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First Direct Observation of the Two Distinct
Steps in an Sy1 Reaction**

Herbert Mayr* and Shinya Minegishi

The differentiation of bimolecular (Sy2) and unimolecular
nucleophilic substitutions (Sy1) by Ingold and co-workers
marks the beginning of the mechanistic period of organic
chemistry.l'! Since then, countless investigations on the rates
and products of Syl reactions have been performed. A
considerable part of our knowledge of the relationships
between structure and reactivity of carbocations (R*), the
intermediates of these reactions, has been derived from
solvolysis studies®®! [Eq. (1)].

slow

R-Cl &2 R* + CI” 2%, R_OSolv + HCI 1)

The discovery by Olah and co-workers that many types of
carbocations exist as long-lived species in superacidic solu-
tions, media of low nucleophilicity, allowed the direct
observation of carbocations by spectroscopic methods.>”]

In recent years, much information on the rates of the
reactions of carbocations with nucleophiles,®°! including
solvents (SolvOH) of Syl reactions,'“!'!l became available.
In agreement with earlier conclusions from solvolysis stud-
ies,'213 the rates of decay of laser-flash photolytically
generated carbocations in 2,22-trifluoroethanol (TFE) re-
vealed this alcohol as a weakly nucleophilic solvent.[']
Accordingly, we have now found a first-order rate constant
of 12.7+ 0.4 s~! for the decay of bis(4-methoxyphenyl)carbe-
nium tetrafluoroborate (1-BF,) in TFE/acetonitrile (91:9
(v/v)) at 20°C, corresponding to a half-life of 55 ms (Table 1,
entry 1). This rate constant is only slightly reduced in the
presence of tetra-n-butylammonium chloride (nBu,NCl)
(Table 1, entry 2) and remains almost constant as the TFE/
CH;CN ratio is reduced from 91:9 to 20:80 (Table 1, entries
3-5). Entries 6 and 7 in Table 1 indicate that the presence of
0.5M NaClO, or LiClO, does not affect the rate of the reaction
of 1* with TFE.["

The ethanolysis rate constant of chlorobis(4-methoxyphe-
nyl)methane (1-Cl), that is the rate of the Syl reaction in
ethanol, has previously been determined as k =57 s~! at 25°C,
a million times higher than the ethanolysis rate constant of the
parent chlorodiphenylmethane (5.34x 1073 s 1).I¥1  Since
chlorodiphenylmethane, on the other hand, was reported to
undergo solvolysis in TFE/water (97:3 (w/w)) with k=
1.05 s7,1'1 we extrapolated an Sy1 reactivity of 1-Cl in TFE/
water (97:3 (w/w)) of 57 7' x (1.05/5.34 x 10°) = 1.1 x 10° s,

The ionization of 1-Cl in TFE was thus expected to be 10°
times faster than the reaction of 1* with this solvent. Since
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Table 1. Kinetics of the reaction of 1-BF, in TFE/CH;CN solutions at
20°C. 081 4 08
Entry TFE/CH,CNUE Additive kerpe [s71]0) 0.6 A =500 nm
1 91:9 12,7 061404
2 91:9 nBu,NCI (0.01m) 103 02 0.05s
3 80:20 13.5 04{ 0.10s
4 60:40 13.1
0 02 04 o .
5 20:80 10.0 A b 06 08
6 20:80 NaClO, (0.5m) 10.0 0.2+
7 20:80 LiCIO, (0.5Mm) 104
[a] Solvent ratio in (v/v). [b] Reactions were monitored at A =500 nm. Y ‘ E—
400 450 500 550

[c] Four independent experiments gave a standard deviation for krpg of =
0.4.

intermediates, which are produced faster than they are
consumed, enrich during a reaction sequence, we were
prompted by these considerations to search for the inter-
mediate bis(4-methoxyphenyl)carbenium ion 1* during the
trifluoroethanolysis of 1-Cl [Eq. (2)].

Alnm >

Figure 1. Decay of the absorbance of the carbenium ion 1+ generated from
1-Cl in TFE/CH,;CN (91:9 (v/v)) at 20°C.

after mixing, in accord with the high ionization rate constant
of 1-Cl estimated above.

Attempts to slow down the ionization reaction to meas-

urable rates by employing TFE/CH;CN mix-

tures with a smaller solvent ionizing power

MeO MeO MeO R
than pure TFE['? were not successful. While
| CFaCHZOH OCH,CF; . .

c ki +  CFRCH0H the maximal absorbance was still observed

S a— +CIF > . . .. .
I — krre +Ha (@) immediately after mixing, even in TFE/
O O CH,;CN in the ratio 30:70 (v/v) (Table 2, en-
OMe OMe try 11), the absorption coefficients were con-
1-Cl 1+ 1-OCH,CF5 siderably smaller than in solutions with a high

Immediately after mixing the colorless solution of 1-Cl in
CH,;CN with the tenfold volume of TFE (dried by distillation
over CaSO,) in a stopped-flow apparatus, the well-known
UV/Vis spectrum of the cation 1T with an absorption
maximum at 4=500nm was observable (Figure 1). This
spectrum is identical to that obtained for 1* in pure CH;CN
(Amax = 500 nm).['"]

From the molar absorption coefficient (Ige =5.10),['"] one
can derive that immediately after mixing, the concentration of
1™ equals 80 % of that of the initial concentration of 1-Cl (¢, =
8.5x107°m). This band disappeared with a first-order rate
constant of 11.4 s! (Figure 1), that is,

TFE/CH;CN ratio, indicating that under these

conditions the ionization equilibrium (first step
in Equation (2)) was shifted towards the covalent diaryl-
chloromethane 1-Cl. Because of incomplete ionization, the
carbocation consumption did not show an exponential decay
in the cases with small initial absorbance, and the rate
constants of entries 10, 11, and 13 in Table 2 have to be
considered as approximations.

Formation as well as decay of the carbocation 1t was
observable, however, in a TFE/CH;CN mixture (20:80 (v/v))
which contained 1.0m of LiClO, M (Figure 2).

At the maximum of the carbocation concentration, that is,
7 ms after mixing, 40 % of the initial 1-Cl was observable as

a similar rate as previously observed
(Table 1) for the reaction of
1-BF, with TFE under the same
conditions.

Only small changes of the rate of
the first-order decay were observable
when the TFE/CH;CN ratio was
reduced from 91:9 to 50:50 (Table 2,
entries 1 and 6-9). Addition of tetra-
n-butylammonium chloride caused a
slight decrease of the rate of the
carbocation decay (Table2, en-
tries 1-5). In the presence of 1072m
nBu,NCl, a hypsochromic shift of
Al=1nm and a decrease of the
intensity of the absorption band by
35% was observed. In all cases, the
maximum of the carbocation absorp-
tion (A,.) Was detected immediately

4494

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2. Kinetics of the solvolysis of 1-Cl in TFE/CH;CN solutions at 20°C.

Entry [1-C1], [m] TFE/CH,CN Additive Ao ki [s7'] kree [s7']
1 8.51x10°° 91:9 0.81 fast 114

2 8.51x10°¢ 91:9 nBu,NCl (5 x10~*m) 0.83 fast 11.1

3 8.51x10°¢ 91:9 nBu,NCl (1 x1073m) 0.81 fast 11.0

4 8.51x10°° 91:9 nBu,NCl (5 x1073m) 0.68 fast 10.6

5 8.51x10°° 91:9 nBu,NCl (1 x1072m) 0.54ll fast 10.6

6 744 x10°° 80:20 0.67 fast 14.1

7 744 x10°° 70:30 0.61 fast 14.8

8 744 x10°° 60:40 0.55 fast 13.2

9 744 x 1076 50:50 0.50 fast 124

10 744 x10°° 40:60 0.37 fast (6.47)M
11 744 x10°° 30:70 0.20 el (3.80)4!
12 1.10x 105 30:70 LiClO, (1.0m) 0.64 7x10? 12.7

13 744 x 1076 20:80 0.10 el (2.66)1
14 744 x10°° 20:80 NaClO, (1.0m) 0.26 3x10% 10.1

15 1.10x 1073 20:80 LiClO, (1.0m) 0.52 5x10% 104

[a] Solvent ratio in (v/v). [b] Maximum absorbance at A =500 nm during the course of the reaction.
[c] Maximum absorbance at A =499 nm during the course of the reaction. [d] The rate constant (k) has
to be considered as an approximation. The initial carbocation absorbance was small and did not show an
exponential decay because of incomplete ionization. [e] The rate constant of ionization (k;) was not
determined because of a too small increase of absorbance in the cation formation step.
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Figure 2. Generation and decay of 17 observed after dissolving 1-Cl in
TFE/CH;CN (20:80 (v/v)) containing 1.0M of LiClO,.

the diarylmethyl cation 1. The carbocation, which was
formed with a rate constant (k;) of 5x10%s~! was consumed
with a rate constant (krpg) of 10.4 s™! under these conditions
(Table 2, entry 15). Analogously, formation and consumption
of 1™ was observable in other TFE/CH;CN mixtures contain-
ing alkali metal perchlorates!' (Table 2, entries 12 and 14).

The direct observation of the carbocationic intermediate
demonstrated in this experiment is certainly not a singular
case. Increasing stabilization of the carbocation and decreas-
ing solvent nucleophilicity transform the generally accepted
energy profiles of Syl reactions with carbocations as short-
lived intermediates (Figure 3, upper graph) into energy
profiles which imply the buildup of significant concentrations
of the intermediate carbocations (Figure 3, lower graph).

R—OSolv

Reaction coordinate

Figure 3. Schematic energy profiles for solvolytic displacement reactions
in TFE. Upper graph: Slow ionization (conventional Sy1). Lower graph:
Rate-determining carbocation-nucleophile combination with directly ob-
servable intermediate. Ion-pairing and proton transfer steps are neglected.

The occurrence of such scenarios can easily be predicted
from available ionization and combination rate constants as
demonstrated herein. Since ionization and nucleophile addi-
tion must be uncoupled when the intermediate is observable,
the investigation of such reaction cascades may open a new
era in the study of solvolytic displacement reactions. As salt
and solvent effects on the two steps of the reaction can now be
studied separately, many ambiguities in the earlier interpre-
tations of the mechanisms of solvolytic displacement reactions
can be resolved.
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A Europium-Ion-Based Luminescent Sensing
Probe for Hydrogen Peroxide**

Otto S. Wolfbeis,* Axel Diirkop, Meng Wu, and
Zhihong Lin

Molecular probes and molecular sensors for hydrogen
peroxide (H,O,) are important in the environmental and
bioanalytical sciences for a number of reasons. H,O, is present
in small but significant concentrations in the atmospherel!l
and the marine environment. Tt is widely used in industry for
bleaching, cleaning, and disinfection,”] and released to the
environment in large quantities.! H,O, is one of the products
of the activity of almost all oxidases,”! and this enables a
quantitative assay of a) the activity of the respective enzyme,
b) numerous substrates including glucose,! and ¢) a so-called
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