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Abstract

In this study, propane 3-bromo-1- (triphenyl phasgbm) bromide, I, and propane 3-bromo-1- (tripHeny
phosphonium) tribromide, II, (Il as a new brominatiagent) were synthesized and characterizetHby
NMR, “C-NMR, *P-NMR, FT-IR, spectroscopy, Thermogravimetric Amigdy Differential thermal
analysis, Differential scanning calorimetry andgdéncrystal X-ray analysis. Density functional theo
calculations (energy, structural optimization arefjtiencies, Natural Bond Orbital, absorption enenyy
binding energy) were performed by using B3LYP/ 8-33++ (d, p) level of theory. Hirshfeld surface
analysis and fingerprint plots were utilized toestigate the role of bromide and tribromide anionghe
crystal packing structures of title compounds. Thsults revealed that the change of accompanying
anionic moiety can affect the directional interan of C-H-Br hydrogen bonds between anionic and
cationic units in which the HBr with a proportion of 53.8% and 40.9% have thgomeontribution in the
stabilization of crystal structures of | and Il,spectively. Furthermore, the thermal stability awn

brominating agent Il with tribromide anion was cargd with compound | with bromide anion.
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Nontoxicity, short reaction timethermal stability, simple working up and high yiedde some of the

advantages of these salts.

Keywords: phosphonium tribromide, crystal strucfim@minating agent, Hirshfeld surface analysisTDF

calculations
1. Introduction

In recent decades quaternary phosphonium [1], anumoiR2, 3], pyridinium [4] and immidazolium [5]
salts are widely used as phase transfer catal§s2$ 4nd reagents in the synthesis of organic camgs

[5]. Phosphonium salts, especially their ionic iagu[5, 10], play an important role in organic dyegis
[11-14], different fields of industries [15-18] andedicine [1, 8, 19]. These salts show a range of
interesting properties including ease of synthegisy good thermal stability, favourable environragn
aspects, miscibility with water and polar orgarotvents, electrochemical stability [20], high visty and

low vapor pressure. Because of their distinctivepprties, these organic salts are attracting isarga
attention in many fields particularly in organicechistry. Unlike inorganic reagents that are geiheral
insoluble in most organic solvents, this type ofaic salts are completely soluble in common oiani

solvents and therefore can be used successfullyrastants for organic transformations.

Quaternary ammonium and phosphonium sali{K or RP"X) are especially valuable because they are
somewhat soluble in both water and nonpolar orgsolieents. They are used as phase transfer catédyst
move ionic nucleophiles and bases in to organiciaedl phase transfer catalyst facilitates reaciion
which one of the reactants is insoluble in aguesmistions and another is insoluble in organic sohg.
The cation of phase transfer salt forms an ion patin an anion, and the large alkyl or aryl groups
ammonium or phosphonium ion lend solubility in argaphase. In the organic phase anion is more
reactive than in the aqueous phase because tippesd of its solvating water molecules. Halogamgti
oxidative or reductive anions can be transferrew ithe organic phases by the use of a suitablecamum

or phosphonium cations as phase transfer catalygteed cation plays as a carrier to transfer atmon



organic media. As the length of the alkyl groupsr@ases, the water solubility decreases. There¢ocan

tune the solubility of salts with precisely seleatiof alkyl or aryl groups on the cation.

With a suitable choice from many different caticarsd related counterions, phosphonium salts can be
utilized as oxidative, reductive or halogenatingratg with good selectivity, mild reaction conditoand
acceptable yields. Although bromination of orgasubstrates are usually carried out by moleculambre

but the new generation of phosphonium and ammonilomomides are synthesized and used for this goal
[2, 3, 10, 14, 21-27] so we prepared and used aptesphonium tribromide for bromination of double
bonds. Tribromides are more suitable than the didubmine because of their crystalline nature, Bahc
makes it easier to store, transport, and mainkerdesired stoichiometry. Instead of brominatiothwaion-
selective elemental bromine under harsh conditiorganic phosphonium tribromides as well as
ammonium and immidazolium tribromides were usedbrimminate the C-C double bonds and aromatic

rings using mild conditions and in a selective n&ani0, 26, 27] The bromination of double bonds by

liquid bromine or by tribromide salts have a diffietr mechanisms, thermodynamics and kinetics [28].
Although, bromination of cyclohexene by,Bind Bg in 1, 2-dichloroethane have large negative endé®pi
(A§ = -62.0 eu. andS' = -40.9 eu. respectively), for bromination with, Bnere is a negative activation
parameters and enthalplg,(= -7.8 kcal/ molAH¥ = -8.4 kcal/ mol), while Bf has positive value€f =
+6.6 kcal/ mol AH* = +6.0 kcal/ mol)Thus third -order and second -order rate constaetobtained for
the reactions of free bromine and tribromide (refipely) in different solvents [28]. With resped the
kinetic and thermodynamic evidence, belluchi pregosvo different mechanisms for bromination with

Br, and by tribromide anion.
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Scheme 1. Two different mechanisms for brominatibdouble bonds with Brand by tribromide anion.

Solid nontoxic phosphonium monocationic and digationoieties with tribromide anion including benzyl
triphenyl phosphonium tribromide (BTPPT) [21], dttyyphenyl phosphonium tribromide (ETPPT) [25],
methyl triphenyl phosphonium tribromide (MTPPT) [23ridecyl methyl triphenyl phosphonium
tribromide (TMTPPT) [24] and 1,2-ethylene bis (trgmyl phosphonium) ditribromide (EBTPPDT) [27],
have all been used as mild brominating and oxidizigents for the selective bromination of C-C npldti
bonds and aromatic rings, these reactions are favogirable than using the very active, non—selectnd
toxic molecular bromine under harsh conditions. $adility of tribromide salts is one of the interegt

factors that predominate over molecular brominghase salts can be used and recycled several times

without any significant decrease in their perforoen

The structural aspects of these salts were inastigby several experimental and theoretical mathod
including X-ray crystallography and DFT calculatoidirshfeld surface analysis was also employeds Th
type of calculation is a convenient tool for therastigation of intermolecular interactions. Hereive

report the synthesis, characterizatidH-NMR, **C-NMR, *'P-NMR, FT-IR, and TG/DTA/DSC), single
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crystal X-ray, and DFT studies of propane 3-bromrphenyl phosphonium) bromide, I, and propane 3-
bromo-1-(triphenyl phosphonium) tribromide, II, mgimild, inexpensive and efficient brominating agen
In addition, Hirshfeld surface and 2D fingerprinbgs are presented to highlight short intermolecula
contacts in the crystal structures. In additior, tise of a new salt to brominate double bondsdsemted

with excellent yields.
2. Resultsand discussion

Initially, propane 3-bromo-1-(triphenyl phosphoniubromide, |, was synthesized as a white powder and
recrystallized in hot water (85-88% yield, m.p. 282 °C) (Fig. 1), and then treated with potassium
tribromide in aqueous solution. Yellow precipitajgropane 3-bromo-1-(triphenyl phosphonium)
tribromide, I, was formed, filtered and air driedernight. DSC thermogram was taken (Fig. 2) (92496

yield, m.p. 149-15PC) Scheme 1.
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Fig. 1. DSC thermogram of compound |.
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Fig. 2. DSC thermogram of compound Il
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Scheme 2. Schematic reaction for preparation gbare 3-bromo-1-(triphenyl phosphonium) bromide, I,

and tribromide, Il.

2.1. Crystal structure description

The single crystal X-ray analysis of | revealedtttias compound crystallizes in the monoclinic ¢tays
system in thd2;/c space group with Z'=1, Z = 4. The asymmetric wahtains one propane 3-bromo-1-
(triphenyl phosphonium) cation and one bromide mitiiol ratio of cationic to anionic units). The OB
view of compound | is shown in Fig. 3a. The phosphe atom of the cation exhibit a slightly distdrte
tetrahedral geometry, with the bond angles arohedPt atoms in the range from 107.23¢6)111.19(7).
The geometry of cation (bond lengths and angleggreral and comparable with our previously repbrte
[27]. The 3D supramolecular network of this compsbisidominated by the variety of C-HBr hydrogen

bonds. In addition, C-Hx interactions, which can play a crucial role in gt@bilization of supramolecular



assemblies, are found to be present (Fig. 3b).bromide anions each formed eight C-Br hydrogen

bonds (Fig. 4).

Figs. 3. a) The ORTEP and b) molecular crystal pacliagrams for compound |, with 50% probability
displacement ellipsoids.

Fig. 4. C-H--Br contacts in .

The compound Il crystallizes in the monoclinic systwith P2;/c space group with Z’=1, Z = 4. The

asymmetric unit of this compound contains one pmnepa-bromo-1-(triphenyl phosphonium) cation and
one tribromide anion. The ORTEP view of compount Ishown in Fig. 5a. Similar to I, the structufe o

the cationic unit has a slightly distorted tetrata¢adjeometry at the phosphorous atom. The bondeang|
around the P atom is in the range of 107.13(16)111.90(15) The crystal packing of Il shows a

significant number of C-HBr hydrogen bonds which appear the dominant intenadn the stabilization

of supramolecular architecture (Fig. 5b). In adufifithere is Br-x interaction between the bromine atom



of the cationic moiety and phenyl ring of adjacemblecule with 3.456(1) A Brl to C13-C18 plane

centroid and -Br;+-Cg (Ph) angle of 22.433(2]Fig. 6).

Figs. 5. a) The ORTEP and b) molecular crystal pacliagrams for compound 11, with 50% probability
displacement ellipsoids.

Fig. 6. Br-m interaction between bromine atom of cationic mpiahd phenyl ring of the adjacent

molecule in compound 1.

Comparing the structures of | and Il indicates tthegt different anionic moiety, bromide or tribrorid

affect the directional interactions between anicamd cationic units as would be expected and tbegef



different supramolecular aggregation are obsergethese structures. In both structures, howevét;-@
interactions which play an important role in theiolecular aggregation are present.

2.2. Hirshfeld surface analysis

The Hirshfeld surfacef a molecule in a crystal is manufactured by parting space in the crystal into
areas where the electron distribution of a sum pbfescal atoms for the molecule (tipepomoleculg
dominates the corresponding sum over the crystapfocrysta). Following Hirshfelda molecular weight

functionw(r) defined:

W(T‘) — ppromolecule(r)

pprocrystal (T)

ZAemolecule Pa (T‘)

W(r) N EAecrystalpA(r)

pa(r) is a spherically averaged atomic electron dgregntered on nucleus A, and the promolecule and

procrystal are sums over the atoms belonging tontblecule and to the crystal, respectively.

The Hirshfeld surface is then defined in a crystkhat region around a molecule whefe > 0.5. That
is, the region where the promolecule contributiorthe procrystal electron density exceeds that fatim
other molecules in the crystal. The surface shap&ams the interactions between molecules in tiystal

just as atoms in the molecule. Hirshfeld surfaceduding almost all of the existing space around

molecules

The functiondnom is relates the distances of any Hirshfeld surfamat to the nearest nucleus interidy) (
or exterior @) to the surface taking into account the van deaM/&dW) radii of the atomsl,oim is @
normalized contact distance, which is defined imguofd;, d. and the van der Waals radii of the atoms
[32].

vdW vdW
di—r; d, — 1,

Anorm =
rivdW TeVdW




The negative value df,.m indicates the sum afi andd. is shorter than the sum of the relevant van der
Waals radii, which is considered to be a close adinénd is visualized as red color on the Hirshfeld
Surfaces. The white color denotes intermoleculstadices close to van der Waals contact djgh, equal

to zero whereas contacts longer than the sum ofleaWaals radii with positivd,,m values are colored
blue. The combination af, andd; in the form of a 2D fingerprint plot provides summ of intermolecular

contacts in the crystal.

The 2D-fingerprint plots of the Hirshfeld surfaceoyide a visual summary of the frequency of each
combination ofd. and d; all over the surface of a molecule, therefore they only indicate which
intermolecular interactions are present, but digorélative area of the surface corresponding ¢b &and

of interaction. In this manner, all interaction égp(for example, hydrogen bonding, close and distam der
Waals contacts, C—Hnr interactionssi—n stacking) are readily identifiable, and it becoraestraightforward
method to classify molecular crystals by the nabirateractions, when examining crystal packinggdams.

These plots are unique for a certain crystal stracnd polymorph.

The Hirshfeld surfaces and 2D fingerprint plotslcekated using Crystal Explorer 3.1 from the single
crystal structures, were used for visualizing, exply and quantifying intermolecular interactio29{31]

on the surface of molecule in the crystal lattimefoth compounds.

Hirshfeld surfaces mapped with ranging from 1.0095 A° (red) to 2.5396 A’ (bluey f (Fig. 7 al) and
ranging from 1.0569 A° (red) to 2.6822 A° (bluej fb(Fig. 7 all) and mapped witthom ranging from -
0.1259 A’ (red) to 1.1196 A’ (blue) for compoun@Fig. 7 bl) and ranging from -0.0863 A° (red) td 740
A’ (blue) for Il (Fig. 7 bll) are calculated andoftied using Crystal Explorer software. Hirshfeldface
area of compounds | and Il mapped withm show intense red spots on the surface near th@nBmwhich
are due to Bisige*-HoutsigeCONtacts and intense red spots near the somedoddign atoms of aromatic rings
and aliphatic chain near the surface in moleculechlare due to Ikige Broutside CONtacts in the crystal

structures (Figs. 7b).
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Figs. 7. Hirshfeld surfaces mapped witHor compound I (al) and Il (all) and mapped wikflam for | (bl)

and Il (bll).

The phosphorus atoms show no contacts in the ¢trpsteking, as would be expected given their
tetrahedral coordination. It can therefore be sdwt the supramolecular architectures of | andrd a
mainly controlled by interactions between H andaByms. Plots off; versusd. are 2D fingerprint plot
which recognizes the existence of different typentgrmolecular interactions calculated for | ah@Higs.

8).
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The relative contribution of the different interiacts to the Hirshfeld surface indicates that in ¢h&onic
unit of compound 1, HH(53.8%), Br-H(17.6%) and €-H(24.8%) contacts account for about 96.2% of
the total Hirshfeld surface area and-#}, Br--Br and C--C have very little effect on the crystal packing.
While in the cationic unit of I, the main contaase Br-H(29.3%), H-H(40.9%) and €-H(24.7%)

accounting for about 94.9% of total surface arehaher contacts have no major contributions totdie

)
| | " ! A
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d d i d
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Hirshfeld surfaces in the cation (Figs. 9).
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Contribution of short contacts for | Contribution of short contacts for Il
cation cation

Br...H,

C..H, 29.3, 29%
24.7, 25% -

H...H,
40.9, 41%

Figs. 9. Percentage contribution of short contecctompound | and Il cations.

The analysis of the 2D fingerprint plot of the oatil shows that BrH and C--H contacts are illustrated as
characteristic wings of the plot, although the nestace area relates to-#i contacts with 53.8% of total
surfaces. Moreover, in cation Il the-Bfl and C--H contacts are illustrated as characterigticgs of the

plot, while H--H contacts with 40.9 % of total surfaces.

It is noticeable in 2D fingerprint plots that theosh important difference between the intermolecular

interactions in | and Il is the percentage ofBrand H--H interactions.

The triphenyl phosphonium cations of | and Il amnmected by BrH interactions between nearest
neighbors in the unit cell. Nearest intermolecitgeractions in | are Bf-Hyog in 2.734 A, Bp+Hyig in
2.951 A and Br-Hi, in 3.309 A (Fig. 10a). Nearest intermolecular iattions in Il are Bf-Hi4 in 2.82

A, BryHg in 3.052 A and By-Hsin 3.222 A (Fig. 10b).
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Figs. 10. a) Nearest close contacts in | and bjaséalose contacts in Il.

Intra and intermolecular close contacts (up to &)Sfor | and Il calculated by Crystal Explorer and

Mercury software packages and are tabulated ineTablin supporting information.

Moreover, the quantitative measurements of Hirsh&lirfaces for compounds | and Il show that the
molecular volume, surface area and asphericityf afd bigger than | because of bigger tribromideman
and the globularity of both compounds are nearlyesand the comparison of bare cations shows that
although the chemical structures and atomic contipasi are similar, the tribromide anion enabled an
increase in the molecular volume and surface ardalacrease in the globularity and asphericity ([@ak.

In other words, comparing the tribromide anionhe bromide anion could pull the cation toward ftaeld

cause an increase in the molecular volume andcudigea of cation.

Table 1. Quantitative measures of Hirshfeld sugdoe compound | and Il and their cations.

Quantitative measuresmolecular volume surface area globularity asphericity
of Hirshfeld surfaces (Vy) A3 (Sq) A? (G) (Q):
Compound | 460.64 398.23 0.724 0.007
Compound I 542.97 442.51 0.727 0.016
Compound | cation 421.75 364.06 0.747 0.013

14




Compound Il cation 426.94 372.24 0.737 0.005

2.3.Computation studies

The DFT calculations were performed by using the<san software package, at the B3LYP level with 6-
311G++ (d, p) basis sets for both compounds | &ntihe bond lengths, bond angles and dihedral angle
were compared with those obtained from X-ray ctsgeaphic data. The calculation results showed a
satisfactory correlation between the theoreticatl axperimental structural parameters of cations.
Significant differences in the optimized DFT andoesimental XRD geometries were observed in the
location of anions in | and Il. In compound |, DE&Iculation optimized Branion at the back of molecule
and far from Brl (gl1.82 = 9.479 A) while crystallography data shows tln&t anion is located at front of
molecule near to Brl g s> = 5.368 A). While in compound Il, although DFT gieted that B anion is
located at front of molecule near to Brig{ts = 5.185 A, Br3 is the atom center ofs;Banion), the
experimental results show that the anion is locatellack of molecule and far from Brlg{ds;s = 9.366

A) (Table S6 in supporting information).

Vibrational frequencies of title compounds werecaddted by B3LYP/6-311++ (d, p) method. There are
129 vibrational modes for I. The high intensityfuencies of | was calculated at 2979.79 and 3008195
which were assigned to asymmetric stretching of @-ldromatic rings, Moreover, the vibrational modes
at 1468.47, 1284.67, 741.27 and 536.23' amere assigned to symmetric scissoring, symmetsgging,
rotational vibration of C-C bonds and stretchingled P-G,om bond, respectively. For Il, 135 vibrational
modes were calculated by B3LYP/6-311++ (d, p) methtigh intensity frequenciesalculated at 2968.31
cm® for the symmetric stretching of C-H in propaneinh&197.54 cnt for symmetric stretching of &enr

H, Moreover, vibrational modes at 1117.47, 737.84 297.67 cii were identified as stretchingbration

of P-Cyom in plane rocking vibration of C-H and symmetricesthing of Br-Br in tribromide anion

respectively

15



Natural charge distribution on the whole molecugsand 1l were calculated by NBO method Calcuati
indicated that C and Br atoms have a negative ctatavhile P and H atoms have positive ones (Rable
S1,S2 in supporting information). HOMO and LUMO amest important orbitals in chemical stability and
reactivity of organics. The energy of the HOMO tals shows a tendency to donate an electron as@ do
in chemical transformations while the energy of LOMrbitals represent ability to accept an elecasn
acceptor. HOMO-LUMO energies were calculated by BBL6-311++g (d) presented in Figs. 11 and 12

(Table S3 in supporting information).

LUMO PLOT

X Ervamo =-2.37718 eV

AE = 1.98426 eV

Enonmo = -4.36144eV

HOMO PLOT
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Fig. 11. HOMO-LUMO diagram and energy levels for I.

LUMO PLOT
A Eprtao = -2.28276 eV
AE = 3.27924 eV
v Enono = -5.56200 eV
HOMO PLOT
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Fig. 12. HOMO-LUMO diagram and energy levels for Il

In addition, binding energies and absorption emsrgvere calculated. The geometry optimizations were
performed by B3LYP method which is known to givdialdle data on both cations and aniombe
standard basis set was 6-31/G* which was emplogedlf of the ions. The energetic results were ioleth

by single-point calculations at a higher level leéary, being B3LYP/6-311/G* based on B3LYP/6-31/G*
geometries. Binding energies between cation anohatétermined as differences between the sum of the
energies of each unoptimized bare anion and caeparately (after disconnection) and the energy of
optimized ion pair [33, 34]. It is noticeable thartion and cation optimized as an ion pair and tioat

optimization is needed after disconnection.

Binding Energy of a system consist of ion pairs

AC » A+ C

AEB = (EAnion-unopt+ECation-unop) - E|on pair-opt

And absorption energy is defined as differencesvéen the energy of optimized ion pair and sum of

energies of each optimized bare anion and catirdeairing:

Absorption Energy of a system consist of ion pairs

A +C » AC
AEAbs = Elon pair-opt™ (EAnion-opt +ECation-op)

18



The comparison of the absorption energy and bindmegrgy in compounds | and Il shows that &rion
can affect only 0.66 Kcal/mol on the deformationcation whiles the Br cause deformation of anion

about 2.69 Kcal/mol (Table S5 in supporting infotio).

2.4. Structural characterization

2.4.1. Thermal propertiesof titlesalts| and 11

DSC thermograms were collected under a nitrogeroghnere and, show a sharp endothermic peak
appearing at 230-23Z due to the melting and a broad peak at 330°888s the decomposition range of |
(Fig. 1). In the case of II, there is a sharp ehedohic peak at 149-15C due to the melting and a broad

exothermic peak at 310-37G the decomposition range for Il (Fig. 2).

The TG/DTG /DTA diagram of | shows an endotherméalp at 230°C for melting point in DTA curve
with the smallest decrease in TG curve (about 1.486) immediately after that an endothermic shoulder
and an exothermic peak with a significant decréases curve for phase transformation in the molecul
Finally, there exist a broad endothermic peak aB80:370°C in DTA curve and a sharp decrease in TG
Curve and very broad peak in DTG curve for the dguosition of | and 2.79% remained ash in 520

(Fig. 13).
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Fig. 13. TG/DTG/DTA thermogram of compound I.

Also for Il, thediagram shows an endothermic shaepk at about 158C in DTA curve and a smallest
decrease in TG curve (0.9%) for melting point. Bhead endothermic peak in the range of 200-Z5h

the DTA curve and sharp peaks in DTG curve for negth@f bromine molecule from tribromide anion
were determined about 16%. An exothermic peak Fasp transformation and immediately increase the
baseline in the range of 275 -3%D in DTA with a sharp decrease in TG curve was odesk In addition,
and broad peak in DTG curve for the decompositiocompound Il and about 5 % at 520 for ash was
observable which are completely matched with DS€mograms (Fig. 14). Both salts have a good
thermal stability; they start to decomposing oved 3C. Compound | is slightly more stable than Il in
comparison and they are very stable on the beneimtéorm of crystal or solution in the organic \semt

and in contact with air without any change in tlogitor or performance over 3 month.
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Fig. 14. TG/DTG/DTA thermogram of compound II.
3. Experimental section

All reagents including triphenyl phosphine, liqusdomine, 1,3-dibromopropane, potassium bromide and
solvents were purchased from Merck Co. 1,3-dibrampane was purified by distillation and tested &y G

to give purity more than 99.5 %. Solid reagent salts were recrystallized to give very good purity.

The reaction progresses were monitored by BENMR, **C-NMR, *P-NMR spectra were identified by
the Bruker AC 500 MHz spectrometer with@ and CD(] as solvents. DSC thermograms recorded by
METTLER - TOLEDO DSC-1 Instrument. Infrared specivare recorded on a Perkin Elmer —Spectrum
65-FT-IR spectrometer as a KBr disk (4000- 400 aegion). GLC analysis was performed with Agilent
Technology 6890N Gas chromatograph with a FID deteand cp-sil 5 CB 30 m, 0.32 mm, 1.2um
capillary column. GC/MS spectra were taken by ar3800 GC and Varian Saturn 2000 lon trap as a

detector and cp-sil 8 CB low bleed/ MS 30 m, 0.28,.25um capillary column.
3.1. Preparation of Propane 3-bromo-1-(triphenyl phosphonium) bromide (C,1H2:PBr ), |

To a solution of triphenylphosphine (5.24 g, 20 mjnio toluene (30 ml) in a 50 ml round —bottom Kas

equipped with a magnetic stirrer and reflux conéengas added 1,3-dibromopropane (3 ml, 30 mmol, d =
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1.989 g/cm) drop wise by a 2000 ! syringe. Reaction mixtus refluxed for 4 h. After complete
reaction, the white precipitate was appeared. €haetion mixture was cooled and the product wasréd
and washed with toluene (3 x 10 ml). The white pemwas air dried overnight and recrystallized ineva
as needle shape crystals (5.57 g, 60% yieONMR (500 MHz, BO): (1C, CH) §=3.75ppm (m, 2H),
(2C, CH) 6=2.15 ppm (m, 4H) (3C, CHl 6=3.96 ppm (m, 2H), (aromatic rings hydrogenss)7.64,
7.75(m, 15H). FT-IR:v = 505,537(s), 685, 723(s), 993(m), 1108(s), 11B8R8(m), 1432(s), 1482,

1582(m), 2801, 2865(m), 3009(m) ¢m
3.2. Preparation of Propane 3-bromo-1-(triphenyl phosphonium) tribromide (C21H21PBry), 11

To a solution of KBr (2.38 g, 20 mmol) in,8 (30 ml) in a 50 ml beaker, liquid bromine was edidl1.24
ml, 20 mmol) drop wisavith continuous magnetic stirring. The bromine lagesappeared after 30 min.
The produced KBr solution then added to a solution of propane 3vlard-(triphenyl phosphonium)
bromide | (4.176 g, 9 mmol) in water in 2 min. Tealution was mixed for over 30 min. The yellow
precipitate was filtered and washed with cooledew& x 10 ml). The product was air dried overnighd

recrystallized in CHGI(10.5 g, 94%), m.p. 15C (by DSC).

'H-NMR (500 MHz, CDCI3): (1C, Ch) 8=3.58 ppm (m, 2H), (2C, CH =2.26 (m, 2H), (3C, ChH
8=3.62 (m, 2H), (aromatic rings hydrogen&)7.76, 7.87(m, 15H):*C-NMR (125 MHz, CDCJ): §=21.8-
22.2(m, C20),6=26.1(m, C21)6=33.1- 33.3(m, C19)$=76.7- 77.2 triplet for CDGlI (solvent),5=117,
130, 133, and 135 (Benzene rings carboft®NMR (200MHz, CDGJ): one strong peak at 35.1 ppm for
P atom.’H-NMR spectra of two compounds was taken by 500 Migectrometer that shows four
distinctive peaks for carbons 1, 2, 3 and aronvatigs in ratio 2:2:2:15 respectively. Exchange oiba

from bromide to tribromide makes very small shiftpeaks (between 0.2- 0.3 ppm).
3.3. General Experimental procedurefor bromination of alkenes

In a typical reaction, the alkene (3mmol) was dig=s® in dichloromethane (5mL) and stirred well #r

min. Propane 3-bromo-1-(triphenyl phosphonium)ranbide Il (3mmol) dissolved in dichloromethane (5
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mL) and was added to alkene solution drop wise wathstant stirring at room temperature. The pragres
of the reaction was monitored by TLC and GC. Attempletion of the reaction and disappearance of the
yellow-orange color of reagent Il, the solvent ewaped and diethyl ether was added (3x5 ml). The
mixture was filtered and the solvent evaporatece Gitude product thus obtained and then subjected to
short column of silica gel using a mixture of n-aeg and ethyl acetate (8:2) as the eluent. Allhef t
isolated products are known and physical data teeen reported in the literature. The main products,
reaction times and isolated yields are tabulatéfiaiole 3. To confirm, the products were subjecteD$C

and GC/MS and spectra were compared and validatedive NIST library (see supporting information).

The reusability or recyclability of tribromide salias tested by regenerating of used brominatirtg Baé
used salt was extracted by water and evaporateer wagduum. The bromide salt, I, was treated withrKB

and reused 4 times without significant loss opesformance.

Table 3. Bromination of alkenes by compound Il iH,Cl, at room temperature
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4. X-ray crystallography analysis

X-ray diffraction experiments on | and Were carried out at 100(2) K on a Bruker APEX lifrdictometer using
Mo-K, radiation § = 0.71073 A). Data collections were performed gsinCCD area detector from a single crystal
mounted on a glass fibre. Intensities were integrét SAINT [35] and absorption corrections basaecdequivalent
reflections were applied using SADABS [36]. Bothtbé structures, | and Il were solved using ShelXd] and
refined by full matrix least squares agaifétin ShelXL [38, 39], using Olex2 [40Rll of the non-hydrogen atoms
were refined anisotropically. While all of the hgden atoms were located geometrically and refirgagua riding
model. In the case of Il the data were found ttmbened and refined against an hklf5 file, withedimed twin scale

fraction of 01247(14)The structural resolution procedure was performsitigu WinGX crystallographic
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software package [41[rystal structure and refinement data are giveffdble 4.CCDC1907510-1907511

contains the supplementary crystallographic datahis paper. These data can be obtained freearfjeh

via www.ccdc.cam.ac.uk/retrieving.html (or from t6@ambridge Crystallographic Data Centre 12, Union

Road, Cambridge, B2 1EZ; UK, fax +441223336033jeposit@ccdc.cam.ac.uk).

Table4. Crystal data and structurerefinement for | and I1.

Identification code

Empirical formula Co1H21BroP CoH1Br,P

Formula weight 464.17 623.99
Temperature/K 100(2) 100(2)

Crystal system monoclinic monoclinic

Space group P2;/c P2;/c

alA 11.0198(2) 9.7192(6)

b/A 10.0935(2) 17.1447(11)

c/A 17.4446(3) 13.2553(9)

al® 90 90

/e 104.7380(10) 92.770(4)

y/° 90 90

Volume/A® 1876.50(6) 2206.2(2)

Z 4 4

peaig/cnt 1.643 1.879

w/mm’” 4.405 7.373

F(000) 928.0 1208.0

Crystal size/mm 0.764 x 0.429 x 0.276| 0.421 x 0.299 x 0.163
Radiation MoKao (A =0.71073) | MoKa (A = 0.71073)

20 range for data collection/1

3.822 to 55.856

3.886 to 55.898

Index ranges -14<h< 14, -12<h<12,
-13<k<7, -22<k<22,
-23<1<22 0<I1<17

Reflections collected 16880 5266

Resigme Rsigm: = 0.0210 Rsigm: = 0.0452

Data/restraints/parameters | 4491/0/217 5266/6/236

Goodness-of-fit on ¥ 1.023 1.025

Final R indexes [I>=2 (I)] R: = 0.0200, R1=0.0347,
WR; = 0.0437 WR, = 0.0671

Final R indexes [all data] R; = 0.0246, R; = 0.0492,
WR, = 0.0451 WR;, = 0.0711

Largest diff. peak/hole / e’ A | 0.42/-0.53 0.69/-0.95

5. Conclusion
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In this study, the synthesis, characterization ases of a mild and safe mono cationic phosphoniiin s
for bromination of the organic substrate are regghrhe bromination agent in title salts also heenbused
as mild brominating and oxidizing agent to selextivomination of C-C double bonds in comparisorhwit
very active, non-selective and toxic molecular bremin very harsh conditions. Reusability or
recoverability of tribromide salts is one of théeiresting factors that predominate over molecutamine

as these salts can be used and recycled severat tmithout any significant decrease in their
performancesEase of getting bromine in aqueous solutions atehse of bromine in organic solvents is

another important aspect of phosphonium basedtrilgle reagents.

Also in the present paper, the crystal structure, DFT calculations, analysis of Hirshfeld surfaees

fingerprint plots, as well as spectroscopic prdpsrand thermal behavior of the title salts arertul.
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Highlights
Crystal structure, characterization, Hirshfeld surface analysisand DFT
studies of two [Propane 3-bromo-1-(triphenyl phosphonium)] cations
containing bromide and tribromide anions. New brominating agent for

unsaturated compounds

Seyed Reza Nokhbeh', Mostafa Gholizadeh®', Alireza Salimi®, Hazel A. Sparkes’

Department of Chemistry, Faculty of Science, Fesidmiversity of Mashhad, Mashhati77s-1436,

Iran
School of Chemistry, University of Bristol, CantsdaRlose, Bristol BS8 1TS, UK

«  Two phosphonium salts including bromide and tribromide anion were synthesized and
well characterized.

« The structure of these salts was characterized by single crystal X-ray crystallography and

various spectroscopic tools.

« Hirshfeld surfaces and 2D fingerprint plots were discussed.

Geometries and energies of ground state for these compounds were optimized by density
functional theory.

Bromination of double bonds carried out by the new phosphonium tribromide salt.



