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ABSTRACT: A range of N,O-donor atom salicylidene complexes of the
type fac-[M(O,N-Bid)(CO)3(L)]

n (O,N-Bid = anionic N,O-bidentate
ligands; L = neutral coordinated ligand) have been studied. The unique
feature of the complexes which crystallize in a monoclinic isostructural space
group for complexes containing methanol in the sixth position (L = MeOH)
is highlighted. The reactivity and stability of the complexes were evaluated by
rapid stopped-flow techniques, and the methanol substitution by a range of
pyridine type ligands indicates significant activation by the N,O-salicylidene
type of bidentate ligands as observed from the variation in the second-order
rate constants. In particular, following the introduction of the sterically
demanding and electron rich cyclohexyl salicylidene moiety on the bidentate ligand, novel limiting kinetic behavior is displayed
by all entering ligands, thus enabling a systematic probe and manipulation of the limiting kinetic constants. Clear evidence of an
interchange type of intimate mechanism for the methanol substitution is produced. The equilibrium and rate constants (25 °C)
for the two steps in the dissociative interchange mechanism for methanol substitution in fac-[Re(Sal-Cy)(CO)3(MeOH)] (5) by
the pyridine type ligands 3-chloropyridine, pyridine, 4-picoline, and DMAP are k3 (s

−1), 40 ± 4, 13 ± 2, 10.4 ± 0.7, and 2.11 ±
0.09, and K2 (M

−1), 0.13 ± 0.01, 0.21 ± 0.03, 0.26 ± 0.02, and 1.8 ± 0.1, respectively.

■ INTRODUCTION
Organometallic chemistry in aqueous solutions has been of
considerable interest through the years with an expanding
knowledge base, in particular in the fields of catalysis, green
chemistry, and drug design.1−8 The aqueous tricarbonyl
complexes of the group 7 transition elements (Mn, Tc, and
Re) have received particular attention due to the high kinetic
stability of the carbonyl ligands in the low-spin d6 fac-
[M(CO)3]

+ core.9,10 The stability as well as the tendency to
accept various bifunctional chelators containing different donor
atoms have allowed the development of potential Re- and Tc-
based radiopharmaceuticals to complexes with a low valent
central metal core. For diagnostic nuclear medicine, 99mTc is
still the most important radionuclide and represents roughly
80% of clinically administered radiopharmaceuticals.11 Fur-
thermore, Re may be utilized as a potential radiotherapeutic
agent with its β‑emitting isotopes, 186Re and 188Re, as well as
being a nonradioactive model for Tc.12−14 The kinetic behavior
of the aqueous fac-[M(CO)3]

+ model complexes is an
important aspect which may shed light into the synthesis,
patient administration, uptake, and clearance of the radio-
pharmaceutical agents. To improve the understanding of the
tricarbonyl complexes the mechanistic character of the
reactivity of these type of organometallic complexes has to be
extensively considered. Understanding the stability and
reactivity of these new complexes in a controlled chemical
environment may allow better understanding of behavior
patterns in a biological environment. Knowledge gained will

therefore assist in the design of optimum conditions for
labeling.
The kinetic behavior of the water exchange and water

substitution of fac-[M(CO)3(H2O)3]
+ has been reported4,15,16

and indicated that the ligand substitution mechanism was
dependent on the nature of the entering ligand. With regards to
fac-[Re(CO)3(H2O)3]

+ complex formation, a mechanistic
changeover occurs from interchange dissociative (Id) for the
ligands with harder character, to Ia for the ligands which have
better nucleophilic properties and softer characteristics, of
which dimetylsulfide and tertrahydrothiophene are good
examples.
In order to subtly tailor the fac-[M(CO)3]

+ complexes for
use in radiopharmacy the [2 + 1] mixed ligand approach was
proposed by Mundwiler et al.17 The approach utilizes bidentate
ligands to effectively occupy two of the three reactive aqua sites,
thus leaving one site open for substitution. The lipophilicity, in
this manner, can be gently manipulated by coordinating a
biologically active molecule to either the entering monodenate
ligand or the bidentate ligand backbone.18,19 The countless
possibilities of synthesis allows for the optimization of the
properties and activity of model radiopharmaceuticals. The
investigation into the substitution of fac-[M(L,L′-Bid)-
(CO)3(H2O)]

n+ (L,L′-Bid = neutral or monoanionic bidentate
ligands) has become a focus of our research group as very few
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have previously been studied.20,21 The substitution kinetics of
the fac-[Re(L,L′-Bid)(CO)3(H2O)]n+ complexes indicates
interesting variations, for example, an N,N′-Bid positively
charged metal complex has significant affinity for the negatively
charged halide ligands, indicative of an associative mode of
activation. For the N,O-Bid neutral metal complexes, the halide
entering ligand is ca. 5−7 times faster than neutral entering
ligands. For O,O′-Bid neutral metal complexes; in particular, a
flavone complex, fac-[Re(Flav)(CO)3(MeOH)] (Flav =3-
hydroxy-flavonate), illustrates significant labilizing effect.20

These unexpected labilizing effects were also found in a
preliminary study for N,O-Bid neutral Schiff-base metal
complexes and are of similar magnitude to that of the reported
flavone complex.22 The significant activation of the Schiff-base
complex fac-[Re(Sal-T)(CO)3(L)] (Sal-T = monoanionic N,O-
salicylidene bidentate ligand; T = various functionalities
coordinated to the imine N atom; L = coordinated monodenate
ligands) was found to react rapidly according to a dissociative
interchange mechanism. The use and reactivity of these
salicylidene type complexes for radiopharmacy is of particular
interest as it has been shown that biologically active
substituents can readily be additionally coordinated to the
fac-[Re(CO)3]

+ core.19 In general, all previous reports have
indicated that the reactivity of the generally inert Re(I) metal
center could be significantly altered and have opened numerous
possibilities for the [2 + 1] approach.
In this Article, the solvent substitution behavior of fac-

[Re(Sal-T)(CO)3(L)] (L= methanol) is investigated, utilizing
two sterically demanding aliphatic salicylidene bidentate
ligands, namely, 2-(3-methylbutyliminomethyl)phenol (SalH-
3MeBu) and 2-(cyclohexyliminomethyl)phenol (SalH-Cy), in
conjunction with a systematic and chronologic range of
coordinating ability entering ligands, while keeping the steric
demand thereof constant. Only a small number of structures are
reported in the literature for fac-[Re(L,L′-Bid)(CO)3(MeOH)]
complexes containing methanol solvent molecules as the sixth
ligand. Thus, to enable better understanding of the dynamics

and influence of the ligands on the Re-MeOH bond, the solid-
state data available is increased by the three structures fac-
[Re(Sal-Cy)(CO)3(MeOH)], fac-[Re(5Me-Sal-3Me2Bu)-
(CO) 3 (MeOH) ] , a n d f a c - [R e ( 5Me - S a l -mTo l ) -
(CO)3(MeOH)], respectively, as reported here. An interesting
structural correlation is observed for the fac-[Re-
(L,L′)(CO)3(MeOH)] complexes in general as the methanol
solvent complexes as reported both here and in literature tend
to crystallize isostructurally in one monoclinic space group,
which will also be discussed.

■ RESULTS AND DISCUSSION

Synthesis. The fac-[Re(N,O-Bid)(CO)3(MeOH)] com-
plexes were successfully synthesized with methanol in the
sixth position. Pure products were obtained from crystallization
with reasonable yields. Attempts to synthesize the aqua
complex, fac-[Re(N,O-Bid)(CO)3(H2O)], directly were un-
successful and tend to favor the formation of product mixtures.
During kinetic investigations, the complexes were noted to
exchange the coordinated MeOH with the water in solvents
which were not predried. Preliminary kinetic studies on the
water substitution were conducted and will be the subject of
future studies, with the subtle effect of pH significantly
complicating the kinetics. Thus, utilizing methanol as a solvent
instead of water proved highly successful and allowed the
synthesis of crystallographically pure complexes.
In agreement with the [2 + 1] approach, the coordinated

methanol is readily replaced by other noncharged ligands.
Similarly, the coordinated functionality on the Schiff-base imine
nitrogen could be altered from aromatic to biologically active,
and now aliphatic synthons, and still allow successful
coordination to the fac-[Re(CO)3] core.18,19 The successful
formation of the fac-[Re(L,L′-Bid)(CO)3(MeOH)] complexes
could be easily confirmed by X-ray diffraction, 1H and 13C
NMR, and IR spectroscopy. Crystallization at low temperature
is essential for the formation of pure crystalline products;

Table 1. Comparison of Spectroscopic Data for fac-[Re(N,O-Bid)(CO)3(L)] Complexes with L = Monodentate Ligands as
Indicated

N,O-Bid compd λmax (nm) ε (M‑1 cm‑1) v(CO) (KBr; cm
‑1)

[Re(Sal-Cy)(CO)3(MeOH)]a 293 14 210 2015 1872
[Re(5Me-Sal-3Me2Bu)(CO)3(MeOH)]a 382 1576 2016 1895 1872
[Re(5Me-Sal-mTol)(CO)3(MeOH)]a 365 2124 2019 1923 1883
[Re(5Me-Sal-Hist)(CO)3]

b 300 5206 2013 1903 1871
[Re(5Me-Sal-Trypt)(CO)3(MeOH)]b 262 8422 2014 1885
[Re(5Me-Sal-Trypt)(CO)3(Py)]

b 382 2112 2016 1906 1882
[Re(5Me-Sal-Carba)(CO)3(MeOH)]b 2018 1892
[Re(5Me-Sal-Carba)(CO)3(Py)]

b 286 30 960 2015 1909 1885
[Re(Sal-mTol)(CO)3(MeOH)]c 398 3139 2002 1869
[Re(Sal-mTol)(CO)3(Py)]

c 402 2345 2015 1891
[Re(Sal-pTol)(CO)3(MeOH)]c 386 2032 2020 1892
[Re(Sal-Ph)(CO)3(MeOH)]c 402 3717 2021 1893
[Re(Sal-Ph)(CO)3(Py)]

c 407 2487 2015 1907 1889
[Re(Sal-3MeBu)(CO)3(MeOH)]d 383 1311 2001 1877
[Re(Sal-3MeBu(CO)3(Py)]

d 389 2038 2014 1905 1878
[Re(Pico)(CO)3(H2O)]

e 313 5140 2022 1908 1874
[Re(2,4-dPicoH)(CO)3(H2O)]

e 339 4280 2035 1919
[Re(2,4-dPicoH)(CO)3(Py)]

e 315 5550 2030 1929 1908
[Re(2,4-dQuinH)(CO)3(H2O)]

e 352 51 900 2034 1936 1886
[Re(2,4-dQuinH)(CO)3(Py)]

e 358 49 900 2024 1926 1869
aThis work. bReference 19. cReference 22. dReference 18. eReference 20.
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however, once formed, the complexes are stable for months
provided it is stored under inert conditions.
Spectroscopy. The complexes all display characteristic

UV−vis spectra typical of the low-spin d6 Re(I) fac-tricarbonyl
metal core, also when ligand substitution has been affected.23

The infrared data reported show symmetric stretching bands in
the same range as other similar Schiff base complexes (Table
1), and the carbonyl stretching frequencies agree with the
electron density of the metal center as induced by the
bidentate/monodentate ligand combination.24−26 The 1H
NMR spectra of fac-[Re(5Me-Sal-mTol)(CO)3(MeOH)] and
[Re(5Me-Sal-3Me2Bu)(CO)3(MeOH)] complexes indicate
rotamers for the nitrogen coordinated functionality similar to
that previously found.18 The imine carbon (C1) is situated
around 170−160 ppm in 13C NMR spectra. The IR data does
not indicate whether or not fac-[Re(Sal-Cy)(CO)3(MeOH)],
fac-[Re(5Me-Sal-3Me2Bu)(CO)3(MeOH)], and fac-[Re(5Me-
Sal-mTol)(CO)3(MeOH)] are particular more electron-rich
that the other N,O-Bid complexes listed in Table 1.
X-ray Crystallography. The crystal structures of com-

plexes 5, 6, and 7 were determined by X-ray crystallography,
and the data collection parameters, basic crystallographic data,
and geometric parameters are summarized in Tables 2 and 3,
respectively. The molecular geometries and structures of 5, 6,
and 7 are illustrated in Figure 1a−c, respectively, while the

atom numbering schemes are also indicated. The rhenium(I) to
monodentate ligand bond distances are listed as Re−L in Table
3.
The three complexes, 5, 6, and 7, crystallized as distorted

octahedra at the rhenium(I) center. Each rhenium atom is
coordinated by three facial carbonyl ligands, an N,O-bidentate

Table 2. Crystallographic Data of fac-[Re(Sal-Cy)(CO)3(MeOH)] (5), fac-[Re(5Me-Sal-3Me2Bu)(CO)3(MeOH)] (6), and fac-
[Re(5Me-Sal-mTol)(CO)3(MeOH)] (7)

5 6 7

empirical formula C17H20NO5Re C17H22NO5Re C19H18NO5Re
fw 504.55 506.56 526.54
cryst syst monoclinic monoclinic orthorhombic
space group C2/c C2/c Pbcn
a (Å) 18.096(4) 18.1040(4) 18.9720(7)
b (Å) 14.441(3) 15.1508(4) 14.2191(5)
c (Å) 13.753(3) 13.8715(4) 14.2316(5)
α (deg) 90 90 90
β (deg) 107.18(3) 102.896(2) 90
γ (deg) 90 90 90
V (Å3) 3433.6(1) 3708.8(2) 3839.2(2)
Z 8 8 8
Dcalcd (g cm−3) 1.952 1.814 1.822
μ (mm−1) 7.104 6.577 6.358
F(000) 1952 1968 2032
T (K) 100 100 100
λ (Å) 0.71073 0.71073 0.71073
cryst color colorless yellow yellow
cryst morphology cuboid cuboid cuboid
cryst size (mm3) 0.24 × 0.16 × 0.16 0.30 × 0.17 × 0.15 0.41 × 0.16 × 0.15
θ range (deg) 1.84−28.00 1.77−28.00 1.79−28.00
completeness (%) 99.1 100.0 99.9
index ranges h = −22 to 23 h = −23 to 23 h = −23 to 25

k = −18 to 19 k = −20 to 20 k = −18 to 18
l = −17 to 18 l = −18 to 18 l = −18 to 16

reflns collected 14 839 29 957 51 881
indep reflns 4107 4479 4643
Rint 0.0963 0.0338 0.0538
data/restraints/params 4107/0/217 4479/0/240 4643/0/218
GOF 1.027 1.295 1.168
R1 [I > 2σ(I)] R1 = 0.0760, wR2 = 0.1850 R1 = 0.0195, wR2 = 0.0645 R1 = 0.0353, wR2 = 0.0996
R1 (all data) R1 = 0.0983, wR2 = 0.2056 R1 = 0.0259, wR2 = 0.0947 R1 = 0.0714, wR2 = 0.1466
ρmax and ρmin (e Å−3) 7.337, −5.607 0.996, −1.183 1.703, −2.365

Table 3. Selected Bond Distances (Å) and Angles (deg) for
5, 6, and 7 (L = MeOH)

5 6 7

Bond Distance
Re1−N1 2.202(9) 2.179(4) 2.157(5)
Re1−O1 2.131(7) 2.117(3) 2.123(4)
Re1−C01 1.896(11) 1.916(5) 1.914(7)
Re1−C02 1.894(13) 1.903(4) 1.895(9)
Re1−C03 1.869(10) 1.896(5) 1.901(11)
Re1−L 2.172(8) 2.180(3) 2.189(5)
N1−C1 1.282(12) 1.285(6) 1.278(9)
Bond Angle
N1−Re1−O1 84.6(3) 85.47(11) 83.77(19)
L−Re1-C03 174.9(3) 176.03(16) 175.7(3)
Re1−O04−C04 123.8(7) 123.1(3) 126.4(5)
Re1−C02−O02 175.8(10) 177.4(4) 178.7(8)
C1−N1−C21 113.6(9) 115.6(4) 116.8(6)
C22−C21−N1−C1 107.6(11) 100.3(6) 91.4(1)
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moiety, and a neutral MeOH solvent molecule. The bidentate
ligands each contain a different functionality at the imine
nitrogen atom. Complexes 5 and 6 crystallize in the monoclinic
space group, C2/c, both with one metal complex molecule in
the asymmetric unit.
The two solid state structures are isostructural (similar

structural parameters; all atoms in virtually the same positions
throughout each structure) with each other as well as with four
other previously published structures, i.e., fac-[Re(Sal-3MeBu)-
(CO)3(MeOH)],18 fac-[Re(Sal-mTol)(CO)3(MeOH)], fac-
[Re(Sal-pTol)(CO)3(MeOH)], and fac-[Re(Sal-Ph)(CO)3-
(MeOH)].22 There is a distinct tendency for these Schiff-base
fac-[Re(Sal-T)(CO)3(MeOH)] complexes which contain a
coordinated methanol solvent molecule as sixth ligand to
crystallize in the C2/c monoclinic space group. The only
exception to date is complex 7 which has crystallized in the
orthorhombic Pbcn space group. The reason for the
isostructural behavior is not yet completely understood and is
currently under investigation, but similar orientation of the
imine substituent, provided its spacial demand is not that
significantly different from the others, is expected to contribute
to this (Figure 2).
The Re1−N1 bond distances [(5) 2.202(9) Å; (6) 2.179(4)

Å; (7) 2.157(5) Å] and Re1−O1 bond distances [(5) 2.131(7)
Å; (6) 2.117(3) Å; (7) 2.123(4) Å] are in good agreement with
those reported in related systems, and it ranges from 2.093 to
2.184 Å for Re−O and 2.152−2.199 Å for Re−N.20,27−29 The
bite angles of the coordinated N,O-Bid ligand, N1−Re1−O1
[(5) 84.6(3)°; (6) 85.47(11)°; (7) 83.77(19)°], compare well
with those of other 6-membered cyclic bidentate ligands and

range from 79° to 86°. This is typically about 10° larger than
that found in similar 5-membered N,O-bid ligand complexes.
The Re−MeOH bond distances (Re−O04) [(5) 2.172(8) Å;
(6) 2.180(3) Å; (7) 2.189(5) Å] are similar to that in the fac-
[Re(Flav)(CO)3(MeOH)] (2.204(4) Å) and the fac-[Tc-
(NN′)(CO)3(MeOH)]+ complex30 (N,N′ = 2.1773 Å). The
Re−CO bond distances in complexes 5, 6, and 7 agree well
with this.

Substitution Kinetics. The methanol substitution reactions
between fac-[Re(L,L′-Bid)(CO)3(MeOH)] and various neutral
monodentate entering ligands were monitored in methanol as
solvent. The poor solubility of some complexes in water
excluded the use thereof, and to ensure the integrity of the
coordinated methanol, pure methanol was used. Freshly
distilled, dry methanol is essential to minimize slow water
exchange, as observed in reagent grade methanol which
contained water.
A chronologic range of different substituted pyridines (3-

chloropyridine, pyridine, 4-picoline, and 4-dimethylaminopyr-
idine) was selected as the monodentate entering ligands
specifically for their systematic increase in basiscity as
manifested in their reported pKa values (2.81, 5.23, 5.99, and
9.8).31,32

The substitution of the coordinated methanol may proceed
via three different activation processes as depicted in Scheme 1.
Bromide ions (as NaBr or [Et4N]Br) as potential entering

ligands were evaluated in preliminary kinetic experiments, but
no reaction could be detected. This is in agreement with
previous synthetic experiments which showed that all Br−

species are replaced by methanol from [Et4N]2[Re(CO)3(Br)3]

Figure 1. Molecular structures of the rhenium complexes (a) fac-[Re(Sal-Cy)(CO)3(MeOH)] (5), (b) fac-[Re(5Me-Sal-3Me2Bu)(CO)3(MeOH)]
(6), (c) fac-[Re(5Me-Sal-mTol)(CO)3(MeOH)] (7). Only complexes indicated, H atoms (except for the methanol protons) are omitted for clarity.

Figure 2. Graphical overlay of rhenium complexes. Overlays are not drawn through substituents coordinated to the N atom of the salicylidene
backbone to allow free rotation of coordinated functionalities. (a) fac-[Re(Sal-Cy)(CO)3(MeOH)] (5) (blue) and fac-[Re(5Me-Sal-
3Me2Bu)(CO)3(MeOH)] (6) (green; disorder indicated). (b) fac-[Re(Sal-Cy)(CO)3(MeOH)] (5) (blue) and fac-[Re(5Me-Sal-mTol)(CO)3-
(MeOH)] (7) (yellow). (c) fac-[Re(Sal-Cy)(CO)3(MeOH)] (5) (blue), fac-[Re(5Me-Sal-mTol)(CO)3(MeOH)] (7) (yellow), and fac-[Re(5Me-
Sal-3Me2Bu)(CO)3(MeOH)] (6) (green; disorder not indicated).
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upon introduction of the SalH ligands when using MeOH as
solvent. UV−vis experiments on all complexes and ligands
indicated no detectable decomposition for several days and,
thus, stability in solution for the kinetic time span utilized in
this study.
First-order plots were obtained for all reactions wherein the

coordinated methanol was substituted by the entering pyridine
type ligand, and were treated to obtain the pseudo-first-order
rate constant as described earlier.20,21 Plots of kobs versus
[Ligand] for the reactions utilizing various ligands are provided
in Figures 3 and 4. Upon fitting the kobs versus [Ligand] data to

eqs 2, 4, and 5 as obtained by utilizing pseudo-first-order
reaction conditions for the individual runs (ligand in excess),
the individual rate constants as given in Table 4 were obtained.
The rapid nature of the substitution reactions necessitated all
kinetic measurements to be monitored on a stopped-flow
spectrophotometer, and these were reproducible in both the
rapid-scan (diode-array) and photomultiplier mode.
The kobs versus [L] (entering ligand) plots, obtained for

complexes 4 and 5, produced either linear or nonlinear plots.
For pseudo-first-order conditions with [L] ≫ [Re], only one
reaction was observed for all the reagents under the reaction
conditions described. It was hypothesized that the steric bulk of
the aliphatic complexes fac-[Re(Sal-3MeBu)(CO)3(MeOH)]
(4) and fac-[Re(Sal-Cy)(CO)3(MeOH)] (5) may affect the

substitution rates relative to the rates reported for planar
aromatic functionalities.22

The substitution of methanol in the aliphatic complex fac-
[Re(Sal-3MeBu)(CO)3(MeOH)] (4) with various concen-
trations of 4-dimethylaminopyridine (DMAP) and pyridine
(Py) was investigated at 25.0 °C. For the substitution reaction
with DMAP, nonlinear plots were obtained whereas a linear
relationship was obtained for the reaction with pyridine, see
Figure 3.
This tendency follows the pattern found for the aromatic fac-

[Re(L,L′-Bid)(CO)3(MeOH)] complexes previously reported
where an interchange dissociative mechanism was postulated.22

The methanol substitution reaction of the cyclic aliphatic
complex fac-[Re(Sal-Cy)(CO)3(MeOH)] (5) was then inves-
tigated at 25.0 °C, initially only with pyridine and DMAP as in
other examples. Unexpectedly, line curvature was also found for
pyridine as entering ligand which until this point has always
given linear plots with various fac-[Re(L,L′-Bid)(CO)3-
(MeOH)] at high concentrations. This led to the investigation
being expanded to include a range of pyridine type ligand [3-
chloropyridine, pyridine, 4-picoline, and 4-dimethylaminopyr-
idine (pKa values 2.81, 5.23, 5.99, and 9.8)]

30,31 which exhibited
a significant range of electron donating capabilities as
manifested by their respective pKa values, yet their steric
contributions are expected to remain virtually constant.
Nonlinear relationships were thus obtained for all four ligand
reactions, but the extent of the plateau and the corresponding
(curved) influence thereupon, and the individual stepwise
influence, could also be quantified. Figure 4 illustrates the good
fit of the data to eq 2; the curved nature utilizing the exact fits is
however further highlighted in Figure 5.
From the previous studies of fac-[Re(Sal-mTol)(CO)3-

(MeOH)],22 an interchange dissociative mechanism was
proposed which yields limiting kinetics at high ligand
concentrations. The rate equation for the interchange
mechanism however predicts linear second-order rate behavior
at low ligand concentrations, i.e., kf = k1 = k3K2. The rate
constant for the forward reaction (kf) for an I mechanism is
therefore expected to closely resemble the “observed” second-
order rate constant (k1), especially at low ligand concentrations
where saturation limits have not yet been reached. Rate

Scheme 1. Substitution of Coordinated Methanol from fac-
[Re(O,N-Bid)(CO)3(MeOH)] by Pyridine Type Ligands (L)
via an Associative (A), Dissociative (D), or Interchange (I)
Process, According to Basolo and Pearson33

Figure 3. Plot of kobs vs entering ligand for the reaction of fac-[Re(Sal-
3MeBu)(CO)3(MeOH)] and different entering ligands at 25.0 °C in
methanol yielding limiting and linear relationships; [Re complex] =
3.22 × 10−4 M (pyridine λ = 416 nm, DMAP λ = 422 nm).

Figure 4. Plot of kobs vs entering ligand for the reaction of fac-[Re(Sal-
Cy)(CO)3(MeOH)] and different entering ligands at 25.0 °C in
methanol yielding limiting relationships; [Re complex] = 1.83 × 10−4

M (3-chloropyridine λ = 419 nm; pyridine λ = 417 nm; 4-picoline λ =
418 nm; DMAP λ = 420 nm).
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constants obtained for complexes 4 and 5 clearly illustrate the
similarity in kf and k1 in Table 4. An important observation,
especially assuming an interchange dissociative mechanism, is
however expected in a gradual variation in the pre-equilibrium
constant (K2), and should agree with the Bronsted acid/base
properties of the pyridine type ligand, i.e., reflecting electron
density of the N atom on the entering entity. The K2 constant
does in fact increase by more than an order of magnitude from
3-chloropyridine to DMAP for complex 4. The second-order
rate constants (k3), on the other hand, exhibit an inverse
relationship to the Bronsted pKa values of the entering
pyridines.
The trend is similar to the tendency observed for fac-[Re(Sal-

mTol)(CO)3(MeOH)].22 The overall second order rate
constants (k1) obtained for the reaction of 4 and 5 with
pyridine (k1 = 1.79(2) M−1 s−1; k1 = 2.22(5) M−1 s−1) is
significantly faster than values determined for other analogous
N,O-bidentate ligands20 {fac-[Re(Quin)(CO)3H2O)] k1 =
3.9(1) × 10−3 M−1 s−1; fac-[Re(Pico)(CO)3(H2O)] k1 =
1.6(1) × 10−3 M−1 s−1; fac-[Re(2,4-QuinH)(CO)3(H2O)] k1 =
3.31(2) × 10−3 M−1 s−1; fac-[Re(2,4-PicoH)(CO)3(H2O)] k1 =
1.641(8) × 10−3 M−1 s−1; where Quin = 2-quinolinate, Pico =
2-picolinate, 2,4-QuinH = 2,4-quinolinedicarboxylate, 2,4-
PicoH = 2,4-pyridinedicarboxylate, respectively}. The overall
second-order rate constants (k1) obtained for the reaction of 4

and 5 with pyridine are comparable to that determined for the
labile methanol complex fac-[Re(Flav)(CO)3(MeOH)] (k1 =
1.38(8) M−1 s−1) and water substitution for thiocyanate as
entering ligand in related O,O complexes,21 fac-[Re(Trop)-
(CO)3(H2O)] (k1 = 2.54(3) M−1 s−1, Trop = tropolonato).
The second-order rate constants of the salicylidene rhenium
tricarbonyl complexes clearly indicate the significant labilizing
effect which the N,O bidentate ligand has on the fac-
[Re(CO)3]

+ core.
The net interaction of the pyridine type ligand with the metal

center during the overall steps in the dissociative interchange
mechanism in this study is illustrated in more detail in Figure 5,
where the clear plateau of the DMAP is reached much earlier
than that of the other less electron rich pyridines, 4-picoline,
pyridine, and in particular 3-cloropyridine. This is also
emphasized by inset a in Figure 5, wherein a lower entering
ligand range is considered, underlining the difference in
behavior of the ligand range, but still illustrating the good
nonlinear least-squares fits to eq 2 which the four respective
data sets yielded.
Upon closer investigation of the different contributions to

the dissociative interchange activated state, as defined in eq 1, the
very rare observation shown in Figure 6 is highlighted. When
the individual logarithmic contributions of the rapid association
equilibrium, as defined by K2, are plotted against the pKa of the
entering pyridine type ligand, a nonlinear relationship is
obtained, see Figure 6a. However, when the logarithmic
contribution of the rate-determining dissociation of the
methanol from the activated state is considered, defined by k3
(see Figure 6b), a linear relationship but opposite to that in part
a is clearly seen. Moreover, when the two separate steps are
combined as illustrated in Figure 6c, an excellent linear free
energy relationship is obtained. This defines pKa(PY) ∝ kf =
k3K2, and the LFER [log(pKa(PY)) ∝ log(k3) + log(K2)] is thus
clearly indicating a similar intimate exchange mechanism for the
range of pyridine ligands concerned, albeit for only four
entering ligands. The subtle manipulation of the associated
equilibrium and rate constants is emphasized.
Further research to further describe this observation is

currently pursued to broaden the observation and define it
more quantitatively.

■ CONCLUSION

The effects of the N,O-salicylidene bidentate ligands on the
reactivity of the fac-[Re(CO)3]

+ core were illustrated with the
use of bulky aliphatic substituents coordinated to the bidentate
backbone. Few rhenium and technetium tricabonyl complexes

Table 4. Rate Constants Determined for the Reaction of fac-[Re(L,L′-Bid)(CO)3(MeOH)] with Different Entering Ligands at
25.0 °C in Methanola

ligand pKa
b k1 (M

‑1 s‑1) k‑1 (s
‑1) K1 (M

‑1) k3 (s
‑1) K2 (M

‑1) kf = k3K2 (M
‑1 s‑1)

fac-[Re(Sal-3MeBu)(CO)3(MeOH)]
pyridine 5.23 1.79 ± 0.02 0.006 ± 0.005 301 ± 256 11 ± 6 0.17 ± 0.09 2 ± 1
DMAP 9.8 1.34 ± 0.09 2.4 ± 0.3 3.2 ± 0.5
fac-[Re(Sal-Cy)(CO)3(MeOH)]
3-chloropyridine 2.81 4.30 ± 0.06 0.14 ± 0.05 31 ± 9 40 ± 4 0.13 ± 0.01 5.1 ± 0.8
pyridine 5.23 2.22 ± 0.05 0.07 ± 0.03 30 ± 10 13 ± 2 0.21 ± 0.03 2.8 ± 0.6
4-picoline 5.99 2.03 ± 0.06 0.13 ± 0.04 16 ± 5 10.4 ± 0.7 0.26 ± 0.02 2.8 ± 0.3
DMAP 9.8 1.7 ± 0.1 0.13 ± 0.04 13 ± 5 2.11 ± 0.09 1.8 ± 0.01 3.7 ± 0.3

aValues with large ESD’s (indicated in italics) are given for completeness of study. fac-[Re(Sal-3MeBu)(CO)3(MeOH)] = 3.22 × 10−4 M, [pyridine]
= 0.02−0.4 M, [DMAP] = 0.02−0.4 M; fac-[Re(Sal-Cy)(CO)3(MeOH)] = 1.83 × 10−4 M, [3-chloropyridine] = 0.05−1.5 M, [pyridine] = 0.02−1.2
M, [4-picoline] = 0.05−1.3 M [DMAP] = 0.02−0.7 M. bReferences 30 and 31.

Figure 5. Extrapolated plot of kobs vs concentration of pyridine type
entering ligand ([PY]) for the reaction of fac-[Re(Sal-Cy)(CO)3-
(MeOH)] and different entering ligands at 25.0 °C in methanol
illustrating plateaus in limiting relationships; [Re complex] = 1.83 ×
10−4 M (3-chloropyridine λ = 419 nm; pyridine λ = 417 nm; 4-picoline
λ = 418 nm; DMAP λ = 420 nm). Inset a: Illustration of extrapolation
of relative difference at intermediate higher concentrations.
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containing either the salicylidene bidentate ligand or coordi-
nated methanol in the sixth position have ever been reported.
Even fewer contain both combinations wherein the kinetic
mechanistic effects of fac-[Re(L,L′-Bid)(CO)3(MeOH)] have
been investigated. The X-ray diffraction studies of fac-[Re(L,L′-
Bid)(CO)3(MeOH)] illustrate the unusual tendency of the
salicylidene methanol coordinated metal crystal structures to
crystallize isostructurally in the C2/c space group. On the other
hand, kinetic studies confirmed the significant activation of the
salicylidene Re(I) metal center, comparable to other O,O′-
bidentate complexes investigating the methanol and water
substitution of the sixth position. In particular, the net effect of
different steps in the dissociative interchange substitution for
the methanol substitution allowed the rare opportunity to
analyze and correlate the electron donating ability of the
entering pyridine type ligands directly with the total activation

pathway and the separate steps therein. These complexes are
exciting prospects for the [2 + 1] labeling method, which needs
to be expanded and broadened under aqueous conditions to
allow radiolabeling of Tc-99m.

■ EXPERIMENTAL SECTION
General. Double distilled methanol and water were used in all

experiments, which were performed aerobically. All chemicals (reagent
grade) as utilized were purchased from Sigma-Aldrich unless otherwise
noted. fac-[NEt4]2[ReBr3(CO)3] was synthesized as previously
reported34,35 using rhenium pentacarbonyl bromide as reactant
obtained from Strem Chemicals, Newburyport, MA.

The ligands, 2-(cyclohexyliminomethyl)phenol (SalH-Cy) (1), 5-
methyl-2-(1,2-dimethylpropyliminomethyl)phenol (5Me-SalH-
3Me2Bu) (2), and 5-methyl-2-(m-tolyliminomethyl)phenol (5Me-
SalH-mTol) (3), as well as fac-[Re(Sal-3MeBu)(CO)3(MeOH)] (4)
were synthesized according to literature procedures.18,36,37 The 1H and
13C Fourier-transformed NMR spectra were recorded at 25 °C at
600.28 and 150.96 MHz, respectively, on a Bruker AXS 600 MHz
spectrometer in CD3OD (3.31 ppm), C3H6O (2.05 ppm), and CDCl3
(7.26 ppm), with chemical shifts given in ppm. 13C NMR spectra were
referenced to the 13C resonances for CD3OD (49.0 ppm), C3H6O
(29.8 ppm), and CDCl3 (77.2 ppm). Infrared spectral data were
recorded at ambient temperature (22 ± 2 °C) on a Bruker (Tensor
27) spectrophotometer spanning a laser range 4000−370 cm−1.
Spectra from solid samples were recorded as KBr pellets while liquid
samples (methanol solution) were obtained in a sodium chloride
liquid cell with a constant temperature cell regulator, accurate to
within 0.3 °C. UV−vis spectra were obtained on a Varian Cary 50
Conc spectrophotometer in 1.000 ± 0.001 cm quartz cuvette cells.
The temperature was regulated by a Julabo F12-mV unit, accurate to
±0.05 °C.

Rapid kinetic reactions with half-lives shorter than 20 s were
monitored at constant temperature (accurate within 0.05 °C) on a Hi-
Tech (SF-61DX2) stopped-flow spectrophotometer attached to a
Julabo F12-mV temperature regulator as mentioned above. The third
generation stopped-flow system has a thermostated SHU61DX sample
handling unit and can be operated in the diode-array mode with a dead
time <5 ms, yielding 400 nm spectral width scans at <5 ms/complete
scan, for collecting initial reaction data to assess the appropriate
wavelengths for monitoring the reactions studied at the largest
absorbance changes. After selection of the appropriate wavelength(s),
the SF system was switched to the photomultiplier mode (more
sensitive; dead time at 25 °C ca. 1 ms) to study the actual individual
kinetic reactions. The kinetic data points reported per concentration
represent an average of 4 individual traces.

fac-[Re(Sal-Cy)(CO)3(MeOH)] (5). [NEt4]2[ReBr3(CO)3] (0.100
g, 0.130 mmol) was dissolved in methanol (10 mL) followed by the
addition of silver nitrate (0.0661 g, 0.389 mmol). The reaction mixture
was stirred for 26 h at room temperature, followed by the removal of
the precipitated AgBr by filtration. The SalH-Cy ligand (0.0277 g,
0.136 mmol) was subsequently dissolved in methanol and added
dropwise to the above solution. The reaction mixture was heated at 70
°C (while stirring) for 12 h. The bulk of the solvent was then removed
under reduced pressure, yielding crystals (suitable for single crystal X-
ray analysis) upon slow cooling to 5 °C. (Yield of the crystalline
product: 0.0582 g, 89%.)

IR (KBr, cm−1): v(CO) 2015, 1872. UV−vis (nm, M−1 cm−1): λmax =
293, 382; ε = 14210, 5263. Anal. Calcd: C, 40.47; H, 4.00; N, 2.78.
Anal. Found: C, 40.53; H, 4.02; N, 2.70. 1H NMR (600 MHz, acetone-
d6) δ 1.42−1.89 (m, 11H, Cy), 6.41 (m, 1H), 6.63 (d, 1H, J = 8.4 Hz),
7.17 (m, 2H), 8.30 (s, 1H, HCN). 13C{1H} NMR (600 MHz,
acetone-d6) δ 25.10, 25.67, 26.31, 26.78, 34.55, 35.04, 113.90, 121.99,
122.63, 134.42, 136.47, 163.90, 167.21.

fac-[Re(5Me-Sal-3Me2Bu)(CO)3(MeOH)] (6). The compound
was synthesized in a similar fashion as 4 using [NEt4]2[ReBr3(CO)3]
(0.300 g, 0.389 mmol), AgNO3 (0.198 g, 1.168 mmol), and 5Me-SalH-
3Me2Bu (0.0840 g, 0.409 mmol). Crystals suitable for X-ray diffraction
were obtained at 5 °C. (Yield crystalline product: 0.1278 g, 65%.) IR

Figure 6. Plot of logarithmic relationships vs pKa of pyridine ligands
for (a) log K2 vs pKa; (b) log k3 vs pKa; (c) (log K2 + log k3) vs pKa;
for the reaction of fac-[Re(Sal-Cy)(CO)3(MeOH)] and different
entering ligands at 25.0 °C in methanol yielding limiting relationships;
[Re complex] = 1.83 × 10−4 M (3-chloropyridine λ = 419 nm;
pyridine λ = 417 nm; 4-picoline λ = 418 nm; DMAP λ = 420 nm).
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(KBr, cm−1): v(CO) 2016, 1895, 1872. UV−vis (nm, M−1 cm−1): λmax =
382; ε = 1576. Anal. Calcd: C, 40.31; H, 4.38; N, 2.77. Anal. Found: C,
40.37; H, 4.34; N, 2.72. 1H NMR (600 MHz, acetone-d6) δ 0.95 (m,
3H, CH3), 1.00 (m, 3H, CH3), 1.02 (d, 1H, J = 6.8 Hz, CH), 1.06 (d,
1H, J = 6.8 Hz, CH), 1.43 (m, 3H, CH3), 2.20 (s, 3H, CH3), 6.25 (dd,
1H, J = 8.0, 1.6 Hz), 6.47 (bs, 1H), 7.04 (t, 1H, J = 8.0 Hz), 8.19 (d,
1H, J = 3.0 Hz). 13C{1H} NMR (600 MHz, acetone-d6) δ 19.13, 19.57,
21.08, 21.13, 21.79, 34.48, 119.51, 115.60, 122.69, 136.48, 144.97,
164.20, 167.41.
fac-[Re(5Me-Sal-mTol)(CO)3(MeOH)] (7). The compound was

synthesized in a similar fashion as 4 using [NEt4]2[ReBr3(CO)3]
(0.300 g, 0.389 mmol), AgNO3 (0.198 g, 1.168 mmol), and 5Me-SalH-
mTol (0.0921 g, 0.409 mmol). Crystals suitable for X-ray diffraction
were obtained at 5 °C. (Yield crystalline product: 0.2260 g, 60%.) IR
(KBr, cm−1): v(CO) 2019, 1923, 1883. UV−vis (nm, M−1cm−1): λmax =
365; ε = 2124. Anal. Calcd: C, 43.34; H, 3.64; N, 2.66. Anal. Found: C,
43.40; H, 3.60; N, 2.72. 1H NMR (600 MHz, acetone-d6) δ 2.18 (s,
3H, CH3), 2.23 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.38 (s, 3H, CH3),
6.32 (dd, 1H, J = 8.0, 1.5 Hz), 6.44 (m, 1H), 6.56 (s, 1H), 6.62 (s,
1H), 7.16−7.03 (m, 7H), 7.26 (m, 2H), 7.31 (m, 1H), 8.14 (s, 1H),
8.28 (s, 1H). 13C{1H} NMR (600 MHz, acetone-d6) δ 21.53, 21.90,
116.15, 119.06, 121.44, 123.27, 124.68, 127.23, 136.78, 136.93, 139.02,
145.98, 165.94, 167.72.
X-ray Crystallography. A Bruker X8 ApexII 4K diffractometer38

(Mo Kα radiation) at 100 K was used to collect diffraction data by ω-
and-φ-scans for complexes 5, 6, and 7, as presented in Table 2. To
ensure that more than a hemisphere of reciprocal space was collected
optimally, the software COSMO39 was utilized. The integration of the
individual frames and data reduction was done using the respective
Bruker SAINT-Plus and XPREP40 software packages, followed by
absorption correction using the multiscan technique software
SADABS.41 The direct methods package SIR9742 was employed to
solve the structures, which was subsequently refined using the
WinGX43 software package which incorporates SHELXL.44 Non-
hydrogen atom anisotropic displacement parameter refinement was
done, wherein the aromatic and methyl protons were placed in
geometrically idealized positions with C−H = 0.98−0.95 Å and
Uiso(H) = 1.5Ueq(C) and 1.2Ueq(C), respectively, which were
constrained to ride on their respective parent atoms. The methyl H
atoms were located from difference Fourier maps, and the group was
then refined as a rigid entity. A large net electron density peak/hole is
observed approximately 0.8 Å from the Re metal metal center for
compound 5 and is assumed to be related to the decomposition of the
rhenium salicylidene crystal structure. Molecular structures were
obtained using the program DIAMOND,45 and unless otherwise
stated, all structures are presented with thermal ellipsoids at 50%
probability level. Hyperchem 7.52 was used to generate overlay
illustrations of selected complexes.46

Kinetic Studies. Pseudo-first-order conditions, with the ligands in
large excess over the metal concentration, were utilized for all kinetic
runs. The absorbance versus time data thus obtained from the
individual kinetics runs were then subjected to least-squares analyses of
the appropriate functions using the program MicroMath Scientist.47

Experimental values obtained are plotted as individual points denoted
by selected symbols, while the solid lines as indicated in the figures
represent the least-squares computer fits of data to the appropriate
functions. The substitution process of the coordinated methanol by
monodentate entering ligands (indicated by L), in the fac-[Re(L,L′-
Bid)(CO)3(MeOH)] complexes, is expected to show a concentration
dependence of the pseudo-first-order rate constant (kobs) on [L] when
described as an interchange process I. In this case, the interchange of
MeOH and L within the outer-sphere complex ([Re(L,L′-Bid)(CO)3-
(MeOH)]···L), as formed in a rapid pre-equilibrium, is followed by a
slower rate-determining second reaction as indicated in eq 1.
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′‐ +
−

H Ioo

L L

L L

L L

L L

[Re( , Bid)(CO) (HOCH )] L

[Re( , Bid)(CO) (HOCH )] (L)]

[Re( , Bid)(CO) (HOCH )] (L)]
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k
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3 3

3 3

3 3

3 3

2

3

3
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Monitoring the kinetics at conditions where [L] ≫ [Re], with
typical metal concentrations ranging from 1 × 10−4 to 5 × 10−4 M,
yields the rate equation for this scheme as defined in eq 2.

= + + −k k K K k[L]/(1 [L])obs 3 2 2 3 (2)

Here K2 is the pre-equilibrium constant, k3 the observed second-
order limiting rate constant, and k‑3 is the reverse reaction rate
constant indicated by the graphical fits of kobs versus ligand
concentration.48,49

The substitution of methanol in the fac-[Re(L,L′-Bid)(CO)3-
(MeOH)] complexes for a range of entering ligands can also be
defined by the overall equilibrium

′‐ +

′‐ +
−

H Ioooo

L L

L L

[Re( , Bid)(CO) (HOCH )] L

[Re( , Bid)(CO) (L)] HOCH
k

k K
3 3

,
3 3

1

1 1

(3)

The pseudo-first-order rate constant was obtained from absorbance
versus time data to determine the relationship for the profiles wherein
linear dependences of kobs versus [Ligand] were observed, as described
previously,20,21 while the overall stability constant (K1) has been
determined kinetically using the definition:

= −K k k/1 1 1 (4)

The linear concentration dependence of the pseudo-first-order rate
constant (kobs) assuming the overall equilibrium defined in eq 3 can be
given determined from

= + −k k k[L]obs 1 1 (5)

The overall rate equation (eq 5) will only be applicable at low ligand
concentrations for the limiting mechanism before saturation limits
have been reached, i.e., where linear second-order rate behavior occurs
(kf = k1 = k3K2). The total forward rate constant (kf) for an
interchange mechanism will be similar to the overall second-order rate
constant (k1) within experimental error provided that data from well
before the plateau is realized are used. However, at high ligand
concentrations, limiting kinetics will dominate, and kf ≠ k1.
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