Inorg. Chem.1996, 35, 335-341 335

Technetium(lll), Technetium(ll), and Technetium(l) Complexes with Pyridine Ligands.
Can Pyridine Coordination Stabilize the Low Oxidation States of Technetium?
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The substitution chemistry of TcgPPh),(CH3CN) is rather facile relative to the analogous rhenium complex,
since both the chloride and phosphine ligands are easily substituted for various pyridine ligands. Consequently
a series of T¢ complexes with amine, pyridine, and polypyridyl ligands were prepared and characterizdd by
NMR and cyclic voltammetry. In addition, the zinc reduction of Tg€@Y). in the presence of pyridine results

in TcClx(py)s. Structural and spectroscopic data indicate that thiscbenplex exhibits strong metapyridine
interactions characteristic of low-valent amine complexes df &el O4. For example, a decrease of 0.04 and
0.06 A is observed for therans-Tc—N bond length in TcGpy)s relative tomerTcCly(pic)s and [TcCh(py)s-
(PPh)]™", respectively. This ability of pyridine to function both as a strandonor and moderate-acid ligand

has resulted in the isolation of technetium complexes in various oxidation states with similar ligand environments.
As a result, a structural comparison of [Te@ly)s(PPh)]*, TcCh(py)s, TcCl(tpy)(pyk, and other known T¢

and Td pyridine complexes is presented. Crystals of [T£})s(PPh)]PFs are triclinic, with space groupl,

Z =2, and lattice parameteas= 12.677(4) Ab = 13.064(4) Ac = 13.103(5) Ao = 110.14(3}, 8 = 101.12(33,

y = 96.6T, V = 1959 &, andR = 0.0615 R, = 0.1148). Crystals of Tc@lpy). are tetragonal, with space
groupl4./acd, Z = 8, and lattice parametees= 15.641(4) A,c = 16.845(6) AV = 4121 A, andR = 0.0373
(Ry=10.0290). Crystals of TcCl(tpy)(pypre orthorhombic, with space gro@222;, Z = 4, and lattice parameters
a=9.359(3) A,b = 16.088(6) A,c = 18.367(4) A,V = 2765 &, andR = 0.0499 R, = 0.0599).

Introduction arylphosphines, isocyanides, carbon monoxide, or nitroysl.
However, our interest is to develop a coordinatively unsaturated,
low-valent,electron-richtechnetium metal center dominated by

a very weakr-acid ligand environment. Such a complex should
strongly back-bond to a variety of unsaturated substtated
result in the development of unusual reaction chemistry.

L . e 1 Described here are several examples of mononuclear, octahedral
by phosphine ligatiod,in part due to the inherent difficulties Tdll, Tdl, and Té complexes with predominantly polypyridy!
with the ligand substitution chemistry of the acetonitrile complex Iigar,ld erllvironments. The Tccomplexes were prepared via
above. For example, substitution of both RRtpands or even the substitution chemistry of TEPPh),(CH:CN), and the Tt

one of the chlo.ride.lig.ands Is relatively difficult. Following and T¢ complexes were prepared by their subsequent reduction
the lead of rhenium, initial reports of fachemistry also focused chemistry. In addition, the ability of pyridine to function as

on the synthesis and characterization of various complexes with,) ... - goods-donor and a moderate-acid ligand provides a
phosph|r_1e Ilg?ndé.. TheTone exceptloln to thk')s t(r:?n?( was tlhe rare structural comparison of a transition metal in three different
preparation of various celby)s complexes by Clarke et al. oxidation states contained within a nearly identical ligand field.
via phosphine reduction of [TcOgt.5> The recent report of Abbreviations. OTF = CF,SOs—: DME = 1,2-dimethoxy
TcCl3(PPh)3(CH3CN)E has created a new avenue for explorin : o P T e )
A(PPR):(CHLCIN) Wavenu xplorng ethane; DMAc= N,N'-dimethylacetamide; TBAH= tetrabu-

the chemistry of T¢. We envisioned the second-row cogener | UM hexafl hosphate- — 4 2-dimethvl
should exhibit a greater tendency toward ligand substitution and tylammonium hexafluorophosphate; bipy = 4,4 - Imethyl-
bipyridine; tpy = terpyridine; {-butylstpy) = 4,4 ,4"-tris(tert-

thus lead to T¢ complexes with a variety of ligand environ- butyl)terpyridine; tmeda= tetramethylethylenediamine; py

ments. I
Most of the known low-valent technetium complexes contain pyridine.

ligands which can function as moderate to strangcids, i.e.

Nearly 30 years ago the Wilkinson group reported the
preparation and substitution chemistry of Rg¢BPh),(CHs-
CN).! Prior to this account the chemistry of Ravas largely
unexplored, and to some degree this is still true today. Until
very recently the coordination chemistry of Rewas dominated
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recorded on a Bruker 250 or a Bruker WM300 spectrometer and are TcChk(PPh),(CH;CN) was prepared according to the literatbir@écCly-

reported in ppm shift from tetramethylsilane. Electrochemical experi-

ments were performed under helium using a PAR model 362 poten-

tiostat. Cyclic voltammograms were recorded (Kipp & Zonen BD90
XY recorder) in a standard three-electrode cell frémh.40 to—2.35

V with a glassy carbon working electrode. All potentials are reported
vs NHE and, unless otherwise noted, were determined in DMAXY

M TBAH) using ferrocene i, = 0.55 V) in situ as a calibration
standard. The peak-to-peak separatiBpa(— Ep,) was between 70

(py)2 was prepared from a mixture of (P§h),[TcClg], (PPRH)[TcCls-
(PPh)], and TcCl(PPh), according to the literatur.
[TcCly(Me2Bpy),]JOTf. TcCly(PPh)(CHsCN) (0.25 g, 0.35 mmol)
and MeBpy (0.24 g, 1.31 mmol) were added to a 25 mL flask and
suspended in DME (10 mL). The TIOTf (0.13 g, 0.37 mmol) was
added, and the reaction was heated in an oil batfCjdor 4 h. The
reaction was refluxed for an additional 30 min and cooled to room
temperature. The resulting purple solid was collected and extracted

and 100 mV for all reversible couples reported unless otherwise noted. with methylene chloride/acetone (4/1x42 mL), and the extracts were
Elemental analyses were performed with a Perkin-Elmer 2400 CHN filtered through Celite. The solvent volume was partially reduced in

analyzer. UV~visible data were recorded in acetonitrile with a Perkin-

vacuo, and Oktwas slowly added. The resulting suspension was

Elmer Lambda 19. This work was performed in a helium atmosphere stirred for 2/, h, and following filtration the purple solid was washed

in a Vacuum Atmospheres Co. glovebox unless otherwise noted.
Crystallographic Studies. Unit cell constants were determined by

with OEt (2 mL) and dried in vacuo, 0.16 g, 67%H NMR (acetone-
ds): 47.33 (s, 2H), 43.71 (s, 6H), 34.75 (s, 6H), 33.46 (s, 2H), 26.81

least-squares refinement of the setting angles of a minimum of 25 (s, 2H), 7.07 (s, 2H), 5.48 (s, 2H};4.45 (s, 2H). CV (100 mV/s;

unique reflections. Intensity data were obtained usifig-@ scans.

DMAc; TBAH): Ey»=1.13,—-0.16,—1.11 V vs NHE. Anal. Calcd

All data were scaled for linear decay, and a semiempirical absorption for TcCsgH2aN4ClsOsSFs: C, 43.74; H, 3.52; N, 8.16. Found: C, 43.88;
correction (XEMP) based on the average relative intensity curve of H, 3.58; N, 8.30.

azimuthal scan data was applied. The structures were solved using

direct methods and refined with full-matrix least squares. Hydrogen
atom positions were calculated & = 0.96 A) and added to the

structure factor calculations without refinement. All calculations were
performed using SHELXTL PLUS programs provided by Siemens
Analytical. Crystallographic data are given in Table 6. Complete

[TcCly(PPhg)(py)s]OTf. TcCly(PPh)2(CHSCN) (0.17 g, 0.22 mmol)
was suspended in a DME/pyridine solution (8 mL, 3/1). TIOTf (0.08
g, 0.23 mmol) was added, and the reaction mixture was heated in an
oil bath (70°C) for 2 h. The reaction was cooled to room temperature,
the reaction mixture was filtered through Celite, and the solvents were
removed in vacuo. The resulting orange oil was suspended ¥CIgH

tabulations of crystallographic data, bond lengths and angles, atomic (7 mL), and the solution was filtered through Celite. @ mL)
coordinates, thermal parameters, and completely labeled ball and stickwas added to the stirred filtrate, followed by the slow addition (30

diagrams are available as supporting information.
[TCClz(py)3(PP|'h)]PFG‘(CHzclz)(CeH14)1/2 (4) A ye”OW, block-

shaped crystal, measuring 0.270.30 x 0.45 mm, was mounted on a

glass fiber using silicone grease and placed in a cold streat@ {C)

of an Enraf-Nonius CAD4 diffractometer. A total of 11 100 reflections

(4 = 20 = 50°, £h, £k, £I) were collected. The hexane and &b

min) of hexanes (4 mL). The resulting yellow-orange solid was
collected, washed with Oftand dried in vacuo, 0.09 g. An additional
0.03 g was isolated upon cooling 80 °C) of the filtrate, 66%. X-ray
quality crystals were obtained from a cooled £H/OEt/hexane
solution. *H NMR (CD.Cl,): 20.61 (d, 2H), 18.07 (s, 6H), 15.73 (d,
2H), 10.76 (t, 3H), 8.22 (s, 6H), 2.98 (1H, t), 1.42 (s, 4Hp.26 (br

lattice solvent molecules were disordered, with hexane being particularly s, 4H), —18.13 (br s, 2H). CV (100 mV/s; DMAc; TBAH)E, =

difficult to model adequately. All non-hydrogen atoms, except
disordered lattice solvent atoms, were refined anisotropically. Only
the 5747 independent reflections with > 60r were used in the

0.86,—0.53 V vs NHE. Anal. Calcd for TcgH3N:CLPO;SFs: C,
49.95; H, 3.70; N, 5.14. Found: C, 49.76; H, 3.75; N, 4.97.
TcCls(PPhg)(tmeda). TcCly(PPh)2(CHsCN) (0.22 g, 0.28 mmol)

refinement. Selected bond lengths and angles are given in Table 3,was suspended in a DME solution (3 mL) containing tmeda (0.07 g).

and selected atomic coordinates are given in Table 7.
TcCly(py)s (9). A purple, rod-shaped crystal, measuring 021

Toluene was added (4 mL), and the reaction mixture was heated in an
oil bath at 80°C for 2%, h. During this time, the color of the reaction

0.18 x 0.58 mm, was mounted on a glass fiber using silicone grease mixture turned from an orange to a yellow suspension. After cooling

and placed in a cold stream-70 °C) of a Siemens R3m/V diffracto-
meter. A total of 4699 reflections (4 26 < 56°, +h, £k, —I) were
collected. All non-hydrogen atoms were refined anisotropically. Only
the 767 independent reflections with > 4o were used in the

to room temperature, the solid was collected, washed with DME (1
mL) and OEj$ (1 mL), and dried in vacuo, 0.15 g, 92%H NMR
(CDCly): 19.33 (6H, s), 11.54 (3H, s), 7.91 (6H, s), 1.62 (6H, s),
—22.04 (6H, s). CV (100 mV/s; DMAc; TBAH)E; = 0.71,Epc =

refinement. Selected bond lengths and angles are given in Table 4,—0.79 V vs NHE. Anal. Calcd for TcgHsiN.ClsP: C, 49.46; H,

and atomic coordinates are given in Table 8.

TcCl(tpy)(py) 22(C7Hsg) (10). A dark violet, plate-shaped crystal,
measuring 0.05 0.13 x 0.23 mm, was mounted on a glass fiber using
silicone grease and placed in a cold strean8% °C) of an Enraf-
Nonius CAD4 diffractometer. A total of 2770 reflections £426 <
50°, h, =k, I) were collected. The pyridine ligand and the toluene lattice
solvent molecule exhibit disorder over two sites (occupancy ratio

5.36; N, 4.81. Found: C, 49.22; H, 5.14; N, 4.65.

TcCls(tpy). TcCly(PPh)(CHSCN) (0.15 g, 0.19 mmol) and 2,2"-
terpyridine (0.05 g, 21 mmol) were suspended in DME (10 mL). The
reaction mixture was heated in an oil bath at-40 °C for 2 h and
then heated at reflux for an additional 30 min. The reaction mixture
was cooled to room temperature, and the black/green solid was
collected, washed with DME (1 mL) and Q2 x 1.5 mL), and dried

roughly 1:1). All non-hydrogen atoms, except those part of a disordered in vacuo, 0.08g, 97%. The solid is insoluble in methylene chloride,

group, were refined anisotropically. Only the 1611 independent
reflections withF > 4o were used in the refinement. Selected bond

acetone, acetonitrile, or benzene, but slightly soluble NjN '-
dimethylacetemide. CV (100 mV/s; DMAc; TBAH)E;, = 0.67,

lengths and angles are given in Table 5, and selected atomic coordinates-0.34 V, E,. = —1.42 V; (100 mV/s; CHCly; TBAH): E, = 0.73,

are given in Table 9.
Solvents All distillations were performed under nitrogen. Deu-

—0.25V vs NHE. Anal. Calcd for TefgH1iNsCls: C, 41.17; H, 2.53;
N, 9.60. Found: C, 41.36; H, 2.85; N, 9.68.

terated solvents were stirred in the presence of the appropiate drying  TcCls(t-butylatpy). TcCl(PPh)(CH;CN) (0.15 g, 0.19 mmol) and

agents and vacuum transferred. Acetogend DMFd; (Cambridge

4,4 ,4"-tris(tert-butyl)terpyridine (0.09 g, 0.21 mmol) were suspended

Isotopes) were used as received. Methylene chloride was refluxed overin DME (10 mL). The reaction mixture was heated in an oil bath at

CaH; and distilled. Diethyl ether was refluxed over Na/benzophenone
and distilled. DME was refluxed over Na and distilled. Acetonitrile
was refluxed over Caphnd distilled. DMAc (Aldrich-anhydrous) was

60 °C for 2 h and then heated to reflux for an additional 30 min. The
reaction mixture was cooled to room temperature, and the black/green
solid was collected, washed with DME (2 mL) and @Et mL), and

used as received. Acetone (Fluka) was deoxygenated prior to use.dried in vacuo, 0.077g, 96%. Analytically pure material was obtained

Pyridine (Fluka-anhydrous) was used as received.
Materials. Ammonium pertechnetate was obtained from the Oak
Ridge National Laboratory and was purified as described previdusly.

by suspending the solid in toluene at 8D followed by filtration. The
solid is insoluble in acetonitrile, acetone, benzend\dt '-dimethyl-
acetemide, but slightly soluble in methylene chloride. CV (100 mV/s;

(10) Bryan, J. C.; Burrell, A. K.; Miller, M. M.; Smith, W. H.; Burns, C.
J.; Sattelberger, A. Polyhedron1993 12, 1769-77.

(11) Breikss, A. I.; Davison, A.; Jones, A. Gnorg. Chim. Actal99Q
170, 75.
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CH.Cl,; TBAH): Ej, = 0.60,—0.43 V vs NHE. Anal. Calcd for
TcCH3sN3sCls: C, 53.52; H, 5.82; N, 6.93. Found: C, 53.92; H, 5.53;
N, 6.59.

[TcCla(py)4]OTH. [TcCl(py)s(PPR)]OTf (0.070 g, 0.85 mmol) was
dissolved in pyridine (5 mL), and the reaction solution was refluxed
for 2 h. The yellow-orange solution turned deep red in color during
this time. The reaction was cooled to room temperature, and the
pyridine was partially removed in vacuo tel mL. The residue was
dissolved in CHCI, (2 mL), and OEt was added dropwise (5 mL).
The resulting suspension was stirred for 10 min and filtered. The pale-
orange solid was washed with QEEH,Cl, (3/1, 2 x 0.5 mL) and
dried under vacuum, 0.037 g, 68% NMR (CD,Cl,): 20.56 (s, 8H),
—1.96 (s, 4H),—13.68 (br s, 8H). CV (100 mV/s; DMAc; TBAH):
Ei>=1.34,—-0.38, and—1.33 V vs NHE. Anal. Calcd for Tc&H20-
N4ClL,OsSFs: C, 39.76; H, 3.18; N, 8.83. Found: C, 39.45; H, 3.21;
N, 8.72.

TcCly(py)s. TcCly(py)z (0.73 g, 1.83 mmol) was suspended in
pyridine (14 mL), and Zn powder was added (0.42 g). The reaction
mixture was stirred at room temperature &h and then was filtered
through Celite. The deep violet-blue filtrate was reduced to ap-
proximately 8 mL in vacuo, and hexanes (8 mL) were slowly added
over a period of 15 min. The resulting precipitate,£hClk) was
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Scheme 1. Substitution Chemistry of Tc@IPPh)2(CH3;CN)

n trans- [TcCly(py)s]*
reflux, py
mer- TcCly(py)s
Clarke, 1990
PPh,
Mezbpy, TI
Cl\ ' /Cl cis- [TcCly(Me,bpy)]*
/ TC\— DME, 60 °C
CH,CN I Cl " trans- [TcCl,(py);(PPh;)]*
PPh, By T
Davison, 1989 tpy
mer- TcCls(tpy)
DME, 70°C
TcCls(tmeda)(PPh
moda ¢Cl;(tmeda)(PPh;)

amine ligand. Similar to that of known octahedral, "Re
chemistry?2 TcCly(PPh)(tmeda) @) exhibits a Knight-shifted
IH NMR spectrum from 20 to—20 ppm. The plane of

collected and discarded, since electrochemical data suggested only trac€YMmetry in the molecule prevents the determination as to

amounts of TcGlpy)s. The resulting purple filtrate was concentrated
in vacuo to an oily purple residue. This was extracted inteClH

OEt (3/1, 3 x 4 mL), and the extracts were filtered through Celite.
The filtrate was passed through a column of alumina measuring 0.8

whether the chlorides are in a meridonal or facial geometry.
The analogous reaction of TcfPPh),(CHsCN) with ethyl-
enediamine also results in a yellow powder; however,lte
NMR spectrum and the cyclic voltammetric dal@notsuggest

4 cm. The purple elutant was concentrated, and upon the slow additionthe formation of TcGy(PPh)(en). Reaction ofl with TIOTf

of hexanes a precipitate formed. This was collected, washed with OEt
and dried in vacuo, 0.21 g. The bronze solid atop the Celite (from the
first filtration) was extracted into C#€I,/OEt (3/1, 6 x 4 mL), and

the extracts were passed through a column of alumina measuring 0.

x 6 cm. The purple elutant was treated as above, 0.38 g, total 0.59 g,

67%. CV (100 mV/s; DMAc; TBAH): Ey», = 1.34,—0.38, and—1.33
V vs NHE. Anal. Calcd for TcGH20N4Cly: C, 49.50; H, 4.15; N,
11.54. Found: C, 49.86; H, 4.03; N, 11.41.

[TcCl(py)s|BPhs. TcCh(py)s (0.054 g, 0.11 mmol) and NaBRh
(0.040 g, 0.11 mmol) were dissolved in pyridine (6 mL) and heated to
reflux for 2 h. The reaction color changed from violet to a red-purple
during this time, and electrochemical data indicated approximately 95%
conversion of TcGlpy)s. The reaction mixture was cooled slightly,
and the pyridine was removed in vacuo to give a red-purple oil. This
residue was extracted with THF ¢4 mL), and the collected extracts
were filtered through Celite. Slow addition of hexanes to the filtrate
resulted in a dark red precipitate, 0.063 g, 65%. CV (100 mV/s; DMAc;
TBAH): Ej, = 1.34,-0.38, and—1.33 V vs NHE.

TcCl(tpy)(py)2 and [Tc(tpy)(py)s|Cl.  TcCly(tpy) (0.17 g, 0.39
mmol) was suspended in DME (1.5 mL), pyridine (3 mL), and Zn dust
(1.15 g). The reaction mixture was stirred at room temperature for 2
h and then filtered through Celite. The solids remaining in the reaction
vial were suspended with DME/pyridine (2/1,> 1 mL), and the
washings were filtered. The solvent was removed in vacuo, resulting
in a viscous, purple liquid. This liquid was extracted into toluene at
room temperature (% 10 mL), and the resulting suspension was
filtered. The solids were washed with toluenex(2..5 mL) and OEt
(1 x 2 mL) and dried in vacuo, 0.124 g. Electrochemistry indicated
this solid was approximately 75% [Tc(tpy)(plG! and 25% [TcCl-
(tpy)(pyXICl. The toluene filtrate was placed in a freezer36 °C)
overnight, and the resulting purple solution decanted from the small

amount of solids present. Hexanes was added to the toluene, and théeaction mixture.

solution was returned to the freezer for 3 days. The resulting dark
purple solid was collected, washed with toluenex11.5 mL) and
OEt (2 x 1.5 mL), and dried in vacuo, 0.038 g. Cyclic voltammetry
indicates this solid to be approximately 95% TcCl(tpy)gpgnd 5%
[Te(tpy)(py)ICl. X-ray quality crystals of TcCl(tpy)(py)were obtained
from a cooled {40 °C) toluene/hexane solvent mixture.

Results

Syntheses. Reaction of TcG(PPh),(CHsCN) (1) with
tetramethylethylenediamine (tmeda) in DME results in substitu-
tion of the nitrile and one of the two phosphines by the bidentate

in the presence of a slight excess of Jpy or pyridine in
DME results in the T# cationic complexescis[TcCl,-

8(Mepr)z]OTf (3) and trans[TcClx(PPh)(py)s]OTf (4), re-

spectively. As for TcG(PPh)(tmeda), both complexes exhibit
well-defined Knight-shiftedH NMR spectra. Reaction of
with terpyridine or 4,44"-tris(tert-butyl)terpyridine in refluxing
DME results in the neutral Tcgltpy) (5) and TcCh(t-butyls-
tpy) (6), respectively. Unfortunately, both terpyridine com-
plexes exhibit very limited solubility in all common organic
solvents. The reaction df in refluxing pyridine results in
TcClx(py)z (7).2 In addition, the reaction dfans[TcCl(PPh)-
(py)s]OTf in refluxing pyridine results in pyridine substitution
of the second triphenylphosphine ligand to form [T£0Y)4]-
OTf (8). Complex8 can also be prepared directly frobrand
TIOTf under similar reaction conditions. A synthetic summary
for the above complexes is shown in Scheme 1.

The zinc reduction of TcG{py): in pyridine results in the
isolation of the neutral complex, Tcfby)s (9). As expected
this Td' complex does notexhibit a well-defined*H NMR
spectrum; however, the material is easily characterized by cyclic
voltammetry ¢ide infra). The T couple is observed at1.33
V vs NHE; however, our initial attempts to reduce this complex
in an ultrasound bath at 60 with an excess of precleaned
magnesium powder in the presence of acetone, dinitrogen, or
benzaldehyde results in the recovery of T£fY). The
substitution chemistry of Tc@lpy)s is surprisingly difficult,
since prolonged heating in refluxing DME/bpy or refluxing £H
CN results in no change in the cyclic voltammogram of the
However, electrochemical evidence was
observed for the substitution of a chloride ligand for a fifth
pyridine in the presence of Na

The zinc reduction of TcG{tpy) in the presence of pyridine
results in a product mixture containitrgns TcCl(tpy)(py) (10),
[Te(tpy)(py)]Cl (11), and [TcCl(tpy)(pyd]™ (12). A partial
seperation of these three complexes is achieved by toluene
extraction followed by multiple recrystallizations from a toluene/
hexane solvent mixture. Interestingly, dissolutioridin THF/
toluene results in the slow conversionl® after several hours
as evidenced by cyclic voltammetry. This oxidation process
was observed with three distinct mixturesidff and12 and is
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(a)

(b)

(c)

T
0.0 -1.0 -2.0

Volts vs. NHE (FeCpy = 0.55 V)

Figure 1. Cyclic voltammetric scans of (a) TcCl(pyBPhs, (b)
TcCh(py)s, and (c) TcCl(Mezbpy)]OTf in DMAc (TBAH) at 100 mV/
s.

best explained by the presence of trace dioxygen within the
helium-rich atmosphere. In addition, an attempt to isolate TcCl-
(tpy)(py) (10) from a pyridine/DME solution containing a 4/1
mixture of LO/11 by precipitation with OEfhexanes results in
the quantitative isolation of [Tc(tpy)(pyCl (11). Such an
observation can only be explained in terms of a solution
equilibrium betweeri0and11, which is shifted completely to
the latter due to precipitation of the less soluble chloride salt.
The T¢!' complexes,1-8, and TcCh(py)s are extremely
stable toward hydrolysis. These complexes along with a small
amount of ferrocene were dissolved in either acetone or
acetonitrile, and two pipet drops of water were added. The
solutions were then warmed to 8Q over a 2 day period. No
change in the cyclic voltammograms of these solutions was
observed during this time with the exception®of
Electrochemistry. The electrochemistry of the Tcpoly-
pyridyl complexes reported here is similar to that of the
corresponding rhenium complex&sThat is, at least two metal-

centered, reversible couples are observed for each of the

complexes; see Figure 1 and Table 1. As expected, thé Tc
couple becomes more positive as the amine ligand is varied
from tmeda< py < Meybpy < tpy. For example, a difference

of 220 V (55 mV/py) is observed for the substitution of four
pyridine ligands with two 4,4dimethylbipyridine ligands, while

a difference of 450 mV (150 mV/py) is observed for the
substitution of three pyridine ligands with terpyridine. In
addition, an interesting observation is the comparison of the
redox behavior between [Tcfby)s]+ and [TcCL(PPR)(py)s]*.
Surprisingly, apositive shift in both the IV/IIl and 1/
potentials is observed, 0.48 and 0.15 V, respectively, as the
triphenylphosphine ligand is substituted for a fourth pyridine
ligand. Such a shift is counterintuitive since triphenylphosphine
is in general believed to be a strongeaccepting and weaker

(12) Orth, S. D.; Sabat, M.; Harman, W. D. Unpublished results.
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Table 1. Electrochemical Data for Technetium Amine Compléxes

complex IV/I m 1 ligand

TcCly(PPh)2(CH3CN) (1) 1.00 -049 -—-2.0C
TcCly(PPhy)(tmeda) (2) 071 -0.79
TcCly(py)s (7) 079 -079 -1.7Z
TcCls(tpy) (DMAC) (5) 0.67 —0.34 —1.4Zd

(CH.CL,) 0.73 —0.25
TcCla(t-butylstpy)® (6) 0.60 —0.43
[TcCl(MezBpy)]JOTf (3) 113 -0.16 -111
[TcCl(PPR)(py)s])OTf (4) 0.86 —0.53
[TcClx(py)s JOTE (8) 134 -038 -—1.33
TcCl(py)s (9) 1.34 -038 -—1.33
[TcCl(py)s|BPhs 0.09 -0.84
[Te(tpy)(py)]Cl (12) 0.70 —0.43 —1.63
TcCl(tpy)(py) (10) 0.41f —-0.82 —1.95

a Cyclic voltammetric data was obtained in DMAc at a scan rate of
100 mV/s unless otherwise noted and is reported in volts vs NHE (in
situ reference: FeGp"™ = 0.55 V).? Cyclic voltammetric data was
obtained in CHCl,. ¢ Value reported is for an irreversible cathodic peak,
Ep. ¢ Multielectron process: The redox couple shows partial irrevers-
ibility. T Value reported is for an irreversible anodic peBka

Table 2. UV—Visible Data for Technetium Amine Complexes

complex Amax M (CNTY) eMtem?
[TcCl(Mezbpy)]OTF (3) 549 (18 210) 3040
376 (26 600) 4260

290 (34 480) 35580

248 (40 320) 23740

TcCl(py)s (7) 407 (24 570) 6 250
318 (31 450) 7 000

286 (34 950) 12 680

253 (39 530) 13 500

[TcCly(py)JOTF (8) 363 (27 550) 2850
279 (35 840) 6 490

253 (39 500) 8 600

TcCh(py)s (9) 538 (18 590) 13 600
487 (20 530) 12 500

435 (22 990) 10 100

252 (39 680) 16 400

o-donor ligand than pyridine. For example, Lever assigns ligand
parameters of 0.99, 0.39, and 0.25 for carbon monoxide,
triphenylphosphine, and pyridine, respectivEly Substitution

of chloride by pyridine results in an increase in redox potential
of approximately 0.4 V per pyridine. This observation is
virtually independent of oxidation state, since'TcTc!, and

Tc' pyridine complexes all exhibit comparable shifts in redox
potentials upon substitution. For example, théTeouple for
TcCla(py)s vs [TcCh(py)s 1™ and TcCl(tpy)(py) Vs [Tc(tpy)-
(py)s]™ both exhibit a shift of 0.39 V upon substitution of a
chloride for a pyridine ligand. In addition, the " and Té/
couples exhibit a shift of 0.47 and 0.49 V, respectively, upon
substitution of a chloride for a pyridine ligand in Te@ly)a.

UV —Visible Spectra. The T¢! pyridine complexes, [TcG
(py)s]™ and TcCh(py)s, both exhibit two strong transitions
between 250 and 290 nm and a shoulder to higher energy is
observed in the higher energy transition; see Table 2. Relatively
broad absorption peaks at 363 and 407 nm are observed in
[TcClx(py)a]t and TcCh(py)s, respectively. On the other hand,
the UV—visible spectrum of [TcG(py)s(PPh)] ™ is relatively
featureless; however, a broad absorption is observed near 410
nm, which spreads into the higher energy bands below 260 nm.
The latter are also not clearly resolved. The complex [J{0@G-
bpy)]* exhibits a spectrum very similar to Rubipyridine
complexes? Two strongz—a* transitions localized on the
bipyridine ligand are observed in the UV region at 248 and

(13) Lever, A. B. PInorg. Chem.199Q 29, 1271.
(14) Bryant, G. M.; Fergusson, J. E.; Powell, H. KAlist. J. Chem1971,
24, 257.
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ex10° M'cm'

nm

Figure 2. UV-—visible spectra of TcG(Mebpy)]OTf (3) (—.—),
TcCl(py)aJOTf (8) (—), and TcCi(py)s (9) (- - -).

Figure 4. ORTEP representation with 50% probability ellipsoids of
TcCl(py)s (9). Hydrogen atoms are omitted for clarity.

Figure 3. ORTEP representation with 50% probability ellipsoids of
[TcCly(py)s(PPh)]PFs:(CH:Cl2)(CeHi4)112 (4). Hydrogen atoms, solvent
molecules, and the RFion are omitted for clarity.

290 nm, and the visible portion of the spectrum consists of tWO g, 5. ORTEP representation with 50% probability ellipsoids of
broad absorptions at 376 and 549 nm. The most striking TcCl(tpy)(py)-(C/Hs) (10). Isotropically refined atoms are represented
observation, however, is the dramatic differences in the-UV by shaded (carbon) or dotted (nitrogen) circles; hydrogen and one of
visible spectra of [TcG(py)s]™ and TcCh(py)s, Figure 2. The  each pair of disordered atoms are omitted for clarity.

latter exhibits a spectrum similar to that ofs-[Os(NHs)4-

(p2)]2+,15 with a sharp transition at 252 nm and a highly Table 3. Selected Bond Distances and Angles for [TAEBPh)-

PFs (4
structured absorption near 540 nm with two strong shoulders (PYXIPFo (4) -
to higher energy Bond Distances (A)
. ) . Tc—CI(1) 2.314(1) Te-N(1) 2.166(5)

Solid-State Structure. The solid-state structures of [TcEl Te—CI2) 2.347(1) Te-N(2) 2.165(5)
(Py)s(PPR)]PFs, TcCh(py)s, and TcCl(tpy)(py; are shown in Te—P(1) 2.472(2)
Figures 3-5. Selected bond distances and angles for these  Tc—N(3) 2.218(5)
complexes are listed in Tables-3, crystallographic data is Bond Angles (deg)
shown in Table 6, and selected atomic coordinates are listed in CI(1)-Tc—CI(2) 176.5(1) d N(l)g—ch—N(3) 90.2(2)
Tables 79. The complexrans{TcCly(py)s(PPh)]PFs exhibits CI(1)-Tc—P(1) 89.9(1) N(2} Tc—N(3) 85.4(2)
an essentially octahedral environment around technetium, with  CI(2)—Tc—P(1) 86.8(1) P(1)Tc—N(3) 176.6(1)
the twotrans-pyridine ligands bent slightly away from the bulky C:(l)—TC—N(Z) 90.4(1)  N(1)yTc—N(2)  175.6(2)
cistriphenylphosphine ligand (NATc—N2 = 175.6). The EI%ZQINEB gg'%gg Eggk:mgg giigg
observed Te-N bond distances of 2.166(5) and 2.165(5) A, for CI2)-Te—N() 91:0(1) ’

the pyridine ligandsisto triphenylphosphine, are slightly longer
(approximately 0.02 A) than those of the neutral T£gt)s
(pic = picoline) and TcG(pic)(PMePhP complexes. The

Table 4. Selected Bond Distances and Angles for T} (9)
Bond Distances (A)

pyridine trans to the phosphine exhibits a longer ¥ bond Tc—Cl 2.407(1) Te-N 2.104(2)
length of 2.218(5) A. Typical T¢é—Cl and T¢'—P bond Bond Angles (deg)

distances of 2.33 average and 2.47 A, respectively, are Cl=Te—N 90.5(1) 9 CchfCI 180.0(1)
observed® Cl-Tc—Na 89.5(1) N-Tc—Nc 178.9(1)

The technetium atom in Tc&py)s is surrounded by a nearly
perfect octahedral arrangement of donor atoms. TheN<c
bond distance of 2.104(2) A is slightly shorter (0.04 A) and the

observed Te-Cl bond distance of 2.407(1) A is significantly
longer (0.08 A) in this T¢ complex than are the respective
distances in neutral Tcpyridine complexes.

An octahedral coordination environment also surrounds the
technetium atom in TcCl(tpy)(py)with the exception of the

(15) Lay, P. A.; Magnuson, R. H.; Taube, lHorg. Chem1988 27, 2848.
(16) Melrk, M.; Van Lier, J. E.Coord. Chem. Re 1987, 77, 275.
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Table 5. Selected Bond Distances and Angles for TcCl(tpy)4py)
(19

Barrera et al.

Table 9. Selected Fractional Coordinates¥0*) and Isotropic
Thermal Parametet$or TcCl(tpy)(pyk:(C7Hs) (10)

Bond Distances (A)

Tc—N1 2.075(6) Te-N3 2.136(6)
Tc—N2 1.915(7) Te-Cl 2.518(2)
Bond Angles (deg)
Cl=Tc—N1 100.9(2) C+Tc—N3 89.3(2)
Cl-Tc—N2 180.0(1) N+Tc—N2 79.1(2)
Table 6. Summary of Crystallographic Ddta
4 9 10
chemical Ca7H39ClsFsNaP>Te CygHooCIoN4TC CsoH33CINsTC
formula
a A 12.677(4) 15.641(4) 9.359(3)
b, A 13.064(4) 16.088(6)
c A 13.103(5) 16.845(6) 18.367(4)
o, deg 110.14(3)
S, deg 101.12(3)
y, deg 96.61(2)
V, A3 1959 4121 2765
z 2 8 4
formula 942.4 486.2 622.0
weight _
space group P1, No. 2 I44/acd No. 142 C222, No. 20
T,°C —40 =70 —85
A 0.71073 0.71073 0.710 73
Peaica @ €T3 1.595 1.564 1.482
u, cmt 7.83 9.70 6.48
R, R? 0.0615, 0.1148 0.0373,0.0290 0.0499, 0.0599

24 = [TcCly(py)s(PPR)]PFe+(CH:Cl2)(CeH14)1i2; 9 = TCCla(py)s; 10
= TcCl(tpy)(py-(CiHg). ° R = 3 ||Fo| — |Fol/Z|Fol; Ry = [ZW(|Fo|
— |Fe)Iw(Fo)? M2

Table 7. Selected Fractional Coordinates10*) and Isotropic
Thermal Parametetdor [TcCly(py)s(PPh)]PFs:(CH2Cl2)(CeH14)1/2
4

X y z Uyg
Tc 2415(1) 2566(1) 2417(1) 19(1)
Cl(1) 2005(1) 1130(1) 678(1) 26(1)
Cl(2) 2731(1) 4057(1) 4144(1) 25(1)
P(1) 1238(1) 3618(1) 1606(1) 20(1)
N(1) 1076(4) 1729(3) 2825(4) 22(2)
N(2) 3831(4) 3323(4) 2048(4) 23(2)
N(3) 3558(4) 1676(4) 3125(4) 26(2)

aEquivalent isotropidJeq defined as one-third of the trace of the
orthogonalizedJ; tensor and given in units of Ax 1C3.

Table 8. Fractional Coordinates<(10%) and Isotropic Thermal
Parametefsfor TcCh(py)s (9)

X y z Uyq
Tc 0 2500 1250 18(1)
Cl 1088(1) 1412(1) 1250 29(1)
N —681(2) 1837(2) 367(1) 22(1)
C(1) —769(2) 969(2) 388(2) 26(1)
C(2) —1200(2) 516(2) —176(2) 33(1)
C(3) —1570(2) 942(2) —803(2) 37(1)
C(4) —1495(2) 1823(2) —837(2) 35(1)
C(5) —1048(2) 2238(2) —249(2) 26(1)

a Equivalent isotropidJeq defined as one-third of the trace of the
orthogonalizedJ; tensor and given in units of Ax 1C3,

small bite angle of the terpyridine ligand (NTc—Nla =
158.2(2)). The Tc-N bond distances of the terpyridine ligand
are shorter than those observed in similar technetium terpyridine
complexes{ [Tc(Mezbpy)(tpy)b(x-O)} ** " and [TcBr(tpy)(PMe-
Php]*t.2® The Tc-N2 (internal nitrogen) bond distance of
1.915(7) A and the TeN1 (external nitrogen) bond distance
of 2.075(6) A are significantly shorter (0.09 and 0.06 A) than

(17) Barrera, J.; Bryan, J. C. Manuscript in preparation.
(18) Wilcox, B. E.; Ho, D. M.; Deutsch, Hnorg. Chem1989 28, 3917.

X y z Uy
Tc 0 2326(1) 7500 14(1)
Cl 0 760(1) 7500 22(1)
N(1) —2022(7) 2570(4) 7088(3) 19(2)
N(2) 0 3517(5) 7500 21(3)
N(3) —890(7) 2266(5) 8570(3) 18(1)

a Equivalent isotropidJeq defined as one-third of the trace of the
orthogonalizedJ; tensor and given in units of Ax 1C°.

those of the T¢ complex and (0.09 and 0.02 A) of the 'Tc
complex. In addition, the observed F€I bond distance of
2.518(2) Ais 0.06 A longer than thisanspicoline Te—Cl bond
in the neutral TcGlpic)s.>

Discussion

The synthetic results described above confirm that substitution
of both the phosphine and chloride on Tg@Ph),(CH3CN)
is rather facile relative to RegPPh),(CH3;CN).2® This is to
be expected since metdigand bond strengths are in general
greater for third-row metals. For example, the reaction of TIOTf
and TcCk(PPh)(CHsCN) in refluxing pyridine results in the
cationic [TcCh(py)4OTHf, after 3 h, while this reaction does not
occur for rhenium. In addition, Regpy)s cannot be prepared
directly from ReCG}(PPH)2(CHsCN) or ReCi(py)(PPhy); rather
the ReCy(PPhy)(benzil) complex must be utilized to remove
the remaining phosphine ligaAdin this case the benzil complex
may possibly function as a masked“Repecies through the
resonance form, RegPPh)(PhC(O}=C(O)Ph).

The positive shifts in the T redox couples upon the
substitution of terpyridine or bipyridine for pyridine suggest that
the polypyridyl ligand(s) can stabilize Tcrelative to Té!, to
a greater extent than can a comparable number of pyridine
ligands. Thus, an attempt to electrochemically categorize the
above technetium complexes according to Lever’s ligand
electrochemical series was unsuccesSfefl. Similar results are
observed for the series of complexes [ReClffi)] ™, L =
substituted pyridiné2as well as for WG(PMes),L o, Lo = (py):
or bipy?! These discrepencies apparently arise from the
dramatic increase in the-basicity of Td' relative to Té!. This
trend is displayed in Figure 6 where the terpyridine complexes
exhibit a positive shift of approximately 4600 mV in the
[11/11 redox couple relative to the analogous pyridine complexes.
Interestingly, however, this trend is not observed for the II/]
redox couple where the difference in redox potentials of TcCl-
(tpy)(py) and [TcCl(py}]* is only 0.02 mV. In addition, the
data in Figure 6 indicates that the slopes of the technetium
pyridine complexes generated by the observed Ill/Il and 11/I
redox potentials (black diamonds) are less, i.e. 0.92 and 0.91,
respectively, than the calculated slopes generated by Lever's
ligand parameteriztion analysis (open circl€s¥ The slope
values used to generate the calculated data are 1.28 and 1.42,
which were derived from Clarke's investigation of varioud'Tc

(19) Orth. S. D.; Sabat, M.; Harman, W. D. Unpublished results.

(20) Previously Clarke has utilized Lever’s analysis to determine the slope
andy-intercept parameters from a series of known technetium redox
values. Assignment of these parameters to 3@®)s; and TCh(tpy)
results in ligand parametercs for py and tpy of 0.27 and 0.39,
respectively. Lever’s analysis indicates no variation in redox potentials
for the substitution of polypyridyl ligands for comparable number of
pyridine ligands. Py= 0.25; Mebpy = 0.23; tpy= 0.25. In addition,
Lever warns the reader that his electrochemical parametrization
procedure should be used with caution if there are “extraoordinary
synergistic interactions between metal and ligand.”

(21) Barrera, J.; Sabat, M.; Harman, W.OrganometallicsL993 12, 4381.

(22) Lever, A. B. Plnorg. Chem.1991, 30, 1980.
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(A) a pyridine-localizedr—s* transition on the basis of the energy
157 and intensity of such transitions in free pyridine and [@\H
Ru(py)I'*.2® Finally, the dramatic spectral differences that exist
between [TcCl(py)s]t and TcCh(py)s deserve comment. In
the case of the latter, the reduced metal center results in a series
of three intense transitions between 435 and 540 nm (16100
. *Tecipp)y 13600 Mt cm™b). These charge transfer transitions are
TeCltpy), ] . assigned as metal to pyridine on the basis of similar assignments
] . N ) in [Ru(py)]? 2* andtrans[(NH3)4sRu(py)y]?+.2°
. ¢® reciom, oGl (py);PPh, The most striking evidence for the electron-rich character of
1 low-valent Te-amine complexes is the observed structural data.
T LA s e HA N s e A decrease of 0.04 A and an increase of 0.07 A are observed
08 0 05 g 18 2 in the transTc—N and transTc—Cl bond distances, respec-
tively, between the similar technetium complexess-TcCl,-
0.5 - (py)a andmerTcCly(pic)s. Such structural differences are best
] explained by the dramatic increasenirbasicity of T relative
o to Td". On the other hand, the observed increase of 0.03 A in
the Tc-N(py) bond distance in TcCl(tpy)(py)elative to TcCl-
] (py)s is best explained by the presence of the terpyridyl ligand
05 . . in the former. In this case the metal should possess greater
TeCHpyo, Tettey)ey),’ m-overlap with the flat polypyridyl ligand; hence the need to
4 ¢ reSien back-donate into the available pyridine ligands is reduced. This
1e ° is strongly demonstrated by the 0.09 A decrease in the Tc
. N(internal) bond of the terpyridyl ligand in TcCl(tpy)(py)
relative to other known Tcand T¢! terpyridyl complexed16

.
TcCI(lpy)(py)zg Te(tpy)(py);*

0~j o

E° Volts

E° (Volts)

T T T T T [ L S R

0.4 0.6 0.8 1 1.2 1.4 1.6

E Summary

Figure 6. Plots of calculated (open circles) and observed (black

diamonds) redox potentials (V vs NHE) vs the sum of ligand parameters
E.: (A) /1l redox couples and (B) I/l redox couples.

Substitution of pyridine(s) for either the triphenylphosphine
or chloride ligands on Tc@PPh)>(CHsCN) is quite facile
relative to the analogous rhenium compound. As a result, a
series of T# complexes with pyridine and polypyridine ligands
were prepared and characterized'byNMR, UV —visible, and
cyclic voltammetry. The Tt pyridine complexes exhibit
Knight-shifted'H NMR spectra, transitions in the visible spectra
that are tentatively assigned as halide to metal, and multiple

pyridine and T¢ phosphine complexés. Thus, it is not
surprising to find that the observed data fits the calculated data
quite well for several T¥ complexes with pyridine and two to
three chloride ligands. However, substitution of the chloride
ligands with additional pyridine or polypyridine ligands causes . .
significant differences between the two data sets. First, the reversible elect_rochem|cal redox CO‘_‘p'?S- .

smaller value of the observed slope suggests that the substitution The eIec_trornc spectra, th? substitution chemlstry, %”d the
of additional pyridine or polypyndlne Iigands for chloride X'ray.data|nd|cate that S|gn|f|camback-b0nd|ng !nteractlons
stabilizes the lower oxidation states to a greater degree than€XiSt in the cases of Tcand T¢ complexes relative to Tt
that predicted by Lever's analysis. This is to be expected since ' NUS: Stabilization of the low oxidation states of technetium
the ligand parameter for pyridine or terpyridine was generated through pyridine ligation is supported by |ntense+ MLCT
from a series of compounds with relatively strongcid ligand ~ transitions observed in Tcgpy)s relative to [TcCl(py)s] ", the
environments. Second, the nearly identical slope values for both'€lative difficulty to substitute the chloride or pyridine in TeCl
the T¢" and Té" couples suggests that the electronic (py)s, the decrease of 0.64).06 A in Te-N bond lengths
characters of Tt () and Té (df) metal centers with a between TH and. Td¢ pyridine complexes, and thtla decrease of
predominantly pyridine ligand environment are surprisingly quite 0.09 A In Tc-N(internal) _bond Iength_s between fl'c_and T_é_ .
similar. This observation is supported by the nearly identical terpyr|d|ne_complexe_s._ Flnall_y, the unique electronic flex!b|l_|ty
Tc" redox couples for [TcCl(py)™ and TcCl(tpy)(py). _of a coordinated pyridine(s) is demonstrateql by the variations
However, this does not suggest that the total extents ef Tc 1" the Tc—N(py) bond lengths for the three different oxidation

pyridine --back-bonding for both complexes are similar. A States of technetium.

greaterz-interaction is expected in the case of TcCl(tpy)epy) Acknowledgment. This work was supported by Laboratory
however, in this compound the-back-bonding is dominated  pjrected Research and Development and performed under the

by the terpyridine ligand rather than by the two pyridine ligands. ayspices of the U.S. Department of Energy at Los Alamos
This electrochemical evidence is supported by the structural datanational Laboratory.

of TcCl(tpy)(py) and TcCh(py)s (vide infra).

The UV-visible spectra of the T& pyridine complexes are Supporting_ Informa_tion Available: Listings of bond lengths and
similar to those of the correspondingfand T¢ phosphine angles, atomic coordinates, and the+rmal parameters and completely
complexes reported by DeutsthThe latter exhibit transitions labeled diagrams for [TCGPPR)(pY)il ", TCCh(py)s, and TcCl(tpy)-
between 400 and 500 nm that were assigned as halide-to-met pg)szth(::d 22%?)' Ordering information s given on any: current
charge transfer due to their respective blue shift upon reduction
and substitution of bromide by the weaker reductant chloride. 1€950291Q
The low-energy transitions in the Tepyridine complexes are
also assigned as halide to metal; however, they are significantly(23) fgé‘é' gd; ?1“57‘" De F. P.; Gaunder, R.; Taube].HAm. Chem. Soc.

higher in energy than those of the corresponding phosphine 4y Templeton, J. LJ. Am. Chem. S0d979 101, 4906.
complexes. The transitions at 253 nm7r9 are assigned as  (25) Ford, P. C.; Sutton, Gnorg. Chem.1969 8, 1544.




