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Rates of the reversible deprotonation of beh§® 3-dihydrofuran-2-one6H-O) and benzdj]-2,3-
dihydrothiophene-2-one6H-S) by OH-, primary aliphatic amines, secondary alicyclic amines, and
carboxylate ions have been determined in water at@5As noted earlier by Kresge and MerGH-S

(pKa = 8.82) is considerably more acidic th&h-O (pK, = 11.68), which mainly reflects the greater
aromatic stabilization of the conjugate base6sf-S (thiophene derivative) compared to that&H-O

(furan derivative). The main focus of this paper is to assess how the difference in the aromaticity of the
two enolate ions affects the intrinsic barrier to the proton transfer. These intrinsic barriers were determined
from Brgnsted plots for the reactions with the amines and carboxylate ions or calculated on the basis of
the Marcus equation for the reactions with QHhey are consistently somewhat higher for the reactions

of 6H-S than for the reactions @H-O, implying that the aromaticity in the anion enhances the intrinsic
barrier. This contrasts with a previous report on the deprotonation of some cyclic rhenium Fischer-type
carbene complexes where the reaction that leads to the most aromatic conjugate base (thiophene derivative)
has alower intrinsic barrier than the reaction that leads to the less aromatic furan analogue. We are
offering a detailed analysis of other potential factors that may affect the intrinsic barriers and which
could explain these contradictory results.

Introduction He&y +Bv N\

I /

C=Y_ + BH‘V+1 (1)
It is now well establisheld that reactions that convert
resonance-stabilized/-delocalized reactants into products tha
lack such stabilization, or reactions that convert nondelocalized
reactants into products that enjoy such delocalization/resonanc

stabilization, have relatively high intrinsic barrierAC@ﬁ) or

low intrinsic rate constantg).2 This feature is partlcu!arly well (3) Marcus, R. AJ. Phys. Chem1968 72, 891,

documented for proton transfers from carbon acids that are (4) Keeffe, J. R.; Kresge, A. J. Investigation of Rates and Mechanisms
activated byz-acceptors (eq 1), and there is good agreement of ReactionsBernasconi, C. F., Ed.; Wiley-Interscience: New York, 1986;

tbetween experimental resdifs® and computational/theoretical
tudies’ 14 Examples from other reaction families have also
een reported such as nucleophilic additions to alkenes or vinylic

Part 1, p 747.

(1) (2) Bermasconi, C. fcc, Chem. Red987,20, 301, (b) Bemasconi, 1.5 Am. Gher. 20907 116, 5583, (b) Bernascon, Gy F- Al M.
C. F.Acc. Chem. Red.992 25, 9. (c) Bernasconi, C. FAdv. Phys. Org. Am. Chem. Socl999 121, 3039. (c) Bernasconi, C. F.: Sun, \§. Am.
Chem.1992 27, 119. (d) Bemasconi, C. Fehem. Soc. Re 1997 26, Chem. S0c2002 124, 2799. (d) Bernasconi, C. F.; Ali, M.; Gunter, J. C.
299. (e) Bernasconi, C. RAdv. Phys. Org. Chen2002 37,13. J. Am. Chem. So@003 125, 151. (€) Bernasconi, C. F.; Fairchild, D. E.;

(2) The intrinsic barrier (intrinsic rate constant) of a reaction with a Montafez, R. L.: Aleshi, P., Zheng, H.; Lorance, E.Org. Chem2005
forward rate constari and a reverse rate constdnt is defined asle 70, 7721. (f) Bernasconi, C. F.; Ragains, M.1.Organomet. Chen2005
= AG, = AG*_1 whenAG® = 0 (ask, = ki = k-1 whenK; = 1).34 690, 5616.
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compounds activated hy-acceptors’® (eq 2), the formation
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of carbocations stabilized by-donorslc6for example, eq 3,

\C/

X
© = 3)
and the formation of delocalized radicafs, for example,
eq 4.

O

The underlying reason for the high intrinsic barriers appears
to be the same irrespective of the type of reaction: the transition
state is imbalanced in the sense that delocalization lags behin
bond changes when the reaction leads to delocalized products
while the loss of delocalization runs ahead of bond changes in
reactions of delocalized reactadts!c Structures1—4 are
schematic and somewhat exaggerated representations of th
imbalanced transition states of reactions4] respectively.

Because of the lag in charge delocalization, the transition state
derives only a minimal benefit from the stabilizing effect of

+
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(6) (@)Terrier, F.; Leligre, J.; Chatrousse, A.-P.; Farrell, . Chem.
Soc., Perkin Trans. 2985 1479. (b) Terrier, F.; Xie, H.-Q.; Lelige, J.;
Boubaker, T.; Farrell, P. Gl. Chem. Soc., Perkin Trans189Q 1899. (c)
Moutiers, G.; El Fahid, B.; Collet, A.-G.; Terrier, B. Chem. Soc., Perkin
Trans. 21996 49. (d) Moutiers, G.; El Fahid, B.; Goumont, R.; Chatrousse,
A.-P.; Terrier, F.J. Org. Chem1996 61, 1978.

(7) (&) Nevy, J. B.; Hawkinson, D. C.; Blotny, G.; Yao, X.; Pollack, R.
M. J. Am. Chem. S0d997 119 12722. (b) Yao, X.; Gold, M. A.; Pollack,
R. M. J. Am. Chem. S0d.999 121, 6220.

(8) Zhong, Z.; Snowden, T. S.; Best, M. D.; Anslyn, E.3/Am. Chem.
Soc.2004 126, 3488.

(9) Beldic, D.; Bertran, J.; Lluck, J. M.; Hynes, J. T. Phys. Chem. A
1998 102 3977.

(10) (a) Saunders, W. H., J3. Am. Chem. S0d.994 116, 5400. (b)
Saunders, W. H., Jr.; Van Verth, J. E.Org. Chem. Sod 994 60, 3452.
(c) Van Verth, J. E.; Saunders, W. H., Jr.Org. Chem1997, 62, 5743.
(d) Van Verth, J. E.; Saunders, W. H., @an. J. Chem1999 77, 810. (e)
Harris, N.; Wei, W.; Saunders, W. H., Jr.; Shaik, SISPhys. Org. Chem.
1999 12, 259. (f) Harris, N.; Wei, W.; Saunders, W. H., Jr.; ShaikJS.
Am. Chem. So200Q 112, 6754.

(11) (a) Bernasconi, C. F.; Wenzel, P.JJAM. Chem. S0d.994 116
5405. (b) Bernasconi, C. F.; Wenzel, PJJAm. Chem. Sod996 118
10494. (c) Bernasconi, C. F.; Wenzel, P. J.; Keeffe, J. R.; Groned, S.
Am. Chem. Socl997, 119, 4008. (d) Bernasconi, C. F.; Wenzel, P.JJ.
Org. Chem2001, 66, 968. (e) Bernasconi, C. F.; Wenzel, PJJAm. Chem.
Soc.2001, 123 7146. (f) Bernasconi, C. F.; Wenzel, P.JJ.0Org. Chem.
2003 68, 6870.

(12) Yamataka, H.; Mustanir; Mishima, M. Am. Chem. Socl999
121, 10233.

(13) Lee, I.; Kim, C. K.J. Phys. Org. Cheni999 12, 255.

(14) Costentin, C.; Saeat, J.-M.J. Am. Chem. So@004 126, 14787.

(15) (a) Bernasconi, C. H.etrahedron1989 45, 4017. (b) Bernasconi,
C. F.; Ketner, R. J.; Ragains, M. L.; Chen, X.; Rappoport].ZAm. Chem.
Soc. 2001, 123 2155. (c) Bernasconi, C. F.; Ketner, R. J.; Chen, X;
Rappoport, ZARKIVOC2002 (xii), 161.

(16) (a) Richard, J. Rl. Am. Chem. S0d989 111, 1455. (b) Richard,
J. P.J. Org. Chem1994 59, 25. (c) Richard, J. P.; Amyes, T. L.; Toteva,
M. M. Acc. Chem. Re001, 34, 981.

(17) (a) Walton, J. CJ. Chem. Soc., Perkin Trans.1889 173. (b)
Costentin, C.; Sawnt, J.-M.J. Phys. Chem2005 109, 4125.
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the product resonance, and this is the reason the intrinsic barrier
is high. The same barrier enhancement occurs in the reverse
direction because most of the product stabilization due to
delocalization is being lost at the transition state. Hence, the
greater the degree of resonance stabilization in the reactant or

C’oroduct, the higher the intrinsic barrier.

This relationship between intrinsic barriers and transition-
state imbalances is the manifestation of a more general principle
called the principle of nonperfect synchronization (PRS}.It

states that when a product-stabilizing feature lags behind bond

changes at the transition state the intrinsic barrier increases while
the intrinsic barrier decreases if the product-stabilizing feature
is more advanced at the transition state than bond changes. This
is a principle that is mathematically provable and can have no
exceptionse

In a recent study of proton transfers from rhenium Fischer-
type carbene complexé%gq 5, we addressed the question of
whether reactions that lead to the formation of an aromatic
product follow the same rules as the reactions that lead to the
formation of products stabilized by simple resonance. The

X
CSHS(NO)(PPh3)R$:<J +BY

sH*.0 (X =0)
SH*.Se (X = Se)
SH*'.S (X =9)

X
C5H5(NO)(PPh3)ReU + BHY*! (5)

5-0(X=0)
5-Se (X = Se)
5-S(X=9S)

conjugate bases of these carbene complexes represent aromatic
heterocycles, i.e., substituted furé@), selenophenes(Se,

and thiophene 5-S derivatives, respectively. The aromatic
stabilization of these heterocycles is known to follow the order
furan < selenophene: thiophené®-2! As one would anticipate,

(18) (a) Bernasconi, C. F.; Ragains, M.1.Am. Chem. So@001, 123
11850. (b) Bernasconi, C. F.; Ragains, M. L.; Bhattacharyd, &m. Chem.
So0c.2003 125 12328.

(29) Fringuelli, F.; Marino, G.; Taticchi, Al. Chem. Soc., Perkin Trans.
21974 322.

(20) Bird, C. W.Tetrahedron1985 41, 1409;1987, 43, 4725.
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the acidities obH™-X reflect this order: K4(5H"-O) = 5.7818" 0 4 kO [OH] + kB[B]

pKo(BH-S& = 4.1818 and K4 (5H'-S) = 2.5118b @f§=0 o+ €705 (B =
Inasmuch as aromaticity is related to resonance, a reasonable X it of o KB

expectation was that the development of aromaticity at the 6HX A\ -

transition state should also lag behind proton transfer and hence @O_T mm{ Q)

the intrinsic rate constants should be lowest (intrinsic barrier ~ X ks X

highest) for the most aromatic and highest (intrinsic barrier 6-X 6-XH

lowest) for the least aromatic system, i.ky(O) > ky(Se) >

ko(S) or (AGLO) < AG(Se) < AGLS)). However, the

opposite trend was observedy(O) < ky(Se) < ko(S) or (A pKEH was also obtained spectrophotometrically; id-O

Gz(O) > AGf)(Se) > AGz(S))_lsb This is puzzling because, rapid hydrolysis in basic solution made a spectrophotometric

unless the observed trend is caused by some other factors nogeterminaﬁon less desirable. The kinetic eXperiments were run

related to aromaticity, the PNS® implies that development under pseudo-first-order conditions with the substrate as the

of aromatic stabilization at the transition state has made more minor component. The observed pseudo-first-order rate constants

progress than proton transfer. Preliminary ab initio calculations for equilibrium approach are given by eq 8. Most rates were in

on the gas-phase proton transfers from benzenium ion to benzenéhe stopped-flow time range.

and from cyclopentadiene to its conjugate anion have led to a

similar conclusior??i.e., aromatic stabilization at the transition  Kypeq= Ko + K[OH™] + KB[B] + (K4, +

state of the respective identity reactions is more than 50% of EH
that of benzene and cyclopentadienyl anion, respectively. kﬂzlo + k?';[BH +])EH; (8)
These results raise the obvious question as to whether they Ky + &y

are representative of a general phenomenon or an artifact of

the specific systems studied. Hence, it is imperative to examine Depending on the pH the reactions were conducted in the
additional systems for which the dependence of intrinsic rate “forward direction” (pH > pKL™) or the “reverse direction”
constants on the degree of aromaticity of the product can be (pH < ngH)_ In the latter case, the ketone was first incubated
determined. In this paper, we report a kinetic investigation of in a 0.025 M KOH solution in order to convert it into its enolate
the reversible deprotonation of benpp,3-dihydrofuran-2-one jon; this was followed by mixing the enolate ion with the
(6H-O) and benzdj]-2,3-dihydrothiophene-2-on&kKi-S) by a appropriate buffer in the stopped-flow apparatus. In the case of
series of primary aliphatic and secondary alicyclic amines and 6H-O rapid hydrolysis of the ketone in basic solution required
carboxylate ions (eq 6); the reaction leads to the formation of the use of a double mixing stopped-flow apparatus as described
enolate ions that represent a benzofurén-Q) and a ben- in the Experimental Section.

zothiophene & -S) derivative, respectively. If this system Benzob-2,3-dihydrofuran-2-one (6H-0). A. Kinetics in

KOH Solution. In KOH solution eq 8 simplifies to eq 9.
v \ u V+
@i}:o T mo e s = I + 1" OH ] ©)

6H-O (X =0) 6 -0 (X=0) A plot of KopsgVs [KOH] is shown in Figure 1. It yields (2.44
6H-S (X =) 6-SX=9) 4+ 0.05) x 108 M1 s andk™° = 20.2+ 2.5 s from which
KK = (QMKMO)K 24 = (1.91+ 0.31) x 10712 M2 or prKH
behaves like that in eq 5 one expe&tS) > ky(O). On the = 11.72+ 0.05 is obtained. Our results are in reasonably good
other hand, if the usual pattern observed for common resonanceagreement with those reported by Kresge and MeimgNaOH
effects is followed, the result should lig(S) < ko(O). solution: kK" = 2.24 x 1® M1 571, K*2° = 26,5 s, and

A more limited investigation of the deprotonation &fi-O pKKH = 11.87.

and 6H-S involving mainly OH™ and water as the base has B. Kinetics in Amine Buffers. Because of the highkf™ of

already been reported by Kresge and Méhbut their results g1y 5 the equilibrium favors ketone over the enolate ion in most
are not as well suited for the determination of reliable intrinsic amine buffers. Hence. the kinetic runs were conducted in the

rate constants. “reverse direction”, i.e., by first generating the enolate ion in a
dilute KOH solution (typically 0.025 M) followed by mixing
Results with the appropriate amine buffer in the stopped-flow apparatus.
The reactions with the following amines were examined:
n-butylamine, 2-methoxyethylamine, glycinamide, 2-chloro-
ethylamine, piperidine, piperazine, 1-(2-hydroxyethyl)piperazine
the enolate ion and B the buffer base. All kinetic experiments (HEPA), and morpholine. The kinetic experiments were per-
and [K. determinations were conducted in water at’25and formed at five to seven amine concentrations at constant pH.
an ionic strength of 0.1 M (KCI). The@H values of both (1) n-Butylamine. With n-butylamine the reactions were run

6H-O and 6H-S were determined kinetically. FG8H-S the at four different pH values between pH 10.48 and 11.35. Plots
' of kopsgVs free amine are shown in Figure S1 of the Supporting

Information?®> The slopes of these plots are given by eq 10.

General Features.The reactions oBH-X in the presence
of amine or carboxylate buffers can be described by eq 7 with
6-XH being the enol form o6H-X in rapid equilibrium with

(21) Minkin, V. 1.; Glukhovtsev, M. N.; Simkin, B. YAromaticity and
Antiaromaticity Wiley & Sons: New York, 1994; p 217.
(22) (a) Bernasconi, C. F.; Ragains, M. L.; Wenzel, P. J. to be published.  (24) pkyw = 13.8 at 25°C andu = 0.1 M3
(b) Bernasconi, C. FJ. Phys. Org. Chenm2004 17, 951. (25) See paragraph concerning Supporting Information at the end of
(23) Kresge, A. J.; Meng, Q. Am. Chem. So2002 124, 9189. this paper.
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FIGURE 1. Reactions of KOH with6H-O (O, top KOH axis) and
6H-S (@, bottom KOH axis).

From a plot of slope vsia

W
1, BH
Ka

slope= Kk} + K&

— i1+ (10)
Ka

according to eq 10 (not shown) one obtdiﬁs: (3.25£ 0.75)

x 1® M1 st and K" = 11.65+ 0.08. The KE" value
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FIGURE 2. Slopes according to eq 11 for the reactior6éf-O with
glycinamide.

C. Kinetics in Carboxylate Buffers. Attempts at measuring
rates with carboxylate buffers were unsuccessful because the
reactions were beyond the time range of the stopped-flow
method.

Benzop]-2,3-dihydrothiophene-2-one (6H-S). A. Spectro-
photometric pKK" Determination. The K" determination
was based on eq 12 whe#fe is the absorbance of the enolate
ion (pH > pKK"), Ay the absorbance of the ketone (pH
pKE™), andA the absorbance at pH pK.™. A plot of pH vs

obtained from these experiments is in good agreement with thejog(Az — A)/(A — Axn) is shown in Figure S3 (Supporting

one determined in KOH solutions (11.720.05) and demon-

Information)?® Its slope of 1.03t 0.02 is close to the expected

strates good internal consistency of our data. We shall adoptyajye, and the intercept yieldkf" = 8.84 + 0.03.

the average between these two values (11.68) aski® for
6H-0. From K/k? = KKH/KE" and using g5" = 10.78 we
obtaink®} = (2.58+ 0.65) x 1* M~1s7L,

(2) Glycinamide. For this amine runs were performed at six
different pH values between 7.56 and 8.87. Plotkg®fq vs

A
pH = pK" + log ——— (12)
: A= Ay

B. Kinetics in KOH Solutions. A plot of Kopsg Vs [KOH]

free amine concentration are shown in Figure S2 (Supporting (Figure 1) yieldsk®" = (1.05+ 0.03) x 10* M~! s~ andk2°

Information)?® In this pH range, the enol/enolate ion equilibrium

= 0.113+ 0.015 s (eq 9) from whichkK" = (KOH/KHO)K,,,24

is no longer negligible, and hence, the slopes are given by eq= (1.47 + 0.28) x 10 or pkKH = 8.83+ 0.06. The close

11. A plot of the slopes vay+ according to eq 11 is shown in
Figure 2. SinceKZH is known, there are only two unknown
parametersk¢ and K5") which were obtained by nonlinear
least squares curve fittingk? = 8.80 + 0.20 M s'* and
pKE™ = 8.10+ 0.04; kB! was calculated a&’KS /KK as for
the n-butylamine reaction.

KEH
slope= K + K& a,;; —=
Ky K +ay.

EH

aH+ Ka

e | A1)
KEMKER + &,

k?(l +

(3) 2-Methoxyethylamine, 2-Chloroethylamine, Piperidine,
Piperazine, HEPA, and Morpholine. With these amines kinetic
runs were performed at 1:1 buffer ratios only, corresponding to
pH = pKE". Equations 10 or 11 were used to obtéfhas the
only unknown, whilek®! was calculated as before.
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agreement of this " value with that determined spectro-
photometrically is fortuitous because the intercekﬂzf) is so
small that its potential uncertainty is probably larger than its
standard deviation.

B. Kinetics in Amine Buffers. Since the g5 of 6H-S
(8.84) is much lower than that 6H-O (11.68) all kinetic runs
could be conducted in the “forward direction”, i.e., by mixing
a ketone solution with the appropriate amine buffer in the
stopped-flow spectrophotometer. The same amines were used
as for the reactions @dH-O.

(1) 2-Chloroethylamine. With 2-chloroethylamine, kinetic
runs were performed at six different pH values between pH 7.90
and 9.15. Plots okypsq Vs free amine concentration are shown
in Figure S4 (Supporting InformatioAy.The slopes are given
by eq 10; a plot of slope vsy+ (Figure S5, Supporting
Informatior?®) yieldedk? = (1.96+ 0.02) x 1> M~1s ! and
ngH = 8.80+ 0.03 in excellent agreement with the spectro-
photometric value of 8.84. We shall adopt the average of these
two values, 8.82, as the actua'f'.
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FIGURE 3. Slopes according to eq 11 for the reaction6éf-S with
acetate ion.

(2) n-Butylamine, 2-Methoxyethylamine, Glycinamide,
Aminoacetonitrile, Piperidine, Piperazine, HEPA, and Mor-
pholine. With these amines, the reactions were run in 1:1 buffers
(pH = pKE). Equation 10 was used to obtakf], while k&
was calculated ak’KE"/KX™ except for the aminoacetonitrile
reaction where eq 11 was used.

C. Kinetics in Carboxylate Buffers. All kinetic runs were
conducted in the “reverse direction” as described for the
reactions of6H-O.

(1) Acetic Acid. With acetate buffers, runs were performed
at nine pH values between 4.76 and 6.35. Plotgfvs acetate
ion concentration are shown in Figure S6 (Supporting Informa-
tion).25 Since in this pH range the enol/enolate equilibrium
becomes significant, the slopes are given by eq 11. A plot of
the slopes vsy+ is shown in Figure 3. Nonlinear least-squares
analysis yieldd€ = 3.85+ 0.25 and 5" = 5.82+ 0.04.

(2) Methoxyacetic, Chloroacetic, and Dichloroacetic Acid.
With these acids runs were performed at 1:1 buffer ratios only.
Equation 11 was used to obtdtﬁ as the only unknown.

Discussion

The various rate constants and values determined in this
study along with parameters reported by Kresge and Kfeng
are summarized in Tables 1 and 2.

General Observations and Comparisons with Previous
Work. There is some overlap between our work and that
reported by Kresge and MeRgjn particular with respect to
the K" and K5 values, and the rate constants for the
reversible deprotonation of the two substrates by Q"

JOC Article

on rate constants for acetate buffer catalysis (Figures S6
(Supporting Information) and 3, eq 11); i.e., we made use of
the pH dependence sfopesof buffer plots. Kresge and Meng
relied on a ratepH profile which was constructed from zero
buffer concentratiomtercepts When buffer catalysis is strong,

as was the case in our reactions (see Figure S6, Supporting
Information), slopes generally can be determined more reliably
than intercepts and this could be the reason for the observed
discrepancy.

The kinetic experiments for the reactions@il-O with the
amines and of6H-S with the carboxylate ions had to be
conducted in the reverse direction, i.e., by generating the
respective enolate ion in dilute KOH solution prior to mixing
with the buffer. In the case &dH-O the problem of its rapid
hydrolysis in basic solutidiiwas solved by using a dual-mixing
stopped-flow apparatus. This allowed us to determine proton-
transfer intrinsic rate constants with amines for békh S and
6H-0, which is the major focus of our study.

Regarding the acidities oBH-O and 6H-S, from the
difference between K" and p<S™ values (eq 13) one can
calculate the K for the enolization equilibrium constants; they
are quite similar fol6H-O (3.58) and6H-S (3.00).

PKe = pKg" — pKZ" (13)
6H-S (pKX" = 8.82) is significantly more acidic thaH-O
(pKEH = 11.68). Kresge and MeRghave attributed the higher
acidity of 6H-S to the greater aromatic stabilization of the
thiophene ring in6~-S compared to that of the furan ring in
6--0.19721 A contributing factor to the acidity difference may

be the strongerr-donor effect of the ring oxygen i6H-O
compared to that of the ring sulfur i6H-S; the greater
stabilization of6H-O should reduce its acidity more than that
of 6H-S.

@:§:o - @0_
X X,

By way of comparison, theky, difference betweesH"-O
(pKa= 5.78) andbH"-S (pK, = 2.51) is 3.27A8 which is similar
to that betweer6H-O and 6H-S. Here, too, the difference in
thezr-donor effect may contribute to the difference in acidities.

X pred
CSHS(NO)(PPh3)Ré'=<J —~— C5H5(NO)(PPh3)Rc@ (15)

Brgnsted Plots and Intrinsic Rate ConstantsBransted plots
for the reactions 06H-O are shown in Figure 4, those f6H-O
in Figure 5. The Brgnsted andp values, logk, for the intrinsic
rate constants determined from the point where the linek:for
andk?; intersect, and\G}, calculated fromk, by means of the
Eyring equation are summarized in Table 3, along with the
corresponding parameters for deprotonation of the rhenium
Fischer carbene complexes of eéfS he following points are

14

and kﬂzlo) are summarized in Table 1. The agreement between noteworthy.

the results from the two laboratories ranges from excellent
(PKKH of 6H-S, K" for 6H-O, and6H-S, AG;, for 6H-O and
6H-S) to good (KK of 6H-O, K*2° for 6H-O and 6H-S) to

fair (pKE" for 6H-S). The reason for the relatively large
discrepancy in the k5" values for6H-S between the two
laboratories (0.6 I§ units) is not clear except that the methods
for obtaining the E5™ values were different. Ours was based

(1) The Brgnsted and/ values are within the typical range
observed for proton transfers to and from carB6t¥as was
also reported for the reactions 6H*-O and5H"-S.18

(26) Kresge, A. J. Personal communication.

(27) (a) Bell, R. PThe Proton in Chemistry2nd ed.; Cornell University
Press: Ithaca, 1973; Chapter 10. (b) Kresge, A. JPtaton-Transfer
ReactionsCaldin, E. F., Gold V., Eds.; Wiley: New York, 1975; p 179.
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TABLE 1. Rate Constants, Intrinsic Barriers, and pK, Values for the Reversible Deprotonation of 6H-O and 6H-S by OH in Water at 25 °C,
# = 0.1 M (KCI)

Bernasconi and Zheng

6H-O 6H-S
parameter this work Kresge etal. this work Kresge et .

K" M-151 (2.44+ 0.05) x 10° 2.24x 10° (1.05+ 0.03) x 10¢ 9.55x 10°
kﬂzlo, s 20.2+ 2.5 26.5 0.113t 0.015 0.0794
AGz, kcal/mol 14.1 14.1pc 15.P 15.29

pKE™ 11.684 0.04 11.87 8.82+ 0.03 8.85

pKEH 8.10+ 0.04 5.82+ 0.04 5.23

pKe = pKKH — pKEM 3.584 0.07 3.00+ 0.07 3.62

aReference 232 Calculated based on eq 1%6This value was not reported in ref 23 but was calculated on the basis of Kresge and Mghgtml k"

values.? Average of K" determined from kinetic experiments with KOH and wittBUNH,.

TABLE 2. Rate Constants for the Reversible Deprotonation of
6H-O and 6H-S by Amines and Carboxylate lons and g, Values in
Water at 25 °C, g = 0.1 M (KCI)

derivative is lower than for the thiophene derivative (kg
(O)ky(S) = Alog ke = —1.10+ 0.56 for the primary amines,
Alog ks = —1.51+ 0.89 for the secondary amines). In other

B pKa" ki, M5t ke, M-1s1 words, our results suggest that the reactior8H4O and6H-S
6H-O (pKXM = 11.68+ 0.04; (KE" = 8.10+ 0.03) follow the pattern typical for reactions that lead to products
n-BuNH, 10.78 (3.25+0.75)x 10 (2.58+ 0.65)x 103 stabilized by resonance/delocalization.
MeOCHCHNH, 9.61  (7.25+0.03)x 10" (8.62+0.04)x 1C° For the deprotonation @§H-O and6H-S by OH~ one may
ﬁ'ﬁgzggiwﬁ g-;g ézé%iioo'z%z)x 10t (é335i 8'%3?( ig: also calculate approximate intrinsic barriers by applying the
pperidine 1126 (L3 0.02)x 10° (3.50% 0.07)x 10° Marcus relationship (eq 16). Again we see that the intrinsic
piperazine 10.00 (2.98 0.06)x 1% (1.434 0.04)x 10% barrier is lower for the reaction &H-O than for the reaction
HEPA? 9.44  (1.44+0.01)x 10?2 (2.504 0.02)x 10¢ of 6H-S.
morpholine 8.95 (5.3%20.04)x 10t (2.88+0.02) x 10*
H-S (K" = 8.82+ 0.02; KE" = 5.82 02

n-BUNH, ° Sig.?s (81.%& 8.81)’ IxKio? 5(f.1)3i 0.11)x 10 AG' = AG}[1+ AG : (16)
MeOCHCH,NH, 9.61  (4.514+ 0.05)x 1 (7.39+ 0.70)x 10* 0
CICH,CH,NH, 8.77  (1.96+0.02)x 10?2 (2.194 0.02)x 1(?
EENCCH?,\?;ENHZ g:ig g%‘i 8:2%& 182 g:ggi 8:8%;< ig Why Does 6H-X Behave Differently from 5H-X? Without
piperidine 1126 (1.2% 0.08)x 10° (4.66+ 0.02)x 10" a _Iarg_er_ database that would aIIov_v one to uncover broader trends
piperazine 10.00 (4.5 0.01)x 1® (3.03+ 0.03)x 10 it is difficult to provide an unambiguous explanation as to why
HEPAR 9.44  (3.104+0.07)x 10* (7.43+£0.07)x 1®? the two systems behave differently with respect to the effect of
g‘grpcfgz'ine 48-7%5 3(;-533‘300-2%3“ 10 ((i-%lzi 8éggx ig the aromaticity on the intrinsic barriers. It is not even clear
Me?)CHzCO[ 354 141t 0.03 (2:6% 0:12)§ 106 whether aromaticity is the key factor. However, it is reasonable
CICH,CO,~ 286 0.71+ 0.03 (6.46+ 0.27) x 10P to assume that a primary source for the different behavior of
ClL,CHCO,~ 1.29  0.062+ 0.002 (2.10+ 0.09) x 109 the two systems is a difference in the influence of the

heteroatoms in the two systems beyond their effect on aroma-
ticity. The heteroatom in other carbene complexes is known to

(2) For each carbon acid lok, for the reactions with the ~ substantially influence intrinsic barriers of proton transfer by a
Secondary amines is |arger than for the reactions with the number of different interaction mechanisms. They have been
primary amines. This reflects a genera”y observed reactivity discussed in detail in the context of comparisons between the
pattern in proton transfers at carbon: it is the result of differences deprotonation o7H-O and7H-S* (data included in Table 3).
in the solvation energies of the respective protonated amines
and the fact that at the transition state solvation of the incipient
protonated amines lags behind the proton trarfe?

(3) The intrinsic rate constants (intrinsic barriers) for the
deprotonation 06H-O appear to be higher (lower) than for the
deprotonation oB6H-S. For the reaction with primary amines ] ) )
log ko(O)/ke(S) = Alog ke = 0.65+ 0.12 @AGz — _094+ The main conclusions from these comparisons can be
0.16) is definitely positive (negative) while for the reaction with Summarized as follows. (1) The stronger electron-withdrawing
the secondary amines lég(O)/ko(S) = Alog ko = 0.24+ 0.16 inductive effect of the MeO compared to 'ghe:\ MeS group
(AAG, = —0.26 + 0.21) suggests that the intrinsic rate enhances, for 7H-O relative to that offH-S. This is because,
constant (intrinsic barrier) fo8H-O is either marginally higher at the transition state, t_he_ incipient negative char_ge is closer to
(lower) or comparable to that f&H-S. the h_e.teroatom than. itis in the prodyct anion which means the

These results contrast strongly with those for the carbene {ransition-state stabilization by the inductive effect is dispro-

comblexes where with both tvpes of amines| f the furan portionately strong relative to the stabilization of the anion. (2)_
plexes w WI P ineskofp 5 The larger size of the MeS group leads to enhanced steric

crowding at the transition state which lowdgdor 7H-Srelative

to k, for 7H-O. Both the electronic and steric factors are believed
to contribute to the fact thd,(O)/k(S) > 1. (3) Thex-donor
effect of the MeO and MeS groups may also affect the intrinsic
rate constants but so far it has remained unclear whether it

a1-(2-Hydroxyethyl)piperazine.

/OMe
(C0)5Cr=C\
CH;

/SMe
(C0)5Cr=C\
CH,4

7H-O 7H-S

(28) (a) Bernasconi, C. F.; Paschalis,J>Am. Chem. Sod.986 108
2969. (b) Bernasconi, C. F.; Terrier, ..Am. Chem. S04987, 109, 7115.
(c) Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S.; Ni, XJ. Org. Chem.
1988 53, 3342.

(29) Jencks, W. PCatalysis in Chemistry and EnzymolgdyicGraw-
Hill: New York, 1969; p 178.
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TABLE 3. Bransteda and 8 Values, logk, Values for the Intrinsic Rate Constants, and Intrinsic Barriers (AG?)

B =(dlogkB) o= (d log k2 log(ko(O)/ko(S)) = AG!, AAGd
(d prE™ (d log KB log ko Alog ko kcal/mol kcal/mol

6H-02
primary amines 0.5# 0.03 0.43+ 0.03 2.77£0.03 13.6+0.1
secondary amines 0.580.05 0.42+ 0.05 3.23+ 0.08 13.0+0.1

6H-S
primary amines 0.43 0.03 0.57+ 0.03 2.08+ 0.05 0.69+ 0.08 145+ 0.1 —0.94+0.16
secondary amines 0.4D0.05 0.604+ 0.05 2.99+ 0.08 0.24+ 0.16 13.3£ 0.1 —0.33+0.21
carboxylate ions 0.52 0.06 0.48+ 0.06 2.67+0.34 13.7£ 0.5

5H*+-0P
primary amines 0.53 0.06 0.47+ 0.06 —0.83+0.22 18.5+ 0.3
secondary amines 0.650.08 0.35+ 0.08 —0.46+ 0.35 17.9+ 0.5

5HT-SP
primary amines 0.4 0.05 0.584+ 0.05 0.27+0.34 —1.10+ 0.56 17.0£ 0.5 1.50+ 0.76
secondary amines 0.400.07 0.60+ 0.07 1.05+ 0.54 —1.514+0.89 15.9+ 0.7 2.05+1.21

7H-0¢
primary amines 0.6% 0.06 0.39+ 0.06 3.04+ 0.17 13.2+0.2
secondary amines 0.620.03 0.38+ 0.03 3.70£ 0.70 12.3+0.1

TH-&°
primary amines 0.48& 0.04 0.52+ 0.04 2.094+ 0.08 0.95+ 0.25 145+ 0.1 —1.294+0.34
secondary amines 0.480.06 0.55+ 0.06 2.61+ 0.10 1.09+0.17 13.86+0.1 —1.484+0.23

a|n water at 25°C, u = 0.1 M (KClI), this work.? In 50% MeCN-50% water (v/v) at 253C, u = 0.1 M (KClI), ref 18.¢In 50% MeCN-50% water (v/v)
at 25°C, u = 0.1 M, ref 5b. 4 AAG! = AG/(O) — AGK(S).

5
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FIGURE 5. Brgnsted plots for the reactions 8-S with amine and
FIGURE 4. Brgnsted plots for the reactions 6H-O with amine carboxylate buffers: open symbolk5; filled symbols, k&7; O, @,
buffers: open symbolsk; filled symbols, k®; ®, O, primary primary aliphatic aminesd, B, secondary alicyclic aminesy, a,
aliphatic aminesfd, M, secondary alicyclic amines. The dashed line carboxylate ions. The dashed line goes through the points where the
goes through the points where the Igli¢) and logk®;/p) lines log(k/q) and logk®;/p) lines intersect, which corresponds to lkg

intersect, which corresponds to lég there is a greater decreasekinfor 7H-O than for 7H-S, and
hence, this factor decreases #€O)/k,(S) ratio. The second
factor (“Type Il 7-donor effect”) is the preorganization of the
(COXCr group of 7H-X in 7H*-X toward its electronic
configuration in the anion. This preorganization reduces the
transition state imbalance and with it iks-lowering effect.
. 7H-O benefits more thaiiH-S from this effect because of the
AMe — A Me greaterr-donor strength of the MeO; hence, this factor enhances
(CO)sCr=C_ —-  (COCr—C_ an the ko(O)/ko(S) ratio.
CHs CHs The various effects of the heteroatoms (D), ko(S), and
7TH-X TH-X* the ko(O)/Kky(S) ratio discussed above are schematically sum-
marized in Table 4. In the absence of aromaticity effects and
to follow the general rule for resonance effects, i.e., its loss is unless ther-donor effect related to the loss of reactant resonance
ahead of proton transfer at the transition state which lokgrs  (type ) is overriding all other factors, one expektfO)/kq(S)
Since the MeO group is a strongeidonor than the MeS groéh > 1 as observed for th&H-X system. Now let us assume

enhances or lowelg because there are two potentially opposing
factors. The first factor (“Type &-donor effect”) is the loss of
the resonance stabilization @H-X* (eq 17) which is expected
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TABLE 4. Effect of Heteroatom on the Intrinsic Rate Constants wherek,(O)ko(S) < 1. The smallek,(O)ky(S) ratio for the
5H"-X system compared to th@H-X system could again be
ky(0) ky(S) k(©) explained by the stronger typertdonor effect.
k() In conclusion, hypothesis B appears more satisfactory than
Inductive effect ‘ f f hypothesis A, but additional systems will have to be examined
in order to put our conclusions on firmer ground. Assuming

that hypothesis B holds, we note that our analysis suggests that
Steric effect L l r the k-enhancing effect of aromaticity is not as dramatic as the

results for thesH™-X system had suggested; the type-tlonor

effect which seems particularly strong in the catiobld*-X

Tvoe I m-donor effect® L & system ma_kes a major con_tribution to the srhg(tD)_/IQ,(S) ratio.
P Comparison of 6H-O with the Phenyl-Substituted Ana-
logue.A comparison betwee®H-O and its phenyl-substituted
. ‘ ' ? analogue (3-phenylcoumaran-2-08&i{-O) is interesting. Heath-
Type II n-donor effect
H_ Ph

Aromaticity: Hypothesis Ad ? 0
O
' ‘ * 8H-O
cote et aP2report a K5 = 8.39 and K5 < 6.39 in water; in
. KH _ EH _

a Arrows pointing up imply an increase, arrows pointing down imply a 50% dioxane-50% water_ (V/_V) K. = 8.86, K, - 6.0 and_ .
decrease. The lengths of the arrows indicate whether the effect is large orPKe = 2.9. These results indicate a strong enolate ion-stabilizing
small.® Loss of resonance stabilization of carbon agiBreorganization effect of the phenyl group without significantly changing the
factor. 4 Aromaticity lags behind proton transferAromaticity is ahead of pKe (Table 1). It was also reported that the lagvalue for the
proton transfer. deprotonation o8H-O by a series of aminosulfonic acids in

(hypothesis A) that the effect of aromaticity on intrinsic rate 50% dioxane-50% water (v/v) at 25°C is 2.60% This is
constants is qualitatively the same as that of resonance; i.e., itSomewhat lower than the intrinsic rate constant for the depro-

Aromaticity: Hypothesis B®

lowers k,. This would contribute to an increase in tkgO)/ tonation of 6H-O by aliphatic amines (logo, = 2.77) or
ko(S) ratio. Hence, if the inductive, steric anddonor effects ~ Secondary alicyclic amines (Idg = 3.23) in water. In view of

in the 6H-X system were of similar magnitude as in thd-X the _s_ubs_tantlal resonance effect of the ph_enyl group on the
system, one would expect the(O)/ks(S) ratio for the6H-X stabilization of the enolate ion such a reduction is expetted,

system to be larger than for théH-X system. However, the but the size of the reduction seems rathgr small. This must be
ko(O)/ko(S) ratios aresmaller for 6H-X Alog ko = 0.65+ 0.12 glue to re_duced hydrogen-bo_ndln_g solvation of the enolate ion
with primary amines andlog k, = 0.19+ 0.16 with secondary ~ In 50% dioxane-50% water; i.e., in pure water ldg, for the
amines, while for the7H-X systemsAlog k, = 0.95 & 0.25 dep(otonatlon .of8H-O is expected to be lower than in the
with primary amines andlog k, = 1.09+ 0.17 for secondary  Partially organic solvent?
amines. We conclude that either hypothesis A is incorrect or
that the magnitudes of the inductive, steric, andonor effect ~ Conclusion
of the heteroatoms are quite different in the two systems.
Regarding the carbene complex syst&H™*-X, based on
hypothesis A, the discrepancy between expectation and actua
result is even greater since hdigO)/ky(S) < 1 (Alog ko, =
—1.10+ 0.56 with primary amines andlog k, = —1.51 +
0.59 with secondary amines). Reconciliation with hypothesis
A would require a strong enhancement in the type-donor
effect in the5H"-X system without a corresponding increase
in the type llzz-donor effect. In view of the cationic nature of
5H*-X where ther-donation leads taharge delocalizatioifeq
15) rather tharcharge separatiofeqgs 14, 17), such an enhanced
m-donor effect cannot be ruled out. The much lower absolute
values ofk, for the reactions o6H*-X (Table 3) compared to
those for the reactions o6H-X and 7H-X would be in
agreement with such an enhanced typedonor effect.

Let us now consider hypothesis B, which assumes that
al_romaticity increases_ intrinsic rate co_nstants anc! should con- (30)0r = —0.43 and—0.15 for MeO and MeS, respectively.
tribute to a decrease in theg(O)/ky(S) ratio. If we again assume (31) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.
that in the6H-X and 7H'-X.systems.the inductive, stericl, and Chgmz) I;ggthgoetﬁ(,ir?%g.risA]tg%gogﬂ. H.; De Boes, G. A.; Page, M. I.
m-donor effects are of similar magnitude, kgO)/ky(S) ratios (33j Solvation is a pI’Odl.JCt stabilizfng factor whose development at the
should be smaller for théH-X systems than for th@H-X transition state lags behind proton transfer and, hence, according to the
systems, as observed. The same is true fobthe-X systems PNSa-1c |owers the intrinsic rate constant.

The main focus of this paper has been on how the difference
in the aromaticity betwee-O and 6°-S may affect the
ntrinsic barriers to proton transfer; sinée-O is a furan and
67-S a thiophene derivative, the latter is more aromatic as
reflected in the higher acidity &H-S compared t®&H-O. The
intrinsic barriers for the deprotonation 6H-S by amines and
OH~ were found to be somewhat higher than &-O; this
contrasts with the deprotonation 8H*-S and5H*-O where
the intrinsic barriers for the sulfur derivative are significantly
lower. Based on the PNS and in the absence of other factors
that influence the intrinsic barriers, one would have to conclude
that in the6H-X system development of aromaticity lags behind
proton transfer at the transition state while in 8iéH-X system
aromaticity develops ahead of proton transfer. However, a
detailed analysis suggests that aromaticity may reduce the

8210 J. Org. Chem.Vol. 71, No. 21, 2006



Effect of Anion Aromaticity on Intrinsic Barriers

intrinsic barriers not only in thBH*-X system but in th&H-X
system as well. The fact that tliesewedintrinsic barriers for
6H-S are somewhat higher than f6H-O would therefore have

to be attributed to a combination of steric, inductive anrdonor
effects which overshadow the aromaticity effect. Further work
will be needed to reach more definite conclusions.

Experimental Section

Materials. Benzop]-2,3-dihydrofuran-2-onegH-O) was com-
mercially available. Benzb]-2,3-dihydrothiophene-2-on&K-S)
was synthesized as described by Bordwell ét &ecrystallization
from hexane yielded light yellow prisms, mp 4@3 °C (lit.3* mp
41-44 °C). *H NMR 6 (CDCl) 3.99 (s, 2H), 7.27.4 (m, 4H).
The amines in liquid form ri-butylamine, methoxyethylamine,
piperidine, morpholine, and HEPA) were refluxed over Galdd
distilled under argon prior to use. The amines in solid form came
as the hydrochloride salt (2-chloroethylamine, glycinamide, ami-
noacetonitrile, and piperazine) and were used without further
purification. The carboxylic acids (99% reagent grade) were used
without further purification. KOH (1 M) and HCI solutions were
prepared using “Dilut It” from Baker Analytical. Water was taken
from a Milli-Q purification system.

(34) Bordwell, F. G.; Fried, H. EJ. Org. Chem1991, 56, 4218.
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Kinetics, Spectra, and pH Determinations. All kinetic experi-
ments were performed in water at 26, x = 0.1 M maintained
with KCI. Absorbance changes were monitored at 275 nm (enolate
ion of 6H-O) and 286 nm (enolate ion ddH-S), respectively.
Typical substrate concentrations were abowt 40~ M. For the
reactions of6H-O with the amine buffers§H-O~ was generated
by mixing 6H-O with 0.025 M KOH in a dual mixing stopped-
flow spectrophotometer. One to two seconds later this solution was
then mixed with the appropriate buffer to induce the desired
protonation reaction. For the reactions@6H-S the stopped-flow
apparatus was used in its regular mode. The pH values of the
reaction solutions were determined in mock mixing experiments.

Instrumentation. UV —vis spectra were obtained on a diode
array spectrophotometer. Kinetic experiments were performed on
a stopped-flow apparatus. The pH measurements were carried out
with a pH meter equipped with standard glass electrode and a “Sure
Flow” reference electrode.
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