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Abstract: The following selectivities are reported for partitioning of thgN,N-dimethylthiocarbamoyl)-4-
methoxybenzyl carbocatioti” between nucleophilic addition of-nucleophiles and a solvent of 50:50 (v:v)
acetonitrile/water at 25C (nucleophilekyy/ks): pyrrole, 23 M%; 2-methoxythiopheney2 M~1. No nucleophile
adducts €2% of total products) were detected from the reaction of this carbocation in the same solvent
containing the following carbon nucleophiles: thiophene (0.10 M), furan (0.10 M), ethyl 1-propenyl ether
(0.10 M), amd 1-cyclohexenyl trimethylsilyl ether (0.01 M). These results show thatsenlycleophiles

with Mayr nucleophilicity parameters greater tHdre 6 are sufficiently reactive to compete with nucleophilic
aqueous solvents for addition 1d, and they provide support for a simple relationship between the Ritthie
scale of nucleophilicity in water and the Mai{ scale of nucleophilicity in weakly polar nonnucleophilic
solvents®2 Our data require a large effective molarity for the intramolecular addition of a trisubstituted alkene

to an allylic carbocation.

In recent years there have been many determinations of rateacetonitrile have shown that the second-order rate constants for
constants for the addition of nucleophiles to carbocations in a the addition of activated alkenes, such as vinyl ethers and silyl

variety of solvents, including weakly polar, aprotic, nonnucleo-
philic solvents such as dichloromethattepolar, aprotic, and
weakly nucleophilic solvents such as acetonittifmlar, protic,

enol ethers, are significantly larger than that for addition of
water! These results suggest that it should be possible to study
the addition of strongly activated nucleophilic alkenes to

and weakly nucleophilic solvents such as 1,1,1,3,3,3-hexafluoro- carbocations in an agueous solvent, but we are not aware of

2-propanof® and polar, protic, and strongly nucleophilic
solvents such as watéf. An important conclusion from this

any reports of such studies in the chemical literature.
We recently reported that thenucleophile2 is 70 000-fold

work is that there are large decreases in the reactivity of anionic more reactive than a solvent of 50:50 (v:v) methanol/water

nucleophile$®and neutral aminé3with increasing stabilization

toward the a-(N,N-dimethylthiocarbamoyl)-4-methoxybenzyl

of the nucleophilic reagent by hydrogen bonding to solvent. This carbocatiorL™ (kax, Scheme 1}2 generated as the intermediate

results from the requirement for the loss of these stabilizing

of the stepwise reaction af-(N,N-dimethylthiocarbamoyl)-4-

hydrogen-bonding interactions on proceeding to the transition methoxybenzyl pentafluorobenzoate-RFB) in agueous sol-

state for the nucleophile addition reaction.
The effect of polar protic solvents on the nucleophilic
reactivity of alkenes and other-nucleophiles has not been

vents!® The reactivity of this highly activated-nucleophile
toward 1t is similar to that of the strongly nucleophilic azide
ion2 These results show thatnucleophiles can compete with

investigated in detail, but the lack of data in aqueous solvents an agueous solvent for nucleophilic addition to carbocations,

might suggest thatz-nucleophiles are simply too weakly
nucleophilic to compete with nucleophilic solvents for addition

to unstable carbocations. However, recent studies of photolyti-

cally generated ring-substituted diarylmethyl carbocations in

(1) Tel: (716) 645 6800 ext. 2194. Fax: (716) 645 6963. Email:
jrichard@acsu.buffalo.edu.

(2) Mayr, H.; Patz, M.AAngew. Chem., Int. Ed. Engl994 33, 938-
957.

(3) Mayr, H. Angew. Chem., Int. Ed. Engll99Q 29, 1371-1384.
Burfeindt, J.; Patz, M.; Miler, M.; Mayr, H.J. Am. Chem. S04998 120,
3629-3634.

(4) Pienta, N. J.; Kessler, R. J. Am. Chem. Sod 992 114 2419~
2428.

(5) McClelland, R. A.; Mathivanan, N.; Steenken, JSAm. Chem. Soc.
199Q 112 4857-4861.

(6) McClelland, R. A.; Cozens, F. L.; Li, J.; SteenkenJSChem. Soc.,
Perkin Trans. 21996 1531-1543.

(7) Richard, J. PTetrahedron1995 51, 1535-1573.

(8) McClelland, R. A.Tetrahedron1996 52, 6823-6858.

(9) Pienta, N. J.; Kessler, R. J. Am. Chem. Sod993 115, 8330~
8339.

(10) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken,
S.J. Am. Chem. S0d.992 114, 1816-1823.

S0002-7863(98)01842-3 CCC: $15.00

and they prompted the present work to determine the reactivity
of otherz-nucleophiles toward™ in a solvent of 50:50 (v:v)
acetonitrile/water. We report here the results of experiments
that define the “thresholdft-nucleophile reactivity required for
observing the formation of the-nucleophile adduct td* in
an aqueous solvent. This threshold is exceeded by pyrrole and
2-methoxythiophene, but not by thiophene, furan, or representa-
tive alkyl and silyl enol ethers, which are also activated for
nucleophilic addition. A comparison of the data reported here,
which define the relative nucleophilicity of-nucleophiles
toward 1% in aqueous solvents, and the extensive data from
Mayr’s laboratory? which define the nucleophilicity of-nu-
cleophiles toward carbocations in aprotic organic solvents such
as dichloromethane, shows that the effect of the very dramatic
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7716.

(12) Richard, J. P.; Lin, S.-S.; Williams, K. B. Org. Chem1996 61,
9033-9034.

(13) Richard, J. P.; Lin, S.-S.; Buccigross, J. M.; Amyes, TJLAm.
Chem. Soc1996 118 12603-12613.

© 1998 American Chemical Society

Published on Web 09/23/1998



Solkent Effects on CarbocatierNucleophile Addition Reactions J. Am. Chem. Soc., Vol. 120, No. 40, 19983

Scheme 1 as described above. The products were generally analyzed after a
EF reaction time of 40 min, which is ca. 7 halftimes for the reaction of
NMez OMe 1-PFB. Thes-nucleophile adducts were shown to be stable for at least
F F 2 days under the conditions used for their generation.
The ratios of the yields of the nucleophile adducts were calculated
N'V'ee Me,N M using eq 1, wherefgnu/Arnu) iS the ratio of the HPLC peak areas of
NMe? % two adducts RNul and RNu2 andrfudernur) is the ratio of the
solv S extinction coefficients of these adducts at 271 nm. The ratio of the
extinction coefficients for the adducts of azide ion and watertbas
been shown to be 118 The ratio for the adducts of propionate ion
and water tol* is also assumed to be 1.0 because the extinction
coefficients for the carboxylate ion and solvent adducts of several ring-
substituted 1-phenyl-2,2,2-trifluoroethyl carbocationsiaiy for the
corresponding alcohols are identi¢&l A value of egn/eron = 1.1 at
change from an organic to an aqueous solvent on the relative271 nm was calculated for the pyrrole and solvent adducts using eq 2,

Kalk

OMe
1-PFB 1+

reactivity of z-nucleophiles is small or negligible. where AAgny and AAgon are the changes in the HPLC peak areas for
the pyrrole adduct-(2-Pyr) and the solvent addu@tOH, respectively,
Experimental Section determined for reaction of a fixed concentration BPFB in the

presence of increasing concentrations of pyrrole.

Materials. Pyrrole (98%), thiophene (99%), furan (99%), 1-cy-
clohexenyloxytrimethylsilane (99%), and ethyl 1-propenyl ether (98%, _
mixture of cis and trans isomers) were purchased from Aldrich. [RNU1J[RNU2] = (Agnui/Arnu (€rnu €rrud) (1)
2-Methoxythiophene (99%) was purchased from Lancaster Synthesis.
Acetonitrile was HPLC grade from Fisher. All other organic chemicals ernd€ron = AAN/ APgon (2
and inorganic salts were reagent grade and were used without further
purification. The water used in kinetic and product studies was distilled

and then passed through a Milli-Q water purification system. Knut'Knuz = [RNU1][Nu2)/[RNu2][Nul] (3)
o-(N,N-Dimethylthiocarbamoyl)-4-methoxybenzyl pentafluo-

robenzoate(1-PFB) was prepared as described previoudly. Kok (Mfl) _ Z[RNU]/[ROH][NU] %)
2-[o-(N,N-Dimethylthiocarbamoyl)-4-methoxybenzyl]pyrrole (1-

(2-Pyr)) was prepared by the reaction DfPFB (10 mg) in 2 mL of

70:30 (v:v) trifluoroethanol/water contairgnl M pyrrole at room The yields of the products of the reaction biPFB with 2-meth-
temperature for 3 h. The products were separated by HPLC using aoxythiophene were too low to allow for an accurate determination of
semipreparative octadecylsilane column from YMC and eluting with the relative extinction coefficient of the 2-methoxythiophene adduct.
80:20 (v:v) methanol/water. The fractions which contained the pyrrole Therefore, an approximate value @fnJ/eron = 1 was used in the
adduct were pooled, and the product was extracted into chloroform. calculation of the yield of this adduct.

Evaporation of the solvent gavde(2-Pyr) (50%) as a brown solid*H Values ofkyui/knuz (dimensionless) for partitioning df-PFB between
NMR (500 MHz, CB;OD): 6 7.09 (2H, d,J = 8.5 Hz, Ar), 6.81 (2H, reaction with Nul and Nu2 were determined from the ratios of the
d,J = 8.5 Hz, Ar), 6.69 (1H, ddJss = 3.0 Hz,J35s = 1.5 Hz, pyrrole yields of the corresponding nucleophile adducts using eq 3. Values of
H-5), 6.00 (1H, t,Js4, Jas = 3.0 Hz, pyrrole H-4), 5.86 (1H, ddizs = knu/ks (M) for partitioning of 1-PFB between reaction with nucleo-

3.0 Hz,J3s = 1.5 Hz, pyrrole H-3), 5.71 (1H, s, ArCH), 3.77 (3H, s,  philic reagents and solvent were determined using eq 4, WH&hu]
OCH), 3.35 (3H, s, N(CH)2), 3.31 (3H, s, N(CH),); MS found corresponds to the sum of the HPLC peak areas for all the products of

274.1140, GH1eN,OS requires 274.1140. reaction of the nucleophile with-PFB. The rate constant ratidgu:/
Product Analyses by HPLC. Product studies of the reactions of  knuz and kno/ks (M) determined from product analyses in different

1-PFB were carried out in 50:50 (v:v) acetonitrile/waterlat 0.50 experiments were reproducible to better thah0%.

(NaClQy) and 25°C. Solutions were prepared by mixing equal volumes

of an aqueous solution containing the appropriate salt &t 1.0 Results

(NaClOy) with acetonitrile containing the appropriatenucleophile.
Reactions were initiated by making a 100-fold dilution of a solution The yields of the products of the reactionloPFB in 50:50
of 1-PFBin acetonitrile into the reaction mixture to give a final substrate  (v:v) acetonitrile/water I( = 0.50, NaCIlQ) at 25 °C in the
concentration of 6< 10> M. Fluorene or 9-hydroxy-9-methylfiuorene  presence of five concentrations of sodium propionate in the
[(2—8) x 10°°M] was used as an internal standard to correct for small range 0.050.25 M and a fixed concentration of 0.50 mM
variations in the HPLC injection volume. HPLC analysis of a solution : ; ;
. . > . sodium azide were determined by HPLC analyses. The data

of 2-methoxythiophene (0.1 M) in 50:50 (v:v) acetonitrile/water with A

ythiop ( ) (v:v) [gavekajkp,op = 840 + 40 for partitioning of1-PFB between

peak detection at 271 nm revealed several contaminant peaks tha . ith azid d : . hich is th
interfered with the analyses of the products of the reactioh-BfB. reaction with azide and propionate ions, which is the average

The use of a larger concentration k310~ M 1-PFBfor the reactions ~ Of these five determinations calculated using eq 3. The yields
in the presence of 2-methoxythiophene allowed for a reduction in the Of the products of the reaction of-PFB in 50:50 (v:v)
sample volume used for HPLC analysis, and this minimized problems acetonitrile/waterl(= 0.50, NaClQ) at 25°C containing 0.01
resulting from the presence of small amounts of UV-absorbing M sodium propionate gavigofks = 120 M for partitioning

contaminants in 2-methoxythiophene. of 1-PFB between reaction with propionate ion and solvent,
The products of the reactions &fPFB were separated by HPLC  were calculated using eq 4.
and identified as described in earlier wéfk® with peak detection at The yields of the products of the reactionlsPFB in 50:50

271 nm (which isimax for 1-OH)'213 using a Waters 996 diode array
detector. The pyrrole addutt(2-Pyr) was identified by comparison
of its HPLC retention time with that for authentic material, prepared

(v:v) acetonitrile/water I(= 0.50, NaClQ) at 25 °C in the
presence of five concentrations of pyrrole in the range ©.01
0.10 M were determined by HPLC analyses. The data gave
(14) Richard, J. P.; Rothenberg, M. E.; Jencks, WI. Am. Chem. Soc. knu/ks = 23 M~ (Table 1) for partitioning ofl.-PFB between
19?f5)1%?cﬁgfd1_}3g§-Am Chem. S04989 111, 14551465 reaction with pyrrole and solvent, calculated using eq 4. The
(16) Richard, J. P.: Amyes, T. L.; Vontor, J. Am. Chem. S0d.992 calculated ratidwy/ks (M~1) does not change as the concentra-
114, 5626-5634. tion of pyrrole is increased from 0.01 to 0.10 M, which shows
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Table 1. Rate Constant Ratios for the Partitioninglef between
Reaction with Added Nucleophilic Reagents and Solvent in 50:50
(v:v) Acetonitrile/Water (Scheme 2) and Estimated Values of the
Nucleophilicity Parameterbl, and N2

Nucleophile Fygu e, MY P ey o © N9 Ny

H

N 23f 640 1.4 72(13)¢8
7

S._OMe
7 ~2h =60 ~03 =61

S .
Y\ /7 <02! <6 <-0.70 <51

O n
Wi <02' <6 <-0.70 <5.1

0OSiMe,
© <2} <60 <030 <6156 "
Me ~— H <02 <6 <-0.70 <51

H - OEt

H
mnMez 70000 1.9x 10 48 10.6
MeO S
Ny 100 000 ™ 2.4 x 10°
aAt 25 °C and | = 0.50 (NaCIQ). ? Rate constant ratio for

partitioning of 1+ between reaction with the nucleophile and solvent,
determined from analysis of the products of the reactiot-8FB as
described in the Experimental SectiéiDimensionless ratio of second-
order rate constants calculated fréga/ks (M~1) and [HO] = 27.8 M

in 50:50 (v:v) acetonitrile/watef Estimated value of the Ritchie
nucleophilicity parametemlN,, calculated using eq 6 of the text.
¢ Estimated value of the Mayr nucleophilicity parametgrcalculated
from the value ofN. using eq 8 of the texf.Average of values
determined at five concentrations of pyrrole in the range @10

M. ¢ Value calculated by Mayr (ref 34) from data for the reaction of
pyrrole with the tricarbonylcyclohexadienyliron cation in nitromethane
(refs 2 and 35)" Approximate value, see Experimental Sectiddpper

Richard et al.

MeO,
— HN \ — S
HN N S A MeO™ X
NMe, NMe, NMe, NMe,
H H H H
S S S S
OMe OMe OMe OMe
1-(2-Pyr) 1-(3-Pyr) 1-(5-MeOTh) 1-(3-MeOTh)

HPLC analysis of the products of the reactionlePFB in
50:50 (v:v) acetonitrile/water (= 0.50, NaCIQ) at 25°C in
the presence of 2-methoxythiophene (6-0110 M) showed that
there are two products of the reaction of 2-methoxythiophene
with similar retention times and peak areas. We were unable
to isolate and characterize these two products owing to their
low overall yields and similar HPLC retention times. However,
the relatively large activation of 2-methoxythiophene for nu-
cleophilic addition and the observation of two products from
the reaction of thisz-nucleophile with1l-PFB are consistent
with the assignment df-(5-MeOTh) and1-(3-MeQOTh) as the
structures of the two products. If this assumption is correct
then the greater nucleophilic reactivity of C-2 than of C-3 at
unsubstituted thiopheAis balanced here by the larger activa-
tion of C-3 than of C-5 at 2-methoxythiophene by the electron-
donating methoxy group. The data gdw@/ks~ 2 M~1 (Table
1) for partitioning of1-PFB between reaction with 2-methox-
ythiophene and solvent, calculated using eq 4, where the total
yield of the nucleophile adduc};[RNu], was obtained from
the sum of the HPLC peak areas for the two products of the
reaction of 2-methoxythiophene.

The reactions ofL-PFB in 50:50 (v:v) acetonitrile/waterl (
= 0.50, NaClQ) at 25°C in the presence of thiophene (0.10
M), furan (0.10 M), or ethyl 1-propenyl ether (0.10 M, mixture
of cis and trans isomers) resulted in no detectable formation of
products of the reaction of these nucleophiles itRFB and
no decrease in the yield of the solvent adddeOH, as
determined by an internal standard. An upper limik@iks <
0.2 M~ (Table 1) for partitioning ofL-PFB between reaction
with these alkenes and the solvent was calculated with the
assumption that at least a 2% yield of the nucleophile adduct
could have been detected in these experiments. This 2%

limit based on the assumption that a 2% yield of the nucleophile adduct getection limit is conservative and was established by inspection

could have been detected from reactionlelPFB in the presence of
0.10 M m-nucleophile) Upper limit based on the assumption that a

of HPLC chromatograms, in which peaks with 2% of the area

2% vyield of the nucleophile adduct could have been detected from Of the solvent adduct-OH were easily detected.

reaction ofl-PFBin the presence of 0.01 M-nucleophile X Data from
ref 2.! Data from ref 12™ Calculated a&./ks = (Ka/Korop) (Korog/ks), S€€
Results section.

that there is no significant general base catalysis of the reaction

of solvent by pyrrolé’18 The product of the reaction of pyrrole
was prepared independently from the reactiod-¢fFBin 70:

30 (v:v) trifluoroethanol/water and was isolated by semiprepara-

tive HPLC, as described in the Experimental Sectiéidi. NMR
analysis showed that each of the three KC protons of the
pyrrole ring is coupled to at least one vicinal proton, which

The low solubility of 1-cyclohexenyl trimethylsilyl ether in
50:50 (v:v) acetonitrile/water restricted our studies of this alkene
to concentrations 0£0.01 M. HPLC analysis of the products
of reaction ofl-PFBin 50:50 (v:v) acetonitrile/watell & 0.50,
NaClQy) at 25°C in the presence of 1-cyclohexenyl trimeth-
ylsilyl ether (0.01 M) showed a peak with an early retention
time that was also present as a contaminant of the starting
alkene. However, the yield of the solvent adducOH
remained constant when the concentration of this alkene was
increased from zero to 0.01 M, and no nucleophile adducts were
detected by HPLC analysis. Therefore, an upper limikef

requires that the three protons are attached to adjacent carbong < 2 0 M- (Table 1) for partitioning ofl-PFB between

and identifies the product ds(2-Pyr) rather thanl-(3-Pyr).
The formation of1-(2-Pyr) is consistent with the known to be
much greater nucleophilic reactivity of pyrrole at C-2 than at
C-3.19

reaction with 1-cyclohexenyl trimethylsilyl ether and solvent
was calculated with the assumption that a 2% yield of the
nucleophile adduct could have been detected in these experi-
ments.

(17) Richard, J. P.; Jencks, W. .Am. Chem. S0d.984 106, 1396-
1401.

(18) Ta-Shma, R.; Jencks, W. 2.Am. Chem. S0d.986 108 8040-
8050.

(19) Jones, R. A.; Bean, G. Fhe Chemistry of PyrrolesAcademic
Press: New York, 1977; pp 192194.

(20) Taylor, R. InThiophene and its Deratives, Part 2 Gronowitz,
S., Ed.; John Wiley & Sons: New York, 1986; pp-117.
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Scheme 2
Nu  NMe,
S
1-Nu
OMe
CGFE
o=
O NMe, OH NMe,
H
S ksolv S
OMe OMe
1-PFB 1-OH
Discussion

Formation and Reaction of the Carbocation Intermediate
1*. We have shown previously that the reactionsuefiN,N-
dimethylthiocarbamoyl)-4-methoxybenzy! derivativdsX) in
mixed aqueous/organic solvents proceed byaHAy (Sy1)?:
mechanism through the free-thioamide-substituted 4-meth-
oxybenzyl carbocation intermediafe (Scheme 2), and that
this carbocation exhibits an exceptionally large kinetic stability
and selectivity toward added nucleophilic reagéats. There-
fore, the partitioning ratios determined in this work from analysis
of the products of the reaction &fPFB in the presence of added

J. Am. Chem. Soc., Vol. 120, No. 40, 19985

o-substituents ranged from strongly electron-donatim@{e)

to strongly electron-withdrawingo¢CF3).2* The remarkable
kinetic stability of 1t may be partly or wholly due to the
formation of a “closed” carbocation with sulfur bridging
(Scheme 2}3 However, the absence of neighboring group
participation by thex-thioamide group in the ionization df X3
provides good evidence that, if important, the closed species is
formed after the initial ionization of1-X to give the “open”
carbocation. The principle of microscopic reversibility requires
that the same pathway be followed for the ionizatiorl- 6?FB

to give 1t and pentaflourobenzoate ion and the addition of
pentafluorobenzoate ion tb" to give 1-PFB. The reversible
ionization of1-Ns is also expected to proceed through the open
form of 17 (Scheme 2) because there is no obvious imperative
that the change from an azide ion to a pentafluorobenzoate
leaving group/nucleophile results in a change in the mechanism
for reaction of1-X.

Reactivities of #-Nucleophiles. The primary goal of this
work was to establish the extent of nucleophilic activation by
electron-donating atoms or groups that is required for observa-
tion of the reaction of ar-nucleophile with a carbocation in
aqueous solution. The relatively low solubility of alkenes in
water required that the aqueous solvent used here contain 50%
acetonitrile as a cosolvent. However, a change in solvent from
50:50 (v:v) acetonitrile/water to 100% water results in only very
small changes in the observed first-order rate constants for the
reaction of ring-substituted triarylmethyl and diarylmethyl
carbocations with solver®.

The relatively high reactivity of water as a nucleophile on
one hand and as a Brgnsted acid on the other necessarily

nucleophiles (see Results) represent rate constant ratios fofestricted our studies to a small groupsehucleophiles. This

partitioning of the carbocation intermediaté (Scheme 2).

The rate constant ratio for partitioning bf between reaction
with azide ion and a solvent of 50:50 (v:v) acetonitrile/water (
= 0.50, NaClQ) can be calculated from the partitioning ratios
for reaction ofl™ with azide and propionate ions and propionate
ion and solvent determined in this work ks/ks = (KaZKorop)-
(Korop/ks) = (840)(120 M%) = 100 000 M X (Table 1). This is
similar to ka/ks = 70 000 M! determined for partitioning of
1" in 50:50 (v:v) methanol/watéf3 with the difference
reflecting the larger nucleophilicity of methanol/water than of
acetonitrile/water. This very large selectivity bf toward azide
ion in 50:50 (v:v) acetonitrile/water can be used to establish an
upper limit ofks < 5 x 10* s71 for the reaction of solvent with

is because the majority ofr-nucleophiles are either too
unreactive (see below) to compete with the aqueous solvent for
nucleophilic addition tol* or they are so strongly activated
that they are expected to undergo competitive protonation by
water during the generation df" as an intermediate in the
solvolysis of 1-PFB in acetonitrile/water (Scheme 2. This
requirement that this work in aqueous solution be restricted to
a small group ofz-nucleophiles suggests that very low yields
will be obtained from most FriedelCrafts-type alkylation
reactions in this solvent.

The activation of ther-system of pyrrole by electron donation
from the annular nitrogen results in a nucleophilic reactivity at
C-2 toward the carbocatiah™ that is significantly greater than

17, because the reaction of azide ion cannot exceed the diffusionthe reactivity of a solvent of 50:50 (v:v) acetonitrile/watkg(

limit of kez =5 x 10° M~1s71.22 Apsolute values ok, = 1.0

x 10’ M1 s71 andks = 230 s! (ka/ks = 45 000 M) for the
reaction of 1* in 50:50 (v:v) methanol/water have been
determined directly for reactions at 2G, by the generation of
1% using laser flash photolysis df-PFB, so that the reaction
of azide ion with1* is in fact well below the diffusion-controlled
limit.2 A value of 180 s has been determined for the reaction
of 17, generated by laser flash photolysis at@)with a solvent
of 50:50 (v/v) acetonitrile/water.

The large selectivity ofl™ toward azide ion in aqueous
solvents kaZ/ks = 100 000 M%) and the low reactivity of this
carbocation Ks 180 s1) stand in sharp contrast to the
relatively small azide ion selectivitie&i/ks ~ 100 M~1) and
large rate constants for reaction with solveki & 5 x 10’
s™1) observed for a series af-substituted 4-methoxybenzyl
carbocations in 50:50 (v:v) trifluoroethanol/water, in which the

(21) Guthrie, R. D.; Jencks, W. Rcc. Chem. Red.989 22, 343-349.

(22) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken,
S.J. Am. Chem. S0d.991 113 1009-1014.

(23) McClelland, R. A. Personal communication.

ks = 23 ML, Table 1). Similarly, the activation of the
substituted benzothiopher#e(Scheme 1) at C-3 by electron
donation from the annular sulfur and thenitrogen results in

a highly nucleophilic speciesk{/ks = 70 000 M1 in 50:50
(v:v) methanol/water}? The annular sulfur and-oxygen of
2-methoxythiophene provide a smaller activation ofthgystem

of 2-methoxythiophene, and the reactivity of this carbon
nucleophile is similar to that of solverky(/ks ~ 2 M~1, Table

(24) Amyes, T. L.; Stevens, I. W.; Richard, J. P.Org. Chem1993
58, 6057+6066.

(25) McClelland, R. A.; Kanagasabapathy, V. M.; Steenken]. Am.
Chem. Soc1988 110, 6913-6914. McClelland, R. A.; Kanagasabapathy,
V. M.; Banait, N. S.; Steenken, S. Am. Chem. Sod 989 111, 3966~
3972.

(26) For example, the first-order rate constant for the protonation of 1,1-
dimethoxyethene by water at 2% is 5.9 x 1072 s 1 [Kresge, A. J.;
Leibovitch, M. J. Am. Chem. Soc1992 114, 3099-3102] and the
corresponding rate constants for protonation of simple enamines range from
108 s1to =80 s'! [Keeffe, J. R.; Kresge, A. J. IThe Chemistry of
EnaminesRappoport, Z., Ed.; John Wiley & Sons: New York, 1994]. By
comparison, the rate constant for solvolysis IBPFB in 50:50 (v:v)
methanol/waterl(= 0.50, NaClQ) at 25°C is ksoy = 5.3 x 1073 57113
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1). By contrast, electron donation from the lone annular sulfur
at thiophene does not result intenucleophile that is sufficiently
nucleophilic to compete with solvent for addition 16 (knu/Ks

< 0.2 M1, Table 1). Similarly, the followingz-nucleophiles,
each of which are activated by only a single oxygen, are
insufficiently nucleophilic to compete with a solvent of 50:50
(v:v) acetonitrile/water for addition td"™ (Table 1): furan Kny/

ks < 0.2 M™1); 1-cyclohexenyl trimethylsilyl ether (a representa-
tive silyl enol etherkyy/ks < 2 M™1); and ethyl 1-propenyl ether
(a representative vinyl ethekyu/ks < 0.2 M),

The partitioning ratidyy/ks = 23 M~ for reaction of pyrrole
and solvent with1™ in 50:50 (v:v) acetonitrile/water can be
combined with [HO] = 27.8 M in this solvent to give the
dimensionless ratio of second-order rate consteq-on =
640 (Table 1). Thus, despite the lower Brgnsted basicity of
pyrrole (Ko = —3.8F7 than of water (K, = —1.7), C-2 of
pyrrole is 640-fold more reactive than water towdrd This

is consistent with the known preference of “soft” acids and bases

(e.g.,1" and then-system of pyrrole) and “hard” acids and

bases (e.g., the proton and water) to react with one another

and it can be rationalized within the framework developed to
explain this general trend of organic and inorganic react®fty.

The partitioning of the benzyl carbocation, generated from
the decomposition ofN-benzylN-nitrosobenzamide or the

protonation of phenyldiazomethane by benzoic acid, between

nucleophilic addition of solvent and trapping by benzoate ion
within an ion pair results in a higher yield of the solvent adduct
in a solvent of pyrrole than in a solvent of methaffblThis

observation is in qualitative agreement with the results reported

here that pyrrole is more reactive than the hydroxylic solvent
water towardlt. However, despite the early report of the facile
formation of pyrrole adducts from the reaction of triarylcarbinols
with pyrrole in acetic acid? there have been surprisingly few
reports of the preparation of benzylated pyrroles via nucleophilic
addition of pyrrole to carbocations generated in nucleophilic
media.

A comparison of the upper limits on the rate constant ratios
knu/knon for the reaction of representative vinyl and silyl enol
ethers and water with™ in 50:50 (v:v) acetonitrile/water (Table
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1-propenyl ether and water with (4-CIAQH™ 31 is consistent
with knu/kpon < 6 in an aqueous solvent (Table 1).

Structure —Reactivity Correlations. Mayr and co-workers
have shown that most or all of the rate constakyg, for the
activation-limited reactions of nucleophilic reagents with reso-
nance-stabilized carbocations show a good fit to a three-
parameter equation (eq 5).n this equationN is the Mayr
nucleophilicity parametert: is the electrophilicity parameter,
which has an arbitrary value of 0 for the bis(4-methoxyphenyl)-
methyl carbocation, anslis the sensitivity of the nucleophilic
addition reaction to changes in the sumbandN, which has
an arbitrary value of 1 for the “standard” alkene 2-methyl-1-
pentené. Equation 6 describes tlmnstaniselectivity relation-
ship for electrophile-nucleophile combination reactions estab-
lished by Ritchie’2 whereks is the rate constant for reaction of
the electrophile with water (or an aqueous solvent) Bnds
the Ritchie nucleophilicity parameter. The relatively unreactive
carbocatiorllt is expected to adhere, at least approximately, to
the RitchieN, scale, provided its reactions with nucleophiles
are activation limited, with rate constants below the diffusion-
controlled limit. This criterion is met for the alkenes examined

in this work, because the selectivitig/ks (M™1) for their

reaction with1* in 50:50 (v:v) acetonitrile/water are at least
103-fold smaller tharka/ks = 100 000 M, and the rate constant
for the reaction ofLt with azide ion in 50:50 (v:v) methanol/

water isky, = 1.0 x 107 M~1s7123

logky, =S(E+N) ®)
log (kuu/kd = N, (6)
N=N++|02ks_5E @)
Nege=N, +5.8 (8)

Equations 5 and 6 can be combined to give eq 7, which relates
the Mayr and the Ritchie scales of nucleophilicity. The
reactivity of the bis(4-methoxyphenyl)methyl carbocation, for
which E = 0, toward a solvent of 1:2 (v:v) acetonitrile/water is
ks = 1.3 x 10° s71,25 which is somewhat larger thdg = 180
s for the reaction ofl* with a solvent of 50:50 (v:v)
acetonitrile/wate?® These values dfs can be substituted into

1) with the corresponding rate constant ratios calculated from the expressions given by eq 5 for the reactiond ofnd the
the second-order rate constants determined for reaction of theseis(4-methoxyphenyl)methyl carbocation to gie= [log (180/

alkenes and water with ring-substituted diarylmethyl carbo-
cations generated by laser flash photolysis in acetoritslgows

(1.3 x 10P))])/0.80 = —3.57 as the electrophilicity parameter
for 17, wheres = 0.80 is the sensitivity parameter for reaction

that the change from an aqueous solvent to acetonitrile resultsof the nucleophile watet. The values of logs = 2.26 andE

in either little change or in an increasekig/kqon. For example,
the values ofkyy, = 1.3 x 108 M~ s71 for the reaction of
1-cyclohexenyl trimethylsilyl ethétandkyony = 4.3 x 1P M1

s~1 for the reaction of waté? with the diarylmethyl carbocation
(4-MeAr),CH" give knw/knon = 30, which is consistent with
knu/knon < 60 in 50:50 (v:v) acetonitrile/water determined in
this work (Table 1). Similarly kno/kion ~ 6 estimated for
reaction of a 1:1 mixture of the cis and trans isomers of ethyl

~
~

(27) Chiang, Y.; Whipple, E. BJ. Am. Chem. S0d963 85, 2763. The
thermodynamically favored position of protonation of pyrrole is C-2: Joule,
J. A.,; Smith, G. FHeterocyclic ChemistryWan Nostrand: London, 1972;
pp 194-195.

(28)Hard and Soft Acids and BaseBearson, R. G., Ed.; Dowden,
Hutchinson and Ross: Stroudsberg, PA, 1973. Pearson, Rh€&mical
Hardness John Wiley & Sons: New York, 1997.

(29) Darbeau, R. W.; White, E. H. Org. Chem1997, 62, 8091-8094.

(30) Khotinsky, E.; Patzewitch, BBer. 1909 42, 3104-3106.

= —3.57 for 17, together withs = 1.0 determined for the
reactions of manyr-nucleophileg, can then be substituted into
eq 7 to give eq 82 This equation provides values B, the
estimated Mayr nucleophilicity parameter for the reaction of
st-nucleophiles with the carbocatidrt in the aqueoussolvent
50:50 (v:v) acetonitrile/water (Table 1).

The selectivity ofl* for reaction with pyrrole Kyu/ks = 23
M~1, Table 1) gives an estimated value Mf = 1.4 for this
m-nucleophile (eq 6) that can be substituted into eq 8 to give
Ncaic= 7.2 as the estimated Mayr nucleophilicity parameter for
pyrrole in an aqueous solvent (Table 1). This is in good

(31) Calculated usingny = 1 x 1® M~1 s71 for reaction of a mixture
of thecis and trans isomers of ethyl 1-propenyl ether, which is an average
of the values okyy = 7.7 x 18 M~ s Tandky, = 1.3 x 10° M~ s 1 for
reaction of the cis and trans isomers, respectively, kyag = 1.7 x 108
Mfl Sfl_ll

(32) Ritchie, C. D.Acc. Chem. Red972 5, 348-354. Ritchie, C. D.
Can. J. Chem1986 64, 2239-2250.



Solkent Effects on CarbocatierNucleophile Addition Reactions

agreement wittN = 7.3 that can be calculat&dfrom data for
the reaction of pyrrole with the tricarbonylcyclohexadienyliron
cation in nitromethan&2®but is somewhat larger thavi= 6.2
for N-methylpyrrole3* whose nucleophilic reactivity should be
similar to that of pyrrole.

The value of log Ka/ks) = 5.0 for partitioning ofL™ between

reaction with azide ion and solvent is smaller than the value of

log (ka/ks) = 6.0 determined for partitioning of the bis(4-
methoxyphenyl)(4-methylphenyl)methyl carbocation in 1:2 (v:
v) acetonitrile/water, for whichks = 86 s122 The small

difference in the selectivities of these two carbocations, which

show similar chemical reactivities toward addition of solvent,
is not understood. A similar proportional difference in the
values of the nucleophile selectivities Idg,{ks) [Nu = pyrrole]
for the reactions ofl™ and carbocations which follow th
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scale is possible, but would not result in a large change in the solvation of the reactants (water ancb@H*) and the transition

value ofNgqc for the reaction of pyrrole calculated from eq 8.
The data in Table 1 givBl; ~ 0.3 (eq 6) andNcac~ 6.1 (eq

8) for 2-methoxythiophene ard; = 4.8 andNcg = 10.6 for

the strongly activated-nucleophile2.12 By contrast, thiophene

state for nucleophile addition so that there is only a small solvent
effect on the barrier for formation of this transition state.
Similarly, the change from aqueous to organic solvents has a
relatively small effect on the rate constants for concerted Biels

and furan, and the representative enol ethers and silyl enol etherd\lder reactions of alken€es.

examined in this work, are too weakly nucleophilic to compete

Intramolecular Reactions of Alkenes. The solvolysis of

with the aqueous solvent 50:50 (V:V) acetonitrile/water to give gerany] methanesu”ona@)@n 9:1 (V:V) acetone/water proceeds

detectable yields of the corresponding adductsto However,
the upper limits on the values bk for these nucleophiles in

by a stepwise R + Ay mechanis through an allylic
carbocation intermediate that partitions to give a 17% yield of

an agueous solvent (Table 1) are consistent with the Mayr g-terpineol ), via intramolecular nucleophilic addition of the

parameterd for these nucleophiles in organic solvehts.
The derivation of eq 8 from RitchieN; in eq 6 and Mayr’s

trisubstituted alkene to the cationic center, and a total yield of
83% of the products of the direct nucleophilic addition of solvent

in eq 5 assumes that the change from the solvent water used inwithout cyclization (3% of8, 27% of 6, and 53%7).3” The

the development of thdl; scale to the organic solvents used
in the development of thH scale has no effect on nucleophile
selectivity knu/ks). The fair agreement between the values of
Ncaic = 7.2 for pyrrole calculated in this work using data for
reactions in water and = (6.2—7.3) determined for reactions

conversion of3 to 5 and8 with netcis—transisomerization of
the C-2 alkene provides strong evidence for formation of an
allylic carbocation intermediate that is sufficiently long-lived
to undergo rotation about the €Z3 bond. The solvolysis of
neryl methanesulfonaté) under the same conditions gives an

in organic solvents provides support for this assumption, and even larger yield of 45% 05.37 These results show that the
for the suggestion of Mayr that the rate constants for reactions barriers for the intramolecular nucleophilic addition of an alkene
of w-nucleophiles with carbocations are not strongly affected and the bimolecular addition of an aqueous solvent to an allylic
by the change from nonpolar organic solvents to wat&hese carbocation are similar.
data are consistent with the conclusion that the relative activation By contrast, our data show that a threshold valu&lot 6
barrier for addition ofz-nucleophiles to carbocations is insensi- g required for observation of alkene nucleophile adduct in
tive to the polarity and hydrogen-bonding properties of the mostly aqueous solvents, so that trisubstituted alkenes, which
solvent, and that the dispersion of positive charge that occurspaye relatively small Mayr nucleophilicities (e. = 0.70 for
on proceeding from the carbocation amehucleophile reactants 2-methyl-2-butened are far too weakly nucleophilic to compete
to the transition state for the nucleophilic addition does not result \ith an aqueous solvent for intermolecular reactions with stable
in a large differential stabilization of these species by interaction carhocations that follow the Ritchid: scale. The observed
with the polar protic solvent water. intramolecular trapping of an allylic carbocation by a weakly
There is only a relatively small difference in the second-order nucleophilic trisubstituted alkene (the formationsofrom 3 or
rate constants for addition of water to the benzhydryl carbocation 4, Scheme 3Y is therefore consistent with a large “effective
in acetonitrile kion = 1.2 x 10° M~* s")I* and for the  molarity” for this nucleophilic alkene addition reactfrand,
nucleophile addition reaction in 2/1 (v/v) water/acetonitriigky possibly, to a decrease in the selectivity of the highly reactive

=kJ[HOH] =9 x 10®s Y37 M= 2.4 x 10’/ M~1s71). 25 This allylic carbocatiof® toward solvent and the alkene due to a
shows that the aqueous solvent provides nearly equal stabilizingHammond effect.16

(33) This analysis is complicated by the uncertainty in the fraction of Sum,mary' Only, 6_‘ limited SeF of highly nUC|eo_ph'Im'nu'
1* that is present in the “open” and “closed” forms (Scheme 2). The limits Cleophiles are sufficiently reactive to compete with an agqueous

1.0 = fopen = 0.002 can be set for the fraction &f in the open form, solvent of 50:50 (v:v) acetonitrile/water for nucleophilic addition
wherefopen= 1.0 is the value assumed in the derivation of eq 8. The lower to the moderately stable carbocattb*n(TabIe 1), and only small

limit of fopen> 0.002 was calculated from thieniting rate constanka, = - ;
5 x 10° M~ s1 for the diffusion-controlled reaction of azide ion with ~ Yi€lds of the nucleophile adduct are observed fenucleo-

carbocation® and theobsewed rate constanks, = 1 x 10/ M~ s7* for
the reaction of azide ion witf*.23 If fopen= 0.002, then the rate constant
for the reaction of solvent with the open carbocatioksis- 180 s%/0.002
=9.0x 10*s7L, E~ 0 for 1* and the expression for eq 8 becon&sc
= Ny + 5.0. However, the resulting uncertainty in the valueblgf. (0.4
unit) does not affect any of our interpretations.

(34) Mayr, H. Personal communication.

(35) Kane-Maguire, L. A. P.; Honig, E. D.; Sweigart, D. 8hem. Re.
1984 84, 525-543.

(36) Breslow, RAcc. Chem. Red.99], 24, 159-164.

(37) Poulter, C. D.; King, C.-HJ. Am. Chem. S0d.982 104, 1422~
1424.

(38) Kirby, A. J. Adv. Phys. Org. Cheml98Q 17, 183-278.

(39) The valueks = 4 x 10° s71 for reaction of an allylic carbocation
with a solvent of 1:3 (v:v) acetonitrile/water [Thibblin, A. Chem. Soc.,
Perkin Trans. 21986 313-319] is much larger than the values laffor
the stable carbocations that follow the RitciNe scale3?
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