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ABSTRACT

Chapter 1

Electrochemical measurements on the tetrabutylammoniumhexahalo-
metallate(IV) salts of technetium and rhenium [(nBu,N) MXg: M = Tc, Rej
X = C1, Br] have been performed in acetonitrile., 0 1d§tion of the
complexes to technetium(V) and rhenium(V) is difficult; although the
rhenium complexes are easier to oxidize than the technetium complexes,
as expected from consideration of periodicity. The rhenium complexes
exhibit reversible one-electron oxidations; whereas, the technetium
complexes exhibit irreversible behavior. The rhenium complexes are
difficult to reduce under the conditions used. The technetium
complexes easily reduce to form kinetically labile lower valent species.

Chapter II

The synthesis and characterization of [nBugN][Tc0C1,], a five
coordinate technetium(V) complex is presented. A crysta% structure

on the [(CgH5)3PNP(CgH5)3] salt definitively confirms the identity

of this complex as an intermediate in the reduction of pertechnetate(VII)
to hexachlorotechnetate(IV) by hydrochloric ac§d; thus, the claim that
this material is the long sought after "TcoClg™™" anion must be dismissed.
The short technetijum-oxygen bond length_of 1.610(4)R is in agreement

with the high vrco observed at 1019 cm=!. The oxotetrachlorotechnetate(V)
anion is an extremely versatile starting material for the exploration

of technetium(V) chemistry. Use of nBugNTcOClg to synthesize a wide
variety of technetium(V) complexes including the oxobis(dithiolato)-
technetate(V) anions, trans-dioxotetrapyridinetechnetium(V) cation,
u-oxobis{oxobis(dithiocarbamato)technetate(V)), and oxodichloro-
(hydrotrispyrazoylborate)technetium(V) is discussed along with some of
the properties of these technetium(V) complexes. The structural features
of several possible oxotechnetium(V) complexes is presented,
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Chapter III

Several new technetium cyanide complexes have been prepared and
characterized. The reaction of ammoniumhexaiodotechnetate(IV) with
potassium cyanide in refluxing aqueous methanol under dinitrogen yields
potassium heptacyanotechnetate(III) dihydrate, KqTc(CN)7:2Ho0, 1.
Infrared and Raman measurements indicate that 1 has a pentagonal
bipyramidal structure (D5p) in both the solid and solution. Aqueous
solutions of 1 are air sensitive, decompos1ng to potass1umoxopenta-
cyanotechnetate(V) tetrahydrate, KpTcO( CN) g *4H,0 This species can
also be prepared from the reaction of TcO2: tzg w1th hot aqueous potassium
cyanide solutions, Hydrolysis of 2 in water yields potassium trans-
d1oxotetracyanotechnetate(V), K3TcD2(CN)a, 3. Preparation of 3 can also
be achieved from the treatment of [TcOg(py)4]C104 2H20 with aqueous
potassium cyanide. Infrared and Raman measurements on 3 are consistent
with the proposed trans-dioxo (Dgp) structure. Reaction of the oxotetra-
chlorotechnetate(V) anion, Tc0OCl4~, with potassium cyanide in methanol
produces tetrabutylammon1um trans-oxomethoxytetracyanotechnetate(V),
(nBugN)»TcO(OMe)(CN)g, 4. The full details of the synthesis and
characterization of these interesting technetium(III) and (V)
complexes, as well as observations on the infrared and Raman spectra
of trans-dioxo metal complexes and the hydrolysis of species 2 are
presented.

Chapter IV

The reduction of pertechnetate(VII) and perrhenate(VII) in the
presence of thiocyanate ion has been reinvestigated. The two
species observed in the rhenijum system have been identified as the
hexa kisisothiocyanatorhenate(IV) anion and the oxopentakisisothiocyanato-
rhenate(V) anion. The technetium system consists of a reversible
one-electron redox couple:

3

Te(NCS) ™ 2 Te(Nes) ;™ + e = 0,18 V vs. SCE

E1/2
where the yellow and purple colors observed are due to the
technetium(III) and technetium(IV) complexes, respectively., The reaction
of the oxotetrachlorotechnetate(V) anion, TcOClg, with five equivalents
of thiocyanate ion in methanol produces the oxopentakisisothiocyanato-
technetate(V) anion, isolated as a tetraphenylarsonium salt,
(Ph4As)2TCO(NCS)5 This comp1ex readily reacts with excess thiocyanate
ion to form the Tc(NCS) - species (X = 2,3), No evidence was found

for the existence in sofution of either Tc(NCS) -1 or Re(NCS)g-1. The
correct identification and crystal structure of nBu N)3Rea(NCS)1q, a
compound prev1ous1y reported with a formula also 1nc%ud1ng two CO

groups, (nBugN) 3RgéNCS)1o C0)p, is presented, The infrared bands
originally assigned as carbonyl stretches can now be correctly assigned
as being due to the presence of symmetrically N-bridging thiocyanate
ligands, a structura] element never previously documented, The Re-Re
distance of 2.613(1)A is indicative of metal-metal bonding., The virtual
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Do, symmetry of the RepNyg core implies that this rhenium(III),
rhenium(IV) mixed valence complex has the unpaired electron(s)
delocalized equally over the two metal atoms, The synthesis,
characterization, and physical studies of these complexes are

presented.

Thesis Supervisor: Alan Davison
Title: Professor of Chemistry
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Foreword

Although Mendeleev had predicted the existence of eka-
manganese, the second row congener of manganese, in his Periodic
Chart of the Elements in 1869,] the actual discovery of the
element 43(Tc) by Perrier and Segre in 19372 was facilitated by
the invention of the cyclotron. Since the time of those initial
experiments involving irradiation of molybdenum with energetic
protons and deuterons, technetium isotopes have also been found

239Pu; one isotope, gch,

to be formed from fission of 235U or
accounts for 6% of the fission yield from each of those two elements.3
A1l of the isotopes of technetium have been shown to have half-lives
much smaller than the geologic age of earth; thus the only
naturally occurring terrestrial samples of technetium have been
found in areas with abnormally high concentrations of uranium

ore.4’5 Technetium has been observed in M, N, and S type stars.

9,10

6,7,8

and these discoveries have had a large impact on cosmology.

Technetium has been used in the preparation of metal alloys

11,12,13

with superconducting properties, and pertechnetate ion

is an extremely effective inhibitor of corrosion in iron and stee1.]4
Technetium has been used to monitor radioactive fallout in the

16 and

atmosphere,15 absorption of fallout by soil and plants,
the Teaching of nuclear waste.17

The most important use of technetium is in the field of
diagnostic nuclear medicine. The use of radioactive compounds,

primarily those containing a gamma emitting isotope, to
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noninvasively image various organs has been shown to be of enormous

18,19

clinical value. The radioisotope which has optimum nuclear

99m, . 20

properties for such studies is Tc, ~ possessing a short half Tife

(6 hr), a 140 keV gamma ray, an absence of particulate radiation

in its decay, and a daughter,gch, which provides a negligible

radiation dose.Z]’22

Technetium-containing radiopharmaceuticals are generally

11

prepared from the reduction of tracer level amounts (107 - 10'9M)

f 99mTc04', eluted from a commercial generator,23 by a reducing

24

0
agent (often Sn(II)) in the presence of a complexing agent.
The exact nature of the radiopharmaceuticals produced remains
shrouded in mystery, being complicated by the tracer level concen-
tration and by a lack of knowledge of the basic coordination

25,26 In order to understand how and why

chemistry of technetium.
the radiopharmaceuticals utilized operate, and to enable one to
rationally design new organ- and disease-specific 99mTc—radio-
pharmaceuticals, a greater understanding of the coordination
chemistry of technetium is required. In addition, such a study
coupled with an examination of technetium's third row cogener,
rhenium, could also add new insights to the field of inorganic
chemistry as a whole.

One isotope of technetium,gch, appears to be well suited
for extensive study of its coordination chemistry. It accounts for

235

6.3% of the fission yield of ‘U and 6.1% of the fission yield

239

of Pu, both of which are used worldwide to power nuclear reactors.

The isotope can be separated efficiently from other fission
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product527’28

and is commercially available in gram quantities as
pertechnetate salts.

The isotope decays via B~ emission and the low energy (.292 MeV)
of the particle is dissipated effectively by normal laboratory
glassware. (Large amounts of activity, however, can result in
bremstrahlung from the glass.) Another advantage is the long
half-life, 2.12 x 105 yr, which allows the use of traditional
methods of physical and analytical analysis. These favorable
properties enable one to perform experiments that are not
restricted to the tracer level and milligram quantities of
99Tc-conta1‘m‘ng coordination complexes can be prepared and
characterized,vprovided certain safety measufes are followed.

The chemistry described in this thesis was performed in a
laboratory designed for general synthetic manipulations. All
synthetic work and sample preparation involving technetium
were confined to the hood areas. Large fiberg]ass‘trays Tined
with commercially available industrial diapers were used to control
possible spills. A Schlenk 1ine set up inside the hood allowed
for air sensitive manipulations and vacuum drying of samples
using standard Schlenk line apparatus and techniques. At all times,
the experimenter wore disposable gloves and lab coat to prevent
accidental contamination from solids or liquids that were present.
An Ekerline E-120 portable beta-gamma survey meter with HP-190
probe was used to mohitor the laboratory (one can detect

experimentally at least 2-5 uCi/cmz). The laboratory was monitored
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by wipe tests at least once a month by the M. I. T. Radiation
Protection Office (RPO).

Radioactive waste was disposed of in two ways. Solid waste
was placed in plastic bags and then stored in a special receptacle
until picked up by the RPO. Liquid wastes were neutralized if they
contained acid or base prior to disposal in jugs filled with a
gypsum-based absorbent solid. These were replaced by the RPO when
full. A record of waste activity was kept to insure a complete
inventory on the amount of technetium present in the laboratory.
Glassware was washed in a sink approved for radioactive waste.

The maximum permissible concentration of 99Tc allowed down a

9 30

drain is set at 0.1 uCi/m’l2 with a total not to exceed 10 mCi/%—yr.
A commercial radioactive decontaminant was used to clean contaminated
glassware and equipment.

Solid samples were stored in glass vials or ampules kept
inside metal cans within a locked cabinet.

When samples were shipped outside of M.I.T. for chemical
analysis or X-ray structural analysis, they were placed in a glass
vial or ampule surrounded by cotton within a sturdy mailing case.
Prior to shipment, the glass would be wipetested to insure that
contamination was kept to a minimum.

99Tc to

Federal regu]ations3] allow for amounts less than 1 mCi
be considered exempt quantities and may be shipped by mail without
radiation Tabels when packaged as described. Analytical samples
generally contained 10-20 nCi 99Tc. A11 analyses of technetium

containing complexes were performed by Schwarzkopf Microanalytical

lLaboratorv.
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Technetium_was purchased in 10 mCi lots as an aqueous
solution of ammonium pertechnetate (New England Nuclear). The
concentration was determined from the technical data (see Table I)
provided and experimentally from the UV absorption spectrum of

- 32
TcO4 .
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Conversion Factors and Constants for 99Tc

1

one curie (Ci) = 3.700 x 10'° disintegrations/sec

99

specific activity “"Tc

0.017 Ci/gm

99

1.68 Ci 1.00 mol Tc

Determination of molarity from mCi/ml:

(mCi/m1)(1000 m1/1)
= (99 gm/mo1) (17 mCi/gm)

Table I
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CHAPTER I

Electrochemical Studies on the Hexahalometallate

(IV) Complexes of Technetium and Rhenium
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INTRODUCTION

With the exception of Re04— and Tcod_, the most utilized starting
materials in the past for studying the chemistry of technetium and
rhenium have been their hexahalometallate(IV) complexes, due to the
ease of 1’or'ma'c1'on]"3 and well characterized nature of these d3
octahedral anions.*™

The salts of ch162' and ReClsz' have been treated with pyridine
in acid solution to form complexes of technetium and rhenium in the
+5 oxidation state, Tc02(py)4+7 and Reoz(py)4+8, by an as yet un-
known mechanism. Reaction of ReC162' with maleonitriledithiolate ion
(Nazmnt) in aqueous methanol followed by oxidation with iodine yields
another rhenium (V) species, ReO(mnt)z'.9

Hexachlorotechnetate ion, TcC162', has been used to prepare
Tc20183', a quadrdp]y bonded technetium dimer containing Tc(II) and
Te(III), N by reduction with zinc in concentrated hydrochloric acid.10
Reduction of TcC162' with hydroxylamine hydroch]oridelo produced a
technetium (I) species, t-Tc(NO)(NH3)4(0H2)2+ which has had its
structure confirmed by X-ray crystallography.12 Reduction of AngeBr6
with nitric oxide at elevated temperature followed by hydrobromic acid
yielded Re(NO)Br* salts.'?

Lower valent technetium phosphine complexes are accessible from

2- 14,16

reaction of TeXg and the appropriate phosphine to yield TcX3(PR3)3
or TcXZ(PR3)4]5’16 depending upon conditions.
Interestingly, there has been no study of the electrochemistry

of the hexahalometallate(IV) ions. It is of interest to assess the
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relative stabilities, in a thermodynamic sense, of the neighboring
oxidation states with simple ligands in which the coordination sphere
remains intact. Such information could aid in planning future chem-
istry based on the hexahalometallates or on reduction of perrhenate
or pertechnetate in the presence of potential ligands.
Unfortunately, these MXGZ' salts are only stable in aqueous
solutions that are strongly acidic, decomposing to give M02~xH20
as insoluble dark precipitates, in neutral or basic solu1:1'on.4'6
Obviously, a good non-aqueous solvent system such as acetonitrile
is required, but the standard ammonium, sodium, or potassium salts
are not soluble in organic solvents. For these reasons, the tetra-

butylammonium salts of the hexahalometallates were prepared and

studies of their electrochemistry undertaken.
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EXPERIMENTAL

Constant boiling (57%) hydriodic acid was purified by addition
of 50% w/w_hypophosphorous acid followed by distillation under
dinitrogen at 126°C prior to use. Purified hydriodic acid was
stored under dinitrogen in brown bottles. A1l other
reagents were used as received, NaReO4 was obtained
from Clevaland Refractory Metals, Solon, Ohio,

Purity of the hexahalometallate salts prepared
was checked by optical spectroscopy, using pub1ishéd values.17

Spectro Grade acetonitrile (Eastman), run through a long act-
jvated alumina columh, and nBu4N0104 (Southwest Analytical), (dried
at 85°C in vacuo for 24 hr.) as the supporting electrolyte, were
used in the electrochemical measurements. Electrochemical measure-
ments were obtained on a PAR Model 174 Polarograghic Analyzer
equipped with either a dropping mercury electrode (DME) or a rotat-
ing platinum e]ectrode; and a saturated calomel electrode (SCE)
reference. The cyclic voltammograms were obtained at a stationary
platinum electrode with scan rates of 10-200 mV sec']. Ferrocene
was used as the internal calibrant.

The (NH4)2TcX6 (X= C1, Br, I) salts were prepared according to

1

the literature method,2 as were the K2ReX6 (Xx=C1,Br,I) salts. The
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tetrabutylammonium salts were prepared by metathesis, ie. by add-
ing the corresponding tetrabutylammonium halide to hot solutions
of MXE' in the respective halo acid and evaporating until cryst-
allization occurred. In the case of ReBrg', addition of nBu4NBr

resulted in immediate precipitation of the tetrabutylammonium

salt. 0"]y‘n8u4N13 could be recovered from solutions containing

. 2- 2-
either ReI6 or TcI6

unstable in solvents other than concentrated hydriodic acid.

; in addition, these iodide salts proved to be

The (nBu4N)2MX6 salts (M=Tc, Re; X=Cl, Br) were recrystallized
from acetone/hexane solutions three times prior to use in the elec-

trochemical measurements.



-32-

Results and Discussion

The electrochemical studies are summarized in Table II.

The anodic scans for technetium and rhenium are similar in
profile, with rhenium being easier to oxidize than technetium, as
expected from considerations of periodicity, The first wave in

each case is attributable to the oxidation

M(+)X2 2 Mss)X'T 4 e
The rhenium couples are reversib]e18 one-electron processes (Figure I)
as shown by cyclic voltammetry, whereas those for technetium are
irreversible (Figure II). This is not surprising in view of the
large increase in oxidizing ability (ca. 0.4 - 0.7 V) of the
technetium(V) species and the scan dependence of the cyclic scans
(10-200 mv sec.'j). However, these results clearly show that MXG']
jons (M = Re, Tc) are all powerful oxidizing agents in a thermo-
dynamic sense, Thus, it is not surprising that the only report of
an MXG'] ion (M = Re, Tc; X = Cl , Br) has been the reaction of rhenium
metal with Pl at 500-550°C to yield [PC1,J[ReCT¢].'” These results
suggest that the thermodynamically stable rhenium(V) and technetium(V)
complexes may not resemble octahedral halide complexes, but rather will
require different types of ligands or structural features, The
isolation of Tc02(py)4+,7 ReO(mnt)z—,9 and Re0C13(PR3)220 complexes
supports such a viewpoint.

The cathodic behavior is not as well defined. In the rhenium com-
plexes, the onset of reduction occurred at values more negative than
approx. -0.9 V vs. SCE. Although less well defined, the technetium
cbmp]exes show an irreversible reduction at a more positive potential

than for the corresponding rhenium complexes by approx. 0.6 V,
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Table II: Electrochemical Measurements on the Hexahalometallate (IV) Salts

Rotating Platinum Dropping Hg
Compound E]/2 (volts vs. SCE) El/g(volts vs. SCE)
TBAZReC16 +1.18 (e rev.) -1.18
+ 2.42 -2.23
TBA,ReBrg +1.18 (le rev.) -0.90
+ 2.30 -1.80
TBA,TeCl +1.88 -0.34 "
+ 2.30 ’ -0.68
-1.11
-1.83
TBA,TcBr +1.70 -0.27"
+ 2.32 -0.75
-1.00
-1.68

TBA = tetrabutylammonium (nBu4N+)

A1l studies in CH.CN with 0.1 M nBu4N+c104'

3
* Complex irreversible processes taking place
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Cyclic Voltam mograms of (nBu4N)2ReC16 in
Acetonitrile/0.1 M TBAP. a) 100 mV sec”!
scan rate, initially anodic, starting point
0.0V, displaying one electron reversible

oxidation wave. b) 100 mV sec”! scan rate,

initially cathodic, starting point 0.0V,

irreversible reduction wave observed.



-35-

A S-—
— -
o+
on
Z )
1 °--° [ 1 1 1 ] 1 OM.H.I 1 1 1 m”.ﬂl 1 1
1 T 1 1
JOSSA A
| ] 1 1
L} 1 OM" ) 1 i 1 m_nc L °m° ¥ | ] 1 m|°' 1
® o1
—
\o- i
-
\I
S +
or +
on
ST +




Figure II:
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Cyclic Voltammograms of (nBu4N)2TcC]6 in
Acetonitrile/0.1 M TBAP. a) 100 mV sec™,
initially anodic, starting pt. 0.0V, dis-

playing irreversible one electron oxidation.
b) 100 mV sec"], initially cathodic, start-

ing point 0.0V, irreversible reductions ob-

served.
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These results indicate that a clean, reversible reduction to
MX63' is not possible electrochemically under these conditions; however,
reduction does occur more easily for the technetium halo-species than

for the rhenium analogs. This suggests that the MX 3- ions (X=C1,Br)

6
are extremely kinetically labile. It is known that both technetium
and rhenium halo-complexes can be produced chemically through the
reduction of the hexahalometallates in the presence of other 11'gands.10'16
These electrochemical results suggest that such processes will be

easier for technetium than for rhenium.
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18. Reversible behavior is defined by three observable properties
in the cyclic voltammogram:

1) 60 mV peak to peak separation (Epa - Epc = 60 mV)
independent of scan rate.
2) E1/2 independent of scan rate (determined from ejther

(Epa + Epc)/Z or 1d3/4(Epa)).

3) Diffusion current proportional to the square root

of the scan rate (id(Epa) o VYscan rate )

Reversibility was determined by comparison of the scans
obtained with the scans of a known reversible system
(ferrocene to ferricinium) under the same conditions.

19. Frais, P. W.; Guest, A.; Lock, C. J. L. Chem. Comm. 1970,
1612.

20. Chatt, J.; Rowe, G. A, J. Chem. Soc. 1962, 4019,
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CHAPTER II

Preparation and Characterization of the Oxotetrachlorotechnetate(V)

Anion and Its Use as an Intermediate in Technetium(V) Chemistry
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Introduction

The chemistry of rhenium(V) and technetium(V) is dominated by the
presence of oxo- or nitrido-]igands.]’2 A wide variety of rhenium(V)

complexes based on the reaction chemistry of ReOC]a(PPh3)23 are known;
3 4 4
ReO(OEt)C]Z(PPh3)2 . t-ReO(OEt)(py)2C12 , t-ReZO3(py)4C14 ,

5-7

t—Re203(dtc)4, Re(NPh)Cl3(PPh3)28 are representative of some of the

species obtainable. Reaction of perrhenate, triphenylphosphine, and
8
)n

(n = 2, PRy = PPhy; n = 3, PRy = P(a]ky])ZPh) which contains the Re=N

moiety. There have been no reports of technetium(V) analogues of any

hydrazinedihydrochloride in ethanol/benzene afforded ReNC]z(PR3

of these species.
The aqueous solution chemistry of rhenium(V) and technetium(V)
is not well documented. Oxy-halo species for both elements have been

claimed; the rhenium complexes K2Re0015,9 various salts of
10,11

Re0C14'solv (solv = water or acetonitrile), and salts of

ReOBr4' ) have been prepared. X-ray structures have been performed

12 13 14
on Ph4AsReOBr4-CH3CN and Et4NREOBr4-H20,

These species disproportionate rapidly to Re04" and Re02°xH20
10,11

as well as K2Re0015.

in aqueous solutions that are weakly acidic. This fact has limited

the exploration of any aqueous reaction chemistry these salts might

[)OSSESS..l‘I

A green intermediate formed in the reduction of pertechnetate to

hexachlorotechnetate(IV) by hydrochloric acid has been postulated as a

-15 or Tc0C152' ]6. This material has been

16,17

technetium(V) species, TcOC]4

reported to be even more susceptible to hydrolysis than the rhenium
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analogues. In concentrated hydrochloric acid solution it is reduced

to hexach]orotechnetate(I\I).]5’]6

Other rhenium(V) and technetium(V) complexes prepared include the

well characterized rhenium cyanide complexes, K3Re02(CN)4,]8

19 ) 20
8’ ’
and technetium(V) transdioxo complexes have been prepared with the
21,22

K4Re203(CN) and KZReN(CN)4(H20 A class of cationic rhenium(V)

general formula t—MOZ(ammine)4+, where the ammine can be pyridine

24

ethy]enediamine23 or 2,2'-dipyridyl™" in the case of rhenium, and

pyridine 25 in the case of technetium.

1., isolated a water stable technetium(V)

Recently, DePamphilis, et
complex, nBu4NTc0(SCH2C(O)S)2, from the reduction of pertechnetate

by thioglycolic acid.26 The structure has been confirmed crystallo-

26

graphically. Smith, et al., have recently isolated a similar compound,

Ph4AsTcO(SCH2CH23)2 via the reduction of pertechnetate by NaBH4 in
the presence of ethanedithiol. Both species are extremely important
as dithiol-containing 1igands are used in technetium 99m-radiopharma—

ceutica1s.28'30

The isolation of these two water stable complexes
suggests that technetium(V) solution chemistry is much more varied
than initially believed.'

A report by Schwochau, et gl.,3] concerning the synthesis and
isolation of (nBu4N)2Tc2C18, the technetium analog of the well known
(nBu4N)2Re2C18,32 from the reduction of pertechnetate by hypophosphorous
acid in hydrochloric acid has resulted in the discovery of a versatile
synthetic tool for examining technetium(V) chemistry.

34

An X-ray structure of the PPN™" salt of the green solid isolated

31

by the method of Schwochau, et al., reveals that the material is not
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Tczc182', but rather a technetium(V) complex, Tc0014'. Isolation of

the green intermediate in the reduction of pertechnetate by hydrachloric

15,16

acid by addition of tetrabutylammonium jon results in the formation

of nBu4NTc0014.
The preparation and characterization of this important compound,

an investigation of its uses as an intermediate in the exploration of

technetium(V) chemistry, and a survey of coordination geometries currently

accessible to technetium(V) and rhenium(V) is presented.
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Experimental

A11 water used was passed through a Barnstead Ultrapure D8902
Cartridge followed by distillation using a Corning AG-1 water still
prior to use. All other reagents were used as received. nBu4NReOBr4
was prepared according to the literature procedure.H Gifts of
Ph4AsReO(SCH2CH28)2 and Ph4AsRe0(mnt)2 by Chris Orvig, M.I.T., are
gratefully acknowledged.

Infrared spectra were recorded on a Perkin-Elmer 180 grating
spectrophotometer as KBr pellets. Raman spectra were obtained as solid
samples using a Spex Ramalog with the 5145 K l1ine of an Ar laser.
Optical spectra in appropriate solvents were recorded on a Cary 17
spectrophotometer.

Voltammetric studies were carried out using a PAR model 174
polarographic analyzer with rotating Pt, stationary Pt, dropping Hg,
and stationary Hg pool electrodes. All potentials were referenced to
a saturated calomel electrode (SCE). Tetrabutylammoniumperchlorate
(Southwestern Analytical) was dried jg_ygggg_at 85°C prior to use as
supporting electrolyte. Spectro-grade acetonitrile was used as the
solvent. Ferrocene was used as an internal calibrant.

Magnetic susceptibilities were obtained on a home built Faraday
balance equipped with a Varian V-4005 electromagnet with constant force
pole faces and a Cahn RG Electrobalance. A quartz sample bucket was used.
Diamagnetic corrections were taken from published tab]es33 and the

magnetic moment derived from the expression:
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Mopg ~ 2.84[ yeorr ¢
M

HgCo(SCN)4 was used as the calibrant.

Electron paramagnetic resonance measurements were obtained with
a Varian E-Line spectrophotometer. Measurements at 77°K were made
using frozen solutfon glasses and a specially designed liquid
nitrogen dewar.

Elemental analyses for the new rhenium comp]exes prepared were
performed by Galbraith Laboratories, Knoxville, Tenn.

Melting points are uncorrected.

Preparation of nBu4NTc0C14

This 1ight green solid can be prepared via the reduction of
pertechnetate by hypophosphorous acid in hydrochloric acid (Method A),
which parallels the conditions used in the preparation of “Tc20182'“,31
or via the reduction of pertechnetate by hydrochloric acid (Method B).

Method B provides the easiest and highest yield route to nBu4NTc0C14.

Method A

To a thoroughly purged 15 mL two neck flask equipped with a magnetic
stir bar were added 4.5 mL Ar purged 12N hydrochloric acid and 0.7 mL
50% w/w hypophosphorous acid (Baker) via syringes. To the stirred
solution were added 3.6 mL of a 0.33 M (1.19 mmol) aqueous ammonium
pertechnetate solution via a syringe. After 1%-h stirring, the dark
green solution was treated with 3.5 mL of a 75% w/w tetrabutylammonium
chloride solution. The light green microcrystalline solid was filtered

under N2 and washed with 2 mL 12N hydrochloric acid, followed by six 5 mL
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portions of isopropanol. The 1ight gray-green solid was dried in vacuo,
yield 0.42 gm, 70% based on technetium.
Method B

To a beaker equipped with a stir bar were added 16 mL of 12 N
hydrochloric acid and 2.0 mL of 0.32 M (0.64 mmol1) aqueous NH4TcO4
solution. After 10 min., 2 mL of 75% w/w tetrabutyl ammonium chloride
were added dropwise to the green solution. A microcrystalline powder
was collected by filtration. The solid was washed with 1.5 mL 12N
hydrochloric acid, followed with five 1.5 mL aliquots of isopropanol,
then‘dried in vacuo. Yield, of light green solid, 0.31 gm, 98% based
on technetium.

Both methods produce material that is suitable for further exper-
imentation. Attempted recrystallization from methanol or acetone
yielded green plates; however upon filtration or drying these crystals
crazed and broke apart. Recrystallization from CH2c12/hexane-afforded
stable dark green plates.

Analysis, C]6H36N0C14Tc, Calc.: C, 38.49; H, 7.27; N, 2.81; (1,28.40.
Found: C, 38.42; H, 7.22; N, 2.67; C1, 26.34, 29.74.
Optical Spectrum (CH,Cl,) 840 nm(17 L mol™ en”), 585 (7), 475 (15),
370 (140), 293 (4450)
Infrared Spectrum(KBr) 2990 (sh), 2955 (s), 2935(s), 2862 (s), 1465 (s),
1402(w), 1376 (m), 1358(w), 1340 (w), 1335 (w),

1315 (w), 1303 (w), 1279 (w), 1235 (w), 1163 (m),
1160 (m), 1145 (w), 1125 (w), 1103 (w), 1060 (m),

1053 » 1019 (s), 990 » 920 , 890 (sh),
880 (é?z 790 w)f)770 (ng)75o (ng)730 (m)f 525 (w),
378 (s), 355 (w), 330 (w)
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Magnetic Moment-50.7 x 1076 cgs units (diamagnetic). This salt is sol-
uble in methanol, acetone, acetonitrile, methylene-chloride, and tetra-
hydrofuran. It is insoluble in isopropanol and non-polar organic sol-
vents.

Preparation of Bis(triphenylphosphine)iminiumoxotetrachlorotechnetate(V).

A round bottom flask was charged with 0.067 gm (0.13 mmol) Bu4NTcOCI4,

1.0 gm PPN+C1', enough methanol to dissolve both solids was added, and the
pale green solution refrigerated at -5 °C. Slowly, dendritic green cry-
stals formed. This solid was recrystallized from CH2C12/hexane to yield

some yellow (PPN)ZTCCT6 and well formed dark green blocks of PPNTCOCT,,

yield of green blocks 0.028 gm. These crystals were of suitable quality

for use in a single crystal X-ray structure.

Infrared Spectrum (KBr) 3041 (w), 1585
1305 (s), 1265

Em) 1482 (m), 1435 (s), 1322 (s)
1105 (sh,m), 10;8
),
)S

St
), 1130 (m), 1157 (w), 1112 (s),
(w), 1016 (s), 997 (ms), 853 (w),
755 (sh,m), 745 ( 723 (s),
540 ( ), 530 (s ), 525 (sh),
390 (m), 372 (m), 350 (w), 313(w).

843 (w), 790 (w
690 (s), 615 (w
497 (s), 445 (w

Attempted isolation of TcOC14' with other cations.
Isolation of TcOC14' from the reaction solution was attempted with
several cations other than tetrabutylammonium. None proved to be
adequate, but several showed a remarkable tendency to produce hexa-
chlorotechnetate(IV) rapidly. Green solutions with tetrabutylammonium

jon also present in solution produced (nBu4N)2Tcm6 upon refrigeration.

Tetraethylammonium ion

Addition of tetraethylammonium chloride to solutions of TcOC14° re-

sulted in the rapid precipitation of yellow crystals.
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The (Et4N)2TcC16 was filtered, washed with ethanol, ether, and
dried in vacuo. This reaction is virtually quantitative.

Infrared Spectrum (KBr) 3010 , 2997 (s), 2960 (m), 2890 (w), 1460

(m) (s),
1404 (s), 1370 (w), 1351 (w), 1340 (w), 1335 (w),
1306 (m), 1260 (w), 1182 (s), 1118 (w), 1077 (w),
1030 (s), 1003 (s) 890 (w), 796 (m), 790 (s),
580 (w), 465 ( 312 (s).

N-methylquinolinium ion

Addition of N-methylquinolinium chloride to a dark green solution
of Tc0C14_ resulted in precipitation of yellow needles, (MeQ)ZTcC]6.

The crystals were filtered, washed with ethanol and ether, and dried

in vacuo.

Infrared Spectrum (KBr) 3076 (w), 3040 (w), 3000(w), 1622 (m), 1600 (m),
1585 (m), 1540 (w), 1525 (s), 1442 (w) 1436 (w),
1420 (w), 1395 (w), 1383 (w), 1369 (w), 1343 (m),
1287 (w), 1280 (w), 1250 (w), 1230 (w), 1216 (w),
1166 (m), 1142 (w), 1121 (w), 1088 (w), 1030 (w),
1000 (w), 970 (w), 960 (w), 872 (w), 859 (w),
815 (s), 803 (w), 778 (s), 709 (w), 610 (w),
567 (w), 504 (w), 487 (w), 463 (w), 420 (w),
402 (w), 310 (s! .

Tetraphenylarsonium ion

Addition of tetraphenylarsonium chloride to green solutions of
TcOCl4' in hydrochloric acid resulted in immediate precipitation of
(Ph4As)2TcC16 as yellow needles. No solid was obtained by the attempted
metathesis of nBu4NTc0C14 in methanol by addition of Ph4AsC1.

Infrared Spectrum (KBr) 3050 (w), 1576 (w), 1481 (m), 1436 (m), 1390 (w),
1333 (w), 1310 (w), 1273 (w), 1180 (w), 1159 (w)
1069 (m), 1019 (w), 997 (m), 920 (w), 845 (w),
W s
s

815 (w), 736 (s), 683 (s), 610 (w), 360 (w),
312 (s).
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Tetrapropylammonium ion

Addition of tetrapropylammonium chloride to hydrochloric acid sol-

utions of TcOC14' failed to immediately precipitate either TcOC14' or

2-

TcC]6 . The mixture was placed in the refrigerator and after 24 h,

crystals of (NH4)2TCC16 were isolated!™ The solid isolated matches
samples prepared according to the method of Nelson, et. al. 35

Optical Spectrum (12N HC1) 385 nm (1380 L mo]'] cm']), 338 nm (10,600),
308 (7130), 240 (18,000)

Infrared Spectrum (KBr) 3310 (m), 3217 (s), 3145 (m), 1610 (w),
1400 (s), 330 (s)

Attempted Preparation of Oxotetrabromotechnetate (V) Anion.

A 25 mL r.b. flask with sidearm and stir bar was thoroughly purged
with Ar and then charged with 1,5 mL 48% hydrobromic acid, 0.1 ml 50%
w/w hypophosphorous acid, and 0.5 mL of 0,33 M aqueous NH4TC04 solution
(0.17 mmo1), all added sequentially via syringes. The solution went
orange brown instantly. Within an hour the solution was ruby red, with
some red solid. One equivalent NH4Br in 48% hydrobromic acid was added
and the resulting suspension was filtered. The red solid was washed

with cold 48% hydrobromic acid, ethanol, and ether, then dried in vacuo.

Yield of (NH4)2TcBr6, 0.079 gm, 78% based on technetium. This solid

matches samples of (NH4)2TcBr6 prepared according to the method of Nelson,

et a1.35

Optical Spectrum (48% HBr) 443 nm (5750 L mol
325 (10,200)

< em1), 385 (6650).

Infrared Spectrum (KBr) 3180 (m), 1390 (s), 455 (w), 249 (m)

* + . .
The source of NH4 ion is NH4TCO4.
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Reaction of T<:OC14°‘1 with Concentrated Hydrochloric Acid.

To a 50 mL beaker with stir bar were added 0.109 gm (0.22 mmol)
nBu4NTcOC14, 20 mL concentrated hydrochloric acid, and 10 mL acetone,
The solution was stirred for one half hour, at which time the solution
had turned yellow, Added 0,075 gm (0.22 mmol) nBu4NC104 to the sol-
ution and evaporated the solution down to 5 mL over heat. Bright yellow
crystals of (nBu4N)2TcC16 were collected by filtration, washed with 2 mL
cold 12N HC1, ethanol, and ether, The solid was dried in vacuo. Yield
of yellow crystals, 0,15 gm, 85% based on technetium. This material is

identical to samples of (nBu4N)2TcC16 prepared via metathesis of (NH4)2—

TeClg in hydrochloric acid. >0

Optical Spectrun (CH,CN) 383 nm (1270 L mol T en”1y, 340 (11,000),
310 (7290), 242 (19,500)

), 2923 (s), 2860 (s),
Y, 1472 (ms), 1460 (ms),
), 1353 (w), 1315 (w),

Infrared Spectrum (KBr) 2990 (w), 2955 (s
S
m
w), 1236 (w), 1204 (w),
W
W

(
2720 (w), 1478 (
1416 (w), 1375 (
1280 (w), 1246 ( (
1168 (w), 1145 (w), 1103 (w), 1063 (w),

( ), 1020 (w), 1000 (w),
)y 790 (w), 785 (w),
), 310 (s)

1050 (w), 1030
880 (m), 805 (w
740 (m), 736 (w

Reaction of nBu,NTcOCl, with Water.

To a 30 mL beaker were added a stir bar and 0.181 gm (0.36 mmol)

nBu4NTc0C14.

Acetone, 2 mL, and 1.0M NaOH, 2 mL, were added to insure complete

Upon addition of 5 mL water, a black mixture was formed.

hydrolysis. A Blichner funnel with a bed of fine Filter-Cel was used

to filter the reaction mixture; a clear solution and a black solid
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were separated, The filter bed was washed with 20 mL water followed by
20-30 mL acetone, The combined filtrates were transferred to a large
beaker and 1.0 gm Ph4AsC1.H20 in 10 mL water was added. A white pre-
cipitate formed instantly. After evaporation of the acetone, the white
solid was filtered, washed with water, and recrystallized from acetone/
water to yield white needles of Ph4AsTc04, 0.063 gm, 32% based on tech-
netium,

The filter bed, containing the black solid (Tc02.xH20), was treated
with two 10 mL aliquots of 15% H202, followed by 30 mL water. To the
clear, colorless solution, 1.0 gm Ph4AsCT.H20 in 10 mL water was added,
producing an immediate white precipitate. The white solid was filtered,
washed with 10 mL water, and then recrystallized from acetone/water to
yield 0.127 gm of Ph4AsTcO4, 65% based on technetium, Molar ratio of
Tc04':Tc02.xH20 formed in disproportionation of TcOC14' in H20 was 1:2,
Both sets of white needles compared favorably with samples of Ph4AsTCO4
prepared from a stock solution of NH4Tc04 and Ph4As+ in water, Total
yield of Ph4AsTc04 recovered, 0,190 gm, 98% based on technetium.
Infrared Spectrum (KBr) 3050 (w), 1477 (m), 1435 (m), 1380 (s),

1333 (w), 1305 (w), 1180 (w), 1160 (w),
1077 (m), 1020 (w), 997 (m), 925 (w),
897 (s), 846 (m), 745 (s), 685 (s),
610 (w), 475 (m), 455 (m), 350 (m)

Preparation of Tetraphenylarsoniumoxobis(ethanedithiolato)technetate(V).

nBu4NTc0C1 0.048 gm (0,097 mmo1), was dissolved in 5 mL of meth-

49
anol. To this stirred solution was added a solution consisting of 0.07 mL

(0.84 mmol) ethanedithiol (Eastman) in 2.0 mL water adjusted to pH 7.5
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with 0.1M NaOH, The resultant red orange solution was treated with

1.0 gm Ph,AsC1.H,0, A red-orange solid was filtered, and washed with

4 2
water and ether., The solid was recrystallized from acetone/water to

produce red-orange needles of Ph4AsTc0(SCH2CH28)2, 0.051 gm, 77% based
on technetium. This solid was identical to samples prepared from the

reduction of Tc04' with NaZSZO4 and ethanedithiol 37 or via the original

procedure published by Smith, et.al, 27

Optical Spectrum (CH3CN) 485 nm (sh), 434 (sh), 398 (3400), 279 (7750)

Infrared Spectrum (KBr) 3040 (w), 3025 (w), 3000 (w), 2930 (w), 2890 (w),
2805 (w), 1895 (w), 1820 (w), 1570 (w), 1479 (m),

m), 1334 (w), 1306 (w), 1266 (m),

w), 1165 (w), 1140 (w), 1078 (m),

w), 997 (m), 935 (s), 850 (w),

, 748 (s), 738 (s), 688 (s),

, 466 (m), 457 (m), 370 (m),

, 308 (w)

1437 (s), 1380
1229 (w), 1180
1066 (w), 1018
825 (w), 815 (w
610 (w), 475 (m
356 (m), 337 (w

(
(
(
)
)
)
Magnetic Moment ueff (298K) 0.82 - 1,16 BM

E1/5 (anodic, rot Pt) = 0.68V, 2,05V vs. SCE (irrev)
E]/2 (cathodic, DME) =-1.86V vs. SCE (irrev)

mp. 235°C dec.

Preparation of Tetrabutylammoniumoxobis(thiomercaptoacetate)technetate(V).

To a 50 mL r.b. flask with stir bar were added 0.045 gm (0.09 mmol)
nBu4NTc0C14 and 7 mL methanol to yield a green solution. Thioglycolic
acid (Eastman practical grade), 1.5 mL, was dissolved in 2 mL water and
the pH adjusted to 7.5 with TOM NaOH. This pale pink solution was added
to the stirred green solution which instantly turned dark brown. A

saturated solution of nBu4NBr in water (3 gm/10 mL) was added and the
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mixture chilled in an ice bath, The yellow-brown crystals were filtered
and washed with 15 mL water, followed by ether, and then the solid was
dried in vacuo. Yield of nBu,NTcO(SCH,C(0)S), as yellow-brown needles,
0.035 gm, 68% based on technetium, Samples prepared by this route are

identical to samples prepared according to the method described by

26

DePamphilis, et. al.”" from Tc04' and thioglycolic acid at pH 7.4,

-1

Optical Spectrum (CH,CN) 415 nm (3670 L mol™' cn™'), 325 (3100)

Infrared Spectrum (KBr) 2950 (ms), 2918 (m), 2883 (m), 2860 (m),
1645 (vs), 1467 (m), 1445 (m), 1380 (m),
1190 (w), 1162 (w), 1120 (w), 1041 (m),
950 (s), 923 (w), 890 (w), 880 (w), 775 (w),
735 (w), 600 (m), 535 (w), 470 (w), 412 (w),
396 (w), 378 (w), 359 (m), 331 (w)

Magnetic Moment wpeff (298 K) = 1,19 - 1,50 BM
E]/Z(cathodic, DME) =-1.35V vs, SCE, le” pseudoreversible

Preparation of Tetrabutylammoniumoxobis(thiomercaptoacetate)rhenate(V).

To a 50 mL r.b. flask with stir bar were added 0.40 gm (0.52 mmo1)
nBu4NReOBr4 and 15 mL methanol to yield a dirty red solution. Thio-
glycolic acid, 6.0 mL, was dissolved in 6 mL water and the pH of the
solution was adjusted to 7.5 with 10M NaOH. The slightly pink thiol
solution was added to the methanol solution, producing a deep red
solution. After 10 min stirring, 6 gm nBu4NBr in 20 mL water were added.
The reaction mixture was set aside for five days, at which time long

orange needles were filtered, washed with water and ether, then dried

dn vacuo. Yield of nBu4NRe0(SCHZC(O)S)2,0.11 gm, 32% based on rhenium,
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Analysis, C,,H,,NO,ReS

ooMagNOsReS,, Calc.: C, 36.56; H, 6.14; N, 2.13; S, 19.52,

Found: C, 36.78; H, 6.37; N, 2.14; S, 19.23.

Optical Spectrum(CHBCN) 520 nm (55 L mol1~ ] ]), 425 (270), 365 (sh),
335 (3370), 280 (sh), 248 (12,300)

Infrared Spectrum (KBr) 3275 (w), 3000 (w), 2960 (s), 2922 (m), 2895 (m),
2865 (m), 2715 (w), 1650 (vs), 1468 (s), 1450 (m),
1405 (w), 1385 (m), 1377 (m), 1356 (w), 1321 (w),
1304 (w), 1280 (w), 1240 (w) 1196 (m), 1180 (w),
1165 (w), 1120 (w), 1107 (w), 1042 (s), 970 (s),
923 (w), 888 (w), 880 (m), 847 (w), 795 Tw),

)>

)s

)

775 (m), 736 (m), 596 (ms), 530 (w), 470 (w),
417 (w), 397 (w), 378 (w), 349 (m), 318 (w),
292 (w), 280 (w

Magnetic Moment u eff (298K) = 0.31 - 0,50 BM
E]/z(anodic, rotating Pt) 0.72V, 2.11V vs. SCE (irrev)
E1/2(cathodic, DME) - 1,84V vs. SCE (irrev)
mp 129-132°C

Preparation of Tetrabutylammoniumoxobis({toluene-3,4-dithiolato)technetate (V).

To a 25 mL r.b. flask with stir bar were added 0.075 gm (0.15 mmo1)
nBu4NTCOC'I4 and 5 mL methanol to produce a green solution. In a 10 mL
beaker, 0.05 mL 3,4-dimercaptotoluene(Aldrich) were suspended in 2 mL water
adjusted to pH 7.5 with 0.1MNaOH. This solution was added to the stirred
green solution which went immediately cloudy maroon. Tetrabutylammonium
bromide, 1.5 gm in 5 mL water, was added to the mixture. The reaction mix-
ture was filtered through a bed of fine Filter-Cel and washed with water
and ether; the ether wash showed a reddish tint. The complex was extracted
from the bed with acetone to produce a red-brown solution. Addition of

water resulted in precipitation of fine, yellow-brown crystals which were
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filtered, washed with water, ether, toluene, and again ether, then dried

in vacuo, Yield of nBu4NTc0(SZCGH3CH3)2 0.049 gm, 49% based on technetium.

This material had previously been prepared from the reduction of pertech-

netate by Nazszo4 in the presence of toluenedithiol in alkaline media. 38

Samples prepared via both routes are identical.

Optical Spectrum (CH3CN) 480 nm (sh), 400 (sh), 360 (13,000), 311 (7400)

Infrared Spectrum (KBr) 3020 (w), 2950 (ms), 2930 (m), 2860 (m). 1575 (w),
1540 (w), 1480 (w), 1470 (m), 1451 (s), 1415 (w),
1373 (m), 1280 (w), 1250 (w), 1220 (w), 1200 (w),
1178 (w), 1165 (w), 1148 (w), 1030 (w), 930 (s),
880 (m), 810 (m), 798 (m), 735 (w), 705 Tw),
688 (w), 545 (w), 430 (w), 400 (w), 375 (w),
360 (m).

Magnetic Moment u eff (298K) 0.0 - 0.42 BM

E1/2(anodic, rotating Pt) 0.95V vs. SCE (irrev)

E]/Z(cathodic, DME) -1.52V vs. SCE (irrev)

mp 166-167°C.

Preparation of Tetrabutylammoniumoxobis{toluene-3,4-dithiolato)rhenate(V).
-4

To a 50 mL r.b. flask with stir bar were added 0.20 gm (2,62 x 10" 'mol)
nBu4NReOBr4 and 10 mL methanol to produce a dirty red solution to which was
added 0,084 gm (0.54 mmol) of 3,4-dimercaptotoluene(Aldrich),

followed by 2 mL of water adjusted to pH 7.5 with 0.1MNaOH. A yellow

brown mixture quickly formed. Bu4NBr, 3.0 gmn in 10 mL water, was added and
the resultant solid was filtered, washed with 20 mL water and quickly dried.
A green impurity was removed via repeated washings with toluene. After a

quick ether wash, the solid was taken up in 25 mL acetone, then water was

added to the point of incipient crystallization. The bright orange crystals
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were filtered, washed with water and ether, then dried\jﬂ_vacuo. Yield of
nBu4NRe0(tdt)2, 0,12 gm, 59% based on rhenium,

Analysis, C30H48N0Re54, Calc.: C, 47.84; H, 6.42; N, 1.86; S, 17,03.

Found: C, 47.83, H, 6.63; N, 1.84; S, 16.86.

Optical Spectrum (CH3CN) 510 ?gz(;h)i 440 (sh), 395 (sh), 350 (6700),
310 ,200

Infrared Spectrum (KBr) 3028 (w), 2957 (m), 2925 (m), 2865 (m), 2720 (w),

2007 (w), 1900 (w,brd), 1730 (w,brd), 1578 (w),
1540 (w), 1478 (m), 1473 (sh), 1453 (ms), 1435 (sh),
1430 (w), 1420 (w), 1375 (m), 1358 (w), 1281 (w),
1246 (w), 1200 (w), 1174 (w), 1165 (w), 1145 (w),
1130 (w), 1100 (w), 1060 (w), 1030 (w), 1020 (w),
1001 (w), 958 {s), 880 (m), 870 (w), 865 (w),
810 (m), 800 (m), 750 (w), 736 (w), 708 (w),
687 (w), 546 (w), 540 (w), 432 (w), 396 (w),
385 (w;, 365 (m), 344 (w), 330 (w), 310 (w),
280 (w

Magnetic Moment y eff (298K) 0.21 - 0,37 BM
E1/2 (anodic, rotéting Pt) 1.00V vs, SCE (irrev)
E1/2 (cathodic, DME) -2.00V vs, SCE (irrev)

mp 170,5 - 171,5°C

Preparation of Tetrabutylammoniumoxobis(maleonitriledithiolato)technetate(V).

To a 25 mL r.b. flask with stir bar were added 0,067 gm (0.36 mmol) diso
-diumma]eonitri1edithiolate(Nazmnt) and 0,087 gm (0.17 mmol) nBu4NTc0C14. A
brown reaction mixture resulted upon addition of 7 mL acetone. After one
hour, an off white solid (NaCl, unreacted Na, mnt) was removed by filtration.
Water was added to the coffee colored filtrate to the point of incipient
crystallization. The microcrystalline brown solid was recrystallized from

cold acetone isobutanol to yield large coffee colored needles of nBu4NTc0(mnt)2,
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0.045 gm, 50% based on technetium.
Analysis, C24H36NSOS4TC, Calc.: C, 45,19 H, 5.69; N, 10.98; S, 20.11.
Found: C, 45.09; H, 5.83; N, 10,50; S, 19.80.

Optical Spectrum (CH3CN) 570 nm (sh), 475 (510), 380 (sh), 339 (15,500),
290 (sh), 270 (sh), 253 (23,300), 232 (sh),
210 (35,000)

Infrared Spectrum (KBr) 2950 (m), 2918 (m), 2860 (m), 2206 (m), 2200 (ms),
1510 (ms), 1480 (m), 1472 (m), 1461 (m), 1455 (m),
1437 (w), 1410 (w), 1374 (m), 1180 (w), 1170 (w),
1146 (m), 1103 (w), 1033 (w), 1019 (w), 975 (w),
947 (s), 900 (w), 878 (m), 855 (w), 800 (w),
740 (m), 495 (m), 365 (m), 345 (w), 300 (w).
corr

Magnetic Moment Xm = -59,8 x 1078 cgs units (diamagnetic)
E]/2 (anodic, rotating Pt) 1,73V vs. SCE (irrev)
E]/Z (cathodic, DME) -0.64V vs, SCE (le-reversible)
mp 128-129°C

Preparation of Tetrabutylammoniumoxobis(dithiooxalate)technetate(V).

To a 25 mL r.b. flask with stir bar were added 0,097 gm (0.19 mmol)

nBu4NTc0C1 and 0,081 gm (0.40 mmol1) dipotassiumdithiooxalate (szto).

4
Approximately 8 mL acetone were added to produce an orange-red solution.
After one hour, an off white solid (KC1, szto) was filtered off, and water
was added to the burgundy colored filtrate to the point of incipient crys-
tallization. Burgundy-maroon crystals of nBu4NTc0(dto)2 were filtered,
washed with water and ether, then dried in vacuo. Yield was 0.083 gm, 72%
based on technetium.

Analysis, CogHagN05S, e, Calc.: C, 40.19; H, 6.07; N, 2.34; S, 21.46,

Found: C, 41.08, 39.52; H, 6.41, 6.20; N, 2.38;
S, 20,97,
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Optical Spectrum (CH3CN) 505 nm (sh), 480 (275), 410 (sh), 375 (3,440),
298 (14,700)

Infrared Spectrum (KBr) 3300 (w), 2958 (s), 2922 (m), 2860 (m), 2020 (w),
1760 (m), 1665 (vs), 1570 (m), 1470 (ms), 1410 (w
1380 (m), 1358 (w), 1317 (w), 1303 (w), 1280 (w),
1240 (w), 1179 (m), 1169 (m), 1128 (w), 1110 (w),
1060 (w-m), 1030 (vs), 972 (vs), 927 (w) 896 (w),
885 (m), 800 (w), 738 (m), 530 (m), 495 (w),
405 (w), 380 (w), 342 (m), 335 (w-m), 280 (w).

)s

Magnetic Moment p eff (298K) 0,17 - 0.34 BM
E]/z(anodic, rotating Pt) 1.91V, 2,28V vs. SCE (irrev)

E1/2(cathodic, DME) -0.75V vs. SCE (le-pseudoreversible)
-1.35V vs. SCE (irrev)

mp 126-127°C

Preparation of Tetraphenylarsoniumoxobis(dithiooxalate)technetate(V).

This salt is prepared similarly to the tetrabutylammonium salt. To
the filtered acetone solution were added 0,1 gm Ph4AsC1.H20 in 3 mL 1:1
acetone/water, Water was then added to the point of incipient crystallization,
Red brown crystals of Ph4AsTcO(dto)2 were separated and washed with water and
ether, then dried 1in vacuo. Yield was 0.11 gm, 80% based on tech-

netium,

Analysis, C28H20A50554TC, Calc.: C, 45.,53; H, 2.73; S, 17.36,

Found: C, 45,29; H, 2.51; S, 17.36.

Optical Spectrum (CH3CN) 505 nm (sh), 480 (275), 410 (sh), 375 (3310),
297 (14,600)

Infrared Spectrum (KBr) 3307 (w), 3292 (w), 3045 (w), 1895 (w), 1814 (
1760 (w—m) 1670 (s), 1660 (s), 1575 (m), 1480
1435 (m), 1405 (w), 1335 (w), 1307 (w), 1275 (
1180 (w), 1160 (w), 1080 (m), 1068 (w), 1030 (
1020 (sh), 997 (m), 980 (s), 920 (w), 883 (m),
848 (w), 845 (w), 750 (ms), 743 (s), 740 (s),
705 (w), 685 (s), 610 (w), 530 (m), 475 (m),
463 (m), 450 (m), 405 (w), 380 (w), 362 (w),
350 (w), 340 (m), 275 (w).
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»Tetrabuty]ammoniumoxobis(dithiooxa]ate)rhenate(V).

To a 50 mL r,b. flask with stir bar were added 0,20 gm (0.26 mmol)

nBu4NReOBr and 0,12 gm (0.53 mmol) K,dto, Upon addition of 10 mL of

4 2
acetone, a dark violet solution developed, After one hour, an off
white solid (KBr, szto) was filtered, and water was added to the dark
violet solution to the point of incipient crystallization. Red-brown
crystals were filtered, washed with water and ether, then dried

in vacuo. Yield of nBu4NRe0(dto) 0.125 gm, 71% based on rhenium,

25
Analysis, C20H36N0554Re, Calc.: C, 35,07; H, 5.,03; N, 2,05; S, 18.72,
Found: C, 34.87; H, 5.46; N, 1.99; S, 17.93.

Optical Spectrum (CH3CN) 520 ?m (s?), 474 (340),448 (330), 417 (480),
340 (2620), 292 (18,460)

Infrared Spectrum (KBr) 3310 (w), 2960 (m), 2920 (m), 2860 (m), 1760 (w),
1665 (vs), 1470 (m), 1380 (m), 1355 (w), 1315 (w),
1305 (w), 1280 (w), 1260 (w), 1240 (w), 1178 (w),
1169 (w), 1105 (w), 1060 (w), 1028 (s), 990 (s),
925 (w), 885 (m), 795 (w), 737 (m), 528 Tm), 410 (w),
325 (m)

Magnetic Moment 1y eff (298K) 0,99 - 1,46 BM

E]/Z(anodic, rotating Pt) 1.64V, 2.17V vs. SCE (irrev)

E1/2(cathodic, DME) -0.94V vs, SCE (le-pseudoreversible)

-1.35V vs. SCE (irrev)
mp 137-138°C

Preparation of Tetrabutylammoniumoxotetrakis(benzenethiolato)technetate(V).

To a 25 mL r.b, flask with stir bar were added 0,068 gm (0.14 mmol)
nBu4NTc0C14 and 6 mL of methanol to produce a green solution, Benzenethiol
(A]drich), 0.06 mL (0.55 mmol), was suspended in 2 mL of water adjusted to

pH 7.5 with 0.1M NaOH. This mixture was added to the stirred methanol
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solution, producing a dark mixture of indeterminate color, A saturated
aqueous solution of nBu4NBr (3 gn/10 mL) was added and after 1/2 hour the
oily mixture was filtered through a bed of diatomaceous earth and washed
with water. The filtrate appeared pale green. The bed was washed with
ether; this filtrate also appeared pale green, Extraction of the bed with
25 mL of acetone yielded a dark green solution, red when viewed by trans-
mitted 1ight. Addition of 10 mL of water produced a dark green solid that
was filtered, washed with water and ether, then dried ig;ygggg, This solid
was recrystallized from methylenechloride/hexane as large black blocks
(deep red by transmitted light) of nBu4NTc0(SPh)4, 0.064 gm, 59% based on
technetium.
Analysis, C,qH(NOS,Tc, Calc,: C, 60,505 H, 7.11; S, 16.15,

Found: C, 60,61; H, 7.27; S, 16.13,

Optical Spectrun (CH,CN) 570 nm (3300 L mol™len™'), 425 (5700),
259 (52,500)

Infrared Spectrum (KBr) 3045 (w-m), 2980 (w), 2950 (m), 2920 (m), 2860 (w-m),
1573 (m), 1480 (m), 1471 (m), 1467 (m), 1455 (m),
1430 (m), 1375 (m), 1350 (w), 1315 (w), 1295 (w),
1265 (w), 1167 (w), 1150 (w), 1103 (w), 1075 (w),
1060 (w), 1020 (m), 1000 (w), 933 (s), 900 (w),
890 (w), 875 (w), 840 (w), 800 (w), 752 (m), 742 (m),
gzg Es%, 687 (s), 496 (m), 427 (w), 370 (w), 355 (w),

W

Magnetic Moment X m°°"" = 79.6 x 1076 cgs units (diamagnetic)

mp 148.156°C dec

Attempted Preparation of nBu4NTc0(SPh)_,r from Pertechnetate,

To a 30 mL beaker with stir bar were added 15 mL of water adjusted
to pH=12 with 10 M NaOH, 0.30 mL of a 0,33 M aqueous NH4TC04 solution
(0.10 mmo1), and 0.05 mL (0.45 mmol) benzenethiol. Na23204, 0.2 gm, was
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added slowly and the solution went dark brown quickly, After 10 min, the
reaction mixture was filtered through a bed of diatomaceous earth; the
filtrate was virtually colorless and a dark solid was left on the bed

(TcOz. xHZO). Treatment of the filtrate with Ph4AsC1.H20 resulted in the
precipitation of a white solid, which was washed with water and ether,

then dried in vacuo. Yield of Ph4AsTc04, 0.051 gm, 93% based on technetium.

Reaction of nBu,NTcOC1, with other monodentate thiols.

The reaction between nBu4NTc0C14 and nBuSH or t~BuSH in methanol
yields dark broWn solutions with some Tc02.xH20. The brown materials do
not appear to be easy to isolate; in fact, often non-radioactive brown
crystals are isolated upon workup.

Preparation of Tetrabutylammoniumoxotetrakis(benzenethiolato)rhenate(V)

To a 50 mL r.b, flask with stir bar were added 0,23 gm (0.29 mmo1l)
nBu4NReOBr4 and 10 mL of methanol to produce a dull red solution, Benzene-
thiol, 0.12 mL (1,18 mmo1), was suspended in 1.5 mL of water adjusted to
a pH of 8 with 0.1M NaOH, This homogenized mixture was added to the
stirred methanol solution; a dark solution immediately formed. After 10 min,
a saturated aqueous solution of nBu4NBr (3 gm/10 mL) was added and the
burgundy solid formed was filtered and washed with water, The solid was
then washed with three 15 mL aliquots of ether; the first wash was green,
subsequent washes quickly paled. The dried solid was recrystallized from
aceton/water to yield dark burgundy needles of nBu4NRe0(SPh)4, 0.20 gm,

79% based on rhenium,
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Analysis, C,,H.-NOReS

4056 4 Calc,: C, 54,51; H, 6,40; N, 1.59; S, 14,55,

Found: C, 54,45; H, 6,68; N, 1.31; S, 14,64,

Optical Spectrum (CH3CN) 575 nm(sh), 483 (2200), 390 (sh), 356 (9600),
283 (sh)

Infrared Spectrum (KBr) 3040 (w-m), 3000 (w), 2983 (w), 2950 (m), 2920 (m),
2860 (m), 1935 (w), 1865 (w), 1798 (w), 1571 (s),
1480 (s), 1471 (s), 1463 (s), 1430 (m), 1383 (m),
1310 (w), 1295 (w), 1265 (w), 1162 (w), 1145 (w),
1120 (w), 1100 (w), 1072 (m), 1060 (m), 1020 (m),
1000 (w), 953 (s), 900 (w), 870 (w-m) 835 (w),
795 (w), 752 (m), 740 (s), 695 (s), 684 (s),
495 (m), 425 (w), 340 (w).

6

Magnetic Moment X m®°"" = _67.6 x 10~ cgs units (diamagnetic)

Preparation of p-Oxobis(oxobis(diethyldithiocarbamato)technetate(V)).

To a 25 mL r.b. flask equipped with stir bar were added 0.068 gm
(0.14 mmol) nBu4NTCOC14 and 0,114 gm (0,51 mmol) EtzNCSZNa.3H20. Upon
addition of 10 mL acetone, a red mixture quickly formed. After one hour,
NaCl was filtered, and water was added to the clear red solution to the
point of incipient crystallization. Burgundy red crystals were filtered
and washed with water and ether, then dried in vacuo. Yield of Tc,05-
(EtZNCSZ)4, 0.046 gm, 80% based on technetium,

Analysis, C20H40N403S8T02, Calc.: C, 28.63; H, 4.81; N, 6.68; S, 30,57,

Found: C, 28.90; H, 5.03; N, 6,13; S, 30.18.

Optical Spectrum (CHSCN) 565 nm (sh), 485 (8400), 385 (5900), 262 (58,500)
Infrared Spectrum (KBr) 2960 (w), 2917 (w), 2860 (
1497 (s), 1455 (m), 1446 (m), 1430 (m), 1373 (w),
1352 (w), 1340 (w), 1292 (w), 1270 (m), 1204 (m),
1145 (m), 1090 (w), 1070 (w), 1065 (w), 992 (w),
922 (w), 907 (w), 845 (w), 777 (w), 630 (s),
560 (w), 390 (w), 353 (w), 315 (w) °

w), 1565 (w), 1505 (s),
m
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Magnetic Moment X m°" = 115 x 10'6 cgs units (diamagnetic)
mp 118°C black 123°C dec.

Preparation of u-Oxobis(oxobis(diethyldithiocarbamato)rhenate(V)).

To a 50 mL r.b, flask equipped with stir bar were added 0.20 gm

4 2Na.3H20, and 12 mL

of acetone to produce a dark red-brown solution, After one hour, NaBr

(0.22 mmol) nBu ,NReOBr 0.16 gm (0.67 mmo1) Et,NCS

was filtered, and water added to the filtrate to the point of incipient
crystallization, Dark brown crystals were filtered and washed with
water and ether, then dried in vacuo. Yield of Re203(Et2NC32)4, 0,072 gm,

64% based on rhenium. Samples of Re203(Et2NCSZ)4 prepared by this method

are identical to samples prepared from ReOC13(PPh3)2 by published methods.6’7

Analysis, C20H40N403Re238, Calc.: C, 23,705 H, 3,98; N, 5.53; S, 25.31,

Found: C, 24,70; H, 4.52; N, 5.48; S, 24 .85,

Optical Spectrum (CH,CN) 590 nm (325 L mol™'cn™'), 475 (sh), 435 (sh),
383 (12,700), 255 (66,100)

Infrared Spectrum (KBr) 2960 (m), 2918 (w), 2858 (w), 2060 (vw), 1890 (w),
1505 (vs), 1453 (s), 1445 (s), 1430 (s), 1373 (m),
1090 (m), 1070 (m), 995 (m), 955 (m), 907 (m),
845 (m), 780 (m), 665 (vs), 560 (m), 550 (w),
495 (w), 460 (w), 425 (w), 390 (w), 370 (w),
360 (w), 330 (s), 319 (w)

Preparation of Dioxotetrapyridinetechnetijum(V)perchlorate dihydrate,

To a 25 mL r.b. flask with stir bar were added 0.310 gm (0.62 mmol)
nBu4NTc0C14 and 15 mL methanol. Upon addition of 5.0 mL of pyridine, the
stirred green solution turned yellow orange, Several drops of water were
added to complete the color transformation., A very concentrated NaC]O4

solution, 15 mL, was added and the resultant yellow solution was set aside
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and the methanol evaporated at room temperature. Yellow<orange needles
were filtered and washed with 7 mL of cold water. The solid bleached

to a bright yellow and lost its pyridine odor, The yellow needles were
dried in vacuo overnight. Yield of [Tc02(py)4]C104.2H20 was 0.247 gm, 70%
based on technetium. This material has the same physical properties as

the TcOz(py)4+ species prepared from hexachlorotechnetate(IV) and pyridine

in aqueous hydrochloric acid.25

Analysis, C20H24N4C108Tc, Calc,: C, 41.21; H, 4,153 N, 9,61.

Found: C, 41,66; H, 4,20; N, 9,67,
Optical Spectrum (MeOH) 450 nm (250 L mo1'1cm'1), 290 (3400)

Infrared Spectrum (KBr) 3410 (wm), 3125 (w), 3095 (w), 3060 (w), 2955 (w),
2863 (w), 1635 (w), 1600 (w), 1475 (m), 1465 (w).
1446 (s), 1340 (w), 1230 (w), 1206 (m), 1151 (w),
1090 (s), 1060 (ms), 1040 (w), 1009 (w),990 (w),
960 (w), 875 (w), 825 (s), 767 (s), 762 (s),
702 %mi), 692 (s), 647 (w), 635 (w), 618 (m),
461 (w

Raman (solid) 1595 (ms), 1475 (m), 1213 (m), 1205 (m), 1156 (w), 1071 (m),
1020 (s), 936 (m), 889 (m), 863 (m), 800 (m), 643 (m).

Preparation of Oxodichloro(tris(1-pyrazoyl)borato)technetate(V).

To a 100 mL beaker were added a stir bar, 15 mL of 12N hydrochloric
acid, and 0,81 mL of a 0.367M NH4TCO4 aqueous solution (0,30 mmol1). After
10 min, 40 mL water were slowly added to the TcOCl4‘ solution to make it
3N in hydrochloric acid. Potassiumtris(1-pyrazoyl)borate (KHBPz3), 0.078 gm
(0.31 mmol), were dissolved in 20 mL of 3N hydrochloric acid and added to
the Tc0C14'. Within one hour, a green solid had precipitated out of the

solution, This solid was filtered and washed with 5 mL of water and dried
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in vacuo. The mother Tiquor was still green, but no more solid precip-

itated, Yield of Tc0C12(HBP23), 0.029 gm, 25% based on technetium,

This material is identical to the material prepared by Deutsch, et. 1.39

from pertechnetate, NaBH4, and KHBPZ3 in 3N hydrochloric acid,

Infrared Spectrum (KBr) 3138 (w), 3110 (m), 2980 (w), 2947 (w), 2600 (w),
2505 (m), 1750 (w,brd), 1630 (w, brd), 1506 (w),
1498 (ms), 1434 (w), 1400 (s), 1381 (ms), 1355 (w),
1305 (s), 1207 (s), 1200 (s), 1181 (m), 1176 (ms),
1119 (s), 1112 (s), 1098 (w), 1070 (m), 1042 (s),
992 (m), 980 (ms), 972 (s), 940 (w), 924 (w),
920 (w), 900 (w), 886 (w), 872 (w), 855 (w),
813 (w), 790 (m), 768 (s), 760 (m), 719 (m),
708 (ms), 668 (w), 662 (w), 647 (m), 642 (m),
612 (m), 460 (w), 378 (m), 350 (s), 315 (w), 306 (w)

Reaction of TcOC14' with PPh,

To a 25 mL r.b, flask with stir bar were added 0,193 gm (0,39 mmol)
nBu4NTc0C14 and 9 mL acetonitrile, followed by 0.31 gm (1,16 mmol) tri-
phenylphosphine. Addition of PPh3 caused an immediate color change from
green to dark brown, Within five min, the color had changed to orange
and orange crystals had precipitated. The crystals were filtered and
washed with 2 mL of acetonitrile and 15 mL of ether, then dried in vacuo.
The yield was 0.159 gm of orange crystals,

Analysis, Found: C, 58.68; H, 4.28; P, 7.97; C1, 15.31, This corresponds

to an empirical formula of Tc2C15(PPh3)3. The optical spectrum in CH2(212
displays bands at 327 nm, 375 nm (sh), 500 nm, 590 nm (sh), and a weak

broad band between 750-800 nm., Solutions of this material appear to change
slowly with time; this may be due to oxidation in air., The orange solid is
insoluble in ethanol, acetone, benzene, toluene, or other non-polar solvents,
Infrared Spectrum (KBr) 3042 (w), 1583 (w), 1567 (w), 1479 (m), 1430 (ms),

1363 (w), 1330 (w), 1311 (w), 1275 (w), 1183 (w),
1156 (w), 1116 (w), 1087 (m), 1065 (w), 1024 (w),
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996 (w), 923 (w), 848 (w), 750 (sh), 740 (m),
720 (w), 700 (sh), 692 (s), 616 (w). 517 (s),
509 (ms), 490 (m), 450 (w), 430 (w), 415 (w),
329 (m), 317 (w)

Magnetic Moment Xg = 4,35 x 10-°

cgs units (no EPR Spectrum was obtainable
as low as 77K)
mp. 150°C red, 157°C black, 161°C dec.

Reaction of nBu,NTcOCl, with Hg

Solutions of nBu4NTCOC14 in acetonitrile react with Hg® and turn
dark brown, with bands in the optical spectrum appearing at 930 nm,
600 nm, 380 nm, 345 nm, and 308 nm, In addition, room temperature EPR
spectra can be obtained, although the spectra are quite complex and
uninterpretable at this time,

X-Ray Crystallographic Study of [PPN][TC0C14]40

Air-stable olive-green single crystals of [(C6H5)3PNP(C6H5)3] [Tc0C14]
obtained as described (vide infra), were suitable for x-ray diffraction
studies, Weissenberg and precession photographs, used to determine the
probable space group and a preliminary set of lattice constants, indicated
orthorhombic, mmm, Laue symmetry, The systematically absent reflections
were those required by the centrosymmetric space group Pnam (an alternate

. 16,
setting of ana”D2h° No.

41b).

62 41a) or the noncentrosymmetric space group

Pna2 -Cgv (No. 33 The choice of the noncentrosymmetric space group

1
was fully supported by all stages of the subsequent structure determination
and refinement,

Intensity measurements utilized a spherical specimen 0,61 mm. in dia-

meter which was glued to the end of a thin glass fiber with a tip diameter
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of 0.15 mm, This crystal was then carefully aligned on a computer-
controlled syntex PT autodiffractometer and a total of 15 high-angle
(ZeMoK&>25°) reflections, chosen to give a good sampling of reciprocal
space and diffractometer settings, were used to align the crystal and
calculate angular settings for each reflection., A least.squares re-
finement of the diffraction geometry for these 15 reflections, recorded
at the ambient laboratory temperature of 20+1° with graphite-monochro-
mated MoKs radiation (A = 0,71073A) gave the lattice constants: a=
21.618(5)A, b = 16.870(5)A and c= 9,658(3)A. A unit cell content of
four [(CGH5)3PNP(C6H5)3][Tcoc14] moieties gives a calculated density
of 1,500 g/cm3 which is in excellent agreement with the observed density
of 1,496 g/cm3 measured by flotation in a 1,2-dichloroethane/carbon
tetrachloride mixture,

Diffraction measurements utilized graphite-monochrdmated MoKa.
radiation and the wvséanning technique with a 4° takeoff angle and a
normal-focus x-ray tube. Two Friedel octants of data (+h, +k, +1 and
-h, -k; -1) were collected at a scanning rate of 3°/min. for 4350 re-
flections having 0°<26M0K& <43° and a single positive octant (+h,(+k, +1) at
2°/min for reflections having 43° <26, ~ < 55°. The scan for each
reflection was between w. settings 0.50° above and below its calculated
Ka (1 = 0.71073A) doub]ét value. Counts were accumulated for nineteen
equal time intervals during each scan and those fifteen contiguous
intervals which had the highest single acéumu]ated count
at their midpoint were used to calculate the net intensity

from scanning. A careful and systematic pre]iminary
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study of peak-widths (half-height to half-height) indicated Tittle
variation from a value of 0.28° in « for various orientations of
the crystal. Background counts, each lasting for one-fourth the
total scan time used for the net scan, were measured at w settings
1.00° above and below the calculated value for each reflection.

A total of 4281 independent positive-octant reflections having

2 -<55° (the equivalent of a limiting CuKa sphere) were measured

®MoKa
in three concentric shells of increasing 26. The six standard re-
flections, measured every 250 reflections as a monitor for possible
disalignment and/or deterioration of the crystal, gave no indication
of either. The linear absorption coefficient of the crystal for MoKa
radiation*? is 0.82 mm'], yielding a ur of 0.25 for the spherical
crystal used in data collection. Since the absorption of x-rays by

a spherical crystal having ur= 0.25 is virtually independent of
scattering angle, 3 the intensities were reduced without absorption

corrections to relative squared amplitudes, |F 2, by means of standard

}
d
Lorentz and polarization corrections.

Of the 4281 positive-octant reflections examined, 1068 were
eventually rejected as objectively unobserved by applying the reject-
jon criterion, I<30(I) where o(I) is the standard deviation in the

intensity computed from C,_ being the total count from scanning, k the

t

(1) = (¢, + kB)

ratio of scanning time to total background time (in this case, k=2)

and B the total background count. The heavy-atom technique, difference
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Fourier syntheses and full-matrix least-squares refinement were used
with the remaining 3213 independent positive octant reflections in
the determination and refinement of the structure. A Wilson plot
and set of normalized structure factors, Ehk]’ were calculated from
these reflections; the various statistical indicators using these
normalized structure factors were all in agreement with the choice
of a noncentrosymmetric space group.

The atomic coordinates of the technetium atom were readily
derived from a Patterson synthesis calculated with the 4350 Friedel
pairs having 29M0K5<43°. Least-squares refinement of the structural
parameters for the Tc atom resulted in a conventional weighted resid-
ual, of 0.411 for 3888 Friedel-pair reflections having I>30(I). The

Ry = z||F | - [F_|[z]F,|

inclusion of chlorine atoms whose positions were selected from the

four sets of enantiomeric pairs which appeared in a difference Fourier
calculated at this point, reduced BJ to 0.349 and permitted the proper
choice of phosphorus atoms from the two sets of previously-equivalent
enantiomeric pairs. Unit-weighted isotropic least-squares refinement
of the structural parameters for the Tc, 4Cl and 2P atoms gave R,=0.273
and a conventional weighted residual of 0.353 for 3888 Friedel-pair re-

2 2.1/2
Ry=tzu(|F_|-|F,[)%/2u|F |23V

flections. The remaining 38 nonhydrogen atoms appeared in a difference

Fourier synthesis calculated at this point and isotropic full-matrix
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least-squares refinement for the 45 nonhydrogen atoms gave Bq = 0.075
and 32 = 0.078. Utilization of anisotropic thermal parameters in
further cycles of unit-weighted least-squares minimization of the
function Zw(]Fol-K|Fc|)2 (where K is the scale factor and w is the
weight assigned each reflection) gave 31=0.044’and R,=0.049 for 3888

2

Friedel-pair reflections having 29 < %3° and I>30(I). Atomic

MoKa
positions were then calculated for the 30 phenyl hydrogen atoms using
idealized geometry and a C-H bond length of 0.953. These atomic
positions were varied in additional cycles of unit-weighted full-

matrix least-squares refinement which converged to Bq=0.027 and 52=0.027
for 3888 Friedel-pair reflections. These and all subsequent structure
factor calculations employed anisotropic thermal parameters for nonhy-
drogen atoms and isotropic thermal parameters for hydrogen atoms, the
scattering factors compiled by Cromer and Mann44 anomalous dispersion
cor‘rections45 to the scattering factors of Tc, Cl and P atoms and a

46

least-squares refineable extinction correction of the form 1/(1+gIC)]/2

(where the extinction coefficient, g, refined to a final value of
4.76 x 10'7). At this point, the enantiomeric structure (mirrored

about z=0.25) was similarly least-squares refined with the Friedel-

pair data to give Bq=0.030 and Bz=0.031 for 3888 unit-weighted reflections.
Since these R value differences clearly indicated the correctness of the
initial enantiomeric choice, it was used with the more complete

(20y,=<55°) positive-octant data in all subsequent refinement cycles.
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Unit-weighted full-matrix least-squares refinement of the model
with anisotropic nonhydrogen atoms and isotropic hydrogen atoms
converged to Ry=0.034 and R,=0.033 for 3213 positive-octant re-
flections having zeMoK&<55° and I>3¢(I). Empirical weights (w=1/02)

were then calculated from the a, being coefficient derived from the

3 n -3 5o 2
o=3a,[Fo|" = 1.06-5.41 x 107°[F [+ 8.72 x 107°|F|

least-squares fitting of the curve where the FC values were calculated

_3 n
||FOI-|FCI-ZOaanol

from the fully refined model using unit weights and an I>30(I) re-
jection criterion. The final cycles of full-matrix least-squares
refinement utilized these weights with 3213 independent positive-
octant reflections to vary the scale factor, extinction coefficient
and the positional and thermal parameters for 45 anisotropic nonhydrogen
atoms and 30 isotropic hydrogen atoms to give final values of 0.033 and
0.037 for Bq and 32, respectively. 47 During the final cycle of re-
finement, no parameter (including those of hydrogen atoms) shifted
by more than 0.31op, with the average shift being 0.05cp, where Gp is
the estimated standard deviation of the parameter.

The following computer programs were employed in this work with
an IBM 360/65 or 370/158 computer: MAGTAPE, SCALEUP and SCTFT4, data
reduction programs written by V.W. Day; FAME, a Wilson plot and
normalized structure factor program by R. Dewar and A. Stone; FORDAP,
Fourier and Patterson synthesis program, a modified version of A. Zalkin's

program; ORFLSE, full-matrix least-squares refinement program, a highly
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modified version of Busing, Martin and Levy's original ORFLS; ORFFE,
bondlengths and angles with standard deviations by Busing, Martin

and Levy; ORTEP2, thermal ellipsoid plotting program by C.K. Johnson;
and MPLANE, least-squares mean plane calculation program from L. Dahl's

group.
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Results and Discussion

The reduction of pertechnetate by hydrochloric acid has been ex-

15, 16, 31 As early as 1959, BUS@)’]5

amined by several researchers.
had studied the reduction of pertechnetate in hydrochloric acid
solutions of varying concentration with ultraviolet spectroscopy and
postulated the existence of a green technetium (V) complex formulated
as a mono-oxo anion, TcOC14', although his only quantitative inform-
ation at the time was based on titration with SnC12 and the further
reduction of the green complex to hexachlorotechnetate (IV) in con-
centrated hydrochloric acid. It was also observed at this time that
pertechnetate was also reduced by hypophosphorous acid (H3P02) in 8M
hydrochloric acid.

Jezowska-Trzebiatowska and Baluka 16

further explored the re-
duction of pertechnetate by hydrochloric acid and isolated a green
diamagnetic solid with an elemental analysis consistent with the for-
mula (NH4)2TCOC15. They were later able to isolate several other salts
of Tc0C152', notably k" and cs*, all of which had strong infrared
absorption bands, 956 en”! for the Cs* salt and ca.990 en”! for the
others, assigned as Tc=0 stretches. These salts would also be reduced
in hydrochloric acid to hexachlorotechnetate(IV).

31

Recently, Schwochau, et. al., reported the synthesis of (nBu4N)2—

Tc2C18 from the addition of [nBu4N]C1 to a green solution resulting from
reduction of pertechnetate by H3PO2 in hydrochloric acid. X-ray data

was cited showing it to be isomorphous with the well established (nBu4 )2-
48

Re2C18.
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Electrochemical oxidation of Tc2C183' showed evidence for the
existence of Tc2C182'; however, attempts to isolate the material

49

failed. In addition, the synthesis of Tc2C183' involves the re-

50 Thus, the

duction of TcClGZ' with mossy zinc in hydrochloric acid.
report of (nBu4N)2Tc2C18 was extremely interesting and a single crystal
X-ray structure study was undertaken.

Attempted crystallization of the reported green powder from
methanol or acetone yielded green plates that crazed and broke apart
upon drying, in marked contrast to the behavior of crystals of (nBu4N)2-
Re2C18 crystallized from these solvents.

Examination of the polarographic behavior of the green solid failed
to show a well defined reduction wave at a rotating platinum electrode
in acetonitrile. This was puzzling, since Tc2C183' had been observed to

49 The

have a well defined oxidation wave at a platinum electrode.
attempted use of a dropping mercury electrode resulted in a reaction
of the green solution with the elemental mercury, turning the ace-
tonitrile solution brown. Reduction of "Tc2C182'" to Tc20183' by Hg°
might have been expected; however T020183' solutions are deep blue, not
brown.

Finally, stable green plates were obtained from methylenechloride/
hexane mixtures and although the crystals proved to be hopelessly dis-
ordered, preliminary information strongly suggested that a Tc-Tc quad-

ruple bond was not present.S]
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Fortunately, metathesis of the green tetrabutylammonium salt in
methanol by bis(triphenylphosphine)iminium cation (PPN') followed by
recrystallization from methylenechloride/hexane yielded well formed
olive blocks suitable for X-ray crystallography. The identity of
the green salt formulated by Schwochau as "Tc2C182'" has been deter-
mined unequivocally to be a five-coordinate, square pyramidal tech-
netium (V) complex, [PPN]TCOC14, consistent with its formation from
the reduction of pertechnetate by H3PO2 in hydrochloric acid.

The Tabelling scheme used in the X-ray crystallographic analysis
to designate atoms of the oxotetrachlorotechnetate anion and the
bis(triphenylphosphine)iminium cation is given in the computer gen-
erated drawings of Figure III. The final coordinates for all atoms
and the anisotropic thermal parameters for the nonhydrogen atoms are
given in Appendix I. Covalent bond lengths are given in Table III and
bond angles for nonhydrogen atoms in Table IV.

Whereas the gross structural feature of the Tc0C14_ anion 1is
square pyramidal, with the oxygen atom at the apex and the chlorines
forming the base, this anion is somewhat distorted from ideal C4v sy-
mmetry and possesses only approximate CZV symmetry with C]l-Tc-C13 and
C1,-Te-C1

2 4
this distortion produces two distinct sets of Tc-C1 bond lengths and

angles of 139.2 (1)° and 153.7 (1)°, respectively. Although

0-Tc-C1 bond angles, the average values for these parameters agree
well with those previously observed for related [M00014L]' compounds.52

The average Tc-Cl1 bond length of 2.305 A here is in agreement with
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Perspective ORTEP drawings of the solid-state structures
of (a) the oxotetrachlorotechnetate anion and (b) the
bis(triphenylphosphine)iminium cation as observed in
crystalline [(CGH5)3PNP(CGH5)3][Tc0C14]. A11 non-hydrogen
atoms are represented by (50% probability) ellipsoids
having the shape, orientation, and relative size
cbnsisteht with the refined anisotropic thermal
parameters. Hydrogen atoms are represented by

arbitrarily small spheres for purposes of clarity.
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Table III. Covalent Bond Lengths (R) in Crystall{ne {TcOC’I4}'{(C6H5)3PNP(C6H5)3}+

Bond® Length Average® Bond® Length Average®
0 T-610(4) T Tt T-389(3)
Te-C), 2.291(23}2.295(2,5,5) szz'zzzs :':2:(3;
TeCls 2.300(2 gzzs‘czzq 1.359510;
Te-Cl, . 2.317(2 224~C225 .
Tc-CI: 2.310(23}2‘3]4(2’4’4) zzzs‘zzzs :-;ﬁ:gi;
23177232 .
' n. 2317Ca36 1.396(8)
PN "552(4?}1.557(4,5,5) Co30-Co33 1.388(8)
PN | 1.572(4) Cy33-Cong 1.376(10)}
o : €p34-Co35 1.374(1)
Pt 1.802(6) Cp35-Coas 1.375(9) |
Py-Cia 1.800(5) N
PrCym 1.808(5) s,z 2tz 0.97(5)
Pyl - 1.801(5) R 1.15(7)
P2-Coy 1.804(5) Ci1aM1a 0.92(6)
PyComy 1.800(6) G55 1.03(6)

: Chets  0-92(9)
1116112 1.40(7) Cr22-Mz0 0.93(7)
C11-Cis 1.359(7) Cy23-M23 ' 0.87(6)
23 1.376(8) €124 M1 24 1.07(6)
3 1.379(9) . Cuasthgs 0.89(7)
€114-C11s 1.374(9) | Cioetos  0-98(6)

G5 tie 1.386(8) CyazHize 0.91(6)
C121-C122 1.392(8) €y33H133 0.93(6)

CCiz6 1.383(8) C134H734 0.83(6)
C122-C123 1.386(8) gty 0.99(5)
€123-C124 1.364(10) | €367 M36 LOUSN o)
12470125 1.371(10) Caztp,  0-88(8) '
C125-C126 1.389(8) | = €y13-Har3 1.10(7)
GG 1.384(7) €144 -9.79(7)
€131-C136 1.301(7) | Costpys  0.98(8)]
G333 l.388(8) | CneH216 0.91(8)
C133-C13s 1.358(9) | . Copptlypy  0.97(5)
€y34-Cp3s 1.368(9) Cppgtippy 0.97(7)
Cya5-C;35 LITSEY, 001031y Co2a oz 0.80(6)

Cntaz 1.392(8)1 CaasH225 1.04(6)
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“Table III. Covalent Bond Lengths (R) in Crystalline {Tc.OC‘l.4}'{(C6H5)3PNP(CGH5)3}+ Cont.

Bondb Léngth Averagec Bondb Length Averagec
Can-Cae 1.389(8) Coo6-Hozs 0.85(6) |
62]2-6213 1.387(11) 6232-11232 0.80(6)

C213-C214 1.371012) C233M233 0.96(6)

C14-Co1s 1.396(11) Co3a-tpag 1.00(9)

62]5-62]6 1.370(9) } c235-H235 0.87(5)

;22]-0222 1.382(8) ’ 5236'H236 0.87(6L

aFigures in parentheses are the estimated standard deviation in the last significant
digit. bAtoms are labelled in agreement with Figure 1. ®The first number in
paréntheses following an averaged value of a bond length is the root-mean-square
estimated standard deviation of an individual datum; the second and third

numbers are the average and maximum deviations from the averaged value, -
respectively.
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vTable IV. Bond Angles (deg.) for Nonhydrogen Atoms in Crystalline

C225%226%221

{Tc0C1,,}((CgHe) JPNP(Cehe) 512

Typeb Angle Averagec Typeb Angle Averagec
=
0TeCl, “"5(2?}110.4(2,11,11) C1166111%2 120.1(5)
oTect, 109.3(2) 11112811 119.1(5)
oTec, 103.0(2?}103.2(2,2’2) C112513614 120.1(6)
oTecl, 103.3(2) ¢16114515 120.4(6)
€114%915%16 119.9(6)
€1, Tecl, 85.1(1) €115616C1T] 120.3(5)
e Tect, 85,800k gc o (1.2.4) €1268121C122 119.8(5)
C1,TeCl, 85.4(1) €y21C1228123 119.4(5)
C1,Tecl, 85.6(1) C1226123C124 120.6(6)
€123%124125 120.3(6)
¢t Tecl, 139.2(1) €124125C126 120.2(6)
Ci25C1265121 119.7(6)
c1,Tect, 152.7(1) €36%131C122 119.4(5)
13161320133 119.2(5)
PNP, 147.4(3) €1355133C 131 121.1(6)

| €133 345135 120.005) 10 006.5.16)

NPy Cig 113.3(2)) C1346135%1 36 120.5(6)
. 110.1(2) €36%1 365131 120.0(5)
NP1Cy3 109.2(204140.9(2,24,47)  C216%211C212 119.9(6)
NP,Co1 115.6(2) Co11€2125013 118.8(7)
NP,Copy 108.4(2) Cy125215C14 120.9(6)
NP,Coay 108.7(2) Co135214C215 120.2(7)
| €214%215%216 19.1(7)
TR X 106.9(2)) Co16C216C211 120.8(6)
C1P1Cia 109.6(2)  CongCa1Cozs 119.7(5)
Ga1Pi6a 107.6(2)108 0(2,8,16)  C221%222%223 119.6(6)
Co11PoCon 108.6(2) CopooniCons . 120.4(7)
Ca11Pales 107.1(2) €223%224%225 120.6(6)
CooPolan1 108.2(2) CopaCazsCang 119.8(6)
119.8(6)
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Table IV. Bond Angles (deg.) for Nonhydrogen Atoms in Crystalline
{Tc0C1,}™ {(Cghg) PNP(CaH) 312 continued

Typeb . Angle Averagec Typeb Angle Averag e
PG 116.9(4) C236%231%232 119.3(5)
Pllne  122.6(0) Conlazelass . 121-6(6)
PG21%2 119.7(4) C2320233%234 118.5(6)
NS 120.548)) €233234C235 120.6(6)
P]Cn] 6132 122.0(4) c234c235c236 ]20.9(5)
PlGaibiss 11858 ha0.1(4,13,32)  CoasCosglomr  119-2(6)
PoCor1Cora 120.8(5)

PCoiCare  119-3(4)

PloniCsy  121-8(4)

PoCoo1Cons 118.4(4)

PoosiCpzy 119.8(4)

PlonCass  120-8(8)

‘Figures in parentheses are the estimated standard deviation in the last significant
digit. bAtoms are labelled in agreement with Figure 1. “The first number in

- parentheses following an averaged value of a bond angle is the root-mean-square

estimated standard deviation of an individual datum; the second and third numbers
are the average and maximum deviations from the averaged value, respectively.
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other Tc-C1 bonds (Table V) when differences in metal oxidation state
and coordination number are taken into account. The Tc-C1 bond
length generally decreases as a function of increasing oxidation
state and this has been generally attributed to substantial ionic
character in the bonding.53’54
The Tc=0 bond Tength of 1.610(4)3 is shorter than in any of the
recently determined technetium (V) complexes (Table V). Both the
nBu4N+ and PPN salt exhibit a strong infrared absorption at ca.
1020 cm'] assignable to the Tc=0 stretch; this stretch is higher than
other Tc=0 stretches reported (Table VI) and is consistent with the
short Tc=0 bond length. It is important to point out that the salts
of TcOClsz- prepared by Jezowska-Trzebiatowska and Baluka had Tc=0
stretching frequencies at ca. 990 cm'], 7 obviously due to the
presence of the trans-chloro ligand in those salts. The analogous
ReOBr4' salts, 1 have Re=0 stretching frequencies that vary from
1020-990 cm'] depending upon the counter ion and presence of solvent
in the crystal.
Both four-atom groupings which contain Tc, 0, and a pair of trans
Cl atoms are coplanar to within 0.00SK and their least squares mean
planes intersect near the pseudo-C2 axis in a dihedral angle of 89.9°.
The 0...C1 and cis Cl1...Cl1 contacts in the technetium coordination
sphere average 3.1683 and 3.1283, respectively. The technetium atom

is displaced by 0.66A toward the oxygen atom from the 54-ruff1ed

"square base" of the four chlorine atoms (average chlorine displacement
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Table V: Comparison of Some Metal-0Oxo and Technetium-Chlorine

Bond Lengths (A).

M=0
PPNTCOCT 1.61
26
nBu,NTCO(SCH,C(0)S) 1.67
27
Ph4AsTCO(SCH2CHZS)2 1.64
Tcoc12(HBPz3)39 1.66
55
Tc,0, 1.65, 1.67, 1.70
56
(TcOF, ), 1.66
57
MoO(SZCNPrZ)Z 1,66
13
12
PhyAsRe0Br, - CHCN 1.73
Tc-Cl
PPNTCOCT 2.29, 2.31, 2.30, 2.32
Tcoc12(Hsz)339 2.33, 2.32
N
KaTe,Clg "0 2.34, 2,35, 2.37, 2.37
59
Tcz(OZCCMe3)4C12 2.41
ch13(Me2PhP)354 2.33, 2.33, 2.46
TcC13(CO)(MeZPhP)3'EtOH60 2.47, 2.48, 2.49
TcC](acac)z(Ph3P)61 2.42

: 62
TCC]Z((EtO)ZPhP)4 2.41, 2.42
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Table VI: Comparison of Some Technetium-0Oxo and -Chlorine

Stretching Frequencies (cm'1).

Te=0 Te-C1
PPNTCOCT, 1016 372
nBuNTCOCT 1019 378
TeOC, (HBPz),>° 972 355
nBu4NTCO(SCH,C(0)3),,°° 950
PhASTCO(SCH,CHS) 27 940
(NH,),TeCl 330
(nBu4N)2TcC16 310
(NHy),TeocT 7 992 331
TcC14(C0) (PMe,Ph) ;> 338
£-TcC1(C0) 5 (Pe,Ph),* 275
TcCl 5 (PMeph,) ,** 334

64
TCC14(PMePh2)2 346
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[o]
from the four-atom mean plane is 0.14A). The average 0-Tc-Cl and trans
C1-Tc-C1 angles of 106.8° and 146.5° are in close agreement with the
corresponding parameters observed for the square pyramidal [M00C14]-

b2a Since

anion which possesses crystallographic C4v site symmettry.
no interionic contacts here are significantly less than the pertinent
sum of the van der Waal's radii, 65 it is not clear that crystal
packing forces may be invoked as being responsible for the distortion
of TcOCl4_ from the idealized C,
Although a three atom grouping joined by adjacent double bonds

symmetry, but, this is possible.

would normally be expected to be linear, the observed P=N=P angle of
147.4(3)& is only slightly outside the 137-142° range observed by
other workers66 for this angle in the bis(triphenylphosphine)iminium
cation. The remainder of the structural parameters listed in Table III
and IV are rather unexceptional. The bis(triphenylphosphine)iminium
cation adopts a cisoidal conformation and the atoms of each phenyl
group are coplanar to within 0.0ZR.

Salts of Tc0C14- are diamagnetic, as expected for d2 ions with a
'A[_ground state. Molecular orbital and Tigand field calculations have
been carried out on several C4v symmetry mono-oxo complexes; for

example, vanadyl ion, 67 molybdenyl complexes of molybdenum (V),68’69

and even (NH4)2TCOC15.70 The d-orbitals are split into four sets of
orbitals; a, (dzz), b] (dXZ_yz), e(dxz, dyz), and bz(dxy). These orb-

itals are arranged energetically as shown below.
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K a (dZZ)
eg - - - -
IR by (dx2-y2)
. e(dxz, dyz)
t2qg SN
RN b, (dxy)
Oh C4v

The observed optical spectrum of nBu4NTCOC14 in methylene chloride
is tabulated in Table VII and comparisions are made with the optical

spectra observed for the oxychloro-technetium (V) species prepared by

Busey 15 and Baluka, et. al. .17 The absorption spectrum of TcOC14'
1 2
A (b,%),

A,(byb;), and 1Bz(bzal). Indeed, three

should have d-d transitions originating from the ground state,
to excited states 1E(bze), ]
absorption bands with extinction coefficients <20 L mo1-] cm'] are ob-
served.

As was noted previously, 15,16

solutions of TcOC14° in concentrated
hydrochloric acid are reduced to hexachlorotechnetate (IV) slowly at
room temperature, but rapidly at 100°C. This is consistent with the
preparation of hexachlorotechnetate(IV) from pertechnetate ion in hot
hydrochloric acid.35 Attempts to prepare TcOBr4' by the same method as

used to prepare TcOCl, resulted in isolation only of (NH,),TcBr..
4 472 6
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Table VII: Optical Spectra for TcOC1,~ and TcOC1.>~ Species.,

Ly
Compound Solvent Band Maxima(nm) €no1 Transition
1
nBu,NTcOC1, CH,C1, 840 17 A
585 7 A, > A
1 2
475 15 A, > 1B
1 2
370 140
293 4450
Te0c,” 15 12N HCT 293 4700
2300 10400
(NH,),Tcoc1 .V 11N HCT 934 18
42 5
593 6
485 24
294 4400
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Bromide ion is a much better reducing agent than chloride jon and pre-
sumably the Tc0Br4' formed was not stable under the conditions of the
reaction, reducing rapidly to TcBr62'

Disproportionation of oxotetrachlorotechnetate(V) occurs rapidly
in aqueous solutions that are not strongly acidic. The disproportion-
ation reaction was shown to follow the stoichiometry through isolation

3TCOC14 + 100H — TCO4 + 2Tc02.2H20 l + 12C1 + H20

3Tc(V) — Tc(VII) + 2Tc(IV)
of the pertechnetate ion produced as the Ph4As+ salt, followed by oxi-
dation with peroxide of the insoluble Tc02.xH20 produced to pertechnetate
ion, also isolated as the Ph4As+ salt. The molar ratios of Tc04' to

Tc02.xH 0 produced were 1:2 with 98% of the technetium recovered. The

2
oxohalo-rhenium(V) salts have also been shown to be very susceptible
to hydrolysis and disproportionation with similar results.10’1]
Fortunately, the presence of tetrabutylammonium ion rather than
ammonium or cesjum ion makes it possible to dissolve the oxotetrachloro-
technetate(V) ion in a wide variety of polar organic solvents such as
methanol, acetone, acetonitrile, and methylenechloride. Thus, the
problem of hydrolysis in aqueous solution can be circumvented, and as
shown in Scheme I, nBu4NTc0C14 can be used as a verstatile starting
material for the exploration of the coordination chemistry of technetium
The rest of this chapter examines the initial exploration of the

coordination chemistry of technetium (V), shown in Scheme I. Where app-

ropriate, rhenium(V) complexes are discussed and compared with the tech-

(v).
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Scheme I: Some of the Reaction Chemistry of TcOCl4'.
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netium(V) analogues. The species TcO(NCS)SZ' and TcO(OMe)(CN)42' are

discussed fully in later chapters; however, they are significant in
that they can currently only be prepared from Tc0014'. They are both
six-coordinate oxo-technetium(V) complexes.

The oxobis(1,2-dithiolato)metallate(V) complexes of technetium and
rhenium are extremely interesting due to their stability in aqueous
solutions, and in light of the current use of dithiol-containing ligands

in technetium 99m-radiopharmaceuticals. 28-30 A

McCleverty, et. al.,
prepared Ph4AsRe0(mnt)2 from the reaction of hexachlororhenate(IV) and
maleonitriledithiolatedianion(mnt) in aqueous alcohol, followed by
oxidation with iodine. No mechanism was proposed, nor was much attention
paid to this species at the time. Very recently, the technetium analog,
Et4NTcO(mnt)2, was reported from an aqueous reduction of pertechnetate

by stannous ion with gluconate present, followed by addition of Nazmnt

72

and Et4N+ ion. Very 1ittle information was provided about the species.

27 isolated a five-coordinate complex,

Recently, Smith, et. al.,
Ph4AsTcO(SCH2CHZS)2, from reduction of pertechnetate ion in ethanol by
NaBH4 in the presence of ethanedithiol. The structure has been confirmed
by X-ray structural ana]ysis.z7 It has since been discovered that re-
duction of pertechnetate by Na28204 in alkaline solution with ethanedithiol
rapidly produces this complex in high yie1d.37

DePamphilis, et. al., 26 isolated nBu4NTcO(SCHZC(0)S)2 from the
reaction of pertechnetate ion with a large excess of thioglycolate at

pH 7.5. The structure has been confirmed by X-ray structural ana]ysis.26
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Another dithiol-derived complex, nBu4NTc0(tdt)2, has been prepared from
reduction of pertechnetate by Na25204 in alkaline solution with 3,4-
to1uened1‘th1‘o](H2tdt).38

The rhenium analogues of these complexes are not easily obtain-
able through the reduction of perrhenate, and in addition, several
interesting 1,2-dithiolate species such as dithiooxalate(dto) and
maleonitriledithiolate(mnt) are available only as dianions. The re-
duction of pertechnetate or perrhenate in the presence of these species
leads only to formation of M02.xH20. 38b

Fortunately, all the complexes listed in Table VIII can be pre-
pared from either ReOBr4' or Tc0C14'. The chelating 1igands span a
wide range, from a saturated dithiolate derived from ethanedithiol to
“non-innocent"73 dithiolenes (eg. maleonitriledithiolate). In addition,
the oxotetrakis(benzenethiolato)metallate(V) complexes can also be pre-
pared.

The substitution reaction of the ligand on the M0X4' species can
be viewed as a nucleophilic displacement on the metal, resulting in
the formation of a metal-sulfur bond and the expulsion of halide either
as a haloacid when the free thiol is present or as the alkali metal
salt when the thiolate anion is used. The reaction with thiols is en-
hanced by the addition of a small amount of base. The substitution of
halide ions by thiols has been previously demonstrated in the con-
version of Fe252X42' and Fe4S4X42' to FeZSZ(SR)ZZ' and Fe4S4(SR)42',

respective1y.74



-95-

Table VIII: Thiolate Species of Technetium and Rhenium,

S \n
\,s \s\/
SXS =
& :
S MO(edt)2
S
ois MO(tma)Z'
Z]:S
S MO(dto)Z*
N
C~rS
MO(mnt),”
NC][S mntls

S -
s MO(tdt)2
\
2 s Mo(_sph)4“

M = Tc, Re
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The preparation of the MO(tma),  (M=Tc, Re) species from either

2
ReOBr4' or Tc0C14' is performed in the presence of a large excess of
commercial thioglycolic acid (HSCHZCOZH), as was the original pre-

26

paration of nBu4NTc0(tma)2. Mercaptothioacetic acid (HSCHZC(O)-

SH,Hztma) 75 has recently been shown by 270 MHz NMR measurements to

38b The

be present as an impurity in commercial thioglycolic acid.
formation of the MO(tma)Z' complexes from such mixtures clearly
illustrates the avidity of both the oxotechnetium and -rhenium(V)
cores for dithiolate Tigands.

Benzenethiol, CGHSSH’ forms a complex with both technetium and
rhenium of general formula MO(SPh)4' from either ReOBr4' or TcOC14-
in methanol. Attempted reduction of pertechnetate by Na25204 in
alkaline solution with benzenethiol failed to produce the technetium

(V) complex. Attempts to prepare other monodentate thiolate complexes

have been unsuccessful, to date.

27
2

indicate that these complexes are discrete five-coordinate square

26

Crystal structures on both Ph4AsTc0(edt) 5

and nBu4NTc0(tma)
pyramidal molecules with the oxygen atom at the apex and the technetium
atom displaced toward the apex from the square base formed by the

sulfur atoms. In the case of the oxobis(thiomercaptoacetate)technetate(V)
anion, high resolution NMR evidence suggests that two isomers are present

with cis or trans arrangements of the carbonyl group on the ligand back-
38b

bone. It is reasonable to expect that the rhenium analog, ReO(tma)Z',
will show similar behavior, although it is possible that one isomer would

crystallize out before the other.
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It is interesting to note the similarity of the M(V)OS4 core

of these complexes to the isoelectronic Mo(IV)OS4 core of MoO(Przdtc)257

76 2-
2

the Mo-0 bond order has been

MoO(tdt)
77

and the recently prepared and MoO(edt)zz'. Referring

to Cotton and Wing's correlation,

assigned as 3. The infrared stretching frequencies for the molybdenum

oxo bond of the dithiocarbamate complexes MoO(EtZdtc)z78

(962 and 975 cm'], respectively) as well as the MoO(tdt)zz' and

79
and MoO(Mezdtc)z

MoO(edt)ZZ' species (903 and 918 cm'], respective]y)76 correspond well
to a strong band in the infrared spectrum of each of the technetium and
rhenjum complexes (in the range 1000-900 cm']) assigned to a metal-oxygen
stretch as shown in Table IX.

These frequencies are lower than the metal-oxygen stretching fre-
1

and the TcOC14' salts (vide infra).

This is not unexpected, since the thiolate ligands are better electron

quencies observed for ReOBr4‘ salts

donating groups than halogens and the greater electron density on the
metal would be reflected by a decrease in w-donation from the oxygen,
thereby lowering the stretching frequency.

The rhenium-oxo stretch occurs at a higher frequency (10-20 cm'1)
than the corresponding technetium-oxo stretch in the complexes studied.
This difference can be explained by the greater orbital overlap of 5d
orbitals (Re) contrasted with that of 4d orbitals (Tc). The metal-
oxygen stretches of the technetium and rhenium analogues are higher in
energy than the frequencies observed in MoO(edt)Zz' and MoO(tdt)zz'

(vide infra) due to the increased positive charge on the group VII metals
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Table IX: Metal-Oxygen Stretching Frequencies in Oxo(tetra-

thiolate)metallate(V) Complexes.,

Compound VMO(Cm-1)
Ph4AsTc0(edt)2 935
PhyAsRe0(edt), " 952
nBu4NTc0(mta)2 950
nBu,NReO(mta), 970
nBu4NTcO(dto)2 972
Ph4AsTc0(dto)2 980
nBu4NRe0(dto)2 990
nBu4NTc0(tdt)2 930
nBu,NReO(tdt), 958
nBu4NTc0(mnt)2 947
Ph4AsRe0(mnt)238b 963
BU4NTC0(SPh)4 933

Bu4NReO(SPh)4 953
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as contrasted to the group VI metal atom. The metal-oxygen stretch
varies with the dithiolate Tigand and the frequency decreases in the
order dto>tma>edt. The presence of electron withdrawing groups on
the sulfur atom results in an increase in the metal-oxygen stretch.

Details of the optical spectra of these complexes are summarized
in Table X. In general, there is at least one band in the range

1 cm']) and the complexes range in color

330-450 nm (g ~3500 L mol~
from yellow-orange to red-brown. A bathochromic shift is observed

for the technetium complexes compared to their rhenium analogues, as
expected from considerations of periodicity. The complexes are gen-

erally weak paramagnets in the solid state. The effective magnetic
moments, which are field dependent, generally 1ie in the range 0.1 - 1.5 BM
(298K). Similar behavior has been observed for some oxomolybdenum and
oxorhenium complexes, with a d2 configuration having local C4v symmetry,

where the ground state is ]A]. This has been suggested to be due to

temperature-independent paramagnetism. 79-81

The voltammetric behavior of these complexes has been examined at
both mercury and platinum electrodes, as summarized in Table XI. The
apparatus was calibrated by use of ferrocene (Fc = Fc++e', E 1/2=0.41V
vs. SCE) used as an internal standard. A dropping mercury electrode or
a stationary mercury pool electrode was used in the reduction studies

after it was observed that the platinum electrode and the reduced

species reacted with one another.
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Table X: Optical Spectra of Oxo(tetrathiolate)metallate(V)

Complexes in Acetonitrile.

Ph4AsTco(edt)2
nBu4NTc0(tma)2

nBu4NTc0(dto)2

Ph4AsTCO(dto)2

nBu4NTCO(tdt)2

nBu4NTc0(mnt)2

nBu4NTc0(SPh)4
Ph4AsReO(edt)238b

nBu4NReO(tma)2

nBu4NReO(dto)2

nBu4NRe0(tdt)2

Ph4AsRe0(mnt)238b

Bu4NReO(SPh)4

484(sh), 433(sh), 399(3400), 279(7750)

415(3665), 325(3100)

500(sh), 480(275), 410(sh), 375(3,400),
298(14,700)

510(sh), 480(275), 410(sh), 375(3310),
297(14,600)

405(sh), 361(13,000), 312(7400)

570(sh), 475(510), 380(sh), 339(15,500),
290(sh), 270(sh), 253(23,300)

570(3300), 425(5700), 259(52,500)

483(sh), 417(550), 363(sh), 328(4200)

520(55), 425(270), 365(sh), 335(3370),
280(sh), 248(12,300)

520(sh), 474(340), 448(330), 417(480),
340(sh), 292(18,460)

510(sh), 440(sh), 395(sh), 350(6,700),
310(22,200)

352(4,400), 303(21,750)

575(sh), 483(2200), 390(sh), 356(9600),
283(sh)

Band maximum in nanometers (e in Lmo]']cm']).
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The tendency for technetium to reduce more easily than rhenium
has been demonstrated voltammetrically for hexahalometallate(IV)
complexes in acetonitrﬂe,82 and this trend is also observed for
the oxobis(dithiolato)metallate(V) complexes. McCleverty, g},gl,,7]
reported a one-electron reversible reduction for ReO(mnt)Z' at
-1.24V vs. SCE. However, the only reversible one-electron
reduction observed for this compound occurs at -1.05V vs SCE in this
study, even with samples prepared from ReC162' and mnt. 38b,71
Although pseudo-reversible (Figure IV) or ideally reversible (Figure V)
one-electron reductions are observed for several of the complexes, none
of the reductions appears to be chemically significant. In general,
the ease of reduction is proportional to the electron withdrawing
capabilities of the ligand backbone in the series dto>tma>edt.

Oxidatively, there appears to be no tendency to form technetium(VI)
or rhenium(VI) complexes and the oxidative waves observed may be due to
oxidation of the ligands. This is in marked contrast to the behavior
of MoO(tdt)Zz' and MoO(edt)zz', which readily oxidize to produce EPR
detectable molybdenum(V) complexes in ethanol which are believed to be
monomeric (The final products are molybdate and the dithio]s.).76

Whereas MoO(dtc), complexes will oxidize to form gig_MoOZ(dtc)2 complexes,

2
there is apparently no tendency for the rhenium or technetium complexes

38b

to produce dioxobis(dithiolato)metallate(VII) species. It seems

apparent that the technetium and rhenium complexes described represent
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Table XI: Voltammetric Data for Oxobis(dithiolato)metallate(V) Complexes-

' b
Compound Ey/2° (Hg pool, DME)P Eq 5" (PEs RPE)
Ph,AsTcO(edt), -1.86 V 0.68 V, 2.05 V
PhyAsRe0(edt ), -2.50 V 0.72 V, 2.11 V
Bu4NTCO(tma)2 -1.35 V 1e” rev.© S
Bu4NRe0(tma)2 | -1.84 vy 1.23 V
Bu,NTcO(dto), -0.75V 1e" rev.© 1,91V, 2.28V
-1.56 V
Bu,NRe0(dto), -0.94 V1e rev.C 1.64V, 217V
-1.35 V
Bu4NTcO(1mnt)2 -0.64 V le” rev, 1.73 V
Ph,AsRe0(mnt )., -1.05 V 1e” rev. 1.76 V
BuyNTco(tdt), ~1,52 V 0.95 V
Bu,NRe0(tdt), -2.00 V 1.00 V

E"E”2 in volts vs. SCE, ferrocene used as reference (E”2 = 0,41 V).

bCH3CN, 0.1 M TBAP.

Cpseudoreversible behavior observed in cyclic voltammetry,



Figure IV:
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Cyclic voltammograms of (a) nBu4NTc0(dto)2 and

(b) nBu4NReO(dto)2, both in acetonitrile,

0.1M TBAP; 100 mV sec'] scan rate, initially cathodic,
-0.2 V vs. SCE origin, mercury pool electrode.

Pseudoreversible one-electron reductions observed.
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Figure V:
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Cyclic voltammograms of (a) nBu4NTc0(mnt)2 and
(b) Ph4AsRe0(mnt)2, both in acetonitrile/0.1 TBAP;

100 mv sec']

scan rate, initially cathodic, mercury
pool electrode, (a) 0.0 V vs. SCE origin; (b) -0.4 V
vs. SCE origin. Reversible one-electron reductions

observed.
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kinetically stable species.

The use of Tc0C14' to prepare six-coordinate oxotechnetium(V)
complexes such as TcO(NCS)SZ' and TcO(OMe)(CN)42' was briefly noted
earlier. However, these two complexes are not the only six-coordinate
oxotechnetium(V) complexes known. Recently, Deutsch, et. al., 39 have
prepared, and crystallographically identified, another six-coordinate

complex, oxodichloro(hydrotris(1-pyrazoyl)borate)-technetium(V),

TCOCTZ(HBPZB) from the reduction of pertechnetate ion by NaBH, in 3N
hydrochloric acid with KHBPz3 present. The technetium atom is co-
ordinated by an axial oxo group, two cis chloro ligands, and three
nitrogen atoms of the HBPz3' ligand which occupy an octahedral face.
One of the nitrogens is bound trans to the oxo group, and an expected
lengthening of the technetium-nitrogen bond is observed compared with
the two equatorial technetium-nitrogen bonds.

The mechanism of formation of this complex probably involves the

initial reduction of pertechnetate ion by NaBH, in 3N hydrochloric

4
acid to form TCOC14', followed by a Tigand substitution reaction to

form TcOCl (HBPz3). In fact, reduction of pertechnetate to oxotetra-

2
chlorotechnetate(V) in 12N hydrochloric acid followed by dilution with

water to 3N hydrochloric acid and addition of KHBPZ yielded TcOC]z(HBPZ3)

as a green powder identical to the material prepared by Deutsch, et al. 39

Another class of technetium(V) and rhenium(V) complexes are the
transdioxotetra(ammine)metal cations. The parent, Re02(py)4+, can be

prepared from a variety of starting materials such as: Re0C13(PPh3)2,2]
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K,ReCl 22 or Ph4AsReOBr4.CH CN.1] Generally, chelating amines can

2 6 3
be used, often by substitution on ReOz(py)4+. 23,24 In the case of
technetium, there have been reports of the preparation of Tc02(py)4+
from (pyH)ZTcC16 in hydrochloric acid with excess pyridine, 25 and
Tc02(_en)2+ from a reaction with (NH4)2TC0C15. 7

The reaction of nBu4NTcOC14 with pyridine in aqueous methanol
produces Tc02(py)4+ rapidly. The cation can be isolated as a perch-
lorate salt, which from analysis is a dihydrate salt. This material
is identical to the solid prepared from hexachlorotechnetate(lv).25
Infrared and Raman measurements reveal an assymmetric stretch at

1 and a non-coincident symmetric stretch at 868 cm'].

825 cm~ This
observation is consistent with the proposed D4h symmetry and in
agreement with similar data obtained for transdioxo complexes of
rhenium(V) and osmium(VI) (Table XII).

Solutions of the dioxotetrapyridinetechnetium(V) cation have the
scent of pyridine, indicating that the pyridine is probably fairly
labile; in fact, stability of the solutions is enhanced by addition
of pyridine. This has been observed for the rhenium analog as we11.84

The reaction between either ReOBr4' or Tc0C14' and diethyldith-
jocarbamate anion (Etzdtc) in acetone produces a neutral complex of
general formula M203(Et2dtc)4. The rhenium complex has been prepared
previously from the reaction of ReOC13(PPh3)2 and EtZNCSZNa.BHZO. 6.7

Single crystal X-ray structures revealed a linear 0=Re-0-Re=0 backbone
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Table XII: Selected Infrared Stretching Frequencies of Some

Transition Metal-Oxo Species (cm'l).

YM=0 “M-0-M V0=M=0 YOther
nBugNTcoC,, 1019 (s)
nBu4NTc0(mnt)2 947 (s)
39
TcOCT, (HBPz), 972(s) 2500 B-H
. ) a
[Tcoz(py)4]C104 ZHZO 825(s) 868
83 a
[ReOz(en)z]C1 790(s) 890
[0s0.,(NH.),1¢1.83 857(s) 8652
p\NAzJgdLly
Tc203(Et2dtc)4 922(w-m) 630(vs)
Re203(Et2dtc)4b 955(w-m) 665(vs)
ReZOB(Etzdtc)46 955(m)  670(s)
88
Mo,04(E£OCS,) , 1047(s)  954(s)
730(m)
87
M0,04(Et dtc), 930(s)  877(m)
810(m)

8paman data, MO2 symmetric stretch.

bPrepared from ReOBr4 .
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with the diethyldithiocarbamate ligands coordinated to the rhenium

5,7

atoms at right angles to the Re203 axis. The presence of this

backbone can be detected using infrared spectroscopy; a medium in-
tensity band corresponding to a rhenium-oxo stretch (1000-900 cm'])

and a very broad and intense absorption due to Re-0-Re (700-600 cm'])
are observed. 6,7,85 The important infrared absorptions of the two
complexes prepared from ReOBr4' and Tc0C14' are tabulated in Table XII.

The new technetium complex, Tc203(Et2dtc)4, has a weak-medium absorption

1 1

in the infrared at 922 cm™ ' and a very intense absorption at 630 cm~

corresponding to the technetium-oxo and Tc-0-Tc stretches, respectively.
A11 other absorptions of the technetium complex are virtually identical

to that observed in the rhenium analog.

The mechanism of formation of these species has been postu]atede’19

to invoive the initial coordination of water in the vacant axial pos-
ition trans to the oxo ligand. The water molecule is deprotonated to
form a trans oxo-metal-hydroxyl complex that subsequently dimerizes,

forming the 0=M-0-M=0 linkage and liberating water. Interestingly

the molybdenum complexes of general formula M0203Z4(Z=R2NC52' or

-)86-88

ROCS contain not a linear trans M203 linkage but rather a cis

2
M203 arrangement, as shown below. A linear M0203 linkage has been observed

0 0 0
I Il
0=M-0-M=0 M-0-M or M-0-M

Tinear 0 cis

in Mo,0, (porphyrin)z.89
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Although the preparation and chemistry of Re0C13(PPh3)2 are well

3-8,90 examples of this species exist for technetium(V).

known,
When pertechnetate is reduced in the presence of ethanol, hydrochloric
acid, and phosphine, production of TcC14(PR3)2 and TcC13(PR3)3 species

64,91

results. This is in contrast to the behavior of perrhenate, which

3,90 Such

produces Re0C13(PR3)2 in high yield under similar conditions.
behavior can however be explained by consideration of periodicity;
technetium prefers lower oxidation states than rhenium. The reaction
between ReOBr4' and triphenylphosphine in acetonitrile produces ReOBr3-
(PPh),. "

When TcOC14_ is reacted with triphenylphosphine in acetonitrile,
a rapid reaction occurs and an orange crystalline solid is precipitated.
There is no evidence for a technetium-oxygen bond in the infrared
spectrum. The solid is paramagnetic and is unfortunately insoluble in
most solvents. Elemental analysis suggests the empirical formula
"Tc,C1.P "(P=Ph3P). This solid is not similar to other technetium-

2753
halo-phosphine complexes known.62’64’91’92

The technetium has obviously
been reduced and has lost the oxo ligand but any other conclusions are
not warranted at this time.

When a technetium or rhenium complex is formed in the +5 oxidation
state, a number of possible coordination geometries are available, de-
pending upon the ligands involved. As Figure VI demonstrates, four

geometries, all involving oxo ligands, are currently observed. It is

important to point out in the outset that just because a complex is
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Figure VI: Observed Coordination Geometries for Technetium and

Rhenium Complexes in the +5 Oxidation State.
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formed and has a band in the infrared from 1000-900 cm'], it can not
be assumed that the species produced is a five-coordinate mono-oxo
complex. Other methods must be used in many cases to distinguish among
the possibilities.

Infrared and Raman measurements can be helpful, nontheless, in
distinguishing among the various structural types. Trans-dioxo

species such as Tc02(py)4+ and ReOZ(py)4+ have a strong absorption band

1

in the infrared in the range 850-750 cm ', and a Raman active absorption

that is non-coincident. As was shown in Table XII, M2034+

absorptions in the normal metal-oxo stretching frequency range (1000-900 cm'])

species have

as well as an additional very strong absorption from 700-600 cm'] generally.
In cases of high symmetry and suitable ligands, infrared spectroscopy can

be used to determine geometry and coordination number, eg. the TcO(OMe)-
(CN)42' and TcO(NCS)SZ' species (vide supra).

It seems apparent that both rhenium and technetium have a rather
extensive and, at this time, underdeveloped chemistry in the +5 oxidation
state. However, by the use of the oxotetrachlorotechnetate and oxotetra-
bromorhenate anions, it is possible to explore this chemistry, even when

it is unaccessible from the pertechnetate or perrhenate ions.
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Chapter III

Some Aspects of Technetium Cyanide Chemistry
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INTRODUCTION

Technetium cyanide chemistry has remained largely unexplored, even
though there are reports in the 1iterature] of a wide range of rhenium
cyanide complexes with coordination numbers as high as eight2 and oxid-
ation states as low as zero.3 Recently, Griffith and co-workers4 have
shown that many of those species had been misformulated; nevertheless,
there still exists a wide variety of rhenium cyanide complexes.

The d6 complexes, KSM(CN)ﬁ, are known for manganese,5 technetium,6

5,6 The salts are isomorphous by X-ray powder patterns.6

and rhenium.
Raman and infrared studies7 on the salts show higher CN stretches and
lower M-C stretches as one moves down the row, as expected from .con-
siderations of d-orbital overlap. |

Recently, Griffith and Kiernan8 have isolated a seven coordinate
rhenium cyanide complex, K4Re(CN)7-2H20, which appears to have a
pentagonal bipyramidal structure (D5h) based on Raman and infrared as
well as X-ray structural evidence.g

Rhenium has also been shown to form oxo-cyano complexes when in

the +5 oxidation state; trans-ReOz(CN)4'3, 10 and trans-Re203(CN)84'

11
have had their structures confirmed through X-ray crystallographic
studies. Protonation of K3Re02(CN)4 leads initially to the formation
of ReO(OH)(CN)42". 12 1 view of such findings, it is surprising that
to date no technetium (V) cyano complexes have been reported.

Early polarographic studies13 on the reduction of pertechnetate

ion in the presence of cyanide ion apparently showed no tendency to
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form a technetium (V) species; however, a technetium (IV) species was
deemed possible, based on a three electron reduction wave (EV2 =

0.81 V vs. SCE). 13 Schwochau and Herr14

had attempted to prepare
TcOz(CN)43' but instead isolated a yellow-brown species they form-
ulated as T13Tc(CN)4(0H)3, formally technetium (IV) exhibiting an
infrared band at 905 cm'] which they assigned as a Tc=0 stretch, which
is surprising in view of their formulation.

In order to compare the chemistry of technetium and rhenium, the
synthesis of Tc(CN)74' was successfully achieved. During the course
of this investigation it was noticed that like the rhenium ana]og,4
Tc(CN)74' decomposed slowly in oxygenated water. Two different
species were identified as decomposition products: TcO(CN)SZ' and
tggg§-Tc02(CN)43', both technetium (V) complexes. The Tc(CN)4(OH)33'

14 has to be reformulated as

ion prepared by Schwochau and Herr
Tc0(CN)52' by comparison of synthetic and spectroscopic information.

Another technetium (V) cyano complex, trans-TcO(OMe)(CN)42', has been

prepared from TcOCl4' and CN” in methanol.
The synthesis, characterization, and molecular structure of the
new technetium complexes, K4Tc(CN)7-2H20, K2Tc0(CN)5-4H20, K3Tc02(CN)4,

and (nBu4N)2Tc0(0Me)(CN) will be presented in this chapter.

4
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EXPERIMENTAL

A11 water used was passed through a Barnstead Ultrapure D8902
Cartridge followed by distillation using a Corning AG-1 water still
prior to use. Al1 other reagents were used as received, A1l mani-
pulations with Tc(CN)74" were done in N, purged solvents unless other-
wise stated.

(NH4)2TcBr6, (NH4)2TCIG, (nBu4N)2TcC16, nBu4NTc0C14, and
TcOz(py)4C104.2H20 were prepared as described previously in Chapter
I and II.

Infrared spectra were recorded on a Perkin-Elmer 180 grating
spectrophotometer either as KBr pellets or aqueous solutions in matched
AgCl plates (0.5 mm'path length). Raman spectra were obtained either
as solid samples or aqueous solutions in a capillary using a Spex
Ramalog with the 5145 R line of an Ar laser., Optical spectra in water
or acetonitrile were recorded on a Cary 17 spectrophotometer. Con~
ductivity measurements were made in the concentration range 10-0,1 mM
in acetonitrile with a Yellow Springs Model 3403 conductivity cell and
a Serfass conductivity bridge.

Magnetic susceptibility measurements were obtained with a home
built Faraday balance using a Varian V-4005 electromagnet with constant
force pole faces and a Cahn RG electrobalance,

Nuclear magnetic resonance measurements on (nBu4N)2Tc0(0Me)(CN)4
were made on a Varian T-60 MHz spectrometer with CD2C12 as solvent and

tetramethylsilane as the internal calibrant.
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Preparation of Potassjum heptacyanotechnetate(III)dihydrate.

To a 50 mL r.b. flask with sidearm and stir bar were added 0.377 gm
(0.42 mmo])(NH4)2Tc16. The flask was evacuated on a Schlenk line and
backfilled with N2’ twice., Another 50 mL r,b. flask was charged with
1.20 gm (18.4 mmo1) freshly ground KCN and then purged thoroughly with

N The Tc162' was partially dissolved in 10 mL N2 purged methanol added

9
via a cannula. An aqueous cyanide solution was prepared by the addition
of 10 mL of N2 purged water to the KCN, This solution was transferred
via a cannula to the TCIGZ' solution, A heating mantle and a N2 purged
Hopkin's coil condensor were added as the dark mixture was refluxed under
N2 for 24 hr. The resultant orange solution was filtered under N2,
leaving behind a small amount of dark solid. N2 purged methanol was
added until the yellow solid formed appeared to contain all the color of
the mixture. The yellow so]id was filtered under N2’ washed with two

10 mL of N2 purged methanol solutions, and dried in vacuo. The apparatus
was backfilled with N2 and 0.1 gm KCN was added. Both solids were dis-
solved with 5 mL N2 purged water, added via a cannula. The golden sol-
ution was filtered into a N2 purged 3-neck 50 mL r.b, flask equipped with
Schlenk frit and 50 mL r.b, flask, N2 purged methanol, 20-25 mL,was add-
ed, precipitating a yellow solid. This mixture was heated under N2 to
redissolve the sol1id. The golden solution was quickly filtered, then
allowed to cool slowly. The solution was placed in a refrigerator at

5°C for 24 hr. Ye]low-prange crystals of K4Tc(CN)7.2H20 were filtered
and washed with methanol prior to drying in vacuo. Yield, 0.056 gm,

28% based on technetium.
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Analysis, C7H4K4N702Tc, Calc.: C, 17.75; H, 0,85; N, 20,70,
Found: C, 17,95; H, 1.30; N, 20.86,

Optical Spectrum (degassed water, CN™ added) 455 nm (90 L mo1']cm_1),
280 (790), 243 (15,000)

Infrared Spectrum (KBr) 3610 (m), 3470 (m), 3410 (m), 2117 (w), 2090 (s),
2045 (s), 1625 (m), 535 (w), 375 (w), 325 (w)
(water) 2089 (s), 2046 (s)
Raman (solid) 2123 (s), 2114 (s), 2109 (m), 2079 (s), 2057 (w), 1758 (w),
1550 (w), 1330 (w), 1000 (w), 860 (w), 753 (w), 464 (m),
365 (m), 240 (m) (water) 2123 (s,p), 2072 (s), 1775 (w),
1745 (w), 1700 (w), 1423 (w), 1342 (w), 1089 (w), 992 (w),
948 (w), 870 (w), 820 (w), 753 (w), 468 (s,p), 367 (m,p),
243 (s,p)
Magnetic Moment diamagnetic
Potassium heptacyanotechnetate(III) dihydrate is soluble in water, In
the presence of oxygen, solutions slowly decompose to mixtures of oxo-
pentacyanotechnetate(V) and dioxotetracyanotechnetate(V),

Preparation of Potassium oxopentacyanotechnetate(V) tetrahydrate.

A suspension of TcOZ.xHZO in water was prepared by the hydrolysis of
0.062 gm (0.10 mmo])(NH4)2TcBr6 in 6 mL water and 1 mL of conc. NH40H. The
black solid was centrifuged, the aqueous filtrate removed, and the solid was
washed with 6 mL water. After centrifugation, the solid was suspended in
6 mL water and transferred to a 25 mL r.b. flask equipped with a stir bar.

To this suspension 0.50 gm (7.68 mmol)KCN were added and the mixture re-
fluxed for 1.5 hr., yielding a clear honey colored solution, The reaction
mixture was transferred to a 100 mL r,b, flask when cool, then methanol was
added (30 mL) until the yellow solid appeared to contain all the color of the

solution. The solid was redissolved by heating, then allowed to cool slowly,
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stoppered and placed in a 5°C refrigerator for 24 hr. Pale greenish yellow
crystals of KZTCO(CN)5.4H20 were filtered onto a medium porosity fritted
filter, washed with methanol, then dried in vacuo. Yield of green-yellow
flakes, 0.012 gm, 31% based on technetium.
Analysis, CcHaKoNOcTc, Calc: C, 15.19; H, 2,04; N, 17,71,

Found: C, 14,90; H, 1.00; N, 17,80,

Optical Spectra (water, CN™ added) 680 nm (60 L mo1']cm'1), 466 (680),

| 387 (46,900) ,
Infrared Spectra (KBr) 3440 (m), 2095 (m), 2080 (s), 2035 (w-m), 1625 (w),
910 (m), 460 (w), 449 (w), 435 (w), 420 (w), 375 (w),
350 (w).
Potassium oxopentacyanotechnetate(V) tetrahydrate can also be isolated from
aerobic recrystallizations of K4Tc(CN)7.2H20. It is soluble in water, but
in the absence of excess cyanide ion it converts to the dioxotetracyanotech-

netate(V) ion.

Preparation of Potassium trans-dioxotetracyanotechnetate(V)

To a 25 mL r.b, flask with stir bar were added 0.247 gn (0,42 mmol)
Tc02(py)4c104.2H20 and 2.0 gm (30.7 mmol) KCN. Next, 12 mL water were added
and the mixture was stirred overnight., The resultant yellow solution was
filtered to remove some white solid and methanol was added siow1y to the
filtrate until trysta]s began to appear. Additional methanol was added until
the total volume was approx. 90 mL, The solid was filtered out on a medium
porosity fritted filter and recrystallized from methanol/water to yield
0.14 gm K3Tc02(CN)4 as lemon yellow needles, 90% based on technetium,
Analysis, C4K N,0,Tc, Calc.: C, 13,63; N, 15.90,

37472
Found: C, 13,56; N, 15,42,
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-1cm-1

Optical Spectra (water ) 460 nm (25 L mol Y, 325 (875), 248 (8220)

Infrared Spectra (KBr) 2120 (s), 2070 (w), 2040 ( 785 (s), 430 (w),
334 (ms) (water) 2120 (s)

Raman (solid) 2140 (w), 2120 (w), 2110 (s), 2095 (s), 2100 (w), 2080 (s),
2050 (w), 2035 (s), 1971 (s), 1785 (w), 1545 (w), 910 (ms),
885 (m), 827 (m), 485 (m), 460 (m), 364 (m), 350 (w), 326 (m),
272 (w), 252 (w), 243 (m) (water) 2133 (p), 2127, 838 (p).

Potassium dioxotetracyanotechnetate(V) is soluble in water. It can also be
prepared by repeated hydrolysis of either heptacyanotechnetate(III) or oxo-
pentacyanotechnetate(V). Acidified solutions of TcOZ(CN)43' turn deep blue
with bands appearing at 605, 315, 228 nm in aqueous solution,
Preparation of Tetrabutylammonium trans-oxomethoxytetracyanotechnetate(V).
A 25 mL r.b. flask with stir bar was charged with 0.073 gm (0.15 mmol)
nBu4NTc0C14 and 0.06 gm (0.92 mmo1)KCN, Addition of 10 mL methanol resulted
in a plum colored solution and some white solid. The solution was stirred
for one hour, and then 0.18 mL 75% w/w nBu4NC1 was added followed by 1 mL

water. The solution turned clear, plum colored. It was filtered and the

filtrate was left to stand in a beaker to slowly evaporate. Large lilac
needles were separated and washed with 3 mL water, followed by 20 mL ether,
The solid was dried in vacuo. Yield of (nBu4N)2TcO(OMe)(CN)4, 0.50 gm, 46%
based on technetium.
Analysis, C4oH 45N602Tc, Calc.: C, 60.46; H, 10.29; N, 11.43.

Found: C, 60.47; H, 10,38; N, 11,00,
Optical Spectra (CH CN) 547 nm (45 L mol -1 ]), 370 (sh), 297 (5,680)

Infrared Spectra (KBr) 2955 (s), 2930 (s), 2895 (m), 2862 (s), 2788 (m),
2730 (w), 2139 (v.w.), 2116 (ms), 1850 (w), 1485 (s),
1470 (s), 1463 (s), 1459 (s), 1419 (m), 1378 (ms),
1340 (w), 1273 (w), 1265 (w), 1240 (w), 1230 (v.w.),
1147 (m), 1100 (s), 1060 (w), 1022 (w), 1009 (w),
932 (vs), 888 (m), 880 (m), 840 (v.w.), 790 (w),
751 (m), 733 (m), 500 (s), 448 (w), 415 (w), 395 (w),
367 (w), 340 (s), 274 (w)

Conductance 2:1 electrolyte in CH,CN, A, = 367 cm? ohn™! eq'1

NMR & 3.25 (broad, 19 H, OCH3, N- CH2 CH CH CH3) s 1.60 (broad, 32 H,

NCH,-CH,CH,-CH )

2 =2
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§1 00 (broad, 24 H, NCH,CH,CH,CH,) Tetrabutylammonium oxomethoxytetra-

2727273
cyanotechnetate(V) is soluble in acetone, methanol, ethanol, methylene

chloride, and acetonitrile and sparingly in water,
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Results and Discussion

The synthesis of the yellow-orange potassium heptacyanotechnetate
(I11) dihydrate from hexaiodotechnetate(IV) in refluxing aqueous meth-
anol is similar to a preparation of the rhenium analog described by
Griffith and Kiernan8 using hexaiodorhenate(IV). Technetium (IV) hal-
ide salts have been shown to undergo reduction easily; 15 in this case,
iodide ion is sufficient to reduce technetium(IV) to technetium(III)
and cyanide ion is able to stabilize this oxidation state,

1

mer-Trichlorotris(dimethylphenyphosphine)technetium 6 has been

shown to react with one mole of carbon monoxide in refluxing ethanol
to form the first example of a seven coordinate technetium comp1ex.]7
Seven coordinates complexes can exist in several different geometries:
(1), pentagonal bipyramidal; (II), monocapped trigonal prism; (III),
monocapped octahedron; (IV), tetragonal base-trigonal base. X-Ray

cr'ystaﬂog\r'aphy]8 has shown that TcC13(PMe2Ph)3C0 is a monocapped

fL =

(1) (11) (111) (IV)

octahedron, having C3V symmetry, i.e., structure type (III), Potassium
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heptacyanotechnetate(III) dihydrate, K4Tc(CN)7.2H20, is only the second
seven coordinate technetium complex to be discovered.

It was possible to determine the coordination geometry of K4Tc(CN)7.
2H20 through the use of Raman and infrared spectroscopy and observations
of similar data obtained on heptacyanometallates whose structures are
known. The infrared and Raman data for K4Tc(CN)7.2H20 and several other
heptacyanometallate species are tabulated in Table XII. Both K4V(CN)7.

19

2H2

pentagonal bipyramidal, by X-ray crystallography. For such molecules,

0 and K4Re(CN)7.2H20 9 have been shown to have type (I) structures,
use of group theory predicts two infrared active (Ei + A“z) and three

Raman active (2Ai + Eé) cyanide stretching modes with no coincidences,

In solution, there should be two polarized Raman shifts (ZA{ modes). In

the case of K4Re(CN)7.2H20, such behavior is observed. 8 For K4V(CN)7.2H20,
only one broad unresolved polarized band could be observed.20 The penta-
gonal bipyramid offers the least complex spectra in the cyanide strétching
region and is the only structure that is not allowed coincidences between
the infrared and Raman allowed coincidences between the infrared and Raman
allowed modes.

The molybdenum(II) complexes, NasMo(CN)7.10H20 and K Mo(CN)7.H20 21

5
have been studied recént]y via X-ray cr'ys'caHoglr'aphy.z2 One of them,
Na5Mo(CN)7.10H20, appears to be a well behaved pentagonal bipyramid.
However, crystal packing in KSMO(CN)7.H20 causes a mild distortion from
ideal type (I) symmetry that displaces an equitorial cyanide up out of
the equitorial plane slightly. As a result, the solid infrared shows many

more bands than the sodium salt. The completely anhydrous salt, K5Mo(CN)7,
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Table X1I: Structural Information on M(CN)7X' Species.

IR RAMAN
solid solution solid solution  Structure X-Ray
K, Tc(CN),2H,0 2117(w,sh) 2089(s) 2123(s)  2123(s,p)  Dg, no
2090(s) 2046(s) 2114(s) 2110(s,p)
2045(s) 2109(m)  2072(s)
2079(s)
2057 (w)
K4Re(CN)7-2H20a 2125(m) 2080(s) 2125(s) 2123(s,p)  Dgp yes?
2112(m) 2019(vs)  2115{w) 2106(m) ,
2101 (m) 2103(w)  2061(m,p)
2092(vs) 2068(m)
2069(m) 2063(s)
2062 (w)
2040(vs)
K4V(CN)7'2H20C 2100(s) 2104(s) 2110(m)  2103(br,p) Dy yesd
2070(m) 2072(m) 2104(s)
2100(s)
2094(vs)
K5M0(CN)7e 7 bands 8 bands Coy no
f )
K Mo (CN)--2H,0 2074(s) distort- g
5 772 2058(s) ed Dy, 7°°
2042(s)
2030(s)
2014(s)
1989(s)
1958(s,br)
Na_Mo(CN),*10H,09 2142(w) D yes9
5 7727 5113(sh,w) 5h
2098(s)
2078(w)
2030(s)
1968(s)
K4Mo(CN)7'2H20h 2119 2080 2096 2106 Dgp (s01n)  no
2115 2040 2078 2063 e (soTid)
2074 2v
2059
anet. 4; PRef. 9; CRef. 10; URef. 20; SRef. 8; 'Ref. 21; JRef. 22; "Ref. 28.
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has been assigned geometry type (II) based on the infrared8 and the
crystal structure of K5M0(CN)7.H2022 although geometry (IV) can

not be ruled out based on the available data.

23 24

Infrared and Raman data for K4Mo(CN)7-2H20 seem to indicate
a pentagonal bipyramidal structure in solution and a monocapped tri-
gonal prism, (II), in the solid state.

Based on these observations and the results of the Raman and in-
frared studies on K4Tc(CN)7-2H20, a pentagonal bipyramidal structure
is indicated both in solid and solution. There are two bands in the
infrared (AE, E7; 2090, 2045 cm']) and the three Raman shifts are non-
coincident with the infrared absorptions; in solution, two are polar-
ized (2A7; 2123, 2110 cm']) while the remaining one is depolarized
(E;, 2072 cm'1). Magnetic susceptibility measurements on K4Tc(CN)7*

2H,0, a d4 jon, indicate that the solid is diamagnetic, as expected from

2
the strong field ground state,"Af. The yellow-orange solid dissolves
in deoxygenated water (excess cyanide ion present) to yield bright
golden solutions with optical absorption bands at 243, 280, 455 nm
(Figure VII). In the presence of oxygen, solutions of Tc(CN)74' slowly
decompose, as observed by optical spectroscopy. Optical absorption
bands at 325 nm and 378 nm can be observed. Treatment of such solutions
with methanol precipitates yellow solids which by infrared spectroscopy
revealed several bands in the cyanide stretching region as well as the

1

appearance of bands at 910 and 785 cm ' in the metal-oxygen stretching

region.

Other heptacyanometallates undergo decomposition in solution; for

23

example, Mo(CN) 4- decomposes in air to Mo(CN) 4- and MoO 2", and
7 8 4
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Figure VII: Optical spectra of K4Tc(CN)7'2H20 in degassed water,
cyanide ion added; KZTCO(CN)5'4H20 in water, cyanide

ion added; and K3Tc02(CN)4 in water.
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V(CN)74- decomposes to VO(CN)53' and V(CN)64' in the absence of excess
cyanide in anaerobic so]utions.28
Two species can be obtained from the decomposition of Tc(CN)74'
in aqueous solution: KZTCO(CN)5-4H20 and K3Tc02(CN)4, both technetium
(V) complexes. The preparation and characterization of these two species
will be discussed below.

When K4Tc(CN)7-2H20 was recrystallized from aerobic water/methanol
mixtures, yellow-green flakes of KzTco(CN)5-4H20 were obtained as well
as yellow-orange crystals of K4Tc(CN)7-2H20. These were easily sep-
arated by the Pasteur method. The infrared spectrum of the former
revealed three bands in the cyanide stretch region and one band in the

Tc=0 stretching region at 910 e

(Table XIV). For a MX(CN)5 system
(C4v) use of group theory predicts three (ZA] + E) infrared allowed
cyanide stretching modes; this is what is observed.

It was found.that‘reaction of Tc02-xH20, an insoluble black prec-
ipitate, with hot aqueous cyanide also formed KzTcO(CN)5-4H20 upon cry-

stallization with methanol. This method, interestingly, is identical

to the preparation of "Tc(CN)4(OH)33'" reported by Schwochau and Herr 14

and isolated as the thallous salt. The "Tc(CN)(OH)33'“ species was ob-
served to have the identical optical spectrum as the yellow Tc0(CN)52'
in aqueous solution with}a very strong band at 378 nm and a weaker band

around 460 nm. No mention of a weak band at 680 nm

(e = 25 L mo]“lcmf]) as gbserved in‘TcO(CN)SZ'

3, Only one broad band was noticed

in the cyanide stretching region at 2050 cm*l.and a band at 905 cm'1 was

was made in the case of l'-Tc(CN)l,f(OH)3
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Table XIV: Selected Infrared Data for (nBu4N)2TcO(0Me)(CN)4 and
K2TCO(CN)5'4H20.

VCN “Te=0 VOMe
KZTCO(CN)5‘4H20 2095(ms) 910(m) ———-
2080(s)
2035(w-m)
(nBu4N)2TCO(OMe)(CN)4 2139(vw) 932(vs)  2790(m) C-H str.
2116(ms) 1460(s) C-H bend

1097(s) C-0 bend/str.

t-MXY(CN)4 Cq, Symmetry A, + E infrared allowed vy .

3 Vv
MX(CN)5 C4v symmetry 2A1 + E infrared allowed oN’
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assigned to a Tc=0 stretch for T13Tc(CN)4(OH)3. Thus, it seems that
Tc(CN)4(0H)33' should be reformulated as TcO(CN)sz'.
The reaction of ReOz-xHZO with hot aqueous cyanide led to the

14

isolation of T13Re02(CN)4 At this time, there is no report of a

3 or ReO(CN)sz', although such a

species formulated as Re(_CN)4(0H)3
species might be impTicated in the production of the transdioxo com-

plex, vide infra. The yellow salt, K2Tc0(CN)5'4H20, will hydrolyze

in aqueous solution slowly in the absence of cyanidé ion to form
K3Tc02(CN)4.

The use of nBu4NTc0C14 as a reagent for exploring oxotechnetium(V)
chemistry has been demonstrated (vide infra, Chapter II). In an attempt
to prepare TcO(CN)Sz'vdirectly from a technetium (V) precursor,
nBu4NTc0C14 was reacted with five equivalents of potassium cyanide in
methanol. Instead of the expected yellow solution, a plum colored
solution resulted and well formed 1ilac needles were obtained upon
addition of tetrabutylammomium ion and crystallization from methanol/
water. Based on elemental analysis, this salt is formulated as (nBu4N)2-
TCO(OMe)(CN)4, an oxotechnetium (V) species. As shown in Figure VIII,
equivalent conductance measurements in acetonitrile demonstrated that
TcO(OMe)(CN)42' was a 2:1 electrolyte similar to‘(nBu4N)2TcC16 in
acetonitrile.

Infrared measurements (Table XIV ) and NMR data 25 confirmed the
presence of the methoxide ligand and the two bands in the cyanide stretch-

ing region (2139 (vw), 2116 (ms) cm'1) are indicative of a trans arrangement
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Figure III: Equivalent conductance measurements of nBu4NC1O4,
(nBu4N)2TcC16, and (nBu4N)2TcO(OMe)(CN)4 in

acetonitrile. A - A (cmzohm-]eq']) vs. (eq. conc)1/2.



AO‘.A -1383.-

1900 O (I"IBU4N)2TCC|6

A(nBth)ZTCO (OMe)(CN)4

O nBU4NC|O4
1150




-139-

for the oxo-technetium-methoxide linkage.

2= and t-TcO(OMe)(CN)42' are quite similar,

The species TcO(CN)5
differing only in the ligand trans to the oxo ligand. The Tc=0
stretch of the methoxide complex appears at 932 cm_] whereas that of
the cyano complex occurs at 910 en” .

As was noted earlier, in aqueous solution KZTCO(CN)5‘4H20
hydrolyzes to t-TcOZ(CN)43'. Upon repeated recrystallizations from
aerobic methanol/water solutions, K4TC(CN)7-2H20 yields K3Tc02(CN)4
as a yellow crystalline salt. A more direct synthesis involved treat-
ment of an aqueous suspension of [t-TcOZ(py)4]C104'2H20 with a large
excess of potassium cyanide. Addition of methanol to the resultant
lemon yellow solution resulted in the formation of K3Tc02(CN)4 in
high yield.

The molecular structure has been assigned as being trans-dioxo
by infrared and Raman data. A trans-dioxotetracyanometallate ion
(D4h) should have one infrared active mode (Eu) and two Raman active
19(P)s Byg

stretching region should possess one infrared active mode (AZU) and

modes (A ) in the cyanide stretching region, the metal oxygen
one Raman active mode (A1g(p)). The inversion center allows no
coincidences. As can be seen in Table XV , K3Tc02(CN)4 shows such
behavior and is similar to other t-MOZ(CN)4X' species whose structures

10,26,27 0f special

have been confirmed by X-ray crystallography.
interest is the relative position of the symmetric metal oxygen stretch
(Raman active) with respect to the asymmetric metal oxygen stretch
(infrared active). Most linear triatomic systems (or systems that can

be viewed as linear triatomics) have v >y t-U022+ systems as

asym sym?
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well as other inorganics such as 002 also demonstrate this property.31

However, experimentally, trans-dioxo species of technetium, rhem‘um,zg’29
. 29,30 .
and osmium are found to have Vsym ~V asym® Molybdenum and
26,29

tungsten trans-dioxo species show the normal trend. The
trans-dioxoruthenium(VI) species, MoRUO,CT M = H30, Cs, Rb) are
unstab]e32 and this has probably precluded Raman studies on these
salts. Cotton and wing33 had observed differences between U022+

species and ReOz(py)4+ and 0502C142° salts where calculations of the
interaction constants, ki’ derived from F matm‘ces34 for the trans-dioxo
complexes yielded negative interaction constants for the actinides and

3 his

positive interaction constants for rhenium and osmium.
observation does not account for the behavior of molybdenum and tungsten;
the interaction force constants, ki’ have been determined and are
positive.28 Although the change in sign of ki for the actinide complexes
relative to the d-block complexes is fundamentally quite interesting,
the behavior of osmium, technetium, and rhenium cannot be explained
from such analysis.

Of possible importance may be the electron attracting ability of

the metal for the oxygen 2pw orbitals. Since M002(CN)44',

4- 3
NOZ(CN)4 , TCOZ(CN)4

", Re0,(CN),%", and 0s0,(CN),*” are all

isostructural and jsoelectronic, the only apparent difference is

oxidation state of the transition metal. In fact, within the same row of

the periodic table the frequency decreases as the oxidation state is lowered.
The symmetric stretch would be expected to be more sensitive to changes in

m-bonding than the asymmetric stretch because of the different nature of the

interactions between metal and oxygen in each case,
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Table XV: Comparison of Stretching Frequencies for t-MOZ(CN)4X—

Complexes (cm']).

IR Raman
"N VMOZ(asym) VeN Mo, (sym)
KyTe0, (CN), 2120(s) 785(s)  2110(s),2080(s)  827(m)
2141(p),2130" 838(p) "
K3Re02(CN)4a’b 2125(s)  768(s)  2141(s),2130(s)  871(m)
2141(p),2130" 881(p)"
o bd
K4 [M00, (CN) ;1" 6H,0 2060(s) 800(s) 779
K, [WO.,(CN),]-6H.02°9  2060(s) 720(s)
g W0y LN ) 4 17 OR,,
b,c ‘ +
K,050,(CN) , 2152(s) 830(s) 886(p)
pef. 28; Pref. 29; © Ref. 30; YRef. 26.

+So1ut1’on spectra in water.
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0 —M—O0 0—-M—0

Vsym Vasym

In the case of the symmetric stretch, the T-interactions between
the metal and both oxygen atoms will be weakened or strengthened as
the molecule vibrates in that mode. In the asymmetric stretch,
the change in wm-interaction that results as one oxygen moves away
will be moderated by the increased m-interaction of the other
oxygen atom as it moves closer to the metal atom. Since m-overlap
increases down a periodic column, one would expect to see the symmetric
stretching frequency also increase. This behavior is indeed
observed for technetium and rhenium, with Raman shifts at 838 and 881 cm']
for K3Tc02(CN)4 and K5Re0,(CN), respectively.

The optical spectrum of aqueous TcOz(CN)43' is quite similar to

- 14 yith absorptions at

the reported spectrum of aqueous ReOz(CN)43
325 and 248 nm showing the expected bathochromic shift from the 270
and 215 nm absorptions reported for ReOz(CN)43'.

The failure of the reaction between Tc0C14— and cyanide ion in

methanol to form Tc0(CN)52' was extremely fortunate. As Scheme II
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demonstrates, TcO(OMe)(CN)42' can be viewed as a trapped intermediate
in the hydrolysis of TcO(CN)Sz' to TcOZ(CN)43'. The oxo ligand is
apparently a strong trans labilizer; it is not surprising then that
TcO(CN)sz' is stable in aqueous solution only when excess cyanide ion
is present. Substitution of the cyanide ion trans to the oxo by
solvent35 leads to the intermediate species A which can also be
formed directly from Tc0014- and cyanide in methanol if methanol is
coordinated to the technetium atom prior to reaction.36

Once the solvent is‘coordinated, the solvent oxygen is rapidly
deprotonated. When methanol is the solvent, this reaction terminates
at intermediate B because demethy1étion is energetically unfeasible.
When the solvent is water, however, further deprotonation from a
TcO(OH)(CN)42' intermediate to Tc02(CN)43' is rapid. Protonation of
ReOZ(CN)43' to ReO(OH)(CN)42' requires solutions of approx. 1 molar
H+.12 In the case of TcOZ(CN)43', a color change from yellow to deep
blue is observed when concentrated perchloric or hydrochloric acid is
added. Although the nature of this blue material is unknown, the
protonation of an oxygen atom in ReOZ(CN)43' clearly requires
strongly acidic conditions; thus, deprotonation of the MO(OH)(CN)42'
species would be expected to be rapid in neutral solution.

Reaction of Re0C13(PPh3)2 with NaEtzNCSZBHZO in acetone solution38’39

39,40 which contains a

forms  the well-characterized Re203(Et2NCSZ)4
linear 0=Re-0-Re=0 backbone. When the reaction is run in methanol
rather than acetone,’the product isolated is t-ReO(OMe)(dtc)2.39

This material is easily converted to Re203(dtc)4 in methylene chloride.

The reaction of Re0C13(PPh3)2 with pyridine'in wet benzene leads to
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Scheme II: Stepwise hydrolysis of TcO(CN)52' by solvent (water,

methanol) to TcOZ(CN)43_.
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jsalation of Re203(py)4014,4] another linear backbone, whereas reaction
in ethano]30 leads to the formation of Reoz(py)4+. Addition of ethanol
to Re203(py)4C14 results in formation of t—ReO(_OEt)(py)2C12 which is
further converted to ReOz(py)4+ upon addition of wet pym’dine.41
. 4+ . . 38 40

The formation of the M,0,"" unit in Re203(dtc)4, Re203(py)4C14,
and K4Re203(CN)812 has been postulated to involve an intermediate
t—MO(OH)L4 species, which dimerizes and dehydrates to form the
4+
5 core.

Of special interest is the observation that the alkoxide species

t-M,0

ReO(OMe)(dtc)2 and ReO(OEt)(py)2012 are easily converted to

39,41 In the case of

+ .
Re203(dtc)4 and t—ReOZ(_py)4 , respectively.
TCO(OME)(CN)42-, there is no evidence for such a transformation under
the mild conditions utilized in the rhenium complexes. Whether this
behavior is due to the presence of cyanide ion, or represents a funda-

mental difference between technetium and rhenium cannot be clearly

ascertained as this time,

The isolation of K4Tc(CN)7‘2H20, KZTCO(CN)5-4H20, K3T002(CN)4,
and (nBu4N)2Tc0(OMe)(CN)4 clearly demonstrates that technetium does
indeed form a wide variety of cyanide complexes which parallel the

known cyanide chemistry of its third row congener, rhenium.
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CHAPTER IV

Technetium and Rhenium Thiocyanate Complexes



-151-

Introduction

The exact nature of the technetium and rhenium complexes formed
in the spectrophotometric determination of these elements using thio-
cyanate 1'0101'4 has been of interest for many years. Although the

1-5 small changes in procedure and con-

methods are quite sensitive,
centrations can lead to large changes in band positions and in-
tensities, suggesting that more than a single species is formed in
either system.

The first treatment of the rhenium system was attempted in 1935
by Druce,6 who observed that perrhenate reacted with thiocyanate ion in
hydrochloric acid with stannous ion to produce a red species formulated
as "ReO(SCN)4" which was soluble in ether and other polar organic sol-
vents. Later work by Ho]eman7 concluded that the correct oxidation
state was more Tikely to be five than six. Ryabchikov and others 8
next examined the reduction and claimed the isolation of [Pt(NH3)4]3
[ReOZ(NCS)4}2, although no infrared evidence was given. Bands at

350 nm and 420 nm were assigned to this proposed analog of ReOZ(CN)43—. 2

Bailey and Kozak examined molten salt reactions of K2ReC16]O and

ReC]S]] with KSCN, isolating species described as CsZRe(SCN)6 and
CsRe(SCN)G, respectively, from the reactions. They also examined the
reduction of perrhenate with thiocyanate and stannous ions, in hydro-

chloric acid once again.]1 They ascribed the absorption bands observed

at 365 nm and 420 nm to Re(SCN)s' and Re(NCS)62', respectively. Addition
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of excess stannous ion led to formation of Re(SCN)GZ' exclusively. The
mode of thiocyanate bonding was changed to N-coordination based on
spectral observations on both species several years later.]2

Cotton, et a1.,13 had examined the reaction of (nBu4N)2Re2C18 with
thiocyanate ion. When methanol was used as the solvent, (nBu4N)2Re2(NCS)8
was isolated. Addition of tertiary phosphines to the reaction mixture
resulted in formation of (nBu4N)2Re2(NCS)8(PR3)2, a binuclear complex
without a Re-Re bond and two unsymmetrically bridging thiocyanate

13,14 If acetone rather than methanol was used as a solvent,

Tigands.
the reaction took a different course; (nBu4N)2Re(NCS)6 and a material
formulated as (nBu4N)3Re(NCS)]O(CO)2, based on analytical and infrared
data, were 1'so1a1’ced.]3 The hexakisisothiocyanaterhenate(IV) ion
prepared via this route appeared to be identical to the sample prepared
by Bailey and Kozak.]0
Crouthamel 2 found that solutions of pertechnetate would turn red
when heated with acidic thiocyanate solutions. An intense band at 500 nm
was present along with a band at 400 nm. The complex responsible for
the 500 nm band could be extracted with alcohols, ketones, and ethers.
Crouthamel 2 proposed that the 500 nm band was due to a technetium(V)
complex. Howard and Weber 3 examined this system and found that
addition of ascorbic acid and iron (III) allowed for the formation of
the 500 nm band and inhibited production of the 400 nm band. Other

4 . . .
workers ~ used stannous ion reduction of pertechnetate in order to ensure

that only the 400 nm band, presumed to be technetium(IV), would be present.
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Schwochau, et al., 15 examined this system in detail and proposed

that the 400 nm and 500 nm species were & redox couple and isolated

Tc(NCS)6_2 S— (T P

a purple species, formulated as (Me4N)Tc(NCS)6, with Apay = 500 nm, and
a yellow air sensitive species, formulated as (Me4N)2Tc(NCS)6, A max=
400 nm. The technetium(V) species, Tc(NCS)G', was considered to be the
more stable of the pair. A single crystal X-ray structure on the
yellow salt proved to be hopelessly disordered; the only information
obtainable indicated probable technetium-nitrogen coordination.16
Recent electrochemical studies on hexahalometallate(IV) ions
(M=Re, Tc; X=C1, Br) demonstrated that oxidations to hexahalometallate
(V) ions were very difficult, and that such oxidations are easier for

17

rhenium than technetium. Thus the reports of stable hexakis(isothio-

cyanato)metallate(V) complexes for rhenium and technetium, and the
reported stability of Tc(NCS)G'
opposite the expected trend based on the electrochemical results and

over Tc(NCS)62' (which is directly

chemical periodicity), seemed to warrant yet another examination of the
complex thiocyanate chemistry of technetium and rhenium.
during the course of this investigation, a single crystal X-ray

w 13

structure of "(nBu,N),Re (NCS)]O(CO)2 was undertaken in order to

473772
re-evaluate its formulation and structure. The results of this study
indicate that it should be reformulated as (nBu4N)3Re2(NCS)10, a mixed
valence, binuclear rhenium (III, IV) complex with two N-bonded,

symmetrically bridging thiocyanate ligands.
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The full details of the preparation, characterization, and pro-
perties of the technetium and rhenium thiocyanate complexes examined

are presented.
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EXPERIMENTAL

A1l water used was passed through a Barnstead Ultrapure D8902
Cartridge followed by distillation using a Corning AG-1 water still
prior to use. Ammonium, sodium, and potassium thiocyanate salts
were recrystallized from methanol and stored in vacuo in a dess-
jcator. Tetrabutylammonium perchlorate (Southwest Analytical) was
dried in vacuo at 85°C for 24 h prior to use. All other reagents
were used as received. All manipulations involving various salts
of Tc(NCS)63' were carried out in N, or Ar atmospheres, using stand-
ard Schlenk Tine or dry box techniques.

Sodium perrhenate was purchased from Cleveland Refractory Metals,
Solon, Ohio. Rhenium pentachloride was obtained from ROC/RIC sealed
under Ar and used in a dry box.

The preparation of K2ReC16, (NH4)2TCC16, (NH4)2TcBr6, and
(nBu4N)2TcC16 has been described previously. 17 The preparation of

(nBu4N)2Re2C18 from NaReO, in hydrochloric acid with hypophosphorous

18 10
6

pared by the methods published by Bailey and Kozak. The literature

acid was followed. Both CsZRe(NCS) and "CsRe(NCS)6"H were pre-

preparations of (nBu4N)2Re(NCS)6 and (nBu4N)3Re2(NCS)10 (formerly
3') from (nBu4N) Re.Cl., were followed. > Thiocyanogen,

2 10 2 277278
(SCN)Z, was prepared by the method of Vanderzee and Ques’c.]9 Pre-

Re, (NCS),,(CO)

paration of (Me4N)3Fe(NCS)6 was accomplished by the method published

20 21

by Forster and Goodgame. The syntheses of nBu4NTc0014 and

Ph4AsReOBr4.CH3CN 22 were performed by the appropriate methods. 21,22
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Infrared spectra were recorded on a Perkin-Elmer 180 grating
spectrophotometer as KBr pellets or solution spectra in matched
AgCl cells (0.5 mm pathlength). Raman spectra were obtained by
Dr. J.E. Smith, Union Carbide, Tarrytown, N.Y., using a yellow line
of a Kr/Ar laser and a commercial Raman instrument. Optical spectra
in appropriate solvents were recorded on a Cary 17 spectrophotometer.

Voltammetric studies were carried out using a PAR Model 174
polarographic analyzer with rotating Pt, stationary Pt, and dropping
Hg electrodes. A1l potentials were referenced to a saturated calo-
mel electrode. Ferrocene was used as an internal calibrant. Tetra-
butylammonium perchlorate was used as the supporting electrolyte in
the spectrograde acetonitrile used as the solvent. The electrolysis
of perrhenate in acidic thiocyanate solutions was carried out in a two
compartment cell with platinum gauze electrodes connected to a PAR
Model 173 Potentiostat/Galvanostat.

Conductivity measurements were made in the concentration range
10-0.1 mM in acetonitrile with a Yellow Springs Model 3403 conduct-
ivity cell and a Serfass conductivity bridge.

Magnetic susceptibility measurements were obtained on a home
built Faraday balance equipped with a Varian V-4005 electromagnet
with constant force pole faces and a Cahn RG Electrobalance. A
quartz sample bucket was used. Diamagnetic corrections were taken

from published tab]es22 and the magnetic moment derived from the
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expression:

M
peff = 2.84‘/ Xcorr' T

HgCo(SCN)4 was used as the calibrant. Electron paramagnetic resonance
measurements were attempted at 77K either as solids or frozen solution
glasses in quartz tubes fitted in a specially designed liquid nitrogen
dewar.

Elemental analyses for the rhenium complexes prepared were per-
formed by Galbraith Laboratories, Knoxville, Tennessee. Melting points
are uncorrected.

Preparation of Ammonium hexakisisothiocyanatotechnetate(IV).

In a 25 mL r.b. flask equipped with stir bar, 0.10 gm (0.16 mmol)
(NH4)2TcBr6 and 1.0 gm (13 mmo1) NH4SCN were refluxed in 15 mL meth-
anol for 24 h. The purple solution was reduced in volume with a
rotary evaporator to approx. 2 mL and then chromatographed on a
Sephadex LH-20 column with methanol as the eluant. The purple band
was evaporated to dryness and 0.054 gm of a purple microcrystalline
solid with a green reflex were collected, yield of (NH4)2TC(NCS)6,7O%
based on technetium.

Analysis, CcHoNgS Tc, Calc.: C, 14.90; H, 1.67; N, 23.17; S, 39.79.
Found: C, 14.76; H, 2.15; N, 22.99; S, 39.41.

Optical Spectrum (CHyCN) 575 nm (sh), 500 (76,100), 270 (21,100)

Infrared Spectrum (KBr) 3050 (w), 2030 (s), 1395 (w), 470 (w), 320 (m)



-158-

Conductivity 2:1 electrolyte in acetonitrile, A.= 410 cmzohm-]eq-1
E]/Z(cathodic) 0.18V vs. SCE (le” reversible)

E1/2(anod1c) 1.60V vs. SCE (irreversible)

Hexachlorotechnetate(IV) may be substituted for hexabromotechnetate(IV)
by extending the reflux time to 36 h.

Preparation of Tetraphenylarsonium hexakisisothiocyanatotechnetate(IV)

METHOD A

4)2 4AsC1.H20 in

methanol yielded a purple precipitate. Recrystallization from acetone/

Metathesis of (NH Tc(NCS)6 with an excess of Ph
isobutanol gave a Targe yield of purple plates with a bright green
reflex.
METHOD B

To a solution of 0.40 gm (5.3 mmol) NH4SCN in 5 mL of TN sulfuric
acid in an erlenmeyer was added 0.5 mL of a 0.25 M (0.13 mmo1) NH4Tc04
solution. The solution was heated at 80°C for 2 h. Upon cooling, the
red brown solution was filtered. The filtrate was treated with 0.10 gm
(NH4)4Ce(SO4)4 in 4N sulfuric acid, followed by addition of 1.0 gm
Me4N+Br” in 1 mL of 2N sulfuric acid. A purple precipitate was filtered,
washed with 5 mL of 1N sulfuric acid, 5 mL of water, then dried in vacuo.
This solid was dissolved in 1:1 acetone/water and a solution of Ph4As+
in water was added, precipitating a purple salt. The solid was recry-
stallized from acetone/isobutanol to yield 0.27 gm of (Ph4As)2Tc(NCS)6 as
purple plates with a green reflex, 42% based on technetium. Freshly
prepared Tc02.xH20, obtained from hydrolysis of TcX62' with base (c.f.

Chapter III) can be used instead of NH4TcO4 in this procedure.
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Analysis, C54H40A52N656Tc, Calc.: C, 53.42; H, 3.32; N, 6.92; S, 15.84.
Found: C, 53.95, H, 3,94; N, 7.14; S, 15,91,

Optical Spectrum (CH3CN) 575 nm (sh), 500 (76,200), 270 (sh),
262 (34,600), 257 (40,600)

Infrared Spectrum (KBr) 2020 (s), 1480 (w), 1435 (w), 1333 (w),
1306 (w), 1180 (w), 1160 (w), 1075 (w),
1015 (w), 996 (w), 734 (w), 680 (w),
480 (w), 460 (w), 325 (m)

Magnetic Moment u eff (298K)= 4.1 BM

E.‘/2 (cathodic) 0.18V vs. SCE (le-reversible)

E”2 (anodic) 1.60V vs. SCE (irreversible)

Tetraphenylarsonium hexakisisothiocyanatotechnetate(IV) is mar-
ginally soluble in dichloromethane, acetone, and acetonitrile. The
purple color is so intense (A max = 500 nm, €=76,200 L mol'] cm'])
that detection of undissolved material in saturated solutions can be
extremely difficult.

Preparation of Tetrabutylammonium hexakisisothiocyanatotechnetate (III)

In a round bottom flask, 3.0 gm (39.3 mmol) NH,SCN and 0.20 gm
(0.32 mmo])(NH4)2TcBr6 were refluxed in 25 mL degassed methanol with
stirring under N2 or Ar for 24 h., After cooling to room temperature,
0.35 mL N2H4.H20 were added via a syringe to the purple solution, this
changed the color of the solution to a deep yellow. The reaction mix-
ture was filtered under an inert atmosphere; the filtrate was then

treated with 4.0 gm of nBu4N01O in 12 mL degassed methanol, added

4
slowly via a cannula. Crystals began to form shortly after the add-
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ition of the counter ion was complete; the solid was filtered under

an inert atmosphere, washed with 20 mL degassed water to remove

NH,C10,, then washed with 5 mL degassed methanol and dried in vacuo.

The isolated solid consisted of 0.35 gm of air sensitive yellow

blocks of (nBu4N)3Tc(NCS)6, 93% based on technetium.

Analysis, CeqHyogNgSgTe, Calc.: C, 55.20; H, 9.27; N, 10.73; S, 16.37,
Found: C, 54.60; H, 9.31; N, 12,175 S, 17,10,

Optical Spectrum (degassed methanol) 440 n? (§h), 403 (19,400),
280, (sh

CN) 412 nm (25,800 L mol™em™)),

(degassed CH
392 (sh), 285 (sh)

3

Infrared Spectrum (methanol) “CN 2050 cm'] (s)

(KBr) 2950 (m), 2920 (m), 2860 (m), 2110 (m),
2064 (s), 1483 (m), 1460 (m), 1435 (w),
1375 (w), 1360 (w), 1145 (w), 1102 (w),
1080 (w), 1062 (w), 1018 (w), 950 (w),
878 (w), 823 (w), 737 (w), 730 (w),
477 (w), 318 (m)

Raman (solid) 2124 (m), 2093 (s), 2076 (s)

Magnetic Moment u eff (298K) = 3.0 - 3.3 BM

Conductivity 3:1 electrolyte in acetonitrile, A,= 580 cm2 ohm'] eq'1
E1/2(cathodic) -1.09V vs. SCE (irreversible)

E”2 (anodic) 0.18V vs. SCE (le-reversible)

Preparation of Tetraphenylarsonjum hexakisisothiocyanatotechnetate(III).

This salt was prepared from the yellow methanol solution prepared
as mentioned above. Addition of 1.0 gm Ph4AsC1.H20 in 5 mL of degassed

methanol yields crystals that were collected under an inert atmosphere,
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washed with three 5 mL aliquots of degassed methanol and then dried
in vacuo. Yield of yellow-orange air sensitive needles of (Ph4As)3
Tc(NCS)6 was 0,21 gm, 91% based on technetium,

Analysis, C78H60A53N656Tc, Calc.: C, 58.64; H, 3,793 N, 5.26; S, 12,04,
Found: C, 57.55, 57,673 H, 4.11, 4.02;
N, 5,21, 4.92; S, 14,08, 12.09,

1

Optical Spectrum (degassed CH3CN) 411 nm (28,300 L mol~ cm'T),

390 (sh), 285 (sh)

Infrared Spectrum (KBr) 3050 (w), 2070 (s), 1576 (w), 1481 (m),
1436 (m), 1390 (w), 1333 (w), 1310 (w),
1273 (w), 1180 (w), 1159 (w), 1069 (m),
1019 (w), 997 (m), 920 (w), 845 (w),
815 (w), 736 (s), 683 (s), 610 (w),
475 (m), 460 (m), 360 (w), 345 (m),
310 (m).

Reaction of Tc(NCS) > with (SCN),
To a thoroughly purged 100 mL r.b, flask with stir bar, were
added 0.10 gm (0.06 mmol) (Ph4As)3Tc(_NCS)6 and 50 mL degassed acetone,

19

A solution of 0.05M (SCN)2 in CCl 1.0 mL, was added to the

45
yellow solution which then turned purple instantly. Addition of
degassed isobutanol, and subsequent removal of the acetone by evapor-
ation (in vacuo) resulted in the formation of purple crystals of

(Ph4As)2Tc(NCS)6, quantitatively. A similar reaction was observed

when acetonitrile was used instead of acetone as the solvent.

Reaction of Tc(NCS)63' with NO(q)

To a thoroughly purged 50 mL, 3 neck r.b, flask equipped with
stir bar, 0.050 gm (0.043 mmol) (nBu4N)3Tc(NCS)6 were added from a
Schlenk tube. The yellow solid was dissolved in 25 mL of degassed
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Figure XI: Cyclic Voltammogram of (nBu4N)3TC£NC5)6 in
Acetonitrile/0.1M TBAP, 100 mV sec'] scan rate,

initially anodic.
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dichloromethane, added via a cannula, Nitric oxide gas (NO) was
bubbled through the stirred yellow solution for 5 min,; the solu-

tion quickly changed color to a bright purple, Optical spectro-

2

scopy revealed an absorption at 500 nm due to Tc(NCS)6 T, no

absorption at 400 nm (Tc(NCS)63') or any other new absorption due
to a nitrosyl species could be observed,

Decomposition of Tc(NCS) 2- with Hydrogen Peroxide

A
\°a

(a) Basic media. To a 50 mL beaker with stir bar were added .015 gm

(0.03 mmo1) (NH4)2Tc(NCS)6, 20 mL water, and 3.0 mL 30% H20 Next,

2!
1.0 mL 2.5% w/w NaOH solution was added, resulting in an instant-
aneous effervesence, 02(9), and a color change from purple to yellow.
Optical spectroscopy showed a band at 400 nm due to the presence of

Tc(NCS)63". The yellow color slowly bleached until only SCN™ and
Tcoi were left,

(b) Acidic media. The same conditions as above were duplicated

with the exception that 1.0 mL 18M sulfuric acid was added instead
of base. The solution quickly turned red, then orange, prior to
complete bleaching of the color. Bands in the optical spectrum
appeared from 430-490 nm as well as 350 nm before complete oxidation
to Tc04— was accomplished.

(c) Neutral media, Similar conditions compared to the two previously

described experiments, except that no acid or base was used, A slow

conversion of Tc(NCS)GZ' to a red-orange mixture (band maxima at
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455 nm, 335 nm) followed by a slow bleaching to Tc04' was observed,

Preparation of Tetraphenylarsoniumoxopentakisisothiocyanatotechnetate(V).

To a 25 mL r.b. flask with stir bar were added 0.084 gm (0.17 mmol)
nBu4NTcOC14 and 5 mL of methanol. An ice bath was placed under the
green solution to cool the solution to 0°C, Upon addition of 0,063 gm
(0.84 mmol) NH4SCN, a bright red solution rapidly developed. After
one minute, 0.2 gm Ph4AsC1.H20 were added to the solution which de-
posited a fine red microcrystalline solid. The solid was collected,
washed with 10 mL of methanol, and dried in vacuo. VYield of (Ph4As)2-
TcO(NCS)S, 0.173 gm, 93% based on technetium.

Analysis, C53H40A52N5055Tc, Calc.: C, 54.31; H, 3.44; N, 5,97; S, 13,68,
Found: C, 53.79, H, 3.61; N, 5,94; S, 13,98,

1

Optical Spectrum (CHBCN, Xs SCN™) 450 nm (23,400 L mol~ cm-]),375 (9920)

(CH2C12, Xs SCN™) 462 nm, 387 nm
(CH3CN) 450 nm, 380 (sh), 320 (sh)
(CH2C12) 455 nm, 390 (sh)
(CHyCN, Ag” added) 385 nm, 320 rm
Infrared Spectrum (KBr) 3045 (w), 2102 (w), 2057 (s), 2022 (s), 1575 (w),
1482 (m), 1435 (m), 1380 (w), 1335 (w), 1307 (w),

1260 (w), 1181 (w), 1160 (w), 1079 (m), 1020 (w),

997 (m), 955 (v.w), 945 (m), 925 (sh,w), 870 (w),
840 (w), 740 (s), 685 (m), 610 (w), 485 (w),
473 (m), 462 (m), 360 (w), 345 (sh,w), 328 (w).

Magnetic Moment peff (298K) = 1,04 BM

Preparation of Tetraphenylarsoniumoxopentakisisothiocyanatorhenate(V).

Method A. In a beaker containing 25 mL of 2N hydrochloric acid, 0.20 gm
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(0.73 mmo1) NaReO, and 0.50 gm (5.14 mmol) NH4SCN a solution consist-

ing of 0.16 gm (0.71 mmol) SnCl .2H20 in 5 mL of 2N hydrochloric acid

2
was added dropwise with stirring to produce a red solution. The

solution was extracted with 100 mL of ether, the red ether layer was
collected and diluted with 200 mL of ethanol. Tetraphenylarsonium-

chloride monohydrate, 0.35 gm, was added and upon addition of 100 mL

of ether, yellow crystals formed. The solid was collected, washed

with water and ether, then dried in vacuo. Yield of (Ph4As)2ReO(NCS)5,

0.42 gm, 46% based on rhenium,

Method B. A cherry red solution of Ph4AsReOBr4.CH3CN, 0.38 gm (0,40 mmoT)
in 10 mL acetonitrile, was treated with 0,16 gm (2.76 mmol) NH,NCS, re-
sulting in an immediate color change to yellow and precipitation of a

white solid (NH4Br). The mixture was filtered and the filtrate was

treated with 0.19 gm Ph4AsBr. A yellow precipitate formed upon addition

of isobutanol or ether. Recrystallization from hot acetone/isobutanol
mixtures yielded 0.42 gm of golden orange crystals of (Ph4As)2Re0(NCS)5,

80% based on rhenium. Recrystallizations from slow evaporation of
acetone/isobutanol mixtures formed yellow green blocks of (Ph4As)2ReO(NCS)5.

23

Method C. Potassium oxopentach1ororhenate,KzReOC15, 0.058 gm (0.13 mmol)

was suspended in 5 mL of acetonitrile, Upon addition of 0,048 gm (0.63 mmol)

NH,SCN, a white precipitate formed (NH,C1,KC1) and a yellow solution formed.

4 4

The mixture was filtered, and the filtrate treated with 0.106 gm (0.25 mmol)
Ph4AsC].H20. The solid was precipitated with isobutanol., The solid was
recrystallized as in method B, Yield of (Ph4As)2ReO(NCS)5 was 0.134 gm,

84% based on rhenium.
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Analysis, C53H40A52N50Re55, Calc.: C, 50.55; H, 3.20; N, 5.56; S, 12.73,
Found (yellow-orange crystals) : C, 51,02; H, 3,56; N, 5.69; S, 12,94,
Found (yellow-green crystals): C, 50,98; H, 3.40; N, 5.57; S, 12,55,

Optical Spectrum (CHyCN) 970 mm (110 L mol™ cm™'), 905 (135),
365 (24,900), 307 (13,300

)
2100 (w), 2060 gs), 2031 (m),
(

Infrared Spectrum (KBr) 3050 (w),
1575 (w), 1483 (m), 1437 (s), 1390 (w),
1335 (w), 1310 (w), 1275 (w), 1180 (w),

1160 (w), 1079 (m), 1020 (w), 997 (m),

953 (m) (yellow-orange), 961, 954 (m)

(yeTlow green), 855 (w%, 737 (s), 685 (s),
(

610 (w), 490 (w), 476 (m), 463 (m),
410 (w), 355 (w), 349 (w), 290 (w)

(CHyCN) 2112 (w), 2069 (s), 2036 (m) “CN
Magnetic Moment (solid) u eff (298K) 2,0-2.8 BM y-orange crystals
1.2-2.0 BM y-green crystals

(CH3CN solution) diamagnetic

Conductivity 2:1 electrolyte in acetonitrile, A, = 348 cmzohm'1eq']
. 2660( 3050
Melting Pts. yellow orange — red — melts

1.750¢ 266o( 305°C
yellow green — ~ yellow orange — ~ red —> ~ melts

The yellow-orange crystals are uniaxial. A conoscopic figure character-
istic of a uniaxial crystal (a black Maltese cross which did not change
shape or position when the stage was rotated) was observed when viewing
the yellow-orange crystals between crossed polarizers and a Bertrand
lens. |

Preparation of Tetrabutylammoniumoxopentakisisothiocyanatorhenate(V),

Use of method B for (Ph4As)2Re0(NCS)5 but with tetrabutylammonium

salts used instead yielded yellow crystals, From 0,31 gm (0.41 mmol)
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nBu4NReOBr4, 4

of yellow crystals of (_nBu4N)2ReO(NCS)5 were collected, 69% based on

0.16 gm (2.76 mmol) NH4SCN, and 0.14 gm nBu,NBr, 0,21 gm
rhenium,
Method B. To the cathode compartment of an electrolysis cell, 1.0 gm

(4.0 mmol) NaRe0O,, 2.59 gm (34.8 mmol) NaSCN, and 12 mL of 4N hydro-

A
chloric acid were added. The anode compartment was filled with 12 mL
of 4N hydrochloric acid. Platinum mesh electrodes were used to pass
1000 coulombs at 0.5 amps, The cell compartments were stirred con-
tinuously. The resultant red-brown mixture in the cathode compartment
was filtered, then the filtrate was extracted with two 50 mL aliquots
of ether. The combined red ether extracts were treated with a con-
centrated solution of nBu4NBr in ethanol, Addition of water resulted
in a phase separation and crystallization occured at the interphase.
The yellow crystals were collected, washed with water and ether, then
dried in vacuo. Yield of bright yellow crystals of (nBu4N)2Re0(NCS)5,

0.61 gm, 15% based on rhenium.

Analysis, C,4H,,N,OReS

3777007 g» Calc.: C, 45.46; H, 7.42; N, 10.03; S, 16.40,

Found: C, 46,015 H, 7.61; N, 9.77; S, 15.54,

1

Optical Spectrum (CH,CN) 970 nm (105 L mo1™) cm™'), 905 (130),

3 365 (24,300), 306 (14,200

)

Infrared Spectrum (KBr) 2958 (s), 2927 (m), 2860 (m), 2105 %ms},
2060 (s), 2010 (s), 1481 (m), 1280 (w),
1240 (w), 1175 (w), 1147 (w), 1125 (w),
1104 (w), 1080 (w), 1063 (w), 1050 (w),
1022 (w), 952 (s), 895 (w), 880 (m),
857 (w), 796 (w), 790 (w), 775 (w),
736 (m), 685 (w), 490 (w), 478 (w),

462 (w), 350 (w), 290 (m).
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Reaction of TcO(NCS)EZ' with Thiocyanate Ion.

An acetonitrile solution of (Ph4As)2Tc0(NCS)5 was treated with
an approximately ten fold excess of NH4SCN and stirred. Within
one hour, the solution had visibly darkened, and 24 hours later,

spectrophotometric examination demonstrated the presence of

2-
6

Upon standing, solutions of TcO(NCS)SZ' without added thiocyanate

both Tc(NCS) and Tc(NCS)GS'. No TcO(NCS)SZ' could be detected,

jon darken, and the appearance of Tc(NCS)GX' (x = -2,3) can be detected

spectrophotometrically.

Reaction of ReO(NCS)SZ' with SnC12-2H20 and Thiocyanate Ion.

A solution of ReO(NCS)52' in a mixture of 2N hydrochloric
acid/ethanol was treated with twenty equivalents of
SnC12-2H20 and ten equivalents of NH,SCN. The yellow orange

solution turned color to a rich red brown and spectrophotometrically

2-41
) 1,13

a band at 420 nm (Re(NCS) was observed. Attempts to

6

isolate pure samples of Re(NCS)62

" by this method with large
univalent cations invariably also brought out tin salts
(presumably Sn(NCS)sz') that could not be separated from the
rhenium complex.

Preparation of Tetrabutylammonium p-(N,N')dithiocyanatooctakis-

isothiocyanatodirhenate(III,IV).

This preparation is essentially identical to the preparation

13

of (nBu4N)3Re(NCS)1O(CO)2 reported by Cotton, et al. A well

purged 100 mL 2 neck round bottom flask with stir bar was charged
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with 1.0 gm (0.88 mmol) (nBu4N)2Re2C18 and 0.9 gm (9.3 mmol) KSCN.
Via a cannula, 75 mL of degassed acetone were added and the muddy
brown solution stirred for 2 h. The reaction mixture was filtered
to remove KC1 and the filtrate was then evaporated to dryness.
The brown solid was washed with aliquots of ethanol (ca. 125 mL)
until the filtrate became pale yellow. It was then washed with
40 mL of water followed by THF until a very pale yellow filtrate
resulted and small dark green crystals remained on the filter.
These crystals were dissolved in 25 mL of acetonitrile, filtered,
and the dark brown filtrate was treated with 75 mL of ether. The
solution was refrigerated at -10°C., Large, well formed, dark
green prisms were filtered, washed with ether and dried in vacuo.
Yield of (nBu4N)3Re(NCS)]O, 0.48 gm, 33% based on rhenium, These
crystals were of suitable quality for a single crystal X-ray
structure (see below).
Optical Spectrum (CH3CN) 1316 nm (535 Lmo1']cm']), 670 (4075),
475 (sh), 420 (38,000), 375 (sh), 770 (sh),
231 (92,000)
Infrared Spectrum (KBr)  2950(m), 2920(m), 2900(w,sh), 2860(m),
2062(vs), 2040(vs), 2027(s), 1914(s),
1877(s), 1845(w), 1480(w), 1473(m),
1455(m), 1438(m), 1410(w), 1370(m),
1340(w), 1255(w), 1170(w), 1142(w),
1100(w), 1055(w), 1020(w), 1000(w),

960(w), 940(w), 875(w), 793(w), 731(w),
463(w), 462(w), 315(m), 286(m), 268(w)

The solid is paramagnetic13 but no EPR signal at 77K could be
detected. ueff(298K) = 2.57 BM
El/z(cathodic) 0.05 V vs. SCE (1e” reversible)

E]/z(anodic) 0.45 V vs. SCE (1e” reversible)
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X-Ray Data Collection

The actual X-ray crystallographic study was performed by F, A,
Cotton and W. H. Ilsley at Texas A & M University. One of the
large crystals of (nBqu)3(Re2(NCS)10 was ground to a sphere with
a diameter of 0.35 mm and used for preliminary examination and
data collection. It was secured to the end of a thin glass fiber
with epoxy cement and mounted on a Syntex P1 automatic diffractometer,
Preliminary rotation and oscillation photographs indicated
that the crystal was monoclinic and examination of selected
reflections indicated that it was a single crystal of good quality.
w-scans showed that several intense reflections had widths at
half-height of less than 0.3°. Examination of data collected in
a preliminary data set showed absences hk%, h+k+f = 2n+1, and h0%, h =
2n+]l consistent with the space group I2/a, which though non-standard,
proved very satisfactory. Careful centering of 15 reflections in
the range 25 < 26 < 33° gave unit cell parameters a = 24.016(6)3,
b = 14.340(2);, cC = 24.798(5)3, g =110,5°, Vv = 7999(3)33. This
volume is consistent with Z = 4. The procedures preliminary to
data collection have been described previous]y.24
A11 data were collected using Mo Ka (A = 0.710733) radiation
monochromatized in the incident beam with a graphite crystal. A
total of 4263 independent reflections with 0 < 26 < 45° were collected
at 22+4°C using the 6-26 scan technique. A variable scan rate from
4-24° min'] was used with a scan range of Ka] - 1.0° to Kaz +1.0°

and a scan to background time ratio of 2. The intensities of three
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standard reflections were measured after every 97 reflections and

showed no significant variation during the period of data

collection. Lorentz and polarization corrections were apph’ed.25

The linear absorption coefficient for the crystal is u = 34.88 cm'].

A spherical absorption correction (min, = 2.35, max, = 2,39, av, =

2.37) was applied to the data.

25

Solution and Refinement,. The structure was solved in the

monoclinic space group I2/a. The position of the independent rhenium
atom was found by solution of the three-dimensional Patterson
function. Subsequent Fourier and difference syntheses gave the
positibns of the remaining atoms. Full matrix anisotropic least-
squares refinement of all atomic positional parameters and

temperature factors gave final discrepancy indices of

el
I

1 = ElIF 1 = [FID/E|F | = 0.043

Law(|Fy| - IF 1)%/zu]F, 1712

Ry = 0.060
and a goodness of fit parameter of 1,295, The function
zw(|F0| - IFC])2 was minimized with the weighting factor, w,
equal to 4F02/0(F02)2. Atomic scattering factors were those

of Cromer and waber.6 Anomalous dispersion effects were included
in the scattering factors of rhenium. A table of positional and

thermal parameters is presented in Appendix II.
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Results and Discussion

When Bailey and Kozak studied the reduction of perrhenate in
the presence of thiocyanate ion, they concluded that two species
were present, both six-coordinate thiocyanate complexes, Re(NCS)G—

1 Several years later, Schwochau, et alﬁ,]s

and Re(Ncs)GZ'.
were influenced by that study and the early work of Crouthamel,2

who had postulated that the purple species was a technetium(V)
complex, Schwochau, et al., identified the purple and yellow
thiocyanate complexes as Tc(NCS)G' and Tc(NCS)GZ', respectively.

The technetium(V) complex was considered to be much more stable

than the air-sensitive technetium(IV) complex, which readily
oxidized in air to form the technetium(V) complex,

An electrochemical study on the hexahalometallate(IV) complexes
of technetjum and rhem‘um]7 revealed that oxidation of these salts
to the hexahalometallate(V) species was extremely difficult and
that such an oxidation was more difficult for technetium than
rhenium. Thus, the apparent behavior of the pseudohalide(thio-
cyanate) analogues was puzzling.

The rhenium(IV) complex, Re(NCS)GZ', has been prepared from

2.

the disproportionation of Re2C18 with thiocyanate 1'on,]3

and from a molten salt reaction involving K2ReC16 and KSCN.]O
This material is well characterized, with an intense charge
transfer absorption in the visible region at 420 nm, and a strong

band at 2040 + 10 cm™! in the cyanide stretching region of the

infrared found for samples from either ﬁreparation, An electrochemical
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study of Re(NCS)GZ',26 reveals the presence of an irreversible

oxidation at 1.23 V vs. SCE in acetonitri]e.27
Preparation of "CsRe(NCS)G" from ReCly and KSCN in a molten
salt reaction produces a dark brown solid that upon dissolution in
1M sulfuric acid (in which it was reported to be stab]e)n showed
a visible absorption band at 420 mm (Re(NCS)s>™), not at 365 mm
as had been reported.H Although it is possible that ”Re(NCS)G’"
could be formed in the solid state,28 it is apparent from the
voltammetric and solution studies that such a species is not
stable in solution, especially in the 2N acid solution. Thus
the c1a1‘m].I that Re(NCS)ﬁ- was responsible for the optical absorption
band at 365 nm observed in the reduction of perrhenate in the
presence of thiocyanate ion in 2N hydroch]oric acid must be
discounted.
The reported stability of Tc(NCS)G' with respect to Tc(NCS)62'
is therefore opposite the expected periodic trend. The reinvesti-
gation of the technetium thiocyanate system and its reformulation

as a reversible one-electron redox couple

3 Te(Nes) gt ke

Te(NCS) ¢
are presented below.
The reaction between (,NH4)2TcX6 (X = C1, Br) and NH4SCN in
refluxing methanol produces a deep red.violet solution with absorption

bands in the visible region of the spectrum at 400 nm and 500 nm,
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Chromatography of the reaction mixture on a column filled with
Sephadex LH-20 resin (1lipophilic) with methanol as the eluant
results 1n the separation of ammonium thiocyanate, a yellow band

(a X - 400 nm), and a purple band (ﬁmax = 500 nm), successively,

ma
Evaporation of the purple solution produces a purple
microcrystalline powder with a bright green reflex, FElemental
analysis of this material is in agreement with its formulation as
(NH4)2Tc(NCS)6, a d3-octahedra1 technetium(IV) complex, Metathesis
of this salt with tetraphenylarsonium ijon results in the formation
of (Ph4As)2Tc(NCS)6, which can be recrystallized from acetone/
isobutanol mixtures as dark purple plates with a green reflex,

The reaction of either Tc04' or Tc02~xH20 (freshly prepared
from the hydrolysis of TcX62- with base) with hot acidic solutions
of thiocyanate ion produces dark brown solutions with visible
absorption bands at 400 nm and 500 nm. Treatment of such solutions
with cerium(IV) salts, followed by precipitation with univalent
organic cations, leads to the isolation of TC(NCS)GZ' salts.

As shown in Table XVI, in the infrared spectrum of both the
NH4+ and Ph4As+ salts, one strong band in the cyanide stretching
region is observed, consistent with the proposed octahedral
geometry. A band at 320 + 5 cm'] can be assigned as the Tc-N
stretching frequency. There is no evidence for a Tc=0, Tc203,
or TcO2 linkage in the infrared spectrum, Equivalent conductance
measurements30 show the ammonium salt to be a 1:2 electrolyte in
acetonitrile, similar to (_nBu4N)2TcC]6 (Figure IX)., The visible

spectrum is dominated by an intense charge transfer absorption
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Table XVI: Infrared Spectral Data of Tc(NCS). ™ Salts (cm'1).

Compound veN VTe-18 UNes bend®
(NH,),Te(NCS ) ¢ 2030(s) 320(m) 470(w)
(PhyAs )T (NCS) ¢ 2020(s) 325(m) 460(w)
(nBu4N)3TC(NCS)6 2110(m) 318(m) 477 (w)

2064(s)

2050(s)P
(PhyAs) 4 Te(NCS) 4 2070(s) 310(m) 475(m)
Raman (solid)
(nBu ), Te(NCS) vy 2124(m), 2093(s), 2076(s)

2B pellet.

bSo]ution spectra in methanol.
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Figure IX: Equivalent conductance measurements of
nBu,NC10,, (nBu4N)2TcC16, (Me4N)3Fe(NCS)6,

(NH4)2TC(NCS)6, (nBu4N)3Tc(NCS)6 in acetonitrile.

A - A(cmzohm']eq']) vs. (eq. conc.)]/z.

0]
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(x . 500 nm, ¢ = 76,200 Lmo]"]cm'1 in acetonitrile).

ma
Magnetic susceptibility measurements on the Ph4As+ salt

(neff(298K) = 4.1 BM) are consistent with a 4A2g ground state for

an octahedral d3 ion and in the range observed for the hexahalo-

3 Like salts of TcC162', the complex does not

metallate salts.
show an EPR signal at room temperature or 77K,32 despite the 4A2g
ground state.

Voltammetric studies in acetonitrile (Table XVII) on either
the NH4+ or Ph4As+ salt reveal an irreversible oxidation at 1.60 V
vs. SCE. The analogous rhenium complex, Re(NCS)GZ', displays an
irreversible oxidation at 1,23 V vs, SCE. As was the case with
the hexahalometallate(IV) spe(:ies,]7 oxidation is very difficult,
and the expected periodic trend is observed; rhenium(IV) is oxidized
to rhenfum(V) with greater ease than technetium(IV) is oxidized
to technetium(Vv). Salts of Tc(NCS)Gz' also show a reversible
one-electron reduction at +0,18 V vs, SCE, The corresponding
rhenium reduction is more difficult, occurring at -0.11 V vs. SCE.
This reduction is also reversible, as shown in Figure X,

Treatment of solutions of Tc(NCS)GZ' with large excesses of
thiocyanate ion (103:1; SCN™:Tc) results in formation of orange
solutions and the appearance of a band at 400 nm in the optical
spectrum. Reduction of pertechnetate with SnC12-2H20 in the presence
of thiocyanate ion produces a deep yellow solution with an absorption

band at 400 nm, These solutions are air sensitive, slowly turning

purple with time.
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Table XVII: Electrochemical Measurements of M(NCS)SX' Species.

Compound E]/z(cathodic)a E1/2(anod1’c)a
(NH4)2TC(NCS)6 0.18V (le™ rev) 1.60 V (irrev)
(Ph4As)2Tc(NCS)6 0.18V (le” rev) 1.60 V (irrev)
(nBu4N)3Tc(NCS)6 -1.10V  (irrev) 0.18 V (1e™ rev)
(nBu4N)2Re(NCS)6 -0.11V (1e” rev) 1.23 V (irrev)

IMeasurements taken in acetonitrile/0.1 M TBAP; all potentials vs. SCE.
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The red-violet solution resulting from the reaction between
(NH4)2TcX6 and NH45CN in refluxing methanol can be converted to
a brilliant yellow solution via the addition of N2H4‘H20.

Solutions of (NH4)2Tc(NCS)6, without free SCN™, also react
similarly. When degassed solutions are used and care is taken to
avoid contamination with oxygen, addition of large univalent
cations to the yellow methanol solutions leads to formation of
air sensitive yellow to yellow-orange crystals of M3Tc(NCS)6

(M = nBuN”, Phyhs™).

The tetraphenylarsonium salt in a KBr pellet and solutions of
Tc(NCS)GS' exhibit a single, strong band in the cyanide stretching
region of the infrared (Table XVI), consistent with octahedral
symmetry. In the case of (nBu4N)3Tc(NCS)6, two bands are observed
in the infrared and three in the Raman spectra, rather than the one
infrared active and two Raman active bands predicted for an octa-
hedral anion. Unfortunately, satisfactory Raman spectra in solution
have not been obtainable for Tc(NCS)63', to date, The observed
behavior of the nBu4N+ salt must be due to solid state effects.
Another octahedral thiocyanate complex, (Me4N)3Fe(NCS)6, displays
three bands in the cyanide stretching region of the infrared in the
so]id,zo and yet, an X-ray structure has confirmed it as a
generally octahedral six-coordinate comp1ex,33 although each of the
two crystallographically distinct octahedron have markedly non-

Tinear Fe-N-C-S moieties.
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Figure X: Cyclic Voltammogram of (nBu4N)2Re(NCS)6 in
Acetonitrile/0,1M TBAP, 100 mV sec'] scan rate,

initially cathodic,
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The observed magnetic moment of the technetijum complex
3,0 - 3.3 BM at 298K, is in the range expected for a d4 ion with
two unpaired e]ectrons.22 No EPR spectrum was obtainable
at room temperature or 77K, Equivalent conductance
measurements (Figure IX) on (nBu,N),Tc(NCS), in acetonitrile
are consistent with a 1:3 electrolyte (cf, (Me4N)3Fe(NCS)6).

The optical spectrum has an intense band at approximately 400 nm
(e ~ 22,000 Uno]']cm']) which is solvent dependent in shape and
intensity.

The voltammetric behavior of hexakisisothiocyanatotechnetate(III)
is summarized in Table XVII. The complex exhibits an irreversible
one-electron reduction at —1f10 V vs. SCE, More importantly, a
reversible one-electron oxidation at 0,18 V vs. SCE (Figure XI)
is observed. As mentioned earlier, solutions of Tc(NCS)63' are
air sensitive and convert to Tc(NCS)ﬁz' upon exposure to oxygen,
This reaction can be monitored spectrophotometrically, as shown
in Figure XII. An isosbestic point occurs at ~435 nm; as the
band at 400 nm decreases, the band at 500 nm increases. Addition
of cerium(IV) or thiocyanogen, (SCN)Z, oxidized solutions of
Te(NCS)"~ rapidly to Te(NCS)*". In addition, bubbling NO through
a purged dichloromethane solution of Tc(NCS)63' rapidly produces
Tc(NCS)62'. The behavior described is consistent with both species
comprising a one-electron reversible redox couple:

3-

Te(NCS),>™ 2 Te(NCS)¢™ + e Ey,p = 0.18 V vs. SCE

1/2
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Figure XIT: (1) Optical spectrum of Tc(NCS)63' in degassed
acetonitrile/water 2 -5) After addition of one
drop 1.0 M H2804 and bubbling with 02, appearance

of Tc(Ncs)Gz‘.
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The reduction of perrhenate with stannous ion in acidic

1,6-3,11 results in formation of rich red

thiocyanate solutions

to red-brown solutions containing optical absorptions at 365 nm

and 420 nm, The species at 420 nm has been identified as

Re(NCS)62°;H however, the claim of Bailey and Kozak that the

band at 365 nm was due to Re(NCS)G' has already been dismissed (vide infra).
The careful reduction of perrhenate with one equivalent

SnCl '2H20 and six to seven equivalents of thiocyanate ion in 2N

2
hydrochloric acid creates a red solution whose color can be
extracted with ether, Addition of Ph4As+ ion in ethanol results
in precipitation of a yellow salt which analyzes as (Ph4As)2Re0(NCS)5.
This complex can also be prepared from the electrochemical reduction
of perrhenate in acidic thiocyanate solutions and from 1igand
substitution on either salts of ReOBr4' or K2Re0015 in nonaqueous
solvents.

As shown in Table XVIII, these salts all exhibit three bands
in the cyanide stretching region of the infrared; group theory
predicts that a species such as MX(NCS)5 (C4v) should have three
infrared active vibrations (2A] +E) for the cyanide stretches, In
addition, a band at ~955 e is attributable to the rhenium-oxo
stretch. The complex is a 1:2 electrolyte in acetonitrile from
equivalent conductance measurements (Figure XIII),
The optical spectrum reveals two bands in the ultraviolet

region at 306 nm and 365 nm (e = 14,2005 24,300 Lmol 'en™ ',
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2- Salts (cm']).

Table XVIII: Infrared Data for RerNCS)5

Compound Ven VRe0
(nBu4N)2Re0(NCS)5 2105(ms) 952(s)
2060(s)
2010(s)
(Ph4AS)2Re0(NCS)5 2100(w) 953(m)
2060(s)
(yellow orange)? 2031 (m)
(PhyAsl ReO(HCS ) 2100(w) 961 (m)
(yellow green‘)a 2060(s) 954(m)
2031(m)
Solution Spectra 2112(w)
(CH3CN) 2069(s)
2036(m)

Apifferent crystal modifications,
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Figure XIII: Equivalent conductance measurements of nBu4NC1O4,

(nBu4N)2TcC16, and (Ph4As)2Re0(NCS)5 in

acetonitrile. A - A(cmzohm']eq-l) vs. {(eq. conc.)

1/2
o .



-190-~

AA

200+

150+

100+

) o (Ph4As)2Re0(NCS)5

O nBlI4NC|04

(D

»
O

.0l 02 .03 04 05 .06

07



-191-

respectively). The band at 365 nm in the spectrophotometric
determination is due to the presence of ReO(NCS)sz'L Addition of

SnCl '2H20 and thiocyanate ion to acidic ethanol solutions of

2
ReO(NCS)52' results in the formation of rich red-brown solutions
containing Re(NCS)GZF, as expected,

Chakravorti and Das34 have reported the synthesis of
MReO(NCS)g (M = Cs*, T1¥, Me,N*) from the reaction of Cs,Re0Cl,
and KSCN in hot water, They report that the three salts are brown
to black in color, with optical spectra revealing bands at 320 nm

Tem™") and 435 mm (e = 13,000 tmol™'em™'). The

(e = 9800 Lmol~
existence of a strong infrared band at 2050 cm'1 and a rhenium-oxo
stretch at ~960 e is also observed. Based on their findings,
the material they have prepared is obviously contaminated with
Re(NCS)GZ' and possibly other complexes as well, By comparison,
the reaction of K2Re0015 with NH4SCN in acetonitrile yields bright
yellow solutions from which nBqu+ or Ph4As+ salts can be

easily obtained.

During the course of the investigation of (Ph4As)2ReO(NCS)5,
it was observed that the solid could crystallize in two different
forms; one, yellow-orange uniaxial plates; the other, yellow-green
crystalline blocks, The observations and comparisons of these two
forms are listed in Table XIX. Apparently, when the complex is
recrystallized rapidly, for example, from a refluxing acetone/
isobutanol solution, the yellow-orange form predominates, When

crystals are allowed to grow slowly from solvent mixtures, for
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Table XIX: Observations on the Yellow-Orange and Yellow-Green

Forms of (Ph,As)

425 1o

ReO(NCS)SL

Form

Yellow-0Orange

uniaxial plates

Yellow-Green

biaxial blocks

Elemental Analysis
€(50.55)2
H(3.20)

N(5.56)
5(12.73)

ueff (298K)
Infrared

VTc=0

Melting Pt

51.02
3.56
5.69

12.94

2.0 - 2.8 BM

953(m)

266°C(red)
305°(melts)

50.98
3.40
5,57

12.55

1.2 - 2.0 BM

961(m), 954(m)

175°C (y-orange)

266°C (red)
305°C (melts)

%alues in parentheses are calculated %,
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example, slow evaporation of acetone/isobutanol solutions, the yellow-
green form predominates. The materials have essentially identical
elemental analyses, and dissolve to yield identical solutions. Al-
though the two solids have different magnetic susceptibilities, sol-
utions are diamagnetic. In the infrared spectrum, no differences

are observed in the cyanide stretching region; however, the yellow-

1

orange form has a rhenium-oxo stretch at 953 cm™ , and the other

], and the other at 954 cm'1(probab1y

has two bands, one at 961 cm~
present from formation of the yellow-orange form under the conditions
of preparing the KBr pellet). The change in the infrared spectrum

is not great and the existence of the two forms probably involves
crystal packing forces. The nBu4N+ salt appears to crystallize in
one form only,

The colormetric determinations of rhenium and technetium with
thiocyanate ion involve two different pairs of complexes. In the
case of technetium, the observed pair is the redox couple, Tc(NCS)62"
and Tc(NCS)63’, technetium (IV) and technetium (III); whereas, the
observed pair in the case of rhenjum are complexes of rhenium(V )

and rhenium(IV), ReO(NCS)Sz’

and Re(NCS)62', respectively. This
difference is merely a reflection of chemical periodicity; the
higher oxidation states become more stable for a third row trans-
ition metal compared to a second row transition metal. The rhenium

(II1) complex, Re(NCS)63', may be involved in the reaction, but not
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observed because it is quickly oxidized to Re(NCS)GZ’ under the con-
ditions of the reaction, Under the same reasoning, the existence of
a technetium(V) complex, TcO(NCS)52', can be postulated, reducing
rapidly to form the six-coordinate thiocyanate complexes,

The use of TcOC14' as a synthetic intermediate in the explor-

21

ation of technetium(V) chemistry has already been described, The

reaction of a methanol solution of nBu4NTc0C14 with five equivalents
of thiocyanate ion, followed by precipitation with Ph4As+ yields a
bright red microcrystalline solid, Elemental analysis is consistent
with its formulation as (Ph4As)2Tc0(NCS)5,

The infrared spectrum exhibits three bands in the cyanide
stretching region at 2102 (w), 2057 (s), 2022 (s) cm"T, indicative
of Cp, symmetry (vide infra). There is also a band at 945 e att-
ributable to a technetium-oxo stretch. The analogous rhenium com-

1; the trend observed for

YRe0 vs “TcO in the oxobis(dithiolato)metallate(V) complexes 21 is

pound has a rhenium-oxo stretch at ~955 cm”

also observed here. The magnetic moment of 1.04 BM at 298K is in

21,35 )35

the range of other technetium(V),Z] rhenium(V), and molybdenum(IV
complexes.

The optical spectrum of (,Ph4As)2TcO(NCS)5 in acetonitrile has
a broad band at 450 nm with shoulders at 380 nm and 320 nm (Figure XIV),
This spectrum is not similar in shape to the spectrum of (Ph4As)2Re0-

(NCS)5, which has well-defined bands at 365 nm and 306 nm, However,

when thiocyanate ion is added to the TcO(NCS)5'2501ution, the band
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Figure XIV: Optical spectra of (Ph4As)?Tc0(NCS)5.
(1) Acetonitrile solution; (2) same concentration
as (1), but ammonium thiocyanate added; (3) same

concentration as (1) but silver nitrate added.
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at 450 nm increases in intensity, the shoulder at 380 nm becomes
a well-defined band at 375 nm, and the shoulder at 320 nm disappears
entirely. Now the spectrum is similar to a bathochromic shifted
spectrum of (Ph4As)2Re0(NCS)5. Similar behavior is observed in
dichloromethane solutions,

Apparently, a dissociation of thiocyanate ion is taking place

by

in the concentration range used for optical spectroscopy (10'5-10'
The thiocyanate ion most likely to dissociate would be the
axial thiocyanate, trans to the oxo ligand. The rhenium complex,
(Ph4As)2ReO(NCS)5, is a well behaved 1:2 electrolyte. This difference
can be accounted for by consideration of the increased orbital
overlap of 5d orbitals (Re) compared with 4d (Tc) orbitals. The
rhenium atom is able to interact more strongly with the axial thio-
cyanate ligand than the technetium atom can. Further observations
also indicate that the process is not completely reversible. Add-
ition of silver nitrate to the optical solution results in prec-
ipitation of AgSCN and the total disappearance of the band at 450 nm,
Unfortunately, subsequent addition of thiocyanate ion fails to re-

generate the band at 450 nm, Other processes must be taking place

in addition to the dissociation of thiocyanate ion. When concentra-

TeO(NCS)g°” —==== TcO(NCS),” + NCS~

\?

ted solutions of TcO(NCS)52' are treated with silver nitrate, pre-
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cipitation of AgZTCO(NCS)5 and reduction to form Tc(NCS)GZ' occur
as well as precipitation of AgSCN,

In the presence of thiocyanate ion, TcO(NCS)SZ' is easily

and Tc(NCS)63'. Due to

6
the slow dissociation of thiocyanate ion from Tc0{¢4CS)§' » solutions

reduced to mixtures of both Tc(NCS)

of TcO(NCS)BZ' without added thiocyanate are slowly reduced to

2-

Tc(NCS)6 and Tc(NCS)63'. Loss of an oxo-ligand can be viewed

as a two-electron reduction, it might be expected that degassed

solutions of TcO(NCS)SZ' would yield Tc(NCS)63'. Unfortunately,
the oxidation product, (SCN)Z, thiocyanogen, has been shown to
oxidize Te(NCS) ™ to Te(NCS) .

The reduction of pertechnetate ion by thiocyanate ion is

quite complex, with any of the following steps going on simult-

aneously:

i) Tco,” + 64"+ 7NCST — TeO(NCS) 2T+ 3H,0 + (NCS),
1) TeO(NCS) g™ + 3NCS™ + 2H' — Te(Nes) ™ + H,0 + (NCS),
P1)TC(NCS) > + 172 0, + 2H' — Tc(NCS) g2 + H,0

4172 (NeS), — Te(NCS),>™ + NeS”

iv) Tc(NCS)6
v) (NCS)2 — (NCS); +

It is reasonable to assume that it is even more complicated than

this simple picture and that other species present in the acidic
thiocyanate ion mixture could play an important role in the reaction.

One final note about the technetium thiocyanate system deserves

comment. When (NH4)2TC(NCS)6 solutions are oxidized to Tc04' by
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hydrogen peroxide, spectrophotometric examination of the reaction
mixture produces spectra that are strikingly similar to the spectra
observed when TcO(NCS)Sz' decomposes in solution to form Tc(NCS)GX“
(x=2,3). This suggests, but does not prove, that the TcO(NCS)SZ'is
formed in the oxidation,

The reaction between Re2C182' and thiocyanate ion in acetone]3
yields two products: (_nBu4N)2Re(NCS)6 and a dark green solid that was
formulated as (nBu4N)3Re2(NCS)1O(CO)2. By lengthening the reaction
time, more of (nBu4N)2Re(NCS)6 is produced, suggesting that the
other material is an intermediate product. The formulation,(nBu4N)3-
Rez(NCS)lo(CO)z, was based upon elemental analysis, equivalent
conductance measurements which showed it to be a 1:3 electrolyte,
magnetic measurements, and interpretation of thé infrared spectrum,
The infrared spectrum of this material (Figure XV) reveals absorp-
tion bands at 2062 (vs), 2040 (vs), 2027 (s) cm'] in the region
normally observed for terminally bound thiocyanate 1igands.36’37
Also present are two bands at 1914 (s) cm”] and 1877 (s) cm'] which
were assumed to be due to coordinated CO, arising from the solvent,
acetone. No known type of thiocyanate bonding had ever been observed
in that region. 36,37

Interestingly, 1ittle notice of this complex has been made and
no single crystals suitable for X-ray structural analysis had pre-
viously been grown. However, slow recrystallization from 1:3 ace-

tonitrile/ether mixtures at -10°C affords large, well-formed blocks

of this material. An X-ray diffraction study was undertaken to
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Infrared spectrum of (nBu4N)3Re2(NCS)10 in a KBr
pellet, detail on the thiocyanate stretching region.
Absorptions between 2100-2000 em™) are due to terminal
thiocyanates, absorptions between 1950 - 1850 cm']
are assigned to symmetrically bridging thiocyanate

Tigands.
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positively identify this interesting material, This study shows that
there are, in fact, no CO ligands preseht, and the correct formulation
of the mysterious dark green solid is actua]]y (nBu4N)3Re2(NCS)10.

A computer generated drawing of the Rez(NCS)]O3' anion, in which
the atomic number scheme is defined, is shown in Figure XVI. The
bond lengths and angles are listed in Table XX and XXI, respectively.
Figure XVII gives schematic drawings in which the atom numbers for
the two crystallographically independent tetra-n-butylammonium cations
are given,

The ReZ(NCS)IOB' jons are located on crystallographic inversion
centers. The ion consists of two distorted octahedra sharing an
edge formed by the nitrogen atoms of the two bridging thiocyanate ions,
The remaining vertices are also occupied by nitrogen atoms from the
terminally bound thiocyanate ions. The anion as a whole has app-
roximate D2h symmetry. Each thiocyanate 1igand, including the bridging
ones, is effectively linear; angles at the carbon atoms range from
177.8° to 179.6°, For the four terminal ligands the Re-N-C angles
range from 165.4° to 176.4°. The bridging thiocyanate ligands are
essentially perpendicular to the Re-Re' axis with a Re-N-Re' angle
of 77.4°,

0f the twelve nBu4N+ jons in the unit cell, eight reside on
general positions and four on two-fold axes. The distances and

angles within these ions are normal and require little comment.
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Figure XVI: A computer generated drawing of the Rez(NCS)]03' ion
showing the numbering system. Unlabelled atoms
may be denoted by primed numbers corresponding to
those of the atoms to which they are related by

a center of inversion,
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Figure XVII: Schematic diagram of the two crystallographically
different tetra-n-butylammonium ions. The
figure is not intended to depict the actual
geometry of the ions but only the atoms
associated with the nBu,N' cations. Cation I
sits on a crystallographic 2-fold axis of

symmetry while II occupies a general position.






Table XX. Bond Distances

Atoms
Re(1l)-Re(l)
N()
N()'
N(2)
N(3)
N(4)
N(5)
S{1)-C(1)
$(2)-C(2)
S(3)-C(3)
S(4)-C(4)
S(5)-C(5)
N(1)-C(1)
N(2)-C(2)
N(3)-C(3)
N(4)-C(4)
N(5)-C(5)
N(6)-C(6)

N(6)-C(10)

-207-

o
Distance,A

2.

2.

2

2.

~

613(1)

087(8)

.095(8)

015(9)

.034(8)
.018(8)
.038(9)
.57(1)
.60(1)
.609(9)
.60(1)
.57(1)
A7)
.16(1)
.15(1)
.16(1)
17(1)
.54(1)

.53(L)

Atoms
N(7)-C(14)
C(18)
Cc(22)
C(26)
C(6)~-C(7)
C(7)-C(8)
C(8)-c(9
C(10)-C(11)
€C(11)-C(12)
C(12)-C(13)
C(14)~-C(15)
C(15)-Cc(16)
c(16)-c(17)
C(18)-C(19)
C(19)-C(20)
€(20)-c(21)
C(22)~-C(23)
€(23)-C(24)

C(24)-C(25)

C(26)-C(27)

C(27)-C(28)

C(28)~C(29)

1.

1

1

[
Distance,A

52(1)

.52(1)
.58(1)
.55(1)
.53(1)
49(1)
.51(2)
.52(1)
.50(2)
.54(2)
.54(1)
.58(2)
.50(2)
.48(1)
.52(2)
.37(2)
.53(1)
.56(2)
.55(2)
.51(2)
.55(2)

44(2)



Table xx}.
Atoms

Re(1)-Re(1)-N(1)

N(1)'

N(2)

N(3)

N(4)

N(5)

N(1)-Re(1)-N(1)'

N(2)'
N(3)
N(4)
N(5)
K(2)-Re(1)-N(3)
N(4)
N(5)
N(3)-Re(1)-N(4)
. N(5)
N(4)-Re(1)-N(5)

Re(1)-N(1)~-Re(1)’
c@)

c@y!
Re(1)-N(2)-C(2)
Re(1)-N(3)~-C(3)
Re(1)-N(4)-C(4)
Re(1)-N(5)-C(5)
C(6)-N(6)-C(6)
c(10)

c@oy!

C(10)-K(6)-C(10)

Bond Angles

Angle, Deg.

51

51.
135.
94.
-0(2)
135.
102.

93

84
95

a

2.
83.
85.
21(3)

89.
171.

87

87

77

176

165
174

L4(2)

2(2)
3(2)
5(2)

1(2)
7(3)

.1(3)
.1(3)

1(3)
7(3)
3(3)

5(3)
9(3)

-1(3)
89.

9(3)

.4(3)
143.
140.
.4(8)
4(7)
1(7)
171.

0(7)
0(7)

2(8)

110(1)

106.
111.

2(5)
2(5)

112(1)
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Atoms

C(14)-N(7)-C(18)
C(22)
C(26)
C(18)-N(7)-C(22)
C(26)
C(22)-N(7)-C(26)
S(1)-C(1)-N(1)
S(2)~-C(2)-N(2)
S(3)-C(3)-N(3)
S(4)-C(4)-N(4)
S(5)-C(5)-N(5)
N(6)-C(6)-C(7)
C(6)-C(7)-C(8)
C(7)-C(8)-C(9)
N(6)-C(10)-C(11)
C(10)-C(11)-C(12)
C(11)-C(12)-C(13)
N(7)-C(14)-C(15)
C(14)-C(15)-Cc(16)
c(15)-cQe6)-c(17)
N(7)~-C(18)-C(19)
C(18)-C(19)-C(20)
C(19)-C(20)-C(21)
N(7)-C(22)-C(23)
C(22)-C(23)-C(24)
C(23)-C(24)-C(25)
N(7)-C(26)~-C(27)
C(26)-C(27)-C(28)
C(27)-C(28)~-C(29)

Angle, Deg.

105.3(7)
111.7(7)
112.3(7)
112.2(7)
112.7(7)
102.8(7)
178.7(8)
179(1)
177.8(9)
179.6(8)
178.9(9)
113.1(7)
111.4(9)
113(1)
113.3(7)
108.0(8)
113(1)
113.8(8)
108.3(9)
110.8(1.0)
115.6(9)
113(1)
118(2)
114.4(9)
105(1)
109(1)
114.8(9)
107.2(9)
115(1)
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The structure found accounts for the experimental evidence

13 -1

observed previously. The infrared absorptions at 1914 cm ° and

-1 can be assigned to YCN in the bridging thiocyanate ions

1877 cm
rather than to “CO in carbonyl moities. The symmetrically
bridging thiocyanate ion has no precedent,37 thus it is not
surprising that the infrared absorptions were initially thought
to be due to coordinated CO. In all known‘cases of bi- or poly-
nuclear transition metal complexes 37 with bridging thiocyanate
ions, the bridges are bonded to one metal atom by nitrogen and to

the other by sulfur, as depicted schematically in 1.38’39 The

arrangement found here, 2, is unique among transition metal com-

plexes, although the closely similar azide ion is known 40 to form
Ml
/\ I\
SCN\ NCS
\/ /
M
1 2

bridges in the same way.

There are only three cases in which the nitrogen atom of a
thiocyanate is flanked by two metal atoms in a broadly similar way,“'43
but in each case this seems to be the result of ionic packing. Thus,
in [Cu(1,3-diaminopropane)2](NCS)(C104),4] the square CuN, units are
Tinked through the nitrogen atoms of interleaved thiocyanate ions by
very long (2.733) Cu-N distances. In the alkali metal macrocycle

complex, [K2 2a 3208](NCS)2, the pairs of k¥ jons are spanned by
weakly attached (2.48A, 2.89A) thiocyanate ions, In the case of
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Sn(NCS)243 there are pairs of Sn+2 jons close to nitrogen atoms of
half the thiocyanate ions, but there are also several close tin-
sulfur contacts, and the whole arrangement is essentially the re-
sult of the best packing of jons, rather than of discreet covalent
bonds.

The Tinearity and distances (N-C, 1.17A; C-S, 1.57A) in the
bridge scarcely distinguish them from the terminal ones. The
terminal thiocyanate ligands in this structure conform to the usual

41-53

structural pattern. The near linearity of each Re-N-C-S group

[+]
and the short N-C distances (which average 1.16 A) are indicative
of an electron distribution like that represented by formal structure

3. The C-S distances, however, are too short; 1.593 on average, to

~

: N=C-S N=C=5s

3

~

L ] ()

be consistent with the carbon-sulfur single bond implied by §. of
course, n-overIap with suitable sulfur orbitals can account for
this behavior; whatever explanation is preferred, it is entirely
typical behavior for terminal thiocyanate ligands.

While for the terminal thiocyanates the nitrogen-carbon but not
the carbon-sulfur distances could be easily correlated with the
simple Lewis structure %, the bridging thiocyanate ion observed here
would seem to correspond to Lewis structure f. Such a structure
accounts for linearity, directs electron pairs on the nitrogen atom

toward the rhenium atoms and is consistent with a double bond between



-211-

the carbon and sulfur atoms, However, the N-C distance of 1,17 (1) A
is too short for a double bond; it is more consistent with a triple
bond,

The Re-N disténces are longer for the bridging thiocyanate
1igands_(2.091(8)3) than the terminal thiocyanate 1igands (2.027R(ave)),
which is reasonable and expected,

A centrosymmetric structure would be expected to have only one
band for the bridging thiocyanates, and the presence of two, even in
solution,]3 requires some comment, In the solid state, intermolecular
coupling could account for the appearance of two bands. In the
solution spectrum, the presence of ion pairs of lower symmetry or
distortion of the inner Re2N2 ring from planarity when not in a
crystal environment could result in the appearance of two absorption
bands instead of one.

The Re-Re distance of 2.613 (1) R and the bridging angles of
102.7(3)° for N-Re-N and 77.4 (3)° for Re-N-Re clearly indicate the
presence of a metal-metal bond in this molecule, A detailed des-
cription of the bonding is not possible presently, in part because
the magnetic propérties do not clearly indicate the number of un-
paired electrons, in view of the large spin orbit coupling for
the two rhenium atoms.

An approximate indication of the degree of bonding between the

two rhenium atoms can be obtained through correlation of the observed
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bond length to a plot of bond length to bond order in complexes
with rhenium-rhenium bonds. The basis for such a correlation has

55 where he compared the degree of

been presented by Cotton,
bonding in Re2C182', Re;Xg, Re2C1gDTHE,Ta6X]22+, and Pt.Cl,,, etc.
to the observed metal-metal bond length in each case. A smooth
curve could be drawn through the points, indicating that within
a first-order treatment, such a correlation can be used,
Fortunately, many rhenium complexes are known that contain
double, triple, and quadruple bonds between rhenium a’coms.54'56
In Table XXII the bond lengths and bond orders of several poly-
nuclear rhenium complexes are tabulated., In Figure XVIII, a plot
of bond order vs bond length for these complexes and (nBu4N)3Re2(NCS).|0
is presented, showing a bond order of 1.5, not unreasonable con-
sidering the odd number of electrons present in the compleX.
The virtual D2h symmetry of the inner RezN.l0 set of atoms im-
p?ies>that the unpaired electron(s) in this formally mixed-valence
(+3, +4) complex is delocalized equally over both metal atoms. In
the near-infrared region of the optical spectrum a broad band(imax=

L cm'1) attributable to an intervalence charge

1316 nm, €=535 L mol1~
transfer absorption is observed. Whether this complex represents

a Type II or Type III mixed valence system69 has not yet been deter-
mined. An EPR signal was not observed at temperatures as low as
77K, a feature prevalent among technetium and rhenium (III and IV)

complexes {vide infra).

Electrochemical measurements on Rez(NCS)103' in acetonitrile
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Table XXII: Rhenium-Rhenium Bond Lengths and Bond Orders,

(]
Re-Re(A) Bond Order Point No.2

(nBu4N)3Re2(NCS)]0 2,61 1
Re metal>’ 2.75 1 2

ReCl4 (fac-bridged

octahedra )58 2.73 1 3
59
nBu4NRe,C1 4 2.71 1 1
Re.0C1 (0,CEt) (PPh. )., 50 2.52 2 5
20C15L0, 3/2 :
61
LaRec0; g 2.42 2 6
Re. X 62-64 2.47-2.49 2 7
3Xg
Re,C1.(DTH)8® 2.29 3 8
2C15(DTH), :
K.Re.Cl. - 2H,056 2.24 4 9
oRe,Clg "2H, :
Re.C1.(0,CPh), - 2¢CHCT &7 2.235 4 10
2C15(0,CPh), 3 -
Re,I,(0,CPh),58 2.20 4 1
214(0,CPh), | -

" ®point in Figure XVIII.
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Figure XVIII: Plot of Re-Re bond lengths vs. bond order for
several di- tri-, and poly-rhenium complexes.
The numbering scheme corresponds to the complexes
in Table XXII . Estimation of the bond order
in (nBu4N)3Re2(NCS)10:
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(Figure XIX) reveal both a reversible one-electron reduction and a
reversible one-electron oxidation at 0,05V and 0.45V vs. SCE, res-
pectively. Such a result, implies that the RezN]O core is

4- 3- 2-

reasonably robust and that electrochemical changes occur without
large structural changes.

This result is interesting in light of the observed chemistry

of Re20182' and thiocyanate ion. When the reaction between Re2C182'

and thiocyanate ion is carried out in methano],]3 the product is

the quadruply bonded dimer, ReZ(NCS)SZ', 5. By adding phosphine

to the mixture, the species (nBu4N)2Re2(NCS)8(PR3)2 is isolated,
6 13,14

~

metal-metal bond. When acetone is used as the solvent rather than

with unsymmetrically bridging thiocyanate Tigands and no

s s 5 5
C ¢ c C
N SN 5 N NS
N ] AC PRa | AN N
pes=te”” ek

1Y -
N |

SCN N SCN N sC N \SCN/N \PR3
¢S ¢ c c
s s 5 s

(8]
(o))

?
2

methanol, both Rez(NCS)1O3' and Re(NCS)GZ' are formed, The complete
disruption of the metal-metal bond is not achieved in the case of
Rez(NCS)]O3_, but is seems apparent that the appearance of Re(NCS)SZ'

arises from further degradation of ReZ(NCS)1O3' by thiocyanate ion
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Figure XIX: Cyclic Voltammogram of (nBu4N)3Re2(NCS)10 in
Acetonitrile/0.1 M TBAP, 100 mV sec™' scan

rate, initially anodic.
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and oxidation to form Re(NCS)sz'.
Based on the variety of complexes and the interesting chemistry
represented by the technetium and rhenium thiocyanate complexes, it

will be some time before the last page is written about them,
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APPENDIX I

Atomic Coordinates and Thermal Parameters in [PPN][TCOC14]
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Table I.  Atomic Coordinates in Crystalline [PhsPNPPh,I[TcOCT,].”

Atom Fractional Coordinates Isotropic Ihes@ﬂ
typeb 104x 104y ]042 Parameter, B,A
Anion d
Tc 1813.2(2) - 1190.4(2) 2500.0 3.7
C]I 1183 (1) 1063 (1) 606(2) 5.6
C12 941 (1) 1683 (1) 3598(2) 5.9
C13 2008 (1) 556 (1) 4562(3) 6.8
C14 2400 (1) 198 (1) 1504(3) 6.7
0 2252 (2) 1958 (2) 2375(7) 5.7
Cation

P] 4561 (1) 1236 (1) 810(1) 2.5
P2 4000 (1) 2717 (1) -387(2) 2.7
N : 4315 (2) 1883 (3) -207(5) 3.2
C]” 4403 (2) 1455 (2) 2602(6) 2.7
G2 3776 (2) 1510 (3) 2995(6) 3.5
C”3 3632 (3) 1745 (4) 4320(7) 4.2
CH4 4096 (3) 1927 (4) £245(7) 4.2
C”5 4706 (3) 1878 (4) 4854(7) 4.3
CHG 4856 (3) 1639 (3) 3522(6) 3.6
C‘IZ] 4202 (2) 296 (3) 440(6) 2.8
C122 3972 (3) 147 (3) -880(6) 3.6
(:123 3696 (3) -577 (4) -1159(7) 4.2
6124 3652 (3) -1143 (4) -155(8) 4.2
(:125 3889 (3) -1006 (4) 1141(7) 4.3
C]Zb‘ 4165 (3) -284 (3) 1448(7) 3.8
G 5385 (2) 1119 (3) 562(5) 2.6
(’.132 5656 (2) 382 (3) 394(6) 3.5
Ci33 6281 (3) 337 (4) 83(7) 4.1
C]34 6630 (3) 1000 (4) -41(7) 4.1
C]35 6370 (2) 1728 (4) 174(7) 4.1
C136 5748 (2) 1796 (3) 455(7) 3.7
Con 3812 (2) 3229 (3) 1195(6) 3.1
Coro 3202 (3) 3417 (5) ‘ 1516(8) 4.6
Co13 3078 (3) 3808 (5) 2748(2) E 5.5
(:?.14 3547 (4) 4009 (4) 3639(9) 5.3
C 4156 (4) 3796 (4) 3340(7) 4.7
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Table I.  Atomic Coordinates in Crystalline [PhsPNPPh;I[Tcoci ] (cont).
Fractional Coordinates ]
typed 10% 10% 10% Paranerer, B AL
CZ]G 4284(3) 3429(4) 2107(6) 3.7
C22] 3300(2) 2588(3) -1380(6) 3.0
C222 3110(2) 3142(3) -2345(8) 4.0
C223 2592(3) 2992(5) -3148(8) 4.9
C224 2268(3) 2301(5) -2987(8) 4.6
C225 2442(3) 1756(4) -2011(8) 4.9
C226 2960(3) 1898(4) -1195(7) 4.0
C23-| 4513(2) 3349(3) -1352(6) 3.1
C232 4997(3) 3026(4) -2070(6) 3.7
C233 5393(3) 3491(4) -2859_(7) 4.7
(2234 5283(4) 4293(5) -2929(8) 5.5
C235 4796(3) 4625(4) . =2219(9) 5.1
C236 4411(3) 4165(4) -1415(8) 4.3
103 = 103y = 1032 =

M2 345(2) 139(3) 234(6) 0(1)
H”3 313(2) 184(4) 467(10) 5(2)
H114 402(2) 202(3) 616(6) 1(1)
H”S 504(3) 205(3) 554(7) 2(1)
Hi16 526(2) 168(3) 321(6) 1(1)
H]ZZ 396(3) 49(4) -163(8) 3(1)
H.'23 354(2) -70(3) -196(6) 1(1)
H]24 342(3) -169(3) -34(7) 2(1)
H]ZS 381(3) -136(4) 181(7) 3(1)
H]ZG 435(2) -18(3) 231(7) 1(1)
H132 541(3) -6(4) 46(7) 2(1)
H.[33 648(3) -14(4) -5(7) 2(1)
H'|34 699(3) 96(3) -30(7) 2(1)
H]35 660(2) 224(3) 14(5) 0(1)
H]36 552(3) 231(3) 61(7) 2(1)
H2]2 291(4) 332(4) 90(9) 5(2)
H2-|3 261(3) 404(4) 291(8) 4(2)
H214 348(3) 324(4) 434(8) 4(2)
Hrs 448(2) 399(3) 389(6) 1)



-227-

Table I.  Atomic Coordinates in Crystalline [Ph3PNPPh3]{Tc0C14P (cont).

: Isotropic Jhespal
trom 1% 1Py 162 Pavamener o8 AL
Hotg 468(2) 331(3) 186(5) 0(1)
H222 335(2) 363(3) -237(8) 2(1) .
H223 246(3) 344(4) -371(8) 5(2)
Hozg 197(3) . 230(3) -348(6) 1(1)
Hy2s5 222(3) 122(4) -192(7) 3(1)
H226 . 311(2) 155(3) -66(7) 2(1)
H232 508( 3) 257(3) -194(6) 2{(1)
H233 574(3) 323(4) -329(7) 2(1)
H234 557(4) 460(5) -353(9) 6(2)
H235 477(2) 513(3) -232(7) 2(1)
Ho36 411(3) 434(3) -89(7) 2(1)

aFiguresbin parentheses are the estimated standard deviation for the last significant

digit.

where the Bi' are the dimensionless anisotropic temperature factors employed
during refinément; for hydrogen atoms, this is the isotropic thermal parameter
actually refined. ®This coordinate was held constant and used to fix the unit
cell origin, it is therefore listed without an estimated standard deviation.

Atoms are labelled in agreement with Figure 1. “For nonhydrogen atoms,
this is the equivalent isotropic thermal parameter calculated from B=4[V2det(8..)]

1/3
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Table II. Thermal Parameters for Nonhydrogen Atoms in Crystalline
[Ph3PNPPh3][Tc0C14].a

Equivalent Isotropic

Anisotropic Parameters Thermal Parg%eter,
fype? Bix B2z B33 B12 B13 Ba3 B.A
Anion
Tc 3.14(1)  3.10(1)  5.23(2) -.25(1) 0.02(2) -.18(2) 3.7
C]1 6.2 (1) 6.2(1) 4.8(1) 0.1 (1) -.8(1) ~-.6(1) 5.6
Cl2 5.1 (1) 7.6 (1) 6.2{1) 1.4 () 1.0(1) -1.4 (1) 5.9
C13 7.7(1) 7.1Q1) 6.9(1) 0.0 (1) -2.7 (1) 1.4 (1) 6.8
C14 5.7 (1) 5.6 (1) 11.1(2) 1.6 (1) 1.0 (1) -1.9 (1) 6.7
0 5.1 (2) 4.1 (2) 9.8(4) -1.2(2) -.4(3) 0.6 (3) 5.7
Cation
P] 2.41(4) 2.58(4) 2.44(4) 0.15(4) -0.02(4) -.13(4) 2.5
P2 2.40(4) 2.82(5) 2.89(5) 0.26(4) -.11(5) -.04(4) 2.7
N 3.5(2) 3.5(2) 2.8(2) 0.6 (1) -.3(2) -.1(2) 3.2
0111 3.1 (2) 2.7 (2) 2.3(2) 0.1 (1) -1 (2) -.2 (2) 2.7
C1]2 3.1 (2) 4.2 (2) 3.3(2) -.2(2) 0.3 (2) -.4 (2) 3.5
C1]3 4.1 (3) 5.0(3) 3.9(3) 0.0(2) 1.3 (2) -.3(2) 4.2
CH4 6.4 (3) 5.2 (3) 2.6(2) 0.8(3) 0.7 (2) -1.1 (2) 4.2
C1]5 5.3 (3) 5.5(3) 3.1 (3) 0.4(3) -.5(2) -1.3 (2) 4.3
C1,5 3.7 (2) 4.7 (2) 3.1(2) o0.0(2) 0.1 (2) -.5(2) 3.6
€121 2.8 (2) 2.7 (2) 3.2(2) -.3(2) 0.5 (2) -.5(2) 2.8
6122 3.6 {(2) 4.0(2) 3.5(2) ~.6(2) -.3(2) -.7(2) 3.6
Ci23 3.7 (2) 5.6 (3) 4.6 (3) -1.3(2) 0.2 (2) -2.0 (3) 4.2
C]24 4,5 (3) 3.9 (3) 6.4 (4) -1.6(2) 2.3 (3) -1.9 (3) 4.2
C]25 5.4 (3) 3.9 (3) 4.7 (3) -1.4 (2) 1.6 (3) -.6 (2) 4.3
C]26 4.7 (3) 3.2 (2) 3.7(3) -.4(2) 0.4 (2) -.2 (2) 3.8
6131 2.6 (2) 3:0(2) 2.4(2) o0.0(2) 0.1 (2) -.4 {(2) 2.6
Ci32 2.9 (2)  3.9(2) 4.1 (3) 0.1(2) 0.0 (2) -.6(2) 3.5
0133 3.5 (2) 4.7 (3) 5.3(3) 0.8(2) -.2 (2)-2.0 (3) 4.1
C]34 2.6 (2) 6.9 (4) 4.3(3) 0.1(2) 0.6 (2) -1.6 (3) 4.1
C]35 2.7 (2) 5.1 (3) 5.2(3) -.8(2) 0.5 (2) -.2 (3) 4.1
C136 3.3(2) 3.5(2) 4.3(3) -.4(2) 0.1 (2) -.1(2) 3.7 -
C21] 3.3 (2) 2.8(2) 3.3(2) 0.2(2) 0.6 (2) -.2 (2) 3.
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Table II. Thermal Parameters for Nonhydrogen Atoms in Crystalline

[Ph3PNPPh3][Tc0C14]a (cont).

Anisotropic Parameters %ﬂg};g eEgrégg%gﬁpéc
?332b By B2 Bas Bi2 By3 B3 B.A”
Cation
Co12 3.7(2) 6.6 (3) 4.4(3) 1.6 (3) 0.5(2) -.5(3) 4.6
Co3 5.1 (3) 7.7 (4) 6.0(5 1.8 (3) 2.2(3) -1.1(4) 5.5
Co1a 7.8 (8) 5.1 (3) 4.8 (3) -.1(3) 2.2(4) -1.7(3) 5.3
Cos 6.1 (3) 5.1 (3) 4.2(3) -2.1(3) 0.7 (3) -1.2 (3) 4.7
Cote 3.7 (2) 4.0 (3) 3.6(3) =-.6(2) 0.1(2) -.7(2) 3.7
Co 2.6 (2) 3.6(2) 3.1(2) 0.4(2) -.3(2) -.2(2) 3.0
Cpp 3.5 (2) 4.4 (2) 4.7(3) 0.0(2) -1.1(3) 0.7 (3) 4.0
Cy03 3.5 (3) 5.9(3) 6.6(4) 0.3(2) -1.6¢3) 0.9 (3) 4.9
Coon 2.7 (2) 6.9 (4) 5.7 (4) 0.3(2) -1.1(2) -1.3 (3) 4.6
Coog 3.9(2) 4.9(2) 6.5(4) -.9(2) -.6(3) -.1(3) 4.9
Co06 3.4 (2) 4.3(3) 4.6(3) -.3(2) 0.0(2) 0.6(2) 4.0
Cra1 3.2 (2) 3.1(2) 3.2(2) -.2(2) -.5(2) 0. (2) 3.1
. 4.1 (2) 4.0(2) 3.1(2) 0.1(2) 0.2(2) -.2(2) 3.7
C33 4.6 (3) 6.2 (3) 4.1 (3) -1.0 (3) 1.2(2) ~-.1(3) 4.7
Crzs 6.2 (4) 6.4 (4) 5.8(4) -2.5(3) 1.1(3) 1.3(3) 5.5
Co35 6.2 (3) 3.7 (2) 6.7 (4) -1.4(2) -.1(3) 1.0(3) 5.1
C36 3.9 (2) 3.9(2) 5.4(3) -.1(2) 0.3(2) 0.0(2) 4.3

aFigures in parentheses are the estimated standard deviation for the last significant .
digit. Anisotropic temperature factors are of the form: exp[- (a]]h +822k +B3312+2812hk+
28]3 hl + 2323k1)], the B, j in A2 are rela;ed to the dimensionless B, ij employed
during refinement as B = 48, /a a . Atoms are labelled in agreement with

J
Figure 1. Isotrop1c thermal parameter calculated from B = J,Ijvzdet(s,i‘].)]”3
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APPENDIX II

Atomic Coordinates and Thermal Parameters in (Bu4N)3Re?(NCS)TO
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CUB)  0.5951C 6) =0.1113C B)  0.6501(H) -

CI6)  0.64580 6) -0.1M2( B) 0. 6033 (5)

C(L7)  0.6318C 7) -0.2062(10) 0.74200(6)

C(18)  0.6263( 5) 0.1491( 7) 0.6814(5)
CUY)  0.6010C 6) 0.2423( B) 0.6618(6)
C(20)  9.6420C 9) 0.9210(10) 0.6922(8)
C(21)  0.6619¢i2) 0.4230(12) 0.7511(9)
C(22)  9.3775C 5) 0.0715C 8) 0.5826(4)
C(23)  0.6336( 5) 0.0726( §) 0.5468(5)
C(24)  0.6113C 6) 0.0438(10) 0.5002(5)
C(23)  0.6647( T) 0.0762(13) 0.4792(7)
C(26)  0.5261C 4) 0.0657C 8) 0.6318(5)
C(27) 0.56234¢ 5) 0.0598C #) 0.7117(5)
GC(28) 9.4373C 5) 0.0560( 9) ©0.7054(5)
C(29)  0.4464( 7) 0.0524(12) 0.7509(6)

. D)
14.0040)
11.9(8)
6.3(%)
10.6(8)
18(2)
28(2)
6.1(4)
8.9(5)
9.9(7)
13.0(8)
3.1(4)
6.8(5)
6.8(5)
9.9(7)
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e form of the anisciropic thermal paramcter

w*n . :mwu w»m
twv~1_\>A=_H: a 4 Bk b + wuuu c

is:

4.6(5)
4.2(5)
8.4
4.2(5)
4.3¢5)

$.8(7)

7.4(9)
8.9(7)
6.4(6)

8.8(7)

12(1)
7.5¢6)
8.0(7)
92.8U)

1601)

3

5 A bl *
+ rzumrrm b + M:a Wla ¢

*

6.5(5) 0.14(5)
0.5(6) 2.2(%)
8.2(6) 0.8(7)
7.4(3) 0.7(4)
10.7(8) 9.3(6)
11y -0.8(9)
16(1) 1(1)
5.6(4) 1.0¢5)
8.7(5) 1.6(5)
8.6(8) 9.2(6)
12.2(7) 2.56()
7.4(8) 0.1(4)
6.9(5) =0.1(5)
7.6(5) 1.6(6)
6.3(H) 2.48)
* X
+ w:wuruc c)l.

2.8(5)
5.8(5)
G.U.au
2.2(4)
3.4(6)
o)
6(1?)
3.0¢3)
5.3(4)
3.6(4)
B8.4(5)
3.1(3)
3.0(4)
3.2(4)
3.7(5)

Q.15

1.4(5)
2.5(6)
9.1(4)
1.3(6)
0.6(7)
3
1.1(4)
2.1(5)
0.5(5)
1.0(8)
0.8(5)
9.9(5)
2.4(6)
2.6(7)
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