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ABSTRACT

Kinetics of the reactions of the chlorinating agents 1a-c with π-nucleophiles have been studied to include these compounds in our
comprehensive electrophilicity scale.

Nucleophilic substitutions of C-Cl bonds are an important
method for the stereocontrolled generation of C-C, C-N,
and C-O bonds.1 For that reason, enantioselective construc-
tions of stereogenic centers carrying a chlorine substituent
are of eminent importance for organic synthesis. Among
various methods developed for this purpose, organocatalytic
R-halogenations of carbonyl compounds have been found
to be particularly efficient, and the polychloroquinone derived
reagents 1a-c belong to the most frequently used chlorinat-
ing agents.2

During our efforts to rationalize scope and limitations of
organocatalytic processes, we have previously characterized
nucleophilicities and carbon basicities of frequently used

organocatalysts such as amines and phosphanes.3 Using the
linear free energy relationship (eq 1), where E is an
electrophile-specific parameter, and N and s are nucleophile-
specific parameters,4 we have furthermore characterized
nucleophilicities of substrates for iminium-catalyzed reac-
tions, e.g., pyrroles,5c indoles,5b and sulfur ylides,5e as well
as the nucleophilicities of enamines5a and the electrophilici-
ties of iminium ions,5d key intermediates of organocatalytic
reactions.

In previous reviews on scope and limitations of eq 1 we
have stated that this correlation, which was initially derived
for reactions of carbocations with olefins,4a-c cannot be
expected to hold for halogenation reactions, because bridging
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electrophiles (Br2, Cl2, RS+) are known to follow a different
selectivity pattern as nonbridging electrophiles (Scheme 1).
As shown in Scheme 1, the reactivities of CC double bonds

toward nonbridging electrophiles are hardly affected by alkyl
groups at the position of electrophilic attack but are strongly
increased by alkyl groups at the new carbenium center.6 In
contrast, reactivities toward bridging electrophiles are in-
creased almost equally by alkyl groups at both termini of
the double bond.

As illustrated in Scheme 2, enamines have been suggested
to be the key intermediates in organocatalytic chlorinations
of carbonyl compounds.2 Because chloro-bridging does not
occur in �-chloro-substituted iminium ions, we had specu-
lated that the relative reactivities of enamines and other
electron-rich π-systems toward “Cl+” may follow the same
reactivity order as toward carbenium ions, with the conse-
quence that the N and s parameters of the π-nucleophiles
2a-m (Table 1) which have been derived from the rates of
their reactions with benzhydrylium ions can also be used to
describe the rates of their reactions with the electrophiles
1a-c.

As shown in Scheme 3 for the reaction of 2,3,4,5,6,6-
hexachlorocyclohexa-2,4-dien-1-one (1a) with the indole 2a,
the silyl enol ether 2c, and the enamine 2g, the chlorine
transfer step is associated with the conversion of the
cyclohexadienone chromophor of 1a (λmax ) 378 nm) into

that of the pentachlorophenolate ion, which absorbs at shorter
wavelength (λmax ) 351 nm). For that reason, the kinetics
of the reactions of 1a, as well as of 5,7,7-trichloro-8(7H)-
quinolinone (1b) and 2,2,4-trichloro-1(2H)-naphthalenone
(1c), with the nucleophiles 2 could be determined photo-
metrically by monitoring the disappearance of the absor-
bances of 1a-c at 366-378 nm.

When equimolar amounts of the chlorinated quinones 1a
and the N-methylindole (2a) were combined in CH3CN at
room temperature, the corresponding 3-chloro-N-methylin-
dole was isolated in 81% yield after aqueous workup
(Scheme 3). Silyl enol ethers usually gave moderate yields
of R-chlorocarbonyl compounds. For instance, when 1a was
slowly added to a solution of 1-(trimethylsiloxy)cyclopentene
(2c) or 1-methoxy-2-methyl-1-(trimethylsiloxy)propene (2f)
in CH3CN at room temperature, 2-chlorocyclopentanone and
methyl 2-chloroisobutyrate were obtained in low yields. The
yields increased to 55% and 51%, respectively, when CH2Cl2
was used as the solvent. Treatment of 1a with 1 equiv of
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Scheme 1. Relative Reactivities of Alkenes toward Various
Electrophiles (from ref 6)

Scheme 2. R-Chlorinations of Carbonyl Compounds Catalyzed
by Secondary Amines

Table 1. N and s Parameters of the Employed Nucleophiles
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N-(1-phenylvinyl)morpholine (2g) in CH2Cl2 gave R-chlo-
roacetophenone in 78% yield. Under the same conditions,
the reactions of the polychlorinated quinones 1b and 1c also
produced 60% and 65% yields of R-chloroacetophenone,
respectively. Because analogous reaction products can be
expected for the combination of 1a-c with other substrates,
product studies have not been performed for all reactions
that have been studied kinetically.

As mentioned above, the kinetics of the reactions of 1a-c
with π-nucleophiles were determined photometrically by
following the disappearance of the absorbances of the
R-chlorinating agents at 366-378 nm, using conventional
and stopped-flow UV/vis spectrometers. All kinetic experi-
ments were performed at 20 °C in CH3CN with a high excess
of the nucleophiles 2a-m in order to achieve first-order
conditions (eq 2).

As a consequence, exponential decays of the concentra-
tions of the UV-active electrophiles were observed. The first-
order rate constants kobs were obtained by least-squares fitting
of the time-dependent absorbances of the electrophiles to At

) A0e-kobst + C. Plots of kobs versus the concentrations of
the nucleophiles [2] gave straight lines with the slopes k2 as
shown for one example in Figure 1. The slopes of these plots
gave the second-order rate constants k2 [M-1 s-1], which are
summarized in Table 2.

If eq 1 were followed, plots of (log k)/s versus N should
be linear with a slope of 1. Figure 2 shows that the reactivities
of different classes of compounds, i.e., pyrroles, indoles, enol
ethers, and ketene acetals, with the chlorinating agent 1a are,
indeed, linearly correlated with the nucleophilicity parameters
N, but the slope (s ) 1.25) is slightly larger than 1. Though
the nonunity slope might be taken care of by introducing a
second, electrophile-specific slope parameter, as previously
suggested for the treatment of SN2 reactions,7 we have
abstained from introducing an electrophile-specific slope
parameter and determined E by minimizing ∆2 ) ∑(log k
- s(N + E))2 with the nonlinear solver “What’s Best!” by

Lindo systems. In this way a unity slope for the (log k2)/s
vs N plots was enforced. Table S1 in the Supporting
Information shows that experimental and calculated rate
constants determined in this way agree within a factor of
12. The correlations are of lower quality for the correspond-
ing reactions of 1b and 1c, but also in these cases, the
deviations between calculated and experimental rate constants
are less than a factor of 22, which is quite satisfactory for a
three-parameter equation covering a reactivity range of 40
orders of magnitude.

As an alternative to the direct chlorine attack at the π-bond
of the enamine (Scheme 2 and upper reaction path in Scheme
4), initial N-chlorination and subsequent 1,3-sigmatropic shift
of chlorine to the carbon atom (lower pathway in Scheme
4) has been suggested.8 Figure 2 shows that the relative
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Scheme 3. Reactions of 1a with π-Nucleophiles

-d[1]/dt ) kobs[1] (2)

Figure 1. Exponential decay of the absorbance at 378 nm during
the reaction of 1a (4.19 × 10-4 M) with 2g (4.43 × 10-3 M) and
correlation of kobs with the concentrations of 2g (in the insert).

Table 2. Second-Order Rate Constants k2 for the Reactions of
the Polychlorinated Quinones 1a-c with the π-Nucleophiles
2a-m in CH3CN at 20 °C

electrophile λmax [nm] nucleophile k2 [M-1 s-1]

1a 378 2a 4.01 × 10-2

2b 1.89 × 10-2

2c 1.26
2d 6.52
2e 1.60 × 101

2f 1.36 × 102

2g 3.24 × 103

2i 1.04 × 104

2j 8.76 × 104

1b 366 2f 4.59 × 10-2

2g 1.38 × 10-1

2h 1.93 × 10-1

2j 6.97 × 101

2k 2.91
2l 2.82 × 102

2m 6.21 × 102

1c 375 2g 4.84 × 10-1

2h 2.40 × 10-2

2j 1.20 × 101

2k 3.81 × 10-1

2l 4.85 × 101

2m 1.18 × 102
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reactivities of enamines, silylated enols, and ketene acetals,
as well as of pyrroles and indoles toward the chlorinating
agents 1a and 1b, are the same as toward donor-substituted
diarylcarbenium ions, from which the N-scale has been
derived. Though highly reversible N-attack by diarylcarbe-
nium ions at enamines could not be excluded, it has been
demonstrated that the observed second-order rate constants
for these reactions reflect the rates of the CC bond-forming
step.5a As a consequence, the N and s parameters in Table
1, including those of enamines, reflect π-nucleophilicities,
and the correlations shown in Figure 2 indicate analogous

transition states for electrophilic chlorinations and alkylations
of the nucleophiles 2. In view of these findings, the generality
of the suggested N-attack8 of electrophilic chlorinating agents
at enamines in amine-catalyzed R-chlorinations of aldehydes
should be examined.

The kinetic data now allow us to include the chlorinating
agents into our comprehensive electrophilicity scale (Figure

3), which shows that 1a is a 104- to 105-fold stronger
electrophile than 1b and 1c, comparable to amino-substituted
benzhydrylium ions and R,�-unsaturated iminium ions. This
reactivity order is in line with the observation that 1a is a
particularly suitable reagent for the imidazolidinone catalyzed
R-chlorination reactions of aldehydes,9 or R-chlorinations of
acyl chlorides via intermediate ketenes.10 On the other hand,
the more reactive carbanions derived from 1,3-dicarbonyl
compounds have been found to react with much better
enantioselectivities with the mild chlorinating agent 1b than
with the more reactive electrophile 1a.11

The linear free-energy relationship log k(20°C) ) s(N +
E) (eq 1) has thus been found to be suitable for predicting
the rate constants for the reactions of the chlorinated quinones
1a-c with π-nucleophiles from the E parameters of 1a-c
determined in this work and the nucleophile specific param-
eters N and s for 2a-m reported earlier.4,5 With these
parameters at hand, one can compare the electrophilicities
of chlorinated quinones with those of carbon electrophiles,
and even more important, use them as a guide for selecting
suitable electrophiles for organocatalytic halogenations.
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Figure 2. Correlation of (log k2)/s with the nucleophilicity parameter
N for the reactions of the chlorinated quinones 1a and 1b with the
nucleophiles 2 (CH3CN, 20 °C).

Scheme 4. Ambident Reactivity of Enamines

Figure 3. Comparison of the electrophilicities of chlorinated
quinones 1a-c with those of carbon electrophiles.
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