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Abstract

A series of new bisphosphoramidate and (thio)phosprhidate derivatives with the general formula
of RiR,P(X)-Y-P(X)R1R, have been synthesized and characterized by IRNMIR spectroscopies
(L1—L12). The crystal structure of compound 1,4-f50),P(S)(CH)sNH].CsHgN, (L4) is also
investigated by X-ray diffraction analysis. Two ®bv organotin(lV) complexesu-{1,4-
[(C6Hs)2P(O)(CH)3NH]2C4HgNSNR3Cl]2, RsSNCl (R= phenyl/butyl)C; andC,, respectivelyare
prepared by the reaction of new diphosphoryl ligandand RSnCI under different conditions.
Complexes ofC; andC; are characterized by IR and NMR spectroscopiesXaray/ crystallography
diffraction analysis. X-ray analysis illustratesttboth complexes have similar structures contginin
binuclear triorganotin(lV) skeletons and ligand wboates in a bridging mode through two
phosphoryl groups. Sn(lV) coordination geometries distorted trigonal bipyramidal (TBP) fQr,
andC; structures contained binuclear arrangement with S3wBRCI/SnBwCl groups linked via the
bridging diphosphoryl ligand. The organization bktcrystal structures and the intermolecular
interactions are discussed. Hirshfeld surfacestanedimensional fingerprint plots are used to study
short intermolecular contacts @y, C,, andL 4. Finally, the influence of chain length and thésefs

of various substituents on P=0 and P=S bond strengtynthesized ligand& {—-L 15) and optimized
ligands ([i3-L17) are theoretically investigated by NBO analysis sorvey the character of
mentioned bonds in these ligands. The AIM analigs@so used to determine the nature of the P=0
bond inL; and also P=0 and O- - *Shonds inC; andC,. Results show ionic character for O-*'Sn
interaction in both complexes and mostly electtostzharacter for P=0O bond in the free ligand, but

with a little shift to the covalent character aftiee complexation.
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1. Introduction

Nowadays, considerable interest has been paictoefearch on phosphoramide derivatives because
of their valuable and widely applicable propersesh as anticancer prodrugs [1-4], antiviral agents
[5-7] and biocidal activity [8, 9]. These compouna® also well-known inhibitors of various
enzymes, including urease and acetylcholinestefi8ge 11]. The ability of phosphoramides to
coordinate to the metal atoms and form coordinatimmpounds is also distinguished, and there are
many studies on their structures [12—-16].

Tin compounds play an essential role in inorganmd arganometallic chemistry [17, 18].
Investigations on the tin(IV) adducts continue toyide fundamental information about both the
Lewis acid-base model and the reactivity of tin(l¥pecies [19-21]. Recently organotin(lV)
compounds have received considerable attention ubecaf their biological properties [22],
particularly antitumor [23-28], antibacterial [22}3and antifungal activity [33-35]. In addition to
their biological activity, the organotin(IV) comples have also found some applications in catalysis
[36] and nonlinear optics [21, 37].

Phosphoryl-containing compounds have been widelgduas active complexation agents in
organotin coordination chemistry [38]. Synthesigibfand tri-organotin complexes, containing Sn—
O bonds are growing fast [39—-41], and the preseht®th organotin (IV) and phosphorus moieties
in a single molecular can produce a still more péwend lasting useful complex [42, 43].

In the present study, some novel bisphosphoramiladethiophosphoramidatkerivatives with the
general formula FRP(X)-Y-P(X)RiR2, (X= O and S; Y= NH—(CH)s—N—(CH,)s;—N—(CH,)s—NH

and N—(CH),~N—(CH,)>NH; R; & Ro= (CsHs, OCsHs, NHCsHs, OCHs, OGH5, NH(CO)GsHs,
NH(CO)CCE) (L1-L 1), were synthesized and characterized'y*'P NMR and IR spectroscopy.
The synthesis and spectroscopic characterizafien 3P NMR, and IR) of two new organotin
complexes, obtained from the reaction gSRCI (R=phenyl/butyl) with P#(O)YP(O)Ph ligand

(Y= diamine), were also reported. The structurahefL , ligand and two complexe€;; and C,,
were determined using X-ray crystallography, whietealed the similar coordination manner of the

ligand and same structure@ andC, complexes. Furthermore, the crystal structurds,p€C; and



C, and their packing systems were studied using geaakeparameters, and Hirshfeld surfaces
analysis.

Moreover, NBO analysis was used to investigate rtature of P=O and P=S bonds in studied
bisphosphoramidate and thiophosphoramidlgteds The AIM analysis was also used to determine
the nature of the P=0 bondlin and also P=0O and O- - “Shonds inC; andCo.

2. Experimental

2.1.Materials and measurements

All chemicals and solvents are commercially avddand were used as received without any further
purification.

'H and*P NMR spectra were recorded on a Bruker Advance BERXspectrometefH chemical

shifts were determined relative to internal staddevS, and®*P chemical shifts were determined
relative to 85% HPO, as an external standard. Infrared (IR) spectra wesrerded on a Shimadzu
model IR-60 spectrometer using KBr pellets. Meltpaints of the compounds were obtained with

an electrothermal instrument. Elemental analysis also performed using a Heraeus CHN-O-
RAPID apparatus.

2.2. General Procedure for Synthesis of ligands

The reagents RPOOIR= GHs(CO)NH) [44], CC(CO)NH [45] and RR,POCI (R=NHC:Hs& R,
= OGHs, NH(CO)GHs, NH(CO)CCE), were prepared by the reaction of aniline withCR®: (R=
OGCsHs, NH(CO)GHs, NH(CO)CCS), in 2:1 molar ratio. The aniline was added drggewvio a
CH3CN solution of RPOGlat 0 °C. After eight hours stirring, the solventsiamoved in vacuum,

and the resulting was washed with distilled watet dried.

All Ligands excepL 4 were synthesized from the reaction of the corredpm diamine (Lmmol) in
the presence of triethylamin€2 mmol) as HCI scavenger in solvent at room teiupee was added
dropwise to a stirred solution of RRPXCI (X=S, @)R;R,POCI (2 mmol) in the same solvent at 0
°C. After 24h stirring, the solvent was evaporated| #re residue was washed with distilled water to
obtain the pure products. Ligahd was prepared by using the similar procedure bughed with
THF, then the solution was filtered, and evaporatiemoved the solvent of the filtrate at room
temperature until yellow oil product was obtainélden it was washed with n-hexaaad solid
product obtained. Recrystallizing of Ligahd obtained suitable crystal for X-ray diffractiorofn a



mixture of CHCN/CH;CL after the slow evaporation of the solutions @m temperature. The
synthesis procedures of compounds—{i;) was represented irscheme 1 Synthesis and
Characterization of ligands (s-L17) were reported in [46]. Physical and spectroscalaita of the

new ligands are presented below:
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Scheme 1Preparation pathway of diphosphoryl ligands.

2.2.1. 1,4-[(GH5)2P(O)(CH2)3sNH]2C4HgN2 (L1). powder sample; m.p: 173 °C. Anal. Calc. for
CaaHaN4O.P5: IR data (KBr pellet, ci): 3190m (n-r), 1184s ¢p-0), 723m, 697mp_y), 1115s
(ve_n), 2938m, 2806mM vhipn). P NMR(DMSO-@, ppm): $=21.03m.'"H NMR (CDCk, ppm):
5=7.86 (m, 8H, 4Ph), 7.42 (m, 12H, 4Pb¥4.95 (m, 2H, NH)$=3.03 (m, 4H, 2Ch), 6=2.33 (m,
12H, 6CH), 8=1.69 (m, 4H, 2CH).

2.2.2. 1,4-[(GHs0),P(O)(CH2)sNH]2C4HgN2 (L2). powder sample; m.p: 100 °C. Anal. Calc. for
CasH4oN4O6Ps: IR data (KBr peIIet, CI'_H'): 3239m ()N—H)u 1195s Qp:o), 760m ()p_N), 935s ()p_o),



12425 {c_0), 1101s Gc_n), (2935, 2870, 2811)mfipn). >P NMR (DMSO-d, ppm):6=0.696m.*H
NMR (CDCl, ppm):5=7.33 (t, 8H, 40PhY%=7.25 (d, 8H, 40Ph%=7.16 (t, 4H, 40Ph}=4.74 (m,
2H, NH), 5= 3.19 (m, 4H, 2CHh).

2.2.3. 1,4-[(GHs0)(CeHsNH)P(O)(CH2)sNH]2C4HgN2 (L3). powder sample; m.p:106 °C. Anal.
Calc. for GuHaNeO4P: IR data (KBr pellet, cif) 3180m (n-n), 1212s ¢p-0), (756, 687, 918)m
(up_n), 918M (p_0), 12125 e o), 2940w, 2822W faipn), 1107W (p_n), 1293w (p_). >'P NMR
(DMSO-ds, ppm):6=5.261m."H NMR(DMSO-d;, ppm):8=7.85 (d, 2H, 2NH,), $=7.35 (t, 8H, 20-
OPh+20An),6=7.143 (2d, 8H, 2m-OPh+2mAnm=6.825 (t, 4H, 2p—OPh+2p-Anj=5.287 (m, 2H,
NH), 6=3.27 (m, 4H, 2Ch), 6= 2.42 (m, 12H, 6C}), 6=1.443 (m, 4H, 2Ch).

2.2.4. 1,4-[(GH50),P(S)(CH)sNH]2C4HsgN2 (L4). powder sample; m.p: 110 °C. Anal. Calc. for
Ci1sH4N40:S,P>: IR data (KBr pellet, cit) 3083m (n_), 806s 0p=s) 608W (p_N), 948 (p_0), 1029
(ve_o), 1124m (cn), (2937, 2824)Miiyipn).>'P NMR(CDCE, ppm): =71.49m."H NMR(CDCE,
ppm): 6=4.53 (several m, 2H, NHp=1.31 (m, 12H, 4Me, OEt)}=4.04 (m, 8H, 4CH OEY),
6=3.054 (m, 4H, 2Ch), 6=2.686 (m, 12H, 6C}J, 5=7.70 (m,4H, 2CH).

2.2.5. 1,4-[(CHO),P(S)(CH.)3sNH]C4HgN, (Ls). powder sample; m.p: 112 °C. Anal. Calc. for
C14H3aN40,S,P;: IR data (KBr pellet, cit) 3079w (n_), 799s Op=sy 627mM (p_n), 1173W (c_n),
1035s (p_0), 1095m (c_o), (2944, 2825)mualiph). **P NMR(CDCE, ppm): $=75.22m.*H NMR
(CDCI3, ppm):6= 4.74 (several m, 2H, NH$=3.62 (s, 12H, 4Me, OMep=3.05 (m, 4H, 2CH),
0=2.33 (m, 12H, 6CH), 6=1.74 (m, 4H, 2CH).

2.2.6. 1,4-[(CCL3(CO)NH)(CgHsNH)P(O)(CH2)3NH]2C4HgN, (Le). powder sample; m.p: 176 °C.
Anal. Calc. for GgH3gNgO4ClsP,: IR data (KBr pellet, cit): 3303m, 3170Wuy-r), 1621s c-0),
1169s (p=0), 1287s,1327sv¢_n), 920s, 748m, 6854 _n), 491m (c_c), 2821m Gaiph). > P NMR
(DMSO-ds, ppm): = —1.244mH NMR (DMSO-d6, ppm)5=7.68 (m, 2H, An)3=6.64-7.60 (m,
HAr), 6=3.15 (m, 4H, 2CH), 8= 2.423 (m, 12H, 6C}), 6=1.677 (m, 4H, 2Ch). 6=8.3 (m, 2H,
2NHamide)-

2.2.7. 1,4-[(GH5(CO)NH)(CgHsNH)P(O)(CH2)3NH].C4HgN, (L7). powder sample; m.p: 175-180
°C. Anal. Calc. for GsHagNsO4P,: IR data (KBr pellet, cff). 3300s, 3165svf_y), 1661s Gc-0),
12025 {p=0), 1099m {c_n), (1099, 950, 694)mub_y), 2923w, 2807Mifyiph). P NMR (DMSO-4,
ppm): 5= 1.833m,'H NMR (DMSO-d6, ppm}=9.5 (m, 2H, 2NHmige), 6=7.855 (m, 2H, An),
0=4.77 (m, 2H, NH)$=6.754—7.602 (m, 20H, Ar$=2.91 (m, 12H, 6Ch), 6=2.214 (m, 4H, 2Ch),



=1.52 (m, 4H, 2Ch).

2.2.8. 1,4-[(GHs)2P(O)N]2(CH2)2C4HoN (Lg). powder sample; m.p: 57 °C. Anal. Calc. for
CaoH3aN30:P2: IR data (KBr pellet, ci): 3208w {n-+), 1188s ¢p-0), 1119s ¢c_n), 962m, 723s,
697s (p_n), (3059, 2934, 2860)Wofiph). >'P NMR (CDCh, ppm): 5 =29.14m, 24.06m:H NMR
(CDCls, ppm):5=7.83 (m, 8H, 4Ph)%=7.42 (m, 12H, 4Ph%=3.72 (m, 1H, NH)p =3.192 (m, 6H,
3CH,), 6=2.55 (m, 6H, 3CH).

2.2.9. 1,4-[(GHs0)2P(O)N]2(CH2)2.C4HgN (Lg). oil sample; Anal. Calc. for £H33N306P,: IR data
(KBr pellet,cmi™): 3232w ), 11935 $p=0), 930s, 769mup_n), 930s (p_0), 1266m {c_o), (2931,
2815, 2675)W1aiph). P NMR (DMSO-d6, ppm)3=0.749m, 0.625m:H NMR (DMSO-d6, ppm):
8=7.37 (m, 8H, 40Ph%=7.24 (m, 12H, 40Ph}=5.74 (m, 1H, NH)$=3.07 (m, 6H, 3Ch), 5=2.23
(m, 6H, 3CH).

2.2.10. 1,4-[(GHs0O)(CgHsNH)P(O)N]2(CH2)2C4HoN (L10). Powder sample; m.p: 54 °C. Anal.
Calc. for GoHssNsO4P»: IR data(KBr pellet, cn?) 3186m {nn), 1211S Gp-0), 1148w {c_n), 756m,
691W (p_n), 924s Op_0), 1292W (c_0), 2967w, 2893w, 2817Wiph). P NMR (DMSO-@, ppm):
8=4.524m, 5.298m'H NMR (DMSO-d;, ppm):=8.05 (m, 1H, 1NHy,), = 7.87 (m, 1H, 1NH,),
0=7.28-7.395 (2t, 8H, 20-OPh+20-Ar57.04-7.16 (2d, 8H, 2m-OPh+2m-Ard;6.81-6.89 (2t,
4H, 2p-OPh+2p-An)j= 5.1(m, 1H, NH)p= 3.035 (m, 6H, 3C}h}, 6= 2.11 (m, 6H, 3CH).

2.2.11. 1,4-[(GH50)2P(S)NL(CH2)2C4HgN (L11). powder sample; m.p: 85 °C. Anal. Calc. for
Ci16H33N30:SP2: IR data (KBr pellet, cif): 3211m {On-n), 798s (p=9, 1164m {c_o), 1028s Gc_n),
633m (p_n), 957s 0p_0), (2982, 2905, 2502)Wwvfiph). ‘P NMR (DMSO-@, ppm): 3=73.2031m,
72.3935m."H NMR (CDCk, ppm): 8= 5.755(several m, 1H, NH}=3.93 (m, 8H, 4Ch OEt),
6=1.21 (m, 12H, 4Me, OEtp= 3.192 (m, 6H, 3 ChJ, 6=2.482 (m, 6H, 3Ch).

2.2.12. 1,4-[(GH5(CO)NH)(CgHsNH)P(O)N]2(CH2)2C4HoN (L12). powder sample; m.p: 145-150
°C. Anal. Calc. for GHs/N/O4P5: IR data(KBr pellet, cmi): 3400w, 3197m_y), 1667s, 1601m
(vc=0), 1209s, 1276muvp=c), 1072 (c_n), (1072, 975, 704)vb_y), 2923s, 2900W vhjpn). P
NMR(DMSO-d;, ppm): 5= 2.398m, 1.27'H NMR (DMSO-d;, ppm): $=9.63 (m, 2H, 2NHmigo),
6=8.8 (m, 2H, NH)$=4.64 (m,1H, 1NH)$=6.7—-7.9 (m, 20H, Ar)$=3.03 (m, 6H, 3ChH), 6= 2.355
(m, 6H, 3CH).

2.3. Synthesis of metal complexes



ComplexCi: A solution of Sn(PRCI (2 mmol) in methanol was added dropwise to atsmt of

ligandL; (1 mmol) in the same solvent at room temperature.

Complex C,: The synthesis o€, was carried out identically t€;, using Sn(BuCl instead of

Sn(Ph)CI and reaction solvent was toluene.

Suitable crystals o€, and C, for X-ray diffractions were obtained from slow @aaation of the
clear solutions at room temperature. Physical gettsoscopic data of the synthesized complexes

are presented below:

2.3.1. p-{1,4-[(CsH5).P(O)(CH2)sNH]2C4HgN2} [SnPhsCl] 2 (C1). Mp: 202 °C. Anal. Calc. for
C70H72ClLNA4O-P>Smy: IR data (KBr pellet cit): 3053w On_r), 1156s Gp-c), 730s, 693mup_y),
11225 fcn), 2945w, 2820W ziph).>'P NMR(DMSO-d, ppm): 6=21.33m,"H NMR (DMSO-d,
ppm), 6=5.32m (several m, 2H, NH$=7.4-7.5 (m, 31H, 4Ph, B®n),5=7.75-7.79 (m, 10H, 4Ph,
PhsSn),5=7.84-7.9 (m, 9H, 4Ph, B8n),5=3.28 (m, 4H, 2CH), 6=2.77 (m, 12H, 6Ch), 6=1.58 (m,
4H, 2CH).

2.3.2. p{1,4-[(CeH5)2P(O)(CH2)3sNH] 2C4HgN2} [SnBuUsCl]2 (C2). Mp: 194 °C. Anal. Calc. for
CssHeoClaN4O-PSy: IR data (KBr pellet cil): 3063w n-r), 1162S Gp-0), 731w, 694m p_y),
1127s {c_n), 2950s, 2921s, 2854mqph). ‘P NMR (DMSO-@, ppm):5=21.14m,"H NMR(DMSO-
ds, ppm),0=5.4m (several m, 2H, NH)=7.76 (m, 8H, 4Ph}{=7.469 (m, 12H, 4Ph}=3.3 (m, 4H,
2CH,), 8=2.75 (m, 12H, 6Ch), 6= 2.22 (m, 4H, 2CH).

2.4. Crystal structure determination

X-ray intensity data were collected at 100 K onrak@r SMART APEXIlI CCD diffractometer_(,),
and at 0 K on an Xcalibur, Eos diffractomet€r @ndC,) with graphite-monochromatized MooK
radiation & = 0.71073 A). The structures were solved by dineethods using SHELXTL-2009 [47],
ShelXT-2015 [48] and ShelXS-2008 [47] foi, C1, andC,, respectively. Then the structures were
refined with the full-matrix least-squares procedon F by SHELXTL-2009 forL, and ShelXT-
2015 for C; and C,. All non-hydrogen atoms have been refined anipitedly. Hydrogen atoms
have been added at calculated positions and refisgd) a riding model based on the parent atom.
In the structure ofC2, the butyl Ligands are disordered over two posgiowvith 0.65/0.35
occupancies. In the crystal packing figures of templex, the minor component of the disordered
atoms is omitted for clarity. Structural artworkave been drawn with MERCURY [49]. The CIF
files have been deposited with the CCDC and hawn lggven the deposition numbers 1847678,



1847679 and 1847680 far, C1, andC,, respectively.

2.5.Computational details

All of the quantum chemical computations were impated by the use of Gaussian 03 program
package [5Q]Density functional theory (DFT) was utilized, whican characterize the structure of
ligands and complexes quantitatively. Coulomb-atééimg method (CAM-B3LYP) was used as a
hybrid exchange-correlation functional, which conds the hybrid qualities of B3LYP and the long-
range correction presented by Tawada et al. [SlLth& atoms were treated by the def2-TZVP [52],
basis set in FD and the temperature of 293 K (room temperatusajguthe SMD solvation model.
Frequency calculations were accomplished at theedanel of theory as those for the structural
optimization. Vibrational frequency analystglculated at the same levels of theory, indictites
optimized structures are at the stationary poirdsresponding to local minima without any
imaginary frequency. The atoms in molecules th€ati) analysis was carried out using AIM2000
program [53], in which the wave function was obggirfrom the aforementioned basis sets at the
CAM-B3LYP level of theory. Natural bond orbital (\B analysis was performed with the NBO

program, embedded in the Gaussian package. Deaatiah stability energyAEi(].z) in NBO
approach is defined by the following equation:

- 2
{i|F| ;)|
Si—Ej

() _
AEi]. =

Where, F is the Fock operatorp; and @; are the electron donor and electron acceptor alsbit

respectively, and; ande; are their corresponding energies [54].

3. Results and discussion

3.1. Spectral Study

All compounds were characterized by IR and NMR 8&pscopy. Relevant spectroscopic data of
new bisphosphoramidate derivatives and compl€endC, are presented in supplementary data.
The analysis of the IR speciradicated that the fundamentalP=0) stretching modes andP=S)

for compounds appeared at 1169-1276 and 798-808, aespectively. Other fundamental
characteristics of these compounds are N-H and $etching modes, appear at the values around
3079-3400 and 608—1099 threspectively. Besides, a significant decreasirh® N—H stretching



frequencies is observed in complexgsandC,. As well the N—-H bond participates in the hydrogen
bonding, the positive shift a§(N—-H) may be attributed to the weakening of therbgén bonds
from NH---Q- in the free ligands to NH---Cl in its complexesorbbver, The C=0O stretching
modes forL¢, L7 andL 1, compounds appear at 1601-1667cm

The stretching frequencies of P=O groups in congdé€x and C, appear at 1156 and 1162 ¢m
respectively, which are at a lowkequency concerning the related free ligand (1&84%). That
support coordination of ligand to the metal via thweygen atom of phosphoryl group in both
complexeswhich are confirmed by X-ragiffraction studies. Besides, the low-frequencyftshare
higher in the comple&; (including with substituents Sng&l) confirming that the Sn—O interaction

is stronger thaie,.

Phosphorus chemical shift valu&#&'P) for compounds were observed in the range of4-tb29.14
ppm for P=0 and 71.49 to 75.22 ppm for P=S defreati As*’PNMR spectra reveal, compounds
with P=S group indicated a higher upfield shiftcmmparison to compounds with the P=0O group.
The **PNMR spectra for compounds indicated similar andtipiat splitting pattern; This splitting
pattern arising from spin couplings between thesphorus nucleus with NH and protons of the
CH,. **P NMR spectroscopic results indicated that chenshit 5(3*P) for the complexes were also
very close to the value of the related free ligaftte 'H NMR spectral data obtained for ligands are

indicative of the expected structure for these muakes.

The integratedH NMR spectra in complexe€; and C, are in accordance with the binuclear
structures, which exhibit the expected proton dgyfar a bridging ligand and two triphenyl and
tributyltin(IV) respectively.

3.2. Single crystal X-ray diffraction studies

3.2.1. Descriptions of crystal structures

Single crystals ot 4, C1, andC, were obtained by slow evaporation of solvent anrdemperature
with excellent quality. Crystallographic data of miened compounds as well as their geometric
parameters are summarized in Tables 1 and 2, tasggcMolecular structures df4, C;, andC,

are presented in Fig. 1.



Fig. 1. Ball and stick diagram of the molecular structofé¢a) L 4; (b) C; and (c)C,. Symmetry
codesi: —x,2-y,1-zji: 1-x,1-y, —zjii : 2—x,1-y,1-z.

L 4 crystallizes in the triclinic crystal system wipace grouf1. Both complexe€; andC, form in

the monoclinic crystal system with space groB@gn andP2,/c, respectively.

Table 1.Crystal data and structural refinement for compisiiny, C; andC..

L4 C; C,
Empirical formula C18H42N404P2S2 C70H72CI2N402P2Sr258H42CI2N402P2Sn2
Formula weight 504.62 1371.53 1197.17
Temperature (K) 100(2) 295(2) 100(2)
Wavelength (A)° 0.71073 0.71073 0.71073
Crystal system, space group Triclinic, P1 Monoclinic, P2,/n Monoclinic, P2,/c
a/A 7.7306(6) 9.8673(4) 10.9616(9)
b/A 8.2289(6) 20.4833(7) 31.314(2)
c/A 10.7584(8) 16.4063(6) 9.8585(9)
a (°) 80.5560(10) 90 90
B(°) 81.3250(10) 90.269(4) 104.461(9)
v (°) 81.3250(10) 0 90
V (A’3) 635.09(8) 3315.9(2) 3276.7(5)
Z 1 2 2
p (mm-1) 0.21 0.928 0.930

F(000) 272 1400.0 1196.0



Crystal size (mr)

0.31 x0.18 x0.16

0 Range for data collection (°) 6 = 1.93 -30.00°

0.625 x 0.345 x 0.21
@=6.24 - 51.362°

0.5583640 x 0.251
@=6.732-51.45°

h=-10-10 h=-12- 10 h=-13-13
Limiting indices k=-11-11 k=-19- 24 k=-17—38

| =-15-15 | = 20—~ 19 | =-7-12
Reflections collected 13421 16287 10831
Completeness to theta 99.3 0.998 0.992
Data/restraints/parameters 3678/0/138 6263/0/374 6210/0/250
Goodness-of-fit on¥ 1.001 1.030 1.019
R; (1> 25(1) 0.0294 0.0348 0.0851
wWR; (1> 26(1)) 0.0677 0.0673 0.2125

. R1=0.0342, wR2 = R1=0.0553, wR2 = R1=0.1719, wR2 =

Rindices (all data) 0.0709 0.0754 0.2682
Largest diff. peak and hole

0.648 and -0.368 0.35-0.32 0.78-0.72

(e.A3)

Table 2 Selected bond lengths (A) and angles (°) forctlystal structures df4, C; andCo.

Compound P-(C/O) P-N P=0O(S) Sn-O Sn-Cl Sn-C <0O-Sn-Cl <C-Sn-C
L, 1.588(1) 1.619(1) 1.9376(6) - - - - -
1.5907(9)
1.795(3) 1.606(3) 1.481(2) 2.299(2) 2.4882(9)2.126(3) 176.38(6) 117.9(1)
C 1.795(3) 2.127(3) 116.8(1)
2.115(3) 123.7(2)
358.4(1)
1.79(2) 1.626(8) 1.460(7) 2.421(6) 2.504(3) 2.21(3)178.7(2) 358(1)
C, 1.818(9) 2.16(3)
2.30(3)

As shown in Fig. 1, the structure Gf andC, complexes are quite similar. X-ray analysis resdal
that the asymmetric unit of these two complexesisi® of one Sn(Ph/Byinetal center, half of the
bidentate bisphosphoramidate ligand, and one coatell chloride anion. SG; and C, contain
binuclear arrangement with two SnEHSnBwCl groups linked via the bridging diphosphoryl
ligand. The bidentate ligand has P=0O groups inrdiscanformation related to each other.

The coordination polyhedra around tins can be destras slightly distorted trigonal bipyramidal
with three phenyl/butyl carbon atoms occupying ¢lg@atorial positions and the chlorine atom and
the phosphoryl group at the apices positions. Térestangles found around the metal are 176.38(6)
(Cy), and 178.7(2)X>), as well as the sum of the angles subtendedhan tihe trigonal girdle, is
358.4(1) and 358(1) for complex€s and C,, respectively. The value of the Sn—C distances for
complexes are in good agreement with publishedega]lb5] and corresponds well to the sum of the
covalent radii (2.15 A) of Sn and C atoms [56]. BreCl bonds (2.4882 (9) iB; and 2.504 (3) A in



C,) are in accordance with the sum of the covaledii i Sn and Cl atoms (2.37-2.60 A) [57]. The
Sn—-0 bond distances (2.299(2)), 2.421(6) A C,)) are longer than the sum of the covalent bond
radii of Sn and O atoms, (2.038-2.115 A) [58] bonsiderably shorter than the amount of their van
der Waals radii of (3.71 A) [59]. The P=O bond lémin C; (1.481(2) A) andC, (1.460 (7) A) are
longer than the standard P=O bond length (1.456R).[The lengthening of the P=0O bond is
described merely by the polarization of the phosylhgroup in the electrostatic field of the tin(IV)
atom. This fact can be observed in lower stretclfiiaguency of the P=0 bond in the IR spectra for
complexes concerning the related free ligand. TmeCSbond shortening is also accompanied by an
increase in the Sn—Cl bond length and the revémseause of the trans influence. The P=O bond
elongation is in almost linear correlation with gleaing of Sn—O bond<C; has the longer P=0
distance and the shorter Sn—O distance compari@g.toreover, The Sn-Cl bond 1@; is shorter
than it is expected. This shortening of this borsasthce can be considered as a result of the packin
effects and intermolecular interactions. The phospé atom shows a tetrahedral configuration, the
average of surrounding angles around the P atoenfl@®.23, 109.466 and 109.3 A), for ligang
complexesC; and C,, respectively. All of the P-N bonds are shortanthhe typical P-N single
bond length (1.77 A) [60].

3.2.2. Crystal packing

L4 The molecular structure of this compound is showrrig. 1(a). Two thio-phosphoryl groups
adopt the anti-conformation. In the crystal stroetafL 4, classical hydrogen bonds which are those
between N-H amide group donor and piperazine retraacceptors (N—tigic:*N(C—N)) plus non-
classical hydrogen bonds between sulfur atoms agthyingroups (C-HS(P=S)) create one-
dimensional hydrogen bonding chains aldngxis. As it is presented in Fig. 2 (a), the headail
dimeric N-H--N hydrogen bonds accumulate centrosymmeRfi¢12) amide-piperazine synthons.
Besides the N—fhigic*N(C-N) and C—-H-S(P=S) hydrogen bonds together build up R§617)
rings between two adjacent dithiophosphoryl unie, there are twdR%(17) and one R% (12)
synthons between adjacent molecules in a chairgdleaxis. The one-dimensional molecular chains
are linked together iab-plane by head-to-tail hydrogen bond interactioesveen sulfur atoms and
methyl hydrogens (C4-H4AS1) which result irR3 (12) graph set motif. Therefore, P=S group is
involved in bifurcated hydrogen bonds which pap@e in aR3 (8) ring motif formed with
assistance between four molecules gfs it is shown in Fig. 2 (b). Besides, a heaailohtydrogen
bonding between the oxygen atom of diethyl group)(@d methylic hydrogen atom (H2C) link the
chain in the c-direction producirRg (8) ring motif, Fig. 2 (c). All of these intermoleculaydrogen



bonds complete the whole 3D architecture of thimpound in the solid state. A summary of
parameters for the interactions mentioned abopeegsented in Tables 3 and 4.

(©)

Fig. 1. Crystal packing ot 4: a) intermolecular hydrogen bonding linking theéghdoring
molecules and chains ab-plane; b) head-to-tail hydrogen bonds connectajgaent strings itc-



plane; c) side view of the crystal packing.afin theac-plane (In (a) and (b) different colors

illustrate different molecular chains).

Table 3 Hydrogen bond geometries fog, C1, andCo,.

Structure D—H...A X-ray Geometry (A/ deg)* Symmetry

La C4-H4C---S1 2.993/3.731(2)/133 X,—1+y,z
N1-H1IN---N2 2.216/2.988(2)/157 —X,1-y,1-z
C4-H4A.---S1 2.999/3.716(1)/131 1-x,2-y,~z
C2-H2C.--01 2.758/3.737(2)/179 —X,=Y, 2-Z

Cy Cl-H1A---Cl1 2.936/3.890(6)/160 1/2—x,1/2+y,1/2—z
Cl7-H17---Cl1 2.900/3.684(3)/143 1/2—x,1/12+y,1/2—z

C, Cl4-H14A.--Cl1 3.009/3.94(1)/162 1+X,y,z
C2-H2---Cl1 2.895/3.731(7)/150 1+X,y,z
C10-H10---Cl1 3.018/3.864(7)/152 1+x,y,1+z

*Geometrical parameters of HB-bond: H...A/D...A/<D=A.

Table 4.C—H- -z interaction Geometries f@; andC..

Structure  Interaction/CH- - - Cgl X-ray Geometry (A/deg)* Symmetry

Cy C21-H21---Cg(t 3.936/12 -1+x,y,z
C1E-H15---Cg(c 3.980/13! —X,1-y,1-z
C32-H32---Cg(< 3.624/13! 1-x,1-y,1-z
C2€-H26---Cg(4 3.329/141 1/2+x,1/=y,~1/2+z
C1le-H16---Cg(t 3.327/14: 1/2-x,1/2+y,1/=z
C4-HA4A.--Cqg(6 3.450/14! =1/2+x,1/1=y,~1/2+z
C1(-H10---Cqg(t 3.982/17I 3/2-x,1/2+y,1/—z

C, C21A-H21C..-Cqg(z 3.304/16. -1+Xx,y,z
C4-H4---Cqg(2 3.750/13! X,1/2-y,~1/2+2
C4-H4---Cqg(3 3.309/12 X,1/2-y,—1/2+z

Cg stands for the center of gravity of the mentioniad: For C;: Cg(3): C12-C17 Cg (4): C18-
C23;Cqg(5): C24-C29,yg(6): C30—C35;For C,: Cg(2): C1-C6;Cg(3): C7-C12.

C1: The molecular structure of this compound is showirig. 1(b). In the crystal packing of this
complex, the molecular units @f; are joined through a C—H=-eontact (C21-H21:--Cg(b)) in the
a-direction (Fig. 3(a)). The result chains are farttconnected to each other by two C—Hl---
interactions (C15-H15---Cg(3) and C32-H32---Cgi3)ec- direction (Fig. 3(b)) to generate 2D

sheets in thac-plane.



Fig. 2. Crystal packing o€;: (a) CH--x interaction within a chain; (b) GHr interactions link the
strings in the ac-plane. Non-interacting hydrogemes in (b) have been omitted for visual clarity. |
(b) different colors illustrate different moleculanains.

On the other hand, various hydrogen bonds and Crldontacts, including C1-H1A---Cl1, C17-
H17---Cl1, C26-H26---Cg(4), C16-H16---Cg(5), C4-H4¥g(6) and C10-H10---Cg(5) are
involved in the joining of 2D networks in tre-plane which complete a 3D architecture (Fig. 4(a)
and (b)). A summary of the parameters for the adgons mentioned above is presented in Tables 3

and 4.



(@) (b)

Fig. 3.Crystal packing o€C;: (a) Three-dimensional supramolecular structureoofipoundCs; (b)
The intermolecular interactions linking the adjac2i layers in th@b-plane; Non-interacting
hydrogen atoms in (b) have been omitted for vistaity; different colors present different 2D

sheets.

C2: The molecular structure of this compound is shawrFig. 1(c). In tle solid state of this
binuclear complex, molecules are connected to edbbr by bifurcated non-classical hydrogen
bonds (C14-H14A.--Cl1 and C2-H2-.-Cl1) accompaméti a C-H--x contact (C21A-
H21C---Cg(2)) which build up a chain directed altimga-axis (Fig. 5a). These chains are held
together by C4-H4.-..Cg(2) and C4-H4.--Cg(3) linkagleng theb-axis and C10-H10---Cl1
hydrogen bonding along the c-direction, which caetgl 3D network (Figs. 5b-d).



(c) (d)

Fig. 4. Self-assembly o€,: (a) H-bonds and C-Hs linkages generating [100] chains; (b) C—H- - -
interactions which link the chains in the ab-plaf@;Hydrogen bond connecting the strings in the
ac-plane; (d) overall supramolecular array contgriayers connected to each other. Non-interacting

hydrogen atoms in (c) have been omitted for vistaity. Different colors display different

molecular chains.
3.2.3. Hirshfeld surface analysis

Hirshfeld surface analysis is a robust technique tfte quantitative study of intermolecular
connections in crystal packing [61]. Consuming fregl tools based on Hirshfeld surfaces and two-
dimensional (2D) fingerprint graphs to assess a&hate the proportion of intermolecular associates
in crystalline structures would be advantageous B&. The Hirshfeld surfaces mapped with the
normalized contact distance, dnorm, range 0.5%0Al.and full fingerprint plots were made using
the program CrystalExplorer3.0 [64], which acceptsstructure input file in CIF format. The
Hirshfeld surfaces of 4, C;, and C, mapped with dnorm are illustrated in Fig. 6. Tiedative



contributions of different intermolecular contatisthe Hirshfeld surface area bof, C1, andC, are
shown as a chart in Fig. 7.

La

Fig. 5. Hirshfeld surfaces df,4, C; andC, and effective interaction in 2D finger plots oihgpounds
derived from Hirshfeld surfaces. Foj, Red, blue, and green plots indicate O- - -H andHNand
S---H interactions, respectively.@a andC,, Red and blue plots indicate-GH and C--H

interactions, respectively.



In the Hirshfeld surface df,4, the relatively large red circles specify the sladNH--N hydrogen
bonds which are established between the piperaadeamine moieties. As it can be seen in the
chart in Fig. 7, after H-H contact which has the most contribution in theshiield surface area, the

S-+-H, and O--H and N-:-H interactions play a crucial role in the solidistaf this compound.

The Hirshfeld surfaces d@; andC, are presented in Fig. 6. The red circles belon@ltoH and
C---H contact. In both structures after-#Hi contact which is dominant, with 82.6 and 66.3%Qg
andC,, respectively, the GH interaction which is attributed to C~rk contact, and CI-H contact
are the most significant contacts. All of these taots between molecular components play the
leading role in directing the crystal packing, wehstrong interaction such as-# is anticipated not

to impact on the crystallization. It is worthy teention that the €-H contact percentage is higher in

CithanC; because of the presence of phenyl groups in thletsk of this complex.

EN.H m0.H mC.H WwH.H ®mS.H mCL.H

(=3 8.6 82.9 8.4
|
C 25.2 66.3 8.2
P28 9.4 77 10.8
0% 25% 50% 75% 100%

Fig. 6. The relative contributions of different intermalder interactions to the Hirshfeld surface area
in L 4, C1, andCz.

3.3. Theoretical studies

Ligands studied here have theneral formula RiR.P(X)-Y—P(X)R1Rz, in which Y can be NH—
(CH2)3N—CH>)s~N—CH,)sNH, NH-CH2)>N—CH3)s~N, N—CH),—N and connected R- groups
to P=O vary as; Ph/PhL{, Lg, Li3), PhO/PhO I(5, Lo, Li14), PhO/PhNH I3, Lo, Lis),
PhNH/Ph(CO)NH (7, L12), PANH/CEC(CO)NH () and connected R— groups to P=S are EtO/EtO
(L4, L11, L1g) and MeO/MeO I(s, L17). In order to study the effectiveness of chairgtenand also
the effects of these various substituentplassphoramidate andthiophosphoramidate groups, which
are the coordinating parts of the ligands, we hdiwéded studied ligandsL¢—L7) into seven
different groups (Scheme 1 and Table S1). The aptichstructures of all synthesized ligands and



complexes at the CAM-B3LYP/def2-TZVP level of theare represented in Fig. S1.

3.3.1. Structural parameters.P=0, P=S, and P—N calculated bond lengths in eptidnfree ligands
are available in Table 5 (Cartesian atomic cootdmaof studied structures are listed in
supplementary data). Two different kinds of nitnogeay exist in the main body of ligands, which
are named Main and Nycie Nchain iS the nitrogen atom connected to the chain dbaarsite, while

Neycle IS the piperazine nitrogen atom (Scheme 2).

Nchain
Scheme 2Two different kinds of nitrogen in studied ligands

According to Table 5, P=0O, P=S, and P-N calculéiead lengths are in the range of 1.460-1.477
A, 1.918-1.929 A and 1.626-1.674 A, respectivelynohg bisphosphoramidate ligands Lg and
L1, in which R and R are phenyl groups, have the most extended P=0OPaitlbond lengths.
These parameters reach their shortest values ina$e of phenoxy substituted ligandls, (Lo, and
L14). In all bisphosphoramidate ligands, calculate®DRsond lengths are relatively equal in both
Neycle @Nd Nhain While P—N bonds are longer ine than Nnain Obtained values also demonstrate
that the length of the chain (e.g., betwden Lg andLi3) has a negligible effect on P=O bond
lengths.

Table 5.P-N and P=0/P=S bond lengths (A) in optimized fgands L, (n=1-17) at CAM-
B3LYP/def2-TZVP level of theory.

Ligand No. d(P—N)/A d(P=0/P=S)/A
Nchain1 Ncycle2 Nchain I\lcycle
Bisphosphoramidate L1 1.666 - 1.476 -
L8 1.664 1.672 1.477 1.477
L13 - 1.674 - 1.477
L2 1.626 - 1.460 -
L9 1.627 1.642 1.460 1.463
L14 - 1.630 - 1.460

L3 1.635 - 1.462 -



L10 1.636 1.650 1.462 1.464

L15 - 1.637 - 1.462
Bisthiophosphoramidate L4 1.643 - 1.920 -

L11 1.645 1.653 1.920 1.929

L16 - 1.654 - 1.928

L5 1.641 - 1.918 -

L17 - 1.653 - 1.926
Bisphosphoramidate L7 1.633 - 1.462 -

L12 1.634 1.640 1.462 1.465

L6 1.635 - 1.464 -

1% Nehain @nd Nyqe refer to two different kinds of nitrogen atoms whiexist in studied ligands a
investigated parameters are related to that kindtadgen.

In bisthiophosphoramidate, calculated P=S and Peil bengths in_4, Li;, andL 6, in which R

and R are ethoxy groups, are a bit longer than thatethoxy substituted ligand& £ andL 7). Both
ethoxy and methoxy electron donating groups eleta P=S and P—N bond lengths, but the effect
in Neycle Site is more than that incNin Overall, the length of the chain does not make tangible
change in P=0O/P=S and P-N bond lengths.

3.3.2. NBO analysis.Investigation on phosphorus interaction with oxygend sulfur have been
done by NBO analysis to survey the character oftimeed bonds, which is an essential factor in

coordination behavior of these ligands to a medtiba.

3.3.2.1. Bond hybridization.The hybridization of P, O, and S in related P=0O &% bonds are
illustrated in Table 6. In the case of bisphosphuodates, the character of O decreases slightly
from Ph/Ph substituted ligands ¢p*°%d %% to PhO/PhNH# sp*°%d%%) and PhO/PhO ones 6p

1514 993 The p character of the phosphorus atomLig Lo, L14 andLs, Lo, L1s ligands is also
considerably smaller in comparison with other liganThese two facts attest that the bond between
P and O in these ligands is stronger than the stliteis also apparent that there is not any prakti
difference between P=0 bonds which are connectédtm or Neycie and the length of the chain also
doesn’t make any remarkable effect on the P=0O Istrehgth. The hybridization of P in P-N bonds
demonstrate maximum and minimyncharacter in Ph/Ph and PhO/PhO substituted ligéhalsle

S2) which means that both kinds of P—N bondg{Nand Nycie) in L1, Lg, andL 13 are considerably

weaker in comparison to other ligands.



Table 6. Hybridization of P and O/S atoms in related P=GFPwands in studied ligands at CAM-
B3LYP/def2-TZVP level of theory.

No. Hybridization
P in P=0/P=S O/S in P=0O/P=S
Nchain . Ncycle Nchain Ncycle
Ll Sp2.4cd 0.0 _ ] Spl.GCd 0.0f _ ’
I—8 Sp2'4‘d 0.0t s 2.4_/d 0.0t Spl.GCd 0.0z s 1.6Cd 0.0f
|-13 _ Sp2.4/d 0.0% _ Spl.SEd 0.0z
L, Spl.gcd 0.0Z — Spl'5]d 0.0z —
< C z Y .0z
Lg Spl'g“d 0.0< S 1.8~d 0.0< Spl.SCd 0.0 s 1 4Ed0 0
A z
L14 _ Spl.8€d 0.0 _ Spl.4Ed 0.0
L S l'gfd 0.0Z — sptod O'Of — ’
I—lC Spl.gtd 0.0< S l.QEd 0.0< Spl.Séld 0.0z Spl.S‘d 0.0z
% < z
L15 _ sz.ocd 0.0 _ Spl'S”d 0.0
L, Sp2'4'd 0.5% — Sp4'3]d 0.0¢ —
s 7.92d 5.30 s l.OOd 0.01
7 C Vi C
Lll s 2.4Ed 0.57 s 2.3€d 0.0€ s 4'2'd 0.0€ s 5.3¢d 0.0¢
Sp7'87d 5.12 Sp99'99d 99.9&1: 1.33 Spl'ood 0.01 Sp35.87d 0.24
C 7 C
L16 _ s 2'3“d 0.0€ _ s 5.3/d 0.0¢
Sp99'99d 99.9&1: 1.39 Sp34.1fd 0.24
Ls sp2 g _ spt g O _
Sp7'62d 5.35 Spl.OOd 0.01
C 7 C
L, _ sz.SJd 0.0t _ sp°-L7g 00
Sp95.9SH 97.82‘: 1.31 Sp32.41d 0.24
L, sz.zsd 0.0Z — Sptoig PPz —
< z . 5¢ .0z .5z .0z
le Sp2.2~d0.0£ SI[.)2.3 dO 0¢€ Sp15 dOO Sp15 dOO
L6 Sp2.2€d 0.0Z _ Spl.SEd 0.0z _

In bisthiophosphoramidatethie P=S bonds are composed of one sigsharfd one pizx) bond. This
kind of bond has an energy less than twice that®ohgle bond, indicating that the stability addgd
the n bond is less than the stability ofcabond. This weakness is referring to significaridgs
overlap between the component p-orbitals due to trerallel orientation. This is in contrast o0
bonds, which form bonding orbitals directly betwela nuclei of involved atoms, resulting in more
great overlap and a stromgbond. Thes-bonding hybridization of sulfur and phosphorusnagan
(L4, L11 andL 1¢) sShow a bit more character thahs andL 17 (see Table 6). When S is located in

Ncnain Site L4, L11 andLs) o-bonding hybridization is abosp*4d %%

5.29d 0.09

(average hybridization), while
the hybridization is arounsp in the case of Nee(L 11, L1s, andL17), but the hybridization of

P is nearly close in bothcNinand Nyce Thern-bonding hybridization of S and P represent theesam



behavior as the-bonding hybridization when its compared betweertharey and ethoxy ligands,
but nearly different in Bhain and Nyce Sites. When S is connected to Ryl the hybridization is
aroundsp®**14°2* (average value), while this value is precisgy°d >°*in Nenain In the case of P,
when it is connected todzi, hybridization is approximatelsp®d >, but in NycieSite hybridization is
almost §°%°0*°% 13, By mentioned facts, the and = bonds would be stronger in P=S bonds
connected to Man rather than Nce because the participation percentageppfd, and f (in

phosphorus and sulfur) orbitals are higher in ldibation of P=S, connected to.le rather than

Nchain

3.3.2.2. Wiberg bond index.Another factor in probing the bond strength is Wgbéond index
(WBI). Wiberg was initially defined for closed-shell anéns-empirical wave functions. For

common chemical bonds, it's value is usually vdoge to formal bond order [65].

Wiberg bond indices of P-N, P=0O, and P=S bonds sepresented in Table 7. In
bisphosphoramidate ligands, maximum WBI values=s®Rnd P-N bonds are obtained kgx, Lo

and L 14, while minimum values are related tq, Lg andL3. The effect of the chain length is
insignificant on bond orders. To some extent, WBIsP=O bonds are the same when they are

connected to Mainand Nycle Sites, while in the case of P—N bonds, WBIs vaWNaain> Neycle

In bisthiophosphoramidates, P=S and P—N calcuMtidxbrg bond indices are so close to each other,
but when Nhain @nd Nycle Sites are comparing, both P=S and P-N bonds deratmgreater bond
orders in Nhain Sites. As can be seen, the results of hybridinagiod WBI are in accordance with
each other and unanimouslitest that unlike P=0O, P=S and P—N bonds areggronhen connected

to Nchain-

Table 7. Wiberg bond indices (WBI) of P-N, P=0/P=S bondd tire values oXE® from different
atoms LP (lone pair) to BD* (antibonding) P=0 areBHn studied ligands at CAM-B3LYP/def2-
TZVP level of theory.

No. WBI Donor-Acceptor
P-N P=0/P=S SE®?
Nchain I\lcycle Nchain Ncycle I\lchain I\lcycle

L, 0.812 - 1.210 - 14.85 -

Lg 0.816 0.785 1.200 1.204 14.95 15.08

L1z - 0.779 - 1.206 - 14.86

L, 0.835 - 1.269 - 22.97 -

Lo 0.834 0.828 1.269 1.267 22.96 23.02

L 14 - 0.804 - 1.266 - 24.46



L3 0.817 - 1.246 - 21.14 -

L1c 0.815 0.792 1.245 1.242 21.45 23.07
L1 - 0.799 - 1.244 - 22.78

L4 0.823 - 1.592 - 37.79 -

L11 0.822 0.780 1.593 1.457 37.63 52.59
L 1¢ - 0.776 - 1.450 - 52.38

Ls 0.826 - 1.597 - 37.88 =

L17 - 0.779 - 1.452 - 51.60

L~ 0.833 - 1.248 - 7.91 -

L1s 0.831 0.808 1.248 1.245 7.83 8.46
Le 0.827 - 1.254 - 7.97 -

2 The values are reported in kcal.mol

3.3.2.3. Perturbation theory energy analysisThe next factor which can interpret the strendgth o
the bond is charge transfer. This segment sumnsatlze second-order perturbative estimates of
donor-acceptor (bond-anti bond) interactions. Tdmalysis is executed by examining all possible
interactions between filled (donor) Lewis-type NB@sd empty (acceptor) non-Lewis NBOs, and

estimating their energetic importance by 2nd-opmksturbation theory.

As discussed before, investigations on P=0/P=S temgths, bond hybridizations, and bond orders
exemplified that in bisphosphoramidates, the stitenffP=0 bonds are relatively equal to each other
when Npain and Nyge Sites are comparing, while in bisthiophosphorateisla P=S bonds
demonstrated greater bond strength iphsites. To authenticate mentioned results, theaotems

of different atoms lone pairs with P=0O/P=S antib®itehb-c*, op-¢ and np-¢") are represented in
detail in Tables S3 and S4. These data accuratelpie the numerical values of the charge transfer
from donor orbitals to P=O/P=S antibonds. Furtheemtotal £ values from different lone pairs to
op=g* in Table 7 show negligible differences betweegaNand Nyce but charge transfers from
available lone pairs top-¢" and np-¢" illustrate a considerable discrepancy among.Nand Nycle
Greater values ocLE®to P=S antibonds in f). site attenuate the bond, while smaller values in

Nchain Site reinforce the bond.

Overall, P=0 bonds in bisphosphoramidate ligandschvare involved bonds in complexation with
metal cations, can be affected by vicinal grougss Thvestigation illustrated that electron dongtin
groups such as phenyl would make the P=0O bond wgakethe oxygen atom would perform a
better interaction with cations by its lone pai?s=S bonds in bisthiophosphoramidate ligands are



sensitive to Nhainand Nycle Sites, and when P=S is connected tg:Nthe bond becomes weaker.

3.3.3. AIM analysis.The AIM analysis is an efficient tool to determite presence of bond critical
points (BCPs). The most often used criteria for thastence of covalent or ionic bonding
interactions are the electron densi(y) and the Laplacian of the electron density(r) at the BCPs.
The Laplacian of charge density at the BCBp(BCP)) is the sum of the curvatures in the electron
density along any orthogonal coordinate axes atBB®. The sign of1?p(BCP) indicates that
whether the charge density is locally deplet&éh(BCP) > 0) or locally concentrated{p(BCP) <

0). The negative curvatures for the andi,, i.e., dominate at the BCP, the electronic chasge
locally concentrated within the region inter atomnsd leading to the formation of covalent or
polarized bonds and is characterized by la(@CP) values[J’p(BCP) < 0, and 14| / x5 > 1. On the
other hand, if the positive curvatuke i.e., is dominant at the BCP, the electronic dgnisilocally
concentrated in each of the atomic basins. In ¢hse, the interaction leads to the formation of
highly ionic bonds, hydrogen bonds (HBs) and van \d&als interactions. It is characterized by
relatively low p(BCP) valuesJ?p(BCP) > 0 and | / A3 < 1. The AIM analysis was used to
determine the presence of bond critical points (BCéf the P=O bond injLand also P=O and
O---Sf* bonds in two synthesized complexes (Table 8). Boimparison not only performs an
authentic insight into the changes of P=0O bondasttar before and after the complexation but also
determine the nature of the O--*Spond.

Table 8. Calculatedd(P=0)/A bond lengths and main BCP parametets;@ind related complexes
at CAM-B3LYP/def2-TZVP level.

Complex  d(P=0)/A p (in au) % (in au) [hal/ A3

P=O0 Sn*...0 P=O0 Sn™...0 P=O0 Sn**...0
L, 1.476 0.293 - 135 - 0.199 -
o 1.491 0.205 0.045 1.18 0.201 0.214 0.162
C, 1.487 0.217 0.031 1.27 0.191 0.203 0.154

Calculated AIM charge densitp)( Laplacian [1°p) at the P=O BCP and also at the BCP of O*"-Sn
interactions are given in Table 8. Smallish valags and }4| / A3 at P=0O BCP in the free ligard
and large values dfi’p show mostly electrostatic character for this bofte charge density at the
P=0 BCP decreases when the ligand is coordinatdetmetal cation. Thevalues at the P=0O BCP
in ligand is 0.293 au but decreases to 0.225 agii70au inC; and C, complexes, which is in
accordance with the lengthening of the P=0O borer @ibmplexation. Analysis of the obtained bond

critical points for O---SH interactions, suggests a closed-shell interaciios ionic character of



O---Sf*. Hessian eigenvalued.( %, andis) of the charge density at the main BCP of the
complexes are presented in Table 8. Very smallegatfp, 0% > 0 and 4| / A3 = (0.162 and 0.154,
in C; andC,) which is << 1 at the BCP of O-- “Sronfirm the presence of ionic interactions. The
values ofJ% at P=O BCP in bothomplexes are> 0 and }4| / A3 <<1, which attest that the P=0
bond still demonstrates electrostatic nature, hth @ little shift to the covalent character aftee

complexation.

4. Conclusions

In this study, some of the novel bisphosphoramidatk (thio)phosphoramidate derivativesL 1,),

as well as two organotin(lV) complexeath diphosphoryl ligandL, have been prepared and
characterized by spectroscopic methods. Furtherntbee crystal structure of compourd, and
complexesC; and C, were investigatedThe crystal structures of the complexes revealadl tthe
Sn(lV) atoms are five-coordinated. The coordinatgeometry around tin(IV) center could be
described as slightly distorted trigonal bipyranhidad confirmed the binuclear structures for the
tin(1V) adducts with two trans SngQI/SnBuClI linked via the bridging diphosphoryl ligand. The
bidentate ligand in complexes has P=0O groups iram@tn conformation to each other, and the
phosphorus atom showed a tetrahedral configura®nvell as for ligand., in which the P=S
groups are on opposite sides of the molecule. Tystat packing and the intermolecular interactions
were studied. The relative contributions of differextermolecular contacts in crystal packing C;
andC, studied by Hirshfeld surface analysis.

Theoretical investigations on the effect of chandths on P=O bond strength by bond lengths,
hybridization, WBI and donor-acceptor in bisphogpimoidate derivativesunanimously attested
that the chain length did not make any considerafftect on P=O bond strength in botlnM, and
Neycle pOSitions, but in the case of bisthiophosphorateglachain length influence on P=S bond
strength is remarkable, and the bond length isefang Nycie thanNchain The effect of different
substituent groups in bisphosphoramidate liganasotistrated thalt 1, Lg, andL 13 have the largest
P=0 and PN bond lengths, whil& ,, Lg andL 14 have the shortest ones. The AIM analysis was also
showed ionic character for O--*Siinteraction inC; and C, synthesized complexes and mostly
electrostatic character for P=0 bond in free ligandbut with a little shift to the covalent character

after the complexation.
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Highlights

. A series of new bisphosphoramidate and (thio)phasgphidate derivatives with the
general formula of HRP(X)-Y-P(X)R;R, are synthesized and characterized by IR and
NMR spectroscopies.

. X-ray diffraction analysis investigates the crystalicture of one synthesized ligand and
two obtained complexes.

. The influence of chain length and the effects ofiotss substituents on P=0O and P=S
bond strength are theoretically inspected by NB@Ilyais to survey the character of
bonds in the ligands.

. The AIM analysis shows ionic character for O- **Smteraction in complexes and mostly
electrostatic character for P=0 bond in the frgarid.



