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ABSTRACT KEYWORDS
In the recent work, stability of the Z- and the E- isomers were undertaken Kinetic study;
for the two rotational isomers of phosphorus ylides involving a 2- UV spectrophotometery;
mercaptobenzimidazole [namely dimethyl 2-(2-mercaptobenzimidazole-s- Z and E rotamers;
yl)-3-(triphenyl phosphanylidene) succinate] by natural population analy- Stable phosphorus ylides.

sis (NPA) and atomsin molecules (AIM) methods. Quantum mechanical
calculation wasclarified how the ylides exist in solution asamixture of the
two geometrical isomers (Z- and E-) asamajor or minor form. In addition,
kinetic studies were performed for the reaction between
triphenyl phosphine, dialkyl acetylenedicarboxilatein the presence of SH-
acid, such as 2-mercaptobenzimidazole by UV spectrophotometery tech-
nique. The values of the second order rate constant (k,) were calculated
using standard equations within the program. All reactions repeated at
different temperature range, the dependence of the second order rate con-
stant with temperature wasin agood agreement with Arrheniusand Eyring
equations. This provided the relevant plots to calculate the activation
parameters (AH#, AS# and AGH#) of all reactions. Furthermore useful infor-
mation was obtained from studies of the effect of solvent and concentra-
tion of reactants on the rate of reaction. Proposed mechanism was con-
firmed according to the obtained results and steady state approximation
and first step (k,) of reaction was recognized as arate determining step on
the basis of experimental data. © 2012 Trade Sciencelnc. - INDIA

INTRODUCTION thesig¥. Animportant group of thisclassisphosphorus

ylides, which have been used in many reactions and

Organophosphorus compoundshaveemergedas  synthesisof organic compounds??. Theprominent role
important reagentsand intermediatesin organicsyn-  of these compoundsisto convert the carbonyl groups
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to carbon-carbon double bonds* from thelarge num-
ber of methodsavailablefor the synthesis of phospho-
rusylides, themaost important involvethereaction of a
phosphonium salt with abase??), |n recent yearsa
method has been devel oped for the preparation of this
family by usinganove approachemployingvinyl phos-
phonium saltg¢2l, The phosphonium salts are most
often converted totheylides by treatment with astrong
base, though weaker bases can be used if the sdltis
acidic enough. Michael addition of phosphorus (I11)
compounds such astriphenyl phosphineto acetylenic
estersleadsto reactive 1, 3-dipolar intermediate be-
taines which are not detected even at low tempera-
ture?®. These unstable species can be trapped by a
protic reagent, ZH, such asmethanol, amide, imide,
etc. to produce various compoundse.g. ylides>?),
Theseylidesusually exist asamixture of thetwo
geometrical isomers, athough someylidesexhibit one
geometricd isomer. Assignment of thestability of thetwo
Z- and E- isomersisimpossi blein phosphorusylidesby
experimentd methodssuchas'H and *CNMRand IR
Spectroscopes, mass spectrometry and e emental anay-
gsdata For thisreason quantum mechanicd caculation
hasbeen performedin order to gain abetter understand-
ing of the most important geometrica parametersand
dsorddiveenergiesof boththegeometrica isomers.

MATERIALAND METHODS

Quantum mechanical calculation has been per-
formed by Gaussian98 program and usingthe AIM 2000
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program packages. dialkyl acetylenedicarboxilate,
triphenyl phosphineand 2-mercgptobenzimidazolewere
purchased from Fulka (Buchs, Switzerland) and used
without further purification. All extrapure solventsin-
cluding 1, 2-dichloroethane and ethyl acetate also ob-
tained from Merk (Darmstadt, Germany). A Cary UV/
Vis spectrophotometer model Bio-300 with aquartz
cell with 10 mm light-path was empl oyed throughout
thecurrent work.

RESULTSAND DISCUSSION

Calculations

A facile synthesis of the reaction between
triphenylphosphine 1, diakyl acetylendicarboxylates 2
and 2-mercaptobenzimidazole 3 (asaSH- heterocyclic
compound) for generation of phosphorusylides4a-bin-
volving thetwo geometrical isomerssuchasZ and E
isomers have been earlier reported™?. Thereactionis
shownin Figure 1. For assignment of thetwo Zand E
isomersasaminor or mgor formin phosphorusylides
4a-b containing a2-mercaptobenzimidazole, first the Z-
and the E- isomerswere optimized for al ylide struc-
turesat HF/6-31G(d,p) leve of theory by Gaussian98
package program®l, Therelative stabilization energies
in boththegeometrica isomershavebeen ca culated at
HF/6-31G(d,p) and B3LY P/6-311++G(d,p) levels. At-
omsinmolecules(AIM)®3, naturad populaionandyss
(NPA) methods and CHelpG keyword at HF/6-
31G(d,p) leve of theory havebeen employedin order to
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Figure 1 : (i) The reaction between triphenylphosphine 1, dialkyl acetylenedicarboxylate 2 (2a or 2b) and 2-
mer captobenzimidazole 3 for gener ation of sablephosphorusylides4 (4aor 4b). (j) Thetwor otational of isomersZ-4aand E-

4a(minor and major, respectively) for ylide4a.
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gainabetter understanding of most geometrica param-
eters of both the E-4(a, b) and the Z-4(a, b) of phos-
phorusylides. Thenumbersof critical pointsandintramo-
lecular hydrogen bondsaswell asthe charge of atoms
that constructed on the Z- and E- isomers have been
recognized. Theresultsatogether reved theeffectivefac-
torsonstability of Z- and E- ylideisomers. Therelative
stabilization energiesfor thetwo [Z-4(a, b) and E-4(a,
b)] isomers(SeeFigures2 and 3) arereported inTABLE
1, as can be seen, E-4a and E-4b isomers are more
stable than Z-4aand Z-4b forms (0.69 and 1.10 kcal/
mol, respectively) a B3LY Pleve of theory.

TABLE 1: Therdativeenergy (kcal/mal) for both theZ- and

E- isomer sof ylides4aand 4b, obtained at HF/6-31G (d,p) and
B3LY P/6-311++G(d,p) levels.

Geometrical isomer HF B3LYP
Z-4a 1.23 0.69
E-4a 0.00 0.00
Z-4b 124 1.10
E-4b 0.00 0.00

Further investigation was undertaken in order to
determine moreeffectivefactorson stability of thetwo
Z- and E- isomerson the basisof AIM cal culations at
HF/6-31G(d,p) level of theory by the A1M 2000 pro-
gram package’®. Inrecent years, AIM theory has of -
ten applied intheanalysis of H-bonds. In thistheory,
thetopologicd propertiesof thee ectron density distri-
bution arederived from the gradient vector field of the
electrondensity Vp(r) and ontheLaplacian of theelec-
tron density V2p(r). The Laplacian of thee ectron den-
sty, V2p(r), identifiesregionsof spacewhereintheeec-
tronic chargeislocaly depleted [V?p(r) > 0] or built up
[V2p(r) < 0], Two interacting atomsinamolecule
formacritical point inthe eectron density, where Vp
(r) =0, cdled thebond critical point (BCP). Thevaues
of thechargedensity and itsLaplacian at thesecritica
pointsgiveuseful information regarding thestrength of
the H-bonds®¥. Theranges of p(r) and?p(r) are 0.002
—0.035 e/a,* and 0.024 - 0.139 e/a ?, respectively, if
H-bonds exist®*. The AIM calculation indicatesin-
tramolecular hydrogen bond critical points (H-BCP)
for thetwo Z-4(a, b) and E-4(a, b) isomers. Intramo-
lecular H-BCPsaong with apart of molecular graphs
for thetwo rotational isomersare shownin Figures2
and 3 (dotted line). Most important geometrical pa-
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rametersinvol ving some H-bonds(bond lengthand their
relevant bond angle) arereported in TABLE 2. The
electrondensity (p) =103, Laplacian of electron dengity
V2p(r)x 103, and energy density -H(r)x10*areasore-
ported in TABLES 3 and 4. A negative total energy
density at the BCP reflects adominance of potential

energy density, which isthe consequence of accumu-
lated stabilizing el ectronic charge®. Herein, the num-
ber of hydrogen bondsin both categories (E-4aand Z-
43) and (E-4b and Z-4b) are(5and 5) and also (6 and
5) respectively. The values of p and V?p(r)x103 for
those are in the ranges (0.008 — 0.013 and 0.008 —
0.011 &/3®) and (0.0009 - 0.013 and 0.008 — 0.011

€/3%) and also (30.28 — 48.44 and 31.23 — 45.54 ¢/
a?) and (3.16 — 48.38 and 31.40 — 42.43 ¢/a %), re-
spectively. In addition, the Hamiltonian [-H(r) x10]

areintheranges (6.37 — 17.82 and 5.95 — 17.98 au)
and (2.08—17.82 and 5.88 — 17.92 au), respectively
(SeeTABLES 3 and 4). These HBs show V?p(r) >0
and H(r) <0, which according to classification of Rozas
et al.® are medium-strength hydrogen bonds. In both
ylidesthe dipole moment for the two E-4aand E-4b
isomers(2.94 and 2.88 D) are smaller than thetwo Z-
daand Z-4bisomers(5.61 and 5.41 D, respectively)
andthevaueof -H_ (=2-H(r) x107) for thetwo E-4a
and E-4b isomers (63.72 and 65.85 au) are smaller
than thetwo Z-4aand Z-4b isomers (67.37 and 67.44
au, respectively). Although, -H_ in boththe E-4(a, b)
aresmaller than the Z-4(a, b) and appear asan effec-
tivefactor oninstability of the E-4(a, b), but thevalues
of dipolemoment inthe E-4(a, b) aresmaller than Z-
4(a, b) asanimportant fact on stability of E-4(a, b). It
seems that stability on both the E-4(a, b) have been
emerged from aresult of thetwo oppositefactorsdur-
ingthosearejust influenced the E-4(a, b) isomers. The
resultsare summarizedin TABLE 5. Onthe basis of
theoretica calculations(TABLE 1), both the E-4aand
E-4b have adightly stability with respect to thetwo Z-
daand Z-4b (0.69 and 1.10 kcal/mol, respectively)
Isomers and seemsto be different from the resul ts of
predictabl e properties of the most important geometri-
ca parameters(TABLE5). Perhaps, thisdightly dif-
ferent behavior isrelevant to the huge structures of the
two ylides4(a, b) involving threelargeatomssuch as
thesulfur, nitrogen and phosphorus and thelarge num-
ber of other atoms (C and H). Thispoint, madealimi-
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tationin application of basisset higher than B3LY P/6-
311++G(d,p) in a higher performance to gain more
accurate caculations. Neverthel ess, theresultsinvol v-
ing aconsiderable differencein dipolemoment asa

LR 3 L
Figure?2: (i) Intramolecular hydrogen bonds(dotted lines) in
thetwo E-4aand Z-4ageometrical isomer sof sableylide4a,
(j) Part of molecular graphs, includingintramolecular hy-
drogen bond critical points(BCPS) for thetworotational iso-
mer s such as E-4a and Z-4a. Small red spheres, and lines
correspondingto BCPSbond paths, respectively.
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Figure3: (i) Intramolecular hydrogen bonds(dotted lines) in
thetwo E-4b and Z-4b geometrical isomer sof stableylide4b,
(j) Part of molecular graphs, including intramolecular hy-
drogen bond critical points(BCPS) for thetworotational iso-
merssuch as E-4b and Z-4b. Small red spheres, and lines
correspondingto BCPSbond paths, respectively.
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dominatefactor of stability over asmall differencein
total Hamiltonian (-H,_) asainstability factor inthe E-
4(a, b) category, are compatible with the experiment
results from the *H, 3C, 3P NMR spectroscopes™’
wich indicatethetwo isomersof E-4aand E-4bwith
the experimenta abundance percentage of 69% (ma-
jor forms) with respect to the Z-4(a, b) (minor forms).

Also, thechargeon different stcomswhich are cal-
culated by AIM and NPA methodsand also CHelpG
keyword at HF/6-31G(d,p) level are reported in
TABLE 6 for thetwo Z- and E- isomersof ylides4a
and 4b. Thereisgood agreement between theresultsin
threemethods.

TABLE 2: M ost important geometrical parameterscorre-
sponding toH-bonds(bond lengthsand their relevant angles)
for thetwoZ and E isomer sinboth ylides4aand 4b. Bond lengths
in Angstromsand bond anglesin degr ees, respectively

E-4a Z-4a
CsHgs...Ca4 2.53‘3‘(117.05)b 2.45(116.52)
CasHss...Coz  2.67(108.09) 2.68(107.67)

E-4b Z-4b

O5H27..Cos  2.49(170.35) 2.47(170.02)

CsHua...Cas 2.53(117.01) 2.54(116.59)
CaiHar..C2 2.67(108.09) 2.68(107.63)
OsHzs...Cos 2.49(170.33) 2.46(169.82)

abond length; *bond angle

TABLE 3: Thevaluesof a=p x10%, b =V2px10®and c=-
H(r) x10* for both the Z-4a and E-4a isomers of ylide 4a
calculated at thehydrogen bond critical points. All quantities
arein atomicunits

E a b c 4 a b c

1 1171 4274 1751 1 1148 4254 17.98
2 970 369 1782 2 950 3574 17.26
3 847 3028 637 3 883 3123 595
4 905 3244 1559 4 916 3150 14.47
5 1358 4844 643 5 943 3750 11.71

TABLE 4: Thevaluesof a=px10% b =V2px10®and c=-
H(r) x10* for both the Z-4b and E-4b isomers of ylide 4b
calculated at thehydrogen bond critical points. All quantities
arein atomic units

E a b c Z a b c

1 093 316 208 1 1146 4243 1792
2 1167 4258 1747 2 949 3549 17.10
3 969 369 1782 3 889 3140 588
4 847 3028 638 4 918 3160 14.47
5 903 3232 1554 5 902 36.34 1208
6 1354 4838 6.57
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TABLE 5: Themost important geometrical parameter sin-
volvingthevalueof -H _/au, dipolemoment/D and thenumber
of hydrogen bondsfor thetwo Z- and E- isomer sof ylides4a
and 4b.

Ge_ometrical “Hy/au dipole number of
isomer moment/D  hydrogen bond

E-4a 63.72 294 5

Z-4a 67.37 5.61 5

E-4b 65.85 2.88 6

Z-4b 67.46 5.41 5

TABLE 6: Thechargeson different atomsfor thetwo E and Z
isomer sin both ylides4aand 4b, calculated at HF/6-31G(d,p)
theor etical level.

number of

atom E-4a Z-4a E-4b Z-4b

c1 1.86%(0.96)° 1.87(0.96) 1.86(0.96) 1.87 (0.96)
0.87° 0.88 0.86 0.86

c2 -0.75 (-0.88) -0.80 (-0.89) -0.79 (-0.88) -0.79 (-0.89)
-0.52 -0.45 -0.50 -0.50

c3 25(-043) 25(-043) 29(-043) 27(-0.42)
0.31 0.30 0.38 0.36

046 -1.41 (-0.80) -1.35(-0.76) -1.26 (-0.66) -1.31(-0.67)
-0.71 -0.65 -0.48 -0.55

047(45)°  -1.27(-0.65) -1.28(-0.66) -1.40 (-0.80) -1.38 (-0.77)
-0.37 -0.46 -0.68 -0.62

P11(10) 3.25(1.88) 3.25(1.87) 3.25(1.88) 3.25(1.87)
0.16 0.08 0.12 0.17

3Calculated by AIM method; "Calculated by NPA method;
‘Calculated by CHelpG keyword; 9The numbering atoms for
structure 4b are in parentheses.

Kineticsstudies

To gainfurther insight into mechanisminreaction
between triphenylphosphin 1, dialkyl acetylene-
dicarboxylates 2 and 2-mercaptobenzimidazole 3 (as
aSH- heterocyclic compound) for generation of phos-
phorusylids4a-c, akineticsstudy of thereactionswas
undertaken by UV spectrophotometeric technique.
Synthesis of these reactions has been reported ear-
liert®, To find the appropriate wavelength, in thefirst
experiment, 3x10*M solution of compounds 1, 2cand
3waspreparedin 1, 2-dichloroethane as solvent and
the relevant spectra were recorded over the wave-
length range 200-400 nm. Figures4, 5 and 6 show the
ultraviol et spectraof compounds 1, 2c and 3 respec-
tively. Inasecond experiment, thereaction monitored
by recording scans of the entire spectraevery 10 min
over thewholereactiontimeinthepresenceof 1, 2c

—= Pyl Peper

and 3 at ambient temperature asshownin Figure 7.
From this, the appropriate wavel ength wasfound to
be 335 nm (corresponding mainly to product 4). The
UV-vis spectraof compound 4c were measured over
the concentration range (2x10“M =M, =10°M) to
check for alinear relationship between absorbance
valuesand concentrations. With the suitable concen-
tration range and wavelength identified, thefollowing
procedure was empl oyed.

0 = T T —= T 1
200 250 300 350 400
Wavelength (nm})

Figure4: TheUV spectrum of 10°M triphenylphosphinelin
1, 2-dichloroethane

2.0+

1.54

0.5+

0.0 T T T 1
200 250 300 350 400
Wavelength (nm)

Figure5: TheUV spectrumof 10°M di-tert-butyl acetylene-
dicarboxylate2cin 1, 2-dichlor oethane

Abs

T T 1
300 350 400
Wavelength (nm)

T
200 250

Figure6: TheUV spectrumof 10°M 2-mer captobenzimidazole
3in1, 2-dichloroethane
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300 350 400
Wavelength (nm)

200 250

T L]
320 330 340 350
Wavelength (nm)

Figure7: (i) TheUV spectraof thereaction between 1, 2c and 3with 10°M concentr ation of each compound asreaction
proceedsin 1, 2-dichlor oethanewith 10 mm light-path cell. (j) Expanded section of UV spectra over thewavelength range

315-350 nm.

For each kinetic experiment, thereaction kinetics
wasfollowed by plotting UV absorbanceagainst time
at 12.0°Cin 1, 2-dichloroethane. Figure 8 shows the
absorbance change (dotted line) versustimefor the
1.1:1 addition reaction between compounds 1, 2c and
3at 12.0°C. Using the original experimental absor-
bance versustime data provided a second-order fit
curve (full line) by the software associated with the
UV instrument®7 that fits exactly the experimental
curve (dotted line) (Figure9). Thisresult indicatesthat
the reaction between triphenyl phosphine 1, di-tert-
butyl acetyl enedicarboxylate 2c and 3 foll ows sec-
ond-order kinetics. The second-order rate constant
(k,) isthen automatically cal culated using astandard
equation®” within the program at 12.0°C that is re-
portedinTABLE 7.

0.6 S o 000000!
e
Y- 1 A
" (9]

0.4+ o
@ C
T O

02 o

0]
U'D :J T T
0 50 100
Time (min)

Figure8: Theexperimental absorbancechanges(dotted lin€)
againg timeat 335 nmfor thereaction between compounds,
2cand 3at 12.0°Cin 1, 2-dichloroethane

0.6
0.4
w /
L
= @
0.2+ VF{
!
7
ﬁ
0'0 s T T
0 50 100
Time (min)

Figure9: Second order fit curve(full line) accompanied by
theoriginal experimental curve(dotted line) for thereaction
between compounds1, 2cand 3at 335 nmand 12.0°Cin 1, 2-
dichloroethane

Furthermore, kinetic sudieswerecarried outinthe
continuation of experimentswith different concentra-
tions (5x10°M and 7x10°M) respectively. As ex-
pected, the second-order rate constant was indepen-
dent of concentration anditsvaluewasthe sameasin
the previous experiment.

Effect of solventsand temperature

To determinethe effect of changein temperature
and solvent environment ontherate of reaction, it was
elected to perform variousexperimentsa different tem-
peraturesand sol vent polaritiesbut otherwiseunder the
same conditionsasfor the previous experiment. For
this purpose, ethyl acetate with 6 dielectric constant
was chosen as a suitable solvent sinceit is not only
could be dissolved al compoundsbut also did not re-

Physical CHEMISTRY — commmm
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act with them. Therate congtant of reactionin different
solventsand temperaturesaregiveninTABLE 7. The
results show that therate of reactionin each casewas
increased at higher temperatures. In addition, therate
of reaction between 1, 2c and 3was acceleratedin a
higher dielectric constant environment (1, 2-
dichloroethane) in comparisonwith alower dielectric
constant environment (ethyl acetate) at dl temperatures
investigated. Inthetemperaturerange studied, the de-
pendence of the second-order rate constant (Ink,) on
reciprocal temperatureisconsistent withtheArrhenius
equation (Figure 10), giving activation energy of reac-
tion between 1, 2 and 3from theslope (TABLE 10).

TABLE 7: Valuesof overall second order rate constant for
thereaction between 1, 2cand 3 in the presence of solvents
such as1, 2-dichloroethaneand ethyl acetate, respectively, at
all temper aturesinvestigated.

ko.M Lmin?
Solvent g
12.0°C 17.0°C 22.0°C 27.0°C
1,2-dichloroethane 10 83.5 98.7 1229 155.8
ethyl acetate 6 60.0 80.0 111.2 1401
532
5_
4.8
K
c 4.6 1
-
44
4.2
4 T T T T
3.3 3.35 34 3.45 35 3.55
1000/ T

Figure10: Dependenceof second order rateconstant (Ink,)
on reciprocal temper atur efor thereaction between compounds
1, 2c and 3 measured at wavelength 335 nm in 1, 2-
dichloroethanein accor dancewith Arrheniusequation.

Effect of concentration

To determine reaction order with respect to
triphenyl phosphine 1 and didkyl acetylenedi carboxylate
2 (2c), inthe continuation of experiments, all kinetic
studieswere carried out in the presence of excess 3.
Under thiscondition, the rate equation may therefore
be expressed as:
rate=k_ [1]°[2]P k=K, [3]"or
Lnk,.=Lnk,+yLn[3] (@)

= Pyl Paper

Inthiscase (3<102M of 3instead of 3x103M), sec-
ond order fit curve (full line) against timeat 335 nm
exactly fitsto theorigind experimentd absorbancever-
sustimedata. Thevalueof rate constant wasthe same
asthat of obtained from the previousexperiment (3<10°3
M). Same results obtained with repetition of the ex-
perimentsin 5x102M and 7x102M of 3. Infact, the
experimenta dataindicated that the observed pseudo
second order rate constant (k , ) wasequal to the sec-
ond order rate constant (k,), thisispossiblewhen yis
zeroinequation (1) and thereactioniszero order with
respect to 3 (asa SH-acid) and thesum of 1 and 2 (2¢)
(a+P=2), respectively.

To determinereaction order with respect to diakyl
acetylenedicarboxylate 2 (2c), the continuation of ex-
periment was performed in the presence of excess of
1(rate k' [3]"[2]% K . K, [1]*(2)). Theoriginal
experimental absorbance versustime dataand pro-
videapseudo first order fit curve at 335 nm, which
exactly fitsthe experimental curve (dotted line) as
showninFigure11.

0.6

Abs
=t

0.3 ;’-’

0.0 ; T
0 5 10 15
Time (min)
Figure 11 : Pseudo first order fit curve (full line) for the
r eaction between 2cand 3in the presence of excess 1 (102M)

at 335nmand 12.0°C in 1, 2-dichloroethane

Asaresult sincey =0 (as determined previously),
it isreasonableto accept that thereactionisfirst or-
der with respect to compound 2 (2c) (B =1). Be-
causetheoverall order of reactionis2 (a+ +y=2)
itisobviousthat o _1 and thereaction order with re-
spect to triphenyl phosphine 1 must be equal to one.
Thisobservation was obtained al so for reactions be-
tween (1, 2b and 3) and (1, 2aand 3). Based on the
aboveresults, asimplified proposed reaction mecha
nismisshowninFigure12.
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PPhy + RO,C—C=C—CO;R —
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RO,C-C=C—CO,R "2,
|

PPhy
Iy (Intermediate 1)
RO,C—C=C—CO,R + gH
=t
PPhs 3

Iy {Intermediate 1)

RO,C—C=C—COR + s
|

FPhs

P

l= {Intermediate 2) .
3

RO,C-C=C—COR (1:1 adduct)
PPhs

I (Intermediate 1)

PPh; *+ RO,C—CE=C—CO,R
1 2

Rl‘_‘ﬁzC—Czﬁ—CDZR + 5
|
PPh;

Is (Intermediate 2)

K
—4 o+ 4 (Product, Yiide)

Iy
H

Figurel2: Proposed mechanismfor thereaction between 1, 2(2a, 2b or 2c) and 3for generation of phosphorusylides4a-c.

Theexperimentd resultsindicatethat thethird step
(ratecongtant k) ispossibly fast. In contrast, it may be
assumed that thethird step istherate determining step
for the proposed mechanism. Inthiscasetheratelaw
can beexpressed asfollows:
rate=k,[1.][3] 3
The steady state assumption can beemployed for [I.]
whichisgenerated following equation,

k,[1[2]
k o +k,[3]
The vaue of [I.] can be replaced in equation (3) to
obtain thisequation:
o k k3 [1][2][3]

 kotks[3]

Sinceit wasassumed that k, isrelevant totherate de-
termining step, it isreasonableto makethefollowing
assumption: k,>>k,[3]

[1]=

ko k5 [1[2][3]
k-z
Thefina equationisindicatesthat overdl order of
reactionisthreewhichisnot compatiblewith experi-

mental overal order of reaction (=two). In addition,

So therate of low becomes: rate=

according to thisequation, the order of reaction with
respect to 2-mercaptobenzimidazol e 3isonewheress,
it wasactudly shown to beequal to zero. For thisrea-
son, it appeared that thethird stepisfast. If weassume
that thefourth step (rate constant k) isthe rate-deter-
mining step for the proposed mechanism, inthiscase,
therearetwo ionic speciesto consider intherate de-
termining step, namely phosphoniumion (1,) and 2-
mercaptobenzimidazole (S). Thephosphonium and 2-
mercaptobenzimidazoleions, aswe seein Figure 12,
havefull positiveand negative chargesand form very
powerful ion- dipolebondsto the 1, 2-dichloroethane,
the high dielectric constant solvent. However, thetran-
sition statefor thereaction between twoionscarriesa
dispersed charge, which hereisdivided between the
attacking 2-mercaptobenzimidazol eand the phospho-
niumions. Bonding of solvent (1, 2-dichloroethane) to
thisdispersed charge would be much weaker thanto
the concentrated charge of 2-mercaptobenzimidazole
and phosphoniumions. The solvent thus stabilizethe
speciesionsmorethan it would thetransition state,
and therefore E, would be higher, slowing down the
reaction. However, in practice, 1, 2-dichloroethane
speeds up thereaction and for thisreason, thefourth
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step, whichisindependent of the changein the solvent
medium, could not betherate determining step. Fur-
thermore, the rate law of formation of the product
(fourth step) for aproposed reaction mechanism with
application of steady state assumption can be ex-
pressed by:

rate=K,[l,] [S]

By application of steady statefor [1.] and[S], and re-
placement of their valuesintheaboveequation, thefol-
lowing equationisobtained:

K,k [1[2][3]
rate= —————
K_,+k;[3]

Thisequationisindependent of rate constant for
thefourth step (k) and showswhy thefourth step would
not be affected by achangein the solvent medium. In
addition, it has been suggested earlier that the kinetics
of ionic species phenomena(e.g., thefourth step) are
very fasti®. If thefirst step (rate constant k) werethe
rate determining step, in this case, two reactants
(triphenylphosphine 1 and dialkyl acetylene-
dicarboxylate2), asweseein Figure 12, haveno charge
and could not form strong ion-dipolebondsto thehigh
dielectric constant solvent, 1,2-dichloroethane. How-
ever, thetrangtion state carriesadigpersed chargewhich
here is divided between the attacking 1 and 2 and,
hence, bonding of solvent to thisdispersed chargeis
much stronger than the reactants, which lack charge.
The solvent thusstabilizesthetrangtion tate morethan
it doesthereactantsand, therefore, E, isreduced which
speeds up thereaction. Our experimental resultsshow
that the solvent with higher dielectric constant exertsa
power full effect ontherateof reaction (infact, thefirst
step hasrate constant k, in the proposed mechanism)
but the opposite occurs with the solvent of lower di-
electric constant, (see TABLES 7,8 and 9). There-
sults of the current work (effects of solvent and con-
centration of compounds) have provided useful evi-
dence for steps 1 (k,), 3 (k;) and 4 (k,) of the reac-
tions between triphenylphosphine 1, dialkyl
acetylenedicarboxylate 2 (2a, 2b or 2¢) and 2-
mercaptobenzimidazole 3. Two stepsinvolving 3and
4 are not determining, although the discussed effects,
taken atogether, are compatiblewith first step (k,) of
the proposed mechanism and would allow it to bethe
rate-determining step. However, agood kinetic descrip-

O
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tion of the experimental result using a mechanistic

scheme based upon the steady state approximationis

frequently taken asevidenceof itsvaidity. By gpplica-

tion of this, therateformation of product 4 fromthe

reaction mechanism (Figure 12) isgiven by:

d[4] _dlylide] _
dt  dt

We can apply the steady-state approximation to [1.]

and[L];

it
dt

dl,]
dt

rate=k,[l,][S"] ©)

=k, [1[2]-k _,[I,]-k[I,1[3],

=K [11][3] -k, [1,][ST]

Toobtainasuitableexpressionfor [1] toput into
equation (5) we can assumethat, after aninitial brief
period, theconcentrationof [1,] and[1,] achieveasteady
statewith their rates of formation and rates of disap-

pearancejust balanced. Therefore % and % a
zero and wecan obtain expressionsfor [1,] and[l,] as

follows

e

dil,] o pyqe KelldES]
i =0 U= s (6)
dl,] _ ko[1[2]
"o 0 TG ks ®

We can now replace[l,] inthe equation (6) to obtain
thisequation:

_ kok,[1[2[3]

koS , +k,[3]]

Thevalueof [1,] canbeput into equation (5) to obtain
therate equation (8) for proposed mechanism:

ko ksk,[1[2)[3][S”] k, k5[1][2][3]
TS Tk orkoE] O ek @
Sinceexperimentd datawereindicated that steps 3 (k)
and4 (k,) arefast but step 1 (k) isslow, itistherefore
reasonabl eto makethefollowing assumption:
k,[3] >k,
So therate equation becomes:
rate=k,[1][2] 9
This eguation which was obtained fromamechanistic
scheme (shown in Figure 12) by applying the steady-
state approximation is compatiblewith theresults ob-

[1.]

rate

Hn Tndéan g%wumé



126

Kinetics study of triphenylphosphine, dialkyl acetylenedicarboxylates and 2-mercaptobenzimidazole

PCAIJ, 7(4) 2012

Full Poper ===

tained by UV spectrophotometery. With respect to the
equation (9) that isshown overdl reactionrate (Figure
1), theactivation parametersinvolving AG#, AS* and AH*
for threereactions (1, 2aand 3), (1, 2b and 3) and dso
(1, 2c and 3) could be now cal culated by Eyring equa-
tionfor thefirst step (rate determining step), asan d-
ementary reaction, theresultsarereportedin TABLE 10.

Further kineticinvestigations
Effect of structure of dialkyl acetylenedicarboxylates

To confirm the above observations, further experi-
ments were performed with diethyl acetylene-
dicarboxylate 2b and dimethyl acetylenedicarboxylate
24, respectively, under the same conditionsused in
the previous experiments. The values of the second-

N
%

0.3 f

0 1IO 2|0
Time (min)
Figure13: Second order fit curve (full line) accompanied by
theoriginal experimental curve (dotted line) for thereaction
between compounds1, 2b and 3at 335nmand 12.0°Cin 1, 2-
dichloroethane

i " g

Abs

0 5 10 15
Time (min)
Figure14: Second order fit curve (full line) accompanied by
theoriginal experimental curve (dotted line) for thereaction
between compounds1, 2aand 3at 335nmand 12.0°Cin 1, 2-
dichloroethane

order rate constant (k,) for the reactions between (1,
2b and 3) and (1, 2aand 3) arereportedin TABLES
8 and 9, respectively for all solvents and tempera-
turesinvestigated. Theoriginal experimental absor-
bance curves (dotted line) accompanied by the sec-
ond order fit curves (full line), which exactly fit ex-
perimental curves (dotted line) (Figures13 and 14)
confirm the previous observations again for both re-
actionsat 12.0°C and 335 nm.

Ascan beseenfrom TABLES 8 and 9 the behav-
ior of diethyl acetylenedicarboxylate 2b and dimethyl
acetylenedicarboxylate 2aisthe sameasfor the di-
tert-butyl acetylenedicarboxylate 2c (TABLE 7) with
respect to the reaction with triphenyl phosphine 1 and
2-mercaptobenzimidazole 3. Therate of the former
reactionswas a so accelerated in ahigher dielectric
constant environment and with higher temperatures;
however, theserates under the same condition are ap-
proximately 6.5 to 8.5 times morethan for the reac-
tion in the presence of di-tert-butyl
acetylenedicarboxylate 2c (see TABLES 7, 8and 9).

TABLE 8: Valuesof overall second order rate constant for
thereaction between 1, 2b and 3in the presence of solvents
auch asl, 2-dichloroethaneand ethyl acetate, respectively, at
all temper aturesinvestigated.

ko.M L.min?
12.0°C 17.0°C 22.0°C 27.0°C
1,2-dichloroethane 10 531.2 5926 670.1 776.3
ethyl acetate 6 3781 4680 5634 6274

Solvent g

TABLE 9: Valuesof overall second order rate constant for
thereaction between 1, 2a and 3in the presence of solvents
auch asl, 2-dichloroethaneand ethyl acetate, respectively, at
all temper aturesinvestigated.

ko.M Lmin?
12.0°C 17.0°C 22.0°C 27.0°C
1,2-dichloroethane 10 699.2 758.1 831.1 935.6
ethyl acetate 6 5804 699.0 790.1 925.3

Solvent g

TABLE 10: Theactivation parameter sinvolving AG#, ASH
and AH#for thereactionsbetween (1, 2aand 3), (1, 2band 3)
and (1, 2c and 3) at 12.0°C in 1, 2-dicholoroethane on the
basisof Eyring equation.

Reactions AG*(kJ.moal™) AH*(kJma™) AS'(I.ma™K™)

1,2aand 3 100.80 8.90 -321.90
1,2band 3 101.40 13.20 -309.50
1,2cand 3 105.80 24.90 -283.40
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It seemsthat both inductive and steric factorsfor the
bulky alkyl groupsin 2c tend to reduce the overall
reaction rate (seeequation 9). In the case of dimetyl
acetylenedicarboxylate 2a, thelower steric and induc-
tive effectsof the dimethyl groups exert apowerful
effect on therate of reaction.

CONCLUSION

Theassignment of the Z- and E- isomersasami-
nor or mgjor form in both the ylides 4a and 4b was
undertaken by AIM and NPA methods and also
CHé pG keyword. Quantum mechanicd cdculationwas
clarified how theylides4aand 4bexistin solutionasa
mixtureof thetwo geometrical isomers. Thisresult was
ingood agreement with the experimenta data. Inaddi-
tion, kineticinvestigation of the reactionswas under-
taken using UV spectrophotometry. Theresultscan be
summarized asfollow: (1) theappropriate wave engths
and concentrationswere determined to follow there-
actionkinetics. (2) Theoveral reaction order followed
second-order kineticsand thereaction orderswith re-
spect to triphenylphosphine, dialkyl acetylene-
dicarboxylate and 2-mercaptobenzimidazolewereone,
oneand zerorespectively. (3) Theratesof dl reactions
were accelerated at higher temperatures. Under the
same conditions, the activation energy for thereaction
with di-tert-butyl acetylenedicarboxylate 2c (29.7 kJ/
mol) was higher than that for the both reactionswhich
werefollowed by the diethyl acetyl enedicarboxylate 2b
(17.9kJmoal) and dimethyl acetyl enedicarboxylate 2a
(13.7 kJmol) in 1,2-dichloroethane (4) Theratesof al
reactionswereincreased in solventswith higher dielec-
tric constant and this can berelated to differencesin
stabilization by the solvent of the reactantsand the ac-
tivated complex inthetransition state. (5) Increased
steric bulk in the alkyl groups of the dialkyl
acetylenedicarboxyl ates, accompanied by the corre-
spondingly greater inductiveeffect, reduced theoveral
reactionrate. (6) With respect to theexperimental data,
thefirst step in proposed mechanismrecognized asa
rate-determining step (k,) and confirmed based upon
the steady-state gpproximeation. Also, thethird Sep was
identified asafast step (k,). (7) Theactivation param-
etersinvolving AG#, AS# and AH# werereported us-
ing Eyringequation.

= Pyl Paper
ACKNOWLEDGEMENTS

Authorssincerely thank the University of Sstan &
Ba uchestan for providingfinancia support of thiswork.

REFERENCES

[1] M.Crayson, E.J.Griffith; ‘Topics in Phosphorus
Chemistry’, Insterscience: New York, 7, (1972).

[2] PLaszo; ‘Organic Reaction: Simplicity and Logic’,
Wiley: New York, (1995).

[3] A.W.Johnson; ‘Ylide Chemistry’, Academic Press:
London, (1966).

[4] J.l.GCadogan; ‘Organophosphorus Reagent in Or-
ganic Synthesis’, Academic Press: New York,
(1979).

[5] R.Engd; ‘Synthesis of Carbon-Phosphorus Bonds’,
CRC Press. Boca Rotan, FL, (1988).

[6] H.R.Hudson; ‘Primary, Secondary and Tertiary
Phosphines, Plyphosphinesand Heterocyclic Orga
nophosphorus (1) Compounds, in the Chemistry of
Organophosphorus Compounds’, F.R.Hantley, (Ed);
Wiley: New York, 1, 386-472 (1990).

[7] D.E.C.Corbridge; ‘Phosphorus: An Outline of
Chemistry, Biochemistry and Uses’, 5th Edition,
Elsevier, Amsterdam, Holland, (1995).

[8] M.T.Maghsoodlou, N.Hazeri, S.M.Habibi-
Khorassani, Z.Moeeni, Gh.Marandi, M.Lashkari,
M.Ghasemzadeh, H.R.Bijanzadeh; J.Chem.Res.,
566 (2007).

[9] A.Ramazani, A.R.Kazemizadeh, E.Ahmadi,
N.Noshiranzadeh, A.Souldozi; Current Org.Chem.,
12, 59 (2001).

[10] B.E.Maryanoff, A.B.Reitz; Chem.Rev., 89, 863
(1989).

[11] M.Anary-Abbasingjad, H.Anaraki-Ardakani,
H.Hosseini-Mehdiabad; Phosphorus Sulfur and Sili-
con Ralat.Elem., 183, 1440 (2008).

[12] L.Fitjer, U.Quabeck; Synth.Commun., 15, 855
(1985).

[13] A.Hassanabadi, M.Anary-Abbasing ad, A.Dehghan;
Synth.Commun., 39, 132 (2009).

[14] H.Anaraki-Ardakani, Sh.Sadeghian, F.Rastegari,
A.Hassanabadi, M.Anary-Abbasinejad; Synth.
Commun., 38, 1990 (2008).

[15] M.R.Idlami, Z.Hassani, K.Saidi; Synth.Commun.,
33, 65 (2003).

[16] A.Ramazani, A.Souldozi; Phosphorus Sulfur Silicon
Relat.Elem., 180, 2801 (2005).

A Tndéan W



128

Kinetics study of triphenylphosphine, dialkyl acetylenedicarboxylates and 2-mercaptobenzimidazole

PCAIJ, 7(4) 2012

Full Poper ===

[17] I.Yavari, M.Adib, F.Jahani-M ogaddam, M.H.Sayahi;
Phosphorus Sulfur and Silicon Ralat.Elem., 177,545
(2002).

[18] M.Adib, M.Mostofi, K.Ghanbary, H.R.Bijanzadeh;
Synthesis., 10, 1663 (2005).

[19] M.R.Islami, F.Mollazehi, A.Badiei, H.Sheibani;
Arkivoc., 15, 25 (2005).

[20] M.T.Maghsoodlou, N.Hazeri, S.M.Habibi-
Khorassani, A.Ghulame-Shahzadeh, M.Nassiri;
Phosphorus Sulfur and Silicon Relat.Elem., 181, 913
(2006).

[21] I.Yavari, A.A.Alizadeh; Monatsh.Chem., 134, 435
(2003).

[22] M .Kalantari, M.R.Islami, Z.Hassani, K.Saidi;
Arkivoc., 10, 55 (2006).

[23] A.Ramazani, A.Bodaghi; Tetrahedron Lett., 41, 567
(2000).

[24] I.Yavari, L. Ahmadian-Rezlighi; Phosphorus Sulfur
and Silicon Relat.Elem., 181, 771 (2006).

[25] G.Keglevich, Z.Baan, |.Hermecz; Current Org.
Chem., 11, 107 (2007).

[26] M.T.Maghsoodlou, S.M.Habibi-Khorassani,
M.K.Rofouei, S.R.Adhamdoust, M.Nassiri;
Arkivoc., 12, 145 (2006).

[27] M.A.Kazemian, M.Nassiri, A.Ebrahimi,
M.T.Maghsoodlou, S.M.Habibi-Khorassani;
Arkivoc., 17, 173 (2008).

[28] S.M.Habibi-Khorassani, M.T.MaghsoodIou,
M.Nassiri, M.Zakariangjad, M.Fattahi; Arkivoc.,
16, 168 (2006).

[29] S.M.Habibi-Khorassani, M.T.MaghsoodIou,
A.Ebrahimi, M.Zakariangjad, M .Fattahi; J.Solution
Chem., 36, 1117 (2007).

[30] M.T.Maghsoodlou, R.Heydari, S.M.Habibi-
Khorassani, M.K.Rofouei, M.Nassiri, E.Mosaddegh,
A.Hassankhani; J.Sulfur Chemistry, 27, 341 (2006).

[31] M.J.Frisch, et al.; Gaussian 98, Revision A. 7,
Gaussian, Inc., Pittsburgh, PA, (1998).

[32] R.F.W.Bader; Atoms in Molecules A Quantum
Theory, Oxford University, New York, (1990).

[33] FW.Biegler Konig, J.Schonbohm, D.Bayles;
J.Comput.Chem., 22, 545 (2001).

[34] S.J.Grabowski; J.Moal.Struct., 562, 137 (2001).

[35] W.D.Arnold, E.Oldfield; JAmM.Chem.Soc., 122,
12835 (2000).

[36] I.Rozas, |.Alkorta, J.Elguero; J.Am.Chem.Soc.,
122, 11154 (2000).

[37] L.M.Schwartz, R.1.Gelb; Anal.Chem., 50, 1592
(1978).

[38] T.Okubo, Y.Maeda, H.Kitano; J.Phys.Che., 93,
3721 (1989).

Physical CHEMISTRY oo
A udéan Journal



