2578

Chem. Soc., 98, 2571 (1976); (b) L. L. Miller, F. R. Stermitz, and J. R. Falck,
ibid., 95, 2651 (1973); (c) E. Kotani, N. Takeuchi, and S. Tobinaga, J. Chem.
Soc., Chem. Commun., 550 (1973); (d) V. D. Parker and A. Ronlan, J. Am.
Chem. Soc., 97, 4714 (1975).
(8) P.D. Bartlett and H. Sakurai, J. Am. Chem. Soc., 84, 3269 (1962).
(9) L. S. Silbert and D. Swern, Anal. Chem., 30, 385 (1958).

(10) H. Funk, W. Weiss, and M. Zeisung, Z. Anorg. Allg. Chem., 296, 36
(1958).

(11) A study of the intermolecular coupling of simple phenols with VOCI3 has
been reported: W. L. Carrick, G. L. Karapinka, and G. T. Kwiatkowski, J.
Org. Chem., 34, 2388 (1969).

(12) M. A. Schwartz, R. A. Holton, B. F. Rose, B. Vishnuvajjala, and I. S. Mami,
manuscript in preparation.

(13) M. A. Schwartz and R. A. Holton, J. Am. Chem. Soc., 92, 1090 (1970).

(14) B. Franck and V. Teetz, Angew. Chem., Int. Ed. Engl., 10, 411 (1971).

(15) T. KKametani, T. Kobari, and K. Fukumoto, J. Chem. Soc., Chem. Commun.,
288 (1972).

(18) M. A. Schwartz, Synth. Commun., 3, 33 (1973).

(17) J. P. Marino and J. M. Samanen, Tetrahedron Lett., 4553 (1973).

(18) J. W. A. Findlay, P. Gupta, and J. R. Lewis, Chem. Commun., 206
(1969).

(19) (a) A. McKillop, B. P. Swann, and E. C. Taylor, Tetrahedron, 26, 4031 (1970);

(b) A modified mechanism involving C-thallation has since been proposed:
A. McKillop, D. H. Perry, M. Edwards, S. Antus, L. Farkas, M. Nogradi, and
E. C. Taylor, J. Org. Chem., 41, 282 (1978).

(20) L. Syper, Tetrahedron Lett., 4193 (1967).

(21) R. N. Hammer and J. Kleinberg, Inorg. Synth., 4, 12 (1953).

(22) S. M. Kupchan and A. J. Liepa, J. Am. Chem. Soc., 95, 4062 (1973).

(23) The first successful chemical coupling of nonphenolic substrates was
achieved with VOF3-CF3;COOH: (a) S. M. Kupchan, A. J. Liepa, V. Kam-
eswaran, and R. F. Bryan, J. Am. Chem. Soc., 95, 6861 (1973); (b) S. M.
Kupchan, V. Kameswaran, J. T. Lynn, D. K. Williams, and A. J. Liepa, ibid.,
97, 5622 (1975).

(24) M. 8. Bains, J. C. Arthur Jr., and O. Hinojosa, J. Am. Chem. Soc., 91, 4673
(1969).

(25) M. A. Schwartz and I. S. Mami, J. Am. Chem. Soc., 97, 1239 (1975).

(26) B. J. F. Hudson, J. Chem. Soc., 754 (1946).

(27) R. Robinson and S. Sugasawa, J. Chem. Soc., 3163 (1931).

(28) J. F. Cremer and D. S. Tarbell, J. Org. Chem., 26, 3653 (196 1).

(29) ‘‘High Resolution NMR Spectra Catalog”, Vol. 1, Varian Associates, Palo
Alto, Calif., 1962, Spectrum No. 343.

(30) V. Balogh, M. Fétizon, and M. Golfier, J. Org. Chem., 36, 1339 (1971).

(31) M. J. S. Dewar and T. Nakaya, J. Am. Chem. Soc., 90, 7134 (1968).

(32) M. L.Larson and F. W. Moore, Inorg. Chem., 5, 801 (1966).

Factors Governing the Influence of a First Hydrogen
Bond on the Formation of a Second One by the Same
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Abstract: The formation of a hydrogen bond I} between an acid AH and a base B weakens the electron-acceptor power of the
other neighboring acidic sites of the acid and the strength of the other electron-donor sites of the base. As a consequence, the
formation constants K, of the hydrogen bonds involving these additional sites and a ligand are smaller in the presence of bond
11 than the value K50 of the bond between the same site and the same ligand but in absence of 1;. The reverse is observed for sec-
ondary basic sites of the acid AH and acceptor sites of the base B for which the formation of I; enhances the addition constants
K3 with a ligand, compared with K0 in the absence of bond 1. The ratios K,/K3° are computed from the literature and are
compared with the equilibrium constant K of bond 1, and the frequency shift (—Avray); brought about by its formation. The
data refer to the following cases: (1) the interaction of a second phenol molecule with one of the lone pairs of electrons of a first
one, the latter being or being not involved in a OH---N bond with tetramethylurea or triethylamine; (2) the addition of a second
phenol molecule on the second basic site of a halogenide ion, the first site of which can be involved in a X~--HO hydrogen bond
with the same phenol; (3) the interaction of pyridines or amines with the second N-H site of a dialkyl- or monoalkylammon-
ium ion, the first N-H group of which can be involved in a N*H«-X~ or N*H-.:L bond, respectively, with a counterion or with
another ligand molecule. It is shown that although in a given family a correlation often exists between log K2/ K% and log K1,
the correlations between log K3/ K20 and (—Avan)1 are much more general. This demonstrates that the leading factor govern-
ing the ratios K/ K0 for the additional sites is not the stability constant Ky of the hydrogen bond 1;, but rather the perturbation
of the AH distance brought about by the first bond and reflected by the frequency shift, and this irrespective of the charge of
the partners. The influence of the first bond on the reactivity of the other specific sites has thus rather a covalent than an elec-

trostatic character.

Many molecules or ions bear more than one specific site
which can act as electron donor or electron acceptor in the
formation of hydrogen bonds. This is the case, for instance, for
the monoalkyl- and dialkylammonium ions which possess
several electron-acceptor NH groups, the alcohols and phenols
which are present near the acidic OH site, lone pairs of elec-
trons which can act as electron donor sites, the halogenide ions
which bear several electron donor sites, and so on.

The formation of a first hydrogen bond by a molecule or by
an ion brings about displacements of the electron clouds and
of the nuclei which affect the reactivity of the other specific
sites of the partners. From a qualitative point of view it can be
said, in agreement with the theories of Frank and Wen! and
of Gutmann,? that a first hydrogen bond involving a given site
of a molecule or ion weakens the reactivity of the neighboring
sites of the same nature, whereas it enhances the electron-donor
or -acceptor power of the adjacent sites of opposite nature.3

From a quantitative point of view, the donor or acceptor
power of a given site can be described by the stability constant
K> of the bond this site forms with a reference ligand.

This stability constant can be affected by the formation of
a bond I; by the first site.

Let us consider, for instance, a first hydrogen bond between
an acid AH and a base B, which in addition each still bear one
acceptor and one donor site. We will call the secondary ac-
ceptor sites “ah” and “bh” and the donor sites “an” and
“bn”.

(an) H(bh)
(ah)H I, e (bn)

We now consider the equilibrium constant of the formation
of a hydrogen bond with a ligand, respectively K in the pres-
ence of bond 1;, and K> in absence of bond 1;.
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Table I. Dimerization Constants of Phenols K ;0. Addition Constant K, of a Second Phenol Molecule on a Phenol-Base Complex. Stability
Constant K of this 1/1 Complex. Frequency Shift (—Avon)1 Brought About by Its Formation”

Substituent pK.?
of of K20, K>, Ky, (—Avon)r1,
Base phenol phenol L mol~! L mol-! K»/K,0 L mol-1! cm™
Tetramethyl- 3,4-(CHj), 10.32 5b 14.44 2.9 70.74 3164
urea 4-CH; 10.26 4,70 14.94 3.2 75.64 3264
H 9.95 4.7 17.84 38 1214 3384
4-Cl 9.38 (4.5)¢ 16.44 3.6 3694 3694
4-Br 9.34 (4.5)c 16.34 3.6 3654 3714
34-Cl, 8.58 4.8% 22.14 4.6 8564 4034
3,5-Cl, 8.18 4.5)¢ 24,94 5.5 12804 4214
3-NO, 8.38 (4.5)¢ 22.54 5.0 18304 4164
3,5-(CF3), 7.88 4.5)¢ 23.64 5.2 42504 4294
Triethylamine 3,4-(CH3), 10.32 5% I8¢ 7.6 31.38 510¢
4-CH; 10.26 4,7b 41 8.7 38.28 510¢
H 9.95 4.7 288 6.0 48,5

4-Cl 9.30 (4.5)¢ (51)c 11.3 (93)¢ 586/
4-1 9.34 3.96 348 8.7 1238 510¢

3-F 9.21 4,78 508 10.6 1158

3-Br 9.03 (4.5) 51% 11.3 136°
3,4-Cl 8.58 4.8 558 11.5 2795 560¢

3,5-Cl, 8.18 4.5)¢ 63° 14.0 4485
3-NO, 8.38 (4.5)¢ 84?0 18.6 5495 580¢
4-CN 7.95 (4.5)¢ 90 20.0 4785 600¢
4-NO, 7.15 (4.5)¢ 1158 25.6 7185 600¢

3,5-(CF3), 7.88 (4.5)¢ 96b 21.3 7420

3,5-(NO3), 6.69 (4.5)¢ 1231 273 3670%

3-(CF;) 4-(NO») 6.07 (4.5)¢ 2031% 458 2180°

a Reference 6a. b Reference 6b. ¢ Reference 6c. 4 Reference 6d. ¢ Reference 6e. / Reference 6f. ¢ Reference 6g. # In CCly at 303 K.

In agreement with the principles above, it can be expected
that K»/K2° > 1 for the sites “an’’ and “bh”, whereas, at the
opposite, K2/K>0% < 1 for the sites “ah” and “bn”. In this work
we try to correlate quantitatively the ratio K>/ K% with some
properties of the first hydrogen bond, namely its stability
constant K| and, on the other hand, the frequency shift
(—Avapn)1 brought about by its formation. This frequency shift
is related to the change in the AH distance accompanying the
formation of the first bond. The data are taken from the lit-
erature.

Strengthening of Secondary Electron Donor Sites of the Acid
AH. Let us first consider the influence of the hydrogen bond
AH---B on secondary electron donor sites “an” of the acid. As
an example of such sites we take one of the lone pairs of elec-
trons of a phenol molecule. This lone pair can interact with the
OH group of another phenol molecule, giving a dimer as shown
ineq |. The second molecule can also be added to the lone pair

(an) K0

2

CHOH + @OH = CH.O0H OH oy
oHs CsHs

when the first phenol molecule is already involved in a hydro-
gen bond with a base (eq 2). Both dimerization constant K ,°

(an) K,
CH;OH + @OH--NR, == CHOH--OH--NR, (2)
CeH; oHs

and addition constant K on the complex can be determined
experimentally from the height of the free OH peak, using
infrared spectroscopy.

This was done by Zeegers-Huyskens and her co-workers for
phenols of increasing acidity, using tetramethylurea4 and tri-
ethylamine’ as base, in CCly at 303 K. In Table I, the ratios
K>/K50 are compared with the formation constant K of the
1/1 complex between the phenol and the base, and with the

L es

| :
0 I 2 3 logK, &

Figure 1. Strengthening of the addition constant K of a second phenol
molecule on the lone pair of electrons of a first one involved in a hydrogen
bond with tetramethylurea (O) and triethylamine (®), as a function of
the stability of this bond.

frequency shift (—Avoy); brought about by the formation of
li.

As foreseen above, the ratios K3/K>0 are here >1: the hy-
drogen bond | between the phenol and the base strengthens
the aptitude of the “an” site (here the lone pair of electrons of
the phenol) to act as electron donor.

When log K/K>0 is plotted against log K (Figure 1) the
points relative to the complexes with triethylamine lie on a
curve which is significantly higher than the points for the
complexes with tetramethylurea. Thus, the ratio K»/K>0 in-
creases with the equilibrium constant K of the first bond, but
this effect depends on the nature of the base.

The ratio K2/ K> also increases with the shift (—Avon)i.
However, when log K2/K>° is plotted against this variable
(Figure 2), it appears that the points relative to the complexes
with tetramethylurea lie within the experimental errors on the
same curve as these relative to the complexes with triethyl-
amine.

Huyskens | Influence of a First Hydrogen Bond on the Formation of a Second
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Table II. Addition Constants K and K; of Phenol Molecules on I=(HeptsN+) and on Br—(Bu4N+), Ratios K»/K,° and Frequency Shift

(~Avonu)1 of the First Bond?

Substituent pKa K, K, —AvoH,
Anion of phenol of phenol L mol-! L mol—! Ky/K® cm™!
I~ 3,4-(CH3), 10.32 171 36 0.21 371
4.CH; 10.26 218 27 0.12 378
H 9.95 265 47 0.17 385
4-1 9.81 330 52 0.16 391
4-.Cl 9.38 403 84 0.21 408
4-Br 9.31 489 80 0.16 414
4-1 9.30 493 105 0.21 416
3-Br 9.11 661 90 0.14 430
3,4-Cl, 8.58 1137 110 0.097 443
3,5-Cl, 8.10 1555 100 0.064 457
Br- 3,4-(CH3), 10.32 654 94 0.14 451
4-CH3; 10.26 830 125 0.35 453
H 9.95 1280 110 0.085 460
4-F 9.81 1878 177 0.094 471
4.Cl 9.38 2963 175 0.099 488
4-Br 9.34 2837 174 0.061 494
4-1 9.30 3067 197 0.064 495
3-Br 9.11 6032 182 0.030 520

2 1n CCly at 330 K (ref 9).

log iZ
PR
L 2 0-H...0 10)
=
-
1 L | I ) i | | L |
0 100 200 300 400 500 cm' 600

Figure 2. Strengthening of the addition constant K of a second phenol
molecule on the lone pair of electrons of a first one involved in a hydrogen
bond with tetramethylurea (O) and triethylamine (@), as a function of
the frequency shift Avgy in this bond.

The correlation of K,/K,° with the frequency shift (the
latter reflecting the increase of the OH distance in the hy-
drogen bond 1) is thus more general than that with the equil-
rium constant of this bond.

When the pK; of the phenol falls below 7, the OH--N
stretching band disappears for the complexes with triethyl-
amine and is replaced by a NH*-..O~ stretching band. For

these complexes most of the 1; bonds belong to the ion-pair type .

A~--H*B. In these complexes the distance A--H is of course
much greater and this seems to be accompanied by a strong
enhancement of the ratios K»/K5°.

From these data it can thus be concluded that the increase
of the AH distance originated by the first bond is a very im-
portant factor governing the enhancement of the ability of
secondary sites of the acid in acting as electron donor, brought
about by the bond 1;.

Strengthening of Secondary Electron-Acceptor Sites of the
Base B. Similar conclusions, although of a more qualitative
nature, can be drawn for the accessory acceptor sites of the base
B, from the following experimental evidence.

Primary and secondary aliphatic amines exhibit weak self-
association phenomena due to hydrogen bonds involving N-H

groups (eq 3). According to the results of Wolff7 and his co-
(bh) Ky
I|\|IH + IﬁIH = Il\llHlﬁIH 3)

R, R, R R

workers the dimerization constants K0 at 298 K in hexane are
of the order of 0.15 L mol~! or smaller. These amines form
strong hydrogen bonds with phenols. Below a given pK, of the
phenol, proton jump occurs to an important extent and the ion
pairs predominate, as demonstrated by dielectric measure-
ments.

CH:0™ - H*IﬁIH
R,

When this is the case, it was shown by a calorimetric method
that, at a formal concentration of 0.2 mol L~! of the amine in
excess, most of the 1/1 complexes add a second amine mole-
cule.8 In this case K, is thus much greater than K50, It was also

K, _
CHO --H'NH + NH == CH,0”-+H*NH--NH

I
R, R, R, R
shown that in the same conditions, the capture of a second
amine molecule is not important when the proton jump in the
OH--N bond is negligible.

The jump of the proton in the hydrogen bond I, causes thus
a strong enhancement of the “bh” sites of the base just as that
of “an’’ sites of the acid, considered above.

Weakening of the Additional Electron-Donor Sites of the
Base B. As an example of “bn” sites we consider the supple-
mentary basic places of a bromide or iodide ion which may
already be involved in a first hydrogen bond with a phenol
molecule. These sites can fix a second ligand molecule and both
addition constants can be determined by infrared spectrosco-

As addition constant K5° of the phenol on the unperturbed
molecule we can take as a first approximation, the first stability
constant governing the equilibrium:

X~ 4+ HOC(Hs = X~ -~ HOC¢H5

(Actually, it must be somewhat smaller on account of the re-
duction of available places around the ion when the second site
is considered). The addition constant on the perturbed secon-
dary site is, of course, the addition constant K of the second
phenol molecule on the 1/1 complex:

C6H50H---Br‘ + HOC6H5
K
=2 C4HsOH - - - Br— - - .-HOCgHs

Journal of the American Chemical Society | 99:.8 | April 13, 1977
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Table III. Stability Constant K| of a First Hydrogen Bond between Alkylammonium lons and Counterions or Neutral Ligands. Addition
Constant K of the Ligand on the lon Pair or on the Once Complexed lon. Ratio K5/K,° and Frequency Shift (~Aynp+)1 Accompanying

the Formation of the First Bond

First bond K,z Ky2
Ligand Ion It L mol~! L mol~! Kz/KzO (‘“AVNH+)1b
3,4-Lutidine Eto,NH,+ Et;NH,*--ClO4~ 460 22.7 0.37 200¢
3,4-Lutidine Et;NH,* Et,NH,*.--Pi~ 6 060 16.5 0.27 6204
Bu,NH Bu;NH,* Bu;NH,t-Pi~ 6 600 4.0 0.24 6204
BuNH, BuNH;* BuNH;*...Pi- 6 600 50.0 0.18 6204
3,4-Lutidine Et,NH,* Et;NH,*.Br- 145 000 11.1 0.18 6204
3,4-Lutidine Et,NH,+ Et,NH,+--Cl 2630000 5.2 0.084 720¢
3,4-Lutidine Et,NH,* Et,NH;%-Lutidine 61 5.1 0.084 900/
BuNH, BuNH;* BuNH;*--BuNH; 279 10.0 0.036 1150/
Bu;NH Bu,NH,*+ Bu;NH;,*---BusNH 16.5 0.5 0.030 11508

2 Reference 11a. # Reference 11b. ¢ Reference 11c. 4 Reference 11d. ¢ Reference 11e. / Reference 11f, & Reference 11g.

0 1 2 3 log Ky 4
T ] T T T ‘ T 1
- leg &g
K3 0o
0 ae
o 8
1= o o

0-H. .. 1" (o)

0-H.. . Bri{e)

-2 J
Figure 3. Weakening of the addition constant K> of a second phenol mol-
ecule on the second basic place of a halogenide ion involved in a hydrogen

bond with a first phenol molecule, as a function of the stability constant
of this first bond.

The equilibrium constants for the addition of phenol molecules
on halogenide ions, determined by Rulinda and Zeegers-
Huyskens,? are tabulated in Table II, together with the fre-
quency shift (—Avon): originated by the first bond,

As predicted above, the ratios K;/K,° are here <1, con-
firming that the first hydrogen bond exerts a disfavorable in-
fluence on the electron-donor power of the second basic site
of the base. As shown in Figures 3 and 4, log K,/ K,° decreases
with increasing both log K and the frequency shift (—Avon).
Within the margin of experimental errors, the same curves fit
the points for both the bromide and the iodide ions. In this
particular case the lowering of the electron donor strength of
the second basic site of the halogenide ions is as good correlated
with the free energy of the first bond as with the perturbation
of the OH distance, which it originates. The curves of Figures
2 and 4 are roughly symmetrical, but this may be a coinci-
dence.

Weakening of the Accessory Electron-Acceptor Sites of the
Acid. As an example of such “ah” sites we consider the second
NH group of an alkylammonium ion, which forms a hydrogen
bond with bases like aliphatic amines or pyridines. The first
NH group can be involved in a hydrogen bond 1; either with
a similar ligand molecule or with a counterion.

As equilibrium constant K0 for the unperturbed second site
we can take, as a first approximation, the addition constant of
the first ligand molecule. This equilibrium constant was de-
termined by conductivity measurements for several monoalkyl-
and dialkylammonium ions complexed by aliphatic amines or
3,4-lutidine.10

Rg R,z
s [

L + HI:IH = LH[jH

This method also allows the determination of the addition
constant of a second ligand molecule on the first complex and

Q 100 200 300 400 6§00 cm
T T T * \ ' { * T
K
 log 2
KO
2 [e 2]
Q
o o
-1 = (S
- [o]
0-H...1 (o)
r 0-H ... .Br (®) .
-2

Figure 4. Weakening of the addition constant K; of a second phenol mol-
ecule on the second basic place of a halogenide ion involved in a hydrogen
bond with a first phenol molecule, as a function of the frequency shift Avon
in the first bond.

of a ligand molecule on the ion pair. The equilibrium constant
K| of the bond 1; corresponds in the first case with the first
stability constant and in the second case with the reverse of the
dissociation constant of the 1/1 ion pair, also determined by
the conductimetric method.

R, R,
2 I

L + HNH-L == L HNH - L
I,
R, R,
A [
L + HNH-XT &= LoHYH-X
1

In Table III the constants K;° and K are given, and the
ratios Kz/Kzo are compared with the stability constant of the
bond 1. Table III also gives the frequency shifts for similar I
bonds found in the literature.

As expected, the ratios K1 /K% are < 1, demonstrating the
disfavorable influence of 1| on the electron acceptor ability of
the secondary “ah” sites of the acid.

When log K»/K>0 is plotted against log K| (Figure 5), the
first bond of the alkylammonium ion being that with the
counterion, a linear relation is obtained. However, no signifi-
cant correlation appears to exist between both quantities when
the first bond is that of the ion with the same ligand. Moreover,
the points lie here far below the previous line. Although the
stability constants of the first bond are here orders of magni-
tude smaller, the reduction of K is more important.

However, when log K2/ K4 is plotted against Avny+, all the
points lie roughly on the same curve, irrespective of whether
the first bond 1, is that with the counterion or with the neutral
ligand (Figure 6).

This demonstrates again that the leading factor governing

Huyskens | Influence of a First Hydrogen Bond on the Formation of a Second
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b

Figure 5. Weakening of the addition constant K of a ligand on the second
NH group of a monoalkyl- or dialkylammonium ion involved in a first bond
with a counterion (O) or with another ligand molecule (®), as a function
of the stability of the first bond.

-Av
200 400 600 800 1000 crn-‘
T

K
2
| log 2 ©

N-H X 10)

N-H L I®)

-2

Figure 6. Weakening of the addition constant K of a ligand on the second
NH group of a monoalkyl- or dialkylammonium ion involved in a first
hydrogen bond with a counterion (O) or another ligand molecule (®), as
a function of the frequency shift Avnp+ in the first bond.

the influence of the first bond on the aptitudes of the other
specific sites in acting as electron donor or acceptor is not the
stability of the first bond, but rather the perturbation it causes
in the AH distance, and which is reflected by the frequency
shift (—Avan).

In the case where 1; binds two ions of opposite sign, the
electrostatic attraction between them increases the stability
constant K1, which becomes very important for ions of small
size.

But, on account of our results, this pure electrostatic stabi-
lization of the bond 1; seems to have rather little effect on the

donor or acceptor properties of the specific sites of the partners
which are not directly involved in the bond 1;.

The influence of this bond on the electron-donor or -acceptor
power of the other sites is thus merely related to changes in
hybridization and in the distances between the nuclei which
it brought about in the partners. This influence has thus a more
covalent than electrostatic character.
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from the previous value and the difference of 100 cm™ ! between pyraz-
inium bromide and pyrazinium chioride found by K. Foglizzo and A. Novak,
Appl. Spectrosc., 24, 601 (1970); (f) value v+ = 2450 cm™! of the most
important peak found by F. N. Masry and J. L. Wood, J. Mol. Struct., 14,
207-216 (1972) for the similar complex MesNH*---pyridine; (g) value vnw+
= 2200 cm™ ! estimated from the value given by R. L. Dean and J. L. Wood,
ibid., 26, 237 (1975) for the homoconjugated cation of triethylenediamine.
In the case of MesNHT-«~NMe3, F. N. Masry and J. L. Wood, ibid., 14,
217-227 (1972) find a value of 2100 cm™".

(5

(7
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