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New Ni(n) 1,2-bis(diphenylphosphino)ethane dithiolates:
Crystallographic, computational and Hirshfeld surface analyses

Reena Yadav,’ Manoj Trivedi,b Gabriele Kociok-Kéhn,“ Rajendra Prasad® and Abhinav Kumar®*

Three new nickel(ll) 1,2-bis(diphenylphosphino)ethane dithiolate complexes viz. [Ni(dppe)(benzylcyanidedithiolate)] (1),
[Ni(dppe)(2-cyanobenzylcyanidedithiolate)] (2) and [Ni(dppe)(pyridine-2-cyanidedithiolate)] (3) have been synthesized and
characterized spectroscopically and by single crystal X-ray. The X-ray analyses for 2 and 3 reveal a distorted square planar
geometry around Ni(ll) satisfied by the two sulfur atoms of the dithiolate and two phosphorus atoms of the dppe ligands.
Both 2 and 3 display intermolecular C-N---H, r---rt and C-H---1t and C-S---H interactions which generates a supramolecular
framework. Additionally, both 2 and 3 shows intramolecular C-H:--Ni anagostic interactions. These interactions have been
addressed by ab initio, AIM, Hirshfeld surface analyses. The anagostic interaction was verified using bond order and
natural charge calculations which indicated depletion of electron density on the ortho-hydrogen atoms undergoing the
anagostic interactions. All three compounds exhibit photoluminescence in dichloromethane solution as well as in solid
state. The solid state emissions are red shifted in comparison to the solution phase emissions which may be attributed to

the existence of inter-molecular interactions in solid state.

Introduction

Metal dithio complexes are very attractive compounds for the
synthetic and crystal engineers' due to their structural
diversity.? They show good conducting,® magnetic,* and optical
properties’ and serve well as a single source precursors for the
preparation of metal sulphides® as photocatalysts in solar
energy schemes,” and for organic synthesis.® The recent
growing interest in dithiolate chemistry is down to the
functionalization of the dithio backbone that may generate
fascinating supramolecular architectures in the crystalline state
which are capable of displaying modified physical properties.'™®
Crystal engineering of the metal directed self-assembly of
coordination compounds afforded by S--*H, O--*H, N---H,

S-S, m-m and C-H--m(chelate, CS,M) secondary
interactions play a key role in the organization of
9-11

supramolecular networks.
Amongst 1,1-dithiolates, a great deal of attention has been paid
to the
dithiophosphate and dianionic

xanthate, dithiocarbamate and
1,1-ethylenedithiolate type
(XYC=CS,%")."® Recently, multimetallic assemblies have been

monoanionic

prepared using a piperazine-based dithiocarbamate building
block and Ni(dppe)Cl, by Wilton-Ely and Hogarth et al..'
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These system have been utilized for the functionalization of
gold nanoparticles.”® Inspired by these investigations we
recently found the 1,2-bis(diphenylphosphino)ethane nickel(11)
dithiocarbamates be a potential precursor for nickel sulphide
and also investigated the effect of counter anions on the phase
and morphology of the synthesized nickel sulfides.'* Despite
the synthetic versatility and practical utility metal complexes of
dianionic 1,1-dithiolates derived from active methylene group
attached to the cyano and phenyl group are relatively rare and
only a few structural characterization and photoluminescent
properties of a Pt(Il) complex with Di-fert-butyl bipyridine
have been reported."> Therefore, we considered it to be
worthwhile to synthesise, determine the crystal structures and
study the photoluminescence behaviour of the heteroleptic
three different
dithiolates and 1,2 bis(diphenylphosphino)ethane (dppe) which

Ni(Il) complexes formed with dianionic
have been used as co-ligands. These newly synthesized 1,1-
ethylene dithiolate type ligands with substituted phenyl/pyridyl
with  different

delocalization of negative charge over the aromatic ring and

rings enhance conjugation extent of
can provide greater electron delocalisation through the C-S, C-
C and beyond the MS, bond. Thus, the functionalization of the
aromatic ring may induce new intra- and intermolecular non-
covalent interactions, thereby generating new supramolecular
architectures and possibly may lead to different optoelectronic
properties.

ligands have played an important role in catalytic reactions.®

Metal complexes containing fertiary-phosphine

Furthermore, the steric and electronic properties of dithiolates
in conjunction with dppe ligands may noticeably influence their
structural features and properties. The interesting C=N---H, C-
S---H, m---wand C-H---m intermolecular interactions and rare
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intramolecular C-H---Ni anagostic interaction have been
Attempts have been made to address the

interactions chemical

described herein.!!

nature of these using quantum

calculations and Hirshfeld surface analysis.!”

Results and discussion
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Scheme 1. Synthetic routes for the preparation of the complexes.
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Spectroscopy

The IR spectra for all the three compounds display bands at ~ 2200,
1440 and ~1100 cm’' which corresponds to the v C=N, v C=CS, and
vCS, vibrations a characteristic feature of dithiolate ligands.
Existence of single vibration at ~1100 cm™ indicates the bonding of
dithiolate ligand to Ni(II) center in symmetrical bidentate mode. The
purity and composition of all the three compounds were checked by
"H NMR spectroscopy. All of the compounds display well resolved
"H NMR signals which integrate to the corresponding hydrogen
atoms. The signals at ~ 6 182-190 ppm are indicative of the CS,
carbon of the dithiolate ligand. In *'P{'H} NMR the presence of
only one signal at ~ ¢ 58.9 ppm indicates symmetrical bidentate
bonding mode of the dppe ligand to the Ni(II) center.

Synthesis

The three dianionic dithiolate ligands were prepared in situ by
addition  of  1,8-Diazabicyclo[5.4.0Jundec-7-ene  (DBU)
followed by addition of carbon disulfide to the corresponding
aromatic acetonitriles viz. phenylacetonitrile, 2-cyano methyl
benzonitrile and pyridine-2-acetonitrile dissolved in THF under
nitrogen atmosphere. The resulting solution was added
dropwise to the dichloromethane solution of Ni(dppe)Cl, to
obtain the corresponding Ni(Il) 1,2-bis(diphenylphosphino)-
ethane dithiolates (Scheme 1). All three compounds were air
stable and soluble in halogenated solvents but insoluble in
alcohols and ether.

Fig. 2 ORTEP view of the molecular structure of 3 with atoms drawn at 50%
probability. Solvent and hydrogen atoms are removed for clarity.

Fig. 1 ORTEP view of the molecular structure of 2. Atoms are drawn at 30% probability.
Solvent molecule and hydrogen atoms are removed for clarity.

2 | J. Name., 2012, 00, 1-3

Molecular structure

Single crystals of 2 and 3 were obtained by slow evaporation of
a solution of the compounds in a dichloromethane/methanol
mixture (2:1). In each complex, the geometry about Ni(Il) is
four-coordinate with the Ni atoms bonded to two phosphorus
atoms of the dppe moiety together with two sulfur atoms of the
bidentate dithiolate ligand (Fig. 1 and 2). The basic structural
features of both complexes are equivalent. The metal atom lies
at the centre of a distorted square plane. The distortion is
caused due to the small S(2)-Ni-S(1) bite angles of 79.68(4)°,
and 79.58(4)° for 2 and 3, respectively. The Ni-S lengths in the
range 2.1889(11)-2.2056(11) A for 2 and 3 indicate the
symmetrical (S, S) chelating behaviour of the dithiocarbamate
ligands. The Ni-P distances are in the range of 2.1500(10)-
2.1688(10) A which are within the range reported for others
dithiolate complexes containing dppe.'* The C-S bond lengths
of 1.750(4) and -1.754(4) A are considerably shorter than the
C-S (1.81 A) bond observed in the transition metal dithio
complexes due to m delocalisation over the C,S, unit. The
chelating S,CNi rings are tilted with an angle of 17.10° and
11.58° in complexes 2 and 3 with respect to dppe moiety.

In 2 the supramolecular structures are stabilized via
intermolecular C=N--H, C-S---H, mn---wand C-H--m non-
covalent interactions ' (Fig. 3). The intermolecular C=N---H
interaction (Fig. 3a) is operating between the nitrogen atom N1
of the cyanide and hydrogen atom H20 of the aromatic ring of
the dppe ligand. This interaction leads to a distance of 2.738(6)
A and an angle of ZC29-N1---H20 156.8(4)°. In addition to

This journal is © The Royal Society of Chemistry 20xx
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these interactions, 2 also exhibits intermolecular n---m and C-
H:---7m interactions. The =& interaction is operating between
the aromatic rings of the dppe and the dithiolate ligands (Fig.
3a). The distance between the centroids of the two aromatic
rings is 3.892 A and that between C7---C35 is 3.263 A. There is
a C-H--- © interaction between the aliphatic hydrogen of the
dppe ligand and the aromatic ring of the dithiolate ligand with a
distance of 2.712 A. Figure 3b is displaying the C-S---H and
C=N---H interactions. The S2-H13 distance is 2.924(5) A but in
this case the C=N---H interaction is operating between the
cyanide nitrogen N2 and aliphatic hydrogen H1A of the dppe
ligand with a distance of 2.533(6) A the corresponding
ZC=N---H is 118.4(4)° which is relatively more angular than
that displayed in figure 3a thereby indicating that the later
interaction is probably weaker than the former.

ARTICLE

observed in the case of 2. The S1---HI8 interactions have
length 2.963 A and £C27-S1---H18 is 106.96°.

Interestingly, in complexes 2 and 3, the aromatic hydrogen
atom of the dppe ligand is lying in close proximity to the metal
coordination sphere forming C-H---Ni intramolecular anagostic
or preagostic interactions (Fig. 5). The Ni---H-C distance and
ZNi---H-C angles are 2.830-2.968 A and 116.22°-119.81°,
respectively which are well within the range for the anagostic
interactions.'® Unlike agostic interactions which involve 3c-2e
interactions these anagostic interactions are largely electrostatic
in nature (scheme 2).'®

Fig. 3 Supramolecular frameworks for 2 displaying intermolecular (a) C=N---H, m:-- mand
C-H--- 1t (b) C-S+++H, C=N-H interactions.

Fig. 4 Supramolecular frameworks for 3 displaying intermolecular C=N---H; (py)N---H; C-
H-- tand C-S--H interactions.

Fig. 5 Intramolecular anagostic C-H---Ni interactions for 2 (left) and 3 (right).

Like 2 the supramolecular framework in 3 is stabilized by
intermolecular C=N--H, C-S-+-H and C-H---r interactions’'!
(Fig. 4). But unlike 2 it doesn’t have m---m interactions.
Interestingly the incorporation of the pyridine moiety in the
dithiolate ligand has introduced a new (py)N---H interaction in
addition to the C=N---H bonding. The corresponding C=N---H
and (py)N---H interaction distances are 2.719(4) A and
2.667(4) A, respectively with an angle of ZC29=N1---H1B and
Z(py)C30-N2---H2B 140.3(3)° and 131.6(3)°, respectively.
Unlike 2 where the C=N---H interaction takes place between
both aromatic and aliphatic hydrogens of the dppe ligand in 3
these interactions are limited to aliphatic hydrogen atoms of the
dppe ligand. Like 2, 3 is also displaying intermolecular C-S---H
interactions which lead to the formation of a one dimensional
chain. But no additional N---H interaction is operating as was

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. Structural differences between agostic and anagostic interactions.

DFT and AIM results regarding non-covalent interactions

The crystal structures of the compounds 2 and 3 as
discussed above are good examples of the interplay of different
molecular interactions that lead to interesting supramolecular

J. Name., 2013, 00, 1-3 | 3
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aggregates in the solid state (Fig. 3 and 4). It is obvious that
C=N---H, C-S---H, =n---m and C-H---n non-covalent interactions
play an important role if the structure is to be rationalized in
terms of interactions between the molecular fragments.

However, it needs to be investigated to what kind of
intermolecular interaction(s) contributes to the binding energy
between molecules and dimers in the structure. It is known that
the covalent, H-bond, dipole-dipole, and van der Waals
interaction energies are >1700, 70 - 50, 8 - 2, and < 4 kJ/mol,
respectively. In order to analyze the various interactions that
lead to the

electrostatic potentials have been calculated for dimers held by

crystal structure, interaction energies and

the aforementioned interactions.

Fig. 6 Molecular graphs for 2 displaying intermolecular (a) C=N---H (b) C-S---H, C=N---H

and (¢) -+ mand C-H-- minteractions.
The analysis of the interaction energies in the crystal

structure of 2 by means of dimer units at the BSSE-corrected
MP2 level of theory yields an interaction energy of -22 kJ/mol

4| J. Name., 2012, 00, 1-3

in the C=N---H dimer (Fig. 3a); the interaction energy of the C-
S-«H and C=N--H dimer (Fig. 3b) is calculated to be -66
kJ/mol and the dimer held by =n---n and C-H---n (Fig. 3c¢) is -5
kJ/mol. The high values for the dimer held by C-S---H and
C=N.-H (Fig. 3b)
interaction in the system which has high interaction energy. The

indicates an involvement of C-S--H
analysis of the interaction energies in the crystal structure of 3
by means of dimer units at the same level of theory yields an
interaction energy for the dimer held by C=N--H, (py)N--H
(Fig. 4) to be -44 kJ/mol and that held by C-S---H and C-H--n
interaction (Fig. 4) is -15 kJ/mol. The different intermolecular

interaction energies for both the compounds are in the range
between 30-15 kJ/mol, which is well beyond the range of H-
bond or dipole-dipole interactions.

b

Fig. 7 Molecular graphs for 3 displaying intermolecular (a) C=N---H; (py)N---H; C-H--- it
and (b) C-S---H interactions.

the interaction the

aforementioned method cannot be estimated independently

Since energies obtained by

from each other therefore to evaluate the independent
interaction energies and to further confirm the presence of these
interactions, bond critical points (bcp) were calculated for
dimers (Fig. 6, 7) by using the Atoms in Molecules (AIM)
theory.!® The bond critical points observed between the N and
H; S and H; C(n) and C(n) as well as H and C (x) in all the
dimers confirms the presence of intermolecular C=N---H, C-
S-H, The
further been corroborated by calculating the

n--mw and C-H---m interaction. interactions have
interatomic
surfaces between the atoms of interest which bisects at the
bond

informations). The values of electron density (p); Laplacian (¥

corresponding critical ~ points  (Supplementary
2pbcp); bond ellipticity (e), Hamiltonian form of the Kinetic
Energy (K), Potential Energy density (V), Lagrangian form of
Kinetic Energy (G) at the bond critical points between pertinent

atoms are presented in Table 1.

This journal is © The Royal Society of Chemistry 20xx
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From table 1 it is evident that the electron density for all
types of interactions at bond critical point (pyp) are less than
+0.10 au which indicates a closed shell hydrogen bonding

20

interactions.” Additionally, the Laplacian of the electron

density li’2pbcp in all the cases are greater than zero which
indicates the depletion of electron density in the region of
contact between the N---H, S---H, C---H and C(xn)---C(n) atoms.
The bond ellipticity (¢) measures the extent to which the
in a given plane

density 1s preferentially accumulated

containing the bond path.?’ The & values for all the interactions
indicate that these are not cylindrically symmetrical in nature.?
The total electron energy density (Hy, = G + V) associated with
these interactions indicates that they are not associated with the
significant sharing of electrons and hence confirming the weak

non-covalent interaction nature for the two atomic centers.

ARTICLE

colour on the surface indicates weaker and longer contact other
than hydrogen bonds.

Table 1. Selected topographical features of inter-molecular C=N---H, C-S--H, z---m and C-
H---m interaction computed at MP2/6-31G**/LANL2DZ level of theory for dimers of 2
and 3.

Interaction Phep V’pbep (g) K \% G

2

C=N---H +0.0062 +0.0221 +0.1432 -0.0011 -0.0034 +0.0044

C-S5-H +0.0073 +0.0231 +0.0570 -0.0011 -0.0036 +0.0047

C=N---H +0.0085 +0.0291 +0.0575 -0.0012 -0.0049 +0.0035

T T +0.0068 +0.0203 +0.7489 -0.0010 -0.0031 +0.0041

CH--m +0.0066 +0.0221 +0.3064 -0.0012 -0.0030 +0.0043
3

(Py)N---H +0.0080 +0.0251 +0.0445 -0.0009 -0.0044 +0.0054

C=N---H +0.0056 +0.0205 +1.2283 -0.0010 -0.0037 +0.0047

CH--m +0.0082 +0.0251 +0.5430 -0.0011 -0.0040 +0.0051

C-S--H +0.0050 +0.0183 +0.4082 -0.0010 -0.0030 +0.0043
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Fig. 8 Hirshfeld surfaces mapped with dnom for 2 (left) and 3 (right).

Hirshfeld Surface Analysis

The Hirshfeld surfaces'” of 2 and 3 are illustrated in Figure
8, showing surfaces that have been mapped over a d,., range
of -0.5 to 1.5 A. The surfaces are shown as transparent to allow
visualization of the aromatic as well as the puckered ring
moieties around which they were calculated. The weak
interaction information discussed in X-ray crystallography
section is summarized effectively in the spots, with the large
circular depressions (deep red) visible on the d,.g, surfaces
The
interactions between C-H---w, C—N---H and C—S---H interactions

indicative of hydrogen bonding contacts. dominant

for 2 and 3 can be seen in Hirshfeld surface plots as the red
shaded area in Figure 8. The small extent of an area and light

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 Fingerprint plots Full, resolved into, C-H---;, C-N---H, C-S---H and C—H--Ni for 2
(left) and 3 (right) showing percentages of contact contributed to the total Hirshfeld
surface area of the molecules.

The fingerprint plots®! for 2 and 3 are presented in Figure 9.
The C—N--H and C—S--H intermolecular interactions appear as
two distinct spikes of almost equal lengths in the 2D fingerprint

J. Name., 2013, 00, 1-3 | 5
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plots in the region 2.03 A < (d, + d;) < 2.47 A as light sky-blue
pattern in full fingerprint 2D plots. Complementary regions are
visible in the fingerprint plots where one molecule acts as a
donor (d.> d;) and the other as an acceptor (d.< d;). The
fingerprint plots can be decomposed to highlight particular
atom pair close contacts. This decomposition enables separation
of contributions from different interaction types, which overlap
in the full fingerprint. In addition to these interactions a pair of
spikes for 2 is observed which corresponds to C—H--Ni
anagostic interaction. For 2 the proportions of C—H-m,
C—N-+H, C-S---H and C—H--Ni interactions comprises of
28.5%, 12.7%, 6.5% and 0.7%, respectively of the total
Hirshfeld surface for each molecule. In the case of 3 the
proportions of C—H--m, C—N--H, C—S--H and C—-H--Ni
interactions comprises of 30.7%, 10.8%, 5.7% and 0.1%,
respectively of the total Hirshfeld surface for each molecule.
The C-H--Ni anagostic interaction is not evident at the QTAIM
level. However, the Hirshfeld surface analysis indicates
presence of anagostic interaction but small. Therefore, we
sought additional, independent evidence from orbital structure
analysis.

insight into the C—H-:--Ni
anagostic interaction into the compounds 2 and 3 the Wieberg
bond indices and Mayer bond orders for the both the ortho C—H
bonds of the aromatic rings of dppe ligand undergoing and not
displaying any anagostic interaction were calculated (Fig. 5).
The pertinent results of the calculations are presented in table 2.

To gain further additional

Table 2. The calculated Wieberg bond indices and Mayer Bond Orders between the
atoms of interest for 2 and 3.

Bonding Bond Wieberg Mayer Natural Charges
Length Bond Bond
(Calc.) Indices Order
2
C4-H4 1.0872 0.9171 0.9323 ca -0.1730
C8-H8 1.0862 0.9293 0.9474 H8 0.2048
C26-H26 1.0875 0.9185 0.9406 C26 -0.1583
C22-H22 1.0860 0.9298 0.9470 H22 0.2077
Ni---H4 2.9473 0.0043 0.0079 H4 0.2203
Ni---H26 2.9169 0.0047 0.0086 H26 0.2216
3
C20-H20 1.0874 0.9153 0.9364 c20 -0.1556
Cl6-H16 1.0868 0.9312 0.9463 H16 0.2040
C14-H14 1.0876 0.9188 0.9392 Ci4 -0.1730
C10-H10 1.0872 0.9268 0.9441 H10 0.2102
Ni---H20 2.8296 0.0044 0.0057 H20 0.2287
Ni---H14 2.7637 0.0060 0.0119 H14 0.2203

The C-H bond parameters in bold are involved in anagostic interactions.

From table 2 it is evident the C-H bonds involved in
anagostic interactions (shown in bold) have relatively longer
bond lengths than those C-H bonds which are not involved in
the anagostic Although these bond length
differences are showing very small deviations but they are
noticeable. The Wieberg bond indices and Mayer bond order
for the C-H bonds showing anagostic interactions are relatively
smaller than C-H bonds not showing this interaction. These
computational parameters give evidences for the involvement

interactions.

6 | J. Name., 2012, 00, 1-3

of the ortho-C—H bonds of one side to undergo anagostic
interactions. Also the Ni---H Wieberg bond indices and Mayer
bond order for 3 is relatively larger than 2 which indicates that
the strength of anagostic interaction in 3 is relatively greater
than 2.
Since the anagostic interactions predominantly
electrostatic in nature which leads to downfield shift in dy of
the C-H bond'®, therefore the natural charges on the both the
coordinated and uncoordinated ortho-hydrogen atoms was
computed (table 2). The calculations indicate the relative

depletion of electron density on the ortho-hydrogen atoms

are

undergoing the anagostic interactions in comparison to the
ortho-hydrogen lying far apart from the Ni center. This further
corroborates the existence of anagostic interactions in both 2
and 3.

0 L | n 1 m I

300 400 500 600 700
Wavelength (nm)

Fig. 10 Electronic absorption spectra of compounds 1-3 recorded in 10 M
dichloromethane solution.

Electronic spectra and photoluminescent properties

The electronic absorption spectra for all of the three compounds
recorded in dichloromethane are shown in Fig. 10. In all the
spectra, the bands observed from 230-400 nm are attributed to
intraligand charge transfer transition.'* > % The weak broad
absorptions at near 400 nm is due to ligand-to-metal charge
transfer (LMCT) and are consistent with square planar
geometry about the metal center.** The additional broad band at
~ 450 nm in 3 might be due the presence of pyridyl ring in the
dithiolate ligand.

Upon excitation at 320 nm, a broad emissions at 370 nm,
415 nm and 400 nm observed for compounds 1, 2 and 3
respectively, were observed which is in persistent of earlier
reports (Fig. 11a).'"**? The photoluminescence spectra for all
the compounds were also recorded in solid state (Fig. 11).
When excited at 320 nm, all the three compounds exhibited
emissions at ~501, 509 and 518 nm, respectively (Fig. 11b).
From the photoluminescence spectra recorded in solid state it is
clearly evident that in comparison to the solution phase the
emissions in solid state are relatively red shifted. The red-shift
may in the solid state emissions may be due to the involvement
of non-covalent interactions operating in the solid state.

This journal is © The Royal Society of Chemistry 20xx
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FIg. 11 Normalzea pnotoluminescence spectra for 1-3 recorded in 10" M

dichloromethane solution (a); in solid state (b).

Conclusion

The crystallographic studies of the reported compounds
demonstrated various supramolecular structural diversities as a
function of the substitution present on the dithiolate ligands.
Incorporation of pyridyl ring in the molecular framework of 3
leads to the chain motifs bonded by both C=N---H, (py)N---H
interactions. Attempts were made to address the nature of weak
inter- and intra-molecular interactions in the newly synthesized
compounds using Hirshfeld surface analyses alongwith the
DFT and AIM theory calculations. The fingerprint plots also
scrutiny by displaying all the
intermolecular interactions within the crystal and therefore are
suitable for analyzing the changes in crystal packing in the
molecular systems, under investigation. The anagostic
interactions observed in the X-ray structures were proved using
the fingerprint plots, Wieberg bond indices and Mayer bond
order calculations. Based on our findings it can be concluded
that by careful engineering the nature of ring and incorporation
of the appropriate functionalities on these aromatic rings, the
architecture of the self-assembled hydrogen bonded and n-'w
stacking interactions can be tuned. These interactions in solid
state may lead to red shift in the photoluminescence emissions
in comparison to the solution phase photoluminescence.

allows a more detailed

Experimental

Materials and methods

All chemical reagents are commercially available and were
used without further purification. Elemental analyses were
performed on a Perkin-Elmer 240 C, H, N analyzer. Infrared
spectra were recorded as KBr pellets on a Varian 3100 FTIR.
'H, 3C and 3'P NMR spectra were recorded on JEOL AL300
FTNMR spectrophotometers. Chemical shifts were reported in
parts per million using TMS as internal standard for 'H and '*C
NMR and phosphoric acid for *'P NMR. The electronic
absorption and photoluminescent spectra in dichloromethane
solution were recorded using a SPECORD 210 PLUS BU and
CARY Eclipse spectrophotometers, respectively.

Syntheses

[Ni(dppe)(benzylcyanidedithiolate)] (1)

This journal is © The Royal Society of Chemistry 20xx

To a solution of benzyl cyanide (0.621 g, 0.53 mmol) in THF
(10 mL), DBU (0.16 mL, 1.06 mmol) was added under nitrogen
atmosphere. The solution was stirred at room temperature for 5
min followed by the addition of CS, (0.04 mL, 0.53 mmol).
The solution, which turned yellow, was stirred for an additional
2 h, after which it was transferred dropwise through dropping
funnel to a solution of [Ni(dppe)Cl,] (0.280 g, 0.53 mmol) in
dichloromethane (50 mL). The resulting solution turned red.
The solution was stirred at room temperature for 1 day, after
which solvent was removed using a rotary evaporator and
redissolved in 5 mL dichloromethane and filtered through celite
and eventually precipitated by the addition of 25 mL petroleum
ether.

1 Dark red solid (0.282 g, 82% yield); m. p. 198 °C; IR (KBr,
cm™): 2198 (-C=N), 1437 (C=CS,), 1107 (CS,). 'H NMR (300
MHz, CDCl3): 6 = 7.74 (m, 5H, C¢Hs) 7.27-7.08 (m, 20H,
Cg¢Hs), 2.69 (s, 4H, -CH,-CH,-). *C NMR (75.45 MHz, CDCl5)
0 = 199.8 (CS,), 151.3, 151.2, 151.0, 150.4 (-C¢Hs), 138.2,
132.4, 129.5 (P-C¢Hs), 121.5 (-C=N), 121.3 (C=C), 25.6 (-CH,-
CH,-). *'P{'H} NMR (121.50 MHz, CDCL): 6 = 58.46.
Elemental analysis for C;3sHpgNNiP,S,.0.5CH,Cl, (M, =
697.05): caled: C, 61.87%; H, 4.62%; N, 2.00 %; S, 9.18%.
Found: C, 62.33%; H, 4.72%; N, 2.57%; S, 9.89%.

[Ni(dppe)(2-cyanobenzylcyanidedithiolate)] (2)

The similar procedure mentioned for the synthesis of 1 was
adopted for the synthesis of 2 except that 2-cyanobenzyl
cyanide (0.753 g, 0.53 mmol) was used instead of benzyl
cyanide.

2 Orange red solid (0.307 g, 88% yield); m. p. 206 °C; IR (KBr,
cm’™): 2200, 2090 (-C=N), 1430 (C=CS,), 1099 (CS,). '"H NMR
(300 MHz, CDCly): d = 9.12 (s, 1H, C¢H,), 8.71-8.68 (t, 1H,
Ce¢Hy), 8.34 (s, 1H, C¢Hy), 8.21 (s, 1H, C¢H,)7.30-7.28 (m,
20H, C¢Hs), 2.64 (s, 4H, -CH,-CH,-).">*C NMR (75.45 MHz,
CDCl3) 6= 201.2 (CSy), 152.1, 151.6, 151.0, 150.2, (-C¢Hy,),
138.2, 132.4, 129.5 (P-C4¢Hs), 123.8 (C=C), 119.0 (-C=N),
117.0 (-C=N), 25.4 (-CH,-CH,-). *'P{'H} NMR (121.50 MHz,
CDCl;): ] = 57.92. Elemental analysis for
C36HasN,NiP,S,.0.6CH,Cl, (M, = 724.35): caled: 60.69%; H,
4.06%; N, 3.87%; S, 8.85%. Found: 61.48%; H, 4.57%; N,
4.12%; S, 9.76%.

[Ni(dppe)(pyridine-2-cyanidedithiolate)] (3)

The similar procedure mentioned for the synthesis of 1 was
adopted for the synthesis of 3 except that pyridine-2-acetonitrile
(0.626 g, 0.53 mmol) was used instead of benzyl cyanide.

3 dark red brown solid (0.286 g, 83% yield); m. p. 202 °C; IR
(KBr, cm™): 2191 (-C=N), 1438 (C=CS,), 1102 (CS,). '"H NMR
(300 MHz, CDCl;) 6 =8.57 (s,1H, py), 7.72 (s,1H, py), 7.41 (s,
1H, py), 7.26 (s, 1H, py), 7.30-7.28 (m, 20H, C4¢Hs), 2.64 (s,
4H, -CH,-CH,-)."*C NMR (75.45 MHz, CDCl;) o= 198.0
(CSy), 150.6, 149.9, 137.4, 123.0, 122.3 (-C¢H,), 138.2, 132.4,
129.5 (P-C4Hs), 122.8 (C=C), 117.2 (-C=N), 25.4 (-CH,-CH,-).
3'p{'"H} NMR (121.50 MHz, CDCly): § = 56.53. Elemental
analysis for C;4H9N;,NiP,S,.0.25CH,Cl, (M, = 671.61): calcd:
C, 61.25%; H, 4.43%; N, 4.17%; S, 9.55%. Found C, 62.45%;
H, 4.72%; N, 4.98%; S, 10.82%.
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X-ray Crystallography

Intensity data for 2 and 3 were collected at 150(2) K on an
Nonius Kappa CCD single crystal diffractometer using graphite
monochromated Mo-Ka radiation A = 0.71073 A. Unit cell
determination,
performed using the Nonius software.?’ For both structures a

data collection and data reduction were
symmetry-related (multi-scan) absorption correction had been
applied. The solved by direct methods
(SIR97)* and refined by a full-matrix least-squares procedure
based on F? (Shelxl-2014).” All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were placed onto
calculated positions

structures were

and refined using a riding model.
Additional programmes used for analysing data and graphically
manipulating them included: SHELXIe*® and ORTEP 3 for
windows.?” The compound 3 was refined as a 2-component
inversion twin in the ratio 1:2. The compound co-crystallises
with 0.35 CH,Cl, which is disordered over two sites with
occupation factor of 25% for part 1 and 10% for part 2. Atom
CI2 is shared by both parts and C42 of the solvent molecule
(from part 2) was refined with ADP restraints.

Crystal Data 2: C3gHpsN,NiP,S,.0.6CH,Cl,, M = 724.33,
Monoclinic, P2,/n, a = 12.0561(2) A, b = 13.4846(3) A, ¢ =
21.0459(5) A, p = 97.4474(9)°, V = 3392.60(12) A, 7=4,
Deye=1.418 mg m™, F(000) = 1493, crystal size 0.230 x 0.180 x
0.150 mm, reflections collected 34875, independent reflections
5981 [Riny = 0.1169], Final indices [I> 26(I)] R; = 0.0505 wR,
= 0.1151, R indices (all data) R; = 0.0922, wR, = 0.1331, gof
1.032, Largest difference peak and hole 0.672 and -0.568 ¢ A=,
CCDC No. 1403943

Crystal Data 3: C3;4H,9N;NiP,S,.0.35CH,Cl,, M = 679.08,
Orthorhombic, F2dd, a = 11.7944(1) A, b = 18.1645(2) A, ¢ =
61.6538(8) A, ¥V = 13208.7(3) A®, Z=4, D =1.366 mg m>,
F(000) = 5611, crystal size 0.600 x 0.500 x 0.300 mm,
reflections collected 32060, independent reflections 7432 [Riny
= 0.0638], Final indices [I> 2o6(I)] R; = 0.0346 wR, = 0.0707, R
indices (all data) R; = 0.0481, wR, = 0.0758, gof 1.073, Largest
difference peak and hole 0.343 and -0.309 ¢ A=. CCDC No.
1403944

Computational details

Molecular geometries were optimized at the level of density
functional theory (DFT) using the B3LYP functional.’® The
split valence basis sets, 6-31G** were used at all C, N, S, P and
H atom centers. LANL2DZ basis set was used for the Ni atom.
The intermolecular interaction energies have been estimated at
the MP2 level of theory.’! For the interaction energy
calculations, the interaction distances have been fixed for the
dimer while all other degrees of freedom were relaxed in the
geometry optimization. The stabilization energies (AE gime, and
AFE imer) for dimeric and trimeric motifs involving the 2 and 3
molecules, respectively were calculated using the formula
AE‘dimer = Edimer - (2 x Emonomer) where En1onomer> Edimer are the
energies of the monomer and dimer motifs. Ejonomer Was
calculated by optimizing a single molecule at the same level of
theory. The strengths  are
significantly weaker than either ionic or covalent bonding,

intermolecular  interaction

8 | J. Name., 2012, 00, 1-3

therefore it was essential to do basis set superposition error
(BSSE) corrections. The BSSE corrections in the interaction
energies were done using Boys-Bernardi scheme. In this paper
all the interaction energies have been reported after BSSE
correction.’? All computational experiments have been
performed using the Gaussian 09 programme.®

Hirshfeld Surface Analysis

Molecular Hirshfeld surfaces®® in the crystal structure were
constructed on the basis of the electron distribution calculated
as the sum of spherical atom electron densities.>>*¢ For a given
crystal structure and a set of spherical atomic densities, the
Hirshfeld surface is unique.’” The normalized contact distance
(dnorm) based on both d. and d; (where d, is distance from a
point on the surface to the nearest nucleus outside the surface
and d; is distance from a point on the surface to the nearest
nucleus inside the surface) and the vdW radii of the atom, as
given by eq 1 enables identification of the regions of particular
importance to intermolecular interactions.’* The combination of
d. and d; in the form of two-dimensional (2D) fingerprint
plot?$
crystal.** The Hirshfeld surfaces mapped with dpom and 2D

provides a summary of intermolecular contacts in the

fingerprint plots were generated using the Crystal-Explorer
3.1.*° Graphical plots of the molecular Hirshfeld surfaces
mapped with o, used a red-white-blue colour scheme, where
red highlight shorter contacts, white represents the contact
around vdW separation, and blue is for longer contact.!!

di _ VinW
norm =— +
vdW

dc _ }"CVdW

1)

vdW
T e
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