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The tetracyanodioxotechnetate(V) ion undergoes protonation reactions in acidic aqueous solutions, forming the [TcO(OH)(CN),]~- 
(1) and [TcO(OH,)(CN),]- (2) complexes. A dimeric species, [ T C ~ O ~ ( C N ) ~ ] ~ -  (3), is rapidly formed from the hydroxo oxo 
complex, and it is therefore impossible to isolate complex 1. The coordinated water of [TcO(H,O)(CN),]- can be. displaced by 
monodentate ligands such as thiocyanate. The reaction with thiocyanate ions gives [TcO(NCS)(CN),I2- (4), the composition 
and structure of which was confirmed by means of an X-ray crystal structure determination. 2,2'-Bipyridinium oxothio- 
cyanatotetracyanotechnetate(V) (C2SH18N90ST~) crystallizes in the monoclinic space group, C2/c,  with a = 18.210 (4) A, b = 
19.473 (1) A, c = 15.501 (3) A, @ = 107.501 (14)O, 2 = 8, pale = 1.490 g ~ 1 1 1 ~ ~ .  A final R value of 6.4% resulted from refinement 
of 1868 observed reflections. The first acid dissociation constant of 2 (at 15.0 "C), the forward and reverse rate constants, and 
the equilibrium quotient for the reaction (at 25.0 "C) 

ki. KI 

k-i 
truns-[TcO(H,O)(CN),]- + NCS- truns-[TcO(NCS)(CN),IZ- + H,O 

have been determined in 1.0 M (KNO,) ionic strength aqueous medium as 10-2.90(5), 22.2 (3) M-' s -I ,  0.43 (4) s-I, and 54 (2) 
M-', respectively. 

Introduction 
Technetium-99m agents are widely used in diagnostic nuclear 

medicine, while rhenium-186 and rhenium-188 agents are being 
actively investigated for radiotherapy? In some cases the proposed 
use of radiorhenium for therapy is predicted on the chemistry and 
biodistribution of the analogous technetium agent. Since one can 
qualitatively predict that aspects of the chemistries of technetium 
and rhenium will not exactly be analogous,5V6 it becomes important 
for the use of radiorhenium in nuclear medicine to quantitively 
assess the extent to which the solution chemistries of technetium 
and rhenium differ. Many diagnostic technetium agents contain 
the radioactive metal in the +5 oxidation state. Thus, in this paper 
we focus our attention on the  comparative aqueous solution 
chemistry of analogous Tc(V) and Re(V) centers. 

It was shown previously that the [MO,(CN),]" ions of Mo(IV), 
W (  IV), and Re(V) may undergo successive protonation reactions 
to form the corresponding hydroxo oxo and aqua oxo speck7 It 
was further shown tha t  the aqua ligand in. the [MO(H,O)- 
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(CN),]"- ions may be substituted by mono- and bidentate (for 
the Mo(1V) and W(1V) systems only)  ligand^.^^^ These studies 
lead to predictions regarding other known dioxo tetracyano com- 
plexes, that of Tc(V) and O S ( V I ) . ~  It was recently shown that  
the  [OsO(H,O)(CN),] complex is a too strong acid and 
[OSO,(CN),]~- can therefore not be protonatedP In the case of 
Tc(V), however, the  periodicity and the known chemistry of the 
neighboring metals suggested tha t  protonation and subsequent 
ligand substitution should be possible. The investigation of these 
phenomena in the Tc(V) system is described herein. 
Experimental Section 

General Considerations. Technetium-99 emits a low-energy (0.292 
MeV) &particle with a half-life of 2.12 X lo5 years. When this material 
is handled in milligram amounts, it does not present any serious health 
hazard since ordinary laboratory glassware and other materials provide 
adequate shielding. Brehmstralung is not a significant problem due to 
the low energy of the @-particle emission, but normal radiation safety 
procedures must be used at all times, especially when solid samples are 
handled, to prevent contamination and inadvertent inhalation. 

Unless otherwise noted, all chemicals were of reagent grade. N- 
H,99Tc04 was purchased from Oak Ridge National Laboratory and was 
purified as described previously.1° (n-Bu4N) [TcOCl,] was prepared by 
the method of Davison." All experiments were performed aerobically 
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Protonation and Ligation of Tc”O,(CN)~~- 

using triply destilled water. UV/visible measurements were performed 
on Varian Cary and Hitachi 230-70 spectrophotometers, respectively, 
while infrared spectra were recorded on a Perkin-Elmer Ft333 instrument 
in KBr disks. FAB mass spectra were measured in the negative ion mode 
using a VG 30-250 spectrometer (VG Instruments Inc.) and a glycerol 
matrix at the probe temperature. Xenon was used as the primary beam 
gas, and the ion gun was operated at 7 kV and 1 mA. Data were 
generally collected over the mass range 100-1400 Da at 3 s/scan. Ele- 
mental analyses were done by Galbraith Laboratories, Knoxville, TN. 
Technetium analyses were done on a Sciex 777 mass spectrometer with 
freshly prepared K T c O ,  as primary standard. 

Preparation of Complexes. Potassium Tetracyanodioxotechte( V), 
K3Tc02(CN),. K,Tc02(CN), was prepared directly from (n-Bu4N)- 
TcOCI, in the following way: 100 mg of (n-Bu4N)TcOC14 (0.2 mmol) 
was added to a solution of 100 mg of pyridine (1.3 mmol) in 1 mL of 
MeOH. The resulting mixture was stirred for about 5 min while the 
color changed from red to orange and a precipitate of [ T ~ 0 ~ ( p y ) ~ ] C l  
formed. A 100-mg amount of KCN (1.5 mmol) in 2 mL of 1/1 
H,O/methanol was then added to this mixture, and the color changed 
to yellow-orange following the dissolution of the solid [ T c O ~ ( ~ ~ ) ~ ] C I .  
Bright yellow crystals of K3[Tc02(CN),] started forming after 5-10 min. 
Crystallization was completed by the addition of 2 X 20 mL portions of 
MeOH. The solid was removed by filtration and recrystallized from 
water/methanol (70 mg, yield >75%). The visible/UV and infrared 
spectra of this material are identical to that reported previously.” 

Tetramethylammonium Aquaoxotetracyanotechnetate( V) Dihydrate, 
[(CH,),N~CO(H~O)(CN)~~.ZH~ A solution that contained 12 mg of 
(CH,),NCl (0.11 mmol) in 2.5 mL of H 2 0  was acidified to a pH of 
about 1 by the addition of one drop of 5 M HNO,. A second solution 
containing 65 mg of K3[TcO2(CN),] (0.18 mmol) in 2.5 mL of H 2 0  was 
similarly acidified (whereupon it turned blue) and added to the first. The 
resulting mixture was refrigerated at 5 OC. Blue, excessively twinned 
platelike crystals of [(CH,),N] [ T C O ( O H ~ ) ( C N ) ~ ] . ~ H ~ O  were obtained 
(30 mg, yield >40%) after 5-20 h, during which time the color of the 
solution slowly changed to light green, indicating the formation of the 
dimeric species, [Tc ,O~(CN), ]~ .  Anal. Calcd for CBH18N504T~:  C, 
27.7; N, 20.2; H, 5.19; Tc, 28.5. Found: C, 27.9; N, 20.2; H, 5.25; Tc, 
28.5. IR (cm-I): 2154 (m) (CN), 1483 (s) (N-CH,), 1384 (m) (N-C- 
H,), 1029 (s) ( T d ) .  Visible/UV (0.1 M HCI): 608 nm (c = 21 M” 
cm-I). FAB-MS: m/e 219 (M - H20).  Cell dimensions determined 
by the Weissenberg method showed the compound to be isomorphous to 
the Re(V) analogue:I2 orthorhombic space group Pmmn with a = 12.1 1 
A, b = 9.04 A, c = 7.10 A, and Z = 2. 

Cadmium (1-Oxo)bis(tetracyanooxotechnetate(V)) Decahydrate, 
C d f l ~ ~ O ~ ( C N ) ~ ] . 1 0 H ~ 0 .  A solution of 40 mg of K,Tc02(CN), (0.1 1 
mmol) in 3 mL of H 2 0  was acidified to a pH of ca. 1 by the addition 
of one drop of 5 M H N 0 3  (upon which the color immediately changed 
from yellow to blue). This solution was mixed with a second that con- 
tained 50 mg of CdC12 (0.27 mmol) and one drop of 5 M HNO, solution 
in 3 mL of H20,  and the resulting mixture was placed in a refrigerator 
(a. 5 “C). After 5-10 h twinned purple crystals were obtained from the 
greenish-blue solution (20 mg, yield >20%). Anal. Calcd for 
C8H20CdNB013T~2: C, 11.7; H, 1.9; N, 13.6; Cd, 27.3; Tc, 24.1. Found: 
C, 12.0; H, 1.7; N, 13.9; Cd, 26.1; Tc, 23.4. IR (cm-I): 2146 (w) (CN), 
2131 (s) (CN), 960 (w) (Tc-O) ,  700 (vs, b) (Tc-0-Tc). Visible/UV 
(H,O): 605 nm (c > 1000 M-’ cm-I). 

Potassium (fi-Oxo)bis(oxotetracyanotechnetate(V)) Hexahydrate, 
Kflc2O3(CN),].6H2O. To a solution that contained 40 mg of K,Tc- 
02(CN), (0.11 mmol) in 2 mL of water was added 1 drop of 0.5 M 
HN03.  The solution immediately turned green. After ca. 2 min 5 mL 
of ethanol was added, which resulted in the precipitation of a purple 
microcrystalline product (20 mg, yield >25%). Anal. Calcd for 
C8HI2K4NBO9Tc2: K, 21.7; Tc, 27.6. Found: K, 21.6; Tc, 27.1. IR 
(cm-I): 2147 (w) (CN), 2133 (s) (CN), 956 (w) ( T d ) ,  700 (vs, b) 
(Tc-0-Tc). The visible/UV spectrum in water is identical to that de- 
scribed above for the cadmium salt but is much more soluble in water 
than the Cd2+ salt. 

2,2’-Bipyridinium Tetracyanooxothiocyanatotechnetate(V), (2,2’- 
bpyH)flcO(NCS)(CN),]. A solution which contained 6 mg of K,Tc- 
02(CN), (0.017 mmol) in 2 mL of H 2 0  was acidified to a pH of about 
1 by addition of 1 drop of 5 M HNO,. A second solution, containing 5 
mg of 2,2’-bipyridine (0.032 mmol), 20 mg of NaNCS (0.25 mmol), and 
two drops of 5 M HNO, in 3 mL of H20,  was prepared. After both were 
cooled to about 5 “C, the solutions were mixed and kept cold. Green 
needles, suitable for X-ray structure determination, were obtained after 
about 10 h (yield >50%). Anal. Calcd for C2,Hl8N90STc: C, 50.72; 

(1 1) Trop, H. S.; Jones, A. G.; Davison, A. N. Inorg. Chem. 1980,19, 1993. 
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Table I. Crystallographic Data for (2,2’-bpyH)2[TcO(NCS)(CN)4] 
formula C2,H18N90STc fw 591.5 
a,  A 18.210 (4) space groupo C 2 / c  (No. 15) 

c, A 15.501 (3) A, A 
p ,  deg 107.507 (14) pow, g cnr3 1.50 
V, 5276.8 (5) paled, f cm-, 1.490 
Z 8 P,  cm- 5.89 
R(Fo)b 0.064 no. of reflcns 3561 
R,(Fo)c 0.048 no. of obsd reflcns 1868 (I > 341)) 

“Reference 15. b R  = [ ( x A F ‘ ) / ( x F O ) ] .  c R ,  = [ ( x ~ ( A F ) ~ ) / ( x w -  

b, A 19.473 (1) T, OC 22 
0.71067 

(Fo)2]o,s. 

Figure 1. Perspective view of a (2,2’-bpyH)+ cation showing the dis- 
tortion and atom-numbering scheme. The first digit refers to the ring, 
second to the atom in the ring. 

9c(5’ 
Figure 2. Perspective view of the [TCO(NCS)(CN),]~- anion showing 
the atom-numbering scheme. 

H, 3.05; N, 21.3. Found: C, 50.71; H, 3.05; N, 21.3. IR (cm-I): 2136 
(w) (CN), 2066 (s) (SCN), 1004 (s) ( T d ) .  Visible/UV (H20): 415 
nm (c = 4000 M-I cm-I). 

Kinetic Measurements. The rate of formation of the tram-[TcO- 
(NCS)(CN),I2- ion was followed on a Hi-Tech stopped-flow instrument 
located at Argonne National Laboratory; this instrumentation and the 
associated data collection systems have been described previously.” All 
the kinetic measurements were performed in solutions of ionic strength 
1.0 M (KNO,) with the uncertainty in temperature measurements f0.1 
OC. Tc(V) concentrations of 5 X M were used throughout this 
study. 

Crystallography. Three-dimensional intensity data were collected on 
an Enraf-Nonius CAD-4F diffractometer with monochromated Mo Ka  
radiation. The structure was solved by the heavy-atom method, using 
the SHELXX and -86 systemsI4 of programs. Hydrogen atoms were not 
located. Crystal data and intensity collection parameters are summarized 
in Table I. 
Results and Discussion 
Structure. T h e  structure consists of discrete [TcO(NCS)-  

(CN),12- and monoprotonated 2,2’-bipyridinium ions. T h e  

(13) Cook, R. L.; Woods, M.; Sullivan, J. C.; Appelman, E. H. Inorg. Chem. 
1989, 28, 3349. 
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SHELXSB~, Program for crystal structure determination. University of 
Gbttingen, Germany, 1986. 
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Table 11. Atomic Coordinates (X104) and Equivalent Thermal 
Parameters (A2 X lo3) of (2,2’-bpyH)2[TcO(NCS)(CN)4] with Esd’s 
in Parentheses 

x l a  v l b  T I C  UW“ 
Tc 2822.8 (7) 3404.7 (7) 3784.7 (8) 51.7 (7) 
S 2418 (2) 3481 (3) 513 (2) 82 (1) 
N(5) 2666 (5) 3549 (6) 2357 (6) 55 (3) 
C( l )  3924 (7) 3103 (6) 3718 (9) 48 (3) 
N( l )  4491 (6) 2912 (6) 3660 (8) 66 (3) 
C(5) 2559 (6) 3520 (7) 1590 (8) 50 (3) 
C(3) 1674 (8) 3778 (8) 3401 (9) 61 (4) 
0 2952 (5) 3269 (6) 4846 (6) 89 (3) 
C(2) 2375 (8) 2438 (7) 3285 (9) 56 (4) 
N(3) 1065 (7) 3871 (7) 3204 (9) 91 (4) 
N(2) 2138 (7) 1906 (6) 3037 (9) 77 (4) 
C(15) -1644 (9) 6789 (9) 1797 (9) 69 (5) 
C(12) -500 (9) 6030 (7) 1357 (8) 50 (4) 
N(11) -508 (6) 6759 (6) 1363 (7) 57 (3) 
C(13) -1102 (10) 5655 (8) 1547 (9) 71 (5) 
C(22) 177 (7) 5737 (7) 1116 (8) 49 (4) 
C(23) 337 (8) 5036 (7) 1268 (9) 61 (4) 
N(21) 603 (7) 6184 (6) 797 (7) 68 (3) 

C(24) 998 (9) 4810 (8) 1037 (10) 74 (5) 
C(26) 1247 (9) 5958 (9) 596 (10) 80 (5) 

C(25) 1449 (9) 5264 (8) 711 (10) 77 (5) 

C(14) -1672 (9) 6059 (9) 1784 (9) 72 (5) 

C(16) -1066 (9) 7131 (8) 1578 (9) 70 (5) 

C(32) -45 (7) 1478 (8) 1160 (8) 56 (4) 
C(42) -390 (8) 797 (8) 1273 (9) 53 (4) 

N(41) -20 (7) 238 (7) 1062 (8) 77 (4) 
C(33) -341 (8) 2102 (7) 1327 (9) 61 (4) 

N(31) 621 (6) 1439 (6) 900 (8) 69 (4) 

C(34) 42 (9) 2702 (8) 1237 (10) 74 (5) 
C(35) 700 (10) 2672 (9) 962 (11) 82 (5) 
C(36) 1001 (10) 2043 (10) 795 (12) 94 (6) 

C(44) -1275 (9) 57 (12) 1712 (11) 95 (6) 
N(4) 3393 (7) 4989 (7) 3903 (10) 94 (5) 
C(4) 3196 (8) 4432 (8) 3853 (10) 72 (5) 

C(43) -1027 (8) 760 (9) 1579 (9) 70 (5) 

C(46) -275 (12) -416 (9) 1165 (13) 106 (6) 
C(45) -894 (12) -488 (13) 1461 (13) 123 (8) 

a U, = ‘ / , x i~ jUi ,u* ia* j (a ia j ) .  

atom-numbering schemes of both a (2,2’-bpyH+) cation and the 
Tc(V) anion are shown in Figures 1 and 2, respectively, while the 
fractional atomic coordinates and equivalent thermal parameters 
are reported in Table 11. The most important interatomic bond 
distances and angles are summarized in Table 111. 

It is interesting to note that the structure contains two mono- 
protonated 2,2’-bipyridinium cations, whereas the analogous Re(V) 
complex is isolated with a single, diprotonated 4,4’-bipyridinium 
cation; l6 Le., [ 2,2’-bpyH] [ TcO( NCS) (CN),] vs [ 4,4’-bpyH2] - 
[ReO(NCS)(CN),]. The difference most likely stems from the 
different hydrogen-bonding characteristics of the 2,2’- and 
4,4’-bipyridinium isomers. In the monoprotonated 2,2’-bi- 
pyridinium cation, the distortion which results from the intra-ring 
N-.H-N hydrogen bonding is quite obvious (see also Figure 1): 
the N-N distances are 2.68 (2) and 2.66 (2) A, compared to 3.03 
(2) and 2.97 (2) A between the carbons at the 3-positions. The 
two pyridine rings are bent about 12O in the direction of the 
hydrogen-bonded nitrogen atoms. The distortion is further ex- 
emplified by the N-C2-C2’ angles of 113-1 1 7 O ,  which are sig- 
nificantly less than the normal 120O. 

The structure determination establishes that only the aqua 
ligand of [TcO(H,O)(CN),]- is displaced upon reaction with 
excess thiocyanate; i.e. under the reaction conditions employed, 
the cyano ligands are substitution inert. The atoms coordinated 
to the Tc(V) center form a distorted octahedron (see Figure 2) 
with the Tc-C-N chains being essentially linear. The NCS- ligand 
is coordinated via the nitrogen atom; this is consistent with the 

(16) (a) Purcell, W.; Roodt, A.; Basson, S. S.; Leipoldt, J. G. Transition Met. 
Chem. 1989, 14, 369. (b) Robinson, P. R.; Schlemper, E. 0.: Murmann, 
R. K. Inorg. Chem. 1975, 24, 2035. (c) Roodt, A,; Leipoldt, J. G.; 
Basson, S. S.; Potgieter, I. M. Transition Met. Chem. 1990, I S ,  439. 

Table 111. Selected Intcratomic Bond Distances (A) and Angles 
(deg) in (2,2’-bpyH)2[TcO(NCS)(CN),I with Esd’s in Parentheses 

Tc-C( 3) 2.124 (1 4) Tc-0 1.612 (8) 
Tc-N(5) 2.162 (9) Tc-C(1) 2.120 (12) 

Tc-C(2) 2.104 (14) Tc-C(4) 2.10 (2) 
S-C(5) 1.612 (12) N(5)-C(5) 1.148 (12) 
C(1)-N(1) 1.128 (13) C(3)-N(3) 1.12 (2) 
C(2)-N(2) 1.145 (14) N(4)-C(4) 1.14 (2) 
C(12)-N(ll) 1.42 (2) C(12)-C(13) 1.42 (2) 
C(12)-C(22) 1.51 (2) C(22)C(23) 1.40 (2) 
C(22)-N(21) 1.356 (14) C(32)C(42) 1.50 (2) 
C(32)-N(31) 1.390 (14) C(32)-C(33) 1.39 (3) 
C(42)-N(41) 1.37 (2) C(42)C(43) 1.38 (2) 

N(  5)-Tc-C( 1 ) 79.8 (4) N(5)-Tc-C(3) 81.6 (4) 
C( l)-Tc-C(3) 161.3 ( 5 )  N(5)-Tc-O 177.9 (5) 
C( l)-Tc-O 98.9 (5) C(3)-Tc-O 99.8 (5) 
N (5)-Tc-C( 2) 79.8 (4) O-Tc-C(2) 98.7 (5) 
N (5)-Tc-C(4) 82.5 (5) O-TcC(4) 99.1 (6) 
C (2)-Tc-C(4) 162.2 (5) Tc-N(5)-C(5) 169.5 (12) 
Tc-C( 1 )-N( 1) 176.3 (12) S-C(5)-N(5) 179.4 (12) 
Tc-C(3)-N(3) 179.5 (13) Tc-C(2)-N(2) 178.1 (13) 
Tc-C(4)-N(4) 179 (2) N(ll)-C(12)-C(22) 113.1 (13) 
C(13)-C(12)-C(22) 126.7 (12) C(12)C(22)-C(23) 118.2 (13) 
C(12)-C(22)-N(21) 116.7 (12) C(23)-C(22)-N(21) 125.1 (13) 
C(42)-C(32)-N(31) 114.8 (14) C(42)-C(32)-C(33) 123.6 (13) 
N(31)-C(32)-C(33) 121.6 (14) C(32)-C(42)-N(41) 115.0 (13) 
C(32)-C(42)-C(43) 121 (2) N(41)-C(42)-C(43) 124 (2) 
N(ll)-C(l2)-C(l3) 120.2 (14) 

Table IV. Comparison of the Most Important Distances and Angles in 
the [MO(H2O)(CN),lm (A) and [MO(NCS)(CN),]” (9) Ions, M = 
Tc(V), Re(V), Mo(IV), and W(IV) 
complex distancelangle Re(V)“ Tc(V)) MO(IV)~ W(IWd 

A M=O,A 1.667 (8) 1.668 ( 5 )  
M-H20, A 2.142 (7) 2.271 (4) 
O=M-C,,, deg 98.4 98.2 
A,c A 0.30 0.34 

B M=O,A 1.67 (1) 1.612 (8) 1.61 (2) 
M-NCS, A 2.12 (1) 2.162 (9) 2.23 (2) 
O-M-C,,, deg 98.3 (3) 99.1 (5) 98.9 (8) 
M-N-CS, deg 169 (1) 170 (1) 177 (2) 
A,= A 0.30 0.33 0.35 
M-CN/A 2.11 (1) 2.11 (2) 2.14 (3) 

“References 16a and 7c. *This work. ‘Reference 16b. dReference 16c. 
‘Displacement of the metal ion from the plane formed by the four cyano 
carbons, toward the oxo ligand. ’Average bond distance. 

hard and soft acid/base theory, since the Tc(V) center is clearly 
a “hard” acid. Thus, the geometry of the [TcO(NCS)(CN),12- 
ion is very similar to the coordination mode observed in the Re(V) 
and W(1V) systems; a comparison of some important bond pa- 
rameters for these three related complexes (trans-[MO(NCS)- 
(CN),]“, M = Tc(V), Re(V), and W(1V)) is given in Table IV. 

The data in Table IV show that for the distorted octahedral 
trans-[MO(NCS)(CN),I2- (M = Tc, Re) structure, the Tc-0 
bond is slightly shorter than the Re=O bond (1.612 (8) vs 1.67 
(1) A; A = 0.06 A). This result is consistent with what is observed 
for related 5-coordinate Tc(V) and Re(V) pairs; for [MO- 
(SCH2CH2S),]- the difference is 0.1 for [MOCI4]- the 
difference is 0.02 and for [MO(DBDS)]- (where DBDS 
represents N,”-bis(mercaptoacetamid0)butane- 1 ,Cdiamine) the 
difference is 0.06 .&.I9 In ~ ~ U ~ ~ - [ M O ( N C S ) ( C N ) ~ ] ~ -  (M = Tc, 
Re) the slightly shorter Tc=O is accom anied by a longer 

the greater structural trans effect (STE)20 exerted by the shorter, 
trans-Tc-NCS bond (2.162 (9) vs 2.12 (1) 1 );the latter reflects 

(17) (a) Blower, P. J.; Dilworth, J. R.; Hutchinson, J. P.; Nicholson, T.; 
Zubieta, J. J. J .  Chem. SOC., Dolton Trans. 1986, 1339. (b) Smith, J. 
E.; Byrne, F. F.; Cotton, F. A.; Sekutowski, J. C. J .  Am. Chem. SOC. 
1978,- 100, 5571. 

(1 8) (a) Lis, T.; Jezowska-Trzebiatowska, B. Acra Crystallogr. 1977, 833, 
1248. (b) Davison, A,; Jones, A. G. J. Appl. Radiat. Isot. 1982, 33, 
1115 

(19) &n, B. Ph.D. Thesis, University of Cincinnati, 1991. 
(20) Deutsch, E. A.; Libson, K.; Jurrison, S.; Lindoy, F. B o g .  Inorg. Chem. 

1983, 30, 75.  
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Table V. Kinetic and Equilibrium Data for Different 
[MO(H20)(CN),]"- Complexes at 25.0 OC and b = 1.0 M, M = 
Mo(IV), W(IV), Tc(V), and Re(V) 

Daram MoWY WW)" TcWb ReWY 
PKa2 >14 >14 = 5d 4.2 
PKa I 10.0 7.8 2.90e 1.4 
kNCS-/M-l s-' >lo0 2.9 (1) 22.2 (3) 3.5 X lo-, 
k .4' /a s-I 2.12 (5) 0.43 (4) 4.8 X 
K,,g M-' 1.4 (1) 54 (2) 87 (7) 

"References 8a and 8f. bThis work. 'Reference 22. "Estimated. 
'15.0 OC. /For reaction [MO(H,O)(CN),]" + NCS- + [MO- 
(NCS)(CN),lm + H20. #Aquation. 

stronger Tc=O linkage. The greater STE of the Tc=O bond 
leads directly to the aqua ligand of [TcO(H,O(CN),]- being a 
weaker acid than the aqua ligand of the analogous Re(V) complex 
(Table V) and can reasonably be associated with the greater 
lability of ligands coordinated trans to the T d  linkage2' (vide 
infra). The shorter T d  bond also leads directly to the Tc center 
being further displaced than the Re from the plane of the four 
cyano ligands. It is noteworthy that the significant differences 
in bond lengths between Tc and Re that are observed along the 
M=O axis are not observed in the perpendicular M-C bonds; 
both Tc-C and Re-C bonds are equivalent at 2.1 1 A (Table IV). 

Kinetics. We have extensively studied the protonation and 
substitution reactions of the [MO,(CN),]" complexes, where M 
represents Mo(IV), W(IV), or Re(V). From the periodic rela- 
tionships among Mo, W, Tc, and Re it was anticipated that the 
Tc(V) system would not differ dramatically from the three systems 
already studied. However, this prediction could not be verified 
by means of spectrophotometric or potentiometric titrations due 
to a fast reaction, which was later identified as the fast formation 
(half-life >lo s) of a dimer, [Tc2O3(CN),le, at pH values between 
2 and 5 .  At pH values less than 1, solutions of the monomer are 
fairly stable and display the characteristic spectrum predicted from 
the previously studied Mo(IV), W(IV), and Re(V) systems. At 
around pH 1, the ligation of [TcO(H,O)(CN),]- by NCS- can 
be easily monitored as it is accompanied by a significant change 
in the visible spectrum; the spectrum changes according to 
well-defined, first-order kinetics. No reaction is, however, observed 
at pH values where [TcO2(CN),I3- is the predominant species 
in solution. 

Since only the aqua ligand is substituted by the thiocyanate 
ions, even at high [NCS-] (verified by the structure determination), 
the following reaction scheme represents the chemistry of the 
system: 

ki, Ki 

k-i 
[TcO(H*O)(CN)4]- + NCS- (TcO(NCS)(CN),f- 

[TcO(OH)(CN),]*- + NCS- / 
k i ,  SlW J 

~Tc203(cN)e14- 

In order to determine the stability constant governing ligation 
of [TcO(H20)CN),]- by NCS-, the concentration of the thio- 
cyanate was varied from 0.025 to 0.2 M at [HN03] = 0.25 M; 
this [H+] was chosen on the basis of the Re(V) system and from 
visible/UV stability' studies which showed that at this [H+] 
[TcO(H,O)(CN)J is the main Tc species present in solution. 
Figure 3 shows the data (as a plot of absorbance vs [NCS-1) 
resulting from this stability constant determination. Equation 1 

A =  (1) 
AM = K~AML[NCS-] 

1 = Kl[NCS-] 
may be derived from Beer's law, mass balance, and the definition 

~ ~ _ _ _ _  

(21) Elder, R.  C.; Heeg, M. J.; Payne, M. J.; Trkula, M.; Deutsch, E. A. 
Inorg. Chem. 1978, 17, 431. 

Abs 
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[NCS- I (MI 
Figure 3. Plot of absorbance vs [NCS-] at [HN03] = 0.25 M, I.( = 1.0 
M (KNO,), T = 25.0 OC, X = 410 nm, and [Tc(V)] = 5 X M. 

Table VI. Kinetic and Equilibrium Data Determined from the 
Reaction between [TcO(H,O)(CN)J and N C 8  Ions at p = 1.0 M 
(KNO,) with Temperature Accurate to fO.l 'C 

param temp. "C result 
k,," M-' s-' 25 22.2 (3) 

15 9.21 ( 7 )  
3 2.34 (3) 

-9 (12) 

k-',0 s-I 25 0.43 (4) 
15 0.13 (2) 
15 0.17 (1)< 
3 0.042 (9) 

k l ,b  M-I s-I 15 8.5 (2) 
AS*(k,) ,  J K-' mol-I 
AH*(k , ) ,  kJ mol-' 62 (4) 

k_,,b SKI 15 0.02 (9) 

AH*(k-,), kJ mol-' 82 (8) 
Kl,d M-' 25 54 (2) 
k,,b M-' SKI 15 <io-5 

AS*(k- , ) ,  J K-' mol-I 21 (24) 

P K I b  15 2.90 (5) 

"Figure 5. bFigure 4. 'Calculated, assuming at 15 O C  K, = k,/k-, 
= 54 M-I. dFigure 3 .  

of K I  (see above reaction scheme), where AM is the absorbance 
of the solution containing only the aqua species, and AML the 
absorbance of the solution containing only [TcO(NCS)(CN),12-. 
The absorbance vs [NCS-] data of Figure 3 were fitted to eq 1 
using a nonlinear least-squares program. The resulting calculated 
value of K ,  is reported in Table VI. 

Within the reaction scheme above, the observed pseudo-first- 
order rate can be expressed as 

if the rate of dimerization is assumed to be negligible compared 
to that of NCS- ligation. From the reaction scheme it is also seen 
that the concentration of the aqua species decreases with an 
increase in pH, which also corresponds with an increase in the 
concentration of the hydroxo species. The hydroxo ligand in 
[TcO(OH)(CN),12- is expected to be much less labile than the 
aqua ligand in [TcO(H,O)(CN),]-, as was observed in the cor- 
responding Re(V), Mo(IV), and W(1V) systems., This expec- 
tation is confirmed by the data of Figure 4, which clearly show 
a decrease in kobsd with an increase in pH. 

M) the contribution 
of k_,[OH-] to the observed first-order rate constant is negligible. 
Under these conditions eq 2 may be simplified to eq 3.  Thus, 

At pH values less than 3 ([OH-] < 

the intercepts of the koM vs [NCS-] plots (Figure 5 )  provide values 
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in agreement with the results found for the NCS- ligation of the 
corresponding Re(V)22 and W(IV)* complexes: -28 (20) and 8 
(9) J K-I mol-'. The same reasoning holds for the PH*(k-') and 
OS*(k_,) values, although less accurately determinable. 

The distinction between mechanisms is more usefully inferred 
from the structural parameters observed for the [MO(L)(CN),]" 
complexes of Mo(IV), W(IV), Re(V), and Tc(V). In all these 
complexes the central metal atom is significantly displaced from 
the plane formed by the four cyano-carbon atoms toward the oxo 
ligand. This ensures that a substantial steric hinderance would 
be encountered within an associative mechanism wherein both the 
aqua and thiocyanate ligands is associated with the coordination 
site trans to the oxo ligand. Moreover, a dissociative mechanism 
is favored by the large structural trans effect generated by the 
oxo ligand.'*21 The greater STE observed for the Tc(V) complex 
(relative to the Re(V) complex) nicely accounts for the more rapid 
rate of water displacement by thiocyanate for the Tc(V) complex 
(the values of kNG- are 22.2 M-' s-' and 0.0035 M-' s-' 22 for the 
Tc(V) and Re(V) complexes, respectively). 

The marked greater reactivity of the Tc(V) complex relative 
to its Re(V) analogue (about a factor of 7000) is even more 
noteworthy in light of the fact that in closely related reactions 
Mo(1V) reacts only about 200 times faster than W(IV).8 While 
a comprehensive explanation of these rate differences is not yet 
possible, all structural and kinetic data currently in hand are 
consistent with a dissociative mode of activation for displacement 
of the water coordinated trans to the oxo ligand in the [MO- 
(H,O)(CN),]" complexes.8 The most conclusive piece of evidence 
gathered to date is the positive volume of activation23 (+10.6 ( 5 )  
cm-3 mol-') observed for the reaction of NJ- ions with [WO- 

Both this dissociative mode of activation and the much greater 
reactivity of the Tc(V) center compared to that of the Re(V) are 
of particular relevance to nuclear medicine. In the preparation 
of %Tc radiopharmaceuticals or in the labeling of antibodies with 
99mTc, "transfer" ligands are often used to stabilize the required 
oxidation state, and then the actual labeling is accomplished by 
simple ligand substitution onto the "transfer complex".6 Since 
substitution onto Tc(V) and Re(V) centers appears to be disso- 
ciative in character, the most effective way to optimize labeling 
conditions would be to vary the nature of the transfer ligand rather 
than to vary the antibody concentration or the chelating moiety 
attached to the antibody. Furthermore, the great reactivity of 
technetium compared to that of rhenium will be of importance 
in developing therapeutic radiorhenium analogues to known di- 
agnostic %Tc radiopharmaceuticals; for example, diphosphonates 
such as methylenediphosphonate or hydroxyethylidenedi- 
phosphonate may be labeled with Is6Re for therapy" or with %Tc 
for diagno~is.~ The kinetic observations in this work imply that 
more stringent reaction conditions will be required to prepare 
radiorhenium analogues to 9 9 m T ~  radiopharmaceuticals, and this 
indeed appears to be the case for Is6Re and 9 9 m T ~  di- 
p h o s p h ~ n a t e s . ~ ~ ~ ~  This difference in reactivities between Tc(V) 
and Re(V) centers needs to be taken into account before proce- 
dures that are available for certain technetium complexes are 
applied to the preparation of the rhenium analogues. 

This investigation into the basic chemistry has identified some 
fundamental kinetic similarities among the [MO2(CN),IW com- 
plexes of Tc(V), Re(V), Mo(IV), and W(1V) and the protonated 
forms thereof but has also highlighted some important differences. 
Further related studies are planned to delineate those periodic 
relationships which are of importance to understand the prepa- 

(H20)(CN)412-. 

3 

2 
kobsd 

( 5-l) 
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PH 
Figure 4. Plot of kobd vs pH at 15.0 "C, g = 1.0 M (KN03), [NCS-] 
= 0.4 M, and [Tc(V)] = 5 X M. 
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Figure 5. Plot of kobd vs [NCB] at [HN03] = 0.25 M, p = 1.0 M 
(KN03), X = 410 nm, and [Tc(V)] = 5 X M. Temperature is 
accurate to f0.1 "C. 

of the reverse rate constants, k-'. Furthermore, the data of Figure 
4 may be fitted by means of a nonlinear least-squares program 
to eq 3, yielding values of kl,  k-', k2, and Kal; see Table VI. The 
pK,, value obtained by this nonlinear least-squares analysis, 2.90 
(9, is in excellent agreement with that predicted from earlier 
studies on the analogous Mo(IV), W(IV), and Re(V) systems. 
This analysis also provides a k2 value which is essentially zero 
(within experimental error), confirming that the hydroxo complex 
does not undergo detectable ligation under the conditions em- 
ployed. 

The pKa2 value reported in Table V for [TcO(H,O)(CN)]- was 
estimated from the Re(V) system since pKal and pKa2 in [ReO- 
(H,O)(CN),]- differ by ca. 2 pH units and the Tc(V) solutions 
are quite stable at pH = 6.5 (i.e., no significant formation of the 
postulated dimeric species, [TC,O,(CN)~]~-, formed when sig- 
nificant amounts of the [TcO(OH)(CN),]" complex are present, 
was detected). This suggests pKaz for the Tc(V) system to be ca. 
5 .  

At [H+] = 0.25 M, [H+] >> Kal, and thus eq 3 simplifies to 
eq 4. The data shown in Figure 5 were fitted to eq 4, yielding 

(4) 

the values of kl and at different temperatures; see Table V. 
These values are in good agreement with those obtained from the 
pH dependence study (Figure 4). 

The activation parameters governing the kl and k-, steps were 
obtained by fitting the kl ,  vs temperature data to the Eyr- 
ing-Polanyi equation (Table V). The M ( k J  of 62 (4) kJ mol-' 
compares well, as to be expected, with that determined for the 
identical reaction in the Re(V) (79 (8),,) and W(IV) (73 (4)8 
kJ mol-]) systems. The M*(k,) value of -9 (12) J K-l mol-' does 
not distinguish between a dissociative or associative activation, 

kobd = kl[NCS-] + k-1 

(22) Purcell, W.; Roodt, A,; Basson, S. S.; Leipoldt, J .  G. Tronririon Me?. 
Chem. 1989, 14, 224. 

(23) Leipoldt, J.  G.; van Eldik, R.; Basson, S. S.; Roodt, A. Inorg. Chem. 
1986, 26, 5 7 .  

(24) (a) Maxon, H.; Deutsch, E. A.; Thomas, S. R.; Libson, K.; Lukes, S. 
J.; Williams, C.; Ali, S. Rudiology 1988,166,501 and references within. 
(b) Maxon, H. R.; Schroder, L. E.; Thomas, S. R.; Hertzberg, V. S.; 
Deutsch, E. A.; Scher, H. I.; Samaratunga, R. C.; Libson, K. F.; 
Williams, C. C.; Moulton, J. S.; Schneider, H. J. Radiology 1990, 176, 
155.  
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ration and biological mechanisms of action of analogous complexes 
which have radiopharmaceutical applications. 
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The encapsulation of pentaammine(ligand)ruthenium(II) (ligand = pyrazine or bipyridine) with cyclodextrins was investigated. 
The equilibrium constants ranged from -20 to 100. The effect of encapsulation on electron-transfer rates was also determined, 
and a specific orientation of reactants within the precursor complex is discussed. 

Introduction 
During the last 3 decades, considerable progress has been made 

in understanding the mechanistic details of outer-sphere elec- 
tron-transfer reactions. Recently, several excellent review articles 
have appeared on this subject.' One aspect which has remained 
relatively unexplored, however, is the nature of reactant orientation 
within the precursor complex. 

Orientational effects have been postulated by researchers 
studying redox reactions of metalloproteins possessing heme rings? 
For example, Sutin and others suggest that in cytochrome c the 
electron is passed to the iron center via the solvent-exposed edge 
of the porphyrin ring.3 Using simple transition metal complexes, 
Haim and co-workers have examined the outer-sphere electron- 
transfer reactions for a series of pentaammine(N-heterocycle)- 
ruthenium complexes with varying redox  partner^.^ Haim 
postulated that, for certain couples, electron transfer occurred via 
the ammine ligands of the ruthenium complex while, for others, 
the N-heterocycle was involved. His discussion was based upon 
the Marcus cross relation for outer-sphere processes where the 
separation distance between the two metal centers at the point 
of electron transfer may be roughly assessed. Meyer also showed 
that intimate contact between coordination spheres occurs in 
outer-sphere electron transfera5 Studies by Lappin and mworkers 
have offered evidence for stereoselectivity in the ion-pair precursor 
structure from oxidation studies of cobalt(I1) complexes.6 

In order to provide a greater understanding of the role of 
noncoordinating ligands (thereby precursor complex orientation) 
in the outer-sphere electron-transfer process, we have begun a 
series of studies on the effect of encapsulation of aromatic ligands 
on the rate of redox reactions. Selective encapsulation was ac- 
complished using cyclodextrins (CDs) (see Figure l), which are 
known to possess high affinities toward aromatic organic species.' 

X5M-bpy + CD & X5M-(bpyCD) 

In this study, we have measured the oxidation rate of [Ru- 
(NH3)5(4,4'bpy)j2+ with [Co(EDTA)]- in the presence of di- 
methyl-B-cyclodextrin (dmBCD). In addition, the equilibrium 
constants for the encapsulation of coordinated ligands were in- 

' Present address: Department of Chemistry, New Mexico State Univer- 
sity, Las Cruces, NM 88003. 

0020-1669/92/ 133 1-1085$03.00/0 

Table I. Equilibrium Constants for Cyclodextrin/Metal Inclusion 
Complexes 

complex CD KCD ref 
[ R U ( N H ~ ) ~ ( ~ P ~ ) ] ~ +  dm@ 98 f 8O this work 
[ R U ( N H , ) ~ ( ~ ~ Z ) ] ~ +  dm@ 19 f 1" this work 
[ R U ( N H ~ ) S ( ~ P Y ) I ~ +  a 23 f 3" this work 
ferrocenecarboxylate @ 483 b 
carbplatin dm@ 295 C 
carbplatin a 165 C 

"0.05 M sodium bicarbonate (pH = 8.5), T = 25.0 OC, from spec- 
tral data (supplementary Table IIA-C). bOsa, T.; Kobayashi, N. 
Chem. Lett. 1986, 421. cAlston, D.; Lilley, T. H.; Stoddart, J. F. J .  
Chem. Soc., Chem. Commun. 1985, 1600. 

dependently determined using spectrophotometric techniques. 
Experimental Section 

The metal complexes Na[Co(EDTA)], [R~(NH,)~(4,4'bpy)l(PF~)~, 
and [ R U ( N H ~ ) ~ ( ~ ~ ~ ) ] ( P F ~ ) ~  were prepared using literature  method^.^.^ 
Their visible spectra agree with literature reports. The 0.05 M sodium 
bicarbonate (Aldrich) buffer was prepared using a Beckman pH meter. 
Heptakis(2,6-di-O-methyl)-@-cyclodextrin (Cyclolab or Sigma) was 
chosen because of its correct interior dimensions for including the bi- 
pyridyl moiety and its high solubility in water.1° 
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