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Figure I .  Cyclic voltaniniogram of 2.2 mM ris(C/),frans(P)-[TcCI2- 
(PMe2Ph)2bpy] in 0.1 M TEAP/acetonitrile at a PDE. Scan rate = 100 
mV/s. 

since common laboratory materials provide adequate shielding. 
Bremsstrahlung is not a significant problem due to the low energy of the 
a-particle emission, but normal radiation safety procedures must be used 
at  all timcs, cspccially when dealing with solid samples, to prevent con- 
tamination and inadvertent inhalation. Complexes used in  these exper- 
imcnts wcrc prcparcd as previously d e ~ c r i b e d . ~ , ~  UV grade acetonitrile 
and D M F  (Burdick and Jackson) were used as solvents. Polarographic 
grade TEAP (G. F. Smith), used as supporting electrolyte, was dried in 
vacuo at  60 OC over P20,. 

Instrumentation. All electrochemical measurements were performed 
by using a BAS CV-IB voltammograph. The potential was monitored 
with a Kcithlcy 178 digital multimeter, and voltammograms were re- 
corded on ;I Houston Instruments Omnigraphic 100 recorder. Bulk 
solution cyclic voltammctry experiments were performed with a plati- 
num-disk working electrode (BAS), a platinum-wire auxiliary electrode, 
and a saturated calomel reference electrode. The reference electrode was 
isolated from the solution by a porous Vicor plug. Spectropotentiostatic 
and thin-layer cyclic voltammetric experiments were performed with an 
OTTLE constructed as previously described6 by using 100 wires/in gold 
minigrid, a platinum-wire auxiliary electrode and a Ag/AgCI ( 3  M 
NaCI) reference electrode. Visible spectra were recorded on a Cary 210 
spcctrophotomctcr, thc ccll compartment of which was modified to ac- 
commodate the OTTLE, controlled atmosphere containment chamber, 
and electrical leads. 

Methods. In general, experiments were performed as previously de- 
scribed'-'O and are  summarized as follows: 

Cyclic voltammograms were obtained by using ca. 2 mM solutions of 
the complexes in acetonitrile that was 0.1 M in TEAP. The solutions 
were purged with a stream of Ar gas (saturated with acetonitrile) for a 
time sufficient to deoxygenate them (ca. IO min). Potential scans were 
typically performed at  a scan rate of 100 mV/s; however, various scan 
ratcs up to 400 mV/s were used to assess reversibility. Thin-layer cyclic 
voltammograms were obtained with D M F  solutions of the complexes (ca. 
1 mM) that wcrc 0.5 M in TEAP. The sample solutions were sealed in 
serum vials and purgcd for 10-20 min with Ar. The OTTLE was 
mounted in  a Plexiglas containment chamber fitted with quartz windows 
and then placed into the spectrophotometer sample compartment to ob- 
tain a baseline reading. The chamber was removed and purged with Ar, 
and the sample solution was transferred to the reservoir of the OTTLE 
with a glass syringe. The chamber was placed into the sample com- 
partment, the compartment was purged with Ar, and the spectra were 
recorded at  various stcppcd potcntials. Each spectrum was recorded 5 
min aftcr potcntial application, a time that was sufficient to obtain 
equilibrium valucs of [O]/[R].  
Results 

All of the cis(X),tr~ns(f)-[Tc~~~/~~X~(PR~R'),L]+/~ complexes 
(X = CI, Br; PR2R' = PMezPh, PEtPh,; L = bpy, phen, Me,bpy) 
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Table I. Formal Redox Potentials of 
cis(X),trons(P)- [TcX2(PR2R')LI2+/+Io and 
trans(P)-ITcX(PR,R')(ter~v)12+/+io Couples' 

T ~ B r ~ ( P M e ~ P h ) ~ b p y  1.044 -0.049 n.o.6 -1.400 
TcC12( PEtPh2)2bpy 1.080 -0.077 n.0. -1.450 
TcCI,(PMe,Ph),bpy 1.033 -0.128 n.0. -1.570 
TcCI,(PMe2Ph)2phen 1.039 -0.130 n.0. -1.600 
T~Cl~(PMe~Ph)~Me,bpy 0.965 -0.189 n.0. -1.550 

[T~Cl(PEtPh~)~terpy]+ n.0. 0.491 -1.072 n.0. 
[T~Br(PMe~Ph)~terpy]+ n.0. 0.467 -1.067 n.0. 
[TcCI(PMe,Ph),terpy]+ n.o. 0.440 -1.123 n.0. 

'Acetonitrile solutions. Potentials given in V vs SCE. The supporting 
electrolyte is 0.1 M TEAP. Eo' determined by averaging and E,(,) of 
cyclic voltammogram. bn.o. = not observed within the scan range of + I 3  

studied herein exhibit both Tc(IV)/Tc(III) and Tc(lIl)/Tc(II) 
couples. Figure 1 depicts a typical bulk solution CV (PDE) 
obtained for the Tc(I1) complex cis(Cl),trans(P)-[TcC12- 
(PMe,Ph),bpy]. A positive potential scan initiated at  -0.6 V 
reveals two oxidation waves with peak potentials at -0.098 and + 1.065 V. Upon reversal of the scan at + 1.37 V, reduction waves 
with peak potentials of +1 .OOO and -0.160 V are observed. The 
following observations establish that both redox events are re- 
versible 1-equiv processes: (1) the peak currents are proportional 
to the square root of the scan rate, (2) the ratios of the anodic 
and cathodic peak currents are unity, and (3) the separations 
between related cathodic and anodic peaks are close to the 
Nernstian value of 59 mV for a 1-equiv process. Initiating a scan 
at -0.6 V and scanning in the negative direction yields a reduction 
wave with a peak potential at -1.57 V. Upon reversal of the scan 
at  -1.70 V, no related oxidation wave is observed. However, 
several small oxidation waves appear over the entire previous scan 
range, indicating that the reduction process occurring at -1.57 
V is quickly followed by chemical processes that alter the nature 
of the original complex. Repeating the experiment at a scan rate 
of 400 mV/s produces a small related oxidation wave, the intensity 
of which can be increased at the temperature of a dry ice/acetone 
bath. Even at  this low temperature the anodic peak current is 
much less than the cathodic peak current. An identical CV is 
obtained when the Tc(II1) analogue, cis(Cl),trans(P)-[TcC12- 
(PMe,Ph),bpy]+ is used. When the potential is held at -0.60 V 
and the solution is stirred, Faradaic current is observed for 
[T~Cl,(PMe,Ph)~bpy]+ but not for [TcClz(PMe2Ph),bpy]. 
Conversely, when the potential is held at + O S  V and the solution 
is stirred, Faradaic current is observed for [TcC12(PMe2Ph),bpy] 
but not for [T~Cl,(PMe,Ph)~bpy]+. This behavior supports the 
assignments of the Tc(II1) and Tc(1I) oxidation states for the solid 
samples. The thin-layer CV of [TcC12(PMe2Ph),bpy] in DMF 
(2  mV/s) shows a reversible Tc(III)/Tc(II) redox couple. At- 
tempts to record a thin-layer cyclic voltammogram for the Tc- 
(IV)/Tc( 111) couple produce ever-increasing anodic current 
(positive scan) and multiple reduction waves upon reverse scan, 
indicating that the Tc(1V) product is not stable. Similar bulk 
solution voltammograms and thin-layer voltammetric behavior 
are observed for the other C~~(X),~~U~~(P)-[TCX~(PR~R')L]+/~ 
species. The results of the bulk solution experiments are presented 
in Table I. 

The trans(P)- [T~X(PR,R')~terpyl+ complexes also exhibit two 
reversible redox processes, which, however, are assigned as Tc- 
(III)/Tc(II) and Tc(II)/Tc(I) couples. Figure 2 depicts a typical 
bulk cyclic voltammogram for trans(P)- [TcCI(PMe,Ph),terpy]+. 
A negative potential scan starting at 0.0 V reveals a reduction 
wave with a peak potential of -1.158 V. Upon reversal of the scan 
at -1.64 V, an oxidation wave is observed with a peak potential 
of -1.088 V. Continuing the positive scan beyond 0 V reveals an 
oxidation wave with a peak potential of 0.475 V. Reversal of the 
scan at  0.900 V reveals a reduction wave with a peak potential 
of 0.405 V.  By the same criteria noted above for the [TcX2- 
(PR,R')L]+/O complexes, both of these redox events are reversible, 
1-equiv processes. Extension of the positive scan beyond +0.9 

to -1.7 V vs SCE. 



690 Inorganic Chemistry, Vol. 30, No. 4, 1991 Wilcox and Deutsch 

I I I I I 
+ O S  0 .a5 . 1.0 .1.5 

E I V  VI SCEI 

Figure 2. Cyclic voltammogram of 1.3 m M  trans(P)-[TcCl- 
(PMc,Ph)@rpy]+ in  0.1 M TEAP/acetonitrile at a PDE. Scan rate = 
100 mV/s. 

I I 1 
LW 500 WO 700 

Ww.Im(lh lnml 

Figure 3. Scqucntial absorption spectra obtained during an OTTLE 
spcctropotentiostatic experiment on 1 .O mM cis(Br),zrans(P)-[TcBr,- 
(PMe2Ph)2bpy] in 0.5 M TEAP/DMF. Applied potentials in V vs 
Ag/AgCl: (a) -0.070; (b) 0.020; (c) 0.040; (d) 0.060; (e) 0.080; (f) 
0.100; (9) 0.120; ( h )  0.140; ( i )  0.160; (j) 0.200; (k) 0.400. 

V reveals an oxidation wave with a peak potential of + I  .560 V, 
but reversal of the scan at  + I  .72 V reveals no related reduction 
wave. Continuing this scan over the entire accessible range reveals 
a number of baseline aberrations as well as small cathodic peaks, 
which indicate that new chemical species are generated as a result 
of the oxidation at I .56 V. Similar cyclic voltammograms are 
obtained for tmns(P)-[TcBr(PMe2Ph),terpy]+ and trans(P)- 
[TcCI( PEtPh,),terpy]+, and the CV results for all three complexes 
arc summarized in Table I .  For all three of these complexes, no 
Faradaic current is observed at 0.0 V, consistent with the two 
couples being assigned as Tc( III)/Tc(lT) and Tc(ll)/Tc(l) pro- 
cesses. 

Because of the stability of the Tc(ll1) and Tc(l1) forms of the 
cis( X).trans( P ) -  [TcX2( PR,R‘)L]+/O couples, cis(Br),trans( P)- 
[TcBr , (  P M e 2 P h ) 2 b p y ] + / o ,  c i s (  C/) , l r ans (P ) - [TcCI , -  
( P M e , P h ) p h en ] cis ( C/) , trans ( P )  - [ T c C 1 , - 
(PMe,Ph),bpy]+/O were studied by the spectropotentiostatic 
mcthod. Spectra recorded for the reversible Tc(III)/Tc(II) couples 
of cis( Br).trans( P)-[TcBr,( PMe2Ph),bpy]+/0 during OTTLE 
spectropotcntiostatic experiments are depicted in Figure 3. The 
observed absorption maxima, obtained in DMF, for all three 
systems are in good agreement with those previously observed for 
isolated Tc( I I I )  and Tc( 1 I )  complexes in a~etonitri le.~.~ lsosbestic 
points (five for cis(Br),trans(P)-[T~Br~(PMe~Ph)~bpy]+/~ (Figure 
3), four for cis(C/),trans(f)-[T~Cl~(PMe,Ph),phen]+/~, and three 
for cis(C‘~,traa~(P)-[TcCI~(PMe~Ph)~bpy]+/~) are observed during 
the spcctropotentiostatic experiments, consistent with simple in- 
terconversion of the Tc(ll1) and Tc(l1) forms. The results from 
Ncrnstian analyscs of these data are given in Table 11. 

Spectra obtaincd during a spectropotentiostatic experiment on 
the trans(P)- [TcCI( PMe2Ph),terpyl2+/+ Tc( l lI /II)  couple are 

~ 
a n d 

Table 11. Formal Redox Potentials and n Values Obtained from 
Thin-Layer Electrochemical Measurements of Tc(III)/Tc(II) 
Couoles of Polvovridvl Comolexesa 

Tc(I1) complex E O I ~   EO)^ n 

trans(P)- [T~CI(PMe~Ph)~terpy]+ 0.498 0.502d 0.92d 
cis(Br),truns(P)-TcBr2(PMe2Ph),bpy 0.108 0.109c 0.97e 
~is(CI),trans(P)-TcCl~(PMe~Ph)~phen 0.028 0.016‘ 0.97f 
cis(CI),truns(P)-T~Cl~(PMe~Ph)~bpy 0.006 0.01 21 0.998 

“Solutions in 0.5 M TEAP/DMF. Eo’ in V vs Ag/AgCI (3 M 
NaC1). Eo’ = average of cathodic and anodic peak potentials from 
thin-layer cyclic voltammograms at a Au OTTLE at a scan rate of 2 
mV/s.  Values determined from Nernstian plots of spectropotentios- 
tatic data at a Au OTTLE. d410-nm data. c440-nm data. f520- and 
660-nm data. g446- and 670-nm data. 
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Figure 4. Sequential absorption spectra obtained during an OTTLE 
spectropotentiostatic experiment on 1.3 mM trans(P)-[TcCI- 
(PMe2Ph)zterpy]+ in 0.5 M TEAP/DMF. Applied potentials in V vs 
Ag/AgCl: (a) 0.000; (b) 0.340, (c) 0.420; (d) 0.460 (e) 0.490; (f) 0.510; 
( 9 )  0.530; ( h )  0.550; ( i )  0.570; (j) 0.630; (k) 0.700; (1) 0.750. 

shown in Figure 4. The absorption maxima observed for the 
Tc(1l) complex in DMF are in good agreement with those obtained 
previously for the isolated complex in acet~nitrile.~ One isosbestic 
point is observed in the visible region. The results from Nernstian 
analysis of these data are given in Table 11. It should be noted 
that while the Tc(lI1) species appears to be sufficiently stable to 
perform the spectropotentiostatic experiment, this complex does 
undergo very slow decomposition, as evidenced by multiple re- 
duction waves that appear in a reverse scan conducted after the 
potentiostatic experiment is completed. The Tc(1) complex is too 
unstable to permit the spectropotentiostatic experiment to be 
conducted on the Tc(ll) /Tc(l)  couple. 
Discussion 

General Considerations. Acetonitrile and DMF were chosen 
as solvents for these experiments because they permit a wide range 
of applied potentials and they provide good solubility for these 
complexes. Acetonitrile was used for the bulk cyclic voltammetry 
experiments in order to allow comparisons to results obtained for 
an analogous Re complex.” DMF is better suited to the spec- 
tropotentiostatic experiment because of its relatively low volatility. 

The series of complexes ~is(X),trans(f)-[TcX~(PR,R’),L]+~~ 
exhibit reversible Tc(IV)/Tc(III) and Tc(III)/Tc(II) couples in 
bulk cyclic voltammetry experiments according to eqs 1 and 2, 

[TdVX,(PR2R’),Ll2+ + e- - [TC’~’X,(PR,R’)~L]+ (1)  

[Tc~~~X,(PR,R’),L]+ + e- - [ T C ~ ’ X ~ ( P R ~ R ’ ) ~ L ]  (2) 
respectively. The Eo’ values obtained for the Tc(III)/Tc(II) 
couples (Table I) correlate with qualitative observations made 
during the syntheses of these complexes. The Eo’(III/II) values 
are not extreme, and therefore both forms of the couple are readily 
accessible. In fact, solid samples of most of the complexes in both 
oxidation states have been obtained; notable exceptions are the 

( 1  I )  Casper, J. V.; Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 19fJ4, 23, 2104. 
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Table 111. Redox Potentials for Analoaous Technetium and Rhenium ComDlexes" 
I 

complex couple EO'TC E O ' R s  AEO'TC-RC mediumb 
IM04l-'  v1r/rv +0.74 +0.51 0.23 A 
[ MO(SC(0)C(O)S)2]-/2-d 
[MOCl(phsal)2]0/- 
[ MO(Ophsill)(phsal)]O/- 
[ M ( N  CS),] 2-/3- * 
[ MC13( PMC,P~)~]'/O 
[ MC12(PMc2Ph)zbpy]2"/+ 
[MCI,(PMe2Ph)3]o/- 
[ MC12( PM~~Ph)~bpyl+/O 
[ M(dcp~)~Cl~] ' /~  
[ M (de pc) 2C I2]+/O 
[M(dmp~),Cl,]'/~ 
[ M(dmp~)~Cl~] ' /~  
[ M (dmpc)2Br2]'/o 
[M(dmp~)~Br,] '/~ 
I M ( ~ P P C ) ~ C ~ ~ I + / ~  
[ M (diilr~)~Cl,] ' I o  

[ M (d iil ~ s ) ~ C I ~ ]  
[ M ( d n i p ~ ) ~ ]  2'/' 

[M(dmpe)Khg- 

-0.27 
-0.29'*f 
-0.3oC 
+0.66 
+ 1.064' 
+1.274' 

+O. I 1 3k 
-0.5 1 L' 

-0.054'" 
-0.023'" 
-0.025"' 
-0.1 17"' 
-0.108"' 
-0.01 I"' 

+O. 196P 
+o. 145p 
-1.164" 
-I ,054 
+0.299' 

-0.46 
-0.819 
-0.769 
+0.37 
+0.9@ 
+ I . l 2 j  
-0.77' 
-0.19 
-0.244" 
-0.198' 
-0.21 7" 
-0.3 IO0 
-0.09 1" 
-0.2020 
+0.001" 
-0.17" 
-1.342'' 
-1.24" 
+0.226' 

0.19 
0.52 
0.46 
0.29 
0.16 
0.15 
0.26 
0.262 
0.190 
0.175 
0.192 
0.193 
0.199 
0.191 
0.195 
0.32 
0. I78 
0.19 
0.073 

B 
C 
C 
B 
C 
C 
C 
C 
D 
E 
D 
E 
D 
E 
D 
D 
D 
D 
F 

Potentials are in V vs the normal hydrogen electrode (NHE).  The reported literature values have been converted as follows: SCE(Hg/Hg2C12, 
KCI saturated) = +0.241 V vs NHE;  NaSCE(Hg/Hg2CI2, NaCl saturated) = +0.236 V vs NHE; Ag/AgCI(3 M NaCI) = +0.206 V vs NHE 
ferroccnc/fcrroccnium reference redox system in CH,CN = +0.62 V vs NHE. b A  = aqueous acidic medium; B = 0.1 M TBAP in CH,CN; C = 0.1 
M TEAP i n  CH,CN; D = 0.5 M TEAP in  DMF; E = 0.5 M KNO, in  water; F = 0.1 M NaCl in H,O; G = 0.5 M (TEA)CI or 0.5 M (TEA)Br 
in DMF.  Rcfcrcncc 20. "Reference 21 bv DolaragraDhy. 'Reference 17. f-35 OC. gReference 26. hReference 22. 'Reference 12. /Reference 
I I .  kThis work. ' E ,  for an irreversible ;eduction. ;"Reference 23. 
4 Rcrcrcncc 18. ' Reference 25. 

Tc(ll) form of [Tc"'C12(PMe2Ph),Me2bpy]+ and the Tc(lI1) form 
of [T~"Br~(PMe~Ph)~bpy].'"' The Eo' values of Table I show that 
the [Tc"'CI,( PMe2Ph)2Me2bpy]+ complex is the most difficult 
of the scrics to reduce and thus is stable with respect to its Tc(l1) 
analogue, while the [ T ~ " ' B r ~ ( P M e ~ P h ) ~ b p y ] +  complex is the 
easiest to reduce and thus i t  is stable in its Tc(I1) form. 

Tc vs Re. The synthesis and electrochemical behavior of the 
analogous Rc complcx ci.~(Cl),trans(f)-[ReCl~(PMe~Ph)~bpy]+ 
have been rcportcd previously." This complex also exhibits re- 
versible IV/111 and 111/11  couples (at +0.88 and -0.39 V vs SCE 
in acetonitrile, respectively). These values are 153 and 262 mV 
morc negativc than those reported herein for the analogous Tc 
complex ~is(Cl),trans(f)-[TcCl,(PMe,Ph)~bpy]+. That is, the 
Re analogue is more difficult to reduce. Similarly, from the data 
reportcd for [TdV/"'/"CI 3(PMe2Ph)3]+/0/- I 2  and its Re congener," 
the AEo'Tc-Re values are 0.160 V for the IV/lIl couple and 0.285 
V for thc 1 1 1 / 1 1  pair. The smaller difference (AEo'Tc-Re) for the 
I V / I I I  couplcs with respect to the l l I / l I  couples appear to result 
from the high formal charge of the 2+ M(IV) species and not 
from its high oxidation state. This conclusion results from a 
comparison of Eo' values for all known Tc-Re congeners (Table 
l l l ) . 1 3 - 1 4  Consistent with established periodic trends,I3 in all cases 
a Re complcx is more difficult to reduce than is its Tc analogue. 
Moreover, with only three exceptions the AE"' values (E0ITc - 
Eo'Re) arc in the narrow range 0.15-0.32 V. The exceptions 
involve the highly charged (but low valent) [ M"/ ' (d~npe)~]~+ /+  
pair, which exhibits a AEo'Tc-Re value smnller than any of the 
othcrs rcported (0.073 V), and the low charged (but high valent) 
Schiff basc pairs [ Mv~ivOCl(phsal)2]o/- and [MV/"'O(Oph- 
sal)(phsal)]"/-, which exhibit AEo'Tc-Re values higher than any 
of the others rcportcd (0.52 and 0.46 V, respectively). 

Effects of Ligands on E"'. ( 1 )  Variation of the Phosphine 
Ligand. Of the two complexes [T~Cl , (PMe~Ph)~bpy]+  and 
[TcC12( PEtPh2),bpy]+, the latter, which contains phosphine lig- 
ands wi th  thc grcatcr number of phenyl groups, is more easily 
reduced to Tc(ll) and is harder to oxidize to Tc(1V). This same 

(12) Mazzocchin, G. A.; Seeber, R.; Mazzi, U.; Roncari, E. Inorg. Chim. 
Acta 1978, 29, I .  

(13) Warren, L. F.; Bennett, M. A. Inorg. Chem. 1976, I S ,  3126. 
(14) Deutsch, E.: Libson. K.: Vanderheyden, J.-L.; Ketring, A. R.; Maxon, 

H .  R. Nucl.  Med. Biol. 1986, 13, 465. 

*Reference 7. Reference I ;  square-wave voltammetry. PReference 10. 

phenomenon is seen for [T~"CI(PMe~Ph)~terpy]+  and [Tc"CI- 
(PEtPh,),terpy]+ in that the complex containing PEtPh, is more 
difficult to oxidize to Tc(II1) and easier to reduce to Tc(1). This 
effect occurs because the more phenyl-substituted phosphines are 
better A acids, which better stabilize lower oxidation states, while 
the less phenyl-substituted (more alkyl-substituted) phosphines 
are better (T donors, which better stabilize the higher oxidation 
states. This generalization is also manifested in the electro- 
chemistry of free phosphines (the half-wave potential for the 
oxidation of the free phosphine ligand increases with increasing 
phenyl ~ubsti tution)]~ and of technetium-phosphineSchiff base 
complexes of the general formula trans-[Tc"'(PR,R'),(Schiff 
base)]+ (for a given Schiff base, increasing the phenyl substitution 
on the phosphine makes it easier to reduce both Tc(IV) to Tc(1II) 
and Tc(ll1) to Tc ( I I ) ) .~  

For both the comparable bpy and terpy complexes, the dif- 
ference in potential for the Tc(III)/Tc(II) couple when the 
phosphine is changed from PMe2Ph to PEtPh, is 51 mV. This 
value is consistent with the results obtained by Libson and co- 
workersI6 in a study of technetium complexes of the form 
[Tc1I1(D),X2]+, where D is a bisphosphine ligand. They observed 
that the bis(dipheny1phosphino)ethane (dppe) complexes are easier 
to reduce, by an average of 218 mV, than the bis(dimethy1- 
phosphino)ethane (dmpe) analogues, which corresponds to a 
difference of +27 mV per methyl to phenyl exchange (eight 
exchanges per complex). By the same reasoning, they found a 
difference of -4 mV per methyl to ethyl exchange (the ethyl 
analogues being more difficult to reduce). With application of 
these values to the bpy and terpy species described herein, the 
exchange of two PMe2Ph ligands for two PEtPh, ligands (2Me - 2Ph plus 2Me - 2Et) should result in a (2 X 27) + (2 X -4) 
or +46 mV change in potential. This value is close to the observed 
51 mV difference. 

The AE"' values for various phosphine substituent group 
changes in Tc and Re complexes are summarized in Table IV.  
The most extensive data available are for M(III/II) couples with 
Et - Ph substitutions, and for this exchange the AEO' values are 
around 30 mV (range = 25-51 mV). The corresponding Et - 
Ph AEO' values for the Tc(IV/III) couples in [TcIv/"'(Schiff 

(15) Matschmer, V. H.; Krause, L.; Krech, F. Z .  Allg. Chem. 1970,373, 1 .  
(16) Libson, K.; Barnett, 9. L.: Deutsch, E. Inorg. Chem. 1983, 22, 1695. 
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Table I V .  Effect of Phosphine Substituents on Redox Potentials of Comparable Technetium and Rhenium Complexes" 

(a) Complexes Containing Bidentate Phosphine Ligands 
Eo' for Eo' for Eo' for AEO' per AEO' per AEO' per 

complex couple L = depe L = dmpe L = dppe Me - Et exchb Et - Ph exchb Me - Ph exchb 
[TC(L)~CI~]+/~/ '  111/11 -0.054C*d -0.025'3' +O. 196' -0.004 +0.03 1 +0.028 

1 1 1 / 1 1  -0.046 -0.026 +0.205' -0.003 +0.031 +0.029 
l l j l  - I  .233d.g -1.204' -0.004 

[Tc( L)2Brz]t/o/- 111 /11  +0.075c3d +O. l  0 8 C 3 d  -0.004 

11 /1  - I  .083',g -1 ,062' -0.003 
1 1 1 / 1 1  +0.068' +O. I07f +0.309' -0.005 +0.030 +0.025 

[Re( L)2C12]+/0/- 111/11 -0.244h -0.21 7h +O.OOl -0.003 +0.03 1 +0.027 
11/1 - I  .40g.h - 1 . 3 9  -0.99h -0.006 +0.05 1 +0.045 

[Tc( L)JZt/+ 11/1 +O. 1 70' +0.3 1 6' -0.01 2 

(b)  Complexes Containing Monodentate Phosphine Ligands' 
AEO' per Et - Ph exch" 

[Tc(acac,cn)(  PEL^),]^'/'/^ +0.896 -0.844 0.01 0 0.030 
[Tc(acac,cn)( PEt2Ph)2]2+/t/o +0.9 16 -0.784 0.01 5 0.050 
[Tc(acac,cn)( PEtPh2)2]2t/t/0 +0.946 -0.684 0.025 0.025 
[T~(acac~cn)(PPh,)~]~~/~/~ +0.996 -0.634 0.017 (av) 0.035 (av) 
[Tc(buac,cn)( P E L , P ~ ) ~ ] ~ ~ / ~ / ~  +0.806 -0.684 0.025 0.040 

complex EO'(IV/II 1) Eo'(III/II) IV/lIl r r r / r r  

[ Tc( buac2cn) ( PE t P h2)  ,] 2+/t/o +0.856 -0.604 

" Potential, arc in V vs NHE (see Table I l l ) .  Unless otherwise noted, values are determined by conventional cyclic voltammetry at a PDE; medium 
is 0.5 M TEAP in DMF. bValues determined by dividing LEO' of the complexes by the number of R groups (R = Me, Et, Ph) per complex. 
?Working clcctrodc is a Au OTTLE. dReference 23. 'Reference IO. fReference 16. 9-40 OC. hReference 7. 'Medium is 0.1 M TEAP in 
C H J N  .24 

Table V .  Redox Potentials of Technetium and Rhenium Complexes Containing Chloride and Bromide Ligands" 
EO'cr E O ' B r  AEO' per 

complex couple ( X  = CI) ( X  = Br) CI - Br exchb mediumC 
c,is(X),/ro,i.s( P)-  [ TcX2( PMe,Ph),bpy] 2t/t ' IV/II1 + I  ,274 +1.285 +0.006 C 
c,is(X),/rons( P)-  [ TcX2( PMe2Ph)2bpyl+/o ' 1 r r / 1 1  +O.l 13 +O. 192 +0.040 C 
/ ~ U I I S (  P) -  [ TcX ( PM~~Ph)~ te rpy]~+ /+  111/11 +0.68 1 +0.708 +0.027 C 
tru~~~-[Tc(dnipc)~X~]+/~ ' 111/11 -0.025 +O. 108 +0.067 D 
rr~ns-[Tc(dmpc)~X~] 111/11 -0.122 -0.016 +0.053 E 
tru,is-[Tc(dmpc),X,] e r r r / r r  +0.016 +0.161 +0.073 G 
r ru~s - [Tc (dcpc ) ,X~]~~~  r l r / r r  -0.023 +O. l  15 +0.069 E 
/TUII.S- [Tc(d~p~),X2]+/~ ' r r l / r r  -0.054 +0.075 +0.065 D 
truiis-[ Rc(dmpc),X,] ' / O f  111/11 -0.217 -0.09 I +0.063 D 
trutis- [ Rc(dmp~),X,]+/~ I l l / l l h  -0.3 I O  -0.202 +0.054 E 
trans(P)- [TcX( PMe2Ph),tcrpy] + I o d  I I / I  -0.882 -0.826 +0.056 C 
r r u ~ i ~ - [ T ~ ( d i n p c ) ~ X ~ ] ~ ~ ~ ~  11/1 -1.204 -1.062 +0.071 D 
r r ~ / u - [ T c ( d m p c ) ~ X ~ ] ~ ~ - ~  11/1 -1.163 -0.997 +0.078 G 
~ ~ O I I J -  [ T c ( ~ c P c ) ~ X ~ ] ~ / '  I l / l h  -1.233 -1.083 +0.075 D 
/ ~ U I I S - [  Rc(dmpc),X210/-~ 11/1 -1.35 -1.21 +0.070 D 

Potentials are in  V vs the normal hydrogen electrode (see Table 111). bValues determined by dividing AEO' of the complexes by the number of 
halide ligands per complex. 'See Table I l l .  'This work. 'Reference 23. fReference 7. 8Reference I .  h-40 "C. 

ba~e)(PR,R')~1~+/+ complexes are somewhat lower (range = 1C-25 
mV), prcsumably due to the higher formal charge of the Tc(1V) 
center. 

(2) Variation of the Halogen Ligand. For the two Tc(II1) 
complcxcs [TcCI,( PMe,Ph),bpy]+ and [T~Br,(PMe,Ph)~bpy]+, 
the bromo analogue is easier to reduce to Tc(lI) and harder to 
oxidize to Tc(1V). The same effect is seen for the Tc(I1) com- 
plexes [TcCI(PM~,Ph)~terpy]+ and [TcBr(PMe,Ph),terpy]+, 
wherein thc bromo analogue is easier to reduce to Tc(1) and harder 
to oxidizc to Tc(l1I). The differences in the Tc(III)/Tc(II) 
potcntial per CI - Br interchange (AEo'ercl) are similar for the 
two pairs (40 mV for the bpy pair and 27 mV for the terpy pair). 
The incorporation of bromide leads to a more reducible complex 
because broniidc is a better r-acceptor ligand than chloride and 
is thus bcttcr ablc to stabilize lower oxidation states. Table V 
compares the differences in Eo' values per CI - Br exchange 
(AEo'Br-CI) for the complexes prepared in this study to the dif- 
ferences obscrvcd for Tc and Re complexes of the form 
[ M"'/"/1D2X2]+/0/- (D = a bis(tertiary phosphine or arsine), X 
= CI or Br, and M = Tc or Re). The values of AEoIBrXl for the 
[ M"'/"/'D,X2]+/o/- couples fall in the range 53-78 mV, while those 
for the higher charged 2 + / +  bpy and terpy complexes are 
somewhat smaller (range = 6-27 mV). This is consistent with 

the previously noted leveling effect of formal charge on variations 
in Eo' values. 

(3) Variation of the Polypyridyl Ligand. For the three Tc(Il1) 
complexes [TcCI,(PMe,Ph),bpy]+, [T~Cl~(PMe~Ph)~phen]+,  and 
[TcCI,(PMe,Ph),Me,bpy]+, the bpy and phen species have es- 
sentially the same Eo' values, while the Me2bpy analogue is 
considerably more difficult to reduce to Tc(I1) and easier to oxidize 
to Tc(1V). This electrochemical property is manifested in the 
synthesis of the bpy and Me2bpy analogues; both Tc(II1) and 
Tc(I1) forms of the bpy complex can be recovered, but the Tc(I1) 
form of the Me,bpy species is not readily a c c e ~ s i b l e . ~ . ~  The 
difference in potential between the bpy and Me2bpy species is 
understood in terms of the electron-donating properties of the 
methyl groups, which cause Me2bpy to be a better (r donor and 
poorer K acceptor; this makes the Me,bpy better able to stabilize 
Tc(1V) and less able to stabilize Tc(l1). The same effect is 
observed in tr~ns-[Tc~~'(PR~R')~(Schiff base)]+ complexes for 
Schiff base ligands of different rr-accepting abilities.* 

The Tc(III/II) couples [ T C X , ( P R , R ' ) ~ ~ ~ ~ ] + / O  and [TcX- 
(PR2R'),terpylzt/+ differ in the replacement of a relatively poor 
?r acid (the CI or Br) by a better K acid (a pyridyl moiety). For 
each of the two chloride-containing [ T C C I ~ ( P R ~ R ' ) , ~ ~ ~ ] + / ~ /  
[TcCl(PR2R'),terpyl2+/+ pairs studied, for a constant phosphine, 
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the terpy complex is 568 mV easier to reduce from Tc(II1) to 
Tc(I1) than is the bpy analogue. The difference in potential for 
the bromide-containing [T~Br~(PMe~Ph)~bpy]+/~/[TcBr- 
(PMe2Ph)2terpy]2+/+ pair is 516 mV. The magnitude of these 
potential changes (>500 mV) reflects the great difference in ability 
to delocalize charge between a halide and a conjugated ring system. 
The smaller difference in potential for the bromide-containing 
pair is also as expected. Bromide stabilizes the lower oxidation 
state somewhat better than does chloride, and pyridyl stabilizes 
the lower oxidation state to a much greater extent than does either 
chloride or bromide. Therefore, the replacement of one bromide 
by one pyridyl moiety leads to a smaller stabilization effect 
(manifestcd as a smaller AEO') than does the equivalent re- 
placement of one chloride. 

Spectropotentiostatic Measurements. The cis(X),trans(P)- 
[Tc"'/"X2( PR2R')2L]+/o couples investigated herein are well suited 
for spcctropotentiostatic analysis because of the stabilities of the 
component complexes, as evidenced by the thin-layer cyclic 
voltammetry results and the isolation of solid samples of each of 
the redox forms. The spectropotentiostatic experiments sum- 
marized in Figures 3 and 4 show that all of the [TcX,- 
(PR2R')2L]+/o complexes studied exhibit isosbestic behavior, and 
thus the Tc( I I I)/Tc( I I )  redox process involves simple electron 
transfcr uncomplicated by ligand substitution or other reactions. 
The spectra of the Tc(ll1) and Tc(l1) forms determined in these 
experimcnts arc in good agreement with those obtained for isolated 
solid  sample^,^.^ establishing that the solid samples and the 
electrogenerated species are identical. Nernstian analyses of the 
data from these experiments give Eo' values that are in good 
agrccment with those obtained from the thin-layer cyclic volt- 
ammograms and yield values of n close to unity. This latter 
observation confirms both the I-equiv nature of the observed 
process and the oxidation state assignments previously made on 
the basis of elemental ana lyse^.^,^ 

Figure 4 shows that the trans(P)-[T~"'/"CI(PMe~Ph)~terpyl+/~ 
couple exhibits isosbestic behavior for the duration of the po- 
tentiostatic experiment. Nernstian analysis of the data gives an 
Eo' valuc that is in  good agreement with that obtained in the 
thin-layer cyclic voltammetry experiment (Table 11). However, 
further investigation reveals that the Tc(Il1) form of this couple 
is not stable over long periods of time. The experiment requires 
a total of ca. 90 min, and the bulk of the complex is held in the 
Tc(lI1) form during the last 30 min. Upon reversal of the potential 
after the last visible spectrum is recorded and scanning in the 
negative direction at 2 mV/s, a Tc(lI1) to Tc(l1) reduction wave 
is recorded; however the peak current is substantially smaller than 
that previously recorded for the corresponding oxidation. Ad- 
ditionally, two reduction waves are recorded that were not pre- 
viously observed in thin-layer cyclic voltammograms. Both of these 
observations indicate that a slow decomposition of the Tc(Il1) form 
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occurs on the prolonged time scale of the spectropotentiostatic 
experiment. In the ease of the Tc(II)/Tc(I) couple, isosbestic 
behavior is seen only for the first four potential steps (ca. 20-min 
duration). After this, the visible spectrum changes continuously 
even with the potential held at  values more positive than Eo' of 
the couple. This behavior indicates that the electrogenerated Tc(1) 
complex decomposes spontaneously, possibly by loss of the chloride 
1 iga nd. I ' 

Summary. The ability to control the redox potential of tech- 
netium-based couples, especially the Tc(III/II) couple, is important 
to the development of new 9 9 m T ~  radiopharmace~ticals.'~~'~*~~ 
While the qualitative principles underlying such control have been 
known for some time, the quantitative data necessary for precisely 
predicting the effects of ligand variations on Tc(III/II) potentials 
are only now becoming available. Data compiled in this work show 
that in complexes of formal charge < + I  (a) replacing a chloride 
ligand by a pyridyl moiety stabilizes Tc(I1) by about 570 mV, 
(b) replacing a chloride ligand by a bromide ligand stabilizes 
Tc(I1) by about 60 mV, (c) replacing a single P-Et substituent 
by a single P-Ph substituent stabilizes Tc(l1) by about 30 mV, 
and (d) replacing a single P-Et substituent by a single P-Me 
substituent stabilizes Tc(I1) by about 4 mV. These effects, ranging 
from gross (>500 mV) to subtle ( < 5  mV), allow for the design 
of 9 9 m T ~  radiopharmaceuticals wherein the Tc(III/II) redox po- 
tential is precisely controlled by manipulation of the properties 
of the ligands bonded to technetium. 
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