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Abstract Stable crystalline phosphorus ylides were obtained
in excellent yields from the 1:1:1 addition reaction between
triphenylphosphine (TPP) and dialkyl acetylenedicarboxy-
lates, in the presence of NH-acids, such as benzhydrazide.
To determine the kinetic parameters of the reactions, they
were monitored by UV spectrophotometery. The second order
fits were automatically drawn and the values of the second
order rate constant (k2) were calculated using standard equa-
tions within the program. At the temperature range studied the
dependence of the second order rate constant (Ln k2) on
reciprocal temperature was compatible with Arrhenius equa-
tion. This provided the relevant plots to calculate the activa-
tion energy of all reactions. Furthermore, useful information
were obtained from studies of the effect of solvent, structure of
reactants (different alkyl groups within the dialkyl acetylene-
dicarboxylates) and also concentration of reactants on the rate
of reactions. On the basis of experimental data the proposed
mechanism was confirmed according to the obtained results
and a steady state approximation and the first step (k2) and
third (k3) steps of the reactions were recognized as the rate
determining steps, respectively. In addition, three speculative
proposed mechanisms were theoretically investigated using
quantum mechanical calculation. The results, arising from the
second and third speculative mechanisms, were far from the
experimental data. Nevertheless, there was a good agreement
between the theoretical kinetic data, emerge from the first

speculative mechanism, and experimental kinetic data of pro-
posed mechanism.
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Introduction

Development of simple synthetic routes for widely-used or-
ganic compounds from readily available reagents is one of the
major tasks in organic chemistry [1]. Phosphorus ylides are
reactive systems, which take part in many valuable reactions
of the organic synthesis [2–20]. These are most often prepared
by treatment of a phosphonium salt with a base. Most of the
phosphonium salts are usually made from phosphine and an
alkyl halide [3–6] and they are also obtained by the Michael
addition of phosphorus nucleophiles to activated olefins [2, 3].
In continuation of our previous works, herein benzhydrazide
has been employed in an efficient synthetic route along with a
joint experimental and theoretical study of kinetics and mech-
anism for reaction between triphenylphosphine and dialkyl
acetylendicarboxylate to lead hydrazide derivatives as poten-
tially peroxidase inhibitors. Arylhydrazines are oxidized by
haem peroxidases to highly reactive radical species that can be
incorporated at the active site [21]. Covalent haem modifica-
tion by hydrazines (R-NH-NH2) has been employed as a
method for probing active-site topology in a number of per-
oxidases [21–24]. Hydrazides (R-CO-NHNH2) are related
compounds, and are known to be peroxidase inhibitors [25,
26]. Several hydrazine and hydrazide derivatives have been
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used therapeutically, including isoniazid [INH (isonicotinic
hydrazide) tuberculosis antibiotic], iproniazid (tranquilizer),
isocarboxazid, mebanazine, phenelzine (monoamine oxidase
inhibitors), hydralazine (antihypertensive) and PHZ (phenyl-
hydrazine; control of polycythemia vera). However, many of
these compounds are no longer in use as drugs due to the
severe side effects resulting from their bioactivation, which
include haemolysis, liver damage, lupus erythematosus and
base-pair mutation [27, 28]. Hydrazines and hydrazides are
metabolically activated inhibitors. Following enzymic activa-
tion, metabolically activated inhibitors are released from the
active site and can rebind the same enzyme or a different
biomolecule, thereby leading to inactivation [29]. Their un-
wanted side effects may be due to low specificity of either the
prodrug or the activated form, resulting in activation by, or
inactivation of, non-target enzymes. Specificity depends on
both the binding affinity and the reactivity of the activated
inhibitor. The side effects observed for INH serve to illustrate
the problems associated with the use of metabolically activat-
ed hydrazides as drugs. An investigation of the structural
factors that control the efficiency of peroxidase inhibition by
arylhydrazides is clearly necessary to assess their potential as
therapeutic agents or as tools to define the activities of specific
peroxidases in vivo.

Experimental

Material, methods and apparatuses used

Melting points, IR and UV spectra of all compounds were
measured on an Electrothermal 9100 apparatus, a Shimadzu
IR-460 spectrometer and a Cary UV/VIS spectrophotometer
model Bio-300 with a 10 mm light-path quartz spectropho-
tometer cell, respectively. Also, the 1H, 13C, and 31P NMR

spectra were recorded on a BRUKER DRX-300 AVANCE
instrument with CDCl3 as solvent at 300.1, 121.4, and
75.5 MHz, respectively. In addition, the mass spectra were
recorded on a Shimadzu QP 1100 EX mass spectrometer
operating at an ionization potential of 70 eV. Elemental
analysis for C, H and N were performed using a Heraeus
CHM-O-Rapid analyzer. Dialkyl acetylenedicarboxylates,
triphenlphosphine, and benzhydrazide were purchased from
Fluka, (Buchs, Switzerland) and used without further
purification.

Syntheses

The reaction between benzhydrazide 3 and dialkyl acetyle-
nedicarboxylates 2 (2a, 2b or 2c) in the presence of triphe-
nylphosphine 1 were carried out in acetone solvent at room
temperature and completed within a few hours (see Fig.1).

The 1H and 13C NMR spectra of the crude product clearly
indicated the formation of stable phosphorus ylides 4. No
products other than 4 could be detected by NMR spectros-
copy. The ylides moiety of these compounds is strongly
conjugated with the adjacent carbonyl group and rotation
around the partial double bond in (E)-4 and (Z)-4 geomet-
rical isomers is slow on the NMR timescale at ambient
temperature (see Fig. 2). Selected 1H, 13C, and 31P NMR
chemical shifts and coupling constants in the major (M) and
minor (m) geometrical isomers of compounds 4a and 4b are
shown in Table 1. As can be seen, only one geometrical
isomer was observed for 4c, presumably, because of the
bulky tert-butyl groups.

The 1H NMR spectra (300 MHz) of compound 4a dis-
played four sharp lines at (δ03.24, 3.76 , 3.74 and 3.81)
arising from methoxy protons along with signals for
methine protons at δ05.34 and 5.26 PPm, which appear as
two doublet for the N-CH group, respectively, in the major

Fig. 1 The reaction between
triphenylphosphine 1, dialkyl
acatylenedicarboxylate 2 (2a 2b
or 2c) and benzhydrazide 3 for
generation of stable phosphorus
ylides 4(4a 4b or 4c)

Fig. 2 Two geometrical
isomers (Major and Minor) of
stable phosphorus ylides 4 (4a
or 4b)

5076 J Mol Model (2012) 18:5075–5088



and minor geometrical isomers. The 13C NMR spectrum of
4a exhibited 44 distinct resonances that are in agreement
with the mixture of the two rotational isomers. Although the
presence of the 31P nucleus complicates both the 1H and 13C
NMR spectra of 4a, it helps in assignment of the signals by
long-range couplings with the 1H and 13C nuclei (see exper-
imental section). The structural assignments made on the
basis of the 1H and 13C NMR spectra of compounds (4a-c)
were supported by the IR spectra. The carbonyl region of the
spectra exhibited two distinct absorption bands for each
compound (see experimental section).

On the basis of the well established chemistry of trivalent
phosphorus nucleophiles [2–29], it is reasonable to assume
that phosphorus ylide 4 results from the initial addition of
triphenylphosphine 1 to the dialkyl acetylendicarboxylate 2
(rate constant k2) and subsequent protonation of the 1:1
adduct (I1) by the NH-acid 3 (rate constant k3) to form
phosphoranes 4 (rate constant k4) (see Fig. 3).

Results and discussion

General procedure preparation of dimethyl 2-(benzhydrazide -
1-yl)-3-(triphenylphosphoranylidene)-butanedioate (4a)

To a magnetically stirred solution of triphenylphosphine
(0.26 g or 1 mmol) and benzhydrazide (0.33 g or 1 mmol)
in 10 mL of ethyl acetate was added, dropwise, a mixture of
dimethyl acetylenedicarboxylate (0.14 g or 1 mmol) in 4 mL
of ethyl acetate at -5 °C over 10 min. After a few minutes
stirring at room temperature, the product was filtered and
recrystallized from ethyl acetate.

Colorless crystal, yield: 0.51 g, (94 %). Mp0130-132 °C,
IR (KBr) (vmax, cm

-1): 3325 and 3302 (NH2), 1725 (C0O).
MS (m/z, %): 540 (M+, 1), 333 (100), 262 (20), 183 (68),
147 (51), 105 (87), 77 (76).

Major isomer (Z)-4a (66 %): 1H NMR (500.1 MHz,
CDCl3): 3.11 and 3.77 (6 H, 2 s, 2×OCH3), 3.62 (1 H, br,
P0C-CH), 7.32-7.62 (20 H, m, Ar), 8.49 (2 H, br, NH2).

13C
NMR (125.8 MHz, CDCl3): 41.62 (d, 1JPC0127.0 Hz, P0C),
49.22 and 52.25 (2 s, 2×OCH3), 63.16 (d, 2JPC015.0 Hz, P0
C-CH), 126.64 (d, 1JPC092.0 Hz, Cipso), 126.91 and 128.43
(2 s, 2×C, C7H8N2O), 128.72 (d,

3JPC012.3 Hz, Cmeta), 131.17
(s, C7H8N2O), 132.08 (s, Cpara), 133.76 (s, C7H8N2O), 133.77
(d, 2JPC09.7 Hz, Cortho), 165.31 (s, C7H8N2O), 170.32 (d,
2JPC013.2 Hz, P-C0C), 175.00 (d, 3JPC013.9 Hz, C0O).
31P NMR (202.4 MHz, CDCl3): 23.27 (Ph3P

+-C).
Minor isomer (E)-4a (34 %): 1H NMR (500.1 MHz,

CDCl3): 3.56 and 3.72 (6 H, 2 s, 2×OCH3), 3.62 (1 H, br,
d, P0C-CH), 7.32-7.62 (20 H, m, Ar), 8.15 (2 H, br, NH2).
13C NMR (125.8 MHz, CDCl3): 3.11 and 3.77 (6 H, 2 s, 2×
OCH3), 3.62 (1 H, br, P0C-CH), 7.32-7.62 (20 H, m, Ar),
8.49 (2 H, br, NH2).

13C NMR (75.4 MHz, CDCl3): 42.60
(d, 1JPC0136.27 Hz, P0C), 50.34 and 52.06 (2 s, 2×
OCH3), 62.71 (d, 2JPC015.6 Hz, P0C-CH), 126.19 (d,
1JPC092.0 Hz, Cipso), 126.65 and 128.53 (2 s, 2×C,
C7H8N2O), 128.72 (d, 3JPC012.3 Hz, Cmeta), 131.37 (s,
C7H8N2O), 132.08 (s, Cpara), 133.41 (s, C7H8N2O), 133.77
(d, 2JPC09.7 Hz, Cortho), 165.31 (s, C7H8N2O), 170.45 (d,
2JPC012.6 Hz, P-C0C), 175.03 (d, 3JPC013.3 Hz, C0O)..
31P NMR (202.4 MHz, CDCl3): 23.95 (Ph3P

+-C).

Diethyl 2-(1-benzoylhydrazinyl)-3-(triphenylphosphoranylidene)
butanedioate (4b)

Colorless crystal, yield: 0.51 g, (90 %). Mp0128-130 °C, IR
(KBr) (vmax, cm

-1): 3423 and 3352 (NH2), 1720 (C0O). MS
(m/z, %): 568 (M+, 43), 347 (10), 303 (16), 262 (29), 183
(47), 147 (26), 105 (100), 77 (70).

Major isomer (Z)-4b (65 %): 1H NMR (500.1 MHz,
CDCl3): 0.44 (3 H, t, 3JHH07.0 Hz, OCH2CH3), 1.26 (3 H, t,
3JHH07.0 Hz, OCH2CH3), 3.56 (1 H, br, P0C-CH), 3.68-3.75
(2 H, m, ABX3 system, OCH2CH3), 4.14-4.20 (2 H, m, ABX3

system, OCH2CH3), 7.39-7.84 (20 H, m, Ar), 8.24 (2 H, br,
NH2).

13C NMR (125.8 MHz, CDCl3): 13.96 and 14.27 (2 s,

Table 1 Selected 1H, 13C, and
31P NMR chemical shifts (δ in
ppm) and coupling constants (J
in Hz) for H-2, OR, CO2R, C-2,
and C-3, for the two major (M)
and minor (m) geometrical iso-
mers of compounds 4a-c

1H NMR spectroscopy data 13C NMR data

Compound Isomer (%) H-2 (3JPH) OR CO2R C-2 (2JPC) C-3 (1JPC)
31P NMR

4a M(68) 3.62 (br) 3.11 3.77 63.16 (15.0) 41.62 (127.0) 23.27

4a m(32) 3.62 (br) 3.56 3.72 62.71 (15.6) 42.60 (136.3) 23.95

4b M(65) 3.56 (br) 0.44 1.26 62.59 (15.2) 41.53 (127.1) 23.58

4b m(35) 3.50 (br) 1.20 1.30 62.74 (15.2) 42.60 (135.2) 24.81

4c M 3.39 (16.7) 0.86 1.53 62.64(15.7) 41.33 (127.9) 23.20

Table 2 The values of overall second order rate constant for the
reaction between compounds 1, 2c and 3 in the presence of solvents
such as, ethyl acetate and 1,2-dichloroethane respectively at all temper-
atures investigated

Solvent ε k2. M
-1.min-1

12.0 °C 17.0 °C 22.0 °C 27.0 °C

Ethyl acetate 6 61.5 81.5 99.5 116.9

1,2-dichloroethane 10 85.5 109.9 134.2 146.9
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2×OCH2CH3), 41.53 (d, 1JPC0127.1 Hz, P0C), 57.76 and
60.91 (2 s, 2×OCH2CH3), 62.59 (d, 2JPC015.2 Hz, P0C-
CH), 126.82 (d, 1JPC092.0 Hz, Cipso), 126.98, 128.36 (2 s,
2×C, C7H8N2O), 128.58 (d, 3JPC08.2 Hz, Cmeta), 131.75 and
132.02 (2 s, 2×C, C7H8N2O), 132.71 (s, Cpara), 133.89 (d,
2JPC09.8 Hz, Cortho), 162.28 (s, C7H8N2O) 170.04 (d, 2JPC0
12.6 Hz, P-C0C), 174.61 (d, 3JPC011.0 Hz, C0O).

31P NMR
(202.4 MHz, CDCl3): 23.58 (Ph3P

+-C).
Minor isomer (E)-4b (35 %): 1H NMR (500.1 MHz,

CDCl3): 1.20 (3 H, t, 3JHH07.0 Hz, OCH2CH3), 1.30 (3 H, t,
3JHH07.0 Hz, OCH2CH3), 3.50 (1 H, br, P0C-CH), 3.66-3.73
(2 H, m, ABX3 system, OCH2CH3), 4.11-4.22 (2 H, m, ABX3

system, OCH2CH3), 7.39-7.84 (20 H, m, Ar), 8.14 (2 H, br,
NH2).

13CNMR (125.8MHz, CDCl3): 14.17 and 14.33 (2 s, 2×
OCH2CH3), 42.60 (d, 1JPC0135.2 Hz, P0C), 58.28 and 61.28
(2 s, 2×OCH2CH3), 62.74 (d,

2JPC015.2 Hz, P0C-CH), 126.45
(d, 1JPC092.0 Hz, Cipso), 127.87 and 128.81 (2 s, 2×C,
C7H8N2O), 128.58 (d, 3JPC08.2 Hz, Cmeta), 131.88 and
132.15 (2 s, 2×C, C7H8N2O), 132.71 (s, Cpara), 132.71 (s, Cpara),
133.89 (d, 2JPC09.8 Hz, Cortho), 164.95 (s, C7H8N2O) 170.15

(d, 2JPC012.6 Hz, P-C0C), 174.36 (d, 3JPC011.0 Hz, C0O)..
31P NMR (202.4 MHz, CDCl3): 24.81 (Ph3P

+-C).

Di-tert-butyl 2-(1-benzoylhydrazinyl)-3-
(triphenylphosphoranylidene) butanedioate (3c)

Colorless crystal, yield: 0.60 g, (96 %). Mp0113-115 °C, IR
(KBr) (vmax, cm

-1): 3342 and 3287 (NH2), 1729 (C0O). MS
(m/z, %): 624 (M+, 40), 376 (5), 319 (34), 262 (85), 183
(31), 147 (66), 105 (100), 77 (79), 57 (91).

(Only rotamer) (Z)-4c: 1H NMR (500.1 MHz, CDCl3):
0.86 and 1.53 (18 H, 2 s, 2×OCMe3), 3.39 (1 H, d, 3JPH0
16.7 Hz, P0C-CH), 7.39-7.84 (m, 20 H, Ar), 8.11 (br, 2 H,
NH2).

13C NMR (125.8 MHz, CDCl3): 27.95 and 28.26 (2×
OCMe3), 41.33 (d, 1JPC0127.9 Hz, P0C-CH), 62.64 (d,
2JPC015.7 Hz, P0C-CH), 77.28 and 80.67 (2×OCMe3),
126.98 (s, C37H41N2O5), 127.26 (d, 1JPC091.9 Hz, Cipso),

Fig. 3 Speculative proposed mechanism for the reaction between 1, 2 (2a 2b or 2c) and 3 on the basis of literatures [2–12] for generation of
phosohorus ylides 4 (4a 4b or 4c) in accord with experimental studies

Fig. 4 The UV spectrum of 10-3 M triphenylphosphine 1 in 1, 2-
dichloroethane

Fig. 5 The UV spectrum of 10-3 M di-tert-butyl acetylenedicarboxy-
late 2c in 1, 2-dichloroethane
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128.28 (s, C37H41N2O5), 128.54 (d, 3JPC08.3 Hz, Cmeta),
131.75 and 132.54 (s, C37H41N2O5), 132.78 (s, Cpara),
133.89 (d, 2JPC09.8 Hz, Cortho), 168.43 (s, N-C0O), 170.14
(d, 2JPC011.7 Hz, P-C0C), 174.27 (d,

3JPC011.9 Hz, C0O).
31P NMR (202.4 MHz, CDCl3): δ 23.20 (Ph3P

+-C).

Kinetics studies

To gain further insight into the reaction mechanism between
triphenylphosphin 1, dialkyl acetylenedicarboxylates (2a, 2b
and 2c) and benzhydrazide 3 (as a NH- heterocyclic com-
pound) for generation of phosphorus ylids 4a-c, a kinetic
study of the reactions was undertaken by UV spectrophoto-
meteric technique. First, it was necessary to find the appro-
priate wavelength to follow the kinetic study of the reaction.
For this purpose, in the first experiment, 3×10-3 M solution
of compounds 1, 2c and 3 was prepared in 1, 2-
dichloroethane as solvent. An approximately 3 mL aliquot
from each reactant was pipetted into a 10 mm light path
quartz spectrophotometer cell, and the relevant spectra were
recorded over the wavelength range 190-400 nm. Figures 4,
5 and 6 show the ultraviolet spectra of compounds 1, 2c and
3 respectively. In a second experiment, a 1 mL aliquot from
the 3×10-3 M solutions of each compound of 1 and 3 was
pipetted first into a quartz spectrophotometer cell (as there is
no reaction between them), later 1 mL aliquot of the 3×10-
3 M solution of reactant 2c was added to the mixture and the
reaction monitored by recording scans of the entire spectra
every 8 min over the whole reaction time at ambient

temperature. The ultra-violet spectra shown in Fig. 7 are
typical. From this, the appropriate wavelength was found to
be 303 nm (corresponding mainly to product 4c). Since at
this wavelength, compounds 1, 2c and 3 have relatively no
absorbance value. This then provided the opportunity to
fully investigate the kinetics of the reaction between triphe-
nylphosphine 1, di-tert-butyl acetylenedicarboxylate 2c and
benzhydrazide 3 at 330 nm in the presence of 1, 2-
dichloroethaneas solvent. Since the spectrophotometer cell
of the UV instrument had a 10-mm light-path cuvette, the
UV-vis spectra of compound 4c were measured over the
concentration range (2×10-4 M ≤ M4c ≤10-3 M) to check for
a linear relationship between absorbance values and con-
centrations. With the suitable concentration range and wave-
length identified, the following procedure was employed.

For each kinetic experiment, first a 1 mL aliquot from each
freshly made 3×10-3M solution of compounds 1 and 3 in 1, 2-
dichloroethane was pipetted into a quartz cell, and then a 1 mL
aliquot of the 3×10-3 M of solution of reactant 2c was added
to the mixture, keeping the temperature at 12.0 °C. The
reaction kinetics was followed by plotting UV absorbance
against time. Figure 8 shows the absorbance change (dotted
line) versus time for the 1:1:1 addition reaction between com-
pounds 1, 2c and 3 at 12.0 °C. The infinity absorbance (A∞)

Fig. 6 The UV spectrum of 10-3 M benzhydrazide 3 in 1, 2-
dichloroethan

Fig. 7 i The UV spectra of the
reaction between 1, 2c and 3
with 10-3 M concentration of
each compound as reaction
proceeds in 1, 2-dichloroethane
with 10 mm light-path cell for
generation of ylide 4c. j Ex-
panded section of UV spectra
one the wavelength range 300-
380 nm

Fig. 8 The experimental absorbance changes (dotted line) against time
at 330 nm for the reaction between compounds 1, 2c and 3 at12.0 °C in
1,2-dichloroethane
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that is the absorbance at reaction completion, can be obtained
from Fig. 8 at t 0132 min.With respect to this value, zero, first
or second curve fitting could be drawn automatically for the
reaction by the software [30, 31] associated with the UV
instrument. Using the original experimental absorbance ver-
sus time data provided a second-order fit curve (full line) that
fits exactly the experimental curve (dotted line) as shown in
Fig. 9. Thus, the reaction between triphenylphosphine 1, di-
tert-butyl acetylenedicarboxylate 2c and 3 follows second-
order kinetics. The second-order rate constant (k2) is then
automatically calculated using a standard equation [31] within
the program at 12.0 °C. It is reported in Table 1.

Furthermore, kinetic studies were carried out using the
same concentration of each reactant in the continuation of
experiments with concentrations of 5×10-3 M and 7×10-3 M
respectively. As expected, the second-order rate constant
was independent of concentration and its value was the
same as in the previous experiment. In addition, the overall
order of reaction was also 2.

Effect of solvents and temperature

To determine the effect of change in temperature and solvent
environment on the rate of reaction, it was elected to perform
various experiments at different temperatures and solvent
polarities but otherwise under the same conditions as for the
previous experiment. For this purpose, ethyl acetate with six
dielectric constant was chosen as a suitable solvent since it not
only could dissolve all compounds but also did not react with
them. The effects of solvents and temperature on the rate
constant are given in Table 1. The results show that the rate
of reaction in each case was increased at higher temperature.
In addition, the rate of reaction between 1, 2c and 3 was
accelerated in a higher dielectric constant environment (1, 2-

dichloroethane) in comparison with a lower dielectric constant
environment (ethyl acetate) at all temperatures investigated. In
the temperature range studied, the dependence of the second-
order rate constant (Ln k2) of the reactions on reciprocal
temperature is consistent with the Arrhenius equation, giving
activation energy of the reaction between 1, 2c and 3
(26.0 kJ mol-1) from the slope of Fig. 10.

Effect of concentration

To determine reaction order with respect to triphenylphos-
phine 1 and dialkyl acetylene-dicarboxylate 2 (2c), in the
continuation of experiments, all kinetic studies were carried
out in the presence of excess 3. Under this condition, the
rate equation may therefore be expressed as:

rate ¼ kobs 1½ �a 2½ �b kobs ¼ k2 3½ �g or Lnkobs
¼ Lnk2 þ gLn½3�: ð1Þ

In this case (3×10-2 M of 3 instead of 3×10-3 M) using the
original experimental absorbance versus time data provides
a second order fit curve (full line) against time at 330 nm
which exactly fits the experimental curve. The value of rate
constant was the same as that obtained from the previous
experiment (3×10-3 M). Repetition of the experiments with
5×10-2 M and 7×10-2 M of 3 gave, separately, the same fit
curve and rate constant. In fact, the experimental data indi-
cated that the observed pseudo second order rate constant
(kobs) was equal to the second order rate constant (k2), this is
possible when γ is zero in Eq. 1. It appears, therefore, that
the reaction is zero and second order with respect to 3 (NH-
acid) and the sum of 1 and 2 (2c) (α + β02), respectively.

To determine reaction order with respect to dialkyl ace-
tylenedicarboxlated (2c), the continuation of experiment
was performed in the presence of excess of 1. Under this
condition, the rate equation may therefore be expressed as:

rate¼k 0obs 2½ �b 3½ �g ; k 0obs¼k2 1½ �a: ð2Þ

Fig. 9 Second order fit curve (full line) accompanied by the original
experimental curve (dotted line) for the reaction between compounds
1, 2c and 3 at 330 nm and12.0 °C in 1,2-dichloroethane

Fig. 10 Dependence of second order rate constant (Ln k2) on recipro-
cal temperature for the reaction between compounds 1, 2c and 3
measured at wavelength 330 nm in 1,2-dichloroethane in accordance
with Arrhenius equation
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The original experimental absorbance versus time data pro-
vide a pseudo first order fit curve at 330 nm, which exactly
fits the experimental curve (dotted line) as shown in Fig. 11.

As a result since γ00 (as determined previously), it is
reasonable to accept that the reaction is first order with respect
to compound 2c (β 0 1). Because the overall order of reaction
is 2 (α + β + γ02) it is obvious that α01 and order of
triphenylphosphine must be equal to one. This observation
was obtained also for reactions between (1, 2b and 3) and (1,
2a and 3). Based on the above results, a simplified proposed
reaction mechanism is shown in Fig. 3.

The experimental results indicate that the third step (rate
constant k3) is possibly fast. In contrast, it may be assumed
that the third step is the rate determining step for the pro-
posed mechanism. In this case the rate law can be expressed
as follows:

rate ¼ k3½I1�½3�: ð3Þ
The steady state assumption can be employed for [I1] which
is generated by the following equation:

½I1� ¼ k2½1�½2�
k�2 þ k3½3� : ð4Þ

The value of [I1] can be replaced in Eq. 3 to obtain this
equation:

rate ¼ k2k3½1�½2�½3�
k�2 þ k3½3� : ð5Þ

Since it was assumed that k3 is relevant to the rate determining
step, it is reasonable to make the following assumption:

k�2 >> k3 3½ �: ð6Þ

So the rate low becomes:

rate ¼ k2k3½1�½2�½3�
k�2

: ð7Þ

The final equation is indicates that overall order of reaction is
three which is not compatible with experimental overall order
of reaction (0 two). In addition, according to this equation, the
order of reaction with respect to benzhydrazide 3 is one,
whereas it was actually shown to be equal to zero. For this
reason, it appeared that the third step is fast. If we assume that
the fourth step (rate constant k4) is the rate-determining step
for the proposed mechanism, on experimental study in this
case, there are two ionic species to consider in the rate deter-
mining step, namely phosphonium ion (I2) and benzhydrazide
ion (Z-). The phosphonium and benzhydrazide ions, as we see
in Fig. 3, have full positive and negative charges and form
very powerful ion- dipole bonds to the 1,2-dichloroethane, the
high dielectric constant solvent. However, the transition state
for the reaction between two ions carries a dispersed charge,
which here is divided between the attacking benzhydrazide
and the phosphonium ions. Bonding of solvent (1, 2-
dichloroethane) to this dispersed charge would be much
weaker than to the concentrated charge of benzhydrazide
and phosphonium ions. The solvent thus stabilize the species
ions more than it would the transition state, and therefore Ea
would be higher, slowing down the reaction. However, in
practice, 1, 2-dichloroethane speeds up the reaction and for
this reason, the fourth step, which is independent of the
change in the solvent medium, could not be the rate determin-
ing step. Furthermore, the rate law of formation of the product
(fourth step) for a proposed reaction mechanism with appli-
cation of steady state assumption can be expressed by:

rate ¼ k4 I2½ � Z�½ �: ð8Þ
By application of steady state for [I2] and [Z-], and replace-
ment of their values in the above equation, the following
equation is obtained:

rate ¼ k2k3½1�½2�½3�
k�2 þ k3½3� : ð9Þ

This equation is independent of rate constant for the fourth
step (k4) and shows why the fourth step would not be affected

Table 3 Values of overall second order rate constant for the reaction
between 1, 2b and 3 in the presence of solvents such as ethyl acetate
and 1, 2-dichloroethane respectively at all temperatures investigated

Solvent ε k2. M
-1.min-1

12.0 °C 17.0 °C 22.0 °C 27.0 °C

Ethyl acetate 6 267.8 335.6 397.4 445.8

1,2-dichloroethane 10 735.0 812.4 897.8 1006

Fig. 11 Pseudo first order fit curve (full line) for the reaction between
1 and 3 in the presence of excess 1 (10-2 M) at 330 nm and12.0 °C in 1,
2-dichloroethane
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by a change in the solvent medium. In addition, it has been
suggested earlier that the kinetics of ionic species' phenomena
(e.g., the fourth step) are very fast [32]. If the first step (rate
constant k2) were the rate determining step, in this case, two
reactants (triphenylphosphine 1 and dialkyl acetylenedicar-
boxylate 2), as we see in Fig. 3, have no charge and could
not form strong ion-dipole bonds to the high dielectric con-
stant solvent, 1, 2-dichloroethane. However, the transition
state carries a dispersed charge which here is divided between
the attacking 1 and 2 and, hence, bonding of solvent to this
dispersed charge is much stronger than the reactants, which
lack charge. The solvent thus stabilizes the transition state
more than it does the reactants and, therefore, Ea is reduced
which speeds up the reaction. Our experimental results show
that the solvent with higher dielectric constant exerts a pow-
erful effect on the rate of reaction (in fact, the first step has rate
constant k2 in the proposed mechanism) but the opposite
occurs with the solvent of lower dielectric constant, (see
Tables 1, 3 and 4). The results of the current work (effects of
solvent and concentration of compounds) have provided use-
ful evidence for steps 1 (k2), 3 (k3) and 4 (k4) of the reactions
between triphenylphosphine 1, dialkyl acetylenedicarboxylate
2 (2a, 2b or 2c) and benzhydrazide 3. Two steps involving 3
and 4 are not rate-determining steps, although the discussed
effects, taken altogether, are compatible with the first step (k2)
of the proposed mechanism and would allow it to be the rate-
determining step in our experimental study. However, a good
kinetic description of the experimental result using a mecha-
nistic scheme based upon the steady state approximation is
frequently taken as evidence of its validity. By application of
this, the rate formation of product 4 from the reaction mech-
anism (Fig. 3) is given by:

d½4�
dt

¼ d½ylide�
dt

¼ rate ¼ k4½I2�½Z��: ð10Þ

We can apply the steady-state approximation to [I1] and [I2];

d½I1�
dt

¼ k2½1�½2� � k�2½I1� � k3½I1�½3�

d½I2�
dt

¼ k3½I1�½3� � k�4½I2� � k4½I2�½Z��:

ð11Þ

To obtain a suitable expression for [I2] to put into Eq. 10 we
can assume that, after an initial brief period, the concentration
of [I1] and [I2] achieve a steady state with their rates of
formation and rates of disappearance just balanced. Therefore
d½I1�
dt and d½I2�

dt are zero and we can obtain expressions for [I2]
and [I1] as follows:

d I2½ �
dt

¼ 0; ½I2� ¼ k3½I1�½3�
k4½Z�� ð12Þ

d I1½ �
dt

¼ 0; ½I1� ¼ k2½1�½2�
k�2 þ k3½3� : ð13Þ

We can now replace [I1] in Eq. 12 to obtain this equation:

½I2� ¼ k2k3½1�½2�½3�
k4½Z�� k�2 þ k3½3�½ � : ð14Þ

Table 4 The values of overall second order rate constant for the
reaction between 1, 2a and 3 in the presence of solvents such as, ethyl
acetate and 1, 2-dichloroethane respectively at all temperatures
investigated

Solvent ε k2. M
-1.min-1

12.0 °C 17.0 °C 22.0 °C 27.0 °C

Ethyl acetate 6 348.0 429.5 473.4 547.0

1,2-dichloroethane 10 1288.9 1290.9 1360.5 1458.2

Table 5 The activation parameters involving ΔG#, ΔS# and ΔH# for
the reactions between 1, 2a and 3, 1, 2b and 3 and also 1, 2c and 3 at
12.0 °C in 1, 2-dicholoroethane

Reactions ΔG#(kJ.mol-1) ΔH#(kJ.mol-1) ΔS#(J.mol-1.K-1)

1, 2a and 3 102.46 9.26 -326.87

1, 2b and 3 103.27 11.86 -320.58

1, 2c and 3 106.60 36.76 -244.95

Fig. 12 Second order fit curve (full line) accompanied by the original
experimental curve (dotted line) for the reaction between compounds
1, 2b and 3 at 330 nm and 12.0 °C in 1,2-dichloroethane

Fig. 13 Second order fit curve (full line) accompanied by the original
experimental curve (dotted line) for the reaction between compounds
1, 2a and 3 at 330 nm and 12.0 °C in 1,2-dichloroethane
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The value of [I2] can be put into Eq. 10 to obtain the rate
Eq. 15 for proposed mechanism:

rate ¼ k2k3k4½1�½2�½3�½Z��
k4½N�� k�2 þ k3½3�½ � or

rate ¼ k2k3½1�½2�½3�
k�2 þ k3½3�½ � :

ð15Þ

Since experimental data indicated that steps 3 (k3) and 4 (k4)
are fast but step 1 (k2) is slow, it is therefore reasonable to
make the following assumption:

k3 3½ � >> k�2: ð16Þ

So the rate equation becomes:

rate ¼ k2½1�½2�: ð17Þ

This equation which was obtained from a mechanistic
scheme (shown in Fig. 3) by applying the steady-state
approximation is compatible with the results obtained by
UV spectrophotometery. With respect to the Eq. 17 that is
overall reaction rate (Fig. 1), the activation parameters in-
volvingΔG#,ΔS# andΔH# could be now calculated for the
first step (rate determining step), as an elementary reaction,
on the basis of Eyring equation. The results are reported in
Table 5.

Fig. 14 Speculative proposed mechanism 1 involving three steps for generation of ylide 4
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Further kinetic investigations

Effect of structure of dialkyl acetylenedicarboxylates

To confirm the above observations, further experiments
were performed with diethyl acetylenedicarboxylate 2b
and dimethyl acetylenedicarboxylate 2a, respectively, under
the same conditions used in the previous experiments. The
values of the second-order rate constant (k2) for the reac-
tions between (1, 2b and 3) and (1, 2a and 3) are reported in
Tables 3 and 4, respectively for all solvents and temper-
atures investigated. The original experimental absorbance
curves (dotted line) accompanied by the second order fit
curves (full line), which exactly fit experimental curves
(dotted line) (Figs. 12 and 13) confirm the previous obser-
vations again for both reactions at 12.0 °C and 330 nm.

As can be seen from Tables 3 and 4 the behavior of
diethyl acetylenedicarboxylate 2b and dimethyl acetylene-
dicarboxylate 2a is the same as for the di-tert-butyl acetyle-
nedicarboxylate 2c (Table 1) with respect to the reaction
with triphenylphosphine 1 and benzhydrazide 3. The rate of
the former reactions was also accelerated in a higher dielec-
tric constant environment and with higher temperatures;
however, these rates of the former reactions under the same
condition (12.0 °C) are approximately 14.00 to 9.00 times
more than for the reaction with di-tert-butyl acetylenedicar-
boxylate 2c (see Tables 1, 3 and 4). It seems that both
inductive and steric factors for the bulky alkyl groups in
2c tend to reduce the overall reaction rate (see Eq. 17). In the
case of dimetyl acetylenedicarboxylate 2a, the lower steric

and inductive effects of the dimethyl groups exert a power-
ful effect on the rate of reaction.

Theoretical kinetic studies

A typical organic reaction proceeds in a special mechanism.
There may be many proposed mechanisms for a typical
organic reaction. Experimental methods have many instru-
mental limitations such as trapping the intermediates or
transition states (TSs) in confirming the mechanism that
reactions proceeded from it. Computational methods can
make confirming the mechanism eases cheaper and exacter.
For this reaction, three speculative mechanisms were theo-
retically investigated for the reaction between triphenyl-
phosphine (TPP), dimethyl acetylenedicarboxylate in the
presence of N-H acid such as benzhydrazide in the gas
phase in order to confirm a better understanding of a desired

Fig. 15 The potential energy profile of the step1-1 in mechanism 1
at HF/6-31 G(d,p) [33] level with extra 6-31 + G(3df,3pd) basis
set for P atom

Table 6 The first stretching frequency for all species in mechanism 1
at HF/6-31 G(d,p) level of theory

Species First stretching frequency

dimethyl acetylenedicarboxylate (DMAD) 30.88

Triphenylphosphine (TPP) 29.78

N-H acids benzohydrazide 64.41

ylide 4 13.23

intermediate I1 16.14

intermediate I2 18.03

TS1 -218.08

TS2 -1515.82

Fig. 16 Energy profile for second step of mechanism 1 at HF/6-31 G
(d,p) [33] with extra 6-31 + G(3df,3pd) basis set for P atom. When the
H atom of bezohydrazide is gradually brought near to the carbanion
(Cz) of intermediate I for generation of intermediate 2
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mechanism in comparison with the speculative experimental
mechanism.

Computational methods

The geometries of the reactions, products, intermediate (I) and
transition states (TS) involved in the reaction were optimized
at the HF/6-31 G(d,p) [33, 34] (with extra 6-31+G(3df,3pd)
basis set for P atom) level of theory. Harmonic vibrational
frequencies were obtained for the verification of the optimized
geometries at HF/6-31 G(d,p) with extra bases set at HF/6-31
+G(3df,3pd) for phosphorus atom. Transition states were
characterized by one imaginary vibrational frequency. A
higher level of electronic correlation method, B3LYP/6-311
++G(d,p) [35, 36], is employed in the single-point energy
calculation to improve the accuracy of energetic information
on the minimum energy path (MEP). All calculations were
performed with the GAMESS program [37].

Theoretical investigations for the speculative proposed
mechanism 1

Speculative theoretical proposed mechanism 1 is the same,
in a joint experimental proposed mechanism (Fig. 3) and
shown in Fig. 14. In the first step1-1 of mechanism 1

(Fig. 14), the concerted reaction is initiated with Cy-Cz bond
cleavage and Px-Cy bond formation. The first transition state
(TS1-1, see Fig. 15) has a breaking Cy-Cz bond distance of
1.24 angstrom and a forming Px-Cy bond distance of 2.31
angstrom. The calculated vibration frequencies at HF/6-
31 G(d,p) level which have been listed in Table 6 show that
TPP, dimethy acetylendicarboxylate (DMAD) and dipolar
phosphonium ion (I1) are true minimum points.

It should be noted here that TS1 optimized at HF/6-31 G
(d,p) level and calculated imaginary frequency (218i)
implies that TS1-4 is a transition state.

In the second step1-2 of mechanism 1, the concerted reac-
tion occurs with the Cz-H bond formation between dipole
phosphonium ion (I1) and benzhydrazide for generation of
another intermediate namely phosphonium (I2). The second
transition state (TS1-2, see Fig. 16) has a forming Cz-H bond
distance of 1.29 angstrom. Herein, TS1-2 showed one imagi-
nary frequency at 1516i cm-1 (see Table 6).

In the third step1-3 of mechanism 1 (k4), the concerted
reaction is started between two species ions namely phospho-
nium ion (I2) and benzhydrazide ion for generating ylide 4. In
this step, we could not find any TS in spite of numerous
attempts due to the kinetics of ionic species phenomena are
very fast, Herein, two species ions (phosphonium and benz-
hydrazideions) participate to generate the ylide 4. Activation
energy for the each step of mechanism 1 is 27.90 (k2), 26.62
(k3) and 0.0 (k4) kcal mol-1, respectively. For the title reaction
the total potential energy profile is shown in Fig. 17.

Activation parameters involving ΔG≠, ΔH≠ and ΔS≠

were calculated for each step of mechanism 1fn1 that is
shown in Table 7.

Subsequently, rate constants and activation energy were
obtained from the Eyring equationfn2 that is accumulated in
Table 8.

Fig. 17 The total potential surface of title reaction on the basis of speculative mechanism 1 at the HF/6-31 G(d,p) level of theory

Table 7 The activation parameters involving ΔG≠, ΔS≠and ΔH≠ for
each step of mechanism 1

ΔG#
I 1.277×3105 ΔH#

I 7.589×104 ΔS#I 1.736×102

ΔG#
III 1.265×105 ΔH#

III 5.113×104 ΔS#III -2.527×102

ΔG#
IV -1.952×105 ΔH#

IV -5.333×105 ΔS#IV -1.134×101

ΔG#
total -4.233×104 ΔH#

total -1.701×105 ΔS#total -4.284×102
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Theoretical investigations for the speculative proposed
mechanism 2

The first step of speculative mechanisms 1 and 2 is the
same. In the second step2-2 (shown in Fig. 18, step2-2), the
concerted reaction is initiated with N1-H bond cleavage and
the two H-Ow and N1-Cz bonds formation while passing
through a second transition state (TS2-2) on the basis of five-
member ring geometry for generation of intermediate 2 (I2).

The transition state (TS2-2) has a breaking N1-H distance
of 1.07 angstrom, a forming H-Ow bond distance of 1.53
and a forming N1-Cz bond distance of 1.50 angstrom for
generation of intermediate I2. Imaginary frequency (1740i)
implies that TS2-2 is a transition state.

In the third step of mechanism 2, intermediate I2 is
converted to the phosphorus ylide 4 while passing through
a third transition state (TS2-3) containing four-member ring.
Imaginary frequency (1345i) implies that TS2-3 is a transi-
tion state. Herein, concerted reaction is preceded with Cz-C
double bond and Ow-H single bond cleavage along with the
two C-Ow double bond and Cz-H single bond formation.
Activation energy for the steps of mechanism 2 involving
first TS2-1(0TS1-1), second TS2-2 and third TS2-3 were
obtained according to the same calculations that have been
employed for mechanism 1. They are 27.90 (k2), 19.59 (k3)
and 60.27 (k4) kcal mol-1, respectively.

Theoretical investigation for the speculative proposed
mechanism 3

The first step of mechanism 3 (step 3-1) is the same as the
first steps of mechanisms 1 and 2 (step1-1 and step2-1,
respectively).

In the second step (step3-2, Fig. 19), intermediate I1 and
benzhydrazide with a concerted reaction, pass-through a
second transition state (TS3-2) involving three-member ring
along with N1-H bond cleavage and the two H-Cz and N1-Cz

Fig. 18 Speculative proposed mechanism 2 involving three steps for generation of ylide 4

Table 8 The rate contestant (k) and activation energy for each step of
mechanism 1

Rate contestant
J .mol-1

Activation energy
J .mol-1

Steps of
mechanism 1

k200.67×10
-6 Ea207.8×10

4 1

k -202.05×10
-6 Ea-200.11×10

4 2

k301.08×10
-6 Ea305.4×10

4 3
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bonds formation, instantaneously. Imaginary frequency
(1574i cm-1) implies that TS3-2 is a transition state. Activa-
tion energy for the two steps of mechanism 3 is 27.90 (k2)
and 33.63 (k3) kcal mol-1, respectively.

As can be seen, speculative theoretical mechanism 1 was
exactly the same as the experimentally proposed kinetic
mechanism and can be accepted for the following reasons;

1) First step is rate determining step (Table 8) that is
compatible with the first step of experimental kinetic
mechanism

2) Also third step (k3) is a fast step and it is in a good
agreement with the experimental kinetic mechanism. In
speculative mechanism 3, secound step (k3) is rate
determining step which is not consistent with the ex-
perimental results that emphasize on the first step (k2) as
a rate determining step. Mechanism 2 with high activa-
tion energy (60 kcal mol-1) in relation to mechanism 1
and 3 is not a rationale suggestion.

Conclusions

Briefly, we have prepared novel phosphorus ylides as
hydrazide derivatives with potential peroxidase inhibitors
using a one-step reaction between triphenylphosphine 1
and dialkyl acetylenedicarboxylates 2 (2a, 2b or 2c) in the
presence of strong NH- acids such as benzhydrazide 3. The
present method, carries the advantage that, not only is the
reaction performed under neutral conditions, but also the
substances can be mixed without any activation or modifi-
cations. The benzhydrazide -containing phosphorus ylides 4

(4a, 4b or 4c) may be considered as potentially useful
synthetic intermediates. It seems that the procedure de-
scribed here may be employed as an acceptable method
for the preparation of phosphoranes with variable func-
tionalities. In addition, kinetic investigation of these reac-
tions was undertaken by UV. Under the same condi-
tions, activation energy of the reaction with di-tert-
butylacetylenedicarboxylate 2c (26.0 kJ mol-1) was higher
than the two reactions which were followed by the diethyl
acetylenedicarboxylate 2b (15.1 kJ mol-1) and dimethyl
acetylenedicarboxylate 2a (10.8 kJ mol-1) in 1,2-dichloro-
ethane. 5. The rate of all reactions were increased in media
of higher dielectric constant solvent, this can be related to
differences in stabilization of the reactants and the activated
complex in transition state by solvent. 6. The more satiric
factor in bulky alkyl groups accompanied by its more in-
ductive effect within the structure of dialkyl acetylenedicar-
boxylate would tend to reduce the rate of overall reactions.
7. With respect to the experimental data, first step of exper-
imentally proposed mechanism was recognized as a rate
determining step (k2) and reaction mechanism was con-
firmed based upon the obtained experimental results and
also steady state approximation.

For confirmation of proposed experimental mechanism,
three speculative mechanisms (1, 2 and 3) were proposed
on the basis of theoretical calculations. The results indi-
cated that mechanism 1, that was same as the experimen-
tal mechanism, is the only acceptable mechanism with the
first step (k2) as a rate determining step. Mechanisms 2
and 3 suggested that (k4) and (k3) are rate determining
steps, respectively and are in disagreement with the ex-
perimental results.

Fig. 19 Speculative proposed mechanism 3 consisting of two steps for generation of ylide 4
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