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Hydrogen bondlng 1s a very significant typs of

'”interaction, and 18 of_widespread occurrence. According to

Pimentel and McClellanl a hydrogen bond exists between a
funetional group A-H and an atom or a group of atoms D in
the same or a.different molecule when there is evidence of

~bond formation, and when the bond linking A-H and D involves

the hydrozen atom already bonded to A. Infrared method, based
mainly on intensity measurements of the band assigned to

the monomeric species, has been used extenslively 1in the
determination '‘of equilibrium constants of hydrogen-bonded

-8ystems, It offers the advantages that different hydrogen-
‘bonded complexes can be distinguished, and that relatively

low concentrations can be used. For very weak complexes
hovever, the infrared metnod has not proved to be a sufficlently

" sensitive probe of the quantitative aspects of hydrogen bonding.

High resolution nuclear magnetic resonance {(nmr) scores easily
in providing a sensitive measure of interaction, because 1t
permits the measurements of frequencles which can be done very
accurately, rather than intensitles which are more subject

to uncertainty. This paper describes several ways in which
nmr 1s used to obtaln equilibrium constants and thermodynamic
functions of various hydrogen-bonded systems. In additlon,

an application of hydrogen-~bonding data to the determination
of the preferred form of a beta-diketone ls given.

) It is well known that the formation of hydrogen
bonds usually shifts the nmr signals to lower fleld, except
in certain cases involving aromatic molecules or electron
donors in which unusual magnetic anisotropic effects are
present 2.3, Virtually all hydrogen bonds are broken and
re-formed at a sufficlently fast rate, so that separate
resonances for both hydrogen-bonded and nonnydrogen-bonded
states in the same medium are not observed. Consequently, the
observed frequency v will correspond to the averarse of the
characteristic frequencies of the complexed and uncomplexed
protons (v_, v ), welghted according to the equilibrium
fraction 18 each form (Xg, Zr): )
v = Xpve + Xgv, (1)
For an equlllbrlum between a monomeric hy&rogen donor,
A-H, and an electron-donor, D, to form a 1:1 complex C, the
following equation may be derivedu when the concentratlon
of the electron-~donor 1s much greater than that of -C:

1= _1_ 1+ _1 :
v-r K(vg-vg) @ ve-vp (2)

In eqs 2, Vv is the measured nar frequency of the hydrosen-
bonding proton at a concentration 4 of D, ve 1s the frequency
of monomeric A-H proton siznal at d = 0, and K 1s the
assocliation constant . )

K = c :

A-1)d : (3)
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It 1s interesting to note that this equafion is of the same
form as one used for treatment of ultraviolet spectral data
.on 1l:1 complexes,

1= _1 Lo+ 1 (%)
E-E K(E,-2p) &  Eg-Br

where the E's are molar extinction coefflciéntss. For the
treatment of infrared spectral data for 1:1 complexes, the
following equation can be derived
o1 = 1 1 o+ 1 (5)
Ef-E K Ef d Ep

if intensity measurements are made on the band assigned to
the monomeric and uncomplexed speciles and if complexed specles
do not absorb radiestion at the saxe freguency, so that Ec = 0.

Benzenethlol complexes. MHathur,et al.u, report nmr studies of

hydrogen bondinz of benzenethlol with N,N'dlme$ylformam1de (DilF), -

tributyl phosphate (TEP), pyridine, N-methylpyrazole, and
benzene to serve as models of bonding of ~SH to the carbonyl
oxygen, phosbhoryl oxyzen, orzanic nlitrosen bases, and an
aromatic 17 electron system, respectively Table I 1lists the
results obtained, '

Table I :
Thermodynamic data for benzenethlol bonding to electron-donors
Electron donor ve~ve (ppm) K,¢o -AH :
1.§mole kecal./mole
Pyridine 1.2 0.,22 2.4
N-methylpyrazole 1.5 2k 2.1
TBP 1.8 ° 043 2.0
D:':F 2‘2 .24 1.8
Benzene =-2.5 .039 0.5

The extent of hydrozen-bonding in these systems, as
measured by the equlilibriun constants and enthalpy changes, is
much smaller than that for the sanme electron donors interacting
with phenol. For example, the values of K for pheno%-gyridlne
and phenol~Dilf are 77 and 64 1./mole, respectively ©s7, These
suffice to show the weakness of ~SH hydrogen bonding relative
to -OH. It 1s only because of the fairly large assoclation
shift, Ve~Vey, and the preclsion of nmr frequency measurements,
that the thgrmodynamlc functions of -SH bonding systems can be
obtained. In benzene the ring current effect dominates the sign
and magnitude of (vc-v ). As shown in Table I, benzene behaves
as T-electrondonor and hence capable of forming weak hydrogen
bond with benzenethiol.

2-Propanol comnlexes. When 2-propanol is used as the hydrocen
donor, eq. 2 has to be modified since self-association of the
alcohol occurs, and this may affect the equlligrium involving
its complex formation with D. Takahashi and L1° have derived
the following modified equation
1 = 1 1+ (6)
vev? K(ve-vT) dx Ve-v'
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In which x is the fraction of 2-propzanol in the form of moncmer
at =z concentration of alecohol which Is not hydrozen-bonded to

D (assumin® the alcohol to be a mixturse of monomeric and
polymzric spacles), and v' is the welchted average O frequency
of the 2-proranol wnlch is not hydrozen-bonded to D. Table II
lists trhe results ohtzined with Nemethylacetamide and N,H-
dimethylacetride as electron donors. :

Table II: Toermodynanic data for 2-propanol bonding to acetauldes
Tenp.,°C K, 1./iole Vey Ppm

(A) N-metiylacetamide

36 3.61 5.00
2 5,02 5.17
1h . .01 5.23
0 8.9k 5.35
(B) N,N-dimethylacetanide

10 2.23 I, 20
29 2.56 4,30
21 2,88 4,33

Muller and Reiterg surxest that the nar frequency of
the connlexced specles depends quite st-onsly on the dersree of
excltation of the hydrosen-bond-stretching vibrational moede.
They r=2ason that because thls is an unusually louw=freguency
motlon, several excited states are sionificantly populated even
at temneraturzs as low as 200°K, and their calculsatlons show a
tenperaturs denenience of V,+ The data of Table II on the
valuecs of v, at different témperatures do indlczte that v
incrasses Bfightly with decrease in temnerature. Tnlis 1s not
in szreeneat wlth the assunnition of several authors¥,10-12
tnzt the hylrozen bond shifts do not vary with temperature,

Amine conslexass., . Takahashl and Lll3 report nur studies of
hydrorsn boniling between the amino protons of t-butylamine and
aniline, and several electron donors,in chloroforn medium,

CCly, cz2nnot be used because of Lts reacticn with anine. ihen

cHC 3 1s us2d as the solvent, egq. 2 hzs to be modifled since the
proton in 03013 2180 acts as a hydrogen donor to the electron
donor. The modified equation 1is

1 = 1 « 14K (3) + 1 {7)
Vave K(vcwvf) d Ve~V

where K and Kg are equilibriuz constants of the reactlons

Amine + D = axine...D - K
CIBCH + D = clBCHo-oD KS

end (S) , ¢ are tne total concentrations of CHCl3 and D, respectively.
The expzriments were carrled out so that (S) is fuch greater

than d and 4 auch greater than the total concentration of the

amine, From eq. 7, & plot of 1/(v-ve) vs. (1+Kc(S))/d thersfore
should yleld a stralsht line, from which X can be deternmined.

The value of Kg is determined in separate experiments by measuring
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the nar frequency of the chlofoform‘préton simnal 1h CCly
solutions containing 0.05M CHCl3 and various amounts of the
electron donor. - : :

The hydrosen-bonding of N-methylacetamlde (NMA) to
the amires may be represented by the equation )

Ay Gy g e
Az o=§ﬂ°'"0-§ﬁ.}. ) RNHZ...0=§B neef §H (8)
éHB H3 . ) H3 ( H3

The values of Vo=V for NMA bonding to the amines are
independent of témperature between -19 and 36°. This means
that in this system,the hydrogen-bond shift is temperature
independient and that the self-association of NMA does not
interfere with its bonding with the amines, The relative
hydrogen-donor strength of ~NHz, -0H, and -SH may be obtalned
by noting that the assoclation constant for aniline bonding
to NHMA (K = 58 at géo) is smaller than for phenol bonding to
NHA (K = 105 at 30°) and larger than for benzenethiol bonding
to NiA (K = 0.13 at 37°). ' :

Water complexes. Takahashi and Lilu,and Ting,et a1.15,

report nar studies of water as hydrogen donor to tetrahydrofuran,
acetone, N,N-dimethylacetamide, N,N~dimethylformamide and
dimethyl sulfoxide. In their experiments water is the hydrogen
donor at low concentrations (mole fraction iln the range of X,=
0.003 to 0,02), in the presence of an electron donor (mole
fraction in the range X3 = 0.5 to 0.99), and cyclonexane as an
Inert solvent. Since water is not soluble in the inert solvent,
the presence of an appreciable excess concentration of D is .
necessary. In the region of low water content,linear plots of
the nnr frequency of the watér protons vs. the mole fraction
of water,at a given value of X5, are obtalned. The extrapolation
of the water proton frequency to zero water concentration is
easlly made, and in the limit of X, = O,only two specles are
corsidered: the 1:1 complex, OHz...D, and the 1:2 complex,

OH2.D,. The two specles are consldered to be in equilibrium
accorglng to the relation: ,
c(H'...D HeseD ' ( -)
+ D= <H : ) 9
\H . C eeeD o

The characteris{tc nmr frequencies of the 1:1 and 1:2 complexes

are designated vy, and v, 5, respectively, and the following
equation 1s derived - ' '

Viz2-v11

In eq. 10, v, 1s the extrapolated frequency of the water protons
at zero water concentration and K.is equilibrium constant of

€eq, 9. The authors assume that (vlz-vll) is approximately
independent of temperature and draw' plots of 1/(vy-vyy) vs.

1/X4. The correct V11 1s-taken to be the value which makes the

—t_ = 1 .'1 + 21 : l... 10
¥orv11  K(vip-v5) X (01

\\
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plots at different temperatures come to a common intercept. From
the~Dlots.an¢ eq. 10, the values of X and v,, are obtalined.
Equilibrium constants and enthalpy changes for water
bonding to NyN-dimethylformamide (Dii#) are larger than the
correspondling, values for water-N,N-dimethylacetamide (DMA).
This order ls‘surpr1Q1n since DuF is a weaker electron-donor
than DiA towards ph=nol. It may be that the CH proton in DHF
functions as'a weak hydrogen donor to the oxyzen of water, the.

"protons of whicn are bonded to other DHF molecules. Tnhis would

result in a greater hydroven-donor strenzth of water toward
DMF then toward DiA.

16
It 1s of interest to note t.at Muller and. Simon

" determlne proton chemlcal shifts for dilute solutions of

water in mixtures of dioxane and carbon tetreahlorlde. When
the mole -fraction of water 1s below 1.5 x 107, self-assoclation

‘of water 1s nesligible, and the authors treat the data assuming

that there are three solute svecles, free water, a 1l:1 water-
dlioxane conplex, and a 1:2 compnlex, The characteristic frequencles
of the complexes appear to be indenendent of temperature in

the ranze 11-70° Iuln accordence with the assumptlon made by
Takahashi and Li** and Ting, et al,l5

8 -Dixetone ¢omnlexes. Pukanlc, et a1.17, revort nmr studles
of hydrosen bonding between p-diketones- thenoyltrifluoroacetone,
hexafluoroacetylacetone, and trifluoroacetylacetore- and several
neutral orzanobhosphorus compoundis- tributyl phosphate, dlethyl
ethyl pnospronate, and tri-n-octyl prospnine oxide. Of the three
diketones studied, hexafluoro=acetylacetone =ivss the most stable
complex with a ziven phosphorus compound and this is as expected,
since §% has two elsctron-witadrawinsg C zroups in the same
molecule, Its areater nydro~en-donor st%en;th Is in line with
its oreater acild strenztn (pX K, of hexafluoro=cetylacetone,
thenoyltrifluoroacetone and trifluoroacetylacetone = 4,35, 5,70
and 6,40, respectively). With a2 glven diketone, the equilibriun
constant of hydroren bnnd formation with the phosbpnihrorus coapounds
increases in the order tributyl ohospaate, diethyl ethyl:
phospnonate, 2nd tri-n-phospnine .oxide and is in llne with the
relative baslclity of the. phosphorus comnounds.,

Pukanic, et 31.17, =ive: an example of the applicsation:
of hydrorzen bonding data to the Cetermine:ion of tne preferred
enol form of thenoyltrifluoroacetone (ITTA). 1In CCl, as solvent,
two possible enol structures (I -and II) can be postulated

H
A \
HC-CH O O (2)3c - c1(3) d( b
Hg 2 g ﬂqlC' cF3 o roo
~ — ~CH= b -— =0l - .
N7/ | (1)10\ /c C=Cd-C Cr3

S

I II-
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Intermolecular hydrosen bonding between HTTA molecules is
negligible because HTTA remains monomeric and the nmr frequencles
remain constant.over wide range of HTTA concentrations in CCly
at constant temperature and in the absence of & second solute, In
the presence of tributyl phospnate up to 1M, the fluorine-19 nnr
resonance remalns the same as in the absence of it., Under the
same conditions, with hexafluoroacetylacetone in place of HTTA, the
fluorine-19 signal moves upfield by 0.25 ppm. The data show that
the preferred enol form of HTTA is II,rather than I, because .
tributyl phosphate would bond with HTTA through~ the enolic -COH.
If the preferred enol form of HTTA were I, then the presence of
tributyl phosphate should have affected the fluorine frequency,as
1t does with hexafluoroscetylacetone., Since no effect was observed
with HTTA,the concluslion 1s that the preferred enol form is 1I,
where the fluorine atoms are farther away from the nydrogen-

" bonding site.

Current studies. Dr., S. Nishimura znd Mr. C.H4.Ke in our
Laboratory are carryins out nar studles with water -and chloroform
bonding to organophosnhorus compounds and several amines. At the
Symposium in Septembér I hope to include a discussion of thelr
-important results,
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