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A series of X,Y-substituted benzhydryl heptafluorobutyrates (1-6-HFB) and trifluoroacetates (1-
6-TFA) were subjected to solvolysis in various methanol/water, ethanol/water, and acetone/water
mixtures at 25 �C. The LFER equation log k=sf(Ef þNf) was used to derive the nucleofuge-specific
parameters (Nf and sf) for SN1-type reaction. In comparison with TFA, the HFB leaving group is a
better nucleofuge for less than 0.5 unit ofNf. X,Y-Substituted benzhydryl trifluoroacetates solvolyze
by way of SN1 reactions unless electron-withdrawing groups are attached to aromatic rings. In such
cases the substrates solvolyze faster than predicted for the SN1 route because of the change in
mechanism. X,Y-Substituted benzhydryl heptafluorobutyrates examined here (Efg-7.7) solvolyze
according to the SN1 pathway. The almost parallel log k vs.Ef lines in various solvents for HFBs and
TFAs, and the corresponding slope parameters (sf are in the range of 0.91 and 0.83), indicate early TS
with moderately advanced charge separation. NBO charges of HFB and TFA anions and the
affinities obtained, all calculated at the PCM-B3LYP/6-311þG(2d,p)//PCM-B3LYP/6-311þG(2d,
p) level, revealed that the HFB anion slightly better delocalizes the developing negative charge than
TFA, and that the affinity of the benzhydrylium ion is slightly larger toward TFA than toward the
HFB anion, which is in accordance with the greater solvolytic reactivity of HFB.

Introduction

Fluorinated esters, particularly heptafluorobutyrates
(HFB) and trifluoroacetates (TFA), have been widely used
as substrates in solvolytic reactions. For example, in order to
investigate the trimethylsilyl group participation in the forma-
tion of homoallyl/cyclopropylcarbinyl cation, solvolysis of
suitable trifluoroacetates was examined recently.1 The solvo-
lysis rates of adamantyl and tert-butyl heptafluorobutyrates
and trifluoroacetates in binary aqueous mixtures were mea-
sured to examine solvent effects on these leaving groups.2Also,
rearrangements of carbocations that arise in solvolysis have
been extensively studied by using fluorinated esters as sub-
strates. Thus, the importance of π-conjugative stability in 2-

methylene bicyclic bridgehead compounds was studied by
measuring the solvolysis rates of bycyclic compounds with
triflates and heptafluorobutyrates as leaving groups.3

However, data about the reactivity HFB and TFA are in
discrepancy. R€uchardt et al. stated that heptafluorobutyrate
has nucleofugality similar to that of chloride and suggested
HFB to be the reagent of choice when reactivity similar to
that of chloride was required.4 According to data obtained
with tert-butyl trifluoroacetates,5 the authors also estimated
HFBs to be about a hundred times more reactive than the
corresponding TFAs. On the other hand, Bentley2 demon-
strated that 1-adamanty and tert-butyl heptafluorobutyrate
and trifluoroacetate show relatively low solvolytic reactivity
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TABLE1. SolvolysisRateConstants of X,Y-SubstitutedBenzhydrylHeptafluorobutyrates andX,Y-SubstitutedBenzhydryl Trifluoroacetates inVarious

Solvents at 25 �C
k/s-1c

solventa substrate (X,Y) Ef
b heptafluorobutyrate (HFB) trifluoroacetate (TFA)

100M 3 (H, H) -6.05 (8.88 ( 0.20) � 10-5 d

4 (4-F, H) -5.78 (1.70 ( 0.03) � 10-4 d

5 (4-Me, H) -4.68 (1.62 ( 0.02) � 10-3 d

90M10W 2 (4-Cl, H) -6.52 (1.51 ( 0.05) � 10-4

3 (H, H) -6.05 (3.05 ( 0.06) � 10-4 (2.56 ( 0.05) � 10-4

(2.96 ( 0.09) � 10-4 d

4 (4-F, H) -5.78 (5.40 ( 0.09) � 10-4 (4.65 ( 0.13) � 10-4

5 (4-Me, H) -4.68 (5.91 ( 0.10) � 10-3 (3.65 ( 0.07) � 10-3

6 (4-Me, 4-Me’) -3.47 (3.89 ( 0.09) � 10-2

80M20W 1 (3-Cl, H) -7.74 (3.61 ( 0.01) � 10-5 (8.64 ( 0.24) � 10-5

2 (4-Cl, H) -6.52 (3.63 ( 0.04) � 10-4

3 (H, H) -6.05 (7.10 ( 0.07) � 10-4 (5.89 ( 0.05) � 10-4

(7.14 ( 0.15) � 10-4 d

4 (4-F, H) -5.78 (1.36 ( 0.02) � 10-3 (1.08 ( 0.01) � 10-3

(1.37 ( 0.01) � 10-3 d

5 (4-Me, H) -4.68 (1.36 ( 0.02) � 10-2 (8.56 ( 0.16) � 10-3

70M30W 1 (3-Cl, H) -7.74 (7.36 ( 0.04) � 10-5 (2.00 ( 0.01) � 10-4

2 (4-Cl, H) -6.52 (7.83 ( 0.13) � 10-4

3 (H, H) -6.05 (1.58 ( 0.02) � 10-3 (1.29 ( 0.01) � 10-3

(1.61 ( 0.05) � 10-3 d

4 (4-F, H) -5.78 (2.95 ( 0.01) � 10-3 (2.37 ( 0.02) � 10-3

5 (4-Me, H) -4.68 (2.72 ( 0.07) � 10-2 (1.79 ( 0.01) � 10-2

60M40W 1 (3-Cl, H) -7.74 (1.28 ( 0.01) � 10-4 (3.98 ( 0.06) � 10-4

2 (4-Cl, H) -6.52 (1.58 ( 0.04) � 10-3 (1.39 ( 0.03) � 10-3

3 (H, H) -6.05 (3.16 ( 0.04) � 10-3 (2.73 ( 0.02) � 10-3

(3.03 ( 0.09) � 10-3 d

4 (4-F, H) -5.78 (5.78 ( 0.09) � 10-3 (5.08 ( 0.09) � 10-3

100E 3 (H, H) -6.05 1.20 � 10-5d,e,f

4 (4-F, H) -5.78 3.04 � 10-5 d,e,g

5 (4-Me, H) -4.68 (2.78 ( 0.09) � 10-4 d

2.84 � 10-4 d,e,h

6 (4-Me, 40-Me) -3.47 (3.33 ( 0.08) � 10-3 d

90E10W 2 (4-Cl, H) -6.52 (3.92 ( 0.09) � 10-5 d

3 (H, H) -6.05 (6.80 ( 0.01) � 10-5 d

4 (4-F, H) -5.78 (1.46 ( 0.01) � 10-4 d

5 (4-Me, H) -4.68 (1.25 ( 0.02) � 10-3 d

6 (4-Me, 40-Me) -3.47 (1.60 ( 0.03) � 10-2 d

80E20W 2 (4-Cl, H) -6.52 (9.06 ( 0.11) � 10-5

3 (H, H) -6.05 (1.70 ( 0.02) � 10-4 (1.49 ( 0.01) � 10-4

4 (4-F, H) -5.78 (3.69 ( 0.01) � 10-4 (3.07 ( 0.03) � 10-4

(3.51 ( 0.01) � 10-4 d

5 (4-Me, H) -4.68 (3.13 ( 0.03) � 10-3 (2.26 ( 0.04) � 10-3

6 (4-Me, 40-Me) -3.47 (3.77 ( 0.03) � 10-2 (2.52 ( 0.01) � 10-2

70E30W 2 (4-Cl, H) -6.52 (1.63 ( 0.01) � 10-4 (2.11 ( 0.01) � 10-4

3 (H, H) -6.05 (3.11 ( 0.02) � 10-4 (2.88 ( 0.05) � 10-4

4 (4-F, H) -5.78 (6.65 ( 0.06) � 10-4 (5.83 ( 0.04) � 10-4

(6.62 ( 0.03) � 10-4 d

5 (4-Me, H) -4.68 (5.56 ( 0.09) � 10-3 (4.43 ( 0.03) � 10-3

6 (4-Me, 40-Me) -3.47 (4.49 ( 0.13) � 10-2

60E40W 1 (3-Cl, H) -7.74 (2.18 ( 0.02) � 10-5 (1.22 ( 0.01) � 10-4

2 (4-Cl, H) -6.52 (2.92 ( 0.01) � 10-4 (3.88 ( 0.05) � 10-4

3 (H, H) -6.05 (5.64 ( 0.07) � 10-4 (5.77 ( 0.05) � 10-4

(5.84 ( 0.10) � 10-4 d

4 (4-F, H) -5.78 (1.22 ( 0.01) � 10-3 (1.16 ( 0.00) � 10-3

(1.20 ( 0.04) � 10-3 d

5 (4-Me, H) -4.68 (9.55 ( 0.13) � 10-3 (8.45 ( 0.15) � 10-3

80A20W 4 (4-F, H) -5.78 5.30 � 10-5 d,e,i

5 (4-Me, H) -4.68 (4.86 ( 0.01) � 10-4 d

6 (4-Me, 40-Me) -3.47 (6.26 ( 0.08) � 10-3 d

70A30W 2 (4-Cl, H) -6.52 (3.46 ( 0.03) � 10-5

3 (H, H) -6.05 (7.64 ( 0.11) � 10-5 (6.18 ( 0.02) � 10-5

4 (4-F, H) -5.78 (1.60 ( 0.02) � 10-4 (1.17 ( 0.02) � 10-4

5 (4-Me, H) -4.68 (1.53 ( 0.02) � 10-3 (1.04 ( 0.02) � 10-3

6 (4-Me, 40-Me) -3.47 (1.81 ( 0.05) � 10-2 (1.16 ( 0.01) � 10-2

60A40W 2 (4-Cl, H) -6.52 (9.24 ( 0.11) � 10-5 (1.08 ( 0.01) � 10-4

3 (H, H) -6.05 (2.02 ( 0.03) � 10-4 (1.78 ( 0.01) � 10-4

4 (4-F, H) -5.78 (4.07 ( 0.02) � 10-4 (3.34 ( 0.03) � 10-4

5 (4-Me, H) -4.68 (3.62 ( 0.06) � 10-3 (2.78 ( 0.06) � 10-3

6 (4-Me, 40-Me) -3.47 (3.04 ( 0.02) � 10-2



J. Org. Chem. Vol. 74, No. 16, 2009 5929

Denegri and Kronja JOCArticle

in comparison to chlorides and that the rates of HFBs and
TFAs in the same solvent agree within a factor of 2.

Recently a comprehensive nucleofugality scale has been
introduced, developed on benzhydryl derivatives.6 Accord-
ing to this approach, because of the linear relationship
between logarithms of the rate constants and electrofugal-
ities of substrates in a given solvent, the reaction rate can
simply be determined by electrofugality (Ef) of a given
electrofuge and nucleofugality (Nf) of the leaving group,
according to the following three-parameter LFER eq 1

log kð25�CÞ¼ sfðEfþNfÞ ð1Þ
in which k is the first-order rate constant of the SN1 reaction, sf
(slope of the correlation line) and Nf (nucleofugality, the
negative intercept on the abscissa) are the nucleofuge-specific
parameters, and Ef is the electrofugality parameter. Electro-
fuges are characterized with the Ef parameter only, which is
determined with substituents on the benzhydryl system, and
nucleofuges are characterized with two parameters, Nf and sf,
which are defined for a combination of the leaving group and a
given solvent. The reference Ef values for the series of benzhy-
drylium ions have been obtained by linear regression of a total
of 167 solvolysis rate constants of X,Y-substituted benzhydry-
lium tosylates, bromides, chlorides, trifluoroacetates, 3,5-dini-
trobenzoates, and 4-nitrobenzoates.6a Predefined parameters
were sf=1.00 for chloride nucleofuge in pure ethanol and Ef=
0.00 for dianisylcarbenium electrofuge.

The advantage of this method is that it enables measuring
of the reaction rates of substrates that have leaving groups of
quite different reactivities. This can be achieved by adjusting
electrofugality of the substrates with substituents on the
aromatic rings, i.e., by combining a weaker benzhydryl
electrofuge with a better leaving group or a better electrofuge
with a poorer leaving group. Then the nucleofugality para-
meter can be derived. Since the unit on the Nf scale corre-
sponds to one of order of magnitude in reactivity,
comparison of various leaving groups is easy. Useful infor-
mation about the influence of a given nucleofuge on the
transition state can also be deduced from themagnitudes and
variations of the reaction constants (sf values) in different
solvents, similarly as from Fþ values in theHammett-Brown
correlation. This is because the fundamentals of the Ef

parameters are essentially the same as the fundamentals for
σþ values in the Hammett-Brown correlation, so the slope
parameters (Fþ and sf) measure the same phenomenon.7

To determine the magnitudes of the nucleofugality para-
meters for fluorinated esters and relate them to Nf values of
other commonly used leaving groups, we set out to examine
the solvolytic behavior of a series of benzhydryl heptafluoro-
butyrates and trifluoroacetates kinetically. It turned out
that HFBs and TFAs with electrofuges 1-6 have suitable
solvolysis rates for conventional methods of measurements.
Kinetic data and quantum chemical calculations have been
used to gain insight about the relation of their structures to
their reactivities.

Results and Discussion

A series of benzhydryl HFBs (1-6-HFB) and benzhydryl
TFAs (1-6-TFA) were prepared from the corresponding
benzhydrols according to the methods presented in the
Experimental Section. The solvolysis rates were measured
in various solvents at 25 �C conductometrically (or in a few
cases extrapolated from data obtained at higher tempera-
tures). Details are given in the Kinetic Methods in the
Experimental Section. The first-order rate constants are
presented in Table 1. Quantum chemical calculations were
performed to determine the affinity of the TFA and HFB
anions toward unsubstituted benzhydrylium carbocation,
and also to find structural differences that can account for
their relative reactivities.

Kinetic Results. Data in Table 1 show that the reactivities
of TFAs and HFBs with the same electrofuges are very
similar. Heptafluorobutyrates, whose electrofugalities are
Ef g-6, solvolyze somewhat faster than the correspond-
ing trifluoroacetates. However, in a few cases, TFAs that

TABLE 1. Continued

k/s-1c

solventa substrate (X,Y) Ef
b heptafluorobutyrate (HFB) trifluoroacetate (TFA)

50A50W 1 (3-Cl, H) -7.74 (1.29 ( 0.01) � 10-4

2 (4-Cl, H) -6.52 (2.52 ( 0.06) � 10-4 (3.07 ( 0.05) � 10-4

3 (H, H) -6.05 (5.64 ( 0.07) � 10-4 (5.40 ( 0.10) � 10-4

4 (4-F, H) -5.78 (1.18 ( 0.03) � 10-3 (1.01 ( 0.00) � 10-3

5 (4-Me, H) -4.68 (9.42 ( 0.07) � 10-3 (7.60 ( 0.15) � 10-3

aBinary solvents are on a volume-volume basis at 25 �C. A = acetone, E = ethanol, M=methanol, W= water. bElectrofugality parameters are
taken from ref 6a. cAverage rate constants from at least three runs performed at 25 �C unless otherwise noted. Errors shown are standard deviations.
dBuffered with 2,6-lutidine. eExtrapolated from data at higher temperatures by using the Eyring equation. f4Hq=99.8( 4.9 kJ mol-1,4Sq=-4.5(
14.7 JK-1 mol-1. g4Hq=91.4( 0.2 kJmol-1,4Sq=-24.9( 0.7 JK-1 mol-1. h4Hq=87.4( 2.5 kJmol-1,4Sq=-19.6( 7.4 JK-1 mol-1. i4Hq=
91.3 ( 1.3 kJ mol-1, 4Sq = -20.6 ( 4.1 J K-1 mol-1.

(6) (a) Denegri, B.; Streiter, A.; Juri�c, S.; Ofial, A. R.; Kronja, O.; Mayr,
H.Chem.;Eur. J. 2006, 12, 1648–1656. (b) Correction: Denegri, B.; Streiter,
A.; Juri�c, S.; Ofial, A. R.; Kronja, O.; Mayr, H. Chem.;Eur. J. 2006, 12,
5415–5415. (c) Denegri, B.; Ofial, A. R.; Juri�c, S.; Streiter, A.; Kronja, O.;
Mayr, H.Chem.;Eur. J. 2006, 12, 1657–1666. (d)Denegri, B.;Minegishi, S.;
Kronja, O.; Mayr, H. Angew. Chem., Int. Ed. 2004, 43, 2302–2305. (7) Bentley, T. W. Chem.;Eur. J. 2006, 12, 6514–6520.
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generate the least stable carbocations solvolyze faster than
the corresponding HFBs.

Logarithms of the first-order rate constants (at 25 �C)
measured in a given solvent are plotted against Ef (values of
Ef are taken from ref 6a). Plots for HFBs (a) and TFAs (b)
are presented in Figure 1 (all other correlation lines can be
seen in the in Supporting Information). While excellent
linear correlation has been obtained with all data collected
for HFBs, for TFAs, breakdowns of the log k vs. Ef plots
occur in all solvents studied. Nonlinearity of the log k vs. Ef

plots (similar to the nonlinearity of log k vs. σþ plots in the
Hammett-Brown correlation) indicates changes in mechan-
ism of solvolysis of benzhydryl TFAs with weaker electro-
fuges, i.e., those with electron-withdrawing substituents.

Figure 1 shows that the slopes (sf) of the log k vs. Ef

correlation lines for TFAs whose electrofugality is Efg-6
are similar to those of HFB, while those in the region with Ef

below -6 seem to be considerably lower. For the derivation
of the nucleofuge-specific parameters for TFA in various
solvents, the data for substrates Ef<-6 were omitted, since
according to definition, sf is feasible for SN1 reactions only.
The nucleofuge-specific parameters for TFA and HFB in
various solvents are shown in Table 2.

Magnitudes of sf values justify omission of a few data
obtained for substrates generating electrofuges with elec-
tron-withdrawing groups for TFAs. Thus, the values of the
slope parameters obtained for benzhydryl TFAs using the
data for substrates with Efg-6 (0.83g sfg 0.87) only, and
that obtained for benzhydryl HFBs using all data available
(0.83 g sf g 0.91), are in the same range as sf parameters
obtained for solvolysis of benzhydryl derivatives with other
nucleofuges that solvolyze via the SN1 path.6 On the other
hand, the slopes of log k vs. Ef plots for benzhydryl TFAs
with Ef<-6 appear to be considerably reduced.

Breakdown of the correlation lines, which indicates that
TFAs with weaker electrofuges solvolyze faster than pre-
dictedwith eq 1, canbe rationalized in differentways. First, it
can be presumed that fraction of the reaction with such
substrates proceeds by nucleophilic attack on the acyl group.
The other possible mechanism involves nucleophilic solvent
assistance. Thus, while substrates that produce stabilized
carbocations solvolyze by the SN1 route with the expected
rate in which only solvation occurs,8 solvolysis of the TFAs
that produce a less stabilized carbocation is enhanced by
nucleophilic participation of the solvent. Similar breakdown
of the σþ,Fþ plot has been obtained with benzyl tosylates in
aqueous acetone,9 in which substrates with electron-donat-
ing groups produced considerably steeper σþ,Fþ lines than
thosewith electron-withdrawing groups (σþ>0). This result
was rationalized as switching the mechanism from SN1 to
SN2. Even though the mechanism of solvolysis of TFAs with
weak electrofuges is yet to be determined, it is more likely
that the solvent participation mechanism is operative. It has
been shown that trifluoroacetates that have considerable
weaker electrofuges than the benzhydrylium ions in the
region of the breakdown of the plot follow either kC dis-
placement reaction (e.g., 1-adamantyl trifluoroacetate) or
nucleophilic solvent assisted substitution (e.g., tert-butyl

trifluoroacetate) (Ef
adamantyl ≈-11 and Ef

t-Bu ≈-8 vs. Ef ≈
-6),6c and do not solvolyze by nucleophilic attack on the
carbonyl group.2 The fact that the mechanism of solvolysis
of fluorinated esters depends on the structure of the substrate
is probably the reason for observed discrepancy of the
reactivities.

Having in mind that structures of TFA and HFB leaving
groups are similar, one might expect that HFBs which
produce less stable carbocations also solvolyze by a different
mechanism, which is not the case here. This is probably due
to the size of the HFB leaving group, which disables easy
approach of the nucleophile to the reaction center. However,
it cannot be ruled out that breakdown of the log k vs. Ef

lines for HFBs occurs in the region of lower electrofugality
(Ef < -7.7).

Once the nucleofugality parameters have been extracted
(Table 2), it is easy to compare the abilities of HFB and TFA
leaving groups as nucleofuges in various solvents, and also to
relate their nucleofugalities to other commonly used leaving
groups. Thus, Nf values obtained for HFB and TFA leaving
groups are very similar in magnitude, indicating similar
reactivities, which is in accordance with Bentley’s observa-
tion based on solvolysis of the adamantyl derivatives.2

According toNf values, the fluorinated esters ionize approxi-
mately 2 orders of magnitude slower than the corresponding
chlorides, and approximately 2 orders of magnitude faster
than the corresponding phenyl carbonates. Advantageously,
the nucleofugalities, and thus the reactivities, of fluorinated

FIGURE 1. Plots of log k vs. Ef for the solvolysis of X,Y-substi-
tuted benzhydryl heptafluorobutyrates (HFB) (a) and benzhydryl
trifluoroacetates (TFA) (b) in binary aqueous solvents. Solvent
mixtures are given as v/v; solvents: A=acetone, E=ethanol, M=
methanol, and W=water.

(8) Richard, J. P.; Toteva, M.M.; Amyes, T. L.Org. Lett. 2001, 3, 2225–
2228.

(9) (a) Okamoto, Y.; Brown, H. C. J. Org. Chem. 1957, 22, 485–494.
(b) Tsuno, Y.; Fujio, M. Adv. Phys. Org. Chem. 1999, 32, 267–385.
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esters fell in the “gap” of ca. four units on the Nf scale
between phenyl carbonates and halogens. Figure 2 illustrates
the relative reactivities of different leaving groups in 80%
aqueous ethanol and in 80% aqueous methanol.

The magnitudes and variations of sf parameters in SN1
solvolysis of benzhydryl derivatives are largely defined with

the degree of the solvation of the activated complex, which is,
in turn, determined by twomajor variables, the degree of the
charge separation in the transition structure (earlier or later
TS)9-11 and the degree of the charge delocalization.12 Clear
differentiation between those two influences is difficult, since
the net effect is a combination of both. Table 2 shows that the
reaction constants sf for TFAs are slightly but consistently
lower than those for HFBs, even though the differences are
close to the limits of experimental error. It is likely that
somewhat lower sf values come from the earlier transition
state of the slightly more reactive HFBs than that of TFAs.

It has been demonstrated that the variation of the reaction
constant sf of benzhydryl derivatives in various solvents
could depend on the leaving group.12,13 Thus, while solvo-
lysis of benzhydryl chlorides6c has produced almost parallel
lines with sf close to unity, solvolysis of benzhydryl carbo-
nates and 3,5-dinitorbenzoates12 has produced log k vs. Ef

lines whose slopes decrease as polarity of the solvent in-
creases, i.e., steeper plots were obtained if the fraction of the
water in the binary solvent mixture was lower. For example,
the sf values for benzhydryl phenyl carbonates in aqueous
ethanol are as follows: sf(90EtOH) = 0.93, sf(70EtOH) =
0.83.13 In the later case, the developing negative charge in the
TS is almost equally distributed to three carbon atoms of the
carbonate moiety, due to resonance and inverse hyperconju-
gation. Therefore, the importance of solvation is consider-
ably reduced, and the increase of the water fraction in the
solvent has less influence on reactivity of such substrates
than, e.g., on reactivity of chlorides in which the developed
negative charge in the TS is concentrated on the chloride
atom only.

Table 2 shows that although the trend of decreasing sf
values exists for both HFBs and TFAs, it is not very
pronounced. This indicates charge delocalization to two
oxygen atoms only does not diminish the importance of
solvation very much. On the other hand, considerably lower
slopes for the log k vs. Ef correlation lines of fluorinated
esters than that for chlorides indicate that X,Y-substituted
benzhydryl TFA and HFB are less sensitive to the substitu-
ent change on the benzhydryl rings than X,Y-substituted
benzhydryl chlorides. This is probably due to the more
reactant-like transition state for the former.

To extract the Grunwald-Winstein m values and get
additional information about the sensitivity of different
HFBs and TFAs toward solvent polarity, we plotted the
logarithms of the rate constants of a given benzhydryl HFB
and benzhydryl TFA in a series of aqueous binary solvent
mixture against the ionizing power (YOTs).

14 Table 3 shows
mOTs values for 2-6-HFBs and for 3-6-TFAs in the series of
aqueous solvents.

For comparison, it should be mentioned that the mOTs

values for benzhydryl phenyl carbonates considerably
decrease as the electron-donating ability of the substituted
benzhydryl rings increases (e.g., mOTs=0.83 for 3-PhCarb,
mOTs=0.64 for 6-PhCarb in ethanol/water).12 For fluori-
nated esters only a slight decrease inmOTs values occurs, i.e.,

TABLE 2. Nucleofugality Parameters Nf and sf for Heptafluorobuty-

rate and Trifluoroacetate in Various Solvents

HFB TFA

solventa Nf
b sf

b Nf
b sf

b

100M 1.63( 0.11 0.91( 0.03
90M10W 2.12( 0.20 0.88( 0.05 1.79( 0.04 0.84( 0.01
80M20W 2.38( 0.13 0.84( 0.03 2.22( 0.10 0.84 ( 0.03
70M30W 2.76( 0.08 0.83( 0.02 2.56( 0.11 0.82( 0.03
60M40W 3.11( 0.13 0.84( 0.03
100E 0.81( 0.18 0.92( 0.04 0.30( 0.06 c 0.87( 0.01 c

90E10W 1.38( 0.14 0.87( 0.03
80E20W 1.82( 0.10 0.87( 0.02 1.58( 0.09 0.85( 0.02
70E30W 2.02( 0.21 0.85( 0.05 1.87( 0.07 0.84 ( 0.02
60E40W 2.35( 0.11 0.86( 0.02 2.20( 0.22 0.83( 0.06
90A10W 0.12( 0.12 c 0.94( 0.03 c

80A20W 1.01( 0.05 0.90( 0.01 0.70( 0.09 c 0.88( 0.02 c

70A30W 1.54( 0.07 0.90( 0.02 1.26( 0.05 0.88 ( 0.01
60A40W 1.89( 0.13 0.88( 0.03 1.70( 0.04 0.86( 0.01
50A50W 2.34( 0.13 0.86( 0.03 2.12 ( 0.14 0.83( 0.03

aBinary solvents are v/v at 25 �C. A = acetone, E = ethanol, M =
methanol,W=water. bErrors shown are standard errors. cFrom ref 6a.

FIGURE 2. Nucleofugality values (Nf) for some leaving groups in
80% aqueous ethanol and 80% aqueous methanol.

(10) (a) McLennan, D. J.; Martin, P. L. Aust. J. Chem. 1979, 32, 2361–
2370. (b) McLennan, D. J. Tetrahedron 1978, 34, 2321–2341. (c) McLennan,
D. J.; Martin, P. L. J. Chem. Soc., Perkin Trans. 2 1982, 1999–2105.

(11) (a) Lomas, J. S.; Dubois, J. E. J. Org. Chem. 1975, 40, 3303–3304.
(b) Lomas, J. S. Tetrahedron Lett. 1978, 20, 1783–1786.

(12) Denegri, B.; Kronja, O. J. Phys. Org. Chem. 2009, 22, 495–503.
(13) Denegri, B.; Kronja, O. J. Org. Chem. 2007, 72, 8427–8433.
(14) Bentley, T. W.; Llewellyn, G. Prog. Phys. Org. Chem. 1990, 17, 121–

159.
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the sensitivity toward the solvents is almost independent of
the benzhydryl structure. The decrease of mOTs as the
electrofugality of the substrate increases was taken as an
indication of diminished solvation due to charge delocaliza-
tion in the nucleofuge. Therefore, almost invariant mOTs

values indicate that delocalization in the carboxylate moiety
does not diminish the importance of solvation very much in
HFBs, which is in agreement with the above drawn conclu-
sions based on practically invariant sf values forHFB.On the
basis of the trends of mOTs values and on the above sf, the
same can be concluded for TFAs.

Somewhat higher reactivity of HFBs than TFAs in solvo-
lysis may come from back strain due to the size of HFB, and/
or also from different charge distribution in the TS. It has
been shown that relief of back strain leads to an early
transition state with little charge separation, and therefore
an unusually small F value.10,11 Even though sf values
obtained are almost equal, indicating that the relief of the
back strain is probably not a very important parameter that
determines the relative reactivities of HFBs and TFAs, it
cannot be ruled out that the size of the fluorinated alkyl
group does at least partially influence the relative reactivities.
Solvolytic reactivity is also in accordance with experimental
findings that heptafluorobutyric acid is slightly more acidic
than trifluoroacetic acid (ΔpK≈ 0.1),15 i.e., that the less basic
HFB anion is a better leaving group.

QuantumChemical Calculations.To identify the structural
features that are responsible for slightly different nucleofug-
alities of TFA and HFB, we carried out quantum chemical
calculations using the Gaussian 03 program suite.16 Geome-
tries of 3-TFA and 3-HFB, and those of the corresponding
anions (trifluoroacetate and heptafluorobutyrate anions,
respectively), were fully optimized at B3LYP/6-31G(d,p)
levels. For benzhydryl heptafluorobutyrate 14 energy
minimum structures were located on the PES, while two
structures were located for benzhydryl trifluoroacetate (all

presented in the Supporting Information). For the most
stable conformers, the geometries were optimized and the
frequencies were calclated at the B3LYP/6-311þG(2d,p)
level. NBO charges in the gas phase and in ethanol were
calculated at the B3LYP/6-311þG(2d,p) level (for complete
data see the Supporting Information). The most stable
optimized B3LYP/6-311þG(2d,p) structures of benzhydryl
heptafluorobutyrate and the HFB anion are presented in
Figure 3, along with some parameters.

By using the polarizable continuum model (PCM), the
geometries of the most stable conformers of 3-TFA and 3-
HFB and the corresponding anions, and the benzhydrylium
ion in ethanol were optimized at the PCM-B3LYP/6-311þG
(2d,p) level.

The affinity of the benzhydrylium cation toward a given
leaving group, presented with the following process (LG=
TFA and HFB)

Ph2CH
þþLG- f Ph2CH-LG

is calculated according to eq 2, taking the calculated energies
for the most stable conformers:

ΔEaff ¼ EcalcdðPh2CH-LGÞ-½EcalcdðPh2CHþÞ
þEcalcdðLG-Þ� ð2Þ

The affinities (ΔEaff) are presented in Table 4, along with
NBO charge distributions between the carboxylate moiety
and the fluorinated alkyl group (R).

Both theoretical results and the charge distribution and
affinities of the benzhydrylium ion toward the leaving groups
are consistent with experimental findings that HFBs are
somewhat more reactive in SN1 reactions. Interestingly, the

TABLE 3. Values of mOTs Parameters from the Grunwald-Winstein Correlations for Solvolysis of X,Y-Substituted Benzhydryl Heptafluorobutyrates

and Trifluoroacetates

mOTs
b,c

HFB TFA

solventa 2 3 4 5 6 3 4 5 6

M-W 0.65 (2) 0.64 (1) 0.64 (2) 0.64 (2) 0.65 (1) 0.66 (1) 0.64 (4)
E-W 0.52 (2) 0.59 (2) 0.55 (0) 0.52 (0) 0.53 (2) 0.62 (1) 0.62 (0) 0.62 (0) 0.57 (1)
A-W 0.73 (0) 0.73 (1) 0.61 (5) 0.58 (2) 0.52 (4) 0.64 (6) 0.68 (5) 0.66 (2) 0.58 (3)
aBinary solvents are A = acetone, E = ethanol, W = water. bObtained from log k vs. YOTs plots.

cThe uncertainties of the last reported figure
(standard error) are shown in parentheses.

FIGURE 3. Optimized PCM-B3LYP/6-311þG(2d,p) geometries
of the most stable conformers of benzhydryl heptafluorobutyrate
and heptafluorobutanoate anion with selected bond lengths
(angstroms).

(15) Moroi, Y.; Yano, H.; Yonemitsu, T. Bull. Chem. Soc. Jpn. 2001, 74,
667–672.

(16) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M.A.; Cheeseman, J. R.;Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.N.; Burant,
J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi,
M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma,
K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.;
Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford,
S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.;Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,M.A.; Peng, C. Y.; Nanayakkara,
A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.;
Gonzalez, C.; and Pople, J. A. Gaussian 03, Revision D.02; Gaussian, Inc.,
Wallingford, CT, 2004
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inductive effect of the seven fluorine atoms on the hepta-
fluoropropyl group (C3F7-) are somewhat stronger than
that of the three fluorine atoms on the trifluoromethyl group
(CF3-), although in the later three fluorine atoms are all in
the vicinity of the carboxylate group. Thus, the fluorinated
propyl group carries slightly more negative charge (-0.19)
than the fluorinated methyl group (-0.15) in pure ethanol.
Somewhat more intense charge delocalization stabilizes the
HFB anion, so the affinity of the benzhydrylium ion toward
HFB anion is about 2 kJ mol-1 less than that toward the
TFA anion in ethanol (16 kJ mol-1 in vacuum). Therefore,
TFAs solvolyze via a slightly higher barrier than HFBs
producing a less stabilized anion (for example, in 80%
ethanol the rate constants for unsubstituted benzhydryl
derivatives indicate that ΔΔGq=0.5 kJ/mol at 25 �C).

On the basis of experimental findings, particularly on
almost equal sf parameters for HFBs and TFAs, and on
charge distribution obtained computationally, it seems that
HFBs are slightly more reactive than TFAs mainly because
of more efficient negative charge delocalization rather than
relief of back strain.

Experimental Section

Substrate Preparation. Benzhydryl Heptafluorobutyrate (3-
HFB). A solution of heptafluorobutyryl chloride (2.5 g, 10.8
mmol) in dry benzene (20 mL) was added dropwise to the
previously prepared stirring solution of benzhydrol (1.5 g, 8.1
mmol) and pyridine (1.7 g, 21.5 mmol) in benzene (30 mL). The
reaction mixture was stirred for 15 h under an atmosphere of
argon at ambient temperature. The solid pyridinium chloride
was then removed by filtration, while the excess of pyridine was
removed by 5% aq hydrochloric acid (vigorous stirring). The
benzene layer was separated and washed with water (2�). After
drying over anhydrous sodium sulfate, benzene was evaporated
in vacuo to give a pale yellow oil (2.2 g; 5.8 mmol; yield=71%).
Additional purification (column chromatography, preparative
chromatography, vacuum distillation) resulted in decomposi-
tion of the product. According to the NMR spectrum (see the
Supporting Information), the crude product did not contain
starting materials or other noticeable impurities.

3-Chlorobenzhydryl heptafluorobutyrate (1-HFB), 4-chloro-

benzhydryl heptafluorobutyrate (2-HFB), 4-fluorobenzhydryl

heptafluorobutyrate (4-HFB), 4-methylbenzhydryl heptafluoro-
butyrate (5-HFB), and 4,40-dimethylbenzhydryl heptafluorobuty-

rate (6-HFB) were prepared as pale yellow oils according to the
procedure described for 3-HFB, yielding 70-81%of the desired
products. According to the NMR spectra (see the Supporting
Information), the crude products did not contain the starting
materials and other noticeable impurities.

Benzhydryl Trifluoroacetate (3-TFA). Benzhydrol (2,0 g; 10,9
mmol) and pyridine (2,5 g; 31,6 mmol) were dissolved in dry
benzene (20 mL). A solution of trifluoroacetic anhydride (4,0 g;

19,0 mmol) in dry benzene (30 mL) was then added dropwise.
The reaction mixture was heated at 50 �C for 2 h under an
atmosphere of argon. After cooling slowly to ambient tempera-
ture, 20mL of water was added, and stirring was continued for 1
h. The aqueous phase was separated and an excess of pyridine in
the benzene phase was removed by 5% hydrochloride acid. The
organic phase was then washed with water (2�). After drying
over anhydrous sodium sulfate, the solvents were evaporated in
vacuo yielding a pale yellow oil. After 2 days of standing at 5 �C,
the oil was converted into the white solid (2,4 g; 8,6 mmol;
yield=79%).

3-Chlorobenzhydryl trifluoroacetate (1-TFA), 4-chlorobenzhy-
dryl trifluoroacetate (2-TFA), 4-fluorobenzhydryl trifluoroace-

tate (4-TFA), 4-methylbenzhydryl trifluoroacetate (5-TFA), and

4,40-dimethylbenzhydryl trifluoroacetate (6-TFA) were prepared
as pale yellow oils according to the procedure described for 3-
TFA yielding 75-85%of the desired products. According to the
NMR spectra (see the Supporting Information), the crude
products did not contain the startingmaterials and other notice-
able impurities.

Kinetic Methods. Solvents were purified and dried according
to the standard procedures. Freshly prepared solvents (30 mL)
were thermostated ((0.01 �C) at 25 �C for several minutes prior
to addition of the substrate. Typically, 20-40 mg of substrate
was dissolved in 0.10-0.15mL of dichloromethane and injected
into the solvent. Solvolysis rate constants ((0.1 �C) were
measured conductometrically. An increase of the conductivity
during solvolysis was monitored automatically by means of a
WTW LF 530 conductometer, using a Pt electrode LTA 1/NS.
Individual rate constants were obtained by the least-squares
fitting of the conductivity to the first-order kinetic equation for
3-4 half-lives. Rate constants were averaged from at least three
measurements.

Calibration showed a linear response of the conductivity
toward concentrations of trifluoroacetic and heptafluorobuty-
ric acids. To check the influence of the liberated acids on the
solvolytic rate constants, some kinetic runs were repeated in the
presence of 2,6-lutidine. The values of the rate constants deter-
mined in buffered and unbuffered solutions were identical
within experimental error (Table 1).
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TABLE 4. Calculated Affinities of Benzhydrylium Cation toward Heptafluorobutyrate and Trifluoroacetate Leaving Groups and Group NBO Charges

group NBO charges

leaving group level of theory -ΔEaff
a/kJ mol-1 Rb carboxylate moiety

TFA PCM-B3LYP/6-311þG(2d,p) c 74.6 -0.15 -0.85
B3LYP/6-311þG(2d,p) 461.0 -0.20 -0.80

HFB PCM-B3LYP/6-311þG(2d,p) c 72.5 -0.19 -0.81
B3LYP/6-311þG(2d,p) 445.0 -0.25 -0.75

aΔEaff = Ecalc(Ph2CH-LG) - [Ecalc(Ph2CH
þ) þ Ecalc(LG

-)]. bR represents trifluoromethyl group for TFA and the heptafluoropropyl group for
HFB. cPolarizable continuum solvent model for ethanol.


