J. Bangladesh Acad. Sci. 50(2); 259-268: June 2026

DOI: https://doi.org/10.3329/jbas.v50i2.90657

-

Journal of Bangladesh Academy of Sciences

Journal homepage: http://www.bas.org.bd/publications/jbas.html

Research Article

Synthesis and structure of diiron propane-1,3-dithiolate complex with AsPhs ligand: site

selectivity of the AsPhs ligand

Md. Imran Hossain, Muhammad Abdul Quader, Nikhil Chandra Bhoumik?!:2

Md. Manzurul Karim, and Shafikul Islam”

Department of Chemistry, Jahangirnagar University, Savar, Dhaka 1342, Bangladesh

ARTICLE INFO

ABSTRACT

Avrticle History

Received: 01 March 2026
Revised: 04 May 2026
Accepted: 12 May 2026

Keywords: Diiron, Propane-1,3-
dithiolate, AsPhs ligand, Crystal
structure, Site selectivity, X-ray

crystallography, DFT study.

This article reports the synthesis, structure, and site selectivity of the AsPhs
ligands of two Fe, propane-1,3-dithiolate (PDT) complexes with the AsPhs
ligand. The reaction of Fex(CO)s(u-PDT) 1 with 1.0 equivalent AsPh; at
ambient temperature in the presence of MesNO resulted in a new diiron
complex, Fex(CO)s(AsPhs)(u-PDT) 2, as red crystals (63%). The reaction of
1 with 5.0 equivalents of AsPhs; under identical conditions gave 2 in 58%
yield and Fez(CO)4(AsPhs)2(u-PDT) 3 in low yield (11%) as red crystals. The
MesNO-assisted reaction of 2 with five equivalents of AsPh; gave 3 in
moderate yields (42%). Both complexes contain two fused six-membered
metallaheterocycles defined by Fe(S-C-C-C-S), one of them has a chair
conformation, and the other attains in a boat conformation. The bulky AsPhs
ligand selectively coordinated the Fe atoms to the apical site, which is
sterically less crowded, as ascertained by the crystal structure. The DFT-
optimized geometry of 2 was similar to its X-ray structure, and the simulated
structure parameters were in good agreement with the experimental values.
The optimized geometry of 2 was more stable than its isomeric model 4,
where the AsPhs ligand occupies the basal coordination site, by 1.31 kcalmol
!, The HOMO and LUMO of 2 were more stable than those of model 4. The
calculated Wiberg bond indices (WBI) values for the Fe—-Fe and Fe—As
bonds in 2 are higher than those for the structural model 4.

Introduction

Diiron PDT complex, Fex(CO)e(u-PDT) 1, is a
structural mimic of the of [FeFe]-hydrogenase cofactor
(Lietal., 2005; Peters et al., 1998; Nicolet et al., 1999).
This compound can be prepared by the substitution
reaction of BrCH,CH,CH.Br with [(u-S)2Fe2(CO)s]*~
(Seyferth et al., 1980; Seyferth et al., 1982) or by the
degradative oxidation of Fe3(CO)1, with PDTH (PDTH
= propane-1,3-dithiol) (Seyferth et al., 1987). However,
1 is a notable precursor for FeFe hydrogenase biomim-
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ics because it undergoes CO displacement reactions
even under mild conditions. Considering this
background, myriad carbonyl-substituted derivatives of
diiron PDT complex having the general formula
Feo(CO)s-nln(u-PDT)Ln, where n = 1 and 2; L is the
neutral ligands like phosphines (Li et al., 2005; Yin et
al., 2011; Zhao et al., 2001; Zhao et al., 2002),
diphosphines (Gao et. al., 2007; Liu et al.,2010; Adam
et al., 2007; Ezzaher et al., 2007; Rohman et al., 2020;
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Rohman et al., 2022), stibines (Islam et al., 2022), and
anionic ligands such as cyanide (Cloirec et al., 1999)
have been reported. The bulky substituents in these
complexes were in the apical position, suggesting that
this position is sterically more favorable than the basal
position.
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Scheme 1. Structure of the complexes described in

this article.

Although most of the published articles focused on the
structure and biomimetic properties of the diiron PDT-
based complexes, none of them explained the site
selectivity of the bulky substituents like XArs; (X = P,
As, Sb, and Ar = aryl groups). If the site-selectivity of
the voluminous substituents were properly explained, it
would be insightful to clearly study the biomimetic
properties. Within this context, we synthesized two
diiron-PDT complexes with AsPhs ligands. The X-ray
crystal structure of them showed that the AsPhs ligand,
like the reported analogs, was in the apical position. We
subsequently performed DFT optimization of 2 and its
isomeric structural model 4 (where the AsPhs is in the
basal position), and found that 2 was more stable than
4 by 1.31 kcalmol™. This value is too small to explain
the site selectivity of the AsPhs ligand, however
insightful. We subsequently explain the bonding
interaction using natural bond orbital (NBO) and
frontier molecular orbital (FMOQO) analyses. The
synthesis, structure, and site selectivity of the AsPhs
ligand of 2 and 3 are discussed herein.

Experimental

General

All chemical conversions were carried out under a dry
N, atmosphere. Solvents were decontaminated by
distillation from suitable dehydrating agents and stored
in a nitrogen atmosphere prior to use. Separation of
products was executed by preparative thin layer

chromatography (PTLC) on silica gel (type-60 HF254,
Merck, Germany). Elemental analyses were performed
on the Elementar Vario EL Cube instrument. A
Shimadzu IR Prestige-21 FTIR spectrophotometer gave
the infrared spectra of the complexes. NMR spectra were
obtained from a Bruker Avance Il HD 400 MHz
spectrometer. The precursor compound, 1, was prepared
according to the literature procedure (Seyferth et al.,
1987). AsPh; ligand, from Aldrich Chemical Company,
was used without purification.

Reaction of 1 with AsPhs in a 1:1 molar ratio

To a MeCN solution (15 mL) of 1 (100.0 mg, 0.259
mmol) and AsPhs (82.1 mg, 0.268 mmol, 1.03 eq) in
a three-necked round bottom flask was added drop-
wise a solution (15 mL) of Me3sNO (30.0 mg, 0.399
mmol, 1.54 eq, dissolved in the same solvent) for a
period of 30 min, and the reaction mixture was stirred
for an additional 20 min. The solvent was vaporized at
low pressure, and the solid was chromatographed by
silica gel TLC. Eluting with cyclohexane/CHCl> (4:1,
v/v) yielded a major band, which afforded 2 (108.4 mg,
63%) as red crystals from CH2Clz/n-hexane mixture at
20 °C. Another pencil-thin band was too insufficient
to characterize and hence discarded. Analytical and
spectroscopic data for 2: Anal. Calcd. for
CosH21ASFe,05S,: C, 47.02; H, 3.19%. Found: C,
47.11; H, 3.26%. IR (vco; in CH2Cl»): 2046 (s), 1985 (s,
br) and 1931 (w) cm™. *H NMR (in CDCls): 7.65 (m,
6H), 7.43 (m, 9H), 1.70 (m, 4H) and 1.22 (m, 2H).

Reaction of 1 with AsPhs in a 1:5 molar ratio

A similar reaction with five equivalents of AsPhs
yielded 2 (58%) and 3 (11%) as red crystals from
CH:Clo/n-hexane  mixture.  Analytical  and
spectroscopic data for 3: Anal. Calcd. for
CusHzsAS2Fe204S,: C, 54.80; H, 3.85%. Found: C,
54.89; H, 3.91%. IR (vco; in CH2Cl,): 1998 (s), 1954
(m) and 1933 (s) cm™®. *H NMR (in CDClz): 7.83 (m,
12H), 7.72 (m, 18H), 1.68 (m, 4H) and 1.06 (m, 2H).

Reaction of 2 with AsPhz in a 1:5 molar ratio

The reaction of 2 with five equivalents of AsPhs under
identical conditions gave 3 (42%) as red crystals from
CH.Cl/n-hexane mixture.

260



Hossain et al./J. Bangladesh Acad. Sci. 50(2); 259-268: June 2026

X-ray crystallography

Crystals of 2 and 3 were obtained from the CHCl,
solution layered with n-hexane. A suitable crystal was
selected and mounted on a Bruker APEX3
microsource diffractometer using a Nylon loop and
Paratone oil. The crystal was kept at 202.0 K and
210.0 K for 2 and 3, respectively, during data
collection using Mo-Ka radiation (A = 0.71073). Data
reduction and integration were executed with the
SAINT+ program (Bruker, 2015), and absorption

corrections were done using the program SADABS
(Bruker, 2014). The structure was solved with the
ShelXS (Sheldrick, 2008) structure solution program
by direct methods and refined by full-matrix least-
squares based on F2 using ShelXL (Sheldrick, 2015)
within the Olex2 (Dolomanov et al., 2009) graphical
user interface. All atoms (except hydrogen) were
refined anisotropically, and the hydrogen atoms were
included wusing a riding model. Appurtenant
crystallographic parameters are collected in Table 1.

Table 1. Crystal data and structure refinement for 2 and 3.

Parameters 2 3
Empirical formula CosH21ASFe,05S, CazHzsASFe204S,
Formula weight 664.17 942.38
Temperature/K 202.0 210.0
Crystal system monoclinic triclinic

Space group P2i/c P-1

a/A 9.250(3) 9.299(3)

b/A 17.263(6) 13.646(4)

c/A 16.783(6) 16.743(5)

al° 90 78.261(16)

BI° 101.741(12) 89.698(11)

/° 90 71.252(12)
Volume/A3 2623.9(16) 1965.5(11)

z 4 2
Peaicg/cm® 1.681 1.592
ulmmt 2.552 2.557

F(000) 1336.0 952.0
Crystal size/mm?3 0.155 x 0.115 x 0.033 0.225 x 0.088 x 0.032
Radiation MoKa (A =0.71073) MoKo (A =0.71073)

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [1>=20 ()]
Final R indexes [all data]

Largest diff. peak/hole / e A3

4.72t054.4 4.476 to 54.646
-11<h<11 -11<h<I11
-22<k<22 -17<k<17
-21<1<21 -21<1<21
37584 61849

5834 [Rin = 0.0561
Rsigma = 00438]

8777 [Rin = 0.0818
Rsigma = 00486]

5834/0/326 8777/0/1479
1.009 1.053
R:=0.0319 R1=0.0529
wR2 = 0.0591 wR2 = 0.1380
R:=0.0543 R1=0.0758
WR2 = 0.0663 wR2 = 0.1580
0.62/-0.37 1.61/-1.44
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DFT study

The computational simulation was executed using the
Gaussian 16 program (Gaussian, 2019). Initial
coordinates of 2 were generated from the CIF and
optimized using gradient corrected density functional
theory (DFT) method with a combination of Becke’s
three-parameter exchange functional (Becke, 1993)
and Lee-Yang-Parr correlation functional (Lee et al.,
1988). The iron and arsenic atoms were represented
by Los Alamos National Laboratory (LANL) effective
core potential (ECP) and a LanL2DZ basis set (Wadt
and Hay, 1985), while a 6-31G(d) basis set was
employed for the remaining elements (Gaussian 16,
Revision C.01). The initial geometry of 4 was created
using the optimized geometry of 2 and changing the
position of the AsPhs ligand to the basal position, and
it was optimized by identical methods and basis set.
The relative stability of 2 and 4 was determined by the
energy difference between them. No imaginary
frequency was found in the optimized geometry of 2
and 4, as expected. This suggested that the optimized
geometries of 2 and 4 are the true minima of their
potential energy surfaces. The NBO analysis was done
to calculate the WBI indices of 2 and 4.

Results and Discussion
Syntheses and spectroscopic characterization of
2and 3

The reaction of 1 with AsPhs (1.0 eq) in MeCN at rt
facilitated with Me3sNO resulted in the isolation of 2,
as red crystals (63%). The reaction of 1 with 2.0
equivalents of AsPhsz under identical conditions
resulted in 2 and a trace product which was
insufficient to characterize but assumed to be 3. We
subsequently carried out the reaction with 5.0
equivalents of AsPhs, keeping other parameters
identical, and isolated 2 (major, 58%) and 3 (minor,
11%) as red crystals. The MesNO-initiated reaction of
2 with AsPhs (5.0 eq) also gave 3 in 42% vyield
(Scheme 2). Compound 3 was a minor isomer even at
a high Fe;-PDT to AsPhs ratio because of two bulky
AsPh; ligands, which made its formation
thermodynamically unfavorable.

S, e 7
OC}F;QESICO AsPhg (5.0 eq) 0C, yN% AsPhy . Phafs, N AsPhy
ocYy 1’CO MeNO (50eq)  OC™ & g oo e e
oc () CO MeCN, RT oc

AsPh; (1.0 eq)

oc, N psehg
OC\.-Fe"—Fe,,
7 1"co
OC 5, 639 ©©

Scheme 2. Synthesis of 2 and 3.

Both 2 and 3 showed satisfactory results in their
elemental analyses, supporting their structures. The
solution (CH2Cly) IR spectrum of 2 showed bands at
2046 (s), 1985 (s, br), and 1931 (w) cm™ for CO stretch.
The pattern of the IR spectrum is very similar to the
reported SbPhz analog (Islam et al., 2022) and the
AsPhs derivative of diiron ethane-1,2-dithiolate (EDT)
complex (Ghosh et al., 2019). The ligation of one AsPhs
to 1 resulted in a notable change in the pattern and shift
of the absorption bands to the lower wave number. This
is due to the stronger electron-donation capability of
AsPh;z than that of the carbonyl groups, which results in
a stronger electron back donation from metal to anti-
bonding MO of the CO ligands. The *H NMR spectrum
of 2 displayed two discrete multiplets at 1.70 and 1.22
ppm with an intensity ratio of 2:1 for the
SCH,CH2CH2S moiety, and two more multiplets at
7.65 and 7.43 ppm integrated to 6H and 9H,
respectively, for the phenyl-protons. The CO stretching
region of the IR spectrum of 3 showed bands at 1998
(s), 1954 (m), and 1933 (s) cm™. This pattern is nearly
like that of the reported SbPhs analog (Islam et al.,
2022). The PMR spectrum of 3 showed two discrete
multiplets at 1.68 and 1.06 ppm integrating to 4H and
2H, respectively, in the aliphatic region, while its
aromatic region showed two more multiplets at 7.83
and 7.72 ppm for 12H and 18H, respectively.

X-ray crystallography
The solid-state structures of 2 and 3 are shown in Fig. 1
and Fig. 2, respectively. Crystal data, data collection

methods, and structure refinement parameters for 2 and
3 are shown in Table 1. Selected bond distances of 2 and
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3 are compared with previously reported complexes in
Table 2.

Fig. 1. Solid-state structure of 2. The atomic
displacement ellipsoids are shown at the 50%
probability.

Fig. 2. Solid-state structure of 3. The atomic
displacement ellipsoids are shown at the 50%
probability.

Compounds 2 and 3 have a diiron framework with five
and four terminal carbonyl groups, respectively, one
bridging PDT ligand, and one and two apical AsPh;
ligands. The core Fe,S; moiety of both complexes
achieves a butterfly-like shape as observed in
previously reported complexes (Li et al., 2005; Zhao et
al., 2001; Zhao et al., 2002; Gloaguen et al., 2001;
Hasan et al., 2001; Mejia-Rodriguez et al., 2004; Ott et
al., 2004; Lawrence et al., 2002; Nehring and Heinekey,
2003), and each iron atom achieves a distorted
octahedral geometry. Both complexes contain two six-
membered metallacycles formed by Fe/S/C/C/C/S
atoms, which are joined together by sharing a common
PDT ligand. Among them, one of which has a chair
conformation, and the other is necessarily in a boat
conformation. Substitution of CO by AsPh; ligands,
like the PPhs (Li et al., 2005; Yin et al., 2011) and
SbPh;z (Islam et al., 2022), resulted in the shortening of
the Fe—Fe bond lengths as compared to that of 1 (Lyon
et al., 1999). However, the Fe—Fe bond distances of 2

and 3 are within the range of the reported XPhs
derivatives of diiron-EDT (X =P, As, and Sh) (Ghosh
et al., 2019) and diiron-PDT (X = P and Sb) (Li et al.,
2005; Islam et al., 2022) complexes (Table 2). The
mean Fe—C bond distances in 2 and 3 are ca. 1.758(3)
A and 1.762(4) A, respectively, which are lower than
the mean Fe—C bond length (1.800(3) A) of 1 (Lyon et
al., 1999). In both complexes, the AsPhsz ligands
selectively occupy the apical coordination sites.
Computational study revealed that complex 2 is 1.31
kcalmol more stable than its isomeric model 4, where
the AsPhs is in the basal position. This is further
justified by frontier molecular orbital analysis and
electronic structure calculations (vide infra).

The Fe—Fe bond length in 3 is slightly lower than that
in 2, and moving from 1 to 3, there is a gradual
shortening of the Fe—Fe bond. This phenomenon is
explained by the stronger electron-donating capacity of
AsPhs than that of CO, and hence, there is an increase
in the electron density in the Fe—Fe bond. The Fe—Fe
bond in 3 is slightly shorter than the PPh3 analog (Yin
et al, 2011), but slightly longer than the SbPhs
counterpart (Islam et al., 2022). A similar trend is
observed for XPhs (X =P, As, Sb) ligated ethane-1,2-
dithiolate complexes (Table 2) (Ghosh et al., 2019).
Therefore, the electron-donating capacity of XPhs
ligands to the diiron-dithiolate complexes is assumed
to follow the order of OC < PPh3 < AsPh3 < SbPha.

DFT study

The optimized geometry—The structural parameters
and stability of 2 were confirmed using DFT study
with the Gaussian 16 program (Gaussian, 2019).
Another isomeric structural model, 4, in which AsPhs
is in the basal position, was optimized using identical
level of theory. However, complex 2 was 1.31
kcal/mol more stable than model 4, suggesting that the
bulky AsPhs selectively occupies the apical
coordination site, which is energetically favorable
(Fig. 3). Based on the crystal structures of 2 and 3, and
DFT optimized geometry of 2 and 4, it was apparently
assumed that the apical coordination sites of them
were sterically less crowded. This information would
be insightful in the development of new diiron
dithiolate-based complexes with XArs (X = P, As, Sb;
Ar = aryl groups) type ligands.
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Table 2. Selected bond distances of 2, 3, and some related complexes.

drex (A

Complex dree (A) X ,:S(E; e Mame Tae Saee R

Fes(CO)s(PPhs)(u-edt) 25107(4)  2.2382(6) 1769(2) 1.790(2) 1.150(3) 1.144(3) g?hggqg)t
FeACO)s (ASPha)(uedt)  2.5010(8)  2.3316(7) L774(4) 1.788(5) 1.140(4) 1.143(5) g?hggqg)t
Feo(CO)s(SbPhe)(u-edt)  2.5034(4)  24727(3) 1.769(2) 1.797(3) 1150(3)  1.136(3) g‘fhggqge)t
Feo(CO)s(y1-pel) 2.5103(11) - - 1.800(3) - 1.136(4) (Lyfgggt)al"
Fe(COJs(PPhs)(u-pdt)  2.5247(6)  22566(9) 1.758(4) 1.785(4) 1.142(5) 1.141(5) (inoeotsil"
Fer(CO)(SbPho)(u-pdt)  2.5067 (8)  2.4873(8) 1.765(2) 1.790(2) 1.144(2) 1.136(3) ('s'ggzt)a"’
2 parss  paatel [ [Liees [aseel [iswe (TS
Feo(COM(PPh)(uedt)  2.5074(5) éigézg 1.764(2) ] 1.154(2) - (a?hgfﬂge)t
Feo(COM(AsPha)(uedt)  2.4858(5) ;géégg 1.768(3) ] 1.149(3) - é?hgéqgf
Fe,(CO)4(SbPhs)y(u-edt)  2.4741(4) :jgggg; 1.769(2) - 1.146(2) - (;fh%?ge)t
Feo(CO)s(PPha)(u-pdt)  2.5167(16) ;;ggg; 1.740(8) - 1.169(8) (Y;T)f}f‘ .
Feo(CO)4(SbPha)o(u-pdt)  2.4786 (9) ;jg;gg; 1.764(3) - 1.144(4) (ISIS?Z?)&L’
; 24807(11) 22..33239561((190)) 1 762() ) 1.146(4) i (This study)

lBIDefined for substituted Fe core; PIDefined for unsubstituted Fe core. Simulated structural parameters for 2 are in square brackets.

.
- Y - , - -
—15,24,239.27 ¥ >
P s S
J“‘
>
-
p— >
o >
E Z
= 1.31
S ’»
e N -
w > o
» / - w7,
@ - J_‘.\ > ‘;.,‘)‘,, >
b 4 -O\ > =
_15,24,240.58 ¥ >
1 o ..o [

Fig. 3. Optimized geometries of 2 and the structural model 4 at B3LYP/6-31G*/LanL2DZ (for Fe and
As) level of theory. Color code: gray, C; light gray, H; red, O; yellow, S; pink, As; light blue, Fe.

264



Hossain et al./J. Bangladesh Acad. Sci. 50(2); 259-268: June 2026

The electronic structure of 2 and 4— The highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) for 2 and 4,
and their energies are compared in Fig. 4. Stronger
Fe—As interaction is observed in 2 than that in 4, and
2 has stabilized HOMO (by 0.1 eV) and LUMO (by
0.09 eV) than the structural model 4. This suggests the
apical position is electronically more favorable for
bonding with the AsPhs ligand than the basal site.
However, the HOMO-LUMO energy gap for 2 and 4
is almost equal.

.
f LUMO e
aﬁ @_m_b

EleV

Fig. 4. Frontier molecular orbital analysis of 2 and 4.

For both 2 and 4, the HOMO is a bonding-type MO,
whereas the LUMO is an antibonding-type MO.
However, the HOMO and LUMO of 2 display an
antibonding type interaction between an Fe atom and
the As atom, which results in higher electron density
between the two iron atoms. Such an interaction is
negligible in model 4 (Fig. 4). To quantify this, NBO
analysis was performed for 2 and 4. The calculated
WBI values for the Fe—Fe and Fe—As bonds are 0.5026
and 0.7285 for 2, respectively. In contrast, the WBI
values for Fe—Fe and Fe—As bonds are 0.4640 and
0.7228 for 4, respectively. Therefore, the apical site
selectivity of the AsPhs ligand in the diiron dithiolate
system is controlled by the steric factor (as observed
from the structure) and the electronic factor.

Conclusion

Two diiron-PDT complexes with apical AsPhs ligands
were synthesized and structurally characterized. For
both complexes, the bulky AsPhs ligand coordinated
to the iron atoms at the apical coordination site as
observed in their X-ray crystal structures. This is

expected as the apical site is sterically less crowded
than the basal positions. The apical site selectivity of
the AsPhz ligand in the Fe,-PDT system was justified
by the DFT study, as the AsPhs group of 2 in the apical
position was 1.31 kcalmol* more stable than model 4,
where the AsPhz ligand was in the basal position.
Additionally, frontier molecular orbital analysis and
electronic structure calculations based on NBO
analysis indicated that the apical coordination site is
electronically more favorable than the basal positions.
Therefore, the apical site selectivity of the AsPhs
ligand in the diiron dithiolate complexes is controlled
by the steric and electronic factors. The results of this
article are insightful for the development of future
diiron dithiolate-based complexes, and to clarify their
reactivity.

Supporting Information

CCDC 2074724 and CCDC 2074725 refer to the
crystallographic data for 2 and 3. Copy of this data can
be obtained free of charge through the link,
https://www.ccdc.cam.ac.uk/conts/retrieving.html (or
from Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK (Tel: +441223
336408; fax: +44 1223 336033;
email: deposit@ccdc.cam.ac.uk)).
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