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Reaction between [Re(CO)5Cl] and di-2-pyridyl ketone 2-furoic acid hydrazone (dpkfah) (1) in
refluxing toluene gave fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] (2). Spectroscopic and electrochemical
measurements disclosed sensitivity of 2 to its surroundings. 1H-NMR measurements showed
that the amide proton exchanged with solvent protons, and its chemical shift is solvent and
temperature dependent, while the chemical shifts of aromatic protons are solvent and
temperature independent. Electronic absorption spectra of 2 divulged two intra-ligand charge
transfer transitions (ILCT) in protophilic solvents and a single ILCT transition in non-
protophilic solvents. Optical measurements on protophilic solutions of 2 established an
equilibrium between 2 and its conjugate base, fac-[Re(CO)3(�

2-N,N-dpkfah-H)Cl]� (3).
Thermo-optical measurements confirmed that the interconversion between 2 and 3 and gave
DGø values of �26.48 and 22.99 kJmol�1, respectively, for the protonation of DMF and
DMSO by 2. Optosensing measurements showed that [MCl2] (M¼Zn, Cd, or Hg) in
concentrations as low as 1.00� 10�7mol L�1 can be detected and determined using protophilic
solutions of 2. Electrochemical measurements showed 2 to be more stable in CH3CN than
DMF. Single-crystal X-ray structural analysis on fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] � acetone (4)
obtained from an acetone solution of 2 confirmed the solvent–complex interaction and revealed
two symmetry-independent molecules in the asymmetric unit. The extended structure of 4

disclosed parallel stacks connected via a network of classic and non-classic hydrogen bonds.

Keywords: Synthesis; Rhenium; Di-2-pyridyl ketone 2-furoic acid hydrazone; X-ray
crystallography; Electrochemistry; Spectroscopy

1. Introduction

The chemistry of di-2-pyridyl ketone and its oxime and hydrazone derivatives
(scheme 1) continues to attract research activities because of their diverse reactivity
patterns, physical properties, and applications in catalysis, medicine, environment,
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chemical analysis, etc. [1–31]. Upon coordination to metal, dpk, or its derivatives may
utilize all or part of their binding sites to form compounds of different nuclearities. In
the monodentate coordination mode, dpk and its derivatives may use a nitrogen of
pyridine or the imine backbone. In bidentate coordination mode, dpk or its derivatives
may utilize the nitrogens of the pyridine rings or one nitrogen of the pyridine rings and
the nitrogen of the imine backbone. In tridentate coordination mode, dpk and its
derivatives may utilize a pyridine nitrogen, along with the imine nitrogen and oxygen of
an acyl group of a hydrazone backbone. The ligand may also utilize nitrogens of
pyridine rings along with an oxygen of the ketone of the hydrazone or semicarbazone
backbone. A variety of di-2-pyridyl ketone hydrazones found practical applications as
sensitive analytical reagents for the detection and determination of trace amounts of
different substrates such as the determination of metal ions in drinking water and
pharmaceuticals [11–18]. Biological and therapeutic applications of a variety of di-2-
pyridyl ketone hydrazones revealed significant anti-tumor and anti-bacterial activity,
and their potential use in chelating therapy for iron overload disease [19–21]. We have
been interested in the chemistry of di-2-pyridyl ketone hydrazones and have reported on
the synthesis and characterization of a series of compounds such as fac-[M(CO)3
(�2-N,N-L-L)X] (M¼Re or Mn; X¼Cl or Br and L-L¼ dpk, dpkoxime, and
dpkhydrazone), Mn(�3-N,N,O-L-L)2, and [MCl2(�

3-N,N,O-L-L)] (M¼Zn or Cd and
L-L¼dpkacylhydrazone) [22–31]. Electrochemical and optical measurements on non-
aqueous solutions of fac-[M(CO)3(�

2-N,N-L-L)X], Mn(�3-N,N,O-L-L)2, and [MCl2
(�3-N,N,O-L-L)] show sensitivity of these compounds to slight changes in their
environment, due to the variety of donor–acceptor sites that allow for potential binding
or acid–base inter-conversion between these systems and their surroundings. Although
several reports appeared on the use of [dpkfah] as a sensitive analytical reagent for the
determination of trace amounts of metal ions in aqueous and non-aqueous media, there
has been no report on the coordination chemistry of [dpkfah] (scheme 2) [14–17, 28]. In
a previous report we described the structure, electrochemical and optical properties of
[dpkfah] and revealed high sensitivity of [dpkfah] to its surroundings [28]. In our efforts

N
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N
N

N

OH

N
N

N

NH
X

          X = R, Ar, COR, or COAr

dpk     dpkoxime     dpkhydrazone
Scheme 1. Di-2-pyridyl ketone and its oxime and hydrazone derivatives.
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to investigate the chemistry of dpk derivatives, in this report, we describe the synthesis
and characterization of the first rhenium compound of [dpkfah], fac-[Re(CO)3(�

2-N,
N-dpkfah)Cl] (2), and compare the results with those of the uncoordinated [dpkfah] in
non-aqueous media.

2. Experimental

2.1. Reagents and reaction procedures

[dpkfah] (1) was prepared by refluxing a mixture of di-2-pyridyl ketone and 2-furoic
acid hydrazide, ethanol, and a few drops of HCl using a standard procedure described
previously [28]. All the other reagents were obtained from commercial sources and used
without purification.

2.2. Preparation of fac-[Re(�2-N,N-dpkfah)(CO)3Cl] (2)

A mixture of [Re(CO)5Cl] (200mg, 0.55mmol), [dpkfah] (0.19mg, 0.66mmol), and
toluene (30mL) was refluxed for 18 h. The resulting reaction mixture was allowed to
cool to room temperature and filtered. A yellow solid was filtered off, washed with
hexanes and diethyl ether, and dried; yield 200mg (60%) (Found (%): C, 39.17; H, 2.23;
N, 9.18. C19H12ClN4O5Re requires (%): C, 38.16; H, 2.02; N, 9.37). Infrared (IR) data
(KBr disc, cm�1): �(C�O) 2026, 1926, 1886, �(C¼O) 1664 and �(N–H) 3184 cm�1. 1H
NMR (�ppm): in CDCl3 9.82 (broad, 0.6 H, NH), 9.42 (d, 1H, dpk), 9.12 (d, 1H, dpk),
8.14 (t, 1H dpk), 8.02 (d, 1H, dpk), 8.00 (t, 1.H dpk), 7.76 (d, 1H, dpk), 7.66 (t, 1H,
dpk), 7.56 (broad, 1H, furane), 7.53 (t, 1H, dpk), 7.46 (broad, 1H, furane), and 6.63 (d,
1H, furane); in d6-acetone 11.26 (broad, 0.8 H, NH), 9.21 (d, 1H, dpk), 9.07 (d, 1H,
dpk), 8.32 (t, 1H dpk), 8.29 (d, 1H, dpk), 8.21 (d, 1 H dpk), 8.13 (d, 1H, dpk), 7.79
(overlapped d,t, 2H, 1 H (t) dpk and 1H (d) furane), 7.75 (t, 1H, dpk), 7.41 (broad, 0.9
H, furane), and 6.68 (d, 1H, furane); in d6-DMSO 12.00 (broad, 0.8 H, NH), 9.05
(d, 1H, dpk), 8.92 (d, 1H, dpk), 8.27 (t, 1H dpk), 8.22 (t, 1H, dpk), 8.03 (d, 1 H dpk),

NO
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Scheme 2. [dpkfah] (1) and fac-[Re(CO)3 (dpkfah)CI] (2).
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8.00 (overlapped d, t, 2H, 1 H (t) dpk and 1H (d) furane), 7.75 (t, 1 H, dpk), 7.42
(broad, 0.8 H, furane), and 6.73 (d, 1H, furane). UV-Vis {�/nm, ("/cm�1 (mol L�1)�1)}:
in CH2Cl2 317 (17,200); 275 (18,800); DMSO: 450 (14,198), 322 (15,918); DMF: 450
(30,507), 322 (15,983).

2.3. Hydrolysis of fac-[Re(�2-N,N-dpkfah)(CO)3Cl]

When a sample of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] was refluxed in CH3CN containing

a few drops of H2O fac-[Re(CO)3(�
3-N,O,N-dpkO,OH)] was isolated. The IR and

electronic absorption spectra of the isolated fac-[Re(CO)3(�
3-N,O,N-dpkO,OH)] were

similar to those reported for fac-[Re(CO)3(�
3-N,O,N-dpkO,OH)] [22].

2.4. Physical measurements

Electronic absorption spectra were recorded on a Perkin-Elmer Lambda 19 UV/VIS/
NIR spectrometer. Solution 1H NMR spectra were recorded on a Bruker ACE
500MHz Fourier-transform spectrometer and referenced to the residual protons in the
incompletely deuterated solvent. IR spectra were recorded as KBr pellets on a Perkin-
Elmer Spectrum 1000 FT-IR Spectrometer. Electrochemical measurements were
performed with a Princeton Applied Research (PAR) Model 173 potentiostat/
galvanostat and Model 276 interface, in conjunction with a digital Celebris 466 PC.
Data were acquired with the EG&G PARC Headstart program and manipulated using
Microsoft Excel. Measurements were performed in solutions that were 0.1mol L�1 in
N(n-Bu)4PF6. The Epa, Epc, and E1/2¼ (EpaþEpc)/2 values were referenced to the
saturated calomel electrode (SCE) at room temperature and are uncorrected for
junction potentials. Electrochemical cells were of conventional design based on
scintillation vials or H-cells. A glassy carbon disc was used as the working electrode
and a Pt wire as the counter-electrode.

2.5. Analytical procedures

Microanalyses were performed by MEDAC Ltd., Department of Chemistry, Brunel
University, Uxbridge, UK.

2.6. X-ray crystallography

Brown crystals of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone were obtained from an

acetone solution of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] when allowed to stand for several

days. A single crystal was selected and mounted on a glass fiber with epoxy cement.
A Bruker AXS with Mo-K� radiation and a graphite monochromator was used for
data collection, and the SHELXTL software package version 5.1 was used for structure
solution [32, 33]. Cell parameters and other crystallographic information are given in
table 1. All non-hydrogen atoms were refined with anisotropic thermal parameters.

1746 M. Bakir and C. Gyles

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

20
 1

3 
O

ct
ob

er
 2

01
3 



3. Results and discussion

Following a procedure similar to those described for the synthesis of a variety of
rhenium tricarbonyl compounds of the type fac-[Re(CO)3(�

2-N,N-L-L)Cl] where
L-L¼bidentate �-diimine ligand, the reaction between [Re(CO)5Cl] and dpkfah
in refluxing toluene gave fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] (scheme 2) in good yield [22–
27]. Fac-[Re(CO)3(�

3-N,O,N-dpkO,OH)] was isolated and characterized from its
spectroscopic properties when a sample of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] was
refluxed in CH3CN that contain few drops of H2O [22]. The identity of fac-
[Re(CO)3(�

2-N,N-dpkfah)Cl] was elucidated from elemental analysis. A number
of spectroscopic measurements and X-ray crystallographic analysis of a single crystal
of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] � acetone isolated from an acetone solution of
fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] were used as confirmation. A comparison of the IR
spectra of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl], fac-[Re(CO)3(�
2-N,N-L-L)Cl], [dpkfah],

and other related compounds confirmed the assigned fac-geometry and coordination of
[dpkfah] [22–28]. The carbonyl �(C�O) stretching vibrations appeared at 2026, 1926,

Table 1. Crystal data and structure refinement for fac-[Re(CO)3(�
2-N,

N-dpkfah)Cl] � acetone.

Empirical formula C22H18ClN4O6Re
Formula weight 656.05
Temperature (K) 298(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P�1

Unit cell dimensions (Å, �)
a 9.0125(12)
b 11.680(2)
c 12.1271(11)
� 80.076(13)
� 76.131(8)
� 85.168(12)
Volume (Å3), Z 1219.5(3), 2
Calculated density (Mgm�3) 2, 1.787
Absorption coefficient (mm�1) 5.136
F(000) 636
	 range for data collection 1.75–27.49�

Limiting indices �1� h� 11,
�14� k� 14,
�15�l� 15

Reflections collected/unique 6649/6649 [R(int)¼ 0.0000]
Completeness to 
¼ 27.49 (%) 99.7
Absorption correction Empirical
Max. and min. transmission 0.3709 and 0.1704
Refinement method Full-matrix least-squares on F 2

Data/restraints/parameters 6649/3/595
Goodness-of-fit on F 2 1.047
Final R indices [I4 2�(I )] R1¼ 0.0478, wR2¼ 0.1309
R indices (all data) R1¼ 0.0493, wR2¼ 0.1336
Absolute structure parameter 0.097(19)
Extinction coefficient 0.0064(8)
Largest difference peak and hole 2.949 and �3.896 e Å�3

R1¼
P

||Fo|� |Fc||/
P

|Fo|.
wR2¼ {

P
[w(F 2

o �F 2
c )

2]/
P

w(F 2
o )

2]}1/2, where w¼ [�2(F 2
o )þ (0.1200P)2þ 0.00P]�1 and

P¼ [max(F 2
o , 0)þ 2F 2

c ]/3.

Rhenium carbonyl with a hydrazone 1747

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

20
 1

3 
O

ct
ob

er
 2

01
3 



and 1886 cm�1 in the same region reported for a variety of rhenium compounds of the
type fac-[Re(CO)3(L-L)Cl]. The �(C¼O) stretching vibrations of the hydrazone moiety
of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] and free [dpkfah] appeared at 1664 and 1670 cm�1

suggesting no coordination of the carbonyl group of the hydrazone moiety to the metal.
The combined �(C¼C) and �(C¼N) vibrations of pyridine of fac-[Re(CO)3(�

2-N,
N-dpkfah)Cl] observed between 1606 and 1464 cm�1 shift to lower energy compared to
the vibrations of free dpkfah observed between 1588 and 1432 cm�1 and showed
changes consistent with N,N-coordination of [dpkfah].

The 1H-NMR spectra of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] is solvent dependent

(see figure 1 and section 2) pointing to strong solvent–complex interaction. The amide
proton appeared at lower frequency in CDCl3 compared to d6-DMSO and d6-acetone
pointing to weaker hydrogen bonding in CDCl3 compared to d6-DMSO and
d6-acetone. In protophilic solvents (d6-DMSO and d6-acetone) intermolecular hydrogen
bonding between the amide proton and the oxygen of the solvent is plausible, while in
the case of CDCl3 intra-molecular hydrogen bonding between the amide proton and
oxygen of the furane ring to form a five-membered ring is possible. The amide proton
exchanged with solvent protons as apparent from the integration of the protons of
coordinated dpkfah moiety. The 1H-NMR of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] is
temperature dependent. Variable temperature studies in CDCl3 and d6-acetone show
temperature-dependent amide and residual water protons and temperature-independent
aromatic protons. The amide proton and the residual water proton shift to lower

Figure 1. 1H-NMR spectra of fac-[Re(CO)3(�
2-N,N-dpkfahCl] measured in CDCl3, d6-acetone, and

d6-DMSO.

1748 M. Bakir and C. Gyles
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frequency upon increasing temperature. A plot of the chemical shift of the amide proton
and residual water proton observed at 10.03 and 1.70 ppm and 11.62 and 3.04 ppm in
CDCl3 and d6-acetone, respectively, at 273.15 K gave straight lines with slopes of 574,
282 and 1205, 640 (�/K) in CDCl3 and d6-acetone, respectively, pointing to higher
sensitivity of the amide and residual water protons of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl]
to temperature variation in d6-acetone compared to CDCl3. This is consistent with the
proposed intermolecular hydrogen bonding in d6-DMSO compared to intra-molecular
hydrogen bonding proposed in CDCl3. No evidence of paramagnetic line broadening or
unusual shifts of resonances appeared in the spectra of this compound, confirming its
diamagnetic character.

The electronic absorption spectra of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] in different

solvents (Supplementary material) confirm the sensitivity of fac-[Re(CO)3(�
2-N,

N-dpkfah)Cl] to its surroundings; in DMF and DMSO two electronic transitions
appear between 300 and 600 nm and in CH2Cl2 a single electronic transition appears
(see Supplementary material, section 2, and table 2). The electronic absorption spectra
of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] in DMF in the presence and absence of excess
NaBH4 and excess NaBF4 are shown in figure 2. When excess NaBH4 dissolved in
DMF was added to a DMF solution of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] the intensity
of the low energy band at 447 nm slightly shifts to 422 nm and its intensity increases,
while the intensity of the high energy band at 322 nm in the absence of NaBH4

diminished. The reverse was observed when NaBF4 or KPF6 was used in place of
NaBH4. Similar results were obtained when DMSO was used in place of DMF. These
results suggest acid–base interconversion between fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] and
its conjugate base fac-[Re(CO)3(�

2-N,N-dpkfah-H)Cl]� (scheme 3) and allowed for
calculation of the extinction coefficients of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] and fac-
[Re(CO)3(�

2-N,N-dpkfah-H)Cl]� (see table 2 and section 2). The low energy electronic
transition is assigned to fac-[Re(CO)3(�

2-N,N-dpkfah-H)Cl]� and the high energy
electronic transition is assigned to fac-[Re(CO)3(�

2-N,N-dpkfah)Cl]. The observed
electronic transitions are intra-ligand charge transfer (ILCT) due to �–�* of dpk
followed by dpk to furan charge transfer mixed with metal to ligand charge transfer
(MLCT). A comparison of the electronic transitions of fac-[Re(CO)3(�

2-N,
N-dpkfah)Cl] with those of free dpkfah showed the low-energy electronic transition
of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] shifts to lower energy compared to the free ligand;
in the case of CH2Cl2 a residual electronic absorption appeared at �400 nm,
corroborating the mixed MLCT and ILCT character of the electronic transitions of
fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] [28]. The electronic spectra of dpkfah in CH2Cl2 show
a single absorption band at 325 nm with an extinction coefficient of

Table 2. Extinction coefficients (	500)a and thermodynamic parameters of fac-[Re(CO)3(�
2-N,

N-dpkfah)Cl] in DMF and DMSO at 298.15K.

"446
(mol L�1)�1cm�1

"322
(mol L�1)�1cm�1

DHø

kJmol�1
DSø

JK�1mol�1
DGø

kJmol�1 K

DMF 30,507.00 15,983.00 2.30 �96.52 �26.48 4.36� 104

DMSO 14,198.00 15,918.00 �4.90 �93.55 23.00 9.34� 10�5

aCalculated using 2.00� 10�5mol L�1 fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] solution in the presence and absence of

1� 10�3mol L�1 NaBF4.
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18,600	 2000 (mol L�1)�1 cm�1, and in DMF two electronic transitions appeared at
396 and 325 nm with extinction coefficients of 21,000	 2000 and 17,200	
2000 (mol L�1)�1 cm�1, respectively [28].

Electronic transitions of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] in protophilic solvents are

temperature dependent. In DMF as the temperature increases the intensity of the low-

NHO

O

N
N

N
Re

Cl

CO

CO

CO

NO

O

N

N

N

Re

Cl

CO

CO

CO
NaBH4

NaBF4

-

Scheme 3. Acid–base intercoversion between fac-[Re(CO)3(�
2-N,N-dpkfah)CI] and its conjugate base,

fac-[Re(CO)3(�
2-N,N-dpkfah-H)CI]�.

Figure 2. Electronic absorption spectra of 2.00� 10�5mol L�1 fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] in DMF

(1), in the presence of 1.00� 10�3 NaBF4 (2), in the presence of 1.00� 10�3mol L�1 NaBH4 (3), and in the
presence of 1.00� 10�3mol L�1 CdCl2 (4).
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energy electronic transition decreases and the intensity of the high-energy electronic
transition increases. The reverse was observed when the temperature decreases or when
DMSO was used in place of DMF. These results confirm the reversible interconversion
between fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] and fac-[Re(CO)3(�
2-N,N-dpkfah-H)Cl]�

as apparent from the reversible interconversion of their corresponding
electronic transitions. The plots of RlnK (Supplementary material) of fac-
[Re(CO)3(�

2-N,N-dpkfah)Cl] versus 1/T� 103K�1 in DMF and DMSO gave straight
lines that allowed for the calculation of thermodynamic parameters (table 2) for the
inter-conversion between fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] and its conjugate base.y

These results suggest facile interconversion between fac-[Re(CO)3(�
2-N,N-dpkfah)Cl]

and fac-[Re(CO)3(�
2-N,N-dpkfah-H)Cl]� and point to the possible use of fac-

[Re(CO)3(�
2-N,N-dpkfah)Cl] in protophilic solvent as a molecular sensor. Free

energy changes (DGø) of þ3.5	 0.2 and þ2.8	 0.2 kJmol�1 were reported for dpkfah
in DMSO and DMF, respectively, for the inter-conversion between [dpkfah] and its
conjugate base [dpkfah-H]�. These values show that inter-conversion between [dpkfah]
and [dpkfah-H]� is slower than that between fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] and fac-
[Re(CO)3(�

2-N,N-dpkfah-H)Cl]� [28].
When stoichiometric amounts of protophilic solutions of [MCl2] (M¼Zn, Cd or Hg)

were gradually added to a protophilic solution of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] a

gradual increase in the intensity of the low-energy electronic transition at 440 nm and a
gradual decrease in the intensity of the high energy electronic transition at 322 nm were
observed. A plot of absorbance of a DMF solution of fac-[Re(CO)3(�

2-N,N-dpkfah)Cl]
and fac-[Re(CO)3(�

2-N,N-dpkfah-H)Cl]� in the presence of [MnCl2] versus concentra-
tion of [MCl2] is shown in figure 3, indicating that [MCl2] in concentrations as low as
1.00� 10�7mol L�1 can be detected using a protophilic solution of fac-[Re(CO)3
(�2-N,N-dpkfah)Cl]. Chemical stimuli (MCl2) in concentrations as low as
1.00� 10�6mol L�1 were detected and determined using [dpkfah] in non-aqueous
media [28].

The electrochemical properties of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] in DMF and

CH3CN were investigated using voltammetric techniques. Cyclic voltammograms of
fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] in DMF and CH3CN are shown in Supplementary
material. These voltammograms show strong solvent-dependence consistent with the

yFor the following inter-conversion:

�þ S !�� þ SHþ ð1Þ

where �¼ fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] and ��¼ fac-[Re(CO)3(�

2-N,N-dpkfah-H)Cl]�, the total absor-
bance at wavelength � equals A� ¼ "

�
�½�
 þ "

�
�½�
 ¼ "

�
�cþ ð"

�
� � "

�
�Þ½�
, where c¼ [�]þ [�] is the total

concentration. Thus, ½�
 ¼ ðA� � "
�
�cÞ=ð"

�
� � "

�
�Þ and ½�
 ¼ ð"��c� A�Þ=ð"

�
� � "

�
�Þ, so that the equilibrium

constant K¼ [�]2/[a] at temperature T equals

KðT Þ ¼
ð"��c� A�ðT ÞÞ

2

ðA�ðT Þ � "
�
�cÞð"

�
� � "

�
�Þ
, ð2Þ

(independent of � and "’s are temperature independent because of the observed isosbestic points). The
thermodynamic parameters characterizing the solvent protonation reaction (1) are then obtained according to

�
DG	

T
¼ R lnK ¼ DS	 �

DH	

T
: ð3Þ
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spectroscopic measurements in non-aqueous solvents. In DMF upon reductively
initiated scan irreversible waves appeared at �1.20, �0.54, þ0.92, and þ1.16V, and
upon oxidatively initiated scan, waves appeared at þ1.36, �0.6, �1.36, and �0.44V.
These voltammograms show electrochemical decomposition of fac-[Re(CO)3(�

2-N,
N-dpkfah)Cl] in DMF upon oxidation or reduction. This is apparent from the
electrochemically generated product waves observed at �0.54, þ0.92, and þ1.12V
upon oxidation and reductively generated product waves observed at �0.66 and
�0.44V, as well as the þ0.16V shift in the reduction waves observed at þ1.20 upon a
reductively initiated scan. The electrochemically generated product wave observed at
þ1.16V upon reductively initiated scan may be due to 2Cl�/Cl2 oxidation due to the
loss of Cl� upon reduction. The irreversible oxidation at þ1.36 upon oxidatively
initiated scan and the reduction wave observed at �1.20V on reductively initiated scan
are assigned to ReI!II oxidation and ReI!0 reduction as they fall in the same region
observed for other compounds of the type fac-[Re(CO)3(L-L)Cl] [22–25]. In a cyclic
scan between �0.5 and �2.5V irreversible, one-electron reduction appeared at �1.20V,
and a multi-electron reduction appeared at �1.90V along with electrochemically
generated product waves at �2.05, �2.24, and �0.60V. In a cyclic scan between þ0.5
and þ2.5V, an irreversible one-electron oxidation appeared at þ1.25V and a multi-
electronic oxidation of at least three electrons appeared at þ1.95V. In CH3CN, an
irreversible reduction appeared at �1.34V and a quasi-reversible oxidation appeared at
E1/2¼þ1.55V upon oxidatively or reductively initiated scans. In a reductive cyclic scan

Figure 3. A plot of the absorbance of 2.00� 10�5mol L�1 fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] (4, 5, and 6) and

fac-[Re(CO)3(�
2-N,N-dpkfah-H)Cl]� (1, 2, and 3) in DMF (1, 2, and 3) vs. concentration of [ZnCl2] (1 and 6),

[CdCl2] (2 and 5), [HgCl2] (3 and 4).
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between �0.50 and �2.50V irreversible, one-electron reduction appeared at �1.30V

and a quasi-reversible two electron reduction appeared at E1/2¼�1.80V. In an

oxidative scan between þ0.50 and þ2.50V, only one-electron quasi-reversible oxidation

wave appeared at E1/2¼þ1.53V. In the voltammograms measured in CH3CN, no

electrochemically generated product waves were observed pointing to the electro-

chemical stability of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl].

The solid-state structure of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone obtained from

an acetone solution of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] when allowed to stand at room

temperature for several days was determined using single-crystal X-ray crystallography.

A view of the molecular structure of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone is

shown in figure 4 and selected bond distances and angles are given in table 3. Two

molecules appeared in the asymmetric unit and each adopts distorted octahedral

geometry with two nitrogens from the pyridine rings of [dpkfah] and two carbons of

coordinated carbonyl groups occupying equatorial positions; the axial positions are

occupied by a chloride and a coordinated carbonyl group. Variation in bond distances

and angles of the molecules in the asymmetric unit may be due to conformational

changes during crystallization. This is consistent with spectroscopic and electrochemical

measurements that show high sensitivity of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] to changes

in surroundings. The carbonyl groups are facial with average [C–Re–C] angles of

86.9(8)� and 90.8(8)� for each enantiomer in the asymmetric unit. The chelating pyridine

rings of dpkfah form six-membered (Re–N–C–C–C–N) metallocycles with pyridine

rings in a butterfly formation and N–N bite angles [N–Re–N] of 84.6(6) and 82.2(5)� for

the two molecules in the asymmetric unit, similar to those reported for a variety of

rhenium compounds containing a six-membered Re–N–C–C–C–N metallocyclic ring,

and is larger than those reported for a variety of rhenium compounds of the type fac-

[Re(CO)3(�
2-N,N-L-L)Cl] that contain a five-membered Re–N–C–C–N metallocyclic

Figure 4. A view of the solid structure of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone with thermal ellipsoids

drawn at the 30% probability level.
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ring [25–27]. The hydrazone C¼N–N–C backbone is coplanar, pointing in the same
direction as the axial carbonyl. The amide hydrogen and carbonyl oxygen are trans.
Bond distances and angles of the coordinated atoms (table 3) are normal and similar to
those reported for [dpkfah] and a variety of rhenium compounds of the type fac-
[Re(CO)3(N–N)X], where N–N¼ �-diimine ligand and X¼ anion [25–28].

The extended structure of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone shows parallel

stacks of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone with an extensive network of

hydrogen bonding within each stack and the stacks are not connected through any
non-covalent interaction (figure 5 and table 4). Non-classical hydrogen bonds
Cl � � �H–C link asymmetric molecules in the unit cell (figure 6a) and each pair of
enantiomers is linked to an adjacent pair in the stack through a non-classical
hydrogen bond, O � � �H–C (figure 6b). The solvated acetones are not equivalent; an
acetone hydrogen bonds to one fac-[Re(CO)3(�

2-N,N-dpkfah)Cl] through a classic

Table 3. Selected bond lengths (Å) and angles (�) for fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone.

Re–C(3) 1.81(2) ReA–C(1A) 1.87(2)
Re–C(1) 1.873(17) ReA–C(2A) 1.937(18)
Re–C(2) 1.96(2) ReA–C(3A) 2.007(15)
Re–N(1) 2.161(13) ReA–N(1A) 2.224(16)
Re–N(2) 2.178(16) ReA–N(2A) 2.242(15)
Re–Cl 2.469(5) ReA–ClA 2.484(5)
C(1)–O(1) 1.14(2) C(1A)–O(1A) 1.21(3)
C(2)–O(2) 1.10(3) C(2A)–O(2A) 1.14(2)
C(3)–O(3) 1.25(2) C(3A)–O(3A) 1.04(2)
N(1)–C(11) 1.32(2) N(1A)–C(11A 1.32(2)
C(15)–C(00) 1.45(2) C(15A)–C(00A) 1.52(2)
C(00)–N(3) 1.394(19) C(00A)–N(3A) 1.18(2)
N(3)–N(4) 1.348(18) N(3A)–N(4A) 1.377(19)
N(4)–C(4) 1.44(3) N(4A)–C(4A) 1.38(2)
C(4)–O(4) 1.29(2) C(4A)–O(4A) 1.12(2)
C(31)–O(5) 1.36(3) C(31A)–O(5A) 1.36(3)
C(6)–O(6) 1.23(4) C(6A)–O(6A) 1.16(3)
C(6)–C(7) 1.61(5) C(6A)–C(7A) 1.54(4)

C(3)–Re–C(1) 88.7(9) C(1A)–ReA–C(3A) 91.7(9)
C(3)–Re–C(2) 85.1(8) C(2A)–ReA–C(3A) 90.9(7)
C(1)–Re–C(2) 87.0(10) C(1A)–ReA–C(2A) 89.8(9)
C(1)–Re–N(1) 173.1(8) C(1A)–ReA–N(1A) 176.0(8)
C(2)–Re–N(1) 96.2(8) C(2A)–ReA–N(1A) 93.6(6)
C(3)–Re–N(2) 94.8(7) C(3A)–ReA–N(2A) 91.4(7)
C(2)–Re–N(2) 179.2(9) C(2A)–ReA–N(2A) 175.2(7)
N(1)–Re–N(2) 84.6(6) N(1A)–ReA–N(2A) 82.2(5)
C(3)–Re–Cl 178.6(5) C(3A)–ReA–ClA 173.6(6)
C(1)–Re–Cl 89.9(7) C(1A)–ReA–ClA 94.0(8)
N(1)–Re–Cl 83.7(3) N(1A)–ReA–ClA 83.8(4)
O(1)–C(1)–Re 179(2) O(1A)–C(1A)–ReA 170.4(19)
O(2)–C(2)–Re 175(2) O(2A)–C(2A)–ReA 176.3(13)
O(3)–C(3)–Re 176.0(15) O(3A)–C(3A)–ReA 170(2)
C(15)–C(00)–C(25) 124.8(12) C(15A)–C(00A)–C(25A) 112.0(13)
N(4)–N(3)–C(00) 117.4(14) C(00A)–N(3A)–N(4A) 118.2(13)
N(3)–N(4)–C(4) 122.8(16) N(3A)–N(4A)–C(4A) 115.1(14)
O(4)–C(4)–N(4) 115.9(18) O(4A)–C(4A)–N(4A) 130.5(16)
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hydrogen bond of the type O � � �H–N while the other acetone binds to fac-
[Re(CO)3(�

2-N,N-dpkfah)Cl] through a classic hydrogen bond of the type O � � �H–N
between the carbonyl oxygen and amide proton of the hydrazone backbone and a
non-classic hydrogen bond of the type O � � �C–H between the oxygen of an equatorial
carbonyl with the acetone methyl (figure 6). Bond distances and angles of hydrogen
bonds are normal and similar to those reported for a variety of compounds
containing such bonds [25–28].

Figure 5. A view of the extended structure of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone. Non-covalent

bonds are denoted by dashed lines.

Table 4. Hydrogen bond lengths (Å) and angles (�) for fac-[Re(CO)3(�
2-N,N-dpkfah)Cl].

D–H � � �A d(D–H) d(H � � �A) d(D � � �A) ff(DHA)

N(4)–H(4A) � � �O(6) 0.86 2.53 3.29(4) 147.6
N(4A)–H(4AA) � � �O(6A) 0.86 2.28 3.06(3) 150.2
N(4)–H(4A) � � �O(5) 0.86 2.40 2.75(2) 104.5
N(4)–H(4A) � � �O(6) 0.86 2.53 3.29(4) 147.6
C(6)–H(6A) � � �O(2) 0.96 2.55 3.38(5) 144.2
C(12A)–H(12B) � � �O(4)#1 0.93 2.40 3.13(2) 134.4
C(22)–H(22A) � � �O(4A)#2 0.93 2.56 3.30(2) 136.8
C(24A)–H(24B) � � �O(1A)#3 0.93 2.48 3.32(3) 149.5

Symmetry transformations used to generate equivalent atoms: #1xþ 1, y, zþ 1; #2x� 1, y, z� 1; #3xþ 1, y, z.
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Due to their diverse coordination, physicochemical properties, and potential

applications, work is in progress in our laboratory to further exploit the chemistry of

polypyridyl-like ligands and their metal compounds.

4. Conclusion

Fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] marks the first rhenium compound of dpkfah.

Spectroscopic and electrochemical measurements show high sensitivity of

fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] to its environment. Facile inter-conversion between

fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] and its conjugate base, fac-[Re(CO)3(�

2-N,N-dpkfah-

H)Cl]�, was established in protophilic solvents. Electrochemical measurements in DMF

show electrochemical decomposition of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] upon oxida-

tion or reduction, while in CH3CN the compound is relatively stable. The solid-state

structure of fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone was determined using X-ray

crystallography. Two symmetry-independent fac-[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone

are in the asymmetric unit and the extended structure exhibits stacks of chains of fac-

[Re(CO)3(�
2-N,N-dpkfah)Cl] � acetone. The chains are locked via a network of

hydrogen bonds while the stacks are not connected by any non-covalent bonds.

Figure 6. Views of the hydrogen bonds in the extended structure of fac-[Re(CO)3(�
2-N,N-

dpkfah)Cl] � acetone.
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