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[Contribution from Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois]

NMR STUDIES OF HYDROGEN BONDING IN HINDERED PHENOLS®

By B. G. Somers® and H. S. Gubowsky

(1) This paper has been taken in main from the Ph.D. thesis of B. G. Somers,
University of Illinois, 1961. The work was supported in part by the Of-
fice of Naval Research. Alsc, acknowledgment is made to the domors cf the
Petroleum Research Fund, administered by the American Chemical Society,
for partial support of this research.

(2) Present address: Phys. Lab, CIBA A.G., Basel, Switzerland

- m E m w m e o e e er W o e W m e e G e E e B E m e E e M M  E A e % e

Hydrogen bonding of the hindered phenols, 2-isopropylphencl, 2,6-di-
isopropylphenol, 2-t-butylphencl, 2-methyl-6-§;-butylphenol , and 2, 6-di-§-
butylphenol, has been studied by observing the chemical shifts of ~OH group
protons. Room temperature dilution shifts in carbon ‘t;etrachloride of the phe-
nrolic —QH gives dimerization constants K of 1.7, 1.3, 1.0, £ 0,05, and & 0.05,
respectively, for the five plienols. Association constants Kc for phenol-
dioxane complexes were obtained from the phenolic ~OH dilution shifts in 1,4~
dioxane, employing genersl algebraic expressions derived for the purpose, The
Kc's are in the same sequence as the K's but about ten-fold larger, consistent
with the greater ease with which a smaller molecule approaches the phenolic
-0H. Observations of both the ethanolic and the phenolic —~OH dilution shifts
in ethanol-phenol solutions gave similar results, which were limited to a qual~-
itative interpretation by the relatively strong polymerization of the ethanol.
Several lines of evidence, including the temperature dependence of the —OH
shifts in a 131 equimolej:kular phenol-ethanol mixture and the dilution shifts of
the 1:1 mixture in ca.rbonl‘cetra.chloride, indicate that the stabler form of the

complex bas the phenolic hydrogen bonded to the ethamolic oxygen. NMR dilution
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shifts for egquimolecular mixtures in an inert solvent have useful features in
the study of 1:1 complexes. The isopropyl C-H proton line exhibits relative-
1y large downfield shifts, up to 30 c.p.s. at 60 Mc,/sec., depending upon the

other substituents.

Introduction

The main concern of this paper is hydrogen bonding in hindered phenols.
The unusual properties of these hindered or "kxrypto" phenols were noted in 1945

by Stillson, Sawyer, and Hunt® who pointed out that bulky ortho substituents

(3) <(} H. Stillson, D, W. Sawyer, and C. K. Hunt, J, Am. Chem. Soc., 67, 303
1945)

e W A ke M mr TM M me W A W e e e e e G e MR W MmN W e e R W M e e e e e

prevent the molecules from undergoing many of the characteristic reactions ex-
hibited by simple phenols. The restricted access to the —OH group in such mol-
ecules should limit the degree of association through hydrogen bond formation
and cause the equilibrium constants for polymer formation to exhibit a depend-
ence upon the size of the ortho substituents. In fact, such a dependence has
been inferred from the infrared and ultraviolet spectra of several phenols by

Coggeshall, Lang, and Saier.*’5?® It geems clear that the hindered and parti-

(4) N. D, Coggeshall, J. Am. Chem. Soc., 69, 1620 (1947).
(5) N. D. Coggeshall and E. M, Lang, J, Am. Chem, Soc., 70, 3283 (1948).

(6) N. D. Coggeshall and E. L. Saier, J. Am. Chem. Soc., T3, 5klk (1951).

ally hindered phenols are not likely to form species larger than dimers, and
this circumstance should in principle faclilitate the analysis of their asso-

ciation behavior.
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A comprehensive discussion of hydrogen bonding and of methods employed in

its investigation is available,7 a8 ls a general treatment® of the miclesr mag-

(7) G. C. Pimentel and A, L. McClellan, "The Hydrogen Bond', W. H., Freeman and
Co., San Francisco, 195C.

(8) J. A, Pople, W. G. Schneider, and H. J. Bernstein, "High-Resolution
Nuclear Magnetic Resonance,"” McGraw-Hill Book Co., Inc., New York, 1959.

netic resonance methods employed in cur shtudies. It is well known that the
formation of hydrogen bonds displaces the megnetic resonance of the protons
involved towerd lower magnatle field, except in certsin cases involving arc-
matie molecules.® Whea & molecwie XH forms a hydrogen bond to a donor atom

Y, the electronic structure, and consequently the magnetic susceptibility of
the XH bond, are altered leading to a change in the nuclear magnetic shielding.
If the primeyy function of the ¥ siom is to produce a strong electric £ield in
the viecinity of the XH boed, then a shift toward lower field upon hydrogen bond

formation is quite reasonsble.&’® The electric field deforms the electron dis-

(9) H. 8. Gutowsky, Ansals N. ¥, Acad. Sci., 70. 786 (2958); P. J. Frank and
He S. Gutowsky, Archives des Sciences, 11, 216 (1958).

tribution about the proton in the hydrogen bond, decreasing the electron densi-
Tty dn its vicinity, snd increasing its asymmetry. Both effects decrease the
proton shielding.®

Another possible contribution to the chemical shift produced by associsti-
on 1s the quenching of the intramolecular paramsgnetic effects of neighboring
atom magnetic anisotmpy,a which gives a down-field shift upon the formation of
non-~linear hydrogen bonds, due to the loss of axial electric symmetry. The

magritude of proton shifts sbtending hydrogen bond formetion, expressed in
td
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texms of the difference betwesn the shifts for s pure substance in the liquid
and in the gaseous stabte, ususlly amouats o less than 2.5 to 3 parts per mil-

Lion, although weter and hydrogen fluoride which are, of course, very highly

i

sssocisted, have hydrogen bond shifts of 4.58 and 6.65 parts per million,
regpectively.®
In nuclear mognetic resonsnce experiments, chemical exchange usually pre-

vents observation of separste resonances for both hydrogen bonded and non-

hydrogen bonded states in the same mediwn,lo although it is often possible to
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(10) H. S, Gutowsky snd A. Smika, J. Chew. Phys., 2L, 1668 (1953).
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deteey separate infrered fregquencies for individual polymeric species., This

reflects the different time scales of 1071 zec. and 1072 sec. reguired to
aversge out differences in vibrationsl frequencies sud differences in magnei-
ic resomsnce freguencies, respectively. However, in the hindered phenols pro-
ton eychange is denreased as well as the extent of association. Thus, it is
possible vo obsesrve separate —OH proton resonsnces in solutions conteining
ancther hydrogen bonding species besides s hindered phemol, and to learn some-
thisg about the relabive degree of involvement in the hydrogen bonding of the
different -OH groups. Furthermore, the very Llow probebility of cther than hi-
mylesuler complexes involving the hindered phenols mskes it easlier to estimste
the chemical shift charvacterigtic of the dimer proton and the equilibrivm con-
ghand Doy dimer formstloz. In the work reported here, the latter approasch wss
used with success to derive the equilibrium constents for dimer formation from
eoncentration depandence messurements of the phenclic —OH proton shifts in gol-
vbions of severel hindered phencls in caxbon tetrachloride.

The agzociablon of the hindered phenols with smeller molecuvles such as

ethanol and dioxane is algo affected by the bulky ortho substituents of the
vhenols, although one expects the effect to differ from that for assoclatbi-

on 0f like hindered molecules. For example, a smell molecule of the right
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shape could hydrogen bond more readily with the -OH in the hindered phencl than
could another molecule of the hindersd phenol, This is borne out by the —OH
proton shifis observed in solutions of the hindered phencls in ethenol and in
dioxane. In addition, consideration of the direction, magnitude, and concen-
tration dependence of thé shifts of both the vhenolic and ethanclic —COH protons
indicates that a bimoleewlar complex is formed between ethanol and & hindered
p‘iraenoi. Moreover, the complex involves association of the phenolic —-O0H proton
with the sthancl oxygen abtom rather then the reverse.

Finslly, the resulis suggest thet dilution of equimoleculsr hindered
phenol-sthanol mixbuzes with carvon tetrachloride may yileld informebion regerd-
ing the bimolecnlar complexes, their hydrogen bond strength, and the shifts
characteristic of thelr -OH protons., Similsrly, the temperature dependence of
the ~0H ghifts in these gystems provides evidence‘bearing upon the relative

stabilities of the rhsnol-ethanol complex and of the two types of dimer.

Experimental

The proton megnetic resonance spectra were mgasured with & Varian Assocci-
ateg Model V4300-2, 60 Mc./sez. kigh resclution n.mer. spectrometer with a 12-
inch electromagnet, reguiated power supply, and superstebilizer. Spinning
samplén"cubes of nominal 5 mem. 0.d. were used to improve ressclution. BSweep
rates were calibrated by means of audiofraquency sidebands of the internal ref-
srepce tetramethylsilene (IMS}, the use of which avoids bulk magnetic suscepti-
Lility corrections., Because the sweep rate varied considerably and rapidly,
two andio oselllators were exployed in order to plasce sidebsnds on eithar side
of the line whose position was to be measured and in reasoneble proximity to
it. 'The audicfrequenciess were monitored by a Hewleti-Packerd Model 521.C elec-

tropic countere This calibration was usually satisfactory bub three or more
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messuremeats were averaged for most of the samples. The spparent shifts were
not corrected for the intermolacular effects of high concentrations of aromat-

ics on the resonance position of the TMS internsl reference. These effectst?!
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(11} E. D. Becker, J. Phys. Chem., 63, 1379 (1959).

are small compsred with the shif'ts observed in the systems studied here,
Por the measurements at eleveted temperatures, the Varian Assoclates vari-

.

able temperabture accessories with a dewsr probe lasert wesrs employed. Because
of the necessity for spiumning the sample, its temperasture was not measured di-
rectly. Instead, each time the spparstus was assembled, a calibration curve
was constructed by measuring the temperature of the air entexing the dewar in-
s=rh, with a copper-constantan themmcsouple, and slso th2 tempesrature of a lige-
wid in & non-spinning sample tube located in the probe. The temperatures of
the semples whose spectra wers racordsd wsre then inferred from this eslibyati-
on dets and the continuously monlitored tempersiure of the alr entering the
inser

Reagent grade ethsnol and warbon tebrschloride were used without puriilcs-
tinn bub the carbon tetrachloride was stored in the darxk and in brown totiles
in ordsr to minimize HCL formsblon. Messurepents gt ssversl concembrations of
ethanol in carbon betrachloxide sgreed with those of Beiker, Liddel, and Shool-

gxy.12  Eagtmen "white lebsl” 1,4-dicxane was passed through an siumina columm

(12) E. D. Becker, U. Liddel, snd J. N. Shoolery, J. Mol. Spectr., 2, 1
{1938).

in order o rembve psroxide and water. Bagtmen “white label” t-bubylhenzene

which bad been distilled from caleium hydride was used. The hindersd phencls



-7 =

2-1isopropylphenol, 2,6-di-isopropylphencl, 2-t-butylphenol, 2-methyl-6-t-
butylphencl and 2,6-di-E-butylphenol, which wera suprplied by the Ethyl Corpora=
tion, were distilled in order to remove some colored materiel, presumably
reroxide, present in small amoumts, but the distillation was negligible in its
influyence ypon the measured chemical shifts. The components of the solutions
were transferred between mibber-stoppered sermm bottles by means of a syringe
in order to minimize the introduction of water and the solutions were weighed

after the additicn of esch component in order to determine the concentrations.

Results and Discussion

Spectra and Their Imterprstation.- Typical proton spectra ars reproduced

in Figs. 1 and 2 for equimolecular solukions of 2,6=-di-isopropylphencl and of
2-methyl-6-t-bubylphenol, raspectively, in ethanol at room temperaturs. The
spectra are for a magnetic fisld swesp, increasing from 1eft to right. Nega-~
tive shifts in c.pe.s. fxom TMS correspond to dwwnfield shifts. Assignment of
the lines in the spectra is generslly straightforward. In particular, the —OH
lines ars readily spparent from their concenbration dependent shifts, and in
She mixed solubions with two —O0H lines the a,ssigmneni;s ar® based on the rela-
tive intensities and the composition of the solution.

The lines of Fige. 1 are ssgigned as follows, reading from left to rdght:
the phenyl proton Lines (~41% cps), the phenolie hydroxyl line, the ethanolic
hydroxyl line, a superposition of the methylere group lines of ethanol upon the
sephbet due to the lone proton of the isopropyl group (-200 cps) » the methyl
sroup of ethanol, and the refersnce line of the interéal TMS. The lines of
Flge 2 ars, agein reading from Left to right: the phenyl proton lines, the
thenolic hydroxyl line, the ethanolic hydroxyl line, the methylene linesg of
ethanol, the 2-methyl group line of the phenol, the methyl group line of the
thenol followed closely by the methyl triplet of ethanol, and the IMS reference

line,



1 1 -l 1 1
-500 -400 ~300 -200 -100 0
cps

MOLE FRACTION 2,6-DI-ISOPROPYLPHENOL =.50

Fige 1o The proton magnetic rescnance spectrum of an equimolecular mixture of
2,6-31-1sopropylphenol and ethanol, observed st room tempersture with s

60 Mc./sec. spsctrometer,
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-500 -400 -300 -200 -100 0
cps

MOLE FRACTION 2-METHYL~6-t-BUTYLPHENOL = .50

Fige 2. The proton magnetic resonance spectrum of sn equimolecular mixture of
2-methyl-6-£—butylphenol and ethanol, observed at room temperature with a

60 Mc./sec. spectrometer.
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At high ethsnol concentrabion the triplet structure of the ethanolic -OH

line 1s clearly discernible., Upon dilution or heating of the solution, the

reducsd to the four-line spectrum characteristie of a methylene group whose in-
teraction with the —OH proton is averaged to zero owing to rapid excheange of the
-0H proton. At elevated temperstures, both the ethanclic and phenolic —OH
proiton Lines are broadened but they do not coalesce at the maximum temperature
sttained in these experiments {za. 180°C.). However, some of the samples,
whizh were hested to spproximetely 230°C. in order to test the strength of the

sample tubes, dld exhibit coslesced lines,

Phenolic ~0H Shifts wpon Dilubion.~ The chemical shifts at room tempers-

ture of the phenolic —OH proton in 2-isopropylphencl, 2,6-di-isopropylphencl,
2~t-butylphenol, 2-methyl=H-t~butylphencl, and 2,6-di-§:butylphenol are shown
in Pigs. %<7, respeciively, as a function of their concentration in carbon tet-
rachloride, ethanol, snd dloxsme. Upon dilution of the phenols with carbon
tetrashloride, all of the —OH proton shifts are either upfield or negligiblie.
An oppogite effect is chserved wpon dilubion with ethanol or with 1,4-dioxane;
then the phenclic-OH exhibits a downfield shift. The largest difference, be-
tween the line position in the pure phencl and thst in an infinitely dilute
golution ¢f the phenol, in ethsnol or in 1,4-dicxans, ozcurs in the case of
2-%~tutylphenol, the smallest in the cage of 2,6—di-§gbuxylphenol. Furthexr-
more, the shifts in ethanol solution sre significantly grester than those in

1,4~dioxane solwtion,®

(1%} In Figs. 3-7, the consentrstion units for the carbon tetrachloride and
the ethanol solutions are ordinary mole fractions. However, dicxane has
two hydrogen bonding sites rather than one so it seems more sppropriate
+. use & "site fraction” for the dicxane solutions. These are defined as

— (- ' oy
X3 <<2nd/(np+2nd) and Xp np/(nprnd), where subscripts d and p rep-

resent dloxsne and phenol, and n is the number of mcles.
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Fige 3. The proton shift of the phenolic ~OH in 2-isopropylphenol, wpon dilu-

ticn,le’ cbserved at room temperature with a 60 Mc./sec. spectrometer.
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Fig. 4. The proten shift of the phenolic —-OH in 2,6-di-isopropylphencl, upon

dilution,la obzexved st room temperature with s 60 Mc./sec. spectrometer,
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Fig. 5. The proton shift of the phenolic ~OH in 2-t-butylphencl, upon diluti-

on,*® observed at room temperature with a 60 Mc./sec. spectrometer.
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Fig. 6. The proton shift of the phenolic ~OH in 2-methyl-6-t-butylphenol, up-

on dilution,® observed at room temperature with a 60 Mc./sec. spectrometer,
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dilution,la obsexved at room temperature with a 60 Mc./sec. spectrometer,
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Dilution shifts of the phenolic ~OH proton have been investigated by Bat-

dorf,** by Grinacher and Diehl,15716 by Huggins, Pimentel, and Shoolery,? and

(1%) R. L. Batdorf, Ph.D. thesis, University of Minnesota, 1955; quoted by
Je A, Pople, W. Ge Schnej.der, and He Je Bemstein, loc, Cita, Pe l’l‘lE-

(15) I. Gr¥nacher and P, Diehl, Archives des Sciences, 12, Fasc. Special, Col-
loque Ampere, 238 (1959).

(16) I. Gr¥nacher, Helv. Phys. Acta, 31, T34 (1958).

(17) C. M. Huggins, G. C. Pimentel, and J. N. Shoolery, J. Phys. Chem., 60,
1311 (1956).

(18) g. C. Davis, K. S. Pitzer, and C.N.R. Rao, J. Phys. Chem., &4, L7hk
(1960).

vents. A solvent of the firast group 1s a good proton acceptor which fomms
stronger hydrogen bonds with phencl than with itself, theéreby leading to sligni-
ficant, phenclic ~OH downfield shifts. Examples are dioxane, ethyl ether, ethw
vl acetate, and to a lesser degree, acetone,’*’15 Solvents of the second group
do not form hydrogen bends and the phenolic —OH proton line is shifted very lite-
tle upon initial dilution with these solvents. As dilution is continued, a pro-
nounced upfield shift is observed due to the decrease in the interphenolic
hydrogen bonding. Solvents of this type are cyclohexane, carbon tetrachloride,
and carbon disulfide. The solvents of the third group are chiefly aromatic
compounds or others with whose w<electrons the phenol —CH proton can form a hy-
drogen bond. The w-electron ring currents produce upfield shifts in such
CaSEs.

Pure phenols with ortho substituents forming at most weak intramolecular

hydrogen bonds with the —OH group, e.g. o-cresol and o-bromophenol,® exhibit

(19) E. A. Allsn and L, W, Reeves, J. Phys. Chem., 66, 613 (1962).
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much larger upfield shifts than does phenol itself.1% Moreover, the -OH reson-
ances undergo much larger downfield shifts upon dilution with acetone than does
tﬁat of phenol. This behavior has been attributed to steric hindrance of hydro-
gen bonding in the substituted phenol, relative to phencl itself., Such hind-
rance should have less effect on the strength of the hydrogen bond formed
between a phenol and the small acetone molecule than upon that formed with
another phenol molecule. Our results are in general agreement with this cone
ception, in that the —OH group resonances of the five hindered phenols studied
gre shifted upfield very extensively from that of phenol itself. Detailed an-
alysis of the dilution shifts gives association constants which are quelitative-

ly in keeping with the size, shape, and number of ortho substituents.

BEquilibrium constants for Dimer Formation.- The dilution shifts for the

carbon tetrachloride solutions are the easiest to analyze, as they should re-
sult very largely, if not entirely, from changes in the hydrogen bonding among
the phenol molecules themselves., Furthermore, as noted previously, it is un-
likely that association of the hindered phenois extends beyond dimer formstion.
With these assumptions, the equilibrium constant for dimer formation can be es-
timated from the limiting slope of the dilution shift and the total dilution
shift,17 AV= % - 45 Where the subscripts d and m refer to dimer and monomer,
respectively. For an open dimer, only one of the two —OH protons in it is ine
volved directly in hydrogen bonding, although there mey be an indirect effect
upnn the shift of the other. In such a system, with exchange aversging of the
various shifis, v, is the averaée shift of the dimer protons and the observed

4
Prequency ¥ of the —OH protons is given by

Y = Y, = (m/x)ny , (1)

where m is the number of moles of phenol monomer, at equillbrium, and x is the
totel moles of phenol in all forms. Introduction into Eq. (1) of the equilib-

rlum constent K = Xd/Xim2 in terms of the mole fractions X, and differentiastion,
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leads us to

(dd//pr)x___o = 2KAY . (2)

The quantity (dV/ dxp)x=0 is the limiting rate of change, at infinite dilu-
tion, of the —OH proton shift with phenol mole fraction. Values for it are ob-
tained readily from the curves plotted in Figs. 3, 4, and 5, and are listed in
Table I. However, these values and Eq. (2) give us only the product KAY and an
independent value of AV is needed for the evaluation of ¥. As a first approxi-

wshion we can assume complele dimerization of the pure phenol, which gives

&Y= 0Y= A -V , (3)

where 1)1 and 1/0 are pure and infinitely dilute phenol, respectively. The K's
gotained in this way from the data in Table I show that corrections should be
applied for the incomplete dimerization of the pure phenol.

Successive approximations® lead to the values of K and AV given in Table I
for 2-isopropylphenol; 2,6-di~isopropylphencl; and 2=-t-butylphenol. For the
lgtter two compounds, dilution shifts calculated with these values of Iga.nd AY
#1t the observed concentration dependence in Figs. 4 and & within the experi-
pental error. But for 2~isopropylphencl, the model is somewhat in error as the
geme computation predicts greater downfield shifts than are observed. This
compound. has the largest K, and the implication is that the deviations result
from polymer formation. For 2-methyl-6-t~butylphenol and 2,6-di-*_t_-butylphenol,
the dilubion shifts are too small to serve as a basis for estimating accurate
velues of K and AY; in fact, the 4 c.p.s. dilution shift for 2,6-di-t-butyl-
phenel is dewnfield rather than upfield, which indicates the presence of some
ghifbeproducing factor other than hydrogen bonding. Still, for these two come
pounds, an upper bound of 0,05 is set for K from the absence of any apparent,

rzal. dilution shifts.
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Table I

Dilution Shiftsa' and Dimerdization Constants for Hindered Phencls in

Carbon Tetrachloride at Room Temperature

Phenol (aV/ax), Vo Y AVP IN% K
2-Isopropyl -568 - -259 ~366 -107 =135 1.7
2,6-Di~isopropyl -92 =270 ~294 -2l =36 1.3
2-%-Butyl -b7 ~269 -284 -15 -2h 1.0
2=Methyl-6=-1-butyl ~0 -270 =270 ~O0 - - < 0.05
2,6-Di~t~butyl L -298 -29k L - - £0.05

*he (negative) —OH proton shifts Y are in c.p.s. downfield from the internal refer-
ence TMS at 60 Mc./sec.
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The equilibrium constants for dimerization obtained in this study are sume~
marized in Table II along with results puhlished on related systems for compar=
ison. As expected, the association constants of the hindered phenols are
significantly smaller than for the other phenols, the difference being about an
order of magnitude for the mono~hindered phenols. And, of course, the di-
hindered phenols are associated even less, the decrease Iin K ranging from a fac-
tor of about 1/2 for the isopropyl phenols to 1/10 for the t-butyl. It is of
interest that 2,6-di-isopropylphenol has a larger K than the mono-hindered
t-butylphenol, which agrees with our observation from molecular models that
there 18 relatively little hindrence of the —OH group in the 2-isopmpylphenol.
The most hindered phenols are the 2-methyl-6-t~butyl and the 2,6~di~t=butyl,
for which the association constants are comparable with or less than the value
of 0,02 found by Allan and Reevesl® in their careful nemer. study of the weak

intramolecular hydrogen bonding in 2-chlorophenol,

Hydrogen Bonding of Hindered Phenols with Dioxane and with Ethanol.-

Ethanol and 1,4-dioxane are good proton acceptors and because of thelr small
slze should be capable of forming strong‘ hydrogen bonds with hindered phenol-
ic ~OH protons, even though the interphenol hydrogen bonding is relatively weak,
In accord with this are the downfield, phenolic —OH shifts, given in Figs. 3-7,
Pound upon dilution of the hindered phenols with ethanol and dioxane and sum-
marized in Table III. For ethanol, further evidence as to the nature of the
tonding is given by the ethanolic ~OH shifts in the same solutions, These
shifts, for solutions in the five hindered phenols, are shown in Fig. 8 except
for solutions with a mole fraction of 2-lsopropylphencl greater than 0.5, where
the ethanclic ~0H line is obscured by the isopropyl-C-H multiplet. In all
cxses, the dilution shift of the ethanolic -OH is strongly upfield, indicating
a decrease in the extent of hydrogen bonding. In fact, for all but the more

dilute ethanol solutions, these upfield shifts are larger upon dilution with
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Table II

Equilibrium Consbants for Dimer Formation for

Several Phenols at Room Temperature

Phenol K ) Phenol K
p-Chloro® 9+ h 5,6-Di-isopropyl’ 1.3 + 0.5
m-Chicro™ 9+4 p-t-Butyl” 1.0 + 0.5
o-Cresol® 8+ 1k 2,4=Di-t-butyl® 0.96
Unsubstituted® 13 + 7 2-Methyl-6-t-butyl’ £0,05
2-Tsopropyl” 1.7 + 0.5 2,6-D1-3-butyl® £0.05
Dt -Butyl-kh-methy1® 1.37 2-Chloro® 0.02

“Reference 17.
bThis research; the errors given are estimates.
“Reference 6.

dReference 19; this is the eguilibrium constant for intramolecular hydrogen
bonding in a dilute solutlon of the phencl in CSz.



- 20 -

Table IIT

Differences in the —OH Dilution Shifts® for Solutions
of Hindered Phenols in 1,4-Dioxane and in
Ethanol at Room Temperature

Phenolic —OH Ethanolic —OH
Phenol av(atox)® K AV(ELOH)P A AY(por)P
2-Isopropyl -195 14 -273 - - - -
2,6-Di=1sopropyl =120 Tol ~-188 -1h2 -99
2-t-Butyl -191 6.7 -259 -114 -T1
2-Methyl-6-t-butyl =125 5.6 -192 -1h2 -99
2,6-Di-t~butyl =52  £0.7 -65 ~133 =90

®The (negative) ~OH proton shifts ¥y, at infinite dilution, are in c.p.s. downfield
from the internal reference TMS at 60 Mc./sec.

Prne quantity AV(8) is defined as #(S) ~ /o(CCly), where /O(S) is the proton shift

of the —OH group in question at infinite dilution in the sclvent S, The #,(CCly)

values for the phenolic ~OH shifts are glven in Table I.
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-50 -
* + 2,6-DI-t-BUTYLPHENOL
O 2-1-BUTYLPHENOL
OO A o METHYL-6-1-BUTYLPHENOL ]
D 2,6-Di-ISOPROPYLPHENOL
-IS0f~ ¥ 2-I1SOPROPYLPHENOL

-200

-250

-300

SHIFT OF ETHANOL OH GROUP
CPS FROM TETRAMETHYLSILANE

m_
o

0 2 4 .6
MOLE FRACTION PHENOL

Fig. 8, The proton shift of the ethanolic ~OH upon dilution in solutions of
the hindered phenols, observed at room temperature with a 60 Mc./sec.

spectrometer,
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the phencls than with non-hydrogen bonding solvents such as carbon tetrachlor-

ide.,2° However, the limiting shifts at infinite dilution of the ethanol —OH

(20) B8ee reference 12, In addition, we checked the ethanolic —OH shifts in
carbon tetrachloride at seversl concentrations, and also in t-bubyl-
henzene, The upfield dilution shifts in the latter are somewhat larger
than those in carbon tetrachloride over the entire concentration range,
probably because of ring current effects from the aromatic ring. Simi-
lar effects upon the ethanolic —OH shift would be expected in the phencl
solutions; and, therefore, the AV(fOH) values in Table III should be re-
duced in magnitude by about 30 cepes.

protons in solutions of the hindered phenols are all about =130 cep.Be, as sim=
merized in Table III, Upcn comparing thls with the ethanclic -~OH limiting
shifts of about =30 cepese. in non-hydrogen bonding solvents,2° we conclude that
the ethanolic -OH groups; are in materially different limiting states in the two
cases,

The simplest interpretation of this result is that the phenol-ethancl
complex involves bonding of the phenolic —~OH proton to the oxygen atom of an
ethancl molecule., The upfield shift of the ethanclic =OH is attributed to the
bresking of the intermolecular ethanol-ethanol hydrogen bonds upon dilution.

In support of this model, the curves shown in Figs. 3-T7 for the concentration

dependence of the phenclic —~OH shift in the 1,4-3ioxane solutions are very sim-
ilar to those in the ethanol solutions; and in the dloxane solutions the phenol
—0H must be bonded tc an oxygen abom in the sclvent,s It is to be expected that
size and shape effects should alter the relative stabilities of the two differ-

ent complexes, I and II, formed by hydrogen bonding between two different mcle-

H
75—0}1:6—3 p—c'):no-—a

=

(1) (11)

cules, each having an —OH groupe Our results indicate circumstances under
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which the relative stabilities &iffer appreciably and the usual assumpbion of
egual stability may lead to erroneous conclusions.

The phenolic —OH shifts in the dicoxsne sclutions ars smeller than thoge in
the ethanol solutions by a quite uniform factor of shows 2/3, indicating that
the hydxogen bonding is systemabically weaker with dloxanel® than with ethanol.
The hydrogen bond shift, AW(S), which we define as the difference
#5(8) = ¥5(CCly) between the inPinite dilution shifh ¥y in the solveut S
and that in the inert solvent carbon tetrachloride, is given in Table III for
the dioxane and ethancl solutions. Ib has been suggested that thesa ghifts can
e eprrzlated gqualitatively with the relative hydrogen bond strengths of the

@mﬁ:plexes.a’al If this 1s so, then it appesars that the hydrogen bonds in the

bimoleculer complexes of dloxane with 2-isopropylphencl and with 2-t-bubyl-
phencl. are the strongest and of approximately the same strength. Naxt come.
2,6-di~isopropylphenol and 2-methyl-6-t-butylphenol, followed by the most
geverely hindered phencl, z,é-ﬁ-g-butylpheml, which forms only very weak by=-
drogen bondse The larger, phenclic -OH hydrogen bhond shifts i_n ethanol solutle
on incrsase in the same order as do those in dioxane solution. However, in the
ethanol sclutions, the phenclic —OH is probably not characteristic of e one-toe
one phenol-ethanol complex. This complex ls capsble cert;a.inly of association
with other ethancl molecules, and such association may be an important cause of
the larger phenolic -OH shifts in ethanol compered with those in dioxane,

It is of interest to ccupeare the di;nez'iza.tion constants in Table II for
the hindered phenols with thelr hydrogen bond shifts in Table III, The main
differences are for the 2-t-butyl and the 2-methyl-6-t-butyl phencls, which di-

merize relatively less readily than they associste with dloxane or ethanol.
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Such differences are quite plausible in that the steric hindrance of dimer for-
mebion will differ from thet of asscciation of the phencl with the relatively
small dioxane or ethanol molecules, A similar difference between the acca2ss to
whe ~0H group of a hindered phenol afforded an ethancl molecule and that afe
forded another phenol molecule, has been observed by Coggeshall and Lang” in
connection with their investigations of the uwitraviclet spectrs of several hin-
der2d phencls in ethanol sclution.

Neither the dioxane molecule nor the ethancl molecule has xeady access to
the —CH group of 2,6-di-'b_-bu‘bylphenol, and the hydrogen bend shifts for this
vhenol are quite small in both dioxane snd ethesnol solutions., In this type of
association, the 2,6-di-igopropylphenol and the 2-methyl-é-'g_—butylpheml
molecules allow essentiaily equal access to the —OH group, which is considersbh-
1y greater than that for the di-t-butylphenoi. The monoalkyl phencls,
2-isopropylphencl and 2-t-butylphenol, which exhibit relstively the same hydro
gen bond shifts in dioxane gr in ethancl solutiaz-t, allow considerably freer ac-
cess to the ~OH group than do the cother three phenol moleculszs, The dioxans
molecule is considerably bulkier than the ethanol molecule, which no doubt is a
major cause of the systematic differences between the phenclic —CH shifts in

thelir solubions.

Phensl-Sclvent Assoclation Constents.- In principle, egwilibrium con-

stants for the solute-sclvent ssscclation can be chizined readily from the di-
Lution, shifts if eonly simpls 1:1 complexes are involved. TFor dilute solutions
of & phenol in a proton accepting solvent, this equilibrium may be written as

¢0H+:X:¢OH:X , (%)

m 8 e

where m, a, and ¢ refer o the monomeric phenol, the wncomplexed scceptor, and
the hydrogen bonded complex. In terms of mole fractions, the equilibrium cone-

stant for the assoclation may he written as



¢ “¢/“ma ’ (5)

snd the shift ¥ of the phenolic ~OH proton asl®

V= (X XY+ (X XY, = P+ (x/x )oY , (6)

where Xp = Xm + Xc is the mole f£ractlon of phencl in both forms; Vm and Vc are
the phenolie —CH shifts in the monomer and complex, respectively; and
AV = ;é - 4, Upon eliminating X from Eq. (6) by introducing the definition

of K 9 and rearranging the resulh, we obiain

Y (-7,) = (1/aV) + (1/K29%.) . (7)

However, Xa =] - XP - Xc and for small XP virtually all of the phenol ex=-
ists as complex, so Xc = Xp. Thus, the final result iz the following limiting

expression for Xp -~ 0

1/(V-1) = (1/6V) + 1/k (2% ) . (8)

The —0H shift Vm for the monomeric phenol is at lessht approximately that found
st infinite dilution in caybon tetrachloride solution (/o in Table I), Thers-
fore, by taking the experimental values of 7/ and XP, and pletting 'i./ (1/- l{n ) ver-
sus 1/ (l-EXP) one can evaluate K and A from the intercept and slope at Xp = 0.
of the resultant curve. An internal consistency check snd/or iterstive calcu-
lation can be made by comparing the wvalue obtained for & via Eq. (8) with that
employed in constructing the curve, i.e. V(X L, > 0) - Ve

Application of this analysis to the data for the dioxsne solutions gave
the agssociation constants listed in Table ITI, Comparison of these Kc's with
the dimerization constants K in Table I reveals that they fall in the same se-
quence but that the former are about ten~-fold larger. The Kc' 8 parallel the
dilution shifts AY(dicx) reasonsbly well except that K.@ Z 6.7 for 2-t-butyl-

pherol, which is about the same ag the valuss for 2,6~4i-isopropyl and
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Eume'thy1-6-g-butylphenol, even though the dilution shifts for the latter are a
good bit smaller. In the case of 2,6-di~t-butylphencl, very inconsistent Av ts
were obtained, probably because the deta, shown in Fig, 7, do not extend to low
enough phenol concentrations to give a very good limiting slope. For the other
sélu‘bions, the AV's calculated via Eg. (8) are within O %o 15 c.pes. of the
AMNdiox) value assumed initially. At high phencl concentrations, the dimeriza-
tion of the phenol competes with the phencl-solvent association. Indeed, the
concentration dependence observed for the phenolic ~CH shifts can be fitted
reasonably well in tems of equilibriium constants Kc and K for the two reacti-
ons. However, there are too many adjustable parameters for e detailed analy-
gis of this kind to be very meaningful here, especially as the measurements are
not sufficiently accurate for the purpose nor extend fio dilute enough solutions.
The phenol-ethanol solutions differ Trom the phenol-dioxane in that the
solvent is itself strongly hydrogen bonded. Furthermore, as remarked in the
preceding section, at low phenol concentrations the pheml molecules probabe
1y are hydrogen bonded %0 more than one ethanol molecule., Thus, it is not un-
expected that the application of Eq. (8) to the phenslic —OH dilution shifts in
ethanol leads to generally unsatisfacﬁory results, Similar problems arise in

comnection with the ethanolie ~0H dilution shifts given in Fig. 8.

Dilution Shifts of l:1l Phenol-Ethanol in Carbon Tetraschloride.- Some

further, quallitative evidence coneerning the nature of the hydrogsn bonding

in the phenole-ethancl complex is cbtained from the —O0H dilution shifts of an
equinclar phenol-ethancl mixture. Such data ars given in Fig. 9 for both the
ethanolic and phenclic ~OH resonances in 1:1 mixtures of ethancl with 2,6-di-t-
bubylphenol and with 2-isopropylphenol, diluted with carbon tetrachloride. At
infinite dilution of the'mixmtres, the shift of the ethanclic —OH proton ap-
prosches that for solutions of ethancl alone in carbon tetrachloride. The in-
Finite-gilubion shift of the phenolic ~OH proton in the mixture of 2,6-di-§_-

butylpheaol with ethanol slso approaches the limiting shift for an infinitely
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T [ i |

B 2-1SOPROPYLPHENOL: ETHANOL MIXTURE
T ® 2,6-DI-t-BUTYLPHENOL ETHANOL MIXTURE
a} PHENOL OH SHIFTS

b} ETHANOL OH SHIFTS
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SHIFTS OF PHENQL AND ETHANOL OH PROTONS

CPS FROM TETRAMETHYLSILANE
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MOLE FRACTION CARBON TETRACHLORIDE

o

Fige 9+ The proton shilts of the ethanolic and phenclie —~OH upon dilution of
1:1 hindered phenol-ethancl mixtures in carbon tetrachloride, cbserved at

room temperature with a 60 Mc./sec. spectrometer.
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dilube solution of 2,6-di-§_-butylphenol alone in carbon tetrachloride. On the
other hand, the shift of the phenolic ~OH proton in the mixture of 2-isopropyl-
rhenol with ethancl does not seem to approach that for infinite dilution of the
phenol itself in carbon tetrechloride; instead the limit appears shifted downe
field by about 100 cepssse No doubt this difference resulis in paxrt from the
faet that the phenolic ~0OH shifts are not avallable to low enough dilution.
Algo, it indicates that the phencl-ethanol complex is more stable than the phe-
nol dimer,

In the POH-CCiy4 and EtOH-CCL, systems, the ~OH dilution shifts are gove-

erned by the dimerizstion equilibxia

2p0H = (P0H )2 (93}

2ELCH (BtOH), . (10)

—>
o
However, for the 1:1 POH:ELOH in CClL, system, there is also the competing agso-

clablon reaction

PO + BtOH > (BOHEtOH) . (1)

Expressions similar to Egz. (3)=(3) can be obtalned relating the chemical

shifts and thelr cancentmtién dependences in the 1:1 equimclecular system to

the K's for vesctions (9)-(1l). The data do not warrant a quantitative anely-
sise. Bub, qualltetively, the apperent downfield displacement of the 2-iso~
propyiphenol —OH shifft, at infinite dilution of the 1:1 mixture, while the
ethanolic ~OH is relstlively unaffected, requires that the phenclesthanol.

complex be more stable than the phenol dimer and about as stable as the ebhancl
dimer, On the other hand, the data in Fig. 9 for the 2,6--di-§-butylphen01:ethan.ol

system indicates st most & very weak phenol-ethancl complex,
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Similar conclusions can be reached by comparing dilution shifts for the
phencl~CCly, ethancl-CCls, and phenci-ethancl systems. However, for the lat-
ter the results are complicated by polymer formation, the effects of which are
reduced in our experiments where the 1:1 mixture is diluted with an inext sole
went, Indeed this approach has general wtility in determining the relaibive

gtabilities of complexes Ly MMR experiments.

Temperasture Dependence ¢f ~0H Shifts in l:l Phenol-Ethanol Mixtures.,- In

the temperature range 25° up to 190° the lines of both the ethanolic and phencl-
ic —OH protons in equimolecular mixtures of the several hindered phencls with
ethanol exhibit upfield shifts with incressing tempersture, These ghifts sre
approxinately linear funchbions of the temperature with the exception thab the
phenolic ~O0H shift in 2,6mdi-js_-butylphen01 starts leveling off at tempersturss
gresber tharn 100° snd approsches s limiting value at 150°, This limiting velune
is the same within experimentsl error as the Infinite~dilution shift of the
phenol alone in carbon tetrachloride, -298 cepess, which is presumgbly charasc-
terigtic of the monomer. The rates of change with Hempersture of the proton
ghifts of both ~O0H groups in esch of the phenol-ebhancl systems sre given in
Table IV, together with the tempersture renge over which they wers measured,
The upper limit of this range is not fixed by the limitsbtions of the apparatus
except in the case of 2,6=-di-‘_'§sﬂ-‘m:?:.y1.phenol. In all the other cases the lines
were broadened and weak or wera lost under the alkyl group signals before the
ingbramental limlt of spproximately 1835°C was reached.

The measurenents at highsr temperatures are subject to considerable erwor
not only becsuse the temperature is difficult to measure ascurstely, but also
becasuse the small amcunt of oxygen present even in thoroughly de-gassed
solutions causes oxidation of the ethanol at higher temperatures. The small
amount of acid produced accelerates the proton exchange process and lesds to

broadened —OH proton lines. Some samples which had been heated above 2300 in
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Table IV

Temperature Depeno‘.encea of the Phenolic and Ethanclic -0H

Shifts in Equimolecular Phencl-Ethanol Mixtures

Phencl Phenolic ~OH Ethanolic —~OH
CoDeSs/degs max, T CeDess/deg. mex. T
2~I50pXepyLl 0,86 gLo 0.69 9L0
2,6~Di~isopropyl 0.68 130 0.82 110
2-t-Butyl 0,67 125 1.06 125
2-Methyl-6-f~butyl 0.70 128 0.68 93
2,6-Di-b=butyl 0.14” 192 1.38 154

®The measurements extended From 259 to the maximm temperaturs given.

b‘l‘his coefficient is not constant above 100°.
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order to test the strength of the glass sample tubes, subsequently contained

sufficlent acid to cause coalesesnce of the separate ethanolic and phenclic ~OH

proton lines to a single line af room temperature wheose position was the mean

[e]

T those of the individusl lines cbserved in a sample which had not previcusly
been heated.
depend

The tempsrature dependences cbserved /upon AH for the asscciation and com-
piex foxmstion and also upon the &)'s involved. We have noted that foxr the phe-~
nelic —OH's there is a corvrelation between the AWM s and the equd librivm
constants. In accord with this srs the temperature dependences of the phenviic
—0H shifts, sumarized in Tsble IV, which parallel the dimerization conatants
in Teble IT and the constants K.Q in Table IIT for phenol-sthancl complex formae
tion. Thus, the temperature dependence is largest for the 2-isopropylphencl
and smallest, by a 6-fold factor, for 2,6-di-t-butylphenol.

For the ethanolic -OH, the temperature dependences in the 1:1 mixbuwrss axe
in rsverse order to those for the phenclic —0H, At first, this mey seem anoms-
ious. However, it is a natural consequence of the competing reactions (9)=-
(11). In the 2,6~di-t-butylphencl system where the phenol molecules are essente-
sially inert, the ethanolic ~0H tempersture dependence results from the thermal
digsociation of ethanol dimers (and polymers) per reachtion 10. But, in the
2=isopropylphencl gystem the phencol-ethanol complex is present in high concen-
tration. Morecver, in thls complex the ethanolic —OH shift is less than in the
ethsncl dimer (and polymer) because of the asymmetric nature of the hydrogen
bonding in form I of the complex. Thus, the effect upon the ethanclic ~OH
shift of thermal disscciation of the complex, reaction (11) y is cancelled in

pars by dimerization of the liberated ethanol, reaction 10,

Shift of the - 3C-H Proton in Isopropylphencls,~ In the course of the

experiments it was noted that there are appreciable shifts (up to neaxly
30 ¢.pes.) in the iscpropyl C-H proton 1ine depending upon the other subshitu-

s

ents, These shifts were measured in the pure liquids at room temperaturs to bs
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-172, -199, ard -18% c.p.s., regpectively, at 60 Mc./ sec., for iscpropylbenzene,
2-isopropylpbencl, and 2,6-di-isopropyiphescl, the ehifts being downfisld with

regpect to the internal, TMS referemee. The Ffach that the shift in 2,6=di-

iscpropylpheaol is virbuelly the aversge of those for isopropyibenzens snd
8-isupropyiphenol indicabes that more then a simple, direch stbstibuent ef-

A Likely explansbivn is thet the downfield shifts resuly foom elechrosbtabe
ic inkerachions® betwesen the -OH and ~CH(CHz ) groups, which also affect the
averags robabicnal confosmatilion ¢F the iscpropyl group wibh msspech o The
plane of the benzene rings Thus, the shable fomm of the 2-isvpropylphancl
probably is that in which the C-H of the 15@7@1:‘,;72. group is in the plane of the
ring and ¢is to the phencl oxyges. In the 2,6-di-iscpropyiphencl oze of the

isepropyd groups could have this ceonflgurstion but the ohbher would be robsbsed

g0 thab the C-H was frans tu the oxygen. The latier C-H has an enviroument

atlonal foms of isvpropyibenzens,

wWoloh aciounts for the inSermediste shify, 22

3 on e M1 e K K3 sa 2 EE W A M R G M e em G GD o OB L e A B e A0 e aw G RIS Ue EN w W a0 e ew

(22} This model is similer o thad proposed to explsin the CFy sbifhs and the
FuCFa couplmg consbants In substitubted g2-flucivhenzobrliflucrides; see

He 5. Guhowsky and V. D. M':,«:“W., J. Chem. Physe 40, ~-- (1963},

m wn e e B M s W R e e W M Lo e en e £ M M M Bm W) G ke me B W e e W S om s M En o e e
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