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Abstract:

The flexibility and vast applicability of the Wittig reaction have led to extensive analysis to understand its underlying
mechanism. Applications of the Wittig reaction extend to vitamin syntheses and pharmaceutical production. The general
mechanism follows the reaction of a phosphonium ylide with an aldehyde or ketone to produce an alkene and phosphine
oxide. A phosphonium salt is used to create the ylide, which is formed using a base. In this study, a prototypical
experiment involving 4-(nitrobenzyl) triphenylphosphonium bromide (NBTP) and potassium hydroxide (KOH) was
performed to form the ylide, and the Wittig reaction was initiated via the addition of benzaldehyde. The ylide formed is
red in color, and the mixture decolorized to yield a colorless solution after benzaldehyde addition. The pseudo reaction
order was investigated for the disappearance of the ylide. UV-visible spectroscopy was used to track the progression of
the reaction, which was found to be first-order with respect to the ylide. Characterization of both the ylide and product
was completed using Fourier-transform infrared (FTIR) and Raman spectroscopy.

Keywords: Wittig reaction, kinetics, ylide, Raman spectroscopy, Fourier-transform infrared spectroscopy, UV-visible
spectroscopy

1. Introduction

Known for its wide range of applications and versatility, Although the usefulness of the Wittig reaction has been
the Wittig reaction is used in organic syntheses and  extensively explored, commercial uses for this reaction tend
especially in the manufacturing of vitamins and  to be unsustainable and hazardous, utilizing toxic chemicals
pharmaceuticals [1,2]. The general mechanism consists of a  such as lithium-based solvents. Alternative solvents and the
carbonyl group from an aldehyde or ketone reacting with a  use of water as a medium have been researched. Dambacher
phosphonium ylide to create a mixture of cis- and trans- et al. found that the use of water for a variety of stabilized
alkenes [3]. A phosphonium salt can be used to create the  ylides and aldehydes resulted in faster reaction rates and
ylide, which must be formed using a base. This reaction has  higher product yields when compared to conventional
been used in introductory university organic chemistry  methods [9]. Solvent-free approaches have also been
laboratories to teach students about an important step thatis  investigated using catalysts (e.g., MnO. for doping MgO
present in many syntheses [4,5]. nanocomposites) [10].

The Wittig reaction is typically used as a one-step In this study, we analyzed the reaction between 4-
process within a complex synthesis to create a product. Itis  (nitrobenzyl) triphenylphosphonium bromide (NBTP),
a key step in the synthesis of lavendamycin ethyl ester, a  potassium hydroxide (KOH) and benzaldehyde using
compound known for its antimicrobial and antitumor  ethanol as a solvent. Figure 1 shows the potential
properties [6]. Otero et al. employed the highly  mechanism for this reaction based on the generally accepted
stereoselective nature of the Wittig reaction to synthesize ~ mechanism involving the formation of oxaphosphetane as
retinoids, which are vital for mammal reproduction, cell  the only intermediate. Ylide formation and disappearance
growth, and immune system strength [7]. The Wittig  were tracked using the characteristic red color shown in
reaction is also involved in the synthesis of a-tocopherol,a  Figure 2. When benzaldehyde was added to the solution, the
form of vitamin E known for its antioxidant properties and  color faded, indicating the progression of the reaction.
ability to prevent degenerative neuropathy [8]. Using UV-visible (UV-vis) spectroscopy, we performed a
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kinetic study to determine the pseudo reaction order with
respect to the ylide disappearance for the Wittig reaction in
excess benzaldehyde. Characterization of the formed ylide
and product was completed using Raman spectroscopy and
Fourier-transform infrared (FTIR) spectroscopy.
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Figure 1. Proposed formation of the red ylide using NBTP and KOH
followed by the addition of benzaldehyde to form an alkene and
triphenylphosphine oxide adapted from the mechanism proposed by
Skelton et al. [11] (figure rendered using PerkinElmer Informatics
ChemDraw (20.1)).

Because the Wittig reaction is widely used in the
pharmaceutical industry, understanding of the mechanism
is crucial for the development of new biologic and
chemotherapeutic agents. Current Wittig reactions
employed for pharmaceutical production often include
hazardous reactants, byproducts, and reaction conditions.
To establish green chemistry models for alternate,
environmentally safer processes, a wealth of kinetic data
currently undiscovered must be further investigated. Our
study seeks to characterize common species involved in
Wittig reactions and their kinetic parameters to make way
for future modeling of green alternatives for the use of
Wittig reactions in pharmaceutical manufacturing.
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Figure 2. Reaction progression for 40 min. (a) initial mixing of 0.01 M
KOH and 0.01 M NBTP, (b) NBTP and KOH solution after 20 min, (c)
initial addition of 0.10 M benzaldehyde at 20 min, (d) final solution after
40 min (20 min after adding benzaldehyde).
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2. Materials and Methods

2.1 Sample Preparation

For preparation of a 0.10 M stock NBTP solution, 9.56
mg of NBTP powder was dissolved in 10 mL of 200 proof
anhydrous ethyl alcohol (ethanol) (ACROS, CAS#: 64-17-
5) using a magnetic stir bar and stir plate. The solution was
stirred at 300 rpm without heating for 30 minutes, at which
point the solution was observed to be clear and fully
dissolved. Subsequent serial dilutions of the stock were
utilized for the creation of 10x10° M, 7.50x10° M,
5.00x10% M, 3.75x10 M, and 2.50x10* M NBTP samples.
A stock solution of 0.20 M KOH solution was prepared
similarly by dissolving 111.3 mg of KOH pellets
(GBiosciences, CAS#: 1310-58-3) in 10 mL of ethanol
using a magnetic stir bar and stir plate. This solution was
stirred at 300 rpm without heating until the pellets were
fully dissolved. A serial dilution of 0.01 M KOH solution
was created from the initial stock solution. A working
solution of 0.10 M benzaldehyde was made from a 9.8 M
liquid Benzaldehyde ReagentPlus® (SIGMA-ALDRICH,
CAS#: 100-52-7) stock solution and diluted with ethanol.

2.2 Standard Curve

A standard curve for the ylide was created using a 0.01
M KOH solution with NBTP concentrations of 2.50x10° M,
3.75x10°3M, 5.00x10°M, 7.50x10°M, and 10x10°M. The
NBTP samples were first pipetted in volumes of 50 uL into
a 96-well microplate (Corning Falcon 351172 STERILE R).
Aliquots of 50 pL 0.01 M KOH were added to each well
and data was collected 20 min after the start of each reaction
for the curve. The samples were analyzed using a Tecan
Infinite 200 PRO UV-visible spectrophotometer at the
characteristic wavelength of 515 nm with 2 flashes for 20
min. The calibration curve is displayed in Figure S1.

2.3 Rate Law Investigation

UV-vis spectra were obtained via a Tecan Infinite 200
PRO UV-visible spectrophotometer. The samples were
pipetted in total volumes of 100 uL into a microplate (96
well Corning Falcon 351172 STERILE R), and
measurements were conducted at room temperature in the
range of 400-700 nm with a step size of 5 nm, and 2 flashes.
All absorbance data was recorded using the i-control™
Microplate Reader Software 1.11 (for Infinite reader).

Analysis with UV-vis spectroscopy was performed
using 0.01 M NBTP, 001 M KOH and 0.10 M
benzaldehyde. Triplicate wells were used for each sample
concentration. The NBTP samples were first pipetted in
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volumes of 47.2 uL into the microplate. Following NBTP
addition, KOH samples of 47.2 uL were then added via the
same procedure to each well to initiate ylide formation.
After a period of 20 min, 5.6 pL of 0.10 M benzaldehyde
was pipetted into each well, initiating the formation of the
product. The samples were then analyzed using UV-vis for
20 min after the addition of benzaldehyde in 1 min
increments.

2.4 Characterization

The infrared spectra were obtained with a Nicolet iS50
FTIR spectrometer (Thermo Fisher Scientific) equipped
with an attenuated total reflectance (ATR) accessory. The
samples were contacted with a diamond ATR crystal and
FTIR spectra (32 scans) were collected between 400~4000
cm* with aresolution of 4 cm™. An ethanol background was
used for the ylide, product, and 0.01 M NBTP spectra. An
air background was used for the benzaldehyde stock
solution spectrum.

To prepare the ylide and product samples for FTIR
spectroscopy, 0.01 M NBTP, 0.01 M KOH, and 0.10 M
benzaldehyde solutions (1:1:10 stoichiometric ratio) diluted
in ethanol were used. For each sample, 0.01 M NBTP and
0.01 M KOH were combined in a scintillation vial, which
was capped and stored on the benchtop for 20 min to allow
the solution to reach equilibrium. An ylide absorbance
spectrum was then collected with an ethanol background.
For the product sample, 0.10 M benzaldehyde was added to
the vial. The scintillation vial was then capped and stored
on the benchtop for an additional 20 min, after which an
absorbance spectrum for the alkene product was then
collected.

Near-infrared Raman spectra of samples were obtained
using a Horiba-Jobin XploRATM Raman spectrometer
(785 nm). The exposure and accumulation times were 10
seconds and 20 scans, respectively. The power was set to
25%. Before collecting the Raman spectra of the sample, the
spectrometer was calibrated via silicon material using a
100x objective and a 1200 gr/mm grating. The Raman
spectra were collected in the 200~2000 cm™ Raman shift
region.

Ylide and product samples used for Raman
spectroscopy were prepared with 0.05 M NBTP, 0.05 M
KOH, and 0.5 M benzaldehyde (1:1:10 stoichiometric
ratio). These solutions were prepared by diluting the stock
solutions with ethanol. For each sample, 236 pL of 0.05 M
NBTP and 236 pL of 0.05 M KOH were pipetted into 2 mL
scintillation vials and capped to prevent the evaporation of
ethanol. The solution was kept on the benchtop for 20 min
to allow the ylide to form.
Afterwards, a micropipette was used to move the solution
from one vial to a flat glass dish for the ylide sample. The
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dish was placed in a fume hood to promote the rapid
evaporation of ethanol. For the product sample, after 20 min
on the benchtop, 28 pL of 0.5 M benzaldehyde was added
to the vial, which was capped and left on the benchtop for
another 20 min. After this time, the product sample was
poured into a glass dish and left in the fume hood. Raman
spectra were collected 4 days later.

3. Results and Discussion

3.1 Kinetic Study

The study that prompted our research into this reaction
stemmed from an article produced by Corning Incorporated
[12]. Using UV-vis, we observed that the only peak in the
spectra occurred at 515 nm when NBTP and KOH were
combined to form the ylide. The spectra obtained from the
NBTP, KOH, and benzaldehyde stock solutions did not
show any peaks near 515 nm.

Figure 3 displays the progression of the reaction using
the data reported for Figures 4-6 showing the zero-, first-,
and second-order plots for 0.01 M NBTP, 0.01 M KOH, and
0.10 M benzaldehyde. The reaction seems to be first-order,
as this plot shows the best linearity. Following the
benzaldehyde addition, a period of 3 min was allotted prior
to data collection to allow settling of the samples and
warming of the spectrophotometer. Upon the start of data
collection, absorbance values reflected ~40% conversion of
the ylide into the alkene product.

Absorbance of 0.01 M NBTP, 0.01 M KOH and 0.10 M Benzaldehyde
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Figure 3. UV-visible spectra for the reaction between 0.01 M NBTP,
0.01 M KOH, and 0.10 M benzaldehyde.

3.2 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was used to identify the characteristic vibrational
spectroscopic peaks in the reagents, ylide, and final product.
The spectrum of 0.01 M KOH in ethanol was omitted as it
lacks any characteristic peaks aside from the O-H stretching
between 3000~3500 cm™ [13].
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Figures 4-6. Reaction order plots for the reaction between 0.01 M NBTP,
0.01 M KOH, and 0.10 M benzaldehyde. Ylide formation was allowed to
proceed for 20 min before the addition of benzaldehyde.
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The FTIR spectra of 0.10 M NBTP, the ylide, and the
product were all measured with an ethanol background.
This was done to minimize the intensity of the ethanol
peaks. Since the ethanol was not fully subtracted, some
peaks are still present such as C-O stretching at 1049 cm'?
and 1092 cm?, and C-H bending at 881 cm™ [14]. The
benzaldehyde spectrum has positive absorbance values
since the stock solution measured did not contain ethanol.

Analysis of the FTIR spectra was conducted to compare
the phosphonium ylide to NBTP. The ylide is formed
through reduction of NBTP; therefore, the ylide contains a
carbanion. Due to this minor conformational change in
structure from NBTP to the ylide, the FTIR spectra appear
identical as seen in Figure 7. Although the FTIR data
indicate that this change was not detected, the visual color
change of the solution confirms the ylide formation.
Characteristic peaks shared by the absorbance spectra of
NBTP and the ylide include those associated with bending
and stretching of C-O bonds (1049 cm?,  1090~1092 cm"
! 1375~1377 cm?Y)and C-H bonds (1657-1659 cm?
[aromatic  bending], 2870~2872 cm™, 2924 cm?,
2970~2972 cm?), with an additional peak representing the
nitro group present in both compounds (1348~1350 cm™)
[13,15].

After the ylide formed, benzaldehyde was added to
create the alkene product. As seen in Figure 7, two
characteristic peaks present in the benzaldehyde spectrum
are absent in the product spectrum. The peak at ~1696 cm™
corresponds to C=0 stretching, which is found in the
benzaldehyde structure only [16]. Another characteristic
peak found only in the benzaldehyde spectrum is at ~1203
cm-! corresponding to both aldehydic C-H bending and C=C
stretching [16]. A peak at ~1348 cm™ is found in the product
but not in the benzaldehyde spectrum and corresponds to the
nitro group present in the product [13].

3.3 Raman Spectroscopy

Following the procedures described in the experimental
section, we prepared the ylide and product. These samples,
along with samples of the reagents used, were excited with
a 785 nm laser to collect the Raman spectra (Figure 8). In
the 200~2000 cm™ region, it is easily observed that KOH
did not show any distinguishable peaks. Peaks that were
unique to benzaldehyde include those at 439 cm?, 829 cm-
1 and 1594 cm, corresponding to C4C7/CsCy stretching or
C.C3C4 bending within the phenyl ring, C4C- stretching or
C1C,Cs bending, and C-C stretching within the phenyl ring
[17,18]. All samples except for KOH displayed peaks from
615~617 cm™, corresponding to bending of the phenol
groups [19].
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Figure 7. FTIR spectra of the final product, benzaldehyde stock solution (BA), ylide, and 0.01 M NBTP.
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Peaks at 255 and 685 cm™* are present for the product,
ylide, and NBTP. These peaks are assigned to C-P-C
deformation and C-P stretching, respectively [20,19]. The
product, ylide, and NBTP show peaks at 1028~1029 and
1588~1590 cm?, displaying deformation vibration of C-H
on phenyl [19] and C-C or C-N stretching [20], respectively.
Additionally, there are peaks present in the region of
997~1002 cm; however, these peaks are difficult to
characterize as the NBTP spectrum clearly shows two peaks
in this region. These peaks may be the result of the skeletal
vibration mode of the aromatic carbon atoms [19,21]. In the
1300~1380 cm™ region, a strong peak is present at 1347 cm
Lin the NBTP spectrum while relatively weak peaks are
shown at 1344 cm for the product and ylide. The shift may
be due to vibrations in aromatic moieties of NBTP [20]. No
peaks were observed that correlated to C=C in the alkene
product spectrum.

3.4 Discussion

From Figures 7 and 8, it is apparent that the FTIR and
Raman spectra for both the product and ylide are similar.
We believe this may result from several causes, including
low yield of ylide and product samples due to low reagent
concentrations and the structural similarity of the species.

Cis-alkene formations lack a characteristic peak due to
probable overlap of the alkene peaks with those of the cis
double bonds within the ring structures of the reagents and
ylide. Characteristic peaks of the product that would help
distinguish between the two species would be the P=0 bond
in the triphenylphosphine oxide and the trans-alkene bond.
P=0 stretching is typically present at ~1191 cm™ and
between 1250-1350 cm™ in FTIR spectra [14,22,23].
Further, for a trans-alkene, trans C-H out-of-plane bending
is found between 960-970 cm™ and the double bond has
characteristic peaks at 990 cm™ and 775 cm™ [14,24,25]. In
the Raman spectra, C=C stretching should be seen around
1670 cm™ [26,27].

Though it may be difficult to recognize product
formation in the FTIR and Raman spectra, based on the
kinetic data it is evident that the ylide was converted into
the product as the absorbance values in Figure 3 decrease
over time, indicating disappearance of the ylide. In order to
confirm the structure of the alkene bond and further
characterize the ylide and product, future work with H-
NMR is strongly encouraged. The use of *H-NMR may be
used to distinguish the nature of the alkene bond formed.

4. Conclusion

In this study, characterization of fundamental Wittig
reagents, a phosphonium ylide, and the final product are
reported for a standard Wittig reaction involving NBTP,
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KOH, and benzaldehyde in anhydrous ethanol. Subsequent
reaction order investigations were performed, suggesting a
first-order rate law for the disappearance of the ylide. To
our knowledge, this is the first reported study characterizing
a Wittig reaction using these reagents.

It is the authors’ hope that this can serve as a basis for
future work and modeling for greener Wittig alternatives.
Verification of cis- and trans-alkene product yields via *H-
NMR analysis and potential applications of the alkene
product synthesized from the reported reaction between
NBTP, benzaldehyde, and KOH should be explored.
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Figure S1. Calibration curve used for kinetic study. 0.01 M KOH was
used with various concentrations of NBTP. Error bars are shown using
the standard deviation found from the replicate wells.



