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X-ray crystallographical data combined with DFT computational studies provide improved

understanding of dithizone-metal chemistry and its observed modes of coordination.
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ABSTRACT

In view of the important role of dithizone in trace metal analyses, new structural aspects and
approaches used to probe metal complexes of dithizone are of interest. Three X-ray diffraction
structures are reported, dichloro-bis(dithizonato)tin(IV), dichloro-(dithizonato)antimony(l11) and
bis(dithizonato)copper(Il). During synthesis of the tin complex, autooxidation
of Sn''Cl, to Sn'"v occurred without chloride liberation. The Sb'' complex revealed a unique
distorted seesaw geometry which is, as for the other complexes, conveniently explained by DFT
calculated molecular orbital orientations. Computed lowest reaction energies are in agreement
with experimentally obtained reaction products, which, together with molecular orbital
renderings serve as a suitable tool towards the prediction of modes of coordination in these
complexes. The S-M-N bond angle in the 5-membered coordination ring shows a linear

relationship with the corresponding metal ionic radii.

1. Introduction

In 1925 Helmuth Fischer [1] showed the great potential of dithizone (H2Dz) for the detection
and determination of heavy metal ions. Through the years it has become more or less indispensable
in trace metal analysis. In 1977 Harry Irving published a thorough review on dithizone chemistry
[2]. By making use of dithizone Van Staden and Taljaard [3] developed systems for the
simultaneous analysis of soil and water samples containing many different metal ions. With this
inexpensive technique, results comparable to that obtained by atomic absorption spectrometry
were obtained. Comitre and Reis [4], also utilizing dithizone as complexing agent, achieved
spectrophotometric detection limits of 12 parts per billion for the analyses of lead in plant
materials. These results compare well with what may be obtained by inductively coupled plasma
combined with optical emission spectroscopy (ICP-OES).

Apart from dithizone being a very important colour development reagent in trace metal
analyses, as may be noted from numerous related reports published annually, it also forms the
basis of the photochromic reaction observed in some metal complexes. Photo-excitation results in
color-changing isomerization around the C—N bond, while the spontaneous thermal back-reaction
is unaffected by light [5]. Recent femtosecond transient laser spectroscopy studies gave insight in
the ultra-fast dynamics of the photochromic isomerization reaction [6].



The structures of dithizonato (HDz-) metal complexes are well established with a total of
more than twenty X-ray data collections that have been reported up to date (see Table 3). Except
for slight twists of the HDz- phenyl rings in some cases, the ligand is essentially planar in all
structures. A large degree of n-electron delocalization along the ligand backbone, which includes
the two phenyl rings, is deduced from both experimental X-ray and theoretical density functional
theory (DFT) determined bond lengths [7]. Delocalized bond lengths are longer than short double
bonds and shorter than typical single bond lengths.

DFT calculations yielded structural parameters in close agreement with experimentally
determined X-ray data collections [7]. Not only geometrical parameters, but also time-dependent-
DFT (TDDFT) calculated oscillators (UV-visible spectra) gave good correlation with
spectroscopically measured absorption bands. Both TDDFT and computed molecular orbital
illustrations serve as additional means towards better understanding of structural properties in

(dithizonato)metal complexes.
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Scheme 1. Bidentate metal-dithizonate coordination [2]. M — metal, R — organic ligand.

HDz- ligands are bidentately coordinated to the respective metals, via S and N atoms (Scheme
1). Exceptions are reported for complexes of indium, methyltin, ruthenium and osmium, where at
least one HDz- ligand is monodentately coordinated through sulfur [8]. Ligands are in the linear
configuration. The only exception is found in an osmium cluster compound where both ligands
are, due to steric reasons, in a bent configuration, i.e. 180° rotated around one C—N bond. An
interesting observation here was of the dithizonato sulfur in the osmium cluster compounds being

simultaneously coordinated to two adjacent metal centers, serving as a bridge between the metals.



Towards expanding the knowledge base concerned with metal-dithizonate chemistry, this

study presents three new structures, clarified by applicable theoretical calculations.

2. Experimental

2.1. General

AR grade solvents (Merck) were used, without further purification. All syntheses chemicals
were reagent grade and used as purchased from Sigma-Aldrich. *H NMR spectra were obtained
on a Bruker AVANCE Il 600 MHz spectrometer and data listed in the order: chemical shift (d,
reported in ppm and referenced to TMS), integral value, multiplicity and assignment.

Crystal data were collected at 150 K on a Bruker D8 Venture Kappa geometry diffractometer
with duo lus sources, a Photon 100 CMOS detector and APEX 11 control software using Quazar
multi-layer optics monochromated Mo-Ka radiation by means of a combination of ¢ and ® scans.
Data reduction was performed using SAINT+ and the intensities were corrected for absorption
using SADABS [9]. The structures were solved by intrinsic phasing using SHELXTS and refined
by full-matrix least squares using SHELXTL and SHELXL-97/2013/2014 [10]. In the structure
refinement all hydrogen atoms attached to carbon atoms were added in calculated positions and
treated as riding on the atom to which they are attached. All non-hydrogen atoms were refined
with anisotropic displacement parameters. All isotropic displacement parameters for hydrogen
atoms were calculated as X x Ueq of the atom to which they are attached; X = 1.5 for the methyl
hydrogens and 1.2 for all other hydrogens. The tin complex crystallized as a twin crystal and was
refined as such.

DFT calculations of this study were performed with the B3LYP [11] functional as
implemented in the Gaussian 09 program package [12] utilizing the GTO def2-TZVPP basis set
[13] on Sb and Sn, and 6-311G(d,p) on the other atoms. GTO (HOMO and LUMO) were
visualized at the same level of theory. Calculations were also done with the PW91 (Perdew-Wang
1991) [14] GGA functional as implemented in the ADF 2013 program system [15] with the STO
QZ4P basis set on Sb and Sn and TZ2P on the other atoms. Geometries of the neutral complexes
were optimized in gas phase. Calculations were carried out at default temperature (298.15 K) and

pressure (1 atm).



2.2. Synthesis

2.2.1. Synthesis of bis(dithizonato)copper(II) (1).

To a dark green solution of dithizone (0.31 g, 1.2 mmol) in dichloromethane (100 mL), an
aqueous CuCl; (0.10 g, 0.76 mmol) solution (50 mL) was added and stirred for 30 minutes at room
temperature. The violet organic layer was removed, washed with distilled water and filtered
through anhydrous sodium sulphate. Crystals suitable for single crystal X-ray data collection were
obtained by room temperature recrystallization from dichloromethane-hexane (1:1) solution.

Cu(HDz)2: Yield 89 %; m.p. 187 °C; UV-Vis Amax (dichloromethane, nm): 441; *H NMR
(600 MHz, DMSO-dg, 20 °C): 6 7.54-7.75 (20 H, m, CeHs), 8.22 (2 H, s, NH).

2.2.2. Synthesis of dichloro-(dithizonato)antimony(III) (2)

To a solution of dithizone (0.50 g 2.0 mmol) in dichloromethane (100 mL), a methanolic
SbCl3 (0.49 g, 2.1 mmol) solution (100 mL) was added and stirred for 30 minutes at room
temperature, a deep red solution forming. The solvent was removed under reduced pressure. The
product was dissolved in dichloromethane (leaving excess salt undissolved) and filtered through
sodium sulphate. Green crystals, suitable for single crystal X-ray data collection, were obtained
by room temperature recrystallization from dichloromethane-hexane (1:1) solution.

Sb(HDz)Cl: Yield 93 %; m.p. 204 °C; UV-Vis Amax (dichloromethane, nm): 501; *H NMR
(600 MHz, DMSO-ds, 20 °C): & 7.15-7.92 (11 H, m, CeHs and NH).

2.2.3. Synthesis of dichloro-bis(dithizonato)tin(1V) (3)

To a solution of dithizone (0.50 g; 2.0 mmol) in dichloromethane (100 mL) an aqueous
SnCl2-2H20 (0.25 g, 1.1 mmol) solution (50 mL) was added and stirred for 30 minutes at room
temperature. The violet organic layer was removed, washed with distilled water and filtered
through anhydrous sodium sulphate. Crystals suitable for single crystal X-ray data collection were
obtained by room temperature recrystallization from dichloromethane-hexane (1:1) solution.

Sn(HDz),Cl,: Yield 88 %; m.p. 228 °C; UV-Vis Amax (dichloromethane, nm): 518; 'H NMR
(600 MHz, DMSO-ds, 20 °C): & 6.99-7.82 (20 H, m, CeéHs), 7.93 (2 H, s, NH).



3. Results and Discussion

3.1. Crystallographic Structures

The crystal structures of 1 - 3 are shown in Figure 1. These Ortep drawings [16], with
anisotropic displacements parameters at 50% probability level, also show the numbering system.
Crystallographic and refinement data is listed in Table 1. The crystal data, data collection,
structure solution and refinement details are available in each CIF, as also deposited to the
Cambridge Crystallographic Database (CCDC deposition numbers 1404517-1404519). Selected

structural parameters are summarized in Table 2.



Table 1. Crystallographic and refinement data for 1-3.

1 2 3
Empirical formula Ca6 H22 Cu'' Ng S Ci3 Hi1 Cla Ny SSh'! Ca6 H22 Cla Ng S, Sn'v
Formula weight (g mol) 574.17 447.97 700.22
Temperature (K) 150(2) 150(2) 150(2)
Radiation type, A (A) 0.71073 0.71073 0.71073
Crystal system, Triclinic Monoclinic Monoclinic
Space group P-1 P 2i/n P2
a(A) a=4.1619(2) a = 13.7180(6) a=13.4532(8)
b (R) b =10.9321(6) b =7.9824(4) b = 15.4379(9)
c(A) ¢ =13.4619(7) ¢ = 14.3384(6) ¢ = 13.5657(8)
a (%) o =91.1290(10) a=90 o =90
B (°) B = 95.3670(10) B = 95.8870(10) B =94.573(2)
v (°) ¥ =95.6960(10) y=90 y=90
Volume (A3) 606.54(5) 1561.81(12) 2808.5(3)
Z 1 4 4
Deatc (Mg/m®) 1.572 1.905 1.656
Absorption coefficient (mm™) 1.107 2.239 1.282
F(000) 295 872 1400
Crystal size (mm?) 0.434 x 0.248 x 0.078 0.203 x 0.184 x 0.088 0.218 x 0.188 x 0.139
Theta range for data collection (°)  2.378 to 39.606 2.169 to 40.405 2.002 to 39.951
-7<h<7, -19<k<19, -25<h<25, -14<k<14, -24<h<24, -27<k<27,
Index ranges -24<1<24 -26<1<26 -24<1<24
Reflections collected 45949 135929 235255

R(int)
Completeness to theta = 25.242°
Max. and min. transmission

Refinement method
Data used / restraints / parameters

Goodness-of-fit on F?

Final R indices [I>2sigma(1)]
Largest diff. peak and hole (e.A_B)

7323 [R(int) = 0.0619]

99.9 %

0.7477 and 0.5568

Full-matrix least-squares
on F?

7323/0/169

1.102

R1 =0.0407

wR2 =0.1047

1.222 and -0.393

9912 [R(int) = 0.0642]

100.0 %

0.7479 and 0.6463

Full-matrix least-squares
on F?

9912/0/190

1.064

R1 =0.0304

wR2 =0.0574

2.160 and -0.993

34588 [R(int) = 0.1265]

100.0 %

0.7479 and 0.5556

Full-matrix least-squares
on F?

34588 /1/703

1.009

R1=0.0476

wR2 =0.0836

1.437 and -0.653




Figure 1. Perspective views (ORTEP) of Cu(HDz), (1), Sb(HDz)Cl, (2) and Sn(HDz)2Cl. (3).
Thermal ellipsoids are drawn at 50% probability level.



The structure of 1 (1961) is available in the Cambridge Crystallographic database but has no
coordinates included [17]. Cell parameters are reasonably similar to what is reported in this study.
Complex 1 has a square planar geometry around the Cu(ll) metal ion. Two dithizonato ligands are
coordinated to the metal in a trans configuration. The formation of a five-membered ring (Cul-
S1-C1-N2-N1) in the square planar geometry reduces the otherwise expected 90° S1-Cul-N1
angle to 84.1°. The C8-N1-N2-C1-N3-N4-C2 molecular backbone has an extended planar
conformation of sp2-hybridized nitrogen atoms. This planarity is extended to include phenyl ring
C2-C7 (deviation from planarity 7.4°) and the metal ion (deviation from planarity 4.3°). However,
phenyl ring C8-C13 is distorted from this plane by 45.6°, which may be the result of packing forces
(see Figure 2a). Intermolecular short contacts between N2 and C13 (3.086 A) and N2 and H13
(2.722 A) may result in the observed deviation from planarity for C8-C13. The structure resembles
the literature example of bis(dithizonato)nickel(I1) — this square planar complex being isostructural
to 1 [18]. Both complexes crystallize in the P-1 space group, with distances of 3.83 A (2sNi") and
3.37 A (26Cu") between the respective metals and the nearest atoms (sulphur) in neighbouring
planes. The 30Zn" dithizonate complex displays a distorted tetrahedral geometry instead [19].

In complex 2 a distorted see-saw geometry is seen around the Sb(lll) ion (Figure 1, 2).
Alternatively, it may be described as a distorted square pyramidal geometry of which one base
corner is unoccupied (coordination number 4). This geometry is related to a completed square
pyramidal geometry (coordination number 5) as seen in a literature example where Sb(lll) is, as
in 2, again coordinated by two chlorides, but this time by a tridentate N,N,S-ligand, as opposed to
the bidentate N,S-dithizonato ligand [20]. As opposed to centrally occupied positions in most
other metal complexes, in both the above structures antimony occupies a peripheral position, i.e.
at the centre of the pyramid base. Ligand-metal-ligand coordination angles deviate at most by ca
10° from 90°. The Sb metal ion is otherwise included in the planarity of the HDz- ligand, with the
S1-Sh1-N1-N2 torsion angle being only 8.5°. The phenyl rings deviate only 4.6 and 14.2°,
respectively, from this plane.

Complex 3 has a distorted octahedral geometry around the Sn(IV) metal centre (Figure 1, 3).
As in the copper complex, two dithizonato ligands are coordinated to the metal, with sulphur atoms
in trans configuration, but here with the two chlorides still intact. The two molecules in the
asymmetric unit are closely packed with an intermolecular distance of 3.347 A between the
centroids defined by phenyl rings C2-C7 and C47-C52 (Figure 2b). This distance is comparable

9



to intramolecular distances of ca 3.3 A between the backbones of the two dithizonate ligands in

each molecule.

The phenyl rings deviate by 1.23 to 31.54° from planarity of the extended framework. The
metallocyclic angle (S-Sn-N) varies from 75.9 to 76.1°. Several Sn(IV) dithizonato complexes are
known of which all contain only one dithizonato ligand, except di-n-butyl-bis(dithizonato)tin(1V)
[21]. The latter distorted octahedral complex has the two HDz- ligands in a square planar
arrangement in the equatorial plane, while the two n-butyl groups are trans to one another in the
axial positions. Also, similar coordinating atoms, e.g. the sulphurs of the HDz- ligands, were found

to be cis to one another, as opposed to what is seen in complex 3.

10
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Figure 2. Intermolecular distances between the two molecules in the asymmetric unit of
Cu(HDz)., 1, and Sn(HDz)2Cl>, 3.



Table 2. Selected geometric parameters for 1 — 3

Complex 1 2 3
Bond distance (A)
M-S (average) 2.2890(3) 2.4297(4) 2.4636(11)
M-N (average) 2.0282(8) 2.3642(12) 2.329(3)
S1-C1 1.7391(10) 1.7620(14) 1.754(4)?
N1-N2 1.2792(12) 1.2760(17) 1.281(4)?
C1-N2 1.3694(13) 1.3629(18) 1.365(5)?
C1-N3 1.3217(13) 1.3186(18) 1.322(5)?
N3-N4 1.3184(12) 1.3096(18) 1.308(4)?
2.5460(4)/
M-CI (average) - 2.3749(4)° 2.3966(10)?
Bond angle (°)
S1-M-N1 95.93(2) 75.64(3) 75.97(8)?
S1-M-CI1 - 82.970(13) 90.20 (4)2
S1-M-CI2 - 97.476(14) 95.96(4)?
S1-M-S2 - - 170.29(3)2
N1-M-Cl1 - 157.36(3) 163.03(8)*
Cl1-M-CI2 - 92.329(14) 95.70(4)/ 96.74(4)°
Torsion angle (°)
S1-M-N1-N2 7.7(1) 11.2(1) -27.3(2)
144.7(2)
27.6(2)
27.9(2)
N1-N2-C1-N3 -175.30(8) 177.39(13) 172.4(3)
-170.6(3)
172.1(3)
172.3(3)

@ Average of corresponding bonds in both molecules
b Two values differ significantly



Table 3. Comparison of selected properties of HDz- crystal structures 1 - 3 with literature
examples.?

Metal Complex, Geometry®  S-M-Nbond M-S bond M-N bond M™ ionic

HDz- coordination mode (around M) angle/° distance /A distance /A radii / pm

Au(HDz)LCI[22] square 83.83 2.249 2.131
1 x N,S-donor bidentate ligand planar

Bi(HDz)s[23] octahedral 68.86 2.607 2.678 117
3 x N,S-donor bidentate ligands

Co(HDz)3[24] octahedral 84.79 2.239 1.979 69
3 x N,S-donor bidentate ligands

Cu(HDz)2 square 84.07 2.289 2.028 71
2 x N,S-donor bidentate ligands planar

Hg(HDz)Ph [25] trigonal 73.77 2.372 2.651 110
1 x N,S-donor bidentate ligand

In(HDz)3[26] trigonal 77.51 2.477 2.370 94
1 x S-donor monodentate ligand bipyramidal
2 x N,S-donor bidentate ligands

Ni(HDz)2[18] square 86.25 2.192 1.871 63
2 x N,S-donor bidentate ligands planar

Ru(HDz)2(bpy)2[27] octahedral —d 2.414 —
2 x S-donor monodentate ligands

Ru(HDz)O2SL [8] octahedral 79.99 2.408 2.191
1 x N,S-donor bidentate ligand

Sb(HDz)Cl. see-saw 75.64 2.430 2.364 90
1 x N,S-donor bidentate ligand

Sn(HDz):L2[28] octahedral 69.93 2.492 2.674
2 x N,S-donor bidentate ligands

Sn(HDz)Phs[29] trigonal 70.13 2.446 2.734
1 x N,S-donor bidentate ligand bipyramidal

Sn(HDz)Mes [8] tetrahedral — 1.7619 -
1 x S-donor monodentate ligand

Sn(HDz):Cl2 octahedral 76.03 2.463 2.331 83
2 x N,S-donor bidentate ligands

TI(HDz)Ph2L [30] trigonal 70.17 2.648 2.622
1 x N,S-donor bidentate ligand bipyramidal

Pt(HDz)LL’L”" [31] square 82.06 2.270 2.145
1 x N,S-donor bidentate ligand planar

Zn(HDz)2 [19] tetrahedral 86.12 2.256 2.073 74

2 x N,S-donor bidentate ligands

2 Literature data from ConQuest version 1.17, Copyright CCDC 2014
b L — monodentate ligand, LL’L” — tridentate ligand

¢ Most geometries are distorted

4 Not applicable to monodentate ligands

With the exception of crystal structures of the most similar compounds, all metal dithizonate
structures reported to date are represented in Table 3. As may be seen, only bismuth, cobalt and
indium are tris-coordinated, while uni-coordinated complexes mostly form where some ligands
already bound to the central metal are not displaced by additional incoming dithizonate ligand, as

also reported here for antimony.
13



Whether ligands coordinate mono- or bidentately, is mainly determined by steric crowding
around the metal centre, as may be seen in the ruthenium and trimethyltin complexes. The limited
number of available coordination sites on the metal, as in the indium complex, prevents a N—In
dative covalent bond in the 3 monodentate ligand. However, the crystal structure of complex 3,
amongst others, show that bidentate ligation appears most common in tin(I\V) complexes. No
instances are as yet known where coordination is only through a ligand nitrogen; instead, the
negative charge located mainly on the sulphur atom of the singly deprotonated ligand is the
preferred site for metal coordination.

A significant increase in S-M-N bond angle sizes is observed in the 5-membered bidentate
ligand rings, i.e. from as little as 68.9° in the tris-coordinated Bi(HDz)z complex to as large as
84.8° in the similarly coordinated Co(HDz)3 complex, and even 86.3° in the Ni(HDz), complex —
an overall difference of 17.4°. Clearly, this variation is not attributed to steric crowding, but to
differences in ionic radii of the metals. Smaller metal ion radii results in shorter metal-ligand bond
distances, with closer proximity of the ligand backbone. The consequence is opening of the S-M-
N bond angle, explaining the larger bond angles in event of smaller ionic radii. Figure 3a illustrates
the roughly linear relationship between ionic radii and S-M-N bond angles, as well as S-M and N-
M bond distances, in Figure 3b. The ionic radii which are utilized here, as listed in Table 3,
correspond to related coordination geometries around each metal, i.e. either 6-coordinate
octahedral or 4-coordinate tetrahedral or square planar [32]. An excellent correlation with R? =

0.97 between metal ionic radii and especially the N—M dative covalent bond lengths is seen.
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Figure 3. lonic radii versus (a) S—M—N bond angles and (b) S—M (---) and N—M (—) bond

distances. Data point labels in (a) correspond vertically to data points in (b).

Lastly, it is interesting to note the change that occurs at an ionic radius of ca 100 picometer
(Figure 3b, trendline intersection). Although still increasing in bond length, at the larger atomic
radii of Hg'' and Bi'""' the S—M bond lengths are getting shorter than N—M bond lengths, as opposed
to at radii of less than 100 pm. This observation may be explained in terms of directionality of
bonding orbitals on the ligand S and N atoms involved during coordination. Considering Figure
1 (complex 1) it may be seen that a smaller metal ion may fit more readily into the coordination
space allowed by the N1—N2=C1—S1 crescent, and thus able to come into closer proximity of the
bonding electron pair on N1. Bonding around this sp? hybridized N is strictly trigonal planar.
Bond orientation on the S atom is however less rigid, as the C—S single bond may freely rotate. It
follows that larger metal ions, while being prevented to getting into closer proximity of N1, is
hereby allowed stronger bonding with S. This is indeed seen with especially Hg (Figure 3b), where
the S—M bond distance in fact decreased on going from the smaller Sn' (2.463 A, 83 pm), to the

15



much larger Hg" ion (2.372 A, 110 pm). At the same time the N—M bond distance increased by
0.32 A.

3.2. DFT Studies

During syntheses of the dithizonato Cu", Sb""" and Sn'v complexes, both chloride ions were
substituted by HDz- ligands in Cu''Cl,, while in Sb"'Cls only one chloride was substituted.
Although two HDz- ligands coordinated to tin in Sn"'Cl, no chlorides were substituted, instead the
oxidation state of Sn changed from Il to IV. The latter agrees with the observed behavior of cobalt
where, regardless of reaction reagent ratio, three dithizonato ligands always coordinate to Co''Cly,
accompanied by an oxidation state change from Il to 11l [24]. In both cases auto-oxidation is
ascribed to exposure to atmospheric oxygen, without sacrifice of ligands.

Towards explanation of the above observations DFT calculations were performed to calculate
the energy changes that occur during possible syntheses reactions. B3LYP and PW91 calculations
of the electronic energies (E) of the reactions gave similar results. Towards additional validation
of results reaction free energies (G) were also calculated, using PW91. The computational results

are summarized in Table 4.

Table 4. DFT calculated electronic (E) and Gibbs free (G) energy (eV) changes for the indicated
reactions. Energies of the most favourable (lowest energy) reactions are indicated in bold.

B3LYP PW91 PWO1

Reaction AE AE AG
CuCl; + H,Dz — Cu(HDz)CI+ HCI -1.174  -0.728  -0.738
CuCl; + 2H;Dz — Cu(HDz); + 2HCI -1.216  -0.518 -0.431 crystal
ShCl; + H,Dz  — Sh(HDz)CI; + HCI 0.152 0.275 0.293  crystal
SbCl; + 2H,Dz — Sh(HDz).Cl + 2HCI 1.056 1.220 1.364
SbCl; + 3H;,Dz — Sh(HDz)3 + 3HCI 1.093 1.370 2
SnCl; + 2H;,Dz — Sn(HDz).Cly+ H; -0.324 -0972 -0.310 crystal
SnCl; + 3H,Dz — Sn(HDz)sCl+ H, + HCI 0.445 -0.136 2
SnCl; + 4H,Dz — Sn(HDz)4+ H, + 2HCI 1.338 0.790 a

2 Due to the size and the high electronic energy of the indicated molecules,
no frequency analysis was done here, i.e. no AG calculated.

For the Cu''Cl, + nH2Dz reaction, energy calculations showed that two products are possible;

both Cu(HDz)CIl and Cu(HDz),. Cu(HDz)> was however experimentally obtained, which is in
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agreement with especially the B3LYP DFT calculated related AE value of -1.216 eV for this
reaction. The 2:1 ratio of dithizone:CuCl, during synthesis drives the reaction to completion,
substituting both chlorides. In the Sb"!Cls + nH2Dz reaction, it is noted that the reaction which
experimentally yielded Sb(HDz)ClI> also has the lowest theoretical AE and AG values by far, and
thus the only product expected, even in the presence of an excess of dithizone. AE (B3LYP) was
calculated to be 0.152 eV, as compared to more than 1 eV for complexes with potentially more
than one HDz- ligand. The same was found for the Sn''Cl, + nH2Dz reaction, where the reaction
leading to Sn'Y(HDz).Cl; is energetically favored compared to the other two possible reactions,
i.e. with potentially three (two N,S-donor bidentate and one S-donor monodentate) or even four
(two N,S-donor bidentate and two S-donor monodentate) dithizonato ligands.

To aid in the understanding of the different coordination modes of the dithizonato-metal
molecules presented in this study, the frontier orbitals of the reactants and products were evaluated.
Computational results show that the gas-phase DFT calculated structure of CuCl; is linear (Figure
4a). Itis known that the solid state Cu''Cl. structure contains corrugated sheets of distorted Cu''Cle
octahedra with four Cu-Cl equatorial bonds (2.263 A) and two much longer Cu-ClI apical bonds
(2.991 A) [33]. Each Cu''Cls octahedron shares chloride atoms with neighboring octahedra in such
a way that the empirical formula of the structure is Cu''Cl,. The experimental CI-Cu-Cl angle is
180°, which is in agreement with the gas-phase DFT calculated structure of CuCl.. The
experimental intermolecular Cu-Cu distance is 3.826 A, see Figure 4e. Directional n-orbitals on
the chlorides are responsible for the observed linear geometry in CuCl..

In the case of the dithizonate complex, both chlorides are substituted during reaction with
HDz- to form Cu(HDz)>. The packing of the solid state structure of Cu(HDz)> shows remarkable
resemblance to that of CuCly, see Figures 4e and f. The packing of Cu(HDz)> molecules are
arranged in sheets with a Cu-Cu intermolecular distance of 4.162 A, which is only 0.336 A more
than in the corresponding salt crystal. The high degree of n-electron delocalization along the
dithizonate backbone is responsible for its typical planar geometry, which in turn allows the
observed closely packed sheets of square planar molecules. Every Cu atom in Cu(HDz) has four
equatorial bonds viz. two Cu-N bonds of 2.028 A, and two Cu-S bonds of 2.289 A.
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Figure 4. (a) DFT gas-phase calculated structure, selected frontier orbitals (b) STO HOMO, (c)
LUMO and (d) HOMO-9 of CuCl.. (e) Packing diagram of the X-ray solid state structure of CuCl>
and (f) Cu(HDz), 1.

The arrows indicate the three units cell directions. Molecular orbital plot contours: 80 e/nm?.

Atom colour code: Cu (orange), C (grey), Cl (green), S (yellow), N (violet) and H (white).

(d) Q
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Figure 5. (a) DFT gas-phase calculated HOMO and (b) LUMO of the optimized structure of ShCls.
(c) HOMO-1 and (d) X-ray solid state partial packing diagram of Sb(HDz)Cl>.
Molecular orbital plot contours: (a) and (b) 80 e/nm?, and (c) 60 e/nm?®.

Atom colour code: Sb (magenta), C (grey), Cl (green), S (yellow), N (violet) and H (white).
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Figure 6. (a) DFT gas-phase calculated HOMO and (b) LUMO of the optimized structure of
SnCl,. (c) Experimental X-ray solid state structure and (d) the DFT (B3LYP) optimized structure

of SnCl2(HDz).. Selected bonds are indicated in A. Molecular orbital plot contours: 80 e/nm?,

%
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Figure 7. X-ray solid state packing of Sn(HDz)2Cl.. The arrows indicate the units cell directions.

Atom colour code: Sn (dark grey), C (grey), CI (green), S (yellow), N (violet) and H (white).

HOMO as well as LUMO orientations on central metals play a large role in determining
coordination geometry, as is graphically illustrated by theoretically calculated molecular orbital
renderings of complexes 1 — 3 in Figures 4 to 6. Additional instances here of are seen in the
tetrahedral geometry of Zn''(HDz),, as opposed to the square planar geometries of the Cu''(HDz),
complex 1, and Ni'(HDz)s.

The DFT gas phase optimized SbCls structure is trigonal pyramidal, see Figure 5. The highest

occupied molecular orbital (HOMO) shows the lone pair electrons on Sb (Figure 5a, green), while
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the lowest unoccupied molecular orbital (LUMO) has an empty p-orbital on the metal (Figure 5b).
During reaction with dithizone, only one CI” is substituted, releasing HCI. The electron lone pair
on the S of HDz- coordinates with the LUMO p-orbital on Sb (Figure 5b), resulting in a
disphenoidal or seesaw type molecular geometry around Sb in Sb(HDz)Cl.. In the solid state
packing of Sb(HDz)Cl, intermolecular bonds between the HOMO-1 lone pair electrons on Sb
(Figure 5¢) and the CI and S of a neighboring molecule is observed (Figure 5d, dotted lines),
resulting in a pseudo-octahedral arrangement around Sb, similar to the pseudo-octahedral
experimentally measured Sn(HDz).Cl; structure (Figure 6c).

While CuCl; has a linear structure, the lone pair of electrons on SnCl, leads to a bent
conformation in the gas phase. Figure 6a shows the DFT optimized structure of SnCl,. The bent
structure of Sn''Cl; is preserved when it is oxidized to Sn'VCI,?* during reaction with two H,Dz
molecules, resulting in a pseudo-octahedral arrangement around Sn, see Figure 6¢ and d for crystal
and DFT optimized structures of Sn(HDz).Cl,. The packing of Sn(HDz).Cl, along the
crystallographic a-axis shows linear arrays of molecules with metal fragments orientated towards

one another while the organic part of the molecule is layered together (Figure 7).

4. Conclusions

Dithizone is extensively used as color-development reagent in trace metal analyses during
which the metal to ligand ratio is of primary importance. Regardless initial metal oxidation states
in corresponding salts, crystallographic data illustrated M:L ratios of 1:1 for the dithizone reaction
with antimony(l1l)chloride and 1:2 for reactions with copper(Il) and tin(ll) chloride salts. Bond
length data illustrated how larger metal ionic radii favor stronger M-S bonds while smaller radii
favor stronger M—N bonds.

Together, HOMO and LUMO renderings of DFT geometry optimized metal salts correspond
to experimental geometries of final products. Calculated electronic and Gibbs free energy changes
for all possible ratios in the metal — ligand reactions produced lowest energies in agreement with
experimentally observed reaction ratios. Molecular orbital geometry and free energy theoretical

calculations therefore serve as accurate predictive tools in dithizone-metal chemistry.
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