomer thermodynamically has the platinum bonded to the least substituted 
carbon atoms. 

The general area of platinacyclobutane chemistry has been one of the most intensively studied areas 
of metallacyclic chemistry and as this field has already been reviewed23 it will not be covered in depth. A 
wide variety of both Pt(II) and Pt(IV) metallacycles has now been made2b29 and many of their reactions 
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studied, including isomerisation,30’31 conversion to ylide32*33 or alkene34*35 complexes and decomposition 
studies both therma126J6*37 and photochemica138*39. 

A more recent example of the insertion of Zeise’s dimer into C-C bonds is its reaction with bicyclo- 
[l.l.0]-butane40 to give a polymeric platinacyclobutane which when reacted with pyridine affords 1. 

A further less related example is the reaction of tetrakis(triphenylphosphine)platinum(O) with 1,2- 
benzocyclobutadienequinone4’ in which a Pt(PPh3)z unit inserts into one phenyl-carbon bond of the 
cyclic dione giving 2. As may be expected similar reactions are observed for palladium but are much less 
common than for platinum due to the fact that palladium is less able to accept electron density from the 
ring. Hence it is found that palladium will only insert into cyclopropanes containing good electron- 
withdrawing substituents. Lenarda et al.” have demonstrated the formation of palladacyclobutanes 3 
from tetracyanocyclopropane and tetrakis(triphenylphosphine)palladium (0). 

NC CN 

Ph3P\ 

/ 
Pd 

Ph3P 5 
NC CN 

3 

Here the Pd(0) species is a nucleophilic centre and so it inserts into the C-C bond containing the CN 
substituents. 

The compound, [Rh(CO),Cl],, has also been shown to insert into a wide range of organic molecules. 
The first report of this occurring appeared in 1968, although in this case, further insertion of CO into a 
Rh-C bond gave a rhodacyclopentanone ring when it was reacted with cyclopropane.” Spectroscopic 
data was taken to indicate structure 4 in which both the CO groups and the keto-groups can be cis or 
trans to one another. The presence of chlorine 

Cl 

I/ 
PPh, 

Rh 

‘PPh, 

0 

bridges was confirmed by the cleavage reactions 
eliminate CO to give 5. 

with donors such as triphenylphosphine which also 

Soon after this, the reaction of the same compound with cubane,U (eqn 1) giving 1 was reported. A similar 
reaction has been shown to 

[Rh(CO),Cl-j2 t 

6 

(I 1 
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[Rh CCO),Cl], t - $3 
Rh-C 

PPh3 
- 

I 0 

I (2) i 

occur with quadricyclene,45V46 (eqn 2). The product 7 presumably arises from oxidative addition of 
quadricyclene to the rhodium and this product then undergoes a CO insertion reaction to give the acyl 
complex. A polymeric chlorine-bridged structure has been assigned on the basis that Rh(III) has a 
preference forsoordination numbers greater than four. Under CO, this compound then undergoes a rapid 
stoichiometric reaction with triphenylphosphine to yield 8, in which a further CO unit has inserted into the 
ring. The oxidative addition reaction observed here is seen as evidence that the rhodium-(I) catalysed 
valence isomerisation of quadricyclene to norbornadiene4’ proceeds via a similar pathway, (eqn 3), with 
oxidative addition being the rate determining step. 

$1 Rh’ b -Rh’ & (3) 

A similar mechanism has been proposed for the rearrangement of cubaneM to tricyclooctadiene. A 
rhodacyclohexane unit 9 can also be produced by the reaction of 1,3-bishomocubane with 
[Rh(CO)~Cll~,48 (eqn 4). 

P? t [RhKO),Cl-j2- 
(4) 

n 
9 

It was shown that the insertion occurs exclusively at the central bond of the bicyclo[2.2.0] hexane system 
and the final product is again believed to be polymeric. The same research group have reported a similar 
reaction for the dimer [Ir(CO),Cl],,49 although in this case the product 10 contains a five membered ring 
system and CO insertion does not occur (eqn 5). 

B 
co 

k-Cl 

t [If KO),Cl], - @’ I 
co 

10 

(5) 

None of the previously reported metallacycles could be truly said to be intermediates in the metal 
assisted isomerisation as their thermolysis leads to carbonyl compounds rather than rearranged hydro- 
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carbons. However, 10 can be further converted into tricyclooctadiene lending further evidence to the 
postulated mechanism shown in eqn (3). 

In addition to the reaction with cyclopropane mentioned earlier, [Rh(CO),Cl], has been shown to 
react with fused ring cyclopropanes such as dibenzosemibullvaleneSO 11 (eqn 6). 

Cl 
I 

[Rh(COl,Cl], + 

@% 

II 

OC--dh-CO 

(6) 

Although there is no direct evidence, the product 12 is thought to be dimeric on the basis of the mass 
spectrum obtained together with the preference of Rh(III) for 6-coordination. The exact geometry is 
unsure as the two CO groups may be cis or trans to one another. By passing CO through a suspension of 
the compound in dichloromethane it is thought that CO groups insert into both the Rb-C bonds giving a 
six membered ring structure. An identical reaction to this has been reported for diironnonacarbonyl”, ‘* 

oc 
\ ice 

CO-Fe-CO 

Fe&CO),- (7) 

13 

The final product 13, for which the structure is confirmed by single crystal X-ray diffraction, reacts further 
with l,2-bis(dipheny1phosphino)ethane to yield a similar product in which two CO’s have been replaced by 
the phosphine. The complex 13 is kinetically very stable, no reaction being observed with cont. HCl at 80” 
after three days. This is probably due to the fact that the normal decomposition pathways such as 
p-elimination are unavailable. 

When Fe2(C0)9 is reacted with semibullvalene 15, the product is 18 (eqn 9). The difference between 
this reaction and the reaction with dibenzosemibullvalene is probably due to the fact that 14 can do little 
else but close to 13 whereas 16 can and does rearrange to 17 which ultimately yields 18. 

I I Fe,(CO), 
* 

lb 

- I3 (8) 

I6 I? 

19) 

I6 
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Later, Tams3 showed that under slightly different conditions a further product in which a CO unit inserts 
into the metallacyclic ring can be obtained from dibenzosemibullavalene. The product then obtained is 
similar to the Rh(III) compound 5. 

Other insertion reactions have been observed for iron complexes by two different groups. On 
photolysing Fe(C0)5 with l-2a(6a)-q-benzocyclobutadiene-tricarbonylironS4 19 a mixture of products 
including metallacycles formed uiu insertion into C-C bonds is obtained (eqn 10). 

Fe(CO13 

t Fe(CO15 - 

(IO’ 

22 23 

Fe(C013 

24 

Two of these products, 20 and 21, had previously been synthesised in a different photolytic reaction of 
Fe(CO)5 with o-bromostyrene.” The metallacyclic complexes result via an unusual opening of the 
cyclobutadiene ring in 19. An analogous ring-opening takes place -in the formation of 25 by photochemi- 
cal reaction of (cyclobutadiene)(cyclopentadienyl)cobalt 

CP 
I 

f, 25 

C _I Co--P 

with dicarbonylcyclopentadienylcobalt.5G58 Compounds 20 and 22 in equation (10) have been synthesised 
independently” on reacting Fe3(CO)12 with benzocyclobutadienetricarbonyliron. 

Iron has also been shown to insert into a cyclopropene ring. The reaction of Fe2(CO), with 
naphtho[b]cyclopropene results in the formation of the ferracyclopentenoneM complex 26 for which the 
structure is 

26 (II) 

confirmed by single crystal X-ray studies. The complex may be formally regarded as resulting from the 
addition of an Fe-C bond of Fe(CO)5 across one edge of the three membered ring of the cyclopropene 
and hence the iron atom is coordinated in a distorted octahedral fashion. A similar reaction, this time for a 
cyclopropane, is observed in the photochemical reaction of Fe(CO)5 with 1,2diphenyl_4,4diacetyl- 
trifulvene to give 27.6’ It is formed by insertion of a 

Me 

Ph 

0 

21 
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photochemically generated Fe(CO), group into the three membered ring system. Simultaneously an 
O-Fe donor bond involving one acetyl group is formed. The same reaction is observed when Fe3(C0),* 
reacts photochemically with 1,2-dimethyl-4,4-dicyanotrifulvene.62 

A further isolated reaction producing a compound analogous to those shown for iron is that of 
cyclooctatetraene with dimethyltetracarbonylosmium(II).63 A carbon-carbon bond of the alkene is broken 
and two hydrogen atoms are lost to give 28. The corresponding compound for 

(CO), 

28 29 

ruthenium is formed by the reaction of l&dibromocyclooctatetraene with Ru3(CO)r2 which presumably 
forms from benzocyclobutadiene(tricarbonyl)ruthenium 29 as an intermediate via a type of reaction 
already discussed for iron.54 

2. DILITEIO AND DI-GRIGNARD REAGENTS 

The insertions of metals into C-C bonds, described above, appear to be limited to the class ‘B’ 
metals, whereas lithium or magnesium reagents offer a far more generalised route to metallacycles for 
metals throughout the transition series. One of the earliest examples of such a reaction is that reported 
by Braye et aLu for the reaction of his-cyclopentadienylzirconium dichloride with 1,4dilithio-1,2,3,4- 
tetraphenylbutadiene (eqn 12). 

Ph 
Cp,ZrCl, t LiCPh- CPh - CPh = CPhLi - Ph 

(12) 
Ph 

Ph 

30 

In fact, reactions of a related metal, titanium, are amongst the most common in this category. In 1%7 
Cohen and Massey6’ reported the reaction of Cp,TiClz with 2,2-dilithiooctafluorobiphenyl (eqn 13). 

@-@ t CpzTiC12 - 

Ti (13) 
/\ 

CP CP 

31 

The product, containing a titanacyclopentene unit, shows reasonable thermal stability being decomposed 
in vacua only after 24 hr at temperatures in excess of 330°C. Reactions using the same lithium reagent 
have been reported for Pt, Co, Rh, Ir and Zr@’ (eqn 14). For the cobalt triad, the yields observed 
decrease in 
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c; &I 
32 

da 
cl Cl 

\\ I\ 

Pt 

& 

(14) 

M=Co X=H,F 

M- Rh X= H,F 

M= Ir X-= H,F 

33 

the order Co 3 Rh > Ir with yields being below 5% for the last two metals, both when X = H and F. 
Triphenylphosphine is found to replace the CO ligand in experiments on both the cobalt complexes. The 
hafnium complex reported had been previously synthesised.6’ 

Titanocenedichloride, Cp2TiClz, appears to be a general starting material for the formation of 
titanium metallacycles. Rausch@ has demonstrated its reaction with two lithium reagents (eqn 15). 

/\ 
Ti 

/\ 

(15) 

35 36 

Compound 36 is found to be stable at room temperature in air although his-cyclopentadienyl(bis o- 
phenyl)titanium must be stored at low temperatures, preferably under nitrogen, to prevent decom- 
position. Such enhanced stability of metallacycles with respect to their non-cyclic counterparts may be 
due to electronic factors associated with incorporation of the metal into an unsaturated ring system, or 
possibly, to the relative steric requirements of the metallacycle ligand compared with the two aryl 
substituents. Unsubstituted titanacyclopentanes have been made’j9*” by reacting Cp,TiClz with 1,4- 
dilithiobutane at low temperature (eqn 15). 

Cp,Ti C l2 t - Cp2Ti 
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The bright orange solid, 37, is stable only below - 30°C and its structural assignment results on the 
reactions outlined. Carbonylation of 37 at - 40°C at a pressure of 10 atmospheres, followed by warming 
to room temperature yields cyclopentanone. However under one atmosphere of CO at -78°C 38 is 
produced. It is assigned the structure of a CO insertion product on the basis of IR(C = 0 stretch at 
1730 cm-‘) and NMR studies. Again this product decomposes at room temperature having a half-life in 
CH& of - 15 min. at 35°C. The chemistry of 37 differs markedly from that of an acyclic analogue Cp,TiBu, 
in several respects. 

Firstly the metallacycle is somewhat more stable and also its decomposition products are somewhat 
different. Cp,TiBuz yields butane and 1-butene on decomposition whereas the metallacycle yields the 
analogous I-butene and ethene. Although the mechanism of formation of the latter has not been 
established it probably includes a carbon-carbon bond cleavage encouraged by the - 0°C Ti-C-C-C 
dihedral angle (the crystal structure of L,Pt(CH& has been reported’* but shows slight puckering of the 
ring). A similar complex for platinum, has been reported, 39 and is found to be far more stable than the 
titanium complex.” This and several other 

39 40 41 42 43 

metallacyclic complexes 40-43 are prepared by the reaction of the appropriate di-Grignard reagent with 
dichloro( 1,5-cyclooctadiene)platinum(II) in ether, followed by displacement of 1,Scyclooctadiene by 
tertiary phosphines (P). Thermal decompositions were carried out and two features are significant. 
Firstly, the metallacycles are again found to be markedly more thermally stable than are acyclic 
platinum(H) alkyls (the larger and more mobile platinacycle (41) apart). It is also interesting that the 
presence of one (42), or two (43) secondary Pt-C bonds results in little decrease of this thermal stability as 
organometallic derivatives of secondary alkyl groups are often less stable than those of primary alkyls. 
Secondly, the decomposition products suggest that the mechanism is one similar to that established for 
L2Pt(n-Bu)2 (eqn 16). 

C Ptn v /- PVH 

G 

) / H t Pt(O) 

G 
(16) 

One of the above complexes [(PPh,),Pt(CH,),] has been structurally characterised’*. The square planar 
geometry about the platinum atom is found to be distorted. One possible explanation could be the result of a 
contribution to the bonding from the canonical form 44 (eqn 17). 

To test this hypothesis iodine was reacted with the complex73 to give the 

Ph3P \pt/cH2\ CH 

Ph,P’ \‘CH( 2 - 

Ph3P~pt~cH2'C~2 

CH, Ph P’ /CH, 
3 ‘CH 2 

' I 

44 45 

analogous Pt(IV) compound (eqn 18). This has no vacant stereochemical position and is already an 
l&electron complex and so a canonical form analogous to 44 can play no part. 

Ph,P 
I 

\ 

n 

Ph,P 

Pt Ii! \’ 

/ 
Pt 

Ph P’ ’ 
3 

Ph,P 
3 I 
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It was found that the disorder in the hutanediyl l&and of the Pt(IV) complex is a result of the two central 
carbon atoms alternating between the two forms indicated schematically in 47. This puckering of the ring 
relieves the crowding of the 

hydrogen atoms on adjacent carbon atoms and the two conformations are equivalent as far as the 
immediate neighbours of platinum are concerned. For the puckering of the ring no lack of symmetry with 
respect to the platinum atom is observed in contrast to the result reported for the Pt(I1) complex 45 and 
therefore supports the equilibrium suggested in eqn (17). 

Palladium may also be used to make metallacyclopentanes by reaction of 1,4-dilithiobutane with 
PdC12(dppe)74*75 at - 70°C giving the palladacycle 48. This compound is thermally very stable considering 
that it contains P-hydrogen atoms available for hydride elimination and decomposes in about 12 hr in 
toluene (Pd(Bu”),(dppe) decomposes in about 1 hr). On reaction with CO at room temperature 48 gives only 
decomposition products (n-butenes); no insertion 

332 ) (19) 

40 49 

or keto products are observed. However, when reacted with liquid SOz at -40°C a stable cyclic 
compound 49 is observed (eqn 19). The difference in reactivity between CO and SO2 can be attributed to 
the greater electrophilicity of the latter. When 48 is treated with Ph,CBF, the ~3-ally1ic compound 51 is 
obtained (eqn 20). (Interestingly the reverse reaction, giving metallacyclic 

B Fi (20) 

compounds oia nucleophilic attack by H- on allylic compounds, has been previously reported.76 AN 
initial P-hydrogen abstraction by the trityl cation would give the intermediate 50 which would then 
rearrange to give the more stable q3-allylic derivative. Such a P-hydrogen abstraction appears to be 
closely related to the mechanism of thermal decomposition giving n-butenes which is thought to proceed 
uia an inter-or intra-molecular abstraction of hydrogen from one of the p-carbons, see eqn (16) above. 

Slightly previously to the palladium work Grubbs et al.” produced analogous complexes using nickel by 
the same method. Complexes containing different phosphine ligands were made and they appear to be 
somewhat more air sensitive than the platinum and palladium examples. Furthermore, whilst thermal 
decomposition of both platina- and pallada-cyclopentanes gives mainly n-butenes, it is found that on 
thermal decomposition of the nickelacyclopentane, cyclobutane elimination occurs. 

Reactions of Rh12(PPh3)(~5-C5Me5) with di-Grignard reagents BrMg(CH&MgBr have been shown to 

produce rhodacycloalkanes78 (eqn 21). 
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RhI,(PPh,)(T5-CSMe5) 

52 53 54 55 

When n = 5 and 6 the rhodacycloalkanes 52 and 53 are produced as expected. Both decompose under 
argon at 160°C; no carbon-carbon bond cleavage is observed, the only volatile products being n- 
pentenes and n-hexenes. However, reaction of the starting material with the di-Grignard In = 4) leads to 
a mixture of 54 (yield 40%) and 55 (cu. 10%). Ethene is detected in the reaction mixture by g.1.c. The 
same results are obtained by using magnesacyclopentane as the alkylating agent. The method of 
preparation of 54 and the subsequent evolution of ethene suggests that the metallacyclopentane 55 is the 
precursor of 54 undergoing carbon-carbon u-bond cleavage. The fact that carbon-carbon u-bond cleavage 
is not observed in 52 or 53 demonstrates the importance of ring size in determining the properties 
of rhodacycloalkanes. Although similar fragmentations have been suggested” this is the first example of the 
resulting alkene complex being isolated. It has subsequently been found79 that the analogous reactions of the 
isostructural derivatives of cobalt 56 and iridium 57 with Mg(CH& or [BrMgCH&H& give the 
metallacycles, 58 and 59, in a pure form with no free ethene or ethene-metal complexes being observed 

(eqn 21) 

58 39 

Furthermore, when 58 and 59 are thermally decomposed in mesitylene at llO“C, C, hydrocarbons are 
obtained as the only volatile products. X-ray crystallographic studies of the Rh, Ir and Co complexes 
have subsequently showr? that there is a puckering of the metallacyclic ring for these complexes and 
the carbon-carbon bond distances are extremely short for the C(sp3)-C(sp3) bonds of a metallacyclic 
ring. 

More recently a detailed study of the syntheses of metallabenzocyclopentene compounds has been 
carried out. Lappert et a1.8’“5 have synthesised such compounds for niobium, titanium, zirconium and 
hafnium 60 (eqn 23). The niobium complexes so produced appear to be the first examples of d’ 
metallacycles. 
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M= Nb R = Me$i,H M= Ti R= Me3Si,H 

M= Ti R= Me$i,H M= Zr R= Me3Si,H 

M= Zr R= Me3Si,H M= Hf R= Me,Si 

M= Hf R= Me,Si 

Addition of sodium naphthalide at room temperature to the do metallacycles causes reductive cleavage 
giving a black (Ti) or brown (Zr, Hf) solution of the substituted benzyl carbanion 61. The do metallacy- 
cles are found to be quite thermally stable (e.g. M = Ti, R = H mp 132’YJs2 by comparison with saturated 
analogues, e.g. Ti(rl-C5H&(CH,), decomposes by @elimination above - 2oOC”. Under an atmosphere 
of CO insertion occurs into the hafnium complex to give a metallabenzocyclohepta2,7dione, 62 (eqn 24). 

(q5-C5H4SiMe&Hf 
co 

- ($‘-C$l,SiMe,),Hf 

62 0 

(24) 

Furthermore it is possible to isolate complexes free from P-acceptor ligands for Ti, Zr and Hf (eqn 25). 
The insolubility of the compounds suggests 

MC14 
CGH&H2MgCl I2 

63 

that they may be polymers with the o-xylylidene ligand bridging successive metal atoms. Platinacyclic 
compounds have also been prepared from the same Grignard reagent (eqn 26) 

Ptkod) I, 
C6H,(CH,MgCl), 

*(cod) Pt (26) 

64 

Work has been done by the same group on an apparently similar system where the alkylating agent is 
o-C6H4[CH(SiMeJLi(tmeda)]z*3 (eqn 27). The incorporation of the d,(u’-trimethylsilylmethyl substituents 
into the 

SiMe 

I 3 
CHLi 

M (q5-C5H5)&l, 
(27) 

CHLi 

I 
Si Me, M=Ti,Zr,Hf 

65 

metallacycle introduce some interesting features. Firstly the complexes are thermally and to a certain 
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extent, aerobically stable, the enhanced stability probably being a result of increased shielding of the 
metal centre by the large SiMe3 groups. By virtue of the chiral centres at Ca and CC.$ metallacycle 
formation proceeds stereospecifically to give only the meso diastereomers. This assignment is based on 
the NMR inequivalence of the two ($-CsHJ ligands and the equivalence of the (Y- and cu’-hydrogen 
atoms and SiMe3 groups. It is also found that reversible one electron reductions to the metallate(II1) 
benzocyclopentenes 66 occur. ’ 

66 

The ease of reduction falls in the order Ti 3 Zr > Hf. Evidence that the resulting complexes 66 are d’ 
complexes derives from ESR studies. 2,3-benzometallacyclopentene complexes of tungsten have also 
been prepared. Thus reaction of W&O with C6H4(CH2MgCl):4 gives the tungsten (V) complex 67. 
Again this is a rare example of a d’ metallacycle and its preparation also 

thf thf 
\/ 

R-O- Mg-0= R 
/ \ R = W-t+- 01~ 

thf G-If 

67 

demonstrates that the o-xylylidene ligand is capable of stabilising high oxidation states. 
Furthermore when WC40 is reacted with an excess of the di-Grignard reagent, W(CH2C6H4CH2-o)3, 

68, results.*’ This establishes a new class of organometallic compound, the metallatricycle. It is a 
surprisingly thermally robust complex being sublimable at 160°C with minimal decomposition. (C.f. another 
W(V1) complex, W(CH&, which decomposes slowly at -35’??). The enhanced stability is probably a 
result of folding of the o-xylylidene ligand which allows significant W(do)-7r interaction. 

3. METALLACYCLESDERlVEDFROMCOUPLINGREACTIONSOFALgENESORALRYNES 
Reactions of metal complexes with alkenes giving metallacycloalkanes, or alkynes giving metal- 

lacycloalkadienes represent the most common method for synthesis of metallacyclic compounds. A large 
amount of work has been carried out on alkyne reactions as many transition metals act as catalysts for 
the cyclotrimerisation of alkynes to benzene derivatives. This method of synthesis yields almost 
exclusively five membered ring systems. 

The earliest examples of such reactions involve iron complexes. The reaction of but-Zyne with the 
monoanion of iron carbonyl hydrideE7 produced a complex whose structure was not fully clear at the 
time. Soon afterwards however, X-ray crystallographic analysis” showed structure 69 to be the true 
representation, a ferracyclopentene complex. A similar compound 70 was subsequently prepared” 
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OH 
CH, 

CH 3 

(CO), 

R. 
69 10 

from diphenylacetylene and dodecacarbonyltriiron. More recently a monomeric metallacyclopentadiene 
complex of iron has been synthesised from the reduction of FeCl,(PMe& in the presence of 2-butyne.g0 
The product is 71 a highly volatile 

Me 

II 

solid of high thermal reactivity. 
The fluorinated iron metallacycle 72 has been made by two different groups at about the same time from 

the reaction of tetrafluoroethene with Fe(C0)59’ or Fe,(CO),;‘. Confirmation that the complex is a 
tetracarbonyl comes from its mass spectrum (M’ = 368 a.m.u.) and its reaction with iodine at 150°C releasing 
four moles of CO. 

72 

Another ferracyclopentane has been synthesised on photolysis of an iron methylacrylate complex 
with further alkene (eqn 28). Isomers 74a and 74b are formed although 748 predominates. At low 
reaction temperatures the 

(CH,=CH-CO,CH,)Fe(CO), + CH,=CHCO,CH, 
hv 

-3o*c 

/ 

(28) 

(CH,=CHCO,CH,), FetCO), R, 

73 R, 
(a) R,=CO,CH, R,=H 

(b) R,=H R,=CO,CH, 

74 

dialkene complex 73 is obtained which has been shown to convert to 74 at room temperature. 
Compounds such as 73 and 74 have been proposed as intermediates in the photochemical formation of 
cyclopentanones from Fe(C0)594 and cyclic alkenes and the fact that such products are observed in the 
reaction of 74 with CO(40 atmospheres, 60°C) lends support to that view. More recently a further 
photochemical reaction of Fe(CO)5 with an alkene to give a ferracyclopentane complex 75 (eqn 29) has 
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been reported” and the reaction is found to be stereospecific. An isomeric complex is obtained 

CO, Me ‘C$ 
Fe (CO), + 

d CO, Me 

A w---g x;7’“:: 

CO, Me 

from the same cyclobutene when Fez(C0)9 is used under non-photolytic conditions. A complex of 
ruthenium 76 somewhat related to the iron complexes 69 and 70 has been made% by the reaction of 
diphenylacetylene with Ru,(CO),, at 200°C. 

Ph 
Ph 

Ph 
16 

Ph Ru(CO), 

Further work on iron, ruthenium and osmium with hexafluorobut-2-yne97 has been carried out using the 
complexes trans-M(CO)3La. Ultraviolet irradiation of trans-Fe(CO)jL with excess hexafluorobut-Zyne 
gives 77. Similar treatment of trans-Ru(CO),L* with an equimolar amount of hexafluorobut-Zyne gives 
78 although when an excess of the alkyne is used complexes 79-81 result. Over longer periods of 
irradiation 82 is also a product. When an excess of 

Fsc 

77 

L= PhMe,P, (EtO),P 

L CF 

18 
Oc\ 1 
ocq 3 2 CF, 

I CF, 
79 

L 0 L CF3 

L = (MeO),P L = ( MeO), P, PhMe, P 

Oc\ i ‘5 cF3 
Ru 3 00 

oc’ I 
co CF, cF3 

0 
L= PhMe, P 

. 
L = PhMe,P 

oc’i ‘L 

L = (MeO),P 

OC\; CF, 

O/f ‘CF 3 
L 3 

83 

82 

hexafluorobut-Zyne is irradiated with truns-OS(CO)~L~ complex 83 is the only isolated product. Thus the 
nature of the metal has a significant bearing upon how the reaction proceeds. However, it is reasonable 
to suggest that certain common pathways exist and a plausible reaction scheme which accounts for all of 
the observed products has been outlined (eqn 30). 
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(CO&L, M 

CF,CICCF, 

753 

_co 
“do& CF, 

o/l\ O - 
(30) 

L co 04 Lo 86 

85 

1 

CF,C :CCF, 

0 

07 88 89 90 

Initially an ionic intermediate 84 is formed. This either ring closes to form a three membered ring 
compound 85, or intramolecular nucleophilc attack by the carbanion on coordinated CO may give a 
metallacyclobutenone 86. Alternatively at higher alkyne concentrations the intermediate 84 can be 
intercepted by a further molecule of alkyne to form an ionic intermediate 88 which can ring close to a 
metallacyclopentadiene 87 or attack coordinated CO and lead to the cyclopentadienone 90. A scheme 
parallel to that established in iridium chemistry% (see later) appears to be invalidated for several reasons. 
Firstly, it was found that a vacant site is necessary to allow the second molecule of alkyne to enter the 
coordination sphere, which is clearly unlikely for the Fe, Ru, OS system. Furthermore it has been 
observedW. ‘00 that u-bonded alkyl groups bearing electronegative substituents do not easily migrate onto 
coordinated CO again invalidating the iridium mechanism for this system. 

An unusual six membered ruthenacycle has been synthesised via an alkyne type reaction. When a 
mixture of RuH2(PPhJ3(CO) and methyl propiolate (J :6 molar ratio) are refluxed in benzene”‘, an air 
stable complex 91 results. The interesting feature of this molecule is the existence of a six membered 
metallacyclohexadiene 

91 

ring consisting of three methylpropiolate molecules and a ruthenium, instead of a seven membered 
metallacycloheptatriene ring. The reaction may proceed uia 

Ru (H I2 (CO) (PPh,), - Ru (CO) (PPh,), - 

92 93 

RutHI (C=CCO, CH,) (CO) ( PPh,), - Ru (C=CHCO, CH,) (CO) (PPh,),) - 91 

94 95 (31) 
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formation of coordinatively unsaturated species such as 93, oxidative addition of methyl propiolate to 
give a hydridoethynyl ruthenium complex 94 followed by a 1,3-hydrogen shift to give the vinylidene 
ruthenium complex 95 and ring expansion by successive addition of two molecules of methyl propiolate 
to give the observed product 91 (eqn 31). 

Another substituted ruthenacyclopentane”* has been synthesised via the reaction of Ru~(CO),~ with 
o-styryldiphenylphosphine (eqn 32). 

Ru,(CO),, t g- CH, = CHC,H,P (C,H,), - 
H,C - CH, 

q-$RiP (32) 

2oc/ \ 2 
co 

The complex has been shown by single crystal X-ray diffraction studies to be an octahedral o-bonded 
dicarbonyl complex of Ru(II) containing a puckered ruthenacyclopentane ring formed by the coupling of 
two vinyl residues at the p-carbon atoms. A very similar reaction to this has been observed in a rhodium 
system. Reaction of RhCl(PPhJ3 with 2 mols of o-phenylethynyldiphenylphosphine’03 97 leads to the 
formation of 98. 

Ph,P 

t RhCl (PPh,), - 98 

On reaction with diphenylacetylene an ionic n6-arene chelate Rh(1) complex 99 forms almost in- 
stantaneously 

0 

This (99) is the first reported isolation of the Rh-arene intermediateW long suspected to occur in the 
Rh-catalysed trimerisation of acetylene. 

Hexafluorobut-Zyne readily reacts with cyclopentadienyldicarbonylrhodium giving a mixture of two 
products’W (eqn 33). Both complexes are extremely stable being inert in both air and in solution and remain 
unchanged on dissolving in concentrated acids. 

CF, C i CCF, 

t 

[Cp (CO), Rh], 

_F3;g+k + F3y&;; (33) 

3 

loo 101 
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When a similar rhodium complex is reacted with a different alkyne, hex-3-yne,‘05 the reaction proceeds in 
rather a different manner (e&s 34 and 35). 

CR” (COWI, 
xs EtC=CEt 

B 
,re ux 

fl 
0 

1.02 - 

[ Rh (CO),Cl], ~~c*~~c~~h,(PPh,),Rh(CO) Cl + E; 1 

c 

RhClPPh& (35) 

0 

104 

In refluxing benzene the products are 102 and the thermally very stable dimer 103 which reacts with a 
variety of ligands to give adducts, [(C,Et,)Rh,(CO)Cl,L,]. The adducts, however, are not very stable and 
either revert to 103 (L = CO, pyridine) or decompose further (L = PPh,). When the reaction is carried 
out at 25°C in the presence of PPh3 the rhodacyclopentene 104 may be isolated. But-Zyne had 
previously been shown to react with [Rh(CO)&l], in the same way to give an analogous complex to 
104. ‘06 

An unusual reaction of hexafluorobut-2-yne has been reported with the complex [Bh(cod)Cl], in the 
presence of sodium acetylacetonate. IM7 ‘08 It is found that the alkyne adds 1,4 to the coordinated 
cycloocta-1,5-diene giving 105 which contains a rhodacyclopentane ring. 

CF3 

106 

An alternative mode of addition is observed in 106 made from the reaction of hexafluorobut-Zyne with 
[lr(acac)cod)]. Here one molecule of hexafluorobut-2-yne inserts between the metal and one olefinic 
carbon atom to form an iridacyclopentene ring. The second olefinic bond of the diene remains r-bonded 
to the metal. A second molecule of the alkyne adds 1,4 to the iridium acetylacetonato ring. These 
addition reactions presumably involve an intermediate metal-alkyne complex. In the case of the rhodium 
example, the close proximity of the coordinated alkyne to cyclooctadiene held in the correct con- 
formation by the metal, would then facilitate l&addition to give the observed product. The iridium 
reaction does not produce a l+addition product presumably because the initial reaction involves 
l+addition of C4F6 across the metal-acac ring to produce a five-coordinated intermediate in which the 
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metal formally achieves 18 electrons in its valence shell. Formation of a second acetylene complex is 
thus unlikely and the reaction follows a different course. 

Hexafluorobut-Zyne has also been shown to react with tris(triphenylstibine)chlororhodium(I)’09*”0 in 
benzene at 80°C to give 107. 

107 

The complex adds one mol. of CO at ambient temperatures to give RhCl(CO)(C,F,J(SbPhJ,. It also 
reacts with pyridine, trifluorophosphine, and (in the presence of a large cation) cyanide ion to give 
similar adducts. The analogous triphenylarsine complex to 107 has been prepared but unlike the 
triphenylstibine complex does not form stable adducts with CO, PF3, etc. 

A little previously to this work, Collman et al?’ had reported the production of irida- and 
rhodacyclopentadienes from alkynes (eqn 36). 

L\ F0 LR 
RC=CR I 

CliM\L 

Cl-M ;; 

I 3 

LR 

108 

(36) 

M = Ir L q PPh, (a) M = Ir L= PPh, R= CO,Me, CO,Et 

M q Rh L = AsPh, M q Rh L = AsPh, R = CO2 Me 

The metallacyclopentadiene structures 108 are assigned on the basis of spectral evidence. The iridium 
complex possesses a latent site of unsaturation and takes up one mol. of CO. to form a coordinatively 
saturated complex. (Similar experiments were not performed on the rhodium complex.) Furthermore, it is 
found to catalyse the trimerisation of dimethylacetylene-dicarboxylate at a reasonable rate in boiling 
toluene. The rhodacycle is found to be effective in boiling benzene. On the evidence of results obtained, 
a scheme has been postulated (eqn 37). That a latent site of coordination must be present is supported by 
the observation of almost total inhibition of alkyne trimerisation under 6Opsi of CO. Also maleic 
anhydride does not react with 108 arguing against a Diels-Alder mechanism. Furthermore, the cyclisa- 
tion mechanism appears to be sensitive to steric hinderance as no catalytic activity is observed when 
diphenylacetylene is used in place of dimethylacetylenedicarboxylate. 

RRoRR 
L-Ir -L + RC=CR 

I 
__-- 

Cl 

t 
RC--CR 

L 

RC-CR 

RC =CR 

(37) 
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Other iridium metallacycles containing two different acetylenic units were also subsequently shown to 
act as alkyne trimerisation catalysts”’ (eqn 38). 

IrH (CO) L, 
xs R,C=CR, 109 

* 
(38) 

R2 R1 / 

R, q R,= CF,, R,= R4 = CO, Me 

R, q R,= CO,Me, R,= R4= CF, 

R, R,= CO, Me, R; R4= CO, Et 

The reaction of IrH(CO)(PPh& with an excess of an alkyne at 5O-gO“C leads to the formation of 109 
which can react further with other alkynes giving 110. 1lOa is apparently a far more effective catalyst 
than those reported by Collman et al. Thus in C& at 80°C with a 2 mole% concentration of 1lOa there is 
a 70% conversion of dimethylacetylenedicarboxylate into C,(COOMe), after 8 hr, compared with figures 
of 11 and 5% for Collman’s catalysts. The fact that a coordinatively saturated molecule such as 1lOa is 
so effective as a catalyst appears to bring into question the theory that a vacant coordination site is 
necessary for activity, although it is possible that a coordinatively unsaturated species derives from 1lOa 
and it is this which is the active catalyst. Similar reactions to those reported for other rhodium 
complexes have been reported using an unusual starting material Rh(C6H4PPhJ(PPh&” (eqn 39). 

(39) 

Again a rhodacyclopentadiene complex is observed, the metallated phosphine remaining unchanged. 
Alkyne reactions have also been observedI in cobalt systems. Reaction of CdFSC =CC,F, with 

CpCo(PPh3)z gives a metallacyclopentadiene complex 112 similar to those discussed above for Rh and Ir. 
Again the reaction can be performed in a two stage process”4 so as to incorporate two different alkyne 
groups (eqn 40) 

CpCo ( PPh, I2 
2RCzCR 

R,C =CR, 

i II2 (401 
CP 

Ph,P/ ‘;fcRt 

2 

R,C-CR, 
CypJ3 

* 

II3 II4 
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It is found that in the one step process first reported in 1967”’ only two of the expected three isomers 
are obtained.‘14 Furthermore, when the alkyne complex 113 is reacted with unsymmetrical alkynes, only 
one isomer is obtained. Obviously the fist step of the cobaltacyclopentadiene formation from 
CpCo(PPh,), is replacement of one of the phosphines by an alkyne molecule giving a n-alkyne complex 
115 (eqn 41). For the further 

Ii6 
CP 

I’ i L’ 

coo-c’ 

\ 
@C 

118 ’ 

CP 

- \9 II Tr 

II7 IL 
c;P 

do 
- L’ ,’ 

13 

(41) 

reaction of 115 with an alkyne, two mechanisms may be proposed. In the first an attacking alkyne 
replaces the phosphine to give a his alkyne complex, 116, which undergoes oxidative coupling to give a 
coordinatively unsaturated Co(II1) metallacycle 117 which then adds phosphine. Similar intermediates 
have been proposed” in the reaction of titanocene with alkenes. The second pathway involves a 
thermally excited ionic monohapto-alkyne intermediate 118 to supply a vacant coordination site for an 
attacking alkyne molecule. 

The first pathway appears to be the more likely as polar solvents which should stabilize 118 are 
shown not to increase the rate of reaction. Furthermore, addition of free triphenylphosphine to 115 with 
diphenylacetylene markedly decreases the rate and so it seems that 116+ 117 is the rate determining step, 
and that a preequilibrium is attained between 115 and 116. When asymmetrically substituted alkynes are 
used the isomers obtained will be governed by the arrangements of the two alkyne molecules in 116 
which might well be affected by dipole-dipole interactions between them. 

The acetylene complex 113 has also been shown”6 to react with alkenes (eqn 42). Trans-disubstituted 
alkenes lead to a mixture of two isomeric cobaltacyclopentenes, whereas cis-alkenes yield only one 
isomer. 

Cp\CO/PPh3 
HR,C=CR,H cp\ iPPh3 

w 

RI (JR, 

(42) 

R,C=CR, R, R, 

II9 

The same group has carried out reactions of 120* with other Lewis Bases. Reaction of 120 with 2 mols. of 
phenylisocyanide leads to the formation of 122 (eqn 43), for which the structure is confirmed by X-ray 
diffraction studies on a single crystal. When the ratio of phenylisocyanide to 120 is low the products are 122 
and 121. Addition of an excess of PPh3 to the initial reaction mixture increases the observed yield of 121. 

Fewer examples of alkyne reactions leading to metallacyclopentadienes are known for Ni, Pd and Pt 
as these metals generally prefer to form monoalkyne complexes which tend to be inert to further 
acetylenic attack. However, a series of palladacyclopentadienes has been madell using a zerovalent 
palladium starting material. Thus, reaction of dibenzylideneacetonepalladium, [Pd(dba)J, with 

*120 is an alternative way of drawing 113. 
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dimethylacetylenedicarboxylate at room temperature leads to the formation of 123 which forms adducts 
124 with either monodentate or bidentate donor ligands (eqn 44) 

(44) 
R 

~ RC-CR 

[ 1 
R 

R R Pd 
R.R 

3 
2L ,L\Pd ‘R 

R R ‘R 3 
R 

L/ ,R 

R 
R 

n 
125 123 124 

R = COOMe L= PPh,, 1 PhO), P, p - toluidine 

L2= bipy, dppe 

Interestingly, on further reaction with the alkyne, 123 gives the benzene derivative 125, with 60 
equivalents of acetylene being trimerised per equivalent of 123. This is the first example of the 
trimerisation reaction being observed for platinum or palladium and the reaction is probably induced by 
the nucleophilicity of the metal in 123. 

Reaction of the nickel complex Ni[C,(CF,)J[P(OMe)l]2”9 with three molar equivalents of 
hexafluorobut-Zyne leads to the formation of the unusual nickelacycloheptatriene’zo, 126 (eqn 45). for 
which the structure is confirmed by an X-ray crystal structure study. 

CF, CF, 
(45) 

Cs CF,C=CCF, (MeOl,P, I 
w Ni 

x 
(MeO),P’ - 

I 

CF, 

CF3 CF, 

c3 CF, 

126 

Analogous products have since been reported from the reaction of NiCl(H)(Cy,P)2 with CF& = CCFJ,‘*’ 

CF, CF, 

L\ - 

x 

127 
CF 

Pt 
/- - 

1 3 
CF 

3 

cF3 CF, 
L = PMe, 
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and from the reaction”’ of truns-stilbenebis(trimethylphosphine)platinum with hexakis(tri- 
fluoromethyl)benzene 127. It is reasonable to suggest that an initially formed 1,2-n-bonded species 
undergoes a ring opening reaction. An alternative explanation is that this species rearranges with C-C 
bond cleavage to form a Pt(0) dicarbene complex which transforms electronically to the observed 
product. That the ring-opening reaction is very dependent on the nature of the ligands coordinated to 
platinum, is shown by the absence of such a reaction when the same reaction is performed with PEt, 
being the coordinating ligand. 

Zerovalent nickel complexes have been shown’23 to react with tetrafluoroethene affording 
nickelacyclopentanes (eqn 46). In the corresponding reaction (PPh,)Qt affords the simple alkene 
complex (PPh3)2Pt(C2F.J’24. It is suggested 

L4Ni 
C2F4 ) L\,i/ 

cF,,,F2 

L’ ’ 

(46) 

C F2’-c F2 

L=Et,P, PPh,Me 

128 

that the nickel system forms an analogous complex initially and this then reacts further to give the 
nickelacycles. This further reaction is probably only seen for nickel as this metal adds further alkene to 
form a Scoordinate intermediate far more readily than platinum(I1) for which five coordination is very 
rare. 

Doyle et ~1.‘~’ have reported the reaction of 2,2’-bipyridyl(cycloocta-1Jdiene)nickel with several 
alkenes at room temperature to give substituted nickelacyclopentanes (eqn 47). The corresponding 
unsubstituted 

(bipy)Ni 

(bipy)Ni 

4 

129 

(47) 

nickelacyclopentane complex can be isolated from the reaction with l+dibromobutane but not with 
ethene. Reaction of 129, 130 or 131 with activated alkenes, such as maleic anhydride, results in 
reductive elimination of cyclobutanes, behaviour somewhat different from that observed for a pal- 
ladacyclopentane derivative which decomposes to give n-butenes.‘s Furthermore, at temperatures above 
9O”C, reaction of 129, 130 or 131 with the appropriate alkene leads to cyclodimer formation and 
regeneration of the nickel complex. Thus the complexes are acting catalytically, with fifty turnovers per 
nickel atom having been reported. 

The group IVB metals are also reported to yield metallacyclic compounds from alkyne reactions. The 
first such example was that of titanocene, Cp2Ti, with diphenylacetylene’26 (eqn 48). This complex has 
very recently been made by eliminating propene from Cp,Ti(allyl) on reaction with diphenylacetylene’“. 

Ph 
\ Ph 

Cp,Ti t 2PhCECPh - Cp,Ti 
3 ’ Ph 
Ph 

132 

(48) 

The corresponding zirconacycle, originally made via the reaction of Cp,ZrC12 with a dilithium reagent,64 
has subsequently been made by a similar alkyne route.‘= Both the titanium and zirconium metallacyclo- 
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pentadiene complexes have been made by a slightly different route’“(eqn 49) which is rather convenient. 

Ph 
\ Ph 

C~M(CH,), t 2PhC-CPh - CqM 
3 ’ Ph 
Ph 

(49) 

133 

Photochemical reaction of the dimethyl derivatives of titanocene or zirconocene with diphenylacetylene 
gives 133 in yields of 35-N% via homolytic cleavage of a Me-M bond. In the original work, the yellow 
hafnacycle was apparently prepared by this route, but not fully characterised. Under the photochemical 
conditions employed, the methyl radicals react not only to produce methane but also undergo reaction 
with diphenylacetylene to yield a variety of other compounds including cis- and truns-methylstilbenes. 
However, it has subsequently been shown’30 that it is possible to produce the hafnacycle in a pure form 
by this method and an X-ray crystallographic study has confirmed the postulated structure. 

More recently, the thermally induced reactions of bis(q’-cyclopentadienyl)diphenyltitanium with 
symmetrical and unsymmetrical alkynes have been studied’3’V 132 (eqn 50). This reaction with diphenyl- 
acetylene has been shown’33 to give 

Cp,TiPh, + R, C=CR, - 
(a) R, = R2=C6F5 

(b) R, = SiMe,, R,= Ph 

(cl R, = Ph, R,= C,F, 

134 cp2 
(d) R, = C,F,, R,=Ph 

134 (R, = Rz = Ph), via insertion of the alkyne into the carbon-titanium (T bond of an intermediate 
Ph,Ti(C&) species.‘” The complexes are formally metallacyclopentadienes containing an unsym- 
metrically fused benzene ring which has important consequences for the structure of the molecule (see 
135). It is found that the C(l)-C(2) bond lengths are substantially shorter than 

those of C(3)-C(8) in accordance with the idea of a full double bond between C(1) and C(2) but only a 
delocalised double bond of an aromatic nature between C(3) and C(8). There is found to be no 
localisation of the Ir-electron density in the six-membered ring and C(2)-C(3) appears to be a normal 
bond between two sp2 hybridised carbon atoms. In 134b the two TLC bond lengths are nearly equal but in 
134a they are quite different. This is probably due to the fact that the interactions between cyclo- 
pentadienyl groups and the ligand bound to C(1) are important for specification of the Ti-C(l) bond 
length. With the more bulky C6FS ligand this bond is thus weakened. A similar reaction has been 
performed using phenyl(pentafluorophenyl)acetylene”’ with products 134(c) and 134(d) being formed in 
44% and less than 1% yield respectively. 

One unusual reaction of a titanium complex with an acetylene to give a titanacyclobutene complex 
has recently been reported’% (eqn 51). 136 

FH2\ THF 
CP2Ti,CI / AlMe t RC = CR - 

/CH2\ 
CpJi\cR// . 

CR t (thf) AlClMe, (51) 

136 I37 (al R-Ph (b) R=SiMe, 
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reacts with diphenylacetylene or bis(trimethylsilyl)acetylene in THF to produce 137a and 137b respec- 
tively. THF is found to assist the synthesis of 137 by complexing with aluminium and freeing the 
Cp,TiCH2 group for addition to alkyne. Diphenylacetylene converts 137 to 137a at elevated temperatures 
although the reverse reaction does not seem to occur. Furthermore, 2-methylpropene-l-‘3C and 137b 
react to yield 137h-13C with enrichment in the methylene position. One possible mechanism is that the 
alkyne is substituted by alkene to give 138 which then reverts back to 137b (eqn 52). This exchange 
reaction shows 

/ CH2, 
CPZT’\,//C\ 

I 
SiMe, 

6iMe, 138 t Me,SiC ZCSiMe 3 

(52) 

;CH, 
‘CSiMe3 CPZT’, c// 

SiMe3 

that the titanacyclobutene 137b is considerably more stable than the titanacyclobutane 138. Intermediate 
138 is also postulated in a scheme describing CH2 exchange between Cp,TiCH2A1C1Me2.‘37 A recent 
X-ray crystallographic study’38 suggests that 137b is more reactive than 137a as 137b shows a partial 
fragmentation of the metallacyclobutane ring and incipient formation of separate titanium-methylene and 
titanium-alkyne bonds. This is consistent with the greater chemical lability of the alkyne unit as 
compared with that of complex 137a. 

Similar reactions have since been performed with a variety of alkenes’39 again giving titanacyclo- 
butanes. Several systems have been studied and one in particular (see eqn 53) suggests a role in 
metathesis reactions. Pyridine removes Me,AlCl from Cp,TiCH2A1C1Me2 and the reactive [Cp*TiCHJ 

CH2 
CPZT~<~~, ‘AlMe (531 

139 140 

fragment is immediately trapped by alkene to give the titanacyclobutane. This reaction coupled with the 
one shown above provides the necessary steps for this metathesis system. Complex trans-139-d, (d is on 
C(4)) on treatment with Me*AlCl in toluene gave a mixture of 140 and 14&d, thus completing the 
metathesis cycle. Subsequent X-ray diffraction structural studies suggest the titanacyclobutanes involved 
in metathesis to be planar and symmetrical.‘40 If this is the case then the source of stereoselection in 
alkene metathesis may result from factors other than those arising from the conformational effects due 
to puckering of the intermediate, which had previously been suggested. 

A metallacyclobutene structure 141 has also been reported’4’ for the complex resulting from the 
reaction of phenylethynylsodium, Na(C = CC6H5), with chlorobis(methylcyclopentadienyl)titanium(III) 
(eqn 54), the structure being confirmed by a single crystal X-ray diffraction study. 

Ph 

Na (CECPh) t (CH3C5H,12TiCl - CP:)~~ (54) 

CP 

Ph 
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Thus, the previously reported analogous reaction in which Cp = CsHj’42 may now be looked upon as 
giving a metallacyclobutene rather than one of the postulated alkyne complexes. 

The zirconocene derivative [(~5-C5Me5)&NJz has been shown to absorb ethene143 with evolu- 
tion of dinitrogen to afford 142 in almost quantitative yield. The complex is also obtained from 
(q5-C5Me&ZrH, and ethylene at 2S”C according to eqn (55). 

(T5-C5Me512ZrH2t 3&H, - 
CPl\ 

Cd’ 
Zr 

3 
+ C2H6 155) 

142 

The complex reacts with both HCl and Hz to yield predominantly butane. Furthermore, on reaction with 
CO, complex 144 in which the carbonyl oxygen is bound to the zirconium, is obtained. This is 
presumably formed oia intermediate 143 from which migratory insertion of CO into a Zr-alkyl occurs 
with remarkable facility. Subsequent steps are as shown in eqn (56). 

Cp’;Zr 3 - (56) 

t 
144 

?\ I 1 Cp;Zr~c - 

0 
Cp,Zr<;) 

C 

0 

Diphenylzirconocene, Cp,ZrPh*, also reacts with ethylene on heating to give a zirconacyclopentene 
complex’44 via a zirconium benzyne intermediate (eqn 57). 

A 
Cp,ZrPh,- Cp2 Zr 

c2H4 ) 
Cp,Zr 

(57) 

145 

It is found that exchange of alkenes occurs enabling synthesis of a range of such zirconium metallacy- 
cles. This exchange presumably occurs via benzyne-alkene intermediates (eqn 58). The exact position of 
the equilibrium depends upon the nature of the alkene; with excess norbornene 146 is almost exclusively 
obtained whereas conversion is only about 50% with the less reactive alkene, I-octene. Furthermore, 
work using substituted products of 145 shows the reaction to be sensitive to steric hinderance. 

A series of tantalacyclopentanes has been made ‘45*‘46 by the reaction of the neopentylidene complex 
Ta(q5-C,HJCl,(CHCMe,) with alkenes at -30°C (eqn 59). This represents one of the first examples in 
which metallacyclopentanes are formed from two simple alkenes (see also Ref. 42). 
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0 Q = 
Cp,Zr 

R 

L 

Cl 
I 

L Q \ 
Cp,Zr 

-R 
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/R 

I 

AP \ 
CrQr, / 0 

; 

RCH = CH2 
Cp-Ta = CHCMe, 

I 
Cl 

(58) 

L Cp2Zr 

t5 
0 

146 

CP 

R=H,Me 

(59) 

Similar tantalacyclopentanes are also produced from the reaction of alkenes with ($-C5Me5)Ta(al- 
kene)C& (eqn 60). It appears that all these metallacycles are in equilibrium with the alkene complex and 
free alkene, as even 149 easily 

TaCp”(ethylene)Cl,t C,H, - Cp Cl,Ta 
3 

148 149 

TaCp”( propylene 1 Cl, t MeCH = CH, - C p”Cl,Ta (60 1 

151 151 

TaCp”(I - pentene)Cl,t I -pentene - Cp”Cl,Ta 
(I>= 

I52 I53 

reverts to 148 and ethylene in toluene at 25°C under partial vacuum. However, the equilibrium lies well 
towards 149. A mixed metallacycle, 154, may be obtained when 1 mol. of propene is added to 148 at 
- 35°C (eqn 61) and the two isomers (154a and b) may be observed by NMR at low temperature. 

148 + CH,= CHMe - Cp”Cl,Ta Cp” Cl ,Ta 

lS4a I lS4b 

Cp”Cl,Ta 
3 

t Cp”Cl,Ta 
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On warming to 10°C for two hours 154 disproportionates to give 149 and 151. Single crystal X-ray 
diffraction studies have been performed on 149 and a related complex Ta(q’-C~MeS)(C,H,z)C12’47.148 
which contains a tantalabicyclo-[3.3.0]-octane framework. These results show the tantalacyclopentane 
ring to have an unusual “opened-envelope” conformation 155, which may reduce interactions between 
the metallacyclopentane ring and the CsMeS ligand. 

Cp” 

Cl I 
‘Ta 

Cl’ 

=% 

155 

Furthermore, the alignment of the tantalacyclopentane ligand may in some way facilitate the observed 
reversible loss of alkene. 

Compounds of the type 151 have been shown to be the active intermediates in the catalytic 
dimerisation of alkenes.lab 
tantalum.‘49 

The same group has carried out related work on benzyne complexes of 
The benzyne complex 156 formed from the reaction of phenyllithium with Ta($- 

CSMe5)MejCl eliminating methane, has been shown to react with ethene at 30°C giving a ben- 
zotantalacyclopentene complex 157 in 86% yield (eqn 62). 

Cp” 

I 
cp” 

Me-M 
Me/ 

‘a 0 
(62) 

The corresponding 
complexes 156 do 

lb6 157 

niobium complex is similarly prepared in 75% yield. It is surprising that the 
not react more readily with ethene in view of the facility of the reaction of 

TaCp”(C2H4)C12 with ethene. One possible explanation could be that there is delocalisation of electrons 
throughout the Ta-C6H4 system. 

A niobium metallacyclopentadiene had been synthesised as early as 1%81so by the reaction of 158 
with diphenylacetylene giving 159 (eqn 63). 

CP 

PhC= CPh, I 
Ph 

OC-Nb ‘;; 

I 

3 
(63) 

Ph 

C 
Ph 

158 

PhC = CPh 

159 

4. FOLYALKENEORPOLYALKYNEREACTIONS 

Apart from reactions involving coupling of simple alkenes metallacycles can be prepared from 
polyalkene or polyalkyne reactions. One such early example is the reaction of 1,7-cyclododecadiyne with 
Fe(CO)S’s’ (eqn 64) which gives primarily a complex assigned the structure 160 based on spectroscopic 
evidence. 
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160 

Single crystal X-ray diffraction studies have since shown ‘52 the structure to be represented by 161. The 
most remarkable feature of this structure is that 

161 

gross skeletal rearrangement of the starting diyne has occurred upon complexation. This reaction 
probably occurs oiu the formation of a metallacycle of type 160 which then rearranges to the observed 
type 161. (Evidence for this type of process has been reported previously.“‘) Isolation of trace amounts 
of a compound of structure 162 from the reaction mixture indicates that cyclobutadiene 

162 

M 

formation may also play a part. This appears to be supported by the results of another groups9 (see above). 
Two unusual reactions of Fe(CO)5 are those with o-di-iodobenzene and &2,3dibromobut-2-ene on 

photolysis’53 (eqn 65). The reactions proceed oia photochemical loss of halogen from the halo-moieties 
followed by attack of pentacarbonyliron. 

Fe (CO), 
r2c,H4 

hv 
Fe (CO&, 

0 

163 

0 

CH, CBr = CBrCH, Me 
Fe (CO), m 

hu Fe (CO& 

Me 

164 

(65) 

It is possible that the product of the related reaction of Ni(C0)4 with o-diiodobenzene’54 which was 
assigned the dimeric benzyne structure 165 may be the polymeric complex 166 which contains an 
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analogous metallacyclopentene structure to 163. 

I 0 I 

1 /V 

‘3 /Yi 
ICOI 

165 

/ 

The osmium trimer, OS~(CO),~, has been reacted with 2,3-dimethylbuta-1,3-diene’55 giving a complex 
initially assigned a diolefinic structure. Subsequent single crystal X-ray diffraction studies’56 have shown 
a metallacyclopentadiene unit to be incorporated into the dimeric structure in a manner similar to that 
observed with iron (167) 

.& 
(CO),Os 

q \ Me 

(%,, 
167 

Fe(CO)5 had been previously reacted with perfluorobutadiene”’ under UV irradiation to give a 
ferracyclopentene, 168, whose structure is confirmed by X-ray crystallographic studies.“’ The same 
alkene has since been shown to react in a similar way with [(CO),RhC1],43 to give the chlorine bridged 
dimeric 

CF--CFt\ 
II Fe (CO!, 

cF-CF2’ 

I- 

168 169 
J2 

170 

species 169. Furthermore, the monomeric rhodacycle, 170, may be obtained from hexafluorobuta-1,3- 
diene and RhCl(PPh3)3 or RhC1(CZH4)(PPh3), with subsequent evolution of fluorine. 19F NMR studies 
indicate that the molecule is non-fluxional while the fluorines on C(3) and C(4) [and hence those on C(2) 
and C(5)] are non-equivalent. This is probably because the two metal-carbon u-bond lengths are unequal 
as a result of the differing trans-effects of different groups trans or approximately trans to them. 

The versatility of the reaction of butadiene to give metallacycles is illustrated by the fact that 
zerovalent platinum species will also react in a similar manner.‘59 Reaction of an excess of 2,3- 
dimethylbuta-1,3-diene with bis(cycloocta-l,$diene)platinum affords 171a which reacts with tert-buty- 
lisocyanide displacing 

I71 

(a) L = I, 5-&H,, 

(b) L = t-BuNC 

POLY Vol. I, No. 11/17.-~ 



768 S. DAVID CHAPPELL and DAVID J. COLE-HAMILTON 

cycloocta-1,5-diene to give 171b. Thus the reaction involves an oxidative Waddition of the 1,3-diene to 
a Pt(0) species and probably involves the intermediacy of (cod)(2,3_dimethylbuta-l,3-diene)platinum(O) 
which undergoes an electronic rearrangement to form the Pt(I1) five membered ring species. However, 
all conjugated diene complexes can be considered to have a contribution from a resonance form such as 
171. (The same group had previously reported the analogous reaction for nickel using hexafluorobuta- 
1,3-diene.)‘“, 16’ In contrast buta-1,3-diene reacts with Pt(cod)* to give 172a, 

172 (a) L = I, 5-&H,, 

(b) L = t-BuNC 

a 2,Sdivinylplatinacyclopentane, which again reacts with t-BuNC to give 172b. The reaction has been 
shown to proceed uia an ally1 complex 173 which has been isolated for the trimethylphosphine system 
(eqn 66). 

Me, P- Pt 

MesP\ 
Pt 

Me, P / 

More recently longer chain dienes have been used for metallacyclic synthesis. Reaction of Cp,ZrLz 
(where L = variety of donor ligands) with octa-1,7-diene’62 gives the bicycloalkane complex 174 in high 
yield. 

Cp,Zr 
co 

174 

From this c&and trans-1,2-dimethylcyclohexane are formed on hydrolysis. The analogous titanium 
complex has been similarly prepared.“j3 

A similar series of reactions has subsequently been reported for Ta($-CfMeS)(olefin)C12 with 
1,6-heptadiene, 1,7-octadiene and 1 ,8-nonadiene’bl (eqn 67). For 

Cp”Cl,Ta (olefin) t %H In 

w2 

-Cp” Cl,Ta (67) 

175 (a) n=3 (b) n=4 (c) n=5 

175a only the cis isomer is obtained, 175b occurs as a mixture of cis and trnns isomers and 17% is found 
to consist entirely of the truns isomer. The stability of the complexes is found to decrease in the order 
a> b > c. As mentioned previously, a single crystal X-ray diffraction study of 175a14’ shows an 
“opened-envelope” conformation of the metallacyclic ligand (see 155). This had been proposed as being 
due to steric effects and is now suggested as being due to the fact that the 14 electron metal is attracting 
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electron density from the CcQ? bonds. It has been proposed that distortions in alkylidene ligands in 
certain Ta and Nb complexes can be attributed to the same phenomenon.‘6’ 

Metallacyclic derivatives have also been made from allene reactions of transition metal complexes. If 
the reaction of allene with Rh(acac)(CzH4), is carried out at -78”C? a complex assigned the structure 
176, which contains a 3,4_dimethylenerhodacyclopentane moiety is formed. The complex is thermally 
very unstable and decomposes violently above 0°C. 

HCH2 
,CH,-C 

(acac)Rh, I 

I 
CH,-C 

CH,C =CH, %H 2 

176 

Furthermore reaction with more allene at -35°C leads to the formation of a bis(r-allylic)complex. 
However, the instability of 176 is probably due to the reactivity of the lone allene rather than the 
rhodacyclopentane unit, as reaction of 176 with pyridine or triphenylphosphine leads to the isolation of 
stable complex 177 and 178. 

H2C 

177 176 

The structure of 177 is confirmed by X-ray examination of single crystals.‘67 The fact that allene can 
enter into an “oxidative coupling” reaction accounts for the transformation of Rh(1) to Rh(III) and this 
reaction is most probably the first step in the formation of bis-(r-allylic) complexes of rhodium. Similar 
reactions to those observed for rhodium have subsequently been reported to occur for iridium. ‘W ‘69 The 
reaction of Ir(acac)(n-C8H’4)z with allene at - 78°C again gives a thermally unstable complex assigned as 
179 which on reaction with pyridine affords the more stable complex 180 (eqn 67). 

(67) 

179 

Again 179 is seen as a precursor of a bis(P-allylic) complex of iridium. Metallacyclopentanes of the kind 
isolated here had been previously postulated as intermediates in the cyclooligomerisation and poly- 
merisation of allenes by nickel complexes.‘7o 

A model intermediate for the dimerisation of allene which contains a nickelacyclopentane structure 
has been synthesised.“’ Reaction of bis(cycloocta-1,Sdiene)nickel with bis(dicyclohexyl- 
phosphino)ethane and allene at - 20°C to 0°C leads to the formation of 181. The complex reacts with 
hydrogen in the presence of Raney nickel to give 2,3-dimethylbutane and with CO at room 



770 S. DAVID CHAPPELL and DAVID J. COLE-HAMILTON 

181 

temperature to give the cyclic ketone, 3,4-dimethylenecyclopentanone. 
metallacycles have been synthesised from allenes,“’ a class of compound .-_ ._ 

More recently assymmetric 
which has been suggested as 

showing analogies to the organometallic reactions of CO2,“’ carbodiimides’74 and ketenes.‘75 The reaction of 
1(C5MeJ2ZrN&N2 with allene results in release of all dinitrogen and isolation of the zirconacyclopentane, 
182 (only this isomer is obtained) 

Cd 
\ 

Zr 
CPV 

182 

CP”, 

Zr 

Cp”/ 
183 

for which the structure is confirmed by X-ray diffraction studies on a single crystal. When it is carried out 
using 1,3-dimethylallene, the reaction proceeds in a slightly different manner to give 183, in which the 
ethylidene groups substitute the zirconacyclopentane ring in the 2 an 5 positions. Again only one of the 48 
possible isomers is obtained suggesting a high degree of chiral selectivity. 

Metallacyclobutane derivatives of molybdenum and tungsten have been synthesised from allylic 
derivatives.76”76 Treatment of the his-n’allyltungsten compound 184 with dilute acid gives the 
n3-allylic compound 185 which reacts with MeLi or NaBH, to give the metallacylobutanes 186 and 187 
(eqn 68). 

CP>,/CH=C% Nl-t@Fe “, \ : 
* 

CP CH,CH = CH, CP 

,W+ .’ PF; 

Y 

cP\ 

/w 
CP 

3 

186 187 

Similar reactions are observed for the molybdenum analogue of 185, made from the reaction of 
[Cp,MoH3]PF6 with buta-1,fdiene. It is clear from the above reactions and others using sodium 
borodeuteride that the formation of the metallacyclobutane complexes from the n3-allylic precursors 
proceeds via nucleophilic attack exclusively on the central carbon atom of the n3-allylic group. A 
possible explanation is that when the metal centre of an organometallic cation is relatively electron rich, 
then, in the absence of marked steric effects, nucleophilic addition occurs so that the electron density at 
the metal centre is either reduced or subjected to the minimal increase. For an ally1 group, attack will 
therefore occur at the central carbon atom, as in this case. 

The thermolysis of several of these metallacycles has been studied”’ and minor amounts of products 
containing fewer carbon atoms than were in the metallacycle are found. However, on photolysis 
substantial amounts of such compounds are observed. This can be accounted for by invoking a ring 
opening mechanism for the decomposition of the type generally agreed to occur for alkene metathesis. 
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Thus the role of the photolysis step would be to provide a suitable vacant site on the metal centre, which 
could be achieved by a photo-induced $-q3 shift of a n-cyclopentadienyl ring (eqn 69). It appears that in 
these 

‘: Q H R’ .-’ 
// 

CHR’ 
H 

W 
x 

R2 - 

H H (69) 

W=CHR’ + CH =CHR2 W= CH, + CHR’ = CHR2 

systems the substituent has a marked effect on the direction of ring opening explaining why certain 
products predominate. For example with both the 2-phenyl- and 2-methyltungstenacyclobutane com- 
plexes the substituted ethene is the dominant carbon deficient product. 

A series of reactions of [Ir(COD)C112 with norbornadiene’**“* have yielded metallacycles giving 
valuable information on the mechanism of cyclodimerisation of alkenes. Complex 188, formed on 
reacting [Ir(COD)C112 with excess norbornadiene at room temperature, gives the acetylacetonate derivative 
198 when refluxed with 2,4-pentanedione and Na2C03 (eqn 70). 

C 
0 

Cl 
Na, CO, 

\ 2,4 - pentanedione 

(70) 

189 190 

A single crystal X-ray diffraction study shows that two NBD groups form a saturated metallacycle by 
insertion of the iridium atom into the four membered ring of an incipient norbornadiene dimer molecule 
of exo-trans-exo stereochemistry. As a result of this crystal structure, complex 188 has been assigned an 
analogous structure. A further related complex 189 is obtained by bubbling CO through a solution of 188 
followed by addition of one mol of triphenylphosphine. This, however, contains an iridacyclohexane 
ring formed by insertion of CO into one of the Ir-C bonds of the iridacycle. When 189 is refluxed 
with a five-fold excess of triphenylphosphine ring closure is induced and the norbornadiene dimer is 
displaced from the iridium atom in about 35% yield. Complexes of this type had previously been 
suggested as intermediates for various catalytic processes3V*” but no metal-carbon a-bonded species had 
been isolated and then proven to be a genuine intermediate. 

5.FORMATIONOFMETALLACYCLESVIACYCLOM&TALLATIONREACTIONS 

Recently, several metallacycles have been prepared via decomposition of alkyl complexes of the 
transition elements, in which the well known decomposition pathway, p-elimination, is blocked by 
substitution at the P-carbon atom. Cyclometallation involving coordinated ligands has been known for a 
long time’79 but only recently has its application to hydrocarbyl systems been recognised. The first such 
example involved the decomposition of methy1(l-naphthylmethy1)bis(tripheny1phosphine)p1atinum(II) 
191 in refluxing toluene”’ to give 192 (eqn 71) with evolution of methane. 
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‘Pt 

(23 CH2 

0 0 
192 

(71) 

Subsequently Ru2(02CMe)4Cl has been shown to react with Mg(CH,Bu?, and PMe3’*’ to produce the 
metallacyclobutane 193. 

pm3 

Me3P, 1 Me , 

/Ru 
Me,P 1 

3< 
Me 

PMe 3 

193 

The reaction presumably proceeds via the bis-neopentyl derivative which spontaneously decomposes to 
give the observed product. An analogous reaction to this is observed in a platinum system’82* ls3 which is 
found to require far more forcing conditions (eqn 72). The origin of the hydrogen atom 

Et3P\ ,CH,CMe3 157°C Et3P \ AH,\ 

Et,P 
/ pt\ 

CH2CMe3 Et,P 
/pt\ 

CH2 
&Me2 

(72) 

consumed in conversion of a neopentyl group of 194 to neopentane is established as a methyl group of a 
second neopentyl group by deuterium labelling experiments. Furthermore, the reaction is thought to 
proceed via dissociation of one of the phosphine ligands since in the presence of excess phosphine, the 
rate of reaction is reduced. Hence the mechanism shown in eqn (73) has been suggested. 

L CH,CMe, 

L CH,CMe, 

L\ 
L' 

pt%",", 

CH,CMe, 

/Me3 

(73) 

The same group have recently expanded this study to produce platinacyclopentanes and platinacyclo- 
hexanes l” The thermal decompositions of 1% and 197 have been studied and found to produce the 
platinacycles 19&291. (Eqn 74.) 
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196 ’ 

( 74) 

‘\ A(W’~_ ‘ipt p/p ‘v W% p/ 

197 199 

+ >pt~oo 

201 

All are bis(triethylphosphine) complexes. In the second reaction, 260 is the major product (68%), with 
199 and 201 being produced in 23 and 9% yield respectively. These percentage yields are seen as being 
somewhat related to the amount of ring strain in each of the products. These results also strongly 
suggest that ring strain in platinacyclobutanes is much smaller than in cyclobutane itself. This may help 
to explain why isomerisation of five-membered to four-membered metallacycles’s5 appears to be more 
facile than the corresponding reaction in all carbon systems. 

Platinacyclopentenes have also been made on thermolysis of o-methylbenxyl derivativeslW (eqn 75). 
The reaction proceeds uiu a S-hydrogen abstraction 

Et3P 
\ 

/ 
Et,P 

A, Et3P 
>Pt< 

EtJP 

203 

(75) 

liberating xylene and again forcing conditions are necessary (refluxing xylene for 16 hr). The structure of 
the complex is confirmed by spectroscopic means and by the reaction with excess iodine liberating 
1,2&s(iodomethyl) benzene. 

Very recently an iridium alkyl has been shown to decompose on formation at room temperature to 
give an iridacyclobutane lm Reaction of Ir(PMe&Cl with LiCHsCMez in hexane afIords fat-tris(tri- . 
methylphosphine)hydrido(2,2d~e~yl-1,3-propanediyl)iridium (III), 2Q4, in high yield. The presumed alkyl 
precursor is not detected in this system except as a transient orange solution 

204 

but when the reaction is carried out using LiCHzSiMe3 the intermediate can be isolated. The difference 
in reactivity may arise from the decreased steric demand of the (trimethylsilyl)methyl ligand as 
compared to that of the neopentyl group. 

Intramolecular oxidative additions also proceed readily with other alkyl groups. Thus, reaction of 
Ir(PMe~),Cl with benxylmagnesium chloride gives the benxometallacyclobutene complex 2Qs. Cyclisation 
can be seen to result from Ir insertion into a y C-H bond. Facile insertion at the aryl S-position of the 
neophyl (CH2Ch&Ph) ligand has also been observed on reaction of Ir(PMe,),Cl with LiCH&!MePh in 
hexane to give the benxoiridacyclopentene complex 206. 
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Rapid cyclisation is also observed via oxidative addition to a distal C-H bond of functionalised alkyl 
groups. Ir(PMe&Cl reacts with the enolate salt of acetone giving the iridacyclobutan-3-one complex 207. 

Me3p,y 
Me3P’iie 0 a 3 

205 
-206 

A similar reaction has been observed in platinum and palladium complexes’88 whereby dimethyl 
3-oxoglutarate reacts with the zerovalent complexes L,Pt and L4Pd to give 2&?. It may also be noted that 
the trimethylphosphite analogue of 248 has been reportedlB to form via the corresponding Ir(I) o-tolyl 
complex. This complex has now been reformulated, due to single crystal X-ray studies, as an 
iridaindanone’gO 2O!I formed oiu ring closure and CO insertion. : 

Me397 
Me3dTr D= 0 

PMe, 

L\ 
H C02Me 

LjM 5 0 

MeO,C H 

207 206 

The facility for iridium to perform these reaction derives from the ability of Ir(1) centres to undergo facile 
oxidative addition reactions and the formation of Ir(III)-H bonds acts as an additional driving force. 

Ir Me 
209 

0 
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Abstract-Tetra-n-butylammonium octacyanotungstate(V) has been found to exist in three phases at the tem- 
perature range 9&353 K. The IR and ‘H-NMR spectra as well as thermogravimetric and powder diffraction studies 
support these structural changes. The phase transitions were found in the temperature range 273-283 K (T,) and 
333-343 K (T,). 

INTRODUCTION 

Octacyanometalates [M = Mo(IV, V); W(IV, V); 
Nb(II1, IV)] are known to have tendency for two stereo- 
chemical arrangements, dodecahedral (Dzd) and 
antiprismatic (D.,& Solid [(n-Bu).,N]JMo(CN),] is known 
to contain a D2 anion differing little from Dzd symmetry’ 
and [(~-Bu).,N]~[W(CN)~] is isomorphous to its molyb- 
denum analogue.’ Infrared and Raman spectra of both 
tetrabutylammonium salts in solid state are unexpectedly 
simple and very similar to those of antiprismatic 
Na,[W(CN)B] 4H20.‘.4 Electron spin resonance spectra 
seem to indicate that the solid and solution geometries of 
the tetra-n-butylammonium salt are not the same and 
that in the acetonitrile glass, [(~-Bu),N]JW(CN)~] is 
“more square antiprismatic” than in the crystalline 
state.’ It was found, however, that the use of ESR 
parameters to determine the structure of g-coordinate 
complexes does not have a general validity.9 

In the course of our study on the structure and reac- 
tivity of octacyanotungstate(V) we have found for [(n- 
Bu)~N],[W(CN),] two phase transitions at the tem- 
perature range 263-353 K identified by thermal 
measurements, IR and NMR spectra and X-ray powder 
diffraction studies. The present note is the tirst report on 
the phase transition in octacyano-complexes of transition 
metals. 

EXPERIMENTAL 
Tetra-n-butylammonium octacyanotungstate(V) was made by 

the literature method? To avoid photochemical reactions the 
synthesis procedure and all manipulations with the solid sample 
were carried out in a red light of photographic lamp. 

*Author to whom correspondence should be addressed. 
tESR experiments for polycrystalline sample of [(~-Bu),N]~ 

[W(CNk] at various temperatures did not show remarkable 
changes but only slight differences in broadening of the signal 
from room temperature to about 373 K.’ 

SThe KBr pellet technique was not convenient because, under 
pressure, the metathetical reaction occurred. 

The tbermogravimetric (TG) and differential thermal analyses 
(DTA) were performed under argon with a heating rate of 
5 K/min on a Mettler Thermoanalyser. The DTA and TG curves 
of [(~-Bu)~N],[W(CN,] in the temperature range 293-373K 
exhibit a single endothermic peak at T,v, 337K without the 
weight loss, thus suggesting a phase translhon. 

Middle range IR spectra (400-3800 cm-‘) were carried out in 
the temperature range 90-353 K (heating rate 1 Klmin) with the 
interferometric spectrometer FTS-14 “Digilab”. The samples 
were prepared as Nujol mull and/or as a thin IiIm (obtained by 
evaporation of ethanolic solution) on KRS-5.S 

Proton magnetic resonance spectra of [(n-Bu),NIIIW(CN)s] 
were obtained for a polycrystalline sample with a broad line 
spectrometer operating with a Robinson type marginal oscillator 
at the frequency of 17 MHz. 

X-Ray powder diffraction analysis was performed with the 
DRON-2 diffractometer (CuK, radiation) equipped with the high- 
temperature camera and a special low-temperature attachment.8 
Calculations of the unit cell parameters were carried our with the 
CDC CYBER computer using 20 successive Bragg’s maxima. 

RESULTS AND CONCLUSIONS 
Infrared spectra of [(n-Bu)4N]s[W(CN),] al oarious 
temperatures 

The most useful region for identification purposes is 
the region between 21OCL2160 and 420-460 cm-’ charac- 
teristic for C-N stretching and W-C stretching vibra- 
tions, respectively.3*4 Our measurements at various 
temperatures were started at room temperature, then the 
sample was gradually heated up to 353 K and then cooled 
down to 90K. As can be seen in Fig. 1 [(n- 
Bu),N]JW(CN),] exhibits two phase transitions in the 
temperature range 273-283 K(TJ and 333-343 K(TJ 
characterized by a sudden change of the number and 
peak position of absorption bands. The changes are fully 
reversible although the temperature ranges of trans- 
formation found upon heating are shifted in respect to 
those upon cooling (expected hysteresis of transition). 
The changes of middle range IR bands related to [(N- 
Bu)~N]’ cation are insignificant. 
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Fig. 1. The IR profile of v(CN) and v(WC) bands at various 
temperature (KRS-S technique, resolution 2 cm-‘). 

Proton magnetic resonance spectra 
Three selected spectra recorded at temperature below 

T, (phase I), between T, and T2 (phase II) and above T2 
(phase III) are presented in Fig. 2. Basing on these 
spectra it can be concluded that in the phase I (at 
temperature not so far below T,) n-butylammonium 
groups are not fixed in the space but undergo a rotational 
motion which leads to the narrowing of absorption line. 
In the intermediate phase II the motion of complex 
cations is essentially axial rotation and, finally, in the 
high temperature phase III molecules reorient almost 
spherically. It seems possible that the change of sym- 
metry of complex anion with temperature results from 
the different kinds of motions of organic cation. 

X-Ray powder diffractograms 
The existence of three phases found strong support in 

X-ray powder diffraction study. On heating and on cool- 
ing through the transition region established previously 
the changes of diffraction pattern were observed. The 
diffractoerams of the different Dhases I-III are shown in 

Fig. 2. First derivatives of the ‘H NMR 
ge),Nl,IW(CN),I. 

283K 

A? 

(- 
spectra of [(n- 

393 K 

293 K 

d 
223 K 

Ill 

-28 

Fig. 3. X-Ray powder diffraction patterns of the phase I-III of 
[(n-ge),Nl,IW(CN)J. 

At room temperature the complex was found to crystal- 
lize in a tetragonal system with the lattice constants 
a = 16.72(S) A and c = 23.71(5) 8, which are in agreement 
with the previous data for [(n-Bu)~N]&Io(CN)~].’ But, 
the observed reflection indices do not show systematic 
absences of I = 2n t 1 for hkl corresponding to the space 
group P4lncc determined for molybdenum analogue.’ It 
seems possible that the sample of monocrystal in- 
vestigated by Corden et al.’ is not representative for 
room-temperature phase of Kn-WJUM(CW 
(M = MO, W). The detailed investigation on the phase 
transitions and structural aspect of the separate phases in 
octacyanides of transition metals are in progress. 
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LIGATING PROPERTIES OF TERTIARY PHOSPHINE/ 
ARSINE SULPHIDES OR SELENIDES-VI. 

ADDITION COMPOUNDS OF ZINC(II), 
CADMIUM(I1) AND MERCURY(I1) WITH 

SULPHIDES OR SELENIDES OF TRIPHENYL- AND TRI-p- 
TOLYLPHOSPHINES AND 1,3_TRIMETHYLENEBIS 
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Abatraet-Post-transition elements react with ligands, triphenylphosphine sulphide or selenide (PhIPS or PhxPSe), 
tri-p-tolylphosphine sulphide or selenide (TIPS or T,PSe) and lJ-trimethylenebis-(diphenylphosphine sulphide or 
selenide) (PDPS or PDPSe) in suitable organic solvents forming complexes of compsoitions: MX2. L(M = Zn, 
X = I, L = all except PLIPS: M = Cd, X = I, L = TIPS, T,PSe, M = Hg, L = T,PSe, X = Cl, Br, I); Zn12.2Ph,PS, 
Hg(N0J2.2PhpPS, CdBrl.3T1PSe and 3Hg(NOJ)2.4PhsPSe. AU these have been characterized through elemental 
analyses, ir spectra (4000-2OOcm-‘) and molar conductance (nitrobenzene). Complexes are essentially nonelec- 
trolytes. Tetrahedral structures have been assigned to all except a 1: 3 complex which has been assigned a bridged 
octahedral structure. 

INTRODUCTION 

Mono- and di-tertiaryphosphines and their oxides are 
known to form a large number of complexes with 
diierent metal ions. However, relatively much less 
attention has been paid to coordination chemistry of 
tertiaryphosphine sulphides and selenides which contain 
sulphur and selenium as the donor atoms.‘” 

In this paper, we are reporting the coordination com- 
pounds of triphenylphosphine sulphide or selenide, 
(Ph,PS or PhsPSe), tri-p-tolylphosphine sulphide or 
selenide (PhaPS or Ph,PSe), tri-p-tolylphosphine sulphide 
or selenide (T,PS or T,PSe) and lf-trimethylenebis- 
(diphenylphosphine sulphide or selenide) (PDPS, PDPSe) 
with zinc(H) iodide, cadmium(U) halides and mercury(H) 
halides and nitrate. 

Ligands 
EXPERIMENTAL 

The liiands were prepared by a published method.’ The mel- 
ting points are: Ph,PS, 158-59’C, Ph,PSe, 187-88”C; TsPS, 181- 
82”C, TsPSe, 198”C, PDPS, I lO-112°C and PDPSe, 112°C. 

Complexes 
Zinc@) iodide complexes were prepared by the addition of a 

ligand solution in dry benzene to metal iodide solution in a 
mixture of ether-benzene (2 : l), followed by retluxing, reducing 
volume and treatment with petroleum-ether (4O-WC). In some 
cases complex separated during refluxing. The complexes were 
recrystallised from benzene-alcohol mixtures. 

Cadmium@) and mercury(H) halide complexes were obtained 
by adding a ligand solution in benzene or benzene-absolute 
alcohol mixture (1 : 2) to that of metal salt in absolute alcohol. 
The complexes were separated either immediately or during 
retluxing or after reducing the volume. These were recrystaiised 
from benzene-alcohol mixtures. In case of mercury(H) nitrate, 
the ligand and metal salt solution were taken in acetone. The 
reaction mixture was allowed to stand for l-2hr to obtain the 
solid. 

*Author to whom correspondence should be addressed. 

Techniques 
The elemental analyses for carbon and hydrogen were carried 

out by Australian Microanalytical Service, Melbourne. Zinc(I1) 
and cadmium(I1) were estimated using EDTA method? Zinc(I1) 
iodide was prepared by a published method.” The molar con- 
ductivity was measured on Toshniwal Conductivity Bridge type 
CIOI/OZA. The IR spectra in the range, 4000-2OOcm-’ was 
recorded in solid KBr by the Defence Research and Develop- 
ment Established, Gwalior, India. Lack of solubility in the suit- 
able solvent prevents the use of techniques like ‘H NMR etc. 

RESULTS AND DISCUSSION 
Elemental analyses show that most of the complexes 

are of 1 : 1 ratio. However, 1: 2, 1: 3 and 3: 4 
(metal: @and) complexes were also formed in some 
cases (Table 1). The adducts are white crystalline pow- 
ders, quite stable and decompose above 200°C. However, 
the adduct 3Hg(NO&APh,PSe changes its colour slowly 
after several days. The conductance shows the adducts 
to be essentially nonelectrolytes. However, the conduc- 
tance values in some cases are indicative of partial 
ionization of the adducts in nitrobenzene: 

[MX,.nL]e[MX.nL]+ t -X. 

The 3 : 4 adduct is insoluble in nitrobenzene indicating its 
probable polymeric nature. 

The IR spectra in the range (4000-650cm-‘) indicate 
that the v(P-C) aromatic bands in the free ligands remain 
unchanged on coordination except in one or two cases 
where a small upward shift has been noticed (Table 2). In 
the nitrate complexes, this band occurs at about 
11 lOcm-’ which may be attributed to coupling with a 
vibration due to nitrate group having same region of 
absorption. 

In the far IR region, 650-200 cm-’ v(P=S), v(P=Se) and 
v(MS) have been assigned. The u(P=Se) bands record a 
downward shift of 13-20cm-’ in the complexes. The 
@=S) bands in the complexes, Zn12.2Ph3PS, Z&.PDPS 
and Hg(NOs)2.2Ph3PS occur at 585, 580 and 530cm-’ 
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Table 1. Analytical data, melting points and molar conductance 

I%. 
Complex Zound( 0 quired) holar conductance 

C% Hss IyL$ 
iU.6 0)llc~'0m2~Ol~-' 

I. Znla.2Ph3'S 46.77L47.62) 3.4oi3.31) 8.35i7.21) 180 16.19 
2. Zn12.'p3PS 39.3Oc38.46) 3.52h3.21) 11.74(10.00) 200 18.17 
3. znl2.PWS 38.40(40.75) 3.13i3.27) 248-53 16.20 
4. Cdl2PjPS 36.Oli35.88) 3.09i2.99) 14.90( 16.00) 265 13.99 

5. Hg(N03) PPh3yS 2. 45.89( 47.34) 3.24( 3.29) 2 50( d) 14.65 

6. 3Hg(NU3)2.#‘Qh3iSe 36.03( 36.96) 2.76( 2.57) 235-45(d) b 

7. zn12.dhrSe 32.88( 32.72) 2.15( 2.27) 11.46(9r91) 240 17.70 

8. Zn12. T3PSe 36.97t35.89) 3.17(2.99) 10.35(9.32) 278( d) 15.88 

9. tip.PlirSe 36.9 % 36.44) 3.03( 2.92) 262-63(d) 14.58 

10. CdBr2.343Pje 54.19( 53.19) 4.8 l( 4.43) 7.31( 7.91) 234 6.20 

ll.udl2.T3pSe 34.OOi 33.63) 2.96( 2.80) 16.8( 15.0) 263 3.85 

12.HgQ2.T3fSe 38.27( 38.50) 3.18( 3.21) 205-20(d) 3.56 

I 3 HgAr2. T3p Se 34.06( 33.89) 2.85( 2.82) 22 5-38( d) 4.75 

14.Hg12T3PSe 30.54( 30.09) 2.56( 2.51) 214(d) 3.78 

&deOOmpOBitiOn, b-complex insoluble in nitrobensene. 

respectively. However, in the case of T,PS, the bands at 
675, 572cm-’ in the free ligand occur at 640 and 
555 cm-’ respectively in its complexes. The shifts in 
v(P=S) are higher in case of Ph,PS adducts as compared 
to those of T,PS adducts, probably due to difference in 
inductive effects of phenyl and tolyl groups. 

The decrease in u(P=S) and v(P=Se) indicate coor- 
dination through sulphur and selenium atoms. The larger 
v(P=S) shifts as compared to u(P=Se) are due to stronger 
p,-d,, bond in ligands like PhsPS because P and S are 
small and similar in size whereas there is considerable 

size difference in P and Se atoms and hence weaker 
p,-d,, bond. Also, vibrations of heavy Se atoms would 
be less sensitive to coordination. Morgan et al.2 have 
shown with the help of X-ray photolectron spectroscopy 
that in the adducts of Ph3P0, PbPS and Ph,PSe with 
HgIz while going from 0 to Se, there is essentially no 
change in the “2p’‘-bonding energy and is attributed to 
charge localization through r-bond feedback. This may 
account for low changes in v(P=S) and v(P=Se) as the 
pi-bonding would tend to increase the observed 
frequencies. 

Table 2. The IR spectra of ligands and complexes (4000-200 cm-‘) 

s . Ligandj oolnplex ti(r-: 3( P&/P&e) J(M-S) 
HO. O,r".' 

cm- ’ cm-’ 

Ph3PS 109 5s 6388 

4h3P Se 1090s 5458 

T3PS 109 58 6758,572~ 

T3f Se 1095s 53 58 

PlPS 10808 6268 

PMSe 10806 5408 
l.U2.2Ph3PS 10956 5858 3oow 

2. zn12. T3P S 10958 640,555~ 375w 
3. zn12PIIpS 1100s 5808 320~ 

4. Cd12T3PS 1190 640,555s 380~1, 350J 

5.HgiN03j2.2Ph3PS 1110 5306 330w 

6.3Hg( ~$0~) 4Ph3r Se 2. 1115 5308 

7. Zn12.Ph3PSe 1090s 5329 
8. Zn12. T3PSe 1090s 5208 

9. Zn12.fWSe 1095s 5208 

10. CdBr2. 3T3P& 109 58 52 5s 

11.Jd12.T3PSe 10908 5208 

12.HgC12.C3PJe 1090s 5208 

i3.Hgk2. T3PSe log58 5228 

14.Hgl2.TPSe 1090s 5208 

.g=stn,ng; wsweak, me=moderately strong. 
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Fig. 1. 

Tentative assignments to v(M-S) bands between 300 
and 380 cm-’ have been made. A weak band at 345 cm-’ 
in Z&.T,PSe complex has been assigned to Zn-Se 
bond. The other M-Se bands could not be detected. A 
band of medium intensity at 280cm-’ was obtained in 
case of HgCLT,PSe which has been assigned to Hg-Cl 
bond. The v,, v2, q and v4 bands due to nitrate occur at 
945; 810; 1350, 1290, 1230 and 715 cm-’ respectively in 
the complex, Hg(N0&.2Ph,PS. The v3 bands in 
3Hg(N03)2.4Ph3PSe occur at 1430, 1378 and 1178 cm-‘; 
while v4 band occurs at 712cm-‘. The q band gives a 
single peak in ionic nitrate and the splitting of v3 band is 
indicative of coordinated nitrate in the complexes. The 
v, and vz bands in the latter complex appear to have 
been obscured by the ligand bands. 

On the basis of the above studies, the following struc- 
tures have been assigned (I-V). 

In all the structural assignments except (IV), the metal 
is tetrahedrally or nearly tetrahedrally surrounded, 
Structure(I) is corroborated by similar structure of 
HgCl,.Ph,PSe determined by X-ray.’ In structure V, the 
ligands PDPS and PDPSe containing three -CH*- groups 
connecting the functional groups have been shown as 
bridging one because chelation would lead to formation 
of eight membered unstable rings. Moreover, the distant 
P=Se groups shall have higher probability to join two 
metal ions from either end. Thus a polymeric structure 
appears most likely which is supported by insolubility in 

783 

organic solvents. Moreover, the analogous ligand, EDPO 
(1,2dimethylenebis-(diphenylphosphine oxide)) contain- 
ing one -CHI group less than in PDPS or PDPSe has 
been shown by X-ray crystal studies to act as a 
bridge.“v’2 
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Abstract-High Pressure Liquid Chromatography (HPLC), utilizing adsorption on microparticulate silica, provides 
analytical resolution of copper, nickel, and palladium chelates of tetradentate /3-ketoimines. The chelates in- 
vestigated are those of non-fluorinated, semi-fluorinated and fluorinated ligands derived from condensation of 
acetylacetone and trifluoroacetyl-acetone with ethylenediamine, 1,tdiaminopropane and 2,Zdiaminobutane. Novel 
chelates are described for the latter l&and group with various geometrical isomers being prepared. HPLC 
senarations are described related to the increase in extent of chelate fluorination, the nature of the chelated metal 
an; the geometrical isomer forms of the complexes. 

INTRODUCTION 

While the separation of metals as coordination complexes 
has frequently been accomplished by liquid-liquid par- 
tition extraction, the development of higher efficiency 
liquid phase separations has resulted from the est- 
ablishment of the technique of High Performance Liquid 
Chromatography (HPLC). A significant advantage of 
HPLC is its ability to resolve multi-component mixtures 
at ambient temperatures by modes such as liquid-liquid 
partition, liquid-solid adsorption, size exclusion and ion 
exchange. Mobile phase solvent changes provide high 
column efficiencies comparable with those seen in gas 
chromatography. 

that noted in some cases by gas chromatography.’ A 
number of these compounds were synthesized for the 
first time; the gas chromatographic separations of these 
and related chelates will be reported in later publications. 

EXPERIMENTAL 

Preparation of ligands 
Lifands were synthesized according to the method of Mar- 

tell,’ in which an ethanolic solution of the appropriate diamine is 
added dropwise to a refluxing solution of the P-diketone in 
ethanol. Purification was generally by recrystallization from 95% 
ethanol followed by vacuum sublimation at ca. 0.1 torr. Specific 
details of ligands not previously reported are noted. 

The application of HPLC separations to organometal- 
lit and coordination chemistry has been recently re- 
viewed by Veening and Willeford.’ Various HPLC 
modes have been utilized for transition metal chelate 
separations; liquid-liquid partition was employed by 
Huber et al.’ for /3-diketonates, while adsorption was 
used for resolution of bisacetylbisthiobenzoylhydrazones 
of Hg(II), Cu(II), Pd(II) and Zn(I1) with nanogram 
detection limitse3 We have reported adsorption HPLC of 
bisdiethyldithiocarbamates,4 and of geometric 
trifluoracetylacetonate isomers using gradient elution.’ 
We have reported preliminary data on chelates of 
representative Schiff base ligands, N,N ethylene- 
bisacetylacetoneimine (HJenAAJ) and N,N’ ethylene 
bissalicylaldimine (H2(enSa12)).6 The reverse phase par- 
tition mode employing water/methanol/acetonitrile 
solvents on octadecyl bonded substrates was also 
employed in the HPLC separation of several compounds 
of the tetradentate /3-ketoimine series.‘.” 

N,N’-butylenebis(acetylacetoneimine), Hz(bnAA2) 
Racemic and meso isomers of this ligand were recovered as 

follows. The first crop of crystals recovered from the reaction 
mother liquor and washed with cold 95% ethanol were found by 
gas chromatography to be greater than 99% racemic. The filtrate 
was enriched with the meso isomer which was recovered by 
n-hexane extraction of the brown oil obtained by evaporation of 
the ethanol. Further enrichment (to ca. 50 : 1, meso: racemic) was 
obtained by dry column silica gel chromatography with chloro- 
form eluent. 

N,N’-butylenebis(trijIuoroacetylacetoneimine), Hz(bnTFA2) 
The mixed isomer ligand was made as previously reported.’ A 

first crop of crystals recovered from the mother liquor and 
washed with 95% ethanol was found by gas chromatography to 
be almost completely racemic. After evaporation of the mother 
liquor a second crop of crystals was found to be greater than 
90% meso; a third crop was almost purely meso. 

N,N’-ethylene(acetylacetoneimine)(~~~uoroace~ylace~oneimiae), 
Hz(enAA-TFA) 

The present study extends these investigations to in- 
clude fluorinated, semi-fluorinated and non-fluorinated 
tetradentate p-ketoimine chelates of copper, nickel and 
palladium, having ethylenediamine (en), propylenedi- 
amine (pn) or butylenediamine (bn) bridging groups in 
the ligand (Fig. 1). For the latter chelates resolution of 
racemic and meso isomers is accomplished, paralleling 

Equimolar ratios of ethylenediamine, acetylacetone and 
trifluoroacetylacetone were reacted. The first crop of white crys- 
tals contained about 70% Hl(enAA-TFA) and about 30% 
Hz(enTFA2). No Hz(enAA2) was noted. The mixture was used 
for chelate preparation without further separation. 

N,N’-propylene(acetyIacetoneimine)(trifluoroacefylacetoneimine), 
Hl(pnAA-TFA) 

tAbstracted in part from the Ph.D. Dissertations of P. J. Clark 
(1977), Imogene E. Bigley (Treble) (1978). University of Mas- 
sachusetts, Amherst, Massachusetts. 

*Present address: Loctite Corporation, Newington, CT 06111, 
U.S.A. 

A similar procedure to that used for Hz(enAA-TFA) was 
employed. Gas chromatographic examination of the product in- 
dicated the ligand mixture to be ca. 70% HdpnAA-TFA) with the 
two symmetrical liinds also being formed. H2(pnTFA2) was 
removed by successive recrystallizations from 95% ethanol. The 
mixture was used for chelate preparation without further separa- 
tion. 

$Present address: Union Carbide Corporation, Bound Brook, N,N’-butylene(acetylacetoneimineXtripuoroacetyfacetoneimine), 
NJ 08805, U.S.A. H@AA-TFA) 

*Author to whom correspondence should be addressed. A similar procedure to that used for HI(enAA-TFA) was 
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RI R2 R3 B Abbreviation 

EE: CF, CFs en 
CHs CHj en M(II)(enAAr) 

M(II)(enTFAl) 
CHs CH3 CFs en M(II)(enAA-TFA) 

CHs CH, pn M(II)(pnAAr) 
pn M(WpnTF.43 

CH3 M(II)(pnAA-TFA) 
CH, CHI ::: M(WbnAA2) 

CFs bn M(II)(bnTFAz) 
CHs CFs bn M(II)(bnAA-TFA) 

en = -CH2CH2- pn = -CH(CHs)CHr 
bn = -CH(CH4CH(CH+ 

Fig. I. General structure of tetradentate fl-ketoimine complexes. 

employed. The mother liquor was used for chelate preparation 
with no further purification. Gas chromatography showed the 
two isomeric semifluorinated ligand species to be the most 
abundant (IX. 60%). 

Preparation of metal chelates 
The non-fluorinated metal chelates of copper(H) and nickel(I1) 

was prepared by reaction of a 1.5% aqueous sodium carbonate solu- 
tion of the ligand with an excess of metal salt. The metal complex 
formed was extracted into chloroform. The fluorinated and 
semifluorinated chelates of these metals were formed by reaction 
of the ligand with the tetramine complex in a ternary phase 
system of water, chloroform and ethanol (I : I : 2.5, v : v : v) as 
described previously.” All palladium(H) complexes were syn- 
thesized by refluxing a benzene solution of the ligand with a 
slightly greater than stoichiometric amount of palladium 
bis(benzonitri1e) chloride complex. Chelates were recovered by 
filtration from hot solution and recrystallization. Specific pre- 
parative details of chelates not previously reported are described 
below and elemental analytical data is shown in Table I. 

NJ’-butylenebis(acetylacetoneiminato)Cu(II), Cu(bnAA>) 
Racemic and meso isomers, prepared as noted above from 

either purified ligands or the crude unresolved Hr(bnAA2) mother 
liquor, were purified by repeated dry column silica gel chroma- 
tography. The racemic chelate eluted first as a purple band 
followed by the meso form as a blue-green band. Final 
purification by sublimation (0.1 Torr) was carried out for the 
racemic isomer at 65°C and for the meso isomer at 110°C. 

N,N’-ethylene(acetylacetoneiminato- 
trifIuoroacetylacetoneiminato)Cu(II), Cu(enAA-TFA) 

A 70: 30 mixture of Cu(enAA-TFA) and Cu(enTFAt) was 
prepared from the crude ligand noted above. Cu(enAA-TFA) 
was isolated in greater than 98% purity by repeated recrystal 
lizations from 95% ethanol. This selectively removed the less 
soluble Cu(enTFA2) and concentrated Cu(enAA-TFA) in the 
filtrate. Enriched crystals were sublimed slowly at 95-100°C at 

Table I. Elemental microanalytical data for tetradentate B-ketoimine chelates 

%$&&Xl % HYdroaen % Nitroaen 

Chelate calculatea Found Calculated Found Calculated 

Cu(enAA-TFA) 42.4 42.6 4.5 4.7 a.2 

Ni(enAA-TFA) 43.0 42.6 4.5 4.4 a.4 

Pd(enAA-TFA) 37.7 36.7 3.9 3.6 7.3 

CUMA,) dl 53.6 53.7 7.1 7.3 a.9 

Cu(bnAA2) m 53.6 53.5 7.1 7.0 8.9 

Ni(bnAA,) dl 54.4 55.0 7.2 7.4 9.1 

Ni(bnAA2) in 54.4 _* 7.2 _* 9.1 

Pd(bnAA2) dl 47.1 47.7 6.2 6.1 7.9 

Pd.(bnAA,) m 47.1 _* 6.2 _I) 7.9 

Cu(bnTFA2) dl 39.9 40.0 3.8 3.7 6.6 

Cu(bnTFA2) m 39.9 40.5 3.8 3.9 6.6 

Ni(bnTFA2) dl 40.3 40.6 3.9 3.9 6.7 

Ni(bnTFA2) m 40.3 40.5 3.9 3.8 6.7 

Pd(bnTFA2) dl 36.2 36.5 3.5 3.5 6.0 

Pd(bnTFA2) m 36.2 36.4 3.5 3.5 6.0 

Found 

8.3 

0.4 

7.1 

0.0 

a.7 

9.2 

_* 

7.9 

_* 

6.7 

6.6 

6.7 

6.6 

6.0 

6.0 

* insufficient. sample Isolated for analysis but results for purified unresolved 

mixtures of dl and m chelates chelates substantiate their identities. (Ni(tnAA2) 

C, 54.81 H, 7.31 N, 9.21 Pd(u2) C, 47.5; H, 6.21 N, 7.9 ) 

Elemental analytical data for the following chelates is given In reference 12; 

Cu(enAA2), Nl(enM2), Pd(enAA2), Cu(enTFA2), Ni(enTFA2), Pd(enTFA2), Cu(pnAA2), 

Ni(pnM2), Pd(pnU2), Cu(pnTFA2), Ni(pnTFA2), Pd(wTFA2). 
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which temperature the Cu(enAA-TFA) volatilized preferentially N,N’-ethylene(acetylacetoniminato- 
(0.1 Torr). trijIuoroacetylacetoneiminato)Pd(II), Pd(enAA-TFA) 

N,N’-propylene(acetylacetoneiminoto- 
trijluoroacetylacetoneiminato)Cu(II), Cu(pnAA-TFA) 

The chelation reaction from the crude HdpnAA-TFA) mother 
liquor gave products in the ratio Cu(pnAA-TFA) 72%, 
Cu(pnTFAJ 25%, and Cu(pnAA*) 3%. Sufficient complex was 
isolated for chromatographic investigation but not for elemental 
analysis. 

The product from the reaction with a 70 : 30, Hz(enAA-TFA): 
H2(enTFA2) ligand mixture was found to yield a sublimate which 
was ca. 90% in Pd(enAA-TFA) and 10% in Pd(enTFA2) in a 
fraction obtained at 165-175°C over 72 hr (0.1 Torr). 

N.N’-oroovlene(acetylacetoneiminato- 
tripudrodcetylacetoneiminato)Pd(Ir), Pd(pnAA-TFA) 

The nreaaration was similar to that of Pd(enAA-TFA), yield- 

N,N’-butylene(acetylacetoneiminato- 
trijIuoroacerylacetoneiminato)Cu(II), Cu(bnAA-TFA) 

ing a product with a ratio of Pd(pnAA-TFAj to PdCpnTF&) of 
7.5 : 1. Insufficient product was isolated for elemental analysis. 

The chelation reaction from the crude Hz(bnAA-TFA) mother 
liquor gave a mixture of the Cu(bnAA-TFA) isomers as the 
predominant product (ca. 60%). The recemic and meso isomers 
of Cu(bnAAJ and Cu(bnTFA2) were present at ca. 40%. The 
Cu(bnAA-TFA) isomers were not further preparatively resolved. 

N,N’-butylene(acetylacetoneiminato- 

NJ’butylene bis(acetylacetoneiminato)Ni(II), Ni(bnAAz) 
A mixture of racemic and meso isomers was readily prepared 

trijIuoroacetylacetoneinimato)Pd(II), Pd(bnAA-TFA) 
Both isomers of this chelate were prepared from the crude 

HdbnAA-TFA) mother liquor. The product contained mostly the 
isomers together with some unreacted ligands and racemic and 
meso Pd(bnAA2) and Pd(bnTFA2). Chromatographic examina- 
tion was carried out without further separation of the small 
amount of material obtained. 

from the Hz(bnAA3 mother liquor and an excess of a 1.5% 
sodium carbonate solution of nickedIn chloride. Silica gel 
column chromatography was insuffici&~ly selective for hll 
isomer resolution. Pure samples of racemic isomer were pre- 
pared from pure racemic ligand, but enriched meso ligand gave a 
sample with a 2.5: meso:racemic composition. The pure meso 
complex could only be isolated in very small amounts by gas 
chromatography and its elemental analysis was not determined. 

N,N’-butylenebis(t~~uoroacetylacetoneimina~o(Ni(I~, 
Ni(bnTFA2) 

Pure meso and racemic samples were prepared from pure 
isomeric ligands. Sublimation temperatures for racemic (blue- 
green) and meso (olive green) forms were 155 and 175°C respec- 
tively (0.1 Torr). 

N,N’-ethylene(acetylacetoneiminato- 
trijluoroacetylacetoneiminato)Ni(II), Ni(enAA-TFA) 

A similar procedure to that employed for Cu(enAA-TFA) was 
employed. Repeated recrystallization from 95% ethanol gave the 
product which was separated from the less volatile Ni(enTFA2) 
by slow sublimation at 105°C (0.1 Torr). 

N,N’-propylene(acetylacetoneiminato- 
trifluoroacetylacetoneiminato)Ni(II), Ni(pnAA-TFA) 

The preparation was similar to that of Cu(pnAA-TFA). Similar 
product proportions were obtained but insufficient material was 
isolated for elemental analysis. 

N,N’-butylene(acetylacetoneiminato- 
trijIuoro&etylacet&eiminato)Ni(II), Ni(bnAA-TFA) 

The oreoaration was similar to that of Cu(bnAA-TFA). The 
reaction r&e with Ni(II) chloride hexahydrate. was much slower 
than for the “en” and “pn” bridged analogs, 7 days being allowed 
before phase separation. Gas chromatography again showed the 
two product isomers of the desired complex to be present as 
approximately 60% of volatile nickel chelates. 

NJ’-butylenebis(acetylacetoneiminato)Pd(II), Pd(bnAA3 
Pure racemic chelate was prepared from racemic ligand by the 

Pd(II) benzonitrile chloride method with sublimation of the 
product at 112°C (0. I Torr). The meso chelate was prepared from 
the enriched meso ligand, but in insufficient quantity for elemen- 
tal analysis. 

N,N’-butylenebis(rriPuoroacetylaceloneiminato)Pd(I~, 
Pd(bnTFAJ 

Racemic chelate of greater than 99% purity was prepared from 
racemic ligand, sublimation being carried out at 165’C (0.1 Torr). 
Meso chelate was obtained in ca. 90% purity by reaction with 
meso enriched ligand, the remaining product was the racemic 
chelate. 

Characterization of ligands 
It has been previously established that in the reaction of 

2,3-diaminobutane with trilluoroacetylacetone,‘2 the meso and 
racemic forms of the former persist on condensation to produce 
the isomeric forms of the tetradentate ligand, Hz(bnTFA2). These 
forms in turn retain their identity on complexation with divalent 
transition metal ions. The reactions were followed by NMR 
spectroscopy of the resolved diamine isomers, and adsorption 
column and gas chromatographic resolution of ligand and 
chelates. In every case the species derived from racemic struc- 
tures were found to be more volatile than those with meso 
structures and eluted first from the gas chromatographic column. 

Further, it has been established that in all cases both ligands 
and chelates containing non-fluorinated groups show greater gas 
chromatographic retention than those with fluorinated groups 
present. In addition, ligands and chelates with ethylene bridges 
are retained longer than those with propylene bridges. Likewise 
those with racemic butylene bridges have even less retention. 
Those with meso butylene bridges always elute gas chromato- 
graphically between those with propylene and ethylene bridges. 

In the present study, similar gas chromatographic behavior was 
observed for all ligands, with the noted trends being seen. In 
each preparation the chelates formed from ligands at different 
stages of isolation gave confirmatory evidence on their nature 
or isomeric structure. For none of the isomers was there any 
evidence of isomerization after the tetradentate ligand was for- 
med in the initial condensation. 

Characterization of chelates 
All metal chelates were characterized by mass spectrometry of 

pure samples, using a Hitachi-Perkin-Elmer RMU 6L magnetic 
sector instrument, and direct probe insertion. Elemental analysis 
was used to verify composition (Table 1) with the exception of 
the semifluorinated “pn” and “bn” bridged species which were 
isolated in insufficient quantities. (Elemental analysis was per- 
formed in the University of Massachusetts Microanalytical 
Laboratory). Gas chromatographic analysis for reaction product 
composition was performed as previously reported.” 

High pressure liquid chromatography 
A Tractor-Chromatec Model 3100 instrument equipped with a 

254nm UV detector was used for initial studies. Later, results 
were obtained on an HPLC system consisting of LDC Con- 
s&metric I and 1lG DUDS and a Model 1601 Gradient Master 
(Laboratory Data C&01, Inc.). An LDC Spectromonitor II 
variable wavelength detector with an 8 PL flow cell was 
employed. Two different microparticulate silica columns were 
used which gave similar results. Those were a 30 cm x 4 cm I.D. 
column packed with Spherisorb SGP 8 pm silica (Spherisorb, 
Hauppauge, New York), by a balanced density slurry technique 
utilizing I : 1 bromoform: tetrachlorethylene; and a 25 cm x 4 mm 
I.D. column packed with Partisil 10 pm silica (Whatman, Inc., 
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Clifton, New Jersey). Columns were of stainless steel with zero 
dead volume fittings. Solvents used were HPLC grade (Fisher), 

RESULTS AND DISCUSSION 

Initial investigation of the adsorption HPLC of the 
tetradentate p-ketoimine chelates of copper, nickel and 
palladium was carried out on a column packed with 
Partisil 10 micrometer diameter irregular particle silica. 
Solvent systems with successively increasing acetonitrile 
modifier in methylene chloride, 0, 2.5 and 5%, were 
employed. Table 2 lists retention volumes for fluorinated, 
semi-fluorinated and non-fluorinated complexes. The 
resolvable geometric isomers of the butylene bridged 
complexes are designated as dl (racemic) and m (meso) 
for the symmetrical substituted species, but as [l] and [2] 
for the semi-fluorinated chelates. This designation is 
made because, unlike the M(bnAA*) and M(bnTFA3 
chelates which possess a plane of symmetry, the 
M(bnAA-TFA) complexes have no such symmetry. 
Consequently their meso isomers, although they contain 
the meso diamine group residue, are in fact non- 
superimposable mirror images and are therefore racemic 
pairs of enantiomers (Fig. 2). Nevertheless, it will be 
noted that the [2] isomers behave chromatographically in 
a fashion analogous to the meso M(bnAA3 and 
M(bnTFA,) isomers while the [l] isomers behave 
similarly to their racemic analogs. 

A number of trends in retention are clear from Table 2. 
For all complexes, the introduction of small percentages 
of acetonitrile into methylene chloride results in major 
decreases in retention, allowing elution of non- 
fluorinated chelates. For all solvent systems a clear trend 
is seen for the effect of fluorination on retention 

Fig. 2. Structures of butylene bridged semi-fluorinated chelates. 

behavior. The non-fluorinated chelates of the three 
metals are much more strongly retained than the semi- 
fluorinated or fluorinated analogs. The former elute close 
to the column void volume. Fully fluorinated complexes 

Table 2. Retention volumes (ml) for tetradentate @-ketoimine chelates. Column 30 cm x 0.4 mm I.D. Part3 10 pm 
irregular silica 

Complex CH2C12 I 
2.5% CH3CN in CH2C12 1 5% CH3CN in CH2C12 

Metals Cu Ni Pd I CU Ni Pd CU Ni Pd 

I 
H2enAA2 _ - - 42.2 24.2 15.7 19.4 12.0 8.4 

H2&ATFA 25.2 16.0 12.0 5.4 4.0 3.9 4.1 3.9 3.3 

H2enTFA2 6.1 4.7 4.6 3.6 3.5 3.6 3.2 3.2 3.2 

H2p"AA2 _ - - 39.6 24.9 16.0 17.3 11.9 8.0 

H2pnAATFA 22.1 15.1 11.9 5.2 4.8 3.9 3.9 3.3 3.2 

H2pnTFA2 5.0 4.5 4.4 3.5 3.4 3.4 3.1 3.0 3.1 

H2b"AA2 dl - - - 34.3 23.9 16.0 16.5 12.4 7.1 

H2bnAA2 meso - - - 66.8 28.7 18.6 29.6 14.6 9.2 

H2bnAATFA (1) 19.3 15.2 12.1 4.5 4.5 3.7 3.5 3.5 3.3 

H2bnAATFA (2) 32.5 19.1 l 5.2 4.7 # 3.8 # # 

H2bnTFA2 dl 4.6 4.5 4.4 3.2 3.3 3.3 3.2 3.1 3.1 

H2bnTFA2 meso 5.8 4.7 4.6 % # # # # # 

void volurJe Void MluQu? v0ia ~01~ 
3.1 ml 3.1 ml 3.0 nl 

l broad shoulder, identity doubtful ( see Figure 7. ) 

I isomers unrssc1ved. 

Mobile phase flow rates a~roximately 1.5 ml / minute. 
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are always least retained, in contrast to their behavior on 
ODS columns with a 1: 1, methanol: water mobile phase 
where they are retained longest.’ Separation of the ethy- 
lene bridged copper complexes is shown in Fig. 3, using 
the Spherisorb silica column (see Experimental Section) 
which is somewhat more efficiencient than the Partisil 
silica column. Comparative resolution of nickel and pal- 
ladium species is shown in Fig. 4. The substitution of a 
single CF, group greatly reduces column interaction but 
a second group substitution only marginally further 
reduces retention. However, the selectivity differences 
introduced by fluorination become more pronounced as 
the mobile phase polarity is reduced to pure methylene 
chloride. This effect is seen in the retention volumes of 
the ethylene and propylene bridged complexes in 
Column A of Table 2, where semi-fluorinated and 
fluorinated complexes are very well separated. 

Another general trend is the significant decrease seen 
in the retention volumes of the copper chelates as the 
diamine bridge is changed successively from ethylene to 
propylene to racemic butylene. This trend is clear for 
fluorinated, semi-fluorinated and non-fluorinated 
chelates, but the effect on the nickel and palladium 
analogs is much less pronounced. In fact the retention 
times for the non-fluorinated complexes of nickel and 

Cu (enTFA,I 

I I 

Cu IenAATFa I 

Cu (enAA;l 

3 I I I 

0 Ill ’ 
12 24 36 54 66 

Retention volume, ml 

Fig. 3. HPLC separation of Cu(enTFA& Cu(enAA-TFA) and 
Cu(enAA2) on Spherisorb 8 pm silica. Column 30 cm x 4 mm I.D. 
stainless steel. Mobile chase 2.5% acetonitrile in methvlene 

chloride: flow rate I.5 mL/min. 

(a) (b) 

PdlenTFA,I 
\ ,Pd IanAATFA) 

YihnAATFAl (al 
Pd I bnAA,) 

Ni ImAA,I dl 

0 12 24 0 12 24 36 

Rotontion wlumo, ml 

Fig. 4. HPLC separation of nickel and palladium chelates on 
Spherisorb silica. Conditions as in Fig. 3. 

palladium are very similar regardless of which bridging 
group is present. This enhanced selectivity for copper 
chelates with differing bridging groups is in agreement 
with some earlier data reported by Walters.13 By con- 
trast, baseline resolution with reversal of elution order 
for both copper and nickel chelates differing by the 
diamine bridge composition was observed on ODS.’ The 
latter observation is explicable from the increased 
hydrocarbon content introduced by increasing the carbon 
number of the bridge which changes affinity for the 
hydrocarbon substrate. 

The effects of fluorination on retention selectivity 
depend greatly on solvent polarity, but the effects of 
change in the diamine bridge are relatively minor, with 
the exception of the case of the meso isomers of the 
butylene bridged complexes which is discussed sub- 
sequently. 

In Table 2 the effect which the chelated metal has on 
retention behavior is demonstrated. Under the conditions 
employed here, the palladium chelate is always eluted 
first among analogous complexes followed by the nickel 
and copper complexes. It is noteworthy that the nickel- 
copper elution order is the same for both non-fluorinated 
and fluorinated compounds; this contrasts with the 
reversal of nickel-copper elution order for fluorinated 
compounds on the ODS columns’ with methanol : water 
solvent. 

Adsorptive HPLC on silica was also effective for the 
separation of chelate isomers. When the bridging group 
of the tetradentate /3-ketoimines is butylene, the pos- 
sibility of three isomers exists, two being enantiomers 
(racemic or dl) and one being optically active (meso). 
Figure 5 shows the resolution of the pairs of racemic and 
meso isomers of the palladium, nickel and copper N,N’- 
butyl-enebis(acetylacetoneimine){Hz(bnAA2)) chelates 
on silica, with a mobile phase of 5% acetonitrile in 
methylene chloride. While it must be noted that the meso 
isomers of the nickel and palladium complexes had not 
been isolated in a pure form, the preparative procedure 
employed and the chromatographic separation sequence 
both gave the strongest indication of identity of the 
isomers in question. In each case, the racemic isomer 
elutes before the meso isomer and the elution order is 
palladium, nickel and copper. Baseline resolutions of 
Pd(bnAA3 isomers is obtainable with a less polar mobile 
phase. Although the resolution of the copper isomers 
(R, = 2.9) is greater than that of the nickel isomers 

(bl (cl 
Nil bnAAZl CU I bnAAZ) 

l7l.W 

-- ,L, 

0 I2 0 12 240 24 32 

R9tmtbn volml6. ml 

Fig. 5. HPLC resolution of racemic and meso isomer pairs for 
palladium, nickel and copper chelates of H&&4z) on 
Spherisorb silica. Mobile phase 5% acetonitrile in methylene 

chloride, flow rate 1.5 mL/min. 
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Cu ( bnTFA,) 

Cu I bnAATFA 1 

meso 

I 
0 IO 20 30 40 

Retentton volume, ml 

Fig. 6. Resolution of isomer pairs of fluorinated and 
semifluorinated butylene bridged chelates of copper( Mobile 

phase methylene chloride flow rate 1.45 mL/min. 

(R. = 1.8) the retention of the former is almost double 
that of the latter. Under similar conditions, no resolution 
of the isomers of the semi-fluorinated or fluorinated 
species is obtained except for those of Cu(bnAA-TFA) 
which show a small retention difference. An unmodified 
methylene chloride solvent gives resolution of both the 
racemic and meso pairs of the fluorinated complexes of 
all three metals and also the [l] and [2] isomer pairs of 
the semi-fluorinated chelates. The somewhat improved 
peak shapes obtained with the Spherisorb column com- 
pared with the Par&l column is again depicted in Fig. 6 for 
the copper chelates and in Fig. 7 for nickel and palladium 
complexes. The resolution of racemic from meso forms 
decreases from copper to palladium for the fluorinated 
chelates, this trend being the opposite of that observed in 
their gas chromatographic resolution on a Dexsil co1umn.9 
It is not certain whether the[2] form of Pd(bnAA-TFA) is 
observed since only a partially resolved shoulder is noted 
in the chromatogram (Fig. 7b). 

For all three butylene species, non-fluorinated, semi- 
fluorinated and fluorinated, the resolution between 
racemic and meso [l] and [2] isomers of copper chelates 
is much greater than between those of nickel or pal- 
ladium, the difference being most pronounced for the 
non-fluorinated species. It is suggested that the color 
difference between the racemic (purple) and meso 
(green) isomers of the copper chelates may relate to the 

(0) (b) 

Ni (bnAATFA) 

PdtbnAATFA) 

I’ 

0 IO 20 
R*twtion volume, ml 

Fii. 7. Resolution of palladium and nickel isomer pairs as in 
Fig. 6. 

difference in retention behavior of the butylene bridged 
isomers in general, the argument being derived from a 
series of papers by Waters et ~l.,‘~” relating color 
isomerism to structure for some tetradentate p-ketosi- 
mine chelates. 

On the basis of two and three dimens$nal X-ray 
analysis 
Cu(enAAz) . ~~01’~ * ?“$ien (!$$$+H 0 (Fin 

propylene bis(salicyideneiminato)Cu(II) monihydra&)17 
and green Cu(enSal&‘* Waters et al. concluded that a 
purple color generally indicated a species containing four 
coordinate Cu(II), while green usually indicated a five 
coordinate species. Of most significance to the study 
described here is the structure of Cu(enSalJ which, 
unlike Cu(enAAJ - Hz0 and Cu(pnSaldHzO, has its fifth 
coordination site between the copper atom of one mole- 
cule and the oxygen of another rather than between 
copper and an oxygen of water, i.e. the compound is 
dimeric. 

It is hoped that the interesting, and in some cases, 
anomalous HPLC behavior observed together with the 
gas chromatographic behavior of these chelates to be 
described in a later publication will prompt structural 
investigations of this family of chelates similar to those 
performed by Waters et al. and more recently to that by 
Scaringe and Hodgson of Ni(enTFAz).19 In this fashion 
the relationship between refined structural features of a 
family of chelates and liquid chromatographic adsorption 
and partition separations may be more clearly defined. 
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Abstract-Potentiometric pH titrations (I = 0.15 M NaNOs; 37°C) have been employed to study the various 
complex equilibria in the systems involving pyridoxamine and histidine with Co(H), Ni(II), Cu(II), and Zn(II). The 
stoichiometry and formation constants of different species have been determined with the aid of MINIQUAD 
The complexes obtained were mostly protonated and positively charged. The formation of the ternary species is 
discussed in terms of the binary species. They were also correlated with the quaternary species involving 
pyridoxamine, glycine, and imidazole. Spectral analysis of the complex solutions of different compositions are also 
reported. The relevance of these ternary complex equilibria to some biological functions is discussed. 

INTRODUCTION 

Histidine, His, is an essential amino acid which con- 
stitutes an integral part of many proteins. Many features 
of histidine coordination chemistry have been revealed in 
many reports. l-3 The anionic form is bound as a terden- 
tate ligand and the neutral form predominantly as a 
substituted glycinate. The importance of histidine inter- 
actions with many metal ions in biological systems has 
been recognized quite recently since its imidazole 
nitrogen provides a means by which metal ions may be 
bound to the proteins. In addition, the histidyl residue in 
many peptides provides an anchor for metal ions, 
promoting deprotonation of the peptidic proton. Glycyl- 
glycine-L-histidine, for instance, was used in a model 
study for the carrying of plasma exchangeable Cu’+ by 
the amino terminal of aspartyl alanine-L-histidyl residues 
of human plasma albumin.4 

EDTA using potentiometric methods utilizing cupric selective 
electrode.” 

Pyridoxamine, Pm, a vitamin B6 compound, acts as a 
coenzyme for reactions of carbonyl compounds.’ It 
forms quite stable binary complexes in solutions6 and it 
has been reported recently that it was involved in many 
ternary complex formation reactions as one of the 
ligands.&’ The ligands used in these investigations were 
primarily bidentate. However, ternary complex for- 
mation involving Pm and terdentate ligands has not 
been studied. These complex equilibria may serve as a 
model for the interaction of vitamin B6 with proteins in 
biological systems. They may also provide a model for 
the bioavailability of these metal complexes. 

Materials 

EXPERIMENTAL 

L-Histidine (Schuchardt, Miinchen) and pyridoxamine dihy- 
drochloride (Pluka) were used as provided. Stock solutions of 
these ligands (O.lM) were standardized potentiometrically against 
standard carbonate-free NaOH (0. 1M). Histidine was made 0. 1M 
in HNOs. Co(B), Ni(II), Cu(II), and Zn(II) nitrates (BDH) were 
used. The concentration of the stock solutions of these metals 
salts were checked compleximetrically by standard solution of 

tPart XI. Ternary complexes of some bivalent metal ions with 
ethylenediamine and pyridoxamine, submitted for publication, 
Ref. 9. 

*Author to whom correspondence should be addressed. 

Equipment 
Orion Research Microprocessor Ionalyzer type 901, (provided 

with Radiometer combined glass electrode type GK2301C) was 
used in monitoring the pH during the titration. The ionalyzer in 
the pH mode was calibrated u&g two Radiometer buffers at 
pH’s 6.98 and 4.03 at 37°C. Radiometer autoburette model 
ABUl2 was used to deliver the t&rant (O.lM NaOH carbonate- 
free). Spectral measurements were taken on Pye Unicam model 
SP8-100. 

The pH-metric titrations were carried out as previously des- 
cribed. The ionic strength of all titration solutions was adjusted 
to 0.15 M in NO;. The temperature of the titration cell was kept 
constant at 37°C. The titrant in most cases was a solution of 0.1 M 
carbonate-freeNaOH whichwas 0.15 MinNaNO3andinfew cases 
was 0.1 M HNOs. In all titrations, purified nitrogen was surged in 
the solution before and during the titration time. The metal ions 
concentrations were in the range (1.0-3.0) 10e3M. The ligand 
concentrations did not exceed 3 times the concentration of the 
metal ions in the binary systems. In the ternary systems, the 
concentration of each ligand was not more than 3 times the 
concentration of the metal ions.. 

The direct pH meter readings were used in the calculations. 
The PK- of water was taken as equal to 13.38 at I = 0.15 and 
37°C. 

Method of calculation 
Titration data were analysed by using MINIQUAD pro- 

gramme. ” Different equilibrium reaction models have been tes- 
ted. The results were assessed by observing the values of chi 
square (Xi’), crystallographic factor (R) and sum of squared 
residuals.’ 

A choice of an equilibrium model was based on adopting the 
lowest values of Xi’, R and S, taking into consideration the errors 
in experimental quantities and rules of propagation of errors. 

In calculating the stability constants of the binary complexes 
using MINIQUAD75, the protonation constants were kept con- 
stant while varying the values of the binary species. In case of 
the ternary systems, the formation constants of the protonated 
species and those of binary species were kept constant while 
varying those of the ternary species. 

RESULTS Ah’D DISCUSSION 
Binary systems 

The protonation constants for the free pyridoxamine 
and the formation constants of its binary complexes with 
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Table 1. Reported formation 
constants for the binary com- 
plexes of Co(H), Ni(II), Cu(II), 
and Zn(II) with pyridoxamine at 
I = 0.15 and T = 37°C (Ref. 12). I, 
p. 4 and s are the stoichiometric 
coefficients corresponding to Pm, 

His, M, and H 

M2+ Jpqs log P 

H+ 1001 10.407 
1002 18.562 
1003 22.063 

co*+ 1010 5.591 
1011 13.330 
2010 10.255 
2012 21.435 

Ni2+ 1010 6.464 
1011 14.203 
2010 10.521 
2012 28.137 

cll*+ 1010 10.805 
1011 17.225 
1012 21.337 
2013 38.914 
2010 17.471 
2011 25.458 
2012 32.535 

Zn2+ 1010 6.411 
2010 11.874. 

the metal ions have been reported earlier, Table 1.” The 
protonation constants for the histidine and the formation 
constants for its binary complexes have been redeter- 
mined under the conditions used in this work, Table 2. 
Several new binary complexes of histidine have been 
determined, for all metal ions studied, such as M(HisH) 
and M(His)(HisH), (M stands for the metal ion). The 
species M(His.H) implies that histidine may act as a 
bidentate ligand ligating the metal ions through the im- 
idazole nitrogen and the amino nitrogen or through the 
carboxyl group and the amino group, or through the 
imidazole nitrogen and carboxyl group. 

On the other hand, the species M(His) implies that 
His acts as a terdentate ligand. The species M(His)(His 
H) indicates a sort of mixed ligand complex showing the 
bidentate and terdentate characters of His emphasizing 
the existence of penta-coordinated structural species in 
solution. Those species were observed for all metal ions 
studied, in contradiction to what have been previously 
reported by Perrin and Sharma in case of the Co(II)- 
histidine complexes.‘” The presence of M(His)2 species 
may indicate that these metal ions are hexa-coordinated 
utilizing fully the terdentate character of His ligand. 

It is worth mentioning that the mixed ligand complexes 
involving glycine and imidazole are more stable than the 
binary complexes of M(His),‘* Tables 2, and 3. This may 
be rationalized as due to the steric character exhibited 
by His in the latter complexes. 

Table 2. Formation constants for the binary complexes of Co(H), Ni(II), Cu(II), and Zn(II) with histidine 
(n = no. of titration points, s = standard deviation) at I = 0.15 and T = 37°C 

Stoichiometric 
Coefficients 

lpqs log P(s) 
Reported Reference 

n pH range 
values I,T 

H+ 0101 
0102 
0103 

co*+ 0110 
0111 
0210 
0211 

Ni*+ 0110 
0111 
0210 
0211 

cu*+ 0110 

0111 

0210 

0211 

Zn*+ 0110 
0111 
0210 
0211 

9.086(0.006) 
15.15q0.011) 
17.12qo.023) 
6.518(0.015) 

12.056(0.015) 
12.053(0.016) 
19.042(0.008) 
8.533(0.007) 

12.913(0.026) 
15.100(0.025) 
20.86qO.034) 
10.190(0.007) 

14.262(0.015) 

16.234(0.050) 

22.801(0.054) 

6.05 l(O.025) 
11.821(0.038) 

17.99&035) 

322 4.6-10.3 8.92 
14.88 

312 1.9-3.3 17.12 
405 4.2-7.0 6.70 

12.06 

277 3.9-5.9 8.43 

15.14 

280 3.1-6.9 9.79, 
9.77 

14.18, 
13.94 
17.41, 
17.38 
24.01, 
23.12 

376 5.0-6.9 6.34 
10.72 
11.69 
16.92 

(i), 0.15, 37°C 
(i), 0.15, 37°C 
(i), 0.15, 37°C 
(i), 0.15, 37°C 

(i), 0.15, 37°C 

(i), 0.15, 37°C 

(i), 0.15, 37°C 

(i), (iv), 0.15, 
37°C 

(ii), 0.15, 25°C 

(i), (iv), 0.15, 
37°C 

(ii), 0.15, 2s”c 

(i), 015, 37°C 
(iii), 0.15, 37°C 
(i), 0.15, 37°C 

(iii), 0.15, 37°C 

(i) Ref. 13. 
(ii) T. P. A. Kruck and B. Sarkar, Can. J. Chem. 1973, S&3549. 
(iii) A. Kayali and G. Berthon, J. Chem. Sot. Dalton 1980,2374. 
(iv) G. E. Jackson, P. M. May and D. R. Williams, J. Inorg. Nucl. Chem. 1981,43,825. 
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Table 3. Reported formation con- 
stants* of the mixed ligand complexes 
involving pyridoxamine, glycine, and 
imidazole at I = 0.15 and T = 37°C. I. 
p, 4, r and s are the stoichiometric 
coefficients for Pm, gly, Imd, M, and 

H. 

M2+ lpqrs log B 

co2+ 01110 
11111 
11112 

Nizf 01110 
1 1 1 1 1 
11112 

CU2+ 01110 
11110 
1 1 1 1 1 
11112 

Zn2+ 01110 
1 1 1 1 1 
11112 

7.889 
21.958 
29.321 
8.849 

23.080 
29.543 
11.860 
20.083 
29.860 
37.230 
7.911 

24.560 
31.020 

*Ref. 12. 

Ternary systems 
Figure 1 shows typical titration curves for 1: 1: 1 

composition ratios of Pm : His : M of the ternary systems 
under consideration. Several inflections occur in the pH 
range 4.7-U depending on the type of the ternary sys- 
tem. Although these inflections may give some infor- 
mation about the stoichiometries of some species in 
solution, yet they are not useful in such systems where 
protonation constant of the ligands are of different 
values. Generally, complex formation starts at pH > 3.0 
in Cu(I1) ternary system, and at pH> 3.5 in Co(II), 

Ii - 

IO - 

9- 
[Tp, :T,,is:TM] X 10% 

D 1.0 1.0 I.O(N:‘) 
E 1.0 1.0 I.0 (Ct.“, 

3O 
I I I I I I 

0.3 0.6 09 1.2 I5 1.8 

mlWnOtl O.lM) 

Fig. 1. pH titration curves of the 1: 1: 1 (Pm: His:M) ternary 
systems. Tp, = THis = TY = 1 x IO-’ M. 

Ni(II), and Zn(I1) systems. Precipitation occurs only in 
Zn(I1) system at pH’s > 8.2. Table 4 depicts the values of 
the formation constants of the ternary systems using 
only titration data from 1: 1: 1 composition ratios. These 
constants stand for the following equilibrium reaction: 

[Pm-t pHis_+ qM*' t rH’% (M,Pm,His,H,)‘; 

B qlpr = (M,PmrHis,H,)/(Pm)‘(His)p(M)q(H)’ (1) 

where I, p, q and r are the stoichiometric coefficients and 
z = (2q t r) - (I t p). Protonated complexes are more 
predominant than nonprotonated complexes. The 
presence of 1: 1: 1: 1 (Pm : His : M : H) species indicate 
that penta-coordinated species (His is terdentate and Pm 
is bidentate) are well exhibited by all metal ions except 
Zn(I1). This is true, of course, if we assume that Pm is 
singly protonated with the proton located on the pyri- 
dinic nitrogen similar to the protonated species of the 
binary complexes of Pm with the metal ions. Irving- 
Williams order of stability for these species is obeyed. 
The existence of the species 1: 1: 1: 4, on the other hand, 
indicates that both Pm and His may act as monodentate 
ligands. The site of ligating atoms cannot be easily pre- 
dicted. However, a good guess may give the notion that 
the site of the ligating atoms varies with the various 
affinities of different metal ions especially when the 
Irving-Williams order of stability is not held, Table 4. Of 
course, these species are stable in acidic medium where 
competitions are strong between H’ and the metal ions 
towards different ligating sites of the ligands. The other 
ternary species 1: 1: 1: 2 and 1: 1: 1: 3 show more or less 
the same order of stability exhibited by the species 
1: 1: 1: 4. The formation of the ternary species 1: 1: 1: s 
may be visualized as if they were formed from binary 
species as follows: 

MLH, t ML’H, % MLL’H, t M; 

K’= PITHS I flIMLH,,$IML’Hn (2) 

where PITHS, PIMLH, and f3rMUH. are the formation 
constants of the ternary species, mono-binary species of 
the first ligand, LH,, and mono-binary species of the 
second ligand L’H,, respectively, and s = m t n. Table 5 
listed the calculated values of log K’ (= A log K reported 
by Sigel14) whenever the binary constants are available. 
There are two values for the log Kr of the 1: 1: 1: 1 
depending on whether the proton is located on Pm or His 
moieties, i.e. 

M(Pm.H) t M(His) e M(Pm)(His)H t M; 

or 

Ki’ = PITH/P IMPmHbMHk @a) 

M(Pm) t M(HisH) $ M(Pm)(His)H t M; 

K;i = P ,TH/P rMPrnPrMHisH. (3b) 

Although, it appears from Table 5 that equilibrium reac- 
tions (3b) are more favourable than those of (3a), 
however, the protonation equilibrium constants of His 
are less in values than those of Pm in absence of metal 
ions. A fact which may give one the notion that proton 
should be located on Pm moiety in the ternary complex 
species. In both cases, however, the formation of the 
ternary complex species are favourable over that of the 
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Table 4. MINIQUAD- formation constants of the ternary species of Co(H), Ni(II), 
Cu(II), and Zn(II) with Pm and His using I : 1: 1 (T,,: Tuis: TB) composition ratio at 
I = 0.15 and T = 37”C, u = standard deviation, S = sum of squared residuals, Xi2 = chi 
square, R = crystallographic factor; 1, p, q, and s are the stoichiometric coefficients (Pm, 

His, M, and H) 

M2+ lpqs log P(fo) S Xi* R n pH range 

co2+ 1110 
1 1 1 1 21.155(0.002) 
1 1 1 2 30.032(0.001) 9.7E7 183 0.019 197 3.4-9.4 
1 I 1 3 36.938(0.001) 
1 1 1 4 42.414(0.001) 

Ni2+ 1110 
1 1 1 1 23.420(0.003) 
1 I 1 2 31.666(0.002) 9.6E-I 53 0.021 230 3.7-10.3 
1 1 1 3 37.288(0.002) 
1 1 1 4 42.131(0.001) 

cu2+ 1 1 1 0 16.708(0.012) 
1 1 1 1 25.698(0.001) 
1 1 1 2 31.441(0.002) 8.4E-7 413 0.010 276 3.1-8.4 
1 1 1 3 35.630(0.002) 
1 1 1 4 38.007(0.027) 

Zn2+ 1110 - 
1 1 1 1 
1 1 1 2 28.798(0.001) 2.3E7 274 0.024 266 3.5-8.3 
1 1 1 3 35.656(0.001) 
1 1 1 4 41.655(0.001) 

Table 5. Log K' values for the 
reactions 3(a & b) 

M2+ lpqs log K’ 

co*+ 1 1 1 1 +1.31* 
+3.51** 

1 1 1 2 +4.64* 
Ni*+ 1 1 1 1 +0.69* 

+4.05** 
1 1 1 2 t4.56* 

cu*+ 1 1 1 1 -1.71* 
+0.63** 

1112 -0&l* 

*eq. 3a 
**eq. 3b 

mono-binary complex species (log K’ values are posi- 
tive), except in Cu(I1) systems. This may indicate that 
penta-coordinated structure are more allowable in Co(I1) 
and Ni(I1) ternary 1: 1: 1: 1 complex species than that in 
Cu(I1) system. 

It is quite interesting to notice that 1: 1: 1: 0 complex 
species are not easily detected in all systems except in 
the Cu(II) system. Even in the latter, the enhancement of 
the ternary complex formation of 1: 1: 1:0 species from 
the corresponding binary species is not favoured as evi- 
denced by the value of -4.29 for the log K’. 

If histidine is assumed to behave like a combination of 
two ligands, glycine and imidazole, one may compare the 
quarternary complex formation involving glycine (Gly), 
imidazole (Imd) and pyridoxamine, Table 3, with the 
ternary complex formation involving histidine and pyri- 
doxamine. It is noticed that the formation constants of 
the 1: 1: 1: 1: 1 quaternary species are more or less com- 
parable in magnitude to those of the ternary species 

1: 1: 1: 1 except in Cu(I1) system where the formation 
constants of the latter are much smaller than the former. 
This finding may indicate how far histidine affected the 
stability of the ternary species of Cu(II) in comparison to 
the Co(II) and Ni(I1) species. It gives much insight about 
the weight of steric effect exhibited by histidine in 
presence of pyridoxamine in the Cu(II) system in which 
the metal ion is unable to overcome the structural al- 
lowances permitted for Co(U) and Ni(I1) metal ions. 
Composition ratios in addition to 1: 1: 1 ratios were util- 
ized in calculating the formation constants of the equili- 
brium reactions described by eqn (1). The formation 
constants are listed in Table 6. 

Stoichiometric species other than those shown in 
Table 4 were also obtained. The formation constants of 
the 1: 1: 1: s species shown in Table 6 are identical to 
those obtained only from 1: 1: 1 composition ratios 
except in very few cases. These exceptions, however, 
may indicate that the pH range used for the 1: 1: 1 
composition ratios is not as quite adequate for the cal- 
culation of the formation constants as other com- 
positions or may be due to statistical reasons. Increasing 
the ligand concentration usually prohibit the possibility 
of undetected slight precipitation. The ternary species 
obtained are protonated such as 1: 2: 1: 3, 1: 2: 1: 4 and 
2: 1: 1: 4, species. The number of protons exceeds the 
possibility that Pm is the only protonated moiety in these 
ternary complexes. One may think that His is also pro- 
tonated in such complexes. The 1:2: 1: 3 are probably 
octahedral in structure and 1: 2: 1: 4 are likely trigonal 
bipyramidal or square pyramidal if water molecule is 
excluded from these complexes. It is surprising that 
these species contain two molecules of histidine rather 
than one. This may be rationalized on the basis that His 
coordinate the metal ions through the carboxyl and 
amino groups forming five-membered metal complex 
which is more stable than the six-membered metal com- 
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Table 6. MINIQUAD- formation constants of the ternary species of Co(H), Ni(II), 
Cu(II), and Zn(II) with Pm and His using different composition ratios including 1: 1: 1 
(Tp,,, : THis :TY) at I = 0.15 and T = 37°C. D = standard deviation, S = sum of the squared 
residuals, Xi‘ = chi square R = crystallographic factor, I, p, q, s are the stoichiometric 

coefficients (Pm : His : M : H) 

M2+ lpqs log WJ) S Xi2 R n pH range 

co2+ 1110 
1 1 1 1 
1112 
1113 
1114 
1213 
1214 

Ni2+ 1110 
1 1 1 1 
1112 
1113 
1114 
1213 
1214 
2114 

cu2+ 1110 
1 1 1 1 
1112 
1113 
1114 
1213 

Zn2+ 1110 
1 1 1 1 
1112 
1113 
1114 
1213 
1214 

21.089(0.008) 
29.743(0.003) 
37.027(0.002) 2.7E-6 
43.028(0.001) 
43.489(0.002) 
49.%3(0.002) 

23.044(0.013) 
32.317(0.003) 
37.93qo.001) 2.w5 
41.309(0.004) 

50.298(0.010) 
54.027(0.003) 

16.387(0.024) 
25.674(0.001) 
31.123(0.006) 3.4E-7 
35.798(0.002) 
38.007(0.041) 
45.129(0.002) 

- 

28.49&IO5) 
35.812(0.003) 1.2Ed 
42.ooo(o.ooij 
41.998(O.Of2) 
48.404(0.004) 

291 0.017 229 3.4-9.3 

137 0.059 215 3.4-8.5 

131 tWO9 144 3.0-8.6 

82 0.014 228 -5.0-8.5 

plex involving Pm. In other words, His does not utilize 
the pyridinic nitrogen of imidazole on ligation with the 
metal ions. 

In Figs. 2(a-d), the concentration of complex species 
present in the systems Co(H)-Pm-His, Ni(II)-Pm-His, 
Cu(II)-Pm-His, and Zn(II)-Pm-His for 1: 1: 1 com- 
position ratios are shown in their dependence on pH as 
they are obtained from MINIQUAD- program. It is 
worth mentioning that these distribution diagrams are not 
independent of the initial concentrations of the ligands 
and metal ions in solutions, since increasing the concen- 
tration of one of the ligands with respect to another may 
enhance the formation of some species which are not 
present under different concentration conditions. The 
enhancement or de-enhancement, of course, depends on 
the formation constants of different species under iden- 
tical conditions. Generally, these plots serve two pur- 
poses. Firstly, the plots indicate the relevance of minor 
species which may be obtained as a result of experimen- 
tal errors. Secondly, these plots provides a model for 
different equilibria which may be present in biological 
systems, e.g. intestinal equilibria involving these ligands 
or their complexes when they are orally administered. 

The distribution diagrams shown in Fig. 2, indicate that 
free cupric ions in Cu(II)-His-Pm exist in higher concen- 
tration than Co(II), Ni(II), and Zn(I1) metal ions in their 
corresponding ternary systems. This may be rationalized 
on the basis that electrostatic repulsions are higher be- 
tween His and Pm moieties in Cu(II) ternary system 
(assuming square planar structure) than in the other 

ternary systems. In addition, some binary complex spe- 
cies of histidine with Cu(I1) exist at significant concen- 
tration at different pH’s specifically at pH’s lower than 6 
and higher than 7.5. The binary species of Cu(I1) with 
Pm mainly exist at acidic pH’s with concentration 
lower than that of Cu(II) with His. In Co(H), Ni(II), and 
Zn(I1) ternary systems, the concentration of the binary 
species are less significant than in Cu(I1) ternary system. 
On the other hand, ternary species are predominant in 
wide pH range in the Co(H), Ni(II), and Zn(I1) systems, 
in particular, where various protonated species coexist. 
In the Cu(II) ternary system, only the species 1: 1: 1: 1 and 
1: 1: 1: 2 exist with the former present at maximum con- 
centration at pH = 7.5. The latter exist at acidic pH’s with 
the maximum concentration at pH = 5.3. These complexes 
are positively charged which make them less susceptible to 
intestinal absorption. The ligands themselves will only be 
absorbed at moderate pH values (- 6.5) where the dipolar 
forms are the predominant species. The ternary species 
which may be readily absorbed is the neutrally-charged 
species of Cu-Pm-His (1: 1: 1: 0) as well as the binary 
species Cu(Hi& and Cu(Pm),. The ternary Cu(II) species 
is found to be of significant concentration at pH’s higher 
than 8.0. These pH’s are likely to be suitable for intestinal 
absorption where the medium pH is -8.0. 

Spectral analysis of the binary and ternary systems 
Figure 3(a-c) show the spectra of the binary and 

ternary systems at specified conditions in the wavelength 
range 350450 nm. There are hypsochromic shifts in the 
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ions relative to that of water molecules as a result of 
ligand coordination, Table 7. 

The Ni(II) ternary system exhibits a spectrum which is 
identical to that of the 1: 1 Ni(I&His binary system in 
the wavelength range above 5OOnm but they are quite 
different at wavelength range less than XlOnm, Table 7. 
The overlap is considerable between the bands at 610 
and 760nm for the ternary species similar to that of the 
1: 1 binary species (650 and 720nm for Ni(II)-Pm and 
610 and 760nm for Ni(II)-His binary species). A hyp- 
sochromic shift is observed in the spectra of the binary 
species,when the composition is changed from 1: 1 to 2: 1 
ratios. The shift is slight in the Ni(II)-Pm system and 
large in, the Ni(II)-His system in the wavelength range 
above 5OOnm. These bands are weak as in the aquated 
Ni(II) ions. The latter has three weak bands at 395, 690 
(overla ped band) and 1149 nm which may be attributed 
to pr l,(P) + 3Az,(F), ‘T;D) + ‘AZ,(F) and 
?‘&‘)c A*,(P), respectively. One may expect that 
ternary and binary species will have the same type of 
transitions except that they have higher energies as a 
result of substituting water molecules by ligands of 
higher electron density. The relative shift of the spectral 
bands of the ternary species with respect to that of the 
2 : 1 binary species confirm the formation of such species 
in solution. The overlapped band in the wavelength range 
610-760nm may be assigned to the transition 
?,,(F)t3A2,(F), while the band at A,., >9OOmn to 
the transition q2,(F) c3Az,(F). The band at 458 nm 
cannot, be assigned simply to the transition 
q,,(P) t3Az,(F) since it may be attributed to the 
charge transfer type between the metal and ligands. 

The spectral bands observed in the spectra of 
Co(H) systems cannot be simply correlated with 
the spectral bands of the aquated Co(H) ions. 
The latter exhibit three bands at 1250mn (E = 1.3), 
510nm (e =4.8) and 463 nm (e = 2.1)” The spectra 
of Co(I1) system only show a shoulder in 

the wavelength range 555-375 nn and a band at 
wavelength greater than 9OOnm. The shoulders in the 
wavelength range 555-375nm may be attributed to the 
two latter transitions in the spec.tra of the aquated Co(I1) 
ions and the band at A > 900 is attributed to that at 
1250nm. Inclusion of the effect of charge transfer spec- 
tra on the shoulder band cannot, however, be ignored. 
Further analysis of the spectral bands at A > 900 nm is 
required. 
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Abstract-The reaction of tetracyanoethylene with iron pentacarbonyl in mesitylene at 90” gave an insoluble 
product, Fe2C16H12Ns07. The Miissbauer and IR spectra, the magnetic susceptibilities over the temperature 
range 95-298 K, and the thermal decomposition temperatures in a nitrogen atmosphere were measured. The solid is 

best described as an iron (III) ketoamine polymer with hydroxo bridges between iron atoms. 

INTRODUCTION 

The reaction of tetracyanoethylene (TCNE) with metal 
compounds was studied extensively by Berlin et al.‘-“ 
in the 1960’s in an attempt to prepare metal 
polymers with tetraazaporphine-metal monomeric units. 
The proposed structure of the iron units is shown in I. 

The polymers were formed by reacting metal com- 
pounds, primarily those of copper, iron, and magnesium, 
with TCNE, usually in a ratio of 1:2, under a variety of 
conditions. The polymers had varying percent analyses 
(C, H, N, and metal), not totaling a hundred, indicating 
the presence of oxygen or other elements in the polymer. 
The percent compositions and the C/N ratios were vari- 
able. Also, the C/N ratio was not equal to 1.5, the value 
expected if the tetraazaporphine polymer formed. A 
recent preparation,4*5 using FeCls and TCNE as starting 
materials heated together for 10 hr in urea at 250”, 
resulted in a product which had a low percent iron, and a 
C/N ratio of approx. 1.5. However, two types of iron 
were present in the product, as shown by the Miissbauer 
spectrum. 

Since there was some doubt about the exact nature of 
the products resulting from heating TCNE in the 
presence of metal compounds, we decided to investigate 
the preparation of the polymer and its nature. The 
TCNE-iron compound reactions were selected for study 
since they enabled the Miissbauer spectrometer to be 
used to follow the reactions. Iron pentacarbonyl was 

‘= 

I- 

II 

tetraazaporphine [F~(oH)(c,~N&I~ 

*Author to whom correspondence should be addressed. 

used as a reactant. The previously reported iron products 
had been made starting with either iron (III) acetyl- 
acetonate or iron (III) chloride. The product from the 
iron (iii) chloride reaction retained a portion of the 
chloride (Cl/Fe = 0.87)4. It is also possible that some of 
the acetylacetonate anion was retained by the product of 
that reaction. 

EXPERIMENTAL 

Chemicals. Iron pentacarbonyl and mesitylene were distilled 
orior to use. TCNE was sublimed under reduced oressure at 97”. 

The Reaction. 455 mg (2.32 mmoles) of iron peniacarbonyl was 
dissolved in 30 mL of-mesitylene and 388 rng (3.03 mmoies) of 
TCNE added. The solution was olaced in a reaction tube fitted 
with inlet and outlet ports. The tube was covered with aluminum 
foil to prevent any light effects. Nitrogen was bubbled through 
the red solution for a few minutes and the tube sealed, placed 
into a 90” oven, and allowed to stand for 24 hr. At that time a fine, 
black powder was present along with a clear, light yellow super- 
natant solution. The solid was collected and extracted using a 
Soxhlet extraction apparatus for 24 hr with benzene and 24 hr, 
with acetone. It was dried under vacuum over P205 resulting in a 
product yield of 376 mg. 

The product 
(a) Analysis’ Found: %C, 35.21; %H, 2.47; %N, 20.94; %Fe, 

21.05; %0 (by difference), 20.33. Calc. for Fe2C16H12N807: %C, 
35.58; %H, 2.24: %N, 20.75; %Fe, 20.68; %0,20.74. 

(b) IR spectrum. The spectrum was obtained on a Perkin- 
Elmer Model 621 IR Spectrophotometer using both a mineral oil 
mull and KBr disc. The spectra were essentially identical except 
for the mulling agent bands. Spectral bands: 33OOvs, br; 2950sh, 
s, br; 2200s; 215Osh, m; 2080shi m; 1760~; 1570~s. br; 1440sh, br, 
s: 1350sh. br. s: 950w: 680s: 5OOw. br. 

(c) Magnetic’ measweme~ts. The corrected molar magnetic 
susceptibilities (xM) and magnetic moments (pB) were deter- 
mined using equipment previously described.’ The diamagnetic 
correction used was -1.09 x 10m4 cgs units. The values of T(K), 
xh( x 103(cgs units), and pB(B.M.) were: 298,5.09,3.48: 274,5.33, 
3.42; 255, 5.57, 3.37; 244, 5.68, 3.33; 224, 5.98, 3.27; 216, 6.02, 
3.23; 195, 6.46, 3.18; 181, 6.61, 3.10; 179, 6.72, 3.10; 170, 6.85, 
3.05; 155, 7.16, 2.98; 142, 7.46, 2.91; 133, 7.74, 2.87; 118, 8.25, 
2.79; 105, 8.95, 2.74; 100, 9.34, 2.74; 97,9.47, 2.71; 95, 9.65, 2.70. 

(d) Miissbauer spectrum. The spectrum was obtained at room 
temperature using equipment and computer analysis programs 
which have been described.8 The center shit values are 
referenced to sodium nitroprusside. The spectral parameters for 
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the two-line spectrum are: center shift, 0.60 mms-‘; qu~rupoIe 
splitting, 0.88 mms-‘; average width at half-height, 0.71; percent 
effect, 3.4; and ratio of low velocity peak intensity to high 
velocity peak intensity, 1.35. 

(e) I%~~FF& ~ec~rn~~s~t~o~. The product was heated in a 
nitrogen atmosphere using previousIy described equipment.9 

RESULTS 
When TCNE and iron pentacarbonyl in a 2.5-3.00 

ratio, were allowed to react in mesitylene under a 
nitrogen atmosphere for 24 hr at 90”, a fine black powder 
resulted. The powder was extracted with benzene and 
acetone. Analysis of the powder showed it to have: a 
high percentage of iron; hydrogen present: a C/N ratio 
equal to 2.0; and oxygen present since the percentages 
did not total to a hundred. A formula, FeZG6HIZN807, 
was calculated for the product. 

The IR spectrum of the product showed a very strong 
2Z~crn-’ band, indicating the presence of CN groups. 
The very strong, broad 1570 cm-’ band was probably due 
to either C=C or C=N stretch or both. The weak, broad 
peak at 950cm-’ possibly resulted from Fe2(0H):” 
units.” Since there was no strong peak around 2000 cm-’ 
it was assumed that all of the CO groups have been 
displaced from the iron. 

A two-line Miissbauer spectrum showed the presence 
of only one type of iron. The center shift, S, and the 
quadrupole splitting, A, values at room temperat~e were 
0.60 and 0.88mms-‘, respectively. These values were 
similar to those for one of the pairs of lines in the 
product formed between TCNE and iron (III) chloride 
mentioned above’ (8: 0.73 mms-‘; and A: 0.90 mms-‘1 
and those expected for iron (III). 

The black product has an unusual room temperature 
magnetic moment, 3.48B.M., that decreased with tem- 
perature. If the iron (III) was high spin, a temperature- 
independent magnetic moment of 5.92 B.M. was expec- 
ted. A plot of the reciprocal of the molar magnetic 
susceptibility vs the absolute temperature gave a curve 
that could be fitted” with the Van Vleck equation for 
high-spin Fe(III) (total spin quatum number, S = 512) 
having an exchange coupling constant, J, equal to 
-25 cm-‘. The low, negative J value indicated that the 
product was weakly antiferromagnetic with no 0x0 
bridges between iron atoms.‘* Antiferromagnetic inter- 
action might occur through dihydroxy bridges. 

Heating the polymer in a nitrogen atmosphere resulted 
in a gradual loss of weight from about 80 to about 290” 
with a 26% total weight loss. No further weight change 
occurred until 360”, at which temperature the material 
underwent si~ficant decomposition. If CN is lost (as 
HCN or (CN),) during the initial decomposition step, 
then the high C/N ratios found in the previously reported 
preparaGons may result from using high temperatures for 
the preparations. 

The reaction between TCNE and iron p~ntac~bonyl 
was carried out udder many different conditions, varying 
solvent, temperature, and ratio of reactants. The reaction 
in mesityiene at 90” with a small excess of iron pen- 
tacarbonyl gave the most un~orm product and the best 
yield. If excess TCNE or a 1: 2 metal to TCNE ratio was 
used, the iron content was low. At 90”, in a nitrogen 
atmosphere, and in the absence of light, iron pentacar- 
bony1 was not expected to decompose (b pt 103”). The 
yellow su~rnatant solution remaining after the reaction 
contained excess carbonyl. Both the benzene and 

acetone extracts of the product contained some iron 
carbonyl. 

Attempts were made to keep moisture and air out of 
the reaction and product work-up; however, the product 
always had some oxygen and hydrogen present no matter 
how carefully it was treated. In order to obtain a satis- 
factory analysis, extractions were required. This could 
not be done without some exposure to air. Therefore, 
once the reaction had been carried out in an inert 
atmosphere, no special precaution was taken to avoid 
contact with air. 

Two of the reactions were unusual. In dimethyl- 
suifoxide at 90”, a reaction did not take place until a 0.5% 
of water was added, then Prussian Blue, as shown by the 
Miissbauer spectrum, was formed. When benzyl alcohol 
was used as the reaction medium at 90”, a white product 
resulted which immediately changed to Prussian Blue 
when exposed to air. 

DISCUSSION 

Tetracyanoethylene is a very reactive compound’3 and 
is polymerized by a variety of reagents.‘3+‘4 Since 
nucleophiles displace CN groups, it is not unexpected 
that if polymerization occurs in the presence of a 
nucleophile, CN groups are lost and the nucleophile in- 
corporated into the polymer.‘” Metal compounds react 
with TCNE especially when the metal is in a low oxida- 
tion state.‘G’8 A variety of products may result since 
TCNE may bind to the metal through an ethylenic car- 
bon or through a CN nitrogen. Therefore, it is not 
surprising to find polymer formation occurring in the 
reaction described here and to have iron incorporated 
into the polymer. 

Considering the reactivity of TCNE and the possibility 
of including oxygen, hydrogen, and iron (III) with 
bridging OH groups into the polymer structure, there are 
at least three possible types of polymers that might be 
proposed. These are: (a) the ketoamine (II); (b) the 
tetraazaporphine (I); and (c) the hydroxamate (III) struc- 
tures. 

The ketoamine structure is made up of two TCNE 
molecules, each having lost two CN groups. The mole- 
cules are joined together and each has formally added a 
water molecule. The oxygen replaces one CN group and 
two hydrogens bind to each of the atoms of one CN 
group. The entire group (CsH,N,02) bridges two iron 

CN 

II - k&mine [Fe(0H)(Cs~4N402)], 

III - hydmxamate 

I~ef0~+(Cp~0~)1~ 
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(III) ions. Each iron is bound to two of these 
ketoamine groups and two bridging OH groups, giving 
six ligands about the iron. This structural arrangement is 
the simplest ketoamine type to fit the empirical formula. 
The formula for the polymer would be Fe(CsH4N402) 
(OH) 1 1/2H20. More complex ketoamine structures 
might possibly be formulated. 

Such a structure as II would be expected on the basis 
of the work of Storbecke and Starke.” They heated 
TCNE in quinoline for 5 hr at 200” with a trace of 
moisture and obtained a polymer. The polymer was 
described as TCNE units linked toge~r through the loss 
of CN groups with some CN groups on the chain 
replaced by OH groups. Anionic polymerizat~n of 
TCNE in the gas phase has been shown to occur through 
the loss of CN groups.” Thus, TCNE polymerization 
through CN loss may possibly be occurring in the 
TCNE-iron pentacarbonyl reaction. IRzO,*’ and 
Miissbauer spectra and magnetic susceptibili!y data are 
not in disagreement with the ketoamine structure. 

The “sou~t-~ter” tet~zaporphine s~cture (I) is 
less likely since the C/N ratio is too high and it is difficult 
to incorporate hydrogen and oxygen into the structure, 
except as an OH group bound to each iron and as lattice 
bound water. The Mossbauer spectral parameters of the 
polymer are not those expected for iron (III) bound in 
a tetraazaporphine site. The spectral parameters for iron 
(III} te~asuffophth~ocyanine have been determined’ 
and the 6 values are smaller f-0.4mms-‘) and the is 
values, larger (1.5-3.0mms-‘) than the values obtained 
for the iron polymer. The CN stretch found in the IR 
spectrum cannot be accounted for by this structure. 

Another type of polymer to be considered is the 
hydrox~ate (III) one. This would involve the loss of 
CN groups, linkage of TCNE molecules, and oxidation 
and hydrolysis of CN groups. Hydroxamate bidentate 
type &and sites resuit which complex iron (110. Most 
hydroxamates have a strong IR band around 
lo(l cm-1(22) which is not found in the IR spectrum of 
the product. Also the hydroxamate structure would give 
a very low hydrogen content. These points, however, are 
not conclusive enough to rule out the hydroxamate 
structure. 

TCNE reacts with iron carbonyl compounds to 
produce dicyanovinyl groups, C=C(CNb bound to 
iron.16‘2” This does not appear to be occurring in the 
reaction described here since the iron would be expected 
to be in a low oxidation state and low spin state. The 
Mossbauer spectrum and magnetic susceptibility data do 

not support the formation of a dicyanovinyl polymer. 
At this time the ketoamine structure is the favored one 

for the iron polymer; however other structures, such as 
the hydroxamate, cannot be ruled out. The results do 
show that the tetraazapo~hine is not a likely one and 
other structures need to be considered. 
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Abstract-The reduction of ReCl&THF)r in the presence of excess f-butylisocyanide by sodium amalgam produces 
pent&s&butylisocyanide)chlororhenium(I), which has been converted to the corresponding methyl and ethyl 
derivatives. The reaction of pentakis(trimethylphosphine)chlororhenium(I) with Bu’NC gives partially substituted 
complexes, ReCl(CNBu’)r(PMer)r and ReCI(CNBu’)s(PMe&. The structures of both compounds have been 
determined by X-ray methods. Octahedral ReCI(CNBu’)r(PMe& has frans isocyanide groups with one linear 
[C-N-C = 175(l)“] and one slightly bent [C-N-C = 159(1)0]. The Re-C bond lengths are equal within experimental 
error [2.004(7), 2.003(7)&. In the octahedral ReCI(CNBu’)r(PMer)r, for which the structure is not we! defined, due 
to disorder, the unique isocyanide trons to chlorine is considerably bent at the nitrogen atom [C-N-C = 141(6)“] 
and appears to show the shortest Re-C bond length, 1.94(5) us 2.02(5)A for the other two isocyanides which are 
mutually Iruns. 

Protonation of these two isocyanide complexes with fluoroboric acid gives, respectively, the salts 
[ReCI(CNBu’)CNHBu’(PMe,)plBF1 and [ReCl(CNBu’)$NHBu’(PMe,)r]BF,, whose configurations have been 
determined by NMR spectroscopy. 

The reduction by sodium amalgam of Cr2(C02Me), in tetrahydrofuran in presence of Bu’NC gives a high yield 
of Cr(CNBu’), while similar reduction of the dimeric tungsten(I1) complex of the anion (mhp) of 2-methyl-6 
hydroxypyridine gives W(CNBu’),+ Interaction of W,(mhp), in methanol-ether with Bu’NC gives a tungsten(I) 
complex W2(p-mhp),(Bu’NC)4, which may be an intermediate in the reductive cleavage reaction. 

Interaction of cis-PtMe2(PMe,)Z with Bu’NC leads only to replacement of one PMer group to give the complex 
cis-PtMer(PMe3)(CNBu’). 

We have synthesised the zerovalent molybdenum isocy- 
anide complex, Mo(CNBu’),, by reductive cleavage of 
dimolybdemrm(I1) tetraacetate, Mo2(C02Me).,, using 
sodium amalgam in presence of Bu’NC.’ Additionally, 
the binuclear carboxylates or chloro carboxylates of MO, 
Re, Ru and Rh have been shown to undergo cleavage 
with Bu’NC to give mono-nuclear species such as 
[Re(CNBu’)&l.* 

We now report related studies on t-butylisocyanide 
complexes of rhenium, chromium, tungsten and pla- 
tinum. The X-ray diffraction studies on 
ReC1(CNBu’)2(PMe& and ReC1(CNBu$(PMesh are 
described. 

1. RHENIUM COMPLEXES 

(a) Penfakis(t-butylisocyanide) compounds 
The isocyanide complexes ReX[CN(p-tolyl)15, X = Cl, 

Br and I have been obtained from ReX(CO)$ the 
rhenium(II1) complex ReBr,(CNp-tolyl),’ and 
the [Re(CNBu’),]’ cation* are known. Isocyanide 
cations, [Re(CNR)4(PRp)2]’ have been made recently by 
interaction of isocyanides in presence of KPFa with 
ReH,(PR& (PR3 = PPh3, PEt2Ph).5 

*Authors to whom correspondence may be addressed. 

The compound ReCI(CNBu’), is readily obtained in 
high yield by sodium amalgam reduction of tetra- 
chlororhenium-bis(tetrahydrofuran) in tetrahydrofuran 
containing excess t-butylisocyanide. The compound 
forms pale yellow diamagnetic crystals and is air-sen- 
sitive, particularly in solution in ether and in aromatic 
hydrocarbons. 

Although the interaction of methyllithium with 
ReX(CO)s gives Li[cis-ReX{C(0)Me}(C0)4]6, alkylation 
of the isocyanide complex gives only the methyl, 
ReMe(CNBu’),, as petroleum-soluble orange crystals. 
The Re-CHJ proton resonance occurs at 8 1.09ppm 
while the “C{‘H} peak is at 8 27.15 ppm. 

Relatively few ethyl complexes of transition metal are 
known except where coordination sites are blocked by 
firmly held ligands that inhibit B-hydride transfer.’ The 
compound ReEt(CNBu$ is, as expected, reasonably 
thermally stable but is air sensitive. The Re-Et 
resonance is at 8 3.26 4, ‘J(H-H) = 9 HZ (C&CH,) 
and 2.25 I, ‘1(&H) = 9Hz (CH,CH,). In the “C{‘H} 
spectrum the carbons of GH, are at 6 23.7 ppm, s (CHs) 
and 27.1 s (CM*), the assignment being confirmed by the off 
set proton decoupled spectrum where CH2 is a triplet and 
CH, a quartet. 

(b) t-Butylisocyanide-trimethylphosphine complexes 
The interaction of pentakis(trimethylphosphine)- 
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chlororhenium(1)” with an excess of Bu’NC gives 
an air-sensitive, petroleum soluble, orange crystal- 
line complex whose ‘H, ‘%Z{‘H} and 3’P{‘H} NMR spec- 
tra and analysis indicate that it is the octahedral 
ReCl(CNBu’),(PMe,), with trans-isocyanide and mer- 
PMeJ groups. 

The molecular structure of the his-isocyanide is shown 
in Fig. 1 and selected geometry parameters are given in 
Table 1. Although numerous structures of transition 
metal isocyanides are known, only two rhenium com- 
plexes, the rhenium(IV) salt (Bu,“N)[ReCl,(CNMe)]’ 
and the rhenium(II1) complex ReBrs(CNp-tolyl),4 ap- 
pear to have been studied. In both of these compounds 
the isocyanides are essentially linear at nitrogen and the 
Re-C distances are 2.14(3)A for the chloride and 1964(6)- 
2.014(7)A for the bromide. In the present complex, the 
two Bu’NC ligands are mutually trans and although the 
angle at nitrogen differs considerably [175(l)” for N(111) 
and lS9(1)0 for N(112)], the corresponding Re-C dis- 
tances are equal within the limits of experimental error at 
2.004(7) and 2.003(7)6;. Accordingly, it seems reasonable 
to assume that both ligands bond in the “normal”, i.e. 

linear fashion, Re-&k-R, with bending at N(112) a 
consequence of steric factors. This model is in 
agreement with the position of the isocyanide stretch in 
the infrared spectrum where a band due to linear isocy- 

C(213) 

t 

Table 1. Selected bond lengths and angles for 
ReCI(CNBu’h(PMe& 

(a) Bond lengths (6) 
Re-P( 1) 2.385(2) 
ReP(2) 2.371(2) 
Re-P(3) 2.289(2) 

Re-Cl 
Re-C( I I I) 
Re-C(21 I) 

2.570(2) 
2&N(7) 
2.003(7) 

C(lll)-N(ll1) 1.128(9) C(211)-N(211) 1.151(9) 
C(112)-N(111) 1.438(10) 
P-C(Me) 

C(212)-N(211) $4’9) 
1.825(10)-1.890(10) Avge . 

(b) Bond angles (deg) 
Cl-Re-P( 1) 84.7(l) P(l)-Re-P(3) 95.2(l) 
Cl-Re-P(2) 85.3(l) P(2)-Re-P(3) 95.8(l) 
CLReP(3) 171.5(l) P(l)-Re-P(2) 167.1(l) 
C(11 &Re-Cl 94.2(3) C(Zll)-Re-CI 83.8(2) 
C(ll I)-Re-P(3) 94.3(3) C(21 l)-Re-P(3) 87.7(2) 
C(11 I)-Re-P(1) 86.1(2) C(211)-Re-P(I) 93.0(2) 
C(11 l)-Re-P(2) 86.5(2) C(211)-Re-P(2) 94.1(2) 
Re-P-C(Me) 114.1(4)-120.7(4) Avge 117.9 

anide OCCUTS.‘~ The Re-P distances show the expected 
differences, with those mutually tram to each other (and 
hence competing in the r-back bonding process) con- 
siderably longer, cu. O.lbi, than that truns to the Re-Cl 
bond. 

o(215) 

j N(211) 

C(l3) . 

k Cl(l) 

P(1) 

c(21) 
a111 

(111) 

r(111) 

Fig. 1. 
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Interaction of the above complex with additional 
Bu’NC under more forcing conditions in toluene at 90°C 
for 16 hr gives a similar monomeric orange complex, 
ReCI(CNBu’),(PMe&, for which NMR data indicates 
truns-PMe3 and mer-Bu’NC groups. Unlike the bis- 
isocyanide which has linear M-C-N groups (CN stret- 
ches in IR at 2080m, 19OOvs, br, and 1780m) the tris 
species has bands at 208Os, 2OlOvs, br, 194Os, 183Os, and 
1791s cm-‘. The low C-N stretch can be attributed to a 
bent isocyanide.*.” The ‘H NMR also has two singlets 
for the Bu’ group in a ratio 2: 1 indicating two types of 
Bu’NC groups, but spectroscopic data does not indicate 
which of the mer Bu’NC groups is bent. The structure of 
the complex has been investigated by X-ray crystallo- 
graphy but serious disorder has made it impossible to 
obtain a well defined set of parameters (see Experi- 
mental). 

At the present stage of refinement the three isocyanide 
ligands are seen to have a mer configuration, and show 
three different geometries. The ligand trans to chlorine is 
significantly bent at the nitrogen aJom, with C-N-C = 
141(6)” and also at carbon, with Re-C-N = lSS(S)o. Of the 
other two ligands, which are frans to eachpther, one is 
quite linear with Re-C-N = 173(4)” and C-N-C = 175(5) 
whil! the other shows a small degree of bending, with 
Re-C-N = 167(5) and C-N-C = 155(5)“. The Re-C dis- 
tances to ttose ligands are essentially equal at 2.00(5) 
and 2.03(6)A and are similar to those in previous com- 
pounds, but are longer than the distance involving the 
“bent” ligand where Re-C is 1.94(5)A. This is presum- 
ably a reflection of a greater degree of r-back bonding to 
the ligand truns to chlorine, and the geometry of this 
ligand corresponds to a significant contribution from the 
canonical form. 

Re=C=r;j 

‘R 

Whether the bending of these ligands is due in the first 
instance to steric or electronic factors, the greater the 
bending at nitrogen, the more basic will this atom 
become. It is therefore logical to propose that it is the 
ligand truns to chlorine which is protonated as discussed 
below. 

(c) Protonation of trimethylphosphine isocyanide com- 
plexes 

(i) ReCI(CNBu’),(PMe,),. Interaction of this complex 
with one equivalent of fluoroboric acid in diethylether at 
-78°C led to the yellow air stable crystalline salt 
[ReCl(CNBu’)(CNHBu*)(PMej),]BFq, which is soluble 
in THF and methanol in which it is a 1: 1 electrolyte. The 
“P{‘H} NMR spectrum indicates a mer configuration for 
the PMe3 groups as in (1). The “CI’H} spectrum shows 

-t 

Cl 

Bu t NC a,,,, :, e N” PMe 3 

Me p4 1 ‘PMe, 
5 C 

I 

the Bu’NC group to be trans to a phosphine (S 146.0 
ppm) while the carbyne carbon of the CNHBu’ group is 
cis to all phosphines giving a quartet (S 226.8 ppm). The 
“C spectrum also shows “virtual coupling”” as the 
resonances of the carbon atom of the phosphine trans to 
each other are an apparent 1: 2: 1 triplet. This effect is 
also seen in the proton resonance spectra for the protons 
on the truns phosphines. The configurational change 
from that of the starting material accords with the best 
r-accepting ligand being truns to a non-r-bond ligand, 
i.e., chloride. Other examples of this situation are well 
known, one case being trans-CrBr(CNEt2)(C0)4.” 

The IR spectrum of the salt has bands at 3238 cm-’ 
(NH) and 1560 cm-’ (C=N). Together with the position 
of the 13C{‘H} carbyne resonances it indicates that the 
bonding lies between the canonical forms 

1 
\ \ 

Bu’ 

as discussed for MO and W compounds.‘3 
(ii) ReCI(CNBu’)3(PMe3)2. Protonation here gives the 

pale green air-stable salt [ReCI(CNBu%(CNHBu’) 
(PMe&]BF4 which is soluble in THF and methanol. The 
NMR data contirm the structure (2) with rruns-CNBu’ 

and frans PMe3 groups. The CNHBu’ group is truns to 
chlorine. Both ‘H and “C{‘H} spectra again show virtual 
coupling due to trans phosphines. 

The two isocyanides can be protonated only once, 
presumably due to the lowered basicity of nitrogen in 
these systems. For trans-M(CNR)t(dppe)z M=Mo, W, 
mono or diprotonation can OCCUT,‘~ whereas for 
Fe(CNBu’), protonation occurs at the metaLl 

2. aEX~t-BuTYLIsoCYANIDE)CBROMIUM(O) 
Although this compound was first made from 

CrJC8H&3,‘S which in turn was made by metal atom 
vapour techniques, it is much more readily obtained by 
the method used’ for Mo(CNBu%, namely reduction of 
the acetate Cr,(C02Me)4 by sodium amalgam in tetra- 
hydrofuran containing excess ligand. 

3.TUNGsFEN coMPLEXBs 

A similar reaction to the above, but using W*(mhp), 
(mhpH = 2-methyl-6-hydroxypyridine)‘” gave the dark 
red, very petroleum soluble and air-sensitive hexakis(t- 
butylisocyanide)tungsten(O); this completes the isoleptic 
Group VI compounds. Other zerovalent isocyanides, 
can probably be made similarly, indeed, after 
completion of our studies, W(CNPh& has been 
made from W*(dmhp),, dmhp being the anion of 
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2,4-dimethyl-6-hydroxypyrimidine” in 30% yield, but in spectra in Nujol mulls unless otherwise stated; data in cm-‘, 
the absence of sodium amalgam. PMej bands omitted. 

The reaction of W2(mhp), with excess Bu’NC in 
ether-methanol (the procedure used for cleavage of the 
dimeric acetates by isocyanide2) gives by contrast a 
binuclear ditungsten(1) compound of stoichiometry 
Wz(mhp),(CNBu’)+ This is a diamagnetic air-stable 
orange crystalline solid, slightly soluble in petroleum, but 
very soluble in aromatic hydrocarbons. So far attempts 
to obtain crystals of X-ray quality from these and other 
solvents have not been successful. The spectroscopic 
data however, are consistent with a structure having mhp 
bridges and terminal isocyanide groups as in (3); since 

(I) Pentakis(t-buty/isocyanide)chlororhenium(fl 
A suspension of ReCl,(THF), (1.8 g, 3.8 mmol) in THF (100 

cm’) was added to excess Bu’NC (3 cm3, 30 mmol) in THF (50 
cm3) with excess Na/Hg (I g in 5 cm3 Hg) and the mixture stirred 
for 18 hr at room temperature. The orange-yellow solution was 
filtered, concentrated to ca. 2 cm3 and cooldd at -20°C to give 
vellow crvstals. Yield: 2.0 IZ. 85%: m.o.. 184-185°C. [Found: C 
i6.1 (47.lj; H 7.0 (7.1); Ci.5.3 (5.6);-fi 10.8 (lO.O)%. M 620 
(635.5).] 

NMR. ‘H: 1.36 s (9); 1.16 s (36) CMe,. 
“C?H}: 31.46 s (12). 32.90 s (3). CMel: 55.40 s, 55.49 s, CMe,; 

156.76, lb.37 Cl&i ” -. 
IR. 2100s. 2OlObr.s. 1830br.s. 1770sh. 1455s. 1365m, 1230m. 

n 
N 0 

l2OOs, 1115& 1045w, iO32,970w, 925w, $92~. 745m, 725s, 632~; 
556s, SOOw, 430s. 

Bu 1 NC +,,, I I 
w-w 

,\\o C NBut n 

BdNC I 1 ‘CNBd 
N 0 

0 N z 

(f) 

there are two sets of equivalent Bu’NC groups; the 
bridge ligands are probably at 90” or thereabouts. 
Attempts to detect the metal-metal bond absorption by 
laser Raman spectroscopy failed due to fluorescence and 
decomposition. 

4. r-BUTYLISOCYANIDE(TRIMETHYLPHOSPBINE) 
CIS-DIMETHYLPLATINUM(II) 

Although methyl complexes can undergo insertion 
reactions’ with Bu’NC and other isocyanides, the inter- 
action of cis-PtMez(PMe& with Bu’NC gives the air 
stable cis-PtMe,(PMes)(CNBu’), where only one PMes 
group has been substituted. The structure of the com- 
pound is fully established by ‘H, “C{‘H} and “P{‘H} 
NMR spectra. In these spectra weak bands due to ‘95Pt 
couplings are observed except for resonances of the Bu’NC 
ligand; there is no appreciable coupling or broadening of 
the “C{‘H} spectra due to 14N. No 13C signal was 
observed for the carbon of the isocyanide, which is 
consistent with the long relaxation time and low Over- 
hauser effect associated with this carbon atom. The 
19’Pt{‘H} spectrum consists of a doublet of 1: 1: 1 
triplets, centred at S + 210.6 (in ppm to high frequency of 
B lg5Pt = 21.4 MHz’*) with J(195Pt-3’P) = 1686 Hz and 
2J(‘95Pt-‘4N) = 62 Hz; there are relatively few examples 
of Pt-N splitting through two bonds. 

EXPERIMENTAL 
Microanalyses by Pascher (Bonn) and Imperial College 

Laboratories. Molecular weights were determined cryoscopically 
in benzene. Melting points (uncorrected) were determined in 
sealed tubes under nitrogen. All operations were carried out 
under oxygen-free nitrogen or argon or in vacuum. Solvents were 
dried over sodium or sodium-benzophenone and were distilled 
under nitrogen before use. The petroleum used had b.p. MC 
unless otherwise stated. 

Speclrometers 
NMR. Perkin-Elmer R32 (‘H, 90 MHz); Bruker WM-250 

(‘H.250; ‘3C(‘H}, 62.9; “P(‘H} 101.27; ‘95Pt, 53.8 MHz): data in S 
ppm referenced to SiMea and 85%.H3P0, (external) at 36°C in 
deuteriobenzene unless otherwise stated. IR. Perkin-Elmer 683; 

(2) Pentakis(t-bury/isocyanide)methylrhenium 
To ReCI(CNBti), (0.42 g, 0.65 mmol) in diethylether (40 cm’) 

at -78°C was added MeLi (0.25 cm3. 2.5 M in Et,O) and the 
mixture allowed to warm to room temperature w>td stirring. 
After 4 hr the mixture was evaporated, the residue extracted with 
petroleum (30cm’), the solution filtered, concentrated to ca. 2 
cm3 and cooled at -20°C to give orange crystals. Yield: 0.33 g, 
80%; m.p., 96-97°C. [Found: C 50.1 (50.6); H 7.8 (7.8); N 10.9 
(ll.3)%. M 610 (616).] 

NMR. ‘H: 1.45 s (9). 1.29 s (36), CMe; 1.09 s (3) Re-Me. 
“C{‘H}: 27.15 s Re-Me; 32.00 s (l2), 32.5 s (3) CMe$ 55.01 s 

55.10 s, CMe,; 165.87 s, 185.30 s, Re-C-N. 
IR. 2lOOs, 20lObr,s, 1830br,s, 1770sh, 146Os, 1365m, 1230m, 

12OOs, lll5w, 1035w, 888w, 875w, 742w, 73Os, 556s, 432s. 

(3) Pentakis(t-butylisocyanide)ethylrhenium(0 
As for the methyl compound but using ReCl(CNBu’)S (1.14 g, 

1.75 mmol) in oetroleum (100 cm”) and ethvllithium (2.0 cm3, 0.95 
M in toludne)‘to give orange crystals. Yidld: 0.94 g, 83%; m.p., 
SO-81°C. [Found: C 50.4 (51.4); H 7.9 (7.9); N 11.2 (ll.l)%. M, 
620 (630).] 

NMR. ‘H: 32.6 q (2), ‘J(H-H)= 8 Hz, CH,Me; 2.25 t (3). 
‘J(H-H) = 9 Hz, CH&fe, 1.34 s (9). 1.20 s (36), CMel. 

13C{‘H}: 23.70 s, ReCHzMe3; 27.11 s, ReCH2Me; 31.89 s (l2), 
32.67 s (3). CMe,: 54.83 s, 54.94 s, CMe?: 165.42 s, 186.34 s, 
Re-C-N: _ 

ZR. 2lOOs, 2010s. 2010br,s, 18OObr,s, 1755sh,s, 1368m, 1230m, 
12OOs, IllSw, 1035~. 9lOw, 882w, 875w, 742m, 73Os, 659w, 558s, 
435s. 

(4) of - Bis(t - butylisocyanide) - c,d,e - tris(trimefhylphosphine) - 
chlororhenium(I) 

To ReCI(PMe3)J (1.0 g, 1.7 mmol) in Et20 (50 cm’) was added 
Bu’NC (1.0 cm3, 10 mmol) at room temperature and the mixture 
stirred for ca. 12 hr. After evaporation in vacuum the residue 
was extracted into petroleum (2 x 30 cm’), the solution filtered, 
concentrated to ca. 3 cm3 and cooled to -20°C to give orange 
crystals. Yield: 0.8 g, 80%; m.p., 164-5°C. [Found: C 37.6 (37.0); 
H 7.1 (7.3); Cl 6.0 (5.8); N 4.2 (4.5); P 15.6 (lS.l)%. M 590 
(615.5).] 

NMR. ‘H: 12.1 s (18) CMe,; 1.45 d (9), *J(P-H) =6Hz, I.70 
“f” (18) *J(P-H) + 4J(P-H) = 6 Hz, PMe,. 

“C{‘H}: 170.8 r2J(C-P) = 10 Hz, CNBu’; 54.9 s, CMej; 31.8 s 
CMe,; 27.5 d ‘J(P-C) = 26.9 Hz, 30.6 “1” ‘J(P-C)+ ‘J(P-C) = 29.4 
Hz, PMel. 

“P(‘H}: -35.7 s (2); -37.9 s(l). 
7R. 2080m,sh, 1930vbr,s, 1780m,sh. 

(5) c,d,e - Tris(t - butylisocyanide) - af - bis(trimefhylphosphine)- 
chlororhem’um(I) 

To ReCl(CNBu’)2(PMel), (0.4 g. 0.6 mmol) in toluene (70 cm’) 
was added Bu’NC (0.5 cm3, 5.0 mmol) and the solution stirred at 
90°C for I8 hr. The solution was filtered, evaporated and the 
residue extracted into petroleum (40 cm3) which was filtered, 
concentrated to ca. 2 cm3 and cooled at -20°C to give yellow 
crystals. Yield: 0.3 g, 80%; m.p., 196-7°C. [Found: C 40.3 (40.5); 
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Structure solution and refinement REFERENCES 

Both analyses gave problems. For ReCI(CNBu’)2* 
(PMe& the solution was straightforward, but refinement 
was difficult due to excessive anisotropic thermal 
motion and/or positional disorder in the Bu’ 
groups. Eventually, a reasonably stable model was 
obtained, although some of the carbon atom temperature 
factors are extremely anisotropic. Unfortunately it did 
not prove possible to establish a model in which the Bu’ 
groups could be represented by multiple positioning and 
fractional occupancy. Nevertheless, the reasonably low 
R values (see below) suggest that the model presented 
may be considered an acceptable one, in spite of its 
deficiencies. 

For ReC1(CNBu’)s(PMes)2 the structure solution and 
refinement were extremely diicult due to heavy atom 
pseudo-symmetry. The pseudo special positioning of 
the rhenium atom very close to l/4, 0, Z produced 2/m 
pseudo symmetry in the electron density maps. 
Development of the structure was eventually achieved 
by not refining any atomic parameters until the whole 
molecule had been identified. Subsequent refinement has 
still proved difficult even after using the DFIX facility in 
SHELX” to fix the lengths of P-C(Me) and C-C(Me) 
bonds to standard values, and we have not yet achieved 
an acceptable model. We believe this to be due to a 
mixture of excessive disorder and the residual effects of 
pseudo symmetry. Accordingly, we defer presenting 
these results until data has been recollected at low tem- 
perature. 
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Final R( = ZIF~/P~F,[) and Rw ( = ~o’~2~~~~/&01~z~~,~) 
values for ReCl(CNBu’)JPMe,),, are 0.043 and 0.044. 

Final atomic coordinates, thermal parameters and a list 
of F,IF,, values have been deposited with the Editor as 
supplementary data.t 

Acknowledgement-We thank the S.E.R.C. for support. 

“J. M. Bassett. M. Green. J. A. K. Howard and F. G. A. Stone, J. 
Chem. SOL,’ Dalton Trans. 1979, 1003; J. Chatt, A. J. L. 
Pombeiro, R. L. Richards, G. H. D. Royston, K. W. Muir and 
R. Walker, Z. Chem. Sot., Chem. Commun. 1975,708. 

“R K Harris, Can. 1. Chem. 1964,42,2275; D. E. Axelson and 
C: E.‘Hollowav. .Z. Chem. Sot.. Chem. Commun. 1973.455: D. 
A. Redfield, J: ‘H. Nelson and L. W. Gary, Znorg. ‘Nuclear 
Chem. Letts. 1974, 10,727. 

‘*E. 0. Fischer and U. Schubert, J. Organometal. Chem. 1975,100, 
49; E. 0. Fischer, 0. Hutner, W. Kleine and A. Frank, Angew. 
Chem. Znt. Ed. Eng. 1975,14,700. 

13J. Chatt, A. J. L. Pombeiro and R. L. Richards, J. Chem. Sot., 
Dalton Trans. 1980,492. 

14J M Bassett, L. J. Farrugia and F. G. A. Stone, 1. Chem. Sot. 
L&/k Trans. 1980, 1789. 

“P. L. Tiims and T. W. Tumey, J. Chem. Sot., Dalton Trans. 
1976,202l. 

16F. A. Cotton, P. E. Fanwide, R. H. Niswander and J. C. 
Sekutowski, Z. Am. Chem. Sot. 1978,100,4725. 

“D. D. Klenworth, W. W. Welters III and R. A. Walton, J. 
Oraonometal. Chem. 1981.213. C13. 

tCopies are available on request from the Editor at Queen 
Mary College. Tables of atomic coordinates have also been 
deposited with the Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, Lensfield Road, Cambridge, 
CD1 ,I?%,, LP‘ 1E”. 

“R.-K. Harris and B. E. Mann, NMR and the Periodic Table. 
Academic Press, New York (1978). 

19D M Adams, J. Chatt and B. L. Shaw, Z. Chem. SOC. 1960, 
2047. ’ 

*‘A. C. T. North, D. C. Phillips and F. S. Mathews, Acta Cryst. 
1968, A24,351. 

Sheldrick, University of Cambridge, 1976. 
*‘SHELX structure determinations program package, G. M. 



Polyhedron Vol. I, No. 11.12. pp. 809417, 1982 0277-5387/8211108o9-o95o3.00/0 
Printed in Great Bntain. Pergamon Press Ltd. 

BIS(DIPHENYLPHOSPHINO)METHANE TRIMETHYLPHOS- 
PHINE ALKYL AND $-CYCLOPENTADIENYL COMPOUNDS OF 

RHODIUM(I); “P{‘H} TWO DIMENSIONAL S/J RESOLVED 
AND OVERHAUSER EFFECT NUCLEAR MAGNETIC 

RESONANCE SPECTROSCOPY 

KWOK W. CHIU, HENRY S. RZEPA,* RICHARD N. SHEPPARD, GEOFFREY WILKINSON* 
and WAI-KWOK WONG 

Chemistry Department, Imperial College of Science and Technology, London, SW7 2AY, England 

(Received 28 April 1982) 

Ahstrac&Neutral mononuclear tertiary phosphine rhodium(I) complexes of the formula RhX(PMe3)(dppm), 
X = Cl, CH2SiMe3, CH$Me,. CH2CMe2Ph, gS-C5H5, dppm = bis(diphenylphosphino)methane, RhCI(PPhJ(dppm), 
RhX(dppm),, X = Cl, Me and Rh(g5-C5H5)(dppm) have been synthesised. In Rh(?‘-CJHS)(PMe,Ndppm), the dppm 
ligand is unidentate according to “P{‘H) NMR and X-ray data. 

The “P{‘H} NMR spectral parameters of RhX(PR,)(dppm) have been determined by a combination of two 
dimensional /I resolved spectroscopy and heteronuclear nuclear Overhauser effect difference spectroscopy 
(NOEDS) in conjunction with iterative analysis of the one dimensional spectra. 

INTRODUCTION 
Although there is a varietyI of mono- and bi-nuclear 
rhodium bis(diphenylphosphino)methane(dppm) com- 
plexes, neutral mononuclear species are rare. The neutral 
$-2-methylallyl bis(diphenylphosphino)methane rho- 
dium(I)’ exists as a dimer in solution, but is said to be 
monomeric, based on mass spectral evidence, in the solid 
state. Here we describe the synthesis and charac- 
terisation of several neutral mononuclear rhodium 
bis(diphenylphosphino)methane complexes. 

The interaction of excess dppm with [Rh(PMe,)Xl 
gives RhC1(PMe3)(dppm) and with RhCI(PPh& gives 
RhCl(PPh,)(dppm) or RhCl(dppm)z3, depending on the 
conditions. w!,:h toluene solutiop, RhC1(PMe3)(dppm) 
reacts Me3!3CH2L~, Me,CCH,MgBr, 
PhMe,CCHzMgC1 and CsHSNa to give, respectively, 
Rh(CH,SiMe,)(PMe,)(dppm), Ph(CHKMe,)(PMe& 
(dppm), Rh(CH2CMe2Ph)(PMe,)(dppm) and Rh($- 
&H,)(PMe,)(dppm). In toluene solution, RhCl(dppm)2 
reacts with MeLi and C,H5Na to give RhMe(dppm)2 and 
Rh( q5-CsH5)(dppm), respectively; the latter compound is 
also obtained by refluxing Rh(~5-C,H,)(PMe,)(dppm) in 
toluene. 

The “P proton decoupled spectra of these complexes 
can be complicated, due to the presence of both Jpp and 
JRhp coupling. Since lpp can be as large as 5OOHz in 
these systems, assignment with the aid of selective 
homonuclear double resonance experiments can be 
difficult or impossible to achieve by ordinary r.f. 
decoupling, due to the high power levels required. A 
more general approach is to obtain J-resolved 2D spec- 
tra, using the pulse sequence 90” - 7, - 180” - T,-acquire 
(Q) with a suitable set of values for TV, followed by 
successive Fourier transformations with respect to 72 (to 
achieve Sk J dispersion) and to T, (to achieve J dis- 
persion only). A rotation of 45” of the resulting data 
matrix gives a 2D spectrum which (in the weak coupling 
limit) can be projected ‘onto one axis (the “6” axis) to 

*Authors to whom correspondence should be addressed. 

give the effect of a broadband homonuclear decoupled 
spectrum and onto the other axis (the “J” axis) to show 
only the homonuclear couplings.5 A valuable feature of 
this approach is its ability to separate the homo- and 
heteronuclear coupling and to simplify the analysis of the 
chemical shifts associated with the different phosphorus 
sites. Although such a separation of variables depends on 
the spin system being weakly coupled, a substantial 
degree of strong coupling can in fact be tolerated, and its 
effects when present can be readily recognised and cal- 
culated.s 

The application of this 2D technique to the complex 
RhC1(PMe3)(dppm) enabled the spectrum to be readily 
analysed for the phosphorus chemical shifts, the “P-“P 
and the “P-“‘Rh couplings. These could be transferred 
by analogy to the other complexes in this series, as the 
starting point in an iterative analysis of the conventional 
one dimensional spectra.’ 

RESULTS AND DISCUSSION 
(1) Bis (diphenylphosphino)methane(trimethylphosphine) 
-chlororhodium(Z) 

The complex [Rh(PMe,),@’ reacts with excess dppm 
in refluxing toluene to give the air-sensitive orange crys- 
talline complex RhC1(PMe3)(dppm) in high yield (95%); it 
is monomeric in benzene. 

Application of the two-dimensional 8/J resolved NMR 
method enabled the 32P{ZH} spectrum of this compound 
(Fig. 1) to be readily analysed for the approximate values 
of the coupling constants and phosphorus chemical 
shifts.’ These were then used as the starting point for an 
iterative analysis of the 3’P{‘H} one dimensional spec- 
trum. The values obtained for the homonuclear 3’P-3’P 
coupling constants, the heteronuclear “P-‘03Rh coupling 
constants and the “P chemical shifts are shown in 
Table 1. Good agreement between the calculated and the 
observed spectrum (Fig. 2a, b) could be obtained only by 
setting the relative values of JFy and JFi to be 
opposite in sign. 

Although the large (lpp = 407.7 Hz) coupling can be 
assumed to correspond to a trans interaction, there, 
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Fig. 1. Two dimensional “P{‘H} 8/J resolved spectrum of ca. 10 mM solution of RhCI(PMe3)dppm in benzene. The 
spectrum was tilted by 45” and is shown as a contour plot with a projection showing the “P chemical shift 
positions. Peaks marked with arrows are instrumental artifacts, and can be identified since they do not correctly 
reflect in the plane of symmetry in the J dimension (shown by a dashed line in the contour plot). Their positions 
and intensities also change according to the acquisition parameters, unlike the genuine peaks. Several such artifacts 

shown in the projection (e.g. at S - 14.6) are off the vertical scale in the contour representatton. 
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l_L d__--lJ,L\ hi IJ_LJ__ - 
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Fig. 2. “P{‘H} NMR spectrum of RhC1(PMe3)(dppm), (a) observed, (b) calculated, (c) n.0.e. diierence spectrum 
obtained by pre-irradiation at the PMe3 proton resonance, and subtraction of a control spectrum obtamed with 

off-resonance ‘H pre-irradiation. 
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Table 1. Spectral parameters for RhX(PR&dppm), R = Me, Ph 

X CP CH,SiMe,a CH,CMe&= CH,CMe,a Mb 

-40.2 -24.1 -26.8 -22.9 -38.5d 

-12.7 -13.7 -16.9 -14.3 +32.7 

-10.2 -19.7 -11.6 -11.4 -13.3 

?AB 
e 

JAC 

LAD 

$C 

LBD 

JCD 

407.7 378.8 343.7 371.1 382.9 

-96.4 -63.3 -57.6 -56.7 -99.6 

-112.7 -135.2 -148.8 -145.6 -118.8 

-37.1 -38.0 -38.5 -38.0 -33.7 

-131.1 -156.3 -170.1 -168.1 -134.8 

-158.2 -103.9 -96.1 -94.5 -159.5 

ph2 

< 

P 
A\ ,x 

Ph2 

= RhX(PMe,) (dppm) , b RhCI(PPhs) (dppm), = in benzene, containing 107 

and referenced TV external 85% HaPOk (6 0.0) at 101.25 MHz, 

I _ 
benzene, 

d In CH,CC, - 10% d.-acetone and referenced to external 85% HsPO‘ (6 0.0) 

at 101.25 MHz, 

e Coupling constants are determined by iterative spectral analysis. The 

standard deviation in the calculated transition frequency was < 0.2 Hz 

in all cases.Good agreement between the observed and calculated spectra can be 

(trans) 
obtained only by setting the relative values of _lpp and ,$” to be 

opposite in sign. The absolute signs could not be determined by this approach 

and we have assumed &==) to be positive. 

‘H Decoupler 

Transmit 

Observe 

CW Single 1 Broadband 

frequency 

Fig. 3. Pulse sequence for observation of the heteronuclear “P{‘H} nuclear Overhauser effect. To obtain the 
n.0.e.. the CW decoupling is tuned to the appropriate proton resonance. To obtain a control spectrum for 
subtraction, the CW decoupling is moved far off resonance but left operating to minimise sample temperature 
variation. To minimize the effects of long term instabilities, both sets of data are collected simultaneously by 
switching the CW frequency from one frequency to the other at regular intervals and storing the two sets of data 

separately. 
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nevertheless, remains an ambiguity in assigning these 
spectral constants to specitic phosphorus atoms (la vs 
lb). 

Although in principle these could be distinguished by 
selective proton decoupling experiments, the presence of 
long range ‘H-3’P coupling to the phenyl groups results 
in very complex spectra. We instead made use of the 
significant 3’P{‘H} nuclear Overhauser effect,’ using the 
experimental sequence shown in Fig. 3. Single frequency 
‘H pre-irradiation at a specific proton resonance allows a 
selective “P{‘H} n.0.e. to build up, and allows the 
non-selective n.0.e. from the broadband irradiation in 
the cycle to decay between transients. From a spectrum 
obtained in this way is subtracted a control in which the 
single frequency ‘H decoupling is off-resonance, giving a 
difference spectrum which shows only the effects due to 
the “P{‘H} n.0.e. Pre-irradiation of the proton resonance 
corresponding to the PMe3 gave a difference spectrum 
(Fig. 2c) which shows only enhancement (TJ = 1.10) of 
the low field signals, indicating that the high field signals 
(7 = 1.017) are not due to the PMeS group and therefore, 
that assignment lb is correct. We note that the actual 
transitions enhanced are complex due to the significant 
degree of second order character present in the spec- 
trum, and the probable presence of three spin effects, 
although this does not affect our qualitative conclusions. 
This experiment represents, as far as we are aware, the 

first such application of heteronuclear n.0.e. difference 
spectroscopy. 

RhCI(PMe3)(dppm) does not react with hydrogen 
(2atm., 70”(Z), ethylene (2 atm., 25”C), NaBH, and Na 
metal (25°C). It reacts with LiAIH.,, MeLi, and EtLi, but 
complex mixtures were obtained and attempts to isolate 
pure compounds were unsuccessful. 

(2) Bis (diphenylphosphino)methone(trimethylphosphine) 
-trimethylsilylmethylrhodium(I) 

In toluene, RhCl(PMe,)(dppm) reacts with one 
equivalent of Me3SiCH,Li to give the air-sensitive com- 
plex RhCHzSiMe3(PMe3)(dppm) which can be readily 
crystallised from 40 to 60” petroleum as red crystals in 
80% yield; it is monomeric in benzene. 

The observed and simulated “PI’H} spectra are shown 
in Fig. 4 and spectral parameters are given in the Table. 

Unlike the parent compound, Rh(CH,SiMe3)(PMe3)- 
(dppm) reacts readily with hydrogen at 1 atm. pressure at 
room temperature to give a mixture from which no 
crystalline product could be isolated. The ‘H NMR 
spectrum of the mixture shows the absence of the tri- 
methylsilylmethyl group on the rhodium, but no hydride 
is observed in either IR or ‘H NMR spectra. 

Since Rh(CH$iMe,)(PMe,Mdppm) slowly (ca. 12 hr) 
catalyses the isomerisation of hex-1-ene to hex-Zene 
under 1 atm. of hydrogen (but not N2 or Ar) at room 



Bis(diphenylphosphino)methane trimethylphosphine alkyl and q’-cyclopentadienyl compounds of rhodium(I) 813 

(a) 
I 

n 

-10 -12 -14 -16 -16 -20 -22 -24 -26 -26 

Fig. 4. Observed (a) and calculated (b) “P{‘H} spectrum of Rh(CH2SiMe,)(PMeJ(dppm). 

temperature a transient hydrido species is presumably 
involved. At 100°C with 20 atm. hydrogen 
Rh(CH2SiMe3)(PMeX)(dppm) slowly (cu. 12 hr) hydro- 
genates hex-l-ene to hexane (100% conversion). Hydro- 
formylation of hex-l-ene to a mixture of 2-methyl- 
hexanol and heptaldehyde (straight branched chain 
isomer, ratio 3: 1) under 30 atm. of CO/H2 (1: 1) also 
occurs slowly. The solution IR spectrum of the residual 
solution shows a terminal CO stretch at l%Ocm-‘; in- 
teraction of the complex with CO alone at 1 atm. gives a 
mixture with CO stretches at 1960 and 1940cm-‘. 

Attempts to isolate these carbonyl species in a pure state 
have failed. 

(3) Bis(diphenylphosphino)methane(trimethylphosphine) 
-neopentyl- and neophylrhodium(I) 

Alkylation with one equivalent of neopentylmag- 
nesium bromide or of neophylmagnesium chloride in 
THF give high yields of the corresponding alkyls which 
can be obtained from petroleum as orange air-sensitive 
crystals. Both compounds are monomeric in benzene. 

The “P{‘H} observed and simulated spectra for the 

(b) 

-10 -12 -14 -16 -16 -2q -22 -24 -26 

Fig. 5. Observed (a) and calculated (b) “P(‘H} spectrum of Rh(CH+Xe,)(PMeJo(ppm). 
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-10 -12 -14 -16 -16 -20 -22 -24 -26 -26 -30 

Fig. 6. Observed (a) and calculated (b) “‘P{‘H) spectrum of Rh(CH2Ch4e2Ph)(PMe3)(dppm). 

alkyls are shown in Figs. 5 and 6 respectively. Spectral 
parameters are in Table 1. 

For all the complexes RhX(PRS)(dppm) we can con- 
clude that the magnitude of the homonuclear 3’P-3’P 
coupling constants are in the order .I(P,,-P,)%.I(P,- 
PC) > J(Pa-PC) and also that the signs of the coupling 
constants J(trans) and J(k) are opposite to each other. 

(4) Bis(diphenylphosphino)methane(trimethy/phosphine) 
-$-cyclopentadienylrhodium(Z) andBis(diphenylphosph- 
ino)methane ~5-cyclopentadienylrhodium(I) 

The interaction of RhCl(PMe,)(dppm) in toluene with 
one equivalent of CSH5Na leads to orange-red air-sen- 
sitive crystals of Rh($-CsHS)(PMe3)(dppm). The NMR 
data indicate unidentate dppm as in (2) and the structure 
has been confirmed by X-ray diffraction’ (Fig. 7). 

The 3’P{‘H} spectrum shows a doublet at S -23.21 
[J(P, - PC) = k97.6 Hz], a doublet of doublets at 8 
- 2.20 [J(Rh-Pa) = + 208.6 Hz; .I(PB - Pc) = f 55.3 Hz] 
and a doublet of doublet of doublets at 8 47.94 [J(Rh-Pc = 
? 23 1.9 Hz; J(P, - PC) = + 97.6 Hz; J(P, - PC) = 
k55.3 Hz]. Heteronuclear 3’P-‘o’Rh coupling is not 
observed for the 6 -23.21 resonance so that this can be 
assigned to the non-bonded phosphorus atom. These 
spectral parameters are consistent with those observed for 
the other complexes studied (Table 1). 

On heating the complex in refluxing toluene, PMe, is 
lost and Rh(q’-CsHS)(dppm) is formed quantitatively. 
The compound forms orange-red air-sensitive crystals 
and is monomeric in benzene. The NMR data is con- 
sistent with the chelate structure (3). Thus, the 
“P{‘H} NMR spectrum shows a doublet with 
heteronuclear “P-“‘Rh coupling of 190.2Hz at S 
- 11.72 ppm. The ‘H NMR spectrum shows a doublet 
[J(‘03Rh-C,H,) = 0.7 Hz] for the cyclopentadienyl pro- 
tons. 

(5) Bis(diphenylphosphino)mefhane(triphenylphosphine 
chlororhodium(1) 

Interaction of excess dppm with RhCl(PPh& in 
toluene at room temperature for 18hr gives 
RhCl(PPh,)(dppm) in 90% yield. The compound is spar- 
ingly soluble in toluene but can be crystallised as orange 
crystals from CH,Cl, in which it is monomeric; it is a 
non-conductor in MeNO,. 

Assignment of the 3’P{‘H} parameters is subject to the 
same ambiguity as for RhC1(PMe3)(dppm). Three distinct 
sets of signals were observed (Figs. 8a, b). The two sets 
due to the dppm ligand were assigned by carrying out a 
heteronuclear n.0.e. experiment similar to that described 
for RhC1(PMe3)(dppm), but in which the CH2 protons in 
the dppm ligand were pre-irradiated. Significant (7 2: 
1.12) enhancements are seen in the difference spectrum 
(Fig. 8c) for the two sets of high field signals, suggesting 
the assignment of these to the dppm ligand and of the 
low field set (7 = 1.01) to the PPh3 phosphorus atom. 
These assignments are completely consistent with those 
made for RhC1(PMe3)(dppm) (Table 1). 

(6) Bis[bis(diphenylphosphino)methane] methylrhodium 
-(0 

Interaction of excess bis(diphenylphosphino)methane 
with RhCl(PPb), in toluene at room temperature for 
four days gives the known3 RhCl(dppm), in 90% yield. It 
is monomeric in benzene. The compound reacts with one 
equivalent of methyl lithium in toluene to give orange- 
red crystals of RhMe(dppm)* which is monomeric in 
benzene and is a non-conductor in nitromethane and 
hence must be Scoordinate. The room temperature 
3’P{‘H} NMR spectrum shows essentially an AB quartet 
with further heteronuclear “P-“‘Rh coupling; at 
-60°C a complicated AA’BB’X pattern is observed in 
which the AB’ and A’B couplings are approx. 3OOHz. 
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K Rh 

Pi. 7. The structure of Rh(q’-CJHs)(PMeJ(dppm) as determined by X-ray diffraction. Rh-P(PMeJ = 2.214(2)& 
Rh-P(dppm) = 2.188(2)& Rh-C = 2.251-2.313(8)& 

(cl 

- 
40 30 20 IO 0 -10 -20 -30 -40 

Fig. 8. Observed (a) and calculated (b) “P(‘H} spectrum of RhCI(PPh&dppm), (c) n.0.e. difference spectrum 
obtained by pre-irradiation at the dppm CHs proton resonance, and subtraction of a control spectrum obtained with 

off-resonance ‘H pre-irradiation. 
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Unfortunately, an accurate analysis of this spectrum 
could not be obtained, possibly as a result of the effects 
of fluxionality still present in the spectrum. The “P data 
are, however, consistent with a trigonal bipyramidal 
geometry (4) and non-rigidity at room temperature. The 
tbp geometry should produce an AA’BB’X pattern 
whereas a square pyramidal geometry should show a 
doublet (i.e. an A,X pattern) resulting from 
heteronuclear 3’P-‘“3Rh splitting of the four equivalent 
phosphorus nuclei. An X-ray diffraction study4 on a 
related cationic complex, [Rh(dppm)zCO]BF,, has 
confirmed a trigonal bipyramidal structure. 

With one equivalent of C5H5Na, RhCl(dppm)z in 
toluene reacts to give high yields of Rh(r&H5)(dppm). 

Microanalyses by Pascher, Bonn, and Imperial College labora- 
tories. Molecular weights: cryoscopically in benzene. Melting 
points were determined in sealed capillaries under vacuum. 

All operations were performed under oxygen-free nitrogen or 
in oacuo. Tetrahydrofuran, toluene, benzene and petroleum (b.p. 
40-60°C) were dried over sodium-benzophenone and distilled 
under nitrogen before using. 

Instruments 
NMR: Perkin-Elmer R32 (‘H, 9OMHz), Bruker WM250 (‘H, 

250; “P{‘H}, 101.25 MHz); data in S ppm referenced to SiMe, 
and 85% H,P04 (external) at 26°C in C,D, unless otherwise 
stated. IR: Perkin-Elmer 683; spectra in cm-’ and Nujol mulls 
unless otherwise stated. Conductivity data were obtained on a 
Mullard conductivity bridge type E7566/3 with a matching con- 
ductivity cell. 

All iterative NMR spectral analysis were performed using an 
interactive graphical program written by Burgess and Rzepa. 

Detailed NMR procedures 
Two dimensional 8/J resolved spectra were recorded using a 

preliminary version of the Bruker ASPECT2000 software and 
the following acquisition parameters: data size 512 (F,) x 4k (F2). 
spectral width 760 Hz (F,) and 6 kHz (F2) giving a diital resolu- 
tion of 1.47 Hz (F,) and 2.94Hz (FJ. A delay of 40s (ca. ST,) 
between 90” - 7, - 180”- T,-acquire (TJ pulse cycles was used and 
four transients were acquired for each value of T, (quadrature 
detection) to give a total acquisition time of 17 hr. The data was 
multiplied by half cosine window functions before Fourier 
transformation and the resulting two dimensional spectrum tilted 
by 45”. Peak positions in this spectrum could be obtained to an 
accuracy of * 1.5 Hz, although the contour representation (Fig. 
1) is shown with an exponential weighting function and a deli- 
berately low contour level to improve clarity of presentation. 

Nuclear Overhauser effect difference spectra were obtained at 
ambient temperatures, with 2800 transients being acquired for 
both the control and the CW ‘H pre-iiradiation experiments. The 
following micro-program sequence was used on the ASPECT 
2ooo: 

I ZE 14 02 
2 RE PDEC 15 cw 
3 ZE 16 Dl 
4 Sl 17 BB 
5 DO 18 S2 
6 WR PDEC 19 02 
7 IF PDEC 20 D2 

The two frequency list files contain the decoupler frequencies 
for selective and broad-band irradiation. 

(I) Bis(diphenylphosphino)methane(trimethylp- 
rhodium(I) 

Bis(diphenylphosphino)methane (1.74 g, 4.52 mmol) was added 
to a toluene solution (100 cm’) of [Rh(PMe&]CI (2.Og, 
4.52 mmol). The mixture was refluxed for 24 hr. Volatile materi- 
als were removed under vacuum, and the residue extracted into 
hot toluene (2 x 30 cm’), filtered, concentrated to ca. 50 cm3 and 
cooled at -20°C to give orange crystals, which were collected 
and washed with petroleum. Yield; > 2.6 g, 95%; m.p., 210-1°C. 
[Found: C, 55.8 (56.1); H, 5.0 (5.2); P, 15.6 (15.5); Cl, 5.6 (5.9)%; 
M 580 (598.5)]. NMR. ‘H: 1.07 s, (9), PMe,; 3.74 br, s, (2), 
PCH,P; 7.0-7.9 m (20) Ph,P. “P{‘HI: see Table 1. 

IR..3035w, 3025~. 1670;, l585w, i57Ow, 1480m, l436s, 1422m, 
136Ow, 134Ow, 13lOm, 13OOw, 1283m, 1280m, 1185m, 1160~. 
IlOOs, 1080m, 1070m, 1025w, lOOOw, 955vs, 94Os, 875w, 85Ow, 
84Ow, 79Ow, 756s, 74Os, 73Os, 7OOs, 670m, 66Ow, 545s, 5lOs, 492w, 
47Ow, 460~. 45Ow, 445w, 420~. 

(2) Bis(diphenylphosphino)methane(triphenylphosphine)chloro- 
rhodium(I) 

Bis(diphenylphosphino)methane (1.9 g, 4.95 mmol) was added 
to a toluene solution (100 cm3) of RhCl(PPh,h (2.0 g, 2.16 mmol) 
at room temperature. The solution was stirred for 18 hr. The 
yellow precipitate was collected, washed with toluene (2 x 
20 cm’) and dried in uacuo to give 1.2 g pure RhCl(dppm)(PPh& 
A further 0.3g was obtained by concentrating the combined 
filtrate to ca. 50 cm3 and cooling at - 20°C. The compound can be 
recrystallised from CH2C12 to give orange crystals. Total yield; 
1.5 g, 90%; m.p., 170-2°C. [Found: C, 65.9 (6518); H, 4.7 (4.j); P, 
11.8 (11.9): Cl. 4.4 14.5)%. M 780 (784.5)1. 

NtiR.‘jH: ‘(CtiI,i: 4.95 s, (2j. P&,P; 6.7-7.8 br, m (35); 
(Ph2P)&H2 and Ph,@. “P{‘H]: see Table-l. 

IR. 3052~. 1584~. 1568~. l480m. 1435s. 13lOm. 1275m. 1182m. 
ll78m, ll5~w, 109&, l07dm, 102jm, 998m, 91s~. 848&, 752s; 
735s, 723s, 695s, 672m, sh, 615w, 55Om, 52Os, SlOs, 495s. 478m, 
465m, 436m. 420m. 

(3) Bis[bis(diphenylphosphino)methane]chlororhodium(l) 
Bis(diohenvlohosohino)methane (2.0 g. 5 mmoi) was added to a 

soluti&*of Rhdl(Pih& (2.0 g, 2.2 mmoi) in 200 cm3 of toluene at 
room temperature. The solution was stirred for 4 d. The orange 
solution was evaporated and the residue extracted into toluene 
(2 x 30cm’). The combined filtrated was concentrated to ca. 
30 cm3 and cooled at - 20°C to give orange-red crystals. Yield; 
l.7g, 90%; m.p., 88-90°C (lit., 97°C dec.) [Found: C, 66.3 (66.2); 
H, 4.9 (4.9); P, 13.4 (13.7); Cl, 3.8 (3.8 (3.9)%. M, 920 (906.5)]. 

NMR. ‘H: 3.83 br, s (4), PCH,P; 6.90 and 7.68 br, s (40X Ph*P. 
“P{‘H}: - 16.1 d, I(Rh-P) = 105.7 Hz. 

IR. 3025w, 1585w, 157Ow, 1494~. 1482m, 1436s, 1366w, 1306w, 
ll84w, ll55w, lO96s, 109Omsh, 1028w, 998w, 756m, 734s, 
729s,sh. 702s,sh, 6%~. 67Ow, 618w, 553w, 522s, 512s, 50lm,sh, 
492w, 44Ow, 421~. 

27 LO TO 9 TIMES: 700 
28 DO 
29 EXIT 

Dl 3sec 
D2 0.05 set 
Sl 24H 

8 LO TO I TIMES: 2 21 GO 13 S2 4H 
9 RF PDEC 22 DO 

IO RF 23 WR PDEC 
II RE PDEC 24 IF PDEC 
12 RL FREQL 25 IF FREQL 
13 Sl 26 LO TO 11 TIMES: 2 
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(4) Bis(diphenylphosphino)methane(trimethy$h- 
ethylsilylmethylrhodium(I) 

TrimethylsiIylmethyllithium (1.6 cm3, 1.7 M in petroleum; 
2.68 mmol) was added to a toluene solution (IOOcm’) of 
RbCl(dppm)(PMer) (1.6 g, 2.68 mmol) at -40°C. The mixture was 
allowed to warm to room temperature slowly and stirred for an 
additional 8hr. Volatile materials were removed under reduced 
pressure and the residue was extracted with petroleum (3 x 
40 cm’). The combined filtrate was concentrated to ca. 60 cm3 
and cooled at - 20°C to give red crystals. Yield: I.4 g, 80%; m.p., 
ll5-6”C. [Found: C, 58.7 (59.1); H, 6.5 (6.5); P, 14.4 (14.3); Si, 3.9 
(4.3)%. M, 640 (650)]. 

NMR. ‘H: 0.29 s (2), CZQiMe,; 0.31 s (9), CHrSiMe,; 
1.08 d (9), *J(P-H) = 6 Hz, PMe,; 3.93 t, (2) *Z(P-H) = 8 Hz, 
PC&P; 7.03-7.73 m, (20), Ph2P. “P{‘H}: see Table I. 

IR. 305Ow. 303Ow, 195Obr,w, 1895br,w, 1820br,w, l6lOm, 
1586m, 1497m, l478s, 1435~s. 1420m, 1306~. l28Ow, 1248w, 
I l8Ow, IlSSw, IlOSm, 1095s. 1065w, lOSOw, 1026w, lOOOw, 94Ss, 
880m, 85Os, 835m, 785w, 74Os, 728vs, 692~s. 665m, 615w, 545m, 
535s. 52Os, 5lOs, 49Ow, 482w, 469~. 

(5) Bis(dipheny/phosphino)methane(trimethylphosphine)neopen- 
ty/rhodium(f) 

In a similar way from neopentylmagnesium bromide (2.0cm3, 
0.42 M in Et,O; 0.82 mmol) and a THF solution @cm’) of 
RhCl(dppm)(PMes) (0.47 g, 0.79 mmol) at - 78°C. The petroleum 
extract was concentrated to ca. 6Ocm’ and cooled to -20°C to 
give orange crystals. Yield: 0.4g, 75%; m.p., IX5°C. [Found: C, 
62.2 (62.5); H, 6.6 (6.6); P, 14.2 (14.6)%. A4, 610 (634)]. 

NMR. ‘H: I.11 d (9), .Z(P-H)=6.5Hz, PMes; 1.37s(9), 
CH,Chfe,; 1.93 br, m (2), CZZ2CMel 3.95 t (2), Z(P-CZ&)= 
16.8 Hz, PC&P; 7.0-7.8 br, m (20) Ph2P. “P{‘H}: see Table I. 

IR. 3035w, 3028~. 1585m. 157Ow, l482m, 1434s, 1420~. l348m, 
1307w, 13OOw, 1278m, 1229m, 1175~. lO92s, 1081m, 1069w, 
1029m. IOOOm, 948s, 93Om, 842w, 76Ow, 755m, 74Ovs, 725s, 7lSm, 
7OOvs, 665~. 615w, 540m. 509m, 488m, 44Om. 430m, 420m. 

(6) Bis(diphenylphosphino)methane(trimethylphosphine)neo- 
phylrhodium(1) 

As in (4). but using neophyl magnesium chloride (l.9cm3, 
0.6 M in Et,O; I.14 mmol) and a THF solution @cm’) of 
RhCl(dppm)(PMes) (0.6g, I mmol) at - 78°C. The petroleum 
extract was concentrated to co. 60cm3 and cooled to -20°C to 
give orange crystals. Yield: 0.56 g, 80%; m.p., 168-9°C. [Found: 
C, 65.5 (65.5); H, 6.5 (6.3): P. 13.3 (13.4)%. M 670 (6%)1. 

NMR. ‘H: 0.84d (9), Z(P-H)= 7.1 Hz, Phfe,; 1.73 s (8), 
CH,CMe,Ph; 3.9 br, m (2), PCH2P; 6.8-8.4 br, m (25). Ph2P and 
PhMe2C. “P{‘H}: see Table I. 

IR. 3030m, 3015m, 197Ow, l95Sw, 188Ow, 18lOw, 1486m, 156Om, 
148Os, 1431s. l418s, 1345m, 1297m. 1279s. 1233~. ll9Ow, 1176~. 
109Ss, 1082s, 1067m, 104Om, 1027m. IOlSm, lOOOw, 94Ovs, 93Ovs. 
842m. 767m. 758m. 749s. 735s. sh. 720~s. 692~s. 670m. sh. 662s. 
64Ow; 618w,‘56Om,‘53Sml SlOm, 4&m, 43Om, 415~. ’ 

(7) Bis(diphenylphosphino)methane(trimethylphosphine)-~s- 
cyclopentadienylrhodium(I) 

Sodium cyclopentadienide (I cm3, I.12 M in THF; I.12 mmol) 
was added to a toluene solution (50cm’) of RhCl(dppm)(PMes) 
(0.65 g, 1.09 mmol) at - 50°C. The mixture was allowed to warm 
and stirred at room temperature for I2 hr. Volatile materials were 
removed under reduced pressure. The residue was extracted into 
petroleum (3 x 4Ocm’) and filtered. The combined tiltrate was 
concentrated to ca. 60cm3 and cooled to -20°C to give red 
crystals. Yield: 0.5 g, 75%; m.p., I l2-3°C. [Found: C, 63.4 (63.0); 
H, 5.8 (5.7); P, 14.6 (14.8)%. M 600 (628)]. 

NMR. ‘H: 0.85 d (9), Z(P-H) = 8.7 Hz, PMer; 3.3 d (2). J(P- 
H) = 7.6 Hz, PCH2P; 5.4 s (5), $-CsHs; 7.0-8.0 br, m (20), Ph2P. 
“P{‘H}: - 23.21 d, Z(P-P) = 97.6 Hz, Ph2P-CH2(Phz)PRh; 
- 2.2 d of d, J(Rh-P) = 208.6 Hz, J(P-P) = 55.3 Hz, PMe,; 47.9 d 
of d, Z(Rh-P) = 231.9 Hz; (J(P-P) = 97.6; Z(P-P) = 55.3 Hz, 
RhPPh,CH,PPh,. 

IR. 302Ow, 161&v, 1586w, 1486m, 1480m, 1434s, 142Om, 133Ow. 
1308m, 1298m. 1279m, ll9Ow, 118Ow. IMOw, 113Ow, 1095m,sh, 
1090s. 106Ow, 104Ow, l024m, lOO9m, lfNlOm, 992m, 948vs, 93Os, 
875m, 848m, 825w, 77Om, 759s, 745s,sh, 73Ovs, 695vs, 6759, 
66Om, 620~. SSOw, 510s. SOOs, 47lm, 464m, 45Om, 390m. 

(8) Bis(diphenylphosphino)methane-~5-cyclopentadienylrho- 
dium(l) 

(a) A toluene solution (SOcm’) of (n5C,H,)Rh(dppm)(PMe,) 
(0.3 I. 0.47 mmol) was refluxed for 18hr. The solution was 
evaporated to dryness. The residue was washed with petroleum 
(2 x 30cm3), extracted into toluene (20cm’) and filtered. The 
filtrate was concentrated to ca. 2 cm3 and cooled at - 78°C to 
give orange crystals. Yield: 0.25 g, 95%; m.p., 1%200°C. [Found: 
C, 65.6 (65.2); H, 5.1 (4.9), P, 10.9 (ll.2)%. M 530 (552)]. 

NMR. ‘H: 3.90 t of d (2). J(P-H) = 10.6 Hz. _URh-H) = I.5 Hz. 
PCH,P; 5.50 d (5), Z&h-&H,) = 0.6 Hz, &Cs&; 7.04- 
7.75 br. m (20). Ph,P. “PI’HI: - II.59 d. J(Rh-P) = 163.4 Hz. 

IR. 307Ow, ‘305Ow, 194bbr: w, I%Obr; w, 1825br, w, lS80m, 
IS7Om, 148Om, 1435s, 1327w, l305w, l275w, l26Om, IlIIUm, 
1156~. 1lOOm. 1090s. 1080s. 102Sm. IOOOm, 870~. 850~. 8lOw, 
770s. 75Os, 73Os, 695s, 660~. 618w, 550s. 512s, 49Ow, 482~. 470m, 
423m. 

(b) Sodium cyclopentadienide (0.5 cm3, I.12 M in THF; 
0.56 mmol) was added to a THF solution (30cm3) of 
RhCl(dppmh (0.4 g; 0.44 mmol) at 0°C. The solution was warmed 
and stirred at room temperature for I8 hr. The deep red solution 
was evaporated and the residue extracted into 20 cm’ of toluene 
and filtered. The f&rate was concentrated to ca. IO cm3 and then 
20 cm’ of diethyl ether were added to the solution and cooled at 
- 20°C. Dppm lirst crystallised and was removed, after which the 
filtrated was concentrated to ca. 5 cm3 and cooled at - 20°C to 
give orange crystals. Yield: 0.22 g, 90%. 

(9) Bis[bis(dipheny/phosphino)methane]methylrhodium(I) 
Methyllithium (0.5 cm3, I.1 M; 0.55 mmol) was added to a 

toluene solution (40 cm’) of RhCl(dppmh at 0°C and the solution 
stirred at room temperature for 18hr. when the solvent was 
removed. The residue was extracted into toluene (2 x 20 cm3), the 
combined filtrate concentrated ca. 20 cm3 and cooled at - 2o”C, 
to give orangered crystals. Yield: 0.37g, 80%; m.p., 218°C. 
[Found: C, 69.1 (69.1); H, 5.1 (5.3); P, 14.2 (14.0)%. M 860 (886)]. 

NMR. ‘H: 0.29 s (3). Rh-CH,; 3.83 b, s (2). PCH,P; 4.08 b, t 
(2), Z(P-CHz) = 9 Hz, PCHzP; 6.7-6.9, br, m (40) Ph2P. “P{‘H): 
AA’BB’M spectrum, - 19.04, J(Rh-P) = 122 Hz, Z(P-P) = 302 HZ; 
- 26.24,Z(Rh-P) = IO1 Hz, Z(P-P) = 302 Hz. 

IR. 3025w, 1582w, 1480m. 1432s, 1428s,sh, 13OOw. 1272w, 
ll7Ow. IlSOw, IllOm, 1095s, 1065w, 1025m, IOOOw, 992w, 878m, 
852m, 74Os, 73Om, 722m, 696s, 666w, 540m, 521s. 512m, sh, 508s, 
483m, 420m. 
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NOTES 

Coordination compounds of [Hg{PPh2[M(CO)&l, 04 = Cr, MO, W) 

(Received 25 February 1982) 

Abstract-Coordination of various neutral N and 0 ligands causes drastic changes in ‘@P-‘wg) (increase up to 
the threefold) and @‘P) (shifts up to 30ppm to low frequencies), which are due to the presence of the M(CO)J 
groups. The complexes with DMSO, phen and bipy were isolated in the solid state. No coordination of 
[Hg{PCydCr(CO)5]}d with the above ligands is observed. 

INTRODUCTION 

Whilst the coordination behaviour of mercury(H) halides, pseu- 
dohalides and organomercury compounds is well investigated,’ 
there is only limited information on the coordination of Hg-P 
bonded species: Cationic [Hg(PR&’ is known2 to coordinate 
two more PRr to form [Hg(PR&]2’, and phosphine coordination 
compounds of the Hg-P bonded [Hg(P(O)(OEf)&] have recently 
been reported.’ On the other hand no coordination compounds 
between [Hj{PPh2[M(CO),]}& (M = Cr, MO, W), (1) and PPh3 
are formed. 

1 Hg 2 M = Cr, MO, W. 

L ‘MWh J 

RESULT?3 AND DISCUSSION 

This fact seems to be due to steric reasons rather than to the 
electronic acceptor qualities of mercury in 1 since we were able 
to detect, and isolate in part, a number of coordination com- 
pounds with N and 0 donor ligands. 

1 forms isolable 1: 1 complexes with bidentate phen (l,lO- 
phenanthroline) and bipy (2,2’-bipyridyl) and 1: 2 complexes with 
monodentate DMSO (dimethyl sulphoxide) (Table 1). On the 
other hand the new compound [HgIpCy&!r(CO)&l (Cy= 
Cyclohexyl) forms no complexes with the above ligands 
presumably due to steric reasons. 

Coordination of 1 results in large effects upon ‘J(“P-‘?Ig) 
and S(“P) (Table 2). For example the coupling constant ‘R3’P- 
‘wg) of [Hg{PPh2[Cr(CO)&j increases from 64OHz for the 
pure compound to 2046Hz for its phen complex, i.e. by more 
than a factor of 3. The “P chemical shift decreases from 
77.2 ppm to 47.7 ppm by the unusually large amount of 30 ppm. 
No comparable effects were noted for the corresponding reac- 
tions of the Hg-P bonded [Hg{P(0)(Oet)2}2] and [Hg{P(O)I- 
Bu)3J. The effects seem thus to be associated with the electronic 
properties of the M(CO)s group. 

Mercury(H) compounds are known to form Lewis acid-base 
adducts with various basic transition metal (e.g. group VIB) 
compounds’ and hence the N and 0 donors may possibly com- 

Table 1. Analytical data of [Hg{PPh2[M(CO)$&,,j 

M L n C” H” N” 

Cr DMSO 2 4l.2 (41.1) 3.0 (2.9) 
Cr bipy 1 47.8 (47.6) 2.5 (2.5) 2.6 (2.5) 
Cr phen 1 48.8 (48.7) 2.6 (2.5) 2.4 (2.5) 
MO DMSO 2 38.2 (38.1) 2.8 (2.7) 
MO bipy 1 44.0 (44.1) 2.5 (2.4) 2.3 (2.3) 
MO phen 

: 
45.4 (45.2) 2.2 (2.3) 2.4 (2.3) 

W . DMSO 33.2 (33.2) 2.5 (2.3) 
W bipy 1 38.4 (38.4) 2.0 (2.1) 1.9 (2.0) 
W phen 1 39.8 (39.5) 2.3 (2.0) 2.0 (2.0) 

“Found (talc.). 

Table 2. NMR parameters of [Hg{PPh2[M(CO),]}2~4 

M L n solvent B(“P) ‘J(3’P-‘“Hg) 

Cr CH2Cl2 77.2b f&lob 
MO ChrCl2 50.5b 525b 
W CH2Cl2 27.4b 72Sb 
Cr phen 1 CHrCl2 47.7 2046 
MO phen 1 CH2Cl2 22.8 1958 
W phen 1 CH2Cl2 0.9 2231 
Cr bipy 1 CH2Cl2 53.9 1742 
MO bipy 1 CHzCl2 31.6 1488 
W bipy 1 CH2Cl2 6.8 1879 
Cr 1 pyridine 63.4 1433 
MO pyridine 37.3 1318 
W pyridine 14.8 1582 

’ 10e4 mol/cm’, 301 K, chemical shifts in ppm to high frequency 
of 85% H3POc coupling constants in Hz. 

“Taken from Ref. 4. 

pete with an interaction between mercury and the metal M = Cr, 
MO or W of 1. 

The complexation by N and 0 donors is associated with a 
decrease in v(C0) absorptions of 1 up to 10 wavenumbers. Shifts 
to hi frequencies were observed for Lewis acid-base inter- 
actions between substitufed group VI B carbonyl compounds and 
mercur&H) compounds.‘ 

The H$ chemical shift of 1 (M = Cr) changes from 1278 ppm 
in CHsCls to 1335ppm in pyridine [reference aqueous 
Hg(ClO.&], this difference being small in comparison with other 
mercury(B) compounds. 

The complexes of 1 with bipy and phen are essentially non- 
dissociated in solution, whilst the DMSO complexes are con- 
siderably dissociated (decrease of S(“P) and increase of ‘J(3’P- 
‘?Ig) upon cooling or presence of excess l&and.) The 
monodentate ligands pyridine-N-oxide and pyridine behave in the 
same way. No complexation was observed with Ph2.S as in- 
dicated by unchanged S(“P) and ‘J(3’P-‘qg) values of 1. 

Solutions of one half equivalent phen or bipy and 1 exhibit one 
broad (W l/2 = 200 Hz)~‘P resonance at ambient temperature which 
resolves to the sharp signals of the uncomplexed 1 and its phen 
or bipy complex upon cooling below 263 K. This is due to the 
ligand exchange reaction (I), 

WgPPhdW0h1k~l+ D-MF’PhdWXMkl = 

tfW'hMCOMk1 + [W’PhdM(C0hlkLl 

L = phen or bipy (1) 

and proves the stoicheiometry of the co-ordination complexes in 
solution. 

NMR spectra were recorded on a Bruker WP-flO in the FI 
mode, chemical analyses were obtained with a Heraeus EA-415. 
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820 Notes 

All operations were carried out under dinitrogen in dried 
solvents. 

PAUL PERINGER 

The compounds 1 were prepared as described previously: the 
Institut fiir Anorg. und Anolyt. 

Chemie der Universitiit Innsbruck 
new [HgpCy2[Cr(CO)&] was obtained analogously to 1: yel- 
lowish-white crystals, dec. above 200°C; found: C 41.7, H 4.6, 
talc. for C34H44Cr2Hg010P2: C 41.7, H 4.5; Molecular weight: 978 
(MS, based on 52Cr and %g), S(“P): 90.6, ‘J(3’P-‘?Ig): 603 Hz 
(5 x IO-’ mol/cm’ CH2C12, reference 85% H3P04). 

The DMSO complexes crystallize upon addition of excess 
DMSO to CH2C12 solutions of 1. They are only sparingly soluble 
in DMSO and better in CH#& The bipy and phen complexes 
were obtained by slow evaporation of equimolar solutions of the 
ligands and 1 in toluene. (The crystallisation tendency of the 
phen complexes is rather low.) 

Acknowledgement-Thanks are due to the Fonds zur Fiirderung 
der Wissenschaft, Vienna, for making available the NMR spec- 
trometer. 

Innrain 520, 
A-6020 Innsbruck. Austria 
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Fragmentation of Cc4-oxohexa-p-nitratotetraberyllium, Be.,O(NO)& under electron impact 

(Received 18 March 1982) 

Ahstraet-The behaviour of Be,O(NO,& under electron impact is similar to that of its carboxylato analogues, 
Be.,O(RCO& where R is H, alkyl or halogenated alkyl. In all these systems, the dissociation of the molecular ions 
is dominated by steric interactions. The major fragmentations involve the elimination of N20J or (RCO),O and 
Be(N03)2 or Be(RC02)2 from the ions [M-N03]+ or [M-RCO*]+. The results obtained conlirm the structural 
similarity of the nitrato complex to tetra-nuclear beryllium oxocarboxylates. 

pd-Oxohexa-CL-nitratotetraberyllium (beryllium oxonitrate) was 
fust synthesized by Addison and Walker.’ The uroduct com- 
positi&, its volatility and IR spectrum in the r&ion of NO1 
stretches enabled the authors to suggest a structure similar to the 
more familiar beryllium oxocarboxylates, with bridge ligands 
linking pairs of metal ions along 6 OBed tetrahedron edges. This 
structure was later confirmed by X-ray diffraction.’ 

Earlier, electron impact induced fragmentations of a number of 
tetranuclear metal oxoacido complexes= and metal nitrates’ 
have been studied. We now report the results of a mass spec- 
trometric study of Be,O(NO,), undertaken in order to determine 
the molecular composition of this compound in the gas phase for 
the purpose of interpreting its electron diiraction pattern. The 
spectrum was recorded on an AEI MS-30 instrument equipped 
with a DS-50 data processing system. The conditions were: direct 
inlet system temperature 3o”C, ionizing chamber temperature 
25O”C, ionizing electron energy 70 eV, emission current 100 mcA. 
The compound was prepared by nitration of BeCI, with nitric 
anhydride followed by sublimation of the product at 130-140°C.” 

The metal-containing fragment ions observed in the spectrum 
are shown in Scheme 1. On the whole, the spectrum is analogous 
to the spectra of beryllium and zinc carboxylato complexesM on 
the one hand and to those of Group IV metal tetranitrates’ on the 
other. None of these spectra contains the molecular ion; the 
heaviest ions are formed by the elimination of one acido ligand 
radical from [hi]+. Further fragmentations of transition metal 
nitrates (Ti, Zr, Hf, Sn, V’) involve the loss of N20J, N206, NO 
and NO1. The relative intensities of fragment ions formed from 
[Be,O(NO,),]+ (with retention of its tetranuclear core) and from 
[Ti(NO,),]+ in sequential fragmentation steps are compared in 
Table 1. The spectra are obviously similar which, probably, 
reflects similarity in the nature of nitrato group interactions with 
heavy cations and the tetra-nuclear cluster OBe. The presence 
of ions d in the spectrum of Ti(NO&, was explained’ by the 
change of Ti valency state to 2t; the absence of the correspond- 

ing ions in the spectrum of BqO(NO& confirms this explana- 
tion. With titanium, steps e and f lead to the intense oxo-ions 
[Ti03]+ and [TiOd’ whose further fragmentations are impeded 
by the absence of intact ligands. Fragment ions formed-from 
IBedO(N03,1+ at the corresuondina steps still contain NO, 
group\ aniie for that reasonless scble. in spite of that, the e/j 
intensity ratios (i.e. the relative probabilities of the formation of 
ions e and f, see Scheme 1) are approximately the same in the 
two spectra. Lastly, the fragmentation chain is longer with 
Be,O(NO& because of the presence of a larger number of 
ligands in the parent ion. 

The other fragmentation path of beryllium oxonitrate naturally 
absent in the spectra of mononuclear cbmplexes involves the loss 
of the Be@J03)* molecule from [Be,0(N03)j]’ (the correspond- 
ing transition was proved by metastables for beryllium oxocar- 
boxylato complexes) and leads directly to the most hitense 
metal-contain& ion. IBe~O(NO&l+. The further dissociation of 
this ion proceids as‘ wi& ‘te&&clear fragments. Similar in 
nature and intensity processes are observed in all the beryllium 
and zinc I,-oxoderivatives studied.= The summed intensities of 
tri- and tetra-nuclear fragments in the spectra of beryllium 
oxonitrate and its structural analogues are compared in Table 2. 

The data given in that table are indicative of comparative 
independence of cluster unit fragmentations on the ligand elec- 
tronic properties. This substantiates the stereochemical rational- 
ization of the stabilization processes in electron impact induced 
mass spectra of inorganic coordination compounds suggested in 
our earlier works.= This typically inorganic type of behaviour 
depends probably on predominantly ionic nature of interactions 
between lids and the inorganic core. 

A detailed comparison of the data on beryllium compounds 
lends further support to this conclusion. Thus, [Be,OXd’ ions, 
where X is an acid0 lid, all fragment by two mecha&ms, by 
splitting off of the corresponding acid anhydride with the for- 
mation of the ions [BedOX30]+ and by the loss of the Be& 
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Be,O(NO,), 
+e 

I - 2e. -NOs 

+ 21 
[BerO(NOa),Ol 

[Be30(N0&l+ - N,O,.-NO, 

229(83.7) 
+ [BesOl’ 

75(0.9) 

I -WNO& 

I 
[Be,O(NO&l 

4 

b,362(26.5) 

(Be(NO),] ’ 69(0.6), 
[Be,O(NO)]’ 64(1.6) 

[Be40(N0&02]’ 
f .208(5.4)\ 

/ -Non 
Pe40(NOs)021+ 

g,l46(2.3) 

[Be~O(NO&031’ 
e,224(2.0) 

Scheme 1. Fragmentation of Be,O(NO,), under electron impact. The m/e values and relative intensities (in 
parentheses) are given. The ions included in Table 1 are labelled by letters. The intensities are related to [NO*)+ as 

base ion. 

Table 1. Relative intensities of metal-containing ions in the spectra of Ti(N0,): and Be40(N0&* (in per cent of 
the summed intensities) 

_ 
Be40(I03) 6 

&i] + 

&-iT031+ 

Lb-'T205'1 + 

[b-X2061+ 

I_-iTO]+ 

p::o,1+ 

p-;:,051+ 

[f-li205-y 

[fpi:02]+ 

35.7 40.5 

15.5 40.4 

3.0 

13.7 3.1 

32.1 8.3 

3.5 

4.3 

'I'o-tul 100 100 

*Tetranuclear ions only are included. 

molecule and formation of the planar [Be,OXs]+ ion: the most 
stable particle in ah the spectra studied. In the further frag- 
mentations, the major process is the elimination of NO* 
(CHalsCO, from halogenated beryllium oxoacetates) with oxygen 
(halogen) transfer to the free coordination site on the inorganic 
core (with hydrogen-containing ligands such as carboxylato and 
alkoxo groups, the correspondii process involves proton shift 
to oxygen and splitting off of ketene or olefmic fragments). The 
specific feature of the spectrum of beryllium oxonitrate, the 
elimmation of NO and lie fragments, may reasonably well be 
explained by the presence of a variable valence element in the 

@and (for details see Ref. [71). The appearance of double char- 
ged ions in the spectra of xinc and halogenated beryllium oxo- 
carboxylates (see the ion [Be,O(NO,),O]*+, Scheme 1) is dis- 
cussed in the work.’ 

The absence of the ions whose origin from [Ml’ is doubtful or 
merely does not fit the schemes usual for beryllium complexes 
and metal nitrates has two important implications. First, it points 
to the uniformity of the molecular composition of Be,O(NO?k in 
the gas phase which is important for the interpretation of its gas 
phase electron ditfraction pattern we are now completing. 
Second, the striking similarity of the mass spectra of all beryl- 
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Table 2. Intensities of tetra- and trinuclear ions in the mass spectra of Be.,O& (X is an acido ligand) 

2. 

::0 
3 

IiC02 

CH3C02 

CF3C0, 

CC13C02 

Be4 Be3 
Refs. 

39.7 60.3 This c 

54.2 41.2 [31 

63.1 33.1 C3I 

76.2 23.8 [53 

54.9 35.9 151 

hum pl-oxoacido complexes presupposes a similarity in the 
structures of these compounds. 

To conclude, we wish to emphasize once more that the mass 
spectrometric evidence collected in this work and in those cited 
above shows that with inorganic coordination compounds, ligand 
electronic effects are of only minor importance in determining 
the direction of ion stabilization processes. In return and in part 
as a consequence, mass spectra of inorganic complexes are an 
especially useful source of structural information. 
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(Received 19 April 1982) 

Ah&act-Final assignment of all eight signals in the “B NMR spectrum (64.2MHz) of S&dicarba-nido- 
decaborane (12) is reported on the basis of its substituted derivatives. 

5,6-Dicarba-nido-decaborane (12), 5,6-CZB8Hj2 (I), was prepared 
independently by two diierent methods by Rietz et al.’ and in our 
laboratorv?3 On the basis of ‘H and “B NMR results. both 
groups siggested for (I) the same asymmetrical structure iso- 
electronic with the [BlaH1212- anion. The molecular structure of 
(I). shown- in Scheme 1, has recently been unambiguously 
confirmed by an X-ray diffraction study4 on iso-B&22, which is 
the g-substituted derivative of (Qs6 First attempts to assign the 
“B NMR spectrum of (I), based on its certain analogy with that 
of BIoI-I~~, were made by Rietz’ and in our laboratory,*” but a 
more rigorous assignment should be done only on the basis of 
specifically substituted derivatives of (I). Their syntheses are 
based on an oxidative dearadation2.‘.” of the B(9 or 1 I) atom in 
the framework of [7,g-C2&Hj2]- (see Scheme i) or od a direct 
substitution of (I). 

We report herein a final assignment of the “B NMR spectrum 
of (I) (see Fii. la) consisting of eight doublets of equal intensity. 
The C, E and F signals exhibit coupling to hydrogen bridges and 
should therefore be associated with the B(g, 9, 10) atoms. In 
accord with this finding is an evident sharpening and narrowing 
of these signals in the spectrum of ~-D2-5,6-C2BsH1,,(lI) pre- 
pared by the exchange reaction of (Ij with 90 in ether. iine 
narrowing in the “B NMR spectrum of (I) (see Fig. lb) revealed 
a distinct splitting’ of the doublet F, which is typical of a 
C-B-FH arrangement* and the resonance F should therefore be 
due to the B(10) atom. The doublet E is distinctly split by an 
apparent “B-“B coupling and can be attributed to the B(9) atom. 

Ferric chloride oxidation of the [S-Cl-7,g-C2B9Hll]- anion’” 
produced the mixture of 4-Cl-5,6-C2BsH11 (III) and g-Cl- 
CzBsHll (IV) from which pure compounds were isolated using 
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Table 2. Intensities of tetra- and trinuclear ions in the mass spectra of Be.,O& (X is an acido ligand) 

2. 

::0 
3 

IiC02 

CH3C02 

CF3C0, 

CC13C02 

Be4 Be3 
Refs. 

39.7 60.3 This c 

54.2 41.2 [31 

63.1 33.1 C3I 

76.2 23.8 [53 

54.9 35.9 151 

hum pl-oxoacido complexes presupposes a similarity in the 
structures of these compounds. 

To conclude, we wish to emphasize once more that the mass 
spectrometric evidence collected in this work and in those cited 
above shows that with inorganic coordination compounds, ligand 
electronic effects are of only minor importance in determining 
the direction of ion stabilization processes. In return and in part 
as a consequence, mass spectra of inorganic complexes are an 
especially useful source of structural information. 
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Ah&act-Final assignment of all eight signals in the “B NMR spectrum (64.2MHz) of S&dicarba-nido- 
decaborane (12) is reported on the basis of its substituted derivatives. 

5,6-Dicarba-nido-decaborane (12), 5,6-CZB8Hj2 (I), was prepared 
independently by two diierent methods by Rietz et al.’ and in our 
laboratorv?3 On the basis of ‘H and “B NMR results. both 
groups siggested for (I) the same asymmetrical structure iso- 
electronic with the [BlaH1212- anion. The molecular structure of 
(I). shown- in Scheme 1, has recently been unambiguously 
confirmed by an X-ray diffraction study4 on iso-B&22, which is 
the g-substituted derivative of (Qs6 First attempts to assign the 
“B NMR spectrum of (I), based on its certain analogy with that 
of BIoI-I~~, were made by Rietz’ and in our laboratory,*” but a 
more rigorous assignment should be done only on the basis of 
specifically substituted derivatives of (I). Their syntheses are 
based on an oxidative dearadation2.‘.” of the B(9 or 1 I) atom in 
the framework of [7,g-C2&Hj2]- (see Scheme i) or od a direct 
substitution of (I). 

We report herein a final assignment of the “B NMR spectrum 
of (I) (see Fii. la) consisting of eight doublets of equal intensity. 
The C, E and F signals exhibit coupling to hydrogen bridges and 
should therefore be associated with the B(g, 9, 10) atoms. In 
accord with this finding is an evident sharpening and narrowing 
of these signals in the spectrum of ~-D2-5,6-C2BsH1,,(lI) pre- 
pared by the exchange reaction of (Ij with 90 in ether. iine 
narrowing in the “B NMR spectrum of (I) (see Fig. lb) revealed 
a distinct splitting’ of the doublet F, which is typical of a 
C-B-FH arrangement* and the resonance F should therefore be 
due to the B(10) atom. The doublet E is distinctly split by an 
apparent “B-“B coupling and can be attributed to the B(9) atom. 

Ferric chloride oxidation of the [S-Cl-7,g-C2B9Hll]- anion’” 
produced the mixture of 4-Cl-5,6-C2BsH11 (III) and g-Cl- 
CzBsHll (IV) from which pure compounds were isolated using 
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preparative HPLC technique. Analogous oxidation of [PCI-7,8- 
CzBsHI ,I- and [EPh-7,8-C2BsHr I]- afforded respectively 10-C]- 
5,6-C2BsHll y and a mixture in which 2-Ph-5,6_C&Hrr (VI) pre- 
dominated. ’ B NMR spectra of compounds (H&o (see Table 
I), in which the resonances of substituted atoms collapsed to 
downfield shifted singlets, allowed us to identify the signals due 
to the B(4,8,10,2) atoms. Ferric chloride oxidation of the 
[1,5,6,1~1~D4-7,8-C*B~H~- anion, obtained by base degradation 
of the 8,9,10,12-D4-1,2-C2BloHs dicarbaborane, resulted in the 
isolation of 3,4,8,9-D4-5,6-C2BsH9 (VII). Replacement of four 

hydrogens for deuterium caused the resonances C, D, E and H 
to collapse to sharp singlets, which enabled us to assign the 
signal D to the B(3) atom. Only resonances due to B(1) and B(7) 
atoms remain to be assigned. 

The following order of reactivity toward electrophihc sub 
stitution can be expected from the CNDO/Z atomic charges (in 
Z): B(7) (-0.05) > B(4) (-0.03) > B(3), B(9) (tO.02) > B(8), B(10) 
(tO.04) > B(2) (tO.05) > B(1) (tO.06). Strong preference for elec- 
trophihc substitution at the B(7) site is also indicated by the 
character of the highest occupied molecular orbital. Direct 

Scheme 1 

a 

b 

I I I I I I 
30 20 10 0 -10 -20 -I -30 PPm 

Fig. 1. “B NMR (64.2MHz. CLX&) spectrum of 5,6CrBsHr2 (a) normal (b) line narrowed (c) line narrowed, ‘H 
decoupled. 
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Table 1. Assignment of signals in the “B NMR spectra of substituted derivatives of $6CrBsHrr 

Compound 

B(7) B(1) B(8) B(3) 
6.8 5.2 3.6 -2.1 
1.2 6.4 4.0 -0.8 
9.3 5.3 11.7” -2.4 
7.6 6.7 -0.2 -0.2 
6.5 5.0 3.3s -2.6” 
9.6” 1.4 5.7 -1.0 

-4.5$ 6.7 0.0 
6.5” 3.3 -2.6” 

B(9) B(l0) 
-4.2 -9.1 
-3.2 -10.0 
-6.2 -15.5 
-6.7 -0.2” 
-3.7” -10.0 
-2.5 -8.8 
-2.8 -9.5 
-3.7 -10.0 

B(2) B(4) 
-27.0 -38.8 
-26.9 -21.8” 
-27.2 -37.5 
-27.1 -38.0 
-27.2 -39.1” 
-26.3 -39.2 
-26.0 -38.3 
-27.2 -39.1S 

*In ppm relative to BFs.OEtr at 64.2 MHz in CDCls 

bromination and iodination of (I) in the Ah&/C& system 
produced” monohalogenated species the structure of which was, 
accepting the above quantum-chemical arguments, assigned to 
7-Br 0 and 7-I-5.6-C2B&r (IX). The 7-substitution caused 
the low field signal A to collapse to downfield and upfield shifted 
singlets in the spectra of 0 and (IX), respectively. Consistent 
with the CNDO/Z atomic charges is also the result of a prolonged 
deuteration of (I) with DCl/AlCls to obtain a trideuterated 
species (X) the “B NMR spectrum of which confirmed a quan- 
titative deuteration of the B(3,4,7) atoms. Consequently, the 
remaining doublet B is associated with the B(1) atom. 

BOHUMIL STfBR* 
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ZBYNEK JANOUSEK 
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OpthUy active (- Mdkarba-nidodecaborane (12) 

(Receiued 19 April 1982) 

Abstract-One-way conversion of the racemic (k)-5,6-dicarba-nido-decaborane (12) to its laevorotatory enantiomer 
by ( t )-N-methylcamphidme is reported. 

In I%9 we reported the resolution of 5-Br-6,9-(MerS)rBr&r (I) 
into enantiomers.’ Its laevorotatory isomer was later converted 
to the dextrorotatory enantiomer2 of 4-Br-1,2-CzB,& (II). Later 
we published’ the resolution of iso-B18H22 (Ill) into its anti- 
podes, which were remarkable by having extreme values of 
specific rotation, especially that of its mono and dianion. Until 
recently, no absolute contiguration of any optically active com- 
pound with a borane skeleton was known. However, the absolute 
configuration of the ( t J-0 enantiomer was established not long 
ago by an X-ray ditfraction study,’ which should reflect even on 
current nomenclature of borane compounds. Thus, the. cor- 
relation of (I) and (II) families is now established, while the 
absolute contiguration of (III) is hitherto unknown. 

We report herein a high yield and one-way conversion of the 
racemic’ ( f )-5,6-C2BsHt2 (IV) to its laevorotatory enantiomer 
(-)-(lV). The conversion is based on the reaction of (t )-N- 
methylcamphidine, (t )-NW, (t>(V), with racemate (IV) to 
form a diastereomeric I( t )_NMCHl+ II - ~S&C,B.H,,l- salt 
(VI) from which the (-e enantidmei is’reieased’by ‘bydro- 
chloric acid. The (t )-NMC, [a]$ t 34.0", was prepared by the 
reduction of ( t )-N-methylcamphorimide with 
NaAlH2(0CH2CH20CH& in benzene in 93% yield. According to 
our observations, tbe reaction of racemate (IV) and base (+ )-o 
can be rationalized in terms of an equilibrium precipitation of the 
salt (VI) (see Scheme). The equilibrium is then regulated by the 

solubiity product of (VI) (1.6 x lo-’ in n-hexane, estimated) and 
can be shifted in favour of (VI) by slow evaporation of solvents. 
In many experiments aimed at isolating the dextrorotatory form 
of (IV) from the solution remaining on the 1.h.s. of the equili- 
brium after removing diastereomer (VI), only racemate (IV) was 
obtained which can be. reused for further (IV)+( -)-(IV) con- 
version. Maximum yields of the total conversion ranged 85% in 
n-hexane using 1: 2 molar ratio of (IV) and ( t)-(V). 

The results so far presented are in agreement with an evident 
fluxionality of the [5,6-CrBsHrr] anion in the solution. Indeed, 
a complete racemization of pure (-)-o was achieved by the 
action of triethylamme in dichloromethane-n-hexane solution. 

As seen in Tables 1 and 2, both ‘H and “B n.m.r. spectra of 
the diastereomer (VI) in DCDl, show only minor changes in 
comparison with those of compounds (IV) and (t Hv), which 
strongly supports the idea that the diastereomer (VI), as the salt 
of a weak base ( t>(V) and a weak acid6 (- )-(IV) (PK. 6.18), is 
extensively dissociated in the solution. 

The observed maximum [I&’ value for the isolated (-HIV) 
enantiomer is very high and we feel that this is not only a 
consequence of a formal replacement of two BH- groups for two 
isoelectronic CH vertices in &,H,2]2-, but also the consequence 
of a gross distortion’ of the 5,6-C2BsHr2 framework caused by 
such a skeletal substitution. 

Due to its equilibrium character, the discussed (lV)+( -)-(lV) 
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Table 1. Assignment of signals in the “B NMR spectra of substituted derivatives of $6CrBsHrr 

Compound 

B(7) B(1) B(8) B(3) 
6.8 5.2 3.6 -2.1 
1.2 6.4 4.0 -0.8 
9.3 5.3 11.7” -2.4 
7.6 6.7 -0.2 -0.2 
6.5 5.0 3.3s -2.6” 
9.6” 1.4 5.7 -1.0 

-4.5$ 6.7 0.0 
6.5” 3.3 -2.6” 

B(9) B(l0) 
-4.2 -9.1 
-3.2 -10.0 
-6.2 -15.5 
-6.7 -0.2” 
-3.7” -10.0 
-2.5 -8.8 
-2.8 -9.5 
-3.7 -10.0 

B(2) B(4) 
-27.0 -38.8 
-26.9 -21.8” 
-27.2 -37.5 
-27.1 -38.0 
-27.2 -39.1” 
-26.3 -39.2 
-26.0 -38.3 
-27.2 -39.1S 

*In ppm relative to BFs.OEtr at 64.2 MHz in CDCls 

bromination and iodination of (I) in the Ah&/C& system 
produced” monohalogenated species the structure of which was, 
accepting the above quantum-chemical arguments, assigned to 
7-Br 0 and 7-I-5.6-C2B&r (IX). The 7-substitution caused 
the low field signal A to collapse to downfield and upfield shifted 
singlets in the spectra of 0 and (IX), respectively. Consistent 
with the CNDO/Z atomic charges is also the result of a prolonged 
deuteration of (I) with DCl/AlCls to obtain a trideuterated 
species (X) the “B NMR spectrum of which confirmed a quan- 
titative deuteration of the B(3,4,7) atoms. Consequently, the 
remaining doublet B is associated with the B(1) atom. 
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OpthUy active (- Mdkarba-nidodecaborane (12) 

(Receiued 19 April 1982) 

Abstract-One-way conversion of the racemic (k)-5,6-dicarba-nido-decaborane (12) to its laevorotatory enantiomer 
by ( t )-N-methylcamphidme is reported. 

In I%9 we reported the resolution of 5-Br-6,9-(MerS)rBr&r (I) 
into enantiomers.’ Its laevorotatory isomer was later converted 
to the dextrorotatory enantiomer2 of 4-Br-1,2-CzB,& (II). Later 
we published’ the resolution of iso-B18H22 (Ill) into its anti- 
podes, which were remarkable by having extreme values of 
specific rotation, especially that of its mono and dianion. Until 
recently, no absolute contiguration of any optically active com- 
pound with a borane skeleton was known. However, the absolute 
configuration of the ( t J-0 enantiomer was established not long 
ago by an X-ray ditfraction study,’ which should reflect even on 
current nomenclature of borane compounds. Thus, the. cor- 
relation of (I) and (II) families is now established, while the 
absolute contiguration of (III) is hitherto unknown. 

We report herein a high yield and one-way conversion of the 
racemic’ ( f )-5,6-C2BsHt2 (IV) to its laevorotatory enantiomer 
(-)-(lV). The conversion is based on the reaction of (t )-N- 
methylcamphidine, (t )-NW, (t>(V), with racemate (IV) to 
form a diastereomeric I( t )_NMCHl+ II - ~S&C,B.H,,l- salt 
(VI) from which the (-e enantidmei is’reieased’by ‘bydro- 
chloric acid. The (t )-NMC, [a]$ t 34.0", was prepared by the 
reduction of ( t )-N-methylcamphorimide with 
NaAlH2(0CH2CH20CH& in benzene in 93% yield. According to 
our observations, tbe reaction of racemate (IV) and base (+ )-o 
can be rationalized in terms of an equilibrium precipitation of the 
salt (VI) (see Scheme). The equilibrium is then regulated by the 

solubiity product of (VI) (1.6 x lo-’ in n-hexane, estimated) and 
can be shifted in favour of (VI) by slow evaporation of solvents. 
In many experiments aimed at isolating the dextrorotatory form 
of (IV) from the solution remaining on the 1.h.s. of the equili- 
brium after removing diastereomer (VI), only racemate (IV) was 
obtained which can be. reused for further (IV)+( -)-(IV) con- 
version. Maximum yields of the total conversion ranged 85% in 
n-hexane using 1: 2 molar ratio of (IV) and ( t)-(V). 

The results so far presented are in agreement with an evident 
fluxionality of the [5,6-CrBsHrr] anion in the solution. Indeed, 
a complete racemization of pure (-)-o was achieved by the 
action of triethylamme in dichloromethane-n-hexane solution. 

As seen in Tables 1 and 2, both ‘H and “B n.m.r. spectra of 
the diastereomer (VI) in DCDl, show only minor changes in 
comparison with those of compounds (IV) and (t Hv), which 
strongly supports the idea that the diastereomer (VI), as the salt 
of a weak base ( t>(V) and a weak acid6 (- )-(IV) (PK. 6.18), is 
extensively dissociated in the solution. 

The observed maximum [I&’ value for the isolated (-HIV) 
enantiomer is very high and we feel that this is not only a 
consequence of a formal replacement of two BH- groups for two 
isoelectronic CH vertices in &,H,2]2-, but also the consequence 
of a gross distortion’ of the 5,6-C2BsHr2 framework caused by 
such a skeletal substitution. 

Due to its equilibrium character, the discussed (lV)+( -)-(lV) 
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solution precipitate 

(-t)-5,6-;&&H,, t (+)-NMCs( +)-NMCH’[( -)-5,6-CAHIII 
( + )-(V) (VI) 

J dil. HCI 

[a]? for ( - )-(IV) - 841.23” 

(petrolether c 1.4) 

(-)-5,6GB8Hw 

( - NV) 

Fig. 1. Numbering system’ for two 5,6-C2BsH,2 enantiomers (a) p-(W) (counterclockwise numbering). (b) U-W) 
(clockwise numbering). 

Table 1. 

"B n.m.r. spectra (64.2 MHz) 

Compound Solvent by 

'2) cDc13 6.5(l), 5.0&, 3.3(l), -2.6(l), 

-10.0(l), -27.2(l), -39.1(l) 

'VI&J CDC13 6.6(l), 5.1(l), 3.4(l), -2.9(l) 

N*+~,6+*HJ- 

-10.0(l), -27.1(l), -39.0(l) 

CD3CN 17,5(l), 8.2(l), -1.9(l), -11.5(l), 

-14.1(l), -15.0(l), -28.7(l), -31.0(l) 

*In ppm relative to BF3.0Et2; relative intensity in parentheses. 

Table 2. - 

'H n.m.r. spectra (60 MHZ) 

Compound Solvent 5* 

( IyJ_l CDc13 6.51(1)(CH skel.), 4.99(1)(CH skel.), 

-2.4(2)@-AH) 

( V&J cDC13 6.47(1)(CH skel.), 4.97(CH skel.), 

2.71(2)(CH2N), 2.68(2)(CH2N), 2.35 

(3)(CH3N), l.72(5)(CH2,CH), 0.96 

(3)(CH3), 0.90(3)(CH3), 0.84(3)(CH3), 

-2.4(2)(8-(yH) 

(+)-(2 CDCl:, 2.52(2)(CH2N), 2.48(2)KH2N), 2.25 
. (3)(CH3N), 1.64(5)(CH2,CH), 0.91 

Na+ E*6x288H1';L- 

(3)(CH3), 0.87(3)(CH3), 0.79(3)(CH3) 

CD3CN 4.56(CH skel.) 

*In ppm relative to TMS; relative intensity and assignment in 
parentheses. 
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conversion represents a rare reaction in which a racemate can be 
converted to only one optically active form. From the above 
results it follows that the missing (+)-(IV) antipode can be 
isolated by the use of (- )-NMC or a different optically active 
base as the precipitating agent. The relevant experiments along 
with those aimed at determining the absolute con8guration in the 
5.6CzBsH,z series are now in progress. 
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Evidence for trffluoromethyltfn(If) compounds 

(Received 17 May 1982) 

&drwt-The products of several reactions between (CF,)zCd.glyme and SnIz in tetrahydrofuran have been 
examined by 19F NMR. Resonances representing the new compounds CFsCdI, CFsSnI and (CFs)zSn were assigned 
based on NMR parameters and “?Sn Mossbauer spectra. 

Although trifluoromethyl-tin (IV) compounds have been prepared 
by a variety of routes including reaction of (CHs),& with 
CF#*, of CFI radicals with SnI.,,3 of (CH&Hg with SnBr$’ and 
of (CFs)rCd with S&(X = Br, Ip,‘, corresponding tin(H) com- 
pounds have not been reported. One attempt to prepare them from 
CFjI and SnI, at elevated temperature was unsuccessful yielding 
only fluorocarbons suggestive of CFz extrusion from a transient 
Sn-CFs species*. 

We wish to report spectroscopic evidence for (CF&Sn and 
CF$nI prepared- by reactions between (CF,),Cd . giyme and 
SnI,. When freshlv oreoared THF solutions of (CF&Cd . nlvme <. . , ~,_ I_ 

and SnIz were combined in a 1: 1 molar ratio, the SnIz was 
rapidly decolourized at -14°C and a small amount of an off-white 
precipitate appeared. After 2hr, the solution was filtered and a 
sample diverted into an NMR tube and sealed. The 19F FT-NMR 
spectrum of that solution 2br. later contained resonances at 
S -33.9, -34.5, -41.3 and -46.3 (relative to CFC&). Satellites 
corresponding to ‘9F-“3Cd and 19F- “‘Cd of 473/453 and 
507/483 Hz helped identify the downfield resonances as (CF3)$d 
(I) (6 - 34.5) (Lit. For (CF3)rCd . glyme: 6 - 35.4, j = 466/445 Hz) 
and CFsCdI (II), a new compound. The S -41.3 resonance exhi- 
bits satellites (i = 233/225 Hz) attributable to @F - “?In(8.68%. 
I = l/2) and 19F- “‘Sn (7.67%. I = l/2) and we tentative]; assign 
the signal to CF,SnI (III). 

The resonance at S - 46.3 lacks satellites and is a tansient 
species, diminishing with time as new resonances form (vide 
infra). 

Several additional reactions were carried out to help identify 
the new species formed. (CF3)*Cd. glyme and SnI, were com- 
bined in a 1.5: 1 molar ratio with THF as solvent, stirred at -78°C 
for 2hr. at -14°C for 1 hr. and at 25” for 72br. after which a 
small amount of white precipitate was filtered off and the solvent 
removed in vacua. The solid residue was extracted with CHrClr 
to remove any unreacted (CF3)rCd. glyme’ and a portion of the 
residue redissolved in THF giving 19F resonances at S -33.9 

(j= 498/476Hz) (II), -41.3 (j= 234/225 Hz) (III), -43.9 (j= 
368/357 Hz), -46.5 and -51.2. The absence of the 8 -34.5 
resonance confirms its identity as I. 

The new resonance at S -43.9 is tentatively assigned as 
(CF&Sn (IV) owing to its later appearance in the spectrum of the 
products and its larger coupling constants. A reaction with a 2: 1 
ratio of (CF,bCd~elvme and SnI, in THF,. was ureuared 
directly in ab’NMR_tube. The spectrum obtained immediately 
upon warming to room temperature contained signals of I and II, 
a small signal at S -41.3(111) along witb the major peak at 
8 -46.8 and it had not noticeably changed after 40 min. 
However, after two weeks the 6 -46.8 resonance had been 
replaced by resonances at 6 - 43.2(IV) -45.1, -49.1 and -Sl.l(j = 
= 553. 528) (Fia. 1). Evidentlv the S-46.8 resonance which 
appears immediately in the reaction represents an intermediate, 
probably bimetallic, through which the CF3 exchange occurs. In the 
normal course of such exchange reactions, a nomosubstituted 
product is expected to be formed first (eqn 1) 

(CF3)rCd t Sn&CF3CdI t CF3SnI (1) 

and subsequently the disubstituted product should appear (eqns 2 
and 3): 

(CF,)zCd t CF3SnIsCF3CdI + (CF3)rSn (2) 

CF,CdI t CF3SnI&d12 t (CF3)rSn. (3) 

This sequence supports the assignments of the 6-41.3 and 
6 - 43.2 resonances as III and IV respectively. Some confirma- 
tion of this assignment comes from 19F - “P coupling constants 
of P(CF3), (85:5 f O.lOHz) and P(CF3)zI(73.2*~0.4Hz)9. Sub 
stituting iodine for CF, lowers the coupling constant which is the 
same relationship seen in IV (368/357 Hz) and (III) (234/235 Hz) 
according to our assignment”. 
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conversion represents a rare reaction in which a racemate can be 
converted to only one optically active form. From the above 
results it follows that the missing (+)-(IV) antipode can be 
isolated by the use of (- )-NMC or a different optically active 
base as the precipitating agent. The relevant experiments along 
with those aimed at determining the absolute con8guration in the 
5.6CzBsH,z series are now in progress. 
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Fig. 1. 19F NMR spectrum of Z(CFs)sCd + glyme t St& reaction in 
THFds after two weeks at room temperature. Chemical shifts are 

relative to CFQ, upfield being negative 8. 

The 6 -51.1 resonance appears in spectra of exchange reac- 
tions maintained in the THF solution onlv after extended oeriods 
but it is always present when the solvent is removed and the 
solid redissolved to obtain a spectrum. (Even when the solvent is 
not removed, some solid eventually forms in the reaction.) The 
magnitude of the coupling constants falls in the range of those 
reported for CF,-Sn(IV) compounds’,’ suggesting the resonance 
might represent [(CFsbSn], species resulting from association as 
seen in organotin(I1) compounds”. 

The solid product mixture obtained by removing solvent from 
a 1: 1 (CFs)sCd:SnIs reaction was found to contain Cd& by 
comparison of its X-ray powder diffraction pattern with that of 
an authentic sample but no other crystalline species were 
present’*. Miissbauer spectra (78K) of solids from several 1: 1 
reactions after vacuum transfer of solvent all consisted of 
asymmetric doublets (I.S. = 3.49 f 0.02 relative to BaSnO,, 
Q.S. = 1.40 kO.2 mmsec-‘). It appears that the spectra of III and 
IV are not resolved under these conditions since both are bel- 
ieved to be present. The Mdssbauer parameters closely resemble 
those of monoclinic SnF2 (LS. = 3.51, Q.S. = 16Ommsec-‘, our 
system) which could be expected from CFr extrusion by the 
CFrSn(II) species, however no lines corresponding to SnFr 
appear in the powder pattern of the solid product mixture. 
Evidently there is a coincidental similarity of Miissbauer 
parameters. 

*Author to whom correspondence should be addressed. 

Diorganostannylenes usually form insoluble oligomers, 
(R&t),. which exhibit isomer shift values characteristic of 
Sn(IV)“. In particular, [C,F,)&]., perhaps the closest analog of 
III; has a reported isomer shift of 1.69mmsec-‘, clearly in-the 
Sn(IV) region I3 CF&annylenes apparently behave somewhat . 
diierently inasmuch as no Sn(IV) species appeared in our 
M(issbauer spectra. It is tempting to attribute the ditference to 
the hi group electronegativity of CFll but further comparison 
must await isolation and a more thorough characterization of the 
products. 
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828 Notes 

INTRODUCTION Methods 
There have been reports on diaminocarboxylic acid complexes 
with uranyl and thorium ions using ionic exchange or redox 
electrode technique,‘,* but little work has been published using 
the potentiometric titration method. Only recent studies of mixed 
l&and complexes of uranyl with amino-acids and some mono- 
carboxylic acids were reported (using potentiometric titration 
method) each suggesting a relatively strong bond formation be- 
tween uranyl ion and oxygen or nitrogen in the ligand molecule. 

We wish to report the results for UOF and Th4+ complexes of 
iminodiacetic acid (HJDA), N-(2’carboxphenyl) iminodiacetic 
acid (HJADA) and [(ethylenedioxy) diethylenedinitrilo] tetra 
acetic acid (I&EGTA) each having one or more oxygen and 
nitrogen as the donor atoms in their molecules able to form 
strong bonds with uranyl and thorium ions. The effects of various 
oxygen and nitrogen donor atoms on the stabilities of metal 
chelates are compared with the chelating behaviour of com- 
pounds containing additional coordinating group other than car- 
boxylate group (i.e. IDA vs EGTA). 

Stability constants of the complexes, log KML,, and log KML2 
evaluated from the formation curves of the systems were only 
approximate when they did not differ greatly in magnitude (2.5 
log units)89; exact values were determined by eqn (I) according 
to Irving and Rossott?.’ where KML,, KML2. . . are successive 
stability constants, L = free ligand anion concentration, I = 
formation function of the system. 

(ti -q#L] 
(2 - n)Ll =KML,tKML,.KML, (l_n) 

Typical of the formation constants found are those for uranyl 
complexes of nitrilotriacetic acid and thorium complexes of 
EDTA reported as log KMI = 9.56 + 0.03 and log KMHL = 25.3 
respectively:,’ using different methods than potentiometric titra- 
tion. 

From the plot of g/(1 - rS)[L] vs (2 - fi)[L]/(l - d) the intercept 
(log KMLJ and gradient (log 82) were obtained. 

The titration curves for free ligands and in the presence of 
metal ions are given in Figs. 1-3. 

Equilibrium studies on uranyl’(VI) ion with IDA have been 
already reported at 20°C and at ionic strength I = 0.1 M;” since it 
is desirable to compare all the systems under the same experi- 
mental conditions, we have calculated the stability constants for 
IDA at I = O.lM (KNOJ and at 25°C. However, Dasilva and 
Sirnones have studied a series of amino polycarboxylic acids 
(including EGTA and ADA) complexes of UOP and gave 
KMHL values only. 

Calculated values for proton and metal complex formation 
constants are given in Table I with those reported for imin- 
odiacetic acid.“*” As expected, the benzyl group in HJADA 
reduces the donor power of the nitrogen atom in the ligand 
resulting in a lower log K, value for ADA, in contrast to its 
analogue ligands (IDA) and (EGTA). The values of log K, cor- 
respond to the protonation of the carboxy group; these are lower 
for aliphatic ligands than for those with aromatic groups in 
consequence of the inductive effect of the substituents in the 
latter. This general trend has resulted and is shown in Table I. 

EXPERIMENTAL 

Standard solutions of uranium and thorium were prepared 
from U0r(N0&6Hz0 (Analar grade, BDH). The ligands EGTA 
and ADA were of Hopkin and Williims and IDA of Fluka; all 
were used as such. The ligands were standardized with car- 
bonated free sodium hydroxide solution (O.lM). All pH 
measurements were made with an automatic Mettler pH meter 
with a combined glass and calomel electrode assembly at 25 f 
O.l”C and ionic strength of O.IM(KNOJ). The pH meter was 
standardized before each titration by potassium hydrogen 
phthalate buffer (5 x lo-* M with a pH value of 4.00 at 25°C). A 
value of 0.80 for the activity coefficient of O.lM[H+] was used’ in 
the conversion of pH values to hydrogen ion concentrations. A 
steady stream of nitrogen gas freed from carbon dioxide was 
passed over the solution during the titrations. 

Again, a comparison of results for ADA and IDA complexes 
with metals show that complexes of the latter are stronger in 
spite of ADA being more acidic than IDA. This could be attri- 
buted to the extra bonding group in ADA molecule. 

Structure of EGTA resembles that of EDTA, having four 
carboxylic groups and two nitrogens to form strong complexes 
through its oxygen and nitrogen atoms with uranyl and thorium 
ions. As it appears, the complexes of this ligand with uranyl ion 
are more stable while thorium complexes are somehow less 
stable with respect to other ligands studied in this work. This 
could be explained in terms of UOP ion being much larger than 
Tb4+ favored by a larger ligand like EGTA. Miyake and Nurn- 
berg’* have also concluded that the maximum number of ligands 
coordinated to the UOY ion in aqueous solution to increase with 
the length of carbon-chain of the ligand, and that complexes with 
a different coordination number can be formed. However, a 
maximum coordination of 8 has been suggested for uranyl ion,13 

KML,, KML2 . . . KML, . (n (:1’;;‘-‘. (1) 

ReSULTSANDDtSCUSSION 

Table I. Proton and metal complex formation constants at 25°C and I = O.lM (KNO& Standard deviation (u 
values) in parentheses 

Ligcmd x+ 

LOS7 XI Log K2 

X2IDA 9.293f4l 2.812 (41 

9.33' 2.58* 

H$DA 8.473Cil 3.768 (5) 

H4EGTA 9.12SCV 2.959 (5) 

t Ref. 9 

L Ref. 10 

8.73 (2) 

8.93 !$ 

9.71 (3) 

11.2317) 

- 

LOi’ K2 Log Kl &’ K2 

8.55 (6) 10.66 161 9.07 (71 

8.28 (81 12.93 (6) 8.40 (41 

7.80 (2) 9.89 (31 - 
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Fig. 1. Titration curves for iminodiacetic acid (HJDA) and its metal complexes at 25°C I = 0.1 (KNO,). 

0 1 -: 2 3 a 

Fig. 2. Titration curves for N-(2-carboxy phenylhminodiacetic (HsADA) and its metal complexes at 25°C and 
I = O.lM (KNOr). 

that is a maximum of six donor atoms (one EGTA or two with the central ion (UOY). Since the maximum metal : ligaod 
tridentate ligaod molecules) are sticieot to coordinate with ratio used was 1:2, therefore according to Ebele’si3 statement, 
UOY to reach the specified coordination number. This idea 
would result in an hexagonal bipyramidal structure for UO: 

all complexes investigated in this work may exhibit an hexagonal 
bipyramidal structure. 

complexes as has been pointed out by this author. In this A possible structure of iminodiacetic acid chelate compatible 
case, only five donor atoms would take place in coordination with experimental evidence is indicated by I. 
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Fig. 3. Titration curves for [(ethylene dioxy)diethylenedinitrilo]tetraacetic acid (H,EGTA) and its metal complexes 
at 25°C and I = 0.1 (KN03. 

However, on the basis of potentiometric data alone, it is not 
possible to conclude a real structure for these complexes there- 
fore, an X-ray difIraction study is required. 
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Complexes of Zn(II) and MI@) wftb biacetyhiiiydrazone 

(Received 22 June 1982) 

Ah&aft-The complexes [Zn(BdH)sCW and [Mn(BdH)&l have been prepared and studied by IR, electronic and 
ESR spectroscopies and by magnetic measurements. All results agree with a molecular formula for both complexes 
and a distorted octahedral environment for the metal atoms. 

INTRODUCTION 

The biacetyldihydrazone (BdH) is a bidentate l&and with two 
imine N-atoms as donors. Among the tirst transition series ele- 
ments only the complexes of Fe(H), Co(H) and Ni(II) have been 
reportedlA. They are similar to the pyridine, o-phenanthroline 
and a-diiiine complexes, except those of Fe(H). 

In the present paper the preparation and studies by spec- 
troscopic and magnetic techniques of (Zn(BdH)2C12] and 
[Mn(BdH)&] are reported. 

EXPERIMENTAL. 

Sample preparations and analytical data. The ligand was pre- 
pared according to the method of Busch and Bail&. Found: C, 
42.39; H, 9.04; N, 49.39; Calc. for CJ&,N4: C, 42.09; H, 8.83; N, 
49.08%. 

The synthesis of complexes followed the method described by 
Stoufer and Busch’ for other BdH complexes, by reaction of the 
metal chloride with BdH in methanol. [Zn(BdHhClz]. White 
solid, m.p., 220”. Found: C, 26.50; H, 5.42; N, 30.99; Zn, 17.82. 

WC. C, 26.33; H, 5.48; N, 30.72; Zn, 17.93% [Mn(BdHbClr]. 
Pink brown solid, d. 215”. Found: C, 27.32; H, 5.66; N, 15.38; Mn, 
31.84. Calc. C, 27.11; H, 5.65; N, 15.51; Mn, 31.63. 

Both are air stable, insoluble in methanol and ethanol, soluble 
in water and dimethylformamide. The complex of Zn(II) is solu- 
ble in acetone while Mn(II) complex is slightly soluble. 

Conductivity measurements. The electrical conductivities were 
determined using a Philips GM 4144101 conductivimeter with a 
PR 9512/00 cell. 

IR spectra. The spectra were obtained with a Perkin-Elmer 
325 spectrophotometer using potassium bromide pellets and nujol 
mulls. 

Magnetic susceptibility. The Gouy method was used to deter- 
mine the magnetic susceptibility. The instrumental system was 
formed by a Bruker B-M4 electromagnet, a Sartorius electronic 
microbalance and a Leybold VNK 3-300 cryostat. 

ESR spectra. The spectra were recorded on a Varian model 
E-12, in the X-band and a resonant cavity E-231. The field 
modulation frequency was 16 Hz. For the accurate deter- 
mination of magnetic field value, standard PITCH (g = 2.0028) 
was employed. 

Table 1. IR absorption bands (cm-‘) for BdH and its complexes 

Assignment BdH [zn(BdH)2C12] [WBdH)2C12] 

va (NH2) 

vs(NH2) 

"!CH) 

6s(NH2) 

"(C=N) 

G,(C-CH3) 

Gs(C-CH3) 

P,(NH~) 

3325 (s) 

3182 (s) 

3000 (VI) 
2920 (m) 

1630 (s) 

1570 (Ins) 

1450 (s) 

1358 (9) 

1302 (w) 
1273 (III) 
1120 (9) 
1073 (s) 
1010 (w) 
936 (~$1 

720-730 

450 (Ill) 

230 (s) 

3380 (s) 
3350 (s) 

3295 (m) 
3260 (s) 
3207 (s) 

2910 (WI 
2900 (w) 

1650 (w) 
1627 (s) 

1560 (WI 

1435 (In) 

1373 (5) 
1355 (Ill) 

1147 (ms) 
1095 bs) 

957 (WI 
787 
760 (III) 

591 (mw) 
552 (w) 
461 (m) 
345 (w1 
283 fsl 
230 (sl 

3390 (s) 
3355 (s) 

3295 (m) 
3270 (s) 
3210 (s) 

2920 (w) 
2890 (w) 

1645 (w) 
1615 (s) 

1550 (w) 

1435 (m) 

1380 (m) 
1367 (m) 
1350 (w) 

1140 (Ins) 

1090 (ms) 

951 (w) 

783 (w) 
757 (s) 

586 (mw) 
542 (w) 
461 (ml 
338 (w) 
270 (ml 
242 (wl 
226 (mwl 
208 (wl 

s: strong; m: medium; w: weak. 
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Electronic spectra. The spectra were obtained in dimethyl- 
formamide solutions, with a Kontron Uvikon 820 Spectropho- 
tometer with Uvikon Recorder 21 register. 

complexes, distorted octahedral coordination, involving two 
bidentate BdH molecules and two chloride ions. 

RESULTS AND DlSCUSSlON 

In [Mn(BdHbCIr] there is a certain v-interaction, since the 
vc+ increases by 45 cm-’ compared with 57cm-’ for 
[Zn(BdH)&lJ. 

Conductivity measurements. The molar conductivity values of 
4.3 and 0.76 a-’ cm’mol-‘, obtained for the Zn(II) and Mn(II) 

Magnetic susceptibility. The Mn(II) complex is paramagnetic, 

complexes, respectively, indicate that are not electrolytes6. In 
with pL,s = 5.98BM, and presents a lineal variation of l/x with 
temperature. This is the normal case of a high spin d5 configura- 

both cases, the chloride ions must be directly bonded to the tion, with ground state 6A~, without orbital contribution because 
metal atom, according to the formula [M(BdH)Xlr] (M = Zn, there is no excited state with the same spin multiplicity. 
Mn). 

IR spectra. In Table 1 are given the IR absorption bands for 
biacetyldihydrazone and its complexes. The absorptions of the 
free lifand are in agreement with those reported by Stoufer and 
Busch 

The most significant variation between free ligand and com- 
plexes refers to the C=N stretching frequency. Whereas this band 
is at 157Ocm-’ in the spectrum of @and, it occurs at 1627cm-’ 
for [Zn(BdH)2Clr] and at 1615 cm-’ for [Mn(BdH)rClr]. A similar 
shift for the C=N stretching frequency has been observed for 
other complexes with BdH’. 

ESR spectra. In the spectrum of solid [Mn(BdH)rClr] (Fig. la) 
there is only a very broad signal (AH = 450 G) with g = 2.07. In 
dimethylformamide (Fig. lb) the signal splits into six equivalent 
components, with g = 2.01. The hyperhne structure due to “Mn 
(I = 5/2, abundance 100%) corresponds to an isotropic hyperfme 
coupling constant Ai,, = 87. 10e4 cm-‘. The g-value is close to the 
free spin value of 2.0023, as corresponds to the absence of 
spin-orbit coupling in the ground state Al without another sextet 
term of higher energy. The Aiso value is consistent with the 
octahedral coordination since the Ai,, (S’Mn) in tetrahedral sites 
is 20-25% lower than in octahedral sites’. 

There are two features that may cause opposite shifts in this 
frequency. The cis conformation of BdH as a bidentate ligand in 
complexes has higher vc+, frequency than the trans form of the 
free hgand, because of its lower degree of conjugation. In the 
opposite trend, the back donation from metal d orbitals to the 7~* 
(antibonding) orbitah of C=N group of ligand, shifts the YC.N 
frequency to lower values. 

Our results agree with the behavior of BdH as bidentate, since 
the increasing of ~c+ frequency confirms the transition from 
tram to cis form. As a consequence of this consideration and the 
values of molar conductivity, it can be supposed, for both 

Electronic spectra. In high spin complexes of Mn(II) all d-d 
transitions are spin forbidden as deduced from the Tanabe- 
Sugano diagram for a d5 configuration and, accordingly, they are 
very weak in intensity. The transitions to spin doublets are highly 
forbidden. In Table 2 are given the absorption maxima and molar 
extinction coefficients for BdH and its Mn(II) complex. The band 
at 274 nm corresponds to a T + n* transition in the ligand. The 
band at 490 nm is assigned to a q1(G)c6A1 transition. 

For octahedral complexes of Mn(II), the d-d transitions have E 
values of some lo-*- 10’ 1 cm-’ mol-‘. However, in non-cen- 
trosymmetric molecules the Laporte rule is relaxed and with 

Table 2. Absorption band maxima and molar extinction coefficients 
A 

max (nm) E(1 cm 
-1 -1) 

m01 

BdH 270 1,84 . lo4 

274 3,96 . lo4 

490 6,72 

organic ligands intensity may increase”. The relatively high value 
of c for the Mn(II) complex agrees with the metal-ligand P 
interaction deduced from the IR spectra. 
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Abstract--The synthesis of the ten-vertex close-metallacarbaboranes 10-15-CsHsNi-~4-l-CBsH9, Cn5-CsHjNi-n5- 
I-CBsH9, (n’-CjHsNi)2-I-CB7Hs, and [2-n5-CsH~Co-n5-l-CBsH& from 4-CBsH14 is reported. 

The lirst representative of the ten-vertex metallacarbaborane 
family, 10-1)‘-CsHsNi-~4-l-CBsH9, was isolated by Hawthorne et 
al.’ as a minor by-product in the reaction of the [~-CB~,,HII]- 
anion with nickelocene. Based on polyhedral expansion of the 
[b~5-CJHJCo-~‘-l-CB,Hs]- anion: the same group also 
elaborated the route for preparing mixed neutral bimetallacar- 
baboranes.’ Our recent high yield preparation of the 4-CBsH14 
carbaborane4.5 enabled us to use it for a convenient synthesis of 
metallacarbaboranes isoelectronic with the BkHla2- anion. 

Treatment of 4-CBsH13Na with nickelocene in diglyme at 13C- 
140°C for 8hr resulted in the formation of an orange-yellow 
complex (I), Rr 0.34 (TLC, Suliiol silica-gel plates, benzene-n- 
hexane 1:2), M+ 236, which slowly rearranged to another 
isomeric orange-yellow compound (II), RF 0.58, M+ 236 (cor- 
responding to 62Ni’2C6”Bs’H14+), under the condition8 of dry 
column chromatography on silica-gel in benzene-n-hexane (1: 2) 
during the work up of the reaction mixture. Column chromato- 
graphy allowed us to isolate pure complex (II) [15% yield; ‘H 
n.m.r. (200 MHz, CDC13, ppm relative to tetramethylsilane) 8 5.% 
(5 H, s, CsHs), 8.07 (1 H, 8, CH skel.); “B NMR (64.2 MHz, 
CD& ppm relative to BF3 etherate) Ba 2.35 (4B, d, ‘Ja_u 
160 Hz), 26.87 (4 B, d, 145)]. The data are consistent with those 
found for l~95-CsHsNi-~4-l-CBsHs by Hawthorne et al.’ We 
were, however unable to obtain pure complex (I) due to its 
progressive rearrangement to compound (II) under relatively 
mild conditions. The NMR data of (I) [‘H NMR (2OOMHz, 
CDCl3 8 5.01 (5 H, s, CsHs), 5.48 (1 H, s, CH skel.); “B NMR 
(64.2MHz, CDCl3) &a 76.5 (1 B, d), 2.0 (ZB, d), -1.4 (1 B, d), 

- 17.0 (2 B, d), - 19.1 (2 B, d)], obtained by subtracting the signals 
of (II) from the spectrum of the isolated ca. 1: 10 mixture of (I) 
and (II), were in agreement with the 6-1)5-CsHsNi-~5-l-CBsH9 
gross symmetry. For the complex (I) can be smoothly rearranged 
to the compound (II) without any detectable intermediate, the 
6,1-arrangement for (I) should be preferred to the 2,1-structural 
alternative. 

In contrast to the preceding reaction, treatment of 4- 
CBsHoNMe4 (preheated to 160°C) with nickelocene in acetoni- 
trile produced, besides complexes (I) and (II), a dark green 
paramagnetic species the mass spectrum of which (M’347) is 
consistent with a bimetallic (CsH5NibCB7Hs complex (III). Con- 
sidering the electron count arguments,6 a neutral compound of 
such a formula should contain two nickel atoms in diierent 
oxidation states, Ni4’ and N?+, the latter being responsible for 
paramagnetism. The green colour of (III), which is usually in- 
dicative of metal-metal bonding,’ should signify the preference 
for the 6,10(n5-C~H~Ni)2-l-CB~Hs structure; an X-ray d&action 
study on (III) is in progress. 

Reaction of 4-CBsH14 with CoC12.6HzO and cyclopentadiene 
in concentrated ethanolic KOH afforded a red-orange complex 
(IV) in 20% yield. Elemental analysis of its tetramethylam- 
monium salt and the NMR data [‘H NMR (200 MHz, (CD&CO) 
8 6.56 (1 H, s, CH skel.), 4.75 (5 H, s, CJH,), 3.46 (12 H, s, 
NMe,‘); “B NMR (64.2 MHz, (CD&CO) 8a 34.20 (1 B, d, 148) 
2.31 (1 B, d, 142). 0.39 (2B, d, 136) -21.33 (2B, d, MO), -25.52 
(2 B, d, 136)] correspond well to the [2-~‘-CsH~Co.ll’-l-CBsH~]- 
NMed+ structure for (IV), which has recently been determined by 

l ,cli 

OB" 
on 



Notes 833 

RRFERENCES 
‘R. C. Stoufer and D. H. Busch, J. Am. Chem. Sot. 1956, 78, 

‘D. H. Busch and J. C. Bailar Jr., J. Am. Chem. Sot. 1956, 78, 
1137. 

6016. 
2R. C. Stoufer, D. W. Smith, E. A. Clevenger and T. E. Norris, 

“w. J. Geary, Coord. Chem. Reu. 1971,7,81. 
‘B. A. Goodman and J. B. Raynor, Ado. Inorg. Chem. Radio- 

Inorg. Chem. 1%7,5, 1167. them. 1970,13. 135. 
‘R. C. Stoufer and D. H. Busch, .I. Am. Chem. Sot. 1960, 82, *A. B. P. Lever, Inorganic Electronic Spectroscopy. American 
3491. Elsevier, New York (1968). 

4L. F. Lindoy and S. E. Livingstone, Coord. Chem. Rev. 1%7,2, 
173. 

Polyhedron Vol. I. No. 11-12. pp. 833-834, 1982 
Printed in Great Britain 

Preparation of closo-lo-vertex transition metal carbaboranes 

(Received 24 June 1982) 

0277-5)87182/11@33342$03.00/0 
Pergamon Press Ltd. 

Abstract--The synthesis of the ten-vertex close-metallacarbaboranes 10-15-CsHsNi-~4-l-CBsH9, Cn5-CsHjNi-n5- 
I-CBsH9, (n’-CjHsNi)2-I-CB7Hs, and [2-n5-CsH~Co-n5-l-CBsH& from 4-CBsH14 is reported. 

The lirst representative of the ten-vertex metallacarbaborane 
family, 10-1)‘-CsHsNi-~4-l-CBsH9, was isolated by Hawthorne et 
al.’ as a minor by-product in the reaction of the [~-CB~,,HII]- 
anion with nickelocene. Based on polyhedral expansion of the 
[b~5-CJHJCo-~‘-l-CB,Hs]- anion: the same group also 
elaborated the route for preparing mixed neutral bimetallacar- 
baboranes.’ Our recent high yield preparation of the 4-CBsH14 
carbaborane4.5 enabled us to use it for a convenient synthesis of 
metallacarbaboranes isoelectronic with the BkHla2- anion. 

Treatment of 4-CBsH13Na with nickelocene in diglyme at 13C- 
140°C for 8hr resulted in the formation of an orange-yellow 
complex (I), Rr 0.34 (TLC, Suliiol silica-gel plates, benzene-n- 
hexane 1:2), M+ 236, which slowly rearranged to another 
isomeric orange-yellow compound (II), RF 0.58, M+ 236 (cor- 
responding to 62Ni’2C6”Bs’H14+), under the condition8 of dry 
column chromatography on silica-gel in benzene-n-hexane (1: 2) 
during the work up of the reaction mixture. Column chromato- 
graphy allowed us to isolate pure complex (II) [15% yield; ‘H 
n.m.r. (200 MHz, CDC13, ppm relative to tetramethylsilane) 8 5.% 
(5 H, s, CsHs), 8.07 (1 H, 8, CH skel.); “B NMR (64.2 MHz, 
CD& ppm relative to BF3 etherate) Ba 2.35 (4B, d, ‘Ja_u 
160 Hz), 26.87 (4 B, d, 145)]. The data are consistent with those 
found for l~95-CsHsNi-~4-l-CBsHs by Hawthorne et al.’ We 
were, however unable to obtain pure complex (I) due to its 
progressive rearrangement to compound (II) under relatively 
mild conditions. The NMR data of (I) [‘H NMR (2OOMHz, 
CDCl3 8 5.01 (5 H, s, CsHs), 5.48 (1 H, s, CH skel.); “B NMR 
(64.2MHz, CDCl3) &a 76.5 (1 B, d), 2.0 (ZB, d), -1.4 (1 B, d), 

- 17.0 (2 B, d), - 19.1 (2 B, d)], obtained by subtracting the signals 
of (II) from the spectrum of the isolated ca. 1: 10 mixture of (I) 
and (II), were in agreement with the 6-1)5-CsHsNi-~5-l-CBsH9 
gross symmetry. For the complex (I) can be smoothly rearranged 
to the compound (II) without any detectable intermediate, the 
6,1-arrangement for (I) should be preferred to the 2,1-structural 
alternative. 

In contrast to the preceding reaction, treatment of 4- 
CBsHoNMe4 (preheated to 160°C) with nickelocene in acetoni- 
trile produced, besides complexes (I) and (II), a dark green 
paramagnetic species the mass spectrum of which (M’347) is 
consistent with a bimetallic (CsH5NibCB7Hs complex (III). Con- 
sidering the electron count arguments,6 a neutral compound of 
such a formula should contain two nickel atoms in diierent 
oxidation states, Ni4’ and N?+, the latter being responsible for 
paramagnetism. The green colour of (III), which is usually in- 
dicative of metal-metal bonding,’ should signify the preference 
for the 6,10(n5-C~H~Ni)2-l-CB~Hs structure; an X-ray d&action 
study on (III) is in progress. 

Reaction of 4-CBsH14 with CoC12.6HzO and cyclopentadiene 
in concentrated ethanolic KOH afforded a red-orange complex 
(IV) in 20% yield. Elemental analysis of its tetramethylam- 
monium salt and the NMR data [‘H NMR (200 MHz, (CD&CO) 
8 6.56 (1 H, s, CH skel.), 4.75 (5 H, s, CJH,), 3.46 (12 H, s, 
NMe,‘); “B NMR (64.2 MHz, (CD&CO) 8a 34.20 (1 B, d, 148) 
2.31 (1 B, d, 142). 0.39 (2B, d, 136) -21.33 (2B, d, MO), -25.52 
(2 B, d, 136)] correspond well to the [2-~‘-CsH~Co.ll’-l-CBsH~]- 
NMed+ structure for (IV), which has recently been determined by 

l ,cli 

OB" 
on 



834 Notes 

an X-ray diffraction study.s The same complex can also be obtained 
in the reaction of CoCb with 4-CBsHnNa in ether. 

The formation of the discussed monometallic complexes can 
be envisaged as an insertion of the metal atom above the 
B(6,7,8) triangular face of the [4-CBsHII]- anion to form the (I) 
and (IV) complexes upon dehydrogenation and reorganization of 
the skeleton. In contrast to the cobalt complex (IV), the nickel 
species (I) is unstable due to unfavourable location of the Ni4’ 
central ion in the equatorial belt,’ which accounts for the obser- 
ved (I)+(H) rearrangement. Similar facile equatorial-apex rear- 
rangement of the skeletal nickel atom was observed with the 
isoelectronic [2-q5-C5H5Ni-q5-BsH9]- anion.’ 

BOHUMIL STIBR* 
ZBYNEK JANOUSEK 

Institute of Inorganic Chemistry Prague, KAREL BASE 
Czechoslooak Academy of Sciences, JIti DOLANSKY 
250 68 Re? near Prague, STANISLAV HE&&EK 
Czechoslovakia 

KONSTANTIN A. SOLNTSEV 
LEV A. BUTMAN 

N. S. Kumakou Institute of General IGOR I. KUZNETSOV 
and Inorganic Chemistry, NICOLAI T. KUZNETSOV 

Academy of Sciences of the USSR, 
117 071 Moscow, 
Leninski Prospect 31, 
U.S.S.R. 

INFERENCES 

‘C. G. Salentine, R. R. Rietz and M. F. Hawthorne, Inorg. Chem. 
1974,13,3025. 

*D. F. Dustin and M. F. Hawthorne, Inorg. Chem. 1973,12,1380. 
‘C. G. Salentine and M. F. Hawthorne, J. Am. Chem. Sot. 1975, 
97.6382. 

‘B. Stfbr, K. Bde, S. Herfmanek and J. Pleiek, J. Chem. SOC. 
Chem. Commun. 1976, 150. 

‘K. BaSe, B. Stfbr, J. Dolansky and J. Duben, Collect. Czech. 
Chem. Commun. 1981,46,2385. 

6K. Wade, Adu. Jnorg. Chem. Radio&m. 1976, 18, 1 and refs. 
therein; C. J. Jones, W. J. Evans and M. F. Hawthorne, J. Chem. 
Sot. Chem. Commun. 1973,543. 

‘W. J. Evans, C. J. Jones, B. Stibr and M. F. Hawthorne, .I. 
Organomet. Chem. 1973, 60, C27; W. J. Evans, C. J. Jones, B. 
StIbr, R. A. Grey and M. F. Hawthorne, J. Am. Chem. Sot. 1974, 
96.7405. 

‘R. N. Leyden and M. F. Hawthorne, J. Chem. Sot. Chem. 
Commun. 1975,311. 

*K. A. Solntsev, L. A. Butman, I. I. Kuznetsov, N. T. Kuznetsov, 
B. Stfbr, 2. Janougek and K. BaIe, Izu. Akad. Nauk USSR, Ser. 
Khim., in press. 

*Author to whom correspondence should be addressed. 

Pdybdmn Vol. I, No. 11-12. pp. 834435, 1962 
Printed in Great Britain. 

0277~5387182111083u12fo3.0010 
Pergamon Press Ltd. 

Photosynthesis of a cyanocomplex containing molybdenum(IV) and molybdenum(VI): 
Photosynthesis of KJMo~Mow(CNhO J2HzO 

(Receiued 24 June 1982) 

Ah&met-A photochemical method for the preparation of K&~o~~Mo~~CN)~O~~H~O is discussed. The synthesis of 
this complex was achieved by photolysing aqueous solutions of K&r(CN), in contact with atmospheric oxygen. 

INTRODUCTION 

Cyan0 complexes of molybdenum have been reported with the 
molybdenum in the valency states of II-V.’ Preparation of a new 
compound I<~[Mo~~Mo”‘(CN)~O,]~H~O was reported by Poe1 and 
Neumannz We report the photolytic synthesis of this compound. 

-AL. 

The potassium octacyanomolybdate(IV) was obtained by the 
method of Furman and Miller. The molybdenum (IV) content 
was determined by titration with standard permaganate solution 
potentiometrically. Found: K, 31.4; C, 19.2; N, 22.4; HzO, 7.3. 
Calc. for K&Io(CN)s2HzO; K, 31.49; MO 19.34; C, 19.35; N, 
22.57; Hz0 7.26%. 

Photolysis was carried out using a Phillips medium pressure 
mercury arc lamp with a filter which transmitted radiations of 
wavelength in the range 34&t30 nm. Solutions were contained in 
Pyrex reaction vessels. 

Infrared spectra were recorded on a Perkin-Elmer Model 137 
spectrophotometer as nujol mulls and were checked using KBr 
disc technique also. The visible spectra were recorded using 
Kg-10 spectrophotometer. 

Ka type Leeds and Northrup potentiometer with lamp and 
scale arrangement was used for potentiometric redox titrations. 
Bright platinum electrodes in conjunction with saturated calomel 
electrode were used. 

RESULTS Ahll DI!JCUSSIONS 
When a light yellow coloured aqueous solution of K&Io(CN)p 

was photolysed in contact with atmospheric oxygen at 10°C it 
became red and the characteristic absorption peak of the red 
species [Mo(CN)rHzO]‘- appeared at 512nm;& on further 
irradiation, the 512 nm peak decreased and a new absorption 
peak at 618nm appeared which grew to a maximum. At this 
stage, titration of an aliquot with KMn04 showed that 1.5 
equivalents of the latter was used up per molybdenum atom 
when photolysis was done in an inert atmosphere, 2.0 equivalent 
per MO atom were required at this stage. Apparently some of the 
molybdenum had been oxidised in contact with atmospheric 
oxygen. When the peak at 618 run in the absorption spectrum of 
the solution photolysed in contact with atmospheric oxygen 
reached its maximum, alcohol was added to the blue solution and 
a blue precipitate separated out. After recrystallization, a blue 
solid was obtained which, on analysis gave: K, 27.2: Mo(total), 
33.5: Mo(IV), 22.2; C, 11.1; N, 12.7; HzO, 4.2. 
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an X-ray diffraction study.s The same complex can also be obtained 
in the reaction of CoCb with 4-CBsHnNa in ether. 

The formation of the discussed monometallic complexes can 
be envisaged as an insertion of the metal atom above the 
B(6,7,8) triangular face of the [4-CBsHII]- anion to form the (I) 
and (IV) complexes upon dehydrogenation and reorganization of 
the skeleton. In contrast to the cobalt complex (IV), the nickel 
species (I) is unstable due to unfavourable location of the Ni4’ 
central ion in the equatorial belt,’ which accounts for the obser- 
ved (I)+(H) rearrangement. Similar facile equatorial-apex rear- 
rangement of the skeletal nickel atom was observed with the 
isoelectronic [2-q5-C5H5Ni-q5-BsH9]- anion.’ 
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Fig. 1. IR spectra of K,[Mo,(IV)Mo(VI)(CN),0,12H20(Nujol Mull). 

&(Mo*“MoVr(CN)sO~]2H~0 requires: K, 27.18; Mo(total). 
33.36; MO (IV), 22.24; C, 11.14; N, 12.99; HrO, 4.16%. 

The molybdenum in the solid was present in two oxidation 
states. Redox titration with KMn04 was done to determine the 
content of Mo(IV). It was assumed that in these titrations two 
equivalents of the reagent would be used up per Mo(IV). This 
assumption was made in the light of our experience with blue 
hydroxo compounds of Mo(IV) obtained in an inert atmosphere.’ 
Total molybdenum in the above blue compound was obtained by 
analysis. There was no molybdenum in the S-oxidation state, as 
was seen from the fact that the substance was not paramagnetic. 
The molybdenum was, therefore, in either four or six oxidation 
states. Mo(total): Mo(IV) remained unchanged upon repeated 
precipitation from aqueous solution with methanol or ethanol, 
indicating that the solid was a compound and not a mixture. 

The IR spectrum of the compound is shown in Fig. I. Poe1 and 
Neumann’ published a similar IR spectrum of a molybdenum 
compound which they had prepared by a synthetic method and 
not by the photodecomposition of KdMo(CN)s, as has been done 
by’us. Similarity between their spectrum and the part of our 
spectrum on the extreme right of Fi+ I is obvious. They for- 
mulated their compounds as &[MovMoV’(CN)sOJ2Hr0 and 
analysis of our blue solid agrees with this formula. 

*Author to whom correspondence should be addressed. 

Using this method the deep blue solid can be prepared on a 
large scale. This complex compound is an example of mixed 
oxidation state. Deep intense colour is often observed for sub- 
stances containing an element in two different oxidation states 
such as Prussian blue. 
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UOzF42-: A new uranyl complex ion 

Abstract-The synthesis, vibrational and electronic spectra of [(CH,),N], UOrF, are described. The data indicate 
that this compound contains the previously unknown UO~F,*- ion which has D.,,, symmetry. 

(Receioed 2 August 1982) 

lNTDODUC!TION 
We have recently reported and analysed the IR, Raman, 
luminescence and electronic absorption spectra of numerous 
compounds containing the monomeric U02Fs3- ion’ and various 
diieric’ and polymeric fluoro and aquolhtoro complex anions.‘” 
In every case the uranyl ion is surrounded by five IIuoride ions or 
water molecules in a plane giving a pentagonal bipyramidal 
coordination about the uranium atom. We have now prepared the 
compound [(CH3),N]IUOrF, for which spectroscopic measure- 

ments indicate that the many1 ion is coordinated by four fluoride 
ions in a plane giving an approx. D,,, UOzF,2- structure. Whilst 
the analogous U02Cl,2- and U02Bri- ions are well known’-‘o 
this anion has not been previously described. 

IIXPERIMENTAL 
Slow evaporation of a highly concentrated aqueous solution of 

uranyl nitrate containing a nine-fold molar excess of 
(CH3),NF*5H20 at room temperature gave deliquescent green 
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crystals. These crystals have not yet been obtained in a pure 
form or studied in detail but their spectroscopic properties sug- 
gest that they should be formulated as [(CH,),N],[UO,F,(OH,)] 
containing a monomeric anion with an in-plane coordination 
number of five. Calc. for [(CH,)4N],[U0,F4(OH,)]: C, ,d.8; H, 
5.1; N, 5.5. Found: C, 17.7; H, 4.7; N, 5.4%. Heating these 
crystals at 100°C in uacuo yielded a deliquescent yellow powder 
[(CH&N12 UOrF4. Calc. for [(CH&N],~02F4: d, 19.4; ‘H, 4.9; 
N, 5.7; U, 48.1: F, 15.4. Found: C. 19.1: H. 4.8: N. 5.5: U. 47.4: F. 
14.8%; E&s&e of this powder’ to &oisi a& produced’ a greed 
powder which analytical and spectroscopic measurements sug- 
gest is identical to the original green crystals. 

Luminescence and vibrational spect# were recorded as pre- 
viously described. 

RESULTS AND DLWUSSION 

The vibrational spectra of [(CH,).,N12U02F4 showed three 
single share bands at 848.412 and 266 cm-’ in the IR soectrum 
and four &up single ban& at 798,445,253 and 178 cm” in the 
Raman spectrum due to the anion. The simplicity of the spectrum 
and the mutal exclusion immediately eliminate the possibility that 
the anion is dtieric [as in M4(UOzhFs~2H202] or polymeric?,4 It 
is more diicult to eliminate the possibility of the presence of 
U02FS3- because the exclusion rule also applies to Dsh sym- 
metry. It is dilkult however to devise a reasonable formulation 
based on this anion which accounts for the observed stoi- 
chiometry and spectra. The vibrational spectra give no evidence 
for the presence of water. The vibrational spectra are however 
readily interpreted in terms of a D4,, U02F4*- structure, the three 
IR active bands being assigned as v2 a2,(U-O), v6 e,(U-F) and q 
e.S(O-U-O) and the four Raman active bands as Y, a,.(U-O). va 
a&F) Y,; e,S(O-U-F) and V, b,,S(F-U-F) resp&&ely. ii ib 
noteworthy that both the IR and Raman active U-F stretching 
modes are at significantly higher wavenumber than the cor- 
responding modes of the U02FS3- anion.’ 

The luminescence spectrum of [(CHP)4N]2U02F4 is well 
resolved and signilicantly difIerent from that of all other uranyl 
fluoride complex ions we have studied. The electronic origin 
appears with moderate intensity at 19,24Ocm-‘. This is, we 
believe, the lowest energy luminescence origin reported for any 
uranyl complex. Sixteen other compounds? containing 
monomeric, dimeric or polymeric anions based on the U02FJ3’ 
or UO,Fd(OH,)*- chromonhores and K. Rb. Cs. NH,’ and _ _. 
(C2HJ)4N+ cations have - this origin between ’ 19,790 and 
20,070 cm-‘. Whilst several factors contribute to the energy of this 
origin, it is interesting to note that six coordinate uranyl complex 
ions such as [U02(02N0)3]- have electronic origins in the region 
of 21,OOOcm-‘. The observation of a single origin in the low 
temperature and 80 K luminescence spectra (and in the 20 K mull 
absorption spectrum) shows the presence of a single type of 
uranyl ion of high symmetry. The absorption spectrum is dis- 
tinctly diierent from that of the U02FS3- ion, but the sensitivity 
and resolution in the mull spectra are not sufficient for detailed 
analysis. 

*Atithor to whom correspondence should be addressed. 

In the luminescence spectrum the intensity of the vibronic 
origins is hiier (relative to the origin and IIY, progression 
thereupon) for [(CH,)N], UO2F4 than for M3UOtFS compounds. 
This also indicates a highly symmetrical anion, but in addition it 
is noteworthy that the out-of-plane bendii mode (IQ, in D5,,, yIO 
in D4,,) is prominent in the luminescence spectrum of 
[(CH3)4N]2U02F4 but not readily observed in the spectra of other 
fluoro-anions. We have argued previously’ that this mode should 
occur strongly in the spectra of D4,, uranyl anions but only 
weakly in the spectra of D5,, anions and this is supported by the 
luminescence of the U02C&22- and U02Br4*- anions. 

Progressions in the symmetric U-F stretching mode v4 based 
on the origin and vibronic origins are much more intense in 
[(CH3),N],U02F4 than in M3U02FS compounds showing that a 
large change (ca. 3.5 pm) occurs in the U-F bond distance in the 
excited II, state compared with the ground state. This together 
with the relatively hi wavenumber of the v4 and v6 modes 
shows the presence of a stronger U-F bond in [(CH3)4N]2U02F4 
than in the U02Fs3- anion. 

The spectroscopic evidence then strongly suggests that 
[(CH3)4N]2U02F4 contains a monomeric anion of near D,,, 
symmetry. Unfortunately our preparative procedure yields a fine 
powder quite unsuitable for detailed X-ray structural analysis. If 
a method of preparaing large single crystals could be devised the 
polarized electronic absorption spectrum would be of consider- 
able interest. 
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20,070 cm-‘. Whilst several factors contribute to the energy of this 
origin, it is interesting to note that six coordinate uranyl complex 
ions such as [U02(02N0)3]- have electronic origins in the region 
of 21,OOOcm-‘. The observation of a single origin in the low 
temperature and 80 K luminescence spectra (and in the 20 K mull 
absorption spectrum) shows the presence of a single type of 
uranyl ion of high symmetry. The absorption spectrum is dis- 
tinctly diierent from that of the U02FS3- ion, but the sensitivity 
and resolution in the mull spectra are not sufficient for detailed 
analysis. 

*Atithor to whom correspondence should be addressed. 

In the luminescence spectrum the intensity of the vibronic 
origins is hiier (relative to the origin and IIY, progression 
thereupon) for [(CH,)N], UO2F4 than for M3UOtFS compounds. 
This also indicates a highly symmetrical anion, but in addition it 
is noteworthy that the out-of-plane bendii mode (IQ, in D5,,, yIO 
in D4,,) is prominent in the luminescence spectrum of 
[(CH3)4N]2U02F4 but not readily observed in the spectra of other 
fluoro-anions. We have argued previously’ that this mode should 
occur strongly in the spectra of D4,, uranyl anions but only 
weakly in the spectra of D5,, anions and this is supported by the 
luminescence of the U02C&22- and U02Br4*- anions. 

Progressions in the symmetric U-F stretching mode v4 based 
on the origin and vibronic origins are much more intense in 
[(CH3),N],U02F4 than in M3U02FS compounds showing that a 
large change (ca. 3.5 pm) occurs in the U-F bond distance in the 
excited II, state compared with the ground state. This together 
with the relatively hi wavenumber of the v4 and v6 modes 
shows the presence of a stronger U-F bond in [(CH3)4N]2U02F4 
than in the U02Fs3- anion. 

The spectroscopic evidence then strongly suggests that 
[(CH3)4N]2U02F4 contains a monomeric anion of near D,,, 
symmetry. Unfortunately our preparative procedure yields a fine 
powder quite unsuitable for detailed X-ray structural analysis. If 
a method of preparaing large single crystals could be devised the 
polarized electronic absorption spectrum would be of consider- 
able interest. 
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Abstract-The thermodynamics of complex formation between lead(II) and Zmercaptoethanol has been rein- 
vestigated at I = 150 mmol dm-’ NaNO3 and at lower metal: @and ratios in order to determine fhe mononuclear 
formation constants. 
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INTRODUCTION 

Recently the chelate effect model’ has been extended from 
nitrogen and oxygen coordination to include the sulphur donor 
hgands. Several metal systems with Zmercaptoethanol (LH) 
have already been studied”’ but for the lead(H) system only 
polynuclear complexes were detected.6 Since the chelate effect 
model can only predict mononuclear formation constants, this 
system was reinvestigated at a lower ionic strength 
(0.15moldm-3 NaN03) and at lower q etaf:hgand ratios with 
the view to isolating these constants. 

EXPERIMENTAL 

A stock solution of redistilled Zmercaptoethanol (Merck) was 
prepared and standardised by potentiometric titration using a 
Gran plot? Ah other reagents were of analytical grade and were 
used without further purification. The lead(H) nitrate stock sob- 
tion (0.05 mol dmm3) was standardised volumetrically by com- 
plexometric (EDTA) titration. AU solutions were prepared 
using degassed, glass-distilled water. 

l.! 

z 

1.' 

0. 

j- 

O- 

5- 

Potentiometric titrations were carried out using a glass elec- 
trode and the procedure described before,8 all studies being 
performed at 25.00 + O.OS”C and Z = 150 q mol dm-’ in NaN03. 
Protonation constants were obtained for the ligand at different 
total ligand concentrations and the absence of metal ions. 
Similarly the metal complex formation curves were obtained at 
diierent metal hgand ratios and at diierent total ligand and total 
metal concentrations. The data were treated by MINIQUAD 
and SCGGS’” least squares analysis and the resulting “best” set 
of constants checked using the PSEUDOPLOT” approach. In- 
frared spectra were recorded as a nujol mull between polyethyl- 
ene plates (500-80 cm-‘) on a Digilab FTS 16 B/D inteferometer. 

RJWLT?J ANB DIfX%SSION 

The formation curves for the lead(Zf)2-mercaptoethanol sys- 
tem (Fig. 1) are similar to those obtained by de Brabander et al.: 
except that precipitation was detected at a much earlier stage. 
This was particularly so at low metal : ligand ratios. The complex 
formation curves were not superimposable indicating the 
presence of polynuclear complex species. 

8.0 85 7.0 7.5 

-LOG(C) 

Fig. 1. Formation curves for the Pb(H)-2-mercaptoethanol system. Solid limes are theoretical curves calculated 
using the constants given in Table 1. Total metal and total ligand concentrations are (mmole dm-“); (a) 16; 69 (b) 

8; 4 (c) 8; 9 (d) 2; 10 (e) 1; 5 and (f) 4; 2 respectively. 

Table 1. Formation constants determined for the lead(H)-2-mercaptoethanol system at 25°C and Z = 0.15 mot dm3 
NaNOr, together with literature data for this system. flpqr is the formation constant for the species Pb,L,H, 
defined by ppqr = IpbpL,H,I/[Pblp[Llq[~‘. n is the number of experimental points, R the crystallographic R 

factor and ,$ the statistical ,$ of MZNIQUAD 

P P = log BPV II R X2 Reference 

0 1 1 9.412 * Omxa 33 0.0037 15.6 present study 

0 1 1 9.49 (6) 0.51 IMO3. 25OC 

3 5 0 39.88 f 0.03 147 0.0029 38.6 present study 

3 5 0 38.500 (6) 0.5M KN03, 25°C 

3 4 0 33.31 Sz 0.05 147 0.0029 38.6 present study 

3 4 0 32.654 (6) 0.5M KNO;, 25% 

1 1 0 6.74 f 0.11 147 0.0029 38.6 present study 

1 lb o 6.634 (6) 0.5M KN03, 25=T 

2 1 0 8.73 f 0.13 147 0.0029 38.6 present study 

2 1 0 8.937 (6) 0.5H KNb3. 25'C 

a standard devietion in loge 

b LH = 3_mercapto-1,2-propmediol 
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2.8 3.5 4.3 5.0 5.8 
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Species distribution graph of the Pb(II)-2-mercaptoethanol system. Total metal = 0.01 mole dm-’ 
ligand = 0.05 mole dme3. 

As a lirst attempt at refinement of the data, de Brabander’s 
model6 of Pb3L5, Pb3L4, PbzL, Pb?Lz and Pb24 was used. From 
this model the minor species Pb2L2 and Pb2L3 were eliminated. 
The introduction of an PbL species to the model led to a 
significant I2 improvement, particularly at low metal concen- 
trations. As a check on this model the literature model for 
3-mercapto-1,2-propanedio16 was used. From this model the PbLz 
and PbL3 species were understandably (maximum z- 1) eli- 
minated, leaving the same model as before. The resulting for- 
mation constants, given in Table 1, are in good agreement with 
the literature, considering differences in ionic strength and cali- 
bration procedures. As a final check the experimentally obtained 
formation curves were compared (Fig. 1) with theoretical curves, 
calculated using the above constants and the computer program 
PSEUDOPLOT. The literature model6 was also “pseudo-plot- 
ted” but when compared to both our data and those in the 
literature, gave marked deviations at low metal concentrations. 

Using the constants given in Table 1, a species distribution 
diagram was constructed (Fig. 2). This shows that, under the 
experimental conditions used, the ML species is appreciably 
formed (- 10%) and cannot be ignored. 

One difficulty encountered in the determination of 
mononuclear stability constants in this system is the early advent 
of precipitation, particularly at low metal:ligand concentration 
ratios. Elemental analysis of the precipitate is consistent with the 
empirical formulae Pb(SCH2CHzOH)2 (obs. C 13.3%; H 2.8%; 
Calc. C 13.3%; H 2.3%). The far-infrared spectrum of the com- 
plex (vPb-0 311, vPb-S 246cm-‘) is not consistent with a 
polymeric structure with bridging S atoms that has been pro- 
posed for the Ni(II) complex.’ We suggest instead that Pb(II) sits 
in a tetrahedral environment and the ligand is bidentate. This 
structure is similar to that found for the Bi(III) complex.” The 
previous suggestion of metal-metal bonding is discounted.6 

*Author to whom correspondence should be addressed. 
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COMMUNICATIONS 

The photochemid decomposition d abhds catdysed by tri&opropyl) phosphine complexes 

of r-(r) 

(Received 19 April 1982) 

Abstract-Photolysis of RhH(P’Pr33 or RhH(CO)(P’Pr& in solution in primary alcohols (RCHzOH) produces Hz, 
CO and RH, whereas hydrogen and acetone are produced from propan-2-01; in the presence of hex-1-ene, this last 
reaction gives acetone and hexane in the absence of illumination. 

Although the photochemical production of hydrogen from water 
has received considerable study in recent years,‘.’ the related 
energy storing photochemical production of hydrogen from al- 
cohols has been little studied. 

Heterogeneous reactions have been reported in which pla- 
tinized TQ catalyses3 the production of hydrogen and aldehydes 
or ketones from primary or secondary alcohols and in which 
TiOr catalyses4 the formation of hydrogen and Co2 from 
aqueous methanol. Both of these reactions occur under UV 
illumination and the latter is a mildly exoergonic process. 

The thermal decomposition of alcohols to give carbor$s, 
hydrogen and/or metal hydrides has been well documented. 

We now report that certain rhodium complexes give hydrogen 
on photolysis-in alcohols. Thus, photolysis of RhH(P’Pr&’ or of 
RhH(CO)(P’Pr&s in methanol with liaht from a 500 w tunasten 
halogen lamp passing through Pyrex and water filters cataly&aUy 
produces hydrogen and carbon monoxide in 2: 1 molar ratios. In 
the absence of either illumination or catalyst, neither hydrogen 
nor carbon monoxide is produced. 

Although we have not yet completed a full kinetic study of this 
system, it is clear that the reaction has a moderately high 
activation energy (-30 kJ mole-‘) and hence that there must be a 
slow thermal step or a pre-equilibrium whose position is tem- 
perature dependent. 

With ethanol, Hz, CO and CI& are the major products, 
whereas propan-2-01 gives hydrogen and acetone. For both of 
these systems, illumination is essential and the reactions proceed 
faster at higher temperatures. 

Since RhH(P’Pr+ is known* to react thermally with methanol 
to give RhH(CO)(P’Pr&, it seems reasonable to suppose that the 
mechanism of decomoosition of orimarv alcohols is the same for 
both catalysts. _ _ . 

We propose then, that the key photochemical step is the loss 
of CO from RhH(C0) (PiPr& (A,., = 360 mn). a reaction which 
has many precedents ‘in o&tometallic chdmistry9, and that 
RhH(P’Pr& reacts by a series of thermal steps with the alcohol 
to regenerate RhH(C0) (P’Pr& giving two moles of hydrogen or 
one of hydrogen and one of methane (see Scheme 1). 

For the dehydrogenation of propan-2-01, a similar mechanism 
(Scheme 2) accounts for the formation of acetone and a tri- 
hydridorhodium species but in this case, hydrogen loss occurs 
photochemically rather than thermally.t At present, it is not clear 
why the loss of hydrogen in this case should be photochemical, 
whereas for primary alcohols, it is thermal& althour production 
of hydrogen from species of this kind is known to depend 

tWe are currently investigating whether light also speeds up 
the loss of hydrogen from RhHs(P’Pr&oHMe), although we 
know that this can occur thermally. 

*We note, however, that since dehydrogenation of isopropanol 
is endoergonic, light absorption must occur to drive the reaction. 
(For primary alcohols the formation of the metal carbonyl is 
exoergonic so light is not a necessary requirement for the 
hydrogen loss in these cases.) 

markedly on the nature of the other ligands in the coordination 
sphere. Thus, hydrogen does not evolve thermally from 
[RhH2(py)2P’Pr8)8)2]’ but, when one pyridine (py) molecule is 
replaced by CO, smooth hydrogen evolution is observed in the 
dark at room temperature. 

Further support for the idea that hydrogen loss is the photo- 
chemical step in the dehydrogenation of propan-tol comes from 
the observation that when the reaction is carried out in the 
presence of a hydrogen acceptor such as hex-Gene, RhH(P’Pr& 
catalyses transfer hydrogenation from propan-2-01 to give 
acetone and hexane, the reaction occuring thermally and not 
being enhanced by illumination. Intermediate (A) in Scheme 2 
presumably coordinates hexene after loss of acetone and trans- 
fers two hydrogen atoms to the alkene to give hexane and 
RhH(P’Pr+, a series of reactions which are exoergonic and 
unliiely to be light assisted. 

H 

RCH20K 

i 
Rhm Rsls = RhH(P 

i 
PrJ2 

hv 

7 P-ah-P 
I 
C 
0 

P-F&--P 

d 
“)I 

R 

11 

Scheme 1. Proposed mechanism for the photochemical dehy- 
drocarbonylation of primary alcohols catalysed by RhH(P’Pr& or 

RhH(CO)(P’P& (R = H or Me, P = P’Prs, S = solvent.) 

839 
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S 

Scheme 2. Proposed mechanisms for the photochemical dehy- 
drogenation of propan-2-ol and for the thermal transfer of 
hydrogen between propan-2-01 and hex-l-ene 

RhH(P’Prr)r. (P = P’Pr,, S = solvent). 
catalysed by 

Although these reactions may 8nd some use in increasing the 
fuel content of waste alcohols, they are perhaps likely to be of 
greater signiftcance in organic synthesis for the formation of 
specialist alkanes by the dehydrocarbonylation of alcohols. 
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X-Ray cryhI structure of the tris(acetato)diosoosmate(VI) anion 

(Received 13 July 1982) 

A&met-X-ray crystallographic study of K[OsCl#&CMe)3]. 2MeCOaH shows that the anion has cis dioxo, one 
chelate and two trans monodentate acetato groups. 

Although only recently there has been interest in non-carbon 
monoxide containing carboxylato complexes of osmium, with the 
synthesis of osmium(III) species, [OsCl(p-@CR)& for which 
the X-ray structure of the butyrate has been conIirmed,‘*2 of 
osmium(IV) 0x0 species, Oss(p-0) (~-t&CR)&(PR3)2 for which 
X-ray confirmation has been obtained3 and osmium(III) species, 
0sXr(~CR)(PR3)2,4 the hrst osmium carboxylate complex of 
osmiumJVI), K[OsO&CMe)31, was made many years ago .by 
Criegee. During synthetic studies usii this salt as startmg 
material, we have obtained deep blue air-sensitive crystals of the 
solvate K[OsOs(OsCMe),]~2MeCO$I from acetic acid. 

Measurements on a crystal, of approximate size 
0.13 x0.40x 0.45 nun, sealed in a Lindemann tube 
showed the compound to be triclinic, with unit-cell dimensions 
a =7669(l), b = 11.638(2), c = 11.709(1)A, (I = 11151(l), $I = 
98.49(l), y= 106.61(l)“, U =893.S(2)A3 (at 19oC), space group 
P i and Z = 2. X-Ray diffraction data were collected on a Nicolet 
R3m/Eclipse St40 diffractometer system using an o-scan tech- 

nique. with graphite-monochromated Cu-Ka radiation. A total of 
1839 independent reflections were measured (to 0 = 50% of 
which 14 were judged to be “unobserved”, and the data were 
corrected for absorption [&&Ku) = 161.2 cm-‘]. The structure 
was solved by Patterson and Fourier methods, and least-squares 
refinement has now reached R = 0.052. The program system 
SHELXTL6 was used throughout the calculations. 

There are three species in the structure: potassium cations, the 
[Os02(02cMe)3]- anions, and acetic acid molecules of salvation. 
In the complex anion, shown in Fig. 1, the osmium atom is 
coordinated to two terminal oxygen atoms, to two lrans 
monodentate acetate groups, and to a bidentate acetate. The 
geometry is very markedly distorted away from octahedral, with 
the angle between cis terminal oxygen atoms of 125.2(3)” and the 
angle subtended by the bidentate acetate of 59.2(3)“. The anion 
has almost perfect mmZ(&) point symmetry. 

There are three types of OS-0 bonds in the coordination 
sphere. The Os-O(terminal) distances are 1.700(7) and 1.722(8)A 



840 Communications 

RILH(P~R~) ;=: RhdQ 

S 

Scheme 2. Proposed mechanisms for the photochemical dehy- 
drogenation of propan-2-ol and for the thermal transfer of 
hydrogen between propan-2-01 and hex-l-ene 

RhH(P’Prr)r. (P = P’Pr,, S = solvent). 
catalysed by 

Although these reactions may 8nd some use in increasing the 
fuel content of waste alcohols, they are perhaps likely to be of 
greater signiftcance in organic synthesis for the formation of 
specialist alkanes by the dehydrocarbonylation of alcohols. 
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A&met-X-ray crystallographic study of K[OsCl#&CMe)3]. 2MeCOaH shows that the anion has cis dioxo, one 
chelate and two trans monodentate acetato groups. 

Although only recently there has been interest in non-carbon 
monoxide containing carboxylato complexes of osmium, with the 
synthesis of osmium(III) species, [OsCl(p-@CR)& for which 
the X-ray structure of the butyrate has been conIirmed,‘*2 of 
osmium(IV) 0x0 species, Oss(p-0) (~-t&CR)&(PR3)2 for which 
X-ray confirmation has been obtained3 and osmium(III) species, 
0sXr(~CR)(PR3)2,4 the hrst osmium carboxylate complex of 
osmiumJVI), K[OsO&CMe)31, was made many years ago .by 
Criegee. During synthetic studies usii this salt as startmg 
material, we have obtained deep blue air-sensitive crystals of the 
solvate K[OsOs(OsCMe),]~2MeCO$I from acetic acid. 

Measurements on a crystal, of approximate size 
0.13 x0.40x 0.45 nun, sealed in a Lindemann tube 
showed the compound to be triclinic, with unit-cell dimensions 
a =7669(l), b = 11.638(2), c = 11.709(1)A, (I = 11151(l), $I = 
98.49(l), y= 106.61(l)“, U =893.S(2)A3 (at 19oC), space group 
P i and Z = 2. X-Ray diffraction data were collected on a Nicolet 
R3m/Eclipse St40 diffractometer system using an o-scan tech- 

nique. with graphite-monochromated Cu-Ka radiation. A total of 
1839 independent reflections were measured (to 0 = 50% of 
which 14 were judged to be “unobserved”, and the data were 
corrected for absorption [&&Ku) = 161.2 cm-‘]. The structure 
was solved by Patterson and Fourier methods, and least-squares 
refinement has now reached R = 0.052. The program system 
SHELXTL6 was used throughout the calculations. 

There are three species in the structure: potassium cations, the 
[Os02(02cMe)3]- anions, and acetic acid molecules of salvation. 
In the complex anion, shown in Fig. 1, the osmium atom is 
coordinated to two terminal oxygen atoms, to two lrans 
monodentate acetate groups, and to a bidentate acetate. The 
geometry is very markedly distorted away from octahedral, with 
the angle between cis terminal oxygen atoms of 125.2(3)” and the 
angle subtended by the bidentate acetate of 59.2(3)“. The anion 
has almost perfect mmZ(&) point symmetry. 

There are three types of OS-0 bonds in the coordination 
sphere. The Os-O(terminal) distances are 1.700(7) and 1.722(8)A 
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Fig. 1. Structure of the tris(acetato)dioxoosmate(VI) anion. 

(mean 1.711& comparable to those found in other oxo-osmium 
complexes.’ Bond lengths OS-0 to the monodentate acetates are 
normal, 2.019(7) and 2.032(8)A (mean 2.026&, while those to the 
bidentate acetate are 
2.169(6)A (mean 2.148& 

as expected, longer at 2.127(6) and 

d2 
A cis arrangement of terminal 0x0 groups is very unusual for a 
dioxo system, and can be better rationalised by thinking of the 

anion as a pseudo trigonal bipyramidal species, with the biden- 
tate acetate occupying one coordination site? Indeed, a trigonal- 
bipyramidal complex was postulated to exist in solution on the 
basis of the weakly and asymmetrically bridged dimeric structure 
of [Os&(cyclohexane-1,2_diolato) (quinuclidine)]2.9 In that com- 
plex the distorted coordination observed for the osmium atom in 
the solid state was thought to arise from the approach of two 
trigonal bipyramidal molecules opening out the equatorial 
O=Os=O angle to 154”. In the title anion the O=Os=O angle is 
close to that expected for equatorial tbp positions. 

The acetic acid molecules of solvation take part in hydrogen 
bondii of the type O-H.. . 0 but do not otherwise impinge on 
the complex anion. 

The IR spectrum of the non-solvated salt” is consistent with 
the structure now determined. 
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Electrophilic attacks on (r,-bridging acetyl in a t&on carbonyl cluster; C-O bond cleavage 
to give Ir,-ethylidyne and p-methoxo groups 

(Received 6 August 1982) 

Abstract-The triiron carbonyl cluster anion, [Fes(CO)&-CH$O)]- reacts with fluoroboric acid to give the 
neutral cluster Fe~(CO)&H)(p&H#ZO). MethyltIuorosuIphate reacts to give the compound Fes(CO)&- 
CCH3)(p3-0CH3) in which the p3-acetyl group has undergone stoichiometric C-O bond cleavage. 

The reaction of the iron carbonylate anion, [FeKO)s]*-, with 
methyl iodide produces the cluster [Fe3(CO)gp3-MeCO]- which 
has a unique bridging acetyl group.’ The tetraalkylammonium salt 
of this ion reacts with fluoroboric or trifluoroacetic acid in 
tetrahydrofuran and with methyl fluorosulphate in di- 
cbloromethane to give neutral triiron clusters that have been 
characterised spectroscopically and by X-ray crystallography.’ 
As in the reaction of [Fe2(CO)$ with electrophiles the nature of 
the product here also depends on the electrophile. 

the C-O bond would be much weakened and lengthened and thus 
susceptible to ready cleavage. 

Although C-O bond scission has long been considered a 
potential step in Fischer-Tropsch type reactions and many 
examples of C-O bond lengthening are known, the mechanism of 
C-O bond cleavages in acyl and related compounds such as (4)5 
is obscure. 

The product from proton attack, Fe3(C0)&H)p3,-MeCO) (1) 
retains the unique bridge acyl group in which the C-O bond 
has considerable double bond character (Fig. 1). However, the 
MeS03F reaction product (2) (Fig. 2) has a triply bridged ethy- 
lidyne, p-CMe3, group and a triply bridged methoxo, CL-OMe, 
group. By contrast with the hydrido species (1) which has a 
close structure, (2) has an open structure. If we consider the 
p3-OMe group as a five-electron ligand then the cluster is a 
50-electron one and an open structure is expected.3 

B i”” cp*w\ /GZrCp2 
AC\ 

H Me 

(4) 

The formation of (2) probably occurs via initial attack on the 
lone pair of acyl oxygen (eqn 1) to give the species (3) in which 

The present work provides direct evidence for such a C-O 
scission in an electrophilic attack to give alkylidyne and alcoxo 

Me Me 

MeSO,F 
4 

[Fe3(C0)+3-MeCO]-- + (CO)3F~~~/~Fe(COi,--~ (2) 

Fig. 1. The structure of the bridged hydrido acyl compound. 
Important bond lengths (A) are: Fe( I)-Fe(2) 

Fe(l)-Fe(2) 2.485(l), Fe(l)-Fe(3) 2.737(l), 
Fe(pFe(3) 2.578(l), Fe(l)-H(1) l&3(5), 
Fe(3)-H(1) 1.51(5), Fe(l)-O(l), 1.958(4), 
Fe@) o(1) 2.003(4), Fe(W(1) y3;;;), 
Fe(J)_C(l) 1.910(4), C(l)_o(l) . , 

cco,3 

(3) (1) 

Fig. 2. The structure of the alcoxo alkylidyne compound. Im- 
portant lengths (A) are: 

Fe(l)-Fe(2) 3.059(l), Fe(l)-Fe(3) 2.472(l), 
Fe(2)-Fe(3) 2.459(l), C(2)-Fe(l) 1.937(3), 
C(2)-Fe(2) 1.942(3), C(2)-Fe(3) 2.063(3), 
c(2)-C(3) 1.509(4), OWFeU) 1.984(2), 
;;W$T ;.;tW& OWFe(3) 1.941(2), 

. , 
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groups; it also provides support for the proposal of the inter- 
mediacy of surface bound alkylidynes.6 

Electrophilic attacks on other acyl compounds are under 
study. 
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BOOK REVIEW 

Gmelin Handbook of Inorganic Chemistry. 8th Edn. 
Sn-Organotin Compounds. Part 9. Triorganotin- 
sulphur Compounds. Published by the Gmelin In- 
stitute for Inorganic Chemistry of the Max Planck 
Society for the Advancement of Science. Springer- 
Verlag. Berlin-Heidelberg-New York. 1982. xii + 
276 pp. DM 727. US approx. $323. 

Inorganic and organometallic chemists will be familiar with the 
general format of the Gmelm volumes, but the text is now wholly 
in English, and the type-face is larger. 

Until 1960, only about 1000 papers had been published on 
organotin chemistry, but about 1500 are now published annually, 
and the compounds are finding increasing application in tech- 
nology and agriculture. The problem of keeping abreast of this 
rapidly expanding field is mitigated by Herbert and Ingeborg 
Schumann’s steady output of the Gmelin volumes on tin. Begin- 
ning in 1975, the tetraalkyltin compounds were covered in Parts 
l-3, the alkyltin hydrides in Part 4, and the alkyltin halides and 
pseudohalides in Parts 5-8. 

The present volume (Part 9) deals with mononuclear trior- 
ganotin sulphur compounds, that is particularly the derivatives of 
thiols and thiocarboxylic acids; compounds containing more than 
one tin atom, such as the bistrialkyltin sulphides and the oli- 
gomeric dialkyltin sulphides are not included. The literature is 
covered up to the end of 1980. 

The book begins with 4 pages of references to the general 
literature on organometallic chemistry, particularly organotin 
chemistry, published in 1979 and 1980, bringing up to date-the list 
in Part 8. This is followed by 19 oarres of general references to 
reviews, research papers, and pate& in-chronological order 
from the middle 1%0’s on organotin-sulphur compounds. 

Data on the individual trialkyltin-sulphur compounds then 
constitute the bulk of the value. The information listed for each 
compound covers, in order, the synthetic methods, the structure, 
spectroscopic data, physical properties, chemical reactions, 
biological activity, applications, and, finally, references. Related 
information (e.g. the reactions of Me&tSMe, or the compounds 
PhsSnSR, where R is heterocyclic), are often collected into 
tables. 

The style is less telegraphic than that in Beilstein. If an X-ray 
diffraction study has been carried out, the structure of the 
molecule is illustrated, and the bond lengths and angles are all 
listed. Similarlv. NMR. IR. Raman. m.s. and Miissbauer data are 
given in detail:.The &al 44 pages’carry a formula index of the 
compounds in the book. 

I could not Iind any sign&ant error or omission in the 
references, or indeed in the English. Anyone working in the 
organotin field who can obtain access to this series will be 
grateful to the service which the Schumanns are doing for the 
subject. 

A. G. DAVIES 
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