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Abstract: Rate constant ratios for addition of the three nucleophilic sites of phenol to the 1-(4-meth-
oxyphenyl)ethyl carbocation (17) in 50/50 (v/v) trifluoroethanol/water were determined from the relative
yields of the three phenol adducts, and absolute rate constants were determined from product rate constant
ratios for addition of phenol and azide ion to 1" using k., = 5 x 10° M~* s for the diffusion-limited reaction
of azide ion. A selectivity of 230:20:1 was determined for alkylation of phenol at oxygen, C-4 and C-2 to
form 1-OPh and biphenyls 1-(4-C¢H,OH) and 1-(2-C¢H4OH), respectively, and of 2:2:1 for alkylation of the
corresponding nucleophilic sites of phenoxide ion in diffusion-limited reactions. The Mayr nucleophilicity
parameter for C-4 of phenol is N = 2.0. Encounter-limited addition of phenoxide ion to 1* to form 1-OPh
is faster than encounter-limited addition of oxygen anions that are either more or less basic than phenoxide
ion. Only the products of solvolysis are observed from acid-catalyzed cleavage of 1-OPh in 50/50 (v/v)
trifluoroethanol/water, but a 50% vyield of biphenyls 1-(4-C¢H,OH) and 1-(2-C¢H,OH) are observed from
spontaneous cleavage of 1-OPh, where the leaving group is phenoxide ion, because of the very low kinetic
barriers to collapse of the ion pair intermediate 1"*PhO~. The 230-fold larger rate constant for O-compared
to C-2-alkylation of phenol is due primarily to the larger thermodynamic driving force for oxygen addition.
There are similar Marcus intrinsic barriers for these two reactions.

Introduction Scheme 1
The reactivities of phenol and phenoxide ion are strongly
affected by the delocalization of an electron pair from oxygen )
onto the aromatic ring (Scheme 1), which causes a decrease in - -
the basicity of the phenol oxygen and an increase in the basicity
of the o- and pcarbons. This change in the relative basicity of ®OH

carbon and oxygen is not large enough to cause a change in
the preferredsite for addition of the proton, a “hart? elec- @ © ﬁj
trophile, to phenoxide ion. However, alkyl and benzyl halidés
and carbocation%,'! which are “softer” carbon electrophiles,

react at comparable rates to alkylate both the “hard” oxygen
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Scheme 2
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dissect the underlying cause for the high basicity of carbon

compared with oxygen toward these reactive carbon electro-

philes.
The 4-methoxybenzyl and 1-(4-methoxyphenyl)ethyl car-

encounter between the free iotisand PhO and by the spon-
taneous solvolytic cleavage @fOPh.

Experimental Section

Materials. Unless noted otherwise, inorganic salts and organic
chemicals were reagent grade from commercial sources and were used
without further purification. The water used for kinetic studies and
HPLC analyses was distilled and then passed through a Milli-Q water
purification system. Deuterium oxide (9%-% D) was from Cambridge
Isotope Laboratories and deuterium chloride (37wt %, 99.5% D) and
CRCH;OD (99.5% D) were from Aldrich.

SynthesesThe following compounds were prepared by published
procedures: 1-(4-methoxyphenyl)ethanbi@H), 1-(4-methoxyphen-
ylethyl 3,5-dinitrobenzoatel¢(3,5-dinitrobenzoate) and 1-(4-meth-
oxyphenyl)ethyl 4-nitrobenzoatd {(4-nitrobenzoate).'? The proce-
dures for the synthesis of the following compounds are given in the
Supporting Information:1-OPh, 1-(2-CsH4OH), and1-(4-CsH4OH).

Preparation of Solutions.Aqueous solutions of 1.0 M sodium azide
and sodium acetate were adjusted togH with concentrated HCIO

bocations have been generated as intermediates of solvoly-before they were used to prepare mixed trifluoroethanol/water solvents.

sist213and photochemical reactiofs!>and have been shown
to be sufficiently stabilized by electron-donation from the
4-methoxybenzyl ring to diffuse through aqueous solution.

Studies to characterize the rate and equilibrium constants for
formation and reaction of these carbocations in aqueous sol-

vents have provided a large body of information on the mech-
anism for solvolysis and carbocatienucleophile combination
reactiong'?13.16-18

1-(4-Methoxyphenyl)ethyl phenyl ethet{OPh) undergoes

Solutions of 48/2/50 (v/viv) trifluoroethanol/phenol/water that contained
sodium acetate and/or sodium azidé &t0.50 were prepared by mixing
an aqueous solution of the salt{80 mM, | = 1.0 M, NaCIQ and pH

7) with 96/4 (v/v) trifluoroethanol/phenol. The solutions of 96/4 (v/v)
trifluoroethanol/phenol was prepared by mixing TFE at room temper-
ature with liquid phenol at its melting point of 4. Alkaline solu-
tions of azide ion in 48/2/50 (v/v/v) trifluoroethanol/phenol/water
were prepared by first mixing 1.0 M NaOH with an equal volume of
96/4 (viv) trifluoroethanol/phenol and then adding to the resulting
solution a measured volume of 48/2/50 (v/v/v) trifluoroethanol/phenol/

acid-catalyzed cleavage to form phenol and the 1-(4-methoxy- Water that contained 5 mM Nahat | = 0.50 (NaClQ). Buffered

phenyl)ethyl carbocationl(); and,1* generated by cleavage

solutions of 50/50 (v/v) trifluoroethanol/watdr£€ 0.50, NaClQ) were

of 1-(4-methoxyphenyl)ethyl substituted benzoates is trapped PrePared by mixing aqueous solutiorts< 1.0, NaClQ) which con-

by phenol to form1-OPh in a reaction that is catalyzed by
Bransted base€$:1”We report here the results of a comprehen-

tain 40 mM of the specified buffer with an equal volume of
trifluoroethanol.
Stock solutions of 50/50 (v/v) GEHOL/L,O (L = H, D) that

sive study of the spontaneous and acid-catalyzed cleavage of.,iain Lcl at1 = 050 (NaClQ) were prepared by mixing

1-OPh; and, of carbon and oxygen alklyation of phenol and
phenoxide ion byl™ (Scheme 2). We also report the high-level
ab initio calculation of the equilibrium constant for isomerization
of 1-OPhto 1-(2-CsH4OH) in water. This could not be obtained

CRCH:OL with an equal volume of 4O that contained LCII(= 1.0
NaClQy). These stock solutions were diluted by mixing with 50/50
(v/v) CRCH,OL/L,O (I = 0.5 NaClQ).

Product Studies. All product studies were at 25C. Reactions of

by experiment, but is needed for a complete description of the 1-(3,5-dinitrobenzoate) (2 mM) in 48/2/50 (v/viv) trifluoroethanol/

rate and equilibrium constants for C- and O-alklyation of phenol
by 1°.

These data provide a thorough description of this important
organic reaction, which includes the following: (1) a second
relatively rare example of an organic carbon nucleophile, phe-
noxide ion, with a reactivity toward carbocations that is similar
to that of the strong inorganic nucleophile azide 1882 (2) a
description of the relative thermodynamic driving forces and
Marcus intrinsic barriers for ambident alkylation of phenol by
the carbon electrophil&™ that is essential to an understanding
of the ambident reactivity of this nucleophile; and (3) a unique
comparison of the collapse of ion pairs generated by diffusional

(12) Richard, J. P.; Rothenberg, M. E.; Jencks, WJ.FAm. Chem. S0d.984
106, 1361-1372.
(13) Amyes, T. L.; Richard, J. R.. Am. Chem. S0d.99Q 112 9507-9512.
(14) McClelland, R. A.Tetrahedron1996 52, 6823-6858.
(15) McClelland, R. A.; Cozens, F. L.; Steenken, S.; Amyes, T. L.; Richard, J.
P.J. Chem. Soc., Perkin Trans.1®93 1717-1722.
(16) Amyes, T. L.; Richard, J. B. Chem. Soc., Chem. Comma891, 200—
202

a7) RicHard, J. P.; Jencks, W. P.Am. Chem. S0d.984 106, 1396-1401.

(18) Toteva, M. M.; Richard, J. B. Am. Chem. So2002 124, 9798-9805.

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

(20) Wwilliams, K. B.; Richard, J. PJ. Phys. Org. Cheml998 11, 701-706.
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phenol/water were initiated by making a 100-fold dilution of the
substrate, dissolved in acetonitrile, into the mixed solvent which
contained 5 mM Nabland acetate ion (2:510 mM). The product yields
were determined several times ov&3 hreaction period.

Reactions ofl1-(3,5-dinitrobenzoate) (2 mM) in 48/2/50 (v/v/v)
trifluoroethanol/phenol/watet & 0.5, NaClQ) which contained azide
ion and increasing concentrations of the conjugate bases of solvent
were initiated by making a 100-fold dilution of the substrate, dissolved
in acetonitrile, into the mixed solvent. After 60 min. [ca. 2 halftimes
for reaction of 1-(3,5-dinitrobenzoate), sodium phenoxide was
neutralized by addition of 1 equiv acetic acid (2 M solution) and the
product yields were determined by HPLC analysis. The solution
contained 1«M fluorene, which served as an internal standard to
correct for small variations in the volume of the sample analyzed by
HPLC.

The perchloric acid-catalyzed reaction @fOH (0.25 mM) in
50/50 (v/v) trifluoroethanol/water that contained 0.5 M HGlénd
18 mM phenol was initiated by making a 100-fold dilution of the
substrate, dissolved in acetonitrile, into the mixed solvent. The acid
was neutralized by addition of one equivalent of sodium acetate (2 M
solution) at measured reaction times and the product yields were
determined by HPLC analysis. The reaction BOPh in 48/2/50
(v/vIv) trifluoroethanol/phenol/water that contained 0.012 M HE(D
= 0.5, NaClQ) was initiated by making a 100-fold dilution of the
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substrate in acetonitrile into the mixed solvent to give a final substrate
concentration of 2 mM.

HPLC Analyses.The products of reactions dfY were separated
by HPLC as described in previous wdidé?2and detected by their
UV absorbance at 274 nm which Is\ax for 1-(4-methoxyphenyl)-
ethanol. The following compounds were identified by comparison with
known standards:1-OH, 1-OCH,CF3, 1-OPh, 1-(4-GH,OH), and
4-methoxystyrenel-(2-CsH4OH) was identified as the additional peak
observed upon HPLC analysis of a synthetic mixturé-¢2-CsH,OH)
and 1-(4-CsH4,OH).

Determination of Rate Constant Ratios and Equilibrium Con-
stants.Ratios of product yields ([[P2]) from reactions at 28C were

and a value of 7.6 for the ratio of the peak areas TeDH and
1-OCH,CF3 determined for reaction in 50/50 (v/v) trifluoroethanol/
water at neutral pH? (e) (Ar-ns) is the area of the peak fdr-Ns. (f)
kadkree— = 9 is the rate constant ratio for addition of azide and
trifluorethoxide ion to1*.24

(2) The concentration of phenoxide ion ([PHPwas then calculated
as the difference between the concentration of NaOH used in preparing
the mixed solvent, and the value of [§FH,0] determined from eq
3 and 4.

The reaction ofL.-OPh (2 mM) in 48/2/50 (v/viv) trifluoroethanol/
phenol/water which contained 0.012 M HGIQ = 0.5, NaClQ) was
monitored by HPLC analysis until the ratio of the areaslf@®CH,CF3

calculated from the ratio of peak areas determined by HPLC analysis to 1-OPh remained constant with time. The equilibrium constant for

(Ad/Az) and the ratio of extinction coefficientspfeps), at 274 nm using
eq 1. The reproducibility of the product ratios from HPLC analysis
was =+ 10%

[Pl _ (Ad)(<p2
Pl (AZ)(fPs) @
Knr  [1— NulJ[Nu2] @

knoz  [1— Nu2J[Nui]

Rate constant ratios for the reactions of nucleophiles Nul and Nu2

with 1-Y were calculated directly from the ratios of product con-
centrations using eq 2 with the exception of the reaction$-(8,5-
dinitrobenzoate) described below. The following extinction coefficients
at 274 nm in 70/30 (v/v) methanol/water were determined from the
absorbance of known concentrations of synthetic standard®[*
cm1)]: 1-OH, 1400;1-0OPh, 2550;1-(4-CeH4OH), 2850; 4-methoxy-
styrene, 11 000. The value QIL(Z*C6H4OH)/517(47C6H4OH) =1.28 at 274
nm was determined from the ratio of peak areas from HPLC analysis
of a mixture of1-(2-CsH,OH) and1-(4-CsH4OH) and the ratio of the
concentration of these compounds determined from the ratio éfthe
NMR peak areas of the methine protons. Combining this ratio with
= 2850 Mt cm! for 1-(4-CsH4OH) givese = 3650 Mt cm™* for
1-(2-GH4OH). It has been shown that the extinction coefficients for
1-OH, 1-OCH,CF3, and1-N; are identical aflmax for 1-OH.12

The yields of the products of reactions b{(3,5-dinitrobenzoate)
in 48/2/50 (v/viv) trifluoroethanol/phenol/watdr<€ 0.50, NaClQ) that
contain 4-5 mM NaN; and increasing concentrations of lyoxide ion
were determined by HPLC analysis. The final concentrations of
CRCH.O~ and PhO in this mixed solvent were determined by the
following procedurés3?2

(A1—orobs
(Ar—otrelTre0 = (A1—0TFE)obsd — [%1 (3)
_ (A_orrdtreo)|[ Kaz -
CFCH,O ] =
[CF,CH,O'] ( Ay )(kTFE‘)[NS] @

(1) The concentration of [GEH,O"] was determined from the
excess yield ofl-OCH,CF; over that observed when [@EH,O] =
0 M, using egs 3 and 4 where, (a) The relative yieldsle®H,
1-OCH,CF3, and1-N; can be obtained directly from the relative product

peak areas, which have the same extinction coefficient at 274 nm. (b) (23)

(Ai—otre)TEEO IS the area of the peak fd-OCH,CF; that forms from
the reaction of CECH,O™. (c) (Ai—oTre)obsalS the observed area of the
peak for1-OCH,CF; from HPLC analysis. (d)Ai-on)obsd 7.6 is the
area of the peak fol-OCH,CF3; that forms by reaction of neutral
CRCHOH, calculated from the area of the peak IBOH (Ai—on)

(21) Richard, J. PJ. Am. Chem. S0d.989 111, 1455-1465.
(22) Difficulties were experienced in obtaining baseline separation of the large
peak for phenol cosolvent from the peaks for the reaction products which

were present in much smaller concentrations. Satisfactory separations were

observed using the relatively large substrate concentration of 2LA{B/5-
dinitrobenzoate) and a 10uL injection volume.

the conversion ofl-OCH,CF; to 1-OPh was determined from eq 5,
where ([L-OPh)/[1-OCH.CF3])¢q is the ratio of concentrations of the
phenyl and trifluoroethyl ethers observed at chemical equilibrium. The
perchloric acid-catalyzed reaction ®fOH (0.25 mM) in 50/50 (v/v)
trifluoroethanol/water that contained 0.5 M HGl@nd 18 mM phenol
was monitored for several days, unfitOCH,CF; had undergone
quantitative conversion tt-(4-CsH,OH) and 1-(2-CsH4OH). Upper
limits for the ratio of the concentrations of the C-alkylated phenol
adducts and trifluoroethyl ether were calculated using the lowest level
of 1-OCH,CF;3 detectable by HPLC analysis.

Kinetic Studies. The specific acid-catalyzed solvolysis reactions of
1-OPhat 25°C in 50:50 (v:v) trifluoroethanol/water were initiated by
making a 100-fold dilution of a solution of substrate dissolved in
acetonitrile into the mixed solvent containing acetonitrile to give a final
concentration of 0.4 mM. The reaction progress was monitored
spectrophotometrically at 2% by following the increase in absorbance
at 269 nm. First-order rate constanksysq (S%), for solvolysis were
determined as the slopes of semilogarithmic plots of reaction progress
against time, which in all cases were linear for at least three-halftimes.

_ [1 — Nu] [CF,CH,OH]
Kea™= ([1 — OCHZCF3])eq( [PhOH] ) ®)
Z(Adep)| _ =[P _
(As)iles - [S_]o - k0st (6)

The reactions ofl-OPh (2 mM) in 50/50 (v/v) trifluoroethanol/water
that contained 20 mM sodium carbonate or sodium phosphate buffer
were monitored by HPLC, using ca. 1M of the internal standard
fluorene to correct for small variations in the sample volume analyzed
by HPLC. First-order rate constankgusqd (s %) were determined as the
slopes of linear plots of reaction progress against time over the first
2—8% of the reaction using eq 6 where; &PAr/ep) is the sum of the
concentrations of all of the reaction products, calculated from their
respective HPLC peak areas:) and extinction coefficients§) at 274

nm, and (b) As)i/es is the initial concentration of the substrdte€OPh.

Ab Initio Calculations. The relative energies df-OPh and1-(2-
CsH4OH) were determined by ab initio calculations usi@gussian
92.42%5 The geometries of the two species were fully optimized at the
Hartree-Fock (HF) level using the 6-31G(d) basis $fThe two
structures were fully characterized as energy minima by vibrational

(a) These solutions were prepared by adding sodium hydroxide to a large
excess concentration of phenol (0.23 NKap= 10.0) and trifluoroethanol

(6.6 M, pKa = 12.4). The conversion of hydroxide ion to trifluoroethoxide
and phenoxide ion was essentially quantitative, because phenol and
trifluoroethanol are much stronger acids than waté&. @@ 15.7). (b) The
apparent rate constant ratios for addition of water and azide i@RQ&h

to form 1-OH and1-N; respectively, calculated from data in Table 1, remain
constant within the experimental errat (10%) as [NaOH]is increased
from 0 to 0.083 M. This shows that there is no significant formation of
1-OH by (i) Addition of hydroxide ion to the carbocation reaction
intermediatel™,’2 because there is essentially quantitative protonation of
hydroxide ion by phenol and trifluoroethanol and (ii) Addition of solvent
anion (hydroxide, trifluoroethoxide or phenoxide ion) to the carbonyl group
of 1-(3,5-dinitrobenzoate)

(24) Richard, J. P.; Jencks, W. #.Am. Chem. Sod.984 106, 1373-1383.
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Table 1. Yield of Products Determined by HPLC Analyses of the Reaction of 1-(3,5-Dinitrobenzoate) in 48/2/50 (v/v/v) TFE/PhOH/H,0 in
Basic Solutions that Contain Azide lon?

INs] [NaOH], [PhO] 1-OH 1-OCH,CF, Styrene¢ 1Ny 1-OPh 1-(2-C5H OH) 1-(4-C5H,OH)
M Mb Me % % % % % % %
0.005 0 0 55.9 7.5 0.021 32.1 4.2 0.018 0.21
0.0049 0.0083 0.0079 42.4 5.8 0.11 21.9 13.6 5.8 10.5
0.0048 0.017 0.0132 315 55 0.17 16.7 19.8 9.3 17.0
0.0047 0.033 0.027 25.0 4.9 0.21 10.6 24.6 12.3 22.4
0.0042 0.083 0.058 12.6 5.2 0.29 53 31.1 16.4 29.0

aFor reactions at 28C in 50/50 (v/v) trifluoroethanol/waten (= 0.50, NaClQ). P [NaOH} is the concentration, after dilution, of sodium hydroxide
used to prepare this solutiohThe concentration of phenoxide ion that is formed by deprotonation of hydroxide ion, calculated as described in the text.
d4-Methoxystyrene.

frequency calculations. In both cases, the computed harmonic vibrational 16.0
frequencies are all positive. Electron correlation effects were included

through single-point energy calculations at the hybrid DFT B3LYP/

6-31G(d) level”?8using the HF/6-31G(d) geometries. Solvation effects

were examined using the isodensity surface polarizable continuum 12.0 -
model (IPCM) by single-point energy calculations at the B3LYP/

6-31G(d)//HF/6-31G(d) leve® A dielectric constant of 78.4 was used o
to represent the solvent water. =)
= 80+ v
Results S
%)
\/

The product yields from the reaction of 2 ml¥-(3,5-
dinitrobenzoate) in 48/2/50 (v/v/v) trifluoroethanol/phenol/ 40 L
water ( = 0.50, NaClQ) that contained 5.0 mM NaiNand
either 5 mM or 10 mM NaOAc were determined by HPLC
analyses and are reported in Table 1. These product yields were
determined after one to two reaction halftimes, at which point 0'00.0 410 85
no more than 10% of the azide ion was consumed in forming [LCI] mM
the azide ion adducn‘TN?'zz The _SIOW_ cleavage o01-OPh . Figure 1. Effect of increasing concentrations of LCl d@ysq (s7%) for
catalyzed by the 3,5-dinitrobenzoic acid product was noted in solvolysis of1-OPhin 50/50 (v/v) CRCH,OH/H;0 (HCI, ®) and in 50/50
early experiments. Therefore, these reactions were run in the(viv) (v/iv) CRCH,OD/D,O (DCI, ¥) at 25C and| = 0.50 maintained
presence of a small concentration of acetate ion in order to With NaClQs.

neutralize this carboxylic acid.-OPh was stable under these The solvolysis of1-OPh was monitored by following the
reactlon_s in the presence 5.0 and 10_ mM acetaFéf’lon. in Kopsa (s71) for solvolysis of 1-OPh that was determined at
The yield of products from the reaction df(3,5-dinitroben- increasing [HCI] or [DCI] for reactions in 50/50 (v/v) GEH,-

zoate)in solutions of 48/2/50 (v/v/v) trifluoroethanol/phenol/  OH/H,O (HCI) and in 50/50 (v/v) CECH,OD/D-O (DCI) at
water ( = 0.50, NaCIQ) that contain 45 mM NaNs; and 25°C (I = 0.50, NaClQ). Values ofky = 0.55 andkp = 1.37
increasing concentrations of phenoxide ion are also reported inM—l s 1 for Specific-acid Cata]ysis of so|Vo|ysis dEOPh in
Table 1. The basic solvents were prepared by mixing aqueousH,0 and GO, respectively, were determined from the slopes
sodium hydroxide with 96/4 (v/v) trifluoroethanol/phenol. Table of these plots.
1 reports values for [NaOH]the concentration of NaOH (after The products of the reaction of-OPh in 50/50 (v/v)
dilution) used to prepare the mixed solvent. The concentrationstrifluoroethanol/water at 25C (I = 0.50, NaCIQ) and in
of phenoxide ion in these solutions were then calculated as thesplutions of increasing pH were determined by HPLC analysis.
difference between [NaOkand the value of [C)EH,O]as  values ofkspsa (s72) for the reaction ofl-OPh and the yields
described in the Experimental secti&a? of the reaction products are reported in Table 2. The values of
- ) ) ) - ) pHy reported in Table 2 are the observed pH of the buffers in

(25) Ei‘%ﬁé%éﬁ;éﬁ%ﬁ ?ék\ﬁévfscﬂevg_eé_;”i%_' ﬁggfgeg'rﬁég; JE_E'ST&?,%&%’ water, before mixing with the trifluoroethanol cosolvent. The

E. 5.;§urantMJ-cC-i:Dipprig1, ? MillaT, é’ M.; D?/ni%s, A 3.; (K:udin,, reaction of1-OPh in 48/2/50 (v/viv) trifluoroethanol/phenol/

. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, . _
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; water that contained 0.012 M HCJ@l = 0.50, NaClQ) was
Bgtnerngl%ré,r G‘JA‘.;] Aﬁé?‘blf" DY‘;KCUI}’?aQb‘; Cl\lilorgkqua,RI;.;hzafli\/Cﬁ?r, E.; monitored by HPLC. Solvolysis df-OPhto form 1-OCH,CF3
, J. J.; Malick, D. K.; Rabuck, A. D.; vachari, K.; . .

Foresman, J. B.; Closlowski, J.; Ortiz, 3. V. Babou, A. .- Stefanov, 6, and 1-OH is much faster than formation df-(4-CoH.OH)

B.; Li_u, G.; Liash_enkc_), A, F_’iskorz, P, Komar_omi, [ Gomp_erts, R.;Martin, gnd 1-(2-CGH4OH). The ratio of the concentrations of the

A Chaacombe, i Gl P MW Johnson. B2 Ghen. W.. Wang. M. former compounds decreases to a limiting value BfQPH/

W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, - = i i i
J. A.; Gaussian 92.4Gaussian, Inc: Pittsburgh, PA, 2001. [1 OCHZCF3])eq 0.10 after a reaction time of 1 day' This

(26) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AiAlnitio Molecular ratio then remains constant 48OPh, 1-OCH,CF3, and1-OH
Orbital Theory John Wiley & Sons: New York, 1986. i _(A- _(D-

(27) Lee, C.. Yang, W.: Parr R. Ghys. Re, 1983 537, 785-789. undergo slower. ponversmn td-(4-CsH40OH) and 1 (2

2283 Becke, A. D.J. Chem. F;]hy3199r? 98, 5648-5652. CeH4OH). Combining (L-OPh|/[1-OCH,CF3])eq= 0.10 with

29) Miertus, S.; Tomasi, Them. Phys1982 65, 239. ; ;

(30) The yield in these reactions &fOAc from the reaction of acetate ion was the ratio of the Con_centratlon of the reactants (eq 5) gK/@S
< 1%. = 0.29 for conversion ofl-OCH,CF3; to 1-OPh (Scheme 3).
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Table 2. First-Order Rate Constants and Product Yields for
Solvolysis of 1-OPh in 50/50 (v/v) Trifluoroethanol/Water?

products?
1-OH 1-OCH,CF; 1-(2-C¢H,OH) 1-(4-C4H,OH)
buffer pH,° Kopsa/S 1€ % % % %

phosphate 7.8 13.% 10" ° 80.5 8.6 6.3 4.6
8.3 6.3x10°9 68.4 7.9 13.7 10.0

8.5 4.9x 10 ° 61.8 7.4 17.8 13.0

carbonate 9.0 2910 ° 45.1 6.6 28.7 19.5
10.0 2.9x 109 43.1 8.0 29.2 19.8

aFor reactions at 28C in 50/50 (v/v) trifluoroethanol/watet & 0.50,
NaClQy). b The initial pH of the buffered aqueous solution, prior to mixing
with an equal volume of trifluoroethandl.The first-order rate constant for
solvolysis of1-OPh, determined by the method of initial ratésThe product
yields were determined by HPLC analyses.

SO

Scheme 3

CH3+H + CF3CH20H
@ Ko CeHa-4-OMe
HO / 1-OPh
* Kiso
OCH,CF3 K
CHy——H \\\f’i“i
CgHy-4-OMe
OH
1-OCH,CF; CHe——H + CF;CH,OH
06H4'4'OMe

1-(2-CgH,OH)

Table 3. Calculated Relative Energies of 1-OPh and
1-(2-CgH4OH)

calculation

compd HF/6-31G(d) B3LYP/6-31G(d)  IPCM/B3LYP/6-31G(d)
1-OPh?a 0.0 0.0 0.0
1-(2-GH4OH) b —1.9(-1.7f —1.5(-1.3F —4.9 (—4.7¥

aTotal energies for the O-adduct are727.04713,—731.65820, and
—731.66146 hartrees at the HF/6-31G(d), B3LYP/6-31G(d), and IPCM/
B3LYP/6-31G(d) level, respectively. The difference in energy between the
continuum IPCM and B3LYP calculations gives the difference in the free
energy of solvation ofl-OPh and 1-(2-CsH4OH). ® The difference in
kcal/mol between the energies for formationlef2-CsH4OH) and1-OPh.

¢The computed change in Gibbs free energy that includes the changes in

entropy and enthalpy for reaction at 298 K.

The reaction ofl.-OH at 25°C in 50/50 (v/v) trifluoroethanol/
water that contained 0.50 M perchloric acié< 0.50, NaClQ)
and 18 mM phenol was monitored by HPLC over a period of
7 days. At the end of this time the conversionle®H to 1-(2-
CeH4OH) and1-(4-CsH4OH) was essentially quantitative, and

correction of the relative energy difference to 1.3 kcal/mol. The
free energies of solvation af(2-CGsH,OH) and1-OPh by water
were calculated using a continuum solvation model te-bed
kcal/mol and—2.0 kcal/mol respectively, which corresponds
to 3.4 kcal/mol more favorable solvation of the former
compound. Combining the 1.3 kcal/mol difference in the
stability of 1-(2-CsH4OH) and 1-OPh in the gas phase with
the 3.4 kcal/mol difference in the free energy for solvation by
water givesAGis? = —4.7 kcal/mol for the isomerization of
1-OPh to 1-(2-CsH4OH) in water (Scheme 3).

Discussion

1-(4-Methoxyphenyl)ethyl derivatives undergo solvolysis in
mixed aqueous/organic solvents by g B Ay (Sy1)3! reaction
mechanism through a “liberated” carbocation intermedidte
which partitions between the diffusion-limited addition of azide
ion and the slower addition of solvett3? Rate constants for
addition of the different nucleophilic sites of phenol 10
(Scheme 4) may be determined from the product rate constant
ratioska/knu (€9 2) andks, = 5 x 10° M~ s1 for the diffusion-
limited reaction of azide io&%1532

Addition of Phenol to 1. The reaction of1-(3,5-dini-
trobenzoate in 48/2/50 (v/viv) trifluoroethanol/phenol/water
(I = 0.50, NaClQ) in the presence of azide ion at neutral pH
gives seven products, whose yields are reported in Table 1.
Three of these products are from addition of phenollto
1-OPh, 1-(2-CsH,4OH) and 1-(4-CsH,OH) (Scheme 4); three
are from addition of other nucleophile€-OH, 1-OCH,CFs3,
and 1-N3; and, a small yield of 4-methoxystyrene forms by
deprotonation ofi* in a reaction that is not shown in Scheme
4 (< 0.3%).

The left-hand side of Table 4 reports rate constant ratios for
partitioning of 1t between addition of trifluoroethanoke)
and phenolK°o, k°paraandk®eihe, Scheme 4) determined from
the ratio of product yields (eq 2) and absolute rate constants
calculated from these rate constant ratios ugipg = 8 x 10°
M~1s711215The ca. 20-fold larger yield of the oxygen compared
to carbon adducts for addition of phenol shows that the hydroxyl
group of phenol is more nucleophilic than the ring carbons
toward 17 in a mostly aqueous solvent. The nucleophilic
reactivity of thepara carbon of phenol is 11-fold greater than
the ortho-carbon, possibly because of greater steric hindrance
to reaction of theortho-carbon.

Mechanism for Oxygen Alkylation of Phenol. The second-
order rate constants for addition of alkyl alcoholdtoincrease
with increasing alcohol i, and these data are correlated by
the Bransted coefficient ¢ff,,c = 0.32 (Figure 2Af* The rate
constankgon for addition tol™ of a hypothetical alkyl alcohol

there was no sign that equilibrium had been achieved. The ratioWith the same i, = 10 as for phenol, obtained by extrapolation

of the concentrations df-OCH,CF3, 1-(2-CsH40OH), and1-(4-
CeH4OH) at the time wherl-OCH,CF3 could just be detected
by HPLC analysis is 1:25:114. Combinind-DCH.CF3]/
[1-(2-CsH4OH)] = 25 and [TFE]/[Phenol} 380 gives a lower
limit of Korino > 9500 (Scheme 3). The valueskfin, andKo
were combined to giv&iso = Korthd Ko > 9500/0.29> 33 000
for isomerization ofl-OPh to 1-(2-CsH4OH).

1-(2-CsH4OH) was calculated to be 1.7 kcal/mol more stable
than1-OPhin the gas phase at the HF/6-31G(d) level (Table
3). The inclusion of electron correlation effects at the higher
B3LYP/6-31G(d) level of theory leads to a small 0.4 kcal/mol

of the linear Brgnsted correlation (Figure 2A), is 6-fold smaller
than kree for addition of trifluoroethanol. By comparison, the
rate constarkphonfor addition of phenol is 16-fold greater than
kree (Table 4), which corresponds to a 2.0 unit positive deviation
of log kphown from this Brgnsted correlation.

The larger reactivity of the aryl alcohol (phenol) compared
with alkyl alcohols toward.™ is due to either: (1) a stabilizing
interaction that is expressed at the ether produ@©Ph and to
an equal or smaller extent at the transition state for formation

(31) Guthrie, R. D.; Jencks, W. Rcc. Chem. Red989 22, 343-349.
(32) Richard, J. P.; Jencks, W. P.Am. Chem. S0d.982 104, 4689-4691.
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Scheme 4
OH OCH,CF,
CHe—H + CH—H =+ CHa—'—H
ky, + frpe[ TFE] CgHa-4-OMe CgHs-4-OMe  CgHy-4-OMe
O. Ar + kaz[N3 ]
Y 1-OH 1-OCH,CF; 1-N;
__, CHg @ H
CH3—|—H
CeHy-4-OMe CGH4'4 OMe o e o
6714 (k ot K ortho K para)[PhOH]
+ko+k +k PhO"
1-0OC(O)Ar 1* ( [¢] ortho para)[ ]
OH
0
Ar= Q 0 OH
CHS—'—H + CHy——H + CHy——H
NOz CgHy-4-OMe CgHy-4-OMe CeHg-4-OMe
1-OPh 1-(2-C¢H4,0H) 1-(4-C¢H,OH)
Table 4. Product Rate Constant Ratios and Absolute Rate Constants for Addition of Phenol and Phenoxide lon to 12
reacting atom reacting atom
nucleophile (Knw)® Knu/Kree® Knod M~1572 Kolke! nucleophile (Knw)® Knu/Kaz Kot M~1s72 Koke'
H oxygen 16 1.3x 107 o oxygen 0.39 2 x 1
(k°0) (ko) +0.007
p-carbon 0.8 6x 10P 20 p-carbon 0.41 2 x 10° 1.0
(koortho) (k_ortho) + 0.008
o-carbon 0.07 6x 10 230 o-carbon 0.22 1x10° 0.5
(K*pard (K™ pard + 0.005

aFor reactions at 28C in 50/50 (v/v) trifluoroethanol/watedl (= 0.50, NaClQ). ® The rate constants, defined in Scheme #.Product rate constant

ratio for partitioning of1* between addition of trifluoroethanol and the different nucleophilic sites of phenol or phenoxide ion. The reported errors are the

standard deviations from these linear correlatiénsbsolute rate constants determined from the product rate constant ratiegard 8 x 10° M~1s1 (ref
12). eAbsolute rate constants determined from the product rate constant ratieaadb x 10° M~1s71 (ref 12).'Rate constant ratio for addition of the

nucleophilic oxygen and carbon of phenol or phenoxide ion.

. A
3 [)
<6
g

5+

B

1+
g

q Lk

12 16
pK, (ROH)

Figure 2. Brgnsted correlations of rate and equilibrium constants for
addition of alkyl alcohols @) and phenol &) to 1" in 50/50 (v/v) tri-
fluoroethanol/water at 28C and| = 0.50 maintained with NaCIlP A.
Correlation of second-order rate constants for nucleophilic addition of alkyl
alcohols.?* B. Correlation of dimensionless equilibrium constants for the
reaction of alkyl alcohols shown in Scheme3%

of 1-OPh; or (2) a stabilizing interaction that is unique to the
transition state and that results in a lower Marcus intrinsic barrier
for addition of aryl compared with alkyl alcohotd.The
observation that the equilibrium constdfon = 0.29 (ROH

(33) Richard, J. P.; Amyes, T. L.; Toteva, M. Mcc. Chem. Re2001, 34,
981-988.
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Scheme 5
OCH,CF3  Kpon OR
ROH + CHg——H CHy——H  + CF;CH,OH
CgH4-4-OMe CeHs-4-OMe
1-OCH,CF; 1-OR

= PhOH, Scheme 5) for conversion b{OCH,CF3 to 1-OPh
lies on a linear logarithmic correlation of ld¢zon against the
pK, of other alkyl alcohol&*2 (Figure 2B) shows that there is
no special stabilization df-OPhin comparison with alkyl ethers
1-OR. We conclude that the enhanced reactivity of phenol
compared with alkyl alcohols reflects the smaller Marcus
intrinsic barrier for addition of phenol. The smaller intrinsic
barrier for formation of aryl compared to alkyl ethers is
manifested in the cleavage direction by the larger second-order
rate constant for acid-catalyzed cleavagd @Ph (ky = 0.55
M~1=s71 this work) than for cleavage df-OMe (kq = 0.038
M~1-s71) 34

The lower intrinsic barrier for addition of phenol than for
addition of alkyl alcohols td™ might be due to a more shallow
curvature along the reaction coordinate for stepwise addition
of the former nucleophile to form the protonated ether prod-
uct3335 However, we are unable to provide a rationalization
for such a difference in the shape of reaction coordinates for
addition of alkyl and aryl alcohols by a common reaction
mechanism. Alternatively, the high nucleophilic reactivity of
phenol may reflect a change from a stepwise mechanism to a

(34) (a)Rothenberg, M. E.; Richard, J. P.; Jencks, WJ.PAm. Chem. Soc.
1985 107, 1340-1346. (b) Footnote 59 of ref 18.
(35) Jencks, W. PBull. Soc. Chim. Fr1988 218-224.
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Scheme 6 Scheme 7
H o Ph. Ph®
PROH o Py, ©F ot _M o
CHa.@ H H Concerted CH3+H 1+ k, 1
CgHy-4-OMe Cefts-4-OMe u K, [HOH] ke N ke
. y H H H
Stepwise H / i '
N - Ph O ' .0 ®
\ Ph\®/H (|I_)| o-H" H ky . Ph%’H “H =kp I:’h‘o H/O\H
? iy ky 1 kp i
CHy——H
CgH4-4-OMe \ HoO]*
PR 1.0,
Chart 1 ? “H
1
2-OMe 2-OPh 1-OPh

2-OPh,3% where the leaving group is weakly basic phenol, is
consistent with a change to a concerted reaction mechanism,
and the attenuation of the inverse solvent isotope effect by a
primary deuterium isotope effect for a reaction in which proton
transfer and €0 bond cleavage are coupled. There must be
the same difference in the mechanism for addition of the aryl

stepwise-preassociation or concerted (Scheme 6) mechanism folcohol phenol and the alkyl acohol methanol to the oxocarbe-
addition of phenol tal*. This proposal is consistent with the ~nium ion2* for reaction in the reverse direction.

following observationd?:36-40 (1) There is good evidence that In summary, these results show that there is a specific
the addition of alkyl alcohols to carbocatiéhé! and to stabilization of the transition state for addition of weakly basic
oxocarbenium iorfé43 proceeds by a stepwise mechanism phenol compared to alkyl alcohols 10, and, they are consistent
through an oxonium ion intermediate. The decrease in kae p  With a change from a stepwise to concerted mechanism (Scheme
of the alkyl alcohol nucleophile from 12.4 for trifluoroethanol  6) that has been observed to occur for related reactions as the
to 10 for the aryl alcohol phenol will favor a change to a leaving group/nucleophile is made more weakly basic. However,
concerted mechanism for the uncatalyzed reaction (Scheme 6)the solvent deuterium isotope effectiafko = 0.40 for specific-

This is because the change to a more weakly basic alcoholacid-catalyzed cleavage HfOPhin 50/50 (v/v) trifluoroethanol/
oxygen will cause a destabilization of the protonated ether water (Figure 1) is only marginally larger than/kp = 0.33
reaction intermediate that will favor the concerted reaction for stepwise cleavage @&OMe in water. This shows that the
mechanism that avoids its formatiéf*®(2) There is a change  transition state for acid-catalyzed cleavagd €Phis similar

from no detectable catalysis by carboxylic acids, to a substantial to that for the fully stepwise mechanism, where the protonated
rate acceleration from concerted general acid catalysis, as thephenyl ether is “trapped” by deprotonation by solvekt &,

alkyl alcohol leaving group is changed from strongly to weakly Ko, Scheme 7). It suggests that the cleavagd-@Ph might
basic for solvolytic cleavage of substituted benzaldehyde acetalsproceed by a stepwise preassociation mechani&m Ki', kp,

to form an oxocarbenium io#f. Likewise, in the reverse =~ Scheme 7##46 the advantage of the preassociation pathway
carbocatior-nucleophile addition direction there is a change compared to the fully stepwise “trapping” is due to stabilization
from no detectable catalysis by carboxylate ions of alkyl alcohol of the rate-determining transition state taf by the hydrogen
addition to1*, to an easily observed Brensted general base bond to solvent®’:45

catalyzed reaction as the alcohol is changed from ethanol to There must be the same favored, low free-energy pathway
trifluoroethanol. These observations show that the change to afor formation and breakdown df-O(H)Ph' that is hydrogen
more weakly basic leaving group/nucleophile should favor a bonded to water (Scheme .46 Therefore, the relative barriers
concerted mechanism for reversible water “catalyzed” formation for the stepwise “trapping” and for the stepwise preassociation
of 17 from 1-OR. (3) The solvent deuterium isotope effect of reaction mechanism in the direction of cleavagd @dPh are
ka/ko = 0.33 on specific acid-catalyzed solvolysis of 4-meth- determined by the relative values kf, for cleavage of this
oxybenzaldehyde dimethyl acety{Chart 1) is consistent with  hydrogen bond andk-_,' for heterolytic ionization to form
equilibrium protonation o2-OMe, which shows a large inverse 1744746 The value ofk_, is smaller than the maximum value
equilibrium solvent deuterium isotope effect, followed by the of 10' s~ for the reorganization of solveft;4° because the
rate determining €0 bond cleavage to for@t for which there substantial barrier to cleavage of the strong hydrogen bond
can be no more than a small primary solvent isotope effect. between water anél-O(H)Ph™ should lower this rate constant
The increase téy/kp = 0.65 for cleavage of the mixed acetal by 100-fold or moré? An estimatek_;' ~ k_; ~ 7 x 10" s71

can be obtained using the relationskip = kyKa, whereky =

0.55 M1 s71lis the second-order rate constant for specific acid-

IO RS

o
CH,0——H CHi0——H CHy——H

CgHq-4-OMe a
CeH-4-OMe CeHa-4-OMe

kelkp 0.33 0.65 0.40

(36) Jensen, J. L.; Herold, L. R.; Lenz, P. A,; Trusty, S.; Sergi, V.; Bell, K.;
Rogers, PJ. Am. Chem. Sod.979 101, 4672-4677.
(37) Jencks, W. PAcc. Chem. Red.976 9, 425-432.

(38) Bunton, C. A.; Davoudazedeh, F.; Watts, WJEAmM. Chem. S0d.981,
103 3855-3858.

(39) Capon, B.; Nimmo, KJ. Chem. Soc., Perkin Trans.1®75 1113-1118.

(40) Ta-Shma, R.; Jencks, W. P.Am. Chem. Sod.986 108 8040-8050.

(41) Gandler, J. RJ. Am. Chem. Sod.985 107, 7.

(42) Fife, T. H.Adv. Phys. Org. Cheml975 11, 8218-8223.

(43) Cordes, E. H.; Bull, H. GChem. Re. 1974 74, 581—-603.

(44) Gilbert, H. F.; Jencks, W. B. Am. Chem. Sod.977, 99, 7931-7947.
45) Jencks, W. PChem Soc. Re 1981, 10, 345-375.
(46) Thlbb|ln A.; Jencks, W. Pl. Am. Chem. Sod.979 101, 4963-4973.
(47) Giese, K Kaatze U Pottel, B. Phys. Chem197Q 74, 3718-3725.
(48) Kaatze, UJ. Chem. Eng Data989 34, 371-374.
(49) Kaatze, U.; Pottel, R.; Schumacher, A.Phys. Chem1992 96, 6017
6020.
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catalyzed cleavage GfOPhandK,~ 1031 M1 5Ljs the acidity
constant forl-O(H)Ph*. We conclude that the values kf,’
andk_, from Scheme 7 are similar. However, it is not possible
to rigorously demonstrate that the preassociation reaction
mechanism is viable, because of the uncertainty in the acidity
constantK, for 1-O(H)Ph* and in the rate constarikt, for
hydrogen bond cleavage.

If the reaction proceeds by a concerted mechanism that avoids
formation of the protonated intermediate, then the inverse
solvent deuterium isotope effect kif/kp = 0.40 would require
that proton transfer from hydronium ion be essentially complete
at a transition state which shows a strong similarity to the
protonated intermediate-O(H)Ph*. Therefore, for either the
stepwise preassociation or concerted mechanism, the 3 kcal/
mol advantage for addition of phenol compared with the fully
stepwise addition of alkyl alcohols, that can be calculated from 0 5
the 2 unit positive deviation of logenon from the Bransted
correlation shown in Figure 2A must be due mainly to

[ROPh]/[RN;]

1

15

0 1

1I0
[PhOJ/[N,]

Figure 3. The effect of increasing the ratio of the concentrations of reactants

stabilization of this transition state by hydrogen bonding to the
hydronium ion catalyst.

Addition of Phenoxide lon to 1*. The rate constant ratios
K™ ofKaz K pardKaz andk orndkaz for addition of phenoxide ion
to 1" to form 1-OPh, 1-(4-CH4OH), and 1-(2-CsH4OH),

phenoxide and azide ion ([Ph@[N37]) on the ratio of the yields of the
products of solvolysis ot-(3,5-dinitrobenzoate)in 50/50 (v/v) trifluoro-
ethanol/water at Z& andl = 0.50 maintained with NaCI9 (a), ROPh
= 1-OPh; (@), ROPh= 1-(4-CsH4OH); (¥), ROPh= 1-(2-CsH4OH).

for addition of the different nucleophilic sites of phenoxide ion

respectively, (Scheme 4) were determined as the slopes of lineato 1+ (2:2:1, Table 4) is much smaller than that for addition of

correlations (Figure 3) of the ratio of product yields+ Nu]/

[1 — N3] against the ratio of the nucleophile concentrations
according to eq 7, wherR, is the limiting ratio observed for
the reaction in a neutral solution. Combining these ratios with
kaz =5 x 10® M~! s71 for the diffusion-limited reaction of
azide ion gives the values fdw = k-0, K para OF K ortho
reported in Table 4.

[1—Nu _ [ky[PhO]]
[1—=Ngl kN3 ]

R, @)

The sum of the ratios for partitioning df" between carbon
and oxygen alkylation of phenoxide ioki o + K parat K orthd)/

kaz is equal to 1.0, and the total rate constant for addition of
phenoxide ionfpno = k™o + K para® K orthd is equal toka, =

5 x 10° M~ s71 for the diffusion-limited reaction of azide
ion.121532\We conclude that the addition of phenoxide 1to
proceeds by fast and effectivelyre versible formation of a
carbocation-anion pair that partitions between reaction with
the three nucleophilic sites of phenoxide ion with a net rate

the same nucleophilic sites of phenol (230:20:1). This is
consistent with a large Hammond-type shift toward a very
“early” transition state for addition of strongly nucleophilic
phenoxide ion tdl*.5?

Nucleophilicity of Phenol Carbon. Equation 8 has been
shown by Mayr and co-workers to correlate data for a large set
of carbon nucleophile® 55 Values of N = 1.9 and 0.9,
respectively, for the reaction of theara- andortho-carbons of
phenol can be calculated from eq 8 usiBg= 3.9 for the
electrophilicity parameter and ~ 1 for addition of carbon
nucleophiles to carbocatioR%, where E = 3.9 was also
calculated from eq 8, usirlgy, = 1 x 10% s~ 12for addition of
water tol", andN = 5.1 ands = 0.89 for addition of water to
carbon electrophile®

log ky, = SN+ E) ®)
The value ofN = 1.9 for alkylation of thepara carbon of
phenol falls between the values bf = —1.6 53 and 3.75*

reported for alkylation of methoxybenzene and aniline, respec-
tively. This shows that activation of the phenol ring for reaction

constant that is greater than the rate constant for separation ofas a nucleophile by arOH group is between the activation

the ion pair to free ionsk(4 ~ 1.6 x 1019s71).24 The selectivity

(50) The rate constant ratio/k—, defines the strength of the hydrogen bond
between the very strong acldO(H)Ph* (pKa ~ —8.1, ref 51) and water.

A value of k/k_, = 100 would correspond taG° ~ —2.7 kcal/mol for
stabilization ofl-O(H)Ph* by a hydrogen bond to solvent. By comparison,
the hydrogen bond between water and #@H group of the 4-hydroxy-
benzyl carbocation ¢, = —2) provides a 4 kcal/mol stabilization of this
carbocation toward addition of water to form 4-hydroxybenzyl alcohol,
compared with addition of water to the 4-methoxybenzyl carbocation to
form 4 methoxybenzyl alcohol [M. M. Toteva; M. Moran; T. L. Amyes; J.
P. Richard]. Am. Chem. So2003 125 8814-8819.

The K, for 1-O(H)Ph* is estimated from K, = —3.4 for 1-O(H)Me™,
with the assumption that the phenyl for methyl substitution will have the
same 4.69 unit effect on thisKp as for phenyl substitution at trimethyl-
ammonium ion (K. = 9.76) to give dimethylanilinium ion ¢, = 5.07).
The K, for 1-O(H)Me* was estimated fromKy = —2.52 for protonated
dimethyl ether (Bonvicini, P.; Levi, A.; Lucchini, V.; Modena, G.; Scorrano,
G.J. Am. Chem. S0d.973 95, 5960-5964),0; = 0.11 ando; = —0.01

for the 4-MeOGH,- and Me- substituents respectively [Charton,Rog.
Phys. Org. Chem1981, 13, 119-251], and,p; = 8.75 [footnote 9 of ref
68] for ionization of alcohols of structure!R?3CHOH.

(51)
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by —OCHs; and—NH> groups, and is consistent with the relative
values of Hammett substituent constasft = (o7 — 0o")
determined for these groupsfynz = —1.2, oRoy = —0.75,
ORoMe = —0.66:56

Encounter-Limited Reactions of Alkoxide and Aryloxide
Anions. Phenoxide ion is a rare example of a carbon nucleophile
that undergoes diffusion-controlled addition X6 with a rate
constant similar to that for the very good inorganic nucleophile
azide ion. The ratio okyy/ka; = 1.0 determined by analysis of
the products of partitioning of the.—(N,N-dimethylthiocar-

(52) Hammond, G. SJ. Am. Chem. Sod.955 77, 334-338.

(53) Mayr, H.; Patz, MAngew. Chem., Int. Ed. Engl994 33, 938-957.

(54) Mayr, H.; Kempf, B.; Ofial, A.AAcc. Chem. Re®003 36, 66—77.

(55) Minegishi, S.; Mayr, HJ. Am. Chem. So@003 125, 286—295.

(56) Hine, JStructural Effects on Equilibria in Organic Chemisti/iley: New
York, 1975.
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Scheme 8

Table 5. Limiting Rate Constants for Encounter-Limited Addition
of Nucleophilic Anions to Ring-Substituted 1-Phenylethyl
Carbocations?

”UC|€0PhiIe pKa (kNu/kaz)hmb (kNu)hm/Nrl ste

5x 10°
5x 10°f(2 x 1079
5x 108

4.8
10.0
12.4

0.10

1.000.4p
0.10

CHsCO, d
PhO©
CRCH O ¢

bamoyl)-4-methoxybenzyl carbocation between addition of
2-(dimethylamino)-6-methoxybenzothiophene and azide ion
provides a second example of a carbon nucleophile with a
reactivity comparable to that for azide i6%°

The rate constants for addition of azide and thiolate anions
to ring-substituted 1-phenylethyl carbocations increase up to the
diffusion-controlled limit kny = ks = 5 x 10° M~ s7%) as the
carbocation is destabilized by electron-withdrawing ring sub-
stituentst214.2457uyt the “limiting” rate constant for encounter-
controlled addition of acetate and trifluoroethoxide anion to ring-
substituted 1-phenylethyl carbocations-i$0-fold smaller than
for a simple diffusion-limited reactio?f. These small rate
constants for encounter-controlled reactions provide evidence
that formation of encounter complexes between carbocations
and oxygen-anions in water is limited in some way by rate of
desolvation of the nucleophilic anion.

The rate constarit o0 = 2 x 10° M~1 s for addition of
phenoxide ion tol" is 4-fold larger than the limiting rate
constants for encounter-limited addition of acetate and trifluo-

roethoxide ion to ring-substituted 1-phenylethyl carbocations. |
in the preferred pathway for the cleavagelsOPh from an

We have suggested that the rate constant for formation of contac
ion pairs to oxyanions, which limits the rate of these carbocation-
nucleophile addition reactions, is roughly equal ke for
cleavage of a hydrogen bond between the nucleophile and
solvent that frees an electron pair at oxygen to react Rith
(Scheme 8A¥45859However, this model cannot account for
the relative reactivity of acetate, phenoxide and trifluoroethoxide
ions (Table 5). The strength of hydrogen bonds to anions is
proportional to anion basicit§?,5*and if hydrogen bond strength

alone controlled the rate constants for these encounter-limited

a For reactions at 258C in 50/50 (v/v) trifluoroethanol/wated & 0.50,
NaClQy). P The limiting partition rate constant ratio for encounter-limited
addition of azide ion and the nucleophilic oxyaniéihe limiting rate
constant for encounter-limited addition of the oxyanion, calculated from
the partition rate constant ratio akg = 5 x 10° M~ s~1 for the diffusion-
limited reaction of azide aniod.Data from ref 24£This work. The value
of knu/kaz OF kny calculated as the sum of the rate constants for reaction of
the three nucleophilic sites of phenoxide i@fihe value ofkny/kaz Or kny
for oxygen addition of phenoxide ion.

the diffusion-controlled limit and then partitions between
addition of the ring carbon atoms tb" and desolvation at
oxygen followed by oxygen addition (Scheme 8B). The
relatively low barrier to desolvation of phenoxide ion within
the initial ion-pair might reflect the disruption of the solvation
shell about phenoxide ion that occurs with the development of
stabilizing hydrophobic interactions between the aromatic ring
of phenoxide ion and™*.

Reactions of Intimate lon Pairs and lon—Dipole Pairs.
The perchloric-acid-catalyzed cleavage HfOPh in 50/50
(v/v) trifluoroethanol/water gives only-OH and1-OCH,CF3
and no detectabld-(4-CsH,OH) and 1-(2-CsH4OH) from
reaction of an ior-dipole pair (idp)t2 This is because the phenol
leaving group is weakly nucleophilic and undergoes diffusional
separation to free ions faster than additioritoto form 1-(4-
CeH4OH) and1-(2-CeH4OH) [(Kpadiop + (Korngiap < < K-a ~
1.6 x 1019 M~1 57124 Scheme 9].

The observed rate constants for solvolysisleéDPh level
off at a constant value at high pH (Table 2), because of a change

acid-catalyzed to an uncatalyzed reaction. There is a corre-
sponding change in the yields of the solvolysis reaction products
(Table 2), because the phenoxide ion leaving group for the
uncatalyzed (spontaneous) reaction is strongly nucleophilic. The
ca. 50% vyield of1-(4-CsH,OH) and 1-(2-CsH,OH) from
spontaneous solvolysis &fOPh shows that the net rate constant
for collapse of the carbocatieranion pair (ip) to carbon ad-
ducts is comparable to that for irreversible separation to free
ions [Kyardip T (Kortnoip =~ K-a, Scheme 9]. This is the same

reactions the largest rate constant would be observed for addition€auirement as for observation of a diffusion-limited reaction

of acetate ion, which forms the weakest hydrogen bond to
solvent, instead of for the more basic phenoxide ion.

The larger rate constant for encounter-limited addition of

phenoxide compared to acetate ion (Table 5) provides evidence

that loss of a hydrogen-bonded water from oxygen at phenoxide

ion [desolvation] is faster than the corresponding process at the

less basic acetate ion. Since no significant desolvation of oxygen
is required for formation of the carbocatiephenoxide ion pair
that collapses to the carbon-addugt$4-CsH,OH) and 1-(2-
CeH4OH), we suggest that this complex forms at essentially

(57) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken, S.
J. Am. Chem. S0d.99], 113 1009-1014.

(58) Richard, J. PJ. Chem. Soc., Chem. Commd®887, 1768-1769.

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

(60) Stahl, N.; Jencks, W. B. Am. Chem. S0d.986 108 4196-4205.

(61) Hine, J.J. Am. Chem. S0d.972 94, 5766-5771.

between free phenoxide ion add, and provides independent
evidence that the formation of this complex by encounter of
free ions is nearly irreversible.

Spontaneous solvolysis @fOPhyields an excess of the ortho
compared to para phenol adductl-{2-CsH4OH)]/[1-(4-
CeH4OH)] = 1.5, Table 2), despite the larger steric barrier to
ortho, compared to para, addition that was proposed to account
for the difference in the yields of the respective adducts from
diffusion-controlled addition of phenoxide ion tb" ([1-(2-
CeH4OH)/[1-(4-CH4OH)] = 0.55, Table 1). The 3-fold
difference in the relative yields of-(2-CsH4OH) and 1-(4-
CesH4OH) from these two reactions shows that these carbon
adducts cannot form by partitioning dhe sameion pair
intermediate.

These data require that, ff**PhO~ were to form as an
intermediate of both spontaneous solvolysis1e©OPh and
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Scheme 9
OH
@ CH3 H
(H*)OQ (HY 0 CeHa-4-OMe
ko + ky(H' kyy + kype[ TFE 6"l
CHy——H j“[] CHe@H _Kd, cHy@n ot FrrlTFEL N
CgHy-4-OMe CgHq-4-OMe CgHy4-4-OMe OCH,CF,4
CHg H
(K ara)ian + (K para)i ) CgH4-4-OMe
parelidp Pl (koortho)idp + (k ortho)ip
OH
OH
CHs4 H
CHy H
CGH4‘4-OMG CGH4'4-OMS
Scheme 9
diffusional encounter betweelt and phenoxide ion, then the ~ Scheme 10
ion pair must collapse to product faster than reorganization of @OH o C\fo H
phenoxide ion within the solvent cagek;{gra)ip + (Korndip = AG ¢ \ H 3
kreorg & 10 s71].82 In this case, the relatively high yield of CH. @LH CHy——H
1-(2-CsH40OH) from spontaneous solvolysis afOPh would 8 CgHq-4-OMe
be due to the placement initially of a C-2 ring carbon of CgH4-4-OMe

phenoxide in a position to add ™. Alternatively, formation

of 1-(2-CsH4OH) from an appropriately oriented cation and
anion may occur at the limiting rate for a bond vibration and
without passage over a significant energy barrier, in which case
the mechanism for rearrangementle©OPh to 1-(2-CsH4OH)

is best described as concerf8d® The advantage of any
concerted reaction must be small, becatig8-CsH,OH) and
1-(4-CsH40OH) form at similar rates from solvolysis dFOPh

and the latter compound should form by a stepwise pathway.

This is because the transition state for a competing concerted

reaction, with partial bonds between the benzylic anththe
phenoxide oxygen and the C-4 carbon, should be strongly
disfavored on steric grounds.

Intrinsic Reactivity of Phenol Carbon and Oxygen. The
greater reactivity of the phenol oxygen compared with carbon
toward1™ may reflect the larger thermodynamic driving force
AG® and/or the smaller intrinsic barriefsfor oxygen compared
with carbon addition to this electrophité$364 where A is

defined as the barrier for a thermoneutral reaction that can be

calculated from the experimental rate and equilibrium constants
using eq %5 Such intrinsic barriers are not often reported for
organic reactions, even though they play an important role in
determining the rate constants for these reactiéfs%6-68

1.36logK . \?
iﬁ{ 17.44 -A(l-—g e“)}

13 4A ©)

logk=

There is little selectivity between carbon and oxygen alky-
lation of phenoxide ion byl™, where any difference in the

0
AG® = -10 keal/mol AG"g = -17 kcal/mol

v 1 g
O 0
AG®, ~ -6 kcal/mol OH
CH3+H . CH, H
CGH4-4-OM9 CGH4-4-OMe

into eq 9% gives A = 12.3 kcal/mol for the Marcus intrinsic
barrier for addition of phenol td*.%364 This is similar to an
earlier estimate oA = 12.2 kcal/mol of the intrinsic barrier
for addition of water tol+ in a solvent of 50/50 trifluoroeth-
anol/waters®

It is more difficult to estimate the intrinsic barrier to carbon
alkylation of phenol, because little is known about the unstable
initial product of this reaction, the cyclohexa-3,5-diendhe
(Scheme 10). The thermodynamic driving force for addition of
the C-2 carbon of phenol tb" to form 1-(2-CsH4OH) has been
estimated using the thermodynamic cycle shown in Scheme 10
where: (1)AG°0 = —10 kcal/mol (above). (2NG°e 17
kcal/mol is the free energy for tautomerization of the parent
cyclohexa-3,5-dienon®@?2A similar value has been assumed for
tautomerization 08. (3) AG®so < —6 kcal/mol is a lower limit
estimated fronKis, > 33 000 (Scheme 3, Results section). This
is a lower limit for Ko becausel-OH is converted essentially
quantitatively tol-(2-CsH4OH) and 1-(4-CsH4OH) in acidic
solutions of trifluoroethanol/water. (NG°c2, = AG°o + AG®o
— AG°e < 1 kcal/mol.

Marcus intrinsic barriers for these reactions has been strongly Theovalue ofAG’c2is an upper limit calculated using a limit
attenuated by the large reaction driving force. Oxygen addition ©f AG®iso < —6 kcal/mol for the favorable isomerization of

of neutral phenol to forni-OPhis strongly favorable withKo
= kphoHkn = 2.4 x 107 (Scheme 10) andG°o 10 kcal/
mol, calculated usinggy = 0.55 Mt s71 andkphon = 1.3 x
10’ M~1 s71 (Table 4). Substitution of values &fnon andKo

(62) Richard, J. P.; Tsuji, YJ. Am. Chem. So200Q 122 3963-3964.
(63) Marcus, R. AJ. Phys. Chem1968 72, 891—899.

(64) Kresge, A. JChem. Soc. Re 1973 2, 475-503.

(65) Guthrie, J. PJ. Am. Chem. S0d.991 113 7249-7255.
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1-OPhto 1-(2-CsH4OH). However, the true value dfG°igo is

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

(67) Bernasconi, C. FAcc. Chem. Red.987 20, 301—308.

(68) Richard, J. P.; Williams, K. B.; Amyes, T. lJ. Am. Chem. Sod.999

121, 8403-8404.

(69) Richard, J. P.; Amyes, T. L.; Lin, S.-S.; O'Donoghue, A. C.; Toteva, M.

M.; Tsuji, Y.; Williams, K. B. Adv. Phys. Org. Chen200Q 35, 67—116.

(70) (a) Capponi, M.; Gut, I. G.; Hellrung, B.; Persy, G.; WirzCan. J. Chem.
1999 77, 605-613. (b) Bagno, A.; Lucchini, V.; Scorrano, Bull. Soc.
Chim. Fr. 1987 563-572.
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unlikely to be much more negative thaté kcal/mol, because  Scheme 11

a similar value ofAG®s, = —5 kcal (Table 3) wasgalculated o) L o
using high level ab initio theory and a continuum model to W kyon k.
estimate the differential solvation @¥OPh and1-(2-CsH4OH). | H,0 |

o]

We conclude that addition of phenol tb" to form 1-(2- HO 0 %o

CeH4OH) is close to a thermal neutral reaction wiG°c, ~

0 kcal/mol. the transition state for carbon-addition1to does have the effect
Substitution ofKc & 1 andkc, = 6 x 10 M1 s71 (Table 4) of increasing the intrinsic reaction barrier, but that this increase

into eq 9 givesA ~ 11 kcal/mol for the Marcus intrinsic barrier i masked by transition state stabilization through the more

for nucleophilic addition of the C-2 carbon of phenol bf, favorable, stabilizing, overlap of the relevant molecular orbitals

which is slightly smaller thark = 12.2 kcal/mol estimated for  at the soft-soft C—C nucleophile-electrophile pair compared
nucleophilic addition of the phenol oxygen 6. We have  Wwith the corresponding orbitals at the habft O-C pair?"3
proposed that oxygen addition of phenollo proceeds by a ~ We find that there is a> 6 kcal/mol driving force for
mechanism in which proton transfer ane-O bond formation isomerization ofl-OPhto 1-(2-CsH4OH) [AG®iso, Scheme 10],
are concerted, so that this reaction gite®Phand H' directly which is consistent with the notion that< bond formation
(Scheme 6). If carbon addition of phenol1d is by a similar is favored thermodynamically compared with—O bond
concerted reaction mechanism, then the intrinsic barriers formation. The formation of €C compared with €0 bonds
reported here for carbon and oxygen alkylation of phenol may will be favoredkineticallyby a tendency of the so-called seft
be compared directly. soft interaction to reduce the intrinsic reaction barrier, provided
The situation is more complicated if carbon addition is by a there is a large development of this product stabilizing interac-
stepwise mechanism to form the protonated cyclohexa-3,5-tion between soft nucleophiles and soft electrophiles at the
dienone, because the driving force for phenol additioito  transition state for covalent bond formati®fi.’
will need to be adjusted foAG® for proton transfer from the The Marcus intrinsic barriers for protonation of an acetone-
intermediate to water. TheKgp for this acid is not known.  like enolate by waterA = 14.7 kcal/mol forkuon, Scheme
However, the K, must be perturbed downward, substantially, 11), and for intramolecular addition of this enolate to a ben-
from the @, of 10 for the parent phenol and upward, zaldehyde-like carbonyl group\(= 14.1 kcal/mol forkc) are
substantially, from the i, of —3.1 for the simple ketone  also similar, despite the large difference in electronic reorga-
aceton€® so that proton transfer to solvent should be neither nization at the hard electrophile (water) and the soft electrophile
strongly endogonic or exogonic. If this is the case, then only a (the carbonyl group) that occurs on proceeding to the respective
small correction of the above intrinsic reaction barrler 11 reaction transition states for nucleophile additi®Computa-
kcal/mol will be required. This should not affect the qualitative tional studies to model the relative intrinsic barriers for the
conclusions that the intrinsic barrier for C-alkylation of phenol reactions of hard (phenol oxygen) and saftgg-phenol carbon
is similar to that for O-alkylation; and, that the larger rate and simple enolates) nucleophiles, with hard (HOH) and soft
constant for oxygen compared with carbon addition of phenol (1* and the carbonyl group) electrophiles could provide a more
to 1™ (Table 4) is therefore due primarily to thelO kcal/mol rigorous rationalization for the qualitative correlations between
larger driving force for oxygen addition. organic structure and intrinsic reaction barriers.
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