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Solid-phase Mitsunobu reaction is very useful in organic and parallel synthesis. In this work, we optimize
the solid-phase Mitsunobu esterification and etherification reactions and investigated their kinetics by single-
bead FTIR microspectroscopy method. Thirteen solid-phase Mitsunobu esterification reactions proceeded
at rates between 2.5 × 10-3 and 19 × 10-3 s-1, while five etherification reactions at generally slower rates
between 3.3 × 10-3 and 8.9 × 10-3 s-1. We discovered that reaction rates, as in solution phase Mitsunobu
reactions, linearly correlated to pKa values of acids and phenols used in the reaction. By studying side
reactions and intermediates, we found that the solid-phase reaction mechanism also bears remarkable
similarities to that of solution phase Mitsunobu reaction.

Introduction

In the past 15 years, solid-phase organic synthesis (SPOS)1

has played an indispensable role in combinatorial or diversity-
oriented synthesis.2 In recent surveys, SPOS accounts for
nearly half of the compound libraries synthesized.2a-d New
solution phase reactions are now actively investigated to
transfer them to solid phase. However, optimization of solid-
phase reaction conditions is not a trivial task. We have been
engaged in such optimizations including studying reaction
kinetics,3a-c key reaction steps,3e,f and real-time monitoring
of the reaction progression3a,g,11 using single-bead FTIR
microspectroscopy3 (single-bead IR) and other analytical
techniques.3h

In solution, the Mitsunobu reaction4 has gained wide
acceptance in organic synthesis because of its effectiveness
and versatility. This mild reaction converts a hydroxyl group
into a potent leaving group that is able to be displaced by a
wide variety of nucleophiles. However, the purification of
reaction products from reagents and byproducts remains a
major challenge.5 Solid-phase Mitsunobu reaction6-10 has
also been applied in libraries synthesis. We noticed that the
reaction conditions employed in those syntheses are not
consistent and the kinetics and mechanism of solid-phase
Mitsunobu reaction have not been reported. As part of our
efforts to optimize SPOS, we set to investigate solid-phase
Mitsunobu reaction kinetics and optimize the reaction
conditions. We aimed to investigate the effects of various
reaction conditions on the reaction kinetics, intermediates,
and side reactions, not focus on cleaving the final products
in the current study. To simplify the procedures, we skipped

the linker step and directly used Wang resin as an alcohol
reactant for such investigations. We found that resin-
supported Mitsunobu esterification reactions proceed faster
than etherification reactions and the rate constants depended
on pKa of acids and phenols. Similarities between solid-phase
and solution-phase Mitsunobu reactions were revealed by
their common intermediate, side reactions, and reactant pKa

dependence.

Results and Discussion

Model Esterification Reaction. We first investigated a
reaction between Wang resin and benzoic acid (2a in Table
1) (Scheme 1) to select the reaction solvent, test the order
of reagents addition, and optimize the reagent excess ratio.
We selected CH2Cl2 as the reaction solvent for its good resin
swollen property and optimal reaction rate after testing nine
solvents (benzene, DMF, THF, CH2Cl2, CHCl3, DMAC,
DMSO, dioxane, pyridine). Different reagent addition orders
were compared. The optimized protocol was to add com-
pound 2a to the swollen resin, followed by the addition of
mixture of DIAD and Ph3P. The reagent ratio was also
compared. The optimum reagent excess was 10 equiv of acid,
DIAD, and Ph3P. The whole reaction mixture was stirred
on an orbital shaker, and a drop of resin at various times
was taken for analysis of the product conversion.

We used single-bead FTIR microspectroscopy to in-
vestigate the reaction time course on solid support. Despite
typical polystyrene bands are evident in IR spectra, the
distinctive band from the starting resin (3300 cm-1) and
the product (1718 cm-1) are observed. An increasing IR
peak at 1718 cm-1 indicated the formation of the product
while the band at 3300 cm-1 from the starting alcohol
(Wang resin) decreased as the reaction proceeded. FTIR
spectra showing starting resin/product conversion at
various times during the reaction are plotted in Figure 1
(A). The peak areas of the ester and alcohol bands at
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various times were integrated and the ratio of these peak
areas to the peak area of an internal reference peak from
polystyrene resin at 1947 cm-1 was calculated and plotted
against time. The kinetics data for solid-phase Mitsunobu
reaction were fitted well to a pseudo-first-order3b,g,11d

reaction rate equation (Figure 1B). The synthesis reached
completion in 10 min. The depletion of alcohol and the
formation of ester proceeded at a similar rate (7.83 and

7.91 × 10-3 s-1) suggesting that there was no detectable
side reactions.

Kinetics of Esterification Reactions. When the reaction
conditions obtained above were applied, twelve carboxylic
acids with electron-withdrawing, electron-donating, and
sterically hindered functional groups were studied in solid-
phase Mitsunobu reaction. FTIR spectra from these twelve
reactions are shown in Figure 2. Peak area integration and

Table 1. Summary of IR Characteristics and Rate Constants

a Note: pKa (H2O) values were obtained by experimental14 methods. b Note: pKa (H2O) values were obtained by calculated15 methods.

Scheme 1. Reaction between Wang Resin and Acid
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Figure 1. (A) Single-bead FTIR spectra showing the starting resin/product conversion at various times during the reaction. (B) The ratio
of starting resin (b) and product (O) peak areas to the peak area of the internal reference band from the resin at 1947 cm-1 was plotted
against time. The line represents the best fit following a pseudo-first-order reaction rate equation with rate constants listed.

Figure 2. IR spectra showing 2b-m to 3b-m conversion at various times during the reaction.
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kinetics analysis were carried out in the same way as in
the model reaction study. The time courses of all reactions
and the curve-fit results are shown in Figure 3, and the
kinetics results are listed in Table 1.

To establish the relationship between pKa values and
reaction rates, we obtained experimental pKa values from
literature or calculated other values using SciTegic Pipeline
Pilot (Accelrys, San Diego, CA). Kinetics analysis results
showed that the acids with electron-withdrawing groups
(therefore lower pKa) such as NO2, Cl, and F reacted faster
(Table 1). For example, the pKa value of ClCH2COOH (2e)
is 2.87 and CH3COOH (2l) is 4.76, and the rate constant for
ClCH2COOH is 7 times higher than that of CH3COOH. The
acids with electron-donating groups such as NH2 reacted
slower.

A plot of pKa (H2O) values14,15 of acids versus the rate
constants (Figure 4) shows a linear relationship. The regres-
sion coefficient is 0.953. An outlier was 2f that reacted slowly
probably caused by the steric hindrance in this molecule.
Reactant 2i also has similar steric hindrance as 2f. However,
because of its electronic properties, it is a weaker acid, and
therefore, its slower reaction rate followed the linear trend
of the pKa-k correlation. The rate-determining step of the
Mitsunobu reaction is an SN2 displacement on the carbon

atom next to the alcohol group by a nucleophile, a carboxy-
late anion. Therefore, stronger acids reacted faster and the
pKa values have a profound effect on the reaction rate as in
solution Mitsunobu reaction.12b

Acids with very low pKa values (pKa 1-3) reacted too
fast to have their kinetics feature differentiated. To better
study their reaction rates, we lowered the reagent excess to
six equivalents of acid, Ph3P and DIAD. Their rate constants
were much better differentiated and the rates also showed a
linear relationship with pKa values (see Supporting Informa-
tion).

Model Etherification Reaction. The Mitsunobu etheri-
fication is also a useful reaction for organic and library
synthesis. First, we used Wang resin and Boc-tyrosine-ester
(4a in Table 2) to optimize the reaction conditions (Scheme
2). CHCl3 was found to be the best reaction solvent for solid
phase Mitsunobu etherification reaction after testing seven
solvents (DMF, THF, CH2Cl2, CHCl3, DMSO, dioxane,
pyridine). The optimized protocol was to add compound 4a
to the swollen resin, followed by the addition of mixture of
DIAD and Ph3P, and the mixture was stirred on an orbital
shaker. The optimum ratio was to use 10 equiv of phenol
and 20 equiv of DIAD and Ph3P.

All phenols used in this study were selected to contain an
extra carbonyl group as a spectroscopic marker so that the
formation of Mitsunobu products can be conveniently
monitored by single bead FTIR microspectroscopy. An
increasing peak at 1744 cm-1 in IR spectra indicated the
formation of the product for the model reaction. FTIR spectra
showing the starting resin/product conversion at various times
during the reaction are shown in Figure 5A. Intensities of
IR bands corresponding to two carbonyl groups (1744 and
1716 cm-1) increased with time and the IR band for the
hydroxyl group (3300 cm-1) from the starting resin de-
creased. The latter was converted to an IR band correspond-
ing to -NH- group (Figure 5A). The synthesis reached
completion in 20 min with a rate constant of 3.97 × 10-3s-1.

Kinetics of Etherification Reactions. When the reaction
conditions obtained in the model reaction studies were applied,
four other etherification reactions were investigated using
phenols with different pKa values. FTIR spectra (Figure 6) and

Figure 3. Time courses of the reactions for 3b-m obtained by integrations of the carbonyl bands. Lines represent their pseudo-first-order
best fit.

Figure 4. Plot of rate constants vs pKa (H2O) values. Acid 2f (0)
showed slower rate because of steric hindrance.
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reaction time courses (Figure 7) were obtained using the same
protocol as above. The summary of IR characteristics and rate
constants is listed in Table 2. Analysis showed that the reaction
rates have a linear relationship with the pKa values of phenols
(Figure 8) demonstrating that the rate of Mitsunobu etherifi-
cation also depends on the acidity of phenols.

Reaction Intermediate and Possible Side Reactions. The
mechanism of Mitsunobu reaction in solution has been

thoroughly investigated.4d,12,16 However, the mechanism on
solid phase, like the reaction kinetics, has not been reported.
In the following, we present some of our observations that
may suggest a plausible reaction mechanism on resin support
(Scheme 3).

After mixing the DIAD-Ph3P adduct with the swollen
resin, we observed double peaks at 1739 and 1712 cm-1 that
are attributed to two different CdO groups in intermediate

Table 2. Summary of IR Characteristics and Rate Constantsa

a Note: pKa (H2O) values were obtained by calculation.15

Scheme 2. Reaction between Wang Resin and Phenols

Figure 5. (A) FTIR spectra showing the starting resin/product conversion at various times during the model reaction. (B) Time course of
the model reaction. The line represents the best fit following a pseudo-first-order reaction rate equation.
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11 (Figure 9A). Another piece of evidence is that IR band
for hydroxyl group at 3310 cm-1 from the starting resin
disappeared, and it was converted to an IR band that could
be attributed to the -NH- group (Figure 9A). Further
supporting evidence is that the nitrogen content of the starting
Wang resin is 0.004% while the adduct 2.66% based on
element analysis. The rate constant for the formation of the
intermediate 11 is 2.29 × 10-3 s-1 (Figure 9B). This suggests
that if there is no acid or phenol when the alcohol is activated,
DIAD will attack the alcohol and form the undesired product
11. Actually, we observed more side product 11 when the
addition of acid was delayed in some of our early experi-
ments. To optimize the product formation and avoid this side
reaction, we added the acid to resins before the addition of
DIAD-Ph3P adduct. This practice seemed to effectively
prevent the side reaction and afford product formation. The

formation of 11 is not surprising because similar adduct has
previously been identified in solution reactions.13

Summary

Solid-phase Mitsunobu reaction is a powerful method in
organic and combinatorial synthesis. In this work, we
optimized solid-phase Mitsunobu esterification and etheri-
fication reactions and generated the first report on their
kinetics investigation. Solid-phase Mitsunobu esterification
reactions proceeded at rates between 2.5 × 10-3 and 19 ×
10-3 s-1, while etherification occurred at generally slower
rates between 3.3 × 10-3 and 8.9 × 10-3 s-1. We discovered
that reaction rates linearly correlated to pKa values of acids
and phenols used in the reaction. The solid-phase reaction
mechanism bears remarkable similarities to the solution-
phase Mitsunobu reaction. We found that the transiently
formed strong leaving group on the alcohol may be under
attack by DIAD if the acids/phenols are not available.
Therefore, early addition of the reactant (acid/phenol) is
essential for high yield and purity of the product. We were
also convinced that swollen resin behaved just like another
reaction solvent17 in its effects on the reaction. The optimized
reaction conditions and the better understanding of
the reaction kinetics and mechanism have provided valuable
information for organic synthesis and combinatorial or
diversity-oriented synthesis on resin supports.

Experimental Section

Materials. Wang resin was purchased from Advanced
ChemTech (Louisville, Kentucky), and reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO). They were used
without further purification. Wang resin was 100-200 mesh
with a loading of 1.26 mmol/g.

General Procedure of Mitsunobu Esterification Reac-
tion. All reactions were performed in 3 mL SPE filtration
tubes. Wang resin (10 mg) was swollen in CH2Cl2 for 20
min and drained. DIAD (10 equiv) in 0.5 mL CH2Cl2, Ph3P
(10 equiv) in 0.5 mL CH2Cl2, and RCOOH (10 equiv) in
0.5 mL CH2Cl2 were used. DIAD was added dropwise to
Ph3P over three minutes. RCOOH was added to the swollen
resin first. Then DIAD-Ph3P was added to the mixture, and
the mixture was stirred on an orbital shaker. At various times,
a droplet of resin was taken and washed with THF and

Figure 6. IR spectra showing 4b-e to 5b-e conversions at various times during the reaction.

Figure 7. Time courses of the reactions of 4b-e to 5b-e
conversions and their best fits to a first-order reaction rate equation
(lines).

Figure 8. Plot of rate constants of phenols vs their pKa (H2O)
values.15
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CH2Cl2 five times each. The resin was air-dried for FTIR
microspectroscopy measurements.

General Procedure of Mitsunobu Etherification Reac-
tion. Wang resins (10 mg) were swollen in CH2Cl2 for 20
min and drained. DIAD (20 equiv) in 0.5 mL CHCl3, Ph3P
(20 equiv) in 0.5 mL CHCl3, and phenols (10 equiv) in 0.5
mL CHCl3 were used for the reaction. DIAD was added
dropwise to Ph3P over three minutes. Phenol (10 equiv) was
added to the swollen resin first, and then the DIAD-Ph3P
adduct was added to the resin slurry. The whole mixture was
stirred on an orbital shaker. At various times, a droplet of
resin was taken and washed with THF and CH2Cl2 for 5
times each. The resin was air-dried for FTIR microspectros-
copy measurements.

Single-Bead FTIR Microspectroscopy. All spectra were
collected on a Nicolet 380 FT-IR spectrophotometer (Thermo
Fisher Scientific, Waltham, MA) coupled with a continuum
microscope. The system was operated by the OMNIC software.
The microscope was equipped with a 100 × Cassegrain objective
and a liquid nitrogen-cooled mercury cadmium-telluride (MCT)
detector. The resin beads were flattened in a NaCl window. The
view mode aided in the location of a single flattened bead, and the
transmission mode was used for the measurement. A clean
area on the NaCl window next to the bead was used to collect
the background spectrum. Data were collected at 4 cm-1

resolution, and 200 scans were averaged.

Data Analysis. To correct peak area variations cause by
factors such as variations in bead size, the thickness of

Scheme 3. Postulated Mechanism of the Mitsunobu Reaction on Resin Support

Figure 9. (A) IR spectra showing the intermediate 11 formation at various time during the reaction. (B) The time courses of the reaction.
The line represents the best fit following a pseudo-first-order reaction rate equation.
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flattened bead, and the random fluctuation of the instrument,
we used an IR band of polystyrene at 1947 cm-1 as an
internal reference peak. The ratio of the integrated peak area
to the internal reference peak area in the same measurement
was used to quantify the reaction conversion and plotted
against time for kinetic analysis. These data points were fitted
to a pseudo-first-order rate equation11 by using nonlinear
regression analysis with SigmaPlot for windows 10.0 (Systat
Software Inc., Richmond, CA) on a personal computer.
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