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Abstract IR qxtral shift\ IAv) due to hydrogen-bondlnp hctuccn a common proton donor. methanol. 

and a csldc varlcty of r-dcficxnt N-hctcrorromatxs. mcludmg pyrldlnc. alkylpyrldlncs. halo. and cyano. 

pyrldmcs. hcrvolopuec of pyrldlnc. and rclatcd mokcuk< contamlnp IWO N atom\ wcrc dctcrmmcd With 

3. and 4-cyrnopyrldmc\ as proton acceptor\. two methanol bonded 01( peak\ ucrc obwr\cd. corrc- 

\ponding to hydrogen-bonding to the nltrllc nttrogcn and IO the pyrldlnc nitrogen. all other compou6 

gabc \ymmctrtcal hondcd OH pcakr The Av’\ ohtalncd wcrc compared wth the pKn’s of the haw and 

the cqulhhrwm cotwant\ (lop K’s) for the aswwatlons phenol + base c, hydrogcn.hondcd compkr 

pKoand log K as ucll as log K and Av for all basncorrclatcd rcawndbl) ucll A good Ilncdr rcldtwn bctwcn 

Av and pKo for the llmttcd claw of alkyl pyrldlne also was found. but uhrn all baw u’crc cotvldcrcd. this 

corrclatlon u-as not as wcccssful ttnucver. the compounds which dc\lrtcd most \~pn~f~c.tntl! ucrc prohahly 

excepttonal caus whose behavior could be understood m tcnns of sval structural features present. 
lhc abnormally hrgh pKu ol I.lU-phcnanthrolrnc uas attrlbutcd to a wong Intrrmolccular bydrogcn- 

bond In the protonatcd base. whtlc the high pKo’s found with arlno wth adjacent N atoms were slmllarly 

awlbcd to mtcrmolccular hydrogen-tx)ndmg Thcw crccptlonx lllustratc the r-cntlal dlfTcrrncy hctuccn 

pKu and Av a\ a mcasurc of the “baswty” of molecule\ ?.O-I)l.t.burylp~rldIne did not asoc‘latc ulth 

mcthJno.. c\cn al high concrntratlon Solbatlon cllcct~ In thl\ m~>lcLuIc IMU\I dlw h \\.I! mwh Inhlbltcd 

TMF distribution of electrons in a proton acceptor should be perturbed relatively 

slightly by the formation of a hydrogen-bond. Such an interaction is relatlvcly 
weak. for a proton has only partially been transferred to the hydrogen-bonding base 

For this reason the OH stretching frequency shift (Av. best determined In an “inert” 

solvent) of a standard proton donor resulting from an intermolecular hydrogcn- 

bond with such a proton acceptor should bc an approximate measure of its “ground 
state” basicity ’ The constant most frequently employed to deslgnatc the “basicity” 

of such bases is the pKa. i e the negative logarithm of the acid dissociation constant 
of BtI ‘, usually dctermincd in aqueous solution pKa’s are dependent not only on 

ground state basiclty, but also on the stability of the protonated form. as well as on 
solvation effects on both the base and its conjugate acid This gives rise to several 

interesting questions. the answers to which will be discussed in the present paper 
In what ways do these two criteria of basicity. pKa and Av. diner? For what types of 
compounds can Av and pKo be linearly related? What are posslblc reasons for the 
dcvlations of some compounds from the Av-pKa relationshlps established for other 
bases of the same “type”? 

Gordy and Stanford’ were the first to attempt to correlate Av and pKa Direct 
proportionality between Av and pKo with a number of bases was observed Tamres 
rl 01 ’ later found a linear pKa-Av relatlonship for a few pyridinc-type molecules. but 
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observed a distinctly different one for aliphatic amines. They concluded that linear 
pKa-Av correlations would be expected only when the bases compared were of the 
same type 

Both of theses studies are subject to the criticism that the pure base was used as 
solvent The magnitude of Av depends significantly on the solvent used (Fig I) ‘*’ 
For valid comparisons of Av’s, a constant and inert environment should be main- 
tained * A dilute solution of proton donor and acceptor in an “inert” solvent, 
generally Ccl,. eltminatcs environmental difierences, especially when the measure- 
ments are extrapolated to infinite dilution * Using such expcrtmcntal conditions, 
we undertook a reexammatron of the relation of Av to pKo for n-deficient N-hetcro- 
aromatics (“pyridine-like” compounds), materials which might be cxpectcd to be of 
the same “type” 
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Several papers’ ” are pertinent to the present work The association of phenol 
with a number of pyridine bases has been studied, and spectral shifts,’ association 
constants.p* ‘O and thermodynamic parameters’* Ioh reported. Although a number of 
correlations involving these data were established by the various authors. only one 
group examined the relationship between pKa and Av,bd .Qb Eq. I 

Av = 27.9 pKo + 33O(in cm ‘) (I) 

was found to hold for pyridinc and eight of its dcrivativcs, mostly those with electron 
withdrawing substituents Spectral shifts between pyridine and phenol are large; 
the bonded peak is shifted nearly into the C .,H absorption region where intcr- 
ference is marked For this reason, the spectral shifts with pyridines substituted with 
electron releasing substitucnts arc hard to measure with confidence. Perhaps for this 
reason attempts to correlate pKa and Au have not been more widely reported 

Methanol is a weaker proton donor than phenol. the spectral shifts to a given base 
are generally about half as large, and no interference with the C H absorptions 
is experienced. Accordingly. we have employed methanol as the standard proton 
donor Whrle our investrgation was in progress, Kitao and Jarboe” rcportcd that 

pKa and AL,~.~~ were linearly related for pyridinc and a number of alkyl pyridincs 
However. alkyl substitucnts have a comparatively small efTect on the basicities WC 
report here a study covering a much wider range of compounds, a range including 
not only pyrrdmr dcrivatrves. but also benropyrrdines and several N-hctcroaromatics 
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with two ring N atoms The pKa’s of some of the’latter class of compounds are often 
hard to determine due to competitive hydration of the molecule,‘z and it seemed 
possible that indirect estimation using the hydrogen-bonding method might bc made, 
provided a relationship between pKa and Av could be established 

The association constant K for the hydrogen-bonding equilibrium, A--H + B # 
A-H. f .B, should also bc dependent on the “ground state” basicity of B Except for 
sterically hindered bases, linear pKa - log K relationships have been found pre- 
viously for pyridine-like compounds *- ’ ’ Using a compilation of all available litera- 
ture values, we have examined such correlations further 

RESULTS 

IR spectral shifts (Av’s) of the OH stretching vibration due to hydrogen-bonding 
are generally concentration dependent’ (Fig. I) Nevertheless, Av’s usually have been 
determined at only one set of proton donor and acceptor concentrations Dis- 
crepancies between Av’s reported in the literature are often not due to experimental 
error but area result ofthediflerent concentrationsemployed bydifTerent investigators. 
It has been proposed that Av be determined by extrapolating proton acceptor (and 
if possible proton donor) concentrations to infinite dilution to obtain a concentration 
independent measurement a This procedure has been applied to the determmation of 
the Avwcon’ s listed in Table I For all compounds studied, Av decreased as the proton 
acceptor solution was diluted (see examples in Fig I) 

The AvMd,,’ s reported by Kitao and Jarboe” are from 20.30 cm .’ higher than 
those found here (Table I). Although no explicit details were given,’ ’ it appears likely 
that these earlier Av values were not determined by extrapolation to infinite dilution 

Aromatic n-electrons and N atoms normally are both proton acceptors ’ However, 
when n-deficient N-heteroaromatics without basicsubstituents formed intermolecular 
hydrogen-bonds with hydroxylic proton donors, only a single symmetrical bonded 
OH peak was observed. Because of the large Av’s (Table I) associated with these 
peaks, they were assigned to OH . N hydrogen-bonds Association of methanol 
to the n-electrons of benzene rings substituted with electron withdrawing groups 
generally result in Av’s of about 20 cm- ‘.I’ The n-electrons in such benzene deriva- 
trves and m pyridme-like molecules should have comparable proton acceptor abrlities 
Despite this, bonded OH peaks with Av’s of this magnitude were not observed for 
compounds l-27 Even n-deficient N-heteroaromatics with weakly basic substituents. 
e g 13-15 with bromine atoms and a vinyl group, showed no experimental evidence 
for the presence of two proton acceptor sites Evidently the N atom is so much more 
basic than the other potential sites that OH. .. N hydrogen-bonding takes place 
almost exclusively 

In contrast to all other proton acceptors studied here, 3cyano and 4cyano- 
pyridines produced two well resolved bonded OH peaks The high frequency bonded 
peaks (Av‘s - 60 cm- ‘) are attributed to nitrile .HO hydrogen-bonds and the 
low frequency bonded peaks (Av - 200 cm-‘) to pyridine . ..HO associations 
Av’s from 60-80 cm- ’ have been reported for other aromatic nitriles: o-toluonitrile 
(17 cm- ‘), benzonitrile (73 cm- ‘), m-bromobenzonitrile (64 cm- ‘). m-chlorobenzo- 
nitrile (64 cm - ‘I and o-chlorobenzonitrile (65 cm- ’ ). ‘* In this instance the alternative 
sites, the CN groups. form sufliciently strong hydrogen-bonds to furnish observable 
competition with the ring nitrogen 
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1:1(. 2 C‘orrclat~on hcrwccn pKa and At methanol for pprldme and alkyl suh\tltutcd pyrldmcs 
as proton acceptors 

Correlalions 

We have confirmed the observations of Kitao and Jarboe that the AY,,,~_,,‘s 

and the pKa’s of alkyl pyridines show a good linear correlation (Fig. 2). When all 

compounds we have studied arc considered, the overall correlation is noticeably 
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poorer, but this is due In part lo several points (especially 27) which deviate signifi- 

cantly (Fig 3) Moreover, the least square correlation lines for all the n-deficient N- 

heteroaromatic compounds and for@ the alkyl pyrldines do not have the same slope 
(Fig 3) This cmphasizcs the dangers inherent in generalizing from the results of 
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FIG 4 Correlation between pKa and log K for x-defuent N-hetcroaromatl~ 
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limited series of closely related compounds However, the rather broader class of 
substituted pyridines and benzopyridines gives reasonably good pKa - Av, 
pKo - log K (Fig 4) and log K - Av (Fig. 5) correlations (Eqs 2 4). 

Avmtihrno, = 19.6 pKo + 169 (in cm- ‘) (2) 

pKa = 4.23 log Kph_,, - 2.05 (3) 

log KPhcnn, = 0.00959 A~,h.,nr., - 0904 (4) 

Table I also summarizes literature data for Avpb~,_, with a number of pyridine 
bases We regard these values to be much less reliable than the Avuco,,‘s we have 
determined, for reasons already mentioned The variations in the reported Avpkno, 
to pyridine- from 444 to 492 cm- ’ !- illustrate the possible error range of these 
values The highest value, 492 cm- ‘, is due to Gramstad,- who has contributed data 
for a number of compounds Unfortunately, an older low resolution infrared spectro- 
meter, equipped with a NaCl prism, was used for these measurements, and their 
accuracy is especially poor More recent determinations give values for Av phenol 
pyridine in a narrow range, 465 471 cm - ‘, but this agreement is probably fortuitous, 
since the various investigators did not extrapolate to infinite dilution (cf., Fig I) 

One would expect a good Av,,,~~-Av~~~, plot with a series of similar pyridinc 
bases. but, in fact, the results are mediocre (the correlation coefficient is only 93 “2 
and the plot does not go through the origin), probably due to the unreliability of the 
Av pbcnol data For this reason, it is also not surprising that pKa correlates more poorly 
with AvP~_, than with Avufiu (Fig. 3). when the same range of compounds are 
compared (data from Table I). However, Eq 5, describing the relationship found, 
agrees well with that from the literature” (cf. Eq. I) 

Av *,,,,, = 29apKa + 343 (in cm-‘) (5) 
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One can have divergent opinions regarding the success of the plots (Figs 3-S). 

Certainly hydrogen bonding equilibrium constants and spectral shifts. measured 
In Ccl,. might be expected lo provide quite dlfTerent Information about the baslcity 

of molecules than their pKa’s,determmed in aqueous solution That any relationships 
at all arc found, albeit not excellent ones, is quite remarkable. The various measures 

of “basicity”. log K, pKa, and Av. are perhaps not so diverent as first appears 

B . ..HOtI + H,O' #Br-H...Ott, + H,O in Hz0 pKa (6) 

B . . HOR in Ccl, A\ (7) 

B + HOR a B...HOR in Ccl, log K (8) 

In the pKa equilibrium (Eq 6) both free base and its conjugate acid will be hydrogen 

bonded in hydroxylic solvents Although the extent of this hydrogen-bonding (and 

of other, less specific solvation efTects) in both protonated and unprotonated forms 
will help to determine the pKo. the magnitudes of those efFects may be related The 

stronger the base, the stronger will be the association with the solvent in the unproto- 

natcd form (Ilq 6) However. the conjugate acids of such strong bases will be weaker 

proton donors. For the weaker bases, the situation should be reversed, and hydrogcn- 

bondmg of the “free” base should be less important than that of the conjugate acid 

(Eq 6) If the extents of hydrogen bonding of unprotonated and protonated forms of 

bases are related, then Av and log K (Eqs 7 and 8) may provide an index of the sol- 
vation effects on pKa 

In one important particular the effect of sterlc hindrance- solvation efTects should 

not be similar in water(pKa)and In CCl,(Avand log K) Besides thespecific, hydrogen- 

bonding solvation shown in Eq. 6. less specific or “bulk” solvation should also be 

quite important in water Salvation of this type IS probably minor in Ccl,, a so- 
called “inert” solvent with a low dielectric constant Steric hindrance of the basic site 

might well influence pKa and log K more than Av Difierences in solvation effects 

undoubtedly are contributing to the scatter observed in Fig 3 We will discuss steric 

hindrance in greater detail later 

Resonance and inductive effects also play a maJor role in determining basicity,” 

both in the unprotonated (but hydrogen-bonded) base and in its protonated form 
(also hydrogen-bonded) (Eq 6) Av’s are influenced by resonance and inductive 

cffccts m the hydrogen-bonded base only (Eq 7) In hydrogen bonding, the proton 

is only partially transferred from proton donor to acceptor In a pKa measurement, 

there is complete proton transferal to the base If resonance effects differ markedly 

in going from unprotonated to the protonatcd form of a base, then correlation of 
pKa with Av would not be expected In general, this does not appear to be the case, 

at least in the series of compounds we have studied here (Fig. 3). The pKu’s of a 
number of these compounds,c g 14.21.22, have been interpreted by invoking specific 

rcsonancc effects in their protonated forms I2 Since their pKa’s and spectral shifts 

correlate, it does not appear IO bc neassary to invoke such specific resonance effects 
in the conlugate acids Whatever resonance and inductive influences arc prcscnt. 
these are already manifest in the hydrogen-bonded base. before complete proton 

transfer has taken place This may not, of course, always be the case 1;or this reason 
the measurement of Av for a base is a potentially revealing adjunct to the dctcrmination 

of its pKu 
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Three bases with two ring nitrogen atoms, 23.26, and 27. have larger pKo’s than 

their spectral shifts would suggest, even after statistical corrections are made This 

point is brought out in the comparison below 

The arrows show N 

0 

,2.54 1231 N 

the locarton of 
the second ottrogen 

Q 

d 196 

On the basis of resonance arguments,” one would expect 1.2 and 1.4 arrangements 

of two nitrogens to produce similar basicity elTects, relative to 1.3 dispositions This 
is in fact the case for the spectral shifts, since both pyrazine (22) and pyridazine (23) 

give smaller Ar.‘s than pyrimidine (24) The pKa’s of the same compounds do not 

follow the same pattern The high pKu of pyridazine (23) (and other dinitrogen 

heterocycles (e.g 26) with vicinal N atoms) has been attributed to hydrogen bonding 

dimer formation of the protonated forms, (I) I2 Such dimers cannot form during the 

association of 23 and 26 with methanol; the Av’s of these compounds, therefore, are 
normal (Fig 3) 
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II 

By far the largest deviation from the pK@ Av plot (Fig 3) is produced by l,lO- 

phenanthroline (27); its pKo of 5.30 is 2.7 units larger than would be expected on the 

basis of its spectral shift OF course. some special effect on either pKa or Av or both 

could be responsible for this deviation, but comparison of the pKa of27 with that of 

model compounds possessing two nitrogen atoms in separate rings indicates that the 
pKo certainly seems to be too large. For example, 1,5-. 1,7-, and 4,7-phenanthroline 

all have statistically corrected pKa’s near 4.3 and the values for the quinoline deriva- 

tives, shown in II. are from 3.1 to 4.1 ” A pKa for I,lO-phenanthroline (27) in this 

range would be in more reasonable agreement with the one (pKa = 2.6) estimated 

from the spectral shifts (Fig 3) 
It seems likely to us that a strong(but still asymmetrical)* intramolecular hydrogen- 

bond in the protonated form of l,I*phenanthroline (III) is responsible for the ab- 
normal pKa of this compound. Such an intramolecular hydrogen-bond obviously 
would not lo possible in the other phenanthroline isomers and the other model 
compounds (II) IV”. In and V,” with chelate rings ofgeometry similar to that of III. 
have been shown by IR spectroscopy to have strong intramolecular hydrogen-bonds. 

l Syaunctncd hydrogen-bofxls arc usually found only m Ihe stroogat cases when the protoo acozptor 
sita bavc appreciable -live cbargc.” 



WC have been unable to lind in the htcrature previoussuggcstions of intramolecular 

hydrogen-bonding in protonatcd I.lGphenantholine (27): This is surprising to us, 
in view of the well-known ability of 27 to form metal chelates,” and the rather ideal 

geometry found in III This emphasizes a point we would like to stress The pKa 
alone of 27 does not reveal its exceptional character clearly. In comparison with other 

model compounds, the pKa of 27 seems somewhat high, but one can ncvcr be com- 

pletely sure that the models chosen arc suitable ones The hydrogen-bonding - pKa 

comparison of Fig 3 shows rather dramatically the abnormal behavior of 27. Such 

hydrogen bonding studies provide useful mformation helpful to the interpretation of 
the pKa’s of acids and bases 

Chelation, as shown in III, IV, V. 8-aminoqumoline (VII) and I-amino-acridine 

(VI), has often been postulated to aficct pKo ‘* The pKu of 8-hydroxyquinoline (IV) 

is about one unit higher than expcctcd by comparison with other hydroxyquinoline 

and isoquinoline analogs, ” incapable of intramolecular association In contrast IO 

this behavior, and the parallel hchavior of III (both arc weaker acids, due to hydrogen- 
bonding). both g-aminoquinolinc (VII) and I-aminoacridine (VI) arc weaker bases 

than normal ” Smce both VI and especially VII would appear to be good di-nitrogen 

models for 111, their disparate behavior requires comment 
The conventional explanation for the weaker basicity of VI and VI I is that hydrogen 

bonding is possible in both neutral spccics. as illustrated in the structures ‘* This 

’ tlouevcr. tka~~~c”’ wggcstcd Ihal .4 may hc the SI~UCIU~C of lhc monohydrarc monohydrochlor~de 

of 1.10.~hrn;lnlro!lne 



n-kficlcnr N~heteroaromarccs as proton acceptors In hydrogen-bondmg 6001 

explanation seems somewhat superficial The protonated form of VII can also form 

intramolecular hydrogen bonds, as shown m VIII. It IS not only these intramolecular 

hydrogen-bonds which arc important in helping to determine the pKa. but also the 

intermolecular ones to the solvent, cspcc~ally when the good proton acceptor. water. 

is used for this purpose Furthermore, for intramolecular hydrogen-bonds to be 

effective, they must be strong. stronger than those to the solvent An infrared spectral 

study of VI and VII in both “inert” and proton acceptor solvents revealed that while 
little direct spectroscopic spectral shift evidence could be found for the chelation 

shown in VI and VII, both compounds showed abnormally low tendency to form 

intermolecular hydrogen-bonds 22 It would appear. then, that the chelation in VI 

and VII is important But what about the potential chelation in VIII? If this isequally 

important as that in VII. then the pKo would appear to be “normal”, contrary to 

observation 
Although the intramolecular hydrogen-bonds in VIII and in III appear to be 

similar, there is a very significant dilTerence between the two compounds In VII 
(and VI) the ammo group should be coplanar or very nearly coplanar with the ring l 

This would facilitate not only chelation. but also resonance interaction of the nitrogen 

lone-pair with the aromatic system ” In VIII, chelation is possible only if the NH, 

group is twisted. so that the lone-pair IS in the plane of the ring In such a conformatlon. 

resonance is not possible Chelation in Vlll must thus compete with resonance 
Stabilization. and this IS an unfavorable situation. In III. no such competltlon IS 

present; the lone-pair on nltrogcn IS not involved In resonance, and a strong mtra- 

molecular hydrogen-bond IS possible 

Steric eflecrs 
2,6-Di-t-hrrrylpyridinP There appear to be no slgnilicant deviations in the pKu - 

log K plot (Fig 4) attributable to steric effects Steric effects may contribute to the 

scatter of the data points in Fig 3 (pKo vs Av), but no definite conclusions can be 

drawn because of the inconsistency of behavior of compounds with 2- and 6-substi- 

tuents (Table It some compounds deviate. others do not However. the size of these 

substltuents in the bases studlcd was small, and it appeared desirable to examine 

compounds with more bulky groups 
A number of papers have considered the elTccts of hindering groups on the base 

strength of pyrldine derivatives Halleux’ ’ claimed that even the smgle Me group 
of 2-methylpyridinc caused a deviation from a pKa - log K (phenol) plot However. 
insufiicient compounds were examined to establish a reliable correlation line When 

enough data points arc available (cf Gramstad” and Fig 4) it is .seen that 2-methyl- 

pyridine and 2,6-dimethylpyridmes do not behave abnormally Scverthcless. it is 
clear from Halleux’s data that 2-t-butyl and 2.6-di-t-butylpyridmc have very much 

lower log K’s than would be expected from the pKu’s of these compounds On the 

other hand, Rubin and Panson”” found that the association constant of 2-t-butyl- 
pyridinc with phenol was only slightly smaller than that for 4-t-butylpyridine, but 

2.6-di-I-butylpyridine was extremely hindered With methanol as proton donor, 
a good pKu - Av correlation was found for a number of alkylpyridincs. but there 

l Antlw k OOI plroar. but it does pouer, a parttally fla~~encd s~ructum sma L H&H IS about I I4 *’ 

compartd wth a value of 106” for the corresponding angk in CH,NH,*h 
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were serious deviations m the pKa - log K plot for the same compounds ” An 
isopropyl or t-butyl group but not a Me or Et produced a significant steric elfect, 

and the deviation was magnified in 2,6di-isopropyl pyridine Work of Brown and 

Kanner” has established the consistency of response of the pKa of pyridines when 
first a 2-substituent and then two 2.6-substituents are introduced. Interestingly, 

even 2-isopropyl+t-butylpyridine shows the regular behavior displayed by the 

other alkylpyridines. Only 2.6-di-t-butylpyridine was found to be abnormal; its pKa 
was estimated by extrapolation from the pKa’s of pyridine and of 2-t-butylpyridine 

to be I.4 units lower than expected *’ Condon” argued that this procedure was 

insufficient, since 2-t-butylpyridine itself was hindered He estimated that the devia- 

tion of pKa of 2.6-di-t-butylpyridine was 2.2 units on the basis of the expected induc- 
tive effects of the substitucnts 

In summary, then, log K seems to be more sensitive to steric effects than either pKa 

or Av Two flanking t-butyl groups arc needed to cause large deviations in the pKa’s 

of alkyl pyridines For this reason, we felt it desirable to examine the Av of 2,6-di-t- 
butylpyridine, which value is not available in the literature Unfortunately, no OH . ..N 

bonded peak was observed with methanol, even with a 1 : I v:v solution of 2,6-di-t- 

butylpyridine in Ccl, Very weak absorptions. which have Av’s less than I30 cm-’ 

would be obscured by the low intensity absorption of methanol dimer (about 10% 
as intense as the free OH absorption at the methanol concentration employed). 

For this reason methanol is a poor choice as a proton donor when spectral shifts for 

weak associations are desired With p-fluorophenol as a stronger proton donor, 

only a very weak, ill defined absorption was seen at lower frequencies (Av = ca. 

40 cm ‘1 Perhaps this is an OH n bonded peak However. the absorption might 

have been an artifact, since lack of material prevented a thorough study. It is clear 
that the nitrogen atom is effectively screened in this compound, and hydrogen bonding 

is completely or nearly completely inhibited l 

Hydrogen-bonding, because of the small sire of the probing atom. the proton, is 
usually relatively insensmve to steric hindrance. Bulky groups in the proton donors 

and acceptors produce a decrease in the association constant, but the Av’s are generally 

affected much less In these crowded situations, the hydrogen bonds which are able 
to form despite the hindrance seem to have normal distances A situation in which all 

hydrogen bonding is inhibited is extreme, but some analogous instances arc known 

2,6-Di-t-butyl-4-methylphcnol gives only a free OH peak in solution in ether or in 
triethylaminc. and evidence for hydrogen-bonding was only found with the un- 

crowded bases, tctrahydrofuran and pyridinc 26 In this phenol, the proton is held 

away from the ring by the intervening oxygen atom, and still the steric inhibition due 

to the two ortho t-butyl groups is great In the protonated pyridine X. the proton is 

’ Three groups who studted rhe “assoctatton” of phenol wtth 2.6-d!-t-butylpyrldute~‘~ lo. and wtth 

I-methyl-2.6-dt-t-butylpyrtdmc ’ j’dtd not report spcd~ evtdencc of hydrogen-bonding. e g the appearance 

of a bonded OH peak Very low assnctatton constants, 3 and 065. respcctrvely. were estimated by observing 

the behavtor of the free phenol OH peak m the IR r” A calorrmetrtc measurement gave -AH _ 3.26 kcal: 

mole for the assoctatton of phenol with 2.6-dt-t-butylpyridme 9* We regard these values as suspect rn the 

absence ol speak cvtdencz for a hydrogen-bonding mteractton, perhaps other eflects are dlucncmg the 

medsuremcnts 
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completely encased by the t-butyl groups, and no hydrogen bonding is possible.* 

Since 2,6di-t-butylpyridinc itself also should not be able to hydrogen-bond with 

water or with ethanol, the pKa of this compound should bc independent of specific 

solvation (i.e hydrogen-bonding) factors. 

The abnormally low pKo of such hindered bases as 2.6-di-t-butylpyrldine is 

generally attributed to two possible factors: inhibition of solvation’4”6 or steric 

strain, *’ The first explanat Ion required the assumpt ion that solvation due to hydrogen- 

bonding is greater in the protonated base than in the free one. Hence, when solvation 

is inhibited, the preferential stabilization of the protonated form is removed, and 
an increase of acidity results. The steric explanation assumes that the steric strain 

in the crowded base increases upon protonation. i c. the efTective “size” of a proton 

attached to nitrogen is greater than that ofa lone pair ofelectrons without an attached 
nuc1eus.t Strained acids, such as IX. should therefore have enhanced acidities, 

since part of the stram is relieved on ionization 

Condon?’ has attributed the enhanced acidity of 2.6di-t-butylpyridine (and of 
other hindered bases) to steric hindrance to hydration. On the basis of an electro- 

static model, he calculated that the Increase in hydrogen-bondmg m gomg from 

trimethylamine to trimethylammonium ion amounted to 5.2 pKa units For reasons 

not made clear, this value was adopted as the “calculated” one for 26-di-t-butyl- 

pyridinc. Since agreement with the “observed” b pKa = 2.2 (set above) was rather 

poor, Condon took this to mean that steric hindrance to hydration was not lOO”(, 

“elTective” in 2.6-di-t-butylpyridinc Sina: the direct evidence for hydrogen bonding 

in both this base and in its conjugate acid suggests nearly IOOP; “effcctivencss”, 

the approximate nature of Condon’s estimates is brought out 
The cholcc of trimcthylamine as a model for pyridme also seems inappropriate. 

It IS well known that pyrldine, a weaker base, forms weaker hydrogen bonds than 

does trimethylaminc However, the trimethylammonium ion IS a weaker acid than 

is the pyridinium ion, and the former should form weaker hydrogen-bonds than 
the latter The dilTerence in hydrogen bonding energies between pyridine and the 

pyridinium ion therefore should be considerably larger than the difTercnce between 

trimethylamineand trimcthylammonium ion Thisbeingthecase. then thediscrepancy 

between the “observed” b pKa and the “calculated” value must be very much greater, 

and one wonders about the accuracy of Condon’s estimates of hydration energies 2s 
It should be possible to obtain experimental values for the hydrogen-bonding or 

salvation energies not only of free bases but also of their protonated forms Until 
this is done, one cannot be certain to what extent the increase of acidity observed 

l An tR srudy of solid. rwwmon~c ?.6-dl-1-bulylpyrldlne-3.sullonlc acid showed only a free h ti 

absorption band, and no ewdenoe for hydrogen-bondmg ” 

+ The “svc” al the lone paw ol electrons on mrogcn is a subpc olcontrovcrsy ” 
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for the conygate acids of hindered bases IS due to inhibition of solvation or to 

stcric strain 
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’ An analysis of pyrid~nc-water and pyndme-methanol hydrogen-bonded systems wmg extended HtIckcl 

theory has&n published recently by W Adam. A. Gnmwn. R Hoflmann and C. Z. de Oniz 1. Am. Chrm. 

sot-. 90,1KJ9 (196x). 

’ Dr. E. &awa has measured Av UM for IWO pyndme bases olwldely dlllerent basdt~ As a test of Eq. 2 

values of Av calculated from the known pKa’s were compared with the experimental ones 4dunethyl- 

aminopyridrne (pKe 9.59. Ar, 357 (talc). 352 (ohs)). 35dichloropyndme @Ko 067, Av,, 182 (talc). 

175 (obsl) 


