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The observed rate enhancement for the condensation reaction between 2-phenyl benzoic acid and iso-
propanol mediated by fluorous Mukaiyama reagents is described. It is shown that Mukaiyama reagents
bearing a fluorous tag increase the reaction rate considerably when compared to their non-fluorous
tagged counterpart. Furthermore, it is observed that the longer the fluorous chain, the higher the activity
of the Mukaiyama reagent.
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The Mukaiyama condensation reagent (N-methyl-2-chloropy-
ridinium iodide)1 1 is arguably one of the most useful reagents in
organic synthesis with many reports of its use in a key ester or
amide forming reaction in a synthetic sequence.2 Nagashima et
al. reported the first fluorous-tagged Mukaiyama reagent 2 and
demonstrated its ability to successfully promote amide bond for-
mation.3 This Letter used a fluorous benzyl group as the fluorous
tag and fluorous solid-phase extraction (FSPE)4 of the reaction mix-
ture efficiently removed the resultant fluorous pyridone by-prod-
uct. Recently, we reported on light fluorous Mukaiyama reagents
3a and 3b,5 which were more reactive than 2 and also that their
by-products were more easily removed from the desired product
using solvent tuning6 in filtration or FSPE (Fig. 1). During our inves-
tigations into the scope and limitations of these modified Mukaiy-
ama reagents, we discovered that the rate of the coupling reaction
was greatly influenced by the length of the fluorous tag in these
molecules. Herein, we delve deeper into the rate enhancement that
fluorous tags in fluorous Mukaiyama reagents impart on the con-
densation reaction.

The fluorous Mukaiyama reagents 3a–3d were prepared from 2-
chloropyridine and the corresponding fluorous alcohols in a single
step in yields ranging from 41% to 87%2d after recrystallization7 as
shown in Scheme 1.8 The structures of salts 3a and 3b were all
supported by 1H NMR, 19F NMR, and elemental analysis.9 All of
the modified Mukaiyama reagents are white powder and can be
stored in desiccators for extended periods of time without decom-
position. A non-fluorous Mukaiyama reagent 3e was also prepared
using the same method which is to serve as a control in the rate
studies.10
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The attractive feature of fluorous Mukaiyama reagents5b has
been the simple product isolation from the reaction mixture and
has served as the focus of previous studies. However, the effects
on the rate of the condensation reaction for the fluorous Mukaiy-
ama reagents have not been previously investigated. We began
our investigation by comparing the reactivity of five Mukaiyama
reagents 3a–3e in an esterification reaction between 2-phenyl ben-
zoic acid and isopropanol in CDCl3 to allow for 1H NMR monitoring
of reaction aliquots. Five separate reactions were set up under
identical conditions each with a different Mukaiyama reagent.

At given time points, the % conversion of the reaction was deter-
mined by recording 1H NMR spectra of the reaction mixture and
calculating the relative integration of the methine proton of the
isopropyl ester and isopropanol.11 A plot of % conversion versus
time is shown in Figure 2 with the non-fluorous version of the
Mukaiyama reagent bearing C10H21 tag 3e shown in black, the
C10F21 tag 3a shown in blue, the C8F17 tag 3b shown in green, the
C6F13 tag 3c shown in purple, and finally, the C4F9 tag 3d shown
in red. It is evident from Figure 2 that the reaction rate is greatly
affected by the nature of the fluorous tag in the molecule. Interest-
3c: Rf = C6F13
3d: Rf = C4F9
3e: Rf = C10H21

Figure 1.
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Figure 2. Comparison of conversion for ester formation in CDCl3.
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Scheme 1. Synthesis of fluoroalkylated Mukaiyama reagents.
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ingly, the relative rate enhancement effect of the different reagents
directly correlates to the number of fluorines in the fluorous tag.
We also found that the fluorous version of the Mukaiyama reagent
promotes a faster reaction rate than the non-fluorous reagent bear-
ing the same length of the carbon chain. (3a vs 3e). The rate
enhancement based on a fluorous tag was also observed in the
esterification using isopropanol and non-substituted benzoic acid.

Figure 3 shows the calculation results for the atomic charge
(NBO charge) and dipole moment of cationic part of 3a, 3d, and
the corresponding non-fluorous reagent 3e using GAUSSIAN 03 HF/
6-31+G** method.12 The result indicates that there is no significant
difference, in terms of the atomic charge on the carbon atom where
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Figure 3. Calculation of atomic charge and dipole moment of cationic part of
Mukaiyama reagent using GAUSSIAN 03 HF/6-31+G** method.
nucleophilic attack occurs, among the fluorous and non-fluorous
reagents.13 This can be explained by the ethylene spacer attenuat-
ing the electron withdrawing effect of the fluorous tag. On the
other hand, a remarkable difference in dipole moment was calcu-
lated between 3a and 3e. Although it remains as a matter to be dis-
cussed and investigated further, it is quite likely that an
aggregation state based on the fluorophilic effect of the fluorous
tag in solution affects the reaction rate of this coupling reaction.

In summary, a rate enhancement is observed in a condensation
reaction when using a fluorous chain containing Mukaiyama re-
agent when compared to a non-fluorous version. As the length of
fluorous tag was increased, the reactivity of the reagent became
higher. This is one of the rare examples where a fluorous tag
changes the reactivity of the organic molecule.14 Further investiga-
tion into the origin of this rate-enhancement is now in progress
and will be reported in due course.
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