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Abstract

In this review ligand exchange and complex formation reactions on fac-[(CO);M(H,0);]* (M =Mn, Tc, Re) and on fac-[(CO),(NO)Re(H,0);1*
are presented. A variety of experimental NMR techniques are described and it is shown that sometimes combinations of techniques applied at
variable temperature or variable pressure allowed to measure exchange rate constants and their activation parameters as well as thermodynamic
parameters. Furthermore, the use of uncommon nuclei for NMR like 7O or **Tc extends considerably the range of applications especially in
aqueous solutions when 'H NMR is often not very useful.

Tricarbonyl triaqua complexes of technetium(I) and rhenium(I) became important precursors for a variety of radiopharmaceuticals under
development. It has been shown that the fac-[(CO);M]-unit is kinetically inert and that water molecules bound to it can be easily replaced. Reactivity
of the Re' complexes is one to two orders of magnitude slower than its Tc! analogues. Furthermore, it shows a marked acidity dependence which
has not been observed for Tc! and Mn' species.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Since the beginning of the application of NMR in chemistry

it has been used for quantitative determination of reaction rate

* Tel: +41 21 693 9876: fax: +41 21 693 9875. constants [1-4]. The theory and reams of examples for exchange
E-mail address: lothar.helm @epfl.ch. rate measurements by NMR can be found in books [5-8] and
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Table 1
Table of isotopes and nuclear moments of group 7 elements [25]
Mn Tc Re
55Mn 99Tc 99me 185Re 186Re 187Re 188Re
Natural abundance 100% - - 37.40% - 62.60% -
Half-life Stable  2.11 x 10° years  6.01h Stable 3.72 days 435x 100 years  17.0h
Mode of decay - B (0.294 MeV) IT (0.143 MeV) - B (1.069MeV), € (0.582MeV) B, o B (2.12MeV)
Nuclear spin 52 9/2 172 5/2 1 512 1
Electric quadrupole +0.32 —0.129 +2.2 +0.60 +2.08 +0.57
moment
( 10728 mZ)

review articles [9-12]. The origin of success of NMR in the
determination of reaction rate constants is certainly that it offers
a variety of different experimental techniques based on relax-
ation studies, line shape analysis or simply recording spectra as
a function time. Reactions with half-life of less than 10~ s can
be followed as well as reactions lasting for days or weeks [13].
A special feature of NMR is its possibility to study symmetric
reactions like exchange reactions where starting materials and
products are identical. Solvent exchange studies are prominent
examples of such reactions. Nearly all water exchange rate con-
stants on metal ions have been measured by NMR, mostly as
a function of temperature but many of them also as a func-
tion of pressure to elucidate the mechanism of the reaction
[14].

In this review, I would like to illustrate some less common
NMR techniques using ' H and other uncommon nuclei for NMR
measurements. Our research group has been involved in the last
decade in studies of solvent exchange and complex formation of
technetium and rhenium compounds, work that has mainly been
performed in collaboration with the groups of Roger Alberto
(University of Ziirich) and Roger Schibli (ETH Ziirich).

The development of radiopharmaceuticals for diagnosis and
treatment is an important research field of radiochemistry.
Synthesis and characterization of radiolabelled compounds for
imaging and therapy has strongly expanded over the last decade
[15-19]. An important isotope for radioactive imaging agents
is 9MTc and there is a strong interest in the development of
new labelling techniques using this short-lived isotope. The use
of the water-soluble tricarbonyl trihydrate technetium(I) cation,
fac-[(CO)3Tc(H0)3]*, as building block has allowed to syn-
thesize a series of new, promising compounds [20-24]. Because
the majority of compounds that have been labelled with **™Tc
can also be labelled with '3°Re or 138Re these complexes form
couples that can be used for diagnosis (Tc) and therapy (Re)
[20]. The three isotopes mentioned can be obtained from gen-
erator systems and have a half-life ranging from 6h (**™Tc)
to 69d (186Re) (Table 1) [25,26]. Although no stable isotope of
technetium exists its chemistry can be performed without severe
radiation protection because the most stable isotope, 997T¢, has
a half-life of 2.11 x 103 years and is a weak B~ emitter without
accompanying y-radiation. This permits the handling of small
amounts of 2 Tc in normal glassware like NMR tubes, since the
B~ particles are shielded by even thin walls. Secondary X-rays
become important only with larger amounts of *Tc [26]. Rhe-

nium is found in nature as a mixture of two isotopes, 185Re,
which is stable, and '8’Re, which is a weak B~ emitter with a
very long half-life of 4.35 x 10' years (Table 1).

The technetium isotope used for imaging, 99mTe¢ ig obtained
from a Mo generator [16] and has a relatively short life time.
Therefore, the chemistry for preparation of the radiopharma-
ceuticals has to be fast, simple and lead to a high final purity.
In a first step a stable but reactive precursor is prepared in
aqueous solution from [9°MTcO,4]~ [27]. From this precursor
a complex has to be formed which has no structural or metal-
based reactivity. Since its first synthesis fac-[(CO);Tc(H,0)]*
[28] became one of these precursors and a large number of
substitution products have now been synthesized and struc-
turally characterized [20,29-34]. Understanding reactivity and
mechanisms of substitution of the three labile water molecules
became an important issue especially in the context of synthesis
of similar technetium and rhenium complexes. Manganese
as the first member on the group 7 of the periodic table also
forms tricarbonyl complexes in aqueous solution and it became
evident to compare water exchange and complex formation of
these three transition metal compounds.

2. Water exchange on fac-[(CO);M(H,0)]* (M =Mn,
Tc, Re)

A common issue of all tricarbonyl aqua complexes of group 7
elements is that the three water molecules are labile and the three
carbonyl molecules are inert [20]. In reactions leading to radio-
pharmaceutical compounds the water molecules are replaced by
one or more ligands forming stable products. Knowledge of the

Table 2
170 and '3C chemical shifts of triaqua tricarbonyl complexes in aqueous solution
[36]

S (ppm)

H,'"0 c7o 13co
fac-[(CO);Mn(H,0)3]* —65 389
fac-[(CO)3Tc(H,0)31* -52 352 210
fac-[(CO);Re(H,0)3]* —40 335 183
fac-[(CO)2(NO)Re(H,0)31* —-32%/—6b 389 188
fac-[(CO)3;Ru(H0)3]*¢ —68 370 182

& Trans to CO.
b Trans to NO.
¢ From [37].
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water exchange rate constant is therefore an important issue in
the prediction of complex formation reactions.

Water exchange on metal ions and metal ion complexes can
in general not be measured by 'H NMR. The two main reasons
for that are: (1) that H>O binds via the oxygen atom to the metal
and NMR properties like chemical shift and relaxation are most
influenced on the close atom, and (2) very often and dependent
on the acidity of the solution protons exchange is faster than
exchange of the water molecule itself. A major drawback of this
is that oxygen has only one isotope with a nuclear spin, oxygen-
17, which has a very low natural abundance of 0.038% and a spin
5/2 and therefore a nuclear electric quadrupole moment leading
to relatively broad NMR resonances [35]. In most cases work is
performed using isotopic enriched samples.

In the case of slow exchange of water molecules, the 170
chemical shift of HO in fac-[(CO)3sM(H,0)3]" is sufficiently
large to allow direct observation of bound water (Table 2) [36].
The resonance of free H,O is however several hundred to thou-
sand times more intense, depending on the concentration of the
complex in solution (Fig. 1). In many cases this intense signal has
to be suppressed or at least strongly reduced. Solvent peak sup-
pression is a common technique in 'H NMR especially if NMR
is coupled to HPLC or in aqueous solutions of bio-molecules.
In 70 NMR pulse sequences like Watergate or DANTE based
techniques do not work because of the short 77 of ~6ms of
bulk water. A short pulse sequence like the binomial 1-3-3-1
sequences proposed by Hore [38,39] works however well and
can be used in many cases (Fig. 1, insert).

A chemical way to get rid of the bulk water signal is to
add a relatively high concentration of a strong paramagnetic
ion with fast water exchange like Mn?*. Adding for example
0.1 molkg™! of Mn?* broadens the bulk water peak to several
tenth of kHz so that it becomes a broad hump and disappears in
the baseline [40,41]. The broadening depends on the magnetic
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Fig. 1.'70 NMR (54MHz) spectra of a solution of 0.I5M fac-
[(CO):Mn(H;0)3]* in 3.3M aqueous CF3SO3H. 70O enrichment 3.3%,
T=298 K. Spectrum in the upper left corner was recorded using the 1-3-3-1
pulse sequence. Note the remarkable intensity reduction of the bulk water signal
compared to the main spectrum.

field used for the experiments as well as on temperature. Fur-
thermore, this method can only be applied to acidic solutions
because Mn?* precipitates as hydroxide at higher pH.

Water exchange rates on compounds of the type fac-
[(CO);M(H;0)3]* vary over several orders of magnitude as a
function of the transition metal, M. Therefore, different experi-
mental approaches had to be used to measure the exchange rate
constants, k. Three examples of group 7 elements M = Mn!, Tc!
and Re! will be presented illustrating various NMR techniques.

2.1. Water exchange on fac-[(CO);Mn(H,0)3]*

Water exchange on fac-[(CO)3;Mn(H,0)3]* is on one hand
fast enough to produce a line broadening of the resonance of
bound water in 'O NMR and on the other hand slow enough
to give two well resolved 'O NMR signals corresponding to
bound and free water (Fig. 1) [36]. The transverse relaxation
of the 70 nucleus in the bound state is obtained from the
observed line-width at half height (Avy) by 1/Th0ps =7 Avyp.
Line broadening due to magnetic field inhomogeneity can in
general be neglected. In the slow exchange limit 1/75ps is the
sum of the exchange rate constant, kex, and the transverse relax-
ation rate of 17O which is dominated by quadrupolar relaxation,

1/T>q (Eq. (1)):

1 1
=tk (1)
Toobs TZQ ex

The inverse of kex is the mean residence time, 7, of
water molecules in the first coordination sphere of fac-
[(CO)sMn(H,0)3]". Therefore, key is the exchange rate constant
of a particular water molecule [42]. Increasing the temperature
will increase kex and decrease the relaxation rate 1/Tqps. (Egs.
(2) and (3))

1 1 Eq (1 1
Too . 7298 eXpl— | =~ @)
2Q T2Q R \T 298.15
o ke ASt  AH?

T h R RT

343 AHY (1 1
= exp |——— | = — 253 7% 3)
343.15 RT \T 343.15

At high temperatures the small signal of bound water
becomes broad and overlaps considerably with the huge sig-
nal of free water. Furthermore, at 7>323 K and increasing pH
the compound decomposes slowly forming strongly paramag-
netic Mn>* which itself broadens the free water signal strongly.
This decomposition has however no influence on the line-width
of bound water and therefore on the measurement of kyps. TO
be able to measure 1/T54s accurately the free water signal has
been suppressed using the 1-3-3-1 pulse sequence [38,39]. If
the complex undergoes hydrolysis, the water exchange will also
take place on the hydrolyzed species [(CO)3;Mn(H,0),(OH)]
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Fig. 2. Temperature dependence of the transverse relaxation rate (1/7%) of the
70 NMR signal of bound water in fac-[(CO);Mn(H,0)3]" in five different
acidity domains (O—) [H*]1=04M; (O--) [H*]=(1.2-1.4)x 1072 M;

(0--) [H1=2-3)x107*M; (A--) [HI=G-6)x107°M; (¥
[H*1=(0.5-1) x 10~% M; lines represent best fit.
and the observed rate constant is given by Eq. (4) [43]:
k k k kouK
kobs= ex T 2= ex T kouKa (4)

[H*] [H*]

where key is the water exchange rate on fac-[(CO)3;Mn(H,0)31*
and k is the rate on the hydrolyzed compound. At high
temperatures where kops is dominating experimental 1/Tqps
values are independent on acidity over a range of pH 1-6
in the case of manganese(I) (Fig. 2). The exchange path-
way via the hydrolyzed species can therefore be neglected
in the data analysis. However, the quadrupolar relaxation
increases with pH and therefore individual 1 /ngs (Eq.
(2)) have to be used in the data analysis. This variation
is most probably due to changes in the composition and
viscosity of the solutions because the activation energy Eq
(20.5 + 1 kI mol ™) is not affected. The water exchange rate kex
is best defined at 1000/T~2.9K™!: k2 =12204+40s"!
where the measured 1/Thgns 1is largely dominated
by kobs [43].

2.2. Water exchange on fac-[(CO)3;Tc(H20)3]*

Water exchange on fac-[(CO)3Tc(H,0)3]" is much more dif-
ficult to measure. The exchange rate is too slow to produce a
measurable line broadening. At low temperature 7=277 K the
exchange rate is however slow enough to be measured by iso-
topic exchange. If water enriched in H>'”O is rapidly injected
[44] into a solution of fac-[(CO);Tc(H0)3]* in natural abun-
dance water the enrichment of bound water with 17O can be
followed by NMR (Fig. 3) [36]. To get a reasonable signal of
bound H,'70 in a short time (2.9 s) a relatively high enrichment
in the final solution has to be achieved. Furthermore, because the
experiment is performed at low temperature both components
to be mixed have to be prethermostated using a special device
[44]. The integrals of the peaks can be fitted to Eq. (5). xco iSin
this case the mole fraction of coordinated H,'7O at 1o, and I(r)

and I, denote the signal integrals of metal bound H,O at # and
at foo.

1(t) = Ino (1—exp(1]ie"; )) 5)

The exchange rate constant fitted is k2/7 =0.044 £0.002 s~
corresponding to a half-life of 16.8 s. Exchange rates have been
measured at pH 1.4 and 4.3 and were found independent on
acidity.

Measuring kex for fac-[(CO)3Tc(H0)3]* at higher tem-
peratures is very difficult: the rates are too fast for isotopic
enrichment experiments. The line shape of H,!'”O bound to Tc!
is in principle a decuplet due to coupling to *Tc (I=9/2). Exper-
imentally observed is an 7O NMR line shape which changes
from a large bump at higher temperatures to an “M” shaped
signal and an almost rectangular shape at lower temperature
(Fig. 4) [43]. In the case of coupling to a nucleus with an electric
quadrupole moment (I> 1/2) the shape of the multiplet is influ-
enced by the relaxation of that nuclear spin due to quadrupolar
relaxation [45]. If the nuclear quadrupole moment is large as
for example for >>Mn and '3¥187Re quadrupolar relaxation of
the metal nuclear spin is fast. The multiplet of the observed 70
spin collapses completely and a single Lorentzian line shape is
observed despite the coupling. *Tc has the smallest quadrupole
moment of the metals studied which together with the rela-
tively symmetric environment in fac-[(CO)3;Tc(H,0)3]* leads
to a relatively slow relaxation of *Tc and therefore coupling
can be observed. Besides relaxation of the metal nuclear spin
the residence time in the bound state of the observed nucleus,
Tm, also influences the observed line shape. Because this resi-
dence time is simply the inverse of the exchange rate constant,
Tm = l/kex the line shape of the 170 signals of bound water
can be used to determine kex. Parameters influencing the line
shape of the observed !7O resonance (Fig. 4) are the longitudi-
nal relaxation of *°Tc (1/T1q), the coupling constant between
170 and 9T, 1]'70,99Tc’ the 7O quadrupolar relaxation of
bound water molecules, 1/75qg, and the exchange rate con-
stant, kex. Using ' J17g 991, =80 Hz (from **Tc NMR [43]) and

150 100 50 0 -50 -100 -150
8 (""O)/ppm

Fig. 3. 70 NMR spectra (54 MHz) of a solution of fac-[(CO)3Tc(H,0)3]*
after injection of 170 enriched water showing the increase of the signal of
bound water in fac-[(CO);Tc(H,0)3]*. Time increment between two spectra is
2.9s. Mn%* was added to remove the signal of bulk water. [Tc]=0.054 M, 4.6%
170, [H*]1=4.0 x 107> M (PIPBS buffer), I=1M (NaClOy), [Mn?>*]1=0.2M,
T=277K.
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Fig. 4. Calculated (left) and experimental (right) 170 NMR spectra (54 MHz)
showing the signal of bound water in fac-[(CO)3;Tc(H,0)3]* as a function of
temperature. Mn>* was added to remove the signal of bulk water.

a phenomenological description of 1/T1q [36] the transverse
relaxation rate of 170, 1/Thops = 1/T>q + kex, has been calcu-
lated for each temperature by fitting theoretical line shapes to
experimental spectra (Figs. 4 and 5). The 1/Tqps determined
are the sum of the 7O quadrupolar relaxation (dominant at low
temperature) and the exchange rate constant kex (dominant at
high temperature). A simultaneous fit of the ten 1/7T5¢ps-values
from line shape analysis together with the unique value of kex
(T=277K) from isotopic enrichment experiment (Eqgs. (1)—-(3))
allows a precise determination of kex (ké?g =0.494+0.05s7")
and its activation parameters AHY (783 +1kImol~!) and AS*
(+11.7 £ 3TK ! mol~!) (Fig. 5). This example nicely illustrates
that combining different NMR techniques sometimes allows
extending the temperature range accessible experimentally for
measuring kex.

2.3. Water exchange on fac-[(CO);Re(H;0)3]*
Water exchange on fac-[(CO)3Re(H;0)3]* is much slower

than on its technetium analogue and therefore isotopic
enrichment experiments allow to measure kex not only at

10 T T T T T T T

IN(1/Togps)

24 28 3.2 36 4.0
1000/T (K

Fig. 5. Transverse relaxation rate (1/T20ps) temperature dependence of the o)
NMR signal of bound water in fac-[(CO)3Tc(H20)3]*. The dashed line repre-
sents the best fit of Eq. (2) to In (1/T50bs) experimental points (O). The solid
line corresponds to Eq. (3) including the ln(k§Z7) value (OJ).

low temperature (Fig. 6) [46]. These experiments are often
very time-consuming and expensive because considerable
amounts of enriched Hy!70 (10% enrichment) have to be
used. Exchange rates measured at variable temperature are
shown in Fig. 7 and the corresponding activation parameters
are AH'=90+3kImol~' and AS'=+14+10JK~!'mol~!
(kggf =(54+0.3)x 1073s71). The larger errors on the fitted
parameters reflect the smaller temperature range available if

compared for example to those determined for the Tc analogue.

=% [ T-% F—F - L1 ®—F [ =%
0 250 500 750

t(s)

1000

Fig. 6. Increase as a function of time of 'O NMR signal height /y, (arbitrary
units) of bound water in fac-[(CO)3;Re(H,0)3]* (0.1 M CF3SO3H; I=1M), at
T=298 K; experimental values (@), fit according to Eq. (5) (—).
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Table 3
Selected kinetic data and mechanisms of water exchange for aqua complexes of Cr(0), W(0), Mn(I), Tc(I), Re(I), Ru(II),

kgfg b AHY (kI mol™ 1) ASH (K1 mol™1) AVE (cm® mol™1) Mechanism pKa Ref.
[(CO)3Cr(H,0)3] 11 x 10* 50 +20 <8 [51]
[(CO)3sW(H,0)3] 31 58 -22 <4.5 [51]
[(CO);Mn(H,0)3]* 23 72.5 +24.4 +7.1 I4 9-10 [43]
[(CO)3Tc(H,0)3]* 0.49 78.3 +11.7 +3.8 Iy [43]
[(CO)3Re(H,0)31* 6.3 x107* 90.3 +14.5 Iy 7.5 [46]
[(CO)3Re(OH)(H20)2] 27 [46]
[(CO)3Ru(H,0)3]* 10~4-1073 —0.14 [37]
[(CO);Ru(OH)(H,0)31* 5.3 %1072 [37]

In the case of water exchange on the Re! compound a
marked acidity dependence of kops has been observed. It is
therefore likely that in this case not only fac-[(CO)3Re(H,0)3]*
but also fac-[(CO)3Re(OH)(H,0),] contributes to the observed
exchange rate in a proportion determined by the acid dissociation
constant K, (Eq. (6) and Table 3):

[(CO),Re(OH)(H20),]
K, = g (©)
[(CO,Re((H;0)7 1HT]

(CO), Re(H,0),|" +3H,70

_H*
e L,
+H'

(CO), Re (H,*0),|" +3H,0

[(CO), Re (OH) (H,0),| +3H,*0

i

[(CO), Re (OH) (H,*0), | +3H,0

2

)

The observed exchange rate constant ks is given by Eq.
(4) and a linear relation of keps versus [H¥]™! is expected.
The experimental data confirm this linear dependence (Fig. 8)
and kex and koy can be determined if K, is known. Taking
log Ky =—7.5 from literature [47] kex =(6.3 £0.1) x 103!
and kog =27+ 157! are obtained. These results show that at
pH < 2.5 exchange proceeds mainly on fac-[(CO)3Re(H,0)3]*.
At pH>4 the contribution of fac-[(CO);Re(OH)(H>0);]

33 3.4 35 36
1000/T (K™

Fig. 7. Temperature dependence of ko,s for water exchange on fac-
[CO)3Re(H20)3]*" (M) (0.1 M ClO4~, I=0.25M). The solid line corresponds
to a fit with Eq. (3).

becomes predominant for water exchange on tricarbonyl
Rel.

2.4. Water exchange on fac-[(CO);M(H,0)]*-comparisons

Comparing water exchange rate constants for tricarbonyl
aqua ions of group 7 metals shows that kex is strongly decreas-
ing when going down the group. Including the data available for
the Cr, W and Ru homologues, the same trend is observed in
group 6 (Table 3). In a row going from left to right the decrease
of the water exchange rate is paralleled by a charge increase
of these isoelectronic (tgg) complexes. A similar behaviour has

been reported for [Ru(H,0)g]** and [Rh(H,0)¢]>* aqua ions
[48,49], where the increase in bond strength leads even to a
change in the water exchange mechanism from Iy to I, [50].
The electrostatic interaction is influencing the metal water bond
strength which is also clearly visible in the increased activa-
tion enthalpies, AH*, for the water exchange (Table 3) and
certainly also contributes to the slower water exchange rates
on fac-[(CO),(NO)Re(H0)3]%* (see below).

3. CO exchange on fac-[(CO)3Tc(H,0)3]*

Even if the carbonyls in fac-[(CO)3sM(H,0)3]* are rather
inert a slow exchange with free CO in solution can be observed.
To measure the exchange rate constant, kco, of CO on fac-
[(CO)3Tc(H20)3]* a solution was pressurized with 4.4 MPa of
13CO in a 10 mm NMR sapphire tube [52,53]. The CO exchange

0.020 : ; : S——
0.016- 4

0012 e :

kabs (3.1)

0.008-
-',

0.004- 1

G000 5 o e o e o e
0 25 50 75 10
103/ [H*] (MT)

Fig. 8. Acidity dependence of the water exchange rate on tricarbonyl Re' at
T=298 K; rate constants ks (H) and best fit (—); I=1.0M (Na CF3S03).



2352 L. Helm / Coordination Chemistry Reviews 252 (2008) 2346-2361

CO
COI/”" | “\\\\\CO

Tc
oH®” | w0
20

-CO Hﬂco

-CO H{*—”CO

13CO
CO/HJ,,Tl .\\\\1300

C
oH?” | “Wh,0

H,0

-CO H#—”CO

13co
c 0”’“, | .\\\\1 300

Te
on® | w0
H

,0

=EFT

-860 -870 -880
8/ ppm

Fig. 9. Time evolution of *Tc NMR spectra recorded at 277 K of an aqueous
solution of fac-[(CO)3Tc(H,0)3]* under 13CO (~5MPa). The spectra were
recorded (from top to bottom) after 2 min, 4 h, 35h, 10d.

was monitored by **Tc NMR (Fig. 9) [54]. Substitution of the
NMR coupling silent >CO by one, two or three NMR coupling
active 13CO led to the successive appearance and disappearance
of various multiplets. In addition, each substitution of one 2¢co
by one '3CO causes an isotopic shift of A§=—1.05ppm per
carbon mass unit.

The mole fractions of the different isotopomers as a
function of time are obtained by fitting sums of singlets,
doublets, triplets and quartets to the experimental spectra.
Using a mathematical description developed for complex
formation [55] the second order rate constant kco can be
obtained from a simultaneous fit of all mole fractions. Results
at two temperatures measured by either pressurizing fac-
[(CO)3Tc(H,0)3]* with 3CO or fac-[('*CO)3Tc(H,0)3]*
with 12CO are shown in Fig. 10 [54]. The fitted rate con-
stants are kco=(10.0+£0.2) x 10~4s~ ! M~! (T=310K) and
kco=(0.82+£0.01) x 10~*s~ ! M~! (T=277 K). A comparison
with water exchange rates shows that exchange of carbonyls
is two to three orders of magnitude slower than the exchange
of water molecules confirming the kinetic inertness of the
[(CO)3Tc] moiety.

4. Replacement of HO by CO, formation of Tc(CO)q

Ten years ago Ziegler published DFT calculated '3C chemical
shifts of a series of hexacarbonyls, including [Tc(CO)g]* which
had not been synthesized at that time [56]. In 2000, Aebischer
et al. could show by '3C and *Tc NMR that the hexacarbonyl
of Tc! is formed in aqueous solution under CO pressure [54].
A solution of fac-[(CO)3Tc(H,0)3]* has been kept in a sap-
phire NMR tube under ~5MPa of '*CO for about 3 weeks
at room temperature. The ®Tc NMR spectrum recorded after
that time showed besides the quartet at —867 ppm due to fac-
[(]3 CO)3Tc(H,O)]* three signals at lower frequencies (Fig. 11).
The septet at §=—1961 ppm clearly shows that [Te(P3CO)6]*
is present in the sample. The additional peaks at §=—1050
and —1418 ppm are much broader and do not show any mul-
tiplet structure. From the assumption that each CO replacing a
water molecule shifts the *Tc to lower frequency the signals
were attributed to [(CO)4Tc(H,0),]t and [(CO)sTc(H,0)]t,
respectively [54]. The broadening of the NMR signals of the
quadrupolar *Tc is probably due to the reduction of symmetry
on the Tc-centre, increasing therefore quadrupolar relaxation of
PTc [57].

The '3C spectrum of the same sample exhibits after releas-
ing 13CO pressure two decuplets at §=209.7 and 190.2 ppm
(Fig. 12). The 1J170799TC coupling constants of the two are
identical to those of the quartet (354Hz) and the septet
(261 Hz) measured by **Tc NMR allowing their assignment to
[(13CO)3Tc(H0),]* and [Te(3CO)g]*, respectively. The '2C
chemical shift of [Tc('3CO)g]* is in excellent agreement with
the value of 193.1 ppm calculated by Ziegler. The hexacarbonyl
complex is relatively stable in aqueous solution at acidic pH
and release of CO from the molecule is slow. Upon release of
CO pressure the 99T peaks attributed to [(CO)4Tc(H20),]* and
[(CO)sTc(H,0)]* disappear within 1 h whereas the signal due to
[Tc(13CO)s]* disappears slowly within 2 days at room tempera-
ture [54]. Alberto [58] suggests that once one CO is replaced by
a water molecule two other CO’s are cleaved rapidly following
Fig. 13.

5. Oxygen exchange on fac-[(CO);Mn(H,0)3]*

If a tricarbonyl complex is dissolved in water the carbonyl
oxygen exchange very slowly with water oxygen as it has been
observed on hexacarbonyl ions, for example [59,60]. A quan-
titative study using 7O isotopic exchange has been reported
for fac-[(CO);Mn(H,0)3]* [43,61]. To be able to follow the
increase with time of the C!'7O signal after dissolution of the
un-enriched complex in 17O enriched water the huge signal of
bulk water had to be depressed (Fig. 14) [38,39]. Manganese(I)
in fac-[(CO)3;Mn(H;0)3]* is slowly oxidized and the complex
decomposes forming Mn?* aqua ions. As already explained
above, water exchange on these very paramagnetic ions is fast
and the peak of bulk water broadens more and more on consec-
utive spectra as Mn>* concentration is increasing. However, a
quantitative analysis of 170 exchange on CO is still possible due
to the peak of water bound to Mn! serving as reference for inte-
gration of the peaks. The increase in time of the relative signal
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Fig. 10. Evolution of the mole fractions of the isotopomers of fac-[('>?C0O)3 Tc(H,0)3]* under 4.4 MPa of '3CO (left) and of fac-[(*CO)3Tc(H,0)3]* under 4.4 MPa
of 12CO (right): fac-[(>CO)3; Tc(H,0)31* brown; fac-[(>CO),('3CO)Tc(H,0)31+ green; fac-[(*2CO)(13CO), Te(H,0)31* red; fac-[(13CO); Tc(H,0)3]* blue.(For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 11. ®Tc NMR spectrum recorded at 310 K of a solution kept 20 days under '3CO (~5 MPa) at room temperature (chemical shift reference: TcO4 ™).

intensity I(f)/I is given by Eq. (5). The exchange rate constant
for CO-oxygen is kc+0, Xoo 1S the mole fraction of bound oxygen

(<1%), and I, the integral at equilibrium, is equal to the integral

of bound water. Due to the slow oxidation of Mn! the exchange | l | I I I I I I | .

reaction could only be followed for about 19h which is less s o 50g ppes e
than one half-life for the exchange reaction (Fig. 15). However, R/ i
arelatively precise determination of kc+o, was possible because

I is known from the 7O signal of bound water. The exchange

rate determined at 338 K is 4.3 x 107°s~! corresponding to a

half-life of ~45h [43] and the reaction is assumed to proceed

via the formation of a metallacarboxylic acid [61].

* CO free

[N(CH,CH,) I
A Y —
6. Complex formation reactions on 250 200 150 100 50 0
fac-[(CO);M(H0)3]* 5/ppm
. I I . . Fig. 12. 3C NMR spectrum recorded at 335 K of a solution kept 20 days under
Tricarbonyl complexes of Tc" and Re' are interesting precur- 13CO (~5 MPa) after releasing CO pressure.

sors for radiopharmaceuticals because the three water ligands
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Fig. 13. Formation of fac-[(CO)3Tc(H,0)3]* from [Tc (CO)g]*.
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Fig. 14.'70 NMR spectra of an 7O enriched solution of fac-
[(CO);Mn(H,0)3]* heated to 338 K, showing the progressive increase of the
signal at 389 ppm due to 17O enrichment of the carbonyl ligand. Coordinated
water is observed at —65 ppm. Bulk water (*) has been suppressed, by a 1-3-3-1
pulse sequence, and broadened after some time by the Mn?* resulting from the
decomposition of some complex.

can readily be replaced by incoming ligands and a large num-
ber of compounds have been synthesized and characterized
[18,20,21,23,24,29]. Both M! centres bind a variety of ligand
atoms like nitrogen, phosphorous, oxygen and sulfur. Because
the half-life of the radioisotopes used in radiopharmaceuticals
are in general short, the preparation of the complexes must be
fast and complete. Therefore, knowledge of kinetics and mech-
anism of complex formation of fac-[(CO);M(H,0)3]" with a
diversity of ligands with different binding atoms is important
(Fig. 16).

Monodentate ligands like acetonitrile or DMS can replace
successively all three water molecules as can be shown by
'"H NMR (Fig. 17) [36,46]. After mixing aqueous solutions of
fac-[(CO)3Re(H0)3]* and DMS signals due to mono, bi, and
tri complexes (fac-[(CO);Re(DMS)(H,0),]1*: 2.65 ppm, fac-
[(CO)3Re(DMS),(H,0)1*: 2.74 ppm; fac-[(CO)3Re(DMS)3]*:

Iy,

t(10° s)

Fig. 15. Evolution of the integral of the CO peak in 7O NMR of an '7 O enriched
solution of fac-[(CO)3Mn(H,0)3]* heated to 338 K; the solid line represents the
best fit.
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Fig. 16. Ligands used for studies of complex formation kinetics on fac-
[(CO);M(H,0)3]*.

2.81 ppm) appear after several hours. Once equilibrium is
established the thermodynamic equilibrium constants of suc-
cessive complex formation, K1, K» and K3, can be determined
from integration of the NMR signals. As an example, for the
complexation of the Re! compound with DMS the following con-
stants have been determined (T=298K): 8.3+ 0.1M~! (K)),
46.8+0.8M™! (K), 52+ 6M~! (K3) [62]. In this example,
where 'H resonances are not overlapping and the kinetics is
slow, all rate constants for formation and dissociation can be
determined. Three formation rate constants k¢; (i = 1-3) and the
equilibrium constants K; characterize the three reactions (Eq.

(8)).

. ke g . ke 1
[COMH0)]" + L= (CORMLIHOLIT +H20: Ky = o
.1 T,
4 ke + ko
[COMLIH0NT* + LE(CORMLLHON +Ha0; Kz = =
kr,2 T,
ke 3 k
[(CORM(L),(H0)* + LE[(COBM@L)T* +H0; Ky = f—z
ke 3 T,
(8)

Assuming second-order kinetics, the variation of the concen-
trations of all observed species can be calculated as functions

A ' ;
I

<
DMS

1 L

55 5.0 4.5 4.0 3.5 3.0 215 2.0 1.5 1.0
8("H)(ppm)

Fig. 17. '"H NMR (400MHz) spectrum of a solution containing ini-
tially fac-[(CO)3Re(H20)3]* 0.05M and DMS 0.09M, recorded at 298 K
32h after addition of DMS. fac-[(CO);Re(DMS)(H,0),]" (@), fac-
[(CO)3Re(DMS)>(H20)]" (0) and fac-[(CO)sRe(DMS)3]* (A), (C2Hs5)4N*
().
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Fig. 18. Concentrations of free DMS and of the mono, bi, and tri complexes
as a function of time (T'=298 K). Initial composition: fac-[(CO)3Re(OH,)3]*
0.05M, DMS 0.09M, 0.1 M CF3SO3H.

of kr; and K; (see Supplementary Material of [46]; Fig. 18).
A simultaneous fit of the time dependence of all concen-
trations obtained from peak integrals leads to krj (krp):
(1.18 £0.06) x 1073 ((0.14240.008) x 10~)M~!s~1, k¢
(ke2): (0.76 £0.02) x 1073 ((16.2£0.5) x 107 M~ s kg5
(ke3): (0.106 +4) x 107 (2.0£0.2) x 107 M~ s~! [62]. In
this simultaneous fit the ratios of k¢; and k;; have been fixed to
the equilibrium constants K; determined after full equilibration.

In the case of complex formation of DMS and acetonitrile
with fac-[(CO)3;Tc(H,0)3]* 99Tc NMR can be used instead of
'H NMR to follow the replacement of H,O molecules. Three
new signals appear successively in the **Tc NMR spectrum at
—907, —1023 and —1230 ppm (DMS) and —911, —981 and
—1098 ppm (CH3CN) corresponding respectively to the mono,
bi, and tri complexes (Fig. 19) [43]. Whereas the signals at —907
and —1023 ppm are relatively broad, the peak at —1230 ppm
is again sharp similar to the peak of the triaqua complex at
—868 ppm. This is a smart illustration of how the higher sym-
metry of the “tri complexes” compared to the “bi complexes”
affects the quadrupolar relaxation of the °Tc nucleus leading to
slower relaxation rates.
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Fig. 19. ®Tc NMR (90MHz) spectrum of an aqueous solution of fac-
[(CO)3Tc(H20)3]1" (31 mM) with dimethylsulfide (22 mM).

The complex formation of DMS with fac-
[(CO);Mn(H,0)3]* is too fast to be studied by looking
on the increase with time of peaks in the 'H NMR spectrum. In
case of excess of DMS, complexes with one, two and three DMS
molecules are formed (Fig. 20) [36]. Increasing temperature
leads to broadening of the free and bound DMS signals due to
exchange. A study of formation of bi and tri complexes by line
broadening of 'H resonance is impossible due to the overlap of
the broadened peaks and due to the problem of separation of the
broadening effects from different reactions. To study kinetics at
variable temperature, ligand concentrations have been chosen
so as to have only the mono complex and free ligand in solution
([ligand]/[metal]: 1:50-60, K3°® =252 M~!). Being in the slow
exchange domain the half-widths of the 'H NMR peaks are due
to magnetic field inhomogeneity, AV", transverse relaxation,
1/T>, and residence time, tp,, at the site corresponding to the
peak of the observed nucleus. The transverse relaxation effect is
in this case much smaller than the inhomogeneity effect which
can be measured on a reference compound present in solution
(3-(trimethylsilyl)- 1-propane-sulfonic acid, TMSPS). Assum-
ing a second order rate law for the complex formation rate,
the residence times of DMS in fac-[(CO);Mn(DMS)(H;0),]*,
T™L, and as free molecule in solution, 7y, are linked to the rate
constants Eq. (9) [43]:

1 1
— =ki[M] and  — =k ©)
L T™ML
Furthermore, the ratio of both residence times is equal to the ratio
of the mole fractions, x;, and xpp,, of both species in solution
Eq. (10):

ML _ XML with xp = 7[14] and
L XL [ML] + [L]

o = MLL (10)
ML= ML + (L]

The equilibrium constant Kj can be determined from integra-
tion of the peaks and independently from the ratio of the rate
constants kg 1/ky,; measured from line width. Fig. 21 shows that
the results are in agreement. The second order rate constant

—

H20

T T T T T

T T T
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Fig. 20. 'H NMR (400 MHz) spectrum of a fac-[(CO);Mn(H,0)3]* solution
with DMS in excess. fac-[(CO)sMn(H,0)3*]=9 mM, [DMS] = 56 mM; (+) '3C
satellites of free DMS.
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Fig. 21. Temperature dependence of the equilibrium constant K; of fac-
[(CO);Mn(DMS)(H,0),]* from NMR integration (O) and from the ratio of
rate constants k1 /k;,; (O0). [Mn!']=0.048 M, [DMS]=0.0017 M, [H*]=0.1 M.

for formation of fac-[(CO);Tc(DMS)(H,0),]* and its tempera-
ture dependence are shown in Fig. 22 (k%ﬂ3 =1224+20M 571,

AH* =712+ 12k mol™1).

Complex formation reactions on group 7 tricarbonyl triaqua
complexes have been studied for DMS and CH3CN and thermo-
dynamic and kinetic data are available (Table 4) [43,46]. For all
three metals, complexes are less stable with CH3CN than with
DMS. This difference decreases when going down the group
7, mainly because the stability of the DMS complex decreases.
The higher affinity for the S-binding DMS compared to the N-
binding CH3CN is also visible by the slightly faster substitution
of water by DMS. The substitution rate by DMS is ~4 times
larger than that by CH3CN in the case of Mn! but only 1.5 and
1.2 times larger for Tc! and Rel, respectively.

A comparison between the second order complex formation
rate constant, kr 1, and the water exchange rate constant, kex,
is possible if the Eigen—Wilkins model [63,64] for substitu-
tion mechanisms on octahedral complexes is considered. In this

100+ .

1A
k, (M7 s7)

s X T ¥ T . T T T
2.95 3.00 3.05 3.10 3.15 3.20
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Fig. 22. Temperature dependence of the formation rate constant kg; of
fac-[(CO);Mn(DMS)(H,0),]* from NMR line width ((J). [Mn']=0.048 M,
[DMS]=0.0017M, [H*]=0.1 M.

model, it is assumed that the formation of an encounter complex
is diffusion controlled and thermodynamically quantified by the
equilibrium constant K. The next step in this reaction scheme
consists of the exchange between ligands in the first and the sec-
ond coordination spheres of the metal and its rate constant, k;, is
rate determining for the whole reaction. The overall rate of the
complex formation is therefore k¢ = k; K.

To be able to compare the water exchange rate constant ke
to k; a statistical factor f/n. has to be considered [55], where f
is the number of molecules in the second coordination sphere
and n. is the number of equivalent water molecules in the first
sphere. The rate constants to compare are therefore kex and kl’-
(Eq. (11)):

kf:ﬁiz ke 12 (11

Kos nc Kos 3
whereas the value of n. =3 is evident in fac-[(CO); M(H,0)3]*
compounds the value for f is less clear and a value of f=12
is generally assumed [55]. The values of K, can be estimated
with the Fuoss—Eigen equation [65,66] and typical values are
0.24 M~ ! for neutral ligands and 1.1 M~! for oppositely charged
ligands. As can be seen from the values in Table 5 kl’ and kex
are of the same order of magnitude with at most a factor of 4
difference in the case of DMS.

The most rate and equilibrium constants on complex for-
mation on tricabonyl metal triaqua complexes are available on
fac-[(CO)3Re(Hy0)3]* [46,62]. A series of N- and S-bonded lig-
ands, neutral and negatively charged ligands have been studied
(Table 5). A slight dependence of substitution rates on the chem-
ical nature of incoming ligand is observed. The softer S-bonded
ligands have a little faster complex formation than for example
the O- and N-bonded ligands, a trend which is even more marked
if the interchange rate constants from the Eigen—Wilkins model,
kj, are compared.

An interesting feature of the complex formation of fac-
[(CO);Re(H,0)3]* with the ligands studied is the strong
increase in the rate constant for the back reaction, & ; [62]. From
the pyrazine (Pyz) ligand to Br™ it increases by nearly three
orders of magnitude (Table 5). This marked leaving group effect
represents the changing nucleofugal ability of each species,
which is inversely related to their basic character [62]. Bro-
mide with a pK, (HBr)=—4.7 is the fastest leaving group
and Pyz with pK, (Pyz)=0.6 is the slowest one. Since kg
barely changes between ligands the change in equilibrium con-
stant K| =kg1/k; originates from the change in k.;. A plot
of logk;; versus —log K; gives a straight line with a slope
close to 1 (0.93£+0.07) (Fig. 23) [62]. Langford pointed out
that a slope of 1 for the straight line indicates that the nature
of the leaving group in the transition state is about the same
as that in the product, namely a solvated species, one could
conclude to a dissociatively activated mechanism for com-
plex formation on fac-[(CO)3Re(H,0)3]*. However, because
the constant of formation, k¢, is not completely independent
on the incoming ligand, L, the complex formation reaction
cannot be totally insensitive to the nature of L. To take into
account the effect of charge of L the equilibrium constant of the
interchange step Ky; = k;/k;1 = K1/Ks could be used in the free
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Fig. 23. Plot of the linear regression of logk,; versus —logK; (O) with a
slope of 0.93 £0.07 (—-) and of log k;,; versus —log Kf?g (@) with a slope of
0.73+0.06 (—) (T=298K).

energy relationship (Fig. 23). The slope decreases to 0.73 £ 0.06,
which is less indicative of a dissociative character of the
substitution.

The water exchange rate ke is close to all interchange rate
constants k;, revealing that the rate of complex formation might
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be limited by the Re-H,O bond-breaking. Langford and Gray
[67] define an Iy mechanism as the one with greatest influence
of the leaving group and an /; mechanism with the highest sen-
sitivity toward the nature of the entering group. It is therefore
difficult to decide on the mechanism only from the rate con-
stants for different ligands. Activation volumes, AV#, measured
from pressure dependence of the rate constants, are generally
considered as important parameters for corroboration of reac-
tion mechanisms [12,13]: negative AV* are indicative for an
associative activation mode and positive AV} for a dissocia-
tive one. Activation volumes measured range from negative
values for the S-bonded ligands DMS and THT (AVF=—12
and —6.6 cm® mol~!, respectively) to a positive value for the
N-bonded Pyz (AVF=+5.4cm?®mol™') [43,62]. The mecha-
nism of complex formation of fac-[(CO)3Re(H,0)3]* seems to
change from Iy, for the harder Pyz, occurring when discrimina-
tion between water and entering ligand is poor, to I, for the softer
DMS and THT which are the best nucleophiles (Fig. 24). Acti-
vation volumes on complexes of the harder metal centre Mn!
are positive (A Vi=+4.2 and +4.2 cm> mol~! for CH3CN and
DMS, respectively) and clearly indicative for an Iy mechanism
to operate.

7. Reactions on fac-[(CO),(NO)Re(H,0)31**

Besides the tricarbonyl precursors fac-[(CO):;M(H,0)3]*
another interesting class of molecules can be obtained by
replacing one CO ligand by NO* [68-71]. Compared to the

Table 4
Thermodynamic and kinetic parameters for water substitution on fac-[(CO)sM(H,0)3]* complexes (M =Mn, Tc, Re) [43]
L KPP M) AHp (Kmol™)  ASp K 'mol™h) P MsTh K287 AHY ASgi* AVt
(kImol™")  (kImol™")  (cm®mol™")

fac-[(CO);Mn(H,0)3]*

CH3CN 4.5 —13.8 —33.8 1.75 29 83.9 +41.3 +4.2

DMS 252 —15.0 —23.3 5.34 89 71.2 +8.1 +11.3

H,O 23 72.5 +24.4 +7.1
fac-[(CO);3Te(H0)3]*

CH3CN 2.9 -0.7 +6.5 0.0399 0.665 77.8 —10.0

DMS 14.9 —6.8 -0.3 0.0608 1.01 70.6 —31.1

H,O 0.490 78.3 +11.7 +3.8
fac-[(CO)3Re(H,0)3]*

Pyz 237 0.00106 0.0177 +5.4

CH3CN 4.8 —12.3 —28.4 0.00076 0.013 98.6 +26.6

DMS 8.3 0.00118 0.020 -12

H,O 0.0054 90.3 +14.5
Table 5
Rate and equilibrium constants for complex formation of fac-[(CO)3;Re(H0)3]* with various ligands L at I=1M, T=298 K

N-bonded [62] S-bonded [62] Anionic [46]
CH3CN Pyz DMS THT TU CF3;CO0O~ Br

103 ky M~1s™h) 0.76 1.06 1.18 1.28 2.49 0.81 1.6
10° key (s71) 16 0.45 14.2 3.05 1.6 99 230
103 k[ (s71y? 12.7 17.7 20 21 415 2.9 5.8
Ki (M 4.8 237 8.3 41 160 0.82 0.7

2 Water exchange rate kex = 6.3 x 1073571,
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[(CO),Re(H,0), ] +L — [(CO),ReL(H,0),] +H,0

Fig. 24. Water substitution by Pyz (left) and THT (right) on fac-
[(CO)3Re(H20)3]*: volume profiles showing change in reaction mechanism
from Iy (Pyz) to I, (THT).

fac-[(CO)sM]™* the presence of the NO* ligand increases the
positive charge of the complex to 2+. Furthermore, the nitro-
syl ligand is considered to have a lower o-donor and higher
m-acceptor strength than the carbonyl ligand [72]. These factors
increase the hardness of fac-[(CO),(NO)M]* compared to fac-

[(CO)3;M]* and thus, a preference for different chelating ligands
may result.

7.1. Water exchange onfac-[(CO)g(NO)Re(Hz0)3]2+

Replacement of one CO by a NO* makes the three more labile
coordination sites on fac-[(CO),(NO)M]" different. One conse-
quence is that bound water molecules are no longer equivalent
and exchange rates from water cis and trans to the nitroxyl are
different. The !7O NMR spectrum of an isotopically equilibrated
solution of fac-[(CO)>(NO)Re(H>0)3]* in 3% enriched H>'7O
shows three signals at 389, —6 and —32 ppm with integral ratios
2:1:2 (Fig. 25) [72]. The peaks were assigned to two CO lig-
ands, one H>O trans to NO and two H>O cis to NO. The signal
of bulk water disappeared due to addition of strongly param-
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Fig. 25. 170 NMR spectrum of a solution of fac-[(CO)Q(NO)Re(HZO)3]2Jr in

CF3SO3H 1M after addition of '7O-enriched water (3%) in the presence of
Mn?* (0.1 M).
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Fig. 26. Increase of '”0 NMR signal integrals as a function of time at 7=298 K

and [H*]= 1M on a solution of [(CO),(NO)Re(H,0)31**: () CO ligand, ()
H,O-trans NO, (A) HyO-cis NO.

agnetic Mn”*. No signal due to NO-oxygen could be detected
with and without Mn?* probably due to extremely slow oxygen
exchange on nitrosyl even in acidic solution [72].
Water exchange on cis and trans position is slow and could be
followed by isotopic enrichment. After injection of water 20%
enriched in 17O into a solution of fac-[(CO)>(NO)Re(H,0)3]%*
containing Mn?* the increase in signal intensities of bound water
and CO has been monitored as a function of time (Fig. 26).
Clearly, the exchange of the water molecule frans to NO is faster
than the two water molecules cis to NO. Under the experimental
conditions given in Fig. 26 the observed exchange rate constants
are k795 =1.13 x 1072 s~ and k%5 =0.209 x 1073 s~ 1.
Studying the exchange rates as a function of [H*], a strongly

non-linear dependence of both k”" and kg& as a function

of [H*] has been found (Fig. 27). The observed rate con-

stants kg&"s/ “* can be calculated from the water exchange rate

constants on fac-[(CO)(NO)Re(Hy0)31%* (k54"/“™) and on
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Fig.27. Observed rate constants k:}’gg’” (O)and kf){fs (O) for water exchange reac-

tions in trans and cis positions to the NO ligands in fac—[(CO)z(NO)Re(H20)3]2+
as a function of acidity (7=298 K).
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Fig. 28. Observed rate constants kgl;o for oxygen exchange between 70
enriched water and the carbonyl oxygen on fac-[(CO),(NO)Re(H,0)3]%* as
a function of acidity (7=298.0 K).
trans/cis
fac-[(CO)2(NO)Re(OH)(H20)21* (ko / ) as Eq. (12):

trans/czs

kér];zsns/cis = XRe kg(ans/c:s + XReOH k with
[H'] d K, 1)

X = 0 an X [

Re [H+] + Ka ReOH [H+] + Ka

Analysis of the experimental km"”/ “" shows that exchange

of trans and cis water of the non- hydrolyzed species is very

slow compared to exchange on the hydrolyzed complex and

t 1
k m:'s/ “is ~ XReOHK O rans/cis . Exchange rate constants determlned

on fac- [(CO)Z(NO)RC(OH)(HZO)Z] are k0 =4.2 x 1073

and kgf_[ =0.58 x 1073 s~! [72]. Both exchange rates are sev-
eral orders of magnitude slower than water exchange rates
on fac-[(CO);Re(OH)(H,0),] (kog=27s""). However, the
hydrolyzed complex fac-[(CO)>(NO)Re(OH)(H,0),]" and fac-
[(CO);Re(H,0)3]" have the same charge and their water
exchange rates are of the same order of magnitude. The fact
that the 7O NMR signal of the trans water molecule is strongly
broadened as the acidity is decreased suggests that deprotona-
tion occurs on the water frans to the nitroxyl. The pK, value
determined from the data analysis is ~1.2 + 0.2 showing that
fac-[(CO)Q(NO)Re(HQO)g]2+ is much more acidic than fac-
[(CO);Re(H20)3]" (pK,=7.5) [47]. The value calculated from
the acidity dependence of kqps is lower than the pK, calculated
from the acidity of a 1 mM solution of the complex (pK, =2.96)
[69].

From Fig. 26 it can be seen that oxygen enrichment on CO
is faster than water exchange on fac-[(CO)2(NO)Re(H,0)3]1%+.
The acid dependence of kgg‘so has been analyzed with equa-
tions similar to Eq. (5) (Fig. 28). Fixing K, to the value
determined from the water exchange (pK, = 1.2), exchange rate
constants for oxygen exchange on fac-[(CO)z(NO)Re(H20)3]2+
and on fac-[(CO);Re(OH)(H,0O);]* have been determined
to kgiO=(19+£4) x 1073 s and ki =4 £3) x 1073571,
respectively. Such oxygen enrichment on CO has not been
observed for fac-[(CO);Re(H;0)3]* in acidic solution [46]
but has been reported for fac-[(CO);Mn(H,0)3]* [43,61] and
[(CO),Ru(H20)6-r]" [37].

440 400 360 40 0 -40 -80
8("70) / ppm

Fig.29. Increase of '’ NMR signal integrals as a function of time at 7=298.0 K
and [H*]=1M on a solution of fac—[(CO)z(NO)Re(H20)3]2+: (©O) CO ligand,
(O) HyO-trans NO, (A) HyO-cis NO.

7.2. Complex formation onfac—[(CO)g(NO)Re(HQ0)3]2+

The triaqua  complex fac-[(CO)(NO)Re(H,0)31**
has been prepared from the bromo complex fac-
[(CO)2(NO)ReBr3][NEt4] in aqueous solution [72] by
adding AgCF3SO3. To study complex formation of fac-
[(CO)>(NO)Re(H,0)3]* with Br~ four equivalents of NaBr
have been added to the complex equilibrated in 3% !0
enriched water (1 M [H*], Mn2*). The reaction was followed
for 14 days at 298 K by 7O NMR [36]. Two new signals of
about 1:1 ratio started to rise within 10 h after mixing (Fig. 29,
red). The water molecule trans to NO being the most labile and
therefore the first to be replaced, the new signals have been
assigned to [(CO)2(NO)Re(Br-trans)(HpO-cis);]*. Further
signals start to grow with time and after 14 d seven signals in
the carbonyl region (~380 ppm) and 5 signals for coordinated
water (~—40 ppm) can be distinguished (Fig. 30). Considering
the six possible mono, bi and tri bromide species (including
all possible isomers) at most eight CO and seven H,O signals
can be expected in the 7O NMR spectrum (free water being

() N0
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‘ “hleee NO 12+
oG, | woH,
| /Re\
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Fig. 30. 70 NMR spectrum of a solution with 0.05M fac-
[(CO)(NO)Re(H20)31%* in 3% '70O-enriched water recorded 14 days
after addition of 4 equivalents of NaBr ([H*]=1M, Mn2* present for free water
suppression). Resolution enhancement has been applied to the extended part of
the CO region.
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suppressed by Mn?*). The spectrum recorded (Fig. 30) shows
that nearly all possible complexes have been formed after 14 d.

8. Concluding remarks

The first concern of this review was to present several exper-
imental NMR techniques to study ligand exchange and complex
formation reactions of fac-[(CO);M(H,0)3]* (M =Mn, Tc, Re)
and on fac-[(CO)Z(NO)Re(H20)3]2+. It has been shown that
sometimes combinations of techniques applied at variable tem-
perature or variable pressure allowed to measure exchange rate
constants and their activation parameters as well as thermody-
namic parameters. Furthermore, the uses of uncommon nuclei
for NMR like 7O or °Tc extends considerably the range of
applications especially in aqueous solutions when "H NMR is
often not very useful.

The second concern of this paper is to give a short overview
on kinetic studies performed on tricarbonyl triaqua complexes
of technetium(I) and rhenium(I) which became precursors for a
variety of radiopharmaceuticals under development. It has been
shown that the fac-[(CO)3M] unit is kinetically inert and that
water molecules bound to it can be replaced easily. Reactivity
of the Re' complexes is one to two orders of magnitude slower
than its Tc! analogues. Furthermore, it shows a marked acid-
ity dependence which has not been observed for Tc! and Mn!
species.
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