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Abstract: A value of ky = 1.5 x 1073 M~* s71 has been determined for the generation of simple p-quinone
methide by the acid-catalyzed cleavage of 4-hydroxybenzyl alcohol in water at 25 °C and / = 1.0 (NaClOy).
This was combined with ks = 5.8 x 106 s~ for the reverse addition of solvent water to the 4-hydroxybenzyl
carbocation [J. Am. Chem. Soc. 2002, 124, 6349—6356] to give pKr = —9.6 as the Lewis acidity constant
of O-protonated p-quinone methide. Values of pKg = 2.3 for the Lewis acidity constant of neutral p-quinone
methide and pKiwa = —7.6 for the overall addition of solvent water to p-quinone methide to form
4-hydroxybenzyl alcohol are also reported. The thermodynamic driving force for transfer of the elements
of water from formaldehyde hydrate to p-quinone methide to form formaldehyde and p-(hydroxymethyl)-
phenol (4-hydroxybenzyl alcohol) is determined as 6 kcal/mol. This relatively small driving force represents
the balance between the much stronger chemical bonds to oxygen at the reactant formaldehyde hydrate
than at the product p-(hydroxymethyl)phenol and the large stabilization of product arising from the
aromatization that accompanies solvent addition to p-quinone methide. The Marcus intrinsic barrier for
nucleophilic addition of solvent water to the “extended” carbonyl group at p-quinone methide is estimated
to be 4.5 kcal/mol larger than that for the addition of water to the simple carbonyl group of formaldehyde.
O-Alkylation of p-quinone methide to give the 4-methoxybenzyl carbocation and of formaldehyde to give a
simple oxocarbenium ion results in very little change in the relative Marcus intrinsic barriers for the addition
of solvent water to these electrophiles.

Introduction Scheme 1
. . . . . 1,6-addition
The parenp-quinone methidd and its relatives that contain o:<:>: + HNu ———— HO@
the quinone methide functionality have long attracted the interest Nu
of discerning chemists:! 1 can be thought of as a formally ! H-1-Nu
neutral benzylic carbocation at which there is limiting resonance H 1,2-addition Ho
stabilization by electron donation frompaoxygen anion sub- o= + HNu  —— _\Nu

H
stituent to the cationic benzylic carbé#14 This strong inter- - . . . .
y g selectivities toward, quinone methidés* and is responsible

action results in a high kinetic stability of, and large nucleophile in part for the interesting biological activity observed for more

. 2 16 20 e
* To whom correspondence should be addressed. Phone: 716-645-6800 complex quinone methides. 20 The key property that distin
ext 2194. Fax: 716-645-6963. guishes the 1,6-addition of nucleophilegptguinone methides
" Deceased. o _ _ Roki . from related Michael addition reactions is the aromatization of
@ ggg_dl‘ggz-'121_92’79{557%'_’9' J.; Greenberg, W.; Rokita,J5Ag. Chem. the formal cycIohexadiene ring that accompanies this additiqn
(2) Filar, L. J.; Winstein, STetrahedron Lett196Q 25, 9—16. (Scheme 1). We are interested in evaluating the effect of this
aromatic ring formation on the thermodynamic driving force

(3) Fan, P. W.; Zhang, F.; Bolton, J. Chem. Res. Toxica200Q 13, 45—52.
(4) Chiang, Y.; Kresge, A. J.; Zhu, Y0. Am. Chem. So200Q 122, 9854—

©) 3gs|gMare P B. D.; Newman, P. & Chem. Soc., Perkin Trans 1884 for 1,6-addition of HNu tol through a comparison of this
231-238. e U reaction with the related 1,2-addition of HNu to formaldehyde

(6) Wan, P.; Barker, B.; Diao, L.; Fisher, M.; Shi, Y.; Yang,Can. J. Chem.

1996 74, 465-475.
(7) Zhou, Q.; Turnbull, KJ. Org. Chem1999 64, 2847-2851.
(8) Stowell, J. K.; Widlanski, T. S.; Kutateladze, T. G.; Raines, R].TOrg.
Chem.1995 60, 6930-6936.
(9) Freccero, M.; Valentin, C. D.; Sarzi-Amade, M. Am. Chem. So003
125 3544-3553.
(10) Burnham, K. S.; Schuster, G. B. Am. Chem. Sod.998 120, 12619~
12625.
(11) Rabln O.; Vigalok, A.; Milstein, DJ. Am. Chem. S0d.998 120, 7119~

(12) Rlchard J. P.; Amyes, T. L.; Toteva, M. Mcc. Chem. Re001, 34,
981-988

(13) Richard, J P.; Toteva, M. M.; CrugeirasJJAm. Chem. So200Q 122,
1664—1674.

(14) Toteva, M. M.; Richard, J. B. Am. Chem. So@00Q 122 11073-11083.
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(Scheme 1).

The photochemical generation of simple quinone methides
was first reported by Wan and co-workétshis was followed
by the determination by Kresge and co-workers of rate constants

(15) Boldt, M.; Gaudiano, G.; Koch, T. Hl. Org. Chem.1987, 52, 2146~
2153.

(16) Fisher, J.; Ramakrishnan, K.; Becvar, JBiE&xchemistryl983 22, 1347
1355.

(17) Gaudiano, G.; Frigerio, M.; Sangsurasak, C.; Bravo, P.; Koch, T.H.
Am. Chem. Sod 992 114, 5546-5553.

(18) Kujmar, S.; Lipmna, R.; Tomasz, \Biochemistryl992 31, 1399-1407.

9) Han, I.; Russell, D. J.; Kohn, H. Org. Chem1992 57, 1799-1807.

0) Boruah R. C.; Skibo, E. Bl. Org. Chem1995 60, 2232-2243.
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for nucleophilic addition of solvent water fpquinone methide
1, protonatedp-quinone methideH-1*, and theiro-quinone
methide counterparts, generated by laser flash photdtysid?

There have also been several studies of the generation of quinone

methides as intermediates of solvolysis reactions:14.25
Kinetic data for the acid-catalyzed cleavage of 4-hydroxybenzyl
alcoholH-1-OH would be of particular interest, because they
represent the  “missing link” in  the  exper-
imental determination of the Lewis acidity constants for the
addition of solvent water tth andH-1". These acidity constants
are required to establish the electrophilicity of simple quinone
methides relative to that of other prototypical electrophiles such
as the 4-methoxybenzyl carbocatidte-1*t and the simple
carbonyl compound formaldehyde.

QG OO

1 H-1* Me-1*

We report here the generation of the simplguinone me-
thide 1 in dilute aqueous acid, its efficient nucleophilic trapping
by the thiol group of 2-mercaptoethanol, and an analysis of the
resulting kinetic data, which provides the second-order rate
constant for acid-catalyzed cleavage of 4-hydroxybenzyl alcohol
H-1-OH to give the protonateg-quinone methidéd-1*. The
data can be combined with kinetic data for the trappingl-df*
by solvent waté¥ to obtain values of the Lewis acidity constants
pKg for both H-1" and 1, along with the overall equilibrium
constant for the 1,6-addition of water to the “extended” carbony!
group atl. A comparison with the corresponding data for the
1,2-addition of water to the simple carbonyl group at formal-
dehyde provides insight into the effect of formation of the
aromatic ring in the product on the thermodynamic driving force
for 1,6-addition of water to the-quinone methidd.
Experimental Section

4-Hydroxybenzyl alcoholH-1-OH) was reagent grade from Aldrich
and used without further purification. 2-Mercaptoethanol was Bio-
chemica MicroSelect grade from Fluka. All other organic and inorganic

10.0
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Koo/ 10™ s

5.0

0.4 0.8
H M
Figure 1. (A) Dependence of the observed first-order rate constant for

acid-catalyzed nucleophilic substitution of thiol tldt1-OH to form H-1-
SCH;CH;0OH on the concentration of 2-mercaptoethanol in water at
25°C andl = 1.0 (NaClQ): (®)[HCIO,4] = 1.00 M; () [HCIO,4] = 0.80

M; (¥) [HCIO4] = 0.45 M; @) [HCIO4] = 0.094 M. Solid lines through
the data were calculated using eq 1 with the valuds®{s1) andkrsks
(M~Y) reported in Table 1.K) Dependence of the limiting first-order rate
constantk;i,, from Figure 1A on the concentration of perchloric acid. The
slope of this correlation giveg, = 1.5 x 1073 M~1 s~ for acid-catalyzed
cleavage oH-1-OH to give H-1* (eq 2).
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diode array detector. The detection of HPLC peaks was at 273 nm,
which isAmax for H-1-OH. 3-(4-Methoxyphenyl)-1-propanol (8 10~*

M) was used as an internal standard to correct the observed peak areas
for small variations in the injection volume. A ratio of extinction
coefficientsey—1-onlen-1-sr = 1 for H-1-OH andH-1-SCH,CH,OH

at 273 nm was determined by showing that the normalized peak area
for H-1-OH at zero time is identical, within the experimental error of
+5%, with the normalized peak area for the proddet-SCH,CH,OH
after>10 reaction halftimes. The fraction b 1-SCH,CH>OH formed

at timet during the course of the reactiofy,-1-sg, was calculated as

the ratio of the normalized peak areas Fbr1-SCH,CH,OH at time

t and forH-1-OH at zero time.

Kinetic Studies. Kinetic studies were carried out in 6-1.0 M
aqueous perchloric acid in the presence of 6:015 M 2-mercapto-
ethanol at 25C andl = 1.0 (NaClQ). The concentration of thiol was
determined directly before each kinetic run using Ellman’s reagerit [5,5
dithiobis-(2-nitrobenzoic acidff The reactions were initiated by
making a 100-fold dilution of a 0.03 M (in the case of faster reactions
with 71, < 25 min) or a 0.3 M (in the case of slower reactions with

chemicals were reagent grade from commercial sources and usedry, > 25 min) solution ofH-1-OH in acetonitrile into the reaction

without further purification. HPLC-grade methanol was used for all
HPLC analyses. Water for kinetic studies and HPLC analyses was
distilled and passed through a Milli-Q water purification system.
Product Analysis by 'H NMR. Product characterization was carried
out on a reaction mixture resulting from reactiontbfl-OH (7 mM)
in the presence of 0.2 M perchloric acid and 0.01 M 2-mercaptoethanol
in 60/40 (v/v) D;O/acetonitrileds. After one halftime (4 h), analysis
by 'H NMR spectroscopy at 500 MHz revealed a 1:1 mixture of the
starting material and the thioether substitution pro#itt SCH,CH,OH.
Chemical shifts foH-1-SCH,CH,OH are reported relative to HOD
at 4.67 ppmd 7.31, 6.92 (AB,, 4H,J = 8.5 Hz, GH.); 3.82 (2H, s,
ArCHy); 3.74 (2H, t,J = 6.5 Hz, OCH); 2.70 (2H, t,J = 6.5 Hz,
SCH).
HPLC Analyses. HPLC analysis was carried out as described in
previous work®272except that peak detection was by a Waters 996

(21) Diao, L.; Yang, C.; Wan, Rl. Am. Chem. Sod 995 117, 5369-5370.

(22) Chlang Y Kresge A. J;; Zhu, Y. Am. Chem. So2001, 123 8089
8094.

(23) Chlang, Y.; Kresge, A. J.; Zhu, Y0. Am. Chem. SoQ002 124, 717—

(24) Ch|ang Y.; Kresge, A. J.; Zhu, YJ. Am. Chem. So@002 124, 6349
6356.
(25) Richard, J. PJ. Am. Chem. S0d.991, 113 4588-4595.

mixture. The reactions were monitored by withdrawal of an aliquot
(100uL) of the reaction mixture at various times, which was neutralized
with 2 M sodium acetate before analysis by HPLC.

The observed first-order rate constakgsq(s?) for reactions with
712 < 25 min were determined from the disappearancéddif-OH
and the formation oH-1-SCH,CH,OH as the slopes of semilogarith-
mic plots of reaction progress against time which covered at least 2.5
halftimes. The observed first-order rate constéssi(s2) for reactions
with 712 > 25 min were determined by the method of initial rates as
the slopes of linear plots of the fraction ldf1-OH converted tdH-1-
SCH,CH,OH against timefuy—1-sr, that covered no more than 5% of
the total reactionf(—1-sr < 0.05).

Results

In dilute agueous acid in the presence of 2-mercaptoethanol,
4-hydroxybenzyl alcohdH-1-OH undergoes clean nucleophilic
substitution to give the thioethét-1-SCH,CH,OH, which was
characterized byH NMR spectroscopy.

Figure 1A shows the dependence of the observed first-order
rate constankopsq (s for the conversion oH-1-OH to H-1-
SCH,CH,OH in the presence of various concentrations of

J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003 8815
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Scheme 2 Scheme 3
OH ) ® SCH,CH,0OH Kt +H
ky[H'] krgu[RSH] HO—@® ”OO_\OH
kg H-1* H-1-OH
K 1
OH OH OH K jdd/ “ kP
H-1-OH H-1" H-1-SCH,CH,OH
Table 1. Parameters Derived from Kinetic Analysis of the 2H

Acid-Catalyzed Conversion of H-1-OH to Give H-1-SCH,;CH,0H in
Water (Scheme 2)2

[Hme Kim (571)° Krshlks (M~2)¢
0.094 1.34x 104 22
0.445 7.13x 104 19
0.800 1.22x 1073 24
1.000 1.48x 1073 29

ky=15x 103M-1sle

aIn the presence of 0.640.15 M 2-mercaptoethanol at 2& andl =
1.0 (NaClQ). b Concentration of perchloric acié Limiting first-order rate
constant for acid-catalyzed reactiontéfL-OH in the presence of relatively
high concentrations of 2-mercaptoethanol (eq?bserved rate constant
ratio for partitioning of the reaction intermediate between nucleophilic
addition of 2-mercaptoethanol and solvent watSecond-order rate
constant for acid-catalyzed cleavagetbfli-OH to giveH-17, determined
as the slope of the plot d§im against [H] shown in Figure 1B (eq 2).

determining acid-catalyzed cleavagetbfl-OH, kjm = kq[H™],
at high [RSH] krsH{RSH] > k).

The appearance of the plots in Figure 1A is determined by
two parameters. (1) The limiting first-order rate constlpt
= ky[H™] for reaction at high [RSH], where the acid-catalyzed
cleavage oH-1-OH to give the 4-hydroxybenzyl carbocation
intermediateH-1" (protonatedp-quinone methide) is rate-
determining for the overall nucleophilic substitution. (2) The
rate constant ratikrs/ks (M 1) for partitioning of the carboca-
tion H-17 (protonatedp-quinone methide) between nucleophilic
addition of thiol and solvent water (Scheme 2). The values of
krsiks (M™1) determined for partitioning oH-1" between

perchloric acid on the concentration of 2-mercaptoethanol (RSH) nucleophilic addition of 2-mercaptoethanol and solvent water

at 25°C andl = 1.0 (NaClQ). The least-squares fit of the data
to eq 1 (solid lines), derived for the mechanism shown in

range from 22 M1 at [H] = 0.094 M, to 29 M® at [H"] =
1.0 M (Table 1). The reaction of solvent water with the

Scheme 2, provided the values of the following parameters that P-quinone methidel at these acidities is acid catalyzed and

are reported in Table 1:

Kobsa= [RSH] 1 Kikor 1)
Kim = Ky[H '] )

(1) Values of the limiting first-order rate constat, (s™1)
for acid-catalyzed reaction off-1-OH in the presence of
relatively high concentrations of thiol. Figure 1B shows the
dependence of the values laf, (s) on the concentration of
perchloric acid. The slope of this correlation gives the second-
order rate constamt; = 1.5 x 10-3 M1 s~ for acid-catalyzed
cleavage oH-1-OH to give H-1* (eq 2, derived for Scheme
2).

(2) Values of the rate constant ratiksks (M™1) for
partitioning of the 4-hydroxybenzyl carbocation intermediate
H-1* between nucleophilic addition of 2-mercaptoethanol and
solvent water.

Discussion

Reaction Mechanism In acidic aqueous solution in the

occurs by nucleophilic attack of water on the protonated quinone
methideH-1".24 Therefore, the observation that the values of
krsHks (M~1) are nearly independent of i shows that the
reaction of thiol krsy, M~1 s71) occurs by the same mechanism
(Scheme 2). The small increase kigsi/ks (M~1) observed at
high [H'] may reflect a medium effect on the reactivity of
solvent water and/or thiol.

The partitioning ratiokrs/ks =~ 20 M~1 can be combined
with the value oks= 5.8 x 10° s~1 for the nucleophilic addition
of solvent water tdH-1" 24 to givekrsy~ 1.2 x 18 M1 st
as the second-order rate constant for nucleophilic addition of
2-mercaptoethanol tbl-1*. A ca. 10-fold larger value dfrsy
= 1.5x 10° M1 s 1 has been reported for nucleophilic addition
of 1-propanethiol to the 1-(4-methoxyphenyl)ethyl carbocation
in 50/50 (v/v) trifluoroethanol/wate¥? Similarly, the value of
ks =5 x 10" s71 for addition of a solvent of 50/50 (v/v) tri-
fluoroethanol/water to the 1-(4-methoxyphenyl)ethyl carboca-
tion?72is 9-fold larger tharks = 5.8 x 10° s~ for addition of
solvent water tcH-1".24

Rate and Equilibrium Constants for Formation and
Reaction of p-Quinone Methide. The second-order rate
constantky (M1 s71) for the specific-acid-catalyzed cleavage

presence of 2-mercaptoethanol (RSH), 4-hydroxybenzyl alcohol of H-1-OH to give the protonateg-quinone methideH-1+

H-1-OH undergoes clean acid-catalyzed conversion to the
thioetherH-1-SCH,CH,OH. The data in Figure 1A show that

completes the thermodynamic cycles for the reactions of
p-quinone methidel shown in Scheme 3. This rate constant

there is a change in the kinetic order of the reaction with respect can be combined with other rate and equilibrium constants from

to the concentration of the thiol RSH as the concentration of
RSH is increased. The reaction is first-order in [RSH] when

the concentration of RSH is low but changes to zero-order at (26)

high [RSH]. This shows that the specific-acid-catalyzed nu-
cleophilic substitution reaction dfi-1-OH follows the two-
step @y + Ay mechanisr#?? shown in Scheme 2, with a change
from rate-determining addition of thiol to the carbocation
intermediateH-1* at low [RSH] ks > krs{RSH]) to rate-

8816 J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003

Scheme 3 to give the following:

(a) Amyes, T. L.; Richard, J. B. Am. Chem. Sod99Q 112 9507
9512. (b) Richard, J. Rl. Am. Chem. S0d.989 111, 1455-1465.

(a) Richard, J. P.; Rothenberg, M. E.; Jencks, WJ.PAm. Chem. Soc.
1984 106, 1361-1372. (b) Calculated from the rate constant rdtig
krsn = 3.3 for addition of azide ion and 1-propanethiol dagd=5 x 10°
M-t st for the diffusion-limited reaction of azide ion with unstable
carbocations (ref 27a).

(28) Ellman, G. L.Arch. Biochem. Biophyd.959 82, 70-77.

(29) Guthrie, R. D.; Jencks, W. Rcc. Chem. Red.989 22, 343-349.
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(1) A value of Kg" 1 = —log(kskn) = —9.6 % 0.130 for the these benzylic carbocations. We attribute the greater Lewis

Lewis acidity constant ofH-1* can be calculated frorky = acidity of Me-1* compared toH-1* to the formation of a
1.5 x 10°° M1 s7! for acid-catalyzed cleavage ¢f-1-OH relatively strong hydrogen bond between solvent water and the
(this work) andks = 5.8 x 10° s~ for the reverse nucleophilic  acidic phenolic proton ofH-1" (pK "1 = —2.0)24 in which
addition of solvent water tbi-11.24 there is partial proton transfer from the hydrogen bond donor

(2) A value of Kagdt = —7.6 & 0.1%° for the overall 1,6- H-1" to the hydrogen bond acceptor wateThis increases both
addition of the elements of water foto give H-1-OH can be the formal negative charge density at the phenolic oxygen of

calculated from the values oKpH! = —9.6 and Kt = H-17, relative to that at the methoxy oxygen bfe-1", and
—2.0 for deprotonation of the phenolic oxygen HE1™,24 the stabilization of the cationic center through the formal
according to eq 3. delocalization of this charge (Chart 1).

(3) A value of Kr! = 2.3 £ 0.130 for the Lewis acidity Comparison of 1,2- and 1,6-Addition. The p-quinone
constant ofl can be calculated from the values dffd = methidel is in one sense an extended carbonyl group at which
—7.6 and K" = 9.9*12for deprotonation of the phenolic oxygen a cyclohexadiene/phenyl ring has been “inserted” between the
of H-1-OH, according to eq 4. carbonyl oxygen and the methylene group of formaldehyde. The

localization of opposite charges at the 1- and 6-position of
PK, gt = PKgH 1 — pK St 3 (see Chart 1) is favored relative to this localization of charge at
1 1 P the 1- and 2-positions of formaldehyde by the compensating

PKr™ = PKaga + PKy (4) gain in aromaticity of the phenyl ring (Chart 1). Similarly, the

1,6-addition of HNu tol is favored relative to 1,2-addition to
formaldehyde by the greater aromaticity of the prodpet

® ® (hydroxymethyl)phenadH-1-OH than of the reactari (Scheme
4).
© © - ¢ Scheme 4
OMe OH %o 0]
9.6 23

Kt H
HO_ OH (e]
pKe 124 9. ) o:@: + HO HO—< :>—\OH+ :<H

ApKr 147 119 0 1 H-1-OH

Chart 1
®

These data show that the neutralization of partial negative ~ The net effect of this cyclohexadiene/phenyl ring insertion
Charge at the quinone oxygen mfby O_protonation to give at the CarbOﬂy' group is an increase in the overall eqUi”briUm
H-1* destabilizes the cationic center by 16 kcal/mol (Chart 1). constant for the addition of solvent water, frdfasd = 2.3 x
By comparison, a value offk = —12.4 has been determined 10 for hydration of formaldehyd®, to Kaad" = 4.0 x 10" for
as the Lewis acidity constant of the 4-methoxybenzyl carboca- hydration of thep-quinone methidd. (this work, Table 2), so
tion Me-1+,33 so that O-methylation of to giveMe-1* results ~ thatKr = Kaad/Kaad” = 1.7 x 10* for transfer of the elements
in an even larger 20 kcal/mol destabilization of the electrophilic Of water from formaldehyde hydrate tb (Scheme 4). The
center toward addition of solvent water (Chart 1). relatively small driving force of 6 kcal/mol for this transfer of

The effect of a methyl for hydrogen substitution on the Water from CH(OH) to 1 represents the balance between much
Bransted acidity of nitrogen or oxygen acids is generally small larger opposing effects:
for acid—base reactions in water. For example, tKgspof water (1) The ca. 31 kcal greater stability of the reactant formal-
and methanol are similar, and only small changes in the acidity dehyde hydrate than of the prodyg(hydroxymethyl)phenol
of the ammonium ion are observed as three of the four H-1-OH due to the stronger single bonds to oxygen. This is a
hydrogens are replaced by methyl groﬁf)By comparison, the result of the 15 kcal/mol stabilizing interactions between the
methyl for hydrogen substitution 1" to giveMe-1" occurs ~ geminal oxygens at C#OH),,*" and the weakening of the
at a site distant from the Lewis-acid-type addition of water to Phenolic O-H bond atH-1-OH due to the ca. 16 kcal/mol
stabilization of the alkoxy radical by the aromatic ri#fg.

(30) Quoted errors are standard errors that were calculated as described in (2) The even larger ca. (3% 6) = 37 kcal/mol driving force
Supporting Information. . . . . .

(31) (a) Calculated fromk, = 10.0 for phenol (ref 34); = 0.03 for thep-CH,- associated with the larger formal aromatic stabilization of the
o et Sixcmembered ring at the produdtL-OH than at the reactant
4-methoxybenzyl alcohol, the difference in the valuesrpf= —0.5 and 1. It is interesting that this effect is very similar to the total
—0.13 for the 4-O and 4-MeO substituents (ref 32, p 72), respectively, - aromatic stabilization of a phenyl ring, which has been estimated
and p = 1.1 for ionization of ring-substituted acetophenone hydrates . .

(Stewart, R.; Linden, R. V. DCan. J. Chem196Q 38, 399-406) or ring- to lie between 30 and 36 kcal/m#lIlt might be argued that

substituted benzylammonium ions (Blackwell, L. F.; Fischer, A.; Miller, I. ; ; i i iani
3 Topsom, R. .- Vaughan. . Chem. Sodl964 3588-3591). Thé value any formal contribution of araromatic zwitterionic valence

of pKa = —3.0 for protonated 4-methoxybenzyl alcohol was calculated

from pK, = —2.05 for MeOH™" (Perdoncin, G.; Scorrano, G. Am. Chem. (35) Stahl, N.; Jencks, W. B. Am. Chem. S0d.986 108 4196-4205.

Soc.1977, 99, 6983-6986), 0y = 0.11 for the 4-MeO@H, substituent (36) (a) Funderburk, L. H.; Aldwin, L.; Jencks, W. B.Am. Chem. Sod978

(Charton, M.Prog. Phys. Org. Chenl981, 13, 119-251), andp, = 8.75 100, 5444-5459. (b) The literature for the experimentally determined

(footnote 9 of ref 42) for ionization of alcohols of structuréRRCHOH. equilibrium constants for hydration of formaldehyde is summarized in

(c) Calculated as described for th&gfor protonated 4-methoxybenzyl footnote 25 of ref 36a.

alcohol in ref 31b, using the values of = 0.28 and—0.01 for the EtO (37) Benson, S. WAngew. Chem., Int. Ed. Engl978 17, 812-819.

and Et substituents, respectively. (38) The bond dissociation ener@®(RO—H) for the O—H bond of methanol
(32) Hine, JStructural Effects on Equilibria in Organic Chemisti/iley: New is 16 kcal/mol larger than that for the-@1 bond of phenol [calculated

York, 1975. from D(RO—H) = AH°(H*) + AH°(RO") — AsH°(ROH); standard heats
(33) Toteva, M. M.; Richard, J. B. Am. Chem. So2002 124, 9798-9805. of formation A{H° are fromNIST Standard Reference Database Number
(34) Jencks, W. P.; Regenstein, JHandbook of Biochemistry and Molecular 69, July 2001 Releas¢http://webbook.nist.gov/chemistry/)].

Biology, Physical and Chemical Dat&rd ed.; Fasman, G. D., Ed.; CRC (39) Schleyer, P. v. R.; Manoharan, M.; Jiao, H.; StahlQFg. Lett.2001, 3,

Press: Cleveland, OH, 1976; Vol. 1, pp 36861. 3643-3646.
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Substituent Effects on Carbocation Stability

Table 2. Rate and Equilibrium Constants and Marcus Intrinsic Barriers for Addition of Solvent Water to 1 and Formaldehyde and to Their

O-Alkylated Analogues Me-1* and 2 (Scheme 5)2

electrophile ky/s~1P Kada © King @ Kz ® AlogK, ' AY

1 3.3 4.0 x 107 3.2 x 1021 1.3x10°° 14.2 13.2+0.8
Me-1+ 2.5x 108I 2.3x 1012 Mi 1.0 x 103 Mk 2.3x 10° ’ 11.5+ 0.6
H,CO 10 2.3x 108! 4.0x 1012m 5.8x 10710 14.6 8.7+1.2
2 2 x 10w0n 5.4 x 10° M° 2.5x 10* MP 2.2x 10° ' 6.6+ 0.8

a|n water at 25°C. P First-order rate constant for addition of solvent water

to the electroph@eerall equilibrium constant for addition of solvent water

to give the neutral alcohol product. These are dimensionless quantitidgsfa HLCO but have units of M foMe-1* and?2 for which the addition of water

generates a protof . Equilibrium constant for the proton-transfer reaction that converts the initial ionic solvent adduct to the final neutral alcohol product.

These are dimensionless quantities foand HCO but have units of M foMe-1" and 2. € Equilibrium constant for addition of solvent water to the
electrophile to give the ionic solvent adduct, calculated using the relatiomship KaddKint.  Difference in logK; for Me-1* and 1 or 2 and HCO.

9 Marcus intrinsic barrier for addition of solvent water to the electrophile, calculated from the valkesrd Kz using eq 5. Quoted errors are standard
errors that were calculated as described in Supporting InformatiData from ref 241 Calculated from the values d€; = 10?6 for deprotonation of

~OCH4CHOH, [ref 31b] andK, = 1099 for deprotonation of the phenolic oxygen of HGCH,OH
from ref 33.k From the estimated value oKg= —3.0 for protonated 4-methoxybenzyl alcohol (ref 3

of Ky = 10797 for deprotonation of-OCH,OH," (ref 36a) andK, = 10-13-3for

[ref 31a] using the relationshig; = Ki/K,J Data
Ih)ata from ref 36a™ Calculated from the values
deprotonation of HOCKDH (ref 36a) using the relationshif; = Ki/Ka.

" Data from ref 46° Calculated using the relationshifagq = (Ks/kn) with ks = 2 x 100 s1 (ref 46) and the estimated value kf = 3.7 M~1 s71 for the
acid-catalyzed cleavage of propionaldehyde ethyl hemiacetal to give the oxocarbeni@nThis value ofky was estimated frorky = 1.63 M1 s71 for
the acid-catalyzed hydrolysis of acetaldehyde diethyl acetal (ref 47) and the 2.3-fold faster acid-catalyzed cleavage of 1-(4-methoxypakayiptthan

of the corresponding ethyl ether in 50/50 (v/v) trifluoroethanol/water (foot
propionaldehyde ethyl hemiacetal (ref 31c).

bond resonance form to the structure Io{Chart 1) should
reduce the driving force for formation ¢1-1-OH associated
with the formation of an aromatic ring. We therefore suggest
that the stabilization ol toward the addition of water by the
development of “aromatic” character is roughly offset by a
compensating destabilization bidue to weakening of the€

O m—bond [there is no such bond at the formal zwitterion]
relative to that at formaldehyde. Thus, tapparenteffect of
aromatization on the thermodynamic driving force for the
isodesmic reaction shown in Scheme 4 is approximately equal
to the full aromatic stabilization of the produigt1-OH.

Intrinsic Reaction Barriers. The kinetic barriers to organic
reactions depend on both the thermodynamic driving force to
the reaction and the “intrinsic” barrier to the reaction in the
absence of any driving forceAG, = 0)4%41 Thus, the
determination of both the thermodynamic driving fora&,
andthe Marcus intrinsic barrieA is critical to the development
of explanations for why different reactions proceed at different
rates. There have been relatively few quantitative determinations
of the intrinsic barriers for organic reactiofs’? We are
interested in characterizing these barriers for a large body of
simple organic reactions, to develop an understanding of their
origin through the application of simple chemical principles and,
perhaps, through computational studies by others aimed at
reproducing the experimental intrinsic reaction barrférs.

Table 2 summarizes the rate and equilibrium constants and
estimated Marcus intrinsic barrierA for the nucleophilic
addition of solvent water to the series of simple electrophiles
shown in Scheme 5. These values/ofvere determined from
the rate constanis (s™2) for the addition of solvent water and
the equilibrium constant&; for formation of the initial ionic
solvent adduct (Scheme 5), using the Marcus equation derived
at 298 K (eq 5). The values df; were calculated fronKaqq
for the overall addition of solvent water to the electrophile to
form the neutral alcohol adduct aGh; for conversion of the
initial ionic solvent adduct to the neutral alcohol product
(estimated as described in the footnotes to Table 2), using the

(40) Marcus, R. AJ. Phys. Chem1968 72, 891—899.

(41) Marcus, R. AJ. Am. Chem. S0d.969 91, 7224-7225.

(42) Richard, J. P.; Williams, K. B.; Amyes, T. lJ. Am. Chem. Sod 999
121, 8403-8404.

(43) Schindele, C.; Houk, K. N.; Mayr, H. Am. Chem. So2002 124, 11208~
11214.
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note 22 of reP F4pm the estimated value oKp = —4.4 for protonated

Scheme 5
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relationshipKz = KagdKint (Scheme 5).
1 1.36logK,

2
Ao 2]

O-Methylation of1 to give Me-1" results in a 19 kcal/mol
increase in the driving force for addition of solvent water to
give the initial ionic solvent adductMog Kz = 14.2) and a
small 1.7 kcal/mol decrease in the Marcus intrinsic barNer
to the reaction (Table 2). This is consistent with the notion that
the intrinsic barrier to carbocatiemucleophile combination is
sensitive to changes in the thermodynamic driving force
resulting from changes in electron donation from substituents
that are distant from the cationic center. There will be a
“weaker” donation of electrons from thgoxygen atMe-1"
than atl, because electron donation from oxygeat1* has
the effect of increasing the formal positive charge density at
the electronegative oxygen. The combination of O- arethyl-
ation of formaldehyde to give the simple oxocarbenium 2on

log k, =
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results in a 20 kcal/mol increase in the driving force for addition
of solvent water Alog Kz = 14.6) and a small 2.1 kcal/mol
decrease in the Marcus intrinsic barrietto the reaction (Table
2)_44

Despite the 6 kcal/mol greater thermodynamic driving force
for the addition of solvent water to the extended carbonyl group

between the incoming nucleophile water and the electrophilic
carbon and the development of unfavorable (destabilizing)
interactions that accompanies this partial bond formation. The
latter include the development of positive charge at the oxygen
of the water nucleophile, partial cleavage of the=@ double
bond of the carbonyl group at formaldehyde (8eand the

at1 than to the simple carbonyl compound formaldehyde, these much more extensive electronic reorganization that occurs at

reactions have almost identical rate constantksef 3.3 and

10 s1, respectively (Table 2). This corresponds to a 4.5 kcal/
mol larger Marcus intrinsic barrier for addition of solvent water
to 1 (A = 13.2 kcal/mol) than to formaldehydd (= 8.7 kcal/
mol), which shows that 1,6-addition topaquinone methide is
intrinsically 2000-fold slower than 1,2-addition to a carbonyl
group (Table 2). There is a very similar difference of 4.9 kcal/
mol in the intrinsic barriers for addition of solvent watetie-

1% (A = 11.5 kcal/mol) and the simple oxocarbenium M

= 6.6 kcal/mol). We conclude that alkylation of the carbonyl
groups atl and formaldehdyde to giv®le-1" and a simple
oxocarbenium ion, respectively, results in very little change in
the relative Marcus intrinsic barriers for the addition of solvent
water to these electrophilé$.This provides strong evidence
that O-alkylation, a dramatic structural modification, has only

the extendedr-system atl (seed), which is the ultimate cause

of the ca. 5 kcal/mol larger intrinsic barrier for 1,6- than for
1,2-addition of water. The deeper relationship between the
changes in bonding that occur on proceeding from reactant to
the transition state for these two reactions might be better
understood through theoretical and/or computational studies
designed to model these intrinsic barriers.
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Supporting Information Available: Discussion of the un-

a small effect on the steepness of the curvature of the reactioncertainties and standard errors in the valuesKfip pKgH—1,

coordinate profile for nucleophile addition, which is the primary
determinant of the magnitude & for simple organic reac-
tions1245
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By comparison, the 4.5 kcal/mol difference in the intrinsic
barriers for addition of solvent water fioand formaldehyde is
almost as large as the 6 kcal/mol difference in the thermody-
namic driving force for these reactions (Table 2). The intrinsic
barriers for the addition of water to formaldehyde andlto

represent the balance in the transition state between the

stabilization that results from the formation of a partial bond

and fKaadt (Scheme 3) and in the rate and equilibrium constants
and Marcus intrinsic barriers reported in Table 2. This material
is available free of charge via the Internet at http://pubs.acs.org.

JA029588V

(44) O-methylation of formaldehyde gives the highly unstable methoxymethyl
carbocation which undergoes addition of solvent water Wjth 5 x 102
st (ref 46) so that there is little or no chemical barrier to this reaction.
Therefore, to assess the effect of O-alkylation of formaldehyde on the
intrinsic barrier for the addition of water, we ug&s a prototypical simple
oxocarbenium ion. We have estimated valueKpf 2.4 x 10° M and A
= 10.4 kcal/mol for addition of solvent water to the 1-(4-methoxyphenyl)-
ethyl carbocation to give the initial ionic solvent adduct, using the
methodology described in this paper. Comparison of these quantities with
those forMe-1* (Table 2) shows that the presence of thalkyl group at
2 is expected to result in a decrease in the thermodynamic driving force
for the addition of solvent water of ca. 4 kcal/mol, but that it should have
very little effect on the Marcus intrinsic barrier for this reaction.

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

(46) Amyes, T. L.; Jencks, W. B. Am. Chem. Sod.989 111, 7888-7900.

(47) Kresge, A. J.; Weeks, D. B. Am. Chem. S0d.984 106, 7140-7143.
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