
236 Inorg. Chem. 1983, 22, 236-241 

solvent association a t  the ammine groups, which is more 
pronounced when the metal atom has a higher formal charge. 
The ability of these solutes to act as acceptors leads to sol- 
ventsolute and anionsolute effects that are not predicted by 
an assumption of the medium as a dielectric continuum. 

The evidence obtained for preferential solvent-sorting and 
ion-pairing interactions points out that care must be exercised 
in interpreting the outer-sphere electron-transfer kinetics in- 
volving metal-ammine complexes. 

Finally, specific solvent donorsolute acceptor interactions 
should affect the redox potentials and spectral transition en- 
ergies in metal complexes involving primary or secondary 
amines, H,O, imidazole, and other hydrogen-bond donor lig- 
ands, all of which can, in principle, hydrogen bond to solvents. 
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The electrochemical reduction at mercury electrodes of a series of [HgP2](CIO,), complexes (P = phosphine) has been 
investigated by using dc and differential-pulse polarography. Data from mercury- 199 and phosphorus-3 1 NMR data are 
used in conjunction with electrochemical results to aid the interpretation of the electrode processes. In dichloromethane, 
the charge-transfer step is of unity order. Thus, the polarographic half-wave potential, Ell,, is independent of the concentration 
of either [HgP2I2’ or P, and despite evidence for formation of [HgP,I2+ (n  = 2-4) complexes from NMR data, these complexes 
are not observed at the electrode surface. Instead, the electrochemical data appear as the superimposition of the electrode 
processes for reduction of the [HgP212+ complex and oxidation of the ligand in the presence of mercury to produce [HgP2I2+. 
A reaction scheme consistent with the observed characteristics of the electrode process is 

(1) 

(2) 

[HgP2I2+ + Hg + 2[HgP]+ 

2[HgP]+ + 2e- + 2Hg + 2P 
to give an overall reaction 

[HgP2I2+ + 2e- + Hg + 2P (3) 
The large substituent effect observed with different phosphine ligands, and the unusual nature of the electrode process, 
implies that the presence of mercury(I), or elemental mercury, can catalyze exchange reactions at the electrode surface 
and modify others. Thus, polarogram for reduction of [HgP212+, of [HgP’*I2+ (P # P’), or of [HgP2I2+ and 2P’ may 
be substantially different when both phosphines are present simultaneously compared with polarograms obtained from individual 
solutions. Electrochemical studies on mixtures of compounds show that the following reactions and probably other second-order 
exchange reactions are significant at mercury electrodes (E1,2[HgP’2]2+ more negative than E1/2[HgP2I2+): 

[HgP212+ + [HgP’,I2+ + 2[HgPP’I2+ (4) 
[HgP2I2+ + P’ + [HgPP’I2+ + P ( 5 )  

[HgPP’],’ + P’ + [HgP’,I2+ + P (6) 
NMR data confirm the existence of complex exchange reactions, although precipitation of complexes from some mixtures, 
and the ability of elemental mercury to modify reactions, implies that considerable care is required in the interpretation 
of the NMR data. 

Introduction 
Mercury compounds exhibit a wide range of coordination 

numbers and stereochemistries. Mercury has one isotope, 
199Hg, of nuclear spin ‘ I2  and reasonable abundance, which, 
with the advent of commercially available Fourier transform 
NMR spectrometers, allows solutions in the 0.1 M and higher 
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(2) University of Melbourne. 
(3) On leave from the Department of Chemistry, North Carolina State 
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(4) On leave from the Heyrovsky Institute, Czechoslovak Academy of 

Sciences, Prague, Czechoslovakia. 

concentration range to be studied readily by mercury N M R  
to provide considerable information on the nature of species 
in s ~ l u t i o n . ~  

Mercury- 199 N M R  studies on phosphine complexes of 
mercury(I1) have been hampered by the inadequate solubility 
of many of the complexes, although 31P NMR data can be 
obtained more readily. Thus, Hg(PPh3)2(C104)2 has been 
examined by 31P N M R  methods but not by 199Hg NMR.,,’ 

( 5 )  R. K. Harris and B. E. Mann, Eds., “NMR and the Periodic Table”, 
Academic Press, London, New York, San Francisco, 1978, pp 266-272. 

(6) E. C. Alyea, S. A. Dias, R. G. Goel, W. G. Ogini, P. Pilon, and D. W. 
Meek, Inorg. Chem., 17, 1697 (1978). 
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Reactions of Mercury(I1) Phosphine Complexes 

However, some data have been obtained for the more soluble 
perchlorate and tetrafluorohrate salts,7” and results indicate 
a rich chemistry in terms of their interactions and coordination 
properties.‘ 

In a recent communication from these laboratories9 it was 
indicated that electrochemical data, which may be conveniently 
obtained a t  the 1P M concentration range with modern in- 
strumental methods, may also be used to provide substantial 
information of the kind more traditionally obtained from 
N M R  techniques.I0 Indeed when the two techniques may 
be applied to the same system, they provide complementary 
information, which may be included in the interpretation of 
data relevant to the other technique. 

Electrochemical studies of mercury(I1) complexes have 
produced a wide variety of mechanisms.” When mercury 
electrodes are used, the elemental mercury is usually involved 
in the electrode process. Many of the electrode processes are 
also very fast and involve unusual stoichiometry. Thus, for 
example, the reduction of HgX, (X = CI, Br, I) in di- 
methylformamide occurs via a two-stage process12 

3HgXz + 2e- + 2HgXI- + Hg 

2HgX3- + 4e- + 6X- + 2Hg 

(7) 

(8) 

to give an overall process 

HgX, + 2e- + Hg + 2X- (9 )  

while that for HgX,P, (X = CI, Br, I; P = phosphine) occurs 
in a onestep process9 

(10) HgX,P, + 2e- Hg + 2X- + 2P 

The electrochemistry of [HgP,12+ in acetonitrile has been 

(11) 

described briefly.13 The overall electrode process is 

[HgP,I2+ + 2e- e H g  + 2P 

but mechanistic details are unknown. 
In the present work, the detailed electrochemistries of the 

[HgP2]2+ complexes have been examined in dichloromethane. 
Examination of possible influences of ligand exchange and 
comparisons with reduction of HgX, and HgX,P, are con- 
sidered. Results are also compared with N M R  data to further 
ascertain the usefulness of electrochemistry in detecting the 
presence of exchange reactions and in aiding the interpretation 
of N M R  data and vice versa. 

Experimental Section 
[HgPz]’+ compounds were prepared as their perchlorate salts 

according to literature methods6 while phosphine ligands were obtained 
from commercial sources and used without further purification. All 
other chemicals and solvents were of analytical grade purity. 

Electrochemical data were obtained at 20 z t  1 “C in dichloro- 
methane containing 0.1 M Bu.NCl0, as the supporting electrolyte. 
An EG & G PAR Model 174 polarographic analyzer was used to 
obtain polarogram. Controlled-potential electrolysis experiments were 
undertaken with a PAR Model 173 potentiostat/galvanostat. All 
electrochemical experiments were performed with a three-electrode 

(7) R. Colton and D. Dakternieh. A u l .  3. Chcm., 34. 323 (1981). and . .  
rcfemccs cited therein. 

(8) “Hg NMR data on the I H ~ ( P M c ~ ) ~ I [ B F ~ I ~  are presented in ref 5, p 
268. as unpublished results by P. L Gaggin. R. 1. Goodfcilow, and A. 
J. Griffiths. 

(9) A. M. Bond, R. Colton, D. Daktemich. and K. W. Hanck. Inorg. 
Chem., 21, 117 (1982). 

(10) R. Colton and D. Daktemieh, Aut .  3. Chem., 33.955 (1980). 
(11) A. M. Bond and K. W. Hanck, 3. E/cetmono/. Chrm. Inter~ociiol 

Electrochem.. 129, 89 (1981). 
(12) Y. Matsui and Y .  Date, BuN. Chem. Soe. Jpn., 43,2052 (1970). 
(13) L. Horncr and I. Haufe, Chem. Be,., 101,2921 (1968). 
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Figure 1. Dc polarograms for reduction of 2.5 X M [HgP212+ 
compounds in CH2CIz (0.1 M BudNCI04) at 20 “C: (a) [Hg(P- 
( ~ ~ H S ) I ) Z ] ~ + ;  (b) IH~(P(~-M~OC,H,),)ZI’+; (4 I H ~ ( P B U ~ ) ~ I ~ + ;  
(d) [Hg(P(C6Hll)3)2]2*. Drop time = 1 s. 

Table 1. Dc Polarographic Data for Reduction of 2.5 x 
[HgP,)” and Oxidation of P a t  the Dropping-Mercury Electrode in 
CH,CI, (0.1 M Bu,NCIO,) at 20 “C (Drop Time 1.0 s) 

M 

ligand P 

[HgP,]’+ data 

&/&GI E3,,,mV id ,  !A 

0.470 40 0.90 
0.360 45 0.94 
0.350 49 1.00 
0.300 45 0.93 
0.280 49 0.91 
0.280 52 0.93 

E m ,  V vs. E,,, - 

0.270 49 1.07 
0.040 52 0.83 

E,,, for 
oxidn of 
PP v vs. 

0.470 
0.360 
0.350 

b 
0.280 

b 
0.270 
0.040 

__ &/&a 

PBU, -0.100 32 0.95 -0.100 
P(C,H,, ), -0.190 53 0.91 -0.19OC 

Complicated by maxima, which introduce considerable uncer- 
Concentration not accurately known because of decomposition, 

Very concentration dependent, but similar to E,,, for IP tainty. 
duction of mercury complex at very dilute concentration. 

system: working (mercury), auxiliary (platinum), and reference 
[Ag/AgCI (CH2Cl2-LiCl(satd))]. The particular electrode forms 
were appropriate to the form of the experiment, e&. dropping-mermry 
electrode for polarography and mercury pool for controlled-potential 
electrolysis. 

NMR data were recorded on a JEOL FX 100 pulsed Fourier 
transform spectrometer with I’P chemical shifts (ppm) being measured 
relative to external 85% H,FQ while ‘%g chemical shifts are reported 
relative to external 1 M phenylmercury acetate in dimethyl sulfoxide. 
High-frequency positive convention is used. Further details on the 
NMR instrumentation and measurement procedures are contained 
in ref 7 and IO. 

Results and Discussion 
Figure 1 shows dc polarograms for reduction of 2 5 X 10” 

M solutions of various [HgP,]*+ compounds, and Table I 
summarizes the data. This concentration is near the dc po- 
larographic detection limit for reduction of the mercury com- 
pounds. Nevertheless, it was found that in these very dilute 
solutions the dc polarograms are very well-defined except for 
that of [Hg((C6Hll)3P)2]z+ (Figure Id), which has a pro- 
nounced maximum. At higher concentrations a range of 
complex behavior is observed; maxima and strong absorption 
over a wide potential range are indicated. An oxidation process 
is observed for all the ligands at potentials similar to those at 
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Figure 2. Differential-pulse polarograms for reduction of 2.5 X 
M [HgP2I2+ in dichloromethane (0.1 M Bu4NC104) at 20 OC at 
amplitudes (1) -25 mV, (2) -50 mV, and (3) -100 mV: (a) [Hg- 
(P(2-MeOC6H,),)2]2+; (b) [ H ~ ( P B u ~ ) ~ ] ~ + .  Drop time = 1 s. 

which reduction of the corresponding [HgP2]*+ complex oc- 
curs. At even low concentrations in the M concentration 
range distortions (maxima) are found for the ligand oxidations, 
and frequently more than one wave is observed at higher 
concentration. Many of the ligands are unstable in di- 
chloromethane (dilute solution; oxygen sensitive to produce 
phosphine oxide). In contrast, the mercury complexes are far 
more stable, and the majority of quantitative studies were 
undertaken on the mercury complexes rather than on the 
ligands. 

A large substituent effect particularly between alkyl- and 
arylphosphines is observed for reduction of [HgP2j2+ (large 
E I l 2  differences) (Figure l ) ,  but for all the complexes the dc 
limiting current per unit concentration is essentially the same 
(see Table I). Furthermore, the dc limiting currents are 
diffusion controlled (diffusion current proportional to the 
square root of mercury column height), and the product of 
the reduction is P. Controlled-potential electrolysis experi- 
ments demonstrate that the overall process is a two-electron 
reduction and cyclic voltammetry is consistent with chemical 
reversibility. The overall electrode process for all complexes 
is therefore confirmed to occur as in eq 11. 

Figure 2 contains two examples of differential-pulse po- 
larograms for reduction of the mercury complexes at variable 
amplitude. Highly symmetric responses are observed, although 
the half-widths vary significantly with different compounds. 
In particular, the half-width of the [ H ~ ( P B U ~ ) ~ ] ~ +  complex 
is considerably narrower than for the reduction of the other 
complexes. If the electrode process were to occur directly via 
a two-electron step as in eq 11, theoretical work indicates 
considerable asymmetry would be expected." For example, 
differential-pulse polarograms for reduction of HgX2P2 com- 
p l e ~ e s ~ . ' ~  are very asymmetric under conditions of differen- 
tial-pulse polarography where eq 10 has been suggested to be 
appropriate. The implication of this result is that the electrode 
process is first order with respect to charge transfer, unlike 
many other examples." 

Figure 3 shows a plot from dc polarograms of E vs. log [(id 
- i ) / i ]  (first order) and E vs. log [ ( i d  - i ) / i 2 ]  (second order) 
for some of the complexes (id = diffusion-controlled limiting 
current; i = direct current; E = dc potential). The linearity 
of the log [ ( id  - i)/i] plot confirms the first-order nature of 
the process; if eq 11 had been appropriate, then the second- 

log (Y) log (q) 

2 1  i" 

-2 ii1 , , , , , 
50 0 -50 

(E-El,2),mV 

Figure 3. Plots of normalized potential vs. log [(id - i)/i] (0) and 
log [(id - i)/i2] (0) for reduction of 1 X 10-4 M [Hg(P(4-C1C6H&,I2+ 
(a) and 5 X lo-' M [Hg(P(C6Hll)s)2]2+ (b) in dichloromethane (0.1 
M Bu4NC104) at  20 OC. Drop time = 1 s. 

Table 11. Dependence of Differential-Pulse Peak Position, E,, on 
Concentration for Reduction of [ Hg(P(2-MeC6H,),),] *+ in 
Dichloromethane a t  20 "C (Drop Time 1.0 s) 

E,, V vs. Ag/AgCl 

concn. M -25 mVb -50 mVb -100 mVb 

5 x 10-6 0.472 0.487 0.512 
1 x 10-5 0.480 0.490 0,515 
2 x 10-5 0.482 0.493 0.520 
4 x 10-5 0.490 0.500 0.525 
8 x 10-5 0.487 0.499 0.522 
1.6 x 10-4 0.478 0.489 0.513 
3.2 X a 0.444 0.460 0.499 

a Shoulder present. Amplitude. 

order plot would have been linear. The slope of the linear 
first-order plots shown in Figure 3a is 55 f 2 mV for [Hg- 
(P(4-ClC6H4)3)2]2+, which is consistent with a one-electron 
charge-transfer step. Most of the other complexes give similar 
values, although they can be less as shown in Figure 3b, where 
the slope is only 46 f 2 mV. Most other examples for re- 
duction of mercury complexes at  mercury involve a two- 
electron charge-transfer step, so this may be regarded as a 
surprising result. Table I1 provides some data for the de- 
pendence of differential-pulse peak position, E,, on concen- 
tration. While E,  is not completely independent of concen- 
tration as theoretically predicted for a first-order reaction, the 
response is far removed from that theoretically predicted for 
second or higher order reactions." 

The presence of absorption would explain the small con- 
centration dependence of E,. Adsorption is readily revealed 
in the differential-pulse polarograms via other phenomena. For 
example, the response for the charging or background current 
without [HgP2I2+ is substantially modified by the presence of 
the compound. Tensammetric and related adsorption influ- 
ences are well documented in the field of ac polar~graphy '~J~  
but are now becoming equally well recognized in the field of 
differential-pulse polarography.16-ls 

Figure 4 provides additional data obtained from differen- 
tial-pulse polarography; the dependence of E,, vs. amplitude, 

(14) B. Breyer and H. H. Bauer, 'Alternating Current Polarography and 
Tensammetry", Interscience, New York, London, 1963. 

(15) H. Jehring, J .  Electroanal. Chem. Interfacial Electrochem., 21, 77 
(1969). 

(16) D. R. Canterford and R. J. Taylor, J .  Electroanal. Chem. Interfacial 
Electrochem., 98, 25 (1979). 

(17) F. C. Anson, J. B. Flanagan, K. Takahashi, and A. Yamada, J .  Elec- 
troanal. Chem. Interfacial Electrochem., 67, 253  (1976). 

(18) J. B. Flanagan, K. Takahashi, and F. C. Anson, J .  Electroanal. Chem. 
Interfacial Electrochem., 81, 261 (1977). 
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Table 111. Comparison of Phosphorus-31 and Mercury-I99 NMR Dataa for [HgP,IZ+ in Dichloromethane 
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NMR data 

mercury complex ligand electrochem 
data, E,,,, V vs. 

P n 6('99Hg)b 6(,lP) J(Hg,P) 6(31P) A6(31P) 
P(2-MeC,H,), 0.470 2 230 39.7 4240 -29.9 69.6 
p(c6H5 1 3  0.350 2 C 47.2 5010 -5.3 52.5 

3 875 42.8 3120 48.1 
4 845 32.2 2090 37.5 

P(3-MeC6 H4)3 0.300 2 285 46.1 5060 -5.2 51.3 
3 895 41.1 3090 46.3 
4 890 28.7 2070 33.9 

P(4-MeC6H,), 0.280 2 200 47.2 4940 -8.0 55.2 
3 885 41.1 3080 49.1 
4 84 0 29.2 2090 37.2 

P(4-MeOC6H4), 0.280 2 180 45.5 4800 
3 880 41.1 3040 
4 850 26.8 2070 

P(4-aC6H4), 0.270 2 90 43.1 5340 - 8.4 51.5 
3 770 40.3 3255 48.7 

P(2-MeOC6 H4),  0.040 2 190 3.3 4980 -38.5 41.8 
PBu, -0.100 2 290 49.8 4280 -30.1 79.9 

3 1080 3 8.6 3050 68.7 
4 1130 4.8 1980 34.9 

1 1 3  -0.190 2 4 20 78.3 3730 10.8 67.7 
a NMR data taken from ref 7. n = 2, trip1et;n = 3, quartet;n = 4, quintet. Too insoluble for 199Hg NMR. 

p/ L o o  
+IO04 / I 
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Figure 4. Plots of peak potential (0) and half-width (0) vs. pulse 
amplitude, AE, from differential-pulse polarogram for the reduction 
of 5 X M [Hg(P(2-MeOC6H4)3)2]2+ in dichloromethane (0.1 
M Bu4NC104) at 20 OC. Drop time = 1 s. 

AE, is in excellent agreement with theory for a unity-order 
reaction. Furthermore, EIl2  = Ep - AE/2 as required by 
theory. The half-width dependence on A E  is not in exact 
agreement with theory and varies substantially from compound 
to compound. However, in combination with the dc results, 
all data are consistent with a one-electron charge-transfer step, 
with coupled chemical reactions occurring at  the electrode 
surface (reactant and product adsorption). The observation 
that the dc polarograms and differential-pulse polarograms 
have slopes of log [(id - i) / i]  and half-width, respectively, less 
than Nernstian is consistent with adsorption phen~mena . '~  

The above data can be accommodated by the reaction 
scheme shown in (12)-(14), which requires that all equilibria 

[HgP2I2+ + H g  2[HgP]+ (12) 

2[HgP]+ + 2e- + 2Hg + 2P (13) 

[HgP2j2+ + 2e- + Hg + 2P (14) 
are established rapidly and is closely related to that proposed 
for oxidation of the potentially bidentate dithiocarbamate 
ligand at mercury electrodes.20 However, it needs to be noted 

(19) A. M. Bond and G. Hefter, J.  Electroanal. Chem. Interfacial Electro- 
chem., 42, 1 (1973); 68, 203 (1976). 

how different the reaction scheme is compared with the re- 
duction of HgX2P2 or [Hg(CN),]("2)+ ( n  = 2-4).2' The 
existence of a monomeric mercury(1) intermediate may offer 
an explanation for the different behavior since mercury(1) 
halides and pseudohalides tend to exist as dimeric species. 

Several aspects of the proposed reaction scheme can be 
tested by a combination of electrochemical and N M R  mea- 
surements. Some experiments may be more informative than 
usual because of the unusual nature of the electrochemical 
reduction scheme. 

Mixing mercury(1) perchlorate and phosphine ligands in 
dichloromethane produces elemental mercury (visual identi- 
fication) and [HgP2I2+ (electrochemical identification), which 
is consistent with the postulate that the disproportionation step 
represented by eq 12 lies substantially to the left. 

Solutions containing 1 : 1 stoichiometries of mercury( 11) 
perchlorate and phosphine produce electrochemical data 
consistent with formation of [HgP2I2+ and unreacted mercu- 
ry(1I) perchlorate. Further addition of phosphine produces 
a negative current component to the dc polarograms. That 
is, the polarographic response is consistent with the reduction 
of [HgP2I2+ producing positive dc current and added to this 
is the negative current for oxidation of phosphine in the 
presence of mercury or current arising from the reverse of the 
reaction scheme presented in eq 12-14. Some of the surface 
properties are however modified at  higher concentrations, 
particularly maxima and related phenomena. N M R  data' 
confirm the electrochemistry with respect to the addition of 
1 mol of phosphine to mercury(I1) perchlorate. However, if 
further phosphine is added to [HgP2I2+, with some phosphines, 
it is clear from the N M R  data that [HgPJ2+ and [HgP4I2+ 
can be formed. Some of the N M R  data from the literature 
are given in Table 111. N M R  data reveal that mercury- 
phosphorus coupling can be seen for some complexes at 30 OC, 
whereas for others lower temperatures are r e q ~ i r e d . ~  The 
implication from the NMR data is that [HgP212+ alone is not 
formed at room temperature and that rapid exchange (on the 
NMR time scale) occurs between the various [HgP,I2+ species 
( n  = 2-4). 

(20) A. M. Bond, A. T. Casey, and J. R. Thackeray, Inorg. Chem., 12, 887 
(1973). 

(21) E. Kirowa-Eisner, D. Talmor, and J .  Osteryoung, Anal. Chem., 53, 581 
(1981), and references cited therein. 
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Electrochemical data do not show separate polarographic 
reduction waves that can be associated with the existence of 
[HgPJ2+ or [HgP412+ as noted with HgX3-,12 and any indi- 
cation of their existence from an electrochemical point of view 
is masked by the unity order of the charge-transfer process. 
This result further confirms the postulated reaction mechanism 
because, irrespective of the coordination number, the lability 
of the complexes enables eq 13 to control the charge transfer. 
The contrast with reduction of [Hg(CN),]("2)+ (n = 2-4) or 
oxidation of mercury in the presence of CN- is quite surprising 
since similar mercury(I1) species appear to be present.21 In 
the case of the cyanides the order of the electrode process 
changes with concentration even though separate reduction 
waves are not observed and EIl2 is dependent on cyanide 
concentration as expected for a non-unity-order charge-transfer 
process. 

Data in Table I11 show that electrochemical data do not 
correlate in a linear fashion with any of the NMR parameters. 
Since steric effects appear to be important in determining the 
chemical shifts of 31P and lg9Hg and other NMR parameters, 
this lack of a linear free energy relationship is predicted?2 E!l2 
directly reflects the change in base strength or relative stability 
constant, K ,  associated with reaction 15. That is, E,J2  is 

(15) 

expected to be closely allied with electronic effects. The large 
difference in E l I 2  between the 2-Me and 2-Me0 derivatives 
is probably the only surprising result in this context. However, 
the influence of steric effects with the two techniques would 
not appear to be parallel. The lack of a linear correlation 
between 6(Ig9Hg) and 6(3iP) confirms that additivity of sub- 
stituent effects does not occur in the N M R  data. 

The nature of the large El12 variation with ligand implies 
that, while it is not possible to detect exchange between 
[HgP2I2+ and P (same P) electrochemically, it may be possible 
to detect exchange between [HgP2I2+ and [HgP'2I2+ (P # P') 
or upon addition of [HgP2I2+ to P'. Indeed some most in- 
teresting consequences could arise from thermodynamic con- 
siderations. 

Consider two redox couples with standard redox potentials 
E,' and E2" (the mercury(1) intermediate deduced from po- 
larography is now omitted from the discussion for simplicity): 

K 
Hg2+ + 2P e [HgP2I2+ 

[HgP212+ + 2e- + Hg + 2P (E, ')  (16) 

[HgP'J2+ + 2e- + Hg + 2P' (E,') (17) 

Assuming that E2" is more negative than El0 implies that, 
if both [HgP2I2+ and P' are present, reactions will occur in 
the following manner: 

[HgPJ2+ + 2e- + Hg + 2P 

Hg + 2P' F= [HgPr2I2+ + 2e- 

[HgP2I2+ + 2P' + [HgP'2]2+ + 2P 

(18a) 

(18b) 

that is 

(19) 

with the equilibrium position in eq 19 lying to the right. The 
equilibrium constant K for eq 19 can be calculated from the 
value (E,' - E,'). Clearly, the presence of mercury can 
catalyze exchange reactions at the electrode surface. The 
presence of mercury(1) could also catalyze the exchange re- 
actions. Note that, while elementary mercury appears in both 
eq 18a and 18b, it is absent from eq 19 and that the equilib- 

Bond et al. 

(22) A. M. Bond, S. W. Carr, R. Colton, and D. P. Kelly, Inorg. Chem., in 
press. 

HEIGHT 
INCREASES 
2 PROCESSES 

\ 1 '1 T 
HEIGHT 

/YECREASES 

I ' I ' I ' I- 

o - 0.2 0.6 0.4 0.2 
VOLT vs Ag/AgCI 

Figure 5. Differential-pulse polarograms in dichloromethane (0.1 M 
Bu4NC104) for reduction of individual solutions of 5 X M 
[Hg(P(2-MeC6H4)s)2]2+ (a) and 5 X M [Hg(P(2-MeO- 
C6H4)3)2]2' (b) compared with polarograms of a solution containing 
5 X lobs M of both compounds (c). Temperature = 20 'C, drop time 
= 1 s, and amplitude = -100 mV. 

rium constant K does not contain a term involving mercury(1) 
or mercury(0). 

Consider also the situation if the reaction 

[HgP212+ + [HgP'2]2+ 6 2[HgPP'I2+ (20) 
occurs in the bulk solution. It may be supposed that the 
hypothetical reaction 

(21) 
would have an E3" value of approximately (E,' + E2")/2 V. 
However, if reduction of [HgPP'I2+ were to occur at a mercury 
electrode, the potential at which one of the products, P, was 
generated would be at a value where oxidation to produce 
[HgP212+ occurs, That is, the reverse of reaction 20 may occur 
at an electrode surface whereas in the bulk solution exactly 
the opposite occurs. The polarography of mixtures of [HgP2I2+ 
and P' or [HgP212+ and [HgP'J2+ could therefore have unusual 
properties compared with those of individual solutions. Thus, 
the reduction current from [HgP2I2+ would be nulled by the 
oxidation of P' in the presence of mercury, unless an exchange 
reaction occurred at the electrode surface as in eq 22. With 

(22) 
this rearrangement, oxidation of P and reduction of [HgPr2I2+ 
would appear to occur even though in bulk solution neither 
of these species is present. 

Figure 5 shows a comparison of differential-pulse polaro- 
grams of [Hg(P(2-MeC6H4)3)2]2+ and [Hg(P(2-  
MeOC6H4)3)2]2+ in individual solutions and in a mixture. This 
combination was chosen because no higher complexes are 
formed (see Table 111; NMR data) and also because their E, 
values are well separated. The [Hg(P(2-MeOC6H4),),]'+ 
complex ([HgP'2]2') is reduced at more negative potential than 
the [Hg(P(2-MeC6H4),)2]2+ complex ( [HgP2I2+). On addition 
of [HgPr2J2+ to [HgP2I2+ the differential-pulse peak height 
of [HgPJ2+ decreases. Conversely, the [HgP'J2+ response 
increases in height and broadens because of the presence of 
an extra process. Furthermore, a maximum occurs at negative 
potentials, which is not evident in the individual polarograms. 
The maximum appears as a negative current in the differen- 

[HgPP'I2+ + 2e- + Hg + P + P' 

[HgP2I2+ + 2P' * [HgP'J2+ + 2P 
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Figure 6. Drop time and temperature dependence of the mixture of 
compounds shown in Figure 5c. In the upper curve the drop time 
has been changed to 0.5 s, and in the lower curve the temperature 
has been lowered to -35 OC. 

tial-pulse polarogram shown in Figure 5 .  Clearly, these 
phenomena are qualitatively explicable in terms of reactions 
at  the electrode surface (eq 23-29). These equations are 

[HgP2I2+ + 2e- + Hg + 2P (23) 

P + [HgP’2]2+ [HgPP’I2+ + P’ (24) 

2 [HgPP’] 2+ + [ HgPz] 2+ + [ HgP’J 2+ (25 )  

P + [HgPP’I2+ + [HgP2I2+ + P’ (26) 

[HgPz]” + 2P‘ [HgP’2I2+ + 2P (27) 

[HgPP’I2+ + 2e- + Hg + P + P’ (28) 

[HgP’2]2+ + 2e- + Hg + 2P’ (29) 

written in their simplified form, without employing mercury(1) 
intermediates. The observed curves are extremely time and 
temperature dependent as shown in Figure 6 and also con- 
centration dependent (not shown). The presence of second 
or higher order chemical reactions is evident. 

When P’ was added to [HgP2I2+ at -35 “ C  in the presence 
of elemental mercury, time-dependent reactions were observed 
in the bulk of the solution as ascertained by electrochemical 
monitoring but the end result approached that for a mixture 
of [HgP2I2+ plus [HgP’2]2+. Clearly, in the presence of 
mercury, the system can adjust to the thermodynamically 
expected result, but not all the reactions are extremely rapid. 
Furthermore, the possibility of other mercury complexes such 
as HgP2P’ or HgP2P’2 being formed at  the electrode surface 
cannot be discounted. 

With the present knowledge of the chemistry of these 
mercury complexes and electrochemical theory, no quantitative 
understanding of the reactions is possible. However, theoretical 
studies on far simpler situations are a ~ a i l a b l e ~ ~ - ~ ’  and dem- 

(23) C. Amatore, J. M. SavCant, and A. Thiebault, J .  Electroanal. Chem. 
Interfacial Electrochem., 103, 303 (1979), and references cited therein. 

(24) C. Amatore, J. Pinson, J. M. SavCant, and A. Thiebault, J .  Electroanal. 
Chem. Interfacial Electrochem., 107, 75 (1980), and references cited 
therein. 

(25) T. Matusinovic and D. E. Smith, Inorg. Chem., 20, 3121 (1981), and 
references cited therein. 

(26) N. Tanaka, T. Yoshikuni, Y. Kato, and A. Yamada, J .  Electroanal. 
Chem. Interfacial Electrochem., 107, 95 (1980). 
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onstrate that the observations are intuitively consistent with 
the above reaction schemes. 

Mixtures containing equimolar quantities of [Hg(P(2- 

soluble in dichloromethane for N M R  studies. The nature of 
the precipitate is unknown, but obviously a reaction does occur 
when the two compounds are mixed. 

Dichloromethane solutions of [Hg(P(2-MeOC6H4)3)2]2+ 
containing an excess of P(2-MeC6H4), resulted in the for- 
mation of some elemental mercury and other materials, but 
at  30 OC both 31P and lg9Hg N M R  data show only the 
presence of [Hg(P(2-MeOC6H4)3)2]2+ and free P(2- 
MeOC,H4), as soluble species. Cooling these solutions caused 
further precipitation, thus preventing further N M R  studies 
at lower temperatures. The presence of elemental mercury 
and precipitation of compounds confirm that complex reactions 
do occur and indicate the limitations and difficulties in in- 
terpreting the N M R  data. 

Experiments with mixtures including [ H ~ ( P B U ~ ) ~ ] ~ + ,  where 
higher coordination is possible (n = 2-4; as shown in Table 
111), produced even more complex polarograms than with 
mixtures of [Hg(P(2-MeOC6H4)3)2]+ and [Hg(P(2- 
MeOC6H4)3)2]2+. Electrochemical data indicate that exchange 
reactions are probably redox modified by the presence of 
different forms of mercury. There was no evidence from NMR 
measurements of the formation of soluble mixed species 
[HgPP’I2+ for any Hg:P:P’ stoichiometry of the phosphines 
studied. The only soluble mercury species containing different 
phosphine groups were of the stoichiometry [HgP2P’I2+ and 
were identified by the presence of AB2X-type NMR spectra. 
Nevertheless, the N M R  data reveal that mixed-ligand com- 
plexes can be formed. 

The unusual features of the electrochemical exchange re- 
actions observed in this work are governed by the fact that 
E l I Z  values for reduction of the complex and oxidation of the 
free ligand are identical at mercury electrodes. By contrast, 
HgX2P? is reduced at  potentials more negative than those of 
oxidation of either X- or P at mercury electrodes. The unity 
order of the electron transfer may be associated with the 
unusual stability of say [HgP]+. With halides, mercury(1) 
species are usually dimeric (sometimes insoluble). 

In summary, the area of mercury phosphine electrochem- 
istry has many complex and unusual features, which are as 
yet not always well understood. Electrochemical and N M R  
experiments are being continued in these laboratories in an 
endeavor to further understand the chemical principles asso- 
ciated with mercury chemistry. 

Acknowledgment. This work was undertaken as part of a 
research project supported by the Australian Research Grants 
Committee. The Committee’s financial support and that of 
Deakin University in providi_ng funds for a Visiting Scholar’s 
Research Fellowship for M. Svestka and a Gordon Fellowship 
for K. W. Hanck are gratefully acknowledged. M. Svestka 
also wishes to thank the Czechoslovak Academy of Sciences 
and the Heyrovskg Institute for a leave of absence to work at 
Deakin University. 

Registry No. [Hg(P(2-MeC6H4)3)2]2+, 7 1087-41-7; [Hg(P(4- 

[Hg(P(4-MeOC6H4)3)2]2+, 47879-91-4; [Hg(P(4-C1C6H4)s)2]2+, 
71087-35-9; [Hg(P(2-MeOC6H,)3)2]2+, 77452-08-5; [ H ~ ( P B U ~ ) ~ ] ~ + ,  

MeOC6H4)3)2]2+ and [Hg(P(2-MeC6H4)3)2]2’ were to0 in- 

Fc6H4)3)2]2+, 7 1087-37-1; [Hg(p(c6H5)3)2I2+, 47807-66-9; [Hg(P- 
( 3-MeC,&&)1)2]2’, 77630-93-4; [Hg(P(4-MeC6H4)3)2]2+, 47856-90-6; 

77135-70-7; [Hg(P(c6H11)3)2IZ+, 66119-62-8; P(2-MeC6H4),, 
6163-58-2; P(4-FC,H,),, 18437-78-0; P(C6H5)3, 603-35-0; P(4- 
MeC&),, 1038-95-5; P(4-ClC&),, 1159-54-2; P(2-MeOC6H4),, 
4731-65-1; PBU3, 998-40-3; P(C6H11)3, 2622-14-2. 

(27) A. Yamada, T. Yoshikuni, Y. Kato, and N. Tanaka, Bull. Chem. SOC. 
Jpn., 53, 936 (1980). 


