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--OH-proton exchange of phenol in methanol contaming HCI is utalyzsd by mcthyloxon~um 

ton;Ibc~Dd-orderr~tcconrtrntu7.3 x IO’xcc-‘Me’at -80”;AH’ = 4.7kcal;AS* = -66gbbx. 

Subxtitucnt eflccts arc large. in spite of the higb rcactivtty. The effects of a parerubxt.ttucnt are dmibed 

fxirly well by tbc Bronxred and Hammctt relationship. The ellcctx of an orrhosubstitucnt cut be arulyzzd 

into polar and rteric contributionr orrbDisubxtttution by bulky subrtitucnrs results in an unexpccedly 

higb rate constant in the case of 2.6dibromophmol and 2.6di-t-butylpeol. 

PROTON transfer from an acid to a base is often found to bc a termokcular reaction 
in which an amphiprotic molecule participates. In most examples the amphiprotic 
molecule is a mokcuk of the hydroxylic solvent.’ -’ However, in the case of acid- 
catalyzed OH-proton exchange between phenol (present as a solute in methanol) 
and methanol, the reaction that takes place is probably (I) and the amphiprotic 
molecule is probably a molecule of phenol, the solute.’ 

H Ar H H Ar H 

I I I 
McS: + CLH + &Me 

I I I 
+Me O+Ha+fi&Me (1) 

Evidence in favor of this mechanism includes the following : For the analogous acid- 
catalyzed proton exchange of phenol in water it has been shown, on the basis of the 
known basicity of phenol in water, that reaction is far too fast to permit a mechanism 
in which ArOH; is a reaction intermediate.’ For the analogous acidcatalyzed proton 
exchange between methanol molecules in methanol it has been shown, by an analysis 
of the anamolous conductance of MeOH;, that reaction cannot be bimolecular; 
a termokcular process analogous to (I) can accommodate the facts6*t 

In this paper we examine the effect of ortho- or paro-substitution in the Ph group 
on the rate constant for OH-proton exchange of phenol in anhydrous methanol, 
catalyzed by methyloxonium ion. Rate measurements were made by the NMR 
method,* mostly at -80”. Anhydrous HCI served as the source of MeOH; and was 

l Work supported by the Pctrokum Rcxcarch Fund d the Amcriun Cbanial SocKty. Grxteful 

acknowkdgemcnt is made to the donors of that Fund 

t The rate constant. k. for tcrmolccular reactton involvtng MeOH;. McOH and McOH by the 

mcchanixm of Fq. (I) is @at by k&-,,,, /IMcOH]. or5 x l0’sa-‘M-‘rt -W;IcrEq26anddatain 

the lot at 
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assumed to be completely ion&d and dissociated. The reaction kinetics was sazond- 
order for all substrates, according to Eq. (2), which also defmes the rate constant k. 

Rate of OH-proton exchange = k[ArOH] [MeOH: J (2) 

Kinetic results are summari& in Table 1. It is seen that substituent effects on k 
are large, in spite of the high reaction rates : At - 80”. k varies by almost three orders 
of magnitude. These results will now be interpreted on the basis of the mechanism 
shown in Eq. (1). The data to be used in this interpretation are summarixed in Table 2. 
Variables are defined as follows. 

bl log k = log &(ArOH) - log k(Phenol) (W 

b&K, = pK,(ArOH) - pK,(Phenol) (3b) 

uanda- are substituent parameters used in the Hammett equation.’ Values of 
blpK* are listed for two solvents, “alcohol” (methanol or 95 % ethanol-5 % water) 
and water. In spite of certain interesting differences, the dominant impression is one 
of similarity. In what follows, we shall use the 6&K, values as determined in 
“akohol”,bl * but our qualitative conclusions would be unchanged if we used the 
values determined in water.’ z* ’ ’ 

Fto. I Rehtionrhip d 6, log k (in methanol at - 80”) to 6,pK, (in “lkohol” 11 257 for 
rubstitutd pbenolr. Data from Tabk 2. Solid circka ld’t to tight: pN01. PBL H. P~-BU; 

diamond. tncthanol. 

Figure 1 shows the relationship of bs log k to b&C,. Substituent effects may be 
divided into two groups. (1) The puru-substituents show a strong trend for log k 
to increase linearly with pK,. The line representing this trend also fits the point 
for methanol,60t a much weaker acid. (2) The orrho-substituents do not show any 
simple relationship. 

l pK,(McOH) - pK_,.,,_&hOH] = 18.3 tn mcth~~ol at 25’. 
t It should be noted that th Bronstcd rrlatioarhip for paru-substituted pbcttok and oxthan in Fk 1 

shows IK) curvature ut spite of tbc fwx that k qpro~~bcs tbc magnitude to be cxpcctaJ for diffush- 
coatrolkd tuction. Cumturr of the Bronstal relationship as ractivity in- is of condedk 
current intcrat.‘4 
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We interpret these results as foflows. In the absence of proximity effects causai by 
orfho-substitucnts, there is a simple linear free energy relationship such that log k 
increases with the bclsicity of the amphiprotic molecule. We regard basicity as the 
fundamental variablcthe fairly good linear relationship with pK, results from the 
tendency of the basicity of the 0 atom to decrease as the acid strength of ArOH 
incrtasa. The substantial magnitude of porcr-substitucnt effects suggests that the 
valence bond structure (4) makes a substantial contribution to the resonance hybrid 
in the transition state. 

H H 

I I 
Mea... H-&H.. . OMe (4) 

I 
Ar 

The scatter of the points for the orrho substitucnts about the straight line in Fig. 1 
shows that proximity effects are important and spacific. That is to say, the ortho- 
effects on b, log k involve interaction mechanisms that are quite diRerent from those 
involved in &pK,. One is reminded, by contrast, of orthocffects in acid- and base- 
catalyzed ester hydrolysis where the interaction mechanisms seem to be identical.” 
We arc puzzJcd by this contrast, because the transition states in acid- and base 
catalyzed ester hydrolysis differ with respect to structure, protonatioa and charge 
type in somewhat the same way as do (4) and ArO-. 

We now wish to analyze orrhotffccts on log k for phenols with one orrhesubstituent 
into polar and steric contributions, using the method of Taft.” First, we fit the 
Hammett equation to the data for phenol and purcr-substitutcd phenols. obtaining 
the line shown in Fig. 2. For actions of phenol derivatives one would normally use 
u-, but we found that u- would not fit the point for pnitrophcnol, presumably 
because the sort of electron-rtlting resonance that is important in pnitrophenoxide 
ion is unimportant in a transition state that resembles ArOHi. To fit the point for 
pnitrophenol we use an “effective” o which is a linear combination of o and #-,t6 
Es. (5). 

Ud, = 066u + 034u- (5) 

Next, we use or&-sigma values listed by Taft”* and the straight line verse u.,~ 
established by the pata-substitucnts to estimate the polar contribution to bl: log k 
for each orrho-substitucnt. These estimates are then compared with the experimental 
b, log k. and the differences, which we shall call X, are calculated. The method is 
shown in Fig. 2. There are several indications (Table 3) that Xs could result largely 
from steric interactions : The point for orrho-fluoro is virtually on the same line with 
the puresubstitucnts; this fact is consistent with the small size of the F atom- 
its van dcr Waals radius is only slightly larger than that of the H atom. For the other 
substituents, x, increases roughly in the order of the van dcr Waals radius and/or 
of Taft’s steric parameter E, 

l There is considcrabk variatioa in mhesigma values obtarncd by dilkmtt mtrbodr” 
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TAME I. KIMIIC lpsuLTs ~01 OH-PROTUS FXCtUPUtE oF SU~U~THEII PttEWU IN 
METMAHOI. 

Subtitucnt 

H 

pBu’ 

PBf 

PNOX 

eBu’ 

*F 

O-Br 

*NO, 

o-CO,H’ 

WBrh 

ww, 

T-d’0 
-_ _ 

- 42.5 

-800 

-800 

-800 

-200 

- 49.6 

-80.0 

-800 

-80.0 

-&o 

-800 

-800 

-419 

-800 

00 

-29.8 

4=-O 
--- 

634 x l(r 

7.3 x IO’ 

1.41 x IO’ 

2.1 x 10’ 

4.35 x 10’ 

918 x 10. 

92 x IO’ 

5.18 x I@ 

2.85 x IO’ 

5.34 x IV 

2.42 x 10’ 

5-4 x 10’ 

I.19 Y IV 

I.21 x IO’ 

I.13 x 10’ 

406 x IO’ 

3.59 x Iti 

AH ‘(kcd) AS”(gibbs) 
- - --. 

4.7 -66 
- 

- 
58 -9.3 

- 

- 
- 

- 

- - 
5.5 - Il.9 

4.9 -90 
- 

4.1 - IS.8 
- 

- 

’ Rd. 4. ’ Rd. 22. 

TABU 2. DATA USED IN THF ANALYYS oi SL-BSTWUEM F~FUIJ IS THF ACID-CATAI YZIT) Ott- 
PROTOS FXC‘ttAMiF Ot PHCW, IS Yt7ttASOL 

-- . ..-_-__ 
pBu’ 

PBr 

PN% 

crBu’ 
eF 

u-Br 

@NOI 

_IH 

2WU3, 

2WBrh 

6, log k ’ b&K, at 25” 
_-- 

MeOH. -80 “rlcohol” water, do-r 
. .- - 

029 @IQ -0197 

-OS4 -098’ -066 0232 

-190 -3a)4’.. - 2.85 0778fl.27) 

- I.15 201‘ - (-0191, 
-(HI - 1.12’ - I.29 024 

- 1.13 - 1.44’ - I.55 021 

-248 -3w - 2.79 Oso(1.22) 

-2.13 04Y 04W73) 

- 1.31 2.840 - -039 

-078 - - 3.4 @42 

. Eqs3. l 95”, EtOH-5:; HOH ; Ref. 10. 
’ Rdsl2.13. ’ 30:: EtOH-70% HOH; Ref. II. 
’ Rds7and 15. ’ eCO,CH,. 
’ McOH;Rda8and9. . - 30 in MeOH. Rd. 8. 
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FIG. 2 Andysix d odw-aubstitwot cktr on log k (in methanol at - 80”) by Ihe mctbod 
of Tak” Tbc strugbt line rcpnzsa~ts IRK equation. log L = 581-1.95 a,,,; u,, - 066 o + 

DW u-. Xx u tbc vuticd displaamcat from the pa,, Imc. 

While the preceding substituent effects conform to well-known patterns, the effect 
of orrItodisubstitution is unusual. We would have expected Xs for a sterically hin- 
dered 2.6disubstituted phenol to be at least twice as large (in absolute value) as 
that for the corresponding monosubstituted phenol. As a matter of fact, Xs for 
2,64Bu’), is only slightly more negative than that for o-Bu’, and 2,6-(Br), actually 
reactsjasrer than does o-Br. so that Xs is slightly positive. (Table 3). Apparently, 
symmetrical 26disubstitution by bulky substituents stabilizes the transition state 
relative to the ground state by a mechanism that is otherwise inactive. 

For 2,6di-t-butylphenol there is consistent evidence of marked steric inhibition 
of hydrogen bonding. For example, association constants for the formation of 
hydrogen-bonded complexes between ArOH and pyridines, ketones and ethers in 
carbon tetrachloride are much greater for o-Bu’ than for Z6-(Bu’),.1’.‘9 Para- 
substituent effects on pK, are substantially greater for 2,6_di-t-butylphenol than for 
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Ro. 3 NMR dau for o-fluoropbmol in awh~ol at - 80”. Sobd circks, [ArOH] - 027M ; 
open circka [ArOH] - CUOM. A - exchanp broadening of I& d oaliaml line in rhc 
OH-proton syucm; p - [ArOHl?([ArOH] + [MeOH]); d - OH-proton chemical shtll 
bctwes~ ArOH and MeOH. Sraool curve i, akuhad on tbc bash d tbc rattlw abowo 

inEqZandh= 2.8s x lO’sa- M-‘. 

TAmI 3. or1h&S UmlTlueNr SmcTs IN no! AcTD-cA1MYz.m owPRomN 
EXCXANCZ W PWNDL IN Ml?lXANDl. AT -80” 

*H 
lPF 
o-Br 
eN0, 

@CQH 
eBu’ 

264-x 
26-W), 

1.2 - 

I.35 wm 
195 -(HP 

- - 1.24 
- - 

a3 - 

a.3 - 

195 - 

CUM 
011 

-067 
-059 
-101 
-148 
-201 

009 

’ Rd. 15 

’ IqL -5.81 + 195u*;u, - 0460 + Dwo- 
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phcnoLzO Dielectric relaxation and other properties of phenols in bcmznc indicate 
that OH-group rotation is less hindered in fbdi-t-butyl-p-crcsol than in 3,5- 
dimethylphcnol, apparently because the former OH-group is not cncumbcrai by 
hydrogen-bonding to another molecule. ‘I The chemical shift of the OH-protons of 
2.64~t-butylphcnol is distinctly abnormal in methanol. (Experimental). 

Returning to the relatively high reactivity of 2$-di-t-butylphcnol in reaction (I), 
the theory suggests itself that sttric inhibition of hydrogen bonding is less severe in 
the cationic transition state than it is in the ground state. The low value obtained 
for AS’ for this substrate (Table 1) is consistent with that theory. 

EXPERIMENTAL 

hfuterf&. MeOH. anbyd HCl in MeOH, and pnitrophenel were przpucd or purified U described 
prrv~ously.4 or&-I-Bu~ylphcnol. 2,6di-t-bulylphcnol. o-bromophcnol. o-lluorophenol. and phenol wcrt 
commercial ra8cnts of good quality and were purikd by distillation at dud prrrr Each wbatratc 
was rcd&ilkd jurt before UT in a kinetic expaia~a~t paw-I-Bu~yiphcnol 2,6dibromopba1ol and e 
oiIropbcDdrm~Iohi~purity,uindiarsd~~mpo(lbrdriad~m~Ph~ 
~trdtbc~b~riIbbtvlluaCbemialrhihr.b.oltbcOH-poton,d~pbcDdcrrirtiw 
IO tbr OH-protona d McOH at -8Cr ~TC: Subatduen~, dfppm); H. 3.824. *NO,. 5.102; e&r’. 3484; 
2.6-@11’),. 1.78; pBu’. 3.792; eBr. 460; LqBr),. 4.18; eF. 4.343. 

Sohla 10 be wsd in kinetic experiments *err prcp8ral and anal& accordin IO tmndud quMtiuIivc 
lc!&liqua 

Kbwtc nuunv-. Rata wen maurrad by NMR tochniqua. aa daxibod previously: Mea rate 
dcwmimtionrverrbubdondow-~marurancnlr dtbcwidld~dominan~lineinIbrMcOH- 
phenol OH-proton ayam. Rate ukulatioas were baaed on E.qr bll of Rd. 5. Rcpramtativc data uz 
shown io Fk 3. Tbac dau +II a Iwo-fold variation in [ArOH] and l hundred-fold nriarioo in [h&OH;]. 
+hcrmoolCUrWi)CIINLI~~~knOmcbcmialrhind(whicbamaruradin~r~o( 
HCI). Eq. 2 for tbc ntel~w. and Ir u ILtul in Table I. The fit is evidently uridactory. 
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