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di-2-pyridyl ketone thiophene-2-carboxylic acid hydrazone)
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When dpktch was reacted with ZnCl, in refluxing acetonitrile in air [ZnCly(n*-dpktch)] was
isolated in good yield. Infrared spectra suggest weaker binding of dpktch in [ZnCl,(*-dpktch)]
than in [CACly(n*-dpktch)]. 'TH-NMR studies in non-aqueous media show that [ZnCly(i’>-
dpktch)] is sensitive to changes in its environment and exchanges its amide proton. Electronic
absorption spectral measurements confirmed the sensitivity of [ZnCl,(r°-dpktch)] to changes in
its surroundings and show inter-conversion between two intra-ligand-charge-transfer transi-
tions (ILCT) at 330+2nm and 404 =2 associated with [ZnCly(n’>-dpktch)] and its conjugate
base. Thermo-optical measurements in non-aqueous dmf and dmso show facile inter-
conversion between [ZnCly(n*-dpktch)] and its conjugate base, respectively. Also, it is shown
that protonation of dmf by [ZnCl,(i*-dpktch)] is exothermic (standard enthalpy of protonation
AH’=—-40.7+18kJmol™"), but endothermic for dmso (AH’=+8.3+1.5kImol™}).
Chemical stimuli in concentrations as low as 5.0 x 107’ M can be detected and determined
using [ZnCly(n*-dpktch)] in non-aqueous media. X-ray crystallographic studies on a
monoclinic, P2;/n single crystal of [ZnClz(n3—dpktch)] confirmed the N,N,O-coordination
of dpktch and revealed interdigitated units of [ZnCly(n*-dpktch)] connected via a web of
hydrogen bonds.

Keywords: Zinc, di-2-pyridyl ketone thiophene-2-carboxylic hydrazone; X-ray; Optosensing;
Thermodynamics; Synthesis

1. Introduction

Di-2-pyridyl ketone derivatives that include oxime and hydrazones (see scheme 1) and
their metal compounds continue to attract attention because of their interesting physico-
chemical properties and their applications in many important areas such as medicine,
photography, nonlinear optics, liquid crystals, molecular sensing and catalysis [I-11]. We
reported on the synthesis, characterization, structures and optosensing behavior of a
variety of di-2-pyridyl ketone derivatives and in recent reports described the optosensing
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dpk dpkoxime dpkhydrazone
Scheme 1. Di-2-pyridyl ketone derivatives.

behavior of di-2-pyridyl ketone thiophene-2-carboxylic acid hydrazone (dpktch) [12-25].
Optical measurements on dpktch in non-aqueous solvents show facile inter-conversion
between two molecular conformations that are sensitive to changes in their surroundings
[14]. Optosensing measurements show that group-12 metal dichlorides in concentrations
aslowas 1 x 107> M can be detected and determined using dpktch in non-aqueous media.
"H-NMR studies in non-aqueous media confirmed the sensitivity of dpktch to changes in
its surroundings and showed two isomers/conformations at low temperature; when the
temperature increased one isomer predominates. Although the optosensing behavior of
dpktch in aqueous media and the synthesis of two of its tin complexes and their
bioactivities were reported over ten years ago, literature on the coordination chemistry of
dpktch is scarce [26, 27]. In a recent report we described the synthesis, characterization,
and X-ray structural analysis of the first cadmium compound of dpktch, and in this
report we describe the isolation, physico-chemical properties and structure of [ZnCly (-
dpktch)] and compare the results with those reported for [CdCly(i*-dpktch)] [15].

2. Experimental

2.1. Reagents and Reaction Procedures

Solvents were reagent grade and thoroughly deoxygenated prior to use. The compound
dpktch was prepared following a standard procedure employed for the synthesis of
dpkhydrazones [14]. All other reagents were obtained from commercial sources and
used without further purification.

2.2. Preparation of [ ZnCly(1’-dpktch) ]

A mixture of ZnCl, (200 mg, 1.47 mmol), dpktch (500 mg, 1.62 mmol) and acetonitrile
(60 mL) was refluxed in air for 1h. The resulting reaction mixture was reduced in volume
to 30 mL and allowed to cool to room temperature. A yellow precipitate was filtered off,
washed with hexane, diethyl ether and dried; yield 500 mg (76%). Anal. Calcd. for
C16H12C1LN40SZn (%): C, 44.84; H, 2.82; N, 13.07%). Found: C, 44.80; H, 2.73; N,
12.94. Infrared data (KBr disk, cm™"): v (N-H) ~ 3450 broad, v (C-H) ~ 3068, v(C=0)
1610, W(C=N and C=C of pyridine) 1598-1550. UV-Vis {A/nm, (¢/cm~'M~")}: in DMF
or DMSO 330[3,500 (o) and 18,600 (8)] and 400 [24,500 () and 0 (8)]. "H NMR (8 ppm)
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in dmso-de: 13.73 (0.40 H), 9.00 (1 H), 8.72 (1 H), 8.11 (2 H), 8.02 (4 H), 7.82 (1 H), 7.70
(1H), 7.65 (1H) and 7.30 (1 H).

2.3. Optical sensing studies

A stock solution of [ZnCl,(7°>-N,N,O-dpktch)] in a polar, non-aqueous solvent, and
stock solutions of a stimulus (NaBH4, NaBF,) in a polar non-aqueous solvent were
prepared separately. Optical changes (electronic absorption spectral changes) were
measured on solutions prepared by mixing appropriate volumes of [ZnCl,(n*-N,N,O-
dpktch)] and stimulus solutions to prepare the desired solutions (see figure captions for
details). All measurements were made at room temperature.

2.4. Molecular orbital calculations

Monte Carlo semi-empirical molecular orbital calculation using default parameters on
the lowest triplet was performed using the Hyperchem molecular modeling program [28].

2.5. Physical measurements

Electronic absorption spectra were recorded on a HP-8452A spectrophotometer. Baseline
corrections on blank solvents were recorded prior to measurements. A Lauda-Brinkmann
RMG6 circulating bath was used for temperature control. "H NMR spectra were recorded on
a Bruker ACE 500-MHz Fourier-transform spectrometer and referenced to the residual
protons in the incompletely deuteriated solvent. Infrared spectra were recorded as KBr
pellets on a Perkin-Elmer Spectrum 1000 FT-IR Spectrometer.

2.6. X-ray crystallography

Crystals of [ZnCly(n’-dpktch)] were obtained from a dmso solution of [ZnCly(n’-
dpktch)] that was allowed to stand for several days. A single crystal was selected and
mounted on a glass fiber with epoxy cement. A Bruker SMART CCD area-detector
diffractometer with Mo-Ka radiation and a graphite monochromator was used for data
collection and the SHELXTL software package version 5.1 was used for structure
solution [29-31]. Cell parameters and other crystallographic information are given in
table 1 along with additional details concerning data collection. All non-hydrogen
atoms were refined with anisotropic thermal parameters.

2.7. Analytical procedures

Elemental microanalyses were performed by MEDAC Ltd., Department of Chemistry,
Brunel University, Uxbridge—United Kingdom.

3. Results and discussion

The reaction between ZnCl, and dpktch in refluxing acetonitrile in air gave [ZnCly (-
dpktch)] (see scheme 2) in good yield. This reaction is similar to that reported for the
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Table 1. Crystal data and structure refinement for [ZnCl,(7°~dpktch)].

3069

Empirical formula

Cl(,H 12C12N4OSZH

Formula weight
Temperature (K)
Wavelength (A)

Crystal system, space group
Unit cell dimensions (A, °)

o S

™ R

4 .
Volume (A%)
Z, Calculated density (Mgm™)
Absorption coefficient (mm™")
F(000)
Crystal size(mm?)
0Theta; range for data collection (°)
Range of 1, k, [
Reflections collected/unique
Completeness to 6 =28.22
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*
Final R indices [I>20()]*®
R indices (all data) .
Largest diff. peak and hole (e A~%)

444.63

297(2)

0.71073
Monoclinic, P2;/n

9.1926(5)
13.4224(7)
14.4161(8)
90
95.7560(10)
90
1769.79(17)
4, 1.669
1.820

896
0.32x0.28 x 0.10
2.08-28.22°

—12/12, —17/17, —19/19

16443/4312 [Ryip = 0.0588]

98.7%

Full-matrix least-squares on F~

4312/0/230
1.013

R;=0.0336, wR,=0.0795
R;=0.0471, wR,=0.0822

0.452 and —0.299

"Ry =Ry =Y\ Fol = |Fel|/ X1

PwRy = (" [W(F2 — F2))/ S w(F2)*1}"? where w=1/[0*(F2) + (0.0462P)* +0.0000P] and P = (F2 +2F2)/3.

Scheme 2.

[ZnCly(iP~dpktch)].
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synthesis of [CdCly(n’-dpktch)] [15]. The identity of the isolated compound as
[ZnCly(n’-dpktch)] was based on the results of its elemental analysis and a number of
spectroscopic measurements, as well as an X-ray structural analysis done on a crystal
[ZnCly(*-dpktch)] grown from dmso. The IR spectrum of [ZnCl,(°-dpktch)] shows a
band at 1610cm ™" due to the amide I 5(C=0) vibration. The amide I C=0 vibration
appeared at 1603 and 1655 in [CdCL(n’-dpktch)] and dpktch, respectively [14,15].
The 7(C=0) peak for [ZnCl,(n*-dpktch)] appeared at higher wavenumbers compared to
[CACly(n’-dpktch)] suggesting weaker binding of ZnCl, than CdCl, to dpktch.
The combined H(C=C) and v(C=N) vibrations of the pyridyl groups and the N-H
out-of-plane wagging vibration appeared in the same region as was observed in
[CACLy(n*-dpktch)]. The "H-NMR spectra of [ZnCly(*-dpktch)] measured in dg-dmso
and d;-dmf along with the spectrum of dpktch in dmso are shown in figure 1. These
spectra show that [ZnCly(n’-dpktch)] is sensitive at solvent variations. The amide
proton of coordinated dpktch is observed as a broad singlet at 13.37 and 13.68 ppm in
dg-dmso and d;-dmf, respectively, at 298 K. The integrated relative intensities for these
peaks are 0.4 and 0.3 instead of the expected 1.0 and hint at proton exchange between
[ZnCly(n -dpktch)] and aprotic solvent. In the free ligand, the amide proton appeared at
13.40 ppm and for [CdCl,(n*-dpktch)] two signals appeared in the amide region at 15.24
and 13.43ppm in dg-dmso at 298 K. Subtle variations in the chemical shifts of the
aromatic protons of [ZnCl,(n*-dpktch)] versus dpktch and in different solvents at 298 K

ax10

bx10

cx10

] ¢

15.00 14.00 13.00 12.00 11.00 10.00 9.00 8.00 7.00
Chemical shift (8), ppm

Figure 1. 'H-NMR spectra of [ZnCl>(i°~dpktch)] measured in d¢-dmso (a) and d;-dmf (c) and dpktch (b) in
dg-dmso.
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were noted, consistent with binding of ZnCl, to dpktch and the sensitivity of [ZnCly(i°-
dpktch)] to solvents. Variable temperature 'H-NMR studies for [ZnCly(n’-dpktch)]
show the disappearance of the amide proton and changes in the chemical shifts of the
aromatic protons. These results confirm the solvent-complex interaction and exchange
of the amide proton with its surroundings, and indicate a sensitivity of these systems
(metal compound and surrounding solvent molecules) to slight changes in their
surroundings.

The electronic absorption spectra of [ZnCly(n’-dpktch)] in different solvents are
shown in figure 2 and point to a strong solvent-complex interaction. The low and high
energy electronic transitions between 500 — 300 nm in dmf and dmso appeared at similar
energy as those reported for the free ligand and [CdCly(n°-dpktch)] and suggest a keto-
enol-tautomerization or an acid-base inter-conversion as shown in scheme 3. These
transitions are due to 7w — 7* of the pyridine ring followed by pyridine — thiophene-2-
carboxylic acid charge-transfer. Semi-empirical molecular orbital Monte Carlo
calculational results (see figure 3) are consistent with the assigned electronic transitions
and gave a HOMO — LUMO energy gap of 3.13¢eV, corresponding to absorption at a
wavelength of 396 nm. The variation in intensity of the electronic transitions may be
due to the extent of solvent—solute interactions. In dmf, a highly intense absorption
band appeared at 405nm and in dmso, two peaks appeared at 406 and 330 nm. The
intensity of the low energy to high energy electronic transitions of [ZnCly(1*-dpktch)] in

0.40

Absorbance
=
W
—)

e
2
=3

0.10

0.00
300.00 400.00 500.00 600.00

Wavelength, nm

Figure 2. Electronic absorption spectra of [ZnCly(n°~dpktch)] 2.0 x 107> M measured in dmf (1), CH;CN
(2), dmso (3) and CH,Cl, (4).
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dmso are concentration dependent. As the concentration of [ZnCly(i’-dpktch)]
decreases, the ratio of the absorbance at low energy to the absorbance at high energy
increases. These results are in accord with the NMR results that show exchange of the
amide proton of [ZnCly(i’-dpktch)] in aprotic solvents and confirm the acid-base inter-
conversion or keto-enol tautomerization and assign the high energy electronic
transition to [ZnCly(n’-dpktch)] and the low energy electronic transition to its
conjugate base (see scheme 3).

The electronic absorption spectra of [ZnCly(n*-dpktch)] are highly sensitive to the
presence of various chemical stimuli. The electronic absorption spectra of [ZnCly(i*-
dpktch)] in dmso recorded at increasing amounts of NaBH4 are shown in figure 4 and
these results demonstrate that NaBH, in concentrations as low as 5.0 x 10~/ M can be
detected using [ZnCly(°-dpktch)] in dmso. In the presence of excess NaBH, in dmso,
extinction coefficients can be determined at the wavelengths corresponding to the peak
maxima, where presumably either a protonated, o, form predominantly absorbs
(330 nm), or the deprotonated, g form (405 nm; see table 2). The difference between the
assignment of the alpha peak and result of the ab initio study must be due to a

a ‘)

|| — 7
/‘\'\o/ \ Acid /\

Cl — Cl

Scheme 3. Keto-enol or acid-base inter-conversion of [ZnCl,(*—dpktch)].

+6.39 — — A
A -108 ”77000 ek
—421 [
— =
-
[-*]
=
o
9 '5-\
= oL
= “ “x ‘r,.zf
"© HOMO
-56.04

Figure 3. Semi-empirical molecular orbital energy diagram for [ZnCly(n’~dpktch)].
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0.40

0.30

Absorbance

0.20

0.10

0.00
300.00 400.00 500.00 600.00

Wavelength, nm
Figure 4. The electronic absorption spectra of [ZnCly(n*~dpktch)] 2 x 107> M in dmso in the presence of

0.00 (1), 5x 1077 (2), 1.5x 1074 (3), 3.5 x 107° (4), 5.5 x 107° (5), 7.5 x 1076 (6), 1.00 x 107> (7), 2.00 x 10~°
(8), 3.00 x 1073 (9), 4.00 x 107> M NaBH, (10).

Table 2. Extinction coefficients of [ZnCly(n*~dpktch)] in dmso and dmf (£300, in M~'em™).

Solvent £#300 £%300 %100 %400
dmso 3,500 18,600 24,500 0
dmf 3,500 20,000 24,000 0

solvatochromic (blue) shift. In dmf, the extinction coefficients were calculated by the
same method, in the presence and absence of excess NaBHy.

Variable temperature electronic absorption spectral studies on a dmf solution of
[ZnCly(n’-dpktch)] showed a decrease in the intensity of the low-energy electronic
transition with increasing temperature, while that of the high-energy electronic
transition increased. The reverse was observed when the temperature was lowered or
when dmso was used in place of dmf. These results established reversible inter-
conversion between the low and high energy electronic transitions of [ZnCly(n*-dpktch)]
and indicate that dmf and dmso have different proton affinities toward [ZnCly(n’-
dpktch)]. Spectra obtained at varying temperatures reveal that dmf has a stronger
affinity for the (amide) proton than dmso, as shown by the high intensity of the low
energy electronic transition in dmf and the presence of a significant peak maximum at
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high energy in dmso. This hints at exothermic and endothermic proton transfer in dmf
and dmso, respectively. A plot of RInK (K is the equilibrium constant for the reaction
o+ S <> B+SH™, where S is an aprotic solvent and o denotes a-[ZnCl,(*>-dpktch)] and
B denotes B-[ZnCly(n*-dpktch)]), versus 10°/T gave straight lines (see figure 5) with
gradients of +40.7 + 1.8 and —8.3 £ 1.5 and intercepts of —-199.8 £ 5.5 and —77.5+4.9 in
dmf and dmso, respectively, giving thermodynamic parameters shown in table 3." The
low values for the thermodynamic parameters confirm the sensitivity of [ZnCly(n’-
dpktch)] to its surroundings and potential use as a molecular sensor.

Values of AG” indicate that it is more difficult for the complex to protonate dmso
than dmf, as observed earlier. The reaction enthalpies are consistent with the
anticipated endothermicity of solvent protonation in dmso, compared to exothermi-
city in dmf. The negative reaction entropies reflect increased ordering of the polar
solvent due to the charged products. Values for the pK’s were obtained both from
the temperature study and the dilution experiments, and were found to be
consistent.

The solid state structure of [ZnCly(n3-dpktch)] was determined using single crystal
X-ray crystallography. A view of the molecular structure of [ZnCly(1°-dpktch)] is shown
in figure 6. The zinc ion exhibits pseudo-trigonal bipyramidal coordination resulting
from the binding of two chlorides, two nitrogens and one oxygen. The observed
coordination mode is similar to that of [CdCly(’-dpktch)] and other related
compounds of the type [MCL(n’~L)] where L=is a tridentate N,O,N ligand and
M=Zn or Cd [15,32]. The bond distances and angles of [MCly(n*-dpktch)], where
M=Zn or Cd are shown in table 4. The variations in bond distances are normal and
consistent with change in the covalent radii of the metals. The OIMN3 and NIMN3
bite angles of [ZnCly(n’-dpktch)] are larger than those of [CdCly(n’-dpktch)], which
suggests a less strained metallocyclic ring in the case of [ZnCl,(*-dpktch)], and stronger
binding of dpktch to CdCl, compared to ZnCl,. Indices of trigonality () of 0.41 and

! For the following proton-exchange equilibrium: o + S—=p+ SH™ the total absorbance at wavelength A
equals

;. = s3la] + e{18] = el + (&5 — of ) e,

where ¢ =[a]+[f] is the total concentration. Thus,

fod = (4 — efe) /(e — )
and

(81 = (esic — 4:)/ (5 L),
so that the equilibrium constant K =[8]*/[a] at temperature T equals

(e — 4(D)°

A (T) — afc) (8‘{ - a’f)

(independent of A; &’s are temperature independent because of the observed isosbestic points). The
thermodynamic parameters characterizing the solvent protonation reaction are then obtained from a plot of
Rln K vs. 1/T according to

K(T) =
(

AGY AH?
foRanfAS"fT
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-100.00 f
.\\‘
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Figure 5. A plot of RInK vs. 103/T of 2.0 x 107> M [ZnCly(i’~dpktch)] in dmf and dmso.

Table 3. Thermodynamic parameters for the protonation of dmf and dmso by [ZnCl,(n°~dpktch)].

Solvent AH?/kImol ™! AS?/I K "mol™! AGkImol™! (25°C) pK (25°C)
dmf —40.7£18 —199.8+5.5 +18.9+2.4 33402
dmso +8341.5 —77.54+4.9 +31.442.1 55402

0.30 were calculated for [ZnCl,(r*-dpktch)] and [CdCly(n*-dpktch)], respectively, and
show that [ZnCly(i’-dpktch)] more strongly favors trigonal-bipyramidal geometry
compared to [CACLy(n*-dpktch)] [15, 33].2

The packing of [ZnCl,(*-dpktch)] is shown in figure 7 and reveals interdigitated units
of [ZnCly(n*-dpktch)] connected via a network of hydrogen bonds. Views of the non-
covalent hydrogen bonds are shown in figure 8. The chlorides link various stacks by
forming bifurcated hydrogen bonds with adjacent molecules. Chlorine atom 1 forms

2 For a five-coordinate system similar to that shown in figure 8, the trigonality index T=(8— a)/60 where
B=/N1-Znl1-Ol, o= /N3-Znl-Cll. Thus t=0 for a perfect tetragonal geometry and r=1 for a perfect
trigonal-bipyramidal geometry.
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Figure 6. A view of the molecular structure of [ZnCly(n’~dpktch)]. The thermal ellipsoids are drawn at the

30% probability level.

Table 4. Bond lengths [A] and angles [°] for [MCly(n°~dpktch)] where M=Zn or Cd.

[ZnCly(n>-dpktch)]

[CACly(n*-dpktch)]

M-N@3)
M-N(1)
M-CI(1)
M-0(1)
M-CI(2)
N(1)-C(11)
N(1)-C(15)
C(01)-N(3)
N(4)-C (01)
C(02)-0(1)

N(3)-M-N(1)

N@3)-M-0 (1)
N(1)-M-CI(2)
N(3)-M-CI(2)
Cl(2)-M-0(1)
N(1)-M-CI(1)
N(3)-M-CI(1)
O(1)-M-CI(1)
CI(2)-M-CI(1)
C-N(4)-N(3)

C(02)-O(1)-M

2.1465(17)
2.1594(17)
2.2331(7)
2.2355(14)
2.2410(6)
1.332(3)
1.339(3)
1.292(2)
1.356(2)
1.220(2)

72.56(6)
71.52(6)
100.10(5)
126.38(5)
98.69(5)
101.64(5)
119.21(5)
98.16(5)
114.32(2)
115.50(18)
116.11(12)

2.368(3)
2.361(3)
2.4299(12)
2.385(3)
2.4079(12)
1.341(6)
1.345(5)
1.293(4)
1.357(5)
1.235(4)

67.19(11)

66.94(9)
102.50(9)
130.69(9)
101.82(8)
103.73(10)
115.50(9)
101.64(8)
113.78(4)
117.0(3)
118.2(2)
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Figure 7. Packing of molecules of [ZnCl,(7°~dpktch)]. Non-covalent hydrogen bonds are represented by
dashed lines.

Figure 8. Views of the non-covalent hydrogen bonds in the packed structure of [ZnClz(n3—dpktch)].

non-classic hydrogen bonds of the type C-H---Cl with two different adjacent
[ZnCly(n’-dpktch)] molecules (see figure 8a) while chloride 2 forms a classic hydrogen
bond and a non-classic hydrogen bond of the types N-H.--Cl and C-H.--Cl,
respectively, with one adjacent [ZnCly(n’-dpktch)] (see figure 8b). The oxygen of
coordinated dpktch forms a non-classic hydrogen bond of the type C—H - -- O with an
adjacent coordinated pyridine ring (see figure 8c). The bond distances and angles of the
non-covalent bonds (see table 5) are of the same order as those reported for other
compounds containing such bonds [34].
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Figure 8. Continued.

Table 5. Hydrogen bonds for [ZnCl,(*—dpktch)].

DH---A d(D-H) d(H---A) dD---A) <(DHA)
N@)-H(4) ---N(2). 0.72(2) 2.27(2) 2.793(3) 131(2)
N@)-H@)---ClQ2) 0.72(2) 2.90(2) 3.421(3) 132(2)
C(13)-H(13)--- O(1)" 0.93 245 3.372(3) 173.5
C(34)-H(34)---N(2)' 0.93 3.20 3.444(3) 97.6
C(22)-H(22) - - - CI(1) 0.93 2.76 3.678(3) 167
C(33)-H(33)--- CI(1) 0.93 3.20 3.444(3) 97.6
C(32)-H(32) - -- CI(2)’ 0.93 2.89 3.551(3) 129.4

Symmetry transformations used to generate equivalent atoms: (i) —x, —y, —z, (i) x — 1/2, —y+1/2, z+ 1/2, (iii)) —x+ 1, —y,
—z, (iv) =x+1/2, y—1/2, —z+1/2, and (v) —x+ 1, —y, —z

4. Conclusion

Isolation of [ZnCly(°-dpktch)] marks the first time a zinc compound of dpktch
has been isolated. Spectroscopic measurements elucidated the coordination of dpktch
and the sensitivity of the compound to slight changes in its surroundings.
Electrochemical measurements revealed sequential electronic transition and
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decomposition of [ZnCly(i’-dpktch)]. X-ray structural analysis confirmed the identity
of the isolated compound, divulged distorted trigonal bipyramidal coordination about
zinc, and showed a network of hydrogen bonds connecting all the molecules in the
extended structure.
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