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Enantioselective Halogenative Semi-Pinacol Rearrangement:
Extension of Substrate Scope and Mechanistic Investigations

Fedor Romanov-Michailidis,[b] Maria Romanova-Michaelides,[c] Marion Pupier,[b] and
Alexandre Alexakis*[a]

Abstract: The present Full Paper article discloses a survey of
our recent results obtained in the context of the enantiose-
lective halogenation-initiated semi-pinacol rearrangement.
Commencing with the fluorination/semi-pinacol reaction
first and moving to the heavier halogens (bromine and
iodine) second, the scope and limitations of the halogena-
tive phase-transfer methodology will be discussed and com-
pared. An extension of the fluorination/semi-pinacol reaction
to the ring-expansion of five-membered allylic cyclopenta-

nols will be also described, as well as some preliminary re-
sults on substrates prone to desymmetrization will be given.
Finally, the present manuscript will culminate with a detailed
mechanistic investigation of the canonical fluorination/semi-
pinacol reaction. Our mechanistic discussion will be based
on in situ reaction progress monitoring, complemented with
substituent effect, kinetic isotopic effect and non-linear be-
haviour studies.

Introduction

In the course of the last ten years, it has been extensively dem-
onstrated that ionic catalysts incorporating at least one chiral
ion are able to render enantioselective transformations pro-
ceeding through reaction intermediates bearing an opposite
electrostatical charge.[1] More specifically, in the context of
asymmetric anionic counterion-directed catalysis, the conju-
gate bases of enantiopure 1,1’-bi-2-naphthol (BINOL)-derived
phosphoric acids have been recently disclosed as privileged
chiral anions.[2] The combination of these elements has now
blossomed into the rich field of ion-pairing catalysis.

Anslyn and Dougherty have provided the following defini-
tion of an ion pair :[3] “An ion pair is defined to exist when
a cation and anion are close enough in space that the energy
associated with their electrostatic attraction is larger than the
thermal energy (kBT) available to separate them.” Despite this
definition, the frontier between strict ion-pairing and other
weak intermolecular interactions is rather shallow, and the

term “ion pair” can be used to describe an ensemble of non-
covalent binding forces that keep two oppositely charged spe-
cies associated in solution (Figure 1). The terms contact, tight,
or intimate ion pair and solvent-separated or loose ion pair
have become well known in the chemical community.[4]

Historically, the ability of chiral non-racemic species to influ-
ence the enantioselectivity of a chemical transformation
through ion-pairing interactions has been initially demonstrat-
ed by the field of asymmetric phase-transfer catalysis.[5] The
first use of such systems can be traced back to 1984, when
Merck scientists achieved a highly enantioselective alkylation
of indanone enolates, ion-paired with chiral quaternary ammo-
nium cations.[6]

It is curious to note that the reversed polarity stratagem, no-
tably ion-pairing of an achiral/prostereogenic cationic reagent/
intermediate with an enantiopure chiral anionic catalyst
lagged rather far behind and was only recently applied to
asymmetric catalysis.[7, 8, 9] Of particular interest to us are these

Figure 1. Coulomb’s law and the types of ion-pairing in solution.
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last three examples, in which the authors took a new approach
in the form of establishing a phase separation between the or-
ganic solution phase (containing the substrate together with
the chiral lipophilic anion) and the solid phase (containing the
insoluble stoichiometric cationic reagent). The poor solubility
of the latter precluded background reaction but did allow the
reaction with its salt with the chiral lipophilic anion.

The regio- and stereocontrolled functionalization of carbon–
carbon double bonds 1 is of primordial importance in organic
synthesis. Transition-metal-free electrophilic activation of ole-
fins has been largely dominated by halofunctionalization reac-
tions.[10] These reactions involve the capture of transient halira-
nium ions 2, formed from olefin/dihalogen association, by
inter- or intramolecular nucleophiles (Figure 2).[11]

The halocyclization process (intramolecular nucleophile trap-
ping) represents the most studied halofunctionalization reac-
tion.[12] In sharp contrast to the exhaustively studied bromocyc-
lization process,[13, 14a,b] engineering enantioselectivity in fluo-
ro-,[8, 9, 15] chloro-,[16] and iodocyclization[14] reactions remains
challenging and lacks generality in terms of substrate scope.
This constitutes an important handicap to the synthetic com-
munity due to the primordial role of fluorinated[17] and iodinat-
ed[18] organic molecules in natural products, pharmaceuticals
and agrochemicals. Iodinated compounds are also valuable
precursors that provide access to more complex molecular
frameworks.[19]

Even less studied is the related halogenation-initiated semi-
pinacol rearrangement. In this last reaction, the transiently
formed a-hydroxy haliranium ion 4 undergoes a Wagner–Meer-
wein alkyl migration, leading to the formation of synthetically
prized b-halogenated ketones.[20]

Whereas the chlorination- and bromination-initiated
Wagner–Meerwein rearrangements of electron-rich cyclic enol
ethers were recently shown to be amenable to asymmetric cat-
alysis,[21] the development of truly enantioselective catalytic flu-
orination-[22] and iodination-initiated variants remains a great
challenge.

Reasoning that the postulated haliranium ion intermediate 4
bears a net positive charge (Figure 3), we were interested to
see whether a chiral anion (derived from a BINOL-phosphoric
acid, for example) could induce asymmetry into the subse-
quent Wagner–Meerwein rearrangement step.

The transposition of simple allylic alcohols 3 was of particu-
lar interest to us, as it would lead to the formation of valuable
all-carbon quaternary stereogenic centres. The present Full
Paper will deal with the description of the scope and limita-
tions of the halogenation-initiated Wagner–Meerwein rear-

rangements, operating through anionic phase-transfer technol-
ogy. The key practical aspects of the title transformation, such
as reaction optimization studies and the establishment of
a substrate scope will be combined with mechanistic aspects,
such as kinetic and isotopic kinetic data. Combined with linear
free energy relationships, this study will culminate at a reasona-
ble picture of the reaction mechanism.

Results and Discussion

With a small library of enantiopure (Ra)-BINOL-derived, 3,3’-bis-
aryl disubstituted phosphoric acids Ly (y = 1–12) in hand, reac-
tion optimization studies were carried out next.[23] Optimization
experiments were carried out with the strained allylic alcohol
A1, Selectfluor as the fluorinating reagent, and the set of acids
Ly (see Table 1).

In the course of the preliminary catalyst screening per-
formed in toluene at ambient temperature, the employment of
highly sterically congested phosphoric acids L4–6, related to the
notorious (Ra)-TRIP (TRIP = 3,3’-bis(2,4,6-triisopropylphenyl)-1,1’-
binaphthyl-2,2’-diyl hydrogenphosphate) scaffold,[24] turned out
to be crucial for accessing practical enantioselectivities (ca.
70 % ee) of the product b-fluoro spiroketone B1 (Table 1, en-
tries 4–6). Interestingly, phosphoric acids bearing isopropyl (L4)
and cyclopentyl (L6) substituents at positions X and Y outper-
formed acid L5 that bears cyclohexyl groups at these same po-
sitions. The addition of Na2CO3 base turned out to be detri-
mental for the success of the title fluorination-induced semi-pi-
nacol rearrangement, in terms of both the yield and the enan-
tioselectivity. Thus, when employing phosphoric acid L4 in the
absence of the sodium carbonate additive (entry 8), a signifi-
cant drop in conversion and enantiomeric excess was noted.
This observation proves that it is the conjugate base of the
acidic precatalyst, a chiral lipophilic phosphate anion, which is
the catalytically active species in the title reaction.

The fact that our reaction obeys the chiral anion phase-
transfer paradigm (PTC) was supported by the complete loss
of reactivity in the non-polar toluene solvent observed in the
absence of the phosphoric acid promoter (Table 1, entry 9).
Nevertheless, the reactivity could be recovered when passing
to the more polar acetonitrile solvent, a solvent that is known
to solubilize Selectfluor to some extent (entry 10). In this case,
the recovered b-fluoro spiroketone B1 was of course racemic.

It is important to point out here that both the enantioselec-
tivity as well as the diastereoselectivity of the present transfor-
mation are controlled by the catalyst structure. Thus, racemic

Figure 2. Electrophilic halofunctionalization of alkenes, and the special case
of an halocyclization reaction.

Figure 3. Concept behind halonium-ion-promoted Wagner–Meerwein trans-
position of allylic alcohols, and the idea of inducing chirality by means of
a chiral counterion. Hal = F, Cl, Br or I.
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reactions (carried out with Selectfluor in acetonitrile without
any phosphoric acid, Table 1, entry 10) gave quasi 1:1 mixtures
of diastereisomers. Additionally, the diastereoselectivity was
significantly reduced under PTC conditions as well, when em-
ploying the lipophilic but achiral phosphoric acid L12 (entry 7).
Consequently, the catalyst structure not only controls the initial
formation of the fluorinated stereogenic centre, but also partic-
ipates in the second (alkyl migration) step.

In an attempt to increase the enantioselectivity of the fluori-
nation-induced semi-pinacol rearrangement, the solvent of the
reaction was varied while keeping the same chiral phosphoric
acid catalyst (L4) (see the Supporting Information).

Among the numerous single solvents tested, highly hydro-
phobic but yet strongly solubilizing (high polarizability) sol-
vents such as toluene, fluorobenzene, and diisopropylether
were better than hydrophobic solvents of lower solubilizing
ability (cyclohexane). Since non-polar solvents favour strong
ion-pairing interactions, the present reaction constitutes an ex-
ample of chiral anion phase-transfer catalysis (PTC), in which
a lipophilic chiral anion extracts the insoluble cationic fluorina-
tion reagent into the organic layer, thus rendering it chiral. The
best solvent in terms of the enantioselectivity of the process
turned out to be fluorobenzene. Importantly, decreasing the
reaction temperature to 0 8C had a beneficial effect on the ste-
reoselectivity of the fluorination/semi-pinacol sequence (up to

83 % ee). Finally, even though
the solvents tested were rigor-
ously dried prior to use, an at-
tempt to sequester residual
water by the addition of 4 �
molecular sieves had a deleteri-
ous effect on the chemical
yield of the reaction (67 %
yield).

Having checked single non-
polar solvents as appropriate
reaction media, binary (1:1 (v/v)
combination) solvent mixtures
were examined next. In this
regard, it turned out that em-
ploying a 1:1 mixture of fluoro-
benzene and n-hexane led to
a noticeable increase in the
level of asymmetric induction
(up to 86 % ee). Coupled with
changing of the basic additive
from Na2CO3 to Na3PO4, lower-
ing of the reaction temperature
to �20 8C and increasing of the
reaction time to 48 h, these ad-
justments led to an increase of
the enantioselectivity obtained
with phosphoric acid L4 to
91 % ee.

Furthermore, increasing the
concentration of allylic alcohol
A1 from 0.07 to 0.1 m led to

a higher chemical yield of the product b-fluoro spiroketone B1,
concomitantly with a slight drop of the enantiomeric excess
(Table 1, entry 6). An optimal concentration of 0.07 m and
a temperature of �20 8C were found as a compromise for cata-
lyst L4, affording B1 with perfect diastereo- and enantioselectiv-
ity.

The isolated yield of b-fluoro spiroketone B1 could be further
increased when employing the more lipophilic phosphoric acid
catalysts L6–9 (Table 1, entries 11–13). This is again in accord
with the PTC mechanism, as the more lipophilic chiral anions
derived from L6–9 are able to extract the cationic fluorination
reagent more readily. In these last three cases, the catalyst
loading could be decreased to 5 mol %, albeit at the expense
of the reaction time. Since the use of catalyst L6 led to product
B1 with the highest level of enantioinduction (92 % ee) and per-
fect diastereoselectivity (>99:1 d.r.), this chiral phosphoric acid
was selected as optimal for further studies.

With a set of optimal reaction conditions in hand, the sub-
strate scope of the title transformation was studied next. To
this end, strained allylic alcohols Ay (prepared according to ex-
perimental procedures described above) were stirred together
with Selectfluor, Na3PO4 and chiral phosphoric acid L6 under
our previously established reaction conditions (Scheme 1).

Both three- (n = 0, products B11–18) and four-membered (n =

1, products B1–10) allylic alcohols turned out to be amenable to

Table 1. Preliminary screening of the phosphoric acid catalysts.[a]

Entry Lx T [8C] Base Solvent Yield [%][b] d.r.[c] e.r.[d]

1 L1 25 Na2CO3 toluene 87 20:1 68:32
2 L2 25 Na2CO3 toluene 35 10:1 57:43
3 L3 25 Na2CO3 toluene 82 >20:1 63:37
4 L4 25 Na2CO3 toluene 96 >20:1 86.5:13.5
5 L5 25 Na2CO3 toluene 74 >20:1 82.5:17.5
6 L6 25 Na2CO3 toluene 89 >20:1 86.5:13.5
7 L12 25 Na2CO3 toluene 62 6:1 50:50
8 L4 25 – toluene 19[e] >20:1 61:39
9 – 25 Na2CO3 toluene trace n.d. n.d.
10 – 25 Na2CO3 acetonitrile 82 3:2 50:50

[a] Reaction conditions: a solution of allylic alcohol A1 (0.20 mmol, 1.0 equiv), chiral phosphoric acid Lx

(0.02 mmol, 10 mol %), powdered Selectfluor (0.30 mmol, 1.5 equiv), and powdered Na2CO3 (0.25 mmol,
1.25 equiv) in anhydrous solvent (3.0 mL, 0.07 m) was stirred vigorously at 25 8C for 24 h. [b] Isolated yields after
flash chromatography. [c] Determined by 1H NMR spectroscopy of unpurified reaction mixtures. [d] Determined
by chiral HPLC analysis of purified compounds. [e] 1H NMR spectroscopy conversion. n.d. = not determined.
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enantioselective ring expansion, which occurred equally well
with scaffolds based on dihydronaphthalene (X = CH2, for ex-
ample, B1) as well as chromene (X = O, for example, B2) ring
systems. Concerning the substituent tolerance, electron-releas-
ing (alkoxy-, products B6,15), electron-neutral (alkyl-, products
B4,5,10,13,14,18), as well as moderately electron-withdrawing (halo-
gen-, products B8,9,16,17) groups were equally well tolerated
when positioned at the C6-position of the dihydronaphtha-
lene/chromene scaffold. A methyl substituent was
also tolerated when placed at the C5-position of the
dihydronaphthalene scaffold (products B5,14).

The product b-fluoro spiroketones By were isolated
in good to excellent yields, and in all cases the prod-
ucts displayed perfect d.r. (>20:1) and high e.r. (be-
tween 94:6 and 97:3) values. In many cases, the re-
covered b-fluoro spiroketones could be recrystallized
from n-hexane/Et2O, giving access to enantiomeri-
cally pure material. Fortunately, even product B3,
based on the indene (X = nothing) scaffold was ob-
tained as a single diastereomer and with an encour-
aging 92.5:7.5 e.r. The sole disappointment came
with b-fluoro spiroketone B19, which resulted from
ring-expansion of the five-membered (n = 2) allylic al-

cohol A19. For this last case, the
diastereoselectivity of the reac-
tion dropped to 8:1 d.r. , while
the enantioselectivity was re-
duced to 87:13 e.r. A slightly dif-
ferent catalytic system based
around the (Ra)-SPINOL-derived
phosphoric acid (L11) (SPINOL =

1,1’-spirobiindane-7,7’-diol) was
devised to deal with these chal-
lenging cases (vide infra).

One important limitation of
the fluorination/semi-pinacol re-
arrangement methodology was
discovered when subjecting al-
lylic alcohols A19, A20 and A21 to
the optimized reaction condi-
tions. All three of these sub-
strates possess substituents
(MeO, F and Cl, respectively)
with lone pairs at the C5-posi-
tion of the dihydronaphthalene
ring. Consequently, these sub-
stituents are capable of direct
resonance interaction with the
developing benzylic carbocation
at the transition structure issued
from the fluorination step. This
additional stabilization might in
turn lead to an increase of the
lifetime of the carbocationic in-
termediate, ultimately resulting
in deterioration of the stereose-
lectivity of the process

(Scheme 2). Indeed, for substrate A19 a decrease in the diaste-
reomer ratio of the corresponding b-fluoro spiroketone B19 can
be observed (9:2 d.r.), while the enantiomer ratio remains
rather high for both diastereomers. On the other hand, for sub-
strates A20 and A21, a concomitant drop in enantioselectivity is
also observed.

The second important limitation in terms of substrate scope
is observed with dihydronaphthalene-based cyclobutanols that

Scheme 1. Substrate scope of the fluorination-induced semi-pinacol rearrangement. The values in parentheses
show enantiomer ratios after recrystallization.

Scheme 2. Scope limitations of the fluorination-induced semi-pinacol rearrangement
methodology.
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bear substituents at the C4-posi-
tion (substrates A23 and A24,
Scheme 2). In this case, a signifi-
cant drop in the level of asym-
metric induction occurs for both
electron-releasing (MeO, sub-
strate A23, 73:27 e.r.) as well as
electron-withdrawing (F, sub-
strate A24, 50:50 e.r.) substitu-
ents. The third and final limita-
tion of our fluorination/semi-pi-
nacol rearrangement cascade
occurs when the dihydrobenzoa-
zulene-based cyclobutanol A25 is
employed as a substrate. While
the corresponding b-fluoro spi-
roketone B25 was isolated in good chemical yield and as
a single diastereomer, the enantiomer ratio was disappointing-
ly low (68:32 e.r.).

Furthermore, at this stage, we were unable to extend our
asymmetric methodology to allylic alcohols lacking the aromat-
ic ring. For example, substrates based on dihydropyrane A26 or
cyclohexene A22 scaffolds furnished the awaited b-fluoro spiro-
ketones B26 and B22 in good yields but with only moderate ste-
reoselectivities (Scheme 2). This is probably due to the ineffi-
cient docking of these substrates into the catalyst’s chiral
pocket (importance of p–p stacking interactions?).

Unambiguous assignment of relative and absolute configu-
rations of the products was made possible after carrying out
X-ray diffraction studies on single crystals grown from b-fluoro
spiroketones B9, B2 and B15 (see Scheme 3).

Based on these X-ray crystal structures as well as on the
model proposed by Simon and Goodman for BINOL-phospho-
ric acid-catalyzed reactions of imines,[25] we present here a ra-
tionale for the observed absolute and relative stereochemis-
tries (Figure 4). According to our model, the positively charged
Selectfluor reagent occupies the vacant lower-left quadrant of
the catalyst, while establishing an ionic bridge with the nega-
tively charged phosphoroyl oxygen atom. Presumably, the allyl-
ic cyclobutanol then establishes a hydrogen bond with the
second phosphoroyl oxygen atom, while fitting the bulk of the
dihydronaphthalene ring into the vacant upper-right quadrant.
Consequently, the fluoronium bridge is formed at the Re-face

of the carbon–carbon double bond of the substrate, and mi-
gration occurs anti relative to the leaving group. From this
model, we could speculate that the high tolerance towards
substitution at positions C5 and C6 of the dihydronaphthalene
ring observed experimentally is a consequence of these posi-
tions ending up in the vacant upper-right quadrant of the cat-
alyst’s chiral pocket. On the other hand, substituents at the C4-
position would clash with the Ar groups and preclude optimal
alignment of substrate and catalyst.

It is important to point out that the sense of absolute induc-
tion for our transformation is inversed when compared to the
previously reported fluorocyclization of Toste and co-workers.
If, in the case of the semi-pinacol rearrangement, Re-face fluori-
nation takes places with a Ra-configured phosphate anion, an
identically configured phosphate anion induces Si-face fluori-
nation in the case of the fluorocyclization reaction.[8] Clearly,
this deviation within the sense of chiral induction is due to an
inversion in the preferred binding mode to the catalyst. While
the model presented on the left (Figure 4) holds true for our
case, it is the model on the right that is preferred when a differ-
ent substrate is used. Such a switch in the binding preference
is presumably caused by a conformational restriction that is
present in our substrate and absent in Toste’s one. The confor-
mational restriction for tertiary allylic alcohols poised for
a Wagner–Meerwein transposition comes from the positioning
of the hydroxyl group synclinal to the alkene as to ensure the
required orthogonality between the migrating C�C s-bond
and the p orbital of the alkene.

The herein disclosed enantioselective fluorination/semi-pina-
col rearrangement cascade was readily amenable to scale-up.
In one experiment, allylic alcohol A15 (540 mg, 2.5 mmol) was
converted into the corresponding b-fluoro spiroketone B15

with excellent stereoselectivity and as low as 2.5 mol % loading
of catalyst L6 (Scheme 4). The desired product could be recov-
ered in diastereo- and enantiomerically pure form with 78 %
isolated yield after a single recrystallization from n-hexane/
Et2O.

Furthermore, a selection of strained b-fluoro spirocyclobuta-
nones (B11–16) underwent smooth Baeyer–Villiger oxidation to
the corresponding fluorinated spiro-g-lactones C11–16 in excel-
lent chemical yield and with complete retention of relative and

Scheme 3. Relative and absolute configurations of selected b-fluoro spiroke-
tones, as determined by X-ray crystallography. Thermal ellipsoids are set at
the 50 % probability level.

Figure 4. Stereochemical rationale for the observed Re-face fluorination with a Ra-configured phosphate anion.
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absolute configurations (Scheme 5). X-ray diffractometry was
employed to confirm the stereochemical course of this trans-
formation. The overall two-step reaction sequence composed
of 1) enantioselective fluorination/semi-pinacol rearrangement,
followed by 2) stereospecific Baeyer–Villiger oxidation is syn-
thetically relevant because it affords the products of a formal
5-exo-dig syn-fluorolactonization, a reaction that is unfeasible
directly.

At this point, we were not satisfied with the observation
that, while performing nicely for the strained allylic cyclopropa-
nols and cyclobutanols, our fluorination-induced semi-pinacol
reaction displayed a significant drop in enantioselectivity when
switching to allylic cyclopentanols such as B19 (Scheme 1). Nev-
ertheless, encouraged by the fact that even in this last reaction
the chemical yield of the process remained high, we were in-
terested in re-investigating the effect of 3,3’-bisaryl-di-substi-
tuted phosphoric acids L1,4,5 and L9–11 on the stereoselectivity
of the fluorination/semi-pinacol rearrangement of allylic cyclo-
pentanols (Table 2).

As already seen before, during optimization studies with the
cyclobutanol substrate A1, bulky aryl groups at the 3,3’-posi-

tions of the BINOL-phosphoric acid are indispensible for high
stereoselectivity in the fluorination/semi-pinacol reaction of
the cyclopentanol substrate A19 as well. Simple phenyl groups
as in acid L1 and even the bulkier 1-anthracenyl substituents as
in acid L10 did not suffice (Table 2, entries 1 and 5, respectively).
When moving to the (Ra)-TRIP- or (Ra)-H8-TRIP-derived phos-
phoric acids L4 and L9 a slight increase in both the diastereo-
and enantioselectivity is observed, the diastereoselectivity
being slightly higher for the latter acid (entries 2 and 4, respec-
tively). Nevertheless, the real breakthrough came when the

(Ra)-STRIP-derived phosphoric acid L11 (STRIP = 6,6’-
bis(2,4,6-triissopropylphenyl)-1,1’-spirobiindan-7,7’-
diyl hydrogenphosphate) was employed. Ligands
based on the STRIP scaffold are notorious for their re-
markably large bite angles.[26] In combination with
Na3PO4 as base and in C6H5F/n-Hex 1:1 (v/v) as the
solvent, catalyst L11 afforded the awaited b-fluoro spi-
rocyclohexanone B19 in 77 % isolated yield, 12:1 dia-
stereomer and 90:10 enantiomer ratios (entry 6). It
was later found out that switching from fluoroben-
zene to a,a,a-trifluorotoluene had a beneficial effect
on yield and stereoselectivity, as did the replacement
of n-hexane with n-heptane, which in turn allowed
the reaction temperature to increase to �15 8C.
Under our final optimized reaction conditions, b-
fluoro spiroketone B19 could be recovered as a single
diastereomer and with 93:7 e.r. (entry 8).

After having established the optimal reaction con-
ditions for the fluorination-induced semi-pinacol rear-
rangement of allylic cyclopentanols, the generality of
the procedure was investigated with a set of dihydro-
naphthalene- and chromene-based substrates (J1–4,6

and J5, respectively, see Scheme 6).
Once again, the relative and absolute configura-

tions of products were unequivocally established by
X-ray crystallography. Specifically, the structure of b-

fluoro spirocyclohexanone B19 (= J1) is shown in Scheme 6
above. As can be seen from the figure, the absolute stereo-
chemistry comes from Re-face fluorination of the parent allylic
cyclopentanol A19. In comparison with the fluorination/semi-pi-
nacol rearrangement reaction of allylic cyclopropanols and cy-
clobutanols, the same enantiomer is produced when a Ra-con-
figured phosphate anion is used. On the other hand, the rela-
tive stereochemistry is the result of migration of the C�C bond
that is anti with respect to the fluoronium bridge.

Diastereoselective reduction of the b-fluoro spiroketones
was studied next. Such a transformation was interesting since
it would lead to the formation of an extra stereogenic centre.
Rather disappointingly, it was found out that common boron-
based reducing agents like NaBH4 or l-Selectride were not able
to reduce spiroketone B1 at low temperature (�78 8C) over
24 h. To our great delight, however, treating substrate B1 with
Red-Al in toluene at �78 8C led to complete reduction within
4 h. Furthermore, the recovered fluorinated alcohol I1 was
found to be diastereomerically pure (Scheme 7).

To probe the generality of diastereoselective reduction,
three substrate b-fluoro spiroketones B14, B1 and B19 of three

Scheme 5. A useful synthetic application of b-fluoro spiroketones and the X-ray crystal
structure of C15. The values in brackets show yields and enantiomer ratios after recrystal-
lization. Thermal ellipsoids are set at 50 % probability level. MMPP = magnesium mono-
(peroxyphthalate).

Scheme 4. Scale-up of the catalytic enantioselective fluorination-induced
semi-pinacol rearrangement. The values in brackets show yields and enan-
tiomeric ratios after recrystallization.
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different ring sizes (four-, five- and six-membered rings, respec-
tively) were subjected to our previously optimized reaction
conditions. In all three cases, very high diastereoselectivites of
the corresponding fluorinated alcohols I14, I1 and I19 were ob-
served. The relative configuration of products was tentatively
assigned from homo- and heteronuclear Overhauser enhance-
ment spectroscopy.[31, 32]

Encouraged by our first results, we wondered whether an
extension of the chiral counterion-directed enantioselective flu-
orination-initiated semi-pinacol rearrangement to the heavier
halogen atoms (Br and I) would be feasible. As will be shown
below, high enantioselectivities could indeed be maintained,
but required the introduction of novel dicationic electrophilic
halogen sources.

Of particular interest to us was the iodinative reaction, be-
cause iodinated hydrocarbons are notorious for their biological

activity.[18] We began our studies with the reaction of allylic cy-
clobutanol A1 with (collidine)2I+PF6

� (S0) in methylene chloride
at room temperature. To our great delight, the iodination/
semi-pinacol reaction took place smoothly and afforded the
expected b-iodo spiroketone D1 as a single diastereomer and
in 91 % isolated yield (Scheme 8). Seeking for a suitable asym-
metric PTC system, we repeated the above reaction in a less
polar solvent (toluene) in presence of base and catalytic
amounts of the lipophilic chiral phosphoric acid L4 ((Ra)-TRIP).
Disappointingly however, even though the reaction did pro-
ceed to completion, the recovered b-iodo spiroketone was rac-
emic.[33]

Next, given the remarkable success of Selectfluor in anionic
phase-transfer catalysis, we turned our attention to 1,4-diazobi-
cyclo[2.2.2]octane (DABCO)-derived triply charged cations (S1–9)
as potential iodinating reagents (Scheme 8). Rather disappoint-
ingly, when employing S1, the “exact” iodo analogue of Select-
fluor, no reaction was observed under our previously estab-
lished PTC conditions (toluene, Na2CO3, phosphoric acid L4).
This observation could be tentatively explained by the unfav-
oured predissociation equilibrium of S1, generating insufficient
amounts of the monoligated iodine(I) intermediate required
for reactivity with alkenes.[28]

Consequently, switching to the bulkier and more lipophilic
iodinating salts S2 and S3 turned out to be beneficial for reac-
tivity. When combined with catalytic L4 in toluene, both of
these iodinating reagents afforded full conversion of A1 to D1,
albeit with only insignificant levels of asymmetric induction
(ca. 60:40 e.r.).

We speculated that one possible rationalization for the low
enantiomeric ratios observed with our PTC system gravitated
around the olefin-to-olefin halogen exchange problem, known
to occur between the transient bromiranium/iodiranium cat-
ions and leading to product racemization.[29] Variable-tempera-
ture NMR studies by Brown and co-workers have shown that
a fast and degenerate olefin-to-olefin transfer occurs between
adamantylidene adamantane and the bromonium ion derived
from it.[29b] This process is assumed to take place through
a low-barrier associative displacement at the halogen atom
(Scheme 9).

In an attempt to solve for this problem, we were intrigued
by the possibility of further exploring the steric and electronic
parameters of the nitrogen substituent (R) of the iodinating re-
agent (Scheme 8). Following the logic of increasing the lipo-
philicity, further fluorination of the benzene ring of the R sub-
stituent afforded a more active reagent (S4), but the enantio-
mer ratio remained unacceptably low (64:36 e.r.). Replacing the
benzene ring with the bulkier 9-anthracenyl substituent (S5)
led to a concomitant drop in yield and in stereoselectivity.
Gratifyingly, switching to the more sterically demanding 2,4,6-
tris(isopropyl)phenyl substituent (S6) improved the enantiomer-
ic ratio markedly (85:15 e.r.). A similar effect was obtained
when employing the branched benzhydryl-based substituents
(S8 and S9, both 86:14 e.r.). Of note, further increasing the size
of the R substituent by using the 2,4,6-tris(cyclopentyl)phenyl
group (S7) instead of the 2,4,6-tris(isopropyl)phenyl one com-
pletely inhibited the reactivity. Encouraged by these prelimina-

Table 2. Re-visiting the fluorination-induced semi-pinacol rearrangement
of allylic cyclopentanols.[a]

Entry Lx T [8C] Base Solvent Yield [%][b] d.r.[c] e.r.[d]

1 L1 �20 Na3PO4 PhF/cHex 71 3:2 69:31
2 L4 �20 Na3PO4 PhF/nHex 90 9:1 87:13
3 L5 �20 Na3PO4 PhF/nHex 53 4:1 84:16
4 L9 �20 Na3PO4 PhF/nHex 92 10:1 87:13
5 L10 �20 Na3PO4 PhF/nHex 74 3:2 76:24
6 L11 �20 Na3PO4 PhF/nHex 77 12:1 90:10
7 L11 �20 Na3PO4 PhCF3/nHex 86 >20:1 91.5:8.5
8 L11 �15 Na3PO4 PhCF3/nHept 89 >20:1 93:7

[a] Reaction conditions: a solution of allylic alcohol A19 (0.20 mmol,
1.0 equiv), chiral phosphoric acid Lx (0.02 mmol, 10 mol %), powdered Se-
lectfluor (0.30 mmol, 1.5 equiv), and powdered Na3PO4 (0.25 mmol,
1.25 equiv) in anhydrous C6H5F/nHex (1:1 v/v, total volume: 3.0 mL,
0.07 m) was stirred vigorously at �20 or �15 8C for 72 h. [b] Isolated
yields after flash chromatography. [c] Determined by 1H NMR spectrosco-
py of unpurified reaction mixtures. [d] Determined by chiral HPLC analysis
of purified compounds. PhCF3 =a,a,a-trifluorotoluene. nHex = n-hexane.
nHept = n-heptane.
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ry results, we selected the iodinating reagent S9 for further op-
timization studies.

After having selected iodinating reagent S9 as the optimal
one the solvent, the base, as well as the structure of the chiral
phosphate anion were investigated next, in an attempt to im-
prove the enantioselectivity of the iodination/semi-pinacol re-
action (Table 3).

A quick overview of the synthetically accessible enantiopure
phosphoric acids L1–11, using toluene as the solvent and
Na2CO3 as the base, revealed L9 as the optimal one (Table 3,
entry 9). Changing the base from Na2CO3 to Na3PO4 improved
the enantiomeric ratio from 87:13 to 89:11, accordingly
(entry 12). Fluorinated aromatic solvents like PhF or PhCF3 led
to quasi-racemic product mixtures (entries 13, 14). Including n-
hexane into a binary solvent mixture with toluene, which
proved to be beneficial for the related fluorination/semi-pina-
col transposition, did not increase the enantiomeric excess in
the present iodination/semi-pinacol reaction sequence
(entry 18). Neither did the switch to the less polar para-xylene
solvent (entry 15). Gratifyingly, when carrying out the reaction
in ethylbenzene as the solvent, an important increase of the
selectivity was observed (91:9 e.r.). Further adjustments, includ-

ing dilution of the reaction medium to 0.05 m, cou-
pled with extension of the reaction time to 72 h, af-
forded the optimal conditions for the title transfor-
mation (entry 20).

The DABCO-derived triply charged cationic iodinat-
ing reagents (S1–9) were readily synthesized using ex-
perimental procedures adapted from the liter-
ature.[14b] To this end, DABCO (5) was first mono-alky-
lated with the appropriate primary benzylic chloride
to furnish mono-quaternary ammonium salts (6)
(Scheme 10). These salts were then subjected to
anion metathesis, followed by coordination to iodi-
ne(I). The resultant highly insoluble, triply charged io-
dinating reagents S1–7 were isolated by precipitation,
and subsequently purified by re-precipitation from
nitromethane.

The benzhydryl-substituted iodinating reagents
S8–10 were prepared in an analogous manner
(Scheme 11). The sole complication arose from the
poor reactivity of benzhydryl chlorides towards alky-
lation by DABCO. The problem was solved by switch-
ing to the more reactive benzhydryl bromides 9,
which were in turn prepared from the corresponding
aryls 8 through dimerization followed by deoxygena-

tive bromination.
With the optimal reaction conditions being established, the

substrate scope of our newly developed iodination-initiated
Wagner–Meerwein rearrangement was investigated. To this
end, strained allylic alcohols A1–25 were reacted with iodinating
reagent S9 and catalytic amounts of enantiopure phosphoric
acid L9 under biphasic Na3PO4/ethylbenzene conditions. The re-
sults are summarized in Scheme 12 below.

Both, three- (n = 0, products D13–21) and four-membered (n =

1, products D1–12) allylic alcohols were amenable to enantiose-
lective iodination/ring-expansion reaction sequence, which oc-
curred equally well with scaffolds based on dihydronaphtha-
lene (X = CH2, for example, D1), chromene (X = O, for example,
D8), indene (X = n/a, for example, D12) and dihydrobenzoazu-
lene (X = CH2CH2, product D25) ring systems. A distinct feature
of the iodination reaction is its high tolerance towards substi-
tution at positions C5 (e.g. product D4), C6 (e.g. product D22)
and C7 (e.g. product D24) of the phenyl ring. A much narrower
substitution tolerance was observed for the fluorination reac-
tion. The title enantioselective transformation was also less
sensitive to substituent electronic effects when compared to
the previously reported fluorination analogue. These marked
deviations of substrate tolerance between the fluoro- and
iodo-initiated transpositions constitute a hint at the mechanis-
tic dichotomy that likely exists for these two reactions.

When switching to the bromination/semi-pinacol reaction, it
was quickly established that the bulky 2,4,6-tris(isopropyl)-
phenyl-substituted DABCO-derived brominating reagent R6, an
exact analogue of the previously described iodinating reagent
S6, was capable of conducting a highly enantioselective halo-
genation of substrate A1 under very similar reaction conditions
(chiral phosphoric acid L9, Na3PO4 as base, and ethylbenzene
as solvent).

Scheme 6. Substrate scope for the fluorination-induced semi-pinacol rearrangement of
allylic cyclopentanols and the X-ray crystal structure of B19. Thermal ellipsoids are set at
50 % probability level.

Scheme 7. Diastereoselective reduction of b-fluoro spiroketones.
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The bromination-initiated semi-pinacol rearrangement reac-
tion proved to be remarkably general in terms of the substrate
scope (Scheme 13). More specifically, three- (n = 0, products F17

and F20) and four-membered (n = 1, products F1,2,8,12 and F27)
allylic alcohols were amenable to enantioselective catalysis,
which occurred equally well with scaffolds based on dihydro-
naphthalene (X = CH2, products F1,2,17), chromene (X = O, prod-
ucts F8 and F20), indene (X = n/a, product F12) and dihydroben-
zoazulene (X = CH2CH2, product F27) ring systems. It is impor-
tant to note that the enantiomer ratios of the recovered b-
bromo spiroketones Fy were invariably higher than those ob-
tained for their b-iodo counterparts Dy.

Single crystals of b-iodo spiroketone D8 and b-bromo spiro-
ketone F2 were grown for X-ray diffraction analysis
(Scheme 14).

It is fascinating to note that, for an identically configured
enantiopure phosphoric acid, the sense of absolute induction
is opposite to that observed for the related fluorination-initiat-
ed Wagner–Meerwein rearrangement (Si-face halogenation for
the former, whereas Re-face halogenation for the latter). Conse-
quently, Si-face halogenation seems to be a prerogative of the
heavier halogens (Br, I) that pass through cyclic haliranium
ions, whereas Re-face halogenation is limited to fluorine that is
notorious for not forming cyclic haliranium ions. On the other

hand, the relative configuration
was consistent with selective mi-
gration of the C�C bond that is
anti to the iodonium bridge.

Very importantly, the hereby-
described bromination- and iodi-
nation-initiated semi-pinacol re-
arrangements were readily ame-
nable to scale-up. As one exam-
ple, allylic alcohol A8 was con-
verted into the corresponding b-
iodo spiroketone D8 in excellent
yield and without a drop in the
enantioselectivity (Scheme 15).
Furthermore, two product b-
iodo spiroketones (D8 and D9)
were subjected to an SN2 reac-
tion with sodium azide. Under
optimized experimental condi-
tions, the substitution reaction
took place stereospecifically
(clean inversion) and without
enantioerosion, and the corre-
sponding azides E8,9 were recov-

ered in high isolated yields. The described derivatization by an
SN2 reaction serves as a demonstration of the synthetic utility
of product b-iodo spiroketones, giving rise to products inac-
cessible directly from a semi-pinacol rearrangement. Moreover,
organic azides are very versatile, energy-rich intermediates that
have recently enjoyed considerable interest in the synthetic
community.[30]

Eager to further expand the limits of our halogenative semi-
pinacol rearrangement methodology, we were interested in ap-
plying the biphasic catalytic system to substrates prone to de-
symmetrization (Kx). If successful, these reactions would further
increase the synthetic utility of the process by incorporating
an additional stereogenic centre into the products. To probe
our strategy, two substrates belonging to the CS point group
of symmetry were chosen: one based on the dihydropyrane
(K1) and the other based on the dihydronaphthalene (K2) skele-
tons (Scheme 16).

To our great delight, desymmetrized products (Mx, Nx) were
obtained in high yields, high diastereoselectivities and with en-
couraging enantioselectivities (up to 95:5 e.r.) when using reac-
tion conditions previously optimized for the fluorination- and
bromination-initiated semi-pinacol reactions. Remarkably, the
level of asymmetric induction for substrate K1 was considerably
improved when compared to the simpler substrate A26, also
based on the dihydropyran skeleton. These preliminary results
demonstrate the outstanding ability of our methodology to
bring stereochemical complexity into molecules in few syn-
thetic steps. Our recent advances in this field, involving the ex-
tension of the fluorination/semi-pinacol methodology to ring-
expansion of cyclopropylamines,[39] as well as a stereodivergent
reaction on the racemic mixture,[27] are beyond the scope of
the present Full Paper and will not be described in further
detail. It is also important to note here that all our attempts to

Scheme 8. Optimization of the iodinating reagent S1–9.

Scheme 9. Mechanism of the olefin-to-olefin halogen exchange that leads to
deterioration of enantiomeric excess. Hal = Br, I.

Chem. Eur. J. 2015, 21, 1 – 24 www.chemeurj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim9 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org


extend our asymmetric phase-
transfer methodology to the
chlorination-initiated semi-pina-
col rearrangement failed, pre-
sumably due to decomposition
of the corresponding cationic
chlorinating reagents.

Mechanistic Aspects

After having discovered that the
fluorination-initiated semi-pina-
col rearrangement of allylic alco-
hols of at least three classes (cy-
clopropanols, cyclobutanols and
cyclopentanols) can be rendered
enantioselective by ion-pairing
the intermediate fluoronium
cation with a chiral enantiopure
phosphate anion, we were eager
to find out whether mechanistic
studies could shed light onto
the origins of the high enantio-
selectivities observed in these re-
actions.

The initial goal of our mecha-
nistic studies was to determine
an experimental rate law for the
fluorination-initiated semi-pina-
col rearrangement reaction.

At first glance, the fluorina-
tion-initiated semi-pinacol rear-
rangement seemed to be
a rather complex reaction
(Scheme 17). To simplify things
somewhat, the overall reaction
was mentally partitioned into
two key events, each of which
takes place at a different physi-
cal location in the reaction
vessel. The first event takes
place at the interface between

the solid phase (containing Selectfluor and Na3PO4)
and the liquid phase (containing the reactant 1 and
the product 3) and itself involves two interfacial pro-
cesses: 1) deprotonation of the phosphoric acid pre-
catalyst (PA�H) by the inorganic base (Na3PO4) and
concomitant generation of the lipophilic phosphate
anion PA� , and 2) extraction of the insoluble Select-
fluor cation into the liquid phase and formation of
the reactive lipophilic ion pair 2. Between these two
processes, the former can be described by an acid–
base equilibrium constant (Keq), while the latter by
a rate constant of extraction (kext).

The second event involves the actual fluorination/
semi-pinacol rearrangement reaction that takes place
entirely in the liquid phase, and combines the sub-

Table 3. Optimization of the reaction conditions for the iodination-initiated semi-pinacol rearrangement.

Entry Lx Base Solvent Yield [%][b] d.r.[c] e.r.[d]

1 L1 Na2CO3 PhMe 64 >20:1 59:41
2 L2 Na2CO3 PhMe 8 >20:1 n.d.
3 L3 Na2CO3 PhMe 78 >20:1 54:46
4 L4 Na2CO3 PhMe 68 >20:1 86:14
5 L5 Na2CO3 PhMe 0 >20:1 n.d.
6 L6 Na2CO3 PhMe 22 >20:1 87:13
7 L7 Na2CO3 PhMe 66 >20:1 82:18
8 L8 Na2CO3 PhMe 67 >20:1 79:21
9 L9 Na2CO3 PhMe 73 >20:1 87:13
10 L10 Na2CO3 PhMe 52 >20:1 66:34
11 L11 Na2CO3 PhMe 60 >20:1 37:63[e]

12 L9 Na3PO4 PhMe 76 >20:1 89:11
13 L9 Na3PO4 PhF 86 >20:1 53:47
14 L9 Na3PO4 PhCF3 88 >20:1 52:48
15 L9 Na3PO4 p-Xyl 74 >20:1 88:12
16 L9 Na3PO4 PhH 79 >20:1 84:16
17 L9 Na3PO4 (iPr)2O 82 >20:1 85:15
18 L9 Na3PO4 PhMe/nHex 70 >20:1 87:13
19 L9 Na3PO4 PhEt 85 >20:1 91:9
20[f] L9 Na3PO4 PhEt 87 >20:1 93:7

[a] Reaction conditions: a solution of allylic alcohol A1 (0.20 mmol, 1.0 equiv), chiral phosphoric acid Lx

(0.02 mmol, 10 mol %), iodinating reagent S9 (0.28 mmol, 1.4 equiv), and powdered base (0.80 mmol, 4.0 equiv)
in anhydrous solvent (3.0 mL, 0.07 m) was stirred vigorously at 25 8C for 48 h. [b] Isolated yields after flash chro-
matography. [c] Determined by 1H NMR spectroscopy of unpurified reaction mixtures. [d] Determined by chiral
HPLC of purified compounds. [e] The opposite enantiomer was obtained. [f] Molar concentration decreased to
0.05 m, reaction time increased to 72 h, S9 reduced to 1.3 equiv p-Xyl = para-xylene. nHex = n-hexane. n.d. = not
determined.

Scheme 10. Synthesis of the tricationic iodinating reagents S1–7.
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strate allylic alcohol 1 with the reactive lipophilic ion-pair 2 to
yield the product b-fluoro spiroketone 3. Thus, we can see that

the homogeneous chemical re-
action involves two elementary
steps that share a common in-
termediate 4, which can take the
form of either a fluoronium-
bridged species, a protonated
epoxide, or a b-fluoro benzylic
carbocation (or a mixture of any
of these three extremes). The
first elementary reaction is a bi-
molecular collision between
1 and 2 and we expect it to be
second order. The second ele-
mentary reaction involves a un-
imolecular rearrangement of in-
termediate 4 that leads to prod-
uct 3 and we expect it to be first
order.

It is clear that both of the two
interfacial processes involved
(deprotonation of PA�H and ex-
traction of Selectfluor) must be
kinetically complex. However, in
the limiting case in which the
rates of these interfacial process-
es are significantly higher than
the rates of the chemical reac-
tion, precisely Keq,kext @ k1,k2 we
expect the concentration of the
reactive lipophilic ion pair 2 to
stay small and constant during
the reaction. Consequently, we
could apply the steady-state ap-
proximation (SSA) to describe
the concentration of 2, which
would in turn lead to overall
pseudo-first order kinetics of the
product formation. Due to the
very high dissociation energy of
the C�F bond (ca. 110 kcal
mol�1), we assume that the first
step of the chemical reaction
(the electrophilic fluorination of
the C=C double bond) is essen-
tially irreversible. Furthermore,
since the intermediate carbocat-
ion 4 is a high-energy reaction
intermediate, its unimolecular
decomposition to product 3
must be a rapid process.

In the other extreme, if the
chemical reaction under study is
faster than the interfacial pro-
cesses, that is, k1,k2 @ Keq,kext,
then we expect complex overall

kinetics of product formation that are dominated by interfacial
phenomena (Scheme 18). Finally, in the third scenario, we

Scheme 11. Synthesis of the benzhydryl-substituted tricationic iodinating reagents S8–10.

Scheme 12. Substrate scope of the iodination/semi-pinacol rearrangement reaction.
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thought to alleviate the problems related to complex interfa-
cial behaviour by carrying out the fluorination/semi-pinacol re-
action under homogeneous and stoichiometric conditions. Pre-
cisely, the use of stoichiometric amounts of preformed reactive
lipophilic ion pair 2 would allow switching to monophasic re-

action conditions and reducing
the kinetic expressions to simple
second-order behaviour.

The initial in situ FTIR experi-
ments were performed under
heterogeneous phase-transfer
conditions. However, the ob-
tained (concentration, time) re-
cordings were essentially linear
and not conclusive. Presumably,
slow interfacial processes domi-
nated the kinetics of formation
of 3. Matters were further com-
plicated by the presence of an
inhomogeneous solution layer
adjacent to the IR window,
which lead to broadening of the
absorption bands. Consequently,
the homogeneous stoichiometric
approach was chosen for further
studies, as it alleviated both of
the above limitations.

Prior to carrying out kinetic
experiments, the validity of the stoichiometric approach was
established by: 1) preparing the reactive lipophilic ion pair 2
by anion metathesis at T2 =�8 8C, 2) filtering off the NaBF4

salts, and 3) subjecting substrate 1 to reaction with a stoichio-
metric amount of 2 under homogeneous conditions
(Scheme 19). As can be seen from the scheme, the level of ste-
reoinduction in the product 3, obtained with our stoichiomet-
ric protocol, is identical to that observed under conventional
PTC conditions with phosphoric acid L4 (compare with entry 3
in Table 3). Furthermore, the reaction time was considerably re-
duced (around 8 h) when compared to the PTC protocol (typi-
cally 72 h). Additionally, the 1H NMR spectrum of 2 clearly indi-
cates the incorporation of two L4 phosphates for one Select-
fluor dication.[32] The slight deterioration of the chemical yield
of 3 under stoichiometric reaction conditions can be explained
by partial decomposition of the ion pair 2 in the course of the
filtration step. A marked improvement of the isolated yield was
obtained when employing the lipophilic ion pair 2 prepared in
situ and used without filtration.

To decipher the rate law of the fluorination-induced semi-pi-
nacol reaction, we have chosen the approach developed by
Blackmond for reaction progress kinetic analysis.[34] The sole
deviation from the original protocol was the fact that we have
adapted the graphical tools developed to study catalytic reac-
tions for our process performed under stoichiometric condi-
tions.

The progress of the reaction was continuously followed over
the entire course by in-situ FTIR absorption measurements at
temperature T2 =�8 8C (265 K). Initially, the IR-intensity (IIR) of
the C�F bond-stretching band (around ca. 1066 cm�1) was cor-
related to the concentration of product 3 by calibrating the in
situ measurement. In turn, calibration was achieved by periodic
sampling of the reaction mixture and assessing the concentra-
tions of species 1 and 3 by 1H NMR spectroscopy in the pres-

Scheme 13. Substrate scope of the bromination/semi-pinacol rearrangement reaction.

Scheme 14. Relative and absolute configurations of b-iodo spiroketone D8

and b-bromo spiroketone F2, as determined by X-ray crystallography. Ther-
mal ellipsoids are set at 50 % probability level.

Scheme 15. Scale up of the catalytic enantioselective iodination-initiated
semi-pinacol rearrangement (top), and a stereospecific derivatization of the
product b-iodo spiroketones D8 and D9 (bottom).
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ence of an internal standard
(1,3,5-trimethoxybenzene, molar
concentration in the NMR tube:
50 mm). A good overlay be-
tween the two measurements
indicated that the IR intensity at
1066 cm�1 indeed correlated
well with the turnover of sub-
strate molecules into the prod-
uct (Figure 5).

The time intervals at which
NMR sampling was made are
(from left to right on Figure 5):
15, 115, 140, 145, 180, and
270 min. The corresponding
molar concentrations of b-fluoro

Scheme 16. Desymmetrization of CS-symmetric substrates (Kx) through halogenation-initiated semi-pinacol rear-
rangement.

Scheme 17. Dissection of the fluorination/semi-pinacol reaction mechanism
into elementary steps. PTC = phase-transfer catalyst. PA = phosphoric acid.

Scheme 18. Three limiting kinetic scenarios for the fluorination/semi-pinacol
reaction.

Scheme 19. Validation of the stoichiometric approach.

Figure 5. Molar concentration of 3 versus time for the reaction shown in
Scheme 19, as monitored by in situ FTIR (grey dots) and verified by 1H NMR
spectroscopic analysis (black crosses). T2 = 265 K. [1]0 = 50 mm. [“ex-
cess”] = 23.4 mm.
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spiroketone 3 (as determined by 1H NMR spectroscopic analy-
sis) being: 0, 5, 22, 28, 43, and 47 mm. 1H NMR spectra of ali-
quots (sample size: 500 mL) were recorded after filtration of the
crude sample through a short plug of silica gel (for the remov-
al of residual 2) and addition of 1,3,5-trimethoxybenzene (inter-
nal standard) of known molar concentration in the NMR tube
(50 mm).[32] All peaks were then integrated with normalization
with respect to the two reference peaks of 1,3,5-trimethoxy-
benzene (at d= 6.09 and 3.77 ppm).

The calibration experiment described above delineated our
“standard” reaction conditions used as the reference point for
all of the subsequent kinetic experiments (Scheme 20). Precise-

ly, under this set of reaction conditions, the molar concentra-
tion profile of product 3 follows a sigmoidal-shaped curve that
reaches a plateau of 50 mm in about 5 h, when the reaction is
essentially complete (as checked by 1H NMR spectroscopy).

Although concentrations [1] and [2] both change with time,
their values can be predicted because the manner in which
they change is linked to the reaction stoichiometry. For the re-
action shown in Scheme 20, the stoichiometry dictates that
each time one molecule of substrate 1 is converted into one
molecule of product 3, one molecule of lipophilic ion pair 2 is
necessarily also converted. We define a parameter called the
[“excess”] , which is equal to the difference in the initial con-
centrations of the two substrates [Eq. (1)] .

The analytical expressions for concentrations [1] and [2] as
a function of [3] that are given in Equation (1) above can be
used to trace the molar concentration profiles of species 1 and
2 (Figure 6). Graphically, the value of [“excess”] can be deter-
mined as the difference in plateau heights of the correspond-
ing (concentration, time) plots. Thus, for our “standard” condi-
tions this value stands at 23.4 mm, which corresponds to 1.45
equivalents of the lipophilic ion pair 2 with respect to sub-
strate 1.

With a set of calibrated (concentration, time) plots describ-
ing the reaction progression in hand, we then employed the

graphical tools provided by Blackmond et al.[34] to draw conclu-
sions regarding the kinetic orders of reactants 1 and 2. To this
end, a plot of rate versus time had to be obtained (the differ-
ential measurement). Because we did not have access to a dif-
ferential measurement technique (e.g. calorimetry), the reac-
tion rate had to be calculated from the (concentration, time)
data set (the integral measurement) by fitting the data to an
appropriate Smoothing Spline function, and then differentiat-
ing this function to obtain the (rate, time) data (Figure 7).

Graphically, we can see that the fluorination/semi-pinacol re-
action displays a marked induction period during which the
rate rises. After about 2.5 h, the reaction rate reaches its maxi-
mum, before slowly dropping back down to zero. It is during
this rather short descent period that the reaction is in the
steady-state mode and its behaviour can be quantified.

Scheme 20. “Standard” reaction conditions used for kinetic experiments.

Figure 6. Molar concentration profiles of the reaction components 1 (black),
2 (light grey) and 3 (dark grey) under the “standard” reaction conditions.
T2 = 265 K. [1]0 = 50 mm. [“excess”] = 23.4 mm.

Figure 7. Differential measurement data (reaction rate), obtained by process-
ing of the integral measurement data. T2 = 265 K. [1]0 = 50 mm. [“ex-
cess”] = 23.4 mm.
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Next, the differential measurement was plotted as the y-axis
and the integral measurement as the x-axis, thus leaving time
out of the picture. The resultant bell-shaped curve, termed the
“graphical rate equation”, was used as a graphical imprint of
the reaction kinetics under a given set of initial conditions
(Figure 8). Note that, in contrast to Figure 7, the rate decreases
when moving from the right to the left side of the plot (as the
concentration of 1 decreases).

A second kinetic profile was recorded for a reaction with the
same [“excess”] value but a different starting concentration of
1. This is equivalent to carrying out the same experiment from
two different starting points and, in catalytic reactions, it is
usually performed to probe for complexities such as product
inhibition or catalyst deactivation. Two plots with two graphi-
cal rate equations each, with the same [“excess”] value (left :
23.4 mm, right: 12.3 mm) but a different [1]0 (left and right,
both: 50 mm and 66.7 mm) are given in Figure 9 below. An
overlay between the two plots can be observed in the vicinity
of the steady-state concentration regime (low concentration of
1).

A set of kinetic experiments employing different [“excess”]
values but an identical [1]0 was carried out next. The aim of
these experiments was to determine the kinetic orders of reac-
tants 1 and 2. Figure 10 below presents the graphical rate
equations for these three experiments.

The absence of overlays between the three plots signifies
that the reaction under study is not zero order in 2. To probe
whether the reaction is first order in 1, plots of rate/[1] versus
[2] for experiments with different [“excess”] values but an iden-
tical [1]0 value were created (Figure 11).

An overlay between these plots in the vicinity of the steady-
state concentration regime indicates that the fluorination/
semi-pinacol reaction is first order in 1. Furthermore, the
second-order rate constant can be extracted from the linear
part of the plot. More specifically, the mean value at tempera-

ture T2 =�8 8C being: kobs(T2) = 0.125 m
�1 s�1. The confidence in-

terval for this value being: 0.015 m
�1 s�1.

An analogical procedure, involving an overlay between plots
of rate/[2] versus [1] , indicated that the reaction under study
was first order in 2 as well (Figure 12).

Additionally, the second-order rate constant can be extract-
ed from the linear part of this plot as well. More specifically,
the mean value at temperature T2 =�8 8C being: kobs(T2) =

0.078 m
�1 s�1. The confidence interval for this value being:

Figure 8. Graphical rate equation for the reaction shown in Scheme 20.
T2 = 265 K. [1]0 = 50 mm. [“excess”] = 23.4 mm.

Figure 9. Two plots with two graphical rate equations each, for experiments
with an identical [“excess”] value (left : 23.4 mm, right: 12.3 mm) but different
starting concentrations of 1 (left and right, both: 50 and 66.7 mm). A caption
of the steady-state concentration regime is also given to see the overlap.
Black circles: [1]0 = 50 mm, [“excess”] = 23.4 mm ; black pluses: [1]0 = 66.7 mm,
[“excess”] = 23.4 mm ; black squares: [1]0 = 50 mm, [“excess”] = 12.3 mm ; grey
crosses: [1]0 = 66.7 mm, [“excess”] = 12.3 mm.

Figure 10. Three graphical rate equations for experiments with different
[“excess”] values, recorded at temperature T2 =�8 8C. Black short lines:
[“excess”] = 7.4 mm ; grey crosses: [“excess”] = 12.3 mm ; black pluses:
[“excess”] = 23.4 mm. [1]0 = 50 mm.

Chem. Eur. J. 2015, 21, 1 – 24 www.chemeurj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim15 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org


0.003 m
�1 s�1. Now, taking the average from the values ob-

tained with plots on Figures 11 and , gives us the following
(final) result : kobs(T2) = 0.101 m

�1 s�1.
In conclusion to our kinetic study, we have shown by using

a graphical approach that our fluorination/semi-pinacol reac-
tion is overall second order, first order with respect to each re-
actant 1 and 2 [Eq. (2)] .

rate ¼ kobs½1�½2� ð2Þ

All the graphical manipulations described above were car-
ried out at a single reaction temperature, defined in the “stan-
dard” conditions (T2 =�8 8C, 265 K). By repeating these manip-
ulations with (concentration, time) data sets collected at three
other temperature points (T1 = + 2, T2 =�8, T3 =�20, T4 =

�30 8C), the graphical rate equations for different [“excess”]
values were obtained and treated accordingly.[32] Then, the
second-order rate constants kobs(T) at these temperatures were
extracted from slopes of the corresponding “rate/[2] versus
[1]” plots (Table 4 and Figure 13).

With four values of the rate constant at four different tem-
peratures now available, the activation parameters for the rate-
determining step of the fluorination/semi-pinacol reaction
were estimated by applying the Eyring equation [Eq. (3)] , in
which kB = 1.3806 � 10�23 J K�1, h = 6.626 � 10�34 J s and R =

8.31451 J K�1 mol�1 are the Boltzmann, the Planck and the uni-
versal gas constants, respectively. These values are summarized
below (assuming the transmission coefficient k close to unity).

kobs ¼ k
�

kBT
h

�
e

�
�DG#

RT

�

DH# ¼ þ11:5 kcal mol�1, DS# ¼ �19:8 eu

ð3Þ

Because DH#>TDS#, we can conclude that the fluorination/
semi-pinacol reaction is under enthalpy control. Nevertheless,
a large and negative entropy of activation provides a hint that
the rate-determining step might be bimolecular. Considerable
loss of translational and rotational degrees of freedom prior to
collision might explain the entropy loss.

An alternative way of determining relative (as opposed to
the absolute values obtained above) activation parameters in-
volved measuring the enantiomeric excess of the fluorination/
semi-pinacol reaction at different temperatures. For this study,
the reactions were carried out under catalytic phase-transfer
conditions (Table 5).[32]

By applying the Eyring equation [Eq. (3)] to the logarithm of
the ratio of rate constants kR and kS, which correspond to the
rates of formation of R and S enantiomers of product B1, re-
spectively, one obtains Equation (4). The various activation pa-
rameters of this equation are defined in Scheme 21.

In

�
kR

kS

�
¼ �DDG#

RT
¼ �DDH#

RT
þ DDS#

R

DDG# ¼ DG#
R�DG#

S

ð4Þ

Figure 11. Probing for first order in 1 (left). Black circles : [“ex-
cess”] = 23.4 mm ; black short lines: [“excess”] = 7.4 mm ; grey crosses: [“ex-
cess”] = 12.3 mm ; black dots: [“excess”] = 26.7 mm. Graphical estimation of
the second-order rate constant (right). The slope has the units of
mm

�1 min�1. The mean value is given in black.

Figure 12. Probing for first order in 2 (left). Black short lines: [“ex-
cess”] = 7.4 mm ; black dots: [“excess”] = 26.7 mm ; grey crosses: [“ex-
cess”] = 12.3 mm ; black pluses: [“excess”] = 23.4 mm. Graphical estimation of
the second-order rate constant (right). The slope has the units of
mm

�1 min�1. The mean value is given in black.

Table 4. Rate constants at various temperatures.

T [K] 243.15 253.15 265.15 275.15

kobs [m�1 s�1] 0.0125 0.0185 0.101 0.185

Figure 13. Construction of the Eyring plot and estimation of activation pa-
rameters of the fluorination/semi-pinacol reaction.
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Furthermore, for the free-energy situation described in
Scheme 21, and if first-order kinetics are assumed, the follow-
ing relation holds [Eq. (5)] .

In

�
kR

kS

�
¼ In

�
½BR

1�
½BS

1�

�
ð5Þ

Finally, by combining Equations (4) and (5), one gets a relation
that links the enantiomer ratio of product B1 to the tempera-
ture [Eq. (6)] .

In

�
½BR

1�
½BS

1�

�
¼ Inðe:r:Þ ¼ �DDG#

RT
¼ �DDH#

RT
þ DDS#

R
ð6Þ

Using Equation (6) and plotting ln(e.r.) versus 1/T gives
a straight line the slope of which is �DDH#/R and the intercept
is +DDS#/R (Figure 14).

The following values for the differential enthalpy and entro-
py of activation were extracted from the slope and intercept,
respectively: DDH# =�1.66 kcal mol�1 and DDS# =�0.815 eu.
At T1 =�8 8C (265 K, the “standard” temperature for the fluori-
nation/semi-pinacol reaction), the entropy contribution to free
energy of activation weights: TDDS# =�0.216 kcal mol�1<

DDH#. We can note an enthalpy control of enantioselectivity of
the fluorination/semi-pinacol reaction. It is important to under-
stand that this result concerns exclusively the enantioselectivi-
ty-determining step of the reaction. Furthermore, the obtained
enthalpy and entropy values are not conclusive in an absolute
sense, but solely represent the relative enthalpies/entropies of
the transition structures leading to the R and S enantiomers of
B1 (TSR and TSS in the nomenclature of Scheme 21). Neverthe-
less, this result is useful in concluding that the enthalpy term
dominates the free-energy difference between the enantio-
morphic transition structures. It is essentially this term that de-
termined the sense of absolute induction of the whole process.
Although small, the entropic contribution displays preference
for the minor (S)-B1 enantiomer of the product.

Importantly, the above-described Eyring analysis of enantio-
selectivity deals exclusively with the enantioselectivity-deter-
mining step of the reaction. Additionally, because of the irre-
versibility of the C�F bond formation, the starting bimolecular
collision event constitutes both the enantioselectivity as well
as the rate-determining step of the fluorination/semi-pinacol
reaction. Consequently, interfacial processes that occur prior to
the actual chemical reaction are ignored.

Based on the obtained kinetic results alone, two plausible
mechanistic scenarios capable of accounting for the experi-
mentally observed rate law emerge: 1) the reaction is a fully
concerted (but asynchronous) bimolecular process, and 2) the
reaction is a two-step sequence involving an intermediate, in
which the first step is rate-determining and bimolecular
(Scheme 22). A fully concerted reaction would mean that the
fluorination and the C�C bond migration both occur in
a single step.

These two mechanistic proposals are kinetically indistin-
guishable and additional experiments were required to favour

Table 5. Eyring analysis of enantioselectivity.

Entry[a] T [8C] e.r.[b]

1 �30 95.0:5.0
2 �20 94.8:5.2
3 �10 94.5:5.5
4 0 93.6:6.4
5 10 92.8:7.2
6 26 92.5:7.5
7 35 90.4:9.6
8 40 89.8:10.2

[a] Reaction conditions: a solution of allylic alcohol A1 (0.20 mmol,
1.0 equiv), chiral phosphoric acid L8 (0.02 mmol, 10 mol %), powdered Se-
lectfluor (0.30 mmol, 1.5 equiv), and powdered Na3PO4 (0.25 mmol,
1.25 equiv) in anhydrous C6H5F/nHex 1:1 (total volume: 3.0 mL, 0.07 m)
was stirred vigorously at the temperature stated for 24–96 h. [b] Deter-
mined by chiral HPLC analysis of purified compounds.

Scheme 21. Gibbs free energies of activation for the Eyring analysis of enan-
tioselectivity.

Figure 14. Eyring plot for the fluorination/semi-pinacol reaction.

Chem. Eur. J. 2015, 21, 1 – 24 www.chemeurj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim17 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org


one proposal over the other (vide infra). In this regard, one
piece of information that could be helpful is what bonds have
been broken, formed, or rehybridized during the rate-deter-
mining step.

Before tackling the investigation of kinetic isotopic effects in
our fluorination/semi-pinacol reaction, an isotopically enriched
deuterated version of the substrate allylic alcohol (A1

D) had to
be synthesized. Deuteration (>95 % d-incorporation) was ach-
ieved by treating a-tetralone X1

H with anhydrous NaOH in
[D4]MeOH as solvent (Scheme 23). The rest of the synthesis
was processed in a manner identical to the non-deuterated
substrate (A1

H).

With appropriate amounts of
the deuterated substrate A1

D in
hand, the deuterium kinetic iso-
topic effect (KIE) was studied
next. In the context of our fluori-
nation/semi-pinacol reaction, the
KIE was studied on the basis of
a competition experiment be-
tween the protonated allylic al-
cohol A1

H and its deuterated
counterpart A1

D. The isotopic
content of the recovered starting
material R at ca. 50 % substrate
conversion (F) was compared to
the isotopic content of the origi-
nal starting material R0 (Table 6).

The isotopic content of the
crude reaction mixtures was
measured by 1H NMR spectros-

copy. All peaks were then integrated with normaliza-
tion to the two reference peaks of 1,3,5-trimethoxy-
benzene (d= 6.25 and 3.32 ppm).[32]

Because the C�H/C�D bond in allylic alcohols A1
H/

A1
D stays intact in the course of the fluorination/

semi-pinacol reaction, a secondary KIE was expected.
Furthermore, because secondary kinetic isotopic ef-
fects tend to be rather small, an appropriate method
for measuring the KIE in our reaction was devised. It
is important to note that as the reaction occurs, the
reactants are incrementally enriched in the slower re-
acting component. Thus, for an isotopically enriched
deuterated reactant, near the end of the reaction the
proportion of the heavy isotope in the reactant will

change relative to the proportion present at the beginning of
the reaction. The isotopic content of the recovered starting
material relative to the original starting material (R/R0) is relat-
ed to the extent of reaction (F) and the kinetic isotopic effect
(KIE) through Equation (7).[35]

R
R0
ð1�FÞKIE�1 ð7Þ

When applying Equation (7) to three independent trials for
measuring the KIE, the results summarized in Table 6 above
were obtained. The mean value for the secondary kinetic iso-
topic effect being: kH/kD = 0.77.

The in-plane bending vibration (ca. 1350 cm�1) is a much
stiffer motion for the sp2-hybridized carbon than is the out-of-
plane bending mode (ca. 800 cm�1). On the other hand, due to
symmetry, the in-plane and out-of-plane bending modes for
an sp3-hybridized carbon atom are degenerate (both ca.
1350 cm�1). Thus, since the in-plane bending vibrations are of
almost the same energy for the two carbon hybrids, the major
contribution to KIE is due to the difference in the out-of-plane
mode frequency. The large difference in force constants for the
out-of-plane bending mode of an sp3-hybrid versus an sp2-

Scheme 22. Two kinetically indistinguishable mechanistic scenarios for the fluorination/
semi-pinacol reaction.

Scheme 23. Synthesis of the deuterated starting material A1
D.

Table 6. Determination of the secondary kinetic isotopic effect of the fluorination/semi-pinacol reaction.

Trial[a] F[b] R[b] R0
[b] R/R0 KIE

1 0.44 0.57 0.50 1.14 0.77
2 0.46 0.57 0.50 1.14 0.79
3 0.47 0.59 0.50 1.18 0.74

[a] Reaction conditions: a solution of deuterated allylic alcohol A1
D (0.10 mmol, 0.5 equiv) together with proton-

ated allylic alcohol A1
H (0.10 mmol, 0.5 equiv), chiral phosphoric acid L8 (0.02 mmol, 10 mol %), powdered Se-

lectfluor (0.30 mmol, 1.5 equiv), and powdered Na3PO4 (0.25 mmol, 1.25 equiv) in anhydrous C6H5F/nHex 1:1
(total volume: 3.0 mL, 0.07 m) was stirred vigorously at �20 8C for 24 h. [b] Determined by 1H NMR spectroscop-
ic analysis of the crude reaction mixtures.
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hybrid leads to a significant difference in the zero-point vibra-
tional energy (ZPE) between C�H and C�D bonds in reactions
that involve rehybridization between sp3 and sp2 carbon
atoms. Furthermore, because an inverse (kH/kD<1) secondary
kinetic isotopic effect was found for our fluorination/semi-pina-
col reaction, a rehybridization from sp2 to sp3 takes place in
the transition structure of the rate-determining step
(Scheme 24).

It is important to note that, since the observed secondary
KIE effect is not attenuated by hyperconjugation in the inter-
mediate carbocation 4, we can conclude that the electrophilic
fluorine atom approaches the allylic alcohol 1 by a pseudo-
axial attack trajectory. Such a trajectory places the isotopically
substituted C�H/C�D bond in a pseudo-equatorial position,
which in turn makes it immune towards weakening by hyper-
conjugation with the vacant carbocationic p-orbital (dihedral
angle of ca. 908). In conclusion, we can state that the observa-
tion of a strong deuterium secondary kinetic isotopic effect
not only reinforces the “intermediacy” of a carbocationic inter-
mediate in the fluorination/semi-pinacol reaction, but also pro-
vides supplementary information regarding the geometry of
the transition structure of the
rate-determining step.

Up to this point of the manu-
script, two types of experiments
for studying the mechanism of
our fluorination/semi-pinacol re-
action were considered. First, the
kinetics of the reaction were an-
alyzed, which gave us useful in-
formation regarding the order of
reactants involved in the mecha-
nism prior to or during the rate-
determining step. Second, the
study of deuterium kinetic iso-
topic effects served to determine
whether the bond to hydrogen
has been rehybridized in the
course of the reaction. Although
very useful for global under-
standing of the mechanism,
these experiments provided us
with only limited structural infor-
mation regarding the activated
complex involved in the rate-de-

termining step. The study of substituent effects furnished this
missing information.

Linear free-energy relationships (LFERs) were established on
the basis of competition experiments between the unsubstitut-
ed allylic alcohol AH and its meta- or para-substituted counter-
part AX. The ratio of rate constants kX/kH was approximated by
the b-fluoro spiroketone product ratio [BX]/[BH] at approxi-
mately 50 % conversion, which was in turn determined by 1H
and 19F NMR spectroscopy (Table 7).[32] The experimentally-de-
termined values for the substituent constants sm, sp and sp

+

were taken from Taft et al.[36]

LFER plots were then constructed using the simple Hammett
relationship for rate constants [Eq. (8)][37] and three sets of
Hammett substituent constants (sm, sp and sp

+).

log

�
kX

kH

�
¼ 1sX ð8Þ

A plot of the logarithm of the ratio of rate constants kX/kH

versus total s values (sm and sp) displayed considerable scatter,
meaning that the para- and meta-substituents did not contrib-
ute in equal amounts to modulation of the electron density at
the reaction site (upper left in Figure 15).

Important scatter was equally observed when plotting
log(kX/kH) versus sm values (upper right plot in Figure 15). This
experimental result suggests that the meta-substituents (Xm)
do not influence the rate of the fluorination/semi-pinacol reac-
tion as coherently as they do to the ionization of benzoic acid,
presumably because direct resonance with the reaction site is
not available from a meta-position. Nevertheless, a clear trend
is seen, in which inductively electron-withdrawing substituents
(sm>0) such as F, Cl and OMe markedly retard the reaction
when compared to the unsubstituted substrate (AH). On the

Scheme 24. Geometrical refinements of the transition structure using struc-
tural information provided by the KIE.

Table 7. Hammett analysis of substituent effects of the fluorination/semi-pinacol reaction.

Entry[a] Substituent (X) sm sp sp
+ kX/kH

[b]

1 m-Me �0.07 1.18
2 m-OMe + 0.12 0.82
3 m-Cl + 0.37 0.40
4 m-F + 0.34 0.49
5 p-Me �0.17 �0.31 3.57
6 p-OMe �0.27 �0.78 8.75
7 p-Cl + 0.23 �0.11 0.61
8 p-F + 0.06 �0.07 1.26

[a] Reaction conditions: a solution of meta- or para-substituted allylic alcohol AX (0.10 mmol, 0.5 equiv), togeth-
er with AH (0.10 mmol, 0.5 equiv), chiral phosphoric acid L8 (0.02 mmol, 10 mol %), powdered Selectfluor
(0.30 mmol, 1.5 equiv), and powdered Na3PO4 (0.25 mmol, 1.25 equiv) in anhydrous C6H5F/nHex 1:1 (total
volume: 3.0 mL, 0.07 m) was stirred vigorously at �20 8C for 24 h. [b] Determined by 1H NMR spectroscopic
analysis of the crude reaction mixtures.
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other hand, inductively electron-releasing substituents (sm<0)
such as the Me-group increase the rate of the reaction.

In sharp contrast to the situation observed for the log(kX/kH)
versus sm plot, data scattering is considerably reduced when
plotting the sp and sp

+ values as the x-axis (two bottom plots
in Figure 15). This important observation constitutes a clear
declaration on the importance of resonance effects in our fluo-
rination/semi-pinacol reaction. This time, substituents capable
of direct resonance with the reaction site, such as OMe and
even F, accelerate the reaction markedly. The sensitivity con-
stant extracted from the slope stands at: 1=�2.23 for sp

values, and 1+ =�1.29 for sp
+ values. These relatively large

and negative sensitivity constants 1 and 1+ clearly indicate
that positive charge is created at the reaction site in the transi-
tion structure of the rate-determining step.

Importantly, this experimental observation is most coherent
with a stepwise mechanism for our fluorination/semi-pinacol
reaction (Scheme 22). The intermediate carbocation invoked by
the stepwise mechanism would then participate in direct reso-
nance with the para-substituent, leading to rate enhancements
for electron-releasing groups through stabilization of the tran-
sition state. Nevertheless, because the obtained sensitivity con-
stants 1 and 1+ are not extremely large, a concerted but
highly asynchronous mechanism cannot be fully ruled out.

Lastly, the absence of kinks or breaks in these Hammett
plots suggests that a single reaction mechanism is operating
across the entire set of substituents tested, and no change in
the rate-determining step takes place.

Up to this point, the fluorination/semi-pinacol reaction was
proposed to proceed through a rate-determining collision be-
tween the substrate allylic alcohol 1 and the lipophilic ion pair
2. However, the exact structure of this “lipophilic ion pair” re-
mained underexplored. The aim of the nonlinear effects study
was to gain insight into the stoichiometry of this ionic fluori-
nating reagent.

It was already noted in the course of the kinetic study that
successful preparation of the stoichiometric fluorinating re-

agent 2 required two equivalents of the lipophilic phosphate
counterion L4 to be used.[32] Furthermore, the dicationic nature
of the Selectfluor molecule imposes the association of two
negatively charged species with it, as to compensate for the
excessive electrostatic charge. Approaching this subject from
a different angle, because the phosphate counterions L4 are
chiral, an unequivocal proof that two such molecules associate
with Selectfluor in the active fluorinating reagent could come
from nonlinear behaviour of the fluorination/semi-pinacol reac-
tion.

The study of nonlinear behaviour of the fluorination/semi-pi-
nacol reaction commenced with preparation of a set of scale-
mic catalyst mixtures (Ra)-L4/(Sa)-L4 with varying degrees of
enantiomeric purity. To this end, enantiomerically pure phos-
phoric acids (Ra)-L4 and (Sa)-L4 were mixed in nine different pro-
portions and the enantiomeric excesses of the resultant mix-
tures being confirmed by chiral HPLC after conversion to the
corresponding methyl phosphates.[32] The obtained scalemic
phosphate mixtures were subsequently employed as catalysts
to promote the canonical fluorination/semi-pinacol reaction
(Table 8).

A plot of eeprod versus eecat revealed that a large and positive
nonlinear effect operates in the fluorination/semi-pinacol reac-
tion (Figure 16).

Fitting the experimental data to Kagan’s ML2 model [Eq. (9)
and (10)][38] furnished the following values for the equilibrium
constant (K) and the ratio of rates (g) parameters: K = 99, g =

0.18.

b ¼ z
x þ y

¼ �Kee2
cat:þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�4Kee2

cat:þ Kð4þ Kee2
cat:Þ

p
4þ Kee2

cat:

ð9Þ

eeprod ¼ ee0eecat:

1þ b

1þ gb
ð10Þ

By analogy, we have extended Kagan’s model that deals
with the interaction of a metal M with two chiral ligands L to
our reaction, which involves one dicationic Selectfluor mole-
cule (M) ion-paired with two chiral phosphate anions (L). Three
different catalyst species, two homodimeric ion pairs (MLRLR

and MLSLS) and an heterodimeric meso ion pair (MLRLS), may be
formed with relative concentrations x, y and z, respectively,
which are interrelated by an equilibrium constant K
(Scheme 25).

The parameters K and g provide hints about the nature of
the active catalyst mixture. A value of K = 99 indicates that the
heterodimeric meso ion pair MLRLS is thermodynamically more
stable than the two homodimeric ion pairs MLRLR and MLSLS.
Furthermore, a value of g less than 1 indicates that the meso
species (which leads to racemic product) is a less active cata-
lyst than are the enantiopure species for the fluorination/semi-
pinacol reaction. Consequently, the meso ion pair MLRLS acts as
a thermodynamic “reservoir” that sequesters the (minor) ho-
modimeric catalyst MLSLS, leaving only the (major) MLRLR to
react.

Taken together, these results suggest that two molecules of
the chiral phosphate anion L4 are involved in the rate-deter-

Figure 15. Hammett plots “log(kX/kH) versus s” for three different sets of
substituent constants (sm, sp and sp

+).
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mining step of the fluorination/
semi-pinacol reaction. Addition-
ally, significant levels of chiral
amplification (positive NLE) are
observed, a fact that can be ex-
plained by high thermodynamic
and kinetic stabilities of the het-
erochiral ion pair MLRLS. Al-
though the product enantiose-
lectivity is relatively high com-
pared to the enantiopurity of
the chiral catalyst, this comes at
a cost of the overall reaction
rate (note that the reaction time
has been extended to 96 h).

Conclusions

In conclusion, in this manuscript
we have described a highly
enantioselective organocatalytic
Wagner–Meerwein rearrange-
ment of strained allylic alcohols
Ax, initiated by an electrophilic

halogenation event. All reactions were catalyzed by an ensem-
ble of related chiral phosphoric acids L6,8,9 derived from (Ra)-
BINOL. The substrate scope encompasses allylic cyclopropa-
nols, cyclobutanols and cyclopentanols, based on the dihydro-
naphthalene, indene, as well as the chromene scaffolds, with
electron-releasing, electron-neutral, and moderately electron-
withdrawing substituents at C5- and C6-positions. We have
shown that the title reaction could be successfully extended to
heavier halogen atoms (Br and I), provided that an appropriate
achiral-reagent/chiral-counterion catalytic system was em-
ployed. All stereochemical assignments of the products were
generously supported by X-ray crystallography.

Furthermore, b-fluoro spiroketones B11–16 were amenable to
derivatization through a stereospecific Baeyer–Villiger oxida-
tion, whereas b-iodo spiroketones D8,9 were prone to stereo-
specific azide substitution, nicely demonstrating the synthetic
relevance of the products.

Kinetic studies established that the fluorination/semi-pinacol
reaction involved a bimolecular collision event between sub-
strate alcohol A1 and the chiral lipophilic ion pair as the rate-
determining step. Moreover, the following activation parame-
ters were established through Eyring analysis of temperature
dependence of the reaction rate: DH# = + 11.5 kcal mol�1 and
DS# =�19.8 eu. Importantly, these values were obtained with
comfortable confidence intervals, allowing for (at least) semi-
quantitative conclusions to be drawn. One such conclusion
being that the fluorination/semi-pinacol reaction is entropy-
controlled.

Additionally, the observation of a significant inverse secon-
dary kinetic isotopic effect (kH/kD = 0.77), as well as a large and
negative Hammett sensitivity constant (1=�2.2) both favour
a stepwise process, passing through an intermediate carbocat-
ion with significant rehybridation of the b-carbon at the transi-

Table 8. Nonlinear behaviour analysis of the fluorination/semi-pinacol reaction.

Entry[a] eecat [%][b] eeprod [%][b]

1 0 0
2 23.0 51.6
3 43.6 70.4
4 46.6 78.4
5 58.8 80.4
6 72.8 87.4
7 82.2 87
8 100 90

[a] Reaction conditions: a solution of allylic alcohol A1 (0.20 mmol, 1.0 equiv), scalemic phosphate mixture (Ra)-
L4/(Sa)-L4 of optical purity eecat (0.02 mmol, 10 mol %), powdered Selectfluor (0.30 mmol, 1.5 equiv), and pow-
dered Na3PO4 (0.25 mmol, 1.25 equiv) in anhydrous C6H5F/nHex 1:1 (total volume: 3.0 mL, 0.07 m) was stirred
vigorously at �20 8C for 96 h. [b] Determined by chiral HPLC analysis of purified compounds.

Figure 16. The relationship between the enantioselectivity of the fluorina-
tion/semi-pinacol reaction (eeprod) and the enantiomeric excess of the chiral
catalyst (eecat). The parameters K and g were obtained by fitting the data to
Kagan’s ML2 model.

Scheme 25. ML2 model developed by Kagan and co-workers, adapted to the
fluorination/semi-pinacol reaction.
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tion state. Nevertheless, a fully concerted but highly asynchro-
nous reaction mechanism could not be ruled out completely.
Finally, the stoichiometry of the ionic fluorinating reagent was
shown to involve two molecules of the chiral phosphate anion,
as evidenced by the observation of significant positive nonlin-
ear behaviour (positive NLE).
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Enantioselective Halogenative Semi-
Pinacol Rearrangement: Extension of
Substrate Scope and Mechanistic
Investigations

Scope and limitations of the fluorina-
tion-initiated semi-pinacol rearrange-
ment of strained, prochiral allylic alco-
hols are described. This reaction is pro-
posed to operate through anionic
phase-transfer technology, and can be

readily extended the heavier halogen
(Br, I) congeneers. In comparison with
the fluorination reaction, an intriguing
inversion of the sense of absolute in-
duction for the heavier halogens is de-
scribed (see scheme).
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