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’ INTRODUCTION

Fluorinated organic molecules display broad utility as valuable
pharmaceuticals, radiotracers, performance materials, and agro-
chemicals.1 With its high electronegativity and small van der
Waals radius, fluorine influences molecular conformation, the
pKa of neighboring heteroatoms, and reactivity.2 In biologically
active targets, C�F bonds are incorporated into organic mol-
ecules to modulate useful physical properties, including lipophi-
licity, bioavailability, and oxidative stability. Despite the wide-
spread utility of fluoroorganics, chemists are often limited to
commercially available fluoroarenes and perfluoroalkanes for
chemical synthesis due to the harsh conditions required in
established fluorination methods and the scarcity of naturally
occurring organofluorine compounds.3 Furthermore, there exist
few strategies for the late-stage incorporation of fluorine that can
be applied to the synthesis of novel 18F-labeled tracers for
positron emission tomography (PET).4

As such, catalytic carbon�fluorine bond formation has
emerged as a highly desirable but challenging approach to the
synthesis of fluorine-containing targets. New methods for the
formation of aliphatic C�F bonds have the potential to deliver
useful chiral fluorinated structures inaccessible from commercial
or biogenic sources. In this regard, the most significant advances
have relied upon the use of electrophilic “F+” equivalents.5

A variety of chiral Lewis acids and organocatalysts have been
identified that enable highly enantioselective α-fluorination of
carbonyl-containing compounds with these reagents. However,
electrophilic fluorine sources suffer from high cost and, in PET
applications, low specific activity. The use of abundant, inexpen-
sive nucleophilic fluorine sources, such as metal fluorides or

HF-containing reagents, has the potential to deliver complemen-
tary fluorinated building blocks and to access mechanisms
amenable to radiosynthesis. Unfortunately, previous efforts to
effect catalysis of nucleophilic fluorination through manifolds
well precedented for other nucleophiles have been hindered by
fluoride’s high electronegativity and low polarizability, which
make it a recalcitrant nucleophile and relatively strong base in
organic solvents.6

In 2010, our group disclosed the first catalytic, highly en-
antioselective methods for nucleophilic fluorination of epoxides7

and allylic chlorides.8 Bruns and Haufe had previously reported
investigations of fluoride ring opening of epoxides in the pres-
ence of stoichiometric chiral (salen)M complex 1 3Cl (Figure 1).

9

Their work established that the use of silver fluoride as a fluo-
rinating reagent could afford products in up to 74% ee. However,
catalytic turnover of 1 could not be achieved, and elevated
temperatures were required for fluorohydrin formation, presum-
ably due to the low solubility of AgF in the reaction media.
The authors also found that use of a variety of other nucleophilic
fluorine sources led to either no reaction (e.g., Et3N 3 3HF) or no
asymmetric induction (e.g., Olah’s reagent, HF-pyridine10) due
to facile catalyst poisoning or background activity. Instead, we
discovered that use of benzoyl fluoride and 1,1,1,3,3,3-hexafluor-
oisopropanol (HFIP) as a latent source of HF provided access to
an organic-soluble fluorinating reagent in a manner compatible
with asymmetric catalysis. We reported that chiral Lewis acid
(R,R)-2 promoted highly enantioselective fluoride ring opening
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ABSTRACT: This report describes mechanistic studies of the
(salen)Co- and amine-cocatalyzed enantioselective ring open-
ing of epoxides by fluoride. The kinetics of the reaction, as
determined by in situ 19F NMR analysis, are characterized by
apparent first-order dependence on (salen)Co. Substituent
effects, nonlinear effects, and reactivity with a linked (salen)Co
catalyst provide evidence for a rate-limiting, bimetallic ring-
opening step. To account for these divergent data, we propose a
mechanism wherein the active nucleophilic fluorine species is a
cobalt fluoride that forms a resting-state dimer. Axial ligation of the amine cocatalyst to (salen)Co facilitates dimer dissociation and is
the origin of the observed cooperativity. On the basis of these studies, we show that significant improvements in the rates, turnover
numbers, and substrate scope of the fluoride ring-opening reactions can be realized through the use of a linked salen framework.
Application of this catalyst system to a rapid (5 min) fluorination to generate the unlabeled analog of a known PET tracer, F-MISO,
is reported.
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in combination with this novel, latent HF source and an amine
cocatalyst. In the desymmetrization of meso epoxides, chiral
isothiourea cocatalyst (�)-tetramisole ((�)-3) afforded highest
selectivities. Notably, a significant matched-mismatched effect on
both yield and enantioselectivity was observed between 2 and 3
(Table 1, entries 2 and 3). For the kinetic resolution of terminal
epoxides, which is selective for ring opening at the least sub-
stituted position, we found instead that the achiral amidine 1,
5-diazabicyclo[4.3.0]non-5-ene (DBN, 4) was optimal. Such intri-
guing cooperative behavior has little precedence in Lewis acid�
amine cocatalysis. While the cocatalytic reactions are characterized
by remarkably mild and selective conditions for nucleophilic fluo-
rination, in certain cases high catalyst loadings and extended reaction
times were required. As such, the low reaction rates precluded
applications for the radiosynthesis of PET tracers (the half-life of the
radioisotope 18F is 110 min). To achieve synthetic improvements,
and to elucidate the role of the amine cocatalyst, we engaged in
mechanistic investigations of the ring-opening reaction.

Jacobsen and co-workers have extensively studied themechan-
ism of ring openings catalyzed by 1 and 211 for the desymme-
trization of meso epoxides by azide12 and the hydrolytic kinetic
resolution (HKR) of terminal epoxides.13 Kinetic studies have
shown that both reactions are second order in catalyst in the rate-
limiting step; moreover, a nonlinear relationship between the ee
of ring-opened product and the ee of the catalyst has implicated
two (salen)M molecules in the enantiodetermining step. On the
basis of these data, a consensus mechanism has been proposed,
which involves one (salen)M center activating the epoxide and
another delivering the nucleophile in a homobimetallic pathway
(Scheme 1).

Herein, we describe mechanistic investigations aimed at
elucidating the roles of 2�4 in the cocatalytic ring opening of

meso and terminal epoxides by fluoride anion. Themechanism of
the kinetic resolution, which proved more amenable to analysis,
was evaluated in detail. Kinetic studies revealed an apparent first-
order dependence on [2]; in contrast, experiments probing
substituent effects, nonlinear effects, and reaction rates with a
linked catalyst establish bimetallic ring opening as the rate-
limiting step. These data are reconciled by the occurrence of a
resting-state dimer, and a combination of techniques allows us to
propose a catalytic cycle involving (salen)CoF(HF) as the active
fluorinating agent. The unique reactivity and selectivity of this
species, and the origin of cooperativity between (salen)Co and
amine, appear to be derived from axial ligation of the amine
cocatalysts to the cobalt center. Finally, we report that the use of
linked (salen)Co catalysts14 provides significant synthetic im-
provements in terms of rate, catalyst loading, enantioselectivity,
and substrate scope.

’RESULTS AND DISCUSSION

Kinetic Studies. To shed light on the mechanism of coopera-
tivity between 2 and cocatalysts (�)-3 and 4, we initated kinetic
studies using the ring opening of terminal epoxides as a repre-
sentative cocatalytic reaction. Blackmond’s reaction progress
kinetic analysis15 was performed with 4-fluorostyrene oxide (5)
as a model substrate, which undergoes kinetic resolution with a
selectivity factor (s) of >100. Using in situ 19F NMR and 1,
4-difluorobenzene as a quantitative internal standard, the entire
course of the reactionwasmonitored under synthetically relevant
conditions. Conveniently, the conversions of 5, benzoyl fluoride,
and HFIP could be quantified, along with the formation of the
fluorohydrin 6 and 1,1,1,3,3,3-hexafluoroisopropyl benzoate (7),
the byproduct derived from solvolysis of benzoyl fluoride by
HFIP (eq 1).16 To simplify the kinetics, only the matched
enantiomer (R)-5 was used in combination with (S,S)-2.

The rawNMRdata for a typical reaction are shown in Figure 2,
and the corresponding concentration versus time data are shown
in Figure 3A. Notably, the reaction proceeds cleanly, without any
observable fluorinated side products, and the sum of the con-
centrations of 5 and 6 remains constant over the course of the
reaction. Furthermore, the generation of ester 7 occurs at
approximately the same rate as that of 6 until the epoxide is fully
consumed, implying that minimal unproductive reaction of HF
with the glass reaction vessel occurs.
Through differentiation, the concentration versus time data

may be processed to provide a plot of rate (�d[5]/dt) versus [5]
(Figure 3B).15 On the basis of parallel UV�vis/rate measure-
ments, we established that aerobic oxidation of the Co(II)

Table 1. Lewis Acid�Amine Cooperative Catalysis

entry amine Lewis acid conv. (%)a ee (%)b

1 none (R,R)-2 17 55

2 (�)-3 (R,R)-2 88 95

3 (�)-3 (S,S)-2 8 �32

4c 4 (R,R)-2 25 53
aDetermined by GC using 1-decene as a quantitative internal standard.
bDetermined by chiral GC analysis using commercial chiral columns.
cAverage data for two experiments.

Figure 1. (Salen)Co catalysts used in ring-opening reactions.

Scheme 1. A Bimetallic Mechanism Accounts for High
Selectivity in Ring-Opening Reactions
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precatalyst 2 to the active Co(III) species is responsible for the
induction period during the early stages of the reaction, as is seen
in Figure 3B.17 Since preoxidized catalysts were found to be less
effective than 2 and the rate of oxidation was dependent on the
ratio of 2 to cocatalyst 4, we have omitted the induction period
from analysis of the graphical rate equations in subsequent plots.
The order of 2 in the ring-opening reaction was determined by

comparing reaction rates at 10, 14.1, and 20mM 2, while keeping
constant the initial concentrations of all other reactants. Omit-
ting the induction period, overlay of the data is seen in the

graphical rate equation corresponding to first-order dependence
on [2] (Figure 4). Significantly, this kinetic dependence on 2 is
distinct from that of ring-opening reactions with other nucleophiles,
which are second order in (salen)M, and warranted further study.
Investigation of the kinetic role of the amidine cocatalyst was

conducted in a similar manner. Graphical rate equations for
reactions using 4 and 8 mM 4 indicate that the reaction is first
order in amidine (Figure 5). Furthermore, graphical rate equa-
tions for reactions run with the same catalyst concentrations and
different starting points (“same excess” experiments15) showed

Figure 2. Representative 19F NMR data for the reaction shown in eq 1: [2] = 10 mM, [4] = 8 mM, [5]0 = 227 mM, [PhCOF]0 = 444 mM, [HFIP]0 =
475 mM, [1,4-C6H4F2] = 100 mM.

Figure 3. (A) Concentration vs time for the data shown in Figure 2, and (B) rate (�d[5]/dt) vs [5].

Figure 4. Graphical rate equations for 0th-, 1st-, and 2nd-order dependence on [2] for 10 mM (red squares), 14.1 mM (blue diamonds), and 20 mM
(green circles) 2 (eq 1, [4] = 8 mM, [5]0 = 220 ( 7 mM, [PhCOF]0 = 436 ( 12 mM, [HFIP]0 = 455 ( 20 mM, [1,4-C6H4F2] = 100 mM).
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overlay, confirming that the catalysts do not experience decom-
position over the course of the reaction, and that neither product
inhibition nor autocatalysis is operative.18

To explain the discrepancy between the observed first-order
dependence on [2] in the fluorination reactions and the second-
order behavior previously reported for ring-opening reactions with
other nucleophiles, we have considered three possible scenarios:
(a) Ring-opening is not the rate-limiting step.
(b) Ring-opening is rate limiting and involves one (salen)Co

species.
(c) Ring-opening is rate limiting and involves two (salen)Co

species; the apparent first-order dependence on [2] arises
from a resting-state dimer.

Initial rate data for fluorinations conducted with varying
concentrations of epoxide 5 showed a positive-order dependence
on [5] at synthetically relevant concentrations (0.1�0.3 M) and
saturation at high initial concentrations, indicative of a pre-
equilibrium between catalyst and 5. Consistent with this propo-
sal, the presence of mismatched epoxide (R)-5 inhibited the
reaction. At 0.2 M [5]0, saturation kinetics in benzoyl fluoride
were observed; this appears to be the source of the nonlinearity
observed in the graphical rate equations (e.g., Figure 3B).19

Measuring the dependence of initial rate on [HFIP] revealed amore
complicated relationship. In particular, a zeroth-order dependence
on [HFIP] was observed at synthetically relevant concentrations
(0.15�0.4 M), but higher concentrations of HFIP resulted in rate
inhibition. Inhibition could arise from a medium effect, as it was
found that HFIP is not a competent solvent for the fluorinations.20

Since the three scenarios described above could not be distinguished
by these data, we turned to alternative physical organic experiments
to probe the reaction mechanism.
Substituent Effects. A Hammett study was conducted to

distinguish between scenarios (a) and (b) or (c) by assessing the
impact of electronic variation at the epoxide on reaction rate. The
use of Hammett correlations is a well-established technique to
provide information about the rate-limiting step.21 Accordingly, a
series of para-substitued styrene oxides were subjected to
competition experiments with styrene oxide under optimized
conditions (eq 2).22 In the competition experiments, the ratio of
conversions at an early time point (<20% total conversion) was
used to approximate kX/kH. We found that the Hammett con-
stants σm provided the best linear correlation with log(kX/kH)
(R2 = 0.97), suggesting that there is little resonance contribution
to the rate differences between substituted epoxides (Figure 6).23,24

Notably, a large positive F value, +1.98 ( 0.19, was obtained.

This value, which indicates that the transition state experiences
negative charge buildup, is consistent with rate-limiting ring
opening. Indeed, previous reports on terminal opening of para-
substitued styrene oxides under enzymatic25 and basic26 catalysis
have described F values ranging from +0.3 to +0.87. For the
fluorination reaction, the magnitude of the observed F value
could indicate a later transition state. Alternatively, if the rate-
limiting step were not associated with ring-opening (scenario
(a)), the positive-order kinetic dependence on [epoxide] would
be best explained by the epoxide serving as a neutral axial ligand
to 2. Since electron-rich epoxides are expected to be more
effective ligands for a Lewis acid, the corresponding F value
would be small and negative, inconsistent with the experimental
data. Given these considerations, the data are most consistent
with scenarios (b) and (c).
Nonlinear Effects. Having established that ring opening is

rate limiting on the basis of a positive Hammett correlation,

Figure 5. Graphical rate equations for 0th-, 1st-, and 2nd-order dependence on [4] with 4 mM (blue triangles) and 8 mM (red squares) 4 (eq 1,
[2] = 10 mM, [5]0 = 224 ( 10 mM, [PhCOF]0 = 438 ( 6 mM, [HFIP]0 = 542 ( 131 mM, [1,4-C6H4F2] = 100 mM).

Figure 6. A Hammett plot for the catalytic ring opening of para-
substituted styrene oxides by fluoride (eq 2). Each data point represents
the average of two or three experiments; error bars are standard deviations.
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we turned to nonlinear effects as a furthermechanistic probe of this
step, which is by definition enantiodetermining.27 We anticipated
that these nonlinear effects studies would inform the possibilities
that ring-opening follows a monometallic pathway (b) or that ring
opening proceeds by a bimetallic pathway (c).
Johnson and Singleton have shown that the quantity (s � 1)

/(s + 1), termed dynamic kinetic enantiomeric enhancement
(DKEE), is linearly related to eecat for monomeric, noninteract-
ing catalysts in kinetic resolutions.28 For the kinetic resolutions of
1-hexene oxide and styrene oxide by fluoride ring opening,
however, we found that the relationship between DKEE and
eecat displayed a pronounced positive nonlinear effect (Figure 7).
Nevertheless, kinetic resolutions can exhibit nonlinear effects in
the absence of interacting catalysts if kinetic partitioning occurs:
that is, if the chiral catalyst binds to each enantiomer of substrate
with different affinities.29 Kinetic partitioning can offer an alter-
native explanation for nonlinear effects, or it can magnify non-
linear effects derived from catalyst interaction. To determine the
degree of kinetic partitioning in the cocatalytic fluorination, we
measured the normalized selectivity factor s at different substrate
conversions for the reaction of 1-hexene oxide using scalemic
catalyst. For highly selective kinetic resolutions (s > 100) subject
to kinetic partitioning, modeling indicates that s should increase
dramatically at high conversions; significant variation was not
observed for fluoride ring opening, suggesting that kinetic
partitioning provides a minor contribution to enantiodifferentia-
tion, if any (see Supporting Information, Figure S19). Therefore,
the significant nonlinear effects depicted in Figure 7 may be
ascribed to interaction between the chiral (salen)Co species.
In addition, a kinetic dependence on the ee of the catalyst was

observed.30 Relative rates for the kinetic resolution of styrene
oxide using 0�100% ee (R,R)-2 were measured and rate
suppression was found (Figure 8).31 Since these data are initial
rates, contributions from kinetic partitioning (if relevant) are
negligible. Notably, these rate data also support the conclusion
from the Hammett studies that ring opening is the rate- as well as
the enantiodetermining step.
For reactions displaying nonlinear effects, Kagan has derived

models that can be used to elucidate the number of interacting
chiral species and the nature of their interactions.32 We compared

Kagan’s ML2 model, which predicts eeproduct for two interacting
chiral species, to the data in Figures 7 and 8 using the parameter
DKEE in place of eeproduct. According to this model, for a
statistical distribution of chiral species (K = 4), DKEE can be
predicted by eq 3, in which DKEE0 is the experimental value
using enantiopure catalyst, and g is the relative rates of the
heterochiral and homochiral pathways. This model was in
excellent agreement with the nonlinear effect data and kinetic
dependence on scalemic 2 for g = 0.053 (1-hexene oxide) and
0.063 (styrene oxide).33 Although Kagan’s ML2 model is typi-
cally applied to ground-state complexes, if one considers that the
noncovalent approach of any two molecules of 2 3 epoxide and
2 3Nu in the transition state is statistically determined, eq 3
should apply even if the physical meaning of K is different.34

DKEE ¼ DKEE0eecat
2

1 þ g þ ð1� gÞee2cat
ð3Þ

The nonlinear effects on reaction selectivity and rate provide
conclusive evidence for interaction between two (salen)Co
species and the fit to Kagan’s ML2 model is consistent with
cooperative bimetallic ring opening. However, the data do not
distinguish between this mechanism and a reservoir effect,35

wherein the minor enantiomer of catalyst is sequestered in in-
active heterochiral dimers. A bimetallic rate-limiting step favoring
the homochiral combination of catalysts is consistent with pre-
vious mechanistic studies of (salen)M-catalyzed epoxide-opening
reactions, but appears to be inconsistent with the first-order
kinetic dependence on [2]. The reservoir effect is compatible
with the kinetic data, but would require a ring-opening step
that diverges from the established model for (salen)M
catalysts.36 Thus, further experiments were performed to
distinguish between mechanisms (b) and (c).
Dimeric Catalysts As a Mechanistic Probe. To interrogate

the possibility of cooperative bimetallic ring opening, we con-
ducted mechanistic experiments with dimeric catalyst (R,R,R,R)-
8 (Figure 9). Catalyst 8 has been shown to enhance cooperative
reactivity in the cyclization of epoxy alcohols and in the copoly-
merization of epoxides and CO2.

37 Catalyst (R,R,R,R)-8, when
oxidized in situ to an active Co(III) species by equimolar

Figure 7. Nonlinear effects in the kinetic resolution of styrene oxide
(red circles) and hexene oxide (blue diamonds) (5 mol % 2, 4 mol % 4, 2
equiv PhCOF, 2 equivHFIP, 0.2M inTBME, 23 �C), and simulations of
Kagan’s ML2 model (solid line, K = 4, g = 0.05, DKEE0 = 0.995) and a
linear model (dashed line, g = 1). Each data point represents the average
of two experiments.

Figure 8. Influence of catalyst ee on initial rate (blue diamonds) in the
kinetic resolution of styrene oxide (5 mol % 2, 4 mol % 4, 2 equiv
PhCOF, 2 equiv HFIP, 0.2 M in TBME, 23 �C), and a simulation of
Kagan’s ML2 model (dashed line, K = 4, g = 0.063). Each data point
represents the average of three experiments; error bars are standard
deviations.
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t-BuOOH,38 provided approximately 10-fold rate acceleration in
the ring opening of hexene oxide compared to the reaction
catalyzed by (R,R)-2 (Figure 10A).39 In addition, nonlinear
effects were not observed when 0.25 mol % scalemic 8, prepared
from mixtures of (R,R,R,R)- and (S,S,S,S)-8, was used in the
kinetic resolution of hexene oxide. The strictly linear relationship
between DKEE and % ee 8 (R2 > 0.99, Figure 10B) implies that
productive intermolecular interactions between salen units do
not occur under these conditions.
Taken together, these data provide substantial evidence for a

bimetallic ring-opening step, in accordance with existingmechan-
istic models for (salen)M-catalyzed ring opening (Scheme 1).
However, such a scenario would be expected to exhibit a
second-order kinetic dependence on [2] and first-order depen-
dence on [8]. Notably, kinetic analysis of the reaction of (()-
hexene oxide catalyzed by 0.125 and 0.25 mol % (R,R,R,R)-8, as

monitored by GC to at least 90% conversion of the matched
enantiomer, revealed a half-order depenedence on [8] (Figure 11).40

In catalytic reactions, such half-order kinetics are the hallmark of
an inactive resting-state dimer (Scheme 2a).41 Significantly, the
absence of nonlinear effects with 8 reveals that differential
formation of the hetero- or homochiral resting-state dimers does
not occur: such a reservoir effect would result in asymmetric
amplification or depletion. Additionally, intramolecular deactiva-
tion of the cobalt centers in 8, which would prevent the rate
acceleration observed in Figure 10A, is presumably disfavored by
constraints imposed by the dicarboxylate tether.
Similarly, the formation of an analogous resting-state dimer in

the 2-catalyzed reaction, which must dissociate prior to a bimetallic
rate-limiting step, provides an explanation for the unusual
apparent first-order dependence on [2] (Scheme 2b, scenario (c)).
In other words, since the molecularity of the resting state and the
transition state are the same with respect to 2, first-order kinetics
are observed. To the best of our knowledge, this precise scenario
has not been described previously.42

The unique tendency of the active (salen)Co(III) species in
the fluoride ring-opening reaction to exist preferentially as a
dimer is best attributed to a bridging fluoride or bifluoride

Figure 9. (R,R,R,R)-8.

Figure 10. (A) Rate acceleration in the kinetic resolution of hexene oxide
using 1.25 (light blue circles), 0.5 (blue diamonds), 0.25 (red squares),
and 0.125 (green triangles) mol % dimeric catalyst (R,R,R,R)-8 compared
to 2.5 mol % (R,R)-2 (open circles) (0.8 equiv 4 relative to Co, 1 equiv t-
BuOOH relative to Co, 0.55 equiv PhCOF, 0.825 equiv HFIP, 0.4 M in
TBME, 24 �C). (B) DKEE (blue diamonds) vs % ee 8with 1mM 8 in the
kinetic resolution of hexene oxide and a linear model (dashed line).

Figure 11. Graphical rate equation for half-order dependence on [8] in
the kinetic resolution of hexene oxide for 0.5 (blue diamonds) and 1 (red
squares) mM 8; each data point represents the average of three
experiments. The reactions were monitored by GC using 1-decene as
a quantitative internal standard (0.8 mM 4, 1 equiv t-BuOOH relative to
Co, 0.55 equiv PhCOF, 0.825 equiv HFIP, 0.4 M in TBME, 24 �C). See
Supporting Information for graphical rate equations for 0th- and 1st-
order dependence on [8].

Scheme 2. Effect of a Resting-State Dimer on Kinetics
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complex. Both dimeric and polymeric fluoride- and bifluoride-
bridged transition-metal complexes have been characterized.43

Additionally, the tendency of (salen)M species to oligomerize in
the presence of counterions such as azide and methoxide has
been reported.44,12a Unfortunately, NMR spectroscopic studies
have not led to successful characterization of such monomeric or
dimeric Co(III)�F species due to the paramagnetic Co(III)
center.45 While we have generated (salen)Co(III) complexes that
are stoichiometrically active for enantioselective ring opening in the
absence of exogeneous fluoride, these species are highly soluble in
organic solvents, including pentane, and various methods for
recrystallization have not yet yielded X-ray-quality crystals (see
Supporting Information for details). Nevertheless, the mechanistic
data and the reactivity of the nucleophilic fluorine source are best
explained by the intermediacy of a cobalt fluoride.
Lewis Acid�Amine Cooperative Catalysis. Sequestration of

the catalyst in an inactive dimeric resting state provides an explana-
tion for the sluggishness of the ring-opening reaction beyond the
inherently poor nucleophilicty of fluoride. Since Lewis basic addi-
tives are known to disrupt (salen)M oligomers,46 the rate accelera-
tion conferred by the amidine or isothiourea cocatalyst could be
attributed in part to its role in increasing the concentration of active
monomeric catalyst. Accordingly, spectroscopic data for kinetically
competent (salen)Co species in combination with (�)-3 and 4
were consistent with binding.47 Specifically, FTIR reveals a shift in
νCdN for amidine 4 in the presence of (salen)Co(III), and the
UV�vis absorption at ca. 800 nm characteristic of five-coordinate
(salen)Co(III) complexes decreases upon addition of 3 or 4
(see Supporting Information for details).48 Moreover, kinetic
experiments established a role for4 in or prior to the rate-limiting step.
To evaluate the interaction between (salen)Co and the isothiourea
cocatalyst 3 inmore detail, we turned to nonlinear effect studies in the
desymmetrization reactions.
The significant matched-mismatched effect observed between 2

and (�)-3, which affects both rate and enantioselectivity, provides
evidence for a cooperative interaction between the two catalysts in
the ring-opening step (Table 1).49 While many models have been
developed to describe nonlinear effects in reactions with only one
chiral catalyst or auxiliary, analogous models for reactions fea-
turing two distinct chiral catalysts are not found in the literature.50

Experimentally, we probed the stoichiometry of each catalyst in the
enantiodetermining step by varying its ee while using enantiopure
cocatalyst. It is important to note that in the presence of two distinct
interacting chiral catalysts, nonlinear effects on the ee of product will
be observed even if the enantiodetermining step is first order in each
catalyst.We therefore derived equations for first-order (MLL0, eq 4)
and second-order (ML2L0, eq 5) dependence on the scalemic
catalyst (see Supporting Information for derivation and definitions
of variables). Like Kagan’s models for nonlinear effects, these use
experimental data for product ee in the matched and mismatched
cases (EEmat and EEmis), and rely on mathematical modeling to
assign the parameters α, β, γ and EEmix. The number of adjustable
parameters in eq 5 that are not determined experimentally remains a
limitation of these models.

eeprod ¼ ½LR �EEmat þ α½LS�EEmis
½LR � þ α½LS� ð4Þ

eeprod ¼ ½LR �2EEmat þ β½LS�2EEmis þ γ½LR �½LS�EEmix
½LR �2 þ β½LS�2 þ γ½LR �½LS�

ð5Þ
Nevertheless, in the ring opening of cyclooctadiene monoxide

with scalemic 2 and enantiopure isothiourea (�)-3 under
standard conditions (see Table 1), the enantiodetermining step
was found to unambiguously involve two (salen)Co species,
consistent with bimetallic ring opening (Figure 12A). For the
nonlinear effects with enantiopure 2 and scalemic 3, however,
scenarios with one or two isothioureas in the enantiodetermining
step could not be distinguished on the basis of eq 4 and 5 alone
(Figure 12B). Kinetic data for the ring opening of terminal
epoxides, as well as the observation that excess isothiourea
cocatalyst relative to 2 lowers enantioselectivity, suggest that
there is only one isothiourea cocatalyst involved in the ring-
opening step.
The pronounced nonlinear effects observed in Figure 12 can

prove synthetically useful: the use of racemic 2 or racemic 3 in the
presence of enantiopure cocatalyst provided product in 83 and
85% ee, respectively. Thus, cooperative catalysis with two chiral

Figure 12. Nonlinear effects in the desymmetrization of cyclooctadiene monoxide (2) using (A) scalemic 2 and (B) scalemic 3 (10mol % 2, 8 mol % 3,
2 equiv PhCOF, 4 equiv HFIP, 0.2 M in TBME, 23 �C, 18 h; EEmat = 95.0, EEmis =�27.3), and simulations of MLL0 (blue line, αA = 0.230; αB = 0.075)
and ML2L0 (red line, βA = 0.141, γA = 0.068, EEmix,A = 45.5; βB = 0.254, γA = 0.005, EEmix,A = 44.5).
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catalysts may prove an effective strategy for optimization even if
only one catalyst is available in enantiopure form.
The nonlinear effects studies described above established that

the (�)-3-cocatalyzed fluoride ring opening of meso epoxides
involves two (salen)Co species, consistent with the mechanistic
studies of the kinetic resolution. Given this mechanistic con-
gruence, it is striking that amidine 4, while effective in the kinetic
resolution, provided significantly depressed rates and ee’s in the
desymmetrization relative to chiral isothiourea (�)-3 (Table 1,
entry 4). To better understand the requirement for “tuning” the
amine cocatalyst to the electrophile, we evaluated nonlinear
effects for the 4-cocatalyzed desymmetrization. When 4 was
used in place of (�)-3 in the ring opening of cyclooctadiene
monoxide, nonlinear effects were not observed with scalemic
(R,R)-2 (Figure S28). This indicates that a monometallic path-
way is responsible for the fluoride ring opening of meso epoxides
in the presence of 4. Furthermore, the monometallic ring open-
ing is unselective and slow compared to the bimetallic pathway
observed with (�)-3. We hypothesize that 4, a superior ligand
and Lewis base compared to 3 on the basis of steric considera-
tions and ring size,51 outcompetes the meso epoxide as a neutral
ligand to (salen)Co and prevents Lewis acid activation of the
epoxide, which is required for the selective bimetallic pathway.
The less sterically hindered terminal epoxides are sufficiently
good ligands to (salen)Co to compete with cocatalyst 4 and thus
undergo selective kinetic resolution in its presence.
ProposedMechansim.On the basis of the data obtained thus

far, we propose the mechanism depicted in Scheme 3. A salient
feature of this catalytic cycle is that equilibrating fluoride-bridged
dimers are the dominant contributors to the (salen)Co resting
state. HFIP binding to (salen)CoF dimer A provides adduct B,
and acyl transfer of the alkoxide with PhCOF provides bifluoride-
containing dimer C. This species may bind to either matched or
mismatched epoxide, providing Dmat and Dmismat. Amidine
association reveals the active monomeric components, which
react in the rate-limiting step to generate ring-opened pro-
duct. However, only the matched combination of (salen)Co
and epoxide (E) productively engages the nucleophilic fluor-
ine source F.
We propose that the active nucleophilic fluorinating agent is a

metal bifluoride, F, on the basis of several considerations.52 In the
presence of a proton source such as HFIP, it is expected that the
metal bifluoride would be thermodynamically favored.53 More-
over, an inverse kinetic isotope effect kHFIP/kHFIP-d2 = 0.86 is
observed in the ring opening of 5, indicating the involvement of a

hydrogen bond in the rate-limiting step. The origin of such an
inverse KIE could be attributed to F 3 3 3HF bond breaking in the
delivery of fluoride to the epoxide and is consistent with literature
values;54 however, other hydrogen-bonding interactions cannot
be ruled out. Furthermore, presumed (salen)CoF and (salen)CrF
species generated by us and by Haufe and co-workers, through
metathesis of (salen)MCl with AgF in the absence of a proton
source, provide inferior reactivity.9 Kinetic considerations also
disfavor a mechanism based on nucleophilic (salen)CoF: since
the proposed resting state contains fluoride, such a scenario
would provide zeroth-order dependence on PhCOF, not satura-
tion behavior.
From the mechanism in Scheme 3, we derived a rate law using

the equilibrium assumption and the simplification that the mass
balance of Co is solely composed of dimeric complexes (see
Supporting Information). Under the synthetically relevant con-
ditions (high [PhCOF] and [HFIP]), this rate law is simplified to
eq 7. It is important to note that the proposed mechanism
disregards various off-cycle binding events, combinations of
anionic and neutral ligands to (salen)Co that would provide less
reactive complexes, and equilibria between monomeric species
that likely contribute to the overall rate. Nevertheless, the derived
rate law encompasses all of the key experimental observations,
most notably: (1) first-order dependence on [2] and [4], (2)
nonlinear effects obeying theML2model, (3) saturation behavior
in epoxide and PhCOF, (4) inhibition by mismatched epoxide,
and (5) lack of inhibition by 7 at high [PhCOF] and [HFIP]. The
complexities associated with HFIP dependence (vide supra)
cannot be fully explained by eq 6; however, the zeroth-order
dependence on [HFIP] observed under synthetically relevant
concentrations is consistent with this proposal.

rate ¼ 1=2ð ÞkcatK1K2KmatK3½Co�tot½HFIP�½PhCOF�½Smat�½4�
½7� þ K1½HFIP�½7�þ

K1K2½HFIP�½PhCOF�ð1 þ Kmat½Smat� þ Kmis½Smis�Þ

 !

ð6Þ

rate ¼ 1=2ð ÞkcatKmatK3½Co�tot½Smat�½4�
1 þ Kmat½Smat� þ Kmis½Smis� ð7Þ

By fitting experimental data from kinetics experiments with
(R)-5 (eq 1) at varying concentrations of catalysts and substrates
to eq 6, we obtained the constants shown in Scheme 3. An
important consequence of this rate law is that inhibition by
mismatched (S)-5may be quantified: we find thatKmat/Kmis≈ 1,

Scheme 3. Proposed Mechanism



16009 dx.doi.org/10.1021/ja207256s |J. Am. Chem. Soc. 2011, 133, 16001–16012

Journal of the American Chemical Society ARTICLE

consistent with the conclusion that nonlinear effects in the
kinetic resolution originate in bimetallic ring-opening, not selec-
tive binding of epoxide.
According to this proposed mechanism, the rate of the

reaction would be affected by both the concentration of F and
the rate constant of bimetallic ring opening. Thus, the influence
of an amine cocatalyst on rate could be derived from its ability to
both promote dissociation of dimer Dmat and to increase the
nucleophilicity of bifluoride F. We hypothesize that amine
binding confers greater nucleophilicity on a 2 3Nu species
through the trans effect, as has been invoked in the use of Lewis
basic additives for (salen)Mn-catalyzed epoxidations and 1-
catalyzed copolymerizations of epoxides and CO2.

55 While free
amine could play a role in acyl transfer,56 the combination of
(�)-3 or 4 and benzoyl fluoride did not provide evidence of the
acylammonium adduct by IR or NMR, indicating that the
equilibrium for such a species is unfavorable.
Furthermore, the matched-mismatched effect on enantios-

electivity observed in the ring opening of meso epoxides with
(�)-3 can also be explained by isothiourea binding to (salen)Co,
which provides diasteriomeric complexes. Subtle conformational
differences between (R,R)-2 3 FHF 3 (�)-3 and (S,S)-2 3 FHF 3
(�)-3 presumably result in different trajectories of attack and
activation barriers (ΔΔGq) in the corresponding transition
states. In accordance with this proposal, we observed moderate
asymmetric induction for ring opening catalyzed by (�)-3 in
combination with an achiral variant of 2.7 Similarly, Katsuki and
co-workers have demonstrated that chiral amine ligands induce
detectable enantioselectivity for epoxidation in concert with
achiral (salen)Mn catalysts.57,58 As evidence of the great degree
of order required in the transition state, Eyring analysis of the
fluoride ring-opening of cyclooctadiene monoxide by the
matched combination of catalysts provided a relatively large
ΔSq value (�32 eu) (see Supporting Information).
Synthetic Improvement with Linked Catalysts. As men-

tioned above, the use of dicarboxylate-linked catalyst 8, prepared
from a known suberate-linked salen ligand andCo(OAc)2 in 87%
yield on gram scale, afforded significant rate acceleration in the
kinetic resolution of hexene oxide. Rate enhancement was also
observed for other terminal epoxides (Table 2), including
styrene oxides (entries 1�3) and tert-butyldimethylsilyl (TBS)
glycidyl ether (entry 4). Furthermore, the substrate scope of the
fluoride ring-opening kinetic resolutions could be expanded to
include a secondary carbamate-containing epoxide (entry 5) and
a propargylic epoxide (entry 6). In these cases, the substrates
react sluggishly under standard reaction conditions with mono-
meric 2. In contrast, reactions were complete in less than 4 h with
0.25�0.5 mol % catalyst 8. Similar results were obtained for
representative epoxides with a 30-min reaction time when 1.25
mol % 8 and 2 mol % 4 were employed (see Supporting
Information). On the basis of the kinetics experiments described
above, which showed saturation in PhCOF and zeroth-order
dependence on HFIP, we also found that it is possible to use
substoichiometric amounts of these reagents without adversely
affecting rates or isolated yields.
Notably, the nitroimidazole-substituted fluorohydrin product

9 (Scheme 4) represents the “cold” version of the PET radio-
tracer fluoromisonidazole (F-MISO), which is used to detect
hypoxia and predict cancer recurrence in living cells.59 Currently,
F-MISO is synthesized through fluoride displacement of a
primary tosylate, and requires a deprotection step subsequent
to fluorination.60 With 1.25 mol % 8, fluoride ring opening was

achieved within 5 min, providing 9 directly in 40% isolated yield
and 93% ee from racemic epoxide.61 Benzoyl fluoride is manu-
factured from benzoyl chloride and KF by a Halex process, which
should be amenable to the synthesis of PhCO18F.62 While our
own catalytic method has not yet been optimized to meet the
stringent requirements of radiochemical synthesis, the synthesis
of 9 showcases the functional-group tolerance and convenient
reaction rates afforded by 8.
Improved rates, enantioselectivities, and substrate scope can

also be achieved for the desymmetrization of meso epoxides
when 8 is used in conjunctionwith amidine cocatalyst 4 (Table 3).63

Table 2. Kinetic Resolution of Terminal Epoxides Catalyzed
by 8a

a 1.6 equiv of 4 and 2 equiv of t-BuOOH were used relative to 8. In
entries 1�3, 0.45 equiv of PhCOF was used relative to epoxide.
b Isolated yields for 1�8 mmol scale; theoretical maximum is 50% yield.
cDetermined using chiral GC or HPLC analysis on commercial col-
umns. d s represents a lower bound for the selectivity factor calculated
from the isolated yield (C) and ee of product (ee): s = ln[1�C(1 + ee)]/
ln[1 � C(1 � ee)].

Scheme 4. Synthesis of F-MISO (9)
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Direct comparisons in the opening of cyclopentene oxide (entry 1)
and a protected pyrrolidine-derived epoxide (entry 2) demon-
strate the significance of the synthetic improvement. Further-
more, an acyclic meso epoxide, which underwent minimal ring
opening under catalysis by 2, provided fluorohydrin product in
good yield and ee (entry 3). The success of the linked-catalyst
strategy suggests that other well-developed dimeric and oligo-
meric catalysts could be used to further improve the rates,
enantioselectivities, and substrate scope of the fluorinations.14

’CONCLUSION

The multicomponent nature of the cooperative cocatalytic
fluorination, which employs benzoyl fluoride and HFIP as a
latent HF source, renders elucidation of the catalytic mechanism
a challenging endeavor. However, mechanistic insight has been
gained through a combination of experiments aimed at identify-
ing the active fluorinating reagent and composition of the rate-
limiting step. In particular, substituent effects in the fluoride ring
opening of para-substituted styrene oxides have established that
ring opening is rate limiting. A bimetallic mechanism for this step
is proposed based on nonlinear effects studies with monomeric
(salen)Co catalysts and experiments using a linked catalyst. In
light of the above experiments and the establishedmechanism for
(salen)Co-catalyzed epoxide ring opening with other nucleo-
philes, observation of a first-order dependence on [(salen)Co]
was unexpected. Our study highlights that, in the absence of
structural information about the resting state, observation of a
first-order dependence on [catalyst] is not sufficient to establish
that only one catalyst species participates in the rate-determining
step. As such, a resting state composed of fluoride-bridged dimers
likely accounts for the discrepancy between the kinetic studies
and the Hammett correlation and nonlinear effects presented in
this paper. With this insight, we were able to improve the
protocols for enantioselective fluoride ring opening of terminal
and meso epoxides. Use of a linked (salen)Co catalyst afforded

significantly elevated rates, expanded substrate scope, and high
enantioselectivity in the synthesis of β-fluoro alcohols, which
represent valuable fluorinated building blocks for chemical
synthesis.

While many of the subtle factors governing cooperative catalysis
in this system have yet to be fully unraveled, evidence for the role
of the amine cocatalyst has been obtained. To this end, we have
introduced a model for studying nonlinear effects in reactions
that involve two chiral catalysts. Furthermore, spectroscopic
studies have revealed that the amine cocatalysts serve as ligands
for (salen)Co.On the basis of these data, we propose that the role
of the amine is to facilitate dissociation of a (salen)Co dimer to its
active monomeric components. Additional contributions to the
pronounced matched/mismatched effects may derive from the
ability of the cocatalysts to influence the lability of the axial
bifluoride ligand and the conformation of the salen backbone.
We anticipate that the mechanistic understanding gained in these
studies will allow us to design asymmetric nucleophilic fluorina-
tion reactions with other electrophilic partners. Most promising
in this regard is the discovery that a chiral, organic-soluble metal
fluoride can be accessed under mild catalytic conditions and is an
effective fluoride delivery agent.
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